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THE STUDY OF THE PHYSICAL CHARACTERISTICS OF THE REACTOR

OF THE ATOMIC ELECTRIC POWER STATION

A. K. Krasin, B. G. Dubovsky, E. Ya. Doilpitsyn, L. A. Matalin,

« . i

E. I. Inyutin, A. V. Kamaev and M. N. Lantsov .

In this article a description is given of experiments on the study of physical characteristics of the reactor
of the atomic electric power station of the Academy of Sciences of the USSR. The data obtained may be util-
ized both in connection with the starting up and operation of other similar reactors, and also in the further
improvement of the methods of engineering design calculations for the hererogeneous energy pxoducmg water-
cooled reactors operating on thermal neutrons, :

INTRODUCTION

" The calculation of the physical parameters of the reactor of the atomic power station [1-3] was carried,
out .by methods which had been earlier checked experimentally only on uranium-graphite lattices with a low
content of water or steel. Therefore before the reactor was put into operation it was necessary to check the
calculations on a reactor the construction of whose lattice cells would be close to that of the cells of the -
reactor of the atomic electric power station. For this purpose there was assembled and put into operation a
graphite uranium physical reactor (GWP) which was constructed of square graphite bars of density 1.67 gm/ cm?®

This reactor was in the form of a cylinder of 260 cm diameter and 190 crm in height. The lower reflector was . .

40 cm thick, while the upper reflector was 54 cm thick.

In the active zone and in the upper reflector there were 85 vertical openings of 44 mm diameter which
formed the square reactor lattice with 140 mm pitch. In the side reflector there were horizontal openings
into which neutron counters and ionization chambers were placed. Mixed oxide of uranium was used as the
fissionable material (Uranium with a 10% content of U*® was used). The mixed oxide powder was placed
in the circular gap between two stainless steel tubes (mark IX18N9T) of diameter 9x0.4 mm and 13.4 X0.2
mm. The tubes were filled with the uranium oxide powder to a height of 960 mm. A heat generating ele-
ment constructed in this manner contained on the average 214 g of powder. The amount of steel in a single
element was ~ 152 grams. The inner tube was filled with water, Seven such uranium elements were assem-
bled into a single unit which simulated the working channel of the reactor. The units were loaded into the
vertical openings of the graphite pile. When the minimal critical loading with uranium was being deter-
mined, the remaining openings were filled with graphite plugs. Before the uranium units were loaded into
the assembly, a neutron source of intensity 2- 10°® neutrons/sec was placed at the cemer of the graphite pile,
then the whole registering apparatus was checked and the rate of counting of the counters and of the cham-
bers was determined. As the uranfum loading proceeded the rate of counting increased in all the registering
equipment. If one graphically plots-the variation of the reciprocal of the relative increase in number of
counts (/) as a function of uranfum loading, then the extrapolation of such a graph (the graph of reciprocal
multiplication) until it intersects the horizontal axis will determine to a certain degree of accuracy the value
of the critical loading. By successive extrapolation of graphs (obtained on the basis of data provided by diff-
erent registering devices) one may determine in advance with sufficient accuracy the value of the critical
loading of the reactor, The necessity for knowing the exact value of the critical mass (M) is determined
by ‘the hazard which may arise as a result of an uncontrolled rapid increase in the power of such a reactor in
the case of even a relatively small excess of reactivity. :

It should be noted that starting with a loading of ~70°]o. (estimated from éarly_éxtrapolations) it is useful
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to utilize not only the graphs of reciprocal multiplication, but also the so-called difference curve of reciprocal
multiplication— the retiprocal value of the difference in the counting ratc at a given loading and the countlng

rate at 70% loading . Such a method for extrapolating the critical mass leads more smoothly to

N
N-— N-m
the actual value of the critical loading from the direction of smaller loadings which increases the safety of
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Figure 1. Curves of reciprocal multiplication.
a) Counter No. 1 on the boundary between the active
zone and the reflector; b) counter No. 2 on the boun-
dary between the active zone and the reflector; c)
ionization chamber on the boundary between the
active zone and the reflector; d) counter No. 3 in
paraffin at the outer wall of the reflector; e) diff-
erence curve.

conducting the experiment. Figure 1 gives graphs ‘
of reciprocal multiplication plotted on the basis of
readings of various registering devices, For purposes
of comparison the difference curve {s also plotted
in the same figure. :

The loading of the reactor proceeded from the
center outwards toward the periphery., The reactor
became critical when 54 units were loaded into it. -
When the openings in the reflector were filled with
graphi_te plugs and uranium units were inserted into
openings intended for safety rods and control rods,
the minimum critical loading of the GWP reactor

" was determined, and turned out to be equal to 50

units or 6.3 kg of U**® which corresponds to an ac-
tive zone radius of 60 cm.

The theoretical calculations which had been
made by M. E, Minashin, Yu. A. Sergeev, V. Ya,
Sviridenko, and G. Ya. Rumyantsev gave (within
the limits of accuracy of the calculation) values
of M, (5.35 - 7.40 kg of U or 42-58 units)

~which agreed well with the experimental data. On

the same reactor a study was made of the effect of .
an annular layer of water (4 mm thick) on the
compensating ability of a boron control rod (26

mm in diameter) of the reactor of the atomic elec-

. tric. power station. It wa$ determined that a 4 mm
layer of water around the rod decreases its compensating ability by 10%. Calculations carried out by D. F.
Zaretsky . indicated that a 15% decrease should be expected. The other experiments carried out on the reactor
of the atomic electric station are described below. :

Determination of the Gritical Loading of the Reactor of the Atomic
Electric Power Station

On the diagram of the lattice (Figure 2) is shown the placing of the start-up registering equipment used
in the course of achieving the critical loading of the reactor. Three neutron proportional counters and three
jonization chambers were placed in the vertical channels of the reactor. In view of the fact that equipment
‘designed to control the power level of the reactor of the atomic electric power station under normal operating
conditions does not . have the sensitivity required to deterinine the degree of approach of the reactor to its
critical condition,special radiotechnical equipment of high sensitivity was constructed. At:the output of one of
.the circuits a dynamic speaker was placed which enabled one to determine charges in the neutron flux by a
change in the frequency of clicks.

After the insertion into the center of the reactor of a neutron source of intensity 2 10% neutrons/ sec,: ‘the
loadmg of the reactor with working channels (WC) was begun. To decrease the loss of neutrons from the un-
loaded cells of the reactor graphite plugs were inserted into them. The curves of reciprocal multlphcatlon
were plotted from the readings of all the registering devices; in addition difference curves were also plotted,
The working channels were loaded progressively from the center out'toward: the periphery. In the course
of loading, measurements were made of the effectiveness of the action of manual control rods (MC) and of the
safety rods (SR). After 60 working channels filled with water had been loaded, a self- sustaimng chain reaction
was achleved : :

140 v
Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090002-3



Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090002-3

AN AR Reflector

Figure 2. Diagram of the lattice of the reactor of the atomic electric power station.
PC) cell of a physical experimental channel; MC) cell of a manual control rod; AC) cell of an automatic
control rod; SSR) cell of a slow safety rod; FSR) cell of a fast safety rod; T) cell of a channel for continuous
control of the temperature of the moderator ; Rt boundary of the critical loading of the reactor with
watet in the working channels; ‘=) boundary of the critical loading of the reactor without water in the

working channels,

For practical design calculations of enetgy-producing reactors it is necessary to know the value of critical
loading not only when water is present in the working channels, but also in its absence. An experiment made
without water in the working channels showed that the critical condition in this case is attained when 101
working channels are loaded. In the diagram (Figure 2) the critical loadings are marked in both cases. -

Ca‘libration of the Boron Rods and the Determination of the Available
Reserve Recactivity of the Atomic Power Station

The considerable excess of the technological loading of the reactor (128 WC) compared to the critical
loading (60 WC) is due to the necessity of having a sufficient reserve of reactivity which is required to com-
pensate for the burn—up of U in the course of operation during ~ 100 days at a power level of 30,000 kw-, to
compensate for the decrease of reactivity by the waste and poisoning uranium fission products and by the nega-
tive temperature effect, : ‘

When all the working channels were loaded the excess reactivity was compensated by the complete
insertion of six boron rods of the inner circle, four symmetrically situated rods of the outer circle, and one
" automatic control rod. The eight manual control rods (MC) of the outer circle which remained not inserted,
the two safety rods (SR) and the three automatic control rods (AC) formed the reserve for stopping the chain
reaction in case of an unforeseen building up of the activity of the reactor, '

_ The available reserve reactivity is one of the most important characteristics describing the state of
operation of the reactor, and it is therefore necessary to control its magnitude continually. To determine
the available reserve of reactivity (in relative units) a comparison was made of the effctiveness of the
influence of various portions of the control rods and of the safety rods on the reactivity' of the reactor, As a
calibration umit of reactivity that reactivity was chosen which arises as a result of displacing a pair of auto-
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matic control rods by 1 cm In the middle portion of the height of the active zone of the reactor, Because the
influence of the rod on the reactivity is in this region dircctly proportional to its displacement, this unit {s called
a lneal centimeter, To convert lineal centimeters into absolnte reactivity the time of doubling of the power
level of the reactor was measured when a super-critical condition corresponding to 10, 20 and 30 lineal centi-
meters was produced. The time of doubling of the power level of a reactor determines the cxcess reactivity
(AK); thus it was determined that iu the initial stages of operation of the rcactor of the atomic electric power
station 10 lineal centimeters correspounded to AK =(4.5+ 0.2y~ 10~ 4

The influence on the reactivity of the displacement of the rod under investigation depends significantly
on the position. of the other insertcd rods, and therefore it is more useful to carry out,not an individual calib-
" ration of each rod, but rather the calibration of a group of similar rods after first bnvihg checked that they ate
identical by comparing them under similar conditions.

Within + 107 accuracy the rods turned out to be identical in their effectiveness. After the rods were
checked and found to be identical, they were calibrated. The rod being calibrated was set as zero (fully re-

’ Rum (lineal) moved from the reactor). The reactor was com-

pensated at a low power level in such a way that
the automatic control rods would be inserted to 80

501
cm (to about the middle of the rod). The neigh-
boring manual control rods(MC)of the outer ring
ol 2 " were removed completely. The rod being studied

was inserted to such a depth as to cause the auto-
matic withdrawal of the AC rods through 10 lineal
cm (from 80 cm to 70 cm). By means of withdraw-
ing a rod far removed both from the rod under in-
vestigation and from the AC rods, the automatic

/’

50t

, "t'f" (displacement) - conttol rods were returned to their initial position
7" 50 00 50 200 (80 cm). Then the next segment of the rod being
- ) ' studied was inserted in such a way as to again pro-
g ——t .jo. s .'?0'. L ,’:fam (lipeal) ~ duce a withdrawal of the AC rods through 10 cm.
0 5t 100 b 150 200cm (displacement) etc., until the rod under investigation had been

inserted completely. As a result of this the depen-
dence of the effectiveness of the rod being studied
on its depth of insertion was established,

Figure 3. Calibration curves for automatic and man-
ual control rods (a) and a nomogram for a manual
" control rod (b). :

1) Automatic control rod; 2) manual control rod. Figure 3 shows calibration curves for automatic
‘ and manual control rods and also an example is given

of the method of construction of a calibration nomogram. The linearity of the graph in the region of medium

depth of insertion of the rods confirms the appropriateness of our choice of the relative unit for measurement of

reactivity. The depth of insertion of the rod into the reactor is ewpressed in terms of displacement ¢m as distinct

from lineal cm. : :

In the region of the lineal portion of Lhe graphs the rod has the greatest effect on the reactivity. The fact
that the linear portions of the graphs for the AG and the MC rods do not coincide is explained by the fact that
at zero position the lower end of the MC rod is 60 cm above the active zone, while the' lower end of the AC .
rod in its zero position is level with the upper boundary of the active zone.

The effectiveness of an absorbing rod depends significantly on the position of the neighboring rods,
For example, the effectiveness of the actionof an MC rod of the outer ring is decreased from 150 lineal cm. in
the case of removal of neighboring rods to 120 and 90 lineal cm. in the case of insertion of one or two neigh-
boring rods respectively. The results of the determination of the effectiveness of the action of absorbing rods
are given in Table 1.

From’ Table 1 it follows that the total available reserve reactivity in the initial stages of operation is
AK =0.11 + 0.005. The error in the determination of the value of AK is made up of errors in the determination
of the identical nature of the rods, of error in the determination of the "value” of 10 lineal cm. (AK = 4.5-10" 4
and of error introduced by the possible small fluctuations in the reactivity of the reactor during measurements.
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TABLE 1
Type of rod |[One MC rod of | One MC rod of Two SR rods Two AC rods
' the inner circle | the outer circle :
Effectivenessof )
rods in AK . . 0.013+ 0.001 0.007 + 0,001 0.018 + 0.002 0.0064 + 0,001 .

 For a supercritical state of the reactor not only {s the effectiveness of SR rods important, but also the
speed with which they can be introduced into the active zone, This.is partlcularly important in the case of .
a rapid increase in reactivity caused by the rupture of the thin-walled tubes which are under high water
pressure. To investigate the operating time of the safety tods a study was made of the nature of the falling
' off of the power level with time as a result of an
emergency shut-down of the reactor. The study
was conducted by means of recording oscillograms

P , 1,02 sec - _with the aid of an fonization chamber and an
sl = G030 sec - oscillograph. The ionization chamber with boron-:
T i lJ6 sec i
i E T coated internal electrodes was placed into the neutron
T gt 1o l’”"_” beam emerging from the reactor and was well shielded
' -against y-rays by a layer of lead 250 mm thick. The
Figure 4, Oscillogram showing the falling « off of . oscillogram showing the falling off of the power level -
the power level. . (Figure 4) after prolonged operation of the reactor at a .
A) The instant at which the button releasing the power level of 22,500 kw shows that during approxi-
safety rods is pressed. o mately 1 second the power level of the reactor falls

to approximately 50%. In the case of the reactor oper-
. ating at a low power level (0.01%) this time decreases
to 0.5 seconds. The apparem decrease in the effectiveness of the action of the safety rods in the former case
_ Is related to the increase of the reactor reactivity at the time of release of rods due to the cooling down of
the uranium and the water,

The Influence of Water on the Reactor Reactivity

As has been poimed out already, the cntical loadmg of the reactor in the case that the working channels
are filled with water is considerably smaller than in the case of the absence of water (60 and 101 working
‘channels respectively). This demonstrates the considerable positive influence of the water on the reactor
reactivity which had been predicted by means of calculations [3]. As a result of this it became necessary -
~ to study the possible consequences of water entering the graphite moderator, The investigation of the influence
of water on the réactivity was carried out by means of measuring the time required for the doubling of the
power level of the reactor, and consequently of AK as the amount of water in the reactor was varied. If a )
column of water in a tube (62 mm in diameter) is introduced into the central cell of the reactor its reactivity
is decreased by an amount AK = —(18 + 2) 1074, The introduction of thin cylindrical layers of water ( 4 mm
thick) into four safety rod channels slightly increased the reactivity by AK =+0.5 10 4

To obtain data required for an estimate of the increase of reactivity in the case of complete flooding
of the moderator an experimental simulating channel (SC) was used with an increased water content. One
“cm. of height of a standard working channel contains 3.6 cm of water, in the case of a complete flooding of
the reactor 1 cm of helght of a cell could comtain 6.6 cm® of water, while 1 cm of height of a simulating
channel can hold 8.6 cm® of water, which enabled one to estimate the increase in the reactivity of the reactor
in the'most unfavorable case when all of the "accidental” water is concentrated close to the uranium,

. A comparison of the effectiveness of a working channel (with the normal amount of water) and a simula--
ting channel with an "accidental” amount of water was made in the various cells of the reactor with 101
working channels being loaded and for the two cases: without and with water.

