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THE SIX-METER SYNCHROCYCLOTRON OF THE INSTITUTE OF NUCLEAR
VPROBLEMS.ACADEMY OF SCIENCES USSR*

D. V. Efremov, M. G. Meshcheryakov, A. L. Mints, V. P, Dzhelepov,
P. P. Ivanov, V. S, Katyshev,** E. G.Komar, I, F, Malyshev, N, A. Monoszon,

I. Kh. Nevyazhsky, B, i, Polyakov, A. V. Chestnoi

The chief characteristics of the six-meter synchrocyclotron of the Institute of Nuclear

Problems of the Academy of Sciences, USSR, which provides proton acceleration to an
energy of 680 Mev, are described.

INTRODUCTION.

The construction of powerful high-en'érgy accelerators for .h.eaIVy particles became feasible with the
announcement by V, 1. Veksler (1944) and McMillan (1945) of the phase stabi_lity principle in connection with
particle motion in cyclic 'resonance accelérators. ! o :

In order to further research in the physics of high-energy particles and gain experience in synchrocyclotron
- acceleration techniques a large five-meéter synchrocyclotron was built at the Institute for Nuclear ‘Problems of the
Academy of Sc‘ieni:es;'USSR;-usihg this machine. it was possible to accelerate deuterons to ar energy of 280 Mev
and o -particles to an energy of 560 Mev. In 1950, protons with an energy of 500 Mev were obtained with this
machine [1-3], The construction of the accelerator was preceded by studies on a working; model which clarifed

a number of questions connected with the start-up and operation [4]

Studies of the operation of this machine and experience acquired in carrying out research with it made
it possible in 1953 to modify the acceleratorso that it became feasible to accelerate protons to an energy of
680 Mev. The average current in the outermost orbit in this operation was 0.3 pamp. A general view of the
six-meter éync‘:hrocyclotron is shown'in Fig. 1. - ‘

In rebuilding the machine a new vacuum system was installed, the diameter of the pole-pieces of the
electromagnet was increased to six meters and a new radio—fré_quency resonance system was developed. The
six-meter synchrocyclotton provides intense beams of positive and negative -mesons with energies up to
400 Mev and neutrons with energies up to 600 Mev. By making certain minor changes in some of the cbmpor—
nents of the radio-frequency system in this machine it is also possible to obtain deuterons with energies of
420 Mev and «-particles with enérgies up to 840 Mev [5], [6].

The Electromagnet

It is well known that the stable motion of ions in the gap of an electromagnet is limited to the region
-in which the index denoting the decay of the magnetic field intensity in the radial direction: .

dinH . .
"=amr 0%

*Reported at the All-Union Conference .on the Physics of High-Energy Particles,May 14, 1956,
* *Deceased. '
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so that for n = 0 2 there fs obﬂervcd a parmnetnc rceonancc bctwccn the free vcrtl(,al and radlal osciilations of
the ions bemg accelerated. IR ST S - ot

A Ei'»f. 1. General view of tlie aceelerat()r.
L RN ' v .o
" In actual accelerators, because of the limitation of the vertical dimension of the aperture 6f-t]1e .dee,
the region in which parametric.resonance may- arise determines the. maximum radias of the regzion of magnetic
field in which the acceleration of ‘jdns is feasible. Thls was I<ept in mind in designing so as to obtam the largest
poss1ble stable orbits for the accelerated ions.: '

. In the five-meter magnet the pole tips were fabricated froin:soft iron. in the form of solid discs. The
pole tips now in use, which are six meters in diameter, are welded together from several pieces. '

The pole tips sxmultaneously serve as the upper and 10we1 ‘walls of the vacuum chamber located in the
gap bétween the poles of the magnet. The. gaprspace between the po]e tips at the center of the chamber is
600 mm. The magnetic field mtcnsxty at the center of the vacuum chamber is 16,600 ;rauss. The length of
the electroma'»net is 18 m, height about 10'm and weight'7,000 tons. The yoke was made from’ ordmary carbon

'steel The. excmn;J winding of the electromagnet consisted ol' air cooled copper straps, The direct-current
.ffenerator requlred to obtain the nominal field intensity had a power rating of 1000 kw. The current in the ex-

cmn" wmdmg was stabilized to w1thm * 0.1 %.

" A great deal of laborious computatlonal and’ expenmental work was devoted to the magnetic f1e1d correc-
tions in the dcceleration region, In addlthﬂ to the use of shims ‘at the periphery of the pole pieces a great deal

of effort was made to insure the coincidence of. the suiface at which the radial component of the “nagnetic f1e1d

was zero w1th the median plane of the acce]eratlon chamber.

In carrying out the work on the correction of the magnetic'ﬁeld configuration it was found necessary to
develop apparatus suitable for accurate magnetic measurements; an instrument for measuring the decay of the
magnetic field in the radial direction [13; an instrument for determining the azimuthal asymmetry of the-mag-

netic field [7], and apparatus for dctenmng the location of the surface at which the radial component of the
magnetic field vanishes. '
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As a result of these studies and the corrections of the magnetic field of the six-meter synchrocyclotron
the radius of the region in which stable motion of the accelerated ions could be guaranteed reached a value of
279 cm.

The machine also had a number of auxiliary non-symmetrical exciting windings fed fron a separate gen-
erator thus making it possible, while tlic machine was in operation, to vary the location of the plane containing
the trajectory of the accelerated particles; this feature was used in determining the optimum operating conditions,*

The decay of the magnetic field intensity in the radial direction from the center out to the Iimiting radius
needed for focusing the particles in the vertical plane was 4.99,. The displacement of the center of the outer-
" most orbit did not exceed 2 em. Carcful adjustment of the magnetic field of the accelerator made it possible
to accelerate protons to an energy of 680 Mev [8]. To enhance ion focusing in the.initial acceleration stage
'steel . cones were placed at the center of the pole tips. i

Means were also provided forrelatively fast chunges of the polarity of the electromagnet (15 min) thus
making it easy to get an output of 7% or #~ mesons of various energies through the collimators in the apertures
in magnet supports. '

Resonance System  and Radio-Frequency Generator [9]

The design of the rf system for this machine was dictated by the necessity of obtaining an accelerating
voltagé of some 15 kv and a frequency change from 26.5 to 13.6 mc for proton acceleration. In this connection. .
it is necessary that the metal rotor of the variable condenser, which determines the frequency, be located'in a
region of weak magnetic field in order to avoid high eddy currents. On the other hand the removal of the rotor
to a location at which the leakage field of the magnet is weak is .undesirable: because it is impossible to keep
the system compact. Therefore extensive precautions were taken to see that the variable condenser, which was’
located at a point at which the field intensity-is 600-800 gauss, is well shielded magnetically, Inside the shield
the field intensity is no greater than 30 gauss. It turned out, however, that undet these conditions the distance .
from the center of the pole pieces to the variable condenser is approximately equal to a half-wavelength at
the high-frequency end of the operating region. Thus to tune up the system in-this region it was necessary to
raise the upper resonance frequency both by changing the wave impedance and by constructional changes which
resulted in a slight increase of the cirrent paths in the system. The expansion of the operating range on the low
frequency side was accomplished by increasing the wave impedance of the system in the immediate neighbor-
hood of the variable condenser. This part of the system can be considered a "lumped" inductance,

The radio-frequency resonance system consists of the dee with. its grounded frame, the variable condenser
and the line which connects them. Close to the variable condenser the latter assumes the form of a coaxial line; :
it is connected to the dee through a smooth transition section (Fig. 2).. : ’ |

The rotor of the variable condenser, which consists of 6 discs with 10 fins in each is braced against the
Inner conductor of the coaxial line by insulators and is electrically connected to it by a semicylindrical (6 pairs
of cylinders) condenser with a capacity of 20,000 pf. Theshaft and rotor are held firmly by metal bearing-
supports which are located radially at the center of gravity of the system. To keep the reactance of the supports
high over a wide range of frequencies they are made in the form of cylindrical spirals, i. e. chokes; these are
fabricated from special hollow steel tubing which is water cooled and copper-plated to reduce the radio-frequency
resistance. The inductance of these bearing supports is in parallel with the line and increases the upper frequency
of the operating range to some extent. ' ' ‘

The present design provides a wide range of operating frequencies with relatively small values of current |
and voltage in the variable condenser. It has been feasible to use an accelerating voltage amplitude of more
than 15 kv and an accelerating-cycle repetition rate of about 100 cps. 3

The semicylindrical condenser effectively shunts the ball ‘bearings of the rotor and its contact brush which
is a slotted bronze collar which rides on the steel shaft of the rotor, Although the peak current through the con-
denser reaches 3,000 amp the current through the bearing and contact brush does not exceed 100 amp. ‘The

*The control of the location of the plane also made it possible to reduce smoothly by a factor of several thousand
the intensity of the external proton beam; this was necessary in order to carry out several physics experiments.
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apparatus has been operated without ativ trouble for more than 10,000 hours without replacemient of bedrings. .

-Fig. v'Z,' ‘The dee relii_oved!,'fféiﬁ;’the'.v'acuu'r'n _,cha'niber.

The rotor design permlts the capa01ty of the resonaice system of’ thc radxo frequency generator to be
varled and gives optimum values of the system 1mpedance over a wide 1 range of frequenc1es.

s
¢

) Parasmc osmllanons were v1rtually suppressed by usmg a "band pass" oscﬂlator system in whlch positive
feedback occurs oiily in a specified frequency region; this system allows wide, mdependent control of the ab-
“solute magmtude of the positive feedback in the extreme high and low’ frequency regions. The system makes
use of a series of LC circuits between. the plate and the cathode input and.between the input grids and cathode
“of two _ultrahigh. frequency oscxllator triodes (GU 12A) Wthh are of the grounded type and also employs out-
put mductances, mterelectrode condensers, and cathode chokes

Tt

The operation of the resonance systcm and the radio- frcquency generator have been descnbed i a sepa-
rate report-[6];

-

‘The radlo frequency systerh can be cut off dunng {the non-operating part of the-cycle by a thyratron unit
which controls the .grid of the oscillator [9). The system can be .operated so that the acceleration cycle is con-
trolled. by a frequency which is several times-smaller than the modulation fréquency; it is also possible to obtain
single acceleration pulses, thus allowing the system to trigger'a Wilson cloud chamber or some -other detection
device. All modes of operation arc controlled by -a special timer unit [10] which maintains strict time sequence
between the pulses which trigger the ion source, the thyratron conirel system and the. other components. Use

" of the timer also makes it p0351b1e to synchromze the operation of the accelerator with that of other instruments
and devices bemg used in the various nuclear research projects.  All the counting sequences are controlled by
the frequency-change cycle of the radio-frequency oscillator which drives the resonance system. Thc switching
of the radio-frequency. voltage during each cycle is ac.complmhed by means of a photoelecmc system in which
a light beam incident on a photoelectron multiplier is interrupted by the f1ns on the rotor of the variable con-
denser.
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Vacuum System

The operating stability of the accelerator as well as the intensity of the accelerated ion beam at the out-
put are determined to a large degree by the vacuum conditions in the volume of the chamber and frequency vary-
ing device. The accelerator vacuum chamber has the form of arectangular paraltelepiped 675 x 675 x 100 cm®. -

This chamber is built from brass plates 100 mm in thickness. The steel top and bottom of the chamber also
serve as the pole tips. The vacuum seal between the brass plates of the chamber and the pole pieces, as in the
other vacuum apparatus, is achieved by means of rubber gaskets,

Following appropriate conditioning of the chamber theé minimum pressure of the residual gas is 2- 107% mm
Hg. With the introduction into the ion source of the working gas the pressure does not exceed 6-7°10% mm Hg.
The volumes of the chamber, the resonance line and 'the variable condenser are contiguous. The total volume in
which a high vacuum is madintained is about 35 m® . The vacuum chamber is evacuated by two oil-jet pumps
with a total capacity of 80,000 liters per second at a pressure of 1-107° mm Hg. The housing of the varlable
condenser is evacuated by an auxilary pump with a capacity of 10,000 liters/sec at a pressure of 1-10° mm Hg.
The baffles of the high vacuum pumps are cooled to a temperature of —20° C to freeze out the oil“vapors.

The quality of the vacuum gaskets is such that under normal condmons the increase in the chamber pressure
which arises due to the leakage of air from.the outside and outgassmg from the inner surfaces amounts to 0,2-0.3 -
mk/hour.® . If a preliminary vacuum of the order of 10™° mm Hg is maintaiped in the chamber then the opera-
ting vacuum for the conditioned accelerator can be reached in 25 -30 min after opemng the vacuum valves on the.
oil-jet pumps. :

The vacuum chamber of the accelerator is provided with various devxces which are used to introduce targets
into the chamber and to locate them at a given radrus "This operation is carried out remotely without disturbing
the operating vacuum in the chamber.- ‘ ‘ '

Ion Source and Particle Extraction

The ion source in the six-meter synchrocyclotron is the usual arc type with a thermal tungsten cathode.
A cold cathode was also used quite successfully, In this case a 'conéiderably greater stability in the magnitude
. of the ion current is achiéved at normal intensities. In the cold cathode source the discharge is excited by the
radio-frequency field in the dee by secondary electron emission from an alumrnum or. berylhum cathode,

Extraction of the proton beam from the vacuum chamber into the external regron is accomplished by
excitation of radial oscillations of the accelerated particles in the outermost orbit and the ejections of protons
through a magnetic channel [11]; The ion current in the external beam is 5- -9 of the current in the circulating
beam. A large of number of beams of neutrons and charged m-mesons of both sign is also extracted. The extrac-
tion of each beam .is accomplished by means of special devices located in the accelerator, A separate report

. [12] is devdted to -information on the extraction of particle beams from the vacuum chamber

Arrangement of the Adcelerator Facilities,
All the accelerator facilities are located in two buildings. The first building contains the equipment which
cannot be. separated from the accelerator by any appreciable distance if efficient operation is to be achieved.

In this building there is a laboratory with experimental and rnomtormg apparatus which is used in research on the
external particle beams, :

o In order to provide the most favorable conditions for carrying out research with the accelerator the control
room of the accelerator is isolated from the main laboratory by two concréte shielding walls with thicknesses of
4 and 2 m and a ceiling 1.5 m thick. The passage of the particle beams through the 4-meter wall which séparates
the accelerator room from the measurement enclosure is allowed by a porthole with collimators (Fig. 3).

The electric power facilities and the water cooling installation for the resonance system and the radio-
‘frequency generator, and the control console for all circuits and components of the accelerator are located in
"the second building. ‘ :

*[Probably equals 10"® mm Hg/hour,— Translators note J.
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Local controi
panel —

Synchrocyclotron room

Thyration g}aéltl& frequency gen- |
: Variable condemsor

| Water \shield

Measurernent enclosure -

NRaﬂroad tracks

- Room for r€cording instruments %

SR S

Fig. 3. Plan of the six-fneter synehrocyclotrori builaing'. :

Control of the Synchrocyclotron

Bécause of the radiation which accompanies the operation of the machine the presence of personnel in
the main room in the immediate vicinity of the accelerator is not possible. The monitoring functions involved
in the operation of the machine and the control of the. faciliti€s are carried out remotely by the attending en-
gineer and technician who remain in a room containing the control console in the second buildmg (Fig. 4).

_For this purpose there are provided a number of 1nstruments and devices which permit automatic remote control
of the facilites. -

The synchrocyclotron and its facilities have operated w1thout trouble for many thousands of hours without
reqmrmg any significant shutdown. for repairs or modification.

Main Trends of Nuclear.Resear'ch

In the research which is being carried on at the synchrocyclotron of the Institute of Nuclear Problems of
the Academy of Sc1ences USSR most attention ds being devoted to the nucleon energy region 380-660 Mev and
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to the following three types of nuclear processes: the elastlc scatturug of protons by protons, neutrons by protons,
“and neutrons by neutrons; the production of charged and neutral & -mesons in nucleon- nucleon collisions, and the

interaction of f. mesons with nucleons. Experimental lnvestrgatlons are also being devoted to a study of the inter-

action of nucleons and - mesons with nuclei. A dlchstn of these 1nvest1gatrons is- beyond the scope of the pres-

ent report and is to be found in approprmte papcrs

- e Fig. 4. Main control console.

. " SUMMARY

At the synchrocyclotron of the Iustltute of Nucleat Problems whlch at the present time is the largest
machine of ifs type in the world, research in the energy region up to '700 Mev is being carried on by many.
physrcs and chemlstry institutés of the Academy of Sc1ences USSR.

The accelerator is operated regularly from 100 105 hours per week It is possrble to carry out research
on 13 external beams of protons neutrons and r-mesons of h1gh energy.

The constructron of this accelerator is the result of the combined efforts over a number of years of a large

group of scientists, engrneers and technicians. Many plants participated in' the construction of these facilities;
vparticularly manufacturers of electrlcal equipment. .- L _— » ‘ -

“The desrgn and development of .the various components of the six-meter synchrocyclotron involved a good
deal of research in,the realms of physics, radio-engineering, electronics, power engineering and vacuum tech-
niques As a result of this research it has been possible to avoid a great deal of the difficulties involved ‘in the -
start up operation, although certam of these remained and were overcome in the untlal operating stages.

It is apparent that the synchrocyclotron acceleration. technique is extremely convenient in this region of -
particle energy. The experience acquired-in operating actual synchrocyclotrons and calculations which have -

been made mdrcate that the upper limit on the energy. for thls method of acceleratrng protons is approximately
1,000 Mev.,

v
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HIGH ENERGY PARTICLES FROM THE SIX-METER SYNCHROCYCLOTRON
AND THEIR UTILIZATION*

(REVIEW ARTICLE)

V. P. Dzhelepov, V. P. Dmitrievsky, VS K-at.yshev,** M. $. Kozodaev
.M. G. Meshcheryakov, K. I. Tarakan'o‘y,; ar'_r'd'A'-. V. Chestnoi

The problem of increasing the efficiency of utilization of the six- meter synchrocyclotron
at the Institute of Nuclear Problems; Academy of Sciences USSR is rev1ewed "The method by
which a large number of particle beams is obtained and collimated is déscribed; using these
beams it is possible to carry on several srmultaneous experrments Characterlstrc beam data
are: presented :

INTRODUCTION

Accelerators which produce partlcles with energres of several hundreds of millions of electron volts offer
wide possibilities for carrymg on research.on the miost important problems of contemporary nuclear physics, for
instance studies of the structure’ and properties. of elementary partrcles clarification of the nature of their inter-
action, determination of the characterrstrcs of their exchange reactions and so on.

Hrgh energy accelerators represent large scale industrial efforts and require the expenditure of large sums
for their construction and operation. Thus the questron of the eff1c1ent utlllzatiOn of these machines ‘assumes

major 1mportance

The present paper is devoted to a-short descrlptlon of the apprcach to this problem which has been adopted
at the synchrocyclotron of the Institute of Nuclear Problems Academy of Sciences USSR [1] which accelerates
protons to an energy of 680 Mev : -

Basic Methods of In.crea‘si_ng,the Ef'ficw"r_e_ncy of Utilization of the‘A'cc'elerator‘

t

The chief objective of the screntlfrc research at the six-meter synchrocyclotron is the study of elastic
and inelastic nucleon-nucleon rnteractrons in the 300-660 Mev energy region and the scattering of m-mesons
by nucleons and deuterons. Since the cross sections for the majority of these processes range: from several

millibarns to some tens of millibarns the acquisition of accurate quantitative data entails the expenditure of
a cons1derable amount of accelerator operating time,

The efficiency and scope of the utilization of the synchrocyclotron in nuclear research with high-energy

_particles depends to a large degree on the rational ' solution of two problems: the extraction from the acceler- .

ator vacuum chamber of intense beams of various types of high energy particles and the reduction of the back-
ground caused by the accompanying radiation.

* *Deceased,

*Presented at the CERN symposium on high energy accelerators and meson phy31cs (Geneva, June 1956)
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In this connection we may make mention of the Iollnwmg1 features of thc facilities at the six-meter
yn(‘hrocyc]otron- ’ '

a) the beams of high energy protons, neutrons, and ¥ -mesons are extracted 1rom the accelerator chamber
through the shielding wall in thirteen directions;

. B

b) there area measurement enclosure and a special laboratory, shielded from the background radiation, for
worle with r-meson beams; :

i

¢) it is possible to carry on simultaneous experiments with several beams of the same or different particles;

dy the experimental equipmient is operated ‘automatically by remote control;
¢) nuclear events are recorded by means of a multichannel electronic systerm.

The High Energy Particle Beams.

In pnnmple it is possible to obtain beams of high-energy pamcles from any point in the orblt of the
accelerated protons. The realization of this possibility, ‘however, depends strongly on the design of the acvelel- :
ator. : : - : : .

. . . - ‘

It is important that the accelerator vacuum chainber and its side walls be free from any devices which
tight hinder the extraction of the particle beams The extent to which this condition has been realized may
.be seen from. Figs. 1 and 2. . : ' . R o ‘

Fig. 1. The vacuum chamber of tie synclnocyclotron showmg the SIde from wlnch the prolun neutron and
m-meson beams are extracted.’ ‘
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Fig. 2. The high-energy particle beams from the sik-_rrietcr sYnchijocyclotr'on._

The first of these shows the front wall of the chamber. Almost the entire length of this wall, at the level
_corresponding to the proton orbit, is provided with a-window for the extraction' of the particle beams; these are
“duraluminum diaphragms approximately 1 mm thick, '

In Fig. 2 is presented avgene_ral diagram_bf the accelerator chamber which shows the particle-beam con-
figuration, the shielding layout and the measurement apparatus. ' '

Most of the high energy particle-beams which ate ejected into the atmosphere are directed into the measure-
ment enclosure which contains the experimental apparatus. The collimators are 1ocated in the porthole through:
the four-meter concrete shielding wall. The latter are steel pieces of square cross section, 3.6 m long, which
have circular openings through the center, the diameters of which vary from 10 to 150-mm. The space between
the collimators is filled with cast-iron blocks, providing good shielding for the porthole as well as the possibility
of making changes in the arrangement of the collimators. Fig. 3 shows a longitudinal section throughthe build-
© ing which houses the synchrocyclotron and the supplémentary shield of concrete blocks which is in front of the
four-meter wall of the measurement enclosure (in Fig. 2 this shield is indicated by dotted lines). The figure
. also shows a collimator of circular shape located in one of the neutron beams which is designed for work with
circular scatterers.

Shielding of Synchrocyclotron Operating Personnel From Accelerator Radiation

‘An idea of the amount of shielding for the measurement enclosure and the room containing the recording
and detection apparatus can be obtained from the following data. The general radiation level in the measure-
ment enclosure for proton energies of 680 Mev with currents at the external target of 0.2-0.3 pamp varies from
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0.1-0.2 mC/sec (in the right side of the enclosure) to 1.5-3mC/sec (in the left side of the enclosure in which
there is 4 dome in the ceiling to allow the operation of a crane); the corresponding fast-neutron intensity (energies
of 0.5 Mev and above) varies from1 1-2 neut. /cm?’sec to 60 neut./cm’sec.. The flux of neutrons with encrgies

higher than 50 Mev is less than 5 neut./cm?sec [2].

room for detection
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Fig. 3. Radiation shielding for the six-meter synchrocyclotron.

In the room which contains the recording instruments the radiation is negligibly small. This is indicated
by the fact that when the accelerator is operated at high intensities the Geiger-counter count in any part of the
room is not greater than double the cosmic-ray bacl<ground(2].

Characterlstlcs of ngh Energy Beams Extracted From The Accelerator Chhamber

Unpolarized proton beams. For obvious reasons great. effort was expended in increasing the 1ntens1ty of

~ the external proton beam. An earlier method of proton extraction based on the scattering of protons by a uranium
target was replaced by a new scheme developed experimentally at the Institute of Nuclear Problems, Academy

of: Sciences USSR [4]and the NuclearPhysics Laboratory of ‘the .~ University of Liverpool [5]in which radial
osc111at10ns of the particles are excited by a local. mhomogeneous magnetic field.

The local magnetic field inhomogeneities are obtained by placing an iron mass in the v1cm1ty of the last
accelerator orbit. An exciter unit is used to start the radial oscillations. In the vicinity of the exciter the mag-
netic field intensity falls off radially. The adjustment of the precession of the centers of curvature of the particle
orbits is achieved by means of a second excitation region (“regenerator”).in which the magnetic field intensity
along the radius increases rapidly. . ) ‘ '

The magnetic field configuratibn in the excitation zone and.the radial extent of this zone must be chosen
so as to provide a sufficiently large Jump in the last orbit (about 40 mm [6]) whlle not causing any perturbation
of the stable particle motion in the vertical plane. :

- The extraction of the particles from the chamber was accomplished by means of a magnetic channel con-
sisting of two iron plates of varying cross section.

In order to control the angular spread of the external proton beam, following the magnetic channel there
is a focusing device which reduces the beam spread in the horizontal plane [7]. At a distance of 7 m from the
magnetic channel the beam dlameter is approximately 8 cm. The angular spread of the external beam is less
than + 0.5°,

The total intensity of the external beam and the flux at various distances from the chamber along the
particle trajectory was determined from the induced B -activity in the reaction Clz(p, pn) cY. These measure-
0¥ protons/sec; this is
5-6% of the average particle current in the vicinity of the last orbit.

Usiﬂg a bending magnet the external beam can be directed into one of the three collimators (6, 7, or 8)
located in the concrete shielding wall (Fig. 2). Thus, on the one hand, the space in which experimental instru-
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ments for proton studies can be located is enlarged considerably, while on the other, most favorable conditions
for operation of the instruments are created,

The proton flux in the measurement ‘enclosure, at a distance of 15 m from the output window of the chamber,
is(1-2)- 10° protons/cm? sec. The energy spread in the proton beam is very small, The deviation of particle
energy from the mean value E oy = 657 Mev, as determined by range measurements in copper, was no greater
than £ 5 Mev [8].

Because of the high intensity of the external proton beam, it was possible, outside of the accelerator
chamber, to obtain a beam of ¥-mesons with energies up to 400 Mev at fluxes of 60 mesons/cm?sec(at energies
about 240-270 Mev). In these experiments a'target of liquid hydrogen or polyethelene is placed in the proton
beam, in front of the bending magnet (Fig. 2). The momentum and direcfion analyses of the r-mesons are
carried out in the measurement enclosure .through’ colllmators 8 and 9. At energlec of 300 Mev the energy spread
of the w-mesons in these beams was + 5 Mev [9]. In Flg 4 is shown a typical m *- meson energy spectrum obtained
from proton-proton collisions at 657 Mev [9). (The m- meson emission ang]e is 24° in the laboratory system).,

Neutron Beams, y Rays and Polarized Proton Beams. A in all pther particle accelerators, at the six-meter
synchrocyclotron neutrons are obtained by proton bombardment of internal targets (usually berylllum),which are.
_placed on probes (Fig. 2, probe IiI) in the vicinity of the outermost orbit. Four narrow "rays" are.obtained from -
the w1de beam of neutrons emitted by the target through the use of collimators 10, 11 12 and. 15 ‘The f1rst three

'y
4 L'
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3
£
5 It
<
e
k=
A(U'
RIS ~
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7k
g R 200 a00 E, Mev

Fig. 4. Energy spectrum for ¢ *- mesons in (p-p) collisions,

neutron beams are unpolarized. At. 1nc1dent proton energiesof 680 Mev the flux of neutrons with energies greater
than 400 Mev at the location of the experimental apparatus is approximately 2- 10 neut./cm?sec.. The fourth
neutron beam (collimator. 15, emission angle 18°) is partially polarized. It has been shown experimentally that
the polarization is aoprox1mately 15% [10].. The energy spectrum of neutrons emitted through collimator 11
(emission angle 0°) is presented in Fig. 5 [11). The spectra of the neutrons emitted through the otheI collimators
are similar although the maxima are shifted somewhat toward the low energy regiomn.

. The beam emitted through collimator 15 exhibits the largest shift in the main maximum and thls amounts
to about 80 Mev [11]. :
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In addition to the four neutron beams there are obtained from the same target four high energy y-ray
beams which arise in the decay of the neutral - mesons which are produced. The y-ray flux for energies
higher than 10 Mev in the measurement enclosure is about 2-10° quanta/cm? sec (collimator 11). The energy
_distribution is shown in Fig. 6 [12]. The study of these y-rays serves as a means of obtaining information on the
nature of the interaction of r’~mesons with matter. :

Since experiments with polarized nucleon beams are of great interest, two beams of polarized protoﬁ’s are’
also extracted from the six-meter synchrocyclotron. One of these, which passes through collimator 4, consists .
of protons which experience diffraction scattering on beryllium nuclei within the vacuum chamber. The beam
is polarized to about 60% [13]; the proton energy is 635 + 15 Mev. The other beam, which passes through colli-
mator 5, is comprised of protons which are quasi-elastically scattered by nucleons inthe berylliumnuclei. The
polarrzatlon of this beam is about 309% [13], The intensities of both beams are approxunately equal and are about
-4+ 10* protons/cm? sec. :

anj
de,

10F

+.

0 WD 200 0 400 500 600 . D Ep Mev
Fig. 5. The‘neut‘ron energjr distﬁbut_ioh.-

The f-meson Beam, In order to create the most favorable conditions for work with negatrve - mesons,
"meson laboratory " was built dlrectly behind. one of the vertlcal supports of the yoke of the magnet. The
iron in the yoke was about 3 m thick and provides good shielding agamst the direct radiation from the acceler-
ator chamber. -The concrete walls.and cellmg of the laboratory, which are 1 m thlck serve as shields against

scattered neutrons and y-rays.

“To provide an exit for me50ns into this laboratory there are three collimators (1, 2, 3) in the magnet
yoke; by means of multiple magnetic shields the ‘magnetic field in these collimators is reduced from 1600 to
1-2 gauss, ' : o

- Mmesons whlch are producedinaberyllium target (10 mm in thlckness) located 1m1de the accelerating
electrode (dee) are directed into these collimators. The target is controlled remotely. By changing its azimuthal
and radial coordinates in conjuction with appropriate changes in the direction of the magnetic field in the magnet
gap it is possible to obtain w-mesons of both signs and of various energies, Thus there are available 7! -mesons
with energies ranging from 140 to 410 Mev and # *~mesons with energies from 140 to 245 Mev. The 7 = flux
in the "meson laboratory " varies with energy from 200 to'2-3 mesons /cm? sec [14]. The background radiation
level in this laboratory is quite high, however; the general radlatron level is 1-2mC/sec, thermal neutron level

500 neut/cm? sec, and neutrons with energies Ey >-50 Mevs 3 neut/cm? sec [14]. .The thickness of the concréte
shielding should be increased to 1.5-2 m to reduce this background. ‘

In carrying out experiments with Wilson cloud chambers and diffusion chambers the meson flux should
not exceed 20-30 particles/cm® sec and the background of spurious radiation must be extremely low. In thig
work m-mesons with energies from 150 to 400 Mev are utilized; these enter the measurement enclosure through
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collimators 13, 14, and 16. The intcnsities of thesc w-meson beams vary {rom 40 per cm’ sec (Eg-= 230 Mev)
to 1-2 per cm?® sec (Eg-= 400 Mev). The energy spread is + 6 Mev for Ep-= 230 Mev [15]. The meson source
is a second mobile target the positioning mechanism of which is located on the front wall of the accelerator
vacuum chamber. '

ar_j
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' : : S ' 'Ey,Mev

Fig. 6. "The energy d_ist‘ribution for y-rays from the decay of 1:r°.-mesons'
produced in the collision of 670 Mev protons with carbon riuclei.

In concluding this description of the particle beams we may note that the difficulty of locating the charged
m-meson beams was substantially reduced through the use of a scheme in which a. current-carrying wire under
tension is employed to determine the particle trajectories [16].

Irradiation of Samples Inside the Synchro¢yclotron Chamber

In addition to the mobile targets located in the chamber the accelerator is providéd with four probes by
means of which it is possible to introduce (or extract) into the vacuum chamber samples of various materials
for irradiation by the proton beam-accelerated to the desired energy, A similar method of sa1ffple irradiation
is widely used’ in : radiocheimical research. ' '

Sfimultaneous Operation With Several Particle Beams

In the experiments with high energy particles several different techniques are employed: electronic par-
ticle detection (scintillation counters and Cerenkov. counters in conjunction with photomultipliers), thick-
layered emulsions, magnetic spectrometers, Wilson cloud chambers, diffusion chambers, bubble chambers and
SO on. : '

At the disposal of the experimenters there are ten electromagnets with pole diameters ranging from 30
- 10 100 em, powered by a system which is capable of operating five magnets simultaneously. There are also
available several thousand concrete blocks weighing up to 50 kg for the construction of local shields.

The arrangement of the experimental apparatus in the measurement enclosure is shown in Fig. 7. All
terminal equipment for the detection apparatus (counﬁng circuits, recorders, mechanical registers, etc) and the
remote control panels for the experimental equipment and the magnet-current regulator, which are located in
places unsafe for personnel (the measurement enclosure and the "meson laboratory "} are placed in a special
detection apparatus room which is separated from the measurement enclosure (see Fig. 3) by a concrete wall
2 m in thickness. The equipment located in these two rooms is interconnected by a system of radio-frequency,
high voltage, and control cables. The use of a patching system allows any of the detection instruments to be

“used in combination with the experimental equipment in any part of the measurement enclosure.

When the machine is in operation no one is permitted in the measurement enclosure; the doors are self-
latching. Scientific personnel engaged in nuclear research at the accelerator remain in the room containing
the detection apparatus while the machine is in operation. As has been indicated earlier the background -

v ' 465
Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090006-9




Declassified and Approved For Release 2013/04/03 : CIA-RDP1 0-02196R000100090006-9

radiation level in this room ls extremely low thus allowing people to remain for an unlimited time. ».

¢ : O

Fig. 7. The measurement enclosure with experimental equipment.in place. -

The present system of collimators and-shielding is arranged so thit most advantage can be taken of parallel
(simultaneous) operation of groups of experlmemal instruments with several beams-of the same or of different
particles. For instance over a long period of time there wefe conducted experiments with 10-12 instruments on
four neutron beams and two polarized proton beams. It is also possible to conduct simultaneous experiments
with two cloud chambers (a Wilson chamber and a diffusion chamber) with the neganve m-meson beams which |
enter the measurement enclosure ' o o _ .

In thls connection we may note that it has been feasible to pulse the acceleratmn voltage of the six- .
rnetet synchrocyclotron [1] this allows an interruption of the radio- frequency oscillaticns at the apploprlate
instant of time and thus, partlclesemerge from the accelerator m bu1srs at times when the chambers are pre-,
pared for detectlon.

«

In working with Wiilson cloud chambcrs and diffusion chambers on experiments withi maximum energy
m-mesons, the fiux of which is quite low, 10 increase the intensity of the pulsed 7-meson beam, use is'made of
the so-called 'storage technique " [17]." This techmque is based on the followmg for several acceleration
cycles (three -four) protons are accelerated only out to a tadius of 160-180 cm (with a corresponding enerﬂy of
240-300 Mev); then on the fourth or fifth cycle the accelerating voltage is applied over the entire frequency
range (25-14 mc) as a result of which -rhe'proton's are accelerated out to the limiting radius (278 cm) at which

" the target is located. By this means it has been possible to increase three-fold the intensity of the m-meson
beam and hence to enhauce the operatmg efficiency of the detection chambers. ‘

“~
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SUMMARY

The extraction from the synchrocyclotron chamber of a large number of high-energy particle beams creates
the possibility of cartying on research on a wide front. :

By carrying on several experunents simultaneously, by the use of a multichannel electronic systern and
through the use of remote control of apparatus located in spots which are unsafe for personnel it has been pos-
sible to increase substantially the utilization factor of the machine and to keep non-operating time to a mini -
mum. The later is not greater than' 7-8% and is determined chiefly by thé time required for changes in the
_experimental apparatus and modification of the machine.
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THE 10 BEV PROTON SYNCHROTRON OF THE ACADEMY OF SCIENCES USSR"

V. I. Veksler, D. V. Evfremoy. A. L. Mints, M. M. Veisbein,
F. A. Bodopyanov, M. A. Gashev, A I. Zeidlits, P. P.-Ivanov,
A. A. Kolomensky, E. G, Komar; I.F, Malyshev, NI. A. Monoszon,
il Kh. Nevyazhsky, V. A Petukhov, M S. Rabinovich; S. M. Rubchinshy,
. K. D. sinelnikov, A. M. Stolov ‘

A short description is given of the basic parameters and specifi'cations of the 10-Bev-
proton synchrotron, The various aspects of the design and construction of the accelerator
~ have been considered in greater detail in a series of reports delivered to the accelerator
section of the All-Union Conference on the  Physics of Hrgh Energy Particles, '

INTRODUCTION

"~ The development of contemporary nuclear phy51cs is drrectly connected with the progress of accelerator
technology Thus it is natural that physrcrsts try to achieve particlé acceleration to the highest possible energy.
A proposal for the construction of a 10-Bev proton accelerator was presented to the Academy of Sciences USSR,
At that time in the Soviet Union there had been accumulated as is known, experience in the construction and
operation - of ' electron and proton accelérators in the energy region of hundreds of millions of electron volts.
This experience was used as a basis for the developrnent and constructlon of the grgantrc 10-Bev accelerator,

The combined efforts of scientists and engineers with many flelds of specrahzatlon weré required in the
construction of this machine, :

The physlcs questions 1nvolved in the accelerator design were explored at the P, N. Lebedev Physics
Institute Academy of Sciences,USSR {1], the (design and basic accelerator facilities were worked out at the
Scientific Research Institute for Eleciro-Physical- Apparatus,Ministry of the Electiical Industry, USSR and in the
Elecirenics Laboratory of the Academy of Sciences,USSR, and the design of the linear accelerator used for in-
jection was carried out at the Kharkov Phy<ico Tecnnrcal Institute of the Academy of Sciences, Ukrainian SSR,

Special mention should be made of the support and gurdance of the late Academician 8, 1. Vavilov in
the early years of the developmefit of the 10 Bev synchrotron and of the constant assistance given by the director
of the P.'N. Lebedev Physics Institute Atadémy of Sclences USSR, D. B. Skobeltsyn

_ The construction of the accelerator was carried out at the newly built Electrophysical Laboratory of the
Academy of Sciences USSR which is presently converted to the joint Institute for Nuclear Research The acceler-
ator is now frnlshed and is undergoing prove -in tests.

The present paper contains a short description of the accelerator.. The various aspects of the design and
“construction of the machine have been presented in more detail in a number of reports to the accelerator sec-
tion of the Al-Union Conference on the Physics of High Energy Particles.

”’Presented at the All-Union Conference on the Physics of High Enetgy Particles, Moscow, 1956.
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The Chief Characteristics of the Accelerator

As is the case with all other accelerators already built or under construction for proton energies greater
than 1000 Mev the machine described here is a proton synchrotron.

As is known the synchrotron acceleration method uses the “self-phasing™ properties of particles moving
in a varying magnetic {ield in a constant (or almost constant) equilibrium orbit. The frequency of the acceler-
ating voltage must be varied in proportion to the particle velocity. The motion of the particles takes place in
a chamber located between the pole picces of a ring magnet. The magnet consists of four quadrants (average

radius 28 m) separated by eight-meter straight sections. The particle injection system is located in-one of these

straight sections and two others contain the accelerating electrodes. Particle extraction is accomplished in one
of the straight sections. '

The protons undergo preliminary acceleratiot to an energy of 8.5-9 Mev in a linear accelerator and then
travel 10 m along a straight path. Along the straight path the beam is focused by a double magnetic correction
system, a magnetic lens and a compensating condenser. Then the beam is turned through an angle of 75° in a

focusing bending magnet and is introduced into the synchrotron chamber. The aperture in the vacuum chamber -

is 200 x 36 cm. The overall length of the chamber is 204 m.

Calculation shows that the adjustment of the beam for entry into the. chamber must be made with an v
accuracy of several minutes of angle. This adjustment is realized by means of an electrostatic inflector which
consists of five deflection plates to which is applied a stabilized dc voltage regulated to within 100 kv, The
particles are injected into the chamber when the magnetic field 1nten31ty in the gap is 160 gauss. Acceleration
is terminated when the magnetic field intensity reaches a value of 13,000 gauss. The particles receive energy
increments in two drift tubes located in two diametrically opposxte straight sections. The effective’ amphtude
of the acceleraung voltage can be changed from 3 to & kv The. accelerauon cycle lasts for approximately
3.3 sec. The cycles are repeated at 12 second intervals:

At the end of the acceleration cycle the beam can be directed at suitable targets and used either in the
immediate vicinity of the accelerator magnet (near the stralght sections and near windows in the magnet yoke)
or in a special enclosure.

The determination of the basic _parameters was made on the basis of work on synchrotron theory carried out
at the P. N. Lebedev Physics Institute Academy of Sciencés USSR [3). This work was used in setting up an approach
to determining the basic accelerator parameters, in exploring various sources of particle loss,’ in choosing the op-
tinum injection condition and the required magnetic field configuration and in solving many other problems aris- .
ing in the design, construction and start-up of the machlne A number of important questions connected with in-

jection and particle energy loss due to resonance build- -up of oscillation were solved on a working model which
dehveredaproton beam with energles up to 180 Mev [2], {3].

The synchrotron theory which was developed is well known in this country and is used in many laboratories

in calculations on new accelerators. We shall limit ourselves here to a qualitative description of the particle
motion which is derived from the more exact theory.

The motion of particles in cyclic accelerators can be analyzed into three components:

1) Motlon in a constant equilibrium orbit at the resonance rotational frequency. A particle in an equiki-
brium orbit-is'in resonance with the frequency of the accelerannv field at all times.

2) Slow oscillations about the equilibriu_m orbit which are associated with the deviation of the particle
from exact resonance. These are called radial phase oscillations since deviations from resonance lead to a
change in the phase of the radio-frequency field which accelerates the particle in each passage through the
gap. The period of the phaée oscillations varies from 500 to 1500 ysec; this is from 100 to 2,000 times larger
than the rotational period. As it is usually stated, in departing from the equilibrium orbit the particle moves '
along an instantaneous ‘orbit which oscillates about the equilibrium orbit. '

3) Fast oscillations about the instantaneous orbit with periods from 7 to 2 y sec.

Thus the motions of particles in the synchrotron may be pictured in the following way. The instantaneous
orbit executes slow oscillations about the stationary equilibrium orbit, which passes through' the center of the
accelerator chamber. The particles, in turn, execute fast oscillations about the instantaneous orbit,

4170

Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090006-9




Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090006-9

In order for the equilibrivm orbit to remain fixed the changes in the magnetic field strength and the
frequency of the accelerating [ield must be correlated. An error in the frequency Af shifts the orbit radially.
An investigation of the present machine shows that a relative error + 0.19% in frequency causes a radial shift of
as much as Ar= % 6 cm. :

The radial phase oscillations are usually damped during the -acceleration process; in the present case
their atoplitude falls from 50 cm at the beginning to 1 cm at its termination. The difficulty of starting up
the machine arises, in particular, from the fact that the amplitude of radial phase oscillations, due to any type
~of perturbation, may increase so much as to result in the loss of particlesfrom the beam.

In a synchrotron it is nevcersary to take special measures for the suppression.of harmonics of the magnetic
field which are caused by ripple in the rectified current which is supplied to the magnet winding. This situa~
tion arises because the frequency of the radial phase oscillations occuring during acceleration changes continu-
ously and may fall into resonance with these perturbations. In particular, resonance with the second harmonic
(1200 cps) can lead to a considerable loss of particles. The loss of particles can result not only from ripple in
the voltage applied to the.magnet winding but also from fluctuations in the frequency or amplitude of the
electric accelerating field. Both theoretical considerations and experience have shown that oscillations excited
by noise are particularly dangerous because’ of the relatively long period of accelerauon It is well known that
- the noise shifts are proportional to ./ T where -t is the acceleratron time.- '

. Free-oscrllatron theory and a calculation of all possrble perturbations on the particle motions were of
great value in.setting up specifications. - An investigation was made of srmple and parametric oscillations, the
coupling between radial and vertical oscillations, and the: effect of non- -linearities; using these results a cetain
effective region was selected which is free from resonances- 0.55<-n < 0.75. ‘

On the other hand free-oscillation resonances, whrch are dangerous in the acceleranon period, can, in
‘certain cases, be utilized to increase the 1nJect10n eff1c1ency Thus the region of resonance values for n at the
edge of the magnet can be used for injection and it is, found that the possrbllrty of changing the magnetic field
confrguratron by means of supplementary wmdmgs is of great value'in this connection. :

Among the main scientific- -engineeting problems whose solutions were needed in the construction of the

machine there were: the construction of an electromagnet and its supply system, a vacuum chamber and evacua-

tion system, a radio-frequency acceleration system and an injector, It was necessary to perform a great deal

of theoretical and experimental work which will have general value in the construction of large cyclic accel-

erators. Here we would include: the development of electromagnet calculations and methods for correcting |

and stab111z1ng magnetic fields, the extension of the theory and construction of high-power converter equipment,

progress in methods for keeping the frequency of the acceleranng voltage correlated with the magnetic f1e1d

intensity, methods for amphfymg radio- frequencies over w1de ranges, and so on,

The El,ectroma'gn.et and Its Supply System .

The dimensions and weight of the electromagnet as well as the capacity ‘of its power system, increase
sharply with an increase of the energy of the accelerated particles. Assurmng the best value of the magnetic
field intensity, the tolerances on the deviations of the magnetic characteristics from specifications and the -.
accuracy with which the frequency of the accelerating voltage is related to the magnetic field, the weight of
the magnet increases in porportion to the maximum particle energy raised to about the 2.5 power, while the
energy stored in the magnetic field goes as the fourth power. Hence the construction of synchrotrons of the usual
type for high particle energy encounters, first of all, the engineering and economic difficulties associated with
rhe building of a large electromagnet and its power system. .

A reduction of the drmensrons and werght of the electromagnet and the capacity of the power system can .
be realized only by increasing the maximum intensity of the magnetic field and by assuming more stringent
requirements in the accuracy of construction and adjustment of all components. Any sizeable increase in the
‘magnetic field strength above that which has: been mentioned does not yield any economic advantage since

“saturation effects tend to increase the weight of the magnet and the capacity required of its power system.
Furthermore, the difficulties associated with the magnetic field corrections-become worse. Thus a reduction

in the weight of the magnet and the capacity of the power system can be accomplished chiefly by stricter
tolerances.
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_ The tolerances and the relative dimensions of the aperature in the 10 Bev accelerator are smaller than
those of similar accclerators. The relatively high tolerances inipose strict requirements on the quality of the
manufacture and asscimbly of the m.\rnu and require s pc( ial mcﬂmds for precision corre(.tion of the magnetic

field.

a 7o n - e A s
el o T R

The following systeins Tor cortection -of the field havc been dwgncd and dcveloped a demagnetization
system for.eliminating the distortions due to the residual fields, a compensation system for dynamic distortions
of the field, a system for locadng the median plaue of the magnetic field, a system [or contrélling the field
index, a system for correcting azimuthal lnhomogwelty and a’system, for ewpandmg the operating. tegion of the
(ield at high field strcngths thus ameliorating saturation effects. The results of preliminary tests on the magnetic
field of the monitored elec‘tromagnet 1nd1< ated that all these correction systems work satisfactorily [4, 5]. .

. Each of the four quadrants of the magnet consists of 12 unifs. ‘The weight of cach unit is about 750 tans.
A general view of the magnet is shown in Figs. 1 and 2. The outer dxameter is 72 m. The weight of the magnet
and its windings is 36,000 tons [6]. .

"Fig. 1. General view of the outside of the ring magnet.. ,

L1
In the power system for the magnel use is made of a systern in which energy is stored in rotating fly- ‘
~ wheels. The conversion of mechanical energy into electrical energy is accomplished by alternators which are
connected .to ion tubes (1gmtrons) ‘In the- perlod during which the magnetic field is increasing the power system
supplies encrgy to the magnetic field in ‘the magnetand the ignitrons operate as rectifiers while the altetnators -
work as. generators ‘nfter the maximum intensity of 13,000 gauss is reached the ignition converters are switched
over to inverter operatxon and the energy stored in the magnet is returned to the alternators. In this case the
alternators beecome motors and convert the energy of the magnetic field into kinetic energy of the fly -wheel.
In this system Lhe only power required from the line by the electric motors is that needed to make up for losses.

The da.ta on the power syst¢m are as follows maximum power — ]40 000 kva, maximum current ~ 12,800
amp, maximum voltage ~ 11,000__y01ts, number of units operated in parallel — 4 (Fig. 3), number of ignitrons —
96. ’ '

' ' ‘ 473 !
Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090006-9 ;



O

Declassified and Approved For Release 2013/04/03 : CIA-RDP‘I0-02196R000100090006-9

Y

Fig. 2f.~' Ge“ne‘.r‘alvvievi from inside{he r.ing magnet.

The. extremely 1arge peak power of the apparatus entails the use of a large number of 1gmuons operated
in parallel.’ In this modé of oper ation .a whote series of problems arises connected with the need for distribut-
ing the load equally over all tubes - Furthermore the feed for the greatest possible reduction of dangerous
harmonics of the magnetic field: ]eads to the necessrty of applymg to the electromagnetlc wmdlngs a rectlfled
,voltage w1rh extremely small rrpple. ) :

Fig. 3. General view of tlie synchronous-machine room.

414 .

Deélassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090006-9




Declassified and Approved For Release 2013/04/03 : CIA-RDP10-O2196ROOO100090006-9

This problem was solved thmugh the use of alternators ~making use of two systerns of thitee-phase w1nding
on each machine, shifted 30° in phase with respect to each other. Each system. of windings feeds a bridge rectl-
fier [7). For furthet reduction of rlpple in the magnetic field a spe01al systeni was developed for reducing the
‘pulsating part of the miagnetic flux ‘in ‘the opcranng gap of the field. '

In the devclopment of the supply system a r'ood deal of attention was pald to the reduction of the effect
of accidental outages. These dlsrurban(es(arc backs, ph;m, jumps, etc) .are partlcularly troublesome in the
inverter mode since thoy tend 16 male the system unstable. It was found neces§ary to take special measures to
bring the system into stable operation artificiallyafter these disturbances were eliminated.

Tn Fig. 4 is shown a general view of the room in which the ignitron converters are located.

Fig..4. General view of -the ignitron room.

The Vacuum Sy.‘stem.

One of the ch1e1 difficulties involved in the constructmn of the vacuum chamber for the synchrotron was
its great size (the chamber volume is about 160 m’ ) the high required vacuum(10~% mm Hg)and the existence
of a varying magnetic freld which excluded the possibility of using massive metal parts in the construction.

° The solution to this probleth was found in the utilizaticn of a double vacuum systeni consisting of an
inner high-vacuum chamber and an external fore-vacuum.chamber. qug this system the horizontal ‘surfaces
. of the high-vacuum chamber, which are saturated by the magnetic flux, can be thin sheets of stainless steel
0.15 mm in thickness. These sheets are separated by insulating sections the dimensions -of which are such as .
to make negligible the magnetic field dlstortrons caused by eddy currents. '

The horizontal parts of the high-vacuum chamber are fastenéd dlrgctly to the pole shoes of the electro-
magnet. The pole shoes of the electr omagnet also serve as construction members of the fore-vacuum chamber
and are sealed by sheets of textolite and rubber: The side walls of this chamber are of duraluminum with sheet-
rubber covering. The vacuum mamtamed in the fore -vacuum chamber is usually of the order of 1 mm Hg.

: : 415 :
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To avoid mechanical injury to the high-vacuum chamber by accidental pressure surges in the fore-vacuum
chamber there is a protection system with interlocks and gauges [3].

The high-vacuum system is evacuated by 56 oil-diffusion pumps. Each pump has a capacity of 5,000
liters per second [9]. The high-vacuum system is furnished with traps which are connected to a central liquid
nitrogen supply system.

The fore-vacuum chamber is evacuated by 16 type VH-6 pumps.

The Radio-Frequency System and Control of Particle Injection and Accele'ration

The design and construction of the radio-frequency systein for proten acceleration and a system for
control of the injection and acceleration of particles required the solution of a number of new problems in the
fields of radio-engineering and electronics. Heretofore, in general, the problem has been the design of 4 radio-
frequency systein in which it is possible to vary the frequency of the electric field over wide limits, thus provid-
ing the required increase in the energy of the particles In general, a system consisted of a frequericy - modulated
osc111ator and wide-band radio-frequency amplifiers which were used to drive the accelerator elements.

It was suggested that the most effective form for the accelerator elements for high- energy synchrotrons
would be short drift tubes. This system of acceleration was tried on the 180 Mev synchrotron model and was
adopted for use in the 10 Bev machine.

The specifications called for an oscillator the frequeney, of which could be varied in.the. course of an
acceleration cycle from 0.182-1.5 mc and which would exhibit the proper functional dependence on the inten-
sity of the magnetic field in the gap with an accuracy better than 1-107%, In developing this oscillator a
comparison was made of the various schemes for wide -range frequency modulation. The method which was’
finally selected was one in which the modulation characteristic is stabilized by negative feedback through a
precision frequency discriminator. The final model of the oscillator has'a frequency range of 0.15-1.5 mc,

The stability of the modulation chdracterlsnc of the oscillator, as deLermmed from 100 hours of opera-
tion is better than + 7-10-%

Experimental measurements which have been performed indicate that the relative level of spurious
frequency-oscillations in the region 600-2,000 cps, -at frequencies corresponding to harmonics of the supply
line, is less than & 10'7 and that the spectral density of noise frequency-modulation in thls same range is less
than 0.05 cyclesz/cycle

The frequency of the oscillator is contralled by the inténsity of the magn'etic field in the gap of the magnet.

Two methods of frequency control have been investigated. The first makes use of an auxiliary magnet which is
in series with the main magnet so that the same exciting current flows through both; this magnet is located at
a place which is free from radiation. The coil of the oscillator, which contains a ferrite core, is located in the

gap of the auxiliary magnet. The changing magnetic field intensity causes corresponding changés in the magnetic

permeability of the ferrite core.and hence in the oscillator frequency., The second scheme makes use of a device
which integrates the value of the magnetic field; this consists of a pick-up coil located in the gap of the auxil-
iary magnet or main magnet and an electronic integrator, the- output voltage of which is used to control the
frequency of the oscillator. In both schemes a correlation better than+ 107° between the frequency of the
accelerating field and the intensity of the magnetic field is achieved through functional conversion of the
signal used to control the frequency of the oscillator [10, 11].

The frequency -modulated signal from the oscillator is amplified to 20,000 v in wide-band multistage
amplifiers with a power of 200 kw. This method of amplification is used in all stages with the exception of the
output stage, which determines the electric power requirements from the supply line. The final amplifier stage
is a tuned amplifier.

The tuned circuit of the final stage makes use of a system the capacity of which (1,500 pf) is determined
by the drift tube and whose inductance is the coil with the ferrite core. In maintaining automatically the corre-
lation between the tuned circuit and the frequency of the amplified oscillations, the magnetic permeability of
‘the core of the coil, under the influence of the magnetizing winding, changes by a factor of 100, The current

&0
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flowing through the magnetizing winding is controlled by changes in the voltages obtained from a coil which
detects the difference between the frequency of the tuned circuit and the frequency of the electric accelerating
field.

It was found feasible to use a tandem system in switching the radio-frequency amplifiers so that the vol-
tages applied to both accelerating electrodes are added. By virtue of this arrangement it is possible, with two
accelerating electrodes, located in opposite straight sections, to reduce by a factor of two the rf power and also
to cut in half-the weight of the ferrite (to 2 tons) as: compared with an arrangement in which there is only one
accelerating electrode.

In designing the inductance with the ferrite core, which is in the circuit of the output stage of the radio-
frequency amplifier, it was necessary to study the behavior. of ferrites in strong radio-frequency fields.

As a result of this . work it was decided to build the variable inductance in the form of a section of coaxial
line partially filled with ferrite. This counstruction was tested and then used in the circuit of the final’ stages of
the radio- frequency amphﬁers [12 - 14].

- The solution of the problem of obtaining signals for switching the injector and the rédio—frequency accel -
erating voltage etc., requ1red the development of new. types of rnagnetic -field analyzers.

The accuracy requ1red for the sw1tchmg system which switches the injector and the radm -frequency accel-
erating field m the synchrotron is +10,which COlresponds to a relative accuracy in the strength of the magnetic
field + 3-107* and an absolute accuracy of 4 4¢1072 gauss. To obtain an indication of the instantaneous values
of the magnetic field intensity, use was made of a system in which the variations. of the field intensity were
transformed to frequency changes in an oscillator.. Pulses are obtained which have a direct relation to the instan-
taneous value of the bhatx’ging frequency and consequently to the magnetic field intensity. As a result, pulsed
signals are obtained which assure an accuracy in the sw1tch1ng system for the injector and accelerating field
which is better than + 3-107* [15] :

For precision measurements of the 1nstantaneous frequency of the radlo frequency acceleratmg voltage
a new method was devised which ylelded a relative accuracy better than 51074,

© The use in the synchrotron of a time- varying magnenc field also necessitated the development of new
methods of dynamic measurements of magnetic field intensity. It was found necessary to build special apparatus .
for measurements of the instantaneous field in the range from 150-13,000 gauss with an accuracy of 1-107%,
- For this purpose the most effective scheme was one in which use was made of nuclear magnetic resonance.

It is not possible in the present paper to consider other ifnportant parts of the installation: the linear accel-
erator, the input system, electron optics and a number of others.

In conclusion we should note that the construction of the ‘accelerator involved the participation of a large .
nuinber of scientific research institutes and plants of the Ministries of E:lectrical Engineering and Electronic Manu- .
facturing as well as a number of planning, building and construction organizations, all which contributed much
to this important project. At the present time adjustment operations are being carried out at the synchrotron
and in the near future ‘we expect to proceed to the complicated ]ob of starting up this accelerator.
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BASIC FEATURES OF A PROJECTED 90-60 BEV STRONG-FOCUSING

PROTON ACCELERATOR*

V. V. Vladimirsky, E. G. Komar, A. L. Mints, L. L. Goldin,
D. G. Koshkarev, N. A. Monoszon, S. Ya. Nikitin, S M. Rubchinsky,

S. V. Skachkov, N. S. Streltsov, E. K. Tarasov

The basic features of .a projected 50-60 Bev strong -focusing proton accelerator are
described. The critical energy is eliminated by changing the dependence of orbit Ieﬁgth
©on momentum. ‘The weight of the magnetic system, consisting of 120 sectors is less than
22,000 tons, the péak power is approximately 100,000 kva, the mean radius is 236 m.

~ .