In the first case the addition of water had a gréater effect on the reactivity than in the second case.
As the distance from the center increased, the effect of the water decreased to zero and even became negative,

“\
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aKxin’? ' ‘The accuracy of the compensation of reactivity in these
' experiments was AK =1 31075 Figure 6 shows the
results of these measurcments. In order to obtain the
increment in the reactivity obtained as a result of re-
placing a working channel without water by a simula-
ting channel the ordinates of the corresponding graphs

B should be added. , ¢

5 1t is interesting to note the positive essentlally
§ 5 heterogeneous effect of water situated close to the
o

e

uraniurn. Comparison of curves a and d and also of
b and ¢ permits one to draw the conclusion that in the

e ‘case of flooding of the moderator of the reactor there

] (] -

1
N /] 45 60 ~ will be a decrease in the effect of the excess water in
Distance from center in cm, : the cells of the reactor in comparison with that des-

" Figure 5. Curves showing effect on reactivity. cribed by case d. In the first approximation one may
a) One SC (100 WC without water); b) one WC with assume that the ordinates of the curve d will be dimin-
water (100 WC without water); c¢) one WG with ~ ished in the same ratio as that of the ordinates of curves
water (100 WC with water); d) one SC (100 WC ~ c and b. The curve e of this figure obtained as a result
with water): e) recalculation of the effect of SC of such a recalculation characterizes the possible effect
in one cell (the case of accidental ﬂooding of ‘of the water on the reactivity of the reactor in the case
the reactor). o of the moderator being flooded. :

' MC SR MC . Boundary of ,
(inner) ‘ (outer) the active zone

Bty

3% a AA}m,)._

mA}A‘ﬁn’ﬁm °%

0

g W20 30 40 50 & 760 .90 700 110 20 150 150 /.50 cm

Figure 6. Thermal neutron density dtstribution along the reactor radius.
a) Measured when six inner and three outer manual control rods are fully
inserted; b) measured when one mnet and twelve outer manual control
rods are fully inserted.

Using this curve and knowing the number of working channels at each radtus one may estimate the probable
total increase in reactivity under accidental flooding which turned out to be AK = 0, 016. Calculationon the
basis of curve d of the excess reactivity under accidental flooding of the moderator gives a maximalestimate
which is equal to AK, = 0,030. It may seem from Table 1 that the safety control rods and the reserve con=

. max
trol rods can more than compensate this increase in reactivity.

Measurement of the Probability of Resonance Neutron Capture,

As is well known, the curve for the cross-section for absorption of neutrons by U has sharp resonance
peaks in the epithermal region of neutron energies. An exact knowledge of the probability of resonance capture
of neutrons ( 1= ¢) is needed for the proper design of a reactor. :

The measurements were carried out using the methods described in reference [41.
As a result of ten series of measurements the average value

. @ =0.906 & 0.015
was obtained.
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The indicated error in the determination’of ¢ was principally determined by our inaccurate kiowledge
of the constants ordinarily used for reactor design calculation. : ’

-

A Study of the Parameters of the Neutron Distribution e

The thermal neutron density distribution was studied by means of the activation of thin gold and copper
folls placed into ‘ﬂ horizontal and = vertical experimental channels in the reactor with a subsequent measure-
ment of their g activity., The activation was carried out with a cadmium filter and without it. The resuits
of these m casurements are shown in Figure 6. From the curves it may be seen that the neutron density is
lowered at the absorber positions. As a result of analysis of such curves, the optimal depth of insertion of the
absorbing rods was chosen for various regimes of reactor operation.

For the measurement of the radial distribution of neutrons of intermediate energies the following indica-
tors were used: indium, gold, cobalt, and manganese which show resonance neutron capture‘at energies of 1.45,
4.91;-130 and 346 ev respectively. The weight of these indicators did not exceed 3 mg so that the introduction
of resonance neutron absorbers did not lead to a distortion of the resonance neutron distribution, Figure 7 shows
the results of measurements with gold and manganese indicators. 'Analogous results of measurements with in-
dium and cobalt indicators are not shown here. As should be expected the decrease in the neutron density in the
region of operation of MC rods is more noticeable in the case of measurements made with gold and indium.
indicators.. '

Since the U?® concentration is very high in the reactor of the atomic electric power station and the quan-
tities of water and of iron are also high it was necessary to study the spectrum of thermal neutrons. The spec-
trum was studied by means of a mechanical neutron selector in a vertical neutron beam emerging from the
center of the reactor operating at a power level of 1500 kw at which the moderator temperature was equal to
420°K. The velocity distribution of thermal neutrons obtained -in this manner is shown in Figure 8. For
comparison (ddtted curve) the Maxwellian distribution of neutrons (the one most nearly cotresponding to the -
given spectrum) is given corresponding to a temperature of 500°K. From Figure 8 it may be seen that .

10
49
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g8}
S 45t
44t
495 ¢
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.4t
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Figure 7. Radial density distribution of resonance
neutrons in the reactor.
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Figure 8, Spectrum of thermal
‘ ‘heutrons in the beam. '
the temperature of the neutron gas is slightly above -

500°K. The small difference between the experi- _

mental and the calculated curves is related to the preferential absorption of neutrons by uranium and by.iron’
in the soft portion of the spectrum. It is possible that there is a small increase in the effective temperature
of the neutron gas in the beam connected with the escape of neutrons from the graphite surface’ in the experi-
mental channel. The deviation of the observed neutron distribution from the Maxwellian one amounts to

not more than 10% with the measurements being accurate to not better than + 5%.

For comparison,the effective temperature of the neutron gas was determined by the method of boron
filters previously callbrated on-the mechanical selector. Satisfactory agreement was obtained with the selector
measurements. -Similar measurements of the spectrum and the temperature of the neutron gas were also carried
out for the edge of the active zone." In this case the neutron beam whs taken out along the horizontal experi-
mental channel. It was established that the temperature of the neutron gas at the edge of the active zone ex~
ceeds the temperature of the moderator by 70-100°C, with the difference becoming less within the indicated
temperature range as the moderator temperature -increases. '
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Figure 9. Cadmium ratios for U*® and Au.

L.Aem

_ In order to determine the magnitude of the rela-
tive contribution of resonance neutrons to the energy
re]eased in the reactor the cadmlum ratfos (Rcd) were

measured for gold and for U,

R . activation without cadmium
- Cd -activation with cadmium

‘The thickness of cadmium in these expetihents was

- 0.25 mm. The cadmium ratio for U¥® determines the

relative number of fissions in the thermal and resonance
regions, From the cadmium ratfo for gold, the ratio of
fluxes of thermal and resonance neutrons in the reactor
was determined. At the center of the reactor the cad-
mium ratios for Au and for U are respectively equal
to 1.5 and 12. From the curves giving the dependence
of the cadmium ratios on the reactor radlus (Figure 9)

it may be seen that 8.3% of the U?® fissions take place in the epicadmium region,

TABLE 2

Characteristic

1. Critical loading in the presence of water
in working channels, exptessed as a num-
ber of WC. '

2. Critical loading in the absence of water
in working channels, expressed as a num-
ber of WG. ' '

~ 3. Reserve of excess reactivity at the begin-
ning of operation,

4. Compensating ability of:
‘oné MC rod of the inner ring -
_one MC rod of the outer ring
two SR rods

6. Probability of escaping resonance capture

6. Fraction of U”5 fissions in the epicadmium
region.

7. Temperature of the neutron gas.’

the medium by 70°.C,

CONGLUSION

Experimental value - Calc. value
.60 89
- 101 99
0.11 + 0.005 £ 9.122
0.013 + 0.001 0.12
0.007 £ 0.001 10,007
0.018 + 0,002 . 0.02
¢ =0.906 + 0.015 —
8.%%- —_—
At the nominal power level e
exceeds the temperature of |

The experimental data obtained above permitted us to check the results of design calculations for the
reactor of the atomic-electric power station. The heterogeneous effect has been demonstrated of the influence
of water on the reactor reactivity which increases noticeably as the amount of water close to the uranium is
increased. Water which is situated far from the reactor decreases reactor reactivity. In the most unfavorable
case of the complete flooding of the reactor moderator with water, excess reactivity appears for the compen-
sation.of which twosafetyrods and the reserve control rods are sufficient, Experimental investigation of the
neutron density distribution along the radius and along the height of the reactor for ‘various rod positions per-

146

Declassified and Approved For Release 2013/04/03 : CIA- RDP10 02196R000100090002-3




Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090002-3

mitted us to select the optimal system for the compensation of excess reactivity by control rods. In Table 2
are given the principal results of the investigation of the physical characteristics of the reactor of the atomic

- electric power station. For comparison calculated values [3]) are also given,
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MULTIGROUP METHOD OF CALCULATIONS USED IN THE DESIGN OF THE REACTOR

FOR THE ATOMIC ELECTRIC POWER STATION
G. 1. Marchuk

In reference [1] a survey is given of the inethods and of the results of the
* physica! design. calculations for the reactor of the /APS: which are closely related
to the well known two- group method. The design calculations for the APS reac-
_tor were also performed by means of the multigroup method. Some of the results
-of these calculations obtained on the basis of an extensive use of the method of
finite differences are given in the present article.

¢
—

1. Statement of the Problem

The prmc1pa1 problems of the physical des1gn of a reactor are the determination of its critical size and
the determination of the spatial and energy distribution of the neutron flux and of the neutron weighting func-
tion.

A more or less satisfactory solution of these problems is possible within the framework of the well-devel-
oped age- velocity theory which, as is well known, agrees sufficiently well with experiment only in that case
. when the elastic slowmg down of the neutrons takes place on nuclei whose mass is considerably larger than the
*. mass of the neutron.

\

1f in the moderator mixture, nuclei of hydrogen-containing materials are present then the use of age-
velocity theory may lead to significant errors in the determination of the spectrum and of the neutron weight-
ing -function and consequently of the critical size of the reactor. '

In uranium- graphite- water reactors, water is usually the principal heat transfer medium and it is placed
near the heat producing elements forming together with them and with the surrounding graphite moderator
the basic cell of the heterogeneous reactor.

The reactor of the atomic electric power station belongs exactly to this type of thermal neutron hetero-
geneous reactors { 2]. ‘

It is evident that the closer the water in the cell is situated to the uranium lumps, the greater number of
neutrons will be slowed down in the water and consequently the water will be more effective in its role as mo-
derator. This essentially determines the basic heterogeneous effect of the water on the slowing down of neu-
trons in the cell of the reactor.

As regards the region of dlffusmn of thermal neutrons, here it is very important to note the fact that at
_thermal energies water has a very considerable capture cross section. However, in spite: of the existence of
considerable absorption of neutrons by water in the region of thermal neutron diffusion estimates, ccnfirmed
by experiment, show that.its total effect on the reactivity of the reactor of the aromic electric power station
is positive. At the same time one should also note that the effect of water situated far from the uranium

lumps may turn out to be negative because of the strong capture by water of neutrons in the region of thermal
neutron diffusion.

A proper method of taking into account all the competing factors allows one to choose in the most advan-
tageous manner the construction of the cell of a heterogeneous reactor.
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Consequently, one of the main problems that must be solved prior to the calculation of crtical size, is
the design of the cell of the heterogeneous reactor. These calculations allow one at a later stage to determine

- physicdl constarnts averaged over the neutron spectrum in the cell, the effective age of neutrons as a function

of their energy, and the probability of escaping resonance capture in the course of the slowing down process.
One should note, however, that particular difficulties arise in the solution of Just this last problem.

After all the effects indicated above have been estimated on the basis of considering a single cell and
after all the effective constants averaged over the spectrum of the cell have been obtained,the heterogeneous
reactor may be replaced by a homogeneous one * calculations on which represent a much simpler problem,
and may be carried out by several different methods.

2. The Averaging of the Physical Constants for the Reactor
of the Atomic Electric Power Station

In this section we must first of all solve the problem of the spatial and energetic distribution of neutrons
(over the cell of 3 heterogeneous reactor)..

In view of the fact that the geometry of the
cell of the active zone of the reactor turned out to be
quite complicated it was decided for purposes of cal-
culation to replace the actual geometry by a certain
effective.one possessing axial symmetry (Figure 1).
Thus, it was assumed that zone 1 of the cell is filled
with water, zone 2 contains a mixture of uranium, _
water, graphite and structural materials, and finally that
zone 3 is filled with graphite.

Figure.1. The reactor cell used for the calculation.

i ord alculate the neutron trum. in th
a) The reactor lattice; b) the equivalent cell. In ordet to calculate the ron spec the

cell the well known kinetic equation was used in the
Ps-approximation., ’

%s;%ai,r%-l"q’o(r.-u)‘—"z S du'fm(u,—'—u')q)o(r, u')ﬂ—f‘S(", u),

i u—-g;

mE U= § dwtaw)e e w),

i u-—gq;

(2:1)

where y, and ¢, are the coefficients of the first two terms in the expansion of the collision density function
¥(r, u, t) = nvEs in terms of Legendre polynomials: '

(})(r, uy p) =g (7, u)+ §, (r, u)Pl(P).+_--~

: M;+1)2 Mi+1 -2 M—1 % (A)
fli(u)zg'TA—}%le_u'Pt[ i2+ e 2 . ez],.

q; is the maximum logarithmic energy loss for a neutron colliding elastically with a nucleus of mass M
S(r, u).are the monochromatic sources of neutrons of energy 2 Mev ( u =0) which uniformly fill zone 2 of
the cell.

g

For all the elements i with the exception of hydrogen the well known hypotheses and methods of the
age-velocity theory were used for the evaluation of the integrals in the right-hand sides of equations (2.1).