The lrirniting proton energy was chosen on the basis of the following considerations. We are attempting
to achieve an energy sufficient for multiple meson-production and the production of anti-particles of all known
types of elementary particles. At the same time, in the design, it is convenient to utilize specifications and
data already developed in connection with the construction of the USSR 10 Bev accelerator, especially the
unique power system. For a maximum particle energy of 50-60 Bev the kinetic energy in the center-of -mass
“system in the collision of a proton with a single nucleon is about 9 nucleon masses, the peak power of the magnet
supply is about 100 kva and the weight of the magnetic system is less than 22,000 tons. '

Oné of the important questions which arises in the dé_sign of this type of machine is the problem of phase
stability in the region of the transition energy. In the present design use is made of a system which .introduces
changes of the particle orbit length so as to avoid a critical energy altogether [1]. The compensation system
is based on the utilization of forced oscillations of those particles whose momentum deviates from the equilibrium
value. These forced oscillations arise as a result of periodic azimuthal changes in the magnitude of the magnetic

field: the sign of the field is reversed in every eighth magnet and its magnitude is one-half that in the regular

magnets. (Fig. 1). The space period of the corﬁpensating_magnets in azimuth is slightly less than the period of the .
free radial proton oscillations. Under these conditions the largest amplitude of the radial displacement occurs in
the compensating magnets and the change of arc length can be shown sufficient to compensate for the average

change in arc length in all the remaining magnets. The critical energy condition is eliminated at the expense of a
209 increase in the length of the orbit.

The choice of the compensation system determiries the choice of the rather high frequencies for the trans-
verse particle oscillations: 13.75 per turn for the radial oscillations and 12,75 for the vertical, The mean opening
angle of the beam 2-107° radian represents a compromise between the desire to reduce the weight and power re-
quirements of the machine and an attempt to keep practical tolerances on the field errors. The maximum field
at the orbit will be 10,000-12,000 gauss, the length of the orbit 1483m. The basic orbit parameters are given in
Table 1. Tolerances for the magnetic field are given in Table 2,

The magnetic field gradient in the turning magnets is relatively small, hence these magnets can be made
without a return path, The compensating magnets, however, have return paths. A profile of these magnets is
shown in Fig. 2. In order to allow free access to the chamber the magnet yokes for all magnets are C-shaped, -

*Reported to the All-Union Conference on the Phrysics of High-Energy Particles. May 14, 1956,
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The magnets are very heavy hence it is impossible to make them of one piece. Each magnet will consist of
five stacks of weight 38 tons including the windings. The construction of the regular magnets is shown in Fig. 3.
The total weight of iron in the magnet yoke is 17,000tons, The total weight of the magnet including structural .

members is 22,000 tons.

Fig. 1. Arrangement of the magnets in the acceler-
ator. C)-compensating magnets;| { direction of
increasing magnetic field; 1) equilibrium trajec-
tory; 2) non-equilibrium periodic trajectory for

p > 0 (the amplitude of deviations from equili--

F1g 9. Constructlon of the compensatmg _

brium is exaggerated, ' ’ magnets.
TABLE 1
Total number of magnets ‘ 120
Number of compensating magnets © 15
Number of radial oscillatiens per. turn 13.752
Number of vertical oscillations per turn 12,744
*Length of the radial focusing magnets 10,99 m
Length of the vertical focusing magnets 10.69 - "
Gap length between magnets 1.518 "
Radius of curvature of the regular magnets 166.1 "
Radius of curvature of the compensating magnets = '-296.6 "
Distance from the chamber axis to the asymptote of the hyperbohc pole pleces of
the regular magnets : 404.0 thm
Internal half-height of the chamber 60 i
Internal half-width of the chamber 100
Utilization factor for the magnetic field : . 0.805
'Logarlthmlc derivative: of orbit length w1th respect to momentum ~8.2-107% .
Opening angle of the béam . 2.107% radian
Amplitude of the radial oscillations caused by compensatlon 40  mm
TABLE 2
Allowable momentum deviations . ap/p ] 0.5%,
Field tolerances AH/H o o - 0.25%
Gradient tolerances Agrad/grad o 0.3%
_ Tolerance on magnet displacement 1.0 mm
05 "

Tolerance on vertical displacement (amplltude of 13th harmomc)

- Data on the magnet power supply is given in Table 3,

Peak powers of the order of 100 kva will be obtained :from generators with flywheels.

The nominal -

capacity of each unit is 37 kva.  There is 4 12-phase ignitron inverter system, In order to reduce the ripple.
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in the rectmed voltage it is planned to use a filter and a epeual sC heme for reducmg ripple by negative feed-

Fig. 3. Construction of the regular accelerator

bwck

The injector will be 2 100 Mev linear accelerator.

The magnetic field at injection is 90 gauss. Any devia-
tion of particle momentum from the nominal value leads
to compensating radial oscillations and causes the fre-
quency of the free transverse oscillations to approach
the approximate resonance value. This situation deter-
mines the allowable momentum deviations —5- 10",

The accelerating system is supplied with an rf
voltage the frequency of which is 30 times greater than
the rotati’onal'frequency of the particles. The basic data
on the radio-frequency system is given in Table 4.

As can be seen from Table 4 in the terminal accel- a

eration cycle the tolerance for frequency deviations is.
very small. In this last cycle however, the frequency

.change is small and fhlis the problem is not too serious.

We are consu]ermg a design in which the frequency
is controlled by-the bedm. This system will'be tested in
al Bev accelerator which is under coustruction

Declassified and Approved For Release 2013/04/03 :

magnets,

TABLE -3

Growth time for the magnetic field 3.8 sec

Number of cycles per minute 6

Maximum exciting current 12,000 amp

Maximum voltage ‘ 18,000 v

Resistance of exciting winding at 15°C 0.310hm

Maximum inductance of exciting winding " 1.8 henry

Peak power ' 96,000 kya

TABLE 4

Frequency of the acceleratmg field at the beglnmng of the accelelatlon cycle ' 2624 mc

" Frequency of the accelerating field at the end of the accelerating cycle 6.068 mc

Tolerance on the deviations (slow) of the frequency frorn the specified frequency Af/f -
beginning of cycle 2:1073
end of cycle 2.6-10-8

‘ Correspondmg accuracy of magnetic field AH/H

beginning of cycle 2.5-1073
end of cycle 1072

Frequency of small synchrotron oscillations F
beginning of cycle 5150 cps
end of cycle 24  cps

Tolerance on resonant harmonics §f/f S
beginning of cycle 31-1077
F =50 cps 4-107°
end of cycle 12.5-10°7

Tolerance on noise modulation of the frequency 14.8- 1073 cpsz/cps

481

CIA-RDP10-02196R000100090006-9 -



Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090006-9

In the accelerator under design the protons acquire approximately 100 kev per turn. The sum of the
accelerating: voltages is 200 kv. As accelerating elements we propose to use transformers with ferrite cores.
The power of the radio-frequency source will be about 500 kw.

LITERATURE CITED

1 V. V. V1adin1irsky’ and E. K. Tarasov, "On the possibility of eliminating the critical €nergy-in a
strong - focusing accelerator:"Collection: Certain Questions in the Theory of Cyclic Accelerators (Acad. Sci.,
USSR Press, 1955). ' ’
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LUMINESCENT CHAMBER

E. K. Zavoisky, M. M. Butslov, A. G. Plakhov and G. E. Smolkin

This paper gives a more detailed description of the components of the luminescent
chamber and their development since the time at which an earlier report [1] was. published ;
new experimental data are also presented.

One of the basic components of the chamber (Fig. 1) is the electron-optical image -converter (EIC), which
utilizes the principle of the cascad¢ electron-optical light amplifier. Although this principle was reported in-
the literature long ago [2], the only successful éxperimental realization of the idea up to the present time has
been that of M. M. Bdtsloy, * A multicascade EIC of this type has an electron multiplication factor ne which
is no smaller than that of multipliers with resolving powers (at the screen) of - d m 1072 cm and makes it possible: -
to detect photographically one electron emitted from the input cathode. ; .

The diagram of the EIC is shown in Fig. 1. The 'coﬁverter consists of an input section and several amplifier.

cascades which are coupled by optical contact through thin transparent sheets. There is a fluorescent screen 1
on one side -of the sheet and a photocathode 2 on the other. The electron image is kept in focus in thé multiplier

_cascades by the homogeneous magnetic field of the solenoid 3. In the input section electrostatic focusing is

employed. With appropriate voltages on the photocathode 2 and the diaphragm 4, an electrostatic lens is formed.
Electrode § provides fine focusing of the electron image on the screen 1. '

Fig. -1. Diagram of the luminescent ¢hamber. SC) Scintillation
crystal; O) objective; EIC: 1) fluorescent screen; 2) photo-
cathode; 3) solenoid; 4) diaphragm; 5) focusing electrode;
6) ideflection plates; 7) 8) pulsed electron gate; Ph) photograph-
ic apparatus; PG-1) pulse generator for the electron gate; PG-2)
pulse generator for the high voltage; PG-3) pulse generator for

" control of the photogfaphic apparatus; SWG) sweep generator,

*The EIC described in [3] has only one amplifier cascade and an amplification factor of less than 100,
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In the space bétween the diaphragm and the screen there are two pair of deflection plates 6 which provide
the high-frequency sweep. Electrodes 7 in conjunction with the diaphragm 8 comprise a pulsed electron gate.
Fig. 1 shows a set-up which incorporates a radio-frequency generator and resonance circuits for the deflection
plates as well as a pulse generator PG-1 for the gating section,

. Because there is no time delay this pulse scheme is an improvement over the analegous arrangement using
a magnetic deflection system described in [4]. It provides a sweep "frame" with a resolving time of 10"*secanda
continuous radio-frequency sweep with a resolving time 3 - 107 sec [51.

Fig. 1 also shows the arrangement of the high-voltage power supply for the EIC, In dc operation, the
supply for all sections is obtained from a single high-voltage source through voltage dividers, In recording the
tracks of cosmic particles and other random phenomena, a pulsed supply is used for the output section in order
to reduce the background. For this purpose a gating electrode such as that described above * is used in the out-
put section of the EIC. More frequently, however, use is made of a high-voltage pulse supply from a special
electrical set-up, * In the figure this unit is demgnated by PG-2, The pulse length was varied to fit the emiss~ -
ion time of the output screen, * *

In recording tracks of relativistic particles and other weak signals, even with pulsed supplies on the out-
put section it is impossible to eliminate the background due to the inherent noise of the EIC,. To reduce this
background a pulsed supply was used on the electron gate 7-8 in the input section; this is PG 1. The length of
this pulse is determined by the electron time-of - -flight in the mterelectrode gap( ~ 5.107% sec) and the dura-
tion of the signal itself. For example in working with Cs(T1) 7 ~ 3~ 107® ec. In this case the noise of the
photocathode is completely supressed. It is, of course, also poss1b1e to pulse all the other sections of the EIC.

Synchronization of the gating pulses was accomphshed by means of a scheme consmung of a photormulti-
pher PM, a dlscrlmmator D and a coincidence circuit CC with a resolving power of 4107 8 sec. Followmg the
operation of the pulse generators the film in the photographlc apparatus was shifted automatlcally

The operation of the luminescent chamber is strongly dependent on certain important properties of the
crystal such as light output, transparency to its own luminescence, and also the relative degree of ccorrespondence
between the crystal luminescence spectrum and the spectral sensitivity of the photocarhode Unfortunately it
-Was necessary to use crystals of Nal(T1), GsI(T1), anthracene and other low quality crystals, However, even in
these it was shown expenmentally that the amount of light emitted along the track of the charged particle is
adequate for detectlng even relativistic particles

This can be shown from an elementary calculation. A typical relativistic singly-charged particle loses,
in a CsI(T1) crystal, about 5 Mev per em of track. '

The number of photons emitted in this segment of track into an angle 4w is

where ¢ is the energy required for the emission of one 11ght quantum in CsI(T1) which is taken to be ~ 35ev([6],
The number of quanta incident on the photocathode of the EIC is determined by the solid _angle intercepted by
the objective

B

~ . ’ . 4'__F 5 X3
: 5'—T(§B m;g‘.g

Here B and _lf are the relative aperature and the magnification of the objective, g is the ratio of the correspond-
ing solid angles in the crystal and in air — this may reasonably be taken as 1/n® where n = 1.79, the index of
refraction of a Csl crystal. Typically b= 1/2 and k = 1 so that we get s ~ 170 photons/cm.

*A detailed description of suitable circuits, developed by the authors, will be given elsewhere.
* #It is assurmed that the limitation on the emission time of the screen is the speed of the photographic apparatus
and not the resolving time of the instrument.
£
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The spectrum of the CsI(T1) emission is almost entirely contained within the spectral sensitivity curve of
a cesium-antimouy pliotocathode. Taking the quantuim efficiency of the photocathode to be § = 1071[7], we
obtain the number of electrons emitted from 1 cu of length of the image of the track on the photocathode.
~m w17, Since the resolving power of the EIC1s d & 1072 cm it is easily seen that the image of the track will
consist of different points with spaces between them. FEach point corresponds to one electron at the input of the
EIC. The spacel between the points is '

16 (1 4 ke
PN I

1
T m

The useful thickness of the cr ysml is determined by the depth of focus of the objective and can be com-
puted from the formula

A d. 1/;12[1«2344(14 /c)z]_wza
. : sz

All other conditions being equal the gaps in the track are a function of the ionizing power of the particle.
It is convenient to-use this relation. in conjunction with the range -energy relation in the crystal to identify the
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Fig. 2. Range-energy curve for a CsI crystal. - Fig. 3. Range-light output cutves for a CsI(T1) crystal.

particle. In the case of strongly ionizing particles which produce
heavy tracks* the spaces which are used for identification pur-
‘poses are obtained from the optical density of the negative along
the track. In Fig. 2 and Fig. 8 are shown range -energy cusves
and range-light output curves for CsI(T1) which have been cal-
culated for this purpose. The calculation was based on the well-
known Bethe formula for energy loss by ionization, In the low-
energy region, where the particle velocity remains comparable
to that of a k-electron in an atom, data on energy loss in silver
[8] and experimental results on atomic, stopping power of the
¢lements were used [9]. Finally we present photographs (Fig. 4) ’
‘of proton tracks in a CsI(T1) crystal obtained with the neutron .
beam of the synchrocyclotron of the Institute of Nuclear Problems,
Academy of Sciences USSR, The tracks are arranged in

*We may note that for 1 = d and even for 1<d the tracks are not
heavy. Only for 1<< d do the points become fused into a heavy
Fig. 4, Photographs of proton tracks ina  track. The reason for this seems to be fluctuations in the light
CsI(T1) crystal. flux and the quantum efficiency of the crystal and photocathode,
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order of 1ncfeaéing lonizing power of the particles; 1) is the track of a 200 Mev proton, 2) and 3) are tracks

of slower protons (the lineal density of points in tracks 1, 2, and 3 are in the ratio 2:3:4), 4) is the track of

a proton coming to rest, 5) is apparently the track of a slow -proton produced in a star. At the end of irs path
it undergoes a 15° deflection and an intermittent increase in ionization demity It is possible to see the spacing

between crystal nuclei in the tracks of the slow protons.

The authors wish to express theu gratitude to I. V. Kurchatov for his constant interest and assistance in
this work.
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PLANE-PARALLEL SPARK COUNTERS FOR THE MEASUREMENT

OF SMALL TIMES

M. V. Babykin, A. G. Plakhov, Yu. F. Skachkov, and V. V.. Shspkin

Descriptions are given of the construction and the results of mvesugatrons of the
‘characteristics of plane- parallel spark counters frlled with argon and diethyl ether vapor,

"INTRODUCTION -
In recent years there has been greater and greater development of spark counters wlth plane-parallel
electrodes. The interest in these counters is due to the fact that rhey have qurte a number of advantages in

comparison with counteis of other types They are pnmanly drstmgurshed by théir high resolvmg power in
time.

In a number of papers [1-4] measurements have been made of the time lag of the diseh'arge in two count-
ers placed close together and both traversed by the same fast ionizing particle. The valufes obtained for the
“ half-width of the curve of the relative time lags agree well with each other, giving the amount (5-6)- 107° sec

For further reduction of the spread of the timé lag of the discharge there are at least two possibilities:
increasing the overvoltage on the counters and decreasing the distance between the electrodes. Besides these, -
there is an important influence on the' development of the dlscharge from the nature of the workmg gas and of
the organic additive.

The discharge in a plane~para11el spark counter is localized in a small volume. "This fact makes it possible
to judge the place of traversal of the counter by the particle to an accuracy of about the size of the gap between
the electrodes. In order to observe the spark, one of the electrodes can be made: of glass with a semitransparent
conducting film. : ' , '

Under suitable conditions plane—parallel spark counters have good counting characteristics: ‘the slope of
the plateau amounts to several percent per 100 v, and the amplitudes of the output pulses of spark counters
reach some hundreds of volts, so that the necessity for preamplifiers in the counting crrcults is ellmmated

Along with thelr obvious superiorities, spark counters have important shortcomings, which to a consrder-
able extent limit their application. As the first of these shortcomings we must note the large dead time. To
obtain good counting characteristics one must use quenching circuits with 1073-107* sec duration of the quench-
ing pulse, or else corresponding quenching resistances. Besides this, the counters are very sensitive to the temper-
ature and have limited service life (after 10%—10% pulses, washmg out and refilling is necessary).

But in spite of this, owing to their high time-resolving’ power, spark counters are used in the solution of -
many problems of nuclear physics and for studies of cosmic rays. They are most of all useful for measurements
of the energy of fast charged particles by time of flight, and of the lifetimes of excited states of nuclei.

Together with measurement of the lifetime of excited states of nuclei, data can be obtained on the angular
correlation of y—y, B~ y, or a— y processes, if spark counters are used that have semitransparent electrodes,
which allow the place where the particle passes to be located very accurately.
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Construction of the Spark Counters

The basic problem that we set ourselves in our study of plane-parailel spark counters was the improvement
of their time characteristics, 1. e., the reduction of the time lag of the discharge relative to the instant of passage
. of the charged particle through: the counter, and the reduction of the dead time of the counters.

As was indicated above, the lag of the counter can be reduced by a considerable shortening of the distance
between its electrodes. But along with this it is necessary to increase the pressure of the working gas and the
organic additive, in order to produce a satisfactorily operating counter with adequate efficiency. Thus in the
development of counters with the smallest possible gaps one has to deal with relatively high pressures, which
to a considerable degree determines the construction. '

To increase the allowable counting rate a special spark counter was constructed, with one of its electrodes
made in the form of small sections insulated from each other, and connected with the source of voltage through
high resistances.. The limiting counting rate of such a counter increases in proportion to the number of sections.

The spark counters are relatively simple in construction. Figure 1 shows a cross section and Fig, 2 an .
outside view of a telescope of two plane-parallel spark counters with semitransparent electrodes. The body of
the telescope is made of steel. Through a lead plug there is screwed into the body a valve 4, through which the
counter is pumped out and filled. The porcelain insulator 38 for the electric lead is also screwed into the body
and gasketed with lead. The end surfaces of the body are ground and then carefully worked onto it. The elec'-
trodes 1 are recessed below the ends by the amount of the gaps, in the present case 0.2 mm.

?

‘The side walls 2 of the telescope are made of
op't_ical glass of thickness 5 mm. On the insides of the
gléss faces are applied circular semitransparent con-

" dicting layers to act as the second electrodes. The
conducting layers are applied with tin chloride vapor.
The resistance of such a layer amounts to 50 to 100
ohm/cm. - :

“The vpajck'in'g ‘between the ground faces of .the
N body and.the glass is provided by rubber rings, which
) _ " are fitted into grooves in' the faces. In the assembly
Fig. 1. Construction of a telescope of two plane- ‘the rubber is forced into the grooves and the glass
parallel spark counters. ' ‘ . comes firinly against the metal. Since the metal

electrodes are set in 0.2.mm below the ground faces’
‘and the semiconducting electrodes deposited on the glass are in the planes of the ground ends, the gap between
the electrodeshas this value. The parallelism of the electrode planes is maintained within 0,002 mm with ease.

.~ The metal electrodes are in one piece with the body and are grounded;.while a voltage of either polarity,
of 2000 to 3000 volts is carried by the leads through the insulator to the electrodes on the glass, the connection
being through a paper resistor of 50 to 100 meg. The insulation of the electrode from the grounded body is
provided.by the glass itself; a separation of 6 to 8 mmm along 'r‘_he’ surface of the glass is found to be quite sufficient.

Owing to the great brightness of the spark and the good transparency of the conducting layer, the operation
of the counter can be observed visually in a lighted room. The possibility of directly observing and photograph-
ing the discharge in counters with transparent electrodes is a great advantage and permits the use of new electron-
optical methods both for the stu&y of the discharge itself and also for the solution of several other technical and

physical problems [5]. - S '

The counters were filled with chemically pure argon at pressures of 3 to 10 atmos. Diethyl ether was
used as the organic additive, at partial pressures varying over a wide range. Counters containing alcohol vapor
were also tested, but under these conditions they work distinctly less well than the counters with ether.

Before the filling with the working mixture, the counters were pumped out to about 10™* mm Hg. It
must be noted- that changing the degree of evacuation within wide limits does not effect the quality of the
counter. The edges of the metal electrodes were rounded and polished, and the electrodes on the glass were
made of somewhat larger diameter in order to place their edges away from the opposing electrodes. In order
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to make a good counter it is necessary to prepare the electrodes carefully and wash them well before assembly.
Besides this, it is necessary to make sure that. there are no scratches on the surfaces of the electrodes and that
- after assembly there does not remain even the smallest gram of dust: ‘

The construction that has been descrrbed for the counter telescope, because of the massiveness of the
walls, is good only for the registration of y-quanta and high energy chatged particles. But it can be.used for
the study of the question of the time lag of the discharge in the counters themselves in the registration of cosmic.
rays or cascade y-radiation. .In the later case, a preparation of Co® can be inserted througti the side opening
in the body of the telescope and placed on the axis of the telescope between the metal electrodes [5].

Spark counters can also be adapted to the registration of electrohs, protons, and o -particles of 1elat1vely
small energies, if the electrodes-are made of thin foil or mrcromesh Spark countets can also be made that are
effectlve in countmg neutrons.

fo

Counting Characteristics

1t order to study the counting charactenstrcs in their dependence on various conditions, namely on pé

(the product of pressure and gap size) and on the ether vapor content, a special counter was constructed with a
movable electrede, ,the construction bemg that shown in Fig. 3.

Fig. 2.' External view of the telescope.

‘The steel electrode 1 is attached to the ‘movable rod ona steatlte 1nsulator. and was carefully ground and-
polished together with the sleeve of the body. The displacement of this electrode along:the axis of ‘the counter
was accomphshed by a tnicrometer, so that the gap could be varied from 0 to 1 mm with an accuracy of 0.01 mm

R sylphon was used 1o attach the moving part its ends being welded to the rod and the body. The oper-
atmg voltage was supphed through an insulated lead and the resistance R(150 meg). The stationary electrode
was supplied by the glass with' a conducting layei 2. This electrode was fixed in the plane of the flange of the
“second part of the counter body.,

-The regrstranon of the drscharoes was camed out in two ways; by means of a photomultrpller and directly
by a counter of electric pulses,

- 3
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As the working gas in the counter, argon was"
used at a pressure of 6 atmos, The organic additive
was diethyl ether, whose partial pressure was viaried
from 60 to 400 mm Hg. '

The study of the dependence of the counting
characteristics on the voltage was made with the y-
radiation of Co®, o

Figure 4 shows the dependence of the counting
characteristies on the gap size for two pressures of the
ether vapor (60 and 400 mm Hg). With wideniﬁg of the
gap their slope decreases, and the length of the flat
part increases.

a

Fig. 3. Construction of counter with movable e o
o . The variation of the slope in its dependence on
electrode. ~ 1) ‘movable electrode; 2) semi- - . . . .
. . the pressure-of the vapor of the organic additive, for
transparent electrode. . . - ’
) .gap width 0.3 mm, is shown in Fig. 5. The rather de-
‘ cided slope of the counting characteristics at small
- pressures of ether vapor (60 mm Hg) indicates that at a small concentration of the organic additive in the counter
a large number of false pulses is observed, although. the background on the counter in the absence of a source is
" very small. This is probably explained by the weak absorption of ultraviolet radiation at low concentrations of
the organic additive.  When the pressure of the: ether vapor is increased to 400,mm Hg, the .absorption of the
photons is increased, and the number.of false counts.falls; this leads'to an improvement of the counting charac-

teristic.
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Fig. 4. Dependence of counting characteristics on.. 'Fig. 5. Dependence of couifiting characteristics on
gap size.- ' v 'on pressure of .ether vapor.

The slope of the flat part of the characteristic, equal to 139, per 100 v at 60 mm Hg pressure of ether
vapor, becomes 49, per 100 v at 400 mm Hg pressure of the ether vapor, o

o

An important feature. is that the pressure of the organic additive has a strong influence on the counting
threshold. From this same Fig. 5 it is seen that with increase of the pressure of the ether vapor the characteris-
tics are shifted into the region of high operating voltages. A change of the pressure -of the ether vapor by 200
mm Hg causes a shift of the operating voltage by about 700 v. This makes it possible, by increasing the pressure
of the vapor of the organic additive, to increase the field in the gap of the counter, ihich decreases the lag.

4

Spark counters, as is known, have a limited service time. This is due to the fact that in the process of

- operation the organic additive is decomposed, the electrodes become covered with a film, and the counter stops
operating. ' )
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To determine the service time of a spark countet with a transparent electrode a spectal experiment was
arranged.

The counter counted 10° pulses. On disassembling it, it was found that the surfaces of the electrodes were
covered with a rather solid brown film, probably formed as a result of the decomposition of the ether and the
sputtering ol the material of the electrodes.

The metal electrode can easily be restored by waqhmg Washing of the semitransparent electrode also
leads to removal of the film, but after prolonged operation of the counter the resistance of the conducting layer
increases, which indicates its progressive destrtiction,

For many experimental problems, where the intensity of the radiation is not great, this service life of the
plane-parallel spark counter is quite adequate,

Obviously, to increase the service life one can use halogen additives instead of organic additives. It has
been found that with a halogen additive (bromine vapor).a spark counter can operate normally.

Time Characteristics of Plane-parallel Spark Counters

As was already indicated in the introduction, the main intérest in spark counters is due to the fact that
they give a small spread of the time lag of the discharge relative to the instant of passage of the charged particle,
This permits them to be used for the measurement of small tithe intervals. '

As an example of such a measurement there is shown in Fig. 6 a sweep photographic image of the sparks
from two counters which were traversed by the same cosmic-ray particle. This photograph was obtained by a
method for measuring small times by a sweep representation in an electron optical image converter, as described
previously [6],

From photographs so obtained one can determine the
relative lag of the discharges in two counters,

An attempt was made to determine the spread of the lags
‘with cosmic rays.

The relatively small number of cases we have measured
permits us to draw the conclusion that the spread of the lags
does not exceed 410" Y sec.

A more detailed study of this question can be found in
the following paper [5].

From the photograph shown in Fig. 6 it can be seen that
the length of the front and the duration of the whole spark are
of great importance for the time measurements. To determine
the length of the front and the duration of the spark, the sweep
picture of the spark was subjected to microphotometry.

Fig. 6. Sweep photograph of sparks in.two
counters, caused by a single cosmic ray
particle. Sweep period 6.6-107% sec, Fighre 7 shows a microphotogram of the spark front, The
distance between counters 14 mm. intensity of the spark reaches half value after 1.5+ 10" sec,

In the top of Fig. 8 there is shown a complete mlcrophoto-
gram of the same spark, from which it is seen that the total duration of the spark amounts to 21079 10 3-10-°
at the bottom is shown a microphoetogram of part of the.sweep picture of a spark, which brings out distinctly the

structure of the spark, with a period of 4«10 1 sec, corresponding to an oscillatory discharge process with wave -
length 12 cm.

C;

The data presented show that plane~parallel spark counters used with the previously described method for
time measurement can find successful application for the solution of a wide range of problems of nuclear physics.
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The Sectioned Counter

For the solution of many problems of nuclear physics, counters are needed that admit large loads. The
spark counters kinown up to the present have at best a counting rate of 10* pulses per sec. The counting rate of
a spark counter with given electrode area can be increased by sectioning. At the same time this improves the
time characteristics of the discharge in the counter; 'namely, it reduces the total duration of the spark and short-
ens its front. For this purpose a sectioned counter was built, with one of its electrodes consisting of 49 elements.

Figure 9 shows a photograph of the sectioned electrode of the

. counter. The electrode was prepared in the following way. Ina
metal plate of dimensions 25 X 25 X 2 mm, at the corners of a
square lattice with spacing 3 mm, there were drilled 49 holes of dia-
meter 2 mm. Into the holes were soldered porcelain tubes, the ends
of which had first been coated with silver and copper. To the free
ends. of these tubes was soldered a thin metal plate 21 x 21 x 0.2 mm,
into the inner side of which there had previously been cut grooves
(width 0.2 mm, depth 0.16 mm) forming a square lattice with the -
same spacing as before, Then the outer side of this plate was cut com-
pletely through to form separate sections. The sharp edges of the sec-
tions were rounded.

Toprovide a resistance between the solid plate and the sections,
the porcelain tubes were filled with a semiconducting compound.

The other (common) electrode was a conducting layer on glass.
When a particle passes through the counter, there is a spark discharge
between one of the sections and the conducting layer, The number of
photons from this spark is about 107, Its light can be registered by a
photomultiplier or an electron-optical converter. At the time of the discharge .a potential difference occurs be-
tween adjacent sections, approximately equal to the operating voltage. To prevent discharges between the sections,

Fig. 9. The sectioned electrode of
the counter,

the gap width was chosen equal to the distance between them.

The resistances in the sections of the counter were chosen experimentally. Their size was chosen equal
to 80 + 30 meg, and corresponded to the smallest value of RC at which the spark discharge in the sections still
did not go over into an arc.

The counting characteristic plotted against voltage has a rather steep slope. The breadth of the flat part
of the characteristic covers 150 to 200.volts at a steepness of 10 to 159 per 100 v. Such a worsening of the count-
ing characteristic by sectioning is due to the interaction of the sections, as was established by a comparison of
the counting characteristics of a single insulated section and combinations of two, four, and more sections, and is
clearly explained by ions getting from one section into others because of diffusion and the fringing fields of neigh-

boring sections.
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Tests wete also made on the optical coupling between sections of the counter. In the discharge a brightly
glowing channel is formed — a streamer. The ultraviolet radiation of the streamer ptoduces a photoelectric
eflfect at the electrodes of the counter. Thie probability of occurrence of false counts it neighboring sections is
increased, if the spark jumps near the cilges of the sections. This effect shiows up especially strongly at large
overvoltages on the counter, i. e., i thie upper region of the counting characteristic, Paired sparks at the edges
of adjacent sections are observed v1sually

The paired sparkq at the edges of the sections; produced by th’c photoelectric effect, cannot be separately
regmrcxed by the counting circuit, which has a rcsulvmg time of 1077 sec, since they follow each other at tinie
intervals of the order of 1072 sec. '

The number of paired, mple quadruple, and other multiple sparks is considerably increased 1[ the pressure
of the organic filler —ether —is reduced, ‘

To determine the relation between the number of sparks

spark ' - in the counter and the number of recorded pulses.and irs depen-
N q&)um ‘ dence on the voltage, a-simultaneous couitt-was cox*lduc;ed of
the pulses and of ‘the sparks photographed by meas of the eiec=
Pt tron-optical irﬁage converter. To make it possible to count’
: ‘ the number of sparks on the photographs not more than 100
wh pulses were registered at each value of the voltage, and at vol-
tagés in the higher part of the plateau not more than 20, The
st results are presented in Fig. 10, which shows the dependence of
‘the ratio of the number of sparks to the number of registered
] - pulses on the voltage across the counter. In the. middle of the

750 700 1453 75 .,;5}0\; Vho‘th o plateau this ratio is equal to 1.3. Consequently, in the middle
' ' L of the plateau 30% of the sparks turn out to be {alse,

Fig. 10. Ratio NSpark/Ncount as function . Ip Fig. 11 are shown ‘three photographs of the counter in
of voltage. Nspark = number of sparks; operation, taken by means of the electron-optical image con-
"determined photographically; Negine™ . verter: a) corresponds to the beginning of the plateau, b) to
number of counts on the registering device. . the middle, and ¢) to the end.

In the first two photographis the edge effect is not noticeable;
in the third it is clearly v131ble.

The sectioned counter was tested at extreme load. The limiting countmg rate was 1.6-10° pulses per sec.
In unsectloned counters the counting rate did not exceed 10* pulses per sec.

In the sectioned spark counter a broad plateau could not be obtained because of the optical and ionic con-
nection between adjacent sections. But this shoxtcommg can be avoided by more refmcd construction and by a
suitable choice of the filler for the counter.

v

) b c) - ,

Fig. 11. Interaction of the elements of the sectioned counter at various voltages: a) 1350 v, .-
~b) 1450 v, c) 16800 v,
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CONCLUSION

In this research it has been established that it is possible to construct plane-parallel spark counters with

high time resolution, good counting characteristics, high efflciency for counting charged particles, and compara-
tively long service life.

The authors consider it their pleasant duty to express their sincere thanks to Corresponding Member of the
Academy of Sciences of the USSR E. K. Zavoisky for his valuable advice and his constant interest in this work.
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INVESTIGATION OF THE TIME-RESOLVING POWER OF PLANE-PARALLEL

SPARK COUNTERS

E. K. Zavoisky and G. E. Smolkin

A study has been made of the resolving power of plane-parallel spark counters
‘with small working gap and h1gh pressure of the gas mixture, It is shown that the
resolution time of such counters may reach 10~Y sec.

.The most remarkable property of plane-parallel spark counters is their high resolving power in time. It
has already been shown in papers published earlier [1, 2] that the resolution time of siuch counters can reach
5+10? sec. It is shown below that it can be reduced at least to 1071 sec.

As is - well known, the resolution time of Geiger-Miller counters has a value of the order- of 1077
Such a sharp difference between the time-tesolving powers of the two gas-discharge counters is due first of all
to the shape ofthe electricfield in the gap between the electrodes. In the plane-parallel spark counter the field
. is everywhere homogeneous and is. large enough for the initiation of ionization by collision and the formation
of electron-photon avalanches, which lead to the spark discharge. Therefore in this case there is not required
the so-called "drift time" for the primary electrons that are formed in the volume cf the counter when ionizing
particles pass through.

Besides this basic factor, there are a number of others on which the time resolution of the plane-parallel
spark counter depends in an essential way. Such factors are: the size of the gap between the electrodes, the
applied potential difference, the gaseous filling of the counter, and, finally, the ionizing power of the radiation
to be counted.

In this connection it is necessary to point out that the resolution time indicated above, of 5+107° sec [1, 2]
was obtained by the use of counters with a gap of 2.5 mm between the electrodes. The filling was a mixture of
argon with saturated vapor of xylol [1] and of alcohol [2]. The total pressure of the gas mixture. did not exceed
60 cm Hg.* The potential difference applied to the counier was of the order of 2000 to 3000 volts. The attempts
of some authors to reduce considerably the gap between the electrodes and thus to lower the resolutlon time of
the counters have not led to the desired result [3].

In this regard the counters describedin reference [4]represent a significant advance. The distance between
the electrodes in these counters approaches tenths of -a. millimeter. and the operating voltage across the counter
~ is 2000 to 4000 volts. Thus the intensity of the electric field here exceeds by more than an order of magnitude
that in the counters of the earlier construction. The filler used in these counters is a mixture of argon with ether
vapor, which has a considerably higher pressure at saturation than the vapors of alcohol and xylol.

At the same time, the reduction of the gap between the electrodes does not lead to a lowering of the count-
ing efficiency, since the total pressure of the gas mixture reaches 10 atmos and more. All this cannot fail to
have an effect on the time resolving power of the counters, to the study of which the present paper is devoted.

*{cm Hg appears in the original — translator's note).
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II.

The study of the inertial behavior of the counters was conducted by measuring the relative lag of the spark
discharges in two counters 1n the registration of y—y incidences from a radioactive Co® source. As is well
known, the nucleus of Co* goes over by 8 -decay into an excited state of the nucleus Ni®** , which then emits

- two cascade y-quanta with energies 1.17 Mev and 1.33 Mev. The lifetime of the nucleus Ni*"” in the level
1.33 Mev has'a value ~ 7.5 & 2.5 -10 ¥sec [5], so that it is entirely permissible to treat the emissions of the
cascade y-quanta as simultaneous, :

Figure 1 shows the arrangement of the experimental apparatus. Two plane-parallel spark counters are
placed in the common chamber 1; the electrodes 2, 4 are of steel. and 3, 5 are glass with a transparent conduct-
ing surface. Such a surface can be obtained by treating the surface with tin chloride vapor.. The transparency
of the glass electrode is about 75%, and its-surface resistance is ~ 100 ohm/cm. The diameter of the electrodes
is 10 mm. The space between them is 0.2 mm. The gaps between electrodes of both counters connect with the:
common chamber 1. The chamber was filled with saturated ether vapor and argon to a total pressure of 12 atmos.
The voltage across the counters was fed through the steatite insulators 6. The noninductive and noncapacmve
resistance R, made of black paper, was of the order of 100 meg.

The radioactive preparation on the spec1al brass holder 7 was located in.the center between the counters.
It had the shape of a cylinder of diameter 2 mm and height 2 mm. The’ preparation was introduced into the o
recess 8, separated from-the volume of the counter by a thick-walled brass tube, which made it possible to insert-
and remove the source without disturbing the apparatus. ‘ '

The diagram also shows the apparatus necessary for the takmg of, the counung characterlstlcs of the counters,
and also for controlling the operation of the counters during the measurements This consists of the photoelectric
multlpher FEU-19, the coincidence circuit CC with resolution time 1077 sec, and rnechanlcal reglsterlng devices
Regy, Reg, and Regy. The multipliers operated with the light scattered from the walls of the chamber, which fell
on the cathodes of the photoelectric multipliers through the glass w1ndows i1 and the hght ducts LD. The inside -
walls of the chamber were painted a light color. The opaque partition 12 prevented any p0551ble optlcal con-
nection between the photomultlphers

s

|
|

B 7502 RN RS0

S TR

‘To pulse shutter of image converter

Fig. 2 shows the counting characteristics of both counters used in the work. . It can be seen that they are,
to-a sufficient degree identical, and that they hdve a rather broad plateau, extending to 4000v, The slope of ,
the curves'in the middle of the plateau amounts to less than 19%. Figure 3.shows also the curve of the dependence:
of the number of coincidences on the pdtential difference applied to the c"ounters.

The absolute value of the counter efficiencies gy and g, for y- quanta were determined from the data from
the simultaneous registration of the number of coincidences Ny, and the numbers of counts in the channels n,
and 1y, by the well known formulas

. . - fiag
= = a1 =
gl 11,291 and g2 77/1!/32 !
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where Q4= Q= 0.14 steradian are the corresponding solid angles subtended by the counters.

N4 [ - ‘

o ul : Countet

":’, ot Counter 2. g

¥ %

[a % 26 B g 4,,”‘2

8 ol '

8 [

3 uf g p

g‘ ,0 I 'g t 1 i 5 "
76 28 47 37 44 36 3f 47 42 s 28 a0 a2 a4 46
Potential difference across counter, kv g Voltage across counters, kv

Fig. 2. Counting characteristics of the plane-parallel

Fig. 8. Dependence of number of coincidences on
spark counters.

voltage across counters.

For example, for potential difference 3400 v across the counters, one can find from the counting character-
istics the numerical values of the quantities ny = 28.5, n, = 28.2, and ny,= 0.025 counts per second. Consequently,

81~ g, ~0.63-1072,

From these same data the absolute value ot the intensity N of the radioactive preparation was determined
by the formula '

N= Enlﬂ = 3.2.10% disint./sec.

12

A check of the circuit for accidental coincidences due to the load on the counters and to scattering of the

y-quanta at the walls.of the counters showed-that the number of such coincidences was negllglbly small in com-
parison with the number of genume coincidences. '

III.

The measurement of the relative time lags of the spark discharges in the counters was carried out by re-

cording them with a sufficiently sensitive electron- opt1cal image converter, using a high-frequency sweep of
the electron image [6, 7).

* For this purpose the spark dischaiges in both counters were projected by means of the prisms 9 and the
objective O onto the photoelectric cathode of the converter C (cf, Fig. 1). The light passed from the prisms to
the objective through the glass windows 10 of the chamber 1. Since the discharge in a counter is localized in
a very small volume, it was imaged on the photoelectric cathode (and consequently also on the screen) as a

point image of light. This point image of the spark was swept out by means of a high-frequency field of wave-
length A = 1.5 m along an arc of a circle of diameter d = 10 mm.

The length of the whole circumference corresponds to the perxod of the high-frequency field, T = 5-10~° se
In practice, however, the total duration of the spark discharge turned out to be a bit more than the penod of the
high-frequency field, This could lead to an overlapping of the sweep and undesirable difficulties in finding ‘the

fronts of the sparks. Therefore we used a modulated high-frequency field. The wave length of the modulatmo
voltage was 6 m.

The registering part of the apparatus (the electron-optical converter and the photographic camera) operated
on a standby basis: the camera remained open all the time, but the electron image of the converter was shut off
by a special shutter. Only upon a coincidence of discharges inboth counters * was the shutter opened, and the

*This refers to coincidences with the resolution time of the coincidence circuit CC, equal to 1077 sec.
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image appeared on the screen of the convertet and was photographed 6n motion picture film. After this the
shutter was closed again and the film was automatically advarnced by one frame. The pulse length of the elec-
tronic shutter was~ 8107 sec. At a countet load equal to 28 counts per second, this shutter completely ex-
cluded the possibility of the occurrence of exposures with three sparks, despite the rather considerable inertia
of the fluorescent screen of the converter. The synchronization of the pulse shutter was accomplished by means
of the photomultipliers FEU-19 and the coincidence circuit CC.

In Figure 4 are shown two typical pictures of coincident spark discharge’s. obtained by the method des-
cribed. The measurement of the relative time lag from these photographs was carried out by simple supet -
posmon of the images, which is easily done w1th an ordinary enlarger adapted for this purpose.

'We now consider the accuracy of the measurements and the possible sources of error. The electric field
intensity near the photoelectric cathode of the-electron-optical converter was 1.7 electtostatic units.” Consequent-
ly the resolution time, of the converter, due to the electron optics -[8],-_was equal to 6+ 107 sec, The geometrical
resolving power of the convertet was 10°% cm. Consequently the insttumental resolution time, of the device, due’
to the period and amplitude of the high-frequency sweep, was equal to

20 =TI 4740 sec
_ "The dlfference of the path lengths of- y-quantd falling in the center and at the edge of a counter and the
' path difference due to the size of the radioactive preparation amount together to not more than 0, 4 cm. This

can produce a delay of the order of 1.3 10'11 sec. -

.'Fig. 4. _Two typical pictures of 'coihcident spark discharges in the counters.'.

The difference of the. optlcal paths. of the rays from'the counters to the photoelectrrc cathode of the
electron-optical image converter was not moreﬂ than 0,5 cm, which corresponds to a time ~ 1,7+ 10" “sec.
But this constant delay can only displace the center of gravity of the distribution curve relative to the origin

-of coordmates and does not mcrease its half width '

. The largest error occurs in the treatment of the photographs. It is: due malnly to the.uncertainty arising

in identifying the fronts of the sparks, and is in size about 510~ -1t 'sec, .- .

It must also be noted that the spectrum of the ‘electrons emitted by the walls of the couter under the
action of they-quanta from the Co® source is very broad. Together with the slow electrons and the electrons.
of moderate energies, there are present in it a considerable number of electrons with relativistic energies, right
up to the maximum energy of the ,‘ry—quanta., Now, a relativistic electron moving at right angles with the plane
of the counter ordinarily forms a very small number of secondary electrons in the gap between the electrodes.

»
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At a pressure of 13 atmos and gap width 0.2 mm this number is about 5. This circumstance cannot fail to have
an influence on the results of the measurements, for there is no doubt that the delay in the operation of the
counter will be the smaller, the greater is the density of ionization along the path of the particle being counted.

The results of the measurement of the resolving power
100 - of the counters are shown in Fig. 5, in the form of a histo-
gram of the distribution of 269 cases of the relative time
lags, obtained with a potential difference of 3600 volts

801 across the counters. The half width of the distribution
cwve is about. 107 sec. ‘

‘00.

é -
T

Thus the time-resolving power of plane-parallel spark
counters exceeds the resolving power of even scintillation .
countets. Therefore it is of interest to apply them in cases
where this property can be advantageous, for example in
measuring'the_ lifetimes of short-lived isomeric states of

S
]

S
T

Number of cases
O
=Y
i

Jor atomic nuclei, the lifetime of the positron and of heavy
20+ metastable particles, in measurements of the energy of par-
] ticles by time of flight and in other cases. With thé count-
m ) . ers one can use the usual 001nc1dence circuits wnh sufficient
Ly i L time-resolving power. : '
AR AN g P
10

In concluslon it must be noted that aécoiding to our
) v estimates the resolution time of spark counters found in
Fig. 5. Histogram of the lag distribution of our work is still not. ‘the limiting value, and may be reduced
the plane-parallel spark counters. D to 10'11

Time in units 10~
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APPLICATION OF THE PHOTOMULTPLIER FEU-12 TO SCINTILLATION
SPECTROSCOPY

Iu. A. Nemilov, V. M. Ovchinnikoy, A. N. Pisarevsky, and

E. D. Teterin

" An investigation was made of the spectral response and other charac-
teristics of the FEU-12 photomultiplier having grid-ty pe ‘dinodes and devel-
. oped by G. S, Vildgrube:. : .

1. Introduction

The use and importance of the scintillation method in the technique of experimental physics have increased
-considerably during recent years.  The scintillation method has been especially widely applied in nuclear spectro-
scopy. Photomultipliers used in scintillation spectroimeters must satisfy the following requirements:

1. High émplituae resolution capability-Whiph 1s basically’ determined by:

a. High effective photocathode sensitivity * »
b. Correspondence between the spectral sensitivity of the photocathode and the luminescent
spectrum of the phosphor used. ' ‘

. .Adequate over-all sensitivity.
Stability of the over-allsensitivity of the photomultiplier for continuous and intermittent operation,

Fast build-up «of the photomultiplier steady-state performance after switching,

[, B O Y
Pl

- 'Linear light output characteristic over a wide range of scintillation amplitudes.
Low internal noise.
A pentode type output — input characteristic.

Over=«all sensitivi;yindependent of the loaa_widlin wide limits.

v

© 0 a9 o

- Minimum influence of intense nuclear radiation onthe over-allsensitivity of the photomultiplier.
10. Minimum sensitivity to external'electromagnetic fields and maximum resistance to vibrations,
11. High overload capacity,

The combination of all thé enumerated re‘qﬁirements constitutes a severe set of specifications which is
far from being satisfied completely by existing photomultiplier systems. For éxample, the widely used photo-
multiplier FEU-19, which has high sensitivity, enables one to obtain satlisfactory resolution only within a limited
energy interval of the radiation being investigated, even under conditions of careful selection of samples having
photocathodes of high quantum otuput and dpplication of a special type of voltage dividers. Outside of this,
FEU-19 hardly meets any of the remaining requirements. All this narrows down considerably its application to

*By effective sensitivity is meant the integrated sensitivity as measured at the output of the first dinode,
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scintillation spectroinetérs. The defects of the VEU-19 are 4 natural consequence of the application of antimony -
cesium emitters as the basic component of the multiplier system

In this communication we éxamine the application of the FEU-12 multiplier, developed by G. §.
Vildgrube et al., to spectroscopy ii the light of the above n'1cmioned requirements.

2. Some Constructlon Characteristics of F LU 12

The FEU-12 has a semltmnsparent sectionalized type cathode 50 mm in diameters The photocathode is
followed by a focusing system in which one electrode can be used for cumng off or modulating the electron
stteam. Then follows the grid type multiplier system consm1n§3 of twenty dmodec (according. to the character-
istic of the electron stream FEU-12 is a linear system). The multiplying system terminates in a reflection type
collector. The multiplier bulb is fitted into a standard cathode-ray tube socket. The maximum diameter of

the multiplier is'determined by the diameter of the socket. The photocathode, modulator and collector terminals.

are made directly in the ‘bulb and do not increasethe over-all dimensions of the equipment because of their
"button" type coustruction. The dinode insulation and fastenings are ceramic. The unusual ruggedness of the
" system distingliishes favorably the FEU-lZ from other types of m_l,lllzipliers.

FEU-12 is construoted with antimony-cesium or bismuth-silver-cesium photocathodes The dinode system
is stamped from a spemal alloy activated in the photomultlpher production process.

The general view of the photomultiplier is shown in Fig. 1.

... . ' " Fig. 1. General view of the FEU-12.

3. Some Static Characteristics

" The basic static characteristics of the phctomcltiplie'r are:
1. Light charac_teristic;
2. Input apd output'vplt-ampere cﬁaracteristic
3 Spe>ctra1 characteristic of the photocathode~ .
4. Zonal charactenstlc of Ihe photocathode re[erred to the output"
5 ‘Over all. sensmwtyof the photocathode

The hght characteristic indicates the dynalmc measurerment range that may be expected without chang-
ing the supply system. all othér conditions rémaining unchanged. The static light characteristic of the FEU-12
is shown in Fig. 2. It’i§ linear up to 'medium output cmrcms exceedmg 50 ma. The photomultlpller w111 )VILId

* such a. current for a long time: - - - . oo

In Flgs 3a and 3b are shown the volt—ampere mpm output characreusucs These are quite similar to those
of pentodes. The first charclctenstlc reaches saturation at 25 volis, Lhe second at.40 volts for all the mvestlcated
samples. The pentode nature of these characteristics plecludes such undersirable pheuomena as generally take
place in multipliers having characteristics with a nronounced maximum. The pentode nature of the input charac-
teristic is secured by the focusing systen of electron collection and:for the output characteristic by the use of a
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reflection-type collector. In systems using direct.collectors (for example FEU-lQ). there is unavoidably obtained

an output volt-ampere characteristic having a pronounced .maximum due to the flight of electrons past the last
dinode directly into the collector.

) 1 relative units
' Y .

*”éu ' T —* T v
60 ag-r

a8t :
v a7y
40 26l
50 a5t
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20 a3
i

. ¢ :
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"~ millilumens
Fig. 2. Static light characteristic of one of the

Fig. 3a. Volt-ampere illput-charqgteristfc of FEU-12 -
FEU-12 samples,
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Fig. 4. Averége spectral characteristics of

photocathodes Bi-Ag-Cs and Sb-Cs. 1) Photo- ‘ Fig. 3b. Volt-ampere output qharaet_eristics (anod
cathode Sb-Cs, 2) Photocathode Bi-Ag-Cs. = ' characteristics) of FEU-12. . '

In Fig. 4 are shown the average spectral characteristics for the Sh-Cs and Bi-Ag-Cs photbqat_h,odes of the
‘investigated photomultipliers, The characteristic of the Bi-Ag-Cs cathode extends into the regien of longer
wave lengths compared with the Sb-Cs photocathode, i. e. it is more "broad banded™.

The zonal characteristic of the photocathede was measured for three sample multipliers according to the.
location of the maximum of the ¢-spectrum. A small CsI(T1) crystal (2.5 mm diameter, 1.5 mm high) on
which was placed a point source radiator was used for this purpose. For the poorest of the three samples the
sensitivity spread over the photocathode area did not exceed 109 if the entire photocaitho_de area was considered
and 5% if only 2/3 of the photocathode area from the axis of the element was considered.

The over-all sensitivity of the photocathede for the investigated samples varied from 30 to 80 pa flumen.
Out of 25 samples tested 80% of the multipliers had a sensitivity exceeding 45 pa/lumen (when tested with a
type A source of a color temperature 2848°),

The gains of the measured samples are within the limits 10° to 4 x 10° at anover-all voltage of 1600
volts distributed equally between the electrodes of the multiplier. If necessary the gain can be increased to 10°

to 107 at the expense of raising the working voltage: FEU-12 withstands without damage an increase in the applied
voltage up to 2000-2500 volts.
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In concluding the description of the static characteristics, it should be noted that the parameters which
are determined by the geometry of the multiplier were practically alike for all the investigated samples.

4. Application of FEU-12 In The Scintillation Spectrorﬁeter. Selection of Power
Supply.

The multipliers were used in several different scintillation y-spectrometers (single, paired and others).

The widest application of the multiplier in spectrometer work is its use i in a single spectrometer We shall
therefore discuss only this type. :

In the spectrometer the multipliers were used in combination with crystals Nal(Tl) and CsI(T1). In the
table are shown the relative outputs in crystals and photocathodes of both types.

_ The values shown in the table are average
TABLE .y . :

results for crystals of medium quality and different
Relative Signal Outputs Obtained With Different multipliers. In some cases deviations from these
Photocathodes and Crystals ‘ values reached 509, - ’
Photocathode” v ’ Crystals Photomultipliers with Bi-Ag-Cs photocathodes

CsI(TH) Nal (T_1) o can be used in combination with phosphors of a

Sb-Cs 1 t 3 luminescence’ spectlum displaced toward the green
Bi-Ag-Cs ‘ 1 1:5 ‘ region.

The question of how to select the correct power supply for the mulrtiplier is sufficiently important to merit
special discussion. For example, for FEU-19 this question is very decisive. An important advantage of FEU-12 °
is the fact that it does not require any special selection of a power supply ‘and it will operate with uniform voltage
distribution-among all the electrodes. The dependence of the resolution on the input voltage arrangement was °
1nvest1gated for several photomuluphers The results show that the best resolution is obtained with voltages
between electrodes in ratios of 2-3 *1:1% .1 (Fig. ). This.arrangement proved optimum from the standpoint

of resolution as well as of signal to 1]0186 ratio for all the investigated samples. . No apemal adjustments of the
E '_voltace dlsmbunon were requlred

w0 7
a Multiplier No. 78
= L
)
° ‘ Po-Be
2z 40+
= )
=2
& Na%
‘é RdTh
ooy :
w .
5 co® plo
. 2 57 o g 7P
= IK 4
Fig. 5. Diagram of the FEU-12 electrode arrangement © G , £y Mev
and the system of voltage dlstnbuuon among the ‘ ” 7.z 3 4 5

electrodes:. Ry= 2103, Ry= Rg= ... = Ry = 1.
1) Photocathode 2) focusing'ele_ctrodes 3) dinode

ids 4) 11 Fig. 6. Linearity test of the FEU-12 operatlon (111
grids collegtor.

combination with a CsI(T1) crystal)

F‘ig. 6 shows results of a linearity test of the multiplier in combination with a CsI(Tl) crystal. A similar
© result was obtained with a NaI(T1) crystal. No deviations from linearity were observed in any of the tested
sdmples,

- The signal amplitudes obtained from the multipliers were 40 to 50 volts; in some samples it.was possible
" to obtain signal outputs up to 100 volts by increasingthe over-allsupply voltage to 2000-2400 volts.
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The resolution of the photomultipliers was tested with a NaI(T1) crystal. For all photomultipliers with

an over-all photocathode sensitivity higher than 45 pya/lumen the resolution, as measured by the width of the

Cs¥7 peak at half its height, was at least 13%. For a good quality Nal(T1) crystal and multiplier with Sb-Cs
photocathode (E = 54 pa/lumen) the resolution obtained for the Cs*’ line was 8. Figures T and 8show y-spectra
of some isotopes taken with average quality crystals and photocathodes of medium sensitivity. The law A ~ﬁ
(A denotes resolution, E energy of y rays) is well maintained for the energy range where the size of the crystal
does not influence resolution. The law A ~,/€ (e denotes overall.sensitivity of the photocathode) is well
maintained in muitipliers with photocathodes of near spectral characteristics, The fullflllment of the latter
relationship indicates good uniformity in the system geometry of the various samples

5. Internal Noises. Stability, Constancy of Parameters. Sensitivity to Electro-
magnetic fields.

Vith the optimum power supply arrangement shown in Section 4 the threshold of practically complete
_ noise suppression did not exceed 15 kev (on the Nal (T1) crystal scale) for any of the tested samples. For most
of the samples this threshold was below 10 kev, and for some 4 to 5 kev (all reasurements were made in a metal
enclosure w1th the plus side of the high Voltage supply grounded)

If a metal shield is placed over the front portionsof the bulb and held at the photocathode potential, the
threshold of noise suppression is reduced by a factor of about 1.5. The effect of the screen is espec1ally strong

at higher supply voltages. At supply voltages hlgher than 2000 voits the threshold of nose’ suppressmn increases
and the signal<to-noise ratio deteriorates.

A very important parameter of the equlpment is its stabxlu:y of operation and constancy of parameters
between measurement cycles Many photomultipliers do not meet these, we may say, most important tests.

A 712 Mev a0
a r v b= 7\ _ 717Mev7 H/Z Mev [ZEHMevV
5 o - 5 e 0‘.9 .
o 08 At g =r
2 a7  FEU .-12.n82. g 08
St 4 . A
g = 06t
& 05 Q
8 il 5 4of
5 a 2 04}
0] g o
g azy 2 ozt
5 a7t . - g art . : ‘
Q 7 t f 1 i A M T — Q ¥/ L N s : " L
© w0 W e w0 4w a0 & W W W @
Discrimination threshold<— - Discrimination. threshold
Fig. 7. Gamma spectrum of Zn®, CsI(T1) crystal Fig. 8. ‘Gamma spectra peaks of Co®, zn®, cs®',
30 mm diameter,20 mm high. : NalI(T1) crystal 30 mm diameter,12 mm hlgh.

Figure 9 shows the stability curve of FEU-12 (accordiﬁg to the posiﬁon of the. Cs®' peaky during 8 hours of
continous operation (before each measurement the recording system was calibrated with a control pulse of standard
‘amplitude). The deviation from the initial position of the peak did not exceed 1 to 1.5% and no tendency to
deviate toward one or the other side is observed. This operational stability is characteristic for all tested samples.

The FEU-12 exhibits very good stability of its parameters. Results of careful observations of one sample
(selected at random) over five months are shown in Fig. 10. No deviations of sensitivity in excess of 5 to 109
have been observed in other samples operated over prolonged periods. It should be noted that many of these
samples were acted upon by strong radioactive sources for a long time.
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- In view of the absence of sharp focusing in its electron beam the FEU-12 is less susceptible to the action
of external magnetic fields than systerns with concave emitters. The multipliers operated without ill effects in
the immediate vicinity of a_cyclotron magnet in a shield consisting of two layers of transformer steel 0.5 mm
thick and permalloy 0.5 mm thick.

FEU-12 shows low sensitivity to the action of radioactive radiations. This statement is based on the fact
that within permissible limits of current in the divider, there was no observable influence of y-rays and
neutrons outside the measured energy range on the position of the measured lines on the energy scale.

[
>
- 5 4 FEU-1Z N9
} FEU-12 4,99 S U} o
= -7 - ) " .
80 L a 2 ® - E\ .
g >~45 s 3y v - L ey ; 29}
<« w34, o
g3 5 o6}
E o5t =
‘H o & gart
-9 B =D
5[—125 NP e (.q a6
/23456‘789/0///7 & 05L , o —
Time (hours) . » 3 o 7 2 3 4 5 &
: : Time (months)
Fig. 9. Stability of FEU-12 in continuous operation. F1g 10. The constancy of. the FEU-12 over-all

sensitivity,

No special study was made of the transition state following the switching on of the high voltage. However,
no significant changes were observed in the counting speed in any interval on the energy scale ‘2 to 3 minutes
after switching on the high voltage supply.

6. Additional Remarks. Othei Capabilities . of the‘Equi"pment

In collaboration with Mr. .B' 'V.Ryabkov of the N. A. Vlasov Laboratory the authors determined the pulse
build-up time at the output of the FEU-12 (by the method of delayed coincidences). The measured bu11d -up
. time was 1.5 to 2x 10~%sec.

- The following are some possible improvements which, it seems to us, should result in-a further increase
of resolving power: a shift of the spectral characteristics inaxima of the photocathodes toward the short wave-
length portion of the spectrum, and increased collection in the first section at the expense of some of its modem-
ization in order to decrease the direct flight probablllty of electrons.
CONCLUSION-

The investigation conduc¢ted leads to the following conclusions:

1. According to all of its. charactensncs the FEU-12 is completely suitable for apphcatlon to scmtlllauon
spectroscopy.

2. . The FEU-12 is especially attractive for work with high and strongly time-variantactivities and when
working in a background of strong activity in an extraneous energy range,

3. Thé high stability of the_equipmént and the constancy of its characteristics deserve special mention.
The authors consider it their pleasant duty to thank Mr. G, S. Vlldgrube who made available to them

photomultipliers and certain materials for technical tests.
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ENERGY DISTRIBUTION OF GAMMA QUANTA FROM A POINT SQURCE OF

GAMMA RADIATION IN AN INFINITE SANDY MEDIUM

V. V. Matveev, A. D. Sokolov, R. S. Shlyapnikov

Gamma spectra from point sources (Cr51 7zn%, Ra and MsTh) in an infinite
sandy medium were studied with the aid of the scintillation spectrometer. The
results obtained indicate that when gamma radiation passes through a thickness of
sand there takes place an accumulation of soft scattered radiation of energy ~ 50
kev independent_ly.of the energy of the initial radiation,

IN’I RODUCTION

The most probable interaction processes between gamma quanta of energy up to several million electron
volts (espeCIally for substances of small .Z) are photoelectrlc absorption and Compton scattering. . In passing
through layers of matter the gamma quanta, prior to absorption, may undergo a series of consecutive Compton .
scattering processes, This leads to the formation of secondary gamma radiation of energy smaller than that of
- the initial gamma quanta, There appear therefore in the energy spectrum of gamma radiation, passing through
. matter, photons of low energy. - o , ' !

In the case of nonmonoenergetié initial radiation the process of gamma radiation passing through matter is
complicated by the fact that the spectrum of the radiation is ohangmg with distance, the spectrum.becoming
harder since the probablllty of photoelectric. absorption is greater for soft than for hard radiation. Depending on
the medium, distance from the source and the energy spectrum of the primary radiation, the spectral change of
the primary radiation and the accumulatlon of the secondary radiation, can make the spectrum of gamma quanta

" harder as well as softer,

A number of authors {1, 23 have computed the changes in intensity and spectral distribution of gamma
quanta as a function of distance from point and flat sources of monoenergetic gamma radiation in an infinite
absorption medium. References [3] e‘md'[4] deal with experimental verification of these computations, using
" water as the medium and radioactive isotopes Coso, s and ngn3 as sources.

However, when solving certain practical problems it is necessary to know the: changes taking place in the
energy spectra of gamma radiation which has passed through thick layers of materials, such as sand, concrete or
lead. This applies primarily to construction of geophysical equipment fcr the locaticn and development of
sources of radioactive ores, and also to gamma-ray shielding computations as well as other problems in radiomeﬁy.

Description of Experiment

1. Geometry of'arrangement The experiments were conducted in sandy soil. The geomeiry of the experi-
ment is shown in Fig, 1. A recorder of gamma radiaticn was placed at a depth of 110 cm. Aluminum tubes were
randomly installed at different distances from the source and in such a manner that a source of gamma quanta
lowered into them was located on the same horizontal as the source. During measurements aluminum rods wete
placed inside the tubes in order to reduce the nonhomogeneity of the medium. The fact that the medium was
limited on one side could net introduce any substantial distortions into the results, because measurements were
made at distances not exceeding the depth to which the sources were lowered. The density of the sand in which
the experiments were made was 1.6 g/em®,

507

Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090006-9 |



Declassified and ApproVed For Release 2013/04/03 : CIA-RDP10-02196R000100090006-9

2. The gamma spectrometer, A scintillation gamma spectrometer was developed and constructed for
the experiments. The recorder of the gamma radiation was.the counting head, consisting of a CsI (T1) crystal
(40 mm diameter, 15 mm high), an FEU-12 photomultiplier and an output cathode follower, mounted inthe form
_of a separate output unit. Pulses from the cathode follower, were fed into a linear amplifier having a maximum
output pulse of 100 volts. The gain of the amplifier was changed, depending on the recorded spectrum, between
‘the limits of 3 and 150. After amplification the pulses entered a three channel analyzing system: 1) the general
counting channel counted all the pulses and served to register the over-all gamma radiation intensity and to
control the stability of the spectrometer operation; 2) the integrating counting channel; 3) the differentiation
counting channel with a "window" width of 1.5 volts, The stepped voltage, common to the second and third
channels, was varied from 0.8 to 100 volts.

For maximum stability of the spectrometer

TARRESS operation, the supply voltage for the multiplier and

! also for the chains of voltage increments in the system
! were obtained from batteries, and the anode supply

' from electronically regulated rectifiers, The spectro-
' meter was calibrated using gamma quanta emitted

! ' by radioactive isotopes crt (323 kev), cs?? (660 kev),
|

|

i

i

|

|

|

|

0% (1114 kev), Co®%(1. 17 and 1.3 Mev) and ThC!'
(2 62 Mev)

_ Results of cahbramon (Fig. 2) indicate that in
_this energy interval the dev1at;on from linearity does
not exceed 89%. The properties of the spectrometer
used in this work result: in half-width ‘photoelectric
peaks of 17.69% for 323 kev gamma quanta (Fig. 3,
solid curve), 8.3% for 1114 kev (Fig. 4 solid curve)
and 10.89 for the 660 kev radlatlon from st

P T PO — N
[ Sty s utonpu g

- 3. Souices of gamma " radiation. - ' To keep the
system load within reasonable limits when making
gamma radiation spectral measurements at different
distarices from the source, itis necessary to have a-
selection of sources of different intensities. There
were therefore prepared for this work radioactive
sources Cr*t and-‘Znss'having gamma radiation inten-

‘ sities ranging from 0,1 millicurie to 10 curie. Forthe

\ investigation of :the spectral changes in the gamma
radiation from the uranium and thorium seties elements

‘in passing through layers of sand, there was available

a selection of Ra and MsTh sources of various inten-

sities. However, in this'case it was not possible to

select sources which completely meet the require-

Fig. 1. Geometry of the experimenf 1) Crysta-l
Cs1 2) FEU-12; 3) Source of 'y quanta

4) Aluminum rod ments of this work.

Experlmental Results: and Their Analysis

1. Energy distribution of $amma quanta ina sandy medium from a pomt source of monoenergetlc
gamma radiation. The energy distribution of gamma quanta from a point source of gamma radiation in sandy
soil (see Fig. 1) was studied at distances from the cr! source of 5, 35, 45, 60, 70, and 80 cm (corresponding pR =

= 0.83; 5.83';'7.49; 10; 11,7; 13.3) and from the zn® source at distances of 35, 70, 100 and 130 cm (correspond -
ing pR = 3.4; 6.8; 9.6; 12.5).* The 'experimental results are shown in Fig. 3 for Crsl, and in Fig, 4 for Zne.s.

*Translators Note: p is the mass absorption coefficient, usually expressed in dmz’/gm.
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Fig. 4. Differential spectra of y radiation,Znss.

For convenience in comparing the tesults obtained at dlfferent dlstances from the source, the spectra normalized
to the same area under the curve, are placed on the same drawing.

At R = 5 the characteristics of the Cr°* and Zn® spectra are similar, the major portion of the radiation

being concentrated in quite a narrow energy interval with a maximum at 50 kev (the half w1dth of the maximum
~ 140%, the width- of the measurmg equipment at 50 kev ~ 509%).

At relatlvely short distances ( pR < 5) the. primary radiation is predommant although the secondary
scattered radiation already comprises a considerable portion of the total. The gamma specttum curve (see Fig. 3)
taken at a distance of 5 cm ( R = 0.83) shows a peak at 205 kev, corresponding to gamma radiation which has
undergone a single Compton scattering. (Computation yields a maximum at 210 kev for this case). - The peak
at~ 120 kevin this curve is formed by the recoil electrons resulting from Compton scattering of 323 kev gamma

quanta in thle CsI (T1) crystal. The~TOkev peakin the curve is primarily due to the multiscattered secondary
gamma radiation, . S

The results thus show that when gamma radiation passes through a thickness of sand, there takes place an
accumulation of soft radiation of 50 kev independent: of the energy of the primary gamma quanta
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Fig. 5. Integral spec&av of y radiation from Ra(1) and MsTh-(2).

In order to investigate the nature of spectral changes of gamma radiation in media composed of high Z
material, similar experiments were made in lead using radiations of 323 kev and 1114 kev. However, the rela-
tively large dimensions of the counting head which in this case introduce a .nonuniformity in the medium,

making it impossible to obtain a complete picture of the gamma quanta distribution in an infinite lead medium.
The results therefore have no practical significance.
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However, the obtained data show the existence of a weak maximum in the 200 kev region, the location
of which does not depend on the energy of the primaty radiation and which can be interpreted as a maximum
corresponding to the secondary radiation scattered in lead. :

2. Energy Distribution of Gamma Quanta in Sandy MediumsFroma Point Source of Nonmonoenergetic -
Gamma Radiation. A study was made of the energy distribution in gamma radiation in sand from Ra and MsTh
point sources. Measurements were made at distances of 35, 90 and 100 c¢m for Ra and at'60, 80'and 130 cm
for MsTh. The data show that changes in the spectra of the gamma radiation take pla'ce in the same manner as
in the preceding cases, i. e., in the soft portion of the spectrum there accumulates scattered radiation, ~ 50 kev,
and the curves in this portion of the spectrum practically do not differ from each other. Differences in the hard
portions of the spectra, though they exist, are not too well distinguished in the differential spectra, since the hard |
radiation comprises only a small portion of the total in Ra and MsTh. In this article are therefore presented not
the differential but the intergral spectra (Fig. 5, 1 from Ra, 2 from MsTh), as a better pictorial presentation and
as of interest in solving design problems and in utilization of geophysical and radiométric equipment,

In conclusion the authors wish to.thénk'P_ rofessor I. I. Gurevich, Messré. G: R. Golbeck,P, E. Stepanov and
N. L. Laletin for their valuable advice during discussions in connection with this work.
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VAPORIZATION OF METALS BY FISSION FRAGMENTS

F. S. Laptev, B, V., Ershler

The number of atoms evaporating from the surface of a metal when it emits
fission fragments or aipha particles was measured for U%? and Pu®®, This quantity
"depends considerably on the presence of an oxide layer on the surface of the metal
and for U*-emitting fission fragments changes from 24 to 1200 atoms for a change
from an oxidized to a cleaned surface. For Pu®® with a cleaned surface the value

is 3500 atoms per fragment, For alpha particles 1_eavfng' Pu®*® the value is 0,02,
Approximate computations indicate that the number.of atoms in the zone heated
by the passing of the fragment to a temperature insuring evaporation of: ‘the metal
is for uranium 5.6 X 10°, The kinetic energy which the fragment imparts to the :
atoms of the lattice, apparently éxceeds the value. accepted in the literature at

the present time, '

When a. heavy partlcle is stopped in a metal its kinetic energy is 1mparted to the electrons of the metal -
‘and to atoms of the lattice [1]. As a result there appears a higher température zone along the path of the particle.
The existence, of such zones was defmitely demonstrated by disorder experiments with alloys of copper and gold
- when bombarded by fast neutrons, and also by a series of other experiments {2). We found no experimental data
in the literature on heated zones along tracks of fission fragments, although this case is of obvious interest.
Valuable information concerning such zones can be derived by measuring the number of atoms evaporating from
the surface of a metal as a flssmn partrcle departs from it., This work pertains to the determination of these
quantities for U and Pu?,

EXPERIMENTAL
' In an aluminum énclosure 2 (see. the figure) was fastened 2 2 X 8 mm plate of the metal under study,
above which was placed a metal screen 3, The enclosure was sealed into a quartz ampule evacuated to 1074 mm
of mercury. During irradiation with neutrons some of the fission fragments orginating in plate 1 emerged from
the metal, atomizing a certain amount of it. Some of the U®® and-Pu®° atoms evaporated in this manner settled
on the screen; the number of these atoms could be determined by measuring the alpha activity of the screen,

The number of atoms evaporated by one fragment was détermined from the total number of fragments departing
from the metal surface duringirradiationand the total number. of evaporated atoms,

The number of departing fragments was determined from the formula

R .
Snut TNC’I’

where S is the surface of the sample; nv is the flow of thermal neutrons; tis the time of 1rrad1atron R is the
path length of the fission fragment in the metal (7.3 x 10~ cm) N is the number of atoms in 1 cm® of metal;
and af is the fission cross section,
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The number of evaporated atoms is equal to;

. where A denotes the ot-activity of the screen; r the half life of the evaporated element; and w the solid
angle subtended by the screen from the surface of the sample. '

The background in the experimental arrangement for measuring the alpha activity of the screen was
0.8 pulse per min; this made possible measurements of alpha radiation from .5 x 107 g of U2, Errors in the
determination of alpha activity did not exceed £ 6%.

The following parameters were varied in these experiments: intensity of the neutron flux, duration of the
irradiation, the nature of the contact between the irradiated metal and the aluminum holder to which it was
fastened, and finally the distance between the screen and the sample. In addition, whenever it became apparent
that the number of evaporated atoms depends substantially on the degree of oxidation of the metal surface, exper_i'-
ments were conducted with metal haviﬁg an oxidized surface as well as with metal niade as free as possible from
oxides. Some results of such experiments are shown in the table.

TABLE

Number of Atoms Evaporated per One Fission Fragment Leavmg the Surface of U**® and pu®®

Under Different
Conditions ’

- . : , . .
C o Neutron flux®, |Distance iNo, of frag-lNo. of atoms
Condition of Irradiation | : . . ¥
Exp.| Metal R . Neutr. . _ ., ifromscreen !ments emit-knocked ofit
N surface time, hours . |—5—— * 107" - | .
o. . : . cm®.sec tosample, lted from samiby one frag-
: Amm... - iples X107 jment
1 U | Oxidized **) |  24.0 0.7 0.0%#) | 12,0 37 .
2 yzs-o | oy 11,0 1.3 0.4 10.0 - 13
3 Y232 » 9.0 1.3 0.4 ‘8.2 11 .
4 Uza3 [ » 17.0 . 0.7 0.6. 5,7. 56
5 233 : » 20.0 0.7 15 . 8.6 35
6 233 » D427, 0.7 1,5 18.4 20
7 233 oy 50.7 - C0:7 1 22.0 7
8 (U233 Not-oxidized ***+*) 2.0 0.28 1.0 0.10 1600
9 233 » 3,0 0.23 1.0 0.12 550
10 U233 » 3.0 0.14 1.0 . 0.13 1000
1. 233 » 46.5 0.0066 1.0: 0.10 - 780
12 233 o 65.7. 0.0019 1.0 0.041 2200
13 Py?30 » 0.3 0.19 1.0 - 0.023 3990
14 Puy?23s » 5.0 0,11 1.0 0.020 2500
15 Pu?39. . » 9.3 0:0047 1.0 0.014 4100

*The error in the determination of neutron flux did not exceed :& 1%
* % (Cleaned of organic substances by a solvent )
**# ] this experiment contamination of the U screen surface was possible due to direct.contact of the
screen with the sample. Such experiments were set up toevaluate the magmtudes of the errors caused by the
accidental contamination of the screen by contact with the sample.
» ® ®* *Mechanically cleaned to a metallic lustre,

As seen from the table the number of atoms evaporating with the departure of one fission fragiment varies
-even in experiments conducted under identical conditions; nevertheless, there is clearly a sharp difference in
the value of this number for metals covered with oxide as compared w1th those cleaned free of oxides, This
difference exceeds considerably the accidental scatter for separate experlments thus the average number of
atoms caused to evaporate by one fragment from U®? in the presence of oxide on its surface is 24 (Experiments
2 1o 7), and in the absence of oxide is 1200 (Experiments 8 to 12). Such a strong dependence of the measured
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quantity on the presence of surface oxides explains the observed scatter in the data obtained under relatively
similar conditions. This scatter in the case of "equally™ clean surfaces could be due to the difference in the
amount of oxidation still remaining.

It should be noted that the average number (3500 atoms for ‘one fragment, Experiments 13-15) of evaporated
atoms for Pu®**® with its surface cleaned is so much higher than for the cleaned uranium that this difference can-
not be caused by the accidental data scattering and that it indicates a difference in the behavior of the two metals
when traversed by fission fragments.

13

We should point out that the evaporation observed in these éxperiments apparent-
ly cannot be caused by macroscopic heating of the entire sample under the action of
fission taking place in it. Indeed, with macroscopic heating the number of evaporated-
atoms per fission fragment should be dependent on the intensity of the neutron flux
and should, for example, fall off sharply with its decrease; actually a decrease in

* intensity by 2 orders of magnitude (from Experiments 8 to 12) practically does not
change the number of evaporated atoms,

We have, in addition, obtained data on evaporation of plutonium upon emission
from it of alpha particles.. In this exp‘eriment‘ a thin plutonium plate of 0.2 cm?® area
was kept in the sealed ampule under the aluminum screen for 1.5 and 7 months unde
a 107 mm vacuum. The number of atoms knocked out by one alpha particle was
found from the alpha activity of the screen and from the computed number of alpha
particles which have left the surface of the metal during the experiment. This turned
oéut to be 0.02; '

: iDISCUSSION OF RESULTS
Fig, Arrangement for : :

neutron irradiation of Data on evaporation of metals by departing fission fragments are by therselves
U and Pu®®, ~ of interest and yet have not been published in literature until now. Besides, these

' ' ‘ data can be used for an approximate evaluation of certain parameters of the heated
zones in metals, particularly the diameter of the zone in which, following the flight of the fragment, the tempera-
ture is raised to a value ensuring evaporation, o ' '

A'ccording 1o oﬁr méasu‘r,ei‘nents‘, the cylindrical crater which forms on the surface of the metal after the
flight of the fragment, can hold 1200 metal atoms. Taking the depth of the crater as equal to its diameter,* we
find for the latter the value 8.16+ 107 ¢m. (The volume occupied by an uranium atom in the metal lattice is -
taken as 2.06 x.10°% cms). The number of uranium atoms in the heated zone (the length of which is'equal to
14.6 x 10" cm 1. e., double the path length of the fragment) thus proves to be 5.6 ¥ 10°, Accounting for possible
errors in our measurements, especially the approximation used in computing the. diameter of the crater, it may
be considered that this quantity was determined to within a factor of 2 to 3 and is apparently greater than the
true value. Of considerable interest, however, is the fact that this value exceeds by a factor greater than 200 .
the number of atoms which, according to computations of Seitz [1], can be ejected from the comers of 2 uranium
lattice by a pair of fission fragments. '

Since exchange of eneigy between the excited electrons and the lattice nuclei must proceed-at a slow rate
because of the large difference. between the masses of these particles, it must be assumed that the portion of the
energy separated along the track which produces heating, local melting and evaporation of the metal is trans-
mitted mainly by collisions of the fragment with the atoms of the lattice. If we assume that each atom located
in the zone under consideration acquires by such collisions a kinetic energy not less than the latent heat of melt-
ing and vaporization of uranium (equal to 111 kcal/mole [3]), we obtain from this the general amount of energy
of 27 Mev as imparted by a pair of fragments (having been completely stopped in the process) by collision with
the atoms of the lattice, this energy comprising 179 of the total kinetic energy of the fragments. This value is
higher than the one generally accepted in the literature (39%) [1], the discrepancy apparently exceeding the possible
error in such computation, * *

*Such an approximation probably gives a high value for the diameter, since the depth of the crater can possibly

be several times its diameter, as we hope to show later, '

* *It is possible that this discrepancy indicates considerable transmissions of energy along the path from the excited
electrons to the atoms during the existence of the hot zone.
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The observed difference in the evaporation of uranium compared with plutonium is probably connected
with the smaller heat of evaporation and lower melting temperature of the latter, In thisconnection data on
evaporation for.other metals under similar conditions would be of great interest. -
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TOTAL NEUTRON CROSS SECTION OF Ra2?6

M. I. Pevzner, L. S. Danelyan, Yu. V. Adamchuk

The complete cross section of radium was measured in the energy interval
0.022 to 50 ev by means of a meéchanical neutron selector. Resonance was
found at Ey = 0.537 + 0,006 ev. The resonance parameters, with Doppler spread
and resolution of the _equipment taken into account, are presented op = (3600 &
£ 150) barn, T' = (0.029 % 0.001) ev, Ty. = (2.1 % 0.1)- 10

' INTRODUCTION

The structure and parameters of resonant levels for most of the elements of the periodic system have
been recently studied thoroughly by methods of neutron spectroscopy. Results of these works are collected in
a series of kiown rev1ews [1]. -Comparison and analysis.of these data enabled us to draw a series of mterestmg,
conclusions, important for modern nuclear theory concerning the parameters of these levels, their dependence on
the atomic weight, excitation energy and other nuclear characterlstlcs The few gaps in the present data are
, ,connected as a rule, with the d1ff1cu1ty of obtalmng the necessary quantltles of the element and of the required
purity, or with the difficulty of makmg measurements Radmm is one of the elements for which no data are
available at the present time. At the same time radmm con31sts of 'one isotope of even atomic weight (spin equal
to zero), and therefore permits a smgle-valued interpretation of experimental results. We therefore, consider it
appropriate to publish results of our work on the measurement of the total Ra*® cross section in the energy interval
0.022 to 50 ev performed in 1953

Brief -Descrlptlon of Appar'atus' an‘d' Condriti-oris‘ of -Experi‘me‘nt

The total cross section of radium was measured by the method of tranSmlttmg neutrons through a mechanical
selector with a transverse rotor. The constructlon of theselector and the method of 1ts use for measurements have
been descnbed [2].

The dlamete.r of the samples was chosen to ensure optlmum transrmssmn w1th the avallable quantity of
radium and was 6 mm.

During the measurments the container with the sample was set up on an adjustable table between two
‘nickel collimators 100 mm long and 5 mm diameter, The shape of the neutron beams leaving the collimator
was determined by activating a silver foil and subsequently exposing to it an x-ray film. The background, which
is a very small fraction (0.5 to 3%) of the total in the thermal energy region, reached 25 to 30% in the energy
interval of 3 to 50 ev. '

Table 1 shows the resolving power of the seléctor used in oui measurements for dlfferent energles ( AE denotes.
the width ‘of the resolving function at half-max1mum points). '

' Samples.

For the measurement of the total neutron cross section of radium the anhydrous sulfate RasO, was prepared
since- the neutron cross sections of the combining elements of this salt are small and well known. For the thinnest
sample, intended for measurements in the resonance region, the bromide salt RaBr, was selected, The radium
sulfate was poured into and hermetically sealed in special containers, prepared from thin boronless glass tubes
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TABLE 1 ' of 6 mm inside diameter. Radium bromide was
poured into a brass container and hermetically
sealed. The total amount of salt was determined
0.20 by weighing before and after filling, The radium
content was determined by neasurement of gamma
radiation after equilibrium has been established.
Since due to the method of preparation the Ra salt contained an admixture of barium, the difference between
the total weight of the salt and the weight of RaSO, was ascribed to BaSO,. The Ba content as a percentage of
the weight of Ra was different for different samples, To preclude the flow of radium emanation in case of damage
to the containers they were placed in a hermetic aluminum case over which was placed a lead cylinder for pro-
tection against radiation. Figure 1 shows the glass and brass containers with the radium salt and the aluminum
case.

[V3]
[y}

Energy E, ev 0.5 | 1. 10 50

E
Resolution—AE—- 0.05 0.06 0.07] 0.10

In T able 2 are shown some characteristics of the samples used.

TABLE 2
Sample No.  Sample Total weight of salt Weight of radium Number of radium
: ' ' " atoms in 1 cm? of the
samp’le
1 RaSO, | 5.2446 3.350 34.5.10%
2 RaSOy 0.8288 . ' 0.4983 5.1-10%
3 RaBr, 0.2804 10.1612 ..0.755 - 10

EXPERIMENTAL RESULTS AND DISCUSSION

In-order to verify the cortectness of the data reduction, measurements were made of complete cross sections
of boron in a brass container and of barium carbonate in a glass container, The results indicated absence of
systematic errors connected with the geometry of the experiment, ‘

In Fig. 2 is shown the complete cross section of Ra??®

as'a function of neutron energy in the interval 0.022 to
50 Mev. Measurements for the entite cross section curve
— P gy ¢ . i S were made several times using the thickest sample, No, 1

)
O TTRTIVA TR TAT TR

0

(transmission 0,25 to 0.4). Points in the resonance region
were obtained using thin samples, Nos. 2 and 3. In measure-
ments without any sample a similar empty container was
placed in the path of the beam. From the experimentally
obtained cross section were subtracted the cross sections of
barium {1}, sulphur [3] and oxygeri [1].

Fig. 1. Containers. 1) Lead; 2) gléss; : In the region of therral neutrons the cross section of
3) brass; 4) duralumin; 5) radium salt, ‘radium varies as 1/v.

A resonance level was detected at 0,637 ev. The parameters of the level gy and T, entering into the
Breit-Wigner formula for an isolated level, were determined by the method of successive approximations, taking
into account the Doppler widening and the resolution of the equipment [4]. We shall employ this method in
cases where the Doppler width A is less than the width of the level and the resolution of the equipment does not
seriously distort the shape of the resonance curve, i. e., when the half width of the resolution curve isvlesé than
or comparable with I".

For crystal structures of simple substances, for which the condition I' + A >> 2O ac holds, the thermal
motion of the nuclei is accounted for as if the-substance under investigation were in a gaseous state [5] (©a¢ I8
the characteristic Debaiev temperature, which determines the acoustic oscillations spectrum of the crystal
matrix). ' In cases of crystal sttuctures consisting of several kinds of atoms the distortion’in the shape of the
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Fig. 2. Complete mneutron cross section of radium

resonance absorption curve could also be caused by optical oscillations of the matrix, with a corresponding
temperature ©gp, and the condition of app11cab111ty of the formulas, correct for gases, will be different. The
theory of this problem has not yet been’ developed Frequently the crystal structure of the compound is character-
. ized by a single temperature © determmed ‘experimentally from the thermal conductivity at low temperatures.
Information on the characteristic temperatures of radium compounds is not available. If we take the value of

6 for the compound RaBr, as not higher than 150° X * ', we can apply the relauonshlp which is correct for the

"' gaseous compounds For the detected level the Doppler width A was 0,015 ev,

TABLE 3
Parameter designation: Experimental parameters . Resulting values | Computed parameters

of the level . .

, first approx-|  second

imation " approximation

Ey, ev 0.537 4 0.006 S
0y, barn . 2300 3170 3500 3600 & 150
r, ev 0,045 .0,032. 0.0297 0,029 + 0.001
0oT%, bam-ev? 3.0 0.2
Ty, ev (2.1 &£ 0.1)-107°

*For example, for KBr © =

177°K, for AgBr @ = 140°K [6].
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In accounting for the finite resolving power of the equipment, the resolution function was approximated
by a triangle with the additional factor (E/E E) , which accounts for the nature of the spectrum E-! and the
dependence of the sensitivity of the detector on the energy E "1/,

The method of successive approximations was
applied to thirteen experimental points in the resonance
" region obtained with the thin sample, No, 3,

8. barn ,
2000 R

of the parameters in the resonance region are show: in

Experimental and computed results of the values
[ o
Table 3. -

7000 ‘ =
' The solid curve in Fig. 2 is computed according
to the Breit-Wigner formula usmg parameters Eq = 0.537 ev,
: g9 = 3600 barn, I' = 0.029 ev, gcay = 6.5 barn. The
/x absorption cross section for 0,025 ev computed accord -~
‘ ing to the Breit~Wigner formula with above parameters
" i8¢ (0,025 ev) = (13.5 % 1.5) barn,

2000

The.réesonance region is shown in Fig,'3,

1009 : : \ In the energy interval of 2 to 50 ev there is
o ' \ I observed a large scattering of experimental points.
X “The accuracy of measurements in the energy region

A is 15 to 20%

! X .
0457 005 i 0w The _obtan'ned expe:}lne'n al data do‘not enable

: £ev . us to present reliable conclusions concerning the average

' ‘interval between the leve1s of radium, Apparently this

value is not smaller than 30 ev.

Fig. 3. Resonance region in the radium cross :
'section. I) Theoretical Breit-Wigner Curve. “The magmtu‘de ‘_of the radiation width for 0.537 ev

I1) Computed from the theoretical curve Ty& T = 0.029 ev agrees with the general law of variation
corrected for Doppler spread and resolution of " with atomic weight [7, 8]..

‘of th i t. : Co o
ol the equipmen The authors thank the radioteehnical group under

A. P, Tsitovich, who secured uninterrupted operation of the electronic equipment during measurements, -A. M.
Gonchukova and V. A. Chodakov for. their help in the mathematical processing of the data, ‘and V. 1. Mostov -
for his participation in the discussions of the results.
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DIRECT MEASUREMENT OF THE ENERGY VARIATION OF 1 FOR

Uzs:t. Uzss" AND pu239 -

H. Palevsky, D. J. Hughes. R. L. Zimmerman, and R. M. Eisberg® *

.Brookhavén National Labotatory, Upton, N. Y. e

A technique is described that measures directly the energy variation of N
the riumber of fission neutrons produced per neutron ab'sorbed._: When combined
with total cross sections, the methqd is capable of giving fi‘séiqn cross sections
as well. Results are presented in the energy region near thermal, of importance
to reactor design, for U?, U?®, and pu®®, Comparisont with 5 cornputed from
total and fission cross sections shows good agreement for U2 and U™ but 2
disagreement outside experimental error for Pu%®, An auxiliary experiment
demonstrates that v, the number of neutrons per fission, is constant with energy
in the region of interest for Pu*®®, hence that the discrepancy cannot be ascribed
to a v variation. :

1. Introduction,

The variation with energy of 7, the number of neutrons emitted per neutron absorbed by a fissionable
material, is a quantity that is important to the understanding of the fission process as-well as reactor dynamics.
By definition, ‘ : .

OF
Ca : ' (1)

n=v

where v is the number of neutrons per fission,
oy is the fission cross section, and
0, is the absorption cross section (radiative capture plus fission),

On the basis of the liquid drop model for fission (Bohr and Wheeler, 1939), the incoming neutron shares its
energy with the other nucleons and the fission process takes place before the nucleus loses its excitation energy
by radiation. The "prompt neutrons” emitted are "evaporated” from the highly excited fission fragments shortly -
after they separate. In such a2 model v as a function of the incoming neutron energy is expected to be constant
for slow neutrons because the kinetic energy. of the neutron is small compared to the excitation energy of the -
compound nucleus. From such considerations it was first expected that 3 also would be constant with energy

for 1ow energy neutrons, because of the constancy of v and the supposed high probability of fission relative to
capture. » . :

*Work performed under contract with U, S. Atomic Energy Commission.
* *Now at University of Ninnesota, Department of Physics, Minneapolis, Minn.

***The following is a reproduction of the original American paper, and not a re-translation from Russian —

Publisher’s note].
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>

In 1944 at Los Alamos (McDaniel et al, 1944) resonances in the fission cross sections were observed whose
parameters indicated that fission widths were comparahle to radiation widths.. From these experiments and the
work at Columbia (Rainwater and Havens, 1945) on the total cross section measurements of the fissionable materials
it was clear that the ratio of fission to absorption changed from lével to level, hence that 5 would vary with
energy.

At the time the present experiments were undertaken the variation is  with energy in the thermal region
(needed for reactor calculations) had been obtained only from the ratio of fission to total absorption cross sections,
involving the assumption of a constant ». For U the variation of n deduced from such considerations, however.
was in gross disagreement with results of studies of the temperature coefficient of reactivity made at the start-
up of the Oak Ridge and Hanford reactors. The present direct method for measurement of the 7 variation was
developed to resolve this difficulty, The results were in agreement with the observed reactor temperature coef-
ficients and it was later shown that the previous disagreement was a result of error in the early fission cross section
measurements,

2. Principle of the Direct 5 Method /

In this experiment the variation of 5 -is measuré,,d directly.- Under exactly the same experimental conditions

two measurements are made: 1) the emission rate of fission neutrons from a thick foil of fissionable material
as the incident neutron ehergy is varied, and 2) the change with energy of the flux of neutrons incident upon the
foil. Thus one obtains directly from the ratio of two counting rates the change with energy of . The fission
neutrons are detected by means of proton recoils detected by a scintillation counter (Hornyak, 1952). A thick
sample of the fissionable material is iised, so that nearly all the incident neutrons are absorbed and a maximum

- ‘counting rate is obtained in the scintillation detector, The incident flux is measuréd by a boron detector in the
form of a BF, proportional counter that absorbs only a few percent of the incident beam. The boron cross section,
in the energy range of the measurements, varies as 1/v (Carter et al, 1953; Egelstaff 1954) and since the detector

s "thin" the efficiency of the counter varies very nearly as the cross section,

The relatlonshlp between 77 and the measured countmg rates, assumlng the sample is black, is

Ce o cp - Cp
—— =y - - .- :
T o, g kg

- n

(2)

where Cg is the counting rate of the scintillation counter measuring the fission neutrons from the uranium, and
' Cpg is the counting rate in the BF3 counter measuring the incident flux. kg and ky are the efficiencies of the
" scintillation and BFg detectors, respectively. kF is constant in the energy region of these measurements. kg 1s
proportional to 1{/ E; where E; is the incident neutron energy; therefore

kK~ Cg

g ome—— i 3
n E c (3)

where k is a constant independent of the neutron energy. In these experiments no attempt is made to make an
absolute determination of 5, and the results are normalized at E = 0.0253 ev to the values of 5 given in the
Brookhaven cross section compilation, BNL-325 (Hughes and Harvey, 1955).

In practice the sampie is'not quite "black" to the incident neutrons, and the absorption cross section is
needed for computing a small correction for the number of neutrons not absorbed in the sample foil. However,
since nearly all the incident neutrons are absorbed, the experimental results depend only in an insensitive way
on the absorption cross section. In treating the experimental data small corrections are made for isotope impurities
(1 to 3 percent), departure of the BF;, counter response from the 1/v law (~ 1 percent), and for loss of neutrons
scattered out of the foil ( < 1 percent).

The scattering correction, although very small in the thermal region, is important in the applicafion of
this method to higher energy measurements, where the absorption is smaller. For a black sample only those
neutrons that are scattered back from the front face of the foil escape, all the other scattered neutrons being
absorbed. A calculation shows that for a black sample the effective scattering cross section is only 15% of the
true scattering cross section. This reduction in the scaitering effect is of value for measurements at highér energies

522

Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090006-9




Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090006-9

where the scattering cross section becomes an appreciable part of the total cross section. The definition of
the effective scattering cross section and a curve giving its value for varioussample thicknesses is given in the
appendix.

The energy of the incident neutrons is determined by a time-of -flight method using the Brookhaven slow
and fast choppers to interrupt a beam of pile neutrons. The direct n measurement is not restricted by the method
used for determining the incident neutron energy. Following the time-of -flight experiments at Brookhaven,
similar measurements using a crystal monochromator for energy selection were reported from the Hanford lab-
oratory (Leonard, 1955), and at the Geneva meeting in August 1955, several additional results using the same
method were reported (Harvey and Sanders, 1956),

-The direct  measurement offers a simple and accurate method for obtaining knowledge of the variation
of n with energy. It is difficult to obtain from cross section measurements the variation of n in the region of
resonances because good energy resolution is required for the proper interpretation of total and fission cross
section data. The fact that  varies much more slowly with energy than does either g, or gp s the reason
the direct measurement is the logical way to investigate this variation. Experimentally the direct method is
attractive because the use of a thick sample yields the highest counting rate and at the same time gives a result
that is fairly insensitive to the absorption cross section and sample thickness. These characterlsucs are in contrast
to the cross section measurements where the samples must be thin in the resonance region to give the correct
n variation. The present method also allows the use of the same apparatus to investigate all the fissionable
-materials, one foil being substituted for another when a measurement on a different isotope is required. Further-
more the alpha "pile up”, which is a serious problemr when materlals of high specific act1v1ty are measured in
ionization chambers, creates no difficulty in the direct g method.

3. Fission Neutron Detector

The fission neutrons are detected by means of proton recoils produced in a suspension-of Zn$ in lucite.
This phosphor mixture' is molded in the form of 2 in. diameter "buttons;” approximately 1- 1/% in. in length. One
end has a slight spherical depression to give intimate contact with the face of the RCA 5819 photomulupher.
The buttons are made by heating a ‘mixture of 70 grams of lucite molding powders and 4 grams of 40 y ZnS-Ag
to 120°C in a die under 2500 1b/sq. in. pressure (Higinbotham and Handloser, 1954). A mechamcally sturdy,
nonhygroscoplc cap is formed, which can be easxly haridled for 'mounting on the 5819 tube face.

The dimensions of the colllmated_neutron beam from the Brookhaven slow chopper are 1-1/2 in. x 8-1/2 in,
Six 5819 photomultipliers are so located along the periphery of this area to surround the sample foil. The arrange-
ment is shown in Fig. 1. The calculated fractional solid angle of the sample foil subtended by the six scintillation
counters is 209, :

The operating point for the scintillation counter is determined by a compromise to satisfy two criteria,
First, the efficiency of the counter for fission neutrons should be as large as possible. Second, the sensitivity of
the scintillation counter for y-rays from the (n, y) process in the fission foil must be so low that less than one
percent of the counts recorded are due to this process. From the work of Hornyak, 1952, and others at Brookhaven
it was well established that the ZnS-lucite combination had low 'y—réy efficiency; however, in order to be certain
of the second criterion the following test was run. With the detector set up to perform the experiment, the fission
foil is replaced by a gold sample that is of a thickness calculated to prodiice approximately as many (n, y)
events as are produced in the foil of fissionable material. Then a combination of counter voltage, amplifier
gain, and discriminator bias is folind so that the counting rate is about 0,19 of the counting rate with the fission
foil in place. The extra factor of 1/10is used because of the uncertainty about the number and energies of the
y's produced by (n, y)eactions in gold and the particular isotope under investigation. Only a small loss of
neutron efficiency results since the discriminator curve for y-rays falls off much faster than the neutron curve.

Under the above operating conditions the over-all efficiency for counting fission neutrons from the U%®
foil was approximately 10°°, determined from a measurement of the incident flux and the known fission cross sec-
tion of U, Therefore, since the solid angle is 109%, the efficiency of detection of fission neutrons incident
upon the buttons is one percent. The probability for a 1 Mev neutron to make a recoil proton, of any energy,
in the traversal of the button is about 1/4. Consequently only about 1/25 of the reccil protons produce a large
enough light pulse to be counted above the discriminator level,
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Fig. 1. Schernatic drawing of the scintillation detector,

4. Results

By means of this direct method, measurements have been made with the Brookhaven slow chopper (Seidl
et al; 1951) in the thermal region for U%%, U®®, and Pu®®. For Pu®® the fast chopper (Seidl et al, 1954) at
Brookhaven was used to extend measurements through the 0.3 level, The results will now be presented and their
connection with the cross section measurements for the same isotopes will be duscussed briefly,

4.1 'U2354
The foils used were made of uranium metal enriched in U®® to a concentration higher than 90% and also

contained minor amounts of U®® and U%4, Two sample thicknesses were used, 0,030™ and 0.045", The data
were taken in a series of repetitive cycles as follows;

Cy) The counting rate of a thin-walled BF; counter which gives the distr.i'bution' in energy of the incident
flux of slow neutrons,

Cp) The background counting rate pertaining to measurement Cy, obtained, at the slow chopper, by a
0.020" Cd foil inserted in the beam. This foil is essentially black to the incident neutrons in the energy range
investigated in the experiment. ‘

C3) The counting rate of the fission neutrons detected by the scintillation counter.

C4) The background counting rate pertaining to measure Cg, obtained by inserting a 0,020" Cd foil in
- the incident bearm.

The variation in 4 is then obtained from the ratio

C3'—C4 _ CF
C1—Cy Cg o G
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Twelve cycles of data were taken, which permits one to demonstrate the general reproducibility of the
results and also averages out the short term fluctnations in the sensitivity of the equipment, The statistical
accuracy of the points varies from about one percent in the thermal region to about three percent at 0,16 ev,
The corrections applied to the data are as follows: departure of BF, cotnter from 1/v, about 1,2%; U** and
U®? impurities, about 8.5%; and scattering correction, about 0,79,

Figure 2 shows the combined results of the experiments performed with U% at Brookhaven and Hanford,

The Brookhaven data are normalized to n = 2.08 at thermal (E = 0,0253 ev), the value quoted in the Brookhaven
. compilation (Hughes and Harvey, 1955). The Hanford data are normalized to Brookhaven data in the energy
region of 0.10 ev. The dashed line is computed from the ratio of oF /od . Eq. (1), assuming v constant, and
using the most recent cross section data, given in BNL-325, The agreement between the direct measurement and
the variation of 5 computed from fission and total cross sections is everywhere within one percent, U is the
one fissionable isotope at 'present where the total and fission cross sections are known with sufficient precision so
that the n variation deduced from these measurements has an accuracy comparable to the direct measurement,

The observed 5 variation in U isa good example of the accuracy obtainable by this new method of
measurement. The change in 4 in the thermal region is very small'( ~ 1% from 0.01 to 0.1 ev). From the total
and fission cross sections it is not possible to predict with certamty the 31gn of the slope of the TI curve in the
" thermal region.

The resonance pérameters of the 0.29 ev level give a ratio of radiative capture to fission cross section that
is greater than that measured at thermal by spectrographic methods (Inghram 1956). This fact had led to the
belief that 4 would decrease with increasing energy in the thermal region. The results of the present n measure -
ments atBrookhaven, however,showed the opposite to be true. This situation arises because contributions from
at least two negative levels, in addition to those from the positive levels, are required to fit the cross section of
U™ in the thermal reglon From the observed variation of n and the total ¢ross section an estimate may be

made of the ratlo of capture to fission for the negatwe levels (Harvey and Sanders 1956).

4. 2 U235
The foil was made of uranium metal with a U content greater than 909 and a thickness of 0.025". The

same experimental procedure was used in obtammo the U®® data as was outlined above for U, The corrections
for isotopic impurities, scattering, and the departure of the BF, counters from 1/v were each about one percent,

Figure 3 gives the results of the measure-
233

. I . ments on U™ normalized to 7 = 2,31 at
e E = 0,0253. n is seen to be constant within
. statistical error (~ 1%) from 0,01 to 0.1 ev,
' %mﬁrﬁm C o The dashed line is computed from the curves
a | , « drawn through the total and fission cross
220k ‘ e section data in the Brookhaven cross section
.1'9;__.._-._‘..-'—-—-*‘—*"* 1%3* : {’4 :g:z | compilation again with the assumption of a
' R 84 20 _constant v. The agreement between the two
- BT ors in this case is good within the large statisti-
e : ~ cal errors in the fission cross section data,
ENERGY W v which would easily allow a & 5% variation
in n over this energy interval.
Fig. 2. n as a function of energy for U5, The experimental 4.3 pu®?

data are normalized to 'p = 2.08 at:thermal. The dashed line
gives n as calculated from the absorption and fission cross
sectioris assurning v is constant.

For the Pu®*® measurement a 0,033"
plutonium metal sample was-used, which
contained over 909 Pu®? and about one per-
' cent aluminum, The corrections for scatter-
ing and departure from.1/v. are small (~ 1%). Below 0.35 ev the correction for isotopic impurities is also less
than 1%. However, above 0.4 ev this correction rises rapidly and amounts to 28% at 0,7 ev.

Figure 4 shows the results of the measurements made with plutonium in the energy'interval from 0.015 to
0.7 ev. Here, in marked contrast to U** and U%”, 7 changes rapidly in the thermal region.- The data from
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thermal up to 0.15 ev were obtained wirth the slow.chopper and normalized to 5 = 2.03 at thermal. The fast
chopper was used to obtain the higher energy points and these were normalized to the stow chopper points in
the neighborhood of 0.15 ev. The dashed line again is computed from BNL-325, assuming v constant. From
_the direct  measurement the ratio of 5 at 0.3 ev to n. at thermal is seen to be 0.75 & .02. The cross section
data assuming v is constant gives for the same ratio 0.85 + .05,

21 T T T T T T
T T T T T } $. py23® -040
-
y233 20| .o T
. \\
v L o« 050
250 13 . } %
. © AN .
240} : -j00s 1.8 { S - ~ -oeo
K ¥ 7 3 i ¥ a n N § - . a
23of o e 1 1 ! o |7+ . }{ A 4070
o § BNL SLOW CHOPPER 1{
- —1 015 .
220 6l 1 BNL FAST CHOPPER. 5 g Joso
02 ! ‘ .
210 1.5 . . §§ § § é% 030
| ! I | ' o '
or 02 03 04 05 06 07 080910 14 ' | L L | L Ll .
ENERGY IN ev - ) o0l 005 0. 0.5 .10
" ENERGY 1IN ‘ev
Fig. 3. p as a function of energy for U*’, The Fig. 4. 7 as a function of energy for Pu®®®, The experi-
experimental data are normalized to ¢ = 2,31 mental data are normalized to 5 = 2,03 at thermal,
at thermal. The dashed line gives n as calcu- The dashed line gives 5. as calculated from the absorp-
lated from the absorption and fission.cross sec- tion and fission cross sections assuming .v is constant.

tion assummg v is constant,

The 129 disagreement between the direct measurement and 'thé cross section results is seen to be outside
the experimental error, and for this reason a series of experiments were performed to see. if there was an unassigned
‘source of systematic error. In order to check whether the experiment was dependent on the energy of the fission
neutrons the bias on the scintillation counter was increased until the counting rate fell to one half of the value
originally obtained. The slow chopper points were re-run with the higher bias settings and the results were in
-agreement with the first set of measurements.  Next the shielding in the vicinity of the counters was re-arranged
to make sure that scattered neutrons.were not giving risé to spurious counts, No effect was found within an upper
limit of 2. As a final check the transmiission of a 0,009" Pu foil was measured using the scintillation counter
as a detector. The measured transmlssmn agreed with the known CTOSs" sectlon data again proving that the timed
neutrons were of correct energy. :

At first this disagreement was taken to imply that cross section measurements were in error. However
recent theoretical (Bohr, 1956) and experimental (Pilcher, Harvey, and Seth, 1'955) work have indicated that
there is a possibility that a fissile. nucleus can have more than one mode of fission.. On the basis of such con-
siderations it would be possible that v rnight be different for the different levels. Therefore it was decided to
investigate whether the assumption of the constancy of v in the energy interval of the experiment was valid.

The measurement of the energy variation of v" was made by comparing the ratio of fission neutron to
fission fragment counting rates in the thermal region and a small energy interval centered at 0.3 ev. The same
counter as used in the 7 experiment was used to measure the fission neutrons, but a thin (0.001™) foil was sub-
stituted for these measurements, In order to measure the fragment counting a gas scintillation counter containing
10 mg of Pu was constructed (Palevsky, Larsson, and Zimmerman, 1956). The neutron energies were selected by
means of filters, using the beam of pile neutrons collimated by the fast chopper in a stopped, open position.

The thermal data were obtained by Open-Gd differences usmg G‘d(NOS)n dissolved in D,O as a filter, The atomic
concentration of Gd in the filtér was 5 x.10™* atoms/cm?. The’ energy interval centered on the resonance was
obtained by taking Gd-Pu differences using the same filter and a 0,009" Pu foil. Because the plutonium foils in
both the fission fragment and fission neutron detectors were thin the result is fairly insensitive to the shape of

the neutron spectrum. The result of this experiment is as follows:

_Vthermal - 4 915 4 0.025
Vy.s ev

526

Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090006-9 )




Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090006-9

whére uncertainty in the neutron spectrum constitutes one percentof the error and the residual error is statistical.

It is therefore clear that the discrepancy between the direct p measurernent and the cross section derived values
cannot be attributed to a change in ». This same conclusion has been reached by means of similar ¥ measure-

ments at Saclay (Auclair, Landon, and Jacob, 19558), Hanford (Leoriard et al, 1956), Argonne (Bollinger et al,
1956), and Moscow (Pevsner et al, 1956).

" The constancy of v constitutes a definite advantage of the present direct 5 method be-
cause the n measurement gives at the same time the energy variation of q, the ratio of capture to flss1on
cross sections. It also implies that the relative fission cross section can bé obtained from the n measurement
together with the absorption cross section (Eq. 1), thus avoiding the often difficult direct fission measurement.

5. Conclusions

For U*, where the total and fission cross sections have been most accurately measured, the agreement
between the direct n measurement and the energy variation of 5 calculated from the cross sections, assuming
v is constant, is excellent, Such a comparison for U%*® does not have much meaning at present because the
cross section data do not have sufficient statistical accuracy. In Pu® the disagreement between the direct
measurement and the cross section calculation is about twice the standard deviation of the error associated _with
the cross section measurements. It should be mentioned that direct n measurements performed by Sanders at
Harwell (Harvey and Sanders, 1956) using a crystal spectrometer are in excellent agreement with the present
‘measurements. In the Harwell measurements the fission neutrons were moderated in paraffin and detected by
BF, counters. Because of the widely different nature of neutron sources and detectors in the two experiments,
one would expect that the kinds of systematic errors arising in the Harwell experiments would be entirely differ-
ent from those of the Brookhaven measurements, The excellent agreement of the results, therefore, indicates
that the energy variation of 5 has been comrectly determlned The discrepancy between 7 and the cross sections
for Pu®® cannot be ascribed to a change of v with energy- ‘because the recent exper1ment< at various laboratories,
performed to check this possibility, have all ver1f1ed the constancy of v.

Even though both 5 and the cross section for Pu®* have been measured at several laboratories it seems
most likely at present that the'discrepancy, which is about nine pefcent‘ when based on world average values
(Harvey and Sanders, 1956) of all quantities, is a result of combined experimental errors, It is important that
further measurements be made in order to resolve this discrepancy so that the present n method can be pushed to

- higher energies with confidence, and perhaps be used to obtain fission cross sections as well.
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04} . ' APPENDIX
03 | o ‘The Effective Scattering Cross Section
02 0154 1 The counting rate in the scintillation counter nsed
A o n to detect the fission neutrons from a fissionable material
0 o ! ! - s proportional to the average neutron flux in the material,
0 ! z th—a—— 4 5 For a foil of thickness t the average flux is given by
- .o ! )
Fig. 5. K, as a function-of sample thickness Ngt. ' \ F () dz, —~No t
Ko is the effective scattering cross section, . F(t) = 0_7_"_ —F (O).1—;c ta_ , (B
S dx ¢
0
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where F(x) = F(O),E,'No il there is no scattering in the foil. N is the number of nuclei per cm® and o4 the
absorption cross section. To include the effect of scattering let K (x) be the probability that a neutron scattered v
at the distance x will leave the foil without being absorbed. Thus K(x)as, the effective scattering cross section,

represents the fraction of the scattenmr cross section that is effective in contributing to the attenuation of the
flux. We then have, including scattering

d . ' '
F @)= —F@ N, (14 K@) ©)

Figure 5 shows the average value of K for various foil thicknesses in units of Ngg4t, comouted from Eq. (6).
The curve represents the numerical solution for K(x) of Eq. (6) and subsequent averaging over x.
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'FUEL BURN-UP IN NUCLEAR REACTORS

B. L. Ioffe and L. B. Okun

The paper describes the method of calculating fuel ‘burn-up in nuclear
reactors, taking into account the capture and multiplication of neutrons while
slowing down. In the calculations, account is taken of the burn-up of U5 and

the build-up and burn-up of Np?°, Pu®®, Pu?®, Pu?*! and of the fission fragments.

INTRODUCTION

The economic characteristics of nuclear reactors designed for the production of electrical energy depend
to an important degree on the quantity of raw material required to produce a given amount of electrical energy.
or, in other words, on the permissible degree of nuclear fuel burn-up.

If we assume that the problem of maintaining continuity of operation of reactor fuel elemtents has been
solved, then the permissible extent of fuel burn-up will be determined by the initial excess reactivity in the -
reactor and by the laws of its decrease during the reactor's operation. '

In this paper is considered the change in reactor reactivity with time (the kinetics of burn-up) for the

case of extensive fuel burn-up. Numerical results are obtained for natural uranium systems with heavy water
moderation.’

Multiplication During Slowing Down

. In burn-up kinetics a leading role is played by the accumulation of Pu®?, Pu?®, and Pu?!, These isotopes,
and Pu® in particular, have large neutron absorption and fission cross sections in the epithermal region. For
this reason it is necessary to take into account in the kinetic equations not only the capture of neutrons in the
epithermal range but also the deviation of the cross section from the 1/v law in the thermal region.

We will consider, to begin with, certain questions involved in calculation of the capture and multiplication
of neutrons during the slowing down process.

Let us assume that the neutron spectrum (on the energy scale) has the form of the Maxwell distribution at
the temperature T: '

E
2 r— e - -
N(E)dE =Ny e 1T TYEJE s

T

(Nt is the total number of thermal neutrons), which extends up to the energy Ejo* and of a Fermi distribution of
slowing down neutrons f(E)dE, extending from the energy Ejo:to the energy spectium of fission neutrons. The A
"joining” energy E; . is determined as the energy of intersection of the two spectra, In such an approximation,

no account is taken of the influence of chemical binding (which becomes important near the joining energy) on
the neutron spectrutn, Comparison of the spectrum obtained with experimental measurements [1] shows that the

*The factor y, which differs little from unity, takes account of the circumstance that the Maxwell spectrum
must be normalized to unity in integration to Ejo rather than to infinity. '
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error introduced by such an approximation is comparatively small. The spectrum of the slowing down neutrons

is determined by the equation
|

f(E) =+ EaL q(f)cp(L) \ ' 2
. : - . : lsltdE
where lg is the scattering mean free path, g is the mean logarithmic energy decrement, dr =_—:~3—§—E-——- , and
q(T) satisfies the equation
o9 , q(x)
TR _ (3)

where L( ) is the diffusion length of neutrons of age 7.

In the Equatlon (8) it is assumed that the moderator does not contain any hydrogen and that the total .
neutron absorption cross section is small compared to the scattering cross section, thereby assuring the applica- -
bility of the diffusion approximation. The existence of strong resonance absorption.(for example by the resonance
levels of U® or Pu?) is raken account of in equation (2) by the factor A E), which represents the probability of
escaping resonance absorption by the strong resonance levels, and Wthh thelefore cannot be’ included in L% in
Equation (3).* : :

The illitial conditions for the function .q(7) can be obtained -through c‘altdlating the number of fast neutrons

originating in the capture of thermal, as well.as of slowing down neutrons, by the f1ss1omng nuclei, and has the
form ' i

‘ L T, ) '
‘ 9(0)= Evrz VfciTPiNiT_ + S k() q('t) dr.
i ) ’ 0

L? (f)
(%)

Here pi is the concentration of the ih 1sotope, oiT is the abson ption-cross section of thermal neutrons, v'i is

the number of secondary neutrons. per absorpuon NIT is the density of thermal neutrons at the location of the

ith isotope, u is the fast neutron. multiplication constant,k(7) is the multiplication constant for neutrons of age .
The thermal neutron cross sections entering into the first member of Equanon (4) are assumed to have been
averaged over the Maxwell spectrum in accordance with the equation

IR J S— | (5)
§ N (E)dE '

where vp = 2200.m/sec, is the standard speed of thermal neutrons. As is ‘well known, in this averaging (see, for
example {2)) what is actually averaged are not thé cross sectlons o3 and the transport lengths L but the mag-
mtudes o,V and the dlfoSlOl’l coefficients D ~ v '

*The division of resonance capture into that by strong and weak levels is somewhat provisioral. Subsequently

'we will include in ¢ only resonance capture in U B8 and Pu?™, the remainder being included in the term q(T)/Lz('r)_
in equatlon (3). -
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“The Equations (3) and (4), together with the equation for thermal neutrons ‘

W my |
DANT—'ﬂ?%‘: ’_Q(T\io )?(EJP ) (6)

(T¢ is the thermal neutron lifetime) determine f{ully the conditions for reactor critical size, and for the neutron
density distribution in the reactor.

If the reactor does not have a reflector the xolutlon of Equations (3) (4) and (6) can be obtained through’
the substltutlons

q(r, x)=q(x)etr,

Nz (r) =Nz (0) b,
which gives

T

S (1) .
q (T) (O)e ot ,

(N

(*+55) VO =59 (0)e

where LT is the diffusion length for thermal neutfons (calculated through averaging over the Maxwell spectrum
by the method described above), while ¢ is the total resonance escape probability (by strong levels) in neutron
slowing down to the energy EJO The substltutlon of Equamon (T) into 4 leads to the characteristic equation
for determmlng the Laplacmn of the system Kk?

T,
f’c dt 3
_ . § Ly W
252 ) T¢ : :
thly=—" e L (8)
Tio . — “2—;—)-—12'5 ) )
L* (=
 — i k(‘:) L2( )
where
kr = pnpl : (9)

is.the thermal neutron multiplication constant,

From the equations (1), (2) and (7) we can deterniine the joining energy EJ-0

e ‘
TEIE e ny M) (1 "
JO

E Yy
()"
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where 1,7 = mean absorption length at the given temperature, while Eypg is the neutron energy corresponding
te a neutron speed of v = 2200 m/sec. Now it is easy to deduce the burn-up equation for any isotope, Let

pi be the number-of nuclei of the ith isotope. The number of neutrons captured by the nuclei of this isotope per
unit time are determined by the expression” '

o)
Nruroirp, +p; S vo, (I0) f(EYdIE - ' (a1
Jo '

(E, is the fission spectrum energy). Strictly speaking, the neutron density in equation (11) should be considered
as varying for the different isotopes although for convenience we will 'ignor.e this fact in our notation, assuming
“that the appropriate corrections have been included in the cross sections. Inserti'ng the Equation (7) into the
Expression (11), we obtain the equation for the burn-up of the jth isotope:

dpi

ks ——NTUTciTpi——
‘ B D} Vi SyTPh
—N,u, : - X
. —f.dv e
Yo i §L2 il
=\ ko gigye *
0
(12)
T
i . de 2, .
Fo R :
'lS' i E ) [ L (T) i )
Xpi S N a]f;; )(p('E)e ’ dE+Q—Mpy,
'Jo

‘where Q is the numbet of nuclei of the given isotope formed as a result of neutron capture by the preceding
isotope; Ai is the disintegration.constant (if the given isotope is radioactive).