The system of the integers- differential equations so obtained was then reduced to a system o/ multiple- -
group diffusion equations. In-doing this it was assumed that within each group the collision density ¥ (r, u, p)

* With regard to a more accurate method of taking into account the heterogeneous nature of the installation

see reference [ 3].
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may at a fixed value of 1 be represented as a linear function of u.

I+ (p, W) — I (r, .
(b(rt l&., l‘):‘l’l (7’, i"') _}_'{J (r, plu W r, ")(u—fu}).' (B)

where 3y (r, 'p') = ‘:p(r. u,, n) .and uj are certain reptesentative_points over the whole ra'nge of lethargy selecteti_
for the purposes of calculation,

In order to be able to take into account certain conditions at the zone boundaries inside the cell, the
system of diffusion equations referred to above was replaced by a finite difference system which ft is not difficalt
to solve.

"The results of calculations of the neutron spectrum nv(r) over the reactor cell are given in Figure 2.

After the neutron spectrum in the reactor cell has been found,the averaging of the physical constants
“does not present any difficulties and may be carried out for any logarithmic energy U by means of the
formula :

S Y (r, u) nv dv .
=(——-—————D) i - .
x () T " . - (2.9
(D) ‘

=D should be used in turn for bthe

where (D) is the total volume of ttie cell, while £ I Lgo Iy and 3:5
tr
quantity x(r, u). After the neutron spectrum in the cell had been found, the calculation of the effective
age of the neutrons was carried out with the aid of the formula’

. e P '\3 ) T ./// Py
251~ A ' : /

a7 : » 4

1 . -2 . v /
. . 1 .
20 W4
_____ -_,—'————_ 2 G - (50— .

15 . 5 ' \

e .
P el Bl fv
e 100
”—”/" . . 6
» @ A .
10 = A —i
‘ 5
a5 | ) |
g - 2 3 4 5 6 ' '
ren) ] 5 72 N
. —_—u
_ Figure 2, Spatial and energetic neutron distribution .
" over the reactor cell. Figure 3.Effective neutron age.
1) Q(r); 2) Nv(r); 3, 4, 5) nv(r, w) foru=25u= 1) r(u) for a homogeneous mixture; 2) 7(u) taking
14.0; u=17.5 respectively, 6) 107 1o (n)i into account the spatial and energetic neutron dis-
"1, 11, TI) zone boundaries within the cell. tribution in the cell.

161.
Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090002-3




GGG

Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090002-3

g Nuv dy A g _ nv J
3%3(,0) AREL
() (D) '
T (u)= 4- \ du’ o — (2.3)
S \ Nudy . §nudv
(D) v (D)

where Nv is the neutron flux before slowing down, s the mean logarithmic energy loss per collisioh.

On comparing results of calculations carried put with the aid of (2. 3) with the value of (u) obtained
from the formula for a homogeneous mixture?

tﬂ(‘) Ls +& 352 Eh' : ’ . o (2'4‘)

where E =73 (0) and are quantities calculated taking into account the formal replacemem

.
3¢ BTy
of the cell by a homogeneous one, it becomes evident that the effect of. ‘heterogeneity in the slowing down

process is sufficiently small, and it may be entirely neglected (Figure 3)..

» This circumstance shows in particular that it is possible to use the age-velocity slowing down theory
for the calculation of the critical size of the reactor.

" We now proceed to one of the most essential ¢haracteristics of a heterogeneous reactor — the probability
that a neutron escapes resonance capture by U nuclef in the course of the slowing down process, This quan-~
- tity is denoted by ¢,

In view of the weak mutual shielding of uranium lumps in an actual reactor cell, the calculation of ¢
reduces to the investigation of a single annular block cooled on the inside by water, and surrounded on the out-
side by moderator 3 of infinite extent (Figure 4).

Let us assume that the flux of neutrons with ener-
gies above resonance is essentially determined by the
- slowing-down spectrum and varies but little from
point to point.

Then, in accordance with the work of Gurevich
and Pomeranchuk [4), it 1s not difficult to determine
the total number of those neutrons being absorbed-
which come from moderators 1 and 3 towards the
uranium block, and in order to do this it is necessary
to calculate the attenuation of their flux along

. various directions of their motion.

Figute 4. Armular block of a single cell,
1) Water; 2) fuel; 3) moderator,

The calculation of the attenuation of the neutron flux along all possible directions and the subsequent
integration over all these directions gives us the possibility of obtaining the total number of neutrons of a
given energy being absorbed in the uranium block :

The subsequent summation of the number of absorbed neutrons over all the enérgies taking into account
the shape of the resonance leads to a formula which holds when the thickness of the uranium blocks is much
smaller than the mean free path for scattering in the materfal of the block." '

A[‘SI‘/‘+S2VT;]V—+BV1L3 ' | (2 5)
£Vg- L,, )

* Formula (2.9 for-the cell of the reactor of the atomic electric power station was obtained by V. V. Orlov.

~
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where 1, is the number of uranium blocks per cell; V,, is the volunw of a uranium block; ¢ 1s the porosity of
the uranium; Sy and S, are the inner and outer surfaces of the block; Vg is the volume of the moderator in

the cell; £ is the mean logarithmic energy loss; V1, = ‘/_I')F,( ) Vi = VaF, (—9 where d and D are -

respectively the inner and outer diameters of the block and F,( and Fz(——-) are certain functions whose

graphs are shown in Figures 5a and 5b.

W : : B )
< 10*7 . _ __ A
1 f-08 % :
13 FaF| ‘ | ;;0.4

SnuEEENY

@4 \\
\

12

/Ty

N

t

af

1ol : -
¢ az a4« 06 08 10

o

Figure 5a, Graph of the function Fx(ﬁ,'a) where g 07 % 76 08 10

d -
a=d(Z for a resonance energy B=—=

HZO D’ Figurequ_. Graph of the function Fyo( g, !5). )

A and B are constants evaluated from' formulae:
L ojr? . . dE .
A—}j}———”,gf B={o(O)F, o

where ao-j . is the absorption cross section at the peak of the j'th resonance, and Ejois the energy of this reson-
~ance, ‘the summation over j being extended to all the resonances above the energy E.

To determine the values of the constants A and B over the whole sPectrum theoretically it is necessary
to have an accurate knowledge of all the parameters for all the resonances of U®®, In view of the inadequate
knowledge of these parameters, V. V. Orlov used the experimental data on the total absorption of neutrons
by nuclei of U8 obtained for solid uranium blocks of various diameters [5].

In reference [5]. constants A and B for the formula of Gurevich and Pomeranchuk [4]

A.S'l/_l/_+BVue
i £,V,

Inp= — (2.6)

where V1 = f" D - F4(0). are found for solid uranium blocks of diameter D plaéed inside a moderator.

It is ev1dent that as d—= 0, Formula (2.5) goes over into (2,6). Consequently, the values of the constants
A and B in (2.5) and (2.6) must coincide.  Thus Formula (2.5) allows iis to determine the magnitude of the
probability of escaping resonance capture by U nuclei in the reactor cell. For practical calculation it is
useﬁgato effectively dxstribute in energy the quantity so obtained among the strongest absorption resonances
of U
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By. a similar method, but taking geometry into account, one may calculate the quantity g— the fast
neutron multiplication factor. Since for the reactor of the atomic electric power station p {s close to 1, we .
shall not take it into account in the-following for the calculation of critical massss.

3, Basic Equations

We consider the system of basic equations for the homogeneous reactor equivalent to the reactor of the
atomic electric power station; :

VD, VNv—E,,- Nu= ' 1

Up

= — ,{Snv)l du+®8 }

280 NU:‘](T, O)’ . - o (3.1)
- VDjV'i_U——Ec-n,v(r,_ u)=%g, '

VDRV — L@ (1) = —q(r, uy), J

where q = nvE_, is the slowing down density; &(x) is the thermal neutron flux; v " 2.46.

Quantities relating to the thermal energy region are denoted by the index "t ™,

As is well-known, Equations (3.1) hold in the case when the absorption cross section does not depend
strongly on the energy.

If £ has a resonance at energy u, then the slowing down density q(r, u) changes discontlnuously on
passing from energy u+.0 to u— 0 by the amount

q(r, u+0)"_=?("i')fl(r. u—0), | (B

where ¢ is the probability of escaping resonance capture at the given point,

Together with the boundary condition, which in this case must be taken to requlre the vanishing of the
solution at the extrapolated boundary, the eigenvalue problem becomes closed.

The solution of the system (3.1) is found as a rule by the method of successive approximations which
consists of assuming a certain source distribution Q(t’) and of finding its new value in a better approximation
by means of solving the system of Equations (3.1).

~ This process should be continued until the ratios of two consecutive values of the function Q(r) become
equal within the prescribed limits of accuracy to the same constant for all points of the active zone. The
ratio found by this procedure will be the desired eigenvalue of the system, i. e., :

- _Q_ﬂ_ : g
-keffs (n—1) . (3.2 ‘
: Q (1) :

where the index n‘ is the order of the successive approximation.

Thus the solution of the eigenvalue problem has been reduced to the successive solution of Canchy
problems which are much simpler from the point.of view of actual specific calculations.

In addition to the determination of the neutron spectrum, the calculation of the spatial and energy .
- distribution of the neutron weighting function in the reactor is also of considerable interest.

In this case, as is well known, the mathematical problem reduces to the solution of the following
system of differential equations
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WD, - TNG* — B0 No* (F) = — Y,q-n0* (1, 0),

; v dny?
eDInv*t - Lenv* (r, #) = - E5, v, Nv*(r),

' (3.3)
no* (r, wy) =w"(r), _

VD, VO* — L P* (r) = — V].“:’ITNU;" (r).

there, just as in the case of the basic reactor Equations (3.1),it is necessary to assume that the solution will be
bounded inside the Teactor and equal to zero at the extrapolated boundary.

The method of successive approximations for the solution of the'system of Equations (3.3) consists of the
following. In the right hand sides of Equations (3.3) the function Nv* (r ) is given, and then a new value of
Nvy* (r\) is found as a result of solving the systern{3.3) etc, In this procedure keff i3 defined as the ratio of
two successive values of Nu® (1) which have become established after several interactions:

+(1) .
D= (3.4
" Nv* @

It is naturally understodd that the eigenvalues of the basic Equations (3.1) must coincide with those of the con-
jugate Equations (3.3). It is useful to keep this circumstance in mind when estimating the accuracy of the .
calculations performed. ' »

. N I %
N\ \ 0o ' N kx% 2
R NSRS RS
SRS £ NIBESSERN > ,
NEsEEa NEsa: N o
W ,:/ = /7777

Figure 6. Diagram of the reactor. " Figure 7. Reactor types used for calculations.

The systemn of Equations (3.1) as well as the system(3.2) may be solved by means of various approximate
methods. But before proceeding to the solution of these systems one should note one.important circumstance.

~ Because the reactor of the atomic electric power station has a complicated geometry (Figure 6), the
direct solution of systems (3.1) and (3.3) is very difficult. Therefore, in order to simplify the solution of
these systems of equations usually the reactor of cylindrical shape is replaced by a certain spherical one of
an appropriate effective size. However, in our case this method may lead to considerable error.

" It turned out that the most flexible method for the solution of problems was the method of successive
approximations, which consists of the following. : ' '

Let us consider a cylindrical reactor without end reflectors which has the same radius as the real one
(Figure 7). Assuming a certain effective height He of this reactor and determining ké g+ We can then find

* the extrapolated boundary of the equivalent reactor without side reflectors.
R = R+'$R
eq
where 8R is the equivalent increment, Y

Let us then consider another one - dimensional reactor whose height corresponds to the actual one and
whose side reflectors are replaced by the equivalent increment found above (Figure 7). Having determined
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keff for this reactor we can then calculate the equivalent increment of height, etc.
These calculations should be continued until a limiting value of 'ke has been established which will be
the required approximate eigenvalue of the system. In order to find the critical mass of the reactor, one must
carry out a series of analogous calculations either for different dimensions of the active zone and a fixed concen=
tration of U5, or for different concentrations of U™ and fixed reactor dimensions. The desired value of the
critical mass will be obtained for that uranium concentration which gives ke T 1. '

4, The Multigroup Method of Solving the Equations

In the preceding section it was shown how the problem of calculating the critical mass of the reactor can
be reduced to the successive solution of one-dimensional plane and cylindrical problems.

Since the system (3. 1) as well as (3.3) consists of equations of the diffusion and age- velocity type. et us
investlgate the approximate methods available for their solution

For the active zone of one- dimensional reactors with plane and cylindrical geometry, the age-velocity
equation of the system (3.1) has, as is well known, the form

D p) aq . »
EV”q—Egc;q=—J; ’ . - (4.1)
where ' » v2=_L.i.';a 3

oo or

0 for plane geometry

and o = -1 for cylindrical geometry. -

_ In solvingEquation (4.1 for the various zones of the reactor, the following boundary conditions must be
used at the boundaries separating the different media

ezsq ‘ﬁ"q’

' - D g D g '

(primes denote quantities referring to adjoining zones in the reactor)

_ At the same time one must assume that the solution should remain bounded within the reactor volume, -
and must vanish over the outer extrapolated boundary of the reactor.

We shall seek the solution of Equation (4,1) by means of the method of nets, * In order to do this we
shall superimpose on the semi-infinite strip (Ry=<r=Ry; u > 0) within which the function q(r, u) is defined as a
rectangular net with a pitch Ar along the r axis, and a pltCh Au along the .u axis,

It is well known that a differential operator may be replaced by a number of. approximate methods.
However.for making calculations for thermal neutron reactors or other similar ones a triangular scheme is
the most convenient one, which may be represented in the case of weak absorpuon during the slowmg down

process in the form

* The multigroup method of reactor calculauons described in this article was developed by the author in
1953 [6). : o ,
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- . »
o T ' (4.3
gt = —Zgf+— =M (qﬁ). | (4
. i+_f—“2 1 : .
2L 2L.,
where TN
A nZe A=\ D A
Lc.) D - S £z, [ ”K'ﬁr
vy
Tyt — 2‘]{; +qf_ oy
- M(qi) - fora=0

) : A ) .
q£+!""2qfc+q£-t‘{"27-%(.‘1{-0—1_-79"—1) ,

for a=1.

We must now formulate the subsidiary relationships which will enable us to obtain in a-similar way the solution
at the zone boundaries and ,_at' the center of the reactor, For this, the radius of the active zone must be divided
up into segments of length Ar in such a way that the point r = 0 should fall in the center of the first interval

Ar, the boundary between the active zone and the reflector r =Ry should fall in the center of the last interval,
while the reflector must be broken up into segments Ar® in such a way that the boundary between the active

zone and the reflector, and also between it and the second adjacent reflector, must fall at the center of the first

(or the last) interval Ar’,
Thus it is assumed that the solution of the problem for each zone may be continued analytically by half
of a Ar step in the direction of the adjacent zones. This well known method (7] turned out to be convenient.

for specifying the conditions at the zone boundaries in the finite difference formulation.