It should be noted that for an infinite system an equation of the type (12) can be easily obtained also for
the case of moderation by hydrogen since in this case the kinetic equation for slowing down can be solved
exactly.

T,
Jo
: . ) ) dx
In the sequel we will be investigating thermal neutron reactors for which the magnitude Y Ty =
) 0
L ae
— S El—zE) * "~ can be considered to be fairly small. Then the equation (12) goes over into
. :
£},
' | o dE | ’
dp; . . ’ ' bg ! ' 2
_"?‘ = = Np00..0; — N o pe 2 11,970k Pt S T °i(E)‘E +Q—rp;. (13)
. . . h E.
. Jo
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As is known [3], [4], the probability of a neutron resonance capture in its moving through a distance L
-~ within a cylindncal fuel element of radius R is detemnned for the case of a single resonance, by the expression

[

: 1 ‘ ' ‘
b 2 TR T '1.’_‘)-.1(ii>]~ L
q’—e 4- .E" ‘Smed.-i;e [Io _zlcr : Jr 1 2 lcr , . : (19)

‘where I' is the level width, while 1. is the absorptlon length in the center of the resonance. It is necessary to
average this expression over all directions of neutron motion in the fuel element. Let us make such an average
approximately, replacing 1 by the mean path of the neutron in the fuel element 1. = = 2R, This approximation
has sufficient accuracy for practlcal cases, since in the limiting case of 1/Lg,>> 1 the expression (19), after the
substitution 1= 9R, differs from the exact expression only by 2%, in the case of the other limiting situation of
1/1cr << 1, it simply coincides with the exact result,

As a consequ_ence we obtain:

_As it is to be expected that the mean: distance between resonances in Pu240 is of the saime order as m Um (that
is, 15-20 ev), the remaining resonances must be located. s1gmf1cantly h1gher and theu mclusion in lﬂo can'be
disregarded. :

The existence of notlceable self -shielding by the fuel leads to an increase in the effective cross section
of the plutonium- isotopes for thermal neutrons. .This is assoc1ated with the fact- that Pu239 is not formed uniformly‘ :
throughout the cross section of the fuel element: there is more of it at. the penphenes of the element and less.
at the center, The non=uniform distribution. of Pu""39 is due to two causes: in: the first place fuel self- shxeldmg
from thermal neutrons; in the second, self -sh1eld1ng of the fuel” from resonance neutrons., As a consequence. of
these causes, the absorption of resonance, as well as thermal . ‘neutrons. by U in the penph,eral regions of the
fuel element and, consequently, the. concentrauon of the Pu239 produced is- larger ‘ :

" As a result, Pu239 is most of all formed in regions of the largest thermal neutron density, and this, in turn,
leads to a greater burn- -up of Pu®®in companson with that which. would take place if it were formed uniformly
throughout the cross section of the fuel element. - Th1s effect can be taken into account in the following way.
The increaseé in the effective thermal cross sect1on of Pum induced by fuel self shleldmg is equal-to

| jp,(R)N(R)RdR (RdR :

= C‘+(” Sp,(R)RdR SN(R)RdR

(All integrals are taken from 0to R1, where Ry is the radius of the fuel element ) ‘The magmtudes giand ¢,
relate, respectively, to self -shielding from thermal and resonance neutrons,

At small burn-ups, when the concentration of Pu®?. resultmg from the absorptlon of thermal neutrons by .
U8 i propornonal to the thermal neutron density N(R), ¢4 has the form

( LN RaRSRaR_ W

1= (;’N(R) RARF ™ ~ (Np

(For large burn-ups, P9 1ncreases more slowly than N, and the effect being studied decreases ). In the diffusion
approxrmatlon N(R) = Ij(R /LU) where Ly is the d1ffus1on length of the neutrons in the fuel element. Expa.ndlng
. ¢11in a series with respect to Ry /LU, we obtaing ,

o : 525
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. 1 Ri 4
The fuel self-shielding effect for resonance neutrons can be calculated 1f it is assumed that the_concentrition
of Pu? produced by resonance absorption in U2 {s inversely proportional to the magnitude VRi—R*. This
dependence on R corresponds to resonance ab'sorFtion in a ring-like fuel-element (the external radius of which
is Ry, and the internal is R,); proportional toy] R{—R; [8). The magnitude ¢,, characterizing the increase in
the effective cross section for thermal neutrons in Pu®®® produced by resonance absorption in U%®, is equal to

%N(R)Rgl_]?

’ JVE-R; ,

= "Rar - > 1.
S ?_—R—SN(R)RdR

SRdR

=
':u

ord

Changes In Reactivity

The reactivity of the system is characterized by the effective multiplication constant, small changes in
which are proportional to smail changes in the Laplacian. The expression for the effective multiplication con-
stant can be easily obtained starting with the equation (8). For this purpose let us employ the circumstance
that absorption during slowing down takes place primarily in the energy region near to thermal energies. The -
factor e=** can be taken out from under the integral sign in the denominator at the value Tjo = T (Ejo)e The -
expression (8) assumes the form: :

1 43Lk = e~ ,

(21)
where
ke=kr{t—(1—38)(1—ev)+4 .
' - 43(1—e ) Ly}, , (22)
o .. _ _ .
__Ji dt
U= T
0
I
% dr i@
\ 1o
e (23)
TJo _S%:a . ’

T .
. Jo
. d : :
-In case of low absorption during slowing down ( § Zf%.;) 4 1) in the expression for § one can drop, in

St

both numerator and denominator, the factor € . To the extent that these factors are dropped in

5348
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both the numerator and denominator the value of & practically does not change even for not very small
T ’
Je
dz :
12 () » . Then

dt
§kuB” |
jo . 24)
%HJL | | *
p “L2 (%)

The multiplication constant for thermal neutrons, ky, can be written in the following way:

- k= X Vs %7‘P5+V9 007' p9+v, °1TP1 . (25)
T = PPsPo?Pff - TPs + 05105 ‘r %I'Ps"l‘Uoppo+clTp1+)_,°1.P+(crp)ff

In the Expresswn (25) =€ W ngp is abeorotxon in rhe moderator and in the: construcnon rnanenals.(cT'p )ff'
is absorptlon by the fission fragments ¢i E el l(’ff wff is the probablllty of resonance absorpnon in the fission
- fragments, Poisomng due to the isotopes X e135, Xe"s3 and sm*®, the concentratlon of ‘which' tapldly attains ‘
equilibrium levels, we will include in. ToTp .and not in (o7 p)ﬂ,. The ratio of the value of kT at the time: sj
to its value at the begmmng of the fuel reloadmg cycle is equal ro. : : ‘
dp(s) _f(s) 4 -~~ﬂ»«w
) v T=Am PO ()X S :
| S U (28
X : b eff LI . '
(1 + cs) (1 + ZC) (1 A)

where
(”(me?m
x{1— P-5 - °9T.Po“‘_,°'o'1' Po - ;11'91}» _ } . _
R _ (o7 ) - ' 27
Yo =— ___TP_. orp f '
ol‘Po'*'%TPs ff -] TP . . o

Here, as previously, it is assumed that if thé mean neutron densities are different in various materials, then the
cross sections must be multlplled by appropriate factors ’ :

The magnitudes wand & are sunply expressed through prior introduction of the probab111ty of neutron
absorption during slowing down: :

vttt S a2 B (59 130, (29)

’ °5'I“Isq, +V'°;T 19

Yoy s °9T (29

(1 eg) (14 Zc) (1 —4) 5T
b= w X
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To obtain the value of the effective mulLlpllcanon constant, it is necessary to calculate the change in the
multiplication constant induced by change in L2 T, which appears on the left side of the Expression (21); Since

| o - |
=g (30)
then
o) K0 (_ #AO40 ) o
et O TR\ =A@ FREO) (

where the connection betweéen X and ke, determined in accordance with the Expression (26), is given by the
Expression (22), while wand 8 ‘must be substituted from the Expressions (28) and (29). The Formulas (26), (27),
(28), (29) and (31) completely determine changes in the effective multlphcauon constant of the system, that is
changes in the reactivity connected with fuel burn-up.

Calculation of Fuel Burn-up In Heavy Water Moderated Natural Uranium Reactors

A burn-up calculation will now be carried out for several concrete systems, We will investigate a reactor
using natural uranium and moderated by heavy water. Cooling of the reactor is accomplished by a gas. A reactor
of this type was investigated in the paper [5]. The temperature of the moderator (heavy water) in such a reactor
is close to 70°C. We will consider the temperature of the neutron gas to.be 410°K.- Taking lg = 2.9 cm for the
scattering mean free path of neutrons in heavy water for energies above the joining energy E jo (and almost
for the whole important part of the energy spectrum for moderated neutrons), and ‘g " = 1.91, we find that Ejo =
= 6.5T, or Ejo= 0.22 ev, At the temperature 410°K, and a Jommg energy of 0.22 ev, the'mean values of the
cross sections (in barns) over the Maxwell distribution, and of v' are (see Appendix 1): asT = 663, agT = 551,
agp = 1220, agT = 850, ¥ 57 = 2.10, ¥ gy = 2,01, @g= 2.75. In the absence of exact information about the
cross sections of Pu??, let us take for the averages of the Pu**! cross sections over the Maxwell distribution
oyt = 1450, gyp = 1100,y = 2.2; the absorption cross section of Pu* at the speed vt = 2200 m/sec we w111
take as* oy = 475, and for the parameters of the resonance level [1]  Ep = 1.07 ev, g, I"? = 330 bara x ev?,
I' = 0.042 ev. The values of the resonance integrals from the joining energy Ejo = 0.22 ev to the energies of the
fission spectrum are taken as: Iy = 545, If = 390, I, = 2500, If 1500, .

The effective cross sections of plutonium must be mcreased (in' comparison with the effective.cross sections '
of U® and U®) to account for the higher neutron density 'in the locations where the isotopes of plutonium are
produced. This correction, calculated in accordance with the method outlmed above, turns out to'be, in this case
very smalli only 2%.

Using the above cross sections, a numerical calculation of the concentrations of uranium and plutonium
_isotopes are carried-out using the Formulas (17), (18), (20) for the case that the resonance capture probability of
U®®, 1= ¢ = 0.117 (the ratio of the uranium to the moderator areas Sy; /Smoqd being equal to 0,036). The results-

. of the concentrauon calculations are given in the table in the form of the burn-up function Wt (in megawatt- days
per ton of uranium). The magnitude of Wt is evidently proportional to the total number of fissions (per ton of
uranium), therefore, if it is assumed that the fission energy for all fissionable isotopes is equal to 195 Mev, it
can be written as '

Wi=6600 § [Shros +aizpo +oirey +(8(+ 4l gatf (5)] ds.

*The assumed value of the cross section is obtained from the parameters of the resonance level (on the assumption
that there are no levels with negative energies). It agrees with the data of paper [6], if it is noted that in the ex-
periments of [6] the resonance level was effectively shielded.

H‘N
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In the table are also given the values of the function f(s) and resonance absorption in Pu*® ~ ¥o.

On the basis of these facts, and in accordance
with the equations (26), (29) and (31), a calculation

was made of the variation of the effective multi-
| Wt Ps Po Po-[ Pl Yo [ o) plication constant. -In these calculations of the
_ . - : multiplication constant, absorption by fission frag~
0 “0/1.000| 0 0 0 0 |2.125 ments was computed with the aid of data given in
0.1 595)0.897|0.067 | 0.001 | 0.001] 0.001 | 2.159 the literature for the production and cross sections
0.2 1 1190{0,804(0.12910.007 | 0.001 | 0,004 | 2,195 | of fission fragments (see Appendix 2), while wasted
0.3 117801 0,720 0.1780.015 | 0.002 | 0,008 | 2,210 thermal absorptions were assumed equal to ¢ .= 0.118.
0.4 | 23800.04410.2170.025 10,005 | 0,012 2,207 The results of the calculations are given in Fig, 1
0.5 | 3000 0.575/ 0.248 0.03610.00910.0152.194 " (on curve 1), In examining the data of the table
0.6 | '3560|0.513| 0.272|0.048|0.013 | 0.018 | 2.174 , ~ ). o oXaT e O HIE Ranie,
0.7 | 4160]0.457]0.2020.060|0.017 | 0.019] 2.150 and of Fig. 1, it is, first of all, important to notice
0.8 | 47801 0.400 0.307]0.0730.021 | 0.021 ] 2.123 the large role played by resonaice absorption in
0.9 | 5350]0.360] 0,319 | 0.085|0.027] 0.023 | 2.095 | Puf® in causing a decrease in the effective multi-
1.0 | 6000 0.318|0.328 0,006 0.032]0.024 {2,069 plicatibn constant, For.example, with's =" 0,75,-it -

represents about 2%. 'Let us note that at these con-
centrations of Pu?® the resonance level is already
shielded to a noticeable degree (because of fuel
‘self‘shielding ¥, has decreased by a factor of 2.5, -

It is necessary to mention also that the. magnitude ‘f (s)._ch_angé’s‘very,little in the range of variation of s
of interest to us. This circumstance will later permit us to'make a series of simplifications.

If the density of neutrons in the reactor along the height of the uranium fuel channel is riot uniform, then
the effective multiplication constant we have calculated will not determine the reactivity of the systém since,
at every instant, various points 'along the channel height will-have c]'ifferentvbu'mv-upl'and‘._ consequently, various
values of keff.. The reactivity of the systemn will be characterized by some mean value of the multiplication

“constant along the channel height, It is knvoan;tha,t,-‘ if the change in the 'multiplication constant § keff is small
in comiparison with keff -1, theén the effect of this change on-the reactivity can be detetrnined by perturbation
theory through averaging the square of the neutron density. " Then ‘ o

~ keff (s, 2) -

RO
keff (0) — SNz(z)dz .

We will investigate a reactor without an upper. reflector in which the neutron density distribution varies with
height according to a cosine law, In this case k(s,z) = K(sqcos z) and '

80

Feff (50) " o 4 1 C eds keff(s).
Reff (0)  wheft (0) §°°s a-keft (o008 2)dz =755 §'Vr“‘g_se TeFF (0) - (32)

where s, is the vburn-u'p attained in the central region of the channel (with respect toheight). The values of the
multiplication constant averaged along the height, calculated in accordance with equation (32) as a function of

the burn-up averaged along the heig‘ht' s =‘g‘5'o (in the recalculation to-Wt), are shown in Fig, 1 (Curve 2).

The excess reactivity of the reactor in question is about 1.5%. As can be seen from Curve 2 (Fig. 1), in
- case of simultaneous reloading of all channels, a reloading cycle of approximately 1800 megawatt-days/ton can
be attained (if it can be assumed that radial non-uniformity Of the neutron density is sufficiently small),

The length of the reloading cycle can be significantly increased in steady state operation if the reactor
contains, at a given time, fuel elements of various ages, that is, if the channels are continously reloaded. Let
us study such a state, - Let us assume that the distribution of the fuel elements according to burn-up (according to
s) is uniform, that is, in any sufficiently small radial region the number of fuel elements in any given interval
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As, the change with s is the same, Then, as before, we will assume that such a state is not realized along the
channel height, and that reloading proceeds simultaneously. Then the ‘mean value of the effective multiplication
_constant will be given by the formula*

s » LM

keff (scosz) — keff (5) ,
2 eft ‘ . \ 2 o2
) dsS dz cos 0 m.‘, ds Vst — e i (0) (33)
b A :

T eff (o) 4
keff (0)  mso

5

where sq is the maximum bum-up in the central region -
- K=t (5) , . (height-wise) of the fuel element. Averaging of k(s)
Ketf 10) : 259

L5 N ' {curve 1 in Fig. 1) gives the meéan burn- -up: kg“—:“n— ) .

corresponding to an excess reactivity of 1.5% in a steady

\ . state operation equal to 3150 megawatt-days/ton, which

\ ! _ is significantly larger than for the case’of sxmultaneous
2 \ . reloading of all channels,

. multiplicetion constant on the more important parameter ~
\ \ v resonarice absorption in U?®, let us make calculations for
NT N various values of this parameter. In this case it is necessary =
' ) to make certain simplifications. Using the circumstance
y . that the function f(s) determining the number of fast
(7,9”0 AT @ﬂﬂ' T W7 “neutrons changes little with the length of the reloading
' o ' ,cy'cle, it.is'possible to set f(s) = f(0). In the burn-up
, . .y equations let us calculate the resonance absor tion in
Fig. 1. Results of calculations of the effective ' q240 P
o L ] Pu“™ without takmg into account fuel element self-
multiplication constant. 1) Variation in the"
; c e : shielding. Doing so will introduce some error.into our
effective multiplication constant calculated- in
. . . L . results (espec1a11y for large burn- -up), however, the more
accordance with equation (31); 2) variation in
lmportant part of this error can be eliminated if in the
the effective multiplication constant calculated : . S .
-calculation. of the multiplication constant we determine
in accordance with Equation (32) 240 ’ . .
resonance absorptlon in Pu®” by the correct Equation (20),

% : \\\ _ In order to determine the dependence of the effécti_Ve'

Wlth these simplifications, the system of burn-up Equatlons (17) reduces toa system of linear differential
equanons which can be easily solved, The calculauon was made for two values of resonance absorption:: 1) 1 — gg=
= 0.08 and 2) 1 = ¢z = 0.16.

Wasted absorption of neutrons in both.cases is taken into account in the same way as in the exact calcu-
lation: Zc = 0.118." In this case it is necessary that_,jdhring the variation of 1 — g, the reactor volume is changed
sothat the system remains critical, It is also assumed that variation in the resonance absorption is produced by
changing the dimensions, of the lattice c¢ell and not by a change in the size of the fuel element. "Accordingly the

-remaining magnitudes, associated with absorption during slowing down, such as vs; \{rg, Yo w1ll change in pro-
‘portion“to the change in1— ¢g.

The values of the effective multiplication constant obtained through the Equauons (26 - 29) and (31) are
given in Fig. 2.

For a check, a calculation was made with the same parameters as for the exact case: 1~ gg= 0.117,
xc = 0,188 (variant 3). The results are similarly given in Fig. 2. Comparison of these results with the results
of the exact calculation shows use of the simplified method mtroduces a comparatively small error into the final
results.

*strictly speaking equation (17) cannot be used under steady-state conditions inasmuch as the number of fast
neutrons {the function f(s)]in this case is not determined by fuel elements of one and the same age. However,
since f(s) varies slowly, the error arising from this can be neglected.

540 , _
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It is necessary to note that changes in waste absorption of thermal neutrons alter the kinetics very little,

Actually b}.r differentiation of the Equation (26) it can be seen that a change in Xc of §(Zc) the -l-(if.f.(_s—.)._ changes

by

and since A(s)

5 ( Feff (s)
0<7feff (0)

keff(0)

= Keff (s) _A(s)  3(Zc)

" keff 0) 1—A(s) T+ 3¢ *

= 0.1, a change.in" Z¢ by*0.05 will induce a change in the multiplication constant of only 0,5%.

In this case, however, the increase in absorption improves the kinetics (A < 0), as is obvious from physical con-
siderations, '

1.0 00\

keff(s)
I‘éff(o)

0950

N

N
N

0.900

1000 2000

000 2000 2000 eaiowr

: 1.—1.;.,9,3:0.03; 2—-'1—(93;—-6.1‘6;,3,—i—~ip3=b.il7~*

Fig. 2, Values of the effective multrplicatron

constant,

In Fig. 3 is shown a graph of the dependence of
the length of the fuel reloading cycle on 1= ¢ for
stationéry operation and for the case where fuel elements
in the reactor have a uniform age distribution. It is
assumed that the steady state prevails only along the rad1a1

.direction, and that along the height direction simultaneous

unloading of the whole cliannel is taking place. Th_e'_"
mean values of the effective multiplication constant were
determined from equation (33). As in the exact case, the
‘excess reactivity was assumed to be 1,5%, As can be

“seen from frgures 2 and 3, an increase in resonance ab-

sorption in U8 and, consequently, an increase in the
number of Pu®® atoms formed per one atom of U?® des-

. j.troyed (this magnitude represents, at the beginning of the.
. \'reloading cycle, 0.74, 0,80, 0.87, respectively, for the ™
o first, third and second.variants), does not importantly '
. increase the length of the fuel reloadmo cycle. This
" fact is assocrated with the circumstance that with an
o ‘mcrease in 1— ¢ the absorption of thermal, and especrally
v o of resonance neutrons in Pu
'decreases the multiplication constam to an apprecrable degree - ‘ '

20 §s also increased, which

From this it follows that in an increase in the volume- of the reactor in. order to obtam a longer reloadmg
period (in the scale of Wr), it is more profitable not to increase resonance absorption in U%%, but simply to leave
a larger excess reactivity. In this case, however, the coitcentration of plutomum in the materials removed from
the reactor will be. decreased significantly, and its contamination by. Pu** lncreased

wi

5000

4000

Jog0

{
:/
:

2000

g

1006} -—

«

a1
Fig. 3. Dependence of the length of the reloading

7]

period on 1 — ¢, for a steady state,

-

CONCLUSION .

Numerical'calculatlons of systems consisting of - '
natural uranium and heavy water moderator showed that
in the decrease of the reactor's reactivity, an important
role is played by the accumulation of Pu?%’ due to its
large resonance absorption af_the 1.07 ev level..

-1t is-demonstrated that the duration of the fuel
teloading period is significantly increased (in comparison
:with the case in which the reactor is unloaded all at once)

*tis necessary to note that the undesirable effects of Pu?4
can be weakened if resonance absorption is increased not

‘by way of decreasing the lattice cell length, as was assumed
.in the given calculation, but by ‘way of increasing the amount

of uranium in the channel. - Doing so would lead to strong
shielding of the resonance level of Pu , and its effect
would, be smaller. '

. K/l_l
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if the reactor operates in a steady-state condition, that is, if the fuel elements are unloaded continuously and, in
each given moment in the reactor, there are to be found fuel elements of all ages, uniformly distributed with
respect to extent of burn-up. In this case the fuel reloading cycle can be increased by a factor of 1.5 to 2.

In the heavy water-moderated natural uranium reactors, operated in a steady state, studied above, burn- -ups
of the order of 3000- 4000 megawatt day/ton can be attained.

If one seeks only to increase the extent of burn-up, then one should not, for a reactor of given volume, use
a lattice with the largest resonance absorption probability, since it is more advantageous to have a larger excess
reactivity. In this case, naturally, the power of the reactor will be smaller.

The lattice parameters (for example, spacing) determining the magnitude of the resonance absorption must -
be chosen by way of- comparrng two competing factors: an increase in the extent of burn-up (accompanied, hiow-
ever, by a decrease in the amount and- quality. of the plutonium) and a decrease in the power of the reactor,

In conclus1on we. wrsh 0 .express our deep gratrtude to A. N. Galanin for a series of valuable suggestions,
B. L. Ilyrchev for assistance in the calculations and to A. P. Brrzgal for the numerrcal solutlon of the system of
equations, '

APPENDIX 1.

The Effectrve Cross Sectlons of the Frssronable Isotopes

The effecnve cross secnons of the varrous 1sotopes of uranium and plutonrum for thermal neutrons as well
-as the number of secondary neutrons born per absoiption of a;thermal neutron, were ‘assumed to be as given by
Table 1. In Table 2 are given “the ‘corrections . 4 for the. departure of the cross sectrons from the 1/v law as func-
tions of the neutron temperature and of the Jornrng energy ' - ' :

A=
:(‘W)vézzo_o‘

. For U®*, Ag! practrcally corncrdes w1th Aof and is almost rndependent of the Jormng energy, for this
reason the values of Ag are grven only as a functlon of the temperature In calculatmg v' for Pu® 1t was assumed'

- that the physrcal v is mdependent of the energy, ‘and therefore V' _9_ . The resonance 1ntegrals for U5 and
g. . , '

P _239 as functions of the’ ]ormng energy are given in ,Table 3.
TABLE 1
Isotope - o . U ‘ ‘ uBs pu®? | pu2l. | U8 ‘ . pu*® -
Absorption cross section ¢ in barns 1 690 | 1030 | 1450 | 2.75 475
[Fission cross section of in barns , : . 574 740 - 1100 - -
Number of secondary neutrons per absorptron v' - 2,10 2,05 | 2.2 1 - -

Note: For Pu“1 these cross sectron values a, af and v'were taken as averages over the - Maxwell d1str1-
bution. '

All tables were based on the data of the International Conference on the Peaceful Uses of Atomic Energy,
and of the compendium of neutron cross sections.

APPENDIX 2.

Absorption In Fission Fragments

Assume that in the fission of the kil nucleus (k =5, 9, 1), with a probability wy, k, there is produced the
stable fragment having the absorption cross section @j. The concentration of these fragments will be deter-
mined by the following equatlon :

549
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*

. TABLE 2

Corrections A for deviation of the cross sections from the }/v law (in %)

Uzﬂﬁ _ .
T¢K) | 800 | 40 | 500 600 | 700
Ao=Ao | 2.1 4.0 | 5.4 64 | 6.7
) P u 29
Aa Aot

300 5.8] 6.7] 73| 7.6 | 47| 5.5] 6.0 64
400 13,2|15.8 18.3 | 19.7 | 10.9 | 13.0 | 14.9 | 16.1
500 24.8(31.2|37.240.3 | 19.5 | 24.5| 29 | 32
600 451591 64 | 65 | 36 | 47 | 51 | B2
700 82 | 9% | 98 | 99 | 66 | 77 | 79 | &
TABLE 3
Resonance Integrals v
o - _ v
: . -:E—-:Z wi,hU{;TPh""UiPh B¢ 3 §)
Joining enexgy. Ejo (V) 10.130.20{0.300.40}0.48 - * -
‘ - : which has the solution
'U%“ I'in barns 660| 565| 470|423 |400| - - s
Ity » . 494) 404] 334292272 - pi(s)=e " g ¢°f“[2w{,h5,{,Tph(s)] ds. . (2.2)
— : 0 k
Puy?3 T tn barss | 3200 2750/ 1550 7151 605, Absorption in the fragments is equal to
1 » - 1950 1710| 860 | 383 | 315.

G =G (2.3)
=2

where the p; must be substituted from (2,2) (burn-up of the fragments on account of resonance absorption is nort';
considered), '

In calculating the absorption it is convenient to take advantage of the circumstance that 2 w;, k;,’ip,, (s)
N

changes slowly during the fuel réloading cycle, and for the majority of isotopes we may take wy = (U'g,' so that | .

N - A (24

It is convenient to consider the fragments as falling into three groups: 1) large absorbers wii:hi)'i > 1;
2) weak absorbers with 0 << 1 and 3) medium absorbers with g~ 1.
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.f
To the first group belong}(except sm*®, included by us in the mrtlal multiplication constant) the followmg
fsotopes 64Gd157. quum. 48Cdu? ZSmlsl. For them the sum of losses is equal to

#

R,

¥ ci=0,6-102.
¥

Thelgczrmcrpai}1 compolnents ofl Zthe second group are the fragments: SSrsg, 43Te99, 42M095. 45Rh1°3, S;Xem', 59Pr141,
55087, ggNd 5 » 6P, 5K, 1129 J1La139. The sum of the losses of the second group is equal to

‘ » }j ci#3,8-10“2s.
II

Finally, to the third group belong: Eu™, o Na'¥, 36KI "3.. The absorptron by this group is given in the table,
| All these data are obtained by using the Equation (2 4).

Calcuiation by. the exact formula (2.2) shows that the
e results differ by not more than 109, This deviation
s 0.2 0.4 0.6 |0.8|1.0 1.5 - evidently lies within the limits of reliability of our

' N 'knowledge of absorption in fragments. Data about
. _ . ' N resonance absorption in the latter are srgmflcantly ,
1121 ¢;-10° 0.47 | 0.89 | 1.27 {1.64| 1:97 | 2.70| Tess reliable, It is known merely that the isotopes -

having srgntfzcant resonance absorpuon include 45Rh1°3
152

| _ ' L 47Agmi '42M0 v 2SIy 55Cs . The total resonance

‘integral for them. corresponds to 60 barns per fission.
: : , We. will assumé- that the actual resonance integral is

equal to 150 barns per fission, Inexactness in resonance absorptron will not greatly affect our results, since in-
our case with SU/S =0, 036 Yo=1 x 10 s, ‘that is, it'does not éxceed. 1% €ven at.the end- of the fuel re-
loadlng perlod S ‘

mod =
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HEAT TRANSFER AND THERMOPHYSICAL PROPERTIES OF MOLTEN
ALKALI METALS

I. I. Novikov, A. N'..Solo’vye‘v. E. M. Khabakhpasheva, V. A‘. Gruzdev,

A. I, P'ridantse-v_.' M. Ya. Vasenina

An investigation was undertaken of heat transfer to molten sodium during . -
turbulent flow in a round copper or nickel tube.” An interpolation formula was-
obtained. Experiments were conducted to determine thermal resistance between -
liquid sodium and a solid wall of ‘copper, nickel, and stairless steel.” Methods
were developed for' measurement of viscosity, temperature -‘cf:dnduétiv'i't‘y_angl :
density of molten metals. Results aré given for measurements. of these physical ' _
parameters for molten alkali metals. (sodium, potassium, lithium and the eutectic
solution of sodium and potassium) in & broad interval of temperatures,’ -

N
'u

. UINTRODUCTION: '/

advantages are the following:

Molten alkali metals, especia':lly»qudiﬁhi "‘éf'_véry'i;r‘c_irriﬁing,h'eéﬁt;'c'_'a‘r‘r_ie'.m for 'atomic power reactors, Their

1) Molten alkali metals are charak:mte'rifzed -By large values of s‘bé’éific conductivity and specific heat and
are, therefore, outstanding heat transfer media.: For.transfer of the heat produced in a reactor smaller weights of
the molten alkali metals are neveded‘than‘ of other heat trajnéfenrheitﬂials.‘ In addition, their hydl_'odynamical
properties are similar to those of ordinary materials so"that‘pr:_éssur'e' 1oss¢$ in the: héat transfer circuit are not:
excessively great. e o - R

' 2) Thanks to the high boiling point (‘tp féris'odiuﬁq is 883°C) the working térriperfatu’rg of the heat transfer
material in the power installation can be kept high and its pressure low. In this way high thermal -efficiency can

be assured with a relatively simple reactor cooling system,

3) Because of the low melting point (: try. for sodium is 97.8°C, and for the eutectic mixture of sodium
and potassium it is —12°C) alkali metals can be liquified easily and maintained in the system in this state.

) 4) Molten alkali metals induce relatively little corrosion in ‘the construction materials so that it becomes
possible to use steel and other alloys, ' ‘ o

5) The alkali metals are relatively poor neutron absorbers (Na, for example, has a lower- é.bsdrption cross
section than water), : . ' ,

Deficiencies of the alkali metals in power reactor applications are: the heat transfer medium becomes
radioactive under neutron bombardment in the reactori; in particular this is true of sodium, on account of which
it is necessary to shield the primary heat transfer circuit and, in addition, the medium is chemically reactive
with water and with oxygen—this chemical reactivity, jointly with induced radioactivity, leads to the requirement -
that the power system have at least two circuits (the heat transfer medium and -the working substance in the
power cycle). ' ’ '
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Considering the {mport - w{hlch the alkali metals have for atomic energy, the authors camed out a serfes
of experiments during 1950- 1956 with the objective of studying the thermophysical and heat-transfer parameters
of the molten alkali metals. The princlpal results of these studies constitute the content of this’ paper.

Heat Transfer

The first USSR experiments-on heat transfer to molten metals [1], made as far back as 1938-1940, showed
 that the coefficients of heat transfer to molten metals cannot be computed by using equations valid for other
liquids and gases. For a number of years these were the only data of this kind in the world's literature. Intensive
investigation of the heat transfer properties of molten metals began only in recent years in connecnon with the
development of atomic energy. » '

In a series of researches [3] completed by the Academy of Sciences USSR, it was established that the heat
transfer coefficients for the alkah. as well as for the heavy, metals can be obtamed from the same set of defmmg

equations:
for clean heated surfaces

- Nu=45+0.014 P o B ¢}

and for oxidized surfaces o |

‘N“=3+~0‘014p3958‘, L o | (25,:, 5
The first of these 'equalionsiag;ees well with 'Dv‘vxe‘r-'vs‘“ejeLUat‘i'on.,‘[G]‘: ;

'Nﬁ_“:4.93{0..'3018v‘pe°,-,85,_' o R ® o

obtained as a result of rehable expenmental data obtamed from expeuments with heavy metals.

Basmg his work on the expenments of Lyon, Werner, Ké]g and Tidball Dwyer came to the conclusmn that,
for the alkali metals and their alloys, Lyon S equauon [2] is valld ’ S

L
Nu—7+0025Pe“ (.)

which differs from the Equauons (3) and (1)

.
KR -2

< = 3

7

S W el
I m s _rEET©®*®=== g
S \\\\\\\\ /ﬂﬂmﬁé’\\\\\\ \\\\\\\\\\\\\\\/\A\ Nz 7

&2222& 2%2&2222_7 200 . = -8

< g _
0

Fig. 1. The experimental heat exchanger. 1) Compound copper tube; 2) flange; 3) bearing;
4) stainless steel sleeve; 5) chamber frame; 6) thermocouple T mam heater 8) calori-
. meter; 9) compensating heater; 10) asbestos msulator.
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Thus, for example the values of the heat transfer coefficients to liquid sodium and the Na-K eutectic,
calculated according to Equation (1), differ from the ones given by Lyon's equation, on the average, by a factor
of one and one-half, It was this deviation which caused the authors of this paper to make an experimental stidy
of heat transfer to liquid sodium.

Experimental Methods. The experimental apparatus consisted of a closed circulating loop. composed of
an experimental heat exchanger, cooler, pump, flow meter and a control valve.

%

Sz =

W I AT IF TN OF LIPS

- ,sr'ig.r 2. Come“r

A massive copper pipe (rough cast) mth ‘an outsrde dlameter of 100 rnm, an msrde d1ameter of 8. 6 mim -
and a length of 400 mm, inside of which ﬂowed the molten metal; served as the exper1mental heat exchanger.
(Fig. 1). The heat exchanger consisted of two parts (external and 1nterna1), tightly placed; one 1nslde ‘the other,
with a small conjcal angle. On the surface of the inner cylinder were placed seven thermocouples measurmg
temperature along the length. Two thermocouples were caulked on the end surfaces of the. exper1mental heat
exchanger. For compensation of losses from’ the side surface of the heat exchanger, over the’ primary heater were

* placed a calorimeter and a secondary heater <A zero md1cat10n by the calornneter attested to the absence of .
heat losses. v :

“To 1nvest1gate the effect of surface condmons at the boundary of contact between the surface of the heat
exchanger and the 11qu1d metal, it was ‘decided- to experlment with varxous heatrng surfaces copper (as in the.
experiments [3)and nickel (similar to the. experlrnents [2]) '

The temperature of the Liquid sodlum 1ns1de the workmg space was meaSured -with the a1d of two thermo-
couples mounted m special sleeves. S :

The cooler consisted of a thick copper tube with three thick copper plates welded to it, The tube was
placed in a hermetically sealed hull partly filled with water (Fig, 2).. Steam from the cooler was led into the
condenser inside whose tubes water was circulated, :

The circulation of the molten sodium was accomphshed by a centrifugal purnp especially built for the
purpose (Fig. 3). The pump bearing was made of berylllum bronze and was lubricated with liquid sodlurn. The
hermetic tightness of the arrangement was attained through location of the pump motor inside the body of the
system, above the level of the liquid sodium. Special arrangements were provided for coolmg the motor windings,
and for protecting the motor and its bearing against contact with sodium or its vapor,

The flow rate of liquid sodium in the circuit was measured with the aid of an electromagnetic flow-rate
meter.’

Before the apparatus was filled wrth liquid metal it was checked for leak tightness, pumped out by a pre-
vacuum pump, heated and filled with helium. During operation, a small excess helium pressure was maintained

in the apparatus. Before and after each series of experiments the heat exchanger was checked through a special
- water circuit., .
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. Reduction of Experimental Data, The central part of the
el i ' heat exchanger was used as the working volume. Doing so

Wil ) allowed exclusion of effects from the initial flow region and of
end effects (heat losses from end surfaces). The heat transfer
coefficient was computed according to-the equation

v 3

285 o S ®

Q The quantity of heat Q was determined from the introduced
imil> 7 S electrical power. To determine the temperature difference ' -
o I 4
S it was necessary to calculate the temperature of the liquid metal -
2 [ 7 7

NN : ~in the working part of the heat exchanger, For large values of
) R the Peclet number (Pe > 300) heat overflow along the axis of the
‘heat exchanger is negligibly. small; heat brought to the rough
copper casting is caried away from it by the liquid metal prac-
| tically at one and the same. cross section, Under such conditions,
,the temperature of r.he liquid sodium changed linearly with
./ length and its value in the working space couild be easily deter-
.~ mined, For small values of the Peclet number, Pe, because of -
i the large mass of the heat exchanger, heat overflow could result
; -L‘n nonuniform-. .h_eatmg of ‘the Hquid: -Under such conditions, .
after determining the heat transfer coefficient approximately
. (by assuming that thie temperature of the liquid metal changes
o . AMnearly along.the length), the temperature distribution field was :
13 “.‘:'3constructed and the value of o was then' made thore precise.

Estlmates of heat overflow because’ ‘of ‘axial heat conduc=
tivity of the 11qu1d metal showed that the influence of this effect
is hundreds of times smaller than the mfluence of heat overflow

' ,through the heat exchanger walls,

\
2}
] \\I

\ﬂ
i

A
£
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Fig. 4.- Comparlson of experlrnemal results with copper and
‘nickel surfaces {Nu = f(Pe)] O copper surface @ nickel i
surface.

".J .
Experimental Results, Two series of experiments were made on heat transfer to liquid sodium. In the
first series of experiments heat exchange between sodium and a heated copper surface was investigated; in the

second series, the inside surface of the same heat exchanger was covered with a nickel coating approximately
10 g in thickness.

548 .
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The experiments were conducted with sodium flow velocities from 0.8 to 11 m/sec, and temperatures
from 140 to 340°C. Dimensionless moduli characterizing the conditions of heat transfer varied under these
circumstances within the limits;

Re=1.5-10* —2.1.105, -
Pr=(5--9).107,
Pe = 100 — 1400.

It should be noted that in the experiments on both the copper and nickel heat exchange surfaces, during
the initial period of apparatus operation, the values of the heat transfer coefficients obtained were consi'derably
smaller in magnitude, and were unstable. After stable values of the heat transfer coefficients were reached,
experimenfs with copper and nickel surfaces led to the same results (Fig. 4).

Nu
14
13
S (4 - : v :
1, N - r s id 3 I ]

10 ? o o 4

a‘y

»
at o
"o

=t « 1

O—=toL DU IXDWw

20 40 Gd 80 100 120 140 160 180 200 220 240 260 280 300 320 340

Fig. 5. Reduction of ‘experimental data in the form of Nu = f(Pe”?), The
values of Pe’”® are given along the abscissa.. '

Theoretical analysis shows that it is reasonable to reduce data on heat transfer, for heat transfer media
with Pre 0.1, according to the equation Nu = a + bPe®, where the exponent n must be close ton= 0.8, In
reducing the results of our experimentsto the form Nu = f (Pe)?"® (Fig. 5) it was found that it is not possible to
find a single formula (that is a single choice of the constants a and b) valid for all ranges of the number Pe, .
With Pe < 200, a significantly sharper drop in the Nu number for decreasing Pe numbers was observed.

For the range. 200 < pe <  1400, the experimental data. fit the empirical formula
Nu=59+0.015 Pess. - | 6

with an accuracy of & 109%.

In the region Pe < 200, there is still an insufficiency of expérimental points to establish an approximating
formula, : : ‘

In Fig. 6 the data obtained by us are compared with the data of other authors, Values of the Nu number
~ obtained by us turn out to be 20-30% lower than the data of Werner, King and Tidball [18] for heat transfer to
the eutectic of Na-K (experiments with a heat exchanger of the "pipe inside a pipe™ type), and agree well with

the data by Mikheeva, Baum, Voskresensky and Fedynsky [3] and the data of Johnson [4], who studied heat transfer
to the eutectic of Pb-Bi, and to mercury, : .

In Fig. 7 are compared the experimental data for the region Pe < 300 with the data published by Johnson
et al.in 1954 (5], In the coordinates of Nu = f(Pe) these data agree well among themselves; this is evidence of
the fact that with a decrease in the Pr number,a decrease in Nu' number with lowering of Pe number begins'in
the region of large values of the Re number,
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Fig. 6, Comparison of the experirher_ltal data. On
the abcissa are given values of 10% Pe. A-A,

Lyon's theory; B-B, Lyon's experiments with sodium
and potassium; C-C, experiments by Werher, King
and Tidball; D-D, theory of the laboratory of the
Acad. Sci. USSR: E-E, experiments by the labor-

" atory of the Acad. Sci. USSR (clean surfaces); F-F,

experiments by the laboratory of the Acad. Sci, USSR
(oxidized surfaces); G- G, Johnson's experiments with
Pb-Bi; H-H, Dwyer's recommendations for heavy
metals; I-I, MIFI data,
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Fig. 7. Comparison of experimental data in

. the region of small Pe numbers,

The magnitudes of deviations in the values of
heat transfer coefficients during the initial period of
apparatus operation frorn the later, stable values, in
various series of experiments, were different.

In experiments with a copper surface, a gradual

- Increase in the heat transfer coefficient took place.

On the basis of these data it was possible to assume
that, during the initial period of operation, the heat
tranifer surface was covered with a poorly conducting
oxide {ilm which, with the passage of time, was
removed by the sodium stream.

' However, with heat transfer at a nickel surface:
during a period of 70 hours, temperatures of 150 to
250°C and with a rate of flow of the molten sodium

“of 3m/sec, the heat transfer coefficients turned out

to be 3-4 times smaller.  Their magnitude increased -

, 'éharply up to the stable values only when the temper~

ature was raised to 350°C (the speed of metal flow

“increased in the process by a factor of two).

"It is reascnable to assume that, under these
conditions, it was possible to attain good thermal

. contact between the nickel surface and the liquid

* sodium. Subsequent lowering of the temperature .

- and of the rate of flow did not lead to impairment '
o of the thermal contact.

The Thermal Contact Resistance. As has

. already béen mentioned, conditions at the bbundary,

"sélid'body-liqui'd heat transfer medium", have an

- .. - influence .on the process of heat transfer.

In‘the literature. appears only the work of
Moyer and Rlemen which is devoted to the direct
determination of the thermal resistance of the con-

 tact between sodlu_m and stainless steel [7]., The

precision of these experiments was not very high
and, accordingly, it was decided to cairy out experi-
ments, if possible,- with greater precision. For con-
tact materials with liquid sodium, stainless steel,

nickel and copper were employed. T
e et ettt . :

The experiments were conducted using three
experimental arrangements, somewhat different
among themselves.

In arrangement No, 1 (Fig. 8), into a stain-
less steel tube 10 mm in diameter, 0.1 mm in-

_thickness aind 100 mm in length, from the lower

end, was tightly inserted a metal rod (of copper,
stainless steel or copper covered with a thin layer

of nickel).” The end of the rod was threaded through to the cooler. The upper part of the tube was filled with

sodium, On the tube, on both sides of the surface of separation between the liquid sodium and the solid metal,
five thermocouples of 0,14 mm nichrome-constantan wire were spot welded, The experimental tube was placed
in an oven. The temperature field in the oven was smoothed out with the aid of a thick-walled steel screen.

REN
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TABLE , ‘
Index Authors ) Heat transfer medium Surface material Value of Pr
A-A Bailey, .Coup,‘ Watson Hg steel 0.023
B-B Trefsen Hg stainless steel 0,022
c-c’ Stormquist and Borts Hg, Hg + Na steel - .0.02
b-D English and Barrett - Ni 0.0117
E-E Dudi and Unger ‘ Hg steel 0.022
F-F " e Hg+ Na - 0.022
- Johnson, Hartnett, Glabauch Pb ~ Bi " 0.030
-~ " R o Hg " 0.015
i MIFI data. Na. Cu, N 0.006-0.008

The space between the screen and the tube was filled ith diatomaceous powder. "Ten thermocouples were

welded to the. screen for controlling radial heat overflow from the. experimental ‘tﬁbe,_.

In arrangement No,.2, two discs of diSsilﬁilar solid metals, with small openings for passage. of the.
sodium, were inserted into a stainless steel tube. The thickness of_ the discs was 0.1 mm and the distance be_tween
them was 20 mm, o ’ - R ' '

The tube was filled with liquid metal, and: 12 thermocouples were welded to it (4 thermocouples to -
each part), ‘ o : ' '

‘In arrangemeht No.:3, a stainless steel tube was filled to approximately one-half its length with metal
discs 0.1 mm in thickness, with a distance between them of about 1.5 mm.,, The separating spiders were made of
stainless steel. - ‘ ' Co ' : '

, During assembly of the various arrangements the ‘rn.e‘t'a'l surfaces were washed with _dilute nitric acid,
lye and distilled water and were carefully wiped off. The apparatus was then placed in the oven, heated and

- pumped out with a prevacuum pump for 2-3 hours.

Fiﬂing of the apparatus with liquid Aéodi.u‘m was carried out with the aid of a special arrangement which
assured filtration of the sodium through a porous glass filter. . '

Heat flow along the experimental tube was induced by an electrical heater located in the upper part
of the apparatus. In the lower part of the tube a water tooler was located, The heater circuit included a voltage
regulator, ' '

The distribution of temperature along the tube was 'meashred during the experiments. Since radial
heat overflow into the surrounding medium; as well as the change in the heat transfer coefficient along the length
of the tube because of temperature variation, were both negligible, the ternperature, plots were straight lines,
‘which could be extrapolated to the boundary separating the liquid and solid metal and, in this way, used to detect -
as well as to compute the magnitude of the temperature drop across the contact (for the arrangerhents No, 1 and
No. 2). Having determined the thermal current'.along'the experimental tube with the aid of the measured t’e.rnpera;
“ture drop in the sodium, it was possible to compute the value of the thermal resistance of the contact ( §/A )x
(Fig. 9). : ' : -

In arrangement No. 2, the thermal resistance of the discs was taken into account,

In the arrangement No, 3, the thermal resistance of the contacts was determined from the relationship
of the temperature gradients of the parts (the slopes of the straight lines), taking into account the thermal resist-
ance of the discs themselves and of the spacing spiders (Fig, 10).
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Fig. ‘9: Distribution of temperature along the tube
1in arrangerient No. 1.

A t,

TR e

Ly -

\.

T T T X, B L Ty By X @y T

‘Fig. 10. Distribution of temperature-along the tube
-in arrangement No. 3. T o

Results of measurments in all series of experi~
ments showed that the thermal resistance of the con-
" tact is smaller than the maximum possible error of
. measurement, which was 5 X 107% m? hour °C /kecal.
* . From this it follws that, even if a thermal contact
resistance exists between stationary sodiﬁmand a

- * clean surface of stainless steel, copper or nickel then -
. in any case, it does not exceed the magnitude
Fig. 8, Experimental arrangement No. 1. 5 x 107 m? hour °C/kcal. Such a thermal resistance
1) oven; 2) electrical heater; 3) tube; could lower the heat transfer coefficient o (with
4) thermocouples; 5) screen; 8) rod; : L a=50,000 kcal/m? hour °C) by about 20%.
7) cooler, : : ’
Viscosity

Description of the Apparatus, For the rheasuremernit of .viscésity the method of damped, torsional
oscillations of a small pail, filled with liquid, was employed. The theory of the method was worked out in
detail by E. G. Shvidkovsky [8]. The experimental arrangements are very simple (Fig. 11). A hermetically .
sealed cylinder is filled with the molten metal, suspended on a thin elastic. filament, and permitted to.undérgo
small torsional oscillations which are recorded on a moving photographic film. In comparison with the experi-
mental arrangements described in the literature, several improvements were incorporated so that construction of
the apparatus was simplified and the conduct of experiments made easier at sufficiently high precision of results
(~ 1.5%). In particular, it was possible to dispense with the vacuum jacket, thereby, simplifying the apparatus
considerably. Protection of the metal against oxidation was assured by sealing the crucible hermetically, while
the additional oscillation damping from air friction, not large in itself, was taken into account in the calibrating
experiments. '

PN
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The temperature was measured by a thermo-
— e couple whose junction was located in the crucible,

; and whose ends were led out through mercury con-

i tacts to a low resistance potentiometer. The mer-

! cury contacts were removed while photographic

! recording of the oscillations was in progress. The
O : . photographic recording was made on ordinary 24 mm

!

I

|

]

movie film. The thickness of the curve recorded on

o ,:shoc'k_;- the'.-initial angle was precisely controllable,. o
" the center of oscillation remained fixed and it was .
" possible to brake the suspended system smoothiy.

: nggr= = i the film did not exceed 0.1 mm, assuring an accuracy
51 A 7 \\ 15 __,___,74,_, of amplitude measurement of 0,3 ~0,5%.
671 ] % - )r? 16 Much attention was paid to workmanship of
7//’ / ’/ the apparatus components since, otherwise, undesir-
88— | S— able transverse oscillatipns would arise.
" o / The torsional oscillations of the suspended
10— L / - system were not excited manuélly but, rather, with
-] /  the aid of two electromagnets whose magnetic
| / / ©field was applied to a small iron rod inserted into.
13, _ '// the suspension rod. . The current in the electro-
1 RS \ ‘ magnets, as well as their position, could be changed -
water__] l \\\ . oot al_t‘er the initial amplitude angle. Thanks to )
, . ‘ . .. .0 this:arrangement oscillations were excited without
174 dg R '

Fig, 11. Experimental arrangements. 1) suspensioh
filament; 2) mirror; 3) iron rod; 4) electr()magriet;'-
'5) upper detachable cooler; 6) detachable diato~ *=
maceous plug; 7) suspension rod;  8) crucible;

. To decrease undesirable transverse oScillations," ‘
o : s . .

~. the upper part of the suspension rod was lightened

" and the. filament shortened. -

9) electrical heater; 10) stainless steél tube; '11’)'zon"9- o ~ The oven was prepared to assure adequate . ..
lite filler; 12) side water shield;, 13) diatomaceous. . homogeneity of the temperature field, To protect -
washer; 14) porcelain straw with thermocouple; ... the suspension filament and the surrounding objects
15) light source; 16) photographic camera; -~ -. . . 'from heating, the oven was surrounded by a water

. 17) mercury baths, . . . Cooler. A_ll parts of the apparatus—the support for
. . - - . the suspension systern, the oven, the photographic
camera and the control panel—weie placed on independént supports, allowing elimination of undesirable vibra~ -

tions of the suspension system and of the camera.
. The experimental apparatus turned out to be compact and convenient to use, .

The manner in which the experiments were performed with this apparatus did not differ from that of
analogous experimental arrangements reported in the literature. In the preliminary experiments the "null”
parameters of the system were detérmined, that is, the internal radius of the crucible, the moment of inertia of
the suspension system, the period and the Iogarithmié decrement of oscillation damping for the system with
empty crucible. The dependence of the oscillation period on, the temperature could be computed, without per-
forming experiments, since all components of the system were made of a single material with a known coefficient
of linear expansion. ' o

The alkali metals oxidize quickly even .in dry air,and, because of this, filling the crucibles with c¢lean .
metal presents definite difficulties. In our apparatus the metal being investigated is sucked. through a thin copper
capillary into a previously evacuated crucible. As was shown by control opening of crucibles after the experiments

. the surface of the metal was fully clean,

Data reduction from the photographic records was carried out with the assistance of a large tool micro-
scope. 30-40 complete amplitudes were measured. The harmonicity of the oscillations was checked, that is, it
was determined whether the logarithm of an oscillation amplitude was a linear function of its order number.,

A
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Fig. 13. The viscosity of potassium. O MIFI, 1953; Fig. 15, Viécosity of the eutectic alloy (25%, "Na +
® L. M. H., 1948; © Chlong, 1936; @ Sauerwald, S+ 75% K) O MIFI, 1953; O L. M. H., 1948; the
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The viscosity calculations were made accordmg to the formulas of E G. Shvidkowsky [8]. It should
be noted that the calculations take quite a bit of time. : :

Results of the Measuremerits.- The kinetic viscosities of sodium, potaés_ium,- lithium and.of the eutectic
solution of sodium and potassium (25% Na, 75% K) were measured. With the exception of lithium, the viscosity
was measured almost over the entire range of existence of the liquid state at aimpspheric pressure. Previously,
only mercury had been studied over so wide a temperature rangé. . The results of the experiments are given in
the graphs (Fig. 12-15). The accuracy of the experiments was ~ 1. 5%. On the graphs are shown also the results
of other investigations.

_ All measurements whose results are shown on the graphs were made-only after attainment of a practically
stationary thermal regime. Reproducibility was satisfactory. Experiments were performed while heating as well
as while cooling. In addition, the experiments were performed on different days so that the metal cooled and then .-

RRA
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was again heated. In the experiments with sodium two different types of crucibles were used. In all cases the
experimental points fall, satisfactorily on a single curve. This can be seen in the graph (Fig. 12) where, with
each point, stands a serial number (the numbers stricken through refer to the-crucible No. 2).

_ “The results of our experiments with sodium agree satisfactorily with the results by Chiong [97], Sauerwald[12],
and Lyon [18], and disagree with the data reported in the handbook by D'Ans and Lax up to 20%. For potassium
(Fig. 13) our results agree with the data of Sauerwald and Chiong, and differ from the handbook data of Lyon {18]
up to 15% in the middle of the interval, dnd from the handbook data of D'Ans and Lax up to 20%.

For lithium our data (Fig. 14) agree satisfactorily with the data of Andrade, [11], who measured vrscosuy in
not too wide a temperature interval (~ 100° above the melting point).

A similar deviation is found also for the eutectic alloy of sodrum-potassrum (Flg 15) in comparison with
Lyon's data,

Chemical analysis of the metals studied showed that they have a aood level or purrty

Temperature Conductlvrty of the Alkclll Metals

The necessity of a sufficiently dependable and precise method of measuring the thermal characteristics
of the alkali metals up ro 800°C and higher forced abandonment of a direct method of measuring the thermal
conductivity A, because the determination of this coefficient requires measurement of heat flow and which,
at high temperatures, is associated with significant difficulties, frequently leading to large errors.in the deter-"
mination of A. In this connection a number of advantages are displayed by dynamic methods of measuring

A
temperature conductrv1ty which is related to heat conductrvrty according to the well known equation ¢ = ;;——,
where g is the coefflcrent of temperature conduction, A is the heat conductrvrty, c is the spec;1f1c heat and,

p is the density. ‘

In dynamic methods, heat flow through the specimen being studred is not measured and the necessity of
concern about good heat insulation of the specrmen, or about taking account of heat losses, can be avoided. To
B determine temperature, conductrvrty it is sufficient.to know the change with time of the temiperature, or of some
parameter which depends linearly on the: temperature at ‘one ot two points of the speclmen.

To measure the coefficient of temperature conductivity of the alkali metals we used Angstom's dynamic
method ("the method of temperature waves"),

Description of the Apparatus, Construction of the apparatus employed for détermining the temperature
dependence of the coefficient of temperature conductivity of the alkali metals up to 800°C is shown in Fig. 16,

The metal being studied was placed into'a vertically positioned, thln stamless steel tube. The lower end
of the tube was torch welded, the upper was connected to the. top flange through a conical seal. On the outside
of the upper part of the tube is wound a nichrome heater, fed through a circuit breaker by a stabilized ac source.
It produced a temperature wave in the sample being studied with.a fundamental period of 60-90 seconds. At
approximate distances of 20 and 40 mm from the heater, two measuring thermocouples, made of nichrome and
constantan wire 0,1-0.15 mm in diameter, were spot welded to the tube. In the stable thermal state, thanks to
the exponential decrease of temperature along the length of the specimen investigated, the density gradient in
the liquid metal (from above ‘downward), at low amplitudes of the temperature wave, always remains positive and,
therefore, convection in the liquid metal could arise only near the impulse heater. The existence of convection
in the.liquid metal, above the measurmg thermocouples had no effect on the results.

The upper flange was provided w1th some free volume to catch overflow of metal from the tube on heatmg
To eliminate the possibility of metal boiling, its free surface was always maintained at an excess pressure of an
inert gas (helium or argon, introduced through the tube). Throughout the whole length of the specimen were
distributed twenty radial copper: screens for the purpose ‘of interfering with radiative propaaauon of the tempera-
ture wave. The upper flange, together with the tube, was suspended on porcelain straws in the upper part of an
evacuated quartz tube 800 mm in length and with a diameter of 65 x 70 mm. The upper (hot) end of the quartz
tube was sealed, while the lower (cold) was hermetically attached to a steel plate through which the thermocouples -
and the feed for impulse heating were led out. The quartz tube, together with the assembly, was placed in a
tube - llke oven suitable for experiments at temperatures from 50° to 800°C.
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'Fig. 17. The measurement cifcuit., .Sp) specimen being
investigated; Hj) -impulse heater; H,) tubular electrical . '
oven; C,B.) circuit bfeéke_r; A) ammeter; P, R.) photoj
recorder; 1, 2, and-3) ':hermoc‘ouplles; .C. I.) cold junc~ -
‘tions of the tﬁe;mocoupi_es; 14, I and 1) ball,a'.st resistors | '
10 x 100-ohms; S) thermocouple switch; Ry and R,) vari-
able resistance boxes.of 105 ohms; e, and e,) dry cells,

" L4V sy, spand 557) switches; S) change-over switch;
PP) 'potentiometer; .Gy-and Gy)'small mirror galvanometers;:
Sy and S, ) light sources.: ' ‘

Fig. 16. Construction of the appar.atus."
1) copper capillary tube; 2) nichrome

impulse heater; 3) thermocouples;

4) thin-walled stainless steel tube filled

with the material being investigated; . ' The measurement circuit is-shown in Fig. 17. The

5) porcelain support straws; 6) quartz ‘ ‘d¢c component -‘ofthe electromotive force of the thermo-
tube; 7) diatomaceous plug; 8) upper _ couples, characterized by the mean temperature level of
flange; 9) copper screens; 10) movable - the experiment, is compensated by the electrornotive force
thermocouple; 11) glass for collecting - of the dry cells ey and e,,  The variable components of
liquid metal; 12) compe’nsa;ting'heater.» o - the thermocouples" electromotive forces are recorded simul-

. taneously on photographic paper through the mirror galvan-
ometers Gy and G, and the photo-recording arrangements, A thermocouple switch'S is provided to allow switching
of the galvanometers, ' The dc component of the - thermocouples’ electromotive force is measured with the poten--
tiometer PP, - o ' ' '

Conduct of the Experiments and Data Reduction, With the assistance of the thermocouples, and of the mirror
galvanometers, curves of temperature change with time at two different locations in the sample were simultan-
eously recorded on photographic paper. To eliminate errors associated with differences in the sensitivity and
period of the galvanometers always observed in experiments, the galvanometers were interchanged and the re-
cording was repeated, The amplitudes of the first harmonics, and the differences in phase, were calculated from
graphical harmonic analyses of each pair of curves, S

The apparent values of the coefficient of tém‘pe'rature conduction for the stainless steel tube, filled with
the metal being investigated, were calculated according to the well known formula [13].

gt = =L2.4
" T (Aey+Aeg)In

A4, (T
B,\B;
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where 1 = 3.1416; L is the distance between thcrmocouples taking into account the temperature lengthening of
the tube; T is the period of the fundamental harmonic of the temperature wave; Aey and Ae, are the differences
in phase between the first and second curves; A and B, are the amplitudes of the fundamental harmonics for

the first pair of curves; Aj and Bj are the amplitudes of the fundamental harmonics for the second pair of curves;

The coefficient of temperature conduction of the metal studied was calculated according to the formula

a=a*(14a),
(8)
where A is the correction taking into account the effect of the stainless steel container and dependent on the
geometry, thermal properties of the containers and of the metal being investigated, as well as on the numbers-
Bi Wthh characterize the thermal exchange between the specimen under study and the surrounding mcdlum.

To calculate the correction A it was necessary. to solve the.problem of temperature wave propaganon in
a two-layer cylinder, taking into account thermal exchange with the surrounding * medium, The following ex-
pression, correct up to terms of the second order, was obtained for A:

kR(1+" B’)(-—— _ (9).
STTUTER) A+ 2Ry ' ' '

where R = §,/Sy; Sl is the cross-sectlonal area of the metal belng mvestlgated S is'the cross-sectional area of -
A
the surroundmg container; k= . )\1 is the heat conducnvxty of the metal bemg mvest1gated A, is the
1
heat conductivity of the container*’ a, is the temperature ponductx_vny of, the metal studied; a, temperature
conductivity of the container, Bi = T ;oo 1s-the heat transfer coefficient between the specimen and the
. ) S .
surrounding medium; r'is the radius of the specunen.

-As can be seen from the forrnula the effect of measurements of heat exchange between the specimen under
study and the surrounding medium, assummg appropriate choice of aterials and geometnc dlmensmns of the
container, can be made neghglbly small :

The. values of the corrections A in experiments with the alkali metals represented 5-109 of the measured
values so that their introduction wasg essential,

Results of the Measurements. Using the apparatus described‘ the temperature conduction coefficients were
measured for sodium, potassinm and a solution of 8% (by weight) potassium and 22% sodium, in the temperature
. range from 50° to 700-760°C. In this temperature range the apparatus worked satisfactorily. The deviation of -
the individual results from the average did not exceed 0.5%. The results of the measurements are given in Fig. 18.

. ‘ ‘ For comparison of the results obtained with
o . ! . the results of other authors, the coefficients of
hr - - —t ) heat conduction were calculated from the experi -
P I e N ' mental values of temperature conductivity. For
’ i \“*\o - Potassium “this purpose use was made of Lyon's data [18] on
T N Sodium the specifichegt of sodium, potassium and of the
02 | solution of sodium and potassiumn, as well as data
. from Lyon's handbook on the density of liquid
. N -metals. The calculated values of heat conductivity,
a1 : Alloy -781K+22%Na | and the data of other authors, are given in Fig, 19,

3

Results for sodium coincide satisfactorily
0 S ai with Ewmg s data, and the data of other authors
0w 0 Jog “wo o s00. 600 70t {15 - 18].

The results for potassium agree well with
Fig. 18. Temperature conductivity of sodium, potassium Ewing’s data for high temperatures. Deviation at
and of the solution 22% Na, 78% K. low temperatures is difficult to éxplain‘ since_wé
: had no chemical analysis of the metal used in our
experiments.
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On the heat conductivity of solutions of

~ keal bl B | sodium and potassium little data is available [15]. In
mehr.°C \‘,5\1“ addition, heat conductivity of the solution near
60 Bl - S the eutectic composition can depend markedly on
‘ F"“‘-mq.‘\%@‘dium the composition; accordingly, for comparison pur-
L\\\\\ I poses, it is necessary to have an analysis of the
~a, . .
.40 - '?ENMM%NPo_t_assium alloy being studied.
- Density .
@ L —+-d -4~ Alloy| 78iK+2ziNa Existing methods for measuring the density
PR = ——— of ordinary liquids, and of the less reactive molten
0 : : ' metals, are not applicable for the alkali metals
e lo g0 o 50 60 70 1€ because of their great chemical activity, In con-
' ducting experiments with them it is necessary to
. choose carefully the material of the container,’
Fig. 19, The thermal conductivity of sodium, potassium and to isolate the metal from contact with air
and the solution 229 Na + 78% K., O MIFI data, and water,

® Data of Ewing et al (1952) and of Lyon's handbook on

) ! o. . ;t t
liquid metals (L. M. H.), ® Hall's data (1938). For determining the density of molten

' ‘alkali metals we used a simple and sufficiently

‘ . accurate method consisting of weighing a weight
of known volume in the 11quid being 1nvest10ated taking the precaution of keeping the surface of the metal
protected against contact with air by using a layer of melted paraffm, and by using stamless steel for the container
material. : :

The container was divided into two parts- a "hot" (1ower) and a "cold” (upper) (Fig. 20) joined together
by a thin-walled tube with a diameter of 10 mm. The outside of the tube was heat insulated by a filling of
diatomaceous dust. At not too elevated temperatures, the molten metal occupied the entire lower volume of the
container, the joining tube and approximately one-third of the upper volume. The surface of the metal was
covered with a layer of melted paraffin, ‘With increasing temperature the level of the metal in the upper volume
rose but remained isolated from contact with air,

The lower volume was the workmg space, and in 1t ‘was located the suspended welght consisting of a stream-
vhned steel or tungsten cylinder. It was attached to the pan of thé analytical balances and suspended on'a thin
(diameter 0.1 mm) steel filament. To increase the accuracy of measurment the volume of the weight should be
large; however, doing so results in a sharp increase in the quannty of metal being studied and of the dimensions
of the apparatus. A reasonable optimum turned out to be a volume for the weight of 1- 2'ce; we took a weight
of 1.6 cc which allowed a small working volume (~ 130 cc) :

‘The hot part of the container and half the joining tube were- placed in the heating oven.. Since the upper
. and lower volumes were united only by a ‘thin-walled tube, while the remamder of the space was f111ed with heat
insulation, heat losses from the hot part of the container were not large. Because of this it is simple to attain a
‘temperature of ~ 900°C in the lower volume at an oven heating power of 0.9 kw, whrle the temperature along
the height of the "hot" volume changed by not more than 3-5°C,

On the other hand, thanks to low heat losses from' the "hot” volume, the temperature of the metal and of -
. the paraffin in the upper "cold” volume of the container remained relatively low. To maintain it at a definite
level (100-150°C), the upper part of the container was surrounded with a thermostatic jacket contammg boiling
water. At low temperatures in the working volume, the boiling of the water in the thermostat was maintained
' by an auxilliary heater. The ex15tence of a large temperature drop along the length of the joining tube should
have led to iniation of natural convection; however, its effects could not be detected. :

The -flllmg of the apparatus with metal was. carried out in the following way. The weight and the filament
were placed in the container, the system was hermetically sealed and evacuated, Then, through narrow tubes,
the subsequently melted metal and paraffin were sucked into the container. To control the level of the metal
being sucked into the container, a contact for an electrical level gauge was introduced. Before entry into the
container, the metal passed through a porous glass filter to remove the oxides. After filling, the container was
opened and the weight attached to a pan of the analytical balance. '

]
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The measurements were extremely simple, and
amounted to weighing the weight placed in the molten
metal on an analytical balance as well as measuring the
temperature in the working volume. The temperature

was measured with the aid of four thermocouples dis-
tributed uniformly along the height Qf the "hot” volume,
the value of the density-being related to the mean tem -
perature along.the height. The volume of the weight

at 0°C, and its weight in air, were determined ahead of

‘time; in the calculations a correction was introduced
for thermal expansion of the weight,

With the aid of the apparatus described above,
the density of sodium was measured {fom the melting
point up to 720°C (Fig. 21). Experiments showed that
measurements could be made under steady~ and non-

' steady state conditions. All points, 111clud1ng values
obtained with a different weight and while cooling, fall
on a single straight line with a maximum deviation of
0.4%. As can be seen from Fig, 21, our data agree
fully satisfactorily with data known from the literature
[18] (given in the graph by a dashed curve). The max-
imum deviation, at a temperature of 700° o8 doe< not
exceed 1.5%

73

~

RS

NN
A%
e

Fig. 20. Experimental arrangements.

1) container; 2) weight; 3) diatomaceous
dust filling; 4) casing for the filling; 5) ad-
justing plate; 6) thérmostat containing b0111ng
water; T) aux111ary heater; 8) level gauge;
9) main heater; 10) thermocouples;

11) analytical balance; 12) suspension

The density of potassium from the melting point
to 735°C was alsc measured (Fig. 22). All points,
mcludmg those obtained while cooling, lie on a single
straight line with a maximum deviation of ~ 0.4,
These data agree fully with those known in the literature
[18], which #Fe shown on the graph by .a dasied Hie
(the maximum deviafion, at-a-temperature of 735°C,

does not exceed 0.8%,).

filament; 13) the metal being investigated;
14) paraffin, ‘

e T T g/cm?
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Fig. 22. The density of potassium. O The value of
density obtained in a stationary regime while heating;
® the valde of density obtained in a non-stationary
regime while heating; @ value of density obtained
while cooling.

Fig. 21. The density of sodium. O @ © Experi-
ments with a tungsten welght in a steady state, while
heating and cooling, and in a non-steady state; A ex-
periments with a steel weight; dashed curve is for
Lyon's handbook data. '
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INVESTIGATION OF SYSTEMS OF FUSED SALTS BASED ON
' THORIUM FLUORIDE

V. S. Emelyanov and A. I. Evstyukhin

Communication I

INVESTIGATION. OF THE SYSTEM ThF,~NaCl ~KCl

The system ThF,—NaCl—KCL, ‘which is significant in the selection of
an electrolyte for the production of thorium by electrolysis, was ‘investigate‘d
by thermal and x-ray phase-analytical methods. The salts'were melted in an
atmosphere of argon. The following structural diagrams were constructed:

.the system NaCl—ThF, — an eutectic type with complete insolubility in the
solid state (the eutectic lies at 712°C and 52 mole % ThF,); the system™
KC1—ThF, — the same type (eutectic at 704°C and 23-mole % ThF,); and a

section of the ternary system NaCl—KCl— ThF, along the line (1NaCl: IKCH—
-ThF4 with the pomt of intersection with the eutectic crystallization curve at
626° C and 409, (by wewht) ThF4

Thorium is of interest as one of two forms of a natural raw material for the prepa'ration of riuclear fuel.

Thorium which is used for this puipose must be very pure. The amount of contaminating elements having
a greater cross section for the capture of thermal neutrons 1s not permitted to exceed 1-10. 5--1 10-¢ %.

To such dangerous or “forbidden" impurities belong the rare earths ( which occur along with thorium in
nature and are difficult;to separate from it); and certain other elements.. The rare earth elements are success-
fully-separated from thorium by electroly51s of the fused halides of sodium, potassium, and thorium. Therefore.
the production of thorium by electrolysis has an advantage over other possible methods for its production, and
is used on an industrial scale. In spite of the long time and widespread use of electroly51s of fused salts for the
production of a number of light metals (alummum magnesium, potassium, sodium, etc.) and rare, nonteadily
fusible metals, thorium among them, this method is comparatively little studied. 'This fact in particular, is.
explained by the insufficient study of the physicochemical properties of the fused salts of the rare metals.

The system NaCl KCl—ThF, and the systems NaCl—ThF, and KCl1—ThF, which enter into it are of interest
in the selection of the electrolyte for the production of thorium by electrolysis of fused salts. A study of the
structural diagrams of these systems was begun by us in 1950 [1]. There is'no information on thls in the unclass-
1f1ed literature. . :

Method of Investigation

After a series of prehmmary experiments, we selected thermal analysis (with automatic recording of the
ordinary and differential curves) of alloys of the salts as the basic method for the investigation of these structural
diagrams. Since ThF, is easily decompoaed by the action of oxygen when melted in air, being converted into the
oxyfluoride ThOF, or the oxide ThO,, heating and cooling of the alloys were carried out in an atmosphere : of
argon, Recording of the thermograms was carried ‘out automatically with the recording -pyrometer of N, S,
Kurnakov [2] while heating and cooling the fuace at a rate of 3° to 6°C per minute. The temperature was
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Fig. .1. Diagram of the apparatus for thermal analysis, according to .
Kurnakov, in an atmosphere of argon. ‘ -

regulated by means of a voltage regulator, . Melting and
cooling of the alloy samples for th‘e‘rmz_tl analysis was
cafiied out in a special metallic cell having the required -
sturdiness and reliability for the work (Figure 1). It was
established that, in a protective atmosphere of ‘argon,

' nickel crucibles do not react with fused mixtures of the -
indicated fluorides and chlorides, Therefore, all further
work waé carried out in crucibles of electrolytic nickel.
Standard ‘ platinum-platinum -rhodium thermocouples
were used for the ordinary and differential recordings.
The system was easily pumped out to a residual pres'sure

¥ ~of 2.0-3.0-10"° mm Hg measured by a thermocouple-
:i‘;:;:;:;:fﬁfg’é’%g g’gf:: 2 type manoreter, Prior to filling the system with argon,
%070t %%\ Il YR e Y . . .
LIRS | N dosstersset the:system was washed several times with this gas. Before
ossrstetetete Nammi R
Pgooesesste s N RN, 0056.0009% p Coae .
:,:,:,:::,:,:.: ._§ =!\,:.0:0‘0,0‘¢.0 entering the system, the argon, which contained up to
CRIARRIKAN —b . . : ;
a‘:i:‘:::::::: E§ = 0.49 oxygen, was passed over magnesium turnings heated
00 %606%% 2 . ) P . i PR .
:::::::::g::!;i@sé h E- to, 400-450°C. Minimum formation of thorium oxides
CRRRRXAKHE AT 5 - . :
KRR ; and oxyfluoride, unobservable by the usual analytical
B0 N N EOREKE] ; ; : ;
% ::E::::::fégii-s 5=§p’£5‘:¢:‘: methods, occurred during fusion of ThF, in an atmosphere
: Jom : s .
:&.‘.:::::3:;:1§=§\\\\\\\\\\,‘§!§$§:}:§:§:ﬁ . of the argon so purified.” In certain cases, for the purpose
SHKRA Ao RS . L R )
s ooy of control, visual thermal analysis was carried out in a

e o e e SR aatetetotototel
SRR AR RIELKEILLS
B stedeteseietetolotetotatotototototetetototetetetotote’s
RIS
PR Y‘O.v!vy‘w.w‘m‘o O

£ . 0.9.,9,
2 PrIIITIIIIPITIIIIIINIIFIIIIIN I /”llllll””n}ld‘
. YA

" special apparatus shown schematically in Figure 2.

X-ray phase analysis was extensively used as an
auxilliary method. Radiograms of the alloys were taken
. _ with a URS-70 x-ray apparatus with the usual Debye
Fig. 2. Diagram of the apparatus for visual N cameras of 9.02 cm diameter using copper Ka-radfati'on
thermal analysis in an atmosphere of argon. filtered through nickel. '

<

—ent——

Phase analysis was'carried out by direct comparison of the radiograms with radiograms of the pure start-
ing materials; ThF,, NaCl, and KCI. '

.In order to facilitate phase analysis of the salt alloys, their phase components were separated prior to ex~
.posure of the radiogram. The separation was based on the different solubilities of the phases in water. Upon
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washing with water, the NaCl and KCl.went into solution, and the ThF,, which is insoluble in water, remained in
the residue. Radiograms were then raken of the insoluble residue and of the soluble phase of the sample of alloy

obtained after filtration and evaporation of .the solution.

Moreover, during the study of these systems we made partial use of- microstructural analySb with pre -
paration of sections of the salt alloys.

Compositions of the alloys were checked by chemical analysis.

Materials

ThE,.

hydrofluoric acid and thorium oxide purified from rare earth elements.

Thorium fluoride with four molecules of water was specially prepared from chemically pure
It contained a considerable amount of

adsorbed hydrofluoric acid which protected the salt from hydrolysis during drying in air or under vacuum. The
' process of the removal of water of crystallization

from ThF, - 4H,0 was studied experimentally. The

3H,0] 125} :

M0 117

H0l580}— — — +

. YaH,012.92} — —
"UH,0|146FE ==

and wt. %,

0123wt — — — -~ —

!
drymg under vacuufn at
7 P=003- 005 mim Hg

_—— el e e ._____,___.

D=

! drylng in air at

{atmo

s Stk bt

. %H,0|073 pros

Amount of water of crystallization in moles

Fig. 3, Graph of the.dehydration of ThF,* 4H,0
during drying in air and under vacuumi (sample
- weight 0.1-0,3 kg, drying time 4-5 hours), -

with a continuous black layer.
latter was maintained for a certain length of time at a high temperature.
carbon, was broken up into pieces and ground in an agate iortar to 200

results are illustrated graphically in Figure 3. As
seen from the curves obtained, complete dehydra-
tion to ThF, was not attained, even at 400°C. The
dried ThF retained from 1/8 to 1/4 molecule of

water per molectile of thorium fluoride.

The analysls

of the drled fluorlde is presented in Table 1.

Moreover the ThE, contained hundredths of

a per cent (by welght) organic material, since it was
prepared-in a rubber-lined dish. For final dehydra- :

‘tion of the ThF, and the removal from it.of organic -

substances, it wis subjected to a preliminary fusion
in an atmosphere of purified argon. During this

treatiment, the organic material floated to the sur-
face of the fused ThF, in the form.of carbon black,

which was easily removed from the surface of the

solidified melt.

The amount of carbon black formed during
fusion of a fresh portion of ThF, was so considerable
that-the "regulus” of the fused salt was covered
In order completely to separate out the carbon on the surface of the melt, the

The ThF,, remelted and purified {from
mesh. The fluoride powder was

slightly hygroscopic, and was stored in glass jars with ground -glass stoppers The composition of the remelted

fluoride is given in Table 1.

It'contained less than 0, 2% impurities.

TABLE 1

Composition of Thorium Fluoride After Different Treatments

Element Content in 0]? (by weight) Analytlcal‘method
1 After drying After remelting

Thorium 73.07 ! 75.25 Gravimetric chemical
Fluorine 23.90 24.56 Gravimetric chemical
% of oxides of the rare- earth elements 0.005 0.005 ‘Spectral

Iron : 0.015 0.015 Ditro

Phosphorus 0.010 0.010 Chemical

Sulfur 0.015 Not found Ditto

Water of crystallization 2.90 = Ditto

Oxygen in thorium oxides and oxyfluoride - 0,16 By difference

Total 99.915 ~ | 100.00
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In Table 2 is given the average value of the melting point of the remelted ThF,, repeatedly determined by
the method of thermal analysis. Values of the melting point of ThF, determined. by other investigators are given

in the table for comparison,
"TABLE 2

Melting Point of ThF, According to Various Data

Authors

Year of the determination

Melting point,

°c

Note

Evstyukhiﬁ and Bystrov [7]
Dergunov and Bergman [8]

. Brewer [9]

1949
1948
1950

1060
1114
1027

Determined by cal -
. culated estimation

As seen from Table 2, the divergence in the values of the meltmv point of ThF4, as determmed by dlfferent
“authors, is small. Unfortunately, owing to the lack of information on the. purity of the preparation used in work 8]
-and on the' method of melting point determination, it is 11np0351b1e to carry out a comparative evaluation of the’

data of Table 2.

NaCl and KCl, chemically pure gtede

Prior to use, the salts were dried to constant weight and stored in

the same manner as the ThF,, Crystallme powder of NaCl was used for the preparatlon of the alloys; the KCl,
in view of its hygroscopic nature;, was ised in the form of fused "lumps" '

Investigation of the'Systein' Naci —-ThF4'

Fifteen alloys were prepared begmmng at 10 mole % ThF4 and contmumg at 1ntervals of 10 mole %, In
the region of the eutectic, the alioys were prepared at: mtervals of 2 mole %.

.The data from thermal analyms were conflrmed by x- ray analys1c [31. In Flgure 4is presented the structural
diagram for the system NaCl—ThF, constructed from- the results of this work. The components of the system were

miscible in all proportions in the liquid state.

Upon crystalhzatlon they formed a eutectic at 52 mole % ThF,

-and '712°C Practically complete mutual insolubility of the components was.observed in the sohd state.

Investlgatlon'of the system KC1 — ThF,

. This sys‘te‘m was investigated by the method
/'/ . of thermal analysis [4]. The alloys were prepared
in intervals of 5 mole 9.

Durlng the: preparation

_of alloys from KCI powder, an effect in the solid
‘state was observed on the thermograms at a temper -
ature of 504°C in addition to the effects correspond -
ing tothe liquidus and solidus lines.
effect was not observed when lumps of fused KC1.
were used for the preparation of the alloys.
phase analysis of the alloys [3] was carried out to
clarify the nature.of this effect.

The indicated

X-ray

. For this purpose, radiograms were taken of the
ThF, alloys containing 5, 10, 20, and 80% KCl powder

‘and of these same alloys separated into the phase

.WNa.Cl ThF,
11 i ’
o 0"
1000
O 7
3 80 - :
2 70 “ =5
g ‘ i
2 600 +
g 1
S 500 ;
!
™ o . ;
. i g
3 - t
B [
200 t —
\52%
w20 30 4w W 60 80 90 e
Mole %
' Fig. 4. Structural diagram of the system NaClL—ThF4.
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components by washmg

Inspection of the radio-

. : grams obtained showed that there were two phases
in all samples; one wasKCl, the other, insamplescontaining 10, 20, and 809 KCl, had a very complex (but similar
in all cases) radiogram which. differed from the radiogram of ThF,.
besides KCl. there were observed lines of a phase with another crystalline structure. X-ray analysis involving
comparison with specially prepared and chemically analyzed preparations [5] established that both of these phases

‘In the radiogram of the alloy with 959 ThF,,
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were compouitds of the type K Thny+4y It was shown that a compound having the composition KTh,Fq was
formed at ThF, contents of less than 90%; at ThE, contents greater than 90%, another compound having the com-
position KThgF,s was formed in the system. Their formation proceeded apparantly as a result of the decomposi~
tion of KCl1 (in the presence of traces of O, and. HZO) and the formation of KF, which immediately entered into

reaction with ThF,.
]

KC1 v ThF, NaClKCL Mole 7
. : . "1 Wow %6
1100 : : M,mo 100 e — 1w 4 ALEL ///ao
1000 : = 1000 —{1000
900 e 400 - : : - — 900
U% _ —1 o™ 8] 0 : 1 - 400
g :::b‘“j?mo ' ~ ° = w0 : - m-J;;’/ 700
s | . P e o0 SO o0 | oo |
g W - g T g S i s s 600
: QE’ 570 : o . E 500 ’ 4 e er' 500
) ' [“400 [N, '—-'——;_—'-—""-"—"'—"""1;00v
00 + . [ e : . .
A : t : . 300 - ; . —t ——300
200 ‘ : S . ,
| : Ny w0 : : — 200
b/ /R N I I A R d ' SR N ST
Mole % 0w W w0 68 W8 9 M
" by wt.
Fig. 5. Structural diagrafn of the system KCl~ThF,. Flg 6. Polythermal section INaCl+1KCl— ThF4 of

the system NaCl—KCl— ThF4.

X-ray analysis of the alloys prepared from fused 1urhps ‘of KC1 (which were less hygroscopic and adsorbed.
less water and oxygen) showed that only two phases, KCL and ThF,, ‘were present in these alloys. On the basis of
the data from thermal and x-ray analysis [3, 4], it was established that the structural diagram of the system
KC1—ThF, is a eutectic type (Figure 5) with a eutectic at 23 mole 9% ThF, and 704°C and- with practlcally com-
plete insolubility of the components in the solid state. '

Thermal analysis of the systems KC1—KyThyFy . 4y - where x = land y = 2 or 6, showed that their structural
diagrams wete similar to the structural diagram of .the system KC1—ThF,. At the same time; it was determined
that the melting point of the compound KTh,Fg is 900°C and that of KThgFy is 930°C.

Investigation of the Polythermal Section 1NaCl ® 1KCl — ThF, of the Ternary System
NaCl —KCl— ThF, ' . S

The polythermal section 1NaCl: 1IKC1~ThF, of the ternary system NaCl—KCl1—ThF, was invéstigated {61,
this section being of interest since in it lies the composition of the original electrolyte used for the preparation
of thorium.

The study of this section of 'the ternary d1agram NaCl—KCl—ThF, was facilitated by the fact that all three
binary diagrams along the sides of the concentration triangle were known. Two had been constructed from the
data of the present work, and the third (NaCl —KCl) had been determined earlier [2]. The components of the
latter diagram form a Continuous series of solid solutions with a minimum on thé liquidus line at 654°C, 50 mole %
‘NacCl, and 50 mole % KCl1. Below a temperature of ~ 400°C, the solid solutions of sodium and potassium chlorides
decompose forming a mixture of bordering solid solutions, '

Thermal analysis of alloys of mixtures of (INaCl + 1KC1) and ThF4. which were prepared in intervals of
2-5 mole 9 ThF,, laid the foundation of the section' shown in Figure 6. X-ray analysis of the allcys with and
without separation of the phases by washing showed that they were three-phase alloys and were composed of mix-
tures of the phases NaCl, KCl, and ThF,. As seen from Figure 6, the section approximates the structural diagram
of a pseudobinary eutectic system. The point of intersection with the line of crystallization of the binary eutectics
having the lowest temperature lay at 40% by weight. ThF, (12.6 mole %) and 626°C. The solid solution NaCl—KCl
begins to decompose at 430°C, but, with an increase in the ThF, content of the alloy, the heat effect associated
with the transition becomes unnoticeable (the transition is represented on the section by a peint).

. 565
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SUMMARY

1. The structural dlagram of the system NaCl—ThF, was constr ucted Itisa diagram of the eutectic
type with immiscible compoiients in the solid state, - The eutectic lies at 52 mole % ThF, and 712°C,

2. The structural diagram of the system KCI*ThF,i is also a eutectic type with a eutectic at 23 mole 9
ThF, and 704°C. The components of this system are practically immiscible in the solid state.

3. Upon fusion of K Cl-with ThF, in the presence of oxygen or moisture, complex compounds of the type
‘KxThny,r 4y where x = 1 and y = 2 or 6, are formed. These complex compounds also give a eutectic type
diagram with KCl. '

4. The polythermal:section(INaCl : 1KC1l)—ThF, of the temaiy'system NaCl1—-KCl—ThF, was constructed
in which the lowest pomt of the line of eutectic crystallizationlay at 40% by weight ThF, (12.6 mole %) and
626°C. -
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DETERMINATION OF THE SEPARATION COEFFICIENTS OF THE
ISOTOPES OF BORON IN THE EQUILIBRIUM EVAPORATION OF BCl,*

N. N. Sevryugova, O. V., Uvarov, and N. M. Zhavoronkov

The separation coefficients of the isotopes of boron are determined for equllibrlum
evaporation of boron chloride in the temperature interval 12.7 to 85°C. The methods
are described, and the equation relating the dependence of the coefficient on the vapor-
ization temperature is derived.

The stable boron isotope of nuclear mass 10 has met with wide application in neutron research. Compounds
enriched with this 1sotope are used as one of the means for 1ncreasmg sen51t1v1ty of neutron counters,

To obtain substances having a hlgh content of B¥ it is possible to usé a vanety of means for separanng ‘
boron isotopes (thermal diffusion, chemical isotope exchange, fractionation). - The simplest and the most produc=~
tive method, at the present time, is fractionation. For realizing fractlonatlon it is necessary to use liguefied com -
pounds of boron, fors -example, the halogens- BF; (b. .p. =101 7%, BCI; (b. P+ 12.7° )» BBrg (b. P+ 91, 7°C)

. Urey [1] attempted to compute from statistical thermodynamlcs the: separatlon coefflclent for the system
81, ;—BYCl, and obtalned a value at 25°C equal ro 1,013, :

Green and Martin [2], by fractlonauon in a glass laboratory column, established that the more volatile
component was BuC13. The separatlon coefficient for the. normal bo111ng temperature, according.to theu data,
is 1,0018,

Employment of the fracttonatlng column for determmatlon of the separatlon coefficient cannot lead to
good results since every impairment of the separatlon capab111t1es of the column decreases the ennchment and,
consequently, distorts the value of the separation coefflclent

For precise determination of the separatlon coefficient "¢ of the system B11C13 —pY CI3, and for its dependence
on temperatnre we used Ralelgh s distillation method [3]

This method consists of evaporatmg a large quantity of the substance to a small residue. From the change
in the isotope ratios between the beginning and end of the distillation it is possible to determine the separation
coefficient [4] from Raleigh's equation.

In ( ' . . .
t—ay : .
n 1'0()'0 . (1)
Gy’

where G, and Gk are the initial and final quantities of the liquid, xy and xy, the initial and final concentrations
of the more volatile isotope. :

-As can be seen from the Expression (1), the accuracy of the determination of depends on the accuracy of
" measuremerits of Gy and Gk and of the isotope concentratlons

*K. 1. sakodynsky and Yu. I. Golovkin tock part in the -experimental phases of this work.
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Taking into account that isotopic analysis can be carried out with a relative accuracy of & 17, the ratio
Gy /G) was maintained equal to 3000 to 5000, Under these conditions the magnitude of o was computed up
to an accuracy of several parts in the fourth decimal place. For a delivery to analysis of 0.3-0.6 g of BCl,,
- the evaporator was loaded with 2000-3000 g of the feed. Such a large guantity could not be evaporated directly
to a small residue; accordingly the distillation was carried out in two stages. The first from 2000-3000 g to
50-70 g, and the second from 50-70 g to 0.5-0.6 g.

The separation coefficient could be determined under adherence to the following conditions:

1) At every moment the composition of the liquid must be the same in.every part of the volume. This
is accomplished by intensive mixing without breaking up the liquid into droplets.

2) The evaporation must be carried out slowly, without violent boiling. The latter leads to droplet
formation and, consequently, to a reduction in the value of a.

3) The walls of the evaporator, especially over the liquid, must be somewhat hotter than the temperature
of the liquid. If such is not the case, condensation of the liquid can take place, leadmg to an increase in the
value of a.

The first stage of the distillation is accomplished with apparatus whose arrangement is schernatically
shown in Fig. 1. Its primary part isthe evaporator, 1. A miixer with sylphon seal, 8, was attached to an upper
cross section of the evaporator. The evaporator had two connectmg pipes:: one for addmg BCl,, the second for
connection to the condenser, 9. During operation, to the connecting tube through which the BCl; was introduced,‘
a drying system, 4, was connected together with a manometer and an air line. Condensation of the vapor was -
accomplished by solid carbon diexide or by liquid air.. To the condenser was conriected a drying system, 12,
connected to the atmospheré “or with a vacuum, through the manostat, 11. The manostat maintained pressure
within + 1.0 mm.Hg [3]. To maintain the dlsullauon regime constant, the evaporator was placed in the cryostat
2, Before begmmng work the entire systen was’ pumped out, the evaporator was cooled to —50°C, after which -

" boron chloride was introduced, the quantity havmg been weighed to-an accutacy of + 1 g.. Ordinarily the tem-
perature in ‘the cryostat was mamtamed 7-15°C higher than the existing value corresponding to the vapor pressure
of BCl; in the evaporator. o g :

) 8 T,
, ol 7\
= ) ‘72
- V/4
KT\ Z ' l‘,
| »
. . to V;Zuum
: . pump
2 |
3 ’ \
i dt < 4

Fig. 1. Arrangement of the apparatus. First distillation stage. 1) evaporator;

2) cryostat; 3) heat insulating box; 4) drying system; 5) manometer; 6) elec-
trical relay; 7) mercury -toluene temperature control; 8) drive for the mixer with
sylphon seal; 9) condenser; 10) vacuum gauge; 11) manostat; 12) drying system
for the vacuum line, i
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Evaporation was continued at one and the . same rate until the residue was 50-70 g. After this, the small
metal flask was disconnected and in its place was introduced the second-stage evaporator. The residue of the

liquid from the large evaporator was driven over as a whole, the vapors being driven out by blowing in dry air
over a period of several hours. :

The second distillation stage. The experimental arrangements are shown schematically in Fig. 2. The
evaporator, 2, is equipped with a glass bladed, magnetically actuated mixer. The distillation conditions (pressure,
thermostat temperature, speed of evaporation per unit surface of the container cross section, number of mixer
revolutions) were the same as in the first stage. The vapors were condensed in a glass trap lowered into a Dewar
flask.. Distillation was continued until the liquid residue in the evaporator was about 0.5-1.0 g. The weight of
the residue was determined by weighing the evaporator on an analytical balance

The residue was taken up in glass ampules sealed to the evaporator, Alr was pumped out as the evaporator
was lowered into a Dewar flask containing liquid air. The evaporator was then heated to room temperature, -into

one of the ampules about 0.3 g of BCl; was condensed, and the ampule was then disconnected. The second -
ampule was filled the same way.
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Fig. 2. Apparatus arrangement. Second distillation stage, 1) Cryostat;

2) evaporator with magnetic mixer; 3) electric motor and reducing gear;

4) electrical relay; 5). mercury-toluene temperature control; 6) Dewar flask
with cooling agent; 7) -Gilmont: manostat; 8) drying chamber; 9) condenser;
10) ‘vacuum gauge.

_ To determine the effect of rate of mixing on the size of the separation coefflclem the rate of rotation of
the mixer was varied from 150 to 500 rev/min, while keeping other )conditions constant-(the value of the coefficient
o over the entire range of values of the rotation speed is-given in the table).

‘As is clear from these data, o had a maximum value.at 300 rev/min. Wlth further increase in speed of
..revolution & decreased, probably because of droplet formation in the liquid, evaporation on the hot walls and
consequent lack of equilibrium conditions in the evaporation.

The effect of speed of evaporatmn on the magnitude of the separation coefficient of BmC13 —BnC13 was
studied in the same apparatus (see Figure 1).
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In the evaporation speed interval from 1.8 to 4.7 cc/sq-cm-hour, the magnitude of the coefficient remained
practically constant. '

To determine the temperature dependence of the separation coefficient o, experiments were conducted
at 300 mixer rev/min in the remperature range from + 12.7 to —85°C, and with speeds of evaporation no higher
than 3.0-3.5 cc/sq.cm. of evaporation area per hour. '

The results of the mcasurernents are graphically shown in Fig. 3. The magnitude of o rapidly decreases
with the temperature, At —~61.7°C tlie vapor tensions of B1°Cl3 and BnC13 are equal, while at lower temperatures

- BYC1® becomes the. more volatile component. -Analytically this dependence can be stated through an equation of
the type ‘ . . : ’ - ’ ' ‘

a:'a,‘eT, 3 S : (2)

where a and m_ are numerical factors: while T is the absolute temperature.

TABLE g .
Effect of Mixing-Speed on the Magnitude of the § Mg . : LA 1~ ]
Separation Coefficient at the'Boiling Temperature. = '
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In Fig. 4 the températufe dependence of « is-.

given in terms of the coordinates (log o) 104, (1/T)‘104. 5t - ' \
. . ©
The values of the numerical coefficients turned . . N
out to be equal, respectively, t0.1.0112 and —2.33, .
Thus," ’ : . _ o .
E ' . 2.33 ew . Fig. 4. Dependence of the separation coefficient on
a=1.0112¢ T () ’ |

, the temperature in the coordinateslog a, 1/T.
or , .

log-a=0.00483 — L0017 . (27

As is known the numerical coefficient m in the Equation, (2) represents the ratio of the difference in the
heats of 'vaporization of the isotopic forins of boron chioride to the gas constant:

m— 8=, ar : ’ (3)
TR <R

inserting the values of mand R we get AX = 4.6 cal/mol.
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fsotopic anatysis®, The analysis of thc residue for isotopic content was camcd out on a type MS- 1 mass-
“spectrometer. The apparatus was (,qmppcd with an additional magnetic field winding, and with-a rapidly acting
‘electronic potentiometer of the type El’l’ 09 for automauml]y recording the mass-spectrum traces, as well as
with a double metallic system for gas "introduction." This last allowed rapid exchange of the "standard"” for
the residue being studied. The cormpound BCl; was used for the isotopic analysis of boron, The large reactivity
capability of BCly in relation to organic compounds and moisture, as well as its adsorption on the internal surfaces
of the apparatus, made the measurements very difficult,

To remove adsorbed BCl; from surfaces it is not sufficient merely to prolong pumping, it is necessary to
heat well. Because of this a metallic system for gas "introduction™ was prepared,from which were excluded
all cocks and projections. The ampule with the residue was sealed to the system through a transfer tube made of
covar alloy. To compensate for losses through adsorption a considerably larger quantity of it was used than is
usually necessary for analysis of other gases on the mass spectrometer. Before each measurement the mass~-
spectrometer tube and the "introduction” system were heated for about an hour The process of removing adsorbed
gases was continued until complete dlsappearance of peaks corresponding to [BCIZ] Only after this was it possible
to carry out the analysis of a new residue which, before introduction into the system, had been cleaned by dis-
tillation.

A series of peaks corresponding to ion currents of B*, [BC1]+, [BCl,)*, and [BCly] with the masses 10-11,
45-48, 80-85, 115-122, were recorded on the paper tape. ' :

- In: Flg 5 is shown a typlcal mass spectrum for BC13 Possible contamination in BCl (basically in HCI)
does not impede measurements.of these masses. ' '

‘ Relations among the isotope pairs for‘various masses gave satisfactory agreement, The most intensive
were the peaks for [BCl,]", while the most stable were [B]+ :

fon B* . _ ion BCIy ion BCIF
- o
: _ , - 3 1168135
82-B1001350137 : 117—B1001350137
83-—Bl(C1%501?7 . 11;9¥B1]GI§50137
82--B0013? _ 119—BYc1%5¢) 37
85—Blc)37 120-BUg0137 \
- 121—BYC)37"
122-BYC1§"
Stan@ard Probe Standard ~ Probe Probe

‘ -
0 q 8081 84 83 84 85 ' 1157116 117{86440\&!22

Fig. 5. Mass spectrum of boron chloride.

*Considerable help in fitting out and adjusting the mass-spectrometer was provided by Yu, Orlov, .
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To obtain greater accuracy in the isotope ratio, each pair was measured not less than 25-30 times. From
the results obtained were computed the mean value and the mean square deviation, The maximum deviations
of the isotope ratio from the mean value gave drfferenceq in the values of « not larger than £ 0,0001-0.0002,
which represented a maximum error in the magnitude of( a—1)of 6- 12% Such fluctuations in isotopic com-
position were found in measurements of parallel residues. The isotope ratio in the distillate was similarly measured.
‘The mean value of the ratio {rom several determinations was equal to 4,11 which corresponded to a content of
19.59, of B1°C13 and 80, 5% of BnCln This result agrees we]l wrth the data obtained by Aston [6], Osberhaus [5]

Shyuttse [7]. .
"CONCLUSIONS

1) The separation coefficient’ o for the system BmCla BnCL, is deterrnmed by Raleigh's distillation method
over the temperature interval + 12.7°C to —85" '

2) The dependence of o on the temperature-is obtained

2.33
a——10112e T,

It is found that at the temperature —61.7°C the vapors of gt Cla and B11C13 have the same vapor tension.
At lower temperatures the more volatile component-is B* C13, while-at hlgher it'is BHCI;.

3) A mass- spectrometrrc isotopic analysis of the compound BCl, is carried out. The isotope ratio in the-
' dlstrllate turned out to be 4.11 whrch corresponds to a concentration of B of 19, 59 and of B of 80.5%.
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" MINERALS OF URANIUM

V. E. Gera‘s&movsky

'Knowledge about the mineral_s of uranium is summarized
and the conditions of their formation are considered. A table
of the physical properties of the most widely distributed min-
erals of uranium is included.

In recent years the minerals of uranium have attracted great attention, for they are the ore from which-
uranium, the source of intranuclear energy, is obtained.

Uranium comprises 4 x 10™*9% (A, E. Fersman) [1)or 3x 107 9, (A. P, Vinogradov) [2] of the earth’s
core; that is, considerably more than those elements widely known-in the national economy such as silver -
(1x 1075 %o)s antlmony (5% 10 %hto 4,1 x 107 %), platimum (2 X 10°%t05x 10” %) gold (5 x 1077 %),
bismuth (1 x 107°to 2 x 107° %), and others.

The content of uranium in rocks composing the earth’s crust, according to the data of A, P. Vinogradov,
iss : ' ' ’ '

a) Magmatic rocks:

"Acid rocks (gramtes liparites, rhyolites, etc,) 3.5 x 107,
~ Intermediate rocks (dlorltes and-andesites) : : 1.8 x 10'4%
Basic rocks (basalts, gabbroes, diabases) 3 x 107%q,
Ultrabasic rocks (dunites, peridotites, pyroxenites) 3% 10759,

b) S'e'd'imentary. rocks:

" Clays and shales. 3.2'x 1074,

Uranium in nature is met in various forms: 1) It forms uranium minerals (uraninite, pitchblende, autunite,
torbernite, carnotite, etc.). 2) It enters into the crystal lattice of nonuranium . minerals, isomorphically re-
placing in them such elements as thorium, zirconium, etc. (thorite, zircon, monazite, etc, ). 3) It occurs in a
disseminated condition.

According to the ideas of V. E. Vernadsky [4], the bulk of uranfum in the earth's crust occurs in a dissem-
inated condition. Vernadsky hypothesized that uranium in igneous rocks "occurs in forrs not connected with .
chemical compounds, and that it is dispersed as atoms, more or less free, penetrating all the material of the
earth or dissolved in the capillary water of rocks,”

In recent years investigations have been conducted on the interpretation of the forms of occurrence of
disseminated uranium in nature, but, in comparison with the propositions of V., E. Vernadsky, they have introduced
nothing new in principle to the solution of this questlon

According to the data of American investigators [5], uranium in igneous rocks is found in three forms:
1) it forms uranium minerals, 2) it enters into the structure of rock-forming minerals owing to isomorphism;
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3) it is maintained in the condition of a cation interchange; 4) it is adsorbed on the surface of crystals and
grains; ) it occurs dissolved in liquid inclusions in rock-forming minerals; and 6) it occurs dissolved in
fntergranular liquid.

Investigations of Soviet (L. V. Tauson |oral communication]) and foreign [6] scientists, completed in
recent years, showed that although the highest composition of uranium in magmatic rocks is found in colored
minerals and accessory minerals (micas, amphibo]cs, orthite, zircon, monazite, apatite, sphene, etc.), never-
theless 30 to 70% of the over-all uranium content is concentrated in the quartzo-feldspathic portion of the rocks.

In natural compounds (minerals) uranium is known in a tetravalent and hexavalent state. The sizes of the

radii of the ions of uranium are: U** = 1,05 A, U®* = 0,79 A, The sizes of the ions of several w1de1y distri- .

buted elements are c]ose to the size of the ions of terravalent uraniuvm, namely: Th* = 1.10 A, Zrit = 0.87 A,
rare earths from La*t = 1.22 A to L’ = 0.99 A, v = 1,06 A, Ca= 1,06 A. As uranium in the form of the
tetravalent ion is less widespread in the earth’s crust, it is often disseminated in the lattices of the minerals of
these elements, replacing them isomorphically,

Hexavalent uranium in the form of the ion U*" does not exist freely, and forms the complex bivalent
cation uranyl [UO,)**. The capac1ty for isomorphic entry 1nto the lattices of other minerals is considered to be
slight because of the large size of the radius of the ion [UO,1*T; this limits the possibilities for dissemination of
hexavalent uranium. By this also is-explained the widespread deveiopment of secondary minerals of uranium in
the zone of oxidation. in the form of separate small crystals, often of microscopic size, in the form of coatings
and very thin incrustations in cracks and cavities of rocks. V

Uranium minerals are formed in the earth’s crust under various conditions, Pritnary uranium minerals
are observed inacid magmatic rocks, in pegmatites, and especially in ore bodies formed by hydrothermal solu-
tions. Uranium minerals are known also in sedimentary and metasedimentary rocks.

Primary uranium minerals of'magmatic. pegmatitic, hydrothemial, and sedimentary genesis, when they
happen to come to the ‘surface of the earth (into the conditions of the zone of oxidation), become unstable and
are easily decomposed — especially minerals of the oxide group (uraninite and pitchblende). With breaking down
of the black-colored oxides of uranium in the zone of oxidation, diverse secondary minerals of uranium are
formed such as sulfates, carbonates, silicates, phosphates, arsenates, and vanadates, which have a bright color,

. basically yellow of various hues, yellow-green, and green.

A characteristic feature of natural compounds of uranium is the persistent presence of oxygen. No minerals
are known which contain uranium but do not have oxygen in their composition. Uranium minerals of the group
of sulfides or halides are not found in nature; uranium also does not occur in the native state.

Uranium-containing minerals'are very diverse, and at the present time more than 100 minerals are known,
By chemical composition, they are usually subdivided into oxides, hydroxides ~ simple and complex (uranates),
silicates, carbonates, sulfates, sulfate-carbonates, phosphates, arsenates, vanadates, molybdates, organic com-
pounds, and complex oxides (titanates and 'titano-tantaloniobates). Minerals of the last two groups are usually v
considered, not as uranium minerals, but as uranium—containing minerals,

Not all minerals of the groups enumerated have commetcial interest, but nevertheless they deserve atten-
tion since the majority of them (especially the uranium minerals formed in the zone of oxidation) are excellent
prospecting signs of uranium mineralization exposed on the surface of the earth,

Of all the natural uranium compounds, minerals of the oxide group incite the greatest interest. They have
a black color, resinous luster, high hardness (5-T), and high specific gravity (6-10). Their ccmposition is expressed
by the general formula 1(U,Th)O, - mUO; - ni PbO; the greater the age of the uranium minerals, the greater their
lead content.

Uranium minerals referred to the oxide group-are subdivided into two subgroups — the subgroup of uraninite
and the subgroup of pitchblende. Minerals of the uraninite subgroup are observed in the form of crystals of cubic
symmetry (cubes, sometimes with faces of octahedrons, thombododecahedrons, and octahedrons); minerals of
the pitchblende subgroup are not found in crystals; they form massive, nodular, stalactitic, and botryoidal aggre-
gates.
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Among the minerals of the uraninite subgroup three varieties are distinguished: 1) uraninite ~
1 (U, Th)O, - mUO; - nPbO, which usnally contains a small amount of thofium(up to 2.8% ThO,) and rare earths
(up to 5.0% RE,03), 2) broeggerite-a variety of uraninite rich inthorium (7.8-11 4% ThO,) and containing
rare earths (to 4.5% RE,0,), 3) cleveite (nivenite) —a variety of uraninite with a high content of rare earths
(up 10 16% RE,0;) and containing thorium in the amount of 3,03 to 5,75% ThOz.

The rare earths in the uraninite subgroup are represented mainly by rare earths of the yttrium group.

In uraninite, broeggerite, and cleveite, the lead content ranges within the limits 0.4 to 20.6% PbO, just
as the content of UO, ranges, from 6.15 to 70.19% and the content of UO; from 22 to 60%,.

It has been recenily revealed [7] that uranium in uraninite may be isomorphically replaced by thorium
-in any proportion, forming a continuous isomorphic series from uraninite to thorfanite (ThO,). The varieties of
thorianite rich in uranium have received the name uranothorianite (the proportion between ThO, and UO, is
1:1) and aldanite; the latter, by chemical composition occupies an intermediate pos1t1on bétween thonamte '
and uranothorianite, '

The minerals of the pitchblende subgroup (1UO2 muUO;. nPbO) are distinguished from the minerals of the .
uraninite subgroup not only by form of deposition but also by chemical composition (content of thorium — up to
1.09, ThO,, 1are earths — up to. 3% TR,0;). The quantity of tetravalent and hexavalent uranium in pitchblendes,
just as the quantity of lead, varies within considerable limits (UO, —from 1.5'to 1095, UOs ~from 53 to 20%,
and PbO = from 1.5 to 109%). For minerals of the subgroup under consideration, a contmuous series of natural
compounds from UQ, to UQ, is observed, as a consequence of which an oxygen coefficient, ‘that is, the size of
the atomic proportion of oxygen to uranium, is used for the indication of the chermcal composmon of pltchblendes h
as proposed by V. G. Melkov. !

The’ general formula of pltchblende may be expressed in the form UOZ w to 5.70-

In the geoclogic 11terature when deposits of uranium are descrlbed uraninite and pltchblende are often
not distinguished and are described urider the general name of pitchblende or pitchblende ore. The f ormulas of -
uraninite and pitchblende are also often mcorrectly written. For uraninite the formula UO, is given, and for
pitchblende U304, In nature no mineral with the composmon U0, has been isolated. In uraninite hexavalent
uranium is always contained with tetravalent uramum often in considerable quantities, In natural pitchblendes .
‘the proportion between UO, and U0y is not only 1 2 (U308) but, as noted above, ranges within considerable
11m1ts —from 5 to 0.44, :

Uraninite and pitchblende have diverse origins. They Thave been established in pegmatites (mainly uraninite
and its varieties), in hydrothermal depdsits (uraninite and more often pitchblénde), in metasomatic deposits
(uraninite and pitchblende), and in sedimentary deposits (pitchblende). The geneses of uraninite and p1tchb1ende
in conglomerates (Blind River in Canada and Witwaters-Rand in South Africa) is not clear. '

"Uraninite and pltchblende serve as the ba51c source for the world productlon of uranium, composing the
prominant type of ore in large commercial deposits (Shlnkolobwe in the Belgian Congo the regions of Big Bear
Lake and Lake Athabaska in Canada, Witwaters-Rand in South Africa, etc.) as well as in a great number of inter-
‘mediate and small sized deposits (Canada Mexico, Portugal, France, etc.).

In those parts of ore deposn:s located close to the ground surface (in the zone of cementation and in the
zone of oxidation), uranipite and- p1tchblende are unstable and decompose to form secondary minerals of uranium.

Of the products of decomposition of the primary mmerals, we should first pause at those which have received
the name uranium blacks. Residual and regenerated uranium blacks are distinguished.

By residual uranium black is understood the products formed primarily in the zone of cementation and in
part in the base of the zone of oxidation by decomposition of uraninite or pitchblende. They are amorphous
earthy masses of black or dark-grey color, characterized by the absence of the ability to take a polish. Deposits
or residual uranium black inherit the exterior form of uraninite or pitchblende (phenocrysts in the form of crystals
or their aggregates, grains of irregular forms, nodules, films, incrustations, lenses, streaks, and veins). Between
uraninite and pitchblende and residual uranium black formed from them a gradual transition is cbserved. The

properties of these intermediate products change progressively from the properties of uraninite or pitchblende to
those of uranium blacks
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The chemical composition of residual uranium black (Up.70-2.92 - MPbO) is characterized first of all by
a high content of UOg and by a low content of U0,

Regenerated uranium black has a black to dark grey color and is observed in the form of amorphous earthy
masses forming coatings, films, more rarely incrustations in cracks and cavities of rocks, It forms in the zone
of cementation as a product of the reduction of hexavalent uranium (from sulfate and carbonate solutions of
uranium), The chemical composition of regenerated uranium black has not been learned, but hexavalent uran-
ium probably predominates over tetravalent, *As distinguished from residual uranium black, regenerated uranium
black contains little lead. The quantity of radium in it is always insufficient for radioactive equilibrium (up to
509%). ’

Often as a result of the alteration of uraninite and pitchblende in conjunction with an all{aline'type of
weathering, and possibly also under the influence of endogenic hydrothermal solutions, hydroxides of uranium
are formed, which are subdivided into simple and complex, In the composition of complex hydroxides, besides
the oxide of uranium, oxides of the other metals are found. Certain investigators consider complex oxides as
uranates (salts of uranic acid), ‘ :

To the simple hydroxides are referred the following minerals:

Ianthinite ~ 200, ¢ TH, O, _
Epiianthinite ~ muo, - nt,0,
Becquerelite — 3U0, - 51,0, :
Billietite — a variety of becquerelite containing Ba,
- Mineral "X" ~4U0g* TH,0 (?),’ :
Skupite —~ 4U0; - 9H,0, '
) Paraskupite — 500, - 9.5H,0,
and to the complex hydroxides (uranates);
Fourmarierite ~'PbO - 4U0O, - 7=8H,0,
Curite — 2PbO - 5U0; « 4H,0,
Mineral "Y " ~ close to curite,
Vandenbrandeite — CuO - UO; - 2H,0,
Clarkeite = (Na,Ca, Pb)(UO,)%" . (U0,), - 3H,0,
Uranospherite = Bi,0; - 2U0; - 3H,0 (?),
Vandendriescheite, Richetite, Masunite — water uranates of lead ().

In the minerals referred to the hydroxides, uranium is hexavalent, with the exception of Ianthinite in which -
the uranium may be tetravalent, . : ' ‘

Minerals of the group of nranium hydroxides are rarely observed in crystals, More often they are met in
the form of pseudomorphs after uraninite and pitchblende, usually originating as a result of their replacement.
Therefore, mutual progressive transitions are sometimes observed, from uraninite or pitchblende through hydrated
varieties (hydropitchblende *), first to the hydroxides ‘poor in water, then to the water-rich hydroxides, and some-
times to the water silicate of uranium, Inasmuch as pseudomorphs after uraninite and pitchblende are character-
istic forhydroxides of uranium, relict protions.of undecomposed or pa&tly bydrated uraninite or pitchblende are
preserved, and as a rule they can be observed in the interior of the pseudomorph,

Certain investigators erroneously segregate gummite among the hydroxides of uranium, With detailed
investigation of gummite it has been revealed that it represents a mixture of hydroxides and silicates of uranium,
primarilly curite and soddyite.

In the zone of oxidation, at the time of the decomnposition of uraninite, pitchblende, uranium bldcl and
hydroxides of uranimn, a large number of secondary uranium minerals is formed: they are silicates, sulfates,
carbonates, sulfate-carbonates, phosphates, arsenates, and vanadates. The uranium in them is in the hexavalent
state, These secondary minerals of uranium aie usually characterized by adestruction of the radioactive equili-
brium (a deficiency of radium), inasmuch as conditions for its prolonged existence in the zone of oxidarion are -

* Hydropitchblende (kUO,-1UQ;. meO'a.nHZO), black colored, in thin sections buty1 'gréexl, brittle, glassy
luster, . v
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absent in most cases. This is conditioned by the development of the zone of oxidation and its erosion. Three.
stages in the development of the zone of oxidation are separated [8): beginning, intermediate, and ending. In
the zone of oxidation are observed not only oxidation of primary minerals and the formation of new ones, but
also simultaneously the removal of a series of elements, including uranium. The removal of elements occurs
first predominantly in the sulfate form, and then in the carbonate form.

The secondary minerals of uranium, having bright colors (yellow, yellow-green, and green) are excellent
prospecting signs for the detection of uranium mineralization and deposits of uranium, since as a rule they are
located on the very same areas on which the primary uramum mineralization was located,

Many secondary uranium minerals in the zone of oxidatlon are observed in considerable quantities and are
of commercial interest. To their number relate, for example, silicates (uranophane, beta-uranotile, kasolite),
sulfate-carbonates (schroekingerite), phosphates (autunite, torbernite, metatorbernite, parsonsite), vanadates
(carnotite, tyuyarnunlte) sometimes arsenates (zeunerite, metazeunerite), and others,

Of the secondary uranium minerals, the phosphates, arsenates and vanadates, usually known under the title
"uranium micas", present the most interest. Minerals referred to the uranium mica group are characterized by
thinly laminated (more rarely tabular) fragments of crystals (with the exception of the lead uranyl phosphates)
and by a perfect basal (001) cleavage. These minerals.are yellow, more rarely green (for minerals having cop‘per
in their composition), and extremely rarely some other color.

Uranium micas do not dissolve in water but eas1ly dissolve in the mineral acids: hydrochloric nitric, and
sulfuric. The content of uranium in uranium micas varies within considerable limits, from 209, to 779, UO,.
The radioactive equilibrium in the micas is usually sharply disturbed in favor of uranium, rarely reachmg 609%
.or higher.

In ultraviolet Light (200-400 m 1) many uranium micas luminesce with a green-yellow light.

Uranium micas are found in cavities and cracks of rock, most often in-association with h‘ydroxides of iron
in the form of isolated scales, plates, tablets or their many-formed aggregates, earthy masses, incrustation, films,
crusts, and more rarely veinlets: consisting of scaly, platy, and tabular segregations of uranium minerals, One
must take into consideration that uranium micas are usually rarely met on the ground surface, and they are not
found in placers. This is because they are very brlttle and mechamcally unstable (their hardness is usually 2-3)
and because they dissolve even in weakly acid solutions,

Uranium micas are of diverse chemical composition.'.To the phosphates of uranium are referred the minerals:

phosphuranylite — Caz (UOy)5 (PO )4 OH), - 10H20

saleite — Mg(UOy)y( POy), » 8H,0,

arsenous saleite = Mg(UQ,), - [(P, As);043;- nH,0,

autunite — Ca(UO,),(PO,) - 8-12H,0,

metaautunite. — Ca(UO,)y(PO,), « 2.5-6H,0,

hydrogen autunite — HyUO,){ PO,), - nH,0,

sodium autunite = Nay(UO,),( PO,), - nH,O,

uranospathite — Ca(UQ,)y PO,), - 12H,0,

sabugalite — HAL(UO,) (PO,), - 16H,0,

uranocircite — Ba(U0,) (PO,), - 8H,0,

bassetite = Fe(UO,),(PQy), - nH,0,

torbernite — Cu(UOz)z( POy, - 12H,0,

metatorbernite — Cu(UO,) PO,), - 8H,0,

lermontovite®* — (U, CaZ,TR)S(PO,;)4 6H,0, (36.339% UO,, 14, 53 % UOS)
fritzscheite — Mn(UO,)4( PO4,VO4)Z 8H,0,

composite uranium mica =~ (Cu, Ca) (UOy),[(P;As)O,),- 11H,O ( 7)),
przhevalskite — PbO . 2U0;P,05 - 4H,0 (?), (55.05% UOy),

*Lermonotovite — a water phosphate of tetravalent uranium, grey-green color, met below the ground water
level, unstable in the zone of oxidation.
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renardite — P(UO,) 4 PO, OH)4 - TH;O,
dewindtite — Pby(UO,)(PO) OH)4 - 10H,0,
dumontite — Phy(UOy)5( PO}y OH), - 3H,0,
parsonsite : — Pby(UQ,) (POy), - H,0.

To the arsenates of uranium are referred:
troeyente = (U0 AsOy), » 12H,0, Sy
abernathyite — K(UO,) (AsOy) - 4H,0,
novacekite = Mg(UOy)y(AsOy), « nH,0,
uranospinite — Ca(UO,)y(AsOy), - §H,0,
hydrogen uranospinite — HyUO0g)y(AsOy), - 8H20
zeunerite ~ Cu(UO,)y(AsO,), - 12H,0,
metazeunerite — Cu(UOy)(AsOy), - 8H,0,
walpurgite ~ UO; - 2Bi,03A5,05 - 3H,0 ( 7).