Indeed, if we assume that Xj 1 and Yj +1 are the desired functios at a fictitious point, then we may

oobtain without difficulty that

X1 = Kigi+t _';-'Liq/+ 1
Y"‘——IX"‘+q’+‘1 Gy 449
M | |
where . K/=____.:_l_, LI=.._,2_'::_’
: : : . Mo ;)
S s |
ezsv; o _Ar D' &T, _ .
Mgy NTE D - | ()

-and the index "s" is the number of the last point in the. active zone of the reactor (the primes on the function

4 have been omitted)
~ For the boundary condition atr= 0 fris necessary to take
q{j" = qﬂ. l‘v
“where
qj+l .._.qf‘l (Ar) (G)

and .
ot : qi+i ,"‘l(—-—)

Assuming further that q:1= 0 (where qi= qj(R) and R is the ‘extrapblated teactor boundary) we arrive at a

closed system of difference equations with the aid of which one may ‘find the values of the functions at all the
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fundamental and fictitious points of the reactor. Since the difference Equation (4.3) has already been solved with
| 1 '
tespect to the unknown function q:(+ the system may be solved in terms of the simplest arithmetical operations.
The successive solution of the system referred to above for all j =1, 2, ... _rilleads us to the desired solution
of the slowing down problem, :
The diffusion equations of the systern (3.3) are solved in an analogous manner.

Let us consider one of the diffusion equations
VD — I_Jia_'-»(l, = — (1), _ (4.5)
. cT ’

* where f(r) is a given function; 1/ Lzst is a constant which has different values in different reactor zones, .

As before, let us assume that

do SR 3 :
dr a =0 (B =0, | ‘ (4.6)
and at the zone boundaries.. .
b = @’
@ ., db . ' -
DT —d;-“‘-: D'l‘ Ti’—'_ . . . . ) . (4' 7)

In the finite difference form thg problem (_A4.5, 4.7 ) in analogy with the eérlier casé takes the form o "
M (D) — %_2’: o, = _ A'r‘g/h - (4.8)
(k=1,2,...,5—1), ‘
P y=0,, ©,=0," ' N (4.9)

: X=K<I)3+L<D,,+,, Y—:X_“-I-‘l"—q’sw (4.10)

where
41— 2\ Di br
K=t L=r@x» ‘=p ‘& (4.10a)

For convenience in solving equations ( 4.5:4.7 ) we eliminate from systems of the form (4."8) the unknowns
‘X-and Y with the aid of (4.10). As a result we obtain for all points of the'reactor the following equations:

a, P, — b, P, + ¢, P, = — ord fae oo T (4.11)
Dividing equation (4.11) by aj we shall obtain the difference system of diffusion eqﬁations in the final form
Dy — B0y + €0y = ""‘..ehfk{ ' {4.12)

with the condition that .

O, =d, ©, =0. (4.19)
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N

In (4.12) the following notation has been adopted

b c A
B=l g, =0, o 20 | (4.19)

We now go to the solution of the system ( 4.12-4.13). In this connection it is useful to examine basically
two methods which are the moit: applicable from a computational point of view. The first of these amounts to
a method of reducing the boundary value problem to two Cauchy problems. 'For this it is sufficient to specify
two different values of the unknown function & at the junction point k = =1 under the condition & 4 = &;.

As a result of the successive solution of the system (4.12) we shall corr‘espondingly obtain two linearly
independent solutions. Constructing a linear combination of these two results which is a solution of Equation
'(4.12) and which satisfies condition (4,13) we arrive at the desired solution of the problem.

This method turns out to be very convenient in a number of cases. But for a large number of computational
points the rounding-off error which increases exponentially from point to point leads to a significant loss of accu-
racy, and this leads to the necessity of carrying out the calculation to a larger number of significant figures.

In such cases it is useful to utilize a method proposed by 1. M. Gelfand: and O. V. Lokutsevsky: [10] and
independently by Stark [8] which may be called the method of difference factorization, It consists of writing
the second order difference equation (4.12) in the form of a system of three first order difference equations.
‘This in addition to (4.12) let us also consider the following:

(V+ 1) (ea F Ot Pran) = — & o (H)

where

Iy = Ppy — Cpy @y }
V% = ‘l’h - %-r

and the ‘constants_'uik and o) are so far arbitrary; they must be so chosen that equation (4.13) becomes identically’
the same as(4.12). Fairly simple manipulations lead to the system of first order difference equations:

(4.15)

’ .
C'Hl

lph'f'l.:: Br—Bn '

Zpi1 =B [Zp + e i)y {4.16)
1 Onr+ Zp, .

D, = Eh_l__zf_l_},_i _

- The new quantities 8, and Z, are related to ) and o by the relations:

1
ph=”r_|':;;,

Z, = —Ih-|-.(1;pk)lcph.‘ | (4.17)

The computation of 8 and Zk from Formulas: (4.16) is carried out from left to right, and the computétion of

&, from right to left. Such computations do not lead to an exponential increase in the rounding-off error and
therefore this method is free of disadvantages inherent in other methods.

With respect.to the boundary conditions at the center of the reactor and at the outer extrapolated boundary,
it may be easily seen that they will be satisfied if one assumes

B=C, Z,=0, Oy=0. . (409

In conclusion it should be noted that in certain cases it is useful to reduce the age- velo'city equaﬁon toa

BN
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system of equations of the diffusion type and to carry out the solution by the method of difference factotization
which possesses exceptional universality and applicability. This method may be easily programmed on the
) majority of computing machines.

0=

~<. - - ‘ Figure 8 shows the results of the determination
: N /\\ . : of the neutron spectrum for the critical state of the
11Ny = : reactor of the atomic electric power station.
k% v o :
\4 \y \ - _ Figure 9 shows the results of calculating the neu-
17} S O ) - troh weighting function in the reactor,
ST \ 10
S = A4 L
5 N K -
g : \” b S . ’\\ \
25 N e R ] \
Figure 8. Spatial and energy distzibution of neutrons _
in a critical reactor. N 75 N
1) 10 Q(x): 2 nv(1); 3, 4, 5) nv(i, ); 6) &(1) for u = 4 S
=1.0; u=5.0; and u=17.75 respectively; I and II) 4 : II ' 27 S —] i
boundaries of reactor zones. ' L ——— J4 ~ [

25 ] - 80 v 5 ng 125 > M/.W

The value of k__. computed with the aid of

eff. Figure 9. The spatial and energy distribution of the con-

the fundamental reactor equations is equal to 1,023, jugate function in the reactor.
while the same value is computed with the aid of the 1) & (r); 2, 3) nv' (1, u) at energies u =8,0; u=1,0
conjugate equations is 1,021, Thus, ke computed respectively; 4) Nv*(r).

with the aid of the fundarmental and the conjugate :

reactor equations differs by 0.2%. This circumstance points to the fact that the mathematical problem has been
solved with good accuracy. ‘The total error in the determination of the critical parameter of the system kg
amounts to 2.3%. The calculated value of the cadmium ratio is in good agreement with the experimem:al vahie.

Whe data required as the point of departure for the multigroup calculations came from reference [1].

The author expresses his deep gratitude to D. I. Blokhintsev and also to E. S, Kuznetsov for discussions of
this work and for valuable remarks, The author is also indebted to V. V. Smelov who performed all the comnpu-~
tations and who carried out the design calculations on a reactor cell.
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MASSES OF THE H, D, He* AND C*? ISOTOPES

R. A. Demirkhanov, T. I. Gutkin, V. V. Dorokhov, A. D. Rudenko

’

Results are given of the measurements of the masses of the H, D, He* and G isotopes carried out by
means of a mass-spectrograph. with a resolving power of 70,000-100,000. The data obtained agree well
with the corresponding mass values obtained from the energy balance of nuclear reactions.

Introduction

A careful measurement of isotopic masses is one of the best means for determining such an important
property of the nucleus as the binding enetgy of the nucleons in the nucleus. The masses of the isotopes of
medium and heavy elements are in most cases not known with sufficient accuracy, or have not been measured
at all, Therefore their measurement is of considerable interest in connection with the necessity of the experi-
mental determination of the binding energy of the nucleons in the nucleus, particularly in the region of the

’. "magic numbers” for medium and heavy nuclei. ' '

The mass spectrographic determination of the masses of the medium and heavy elements is carried
out by means of utilizing intermediate doublets connecting the isotope being measured with o'

In most cases the intermediate doublets are made up of ions of the various combinations of the iso-
topes H, D, ct (Clrann or Clz Dn)' and therefore the accuracy of measurement of the masses of the isotopes
m

of medium and heavy elements is determined first of all by the experimental error in the measurement of -
the masses of the H, D, C'2 isotopes. -

During the last few years a number of articles have appeared devoted to the precision measurements
of the masses of the isotopes of the light elements by means of mass-spectrographs [1-5 ]. Moreover, on
the basis of data on the total energies of nuclear reactions isotopic masses have been calculated with con-

. . siderable accuracy [6, 7]. . .

The values of the masses of H and D obtained by various authors agree well with each other, while
values obtained for the mass of C' have a spread far outside the limits of the quoted experimental errors
- (sée Table 3).

The lack of reliable data for the mass of the C'2 isotope excludes the possibility of using ions of the
group g H_ for a precise calibration of the mass spectrographic scale in the region of medium and large
masses, '

n

This fact led us to make new' measurements of the masses of the H, D, He! and C22 isotopes.

Description of the Apparatus

A schematic diagram of the mass-spectrographic equipment which was used for the measurement. of
the masses is given in Fig. 1. The apparatus was designed and constructed by M. Ardenne with the col-
laboration of G. Jaeger and the authors of the present article, The ion-optical arrangement is a variant
of the Bainbridge -Jordan system.

The ion beam was produced in the following manner: the ions are generated in a plasma source
with ordinary charge contraction. The voltage of the discharge arc was 50-200 volts with the arc current
equal to 0.25-0.75 amps. The ions are removed through a circular (0.15 mm diameter) emission opening
Sp in the anode. The magnitude of the accelerating voltage is 35-45 kv. The entrance slit §; of width
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Fig. 1. Schematic drawing of the mass-spectrograph.

I) Plasma ion source; II) cylindrical electrostatic lens; III) magnetic analyzer; IV) photographic
camera with-an ion-optical converter; V) diffusion pumps; Sy-emitting slit; S;- principal en-
trance slit; Sy~ aperture slit; S3- intermediate slit; 84-entrance slit into the magnetic analyzer.

5-10y is-at a distance of 10 mm from the emitting slit (So). At a distance of 212 mm from the exit slit is
situated the aperture slit S, of dimensions 30 x 1000 ;. Thus the aperture of the beam was ~ 7 x 1075, The
mean radius of curvature of the cylindrical condenser is equal to 300 mm, the angle of bending is @, = 63°38".

In the plane of the image of the cylindrical lens there is a diaphragm with a slit S of dimensions 200
- 10 500y. The entrance slit §; of the ion beam in the magnetic analyzer has the dimensions 500 x 100D The
gap between the magneti : poles is 3 mm. - The radius of curvature for the principal mass my in the magnetic
field is equal to 300 mm. The bending angle is &, = 60°. The cardinal points of the electric and the magnetic
lenses are situated symmetrically,” The plane of the photographic plate is at an angle of 30° to the optical
axis, .

~ The source of high voltage for the acceleration of the ions is a half-wave rectifier.with a-large time-con-
stant, The potential is applied to the plates 6f the cylindrical condenser from dry "B" batteries BAS-G~80-L-2.1
specially selected and periodically checked for stability, The voltage of the order of 2000-3000 volts is ap-
plied symmetrically so that the surface of zero potential passes in the middle between the condenser plates,
The electromagnetic windings are fed from storage battenes of 135 ampere -hour capacity The operating pres-
sure in the region of the cylmdncal condenser is 5-6 x 10~% mm of mercury.

The average resolving power determined from the line half-width measured on a comparator is 70,000.
The maximum resolving power obtained for the le-lz -N% doublet as a result both of comparator and of micro-
photometric measurements amounts to 100,000 for. the CﬂHz line, and to 120,000 for the'N¥ line. The lines
were recorded on "Schumann” photographic plates ofdimensions 6 x 18 cm, 14 spectra were photographed on
each plate, :

The use of a plasma source with a high current density of emitted i'ons (~50 mm/_cmz) and with a small
spread in the velocity of the ions (~ 2 v) allows one to make measurements with a small beam aperture, and
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with relatively short exposures (0.1-5 sec). With such
short exposures the requireinents on the stability of the
equipment supplying voltage to the magnet and to the
cylindrical condenser are reduced, while the small
value of the aperture and the small velocity spread of
the ions (Au/ u ~ 5 x 107%) ¢cnsure a small value for
crrors of the second order and a good sharpness of the
image.

The iori optical converter which is situated very
close to the plane of the photographic plate enables one
to observe visually the mass-spectrum, to adjust the group
of lines being observed in the center of the focal plane,
and to monitor the quality of the spectrum during expds -
ure by observing the outer lines. Special provisions for
adjusting the jon-optical system (quartz plates with 4
: * fluotescent layer, observation windows, means for reg-

Fig. 2. External wiew of the eduipment. ulating the width and position of the slits in the pumped-
’ out systermn), and also vacuum locks for changing the
pholoplates and for separating the source from the vacuum system of the apparatus permit ohe to prepare the
mass spectrograph for operation in a relatively short time.

Dispersion and the Mass Scale

A mass spectrum always contains lines whose ions differ from each other m mass by the magnitude of the
mass of the hydrogen atom M(H) = 1.008142 + 2 x 10 "6 a.m.u., e. g. N4 —NMHY - N Hz - N"p3 .