To the vanadates of uranium are referred:
ferganite — (U0,)5(VOy), - 6H,0 (?),
uvanite —(UO,);V40y7 - 15H,0,
carnotite — Ky(U0,).(VOy), - 3H,0,
tyuyamunite — Ca(UO,)y(VOy), - 8H,0,.
metatyuyamunite ~ Ca(UO,)o(V Oy), - 3.5H,0,
rauvite = Ca0 - 2UQ; - 6(V,05 + V304 - 20H,0,
sengierite — CuZ(UQg)Z(VO4)2(OH)2 «9H,0. -

Not all the minerals of the groups of uranium micas have wide. distribution in nature. The most widespread
are autunite, torbernite, metatorbernite, carnotite, and tyuyamumte Phosphates of uranium are most character-
istic for the zone of oxidation of deposits of hydrothermal genesis, and vanadates of uranium — for the zone of
oxidation of sedimentary deposits of uranium; the latter are also very rarely and in small: amounts observed in the
zone of oxidation of hydrothermal deposits. Of the afsenates of uranium, the most often, observed ‘are uranospmlte.
_ zeunerite, and metazeunerite. Arsenates of uranium are met usually in the zone of oxidatlon of deposits of hydro-

thermal genesis, :

Certain uranium micas sometimes form conslderable concentrations, which present commercial interest.
For example, autunite, torbernite, autunite-torbernite, camotite, and carnotite -tyuyamunite ores.

"Uranium micas present great interest also as prospectmc signs for reveahng localities with primary uranium
mineralization,

* Of the other secondary minerals of uranium characteristic for the zone of oxidation, the uranium silicates
present the greatest interest. Among them are: '

soddyite — 2UOs - $iQ,~ 2H,0 (?),
sklodowskite (shinkolobwite) — Mg(UO,),51,0; - TH,O,
cuprosklodowskite — Cu(UQ,);51,07 « 6H,0,
. uranophane — Ca(U0,),Si,07 - 6H,0,
beta-uranophane — Ca(U0Q,),5i,07- 6H,0
kasolite —~ PB(U0,),5i0, - H,0,
orlite ~ Pby(UQ,)351,0; - 6H,0 [43. 57%U0;]
and drugmansite (formula not established).

The silicates of uranium have a wide distribution in nature and sometimes are concentrated in considerable
quantities, forming commercial ores; '

The silicates of uranium are usually yellow-colored (exceptions are .sengierite and cuprosklodowskite, which

have a green color), The crystals are acicular, finely pnsmauc They easily dissolve in dilute hydrochloric acid
with the formation of colloidal silica,

Uranium silicates are observed on the walls of cracks and cavities in rocks in the form of separate isolated
«'spicules, radiating aggregates or powder-like incrustations, thin crusts consisting of crystals of acicular or finely -
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prismatic appearance, and also in the form of veinlets and dense pscudomorphs of uraninite and pitchblende.
The silicates of uranium are often located in close association with the hydroxides of uranium, Sometimes con-

siderable accumulations of the uranium silicates are met contiguous with hydroxides of uranium-forming ores
of great interest.

Silicates of uranium are characteristic for the zone of oxidation of pegmatitic, hydrothermal, and sometimes:
sedimentary ore deposits. The distribution of uranium silicates in the zone of oxidation of uranium deposits is
determined by the content of sulfides, first of all pyrite, in primary ores. A high content of sulfides in primary

ores produces an acid type of weathering, unfavorable for the formation of uranium silicates. Silicates of uranium
~ are usually ‘observed-in this case only close to ground surface.

It has been proposed that silic ates of uranium (soddylte and others) may form as the result of endogenic
decomposition of uraninite and pitchblende.

To the uranium silicates, besides those described. belong coffinite —U(8104)1 x(OH)4x and nenadkevite -

U*, v, Ce, Thyu®* (Ca Mg, Pb)3.<(Si0y), - (OH),- nH,O. These minerals are not charactemtlc for the zone of
oxidation [9]. :

Coffinite is of tetragonal symmetry, is black colored w1th a dlamond luster, has. specrflc gravity greater
than 5.1, has in its composition from 43.37 to 68,29% UO, and from 5.20.to 8.5 % Si0,. It has been revealed in’
more than 15 non-oxidized uranium deposits’ in the Triassic and Jurassic of the Colorado Plateau (USA) and in .

-other regions. n deposits of the Colorado Plateau coffinite is found occunng with prtchblende black vanadium

minerals, pyrite, quartz, and organic substances, and is in several oré deposlts along with pitchblende the basic
uranium mineral in nonox1d1zed ores [107, [11].

Nenadkev1te is considered as a mmeral of hydrothermal gene51s

The sulfates and carbonates of uragium usualLy have a limited drstrlbutlon in nature, and the ma]onty of -
the mmerals in these groups are poorly investlgated Thefollowmg minerals are referred to the sulfates-

- Joharmite - Cu(UOz)z(SO4)Z(OH)2 61,0,

* uranopilite —(UO,)¢(SO,) (OH)4q - 12H,0, . _
beta-uranopilite — (UO,)g(SO,)(OH)yq - 5H,0,
‘zippeite = (UOy)4(504)(OH), - 4H,0, ‘

uraconite (U02)3(SO4)(OH)4 12HZO and also the mmerals medjldlte uranochalcrte.
and vogllanite the chemical composnlon of which has not been learned. :

The sulfates of uranium are usually observed in small quantities in the form of powder-llke efﬂorescences
and incrustations on the walls of mine workings and in ore tailings., The sulfates of uranium sometimes appear
several days after opening of the mine workings. The _crystals of the uranium sulfates are usually so small that
they may be drstmgulshed only under a binocular magmfler or microscope, The sulfates are'yellow colored, and

* those containing copper (johannite, uranochalcite, vogllamte) are green

The sulfates of uranium dissolve in hydrochloric¢-acid, and several 1n‘ water (johannite ‘uranopilite),

The sulfates of uranium are assoc1ated with prtchblende and- uramum blacks, where they are often met
1mmed1ate1y on the surface of the latter minerals, and also with gypsum, jarosite, limonite, etc.

Of the carbonates of uranium, the following are well-known:

rutherfordrte (drderrchlte) = (UO3)CO;,

sharpite — (UOZ)S(CO3)5(OH)2 6-TH,0,

uranothallite (liebigite) — Cay(UO,)(CO;,); - 10H,0,

voglite — CaZCu(UC_)z)(CO3)4 6H,0 or.Cu(UO,)4 CO;3), - 10H,0,
rabbittite = CagMg; (UO,), (CO;)g¢ OH), - 18H,0,

-andersonite =Na,Ca(UO;)(CO;); - 6H,0,

swartzite = CaMg(UO0,)(COs); * 12H,0,.

bayleyrte ~ Mgy UO;) (COq); - 18H,0, and also the not exactly established mmerals‘
shurlmclte and studtite (chemrcal analyses are lacking).
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The carbonates of uranium are observed in the form of efflorescences, films, and thin crusts, consisting of
very minute crystals usually hardly distinguishable under the binocular magnifier or the microscope. The color -
of the carbonates is yellow, greenish-yellow, sometimes green (swartzite). The uranium carbonates are easily
dissolved in hydrochloric acid with the liberation of bubbles of carbon dioxide, and several carbonates (ander-
sonite and swartzite) are dissolved in water. Of the carbonates of uranium uranothallite (intense deep green
lurninescence) and swartzite (intense yellowish-green luminescence) luminesce in ultraviolet light,

The carbonates of uranium are developed in the zone of oxidation of hydrothermal and sedimentary deposits
from pitchblende in the presence of carbonates.

Of the sulfate-carbonates, only schroekingerite — CayNa(UO,) (COy)(SO) Fy+ 10H,0 is investigated in detail
and described. The color of the mineral is greenish yellow, and the luster is mica-like. It is observed in scaly,
and spheroidal aggregates, forming incrustations, films, and coatings on the walls of cracks and cavities of rocks.
For it an intensive deep green luminescence in ultraviolet light is characteristic. It dissolves easily in hydrochleric
acid with profuse liberation of bubbles of CO,. The mineral is observed in the zone of oxidation. of sedimentary
and hydrothermal deposits. Characteristic for schroekingerite is a paragenesis with gypsum, calcite, and often
with jarosite,

z : . . : : : 3 . : 0 A
Schroekingerite may serve as a good prospecting sign for revealing uranium mineralization, in conjunction
with which it sometimes forms at'a greater distance from the locality of the primary uranium mineralization
than the other secondary minerals of uranium characteristic for the zone of oxidation. '

Besides the minerals of uranium enumerated, two more groups of uranium minerals are known —the
molybdates of uranium and the organic compounds with uranium. Minerals of these groups are poorly investigated.

Among the molybdates of uranium three minerals have been established:

umochoite ~ (UO,) - MoO, - 4H,0 (47.7% U),
‘moluranite ~ UQ, - 2UO; - 5Mo0; - 12H,0 (?),
iriginite — UO, - 2M0O; + 4H,0., '

Umochoite and moluranite are black colored and iriginite is yellow,

Two "fninerals'f are referred to the organic cbmpounds: thucholite and carburan, which are hydrocarbon
complexes containing uranium, thorium, and rare earths. They are considered as a mixture of hydrocarbons with
oxides of uranium-uraninite and pitchblende. It should be-noted that in several forms of thucholite the uranium
is in a dissolved state in the hydrocarbon complex. )

Substances referred to thucholite or carburan have:a black color, pitchy luster, conchoidal fracture, and
low specific gravity (1.6-2.0). They are encountered in pegmatites, hydrothermal deposits, the gold -bearing
conglomerates of Witwaters-Rand (South Africa) together with oxides of uranium and with gold, and in the con-
glomerates of Blind River (Ontario, Canada) in association with brannerite and pitchblende. Occurrence of humate
of uranium is possible in natural conditions, but unfortuantely this question has until now not been finally cleared up,

We should pause also at the group of minerals referred to the complex oxides — on the titanates and titano-
tantaloniobates. In the minerals of this group the content of uranium varies in wide limits, from a hundredti of
tenth part of one per cent to several tens of per cent. ‘

Of the titanates, the most important are: brannerite — (U, Y, Th, Ca, Fe);Ti;Oy and davidite — a titanate
_of iron containing uranium, rare earths, etc. —(Fe, Ce, U)(Ti, Fe, V, Cr);(O, OH); (?).

Brannerite, before its discovery in the ore deposit of Blind River, was considered a.rare mineral, It was known
as one of the accessory minerals of granites and several greisenizated rocks. '

Recently a new mineral close in composition to brannerite was described — absite (found in Australia) —
(2U0; - ThO, - TTi0, . 5H,0). “In absite, according to the data of the chemical analysis, is established 31,83% UOQ,
and 12.81% ThO, [12]. '

Davidite is the basic uranium mineral in the Radium Hill deposit (Southern Australia), where it is located
with rutile, ilmentite, hematite, biotite, and quartz. Davidite is known also in the Tete deposit (Mozambique
in Africa).
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Uranfum-contatning minerals of the titano-tantaloniobate group are very numerous. They are character-
ized by: 1) black or brownish-klack, or brown color, more rarely brownish-yellow or greenish-yellow, 2) pltchy
luster, more rarely sub-metallic or greasy, 3) conc Toidal frac ture, 4) high hardness (4 6), and 5) complexity
of chemical composition. In them, besides niobium, tantalim, and titanium, are almost alwayv. rare earths
(comeumes in Consxdemble quamines) and often thortum and other elements.

Among. the titano-tantaloniobates containing uranium, the following groups are separated:

a) pyrochlore-microlite (uranic varities: hatchettolite — 10.80 to 21%, mendelyeevite - 19,70 to 28. 90%,
and elsfordxte — 18.50 to 22,00% UO, + UO,); :

b) fergusounite (in fergusonite - 1,54 to 8,16% UOy + UO,);
¢) yttrotantalite (yttrotantdllte - 1. 61 t0 5.60% U0O,, 15}11kawa1te =20 to 24% UO,);

.. d) euxenire-polycrase (polycrase — 4.32 to 13. ’7'7”/'0, euxenite — 5,64 to 14, '70"/0 Uy, + UO,, chlopmite
(khlopinite) — R.12% UO0,); :

e) eschynite-priorite (in priorite 1.75 to 5.35% UOy); ‘
fy samarskite (samarskite — 4.62 to 18.14%, wiikite = 0.77 to 19.88% UO, + UQ,);

'8) betafite (betafite — 9.64 to 28.80% UO, + UQ,;, blomstrandite — 18.20%, samiresite —~ 21.20%, ampan-
gabelte = 6.72 to 19.40% UOy). '

The enumerated titano-tantaloniobates are characteristic for granite pegmatites. They do not usually
have independent importance as sources of uranium, but they may appear as valuable components in side recovery.

1In the review given, certain uranium-containing minerals are not considered since they do not present
interest as sources of uranium, They are referred to the following groups: thorosilicates (thorite, uranothorite,
hydrothorite, enalite, thorogummite, mackintoshite, maitlandite, nicolayite, pitbarite), zirconosilicates (dyrtolite,
malacon, albite, naegite, yamagutilite), silicates of rare earths (orthite, thalenite, rowlandite), phosphates of -
rare earths (xenotime, monazite).

In the zone of oxidation and zone of cementation of uranium deposits of diverse genesis, uranium is often
.established in nonuranium minerals, but usually in very small quantities —a thousandth, hundredth, and rarely,
tenth part of one percent. Of the. nonuranium: minerals containing uranium the most widespread are opals and
hydroxides of iron, more rarely hydroxides of manganese, gypsum, hypergenic calcite, etc, The form of occurrence
of uranium in them is not established with certainty. Besides having increased radioactivity, certain of these
minerals (expecially hualite —a clear variety of opal) luminesce splendidly when exposed to ultraviolet light,
For this reason they have great importance as prospecting signs for revealing uranium mineralization,

The radloactxvuy of some minerals is sometimes conditioned, not by uranium ot thorium, but by radium.
The content of radium in minerals (radiobarite, radiofluorite, radiocalcite, etc.) is very small (less than 1 x 10~7
g/8). Minerals containing radium are not old — no older-than 30,000 years (the disintegration period of radium)
if the radium enrichment occurred at the moment of their formation.

-Having completed a short resume of the minerals of uranium, it should be noted that the process of oxidation
of uranium minerals usually leads to the removal of uranjum from the zone of oxidation of uranium deposits and
to its dispersal,

With formation of zones of oxidation of magmatogenetic, hydrothermal, and sedimentary uranium deposits,
simultaneously with decomposition of minerals containing tetravalent uranium, occurs formation of uranium
minerals containing hexavalent uranium and removal from the zone of oxidation of a certain part of the hexa~-
valent uranium by waters washing the zone of oxidation. In another geologic circumstance characterized by
reducing conditions, hexavalent uranium changes to tetravalent, which favors its concentration and the formation
of new deposits of uranium, ‘

In conclusion, it is essential to note that in the USSR great attention is given to the investigaiion of the
minerals of uranium. The appearance at the International Conference on the Peaceful Uses of Atomic Energy in
Geneva (August 1955) of the representative of the USSR, V. G. Melkov, who reported on many new uranium
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minerals discovered in the USSR, attests to the successes in this field. Among these minerals are: uranium

blacks (residual and regenerated); orlite, nenadkevite (silicates); lermontovite, H-autunite, Na-autunite, przhev-
alskite (phosphates); H-uranospinite (arsenate); uranium micas of mixed composition (p]losphatefarsenates);
ferganite, tyuyamunite (vanadates); moluranite, iriginite (molybdates); lodochnikovite — 2(U, Th)O, - 3UQ, - 14T10,,
uferite = 20FeO - 8Fe,O; - 4TRy05- UO, - T4T10, (titanates); obruchevite — (Y, U, Na,)Ta,O4 OH, F), mendelyeefite,
chlopinite (titano-tantaloniobates); carburan (organic compound),

In the chart the characteristics of the minerals of uranium which have the greatest distribution in nature
are briefly cited.
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" INSTALLATION FOR RADIOCHEMICAL INVESTIGATIONS WITH A Co®’ SOURCE
OF GAMMA RADIATION WITH AN ACTIVITY OF 280 g-equiv. RADIUM

A. Kh. Breger, V. A. Belynsky, and S.D. Prokudin

A description is given of an installation in use for irradiation of -
substances by Co®® y -radiation (280 g-equiv, radium) for radiochemical
investigations with the use of a standard Co® preparation, The apparatus -
was developed on the basis of a critical examination of installations
described in the literature which are used for such investigations, and in
conformity with the demands made'upoh modern radiochemical experi-
mental work., The design of the apparétus is such as to permit various
physicochemical measurements during irradiation; under safe conditions
For the operators, The dose rétq in the irradiation of objécts 20-30 cc
‘in volume is 120 r/se(:ond, and for objects up to 800 cc in(volume,

- 80 r/second.’ '

INTRODUCTION'

The radioactive Co® cobalt isotope is now the commonest source of y-radiation in various branches of
science and technology [1-5]. *

Numerous diverse (both in the objects and in the physicochemical methods used) radiochemical investiga -
- tions have also been carried out with the .use of y-radiation from co® [6-23].

This wide use of Co™ as a source of y-radiation is explained by the fact that this isotopé Has a numiber of
properties which make its use especially convenient, particularly for radiochemical investigations. .

These properties include: a fairly long half-life period; hard y-radiation, which makes it possible to _
carry out radiochemical investigations in thick-walled glass and metal vessels (including autoclaves under pressure);
fairly soft g -radiation, easily absorbed by thin layers of materials; high specific activity (up to 50 curie per g [381),
which ensures high dose rates from sources of small dimensions; the rélatively simple technology of Co® production,
etc, o

Installations Described in the Literatufe for Radiochemical Investigations with
Co®? Sources of y-Radiation '

The literature contains descriptions of a number of devices used for irradiation of substances by co® y-radi-
ation in radiochemical investigations. These installations can be suitably divided into the following groups
according to their principal features of importance in the field of interest.

A. Installations with stationary sources of y-radiation, This group includes the installatiens-used for radio-
chemical studies described in the publications [6-16] and [18,19], and also the sources described in [25] and
[34-36]. The Co® in these installations is in an open channel of a protective lead container [6-16] and [18,19)]

-

*In this paper we examine only sources of y-radiation made from Co® preparations, Other Sources of y-radiation
7 1189 9 | . : . : . . -

(Cs¥7, Talr 119 fragments) are not considered in this paper, as they are still not as easily available as Co®™ at

the present time, ' : : '

" ' ' . ' 58'?
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or in a well with water, 3-4 meters deep [31-36]. The activity of the source is 40 to 2000 curie Co®®, The power
of the dose recefved by the irradiated object is from 10 to 400 r/second (the higher value is obtained for 2-3 cc
of irradiated substance).

B. Installations in which the source ofJ—radiation is moved from a storage container into the working
chamber during the irradiation time. This group may be divided into two subgroupsy ./,

a) Installations in which the Co® source is kept in a lead container, while irradiation takes place in a
working chamber protected by lead [24, 26, 27].

The activity of the Co® preparations in these installations is from 100 to 500 curie the dose rate is from
10 to 80 r/second. Large amounts of lead (from 3.5 to 8 tons) were required for the construction of the installa-
tions described in these papers.

b) Installations in which the Co® source is kept in a well with water, while irradiation takes place in a
large working chamber protected by concrete walls.

The literature contains descriptions of powerful installations with source activities of 3000-4000 curie Co®®
[28-313," and also of a small instaliation [33] with an activity of 25 curie Co®. In one installation [28] the dose
rate inside the cylindrical source is from 66 to 83 r/second, and on the exterior of the source, from 60 to 1 1/second
(at a distance of 1 'meter from the source) The installations [28] and [31] have working chambers 6-8 m® in '
volume, protected by concrete walls.

Within the framework of the present paper it is not possible to give a fuller survey and a detailed discussion
of the literature data listed above. However, since a critical examination of known installations (together with
other considerations, see below) led to the development of the K~300 installation described here, it was thought
necessary to refer to the most important papers.

Installation for Radiochemical Investigation‘s with a Co®® Radiation Source with an
Activity of 280 g-equiv. Radium (K-300)

A. Gerneral requirements. ‘In the design and construction of the installation it was considered necessary to
conform to certain basic requirements listed below, characteristic for radiochemical investigations in general,
and to take into account the actual conditions for carrying out such 1nvest1gat10ns in our mstltute-

a) the use of total valumes of irradiated material up to 1 liter at a dose rate of 20- 50 r/second, and of
20-30 ml volumes at dose rates of up to 100 r/second w1th the use of one standard Co® preparation (nominal
activity 400 g-equiv. radium);* *

b) possibility and convenience of placmg into the working chamber of devices of varying degrees of com-
plexity containing the substances for irradiation (mixers, dilatometers, vessels under pressure and vacuum, various
electrochemical cells, thermostatic devices, heaters, coolers, devices for circulation of liquid or gas in the work- -
ing vessel during irradiation, etc.), without additional irradiation of the operators (irrespective of the complexity
of the device), and also the possibility of conducting several experlments simultaneously;

c) the p0551b111ty of remote control and observation of the physmochemmal conditions and the processes
occuring in the objects during irradiation and at the'end of the irradiation without any displacement (shaking)
_ of the object;

d) simple and reliable( for long periods) remote control of the movement of the radiation source and con-
tainer (accessible for precautionary inspection and repairs), with 1r1terlock1ng of the sequence of all the operations
to ensure safe working; :

e) possibility of charging the y-radiétion'source into the container and of replacing it as required (at the
factory); X :

*Only the project of an installation is described in the paper [31].
* *The use of the standard preparation considerably facilitates charging and recharging of the 1nsta11at10n At
the same time, in view of ‘the need to use a single Co®® preparation in this installation, it was necessary to
abandon an examination of different variations of activity distribution (for example, in the form of a hollow
cylinder) with the aim of obtaining a more regular distribution of the dose rate in the working chamber,
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f) possibility of installing the apparatus in an ordinary building (with a height of 4.5-5 meters up to the
ceiling and a permissible load of 500-600 kg/m? on the ceiling); '

g) finally, in the design of the K-300 installation it was taken into accoﬁnt that the éxperience in the
construction and use of this installation may serve as th

e basis for the development and construction of more
" powerful installations in our institute, S ‘
‘On the basis of the above considerations, we designed and constructed the K-300 installation, containing

Co® with an activity of 280 g-equiv. radium.* K-300 has been in use for about a year. During this time it has’
been used for more than 500 experiments, which showed that the installation is suitable

and convenient for various
radiochemical investigations,

0
I

T

gy ™
r—
/] 5

L ' T

Fig, 1. Scheme of the K-300 installation, 1). Container with. the
source in the idle position; 1a) container in the working position;
2) working chamber; 3) plug; 4) concreté block; 5) hand jack-
ing mechanism; 6) container plug; 7, Ta)- Cco® source; 8) rod.

Fig. 2. Device for charging the
‘preparations, - 1) Charging de-
vice; 2) protective vessel.

B.  Description of installation K-300. 'Installation K~300 consists of the following main parts (Figb. 1)

the y-radiation source 7, the container .1, the working chamber 2, the concrete block 4, the charging devices
(Fig. 2 and 4,a) and the control panel (Fig. 3, a).

The installation is mounted in a metal vault surrounded by sheet iron walls; the area of the vault floor is
9 m?% and the height of the installation is 3 meters. '

Working Procedure on the Installation * *

The object to be irradiated, contained in one of the ch

érging devices (see Figs. 2 and 4, a) is placed in the
- working chamber (see Fig. 1 and 4, b). At this time the y-

radiation source is kept in a container closed by means

*According to the data of the manufacturing factory.
®*Laid down in a special directive,

4 ' , 589
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of a plug (Fig. 1(6) ) so that the charging of the object into the working chaber takes place under perfectly safe
conditions (sce Fig. 4). All the subsequent operations raising of the container plug, movement of the container
with the source below the working chamber, and raising of the source from the container into the working chamber
can (because of the interlocking) be petformed only with the vault door closed, by remote control, (The control
panel is on the front wall of the vault, Fig. 3, a), The start of (he raising of the container plug is possihle only

if the working chamber is closed (see Fig. 1); this is ensired by a special contact indicating device.

fald

:

ng. 3. General view of installation K-300. a) Control panel; b) light
signal panel; c) concrete block.

At the end of the irradiation the above operations are performed in reverse sequence, after which the oper-
ator can enter the vault to unload the objects from the working chamber.

The installation is operated by one laboratory assistant.
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2V

Fig. 4. Charging the objects for irradiation into the working -

chamber. a) Charging devices; b) working chamber;

'c) hoist for raising the charging devices;.'d) stand for charg-
. ing test tubes into the working chamber. '

Short Description of the Principal Parts of the Installation and Their Purpose__(se‘e
Fig. 1). o S o
The radiation source, a preparatlon of Co™,7, "consists of .a cobalt cylmder enclosed in an aluminum case,

The source is placed at the upper end of the rod 8, which can move freely to a distance of about 50 cm along
the vertical cylmdrical opemng from the center of the lead container 1 to the center of the working chamber 2.

The container 1 is used for storage of the y-radlatlon source during removal of the irradfated objects from
the working chamber 2, and during loading of the next objects for irradiation, and also to convey the source
into the ‘working chamber for imadiation, The container is moved in a small trolley on rails from the left ("1dle ™)
into the right ( workmg") position and back. The thickness of the lead walls® of the container is ~ 20 cm.. The -
welght of the container is ~ 0,8 ton, Durinig storage of the source in the containér the latter is closed by the plug
6, which is raised by means 6f a worm gear into an opemng in the concrete block 4 before the container is moved
from the idle into the working position,

The working chamber 2 is used for 1rrad1auon exper1ments - The appropriate "loading’ dev1ce (see Fig, 2 and
4. a), containing the object to be irradiated and the apparatus demanded by the experimental conditions (mixer,
bubbhng device. heater. etc.) is Pplaced into the chamber through the upper opening. The thickness of the lead
walls of the chamber is 16.5 em ** The weight of thé working chamber is~ 1 ton. The diameter of the chamber
working space is 150 mm, and the height is up to 150 mm. Up to 1 liter of material can be uradLated at one
time. . - :

*The wall thlckness necessary to ensure safe handlmg of the container w1th a preparation having an activity of.
up to 400 g-equiv. radium was determined by extrapolation from the nomograms given in [32] and [38].
* *The thickness of the working chamber walls is-so chosen that during irradiation (when the y -radiation source
is mtroduced into the chamber) the operator is at a distance of about 2 meters from the source. In the course of
the workmg day the operator actually spends on the average "about 1 hour at the control panel.
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'

. The loading devices (see Figs. 2 and 4, a) are used for placing various objects into the working chamber,
and for protection against the stream of radiation which travels upward from the working chamber during the
irradiation. The irradiated objects are placed in the protective vessel (Fig 2,2),in glass or metal ampoules,into
the lower part of the charging device, so that when the source is pushed out of the container into the working
chamber it enters the central tube of the protective vessel and the central tube of the ampoule with the irradiated
liquid (Fig. 5), thus ensuring utilization of the stream of y-radiation in a solid angle of ~ 3,7 %, The upper .
parts of some of the charging devices have through openings *, through which tubes are passed for removal of
gases formed in the objects during irradiation, or for blowing gases through irradiated liquids, and also tubes for
holding conductors (for electrical measurements during irradiation), One of the chargrng devices has a calibrated
dilatometer tube passed rhrough the upper lead portion (the observations of the liqurd level in the tube are made
with the aid of binoculars at a drstance of several meters)

If several experiments have to be performed simultaneously,
.the objects for irradiation are fixed in test tubes in a special
v.stand (see Fig. 4,d ) around the central tube of the protective
vessel, In such cases the working chamber is closed from above
'by a lead plug (Fig 1, 3) ‘

, A swing horst frxed on the upper plate of the installation
13 used for transferring the charging devices and plug from the
special stand into the working chamber and back, This host 1s
manually operated by means of reducing gear (see Fig. 1, 5 and
4, ¢) installed on the hoist column.

t

The control panel (Fig. 3, a) is used for remote control of
the movement (up and down) of the container piug, movement of
the  container from the idle into the working position (and back)

“-and for raising (and lowering) the rod with the y-radiation source,
These movements® ® are effected by turning handles (by hand,
with minimum effort) through a system of shafts and level gears,
The front of the panel cairies dials with moving pointers indica-
ting the position of the container plug, the container itself, and -

~ the y-radiation source. It was decided to use only mechanical"

. drives, as being the most reliable, in the K-300 installation,
Above the control panel is a light signal panel (Fig. 3, b).. These
signals indicate the positions of the container and source and show
whether the working chamber and container are shut or open,

Frame and ‘concrete block (see Fig. 1).. All the-parts and
sections of the installation are mounted on a frame welded out
- of steel girders. . The base of the frame also serves for uniform
distribution of the load over the floor of the building (the whole
weight of the installation, ~ 3.5 tons, is distributed over about -
- Fig. 5. Glass arnpoule for irradxa- : 6 m?), ) ‘
tion of liquids. - '

. ’ . In addition to the working chamber,. the upper plate
‘carries | a concrete block 4 to weaken the stream of y—radratron which flows up from the container when the
latter is moved in the open state from the idle into the working position (and back).

Additronal Notes -

The deslgn of the installation provrdes for possrble dismountrng of thencontamer for chargrng or rechargmg
it with radroactlve cobalt at the works '

) "The openlngs are in zigzag form with 1-2 bends in order to decrease the 1nten31ty of y-radratlon escaping
through these openings (see Fig, 2), : : :
* ®*An experienced assistant performs the above operations in three minut‘es.'
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Control and observations of the physicochemical processes which occur in the irradiated objects during the
experiments are performed by special devices (such as ultrathermostats, dilatometers, mixers, etc.) for each
individual case. Installation K- 300 does not have a special physicochemical panel.

C. Dose rates obtainable in 1nsta11at10n K -300 in radiochemical éxperiments, The dose rates were deter-
mined by chemical dosimetry in glass vessels (see Fig. 5) of various capacities, The dosimetric liquid was Mohr's
salt solution in 0,8 N sulfuric acid, The Fe™ " concentration was determined colorimetrically; the Fe** con-
centration was determined by potentiometric titrations with Ce(SOy),. The yield of the iron oxidation reaction
was taken to be 15.6 Fet++ ions per 100 ev of absorbed energy.

In vessels of 800 ml capac1ty (Fig. 5) the dose rate was 33 & 3 r/second, in similar vessels 100-120 ml
in capacity, up to 80 & 8, and with a capacity of ~ 30 ml, up to 120 r/second. The dose rates measured in
separate test tubes were about 70-80 r/second near the y-radiation source, and about 20 r /second near the outer
wall of the protective vessel.

If it was necessary to carry out radiochemical investigations on liquids in vessels of different shape, or on
solids, the dosé rate was determined by chemical dosimetry in equivalent geometric conditions. The dimensions
of the solid objects irradiated (crystalline powders, films, plates) and the distance from the object to the source
were so chosen that the dose rate distribution across the section of the object could be assumed pracncally uni-
form. Solid objects were, if necessary, rotated about their axes during exposure

D. Dosimetric examination of the installation. A dosimetric examination showed that the contamer
working chamber, and concrete block provide the required protectlon for the operators. When the project. of
the installation was worked out it was intended that the question of protection against y-radiation penetrating
through the slit between the upper edge of the container and the plate: on which the working chamber is installed -
during movement of the y-radiation source from the container ifito the working chamber and back (1-2 seconds)
should be solved when the assembly was completed. To diminish-this stream of y-radiation the ‘dimensions of -
the slit were d1m1n1shed (lead sheets were placed on top of the container) and a lead block 12 cm thick was
placed in the path of the rays from the slit to the ‘control panel, Asa result of these measures the radiation dose
at the control panel during the passage of the source ‘past the sht was reduced to the normal value.

" Individual dosimetric determinations, catried out w1th the ald of DK-0.2 dosimeters., showed that with
normal use-of the K-300 1nstallatlon the irradiation of the opetators is co nsiderably below the permissible level
and is~ 5 mr per workmg day. :

“SUMMARY

1. The installation K-300 for radlochermcal investigations, w1th a Co® source of y-radiation with activity
of 280 g-equiv. radium hds been developed and built. with regard to the requirements of modern radiochemical
research and on the ba515 of a critical examination of installations described in the hterature A standard in-
dustrially available Co% preparation was used in the installation, '

2. Various objects from 30 to 800 cc in volume at dose rates from 120 to 30 r /second respectively can be
irradiated in the installation, The cylindrical source is placed in the center of the working chamber during
irradiation.

3. The use of the K-300 installation over a- period of a year showed that it is suitable for radiochemical
investigations of varying degrees of complexity (in the physicochemical condltlons), and also has demonstrated
its convenience, reliability, and safety of operation.

4. On the basis of the de51gn and operating experience of installation K~300 it is posslble to develop
installations for radlochermcal research with more powerful sources of y-radiation,

In the development of installation K-300 theoretical questlons were solved with the participation of V. L.
Karpov; much valuable advice was also obtained from M. A. Proskurnin.

Technician M. A. Korotkova took part in the development of the K-300 project. The installation was
made in the mechanical workshop of the institute (G. D. Nikolenko, T. F. Evdokunin, I. G. Chinenov, and

others). The indicating scheme was constructed in the electrical workshop of the institute (A. F. Lopukhin and
A. Ratov). -
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B. L. Viting took part in the solution of some problems in the assemnbly and adjustment of the installation.
V B. Gsipov and G. N. Korolev helped in the operation. The dosimetric inspection of the installation from the
aspect of protective efficiency was made by L. A. Vasilyev and V. L. Sinitsyn,

The anthors take the opportunity of expressing their gratitude to all these colleagues for their critical
comments and participation in the work. Valuable critical comments made on the paper by reviewer A V.
Vibergal are also gratefully acknowledged.
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THE ENERGY OF RADIATIONS AND SOME LAWS OF THEIR ACTION ON
BIOLOGICAL OBJECTS

E. 8. Shchepotyeva

Modern views are presented on the primary physicochemical stage of the -
mechanism of the biological action of ionizing radiations and on certain laws
of their action on bioclogical objects, determined by the space and time distri-
bution of the radiation energy in the organism,

The rapid development of nuclear physics and nuclear technology has made available different types of
radiations with a very wide range of energies —from hundredths of an electron-volt (thermal neutrons) to billions
of electron-volts. Desplte their diversity, all thése radiations may have a biological action,’

The biological effect is brought about by the energy of the radiations, but dépends only on that part of the
energy which is absorbed in the organism during the 1rrad1ation termed the integral absorbed dose. Thus, the |
biclogical action depends not so- much on the total energy of the given radiation, as on the combmatlon of a
number of properties of the radiation (particle charge, mass, velocity, etc.) which determine what proportfon of
the energy of the given radiation will be absorbed by a particular biological object. For example, radiations
" consisting of particles with relatively high charge and lower velocity ( et-particles, recoil nuclei, fragments from
nuclear fission of uranium, etc.), by reacting more vigorously with the molecules of the substance through which
they penetrate thian rapidly moving singly-charged particles (fast electrons, etc.) expend their energy over a
considerably shorter path. Thus, one extremely important characteristic of radiation from the viewpoint of its
biological effect is the linear absorption of radiation energy in the organism [1]. This value is usually measured
in kiloelectron-volts per 1 micron of path through tissues. The linear absorption of radiation energy in the organ-
ism varies in very wide limits accordmg to the type of radiation and its energy (Table 1).

On the basis of the data in Table 1 it is possible to estimate the variation of the biological effect with the
magnitude of the linear energy absorption in the organism. The last column of this table shows some values of
the so-called relative biological effectiveness of radiation, indicating, for equal doses of absorbed radiation, how
many times as large (or as small) is the biological action of a given type of radiation relative to the action of
ordinary ( ~ 200 ky ) x- rays. This value greatly depends on the biological object in question, its state, stage of
development, method of irradiation, etc,, but there is no doubt that for most objects, and in particular for all
multicellular objects,the effectiveness of the radiation increases with increase of the linear energy consumption
in the organism.

The influence of the linear absorption of the- radiation energy in the organism (Tradescanna microspores)
on the biological effect is also illustrated by Fig. 1[7]. The upper part of the figure shows the biological action
of one form of radiation, deuterons with energy 190 Mev, but with different linear energy absorption in the organ-
istn because on one occasion the action of the radiation in the initial stages of the path was used, and on the
second occasion, near the end of the path. It is seen that the’ biological effect is very different, being much
greater at 20 kev /micron than at 0,73 kev /micron, The lower part of the figure shows the biological action of °
different forms of radiation; x-rays, deuterons with energy 19C -Mev, and a-particles with energy 380Mev,
chosen that the linear energy absorption in the organism was the same in all cases (~ 3 kev/micron). In thls case
the biological action was practically the same for all the radiations.
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TABLE 1

Linear Energy Absorption and Relative Biological Effectiveness of Various Types of Radiation

Ionizing particle Radiation Linear energy Relative bio- Literature
absorption, kev logical effec- references
per micron tiveness

Electron B -and x-rays (20-30 mev) 0.3 0.3-1.0 [23, {31, [11

’ Hard 8 -, y-raysfrom natural or 0.3-0.4 0.4-1.0 [2], [4], tl]

artificial radioactive isotopes v
Hard x-rays (1000 kv) 0.5 1.0 {21, 111
X-rays (200-250 kv) 2.7 1.0 [2]. [4]
Tritium B -rays 5.0 1.3-1.6 [4]
Proton 'Fast neutrons (8-14 mev) 6.6-12.8 1.6-5.2 [2], [41, [1]
Neutrons in some nuclearreact-
tions 28-37 1.3-16 (21, [4]. [51. [1]
Neutron radiation to 100 - [61
Deuteron 190 mev (at beginning of range ) 0.73 - [7]
. 190 mev (at end of range) 5-30 -~ [7]
o -Particle Fast helium nuclei (380 mev) 2.9 - [71
' Helium nuclei (accelerator) 44 - {13 ~
o -Rays from radioactive isotopes | 100-170 up to 10 [2], 8], [9]
R _ ' [41. [1)
The rgaction B(n, o) Li 330 - [2]
C nuclei _ Carbon nuclel 120 Mev (cyclo- |
tron) 220 (1) (9]
C. N, O, nuclei Cosmic radiation - 1170 - [10]
Fe nuclei Cosmic radiation |3340 - [10]

The fact that the linear energy absorption in the organism is not constant along the path of a moving
particle is of great significarice in radiobiology.” The linear enetgy absorption increases with retardation of the

particles, and reaches a maximum in the so-called "tails"
-Accordingly, radiation has the greatest effect at these places.

. 1. e., near the ends of the particle paths [10-12],
This property is often used in medical applications

of radiations (in particular, in the treatment of malignant tumors) to create directed radiation, such that definite

regions of the organism should be.irradiated most intensively, while the surroundlnc tissiies receive only little

radiation, It is evident that a good knowlédge of the physical characteristics of each type of radiation, and of

its behavior in the tissues of the organism, is required to produce such radiation. Fig. 2 shows the distribution of

the radiation doses (the dose is the energy absorbed by unit mass of the substance) in the organism for three different
© types of radiation [13]. It is easily seen that with the use of electrons with energy of 16.4 Mev it is possible to

obtain fairly uniform irradiation of the layer of tissue to a depth of ~ 5 cm, while with the use of a beam of

deuterons with energy 190 Mev it is possible to obtain’ intensive 1rrad1at10n of a restrlcted region at a depth of

about 13 cm w1th only slight irradiation of the remaining tissues. :

However, this characteristic —~ the amount ‘of radiation energy expended in 1-micron of path through the

tissues

—does not give a deep enough insight into the nature of the observed effects and does not make it possible

to establish a causal relationship between the biological action of radiation and the nature of the microspatial
distribution of the radiation energy in the organism. To establish such a relationship it is necessary to examine the, .
phenomena which occur in the organism immediately after the action of radiation on it - the primary physio-
chemical stage of the long chain of processes which together constitute the biological effect of radiation,
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' It is known that when radiation acts on biolog-
~20 kev /micron ' '

Deuterons ical objects, energy is expended for ionization and

excitation of the molecules. Each act of ionization
and excitation requires the expenditure of a certain

= 23 g7skev/micron  amount of radiation energy, and therefore a larger
g or smaller consumption of radiation energy along
2 o 1 micron of path through the organism indicates a
S )
8 —t larger or smaller density of the ions or excited mole-
o= . o 0 zop cules along the path of the particle. When radiation
=3 Dose (rep) e N : : .
9, acts on living objects, either molecules of water or
E&OJ other molecules, some of them biologically important,
—(-;é [ such as complex protein molecules, enzymes, etc.,
gog ast ~3kev/micron  May be ionized or excited. Since water forms about
Sk 3/4 of the total weight of a living organism, the
o0 8 § organi
25 437 probability of the first process is relatively high. The
s first route is known as indirect, and the second as
71 Al . . , , direct action. More importance is at present attached. -
50 oo 50 200 . to indirect than to direct action in the irradiation of
Dose (rep) ~ living organisms [14, 15]. '
—o— Deuterons (190 mev) : _ ' .
—— o-particles (380 mev) In the direct action of radiation,.the high
—— x-rays (100 kv) density of ionized and excited atoms entering the
- composition of complex protein molecules probably
: -leads to greater structural disturbances in molecules,
Fig. 1. Variation of biological action with the . which is probably the cause of the greater biological
g 10108 P y gre 0g
linear energy absorption in the organism. .. action of radiation with a high linear expenditure of
energy [16]. : o
1005= ‘ : - , )
l /115’.4 mev{ . ﬂ ' s _ lonization
v electrons, - ] ) i
&0 1
AN I
17
] &

- 401790 mev \ — // : ' ) B -
deu;mnshk cLL _
b 200 kv _  Hy0— H+0H

S TNJX-1ay _
v \L_ S Excitation .
d g v 7% o (et [
: Depth, cm o H*H T
] UM O0—sH+H,0,

Fig. 2. Distribution of radiation doses in
the organism on irradiation by x-rays, _ :
electrons with energy 16.4 mev, and deuterons . . .Fig. 3. Scheme for the ionization and excitation
with energy 190 mev. of water molecules, ' '

In the ionization and excitation of water molecules whch form part of the organism, the radiation energy
exerts a biological effect by the indirect toute, Ionized water molecules are unstable and decompose to form
hydrogen atoms, H, and OH radicals (Fig. 3). The excited water molecules, on colliding, may form so~-called
molecular decomposition products of water, H, and H,0, [17, 18). Thus, the density of the ionized and excited
water molecules present determires in this instance the nature of the distribution of H atoms, OH radicals and
the molecular decomposition products of water H, and H,0, in the irradiated space, which in turn determines the
nature and the probability both of their interaction, and of their reactions with the molecules of complex organic
substances.
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No methods have as yet been developed for the direct determination of these reactants in biological
material, but all the above is confirmed by a number of mdm,(r pmof‘;, and also by direct determinations in
solutions by the so-called chemical domnury 1193, "

Table 2 contains data w]m'h show that radiations with differont linear energy absorptions lead to the for-
mation of different relative amounts of the radicals 1T and OH, on the one hand, and of the molecular decom-
position products of water, H, and 1,0, on the .other{20].

TABLE 2

Yields of Molecular 'P'roducts'(]»'IZ and H,0,) and of Radicals (H and OH) in the Action of Different Types of
Ionizing Radiations on Agueous Solutions ‘

‘Radiation Linear energy % reaction of 9% reaction of
g ‘absorption, kev | H and OH rad- H, and H;0,
per micron- ical formation molecular '
product for--
mation
Ultraviolet radiation < 2000 A o - 100 S0
y-radiation from Co% o : 0.4 B E (¢ 24
x-rays, 2Mev . : ’ 0.4 i~ 9T 23
8 -rays from 1’ . - : 5.0 0 30
a-rays from Po*? > S 150 12 . 88
~a-rays from the reaction B(n, o)Li o 330 " g 92

Fig. 4, a'diagrammatically shows the disposition of ionized and excited molecules along the paths of
a-and B -particles, and Fig. 4,b shows the ¢orresponding distribution of radicals and medecular decomposition
products of water. The low frequency of ionized and excited molecules along the paths of 8 -particles (right-
hand side of the figure) results in an infrequent and more or less regular distribution cf these active reactants,
the distances between H atoms and OH radicals being relatively greater and more or less equal to each other.
‘The disposition of the active particles along the paths of the «-particles (left-hand side of the figure) is very ‘
irregular [21]: OH radicals and molecular H,0, are densely situated along the particle paths, while the hydrogen
atoms, H, are found mainly in the outside regions of the column, where electrons are ejected durmg ionization
(se¢ Fig. 3). The different spatial distribution of the active substances as the result of the action of radiations
with high and low linear energy absorptions leads to different probabilities of reactions between them. It is
evident that Reactions 1 and 2 (Fig. 4, c) will be more probable under the action of radiations with higher linear
energy absorptions, while Reaction 3 will be more probable with low valués. The relatively greater probability

of the recombination reaction of the H and OH radicals to form water under the action of radiations with low linear

energy absorptions paftly explains the lower bioldgical effectiveness of such radieitions.

The course of the subsequent reactlons depends on the probabilities of Reactions 1, 2, and 3 occurring for
radiations with different linear energy absorptions. For example, the hlghly active oxidants HO, and H,0, may
be formed in appreciable amounts, under the action of radiations with low linear energy. absorptions, only in
presence of cxygen (see Fig. 4, c on the right), while under the action of radiations with high linear energy '
abscrptions these oxidants are easily formed even in absence of oxygen; moreover, free oxygen may be formed
in the tissues under the action of such radiations (Flg 4, c, on the left)

The powerful oxidants formed, and also the reducing agent H,, produce Changes in the normal oxidation --
reduction processes, influence metabohsm and initiate a whole series of different reactions which ultimately
constitute the biological effect. It is therefore not suprising that the nature of the distribution of the ienized and
excitéd 1nc'>lecu1es determine< the various laws of the biological action of radiations,

For example, one of the most-important laws of thie biokogical actions of mchauon is that ‘the biological
effect increases with increase (up to a certain limit) of the oxygen cohcentration in the irradiated object or in
the surrounding medium, and diminishes with decrease of this concentration —~ the so-called "oxygen effect”
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in the action of radiation. However, this is true only for radiations with a low linear energy absorption; for
radiation with moderate linear energy absorption (protons, neutrons, etc.) the effect is exhibited slightly, while
for radiations with high linear encrgy absorptions (ot-particles, deuterons) it is not found at all. This is inder-
standable in the light of the foregoing: in the action of radiations with low linear energy absorptions the presence
of oxygen increases the probability of formation of. powerful oxidants, while in the action of radiations with high
linear energy absorptions external oxygen is not needed, as in that case it is formed in the tissues in sufficient
quantities,

The existence of the "oxygen effect” for radia-
tions with a low linear energy absorption, and absence
of this effect for radiations with a high linear energy

-\,\ﬁ © absorption, affects the important question of protection
g of the organism against the action of radiations. The

a)

protective action of certain substances introduced into
the orgarﬁsm depends on the fact that they absorb the
oxygen present in the organism and so prevent the form-~
ation of powerful oxidants in the organism during irradi-
ation. - However, while they are protective against‘the
action of radiations with low linear energy absorption,

- 5 — © such substances have practically no protective action
7 BM+0H == H, 0, R g : s : :
o) 2 H+H —h, . against rad1at;ons w}th a high linear energy absorption
3 OH+ H —=1,0 v : as has been already confirmed by a number. of investi-
H0; +0H —= H0 +H0, | M40, = HE, gations [22].

H,0, + HO; — H,0 +E1T1+_oi HOz+ H == 1,0,

HOp + HO,—= H,0,+ 0, The routes indicated above for the development

of the biollogi'ca'l effect under the action of radiation

are probably far from the only ones possible. For example
the role of the electrons formed as the result of ionization -
of water or tissues is still not quite clear [23]. While

the energy of these electrons is high enough, they can -

. themselves produce ionization and electron excitation of
the molecules, but their subsequent behavior, as the
so-called subexcitation electrons, i, e., electrons with

. . - energy less than the energy of electron excitation of

water molecules, is unknown. The number of such electrons is in general large, because each act of ionization

leads one way cr another to the appearance of a subexcitation electron, and c-onseque‘ntly their total energy may
be relatively large. It is presuined that the role of these subexcitation electrons may be very considerable if the
medium contains a low concéntration of some component which requires small amounts of energy for ionization

or excitation. It is also possible that the energy of these electrons is used in various relaxation processes (increases

of the vibration or rotation energ'y of the molecules, etc.).

Fi‘g. 4. Distribution of ionized and excited
molecules along the paths of ot-and g -par-
ticles a); the corresponding distribution of
radicals and moleculat decomposition
products of water b);and possible reactions
between them c). . '

. The role, in the biological.action of radiation, of the visible or ultraviolet light which excited molecules
can.emit is alsonot clear, Radiations with different linear energy absorptions differ in their power of inducing
fluorescence in water; in particular, y-radiation with a linear absorption of 0.3 kev/micron produces a distinct

fluorescence spectrum, while soft x-rays with a linear absorption of ~ 3 kev/micron do not produce fluorescence
' [24]. Nevertheless, the intensity of this luminescence is very low, and it is unlikely that it has a significant effect
in the biological action of radiation. '

In relation to the question of the routes by which radiation energy can lead to biological effects, particular
interest attaches to the possibility of the migration of energy in living matter [25], The migration of energy is
understood to mean the following:

A quantum of electron excitation energy transmitted to one center of an extended system (for example, as
the result of absorption of a photon) is transferred without loss to a second center at a considerable intermolecular
distance from the first, and there exerts its action. An important feature of the migration of energy is the peculiar
directed displacement, observed in some instances. of the quantum toward those centers where its energy can be
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utilized [26]. This process has been extensively studied in relation to the fluorescence of crystals, and in a

number of other systems [27]. The migration of energy has been demonstrated in complex organic macromole -
cules, and it has been found that some added substances exert a protective effect under the direct action of
radiation, when the irradiation is carried out in absence of water and the indirect effect is excluded [28]. The
existence of energy. migration in organic macromolecules may play an important part in the biclogical action

of radiations, as this process may lead to a concentration of energy in some spécial components of these molecules,
in appropriate acceptors, where this energy will exert its effects, However, migration of energy diréctly in the
living organism has not yet been convincingly proved, although this question arouses considerable interest and
many investigations have been devoted to it. '

We have considered the microspatial distribution of radiation energy in organisms, and some laws of the
biological action. of radiation which depend on this distribution. We see that in a complex multicellular organ-
ism the macrospatial distribution of radiation energy should also have a strong influence on the biological effect -
of radiation. Many investigations show that even with equal radiation doses, different biological effects are pro-
duced by irradiations of diverse character — total irradiation, irradiation of different regions of the organism,
different organs, etc,[29]. Thislargely provides the basis for the therapeutic uses of radiations.

For example, in the treatment of malignant tumors it is necessary to carry out Local irradiation of isolated
regions of the organism, sometimes deeply &ituated. External irradiation by various forms of hard, penetrating
radiation is most commonly used for this purpose: y-rays, electrons. and high-energy deuterons (see Fig. 2).

. Another device used is the introduction into the malignant turnor of radioactive colloidal gold, or introduction of
boron with subsequent irradiation of the tumor by neutrons, so that the nuclear reaction BY 4 n = Li"+ Het
takes place in'the tumor and the latter is subjected to intense irradiation by a-rays, which are highly effective
biologically, while the surrounding tissues are practically unharmed. o

In the treatment of skin diseases strictly local irradiation. of the surface skin layers is also necessary, so
“that the deeper organs and tissues vescape‘ irradiation as far as possible. For such irradiation soft radiations of
10w penetrating power are used, such as '8 -radiation from radioactive phosphorus, used as an external application
[30], o-rays from radon, used as radon ointments [31, 32], o.-tays from thorium X, used in the form of alcoholic
solutions, lacquers, and ointments [33, 34], ce-rays from thoron disintegration products (thorium C and thorium C'),
used as "radioactive bandages” [35], i. e., by application to the affected places of gauze with an active deposit
of thoron (radioactive isotopes thorium B, thorium C, thorium C', and thorium C"). ' '

This last method of irradiation, by local irradiation by radioactive bandages, has also proved highly effective
for the treatment of some diseases involving painful conditions (radiculitis, diseases of the joints, etc), since such
irradiation has pronounced analgesic properties [36];

In the treatment of many other diseases — ci£diovascﬁlar, neivous, gyne_cologicai, metabolic, etc, — the
best effects are obtained by total irradiation of the whole organism [37]. Such irradiation is used, in particular,
in health resort practice, by means of such procedures as radon baths [38], the inhalation of fadon—enrich_ed air in
emanatoria [39], etc, [40]. ' - ‘

Although the nature of the macro-and microspatial - distribution of radiation energy in the organism plays
a very important role in the biological action of radiation, the course of the absorption of energy in the organism
with time is.fio less significant. As is known, the organism responds in a particular way to every stimulus, and
the course of this reaction with time may vary greatly not only in different organisms but in the same organism
according to the stage of its development, functional state, etc., and also according to the nature of the stimulus.

Thus, the observed biological effect is at any given moment the result of two processes — the action of the
irradiation itself, and the reaction of the organism, Because of this, a very important characteristic from the
aspect of the biological action is'the dose rate, which is the amount of radiation energy supplied to the organism
in unit time. -In most cases the biological effect is greater at higher dose rates (compared for equal integral
doses), as in such cases the recovery processes in the organism do not have time to develop fully [41]. Radiations
with higher linear energy absorption apparently produce a biclogical effect less dependent on the dose rate than
radiations of low linear energy absorption [5.]. In particular, fast-electrons with energy 3 Mev, in acting on the
human skin (during observations of the'appearance of erythema) show a distinct increase of the effect with increas-
ing dose rate, while for soft x-rays the effect is almost independent of the dose rate [42].
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A similar influence on the biological effects of radiation is produced by fractionation of the radiation, i. e.,
irradiation which is not continuous, but given at intervals [41, 43, 44]. In most cases fractionation, by giving
the organism a betteropportunity of using its adaptation and recuperation powers, results in a smaller biological
‘effect than continuous irradiation. The duration both of the irradiation periods and of the intervals between them,
~is, of course, very important., In these cases also radiations with different linear energy absorptions produce some-
what different results.

It follows from the foregoing that the distribution of the radiation energy in the orgamsm both in space and
in time is of very great importance for the biological action of radiation. However, this question is very complex, .
and despite the large number of investigations devoted to it the problem cannot be regarded as solved. Much
more research is still requtred on the dependence of biological action on the form of radiation and its dlstrtbutlon
in time.
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LETTERS TO THE EDITOR

BERYLLIUM PHYSICS REACTOR

A, K. Krasin and B. G. Dubovsky

In addition to materials like graphite and heavy and ordinary water it is possible to use beryllium as a
neutron mederator in nuclear reactors,

In order to study the physical properties - of a reactor with a beryllium moderator, in August of 1954, at the
atomic electric- power station of the Academy of Sciences USSR a BPR reactor with a-beryllium-metal moderator
was put into operatlon : ‘ ) » : .

The reactor fuel was a water solution of iranium UsOg with 10% concentration of the UP® isotope.

The core of the BPR reactor, compqsed of betylliurn blocks 160 x 180- x 40 rnrn is a cylinder 960 mm
high and 1040 mm in diameter, : :

The weight of the core is 1200 kg The berylhum denslty is 1.178. g/cm3 Fabrication techniques for
beryllium and its physical properties have been described in [1 2], The reactor core has vertical channels
which form a rectangular lattice w1th a mesh 107:x: 64 mm. '

"A channel 17 mm in diameter located in the center of. each element of the cell is surrounded by six _
channels 14.5 mm in dlameter arranged on a radius of 20° mm:; ~In addition there are 108 honzontal e
31 mm in diameter. ‘

The fuel is contamed in elements of tubular construction. In each element the U0 solutxon fills an
annular space formed by two thin- walled coaxial steel tubes 13.4 x 0. 2'mm and 9.0 x 0.4 mm in diameter.

The height of the solution which fllls the gap is 960 mm; 214 grams of U:,O8 are contained in eachi elemeént.

The central channels of the elementary cells,the horizontal channels and the inner tubes in the elements
are used to study the effects of water on the mu1t1p11cat1on paraimeters of the reactor mmedium.

The reactor is controlled by two cadmium rods 8.2 mm in diameter and 960 mm long. In addmon there
are eight cadrmum rods of the same dimensions which serve as protection against accidents.

The activity level in the reactor is monitored by boron proportional counters and 1onlzatlon chambers., A
concrete wall 1 'm thick serves to protect personnel from radlatlon

The critical mass for various modifications of the multiplying medium was achieved by gradually charging
the elements from the center toward the periphery. In order to start the reactor safely a Po + Be neutron source
with an intensity of ~10° neut./sec is placed inside,

Using the degree of charging and several detection instruments curves were plotted showing the reciprocal
of the counting rate P f (N) where n is the number of counts per unit time with N charged uranium elements.
A version of the uranium-beryllium reactor with no water is realized by charging six elements in a cell,

Graphite inserts of appropriate dimensions are placed in the center channels of the cells, in the tubes of the
elements and the honzontal channels.

The system becomes critical when 366 uranium elements (6.66 kg U™y are charged In this case beryllium
side reflectors 15.5 cm thick were used; there were no front reflectors.
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The change over to a nonreflected reactor is accomplished by removing the upper layers of bhefyllium
blocks and charging the elements of all the cells of the core. The critical charge in this case is 11.73 kg ys
and the height of the reactor is 89-cmn,

Radius [Thick- [Critical mass (kg wuess)

Typeof Jof active Bess of " ltheoretical
S e T e
reactor * |zone, cm refloctor, S e
cm experi- [(multigroup

mental method)

Bare reactor /
with side re- v , . .
flectors 36.5 15.5 6.66 T+1.4

Bare reactor : '

¢+ without ‘ ' ,
reflectors ~ | 52 . . — . 11.73 ~ 1241.6 .
Bare circular oo : S
reactor 42 20 *) 12.66
- | Reactor with -~ | - S C
{ water in the | 26.2 25.8 - ©3.42.
elements ' :

*) Diameter of the column formed by the uncharged channels.”

Under these same conditions(with no water and a charge in six elements of each cell) a reactor in which-
there is a thermal column at the center can be obtained. With a total height for the beryllium core of 960 mm
only the peripheral cells are c1arged The system becomes critic al when 696 elements are charged and the
. _diameter of the nonacnve central is 20 cm.

eSS -V
3
)

S\ The data pertammg to these various reactor modifications are plesented in the table, For comparlson

there are also presented data on the critical charge when the inner tubes of the uranium elements are filled :
with water, : '

In the version which contains a thermal column at the center the thermal neutron density is four times
‘greater than the average neutron densuy in the active zone; in the version without the thermal column whlch
uses reflection, the maximum neutron density is 13% greater than the average densny

The critical charge calculatlons based on a multl-group analysis, were carried out by G.L Marchuk and
V. V. Smelov.

E. I. Inyutin, M. N. Lantsov and Yu. Yu. Glazkov participated in t'nis work.

_ Inconclusion'we wish to express oiir thanks to the scientific dlrector of the atomic electric- power station,
Prof. D. L Blokhintsev for his interést and for valuable suggestions and also to M E. Minashin and Yu. A,
Sergeev for participating 1n the discussion of the results : ‘
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THE CROSS SECTION FOR THE REACTION Li"(d, p) Li®* AS A FUNCTION OF
DEUTERON ENERGY IN THE RANGE 1.1-4 MEV. '

L., S, Bezrukov, D, A, Panov, D, V., Timoshuk

The dependence of the cross section for the reaction Li’(d, p) Li® on deuteron energy has been investigated
in a number of references [1-3] in the region 0. 4- 3.3 Mev, . In the high energy region the results of these-
measurements are contradictory and not very accurate. In the present work -deuterons with an incident energy
6f 4,0 + 0.05 Mev from the 70 'cm cyclotron from the Academy of Sciences USSR were used. The energy was varied
by degrading the deuterons ina stack of aluminum foils, The final energy was determined from the range -energy
relation for aluminum [4 - 6. The reaction yield was measured by the §-activity in the Li®, The targets were
lithium -fluoride deposited by vacuuin evaporation, The target thickness was- 0.12 g/cm®. The activity was :
measured with the beam shut off. The switching cycle, provided by a mechanical commutator, was as follows:
after irradiation of the target for one second the cyclotron was shut off and the g 'co'unte_ar was successively

A ‘ - - connected for one second to three detectors,
- , - One second after the last detector was cut off

-« / , 4 the target was again irradiated for 1 sec and
rel, : -/ _ ' the whole cycle was repeated. Using the data
units /A ' from the three counters the -activity in the

25 : Li® (A = 0.824 sec™) could be reliably
o separated from the activity due to background
contamination, The total integrated deuteron
flux was méasured while the targets were being
irradiated. The Li® decay in the target during
irradiation was taken into account by intro-
ducing a current drain with a time constant
--------- ‘ equal to the decay constant for Li® into the
integrat'ing circuit, '

20

75

* ‘The results of the measurements are
shown in the graph. The data obtained in
[2, 3] are also given, The cross section for
_ this reaction exhibits clear resonances at
—.—Baggett, Bame | . deuteron energies of 2.0, 2.5 and 3,7 Mev,
""" Bashkin . These resonances correspond to levels in the
intermediate nucleus Be® having energies of
18.3, 18.7 and 19.6 Mev. These results, which
indicate the existence of a level in Be® at an

energy of 18.3 Mev coincide, within the limits
. Ly Maf .
- —-— y; of our accuracy, with the results of a study of
.g R N SR ST the reaction Be® given in [2], [7] and [8] in
X 7 which this level was also found.

10

. f/
mg Alfear?
We are indebted to N. P, Bondartsev,

Excitation curve for the reaction Li?(d, p) Li®: A, F, Zajtsev, V, L. Mazurov and A, S. Rychev

pl

. 609
Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090006-9




Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090006-9

for providing uninterrupted operation of the cyclotron,

Received March 1, 1956,
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REMARKS ON MIRROR ASYMMETRY IN NUCLEL

B. M. Strutinsky

An analysis of the experimental data on o-decay in certain heavy even- -even nuclei has revealed low-
lying states for the daughter nuclei with spin 1 and odd panty (daughter nuclei: Pu®®; Ra?%: 241 226, 71,2261 228,

1.

A, Bohr [2] has reported an mterpretatlon of these levels given by Christie, in which it is assumed that
these are excited colléctive levels associated with the asymmetry of the nuclear shape with respect to reflection .-
in a plane perpendicular to the nuclear symmetry axis ("pear-shaped™).: If the shape of the nuclear surface which
is asymmetric under reflection is stable, each of the levels for the asymmetric surface oscillations about the
equilibrium configuration should be doubly degenerate because there are two stable surface shapes, one of which
is the mirror image of the other. (Fig. 1), This degeneracy is removed by virtue of the tunnel effect between these.
these two nuclear configurations (Fig. 1). Thus'each level.of the asymmetrlc oscillations is split in two witha .
spacing between equal'to hwT where wT 'is the frequency of the tunnel transition frequency between the two '
conJugate nuclear shapes (in thls connection see [37),
- simple analysis indicates that the parity of the wave functions _
o - which describe the asymmetric oscillations should be different
s | g "~ in these states with the higher-level having the odd parity.
) ‘The nucleon states are assumed to be the same in both levels,
hence the excited collective level of the. nucleus should be
characterized by a-value for the projection of the nuclear
spin along the symmetry }éxis K =0 and should have a parity
which is opposite to that of the ground state. This level
should be the first of a series of rotational levels with spin
1, 8, 5, ... and odd parity.

The existence of ‘a systerh of odd rotational levels
displaced with respect to the even spin levels may be ex-
plained without recourse to a consideration of the mirror
Fig. 1. Pear-shaped nuclear surface and " asymmetry of the nuclear shape if these rotational levels
mirror image. : are attributed to some excited nucleon state with K = 0 and

a parity opposite to that of the ground state (in anology with
tiie theory of diatomic molecules; see, for example, [3]).
However the extremely small energy of the ‘1~ state makes such an interpretation unplausible.

A. Bohr has not indicated a mechanism which would lead to stability for the mirror-asymmetric nuclear
shape. Among other things this question is of great importance in connection with the interpretation of effects
associated with asymmetric fission with which it is connected in anobvious way, Below are considered one of the
possible reasons for the formation of mirror- asymmetrlc nuclei and the intensity of electric transitions in such
nuclei,

Stability for mirror-asymmetiic nuclear surfaces. In studying the stability criteria for mirror-asymmetric
nuclei we shall consider very small asymmetric deformations in which perturbation theory can be used. For

‘ : A1l
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small deformations the change in the nucleon energy is*

My [? 1
AEy= —t2%_ }3:;5’!; , , (1

where g M, = Vyy, is the matrix element; £ is a small dimensionless parameter which indicates the degree
of asymmetry, E, is the ground state energy for nucleons in the symmetric nucleus, Ej is the energy of the
excited state of the nucleons, ’

The changes in the Coulomb energy and surface energy are given.by

A"Ec:"'é‘c'é £2, ) (2)

where C, i$ the "liquid-drop™ coefficient for nuclear deformation’[4]. Comparing Egs. (1) and (2) it is apparent

that the energy of the nucleus is reduced in asymmetric deformation if the symmetric nucleus has a close-lying
nucleon level with parity opposite to that of the ground state since then the following condition is satisfied

'”ﬁ@j’i}.ibé, S ey

1

where AE is the 5pac1ng between levels.
.

For a suff101er1t1y large asymmetrlc deformatron the. energy of the nucleus eventually 1ncreases however

the asymmetric- deformation parameter corresponding to an equrhbrrum conﬁguratron for the asymmetrrc nucleus

cannot be determined frOm perturbation theory.

The case of two nerghbormg levels can be considered by analogy with the intersection of term-levels in-

. molecular theory. Let y, and yy, ‘be ‘the wave functions for two nucleon, states which have almost the same
energy in the symmetric nucleus. E and E},.lare the energles for the states a and b respectlvely and E, > E,.
The 'wave functions 3, and ¢y and the energy depend on parameters whrch charactenze the deformauo?n of the -
nucleus The nucleon wave functions in the asymmetric- nucleus can be wnttén in the:form y 4 o8 = =Cs " Py
+ Cb wb The energy for the states o and B is‘ '

Bup=g( Bt E)E 5 (B B+ 4|Vq ), . @

where the indices a and B denote the plus and minus signs for the radical (E; < Eg). The nondragonal matrix
eléments V' ab are different from zero if the 4 . and b states are different in parity. (u and g states in terms
of the theory of diatomic molecular spectra).. ‘The energy [Eq.(4))hould be considered as a mixture of the
"liquid-drop™ potential energy of asymmetrrc surface osc1llat1ons. The total potential ehergy of the asymmetr1c
surface oscillations is Lo

Wemg G g (BB 4| Vo (O O
It is assumed that only the lor/y_-:lyiug 'states, are_excitecl. '

5

*» The diagonal matrix element vanishes since the perturbation operator is antisymmetric under reflection "
in the plane perpendicular to the nuclear axis; the off-dlagonal elements are drfferent from zero 1f the parity

of the nucleon states is dlfferent .

612
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If the deformation is not small, V,p, (§) 2 AL, the nucleon potential energy [Eq.(5)] is almost a linear
function of | g| . Because of this the potential energy Wy has a minimum for a certain value of the parameter
£ which is different from zero. The value of the asymmetric deformanon parameter which corresponds to the .
minimum potential energy is

=mer— (St ©

(for small g Vap(E) = EM,p). The condition for the existence of g * is the same as Eq, (3). If the energy
difference for the nucleon states is large Eq. (4) becomes the usual two-level perturbation~theory formula, If
the energy difference between the a. and b states is sufflc1emly large the potentlal energy Eq, (5) has an
eéxtremum only at ‘§ =0,

To make an estimate of M, and C, one can use the values calculated for a nuclear surface which is
almost spherical. [4]. Accordmg to the hydrodynamlc estimate for octupole surface oscillations and A ~200;
Cg +i5 250-300 Mev. The matrix element M, can be taken as of the order 20-40. Mev. In the limiting case
Ea = Ep, (intersection of the nucleon terms) the asymmetric equilibrium deformation is approximately 1/10, =
The depth to the bottom of the potential well for ‘asymmetric. surface oscillations: W* (Fig, 2) is

e 1 1Mapl2 1 (By—Eq) C; y T
Wiy g B B X{1 “iwer O

For the values of My, and 'C, we have: md1cated at 1ntersectlon of the 1evels (E = Ey) for W. * we obtain a
value of the order of 1-2 Mev, Both W * and. ’ 4 l are reduced as Ey —Ey, increases and become zero for

'Eb;Ea=L“"_aeii
' C_E:

Heénce a niiclear asymmetry of this kmd is possible only in those cases for whlch the spacing between nucleon -
! Mab' 2
Ce

‘As has been indicated above the distance between low collective levels in the potential well W (Fig. 2)

' ’ can be very small, in pamcular it can be so small compared -

with the distance between nucleon levels that it is possible

to. satisfy the conditions requlred for adiabatic excitation of
the collecnve states,

levels is considerably smaller than as requu_ed by the chdmon glven in Eq. (3).

wiléi)

' - The instability of the symmetric nuclear form upon
the intersection of the nuclear terms may be one of the
- factors which leads to asymmetric fission since there is a
high probability for the crossing of the nucleon terms [p]and
{6]in the deformatlon which occurs in fission,

'g' Collective electric trapsitions in mirror-asymmetric
nuclei, Experimentally there have been observed electric

- dipole radiation transitions from the 17 state to the low-lying
rotational states, Using the mtensny ratio for transitions to

* the rotational states 0" and 9% the value of the quantum
number K in the 17 state has been determined [7]. In all

‘ cases the value K = 0 is in agreement with the experimental

Fig. 2. Total potential energy associated - data, If one adopts the point of view that the low-lying 1~

with the asymmetric surface oscillations, states of heavy even-even nuclei are excited collective

' ' states the radiative transition which is observed should be

a collective dipole transition. A collective dipole transition,
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however, can occur only when the center of gravity of the proton does not comc1de with the center of grav1ty of
the nucleus [8]. : . .

This type of nuclear polarization might arise as a result of the asymmetric internal electnc field in an
asymmetrically deformed nucleus. Below we present an estimate of the dipole moment of a mirror-asymmetric
nucléus, based on this assumption,

The equilibrium distribution of charge in the nucleus is related to the potential of the electric field by
the expressions [8]

83, = — p (ep — 4B),
Ap = — 4nep

(24

®)

where p, is the density of protons in the nucleus, ¢ is the potential of the electric fleld corresponding to a :
given charge distribution, p s densuy of particles in the nucleus which is assumed to be constant

o 34
(P;P;V'f‘f’z:?n“];g“) .

InEq.(8) Bisa coéffiéient _in‘ythe Weiszicker formula for the energy of the nucleus:

M ré.'aA + B ﬂ;‘Z)z:'*“TA_z/?-I— 251 f:"

(B~ 20 Mev.). In calculating the d15tr1bunon of charge in the nucleus the surface is ‘assumed fixed since the
frequency of the charge-density oscﬂlatlons is large compared with the frequency of the sutface oscillations.
We also assume that the nuclear deformatlon is.small so that the surface can be described -by the equation

RO)=R,[1+4(),
L v ;3 ' '
A(ﬁ):izap(cos%((] : S  (9)
- l--0 i

The coefficient.a is determined so as to fulfill the condition for a fixed center of gravity

;=(gz‘;dv>/(g_pdu_)=¢o.. | a0

2'7
Within an accuracy up to cubic terms in the deformation parameter oy =— -~ opog . O s determined from

the conservation of nucleéar volume. The value of oy does not affect tne result hence it tiay be assumed that
oy = 0. Taking into account the relations g1ven in Eq. (8) and (10) the dipole moment of the nucleus along the
nuclear axis

d,= S 2p, dv,
"can be written in the form

= — (ep[83) S cp(r).rci)sﬂdv. o (11)

614 _ , _ _
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The integration extends over the volume of the nucleus. We expand the potential ¢ in a Legendre polynomial
series '

. . d'v Ze? ) : |
P ~'ep, S e = 21 T/ (%) P (cosd), z=r/R, (12)

=)

(To calculate the potential ¢ as a first approximation the density of protons is assumed constant), Having sub-
stituted the expression for the potential Eq. (12) in the integral Eq, (11) and expanding the integral in powers of
the deformation parameter, it is easily shown that in calculating the potential-with the function f; (x), excluding
the function fy(x) it is necessary to consider terms in the first power of the deformation parameter oy, o and oy,
Generally speaking f;(x) should depend on terms proportional to cpoy. However, direct calculation shows that
fi(x) does not contain such terms. With an accuracy of the first power in the deformation parameter the function
fl is V ) ‘
3 1
fo ()= 5T |
frso=4al; : . (13)"
To=1; .
T>0 = 39,/(2L + 1).

Substituting Eq. (12) in the integral Eq. (11),‘and making use of the‘ felat;oxls between ¢, oy and oy, we find *

. . ZAg? ' s R
d, ?‘“-Q-QZ-Z‘_BE Gyt | (1)

As can be seen from Eq. (14) the polarization of the'niicleus for asymmetric ;"de:forrn_atiqn oceurs only for strongly
‘deformed nuclei when the symmetric quadrupple deformation - oy is large.*#* " ' C ‘

For nuclei with A ~240 and Z ~ 90 with values of the deformation parameters o, and oy equal respectively to
t0 0.3 and 0.1 the nuclear dipole inoment is found'to be 0,1 Ry. If one assurties for the dipole'moment of a
singlle-parti'cle transition the approximate valuevapar.tv "'Ro ,the'coll__ectiye moment should}bye_ approximately
one hundred times smaller in intensity for the same energy. This differerice in the transition probability can
be shown to be insufficient for using the transition prbba‘bili_ty'to determine whether or not a given transition '
is collective, In this connection great interest attaches to the probability of the' electric octupole transition,
for example the radiative transition 1~ — 4% or the transition 0¥ =~ 37 with-electric excitation of the nucleus,
The collective electric moment of an asymmetrical‘ly_deforrnec_l nucleus is equal to

0% = S roPy (c0s ) do = 3 ZRa,, " - | (15)
and hence the collective octupole transition probability should be approximately (Zog)> times greater than the

intensity for a single-particle octupole transition at the same energy.

We-wish to express our gratitude to B. T, Geilikman, V, M, Galitskom, V. G, Nosov and D, T, Grechukhin
for discussion of the work and valuable suggestions. ' '

Received March 13, 1956

* We are considering the dipole moment of the transition Eq. (14) is the actual dipole moment operator.
The diagonal matrix elements of this operator are zero,

** It.is easily shown that the succeeding terms in the expansion of the-dipole moment are proportional to
: oz§ oy, otg etc. '
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CROsS SECTION FOR INELASTIC INTERACTIONS OF 14.5 MEV NEUTRONS WITH

VARIOUS ELEMENTS

N. N, Flerov and V., M, Talyzin

v

. According to the semsitransparent model of the nucleus [1-3] the dependence of the cross section for
inelastic interactions ¢, on the radius of the nucleus for neutrons with energies of several millions of electron
volts should have maxima and minima which become less distinct at'higher energies [3]. It would be expected
that for neutrons with energies of 14 Mev the cross section for inelastic reactions would be a monotonic function
of the nuclear radius, ' o :

In the majority of experiments the cross sections for inelastic interaction of 14 Mev neutrons with matter
have been measured for a small number of elements [4-8]; Strizhak [9] has obtained more complete experimental’
data but with poor accuracy and with a systematic deviation from the results of other authors. o

In T[4,,6, 91 nuclear threshold reactions (usually Cu® (n, 2n) Cu®) were used. However the values for
the inelastic cross sections obtained in this manner do not seem to be reliable, especially for light nuclei. In
the present work *, a detector with-a \{ziriable threshold was used — a scintillation counter with a stilbene
crystal — and the cross section was measured for 24 elements, The detector was located at a distance of 75 cm
from a zirconium-tritium target of an ion accelerator at an-angle of 0 ° to the beam of deuterium ions. The
angle of 0 ° was chosen to eliminate spurious neutron scattering effects in the measurements.

Spherical samples of the materials being investigated (external diameter from 7 to 13 cm and internal
diameter from 3.5 to 4 cm) were positioned so that the center of the target coincided with the center of the
sample, : ) .

In all samples curves were taken which shQWed the_dépéndence of the ratio of counting rates with and
without the sample as a function of detector threshold. In certain parts of these curves the ratios remain con-
stant. In these the detector registers only primary and elastic neutron scattering since it is.well known [5, 1,
10, 11] that in elastic scattering and inelastic interactions of 14 Mev neutrons with matter two different
energy spectra are found. : ' ‘ '

‘ A proportional counter was used as a monitor; this instrumenmnt registers the a-particles which accompany
the 14.5 Mev neutrons over'a given solid angle, :

The background of scattered neutrons ranged from 1.5% to 0.6% of the primary neutron flux for detector
- thresholds from 9 to 12 Mev. In this region, because of the stilbene-crystal dimersions in our instrument, the
detector was not sensitive to the y-rays produced in the inelastic neutron interactions. With the ‘high forward
directivity of the inelastically scattered neutrons, corrections for the different detector sensitivity for primary
and elastically scattered neutrons because of the longer neutron path in the sample due to elastic scattering
were not needed for the majority of elements and were only 1-2% for some of the light nuclei,- :

In the table are shown the cross sections for inelastic interactions of 14.5 Mev neutrons as measured by
the authors and others, '

* The basic work was completed in 1952 (Report Acad. Sci. 1953). Measurements using a new instrument on
a larger number of elements and higher accuracy were carried out in 1955. '
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Cross sections for inelastic interactions of 14-Mev

. neutrons —10-24 cm

L]

E |Present Phllips Graves and |Strizhak
| work et.al.[6] |Davis[8] - | [9]

Be | 0.644-0.02 ‘ :

B |-0.644-0.04 | 0.6940.10} . .

Cc 0.7340.02 | 0.764-0.04 |0.601+0.006| 0.634-0.05
N | 0.8240.02 | 0.794-0.05

O |0.854-0.03 '

Mg | 0.954-0.04 _ 1.084-0.09
Al ] 1.0240.02 | 1.0640.05 {1.00- £0.01 | 1.134.0.07
Si | 1.0240.06

P 1.1340.03
8. | 1.154:0.03

KCl1| 1.204-0,03

Ca .| 1.36-40.02
~Fe | 1.3840.02 | 1.4540.02 1.27 +0.04 | 1.2940.07
Cu | 1.4840.02 | 1.5140.06 [1.42 40.04 | 1.3540.05
Zn | 1.5840.02 { 1.46 +0.03 | 1.3740.07
Se | 1.77+0.06 R . | 1.4040.23
+Cd |1.924:0.03 | 1.8940.06 {1.95 +0.05 | 1.834-0.13
Sn | 1.8540.02 1.96 +0.05 | 1.8140.13
Sb | 2.06-+0.04 ' 1.904-0.16

I |2.1140.06 1 1.8840.16
W [.2.484-0.03 12.354-0.14
Hg { 2.65--0.04 ‘

Pb | 2.54-40.05 | 2:564:0.05 (2.49 +0.02 | 2.42-4-0.09
Bi | 2,5940.03 | 2,564-0.05 |2.53 4£0.02 | 2.4440.13

As can be seen from the table the present resulté, the work of Phillips et.al. [6], and that of Graves and
Davis [8] are in good agreement; the results obtained by Strizhak [9], which are of lower accuracy do not
contradict the present results. The cross secuon for inelastic interactions of neutrons with nuclei in almost
all the elements measured in the present work is a monotonic function of the atomic weight and is given falrly

well by the formula V% = (1.24Y3 +2.1)'_10—'13 ¢

(see Figure). The exceptions are the "magnetic”

nuclei (tin, lead and bismuth). Apparently even at 20 Mev excitation of the intermediate nuclei , their
"magnetic® properties are maintained; An unexpectedly high value for this cross section was found in calcium,*

The total cross section for 14 Mev neutrons exhibits a different dependence on atomic weight, The
dashed curve shown in the figure is based on the experimental values of the total cross section obtained by

~  Graves and Dav1s [82] have reported a prehmmary value of this cross sectlon in calcium Oip =
= (1.5 £0.1)- 107% .
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‘The dependence of the total cross section .g; and the in-
elastic cross'section oy, on atomic weight (straight line

=247 42.4)10- car; the dashed line is

drawn according to the values of oy from [177).

Coons [17] et al; this curve can not be approximated by a‘straight line. Consequently it is less likely that the
cross section for elastic scattering of 14 Mev would show a linear dependence,

. Received April 7, 1956

LITERATURE CITED

[1] H.Feshbach, C.E, Porter, V, F, Weis'skop’f, Phys.'Rev. 90, 166 (1953); 96, 448 (1954).

[2] V. Weisskopf, "The theoretical prediction of nentron cross -sections of nonfissionable elements for

energies up to 10 Mev" | Report No. 830 of the U, 5. Delegation to the International Conference on the
Peaceful Uses of Atonic Energy( 1955). '

[31 P.E. Nemirovsky? P’nysivcs investigations"Report of the Soviet Delegation to the International Con-
ference on Peaceful Uses of Atomic Energy (Acad. Sci, USSR Press, 1955), p. 281,

[4] H.T.Giuting, H. H. Barschall and G. G. Everhart, Phys. Rev. 75, 1610 (1949),
[5] B. G. Whitmore and G, E. Dennis, Phys. Rev, 84, 296 (1951).

’ ’ R1Q -
Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090006-9




Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02 196R000100090006-9

[6] D.D.Puiltips, R, W, Davis and E. R, Graves, Phys. Rev, 88, 600 (1952).

[7] E.R. Graves, and L. Rosen, Phys. Rev, 8%, 343 (1953).

{8] E. R, Graves and R, W, Davis, Phys. Rev, 97, 1205 (1955). ‘
[9]1 M. V. Pasechnik,"Physics research®Report of the Soviet Delegation to the International Conference 41
on Peaceful Uses of Atomic Energy (Acad, Sci, USSR Press, 1955), p. 319, ¢
[10] P. H. Stelson and C, Goodman, Phys. Rev. 82, 69 (1951). 4 ' : i
[11] B. G. Whitmore, Phys. Rev. 92, 654 (1953). ' v I
{12] J. R, Conner, Phys. Rev. 89, 712 (1953). ' .‘
[13] J. H. Coon and R. W. Davis, Phys. Rev. 94, 785 (1954). !
[14] J. R, Smith, Phys. Rev, 95, 730 (1954). 3
[15] W. J. Rhein, Phys. Rev. 98, 1300 (1955). S R ' . L'
"[16] W.G.Cross and R, G. Jarvis, Phys. Rév. 99, 62’1'(f19_55-). V ;
[17] 1. H. Coon, E. R, Graves and H. H. Barschall, Phys, Rey'. 88, 5_62 (;952)’; N
1(

b

e B S A

TR ST T TR

620"
Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090006-9




Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090006-9

'SCIENCE NEWS - (

ALL-UNION CONFERENCE ON HIGH ENERGY PARTICLE PHYSICS

The All-Union Conference on High Energy Particle Physics; called by the Division of Physical and
Mathematical Sciences of the Academy of Sciences of the USSR in Moscow, attracted attention in broad
scientific circles not only in the Soviet Union, but also abroad. ‘More than 1000 engineers and physicists from
many laboratories and institutes of the Soviet Union convened for an exchange of scientific and technical in-
formation and opinions, About 60 foreign scientists from various countries took part in the work of the con-
ference, : - '

The conference began its work with a plenary session, which met on May 14 in the conference hall of
the P.-N. Lebedev Physical Institute. In opening the session, the chairman of the organization committee,
Corresponding Member of the Academy of Sciences of the USSR , M. G Meshcheryakov pointed out the
necessity of uniting the efforts of the scientists of different countries for the cooperative solution of the most
important problems of the physics of elementary particles, ‘ ) '

In the first report* , which was made by A, L, Mints, ,rgpresellting a mi.mber of authors, an account was
.given of the history of the building, basic specifications, and operéting..expei:ience of the synchrocyclotron of the
Institute. of Nuclear Problems, now urid(;r the direction of the United Institute for Nuclear Investigations, This
accelerator, with magnet pole diameter 5‘m,"was'cons'trﬁcted‘in:fa' short time and began operation in 1949, It
was first used with-deuterons and alpha- particles, and in 1950 protons of energy 500 Mev were obtained. Asa
result of a reconstruction of the accelerator in 1953 the pole diameter:of the electromagnet was increased to
6 m, and the proton energy to 630 Mev. This accelerator also produces intense beams of charged m-mesons
with energies up to 400° Mev, and beams of neutrons with eﬁergies up to 600 Mev. The magnet pole faces serve
as the covers of the vacuum chamber, which occupies the g’ép of width 60 cm. The 7000 ton'magnet produces
a field of intensity 16,600 oersteds at the center, and falling off by 4.5% at the periphery, The special con~
struction of the frequency modulator for the accelerating electric field provides variation of the frequency:over
a range from 26,5 to 13,6 Mg, and the reliability and staBility of operat’ion of the hig’h—freqhency system
- makes it possible to dispense with disassemlﬁling it for periods of 10,000 working hours, The main measuring
devices are placed beyond a concrete wall (of thickness 5 m) containing collimating channels for the beams of
particles. The control of the nain accelerating apparatus is carried on from a special building, The success-
ful operation of the synchrocyclotron has made it possible to carry out many experimental researches, some of -
which were reported at the conference., ' :

V. L Veksler told about the synchrophassotron. that is being built at the Electrophysical Laboratory, designed
for proton energy 10 Bev, = It is also under the direction of the United Institute, - This accelerator is intended
for the study of the nature of nuclear forces and the properties of mesons, hyperons, antiprotons, etc, The acce-
lerator magnet is of the ring type. It consists of four quadrants of mean radius 28 m, separated by straight-line
intervals, The particles move in a vacuum chamber of cross section 200x 36 cm?, in which the pressure is about
107¢ mm Hg. The protons are accelerated to an energy of 8,5 Mev in a linear accelerator, and then are turned
by a focusing magnet and an electrostatic condensef and introduced into the chamber of the synchrophasotron
The accelerating cycle is of 3.3 seconds duration, and there are 5 cycles per minute, The beam intensity is '

,109 - 10" protons per pulse. There is a special room for the experimental equipment, separated from the

* This report is published in this issue of this Journal, -

| ' o 291
Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090006-9




Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090006-9

accelerator by a concrete wall of thickness 8 m, The current 'supply for the magnet, the electronic apparatus,
and the high-frequency system arc located in a separate huilding. At the present tiime the final installation
work is going on.

The report of V. V. Viadimitsky was devoted to the plans for strong focusing proton synchrotrons for 6 to 7
Bev and 50 to 60 Bev,* At the present time there are still no operating proton accelerators using this principle,
but several machines are still under construction, in particular in the Soviet Union, in the U5A | and in Switzer-
land (CERN). In the accelerator for 7 Bev the mean radius of the orbit is 40 m and the maximum magnetic field
is 9500 oersteds, The dimensions of the vacuum chamber are 118 em?, The 2700 ton magnet consists of 93
C-shaped maguets with separate neutral poles and 14 X-shaped conipemating magnets, These last decrease the
path oscillations, although they somewhat jncrease the length of the orbit. This machine is to serve to a certain
extent as 1 mwodel for the dcvclopmcnt of the 50 Bev accelerator, which is intended for the observation of pro-~
cesses of multiple meson production, and also the creation of antiparticles for all known types of clementary
- particles, The critical encrgy in the accelerator is eliminated by means of 15 magnets_with reversed field, The
total weight of all 112 magnets is 22,000 tons, The magnetic field increases from 90 010,000 - 12,000 oersteds,
The length of the orbit is 1480 m, and the dimensions of the vacuum chamber are 20 x 12 cm2 A 100 Mev
linear accelerator is nsed for the preliminary acceleration. The pemussu)le error in the field is 0.25 %, and the
permissible displacement of the wagnets is 1 mun. The number of cycles of acceleration is 6 per minute, vith
. the tirue of growth of the field being 3.8 sec.

The session was concluded by the report of G. Marshall (USA) on the plan for a 15 Bev proton synchrotron,
which will be built at the Argonne National Laboratoty, This is a machine with weak focusing of the beam. The
focusing is to be achieved by shaping of the magnet sections, because the particles will enter a section not at '
right angles with its side surfaces. The synchrotrén magnet, producing a uniforrm field,:will consist of eight
sections. The weight of the magnet is 3500 tons. The mean radius of the orbit is about 30 m. The protons will
be injected with energy 50 Mev, ' » '

On the following days the work of the conference was carried on in three sections: 1) elementary parti-
cles and their interactions; 2) accelerators of elementary particles; and 3) theoretical,work on the physics of
_ high energy particles, ' '

The first session of the section on élementary particle accelerators was devoted to accelerators of the
cyclotron type. Speaking for a number of authors, V. P. Dmitrievsky and V, L. Danilov told about the work done
at the Institute for Nuclear Problems on the removal of the beam from the six-meter synchrocyclotron, and also
on increasing the density of the external proton beam. The method for removing the beam consists in production
at the limiting radius, in the region of the last orbits, of an artificial modification of the magnetic field, which,
while maintaining the stability of the iofi motion in the vertical plane, increases-the amplitude of the radial
oscillations. The beam deflected in this way falls into the roagnetic exit channel. The new method makes it
possible to remove 5 to 7% of the current circulating inside the chamber, Thus the intensity of the beam on
emergence from the channel has been brought up to 7 - 10% protons per cm’ sec. The focusing of the external
beam was done with the fringing magnetic field, shaped by means of special lenses, located in the otherwise
unused region of the accelerator magnet, This made it possible to increase the beam density by about a facior
of three, H. Tyren (Sweder) gave a report on a synchrocyclotron giving 185 Mev energy. This accelerator is
constructed underground with the experimental space separated frein the accelerator by a two-mieter wall, The
beam, of intensity 5+ 101 protons per second, is focused by two magnets, so that its cross section amounts to a
few square centimeters. This accelerator is used for medical purposes, for the production of unstable nuclei,
and also for the study of -8 and y emission and other mvestlgatlons. ‘

Other questions were also considered at the first meeting.. 1. Kh, Nevyazhkytold about some particulars
of the high-frequency system of the six-meter phasotron, and Prof, Baker (CERN) spoke about the modulation
system of the 600 Mev synchrocyclotron being built in Switzerland, Other reports took up particular questions
of the motion of particles in accelerators, In the following two meetings of the accélerator section members of
the conference heard a number of reports about the synchrophasotron. M. S. Rabinovich, E. G. Komar, S, M,
Rubchinsky, I. F, Malyshev, N, A, Monoszon and others told about the phy51ca1 prmc1ples of the 10 Bev

* A report on the plan for the 50 Bev accelerator is published in this issue,
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!
synchrophasotron and its separate components: the magnet and the control system for the magnet and accelerating
fields, the injection systein, the vacuum system, etc,

Many interesting reports were also given at the meetings devoted to electron accelerators, V, D, Rusanov
and Yu. N, Lobanov gave accounts of the results of a series of experimental studies of the process of electron
capture in betatron acceleration, of jts dependence on various parameters adjusted over a wide range. The re-
port of M. Seidl (Czechoslovakia) was devoted to the same subject, Some questions of the theory of the motion
~ of electrons in accelerators were dealt with in reports by A, A, Sokolov, A, A, Kolomensky and A. N. Matveev,

At a special meeting attention was given to particulars of construction and economic indices of linear
accelerators, which are of great importance in connection with the problems of producmg large currents in these
accelerators, Reports were 51ven by both Soviet and foreign specialists., '

Iii this section there were also presented reports om strong focusing accelerators. 1. A, Mozalevsky pre-
sented the results of experiments on models of electromagnets prepared in connection with the planning for the-
7 Bev accelerator, S. V. Skachkov told about the methods of calculation of C-shaped magnets, which are now
regarded as the most suitable, The reports of L. L. Sabsovich and E: K. -Tarasov were devoted to questions of
the passage of particles in accelerators through the critical energy, and the possmlhty of ehmmanng the critical
eneigy in strong focusing accelerators, R, Wilson (USA), who appeared at this meeting, presented the data on ‘the
first operating accelerator with such focusing — a 1 Bev electron synchrotron. The diameter of the orbits in the
accelerator is about 8 m, the weight of the magnet is 20 tons, and-theé maximum field is ‘8800 oersteds, It is
proposed to increase the field intensity to 13,000 cersteds and achleve an energy-of 1,5 Bev. The electron source
is a Van de Graaff generator, The speaker stated that at the present time the accelerator is working very well,
giving 30 pulses per second at an intensity of 3 ° 108 partlcles per pulse ‘Prof. Regenstreif (CERN) told about the
25 Bev proton synchretron being built in Geneva, It is expected that the proton beam will be obtained in 1940.
The accelerator is being built underground, with its foundation resting on 80 columns going down to bed rock.
The magnetic field is varied over a range from 140 to 1‘2 ,000 oersteds in the course of 1 sec, corresponding to
an increase of the energy from 50 Mev (the injection. energy) to 25 Bev, The accelerator will give one pulse
every three seconds. The average orbit radlus is about 100 meters, and the dimensions of the vacuum chamber
are 16 X 8 cm : : ‘

The greatest interest among partxclpants in the conference was aroused py the reports on new metheds of
acceleration. At the present time these are iron-less constructlon of accelerators and also ring accelerators with
constant magnenc field. ' :

M. thhant (Australia) gave an account of the construction of the first 10 Bev proton synchrotron in which
large magnetic fields (up to 80,000 .oersteds) are produced without the aid of iron cores by a suitable distribution
of conductors carrying large currents, Such fields permit the building of the accelerator with orbit diameter about
10 m in all.- The enormous currents (1,6 million amperes) will be obtained by the use of a unipolar generator,
~'As injector it is proposed to use a cyclotron with 80' Mey ion energy, The speaker emphasized that the cost of
the accelerator islessby a factor of 20 than that of the 6.3 Bey accelerator that has been built in Berkeley.

Theoretical and experimental tesults of work on the production of large magnetic fields were presented
by G.1. Budker. He told about an original idea for producing a closed stabilized electron beam, capable of
carrying enormous currents (several thousand amperes), and about the application of the magnetic fields obtained
by means of such a beam for the acceleration of particles. A. A, Naumov reported on an experiment on the
construction of pulsed iron-less synchrotrons, which is being conducted by the same group of experimental and
theoretical workers. At present there has been practically completed a synchrotron of very simple construction,
with energy 150 to 200 Mev and equilibrium orbit radius 17 ¢m. The.enormous pulses fields are produced by
‘means of a single massive turn, enclosed in a jacket which serves simultaneously as the return conductor and as
~ the wall of the vacuum chamber. This accelerator is a model for a 1 Bev machine with orbit radiy: 33 cm and
magnetic field intensity 100,000 oersteds. Consideration is also being given to the possibility of building a
strong focusing accelerator for 3 Bev,

A, A, Kolomensky, who spoke next, reported on some proposals regarding modifications of corstant-field
ring ‘accelerators, namely the building of rihg accelerators with constant frequency of circulation of the particles
which would permit a considerable increase of the intensity of the beams of accelerated particles,
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The last meeting of the section was devoted to experimental methods, both those used in adjusting
accelerators and those used in experiments with high energy beams of particles.

P. M. Morozov reported on soutces of multiply charged nitrogen ions for the cyclotron, and A, A. Glazov
on the use of a cold-cathode ion source in the synchrocyclotron, L, Alvarez (USA) told about the use of counter
" systerns and bubble chambers in the study of "strange® particles. He gave an account of the construction of a
hydrogen chamber of 500 liters volume. G. A. Leksin reported on the development of an apparatus for counting
high energy neutrons with an efficiency of about 307, '

An interesting idea about the possibility of determining the instant of occuirence of events recorded by
means of photographic emulsions was put forward in the report of M. 1. Podgoretsky. M., G, Strakhonovsky re-
ported on an arrangement for obtaining pulsed magnetic fields with intensities up to 250,000 oersteds,

The section on elementary particles and their interactions began its work with a discussion of questions
connected with the creation of m-mesons by nucleons. Reports were given by M. G. Meshcheryakov, B. S.
Neganov, and V. B, Flyagin on the study of the spectra of the r-mesons, nucleons, and deuterons produced in

. (p, p) collisions and in the bombardment of beryllium nuclei by protons, in collisions of protons with energies of
- 550 10660 Mev with protons, the creation of 7 -mesons occurs mainly in p-states, the contribution of s-states to
meson production keing small. The calculations showed that the matrix element for production of ™ -mesons

does not depend on the energy of the nucleons, but is a function of the angle of emission and the momentum of
thie meson, the dependence on the momentum being linear in the interval from 60 'to 200 Mev/c,

A study of the spectra of nucleons accompanying meson production in (p, p) collisions showed that protons
with momenta greater than 250 Mev/c are emitted predominantly forward and backward; the angular distribution
of protons with smaller momenta is nearly isotropic, It was found that transitions leading to the emission of two

_nucleons with small momenta of relative motion make a small contribution to'the cross-section of the (p, P)
interaction,

A comparison of the spectra of neutrons appearing in the bombardment of beryllium by protons with energies
480 and 660 Mev showed that at the latter energy there appears, besides the maximum lying near the upper limit
of the spectrum, an additional maximum lyihg at lower energies, The position and shape of this maximum agree -
with the shape of the spectrum of the protons accompanying the production of mesons in the bombardment of
beryllium by protons. L. Riddiford (England') told about experiments on the (p, p) interaction at energy 650 Mev,
In this report, as in those preceding, the conclusion was drawn that in meson production in (p, p) collisions a
considerable part can be played by intermediate states with angul'ar momentum 3/2 and isotopic spin 3/2.

Assuming that all the basic features of the process of meson production in collisions of nucleons are de-
termined by interaction between the - meqon and the nucleon, and taking the matrix element of this inter-
action from the experiments on the scattering of T-mesons by nucleons, L. M. Soroko calculated the spectra of
mesons and nucleons for meson production in (p,.p) collisions and obtained satlsfactory agreement with experi-
ment,

Reports by Yu, D, Bayukov, A, A. Tyapkin and K, 0. Oganesyan were devoted to the study of the creation’
of - mesons in collisions of high energy protons and neutrons with protons, deuterons, and the nuclei of various
elements, When the nuclei of carbon and beryllium are bombarded with protons of energy 470 Mev, 1r° mesons
-are produced with energy near the maximum possible, and with angular distribution (0.15 # 0.15) + cos? 6, At
660 Mev proton energy the angular distribution of the a?-mesons becomes nearly isotropic and their maximum
energy is considerably smaller than- the miaximum possible energy. The yield of mesons at an angle of 180°

" in the bombardment of various nuclei is propomonal to A3 | The yield at 0° has a weaker dependence on A,
These facts are possibly an indication that meson productlo_n occurs mainly at the surface nucleons of a nucleus.

In the energy range from 390 to 580 Mev the ratio of the total cross sections for the reactions p + p —>
— 1% +p+pandp+n— 7%+ p+nrises rapidly, and with further increase of the energy the increase -of the
ratio becomes decidedly slower, The angular distributions become more symmetrical with increase of the
energy. The results of these experiments also do not contradict the assumption that the main role in meson
production is played by transitions through intermediate states with J = 3/2 and'T = 3/2., The cross section for
production of - mesons by impacts of neutrons on protons and deuterons were measured at neutron energy

_ . . -, 0 - 0 . . .
590 Mev, -The difference between the cross sections op q and og p s close to the cross section for production
’ £
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of m®-mesons in (n, n) collisions, The experitnentally found valuc of this difference provides evidence that the
relatively forbidden character of the production of #-mesons found in (n, n) collisions at energy 400 Mev is
removed for neutrons with energy 600 Mcv.

Aun account of some results of experiments on the formation of mesons on a nucleus with isotopic spin
.T =0 (Li%, conducted in order to check the correctuess of the hypothesis of the charge independence of nuclear
forces, was given by R, Marshak (USA),

L. Smith (USA) told about experiments on the interaction of protons with protons in the energy range 1 to
3 Bey, The energy dependencies werefound for the production of one, two, and three - mesons in (p, p) colli-
sions.

S. Z. Belenky pointed out that when account is taken of the interaction between mesons and nucléons in
the final state one gets an improved agreement with experiment in calculations carried out on the basis of the
statistical theory of the multiple production of particles in the interaction of nucleons with nucleons and of
mesons with nucleons, in the range of energies of the order of several Bev.

The discussion of the interaction of nucleons with nucleons was opened by the'report of E, -Segre (USA),
who was greeted with applause. Prof, Segre told about the experiments that led to the discovery of the anti-
proton and made it possible to obtain anamountof evidence about the interaction of this particle with matter,
The total interaction cross sections of antiprotons with beryllium 'cjlr_ld'_copper nuclei turned out to be greater by
a factor of two than the interaction cross sections of these nuclei with ordinary protons. At 64 Mev energy of the
antiprotons, half of them are annihilated in flight and the rest after stopping. ‘In a star appearing on the annihila-
tion of an antiproton, an average of five m-mesons are formed, I, Ya. _Pbmeranchuk, engaging in the discussion,
remarked that in the annihilation of antiprotons on nucleons there is produced a uniqué system consisting of
m-mesons only. The study of such p’rocesses‘ will make it possible to find out whether the interaction radii of
m-mesons with m-mesons and of nucleons with nucleons are the same, :

A survey of the expenmental data on the scattering of nucleons oy nucleons and an attempt at a theoretical

analysis were presented by Ya. A, Smorodmsky He showed that the available data make it possible to carry out

_ a partition of the cross secnons among. the isotopic ' spms. A further problem is the analysxs according to the
'ordmary spins. From this point of view great importance attaches to the carrying out of expérimerits on the corre-
lation of polarizations, Also important are experiments on triple’ scattering with a magnetic field applied between
scatterer and analyzer, since they will make possible the determination of the size of the longitudinal component
of the polarization that arises in the scattering of nucleons by nucleons. Ya, A, Smorodinsky also reported on the
results of the work of R, M. Ryndin, who showed that the essential ambiguity of the phase shift analysis, discovered
by -~ Minami for the (r, p) scattering, is not presentin the analysis of the scattering pf hucleons by nucleons,

In his report O. Chamberlain (USA) told about the experiments on the scattering of polarized protons with
energy 310 Mev and about the phase analysis of the (p, p) scattering. Besides the ordinary experiments on double
scattering, experiments on triple scattering were uséd to determine the change of the amount and direction of
the polarization in (p, p) scattering. Experiments were also performed on triple scattering with a magnetic field
located between the first scatterer (polarizer) and the second scatterer (hydrogen). In the carrying out of the
phase shift analysis four solutions were found, giving good agreément with the experimental data,

V. P. Dzhelepov reported.on experiments on (n, p) and (1, n) scatfefing at neutron energy 580 to 530 Mev,
The differential cross sections for (n, n) scattering were determined from different experiments with scattering
of neutrons by deuterons and protdns, It was shown that at scattering angles of 30° and 90° in the center of mass
system of the two nucleons the cross section for (n, n) scattering is the same as that for (p, p) scattering, and the
angular dependence of these cross sections is sharply anisotropic. The analysis of the experiments on (1, p)
scattering, carried out on the basis of the hypothesis of charge independen'ce, showed that the total cross sections
of the nucleon interactions and the angular and energetic dependencies of the differential cross sections for
elastic scattering for T = 0 and T = 1 are decidedly differemt for energies of about 400 Mev and come closer
together with increasing energy. At 580 Mev energy‘the cross sections for meson production are of nearly the
same size for nucleon collisions with both values of the isotopic spin T,

L. 1. Lapidus told about the possibility of obtaining additional evidence useful for the phase shift analysis
of the data on (n, p) scattering, on the basis of the data on exchange scattering of neutrons by deuterons with
small momentum transfers,
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The study of the elastic scattering of neutrons and protons by protons and of attempts at phase shift analysis
- of the results was also the subject of reports by R, Marshak (USA), E. Clementel (Italy) and L. Riddiford (England).
The results of experiments on the elastic scattering of protons by protons at energies of 460 to 660 Mev were given
in a report by N, P, Bogachev. It was found that anisotropy appeared in the scattering anq increased with the
energy, and also observations were made on the energy dependence of the differential cross sections for (p, P
scattering, The differential cross sections were measured over a wide range of angles from 5° to 90°. The total
elastic cross section for (p, p) scattering remains constant in this energy range at (23-25) x 10 27 cm?, Included
in the report were some data on elastic (p, d) scattering at proton energy 660 Mev, ‘

The report of E. G. Bogomolov was also devoted to experiments on small angle (p, p) scattering at energy
660 Mev, .

L. Smith reported on a study of (p, p) scatteriﬁg at energies from 1to 3 Bev., The differential cross
sections were measured down to 15°% at small angles the cross section reaches values of (20-30)* 10 2T om? /
/ steradian, A continued increase of the anisotropy of the scatfering is observed as the energy increases (at
o (15%) | ‘ .

o (90°). v _
energies is of purely diffraction character lead to a pr.oton"‘ radius of ry ~ 0.7-107® cm, A similar analysis .
carried out by other authors for smaller energies led to a proton radius 1y =(0,5-0,7) +10 " ¢m,

proton energy 3 Bev > 100). Calculations carried out on the assumption that the scattering at these

Results of measurements of the tétal interaction cross sections of nucléons with nucleons and with deuterons
were reported by V. 1. Moskalev. The total cross section of the(p, p) interaction increases by a factor of 1.5 in . -
the energy range from 380 to 660 Mev, The total cross section of the (n, p)'interactiéll remains-constant and
equal to (34-37) 10727 cim?, "At enérgies’; below 580 Mev the (p, d)\ihteracti’oﬁ 'c'r()s'svsection égrees within t_hé .
limits of error with the sum of the (n, p) and (p, p) s¢attéring cross ‘se”,c"'cions,-and at larger énergies is somewhat
smaller. This effect can evidently be explained by the sereening of the nucleons in the deuteron.- B

Analyzing the energy dependence of the total cross sections for sc';attering" of nucleons by nucleons, K.. ‘
Brueckner (USA) came to the conclusion that meson production at energies 500. to 1000 Mev occurs only in
collisions of nucleons in states with T = 1, At higher energies, when double meson production begins, mesons -
are also produced in collisions of nucleons in states with T =0, and the total cross section of the interaction of .
nucleons in this state begins to increase, This effect can be explained on the hypothesis that meson production
occurs mainly through intermediate states with T.= 3/2 and J = 3/2. V. P, Dzhelepov remarked that,
according to data obtained by his group, at neutron energy about 600 Mev the meson production occurs
equally intensely with T =-1 and with T = 0, The conclusions of Prof. Brueckner are based on the analysis
of data relating to the differsnce between the (p, d) and (P, P) ctoss sections, The nonadditivity of the
(p, d) interaction cross section, which -increases with the energy, could thuslead to a 1owering of the

cross sections ‘found in this way for-meson production in states with isotopic spin T = 0,

The morning and evening sessions on May 18 were devoted to the interaction of 7~ mesons with nucleons
and nuclei, In the reports of N. A, Mitin, A, I, Mikhin, and I. V, Sokolova accounts were given of experiments
on the scattering ofr.'-mesons by nucleons and on the carrying through of the ‘phase-shift analysis of this process.,
The report of Prof. E. Clementel (Italy) was also devoted to this latter question, - The experiments were carried
© out in the meson energy range from 176 to 310 Mev, The phase-shift analysis was done both with and without
the inclusion of d waves, It was shown.that the contribution of the d waves to the scattering is small in com-
parison with those of the s and p waves, The depéndepce of oy on the meson momentum was found to be
almost linear right up to 307 Mev. From the results obtained it follows that the interaction radius in § states
with T = 3/2 cannot be appreciably greater than the value r = 6,510 ™™ cm., At energies larger than 240 Mev
it was not possible to obtain agreement of the energy dependence of the phase resonance with the Chew-Low
theory, The results of the. phase-shift ahalysis permit one to assert that the conclusions from the dispersion
relation agree with experiment right up to 310 Mev energy, R, Marshak told about the scattering of low energy
- mesons by protons, A comparison of the experimental results with the Chew-Low theory led the speaker to the
conclusion that the hypothesis of charge Independence might be "unjustified” in this energy range, since two
effects depending on cha‘rge come to be of great importance: the Coulomb interaction and the nucleon mass
difference. K. Brueckner stated that the dependence of the total interaction cross sections of -mesons with
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nuclcons is uot mwonotonic at high cnergies. At low energics the meson, as it were, "does not notice" the meson
cloud of the nucleon and intcracts only with its central core. With increase of the energy the meson cloud be-
comes transparent and collisions occur at large impact parameters. The resonance nature of the interaction
between mesons leads to the nommonotonic behavior of the energy dependence of the cross sections for inter-
action of mesons with nucleons,

’

The interaction of 7 ~-mesons with the nuclei of various elements was the sub]cct of reports by R, M,
Sulyaev N, I. Petrov and A. E. Ignatenko. In collisions of 330 Mev 7~ mesons with He! nuclei the mesons
interact mainly with the separate nucleons of the o particle, but multiple processes also turn out to be important
here, The angular dependence of the elastic ( 7, ) scattering is evidently ‘nonmonotonic in the region of
small angles, This fact may possibly be evidence of a difference of sign of the Coulomb and nuclear scatterings,
unlike the case of energies below 200 Mev, where the signs are the same, The elastic scattering of 7 ™~mesons
by nuclei of carbon and lead is satisfactorily described by means of the optical model. The inelastic collisions -
mainly have the character of the interaction of mesons with the individual nucleons, the collisions being mostly
single for the range of scattering angles from 120° to 180°, while in the scattering at angles from 0 to 60° the
mesons make several collisions in the nucleus. The total interaction cross sections and the total inelastic colli-
sion cross sections with mesoris in the energy range 140 to 400 Mev wére determined for a number of nuclel The .
experimental results agree well with calculations carried out on the basis of the optical model, with use of the
dispersion relation to find the optical parameters of the nuclei, The radii of the nuclej agree well with the
expression R = 1.43 10 "8 Al ¢ ' : '

V. V. Krivitsky told about the creation of 7 - mesons by collisions of 308 Mev 1 "-mesons with carbon
nuclei, The total crosssection for this process was found to be equal 0 g = (2.6 1.3)-10 27 om?

cm™, A rough
estimate of the cross section for the similar process in (7., p) collisions leads to- op ~ 10727 cm?. '

In the discussion of questions connected with the interaction of fast. parucles with nucle1, considerable
attention was given to polarization phenomena, G. D. Stoletov repotted on the polarization of proton beams
arising from the scattering of 660 Mev protons from beryllium nuclei, The experiments were conducted with
primary scattering angles of 18" and .9° in the laboratory reference system. The degrees of polarization found .
here were 33 and 60 % respectively. It was found that the maximum value of the degree of polarization in
elastic scattering of protons from beryllium nuclei is‘consider'ably higher than in the case of quasi-elastic
scattering and inelastic collisions. -‘The povlariz'ation in elastic ‘scattering at angle 9° does not change perceptibly
with increase of the atomic weight of the analyZer. The polarization of proton beams emerging from quasl-—
elastic collisions and meson formation decreases markedly with 1ncrease of .atomic weight.

A report by R, Marshak: was also- devoted to the question of studying the polarlzatlon occurrmg in the
scattering of protons by protons and by complex nuclei,

1. 1. Levintov told about a determlnauon of the ratio of the real’ parts of the spin- orblt and central inter-
action potentials of nucleons with nuclei,” This quantity camr bé found from data on the polarization at high
energies, on the basis of information about the levels of certain nuclei and about the scattering at low energ1es
The values of this ratio found in different ways agree among themselves.

N. A. Guliev told about a calculation of the polarization appeanng in the scattenng of nucleons by
nuclei. In this work the distribution of the nucleons in the nucleus was glven and the potential.corresponding
to this distribution was found by means of scalar meson theoty.

Several reports were devoted to the scattering of high- energy particles and to the nuclear reactions pro-
duced by these particles, In his report L. Rosenfeld (England) discussed the poss1b111t1es that the study of the
nuclear scattering of fast particles provides for the study of nuclear structure. The data on the scattering of
electrons provide evidence that the parameter 1, in the expression for the nuclear radlus must be regarded as
dependent on A and equal to 1y = 1.4 * 10 cm for heavy nuclei and ry = 1,210 "B cm for light nuclei, The
calculations show that with further increase of the accuracy of the measurements it will be possible to observe
effects due to the fact that the charge is not’continuously distributed in the nucleus, but concentrated in the in-
dividual protons. On the basjs of the results of experiments on the scattering of p-mesons the conclusion is
drawn that the aromalous scattering of these partlcles either does not exist at all, or else is much smaller than
had been expected previously,
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M. Levy (France) spoke about the scattering of 550 Mev electrons by protons and deuterons. At large
scartefing angles the measured cross sections are 10 times greater than the Rutherford values. Better agreement
is obtained by taking into account the distribution of charge and magnetic moment in the proton. To explain
the data on (e, d) scattering it is necessary to take the neutron radius much smaller than the proton radius, but
this contradicts the data on the magnetic moments of nucleons. Better results can be obtained by using a nucleon
model with a central core, but here the size of the core has to he taken equal to that of the whole proton, It
. is possible that the results of these experiments give evidence that the interaction of point charges at small
" distances (r ~ 0.5 10" cm) departs from the Coulomb law. ' (

V. 1. Moskalev reported on measurements ‘of total cross sections and inelastic interaction cross sections of
neutrons and protons with nuclei, The total cross sections of light nuclei at energies of 660 Mev for protons and
630 Mev for neutrons are equal-to each other, which is evidence for the charge symmetry of nuclear forces, In’
the range of neutron energies from 380 to 630 Mev a small increase of the cross sections of light nuclei is ob-
served, The total cross sections of the heavy nuclei remain practically constant in this range. The inelastic
interaction cross sections of protons with nuclei remain almost constant in a wide range of energies from 150 to .
850 Mev. '

* El-Nadi (Egypt) considered in the Born approximation the theory of reactions in which the incident nucleon
captures two nucleons from the nucleus, The tesults of the calculations agree qualitatively with the experimental
data (presence of a maximum in the small angle region). But the further course of the cross section does not
agree with the results of the calculation. The carrying out of further experiments will show' whether the cause of
the discrepancy ‘is the use of the Born approximation. |

An account of the elastic and inelastic scattering of high energy neutrons and deuterons by extended semi- -
transparent nuclei was'given by K. A; Ter-Martirosyan, The formulas and curves obtained by his work may be
useful in determining the sizes and shapes of nonspherical nuclei. ' :

N. A, Perfilov reported on the emission of fragmehts with Z »'4 in the destruction by protons of the nuclei
of an emu_lsioh. In the energy'rarige from 350 to 660 Mev the.yield of the fragments increases by a factor of
2.5. The observed effect cannot be explained by the splitting of Ag or Br nuclei, nor by the evaporation of
fragments from strongly excited nuclei, -~ ° .

J. Filbert (France) told about a study of the.interaction of: 1 Bev protons with the nuclei of a photographic
emulsion. The total interaction cross' sections were studied, and also the yield of « particles from light and
heavy nuclei and the probabilities of formation of stars with various numbers of charged particles.

[

The discussion of the problems connected with:photonuclear reactions began with a survey report by A, M.
Baldin, devoted to the photoProdUCtion of mmesons from prbtons and deuterons. An account of the photopro-
duction of slow m-mesons from complex nuclei with y-rays of maximum energy 260 Mev was given by N, G.
-.Semashko. Comparison with the results of the calculations.of Baldin and Lebedev showed the necessity of
taking into account the finite dimensions of the nucleus. The fact that the cross section for photoproduction of
T imesons is proportional to A% interpreted as evidence that the formation of mesons occurs mainly at the
surfaces of nuclei, ' The conclusion is drawn that the decrease of the meson yield for small Z is due to the
nuclear reaction (repulsion) in the. system T-meson~nucleon.

A. A, Abrikosov directed his talk to a consideration of a number of quantum electrodynamical effects at
* high energies, A, B, Migdal explained that, because of the necessity of taking into account large longitudinal
distances in the production of pairs and Bremsstrahlung at high energies the ordinary shower theory turns out to
be altogether inapplicable in dense media at energies greater than 107 ev,

In a number of interesting reports W, Panofsky (USA) told about experirhents on multiple photoproduction
of mmesons from hydrogen, about the photoproduction of p-meson pairs, about the direct producticn of mesons
by electrons and about Bremsstrahlung at high energies. At electron energies of 575 Mev the production of pairs
of m-mesons was observed with a cross section of 10 %% c¢m?, The system (TI'+, p) is formed mainly in the p
state, and the system (7™, p)in the 5 state, The distribution of energy between the components of a pair turns
out to be extremely uneven: near the threshold the T - mesons take up almost all of the energy, The results
of the experiments obviously agree with the hypothesis that the production of mesons goes through the inter-
mediate state J = 3/2, T = 3/2. The results of another series of experiments enable us to conclude that direct
creation of pairs of p-mesons is evidently an-existing process, Here the experimental cross sections agree better
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with the calculated valnes if the finite size of the nucleus is taken into account, In these experiments no effects.
were observed that could be ascribed to the action of nonelectromagnetic coupling of p-mesons with nuclei.