Havmg selected certain of these lines as "base -lines" one may experimentally calibrate the mass scale,
i.e., for a given region of the photographic plate one may determine AM (Ax,x) in the following approximate
form:

AM = A(82)+ B (b2 + 1)

If the spectrogram contains "base-lines” with a known mass difference M, and M, situated at positions x, and
Xy (Fig. 3), then the constants A and B may be found from the following relations:

_ Mywi— M o

T rxl—wer} ' ‘ 2

_ M} —M,2}
ziwy — 1173

. . 3)

In practice if the doublet being investigated is photographed near the center of the plate the deviations from
linearity turn out to be so small that there is no need for quadratic interpolation, and then ‘

AM = A (Ax),
: (4
where the value of A may be computed with sufficient accuracy from the formula
2MH
=, b)
A it 3

In photographing doublets formed by ions of small masses (M < 13) the "base~lines™ turn out to lie outside the
limits of the plate and therefore for the determination of the dependence of AM (Ax,x) in this case one must
use lines of an auxiliary spectrum (for example C4Hs ~CyiHy —CyHg or O ~OH~—0OH,) registured on the same plate
as the doublet under investigation with the same ion-optical parameters of the apparatus. It is expedient to use
ions of the OH  group for the auxiliary spectrum since the mass of the O oxygen isotope is assumed to be equal
to 16, and the values for the mass of the hydrogen atom obtained by different methods’ agree reasonably well
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-+ Fig. 3 Phbtog;aphs.oprf\ass%specfrdgréphic~double,ts. a) The triplet N¥-N"H “C‘?Hs (x43); b)lz(lle [
triplet N¥H; —NYHD ~0%H (x40); -¢) the triplet 0 ~N"H, ~C™H; (x40); d) the doublet N*~C™Hp : .
- .(x60-):; e):the quartet‘l/_Z C”:-‘He4D_-.He4.'H2-D9,_(x?40). Sl e . !
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among themselves. The lines of the auxiliary mass-spectrum are brought to the photoplate by means of chang-
ing the strength of the magnetic field, In our experiments in view of the absence of a strict linearity in the
variation of the dispersion along the photoplate the magnetic field strength was varied so that the central "base =
line” of the auxiliary spectrum would fall directly below the doublet under investigation at the center of .the

plate. In this case the relationship between AM and the corresponding distance Ax between the doublet lines is

determinedby the expression M

av : '
M= AX —— ' 6
AM = Ax — (6)
where M, is the average value of the masses of the tons constituting the doublet being investigated, and D is -

the dispersion constant determined from the relation
M
D=— ' :
A : : ' N .

in accordance with the data for the auxiliary spectrum (M; is the mass corresponding to the central "base -line"
with an accuracy of 10-%),

For the determination of AM with an accuracy of 10 ® a.m,u, the value of M,y may be 'compute:d using
data on the masses of the isotopes of the light elements. As may be easily seen,for this it is sufficient to know
the value of M, with an accuracy of 10 ™, The values available at present for the masses of the isotopes of the
hghtest elements agree among themselves with the required limits ofaccuracy (10™). For example,Table 1
gives values of M,y obtained by various authors for the doublet D—He?,

The influence of the leakage flux of the magnetic

TABLE 1
S analyzer was taken into account by introducing an ad~
- . - ditional "magnetic rcorrection” coefficient into ex-
Investigator Value in a.m.u g
" pression (8).
Ewald[1} =~ = . 4.01662 & 10:10°° ' ' '
NY:f [4!:] : 4.016674 : 14108 In all cases the distance between the lines of the

doublet was determined by means of measuring it ten
times on a comparator with an optical magnitification
of the image by a factor of 140 or 280. To exclude
subjective errors the measurement of Ax for any one
doublet was repeated.by three Jor:four operators. “The

Ogata and Matsuda[3] |. 4.016680 + 12-10°8
Li, Whaling et al.-[6] | 4.016672 + 14-107%

0 S ——— — — — L final value of Ax was obtained as the average value -
. of 10-12 doublets taken from 3-4 different photographs.
- a8 : Experimental Results : .
‘The masses of the H, D, He* and C’z 1sotopes were
: found from the followmg mlatlons .
386 _
- O PN U (P B
: : : H'?—-—O+~a"~|‘—~—'—ﬁ‘—’——-
T 16 ] i 7’
pup—<3—* N
. I3 — - - cr2 —-——O——-—a, 2ﬁ+41,
ﬁb’d 5 EE ' _ ~ where _ ,
| oL B a_:AM(H D),
S - B= AM(D .__Cw)
Fig. 4. Mass defect M—A of the G isotope accord- T=AM (CIBH 0), .
ing to the. data of: ' 1) Ewald, 1951 [1]; 2) Nier, 1951 _ b= AII{(D2 .He .),‘ A

[4]; 3) Li, Whahng et al, 1951 [6); 4) Ogata and Mat-
suda, 1953 [3]; 5)-Dzhelepov and Zyryanova, 1952[7};

-6) Mattauchand Bieri, 1954 [2]; ) the present wotk. are respectxvely the mass dxfferences fonthe doublets

H,- D, Dy~ 1/2(:“" C2H,~0, D,~ He*.
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TABLE 2

Mass Differences of the Doublets in 1073 a niu,

Investlgat()r

", -n

')3 -1 l()‘

D, N0

LT Py 1L

Data of present work

Ewald (1951) [1]

Nier (1951) [4,5)

Ogata and Matsuda(1953) [3]
Li, Whaling et al, (1951) [6]

Mattauch and Bleri (1954) [2]

*) CGollins, Nior and

TABLE 3

_DAS3-1-0,001
BH0Y 10,0015
L5510-0,0M72
54924 0,0008

"

A0, 0024

[ N . ™

54T 40,0076

25.6060 -0, 0047

265.600 1.0,002
256044 0,008
25.6124-0,000 -
25,600,006
25.596 -0, 008

42,298 0,007
42.2924.0,012
42.3044-0,009
42.5024-0,016
42.32544-0,0052

Johnson, Phys. Rev. 84, 717 (1951).

i

B /"

Masses of the H, D, _He‘ and C¥ Isotopes*

360.388.1.0,004
36,371 10,042

86,427 40,008 *

36,419 10,000
36,372 40,019
36.40864-0,0038

Investigator M (H) M (D) M (Hot) M (C1?)
Ewald (1951) [1] 1,0081414+2 2,0147324-4  4.0038604-12 12.003807 - 11
“Li, Whalmg et al. (1951) [6] 1,0081424-3 2,0147354-6 - 4,002873 +-15 - 12.003804 1-17
Ogata and Matsuda (1953) [3] 1,00814542 2,0147414-3 4,0038794-9 12.003844+4 6
Nier (1951) (4,5] . 1,008146 13 ** 2,0147784-8 4.003944 1-19 12.003842 4.4 **
Mattauch-and Bieri (1954)[2] "] 1,00814594.0,5 2.0147444440,9 | 4.0038797+1,6 12.00_3823;{;3,3
Data of the pres‘ent work 1.008142i1 _ 2.01473641-2 4.0038724-4 12.00.5820;{:5

¥ Ex erimental errors are given in pa
**) Collins, Nler and Johnson, Phys. Rev. 84,

A

i (1951).

The final results of the measurement AM of these doublets are glven in Table 2 (The values for the
mass differences of the ions are given in thousandths of a.m.u.). The calculated values of the masses of H, D,
He* and C¥ are given in Table 3. In the same tables are given correspondmg data obtained in recent years

' by other workers

Conclusion

_ - The values of the 1sotop1c masses of Hand D obtamed in this work agree. suffu:lently well with the data
obtamed by Li, Whaling et al. (6] from nuclear reactions, and by Ewald [1] with a mass-spectrograph.  The

deviations of our values of the masses of H and D from the data obtained by Ogata and Matsuda [3], by Mat-
tauch and Bieri (21 and by Nier and collaborators [ 4, 5 ] do not exceed the possible errors. ' The value for the .
mass of the He* isotope obtamed by us agrees with the value obtained from nuclear reactions, and within the

limits of experimental error agrees with the data of Ewald, Nier, Ogata and Matsuda,

_The values of the mass_ .

of the C12 1sotope as may be seen from Table 3 may be divided into two- -groups (Fig. 4) _The values for the
mass of G*® obtained by. Nler [4, 5] and by Ogata and Matsuda [3], differ from the correspondmg data of Ewald

[1], Mattauch, Bieri {2], Li, Whahng et al, [6] and Dzhelepov and Zyryanova M by about 3 x 10

an experimental error of less than 10 5 a.m.u.

(

a.m.u. with

The value obtained by us for the mass of C* almost coincides with the ‘data of Mattauch and Bieri and
within experimental error agrees well with the values obtained by Li, Whaling et al, [6] and by Ewald [1]. Such
" a good agreement of the values of the mass of C obtained by different independent methods 1nd1cates that

the data for the mass of C

168

in this group of measurements are the more reliable ones.
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At the same time the existence of such a discrepancy
-m +ﬁ7; ' : between the data of this group of measurements, and the
AL on AL OHz data of Nler [4, 5] and Ogata and Matsuda [3] points to
. ' ' the presence of still investigated systematic errors due
most likely to the 1on-optical peculiarities of the mass-
spectrographs,

NS
<
)

~
>
-

?x(, : X‘; . The authot consider 1t to be their duty to express
' ' their gratitude to M. Ardenne for valuable advice and
for his {ntetest in this work, and also to G. Jaeger, L. A.
Chukhin, and V. Roggenbuk for the help given by them
in adjusting the equipment, '

Fig. 5. Spectrum for the determination of the disper-
sion of the scale,

Note: ~ After the present article was completed a communication by Nier and coilaborators [10] appéared giving
new preliminary values of masses obtained on a new mass-spectrometer with a maximum resolving power of
approximately 100,000: H = 1.0081439 i 5; D = 2.0147380 + 10; C' = 12.0038174 + 18.
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- INVESTIGATION OF GAMMA-RAYS EMITTED BY NUCLEI OF\CALCIUM,
NICKEL AND POTASSIUM ON CAPTURING THERMAL NEUTRONS

B. P. Adyasevich, L. V. Groshev, A. M. Demidov, V. N. Lutsenko

The energies and intensities of y -rays emitted by nuclei of calcium, nickel and potassium when they
~ capture thermal neutrons were measured by a magnetic spectrometer which analyzes the compton -electrons.
The y -ray spectra were studied in the energy interval 0,25-12 Mev. The intensities of y -rays are expressed fn
terms of the number of y -quanta emitted per 100 neutrons captured. Possible y -transition diagrams have been
constructed for ca*!, Ni*, Ni® and K% nuclei.

The present work is a continuation of the investigation of y -rays emitted by nuclei on capturing thermal

neutrons which is being carried out with the RFT reactor of the Academy of Sciences of the USSR, The experi-

~ mental conditions, the method of measurement and the spectrometer have all been described before {1]. Below
results are given on the investigation of y -rays from the nuclei of calcium, nickel and potassium.

‘Calcium
"For the measurement of y -rays emitted on neutron capture by calcium of natural isotopic composition
a sample of CaF, of 1.7 kg weight was used. In addition the y -spectrum was investigated for a sample enriched
in the Ca*" isotope. In this case the salt CaCOy was used in the amount of 360 g. = Before measurements were
made the samples were specially purified from small chlorine impurities which, as was shown by preliminary
measurements, could make an appreciable contribution to the spectrum because of the large neutron absorption
cross section for chlorine. ‘ ' :

Table 1 gives the isoiopic compositions for the

TABLE 1 K .
samples investigated, and also the thermal neutron
, \ capture cross -sections by the different calcium isotopes
§ i §—u ® | 5 2 2 as found in the literature, and also the neutron binding
s N ‘do N B - L. et R H . R
Ae=l 358 | o , a2 .573 3= energies [2, 4].
Q | 654 So | 2Bl 9 El 283838>
s s g Rz @ &gl g 8 ~g:'. o o o .
2 E i % g.g E' g2 g -‘; .= :0 ;‘*3 = The thermal neutron capture cross section is not
2 OB E| Osg. | 4 g5 <= 2 g3 | known for Ca®®, On the basis of the data given in the

table one may expect that the y -ray spectrum emitted

"Ca® [06.82 99.9 | 0.22 |0.21 8.367;]:0.01 ~ when neutrons are captured by the natural mixture of
Ca' | 0.64 | ~0.03 139.7 [0.25 | 7.9340.02 the isotopes of calcium will consist principally of the

41,0429 | <0.005 | — | — =
8244 gé f8_055 0.63*){0.013 | 11.34.0.07 y -rays of Ca*! and Ca® since the capture cross section
Ca’t | 0.0032] < 0.005 (1)?5*) 0.0008 — for the natural mixture is equal to 0.43 + 0.02 barns.

Ca% | 0,178 | «0.03 .1*)10.002 | —

The y -ray spectrum of Ca was studied in the energy
~ range 0.25-8.5 Mev. The intensity of y -rays with an
*  Activation cross -section. ' energy > 6.6 Mev does not exceed 0.5 y -quantum per
o ' " 100 neutrons captured, '

‘Fig.-1 and 2 show the directly observed y ~ray spectra for the samples of CaF, and Ca*CO,. Values of Hp
in oersted-cm are plotted along the horizontal axis along the lower edge of the figures, and values of the y -ray
energy in'Mev along the upper edge. Thenumbers of coincidences observed in 10 minutes are plotted along the
vertical axis, They are obtained after subtracting the background determined by the number of coincidences in
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Flg 1. The drrectly observed spectrum of y -rays from Can

the absence of the sample and by 1ntroducmg a correction for the number of electrons from pairs formed by
the y-rays in the radiation along with the Compton electrons.

Fig. 3 shows the corrected y ~ray specttum for CaFy. The energy of the Y -rays in Mev is plotted horizontal-
ly, and the values of v (E)- Hp are plotted vertically (differing from reference [1}. where v (E) was plotted vertical-
ly). The quantity v (E) gives the number of quanta per single neutron capture and per unit energy interval for
the y -rays (1 Mev). The use of the quantity v (E)* Hp is convenient because in this case over a wide energy
interval (1.8-10 Mev) the herght of the peak is approximately proportlonal to the mtensity of the y -line as long

as the quanuty -§-—_ ' where § i the half -width of the peak remains constant.
Hp

Table 2 gives values of the energy and the intensity of the y -rays for the CaFy and the Ca 4°Coy samples -
obtained in the present work, and also data of other lnvesttgators The intensities of calcium y “rays are ex- -
pressed in terms of the numbers of y -quanta per 100 captured neutrons. The y -lines given in Table 2 account
for approximately 5% of the total energy radlated by calcium nuclei after capturing thermal neutrons.

"The determination of the number of quanta per neutron capture was carried out both by normalizing the
radiated energy to the neutron binding energy, and also by a comparison in the spectrum of a mixture of nickel
and of calcium fluoride of the intersities of y -lines of 6.4 Mev for the natural mixture of the calcium isotopes

- and of 8.99 Mev for nickel {1]. In the second method the intensity of nickel y -rays of energy 8.99 Mev was
taken to be equal to 28 y -quanta per 100 captures (sée below), oy = 0,43 barn, o yj = 4.5 barns, The follow-
ing values of the intensity (number of quanta per 100 captures) of the calcium y -rays of energy 6.4 Mev were
obtained by the methods enumerated above: :
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Fig. 2. The direétly 6bse1jved spectrum of y -rays from Ca*’co,.

1) CaFy spe'cmim ~—22;

2) ca'’co, spectrum —25;

3) comparison of Ni and Ca Y -rays —25.

These values agree among themselves within experimental error which is equal to 10-15%.