- B, M. Pontecorvo told about attempts to detect a nuclear interaction connected with the interchange of
p-meson pairs, It was shown that if such an interaction exists at all, its contribution to forces does not exceed
1072 % of the contribution due to #.= mesons,

Reports by N, B, Delone and vV, S. Roganov, and also by R, W1lson (USA) were devoted to various questions
connected with the photodlsmtegjratlon of the deuteron. Studies have been made of the angular distributions and -
the spectra of the neatrons and protons appearing in this process, It is noted that the angular distributions of the
neutrons from the reactions (y, d) and (y, C) agree near @ =45°. It is concluded that with light nuclei reab-
sorption of mesons is unimportant, The data on the photodmntegratlon of the deuteron, for energies up to 50 Mev
agree in their general features with the theory of Schiff. At larger energies the experimental points lie con51derably
higher than is predicted by this theory, A simple model is proposed to explain the behavior of the cross section
for this process at high energies. Rough agreement with the experimental data can be obtained if one supposes
that the production of mesons from the nucleons in the deuteron is the same as from free nucleons, If the pro-
duction of the mesons occurs at large distances from the nucleon, they escape, and actual meson production is
observed, For meson production at small distances, the mesons are enitted and reabsorbed, This effect leads
to a rise of the cross section for photodisintegration of the deuteron near the threshold for meson production, |
Similar conclusions, reached in a study of the photoproduction of 7- mesons from deuterons, were reported by
M. I. Adamovich. . oo

A. N, Gorbunov reported on experiments on the photodisintegration of helium nuclei at high energies, It
was found that the (y, p) and (y,n) reactions are of resonance character with a maximum near 27 to 30 Mev,
The cross section of the (y, p) reaction is constant at energies 40 to 75 Mev and falls sharply at the latter energy,
In this range the'cross section of the (y, n) reaction decreases monotomcally The angular distributions of the
neutrons and protons are identical, and an energy-dependent asymmetry is found around the angle 90°. In the
process of absorption of quanta by nuclei of helium higher multipoles play a part even at low energies,

The last session of the section on elementary particles and their interactions was devoted to questions
about new particles, M. Menon (India) told about a cloud chamber study of s-particles at a height of about
2500 m. ‘

A. 1. Alikhanyan reported on experiments with a mass spectrometer used together with two Wilon cloud
chambers, In the composition of the cosmic radiation, besides.protons, deuterons, w.and p-mesons, and positive
and negative K-particles, there was observed a group of particles with mass about 560 times the mass of the
electron, The intensity of these particles is equal to about 1% of the number of g-mesons in the same interval
of ranges, ‘

[

V. A. Lyubimov reported on measurements of the spectrum of. K-particles at a height of about 3200 m. In

Nk
the range of momenta up to 450 Mev/c there are far fewer K-particles than 7-mesons (———- = 6.5 %); in the

N
interval of momenta up to 900 Mev/c the ratio of the intensities of K particles and _w-imesons rises to 20 %, and
in the interval of momenta up to 1200 Mev/c it reaches 40 to 50%. At momenta from 900 to 1000 Mev/c the
yield of K-particles is a maximum, and their number exceeds the number of 7-mesons, The results of the ex-
periments make it seem possible that K-particles, like m-mesons, are quanta of the nuclear force field. L.
Smith reported on experiments with the cosmotron, in which during bombardment of carbon and lead nuclei
with 1,9 Bev m-mesons a search was conducted for joint production of A- and O-particles, The lifetimes of
6%-and T°-particles were found to be greater than 1077 sec, and that of K-particles equal to 10 ° sec, It was
shown that the scattering cross sections for the different kinds of K-particles are the same,

Wang',Hén-_Chang (China) told about some results of work in which heavy mesons and hyperons were
studied with a Wilson chamber at a height of 3185 m. In 30,000 exposures 8200 nuclear reactions were found,
and 200 heavy mesons and hyperons, Several cases of pair production of these particles were observed,

B. S, Negariov put forward a proposal to consider the nucleon as a system consisting of a hyperon and K -
particles, In this case the K-particles must be regarded as strictural units entering into the composition of the
nucleon, and not as quanta of the nuclear field, On this assumption the process of production of hyperons and K-
particles in pairs must be regarded as a process of dissociation of the nucleon.
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Professor Wang Haﬁ—Chvang( hina) presents ‘a repor‘t at the All:Unioh Conference on ‘I!Ai:gli Energy |

- Particle Physics in Moscow, May 22, 1956. -+ . . :
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L Steinber"g'er"(USA) ﬁte.sen_ted a report on the pro’ductiqn'of "strange" particles from hydrogen ‘by 1.3 Bev
w-mesons. Decays of -£7-and K - particles:were observed, which were due, in the opinion of the speaker, to
electromagnetic processes. A’ considerable number of cases were obsérved of "unusual® decay of A and 0 -

_ particles, in which visible tracks of.d'ecay particles were absent, The lifetime of £7-particles was found to
be 1.4+10 79 sec, Analyzing the exﬁerimental‘data, tlie speaker came to the conclusion that they do not
provide an indi'cation‘o_f a higher spin fot the hyperon, .- ' o SN o

_The report of R, Peierls (England) was devoted to hypernuclei, i.e., uclear systéms in which bound

hyperons occur as constituents, Similar questions were discussed in. the report of N..N, Kolesnikov at one of the

.

meetings of the theoretical section, Heére also L. B. Okun’ described the results of calculations of the cross .

sections for exchange collisiohs of K-particles in hydrogen and deuterium, and also for reactions in which K-
particles are captured by deuterium; the purpose is to obtain evidence about the spin and parity of K-particles.
The speaker pointed out that the hypothesis of a large value of the spin of the particle is in contradiction with

known experimental data on A fragments, On the basis of the hypothesis of isotopic invariance thes

e workers

obtained relations ‘between the cross sections of proéesses of production of K-particles, ny

perons, and antihyperons

'in collisions of m-mesons and nucleons with nucleons.and deuteroris, and also for the sc

attering and -absorption

of "strange” particles in collisions with nucleons. Definite limits are established, within which the ratio of the

p'robabi_li_ties of. the possible decay inodes of the - hyperon must lie, | .

Much attention was-given at the.conference to the ‘discussion of theoretical problems,
cussed both at the meetings of the special section and at those of other scctions, and also at

official meetings not planned ahead of time, The Soviet theorists and- their foreign guests held a specialuneeting

-

LA N

They were dis-
a nwinber of un-

K
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devoted to the work of L. Landau and his collaborators on quantum electrodynamics and the theory of fields. "The.
‘present state of meson theory was discussed in reports by 1. E, Tamm, L. Ya. Pomeranchuk, K. Brueckner and M,
Levy. A particularly large amount of discussion was aroused by the report of I. Ya, Pomeranchuk, who expressed
the opinion that a consistent treatment of the present quantum electrodynamics and meson theory leads to the
conclusion that the renormalized eleciron charge and the renormalized mesonic charge are equal to zero. This
result means that completely new ideas have to be ‘introduced into the theory in order to find a way out of the
difficulties in question. The energies at which new physical phenomena involving mesons appear cannot be

large in comparison with 10° ev, Therefore the preqent meson theory, in the opinion of the speaker, is incom-~
petent to deal with meson and nuclear processes.

The complexity of the interaction of 7-mesons and nucleons makes difficult the unambiguous interpreta-
tion of the experiments in question. Therefore it is of interest to arrange experiments at very high energies with
weakly interacting particles, By comparing the results of such experiments with the -existing theory, one would
be able to obtain from them indications about the character of new physical processes,

1. E., Tamm emphasized that meson theory is very successful in the qualitative, and in a number of cases
in the quantitative, explanation of phenomena, But even in the most favorable case the construction of a con-
sistent theory requires, in the opinion of the speaker a'reconsideration of a number of basic ideas of present-day .
quantum theory

The presence of difficulties- of pr1n01ple in the quantum theory. of fields gives a special value to work in
which use is made of only such basic ideas of quantum theory- as ‘relativistic invariance, the unitary character
of operators, and the causality condltlons. ‘A discussion 'of: the dlspersmn relations that follow from these con=-"
ditions was carried on in a special meetlng of the theoretical sectron. M. K. Polivanov presented a-report on
the application of the causality principle to problems. of scattering, - Theé dispersion relations for the scattering
of nucleons by nucleons were discussed in reports by V, Ya. Fainberg and B. Z. Blank, and for the scattering of '
mesons by nucleons in reports by E. S. Fradkin and B, L, Ioffe. B, L. Toffe and B. M. Stepanov spoke on the
dispersion relation for photoproductlon of m-mesons from nucleons, :

At the final session of the conference Prof Tsu" (Chma) told about a p0551ble model in the theory of
elementary partlcles which includes as two spec1al cases. the' Fermi-Yang theory and’ the Heisenberg theory,

* At the unofficial meetings of the theoretrcal section a very wide range of questions was discussed — from
"strange™ particles and the theory of the interaction of fast deuterons with nuclei to the theory of the solid state,
An abundance of unofficial contacts and conversations was characteristic of the conference as-a whole,

The conference showed that experrmental and theoretical 1nvest1gat10ns in our country are d1ver51f1ed and
deep-going. A considerable part of the 1nterest1ng results had been obtamed by young smentlsts

V. A. Biryukov
B. M. Golovin
L. I. Lapidus
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INTERNATIONAL NEWS

THE PROPOSAL FOR THE CHARTER OF THE INTERNATIONAL AGENCY
FOR ATOMIC ENERGY

From February 27 to June 28, 1956, there took place in Washington a Conference of the representatives
of 12 nations (Australia, Belgiu'm, Brazil, Canada, Czechoslovakia, England, France, India, Portugal, the South- -
“Aftican Union, the USA, and the USSR), called for the working out of a proposal for the charter of the. Inter-

national Agency for Atomic'Enérgy.

All of the delvegations taking pvar’t.i'u the Washington Conferdme voted for the charter pfopbsal as a whole, .
The Soviet delegation pointed out, however, thit the proposal for the charter suffered from certain essential '

shortcomings, and took reservations with regard to the articles in question,

One of the most important shortcomings of the, proposed charter. is the discfimination intfoduced in regard
to those states that are not members of the United Nations Organization. ot of ifs special organizations, . '

I September 1956, in New ’fork', there i to be convened an Ih'ternational.Confe,ljen'ce for the working out - -
adoption of the final text of the charter of the Agency. ‘ '

The draft of the charter in the form addpted‘at_ t‘h'é Washington meeting vcon;sist_s of 23 articles,
The basic proposals of the draft'chart_er of the 'Agency;_are presented below,

The purpose of the Agency is the achievement of "the more rapid and widespread utilization of atomic
energy for the preservation of peace, health, and well-being in the whole world®, ‘

The Agency is empowered: a) ‘to cooperate in scientific research work in the field of atomic energy and
in the practical application of atomic energy for peaceful purposes throughout the world; b) to serve as an
intermediary for the purpdse of 'rendering services to one. or another member of the Agency, or the supplying of
materials, equipment, or technical aid: - €) to carry out any other operations that can assist in the practical
application of atomic energy for peaceful purposes, with proper consideration for the needs of the underdeveloped
regions of the world; d) to facilitate the exchange of scientific and technical information on the application of
atomic energy for peaceful purposes;. €) to encourage the exchange of scientific workers and specialists in this
field; f) to establish and bring to realization guarantees directed toward assuring that the fissionable and other
special materials, services, equipment, technical aid, and information provided by the Agency to its members
shall not be used for military purposes; 'g) to es'tat-)lish‘ standards of safety for the preservation of health and
- amangements to minimize dangers to life and property, and to assure the application of these standards both in
. its own work and in the work in which use is made of the materials, services, equipment, technical aid, and
information provided by the Agency; h) to acquire or construct'any establishments, plants and equipment
necessary for the fulfillment of the functions assigned to it.

The Agency is to carry out its activities "in accordance with the policy established by the UNO of further-
ing the establishment of agreed guarantees of disarmament throughout the world®,

The Agency "will not require for the supplying of aid to its members any‘political, military, or other
conditions incompatible with the conditions of this Charter”, .

The following structure for the Agency is contemplated in the charter; A General Assembly consisting
of representatives of all states that are members of the Agency; A Council of Directors, consisting of 23 members;
the personnel of the Agency, headed by a General Director, who will be ‘appointed by the Council of Directors
for a term of four years, ' '

‘ A2
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The General Assembly, convening in annual sessions, has the following functions: it chooses the members
of the Council of Directors; accepts new members; considers the annual report of the Council of Directors;
adopts the budget of the Agency; approves reports rendered by the Agency to the UNO; ratifies agreements con-
cluded between the Agency and the UNO and other organizations; ratifies amendments to the Charter,

The General Assembly is empowered to make recommendations to the Council of Directors on any question
related to the sphere of activity of the Agency, to present proposals for consideration by the Council, and to re-
quire from the Council reports on any matters relating to the functtons of the Agency, -

In an appendix to the charter there is env1saged the formation of 2 Preparatory Committee composed of
representatives of the 12 states participating in the Washington Conference and representatives of six other
states, which will be chosen by the International Conference for the adoption of the charter of the Agency,

Tasks of the Preparatory Committee will include preparations for the first session of the General Assembly and.
the selection of members for the first Council of Directors,

The personnel of the Agency will include the scientists and highly qualified specialists needed to fulfill
the functions of the Agency. The staff of the Agency will be selected on the widest possible geographical basis,

Member states of the Agency ‘will provide to the Agency such information as in their opinion can be. use~
ful to the Agency. Those states that receive aid from the Agency must prov1de to the Agency all scientific in-
- formation obtained as a result of the aid given by the Agency. - '

It is contemplated that the members of the Agency can prov1de to the Agency such amounts of special
fissionable materials as they consider suitable, and under such conditions as are arranged with the Agency, The
fissionable materials a551gned to the Agency may .be stored either on the: territory of the member supplying thermn
or in the custody of the Agency, at the discretion of the member supplying the materials. At the request of the
Agency any member of the Agency will without delay supply to another member or group of members such
quantity of the materials that it has’ placed at the disposal of the Agency as the Agency may du:ect and will
without delay supply to the Agency itself such aquantity of these matérials as is actually necessary for operatlons
and sc1ent1f1c research work at Agency establishments,

The Agency must assure-such geographical d1qtr1but10n of the matenals under its control as will not allow
the concentration of large supplies of these materials in any one country, or in any one part of the world. For
the reception, storage, and delivery of materials, and for ‘conducting analys1s and testing ‘of the fissionable
materials it receives, the Agency is’empowered to construct or acquire factones installations, and testing
laboratories,

Any member or group of members of the Agency desiring to put into operatlon any project in the field of
scientific research work or practical apphcatlon of atomic energy for peaceful purposes can ask the Agency to
give it assistance in obtaining fissionable and other special materials, services, equipment and technical aid
necessary for this purpose, The Agency is empowered to approve such projects and to conclude with the states
proposing a project agreements relative to the furnishing of materials and equipment necessary for the carrying
out of the project. In these agreements conditions are defined for the furnishing - of assistance, 1nc1udmg arrange-
ments for payment for the materials, services, equipment, and technical aid furnished by the Agency itself or by
its members, These agreements must inglude the pledge of the states proposing the project not to use the assist-
.ance given to therm for any sort of military purpose,

To assure the observation of the conditions of agreements through which the Agency or a member of the
Agency gives assistance-to other states, the draft charter proposes definite guurantees and also the rlghts and
duties of the Agency in the field of inspection and control,

The Agency has the right;

to ranfy the construction plans of any specmhzed apparatus and estabhshments 1nc1ud1ng nuclear reactors,
proposed in a project approved by the Agency;

to require the observation of all measures for health and safety prescribéd by the Agency;
to require the submitting of reports on progress in carrying out projects;

to approve the methods of chemical treatment of irradiated materials and determine the distribution of
special fissionable materials extracted or produded as by-products; '

634
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to send into the ie:rrit()ry of receiving states inspectors, who are to have access at any time to all places,
all persons, and all data needed for an accounting of the fissionable materials that have been supplied, to
establish whether the pledge not to use these materials for military purposes is being observed, and alsé to check
the fulfillment of other conditions of the agreement between the Agency and the state in question,

In case of nonobhservance of agreeinents that have been concluded, the Council of Directors is to inform
all members of the Agency of this fact, and also the Security Council and General Assembly of the UNO,

The budget of the Ageney is prepared by the General Director, is then considered by the Council of
Directors, and is finally presented for adoption by the General Assembly, i

The administrative expenses are divided among the members of the Agency in accordance with a scale
fixed by the General Assembly, For the storage of materials, and also for the furnishing by the Agency of equip-
nient, services, materials, and technical aid, definite payments will be required, in order to assure an income
sufficient to pay to the members of the Agency the cost of the tnaterials, services, equipment, and technical
aid supplied by thern, and also for the payment of expenses that may be incurred by the Agency itself. Any
surplus income over and above the expenses of the Agency, and also any voluntary contributions to the Agency,
are to be placed in a general fund, and may be used at the discretion of the Council of Directors with the approval
of the General Assembly, The Council of Directors has the right to contract loans in the name of the Agency.

An agreement is to be concluded between the Agency and the UNO, providing for the Agency to present ‘
reports to the UNO, and for consideration by the Agency of resolutions regarding it passed by the General Assembly -
or any of the Councils of the UNO, and the ;ubmiitillg of reports on the measures taken as the result of such '

consideration,

It is provided that any dispute ahout the interpretation -or application of the Charter of the Agency, which
is not settled by consultation, will be submitted to the International Court, if the interested parties do not come
to an agreement about some other method, of settlement, ‘

The Charter of the Agency is to become effective after it has B’e_eh ratified by 18 states, including at
least three of the following states: Ganada, England, France, the USA, ‘and the USSR, ‘

V. Oberemko

' ” 835
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NEWS OF FOREIGN SCIENCE AND TECHNOLOGY

HIGH-SPEED IMAGE-TRANSMISSION ELECTRON MULTIPLIER

A new electronic instrument known as the image~transmission electron multiplier [1°- 7] was developed
at the Westinghouse Laboratories (USA) during 1955, The instrument, which is a photoelectron multiplier has
a time resolution which greatly exceeds that of all existing types, Moreover it can be utilized as an electron-
optical image converter (EIC) for image intensification, -

.

_ Electron multiplication is achieved through the emission of secondary electrons from the "back" of thin
plane dynodes, The dynode geometry is extremely simple and eliminates any dependence of the electron
motion or amplification on the location of the emission site on the surface of the dynode, The plané—parallel
dynodes are disposed in a line with equal spacing between them (see figure), Each dynode is ~5+107% cm
thick and consists of three layers and a copper screen which ‘makes the structure mechanically stable,

The screen(40-80 mesh per linear cm);gives a transmission of 50%, A substrate consisting of a layef of ’
$i0 100 A thick is applied to the screen. :

The KC1 (300-600 A)) emits the secondary .
electrons, Preliminary experiments have shown -
that the 'secondary electron diffusion length in

' Dynodes KC1is 2300 + 600 A, Thus secondary electrons
- Photocathode - / can traverse the total thickness of the KC1 layer,
. Light\ ’ Between the substrate and the emitting
L 2 layer there is a thin gold film (20 A), Incident
. electrons are scattered in this layer and as a
’ Fast result the angle of incidence with which they
g’iggg% enter the KCl layer is increased, thereby in-
R , creasing the effective thickness of the layer for
) ' these electrons. - ' o
Cop et . §i0 “Au KCY ’ An experimental demountable 7-stage

. gl ST ; Iy
multiplier with an ultraviolet-sensitive gold

photocathode at the input has been constructed,
The dynodes are 19 mm in diameter and the
. . spacing 5 mm. In order to study the time
characteristics a 50-ohm coaxial output was provided. The acéelera_ting voltage was 3 kv per stage,

) In order to study the quality of the image a 3-stage instrument was built consisting of two multiplyin.g
stages and a luminescent screen, The voltage for each multiplying stage was 3 kv and the voltage between the
third dynode and the luminescent screen was 10 kv. To determine the optical resolution the first dynode was

‘covered with an array of gold "dots” opaque to electrons, The different arrays had 4, 16, 32 and 48 dots per
linear cm, The image was viewed on the luminescent screen and-in each case it was possible to distinguish the .
-dots, The resolving power is three lines per mm, '

The measurements indicate that for an incident electron energy from 2.5 to 3.6 kev the secondary-emissibn
coefficient for this material (applied to the interstices of the grid) ranges from 6 to 8. This figure exceeds sub-
stantially the secondary-emission coefficient fot metals,
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With an accelerating voltage of 3 kv the multiplication factor per stage was 4,

In Reference [4] it is indicated that it may be possible to achieve a total gain of 10% with a sufficient num-
ber of stages. : '

Using a fast-spark light source the authors have measured the total transit time and the rise time at the
output of the multiplier for the 7-stage instrument, These were respectively (3£1).107% sec. and 1-1079 sec,
For a number of reasons which are explained by the authors, the latter figure arises exclusively from the spread
in the electron time of flight through the multiplier which is shown by calculation to be of the order of 107! sec,

Each stage of this multiplier is essentially a plane condenser,one of the plates of which is the emitting
dynode (or photocathode) and the other of which is the output dynode or liminescent screen, There is a uni= .
formr electric field between them. All electrons emanating from a given point A on the emitting dynode are
accelerated by-the field and impinge on the output dynode within the limits of a small "circle of scatter® of
radius r . Hence each point of a preceding dynode is reproduced on the next dynode in the form of a small
circle and the imageiseffectively transferved from one-dynode to the next, It is apparent that the spread in elec~
tron path length through the stage is determined solely by the finite value of the optical resolution and hence
is several orders of magnitude smaller than that of the usual p_hotomult_ipl_ier. S ‘

In principle, a stage.of this instrument bears some resemblance to the simple EIC known as the Holst
cell( as in  [8]), In this instrument the multiplier consists of a number of Holst cells arranged in tandem,.

As has been indicated by E, K. Zavoisky and S, D. Fanchenko [9, 107, thie fact that the use, in an electron .
multiplier, of an EIC electrode system improves the time resolution by several orders.of .magnitude is not
accidental, These authors studied the. time resolving power of the EIC and have shown that it is determined on1y',-
by the spread in the initial velocities of the electrons and'in the electric field intensity in the region of the. .

cathode (input dynode), - The resolving tirne of a present-day ‘EIC (witha photocathode‘input) can be as high'as" .

10"% sec. A resolution-of 3 -10 "% sec- 9] has been achieved.-experimentally.

There is no doubt that the image-transmission multiplier has an important future, In its application to

- image intensification the instrument in its present form bears a strong resemblance to the multistage EIC- first
developed in the Soviet Union by M, M, Butslov. [-1'2].* Starting from this ‘it shiould not be hard to develop .
electron multipliers with a resolving time of 10 sec, Such multipliers having an. iriput photocathiode or dynode

which emits electrons directly upon the impact of a nuclear particle would undoubtedly play. an important role

in the development of experimental nuclear physics,: = -

LITERATURE CITED
[1] E. J. Sternglass and M. M. Wachtel, Phys, Rev, 99, 646 (1955). |
[2] E. J. Sternglass and M, M, Wachtel, Bull. Am, Phys, Soc, 30, 7, 11 .(1955)';; Phys, Rev, 100, 1238 (1955),
[3] E. J. Sternglass, Rev. Sci, Instruments 26, 1202 (1955).
[4] Science News Letter 69, 3, 35 (1956). ‘
[5] Science 123, 662 (1956). -

[6] E. J. Sternglass and M., M. Wachte_l, Bull. Am, Phys. Soc. 1, 1, 38 (1956).
[7] M. M, Wachtel and E, J. Sternglass, Bull, Arﬁ. Phys. Soc. 1, 1,38 (1956), *=

[8} Bryukhe and Reknagel, Electronic Appafatus (State Power Press, 1949).

* This instrument has an optical resolution [12] of 10 lines per mm after five stages and makes it possible
to detect photographically every electron emitted from the input cathode. It was instrumental in the develop-
ment of the luminescent chamber in 1952 [11], [12] and has been used in a number of interesting experiments
[13], [14]. , . :
** References [6] and [7] appear as in the original, — Editor's note.
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* Page 483, this issue,
** Page 487, this issue,

*** Page 495, this issue,
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ON THE CALCULATION OF THE ANOMALOUS MAGNETIC MOMENTS OF
NUCLEONS BY MEANS OF MESON THEORY

It is found experimentally that the magnetic moments of the proton and the neutron are, respectively

\

Fp=2.T9py, pa=—191py,

where py is the nuclear magneton (py = QMﬁ where' M is the mass of the proton). These data are in'obvi'oixs

contradiction with "naive'* ideas, according to which the magnenc moment of the proton should be equal to

- Wy, and the neutron, as a neutral particle, should not have any magnenc moment at all. This contradlcnon
can be qualitatively explaxned by the fact that the proton and neutron, mteractmg strongly with the - meson
field of the vacuum, are part of the time, as it were,’ ‘in a "d1ssoc1ated' condition,

Part of the time the proton is in the state: neitron + 1r -meson :
; R
p —' n + m
and part of the time the neutron isin the state: protoh-'# 'Tr._:'—més_on,
' . n—=>p +f1r:",

Thus each of the nucleons is, as it were, surrounded by a cloud of virtual charged mesons, The motion of
these wvirtual mesons causes the anomalous. magnetlc moments of the nucleons equal to- "

B (191 by =179y

and
Apy = — 1.91 py--

Despite the fact that such a quahtatlve exp]\anatlon has been known for a long time, many attempts to
obtain the correct values of the anomalous magnetic moments of the nucleons by means of the known meson
theories have been unsuccessful

For example, the authors of one of the most recent papers [1] devoted to this problem carried out cal-
culations of the magnetic moments of nucleons caused by'a meson field satisfying this equation of the fourth
‘order,

: (Dﬁfxz)z 9i=0.

(This-equation was proposed in 1950 by Thirring and Bhabha, ) In second-order  perturbation theory (with the
meson field as the perturbation), the calculated value of the ratio | App /A Hp | - proved . equal to 2.5 (the
experimental value of this ratio is 1.07). In itself this discrepency is large, but the reliability of the result ob-
tained is extremely dubious, since the contribution of higher orders of the perturbation theory (not taken into
account by the authors) are by no means small,

There 'seems to be greater promise in an attempt by Miyazawa [2], based on Chew and Low's very recent
[3] development of an approximate nonrelativistic theory of the interaction of m-mesons with nucleons, This
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theory contains two parameters — the coupling constant 2 between meson field and nucleons, and the cut-off
y momentum Kp,,,. The introduction of this latter parameter corresponds to the fact that at distances from the

: h . N -
center of the nucleon smaller than r = ———— _ the interaction is taken to be "turned off®. If this is not done,
max ,
meaningless infinite quantities turn up in the calculations. It turned out that for the parameter values f2 = 0,08

and K. » 6pc (where g is the mass of the T-meson) the theory satisfactorilly describes the processes" of
scattering of 7- mesons by nucleons and the formation of m-mesons by high energy photons (photoproduction).

Miyazawa applied the equations of Chew and Low to the problem of the anomalous magnetic moments
of nucleons. The results he obtained show that the same values of the constants f2 and Kipay that give a
correct description of the scattering and photoproduction of m-mesons also give anomalous magnetic moments
of the nucleons close to the experimental values, But the ratio |apn/ A kp | calculated by Miyazawa is, as
before, somewhat larger than required (~ 1.5). '

Of interest in this connection is a note by Sandri [4], who suggests that the K-mesons be brought in for
the explanation of the anomalous maghetic moments of nucleons, It is known that at low energies the K* and
K~ mesons behave unsymmetrically: the energy threshold for the production of K™ mesons lies considerably
higher than the threshold for the production of K*-mesons, This means that the clouds of virtual K-mesons around
both proton and neutron must be positively charged. But as was noted above, the cloud of virtual w-mesons
around a proton has a positive charge, and around a neutron a negative charge., Consequently, for the neutron .
the virtual K-mesons neutralize the charges and currents of the virtual m-mesons, and for the proton they rein-
force them, In the opinion of Sandri, a consideration of these effects can reduce the anomalous magnetic
moment of the neutron, increase the anomalous ‘moment of the proton, and thus secure agreement with the
experimental values of these quantities, . o '

L. L.

LITERAT URE .CITED
[1] 'S.P. Misra and B, B. Deo, Ind, J. Phys. 30, 16 (1956).
[2] H. Miyazawa, Phys. Rev. 101, 1564 (1956), . v
' [3] G. F. Chew and F, E, Low, Phys. Rev. 101, 1570 (19586);
{4] G. Sandri, Phys, Rev. 101, 1616 (1956).
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ESTIMATION OF-RESONANCE INTEGRALS

A knowledge of the resonance integrals of a number of elements is extremely important for reactor de-
sign. Of interest here is the attempt of Dresner [1] to find a semiempirical relation between the values of the

resonance dintegrals f % (E)dE/E - and parameters of the resonance levels such as I, the total level

. width, T". , the local radiation level width averaged over several resonances, I"% , the local neutron level
width averaged over several resonances, D*, the average separation between levels with the same spin and
parity, and E 4, the energy of the first resonarnce [o (E) is the cross section for radiative capture as a function

* of the neutron energy EJ, ' -

For heavy nuclei (A > 100) with many resonarces, a statistical averaging over all resonances leads to
the formula : o ' S

(@B C 2T \btg(itp) '
Yor =5 () 2. | @

‘where 8 = E 1' e (FY/ Fﬂ ), and C is a. constant,

In the derivation:of Eq. (1) it is assumed that T‘},/D* is independent of the energy, .as is confirmed by
* a number of experimental results, The average experimental values of the parameters are 2 Tr—f‘),/D‘fw 0.02
and ZWT‘S/D*m (5—-10)'10_4‘(6_\/)".1/2 . :

In Fig, 1 the resonance integral is plotted as a function of Ey, acéording to Eq. (1), for various values
of the pardmeters,. The value of the resonance integral is'weakly dependent on the choice of 27 T. /D*.
Experimental values of resonance integrals are plotted ‘as points, For antimony two pairs of values are plotted,
corresponding to two possible values of E,. All of the -experimental .points lie on curve A (or B) to within a
factor of 2 (with the exception of Hf18%), . S -

For heavy nuclei (A > 100) with ‘s,inglev_resohanpes,at' enérgies E‘o separated from the thermal energy
E T by at least several widths: T, the resonance’ integrél‘ca'n be correlated with the thermal neutron ‘cross
section o (ET) by the following formula: ' ' '

SGdE . ‘
E _:VER @

_ar_(ET) - A &
. In this range of masses I' » [y ~ 0.03-0 15 ev;

g o dE/E

on Eq, as given by Eq. (2), for several values of
o (E7)

Figure 2 shows the dependence of
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I',. The experimental values are also given. From Fig, 2 it is seen that the accuracy of the estimate of the
resonance integral depends on the knowledge of Ty. o

2
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Figure 1, Resonance integral for A 2100 as a : - . , :
function of Ey, for various values of the parameters . Figure 2. -Ratio of the resonance integral to the thermal
(the value 8,810 ev™ 12 is a theoretical value neution capture cross section as function of \E, for various
_taken from reference [21), e values of T ye V '

Light nuclei (A  50) as a rule do not have: resonarices.” Their capture cross sections follow the law Y/ V:
For these nuclei; as is well known [3]; the, résonance integral taken through the'range above the cadmium.ab-- -
sorption (E >0.4 ev) is equal.to half the captire. cross, section at thermal energy, .’ B '

For nuclei of intermediate atomic weight (50 < A < 100j,' contributions are made to the resonance in-
tegral both by capture following the 1/V law and by resonance capture. In this range of masses the experi-
mental data agree rather less well with the semiempirical formula., .

The so-called magic and near-magic nuclei deparf froxjh the regularity that has been noted. They be-
have like light nuclei, Thus the nuclei Y® and Pr**! have capture cross sections varying as 1/V, and T1%%
and T1*% have large intervals between their levels, ‘

Thus the formulas that have been presented make it possible to estimate the resonance integrals to within

a factor of 2 or 3, from just a knowledge of certain of the resonance parameters,

Of interest here are the redently published [4] hew values of the resonance integrals, over the region
above the cadmium absorption, for the activation of U®® and Th®2 obtained by comparison with the activation
of Au™®, When the contribution from the 1/V cross section is removed, these turn out to be 281« 20 barns for
U®® and 67 + 5 barns for Th B2 in good agreement with the estimate in 'Reference'[lj.
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BEHAVIOR OF URANIUM AND CERTAIN OTHER MAT’ERIALS

IN FLUORIDIZING MEDIA *

Bromine trifluoride, bromine pentafluoride, and chlorine trifluoride are strong f1u0r1d1z1ng agents, whlch
can be used instead of fluorine for the production of many inorganic fluorides, Since these halogen fluorides
can be kept as liquids at room temperatures, they can serve as more cormnpact sources of fluorine than fluorine

‘gas. Under the action of liquid: halogen fluorldes metals and. oxides:can be. converted into fluorides at lower
temperatures than under the actlon of gaseous fluorme ’

The main purpose of the 1nvest1gat10n was, to obtaln the qual1tat1ve charactenstlc of the behavlot of

uranium in halogen fluorides and in fluorine at elevated temperatures and to make a qualitative 1nvest1gatlon
of the stab111ty of less active materials in these reagents ‘ :

Under the action of bromine itri- and- pentafluondes and of chlorlne trlfluonde metalhc uramum 1s con- -
verted into uranium hexafluonde as is'shown. by the equatlons

50-125° C N , . P
Usol + 2 BrFy liq —-_———-9 UFg lig + Brg lig s B ‘ (1)
50-75° C | » - | |
Ugp + 3 BrFg lig - ———9 UFG llq + 3 BrFy 11q . : o (2)
25-175° C : :
Usor + 3 CIFy 5 .—-_~———é UFg1iq + 3CIF ga . (3)

i ¢ This reduction product in-the first reaction is

" shown as bromine, but bromine monofluoride can also
be formed, Bromine accelerates the Reaction (1) some-
what, and the intensity of,UFg formation is appreciably
increased. Since these reactions are exothermic, heat
must be removed to prevent a rise of the temperature,

ol - ~ particularly if the products that accelerate the reaction

are not removed. It was found that a slow dissolving of

uranium occurs in liquid bromine tri- and pentafluorides

at temperatures appreciably exceeding th_e normal

T

. 1200

1000

s
-§
t

Temperature of uranium, °C
o2
S
>

400 ‘boiling points.
200 \ ' : ‘ In the action of gaseous halogen fluorides or of
e’ : : fluorine on uranium, a redction of explosive character
__— ] : occurs, The cause of this phenomenon may be the poor
1 I

g 7 2 3 4 heat transfer in the fluoridizing system solid phase-gas,
Time of contact with the vapor, A . '

, " minutes The diagram shows the curve of the temperature -

time dependence, At the point A the specimen of

Curve of the ignition temperature of uranium. in ©

bromine trifluoride vapor, * Ind. Eng. Chem, 48, 3, p- 1, 418 (1956).

’ ‘ 345
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uraniurf was exposed to the action of thé vapor. Béyond point B the teinperature rises abruptly, In the neighbor-
hood of point C the uraniuth ifiéandesces, The maximuni temperature was not determined exactly, since the
thermocoiiple was melted, '

Thottun does not react apprecmbly with: any of thiese reagents urider the conditions descnbed above,
Experlments to check the stablhty of certam other matcnals made it posslble to fmd ina quahtanve way,

V.‘ P. E
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Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090006-9



Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090006-9

THE PROGRAM OF CONSTRUCTION OF POWER REACTORS IN THE U.S.A.*

The United States of America is setting up a broad program ‘of construction of experimental nuclear
power reactors, Table 2 (see pp,
construction, and proposed).

649)

gives a summary of the main power installations (operating, in

Alongside the Construction of the experimental power reactors, the U.S.A. has planned for the period

1957-1962 the construction of atomic electric stations of power 75,000 -250
shows certain technical and economic indices of these electric stations.

,000 kw, Table 1 (see below)

O. Shch. -
* Engineer 201, 5231, 425 (1956).
"TABLE 1 .
Proposed Prototypes of .Atomic Electric Stations
Company ! Westinghouse | Yankee | Consoli= | Common- .| Consumers'| Power 'Westihghduse,
' and Duquesne | Atomic dated wealth Edi- Public Reactor and Pennsyl-
Light = Electric | Edison son and Power ' Develop- | vania Power
' ‘ others District ment and Light
1 - Z ) 3 1 : 5 3 B 3
Place of Shippingport, | Western ;| Indian Near Nebraska Premiises ' | Premises of
construction Pennsylvania | Massa- | Point, Chicago of Detroit - | Pennsylvania
chusetts. { N, Y. EdisonCo. | Power and
' Light Co,
Type of i with water with with water with sodium- fast homogeneous
reactor under water under - boiling graphite neutron,
pressure (PWR)! under pressure water with ex--
. pressure ‘tended
_ source
‘Thermal power, | 236,000 480000 | 500,000 682,000 250,000 300,000 -
kw , : '
Electric power, | 100,000 134,000 | 250,000 ** ¥ 180,000 15,000 | 100,000 150,000
kw : '
Charge of fuel 12 tons natural , 275 kg
uraniumand | 28,000Kg! uranium 68,000 kg 24,600 kg 2,100 kg -
52 kg enriched and 8,100kg '
uranium thoriumn
(Cohtinued)

* * The reactor is-being built by the Atomic Energy Commission.of the USA. The firms Westinghouse and
Duquesne Ligit are acting as chief contractors for the Commission.

** #Including. 110,000 kw on account of superheating the steam by ordinary means,
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TABLE 1 (Continued)

*  Exclusivé of expenses for research, preparation of the fuel elements,
cost of preparing the fuel elements forms part of the ‘cost of the fuel.

648

and special materials for

i z 3 4 2 6 1 .

Enrichment with up to 9 2.7 “about 90 1.1 2.3 20 -

=8 isatope, % (for the

uranitim

Moderatort Ha O ‘HyO H,O Hz‘O graphite none -

Heat transfer - 4,0 tiz() 1,0 HyO Na Na fuel solution

material ' '

Av.temp, of trans— ) .

- Lo 292 270 269 249 4496 427 -

ternateriatl in : .

. reactor, "_C .

Pressuré€ in reactor 140 140, 105 42 21 T+14 . -

case, atmos ' iR ' ' ' :

Stéam parameters: _ o , o
a)pressure, atmos| 41 42 30 42 56 42 42
b)temperature, °C saturated  saturated |saturated 1249 441 388 -

Estimated cost of e NG R

reactor, thousands | 27,700 17,400 . | - | 34,200 13,500 136,000 -

of dollars * o o [

|

Estimated cost of o N
turbogenerator , , \ S

installation, 10,000 16,000 | — 110,800 10,800 9,000 -

thousands of i '

dollars

Estimated cost of v _ . ) _ L .

whole project, 317,700 33,400 ; 55,000 | 45,000 24,300 45,000 -

thousands of ! o -

dollars ! , ?

Cost of plant per 370 246 | - 230 250 320 540 -

kw of power i o ' -

Scheduled time . {1957 1959- 1960 | 1960 1958- 1959- 1962

for completion 1960 T 1959 1960

them. The
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THE NUCLEAR REACTOQOR AS A 3OURCE OF ENERGY FOR CHEMICAL PROCESSES +

- In present-day chemistry a great role is played by processes taking place at high temperatures, to produce

which a large amount of energy is expended. For example, in 1947, 11, 2% of all the electrical power consumed

in'the USA was used in iridustry to provide heat for chemical processes,

The diminishing natural supphes of solid, liquid and gaseous fuels in the USA is leading to a continual
increase of prices for these types of fuel. Owing to this, nuclear fuel is becoming more and more promising, and
its use is particularly attractive in chemical industry, where direct use can be made of the heat developed in a
nuclear reactor, The use of nuclear reactors offers particular advantages in regions that are difficult of access
but rich in raw materials for chemical 1ndustry

The Atomic Energy Commission of the USA and the Bureau of Mines of the USA have now begun a study.
of problems connected with the use of the heat of nuclear reactors for the intensification of a number of chemical
processes, for example, the gasification of coal the productlon of nrtrogen dioxide from the air, the production
of acetylene, of hydrocyanic acid, etc.

The most critical problem in the design of such a réactor is.that ‘of materlals Uraniium dioxide will
obviously be used for the fuel elemerits in such a reactor, and for. the construction iaterials and moderators use
will be made of the carbides of berylhum zirconium, and caleium, There are also other simpler but no less.
important problems: erosion by the action of solid particles ‘contained in the gas passing through the reactor; the
diffusion of fission products through the ceramic coverings of the fuel elements the problem of controlling the
reactor; and many others. ‘

In the agreement concluded between the Atomic Energy Commission and the Bureau of Mlnes the putting
into operation of the first plant for production of artificial gas by means of atomic energ gy is set for 1959,

According to the agreement, ‘from one and one.half to two years are allowed for_ the solution of the
problems of materials, and about a year for the designing of the reactor.

LS.

* Chem, Engineering 63, 3, 191 (1956).
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PYROMETALLURGIC REGENERATION OF NUCLEAR FUEL

To make the reprocessing of nuclear fuel cheaper there have been proposed [1-47 and discussed [5] '

- pyrometallurgic methods analogous to those applied in the metallurgical industry, The advantage of these
mnethods [6] consists in the fact that the expensive opetations of dissolving the uranium and then reducing it
again are avoided, the volumes to be handled are greatiy reduced, and the radioactive wastes are secured in a
small volume, which is convenient for their use and storage, The materials employed in the pyrometallurgic
processes are relatively stable against irradiation, which makes it possible to regenerate freshly irradiated fuel.

A shortcoming of these methods is the low degree of purification from the fission fragments, Only the
main mass of the fragments — the "poisons® absorbing neutrons — is reinoved. Since the y-activity is lowered
by roughly a factor of 5, there are technical difficulties in cartying out the metéllurgical processes, which have
to be accomplished behind sufficiently thick shielding, '

The following pyrometallurdic processes ate regarded as prqfni‘sing:

1. Extraction of plutonium and volatile fission fragments in vacuum at 1600 to 1700° C. The separation
of the plutonium ftom the uraniuin is based on the fact that the vapor pressure of plutonium at these temperatures
is hundredsof times as large as that of uranium, Laboratory experiments have shown [8] that at 1650° C  98.0%
of the plutonium is driven off from itradiated uranium containing 0.02% plutonium,- = '

» 2. Extraction of the plutonium and fragments from liquid fuel by liquid metals (Mg, Ag, Ce). of interest
in this connection is the use of a slight admixture of gold in extraction by silver [9], which under optimal condi=
tions increases the distribution ratio of the plutonium by a factor of 2.5.

3. Extraction of plutoniuim and rare-eaith fragments from the melted fuel by fused salts (UF;, UC) and
others). By an exchange reaction between the salt and the melted fuel the plutonium and rare-earth elements,
forming more stable halide compounds, go into the sait phase, The plutonium is displaced from the salt phase
by alkaline-earth metals. ‘ :

4. Melting and settling of the irradiated uranium in crucibles of refractory oxides, In this process the
fission fragments — "poisons® — volatilize or are subject to sélective oxidation. The plutonium is not separated
from the uranium, which can be reused in fast-neutron reactors, '

. The technical requirements for a pyrometallurgic process for regeneration of the fuel from a reactor

(500 megawatt) using natural or slightly enriched uranium, working to burning out of 1% of the fuel, present the
following special features. In the régeneration plant there are no liquid radioactive wastes, and it is located in
the same building with the reactor, The average amount of uranium regenerated daily (about 50 kg, i.e., 25 1) ~
can be handled readily in a container 0.5 m in diameter and about 1.0 m high, The container is located in a
"hot® chamber of width 6 to 7.5 m and height 3 to 4.5 m, of ordinary concrete about 3 m thick, lined on the
inside with thin plates of stainless steel to facilitate cleaning, For discharging, repairs and change of equipment
a separate shielded area is-required. For moving the materials inside the champer, electric motors or hydraulic
devices are used, ' ' '

The heating is done with high-frequency currents or molybdenum heaters. To cool the chamber, in
which a great deal of heat is developed, use is made of liquids that react only weakly with the fuel under
treatment, for example hydrocarbons, It must be taken into account that freshly irradiated fuel gives a large
amount of heat, which can serve for the melting of the metal.

P

To protect the molten metal and the vapor from oxidation there must be maintained in the chamber
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either an inert atmosphere (helium, argon) or, what is more difficult, a vacuum, Apparatus has to be provided
for purifying the medium from radioactive gases,

To test the degree of elimination of the "poison™ fragments, a sample of the regenerated fuel is placed
in an apparatus in which its reactivity is measured by the multiplication of neutrons. This is considerably more -
convenient than performing a complete isotopic analysis.. '

" As an example, we describe in outline a process of extraction with liquid silver [6]. The contaminated
fuel is melted together with the extraction agent, silver, in a contactor of refractory material. The extraction
‘agent_rs drawn into a container, and then evaporated, and the plutonium left behind is dlscharged into a re-
ceiver, The purified fuel is drawn out of the contactor and the silver is driven out by distillation, The silver
vapor is sent into the contactor, where it condenses and again takes part in the process,

The flow of liquid metal in graphite pipes is regulated by valves operating by freezing and melting the
metal in U-shaped bends, The transfer of liquid metal from one vessel to another is by gravity or by means of
the pressure of silver vapor'— a "vapor pump". "The valves and "vapor pump" are- actuated by electric heaters,” .~

The temperature conditions in the process must lie between the melting point of the fuel and the b0111ng
point of the extraction agent, The ranges can be seen from the table:

. ' Mg | Ag. -|4Pu' I_U , Th
Melting point, °C 650 %0 | 632 1129 1690

Boiling point, °C ‘ 1126 2212 3235 | 3900 > 3000

The greatest difficulty in carryrng out rthis process is in: the chorce of a refractory materral that is stable -
agalnst corrosion at the high temperatures ‘and capable of wrthstandrng the thermal stresses,

Although the materials used have various defects-(graphrte forms carbides, the refractory oxides MgO,
BeO, Z10,, etc. are not sufficiently stable against heat, and the refractory metals Mo, Ta, and Nb are corroded
by the liquid fuel), it appears that there are no insurmountable difficulties in-the way of solving the problem, -

At the beginning of June of the present year a demonstratlon was given in Harwell of an experimental
apparatus for pyrometallurgic regeneration [10]. . In the "hot" chamber the irradiated blocks were mechanically
removed from their coatings and were melted in a graphlte crucible at 1200 t01300° C. Some of the fission
fragments were vaporized, and ‘some were collected in the walls of the crucible and in the slag on the surface of
the melt. The molten uranium with a considerable residual activity can be drained off through the bottom and
reused for the preparation of fuel elements in'the "hot™ chamber, It is beheved that th1s process is more econo-
mical than the aqueous one, and that it will be semrcontrnuous )

But the advantage of the pyrometallurgrc over the aqueous process can be finally established only after
tests in a pilot plant :

The successful development of pyrometallurgic regeneratron processes would greatly facilitate the desrgn
of an’economic nuclear power reactor with liquid metal fuel,

Ya. P,
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' USE OF A HELICOPTER FOR URANIUM PROSPECTING

The helicopter is widely used in exploration for mineral deposits in many lands, Recently it has begun
to play a leading role also in prospecting for ore deposits of uranium, especially in the U,S,A,, in the Colorado
Plateau and Rocky Mountain regions, :

The possibility of landing a helicopter in a smail space and of flying at a low altitude, and also the
capability of hovering in the air make it in many instances irreplaceable in the organization and execution of
explorations for uranium, '

The helicopter makes possible delivery of cargo and personnel to difficultly accessible places in a short
time, especially in rugged country. Using a helicopter, a geologist may view, photograph, and sketch craggy,
precipitous, and otherwise inaccessible outcrops, In searching for uranium by determination of radioactive
anomalies, the helicopter has preference over an airplane since it makes possible flight at a height of 15-20
meters, easy maneuvering in narrow mountain canyons, and landing at the place of an anomaly revealed in the
air for investigation immediately on the surface of the ground, '

However, the usual helicopters used in the U,S,A, up to recently had a low flight ceiling; as a consequence,
many high mountain regions of the western states of the U.S,A, remained unexplored,

Cégnizant of this, the Bell Aircraft Corporation released a new helicobter model specially adapted for
uranium exploration and calculated for flight at a considerable altitude, In these helicopters the scintillation
counter and the auto-recording instruments are located in the pilot's cabin immediately forward of the geologist-
observer,

All the equipment, including the scintillation counter, detector, auto-recorder, and panel, may be taken
out of the helicopter in several minutes in case it must be used for other purposes, '

The Colorado Plateau, with its deep canyons and steep slopes which are often inaccessible for geologic
investigation by surface exploration, is a region where the use of the helicopter has proved particularly effective,
For investigation of ore-bearing formations which crop out in the walls of canyons, a flight parallel to the rim
and 3 to 15 meters from it isused, A flight at such a distance makes possible the separation and tracing of
uranium-bearing beds both with the help of a scintillation counter and visually by the characteristic color and
other prospecting signs, :

Helicopters for uranium prospecting are used by government institutions, various private firms, and also
by independent prospectors, In some cases geologists obtain certification as pilots, and when necessary they may -
make flights themselves,
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NEW TYPES OF URANIUM ORES

In recent years new mineralogical types of uranium ores: have been discovered in a number of countries.
~ If in the past a comparanvely small number of minerals (such as pitchblende, uraninite, carnotite, otenite)
were considered to be uranium minerals which had industrial importance, it is now true that minerals'which
did pot attract attention earlier or were completely unknown are acquiring ever greater industrial importance.

Thus, brannerite —a uranium titanate — was earlier associated with rare minerals, It was found associa -
ted with granites and in certain pegmatites, where it did not assume concentrations of industrial significance.
It is now true that in the new uranium-region of Canada — in Blind R1ver brannerite proved to be the chief
uranium mineral which contained large uranium resources [1]. '

An even less common mineral — davidite — is at the présent time being mined in the Austrahan region
called Radium Hill, which is considered a relatively large source of uranium [2). Davidite is a complex.
uranium titanate. Besides the Radium Hill location, davidite was discovered in a uranium-rich location near
Tete (Mozambique Africa), where it is also the major uranium mmeral Davidite has also heen discovered
in th¢ Mount-Ice region (Australia).

Of great interest with regard to industrial apphcauons was the discovery of a new mineral — coffinite —
in the Colorado plateau, mines {3]. ‘

This mineral which belongs to the silicate group is found in dense veins combined thh pitchblende in
the sandstone of the Big Indian Wash region (in the state of Utah, USA), and is now known to be present in
more than fifteen uranium sources of the Colorado plateau region. Recently, a mineral similar to coffinite -
was found in the state of Nevada in Epic Mine in the vicinity of Austin, where it is found in fissures where it
forms coffinite veins [4]. :

» " This mmeral is ev1dently one of the members of an isomiorphous nenadkevne series which was d1scoveted
“in the USSR in 1952 [5]. :

- Available data permit us to conclude that a relatively wide distribution of minerals of this series is
possible in certain localities and provinces; in individual cases these minerals appear in concentrations which
are sufficient for industrial use.

These discoveries verify the fact that in the future it may well be possible: té) reevaluate the industrial
significance of various uranium minerals: Uranium prospectors today cannot limit théir knowledge to a small
selection of industrial uranium minerals and to those of them which aré significant-in the sense of present

' prospecting, but must acquire a broad knowledge of the mmeralogy of uranium.
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{11 R Trail, Can. Mining J. 75, No. 4, 63-68 (1954).
(2] L. Parkins, Econ. Geol. 48, No. 7 (1953)
{3] L.R. stieff, T.W, Stern and A.M. Sherwood Scxence 121, No. 3147, 608(1955)
1 14] Westem Mining and Ind. News, 24, No. 2, 16 (1956).
(5] V.A. Polikarpova, Atomic Energy No. 3,- 132 (1956) (T.p. 425). *
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ENRICHMENT OF HEAVY WATER BY A BIOLOGICAL METHOD +#

In all methods for the enrichment of heavy water the first stage of the process is very expensive, which
considerably increases the cost of any final product for whose production heavy water is used. A number of
biochemical processes, and such biological production processes as the growing of moulds to obtain peniciilin,
give only a slight reduction of the volume of the water used, and the amount of eprichment is extremely small,
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The authors have investigated the heavy hydrogen content in water remaining after the first steeping of
grains of barley in the production of malt. In order to obtain a decided reduction of the volume of the water
used to steep the barley, the authors tested the water after nine successive steepings, After every third steeping
a sample of the water was distilled to remove organic substances leached out of the barley. The experiments
were conducted with various proportions of barley and water, but always under fixed conditions of temperature
and steeping time, The results of the tests are shown in the diagram, where the enrichment factor o is plotted
as a function of the decrease of volume, Vo/V. It is seen from the curves that the percentage of enrichment
depends on the conditions of the steeping, For the calculation of the isotopic separation index _$ the authors
use the formula applied in the electrolytic separation of water,

dNy  dNp
=g

Ny ~° Ny

where N is the number of molecules of an isotope taking part in the separation process. When the values of the
initial volume Vy and the final volume V are introduced into Eq, (1), we obtain, approximately,

. ]nVo/V
T InVe/V—Ina«"®

The enrichment factor ‘o is here used as the ratio of the molar concentrations of heavy water in the volumes
V and V, respectively, In calculating the values of s the authors made use of the fact that the tap water in

* Nature 177, 4517, 988 (1956).
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Stockholm contains 0,015% heavy water, The results of the calculations wér,e:
Ratio of weight of barley to weight of water 0.30 0,67 1,33
Isotopic separation index 5 3.0 1.54 1.15

The concentration of the isotope was determined by means of infra-red spectrometry on the absorption
band of HDO at 3,83 ., These measurements were carried out to an accuracy of + 0.003% in the absolute scale
of D0 content, The calculations were also confirmed by steeping with water contammg 0.5% of heavy water,
and by analyzing the isotope content by the method of precision pycnometry

From these calculations it can be seen that the method of concentration of heavy water by the steeping of
germinating barley grains gives a high degree of enrichment as compared with other biological methods,

s, L.
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A PORTABLE APPARATUS FOR FREEING WATER FROM
RADIOACTIVE CONTAMINATION *

A portable apparatus for the decontamination of reservoirs that have become contaminatEd with radioa’cti‘(e‘
wastes has been developed in the U,S. A, By processes of coagulation, filtration, and disinfection about 85% of.
~most of the fission products can be removed, This figure canbe raised to 93% by a préliminary purification by
means of clay, and then by a final ion-exchange treatment to 99.9%., o '

In continuous 24-hour operation the capacity of the apparatus is (depending on the size) 11,400, 5,700 or
2,280 liters per hour, . - . - ' SR - o :

The principles for freeing water-from radioactive contamination used in this apparatus are basically the -
same as are used to purify water from ordinary, contaminations, since the water being treated isnot radioactive,

but only contaminated by radioaciive-su];stanées‘ susp

ended or dissolved in it, "’
The sources of contamination of watei can be "wast_e water from atomic energy ‘plants, or from laboratories.
or hospitals using radioactive isétopes, and also radioactive atmospheric fall-out, and other kinds of contamina- -

tion of the water resulting from atomic fission, -

The central part of the apparatus is an "eidlator® (an ’épPafatus’:’&}c_Véloped in ‘Engineer Research and De-

velopment Laboratories), which by chemical coagulation removes dirt, bacteria, and other suspended matter; and " : -

provides effective.decontamination, This part of tlie apparatus is connécted in series with diatomaceous earth
filters, ‘ ' S o ' '

Waste water that has undergone the chemical and physical treatment in this apparatus can be used 4s -
drinking water only 20 minutes later, ’ : : e : ) '

'

The apparatus is operated by one man and can work at temperatures down to —40°C. The apparatus is

mounted on ‘a motor truck chassis-and hauled by a 11/2 ton tractor, - It has its own electric generator and is.
equipped with a suitable heater, ' ' o '

S. L.

* Chem. Engineering 63, 4, 130 (1956).
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APPLICATION OF LIQUID SCINTILLATORS FOR THE QUANTITATIVE
DETERMINATILON OF TRITIUM IN URINE*

The increasing use of gaseous tritium and tritium-tagged water for chemical synthesis and other processes
has given rise to the necessity of developing a simple, rapid, and sensitive method for chécking the safety of
persons working with this isotope. The paper describes a method of testing the urine of a given group of workets
by means of liquid scintillators,

The urine taken for testing is first-clarified by mixing with activated wood charcoal, and is filtered, For
the test there is taken 2 ml of the filtrate, 0.1 ml of distilled water, and 20 ml of absolute alcohol. After these
have been mixed, 28 ml of toluene is added, aﬁd 100" ml of the scintillator — p- 'cliphenyloxazole Two control
specimens are also prepared. One of themn serves for the measurement of the background in it the urine isre-
placed by distilled water; the second is a standard for determlnmg the countmg efficiency; in it 0.1 ml of
standard THO is used 1nstead of 0.1 ml distilled water, :

The analysis is carried out with a scintillation counter constructed with a coincidence circuit with high
resolving power. The counting time must be such that the error of the measurement does not exceed + 5 %, The

radioactivity of the specimen of urine (2 ml) is determmed in the followmg way. First the counting efficiency
is found by the formula '

E =(Ci"“Cb)l;(Cu—'Cb) ,

where C; is the number of counts in the measurement with the standard for determining the counting efficiency;
Cyp isthe number of counts in the measurement with the control specimen; ' C,, is the number of courits in the
urine specimen; and N is the number of disintegrations per minute in 0,1 mlof standard THO. The number of
disintegrations per minute in.2 ml of urine, Dy is found by the formula

.D“_——Es .
The total radioactivity is given by the expression

Dy + 500

microcuries/liter
2,22« 108 disintegrations/minute’ :

This method makes it possible to determine a concentration of tritium of the order of 0,08 curie/1, which
corresponds to a total content in the organism of 3 to 4 y curies of tritium,

%

G. T. Okita, J. Spratt and G. V. Leroy, Nucleonics 14, 3, 76 (1956),
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ERRAT A

In issues No. 2 and No. 3 of The Soviet Journal of Atomic Energy,

the following mistakes in the original text were tepeated in the

C. B. translation:

No. Page Line

2 172 8 from bottom

3 373 Formula 6

J
‘Formula 8
Formula 9
Formula 10

3 398 7 from top

3 383 ~ footnote

Reads

Lfor 'approximétely 5%

of the total energy ...

tsing = Zsingtsmg ~1,814

t1=0.5aq(po )2 112
ting = 0.09(pou) V2172

Tsing = 0.09ay(py)¥? 7%

...diseharge current dens-
ity. But X-radiation.,,

blank’

Should read

...for approximately 50%
of the total energy...

Sing = Zsingty & 1.81
ty = 0.05 ay(pg )4 1714

ing = 0-09 2y(poy)V41¥2

Ling = 0.09 ay(po) V41 V2

..idischarge current density,
In conclusion we will note
that S, Cousins and A, Ware
_[Prac, Phys, Soc. 64B, 159

- (1952)] also observed asharp

change in the structure of the
discharge, accompanied by
breaks in the current curve,
during discharge in various gases,
But X~radiation was not ob-
served,

The equation below was
omitted in the C,B, translation.

to

‘ g,i OU @) dt=W,.
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