Already a s1mple companson of the spectra of Figs. 1 and 2 shows that all the lines promment in the CaFy
spectrim are also present in the Ca%’CO, spectrum, and vice versa (the 2.23 Mev line in Fig. 2 corresponds to
the capture of neutrons by hydrogen present in the container for the enriched sample), The only exceptions are
two low intensity lines in the spectrum of CaFy of energy 5.5 and 5.15 Mev which apparently are emitted by

other calcium isotopes. Their occurence can not be explained by the presence of fluorine since they also occut
in the spectrum of CaO which had been measured earlier both by us, and by Kinsey et al. [3] A comparison

of the spectra of the natural mixture of the calcium isotopes and the sample enriched in Ca'? shows that the

most intense lines with energies 6.4; 5, 90; 4.42; 3.60; 2.00 and 1, 95-Mev should be ascribed to the Gall isotope,
From the corrected spectra one may estimate what part of the integral fu (E) E-dE taken over the whole spectrum
corresponds ‘to the y -lines listed above. A comparison of ‘the quantities obtained in this way for the two samples
“of calcium allows one to determme that fraction of the energy which in the spectrum of the natural isotope mix-
ture does not belong to Ca!; this in turn permits one to estimate the upper limit on the magnitude of the radia-.
tive capture crossdection of Ca42 for thermal neutrons. - The isotopic cross-section for radiative capture com-
puted in this manner turns out to be not greater than 6,6 *3 barns, which is clearly contradictory to the data

of Pomerance [4] quoted in‘Table 1. The reason for this disagteement remains .. unclear to us.
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TABLE 2
- Results of the present work Radiating | Resultsof Kinseyet al, B Lumi-
intensity per 100 nueleus y -tay energy | Intensity in nescent
Line y ~ray energyl captures in quanta in Mev quanta per spectro-
designation ip Mev' : . _ , , . | meters
in Ca in Cato 100coptures
i 2
, 7.834-0.05 1 8.2 (8]
: 7.4340.05 1.4 .
A 8,640,015 0.7 - F2o :
A 6-406+4 0,015 22 25 Cad! 8, 424-0. 03 83 6.8 (8]
B 5.904+ 0,030 3.8 4.4 Cat? 5.894+0.03 "
C 5:696+-0,030 1.2 1.4 . - Cat? 5.664-0.06 -3
D 5.501.0,035 13 = (Ca®) 5.494.0.05 4
E 5.15+0,035 0.9 —_ (Ca??) :
F 4.944+0,030 2.3 3.0 Catl 4.954-0.03 8
. G 4.7644-0,030 . 2.5 2.9 Ca#! 4.764+0.03 6
H 4.4184:0,015 12.3 14.2 Catt 4.4510.05 30
1 3.7624-0,020 1.8 2 Ca‘t :
] 3.60+0,010 [ - 6.4 7.4 Cail 3.621-0.05 16
K 2,8104-0,035 >3.6 >4.2 Cal '
L 2,660+0,050 >2.0 >2.3 Catl
2123040010 - : 2 '
M 2.00440,010 12,7 14.7 Cal! '
N - 1.94440,008 39 45 - Catl ‘ B 1,93 [9)
O | 1.844£0,015 6.4 7.4 Cat? \ .
P . 1.790+0,015 | -~ >3.6 . =4.2
0 ~1,i8 | 532 S3.7
R 12 | Sais Sss |-
s- |os32to000] S5, | Zs Catt’
' 0.511+40,005 | - o .| - annihil.
T 0.463310,010 >9 >10 : Ca‘“ '

The intensities of the ‘y‘-lines' quoted in Table 2 which were obtained by Kinsey et al. [3] differ consider-
ably from those obtained by us, In this connection it should be noted that the data of Kinsey et al, were ob-
tained with the old sensitivity curve for their apparatus which was later recalculated by them. In a later paper-
[5] by these authors a value is quoted for the intensity of the 6.4 Mev y-line which is much closer to our results?,
40 y -quanta per 100 neutrons captured in the natural mixture of the calcium isotopes,

The energy _levels for the Ca*! nucleus have been repeatedly studied by the (d, p) reaction, ‘"They had =
been studied by Braams [6] using magnetic analysis of the protons up to an energy of 4 Mev. -In the work of Holt
and Marsham [7] two more levels were found at higher energies. All these levels are shown in Fig. 4. There we

also show a y ~transition scheme according to our data for the Ca*! nucleus decaymg from thé initial state formed

by the capute of a thermal neutron. The numbers alongside the arrows representing the y -transitions denote
their intensities expressed as the number of y -quanta per 100 neutrons captured in Ca . Underneath the tran-
sition scheme the letter dengnanons of the lines are given. At the right side of the transmon scheme are given
values of orbital angular momentum of the neutron 1 s with which it is captured into the grven level in the (d,p)

- reaction, the value of the angular momentum and of the panty 1™ of the given state, and also its nomenclature p

according to the shell model. All this mformatron is taken from the work of Holt and Marsham [7]
The followmg should be noted in regard to the proposed y -transltlon scheme. for the Ca ! hucleus:

1. The presence in the unresolved part of the spectrum of a large. number of y -lines with an energy less
than 4 Mev indicates.that in ‘the’ Ca® nucleus apparently there is a large number of transitions to levels of
energy higher than 4 Mev. ‘ ‘ _ N :

2. The relatively high intensities of y ~transitions to levels with excitation energxes of 3.95; 4.76 and
-5.72 Mev do not agree with the value of the orbital angular momentum L' = 2 obtained by Holt and Marsham
* from an analysis of the proton angular distribution in the (d,p) reaction. Very hkely this is connected either
with an incorrect’ assrgnment of 1, ot with a lack of uniqueness of the y -transiuon scheme constructed by us.

174
Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090002-3

sl




Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090002-3

V(E)Hpx10° , : C i
o 10000 20000 Hp ' _ o0 ‘[12,
&rﬂ'*[[ﬂ»'rr r ‘rl-n———' U h.' s&
:" | o |
s &:Vaag}\ o3
a7~ ]
, T —F
R ¥4 -2
s - | Py a6 ‘}i”; b2
| - | S =
' ' ?yz:ﬁ i s ‘
E = K
, e Ty i AR
19.5 . 1 4
2 &
- : i
, A BcFsnILtoe ° Y fy
: S . ; NS MKI M o
T i 6 7 Mev £ in I
L ‘Mev . - N .
Fig. 3. The corrected spectrum of the y -rays from Fig. 4. y -transition:scheme for the Ca“ nucleus,

Can.

3. For levels of energy 1.95; 2.47 Mev the value 1n =-1 was obtained in reference {7}. Comparing the
{ntensities of transitions from the 2.47 Mev level oné may determine for it the value of the total angular momen-
tum, In spite of the fact that the transition to the ground level may not be picked out from the untesclved part
of the spectrum one may nevertheless assert that its intensity is less by at least a factor six than that of the tran-
sition to the 1,95 Mev level. From this it follows that the 2. 47 Mev level has the label 1/2 and not 372, since
{n the latter case in accordance with an estimate made with the aid of Weisskopf's formula (10} the ratio ‘of
the intensities of the transitions would be equal to 13 instead of the upper limit 1/6 which follows from our
data ' ‘

4. The intensity of the transition from the initial to the ground state does not exceed 0,02 quanta per
100 neutron captures which is explained by the large difference in the angular momenta of these two states.

Nickel
The measurements were made on a sample of metallic nickel of 2 kg weighf.
', , .
"In Table 3 are given some data on the nickel isotopes,

The total capture cross section of nickel for thermal neutrons was taken to be 4-5 barns. The spectrum
of the y -rays from nickel was rnvestrgated in the energy range 0.25-10 Mev. Fig. 5 shows the directly observed
and Fig. 6 the corrected spectrum of the nickel y -rays. At the left of Fig. 5 is given a part of the spectrum in
the energy range below 0.5 Mev which was observed in a separate experiment with a thinner radlatbr —of 25,
thickness inistead of 100y, :

Table 4 gives the energies and the intensities of the nickel y -rays obtained in the present work and also -
in the work of Kinsey et al, {11). The determination of the number of y -quanta per neutron capture was carried
out by normahzing the radiated energy to the binding energies of the last neutron in the various nickel isotopes
taking into account the .percentage contribution of the 1ndrv1dua1 isotopes to the capture . cross-section of the
natural mixture, :

From Table 4 it may be seen that the values of the energies and the line intensities obtained by us agree
within experimental error with the data of Kinsey et al.; the y -rays listed in Table 4 carry away 65% of the
energy radiated by the nickel isotopes in the reaction (ny) with thermal neutrons,
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TABLE 3
Composif Contribu -~ Neutron binding
g]on of | tion to the energy in the pro-
Isotope | 1%¢ 1 gragsg“_g‘;c_ duct nucleus in'
mixture | yion for Mev
in % thermal
i nettrons {7
Nis | 67,9 69 |8.09740.005 (14
=  |8.99671L0.02 (12
Niso. 26.2 16 -~ | 8.3140.,34%).
8.466 £0.03 [14]
Niot t2 | 0.5 T
Nie | 3.7 137 | 6.6640.1%);
S “ | 6.02F0.14 *¥7)
NiM 1.0 0.4 o :

* Deduced from the data of [15]
**  Calculated from Cu® (ym) Cu® with Q = 10.65 +
+0.05 Mev [16]; -
calculated from Ni“’ £, cu® with @ = 0.063
~ Mev [17]; ' ‘
- calculated from Cu -B'—> Ni®% with Q= 3 93
Mev [17].

*++ Calculated from the mass of lez and Cu® [15] .

and from the decay of Ni® = iy — cu®

. life (T
o Yo

When nickel is irradiated with neutrons.the radio-
active tsotopes Ni® and Ni*® are formed. The y ~rays
accompanying their decay should not appear in the
spectrum since the first isotope has a very long half-
=5 x 10* years), and the second gives only

a small percentage contribution to the total capture
cross-section of nickel for thermal neutrons,

The presence of three nickel 1sbtdpes (Ni%®, Np®

~and Ni®) which capture neutrons strongly, and also

the complexity of their y -spectra considerably in--
creases the difficulty of identifying the spectral lines.
We have succeeded in identifying only some of the
more intense lines, ‘

In 6rder to construct the y -transition scheme in
the Ni%® isotope (Fig. 7) we used the energy level
schemes found in (d, p) reaction on Ni* 12,187,

~ . and (p, n) reaction on Co® [19], and also in the study

of the B+-decay of Cu® [20] which are given in the

. same figure. The intensities of the y -rays are exp

pressed per 100 captures in the given isotope, We al~
so give these the characteristics of certain of these
levels which have been established by Pratt. (18]
through a study of the angulat distribution of the pro-
tons in the (d, p) reaction. The values of the level
energies given at the right have been obtained from
the energies of the corresponding y-1ays.

0 o 2 3

R

- 500

03 04 05 06 £y, MoV
l

25t

250 ‘
1500 2000 2500 ”f"

Number of coincidences during 5 minutes

anmibilation

y/

T o T T

4 '3V .9[)’Mev5‘

x o

0 | 0000

20000 30000  Hp

Fié. 5. The dil"ectly observed spectrum of y ~rays from nickel.
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TABLE 4

Results of the present work Radiating Results of Kinsey's work “,”
nucleus )
Line y -ray energy in s . y -ray energy in Jw
designation| Mev Mev
A 8,9964-0.010 28 Nise 8,997-+0,005 35
B 8.5054-0.025 12.3 Nis? 8.9324-0,008 14
C 8.6954£0.030 2.5 Nis®. 8.11940,010 2.8
D 7.8254-0.020 6 - Niot 7.8174-0,008 6.9
E 7,97154+0.030 - 5.1 7.6284-0,011 4
F - 7.19 F0.050 0.7 7.22 40,020 0.5
G 7.015-L0.050 0.6 : 7.05 40,020 0,5
H 6.84210.020 10.8 Nis® 6,%394-0,010 9
-1- 6:6394-0,030 2.8 6,58 40,020 2
J 6.3154-0,030 1.0 6.34 +0,020 0.6
K 6.13540,025 1.6 6,10 40,020 1,0
L .6.0304-0.030 1.3 5,99 40,020 0.3
M 5.842%0.025 2.6 5.82- 10,020 3
N 5.72540.030 >1.3 5,70 0,020 0,4
o) 5.312-40.030 =>1.6 5,31 +0,020 1
P . (4.2010.04) >0.7 ‘
©Q . (4.054+0.04) >1
"R (3.674+0.03) >4
S (3.1740.06) S 2>t
T (3.0340.04) >1
U (2.1530.03) >2
\'J (1.74+0.03) >1
w (1.5330.03) >1
X (1.10%0.03) >2
Y 0.46740.008, >06. Nise .
Z 0.4364-0.015 >3 :
XX 0.3301-0.015 =T Nise
YY - 0.280+0.015 >3.5

« Intensity in quanta per 100 neutrons captured in the natural isotopic mixture.

__** The energies are shown bracketed for those y -lines whose existence has not been established
with sufficient certainty. ) .

There is very little information available on the energy levels of the Ni® nucleus. In the study of the
(d,p) reaction excited levels were found at 0.61 + 0.04 Mev [21] and 0.75 + 0.1 Mev [18]. In the papers of
Owen et al. [22] and Smith et al. {23] the B+ decay of cu® and the B~ ~decay of Co®™ were studied. Fig. 8
gives the disintegration schemes obtained in those investigations, Since all the B -transitions shown in Fig. 8
by solid lines are allowed it follows from these schemes that the ground level of Ni®! js described by 5/2%,
while the excited state with the energy 0.655 Mev is described by either 1/27 or 3/2". Let us also note that
the value 5/2° . for the angular momentum and for the parity of the ground state of Ni®! follows from the shell
model, o '

In the work of Kinsey et al. [11] and of Pratt [18] the intense line B was interpreted as the transition
from the initial state to the ground state of the Ni®! nucleus whose angular momentum was assumed to be 3/27.
since the value 5/2" is more probable the indicated transition corresponds to a change in the angular momentum
of two units and must therefore be very weak. In our case we have the y -transition Y with the energy 0.467 Mev.
The cascade from the transitions B + Y has the energy of 8,972 + 0.033 Mev which is close to the binding energy
of the last neutron in Ni*%, This gives us some basis for ascribing the y -transition B to the Ni® nucleus. The
line D may correspond to the transition from the initial state of Ni* to the level of energy 0.655 Mev. The com-
paratively high intensity of the D line (~38 quanta per 100 captures in Ni%) agrees well with the value 1/2" or
3/2" for the angular momentum and the parity of the 0.655 Mev level, There is no information available on
the excited states of the Ni*® nucleus. i ‘ ' o
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Potassium
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The sample weighing 1.5 kg consisted of the
salt K,COy. The spectrum of the y -rays was investi-
gated in the energy range 0.25-8 Mev. The directly
observed and the corrected spectra of K,COy are
given in Fig. 9 and 10. '

g

"Table 5 gives some data on the stable (isotopes
of potassium [2). The total capture cross section for
thermal neutrons of the natural mixture of potassium
isotopes was taken to be equal to 2.05 + 0.1 barn,

: " The values of the energies and of the intensities
L of the y -rays obtained by us are given in Table 6
together with the results of other {nvestigations, The
reduction of the intensities to the number of y ~-quanta
per neutron capture was accomplished by means of

¢ P & d 0 3 5 7 d phme
Fig. 6. The corrected spectrum of 'y -rays from nickel.
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Fig. 1. ‘y~'ﬁansition'scheine for the Ni* nucleus. Fig. 8. y -Transition scheme for the Ni® nucleus.

normalizing the radiated energy to the neutron binding energy. The y ;rays given in Table 6 carry away
© 60% of the energy radiated by the potassium isotopes on capturing thermal neutrons. From Table 6 it may be
- seen that within experimental error the results of the present work agree with the results of other workers,

In the spectrum in addition to the y -rays from neutron capture one should also observe one y-line of
energy 1.51 Mev and of intensity of 1 Y -quantum per 100, neutron captures which is emitted by the Ca® nu-
_cleus after the K* nucleus has decayed into it. Apparently it-concides with the y-line of energy 1.51 Mev'
emitted in the (n, y) reaction. o C ' '

In Figs; 9 and 10 dotted lines indicate the region of the spectrum where the y -line (of energy 7.38 Mev)
belonging to Pb?%® has beenssubtracted. The existence of the line B has been established by a repetition of the
- measurements in which the lead block which shields the sample from the y -rays coming from the reactor, has
been replaced by a bismuth block. ’
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Fig. 10. The corrected spectrum of the y -rays from
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. energy lying in the region of 2-4Mev. They are represented in Fig. 11 by d'otte'd horizontal lines. At the right

20000

of the y -rays from

TABLE 5
Composition Contribu- | Neutron
lsotope of neutral ° isct. | tion to binding
mixture, the ther- | energy in
(%) mal neu- | the product
‘tron cap- | nucleus,
ture cross | in Mev
section, b | -
k¥ 93.3- | 1.87] 9225 | 7.80.£0.01
K 0.011| 66 0.4 L ~10
K4 6.68 | 119 435 | 7.850.1

The data-on the energies of the levels of the K isotope have been taken from the review urticle by
Endt and Kluyver [2]. In Fig. 11 these lines are represented by solid horizontal lines, In the same figure is
given a possible y -transition scheme for .the K* nucleus. To explain the existence of many observed y -tran-
sitions it was necessary to postulate the existence. of several as yet undiscovered levels having an excitation

side of the diagram are given the characteristics of some of the levels.
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T ABLE 6

Results of the present work

Resu-lts of the ‘work of

| Result of the

work of Braid

Radia-~ “Kinsey et al. [3), [27] o1 ¢ g
: : y-ra
Designa-| 'y -ray energy in Mev ;1'}8 y -tay energy in N Srorgy n
Ty- + . | isotopes| = 7~ . ' '
tion of _ 1) P Mev _ 1%) | Mev)
- lines ) '
Kt 9.39 40.06 0,02
) : Ka 8.45 +0.02 0.1
A 7.7634+0,01 4.4 - 7.,7157£0.008 3.5
B: 7,32 ¥0.025 0.2 | K# 7.34 +0.02 0.1
c 7.00040.015 1.6 '6.994%0.007 1.3
: 6,31 10.08 0.3
D. (5,7;53;0.015 A1 5,74030.012 6
: (5.65°3.0,04) ~3 5.66 +0.02 4 .

‘E 5.51540.03 ~2 5.50 30,02 . 2.5
E 5,40 30.02 6.4 © 5.38 £0.03 6 .

G +'5,25 3.0.05 2.5 5.18 30,02 )

"H 5.02 30,03 4.5 5.06 30,02 3
H 4,81 30,035 1.5 LT
1 4.70 ¥0.03 ~1
] 4.50 0,04 ~1
K - - 4.39 40,02 5 4.39 40.03
L . 4,11 ¥0.03 4 4,18 ¥0.05
M 3.97 10,03 .5 . 3.92 30,05
N .3.81 ¥0.05 2 _ o
o . 3.70 30.03 4 3.67 4.0.05
P . 3.60 +0,03 4 , g
P *3.55 £0.05 ~2
Q- 3.40 F0.05 ‘4 :

R (3.15 £0.05) ~1.5 .

R" 305 1+0.03 ~3 L
s - 2175 £0.04 ~4 2,89

T - (2,60 1-0.04 ~4 S
T - (2.55 F0.04 ~4 '

g '52.42 ¥0.03) ~2
U 2.37 4:0.03 ~3
T }z.3o.io.03) ~3 .

Y 2.06 £0.01 .9 -
W . 2,02 £0.015 7 2.63
zZ 4,95 30.02 4 . R
XX .. 4.85 %0,02 ~3
YY - 4.75 40,02 ~3 I,
zz 1.6t £0.008 13 X

- 4.5t £0.01 5 - -
b 4,40 10,02 ~2 -

s 4.27 40,02 ~2 L

- d - 1.18°%0.015 7 1,19
e' 0.90 +0.015 2. e
f 0.77 30.007 26 - 0.77

" '0.62540.01 <3 -
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The four lower levels of the K* nucleus are of

K"" ) definite interest. In the work of Teplov [24] the values
. w2 - ‘1, = 3 have been obtained for these levels, According
Zmﬁ»m”wrvmmﬂu 1 ' 0 &) to the data of Davis et al. [25] the ground state of the
. ].., K% nucleus is characterized by 4°. From the relative .
‘ T : . intensities of the proton groups in the (d,p) reaction it is
Q'S‘»“ ' possible to establish the character of all four levels, viz,
,\,':f ‘ ) : 47,37, 27 and 5~ in order of increasing energy [26]. -
lej:w" ‘ . The values of the total.an'gulay momenta so obtained
wl Y are confirmed by out measurements of the {ntensities of
" 2 , . the y -rays of % if one assumes that the initial state
376'— 100 0 R o e A A 14 o is characterized by 2"*. :
19 P M 4 The characteristics of the four lowest levels of the
s _:g% : K* nucleus given above and also the value 1 =3 com-
2o AT T r T s, g 1y mon to them all give us some basts for supposing that
- ofetmls el . these states form a nuclear quadruplet due to different
a5 bigid l, ’ 3 mutual orientations of the proton in the (d state
- Qa0 e~ > o L] : -] . .
. ? ‘ ? i l "'\’- ~ s { Vand of the _f7/’ éeutron |
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INVESTI/GATION OF GAMMA-RAYS EMITTED BY NUCLEI OF TITANIUM

IRON AND SILICON ON CAPTURING THERMAL NEUTRONS

B. P. Adyasevich, L. V. Groshev, A. M. Demidov

The energies and intensities of y -rays arising when thermal neutrons are captured in titanium, iron and .-
silicon were measured by a magnetic sprectrometer which analyzes the Compton-electrons. The y -ray
" spectra were studied in the energy interval 0.25-12 Mev. The intensities of the y -rays are expressed in terms
of the number of y -quanta per 100 neutron captures, Possible y ~transition schemes have been constructed for
Ti*, Fe™ and $i* nuclei.

The present work is a continuation of the study of y -spectra, emitted by nuclei after captu'ring thermal
neutrons, carried out with the aid of a magpetit y -spectrometer [1]. In the present paper are given the results
of the measurement of the energies and of the intensities of y'-rays emitted by the nuclei of titanium, fron
. and silicon,

‘The measurement of the intensity (number of y ~quanta per capture) was carried out by means of nermaliz-
ing the radiated energy to the binding energy of the neutron in the nucleus under investigarion.

Titanium

. ‘A cylinder of titanium of 80 mm diameter, 180 mm long and weighing 500 g  was used for the measure -
ments, In Table 1 are given data on the percentage content of the isotopes in the natural mixture, and also
the binding energy of the last neutron and the contribution of the individual isotopes to the total neutron capture -
cross sectior. The total thermal neutron capture cross section was taken equal to 5.8 barns.

The spectrum of the y -rays of titanium was studied in the energy region 0.25-12 Mev. The directly
observed and the corrected spectra of the y -rays from titanium are shown in Figs. 1 and 2. The energies and
the intensities of the y -lines are given in Table 2. The gamma rays given in Table 2 carry away 90% of the
energy radiated by the titanium isotopes. The data on the energies and the intensities of the y -rays obtained
by other mvestigatbrs -agree well with our results (Table 2). '

‘ From Table 1 it follows that the spectrum consists essentially of the y -rays of Tif, Only. y -rays with
energies greater than 7 Mev may be directly attributed to the other isotopes of titanium, '

In Fig. 3 is glven a possible y -transition scheme for Ti®, On the left are given energies of the levels
found by Pieper [4,11] in studying the reactions Ti* (d, p) Ti*, and on the right are given values of the
energies of those levels whose existence is assumed in order to account for certain intense y -transitions. Dot-
ted lines show those levels whose existence has been assumed by us. On the right side of the diagram are given
level characteristics obtained by Bretscher et al. [12]. The followmg remarks can be made with respect to the
y ~transition scheme of Ti# :

Ly -ray cascades in general end on the level of energy 1.4 Mev from which a transition occurs to the
ground level. This is indicated by the high intensity. of this last transition (90 y ~quanta per 100 neutron cap-
tures).

- 2. The orbital angular momentum of the neutron for levels with energies of 1.4 and 1,74 Mev is equal
to unity [12]. . The absence of an intense y -transition from the 1,74 Mev level to the ground state (its intensity
is less than 0.7 y ~quantum per 100 captures) allows one to atuibute to it the characteristic 1/27.
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Fig. 2. The corrected spectrum of the y-rays from
titanium,

" 3. Addmg up the energies of the indlvxdual y ~transitions we obtam the bmdmg energy of the last neutron
tn the Ti*® nucleus. The value of the binding energy obtained by us (8. 153 + 0,010 Mev) is very accurate in |
comparision with those known up till now. :

y Rays of energies 10.49, 9.39, 9 17 and 8 31 Mev may be emitted by the Tl nucleus. These tran-
sitions correspond to the levels of that isotope found in the study of the B~ -decay of 5c*® [13] and of the B*-
decay of V4 [14], and also of the reaction Ti* (d,p) Ti** [11]. Fig. 4 shows a possible y -transition scheme

184
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TABLE 1
Composi - ' ' Contribution
-~ |Hon of the Binding energy of the neutron in the product | to the thermal
Isotope natural mixp nucleus {h Mev . neutron cap-'
‘ ture in % : ture crosssec-!
‘ ‘ tion in % '
“Tids 8.0 - 8.744:0.112);  8.6440.11 [3]; 8.6740.05 [11] 0.8
Tid? 7.8 11.056F0.4 [2]; - 11.6330.11 [3]; 10.361-0.05 {11] 21
Ti8 73.4 8.1510.05 {2); 7.99+0.08 |3]; 8.0410.05 {11] 95
Ti4? 5.5 10.8410.05 {11}; 10.9940.06 [3] 1.6
Tis0 5.3 6.3310.07 [11}; 7.03+0.2 [5] 0.2
TABLE 2
Results of our work’ ) Dataof ref.;  [8] ‘| Dataofref.. [7]--{10} Ey inMev
Designa -ray emergy in | ' : 7 | (ol
tiongof b),liévy. ey I y'-Tay energy I* II?] o ‘ -[Efgl '
‘the lines| ' in Mev Y By | It Tl Ey | I
A 10.47 4-0.15 0.0t v
B 9.39 1-0.05 0.09 9.39 40.03 0.1
C 9,17 30.07 " 0.13 | .9.19 30.03 0.2
'D 8.31 40.05 0.2 8.28 +0.02 ° 0.4
E 7.66 +0.04 0.3 - 7.8 40.04. 0.4
F 7.46 4-0.05 0.6 7.38 1-0.01 1.5 '
G 6.7564-0.01 " 38 6.756+0.006 53 7
 H | 6.56 40,03 | 4 6.53 10.02 4
I 6.42 £0.02 | 27.5 .| '6.41210,006 32
] 5.67 +0.06 - 0.8 /5.65 +£0.03 0.4
K . 4.96 40.02 2.7 4,96 +0.01 3.5
L . 4.8754-0.02 5.2 4.88 +0.0t 50 |5
M 4.68 +0.03 2 4,67 40,03 1.4
N (4.3 10.06) 0.6 :
o) 3.86 40.02 24
P | . 3.65 +0.02 2.4
Q 3.5 40.03 1.2
R 3.39 40.03 2.6
s | ~3.20 £0.04 1.3
T 3.02 }0.04 2.8
T 2.95 4004 1.5
U 2.83 1+0.04 1.5
' 2,22 +0.03 2.85 .
\'A 2.08 10,03 2,4 . :
X | L@ door | 30 s |
X - 1.60 40,01 . , .59 - ' '
¥ 1,50 $0.01 | 5.2 1150 | 5 | 1:58-1.93 1
Z . 1.39 +0.005 | 85 o 1,38 11.385| 90 [1.39 | 1.4 [ 100
XX - 148 £0.02 2.8 ’ : C _ :
Yy |. 103 k002 | 5.7 1.0 | .| 1.10-1.06
ZZ 0.35 40,005 24 0.346 0.3341.0.33 37
* Intensity in quanta per 100 neutron captures in the natural mixture of ‘isotopes.
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‘the (d, p) reaction [17,20]
" and also information on the Coulomb excitation of the

for the Ti*® nucleus, The intensities of the y -transf-
tions are expressed in terms of: the number of y -quanta
per 100 neutron captures in the given isotope. y -rays
of energy 9.39 Mev may also refer to T1%,

Iron

The sample was in the form of a metallic cylinder
of 65 mm diameter, 60 mm long and weighing 1.7 kg.

In Table 3 are collected some data on the iso-
topes of iron. The total thermal neutron capture cross:

section of iron is taken equal to 2.43 barns,

The spectrum of the y -rays of iron was studied
in the energy interval 0.25-11 Mev, Figures 5 and 6
give the directly observed and the corrected spectra of
the y -rays from iron. In Fig. § there is also shown a
portion of the spectrum in the neighborhood of ~1.6
Mev obtained with a radiator of 25 y thickness. Table
4 gives the energies and the intensities of the y -rays
of iron, For comparison results of other workers are al-
so given there. The energies of the 'y -rays obtained in
our work agree with'in experimental error with the
data of other investigators, The disagreement in the
intensities of y -rays of energies 7.25; 6.02 and 5.92
Mev between our data and the results of Kinsey and
Bartholomew lies just at the limit of experimental
error of both investigations. The y -rays given in Table

4 carry away 80% of the energy radiated by the isotopes

of iron after capturing thermal neutrons.

Data on the neutron absorption cross sections of
the individual isotopes of iron allow us to conclude that
the iron spectrum consists essentially of the y-rays from
Fe®. y-Rays from the radioactive isotopes of ironhave
an intensity of less than 0.5 y~quantum per 100 neutron
captures, Gamma-rays whose energy is greater than
the binding energy of the last neutron in the Fe* nucleus
refer to the Fe® and Fe®™ isotopes. '

Utilizing the data of references [15.16] _on the
excited levels of Fe® and the data of [17-19]on the
levels of Fe® ' one may identify some of the y -transi-
tions (Fig. 7) :

A p0531b1e Y -transition scheme for Fe*" is shown .
in'Fig. 8. In constructing the y -transition scheme we
used the level system of Fe® obtained in the study of -
of the B*—decay of C957.

Fe® nucleus by o-particles [(21]. The energies of the
levels given by the authors of these references are given
on the left of this diagram. On the right are given

values of the level energies obtamed in our work Instead of one level of energy 1.65 Mev found in the (d, p)
reaction we postulate the existence of two levels of energies of 1.62 and 1.72 Mev through which there occur

two intense y -ray cascades from the initial state of the nucleus to the ground state. To explain these two in-
tefise tascades (J. and T) and (L and Q) the existence of levels of energies 3.43 and 2.84 Mev is postulated in |
additioti, The surt of the energles of the y -quanta of these cascades is equal to the biffting energy of the last

RLLE
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Fig. 5. Directly observed spectrum of y-fays in iron,
V(EMp 10" o . o ‘'TABLE 3 - )
s Lo Wy 0 Ky Composition | Neutron bind~ |Contributionto
' ' Isotope:. N . X
_ B ’ of the natu-| ing energy in | the thermal
¥ R ‘ o |ral mixture | the product | neutron capt-
oy : o . . _ (%) nucleus, in [ ure cross sect~
‘ ‘ : '- _ I Mev:- [ {ion(%)
z - - ‘ | pe™ 5.81 | 9.34:0.05[2]| 5.1
' ] Fe® | 91.64 7.65:0,1072] = 92
1. . ~ Fe¥ 2.21 | 10.1640.04[6]} 2.0
' L__A : Fe®® '0.34 | 6.3740.42[5] 0.5
7 2§ ¢ 4 .6 7 4 § Gmev ‘ . ‘

Flg.' 6. Corrected spéctrur_n of -y -rays in iron.

neutron in the Fe® nucleus In Fig, 8 dotted lines show those levels whose existence has not yet been quite
definitely established. ' The fact should be noted that in Fe®" the intensity of the F1 transitions to levels of energies
2.5,1.38 and 1,24 Mey, for which the values of In = 1 have been formed by Black and by McFarland et al. from
the angular distribution of‘ the protons in the (d, p) reaction is less than one y-quantum per 100 neutron captures,

‘Silicon - »
The sample consisted of a cylmder of metallic silicon 130 mm in length and weighing 1.5 kg. The

specttumofthe y -1ays was investigated in the energy range 0.25-11 Mev. Fig. 9 shows the directly observed
spectrum and Fig. 10 the corrected spectrum of the y-rays of silicon.

-

" In Table 5 is ‘given some information on the isotopes of silicon [[22.]. .

For the total thermal neutron capture cross-section of silicon the followmg values are known: o = 160 +
+ 10, 160 + 8 and 100 + 20 millibarns,

. 187
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"= Oscillator method, -
= Activation cross section,

‘ TABLE 4
Result-of our work -Pata of reference [6] ‘Data of ref, .
: ‘ (8] and [9}
Designation . v 6
of lines y -ray energy in Mev I y ~ray enetgy in"'Mev [, (y*ray energy,
‘ . in Mev)
v 10.16° 4-0.04 0.1
A 9.29540.015 2.7 9.2081.0.007 2,7 - 8.5 [9]
B. 8.5‘*6 -+0.06 0.3 8.87240.01 - - 0,5
B 8.3‘.42.3:0.()6 0.2 8.3454-0.011 0.8
C 7.63640.01 3.5 7.63940.004 36 1.4 9]
D 7.275%0.015 5.3 7.285 40,009 3.5 .
E 6.43 F0.025 0.7 6.3691-0.009 0.4 _
F 6.0267£0.015 7.9 6. 015£0. 007 5.8 8.0 [9]
G 5.92540.025 8,7 5.914--0,010 5.2
H 5.51 +0.025 0.8
I 4.94 1+0.02 u.9 4.9684-0.011 0.5
] 4.80510.015 2.1 4.81. $0.02 1
K ‘ 4.495-}_—0.015 ' 2.2 4.44 1-0.03 1
L 4.22 X0.015 4.3 4.21-30.03 2
M :/;.o.}%g.ozo 1.4 '
N 84410015 2.3 3.86 +0.05 0,5 -
0 © 3.725%0.025 1.1 + )
P 3.552£0.02 1.4
o) +3.43 10.015 3.9 3.4 0.03 2
R 3.24 $0.015 2,9 3 &0 .-
S 3.146+4-0.025 2.1 ’
T 2.83740.015 - 2.4
U 2.730 £0.015 2.9
v 2.67230.020 1
W %.14318.01(5) 1.4
X . .80240.01 2.3 : |
¥ 1.72° 0.010 6.4} 1.68—1.55 8]
A 1.62610.012 6.1 o
XX 1.53 +0.015 1,9
YY 1.236 £0.012 . 1.5 RS
a’ 0.4544-0.010 4.1 0,425 [9)
b . 0.364+0.008 6.7 -
c' - 0.3134-0.006 3.2 0.355 [8] -
~ * Intensity in qu'anita pér'lOO neutron captures in the natural mixture of isotopes.
TABLE 5
' . |Gomposition ' ' - Neutron binding ‘ene'rgy in -
. f the ratu-| 4. ' on '
Isotope |91 M8 X2 te | Cisot (mlllib_ams) Gatom | e product nucleus in Mev
: in % ' ’ (barns) ' . :
Size . 92.16 | 81424 ~0.074 8.47340.010 -
Si%e 4.1 270490 ~0.013 10.61140.010 -
Si"_0 3.13 41041400 %); 416 £23 **); 941 10%%) ~0.004 6.59240.010
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Fig. 9. The directly observed spectrum of y-rays in silicon.

Table 6 gives the energies and the intensities of the y-rays measured by us. There we have also given
results of measurements carried out by Kinsey et al. with a pair spectrometer [23]and by Braid with a lumines-
cent spectrometer ML0]. The values of y -ray energies found by us agree well with ‘the data of these authors. How-
ever, the y-line of energy 2.69 Mev found in the work of Kinsey et al. and of Braid was not found by us in spite
of the fact that special measurements were carried out to observe it. Gamma-~rays listed in Table 6 carry away
70 % of the energy radiated by the sample on capturing thermal neutrons. In.the next to the last column of
Table 6 are given the values of the intensities reported by Kinsey et al. before they had recalculated the sensiti-
vity curve for their apparatus, In reference [24]they give corrected values for the intensities of some of the
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.

TABLE 6

Results of our work ‘ Radiating Results of other investigators -
Designa- ] . nucleus. y -1ay energy in Mev - 1+
tion of y -ray‘ energy in Mev in the _ : in the for
lines natural | Kinsey et al. (23] | Brald ?rillt,l:ttl?,le 'F;,i;
mixturc . : [_10] [23] )
A 10.59 4-0.030 0.2 Sino 100599 £0.010 | - 0.4 |
B’ 8.4824-0.015 1.6 si20 ; 8.4074-0.008 - 4 2
C 7.66 1£0.020 0.8 Fes' i 7,79 10.05 : 1
D (7.38 1-0.030) 0.5 Si% j 7.36 10,08 ‘ 2
E 7.2241.0.030 6.1 Si2 ! 7.18 -0.03 9 8
F 6:75830.020 1.4 Si%e ' 6.76 1-0.04 4
6.3544-0.015 9.2 Si%e .. 6.40 £0.03 . 19 11
El 6.041£0.050 1 5j%0 . 6.11 4-0.05 o 4
1 5.2424-0.030 0.8 - :
T 5.11810.015 2.3 Si20 511 +0.04 9 8
K 4.93040,010 37.4 Si2e . 4.933+40.005 L 12 75
L (4.30 £0.05) - 2 -
M 3.97640.020 - 4.2 5i2¢
N 238 | ~3 Sigo , v
o 3.66740.020 3.2 Si0 : '
P 3.54740.010 36.5 . Si%® 3.54 40.006 | 94  |. 60
’ v — : — 2.69 +0.05 . 2,65 65
0. 2.10 40,010 . 12.8 Si? 2.13
R 1.95 40,020 3.4
S . ~1.7 | ~3 Si20
T ~1.5 ~3 Si%
U £.28 40.010 16 sit
* Intensity in quanta per 100 neutron captures.
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Fig, 10. Co‘rre‘c-te.d spectrum of the y -rays of silicon. P77 T I — L SN PR .d%
29 1 ner : | : 8oe ¥
y ~rays of Si’ calculated per 100 neutron captures in ) v !1 0458
the si*® isotope. These data are given in the last . BEHPNGS ;\F’\ ‘
column of Table 6. £ U o G J Lo

In Flg 11 is given the y -transition scheme

for the Si%® nucleus, In construcing the level scheme - ,Fig. 11. y -transition scheme for the Si? nucleus.
shown in Fig, 11 we used in addition to the review . :

article [22] the data of Khromchenko [25] who found levels in Si?® of energy higher than 6.4 Mev. bn the right
of this diagram are shown characteristics of levels determined by Holt and Marsham [26]. On the y -transition
scheme numbers of y -quanta are given per 100 neutron captures by the si® nuclei, They have been calculated
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on the assumption that y -rays emitted by the Si** nucle~:
- us amount to 80% of the spectrum emitted by the sample.
S'BD" - - The unresolved part of the spectrum which comprises
“‘ l ~30% of all the energy radlated by the sample lies in
the energy reglon below 3.5 Mev. Possibly not all the

060 -4~ 01" L
100 |— ' : y -rays which constitute this part of the spectrum be-
940 ' . long to' Si since we did not know the percentage con-
840 % tent of all the 1mpur1ues whlch mighr be contained in
230 : the sample .
0 | Fig. 12 shows the energy level scheme for the Si*°
562 550 ¥ nucleus, In addition to the principal transition one may -
507 : identify in this isotope the cascade of the two y -transi-
n ‘ : " tions F and N. . ' :
3.5 ‘ : . ; . 29
' : The total radiative width D), is known for the Si
224 _ i ~ nucleus [24]. From the known characteristics of this
i ~ nucleus one may determine the multipolanty of a num-
} N ber of transitions starting in the initial state. Similarly
AF ] g ‘ to the way in which it'is done in references {24] and
‘N '[1] one may find partial radiative widths-and compare
C d v them with the theoretical values obtained from Weiss-
Fig. 12. y-Transition scheme for the $i*® nucleus. kopf's formulas. The results of such a comparison are
' ) : given in Table 7. In the last columri of this table are
TABLE 7 , given the ratios of the experimental values of the par-
" dal radiative widths to the theoretical ones.
Transition| Type of | Angular momentum 2
energy radia- and parity of the S M- The values of these ratios obtained by us for tran-
(Mev) tion  |initial state|final state 2D_ sitions with different energies are in agreement with
. ' the .data obtained earlier for nuclei in this region of
3.55 E1 Yo+ Y- |- o©.3 atomic weights 24,11,
2,10 E1l Y.+ Y~ 1
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EXPERIMENTS ON THE CREATION OF EINSTEINIUM

AND FERMIUM IN A CYCLOTRON

L. 1. Guseva, K. V. Filippova, Yu. B. Gerlit, V. A, Druin,

B. F. Myasoedov, and N. I. Tarantin

In this article we present the resvlts of some experiments on the creation of
einsteinium and fermium by cyclotron irradiation of a uranium target with quin-
tuply charged nitrogen ions (N V) and sextuply charged oxygen ions (O VI).

The half-lives and a-particle energies were measured with the aid of photo-
graphic plates, an ionization chamber with a spherical electrode; and a twenty-
channel pulse-amplitude analyzer. The separation of thé transplutonic ele-
ments was performed by a chromatographic method.

The first communication on the creation of einsteinium in a cyclotron appeared in 1954 in an article by
A. Ghiorso and others [1]. Einsteinium isotopes of mass numbers 246 and 247 were separated from a uranium
target that had been irradiated by nitrogen ions. The einsteinium isotope X6 decays by means of K-capture
into Cf2 with a half-life of a few minutes, and E?*' in addition to K-capture suffers a-decay with a half-
life close to 7 minutes and an ct-energy of 7.35 Mev.

" Somewhat later, Swedish in\;estigators [2] isolated from uranium irradi ated with oxygen ions the
isotope fermium with an assumed mass number of 250, ahalf life for o decay appro‘(lm ately 30 minutes
"and an a-particle energy of 7.7 Mev.

In the present paper we present some resvlts of a few experiments (performed in 1955) on the creation
of einstefnium and fermium isotopes by bombardment of uranium targets by nitrogen and oxygen nuclei. The
Academy of Sciences of the USSR cyclotron‘ with magnetic pole-pieces of diameter 150 cm, was used to ac-
celerate quintuply charged nitrogen ions and sextuply charged oxygen ions.

The nitrogen ions were obtained from a slit source 3], made especially for the present investigation.
The nitrogen ion energy at the final radius was 105 Mev, and the ion current was 5-107 amps.

The sextuply charged ions of oxygen were obtained as a result of "stripping” doubly chargedf ions of oxy-
gen on the molecules of the remaining gas in the cyclotron chamber. The maximum energy of the accelerated
sextuply charged oxygen ions at the final radius was 120 Mev, and the current of ions wu:h _energies greater than
100 Mey was 3 10™% amps.

_In the experiment o -radioactive transplutonic elements were studied. The half-lives and energies of ;he
o - particles were determined with the aid of an ionization chamber with a spherical electrode and a twenty-
channel pulse-amplitude analyzer. -

In those cases when the number of disintegrations was insufficient for recordmg with the cloud chamber,
the measurement of the o-energies and half- lives was performed by the method of thick photographic plates.

In this work photographic plates of type "T " were ‘used without a protecting geIaun layer, and with a resolving
power of 0.4 Mev for ct-energies of 5 to 8 Mev.”

Obtaining Einsteinium

When a uranium target is bombarded by ~100Mev nitrogen jons, in addition to the reaction of complete

*The type "T" photographic plates were especially constructed and prepared in the laboratory of K. S. Bogomolov
at the Scientific Institute of Motion Picture Photography.
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capture of the nitrogen nucleus with subsequent emission of 4-7 neutrons, reactions of partial penetration of the
nitrogen nucleus are also possible; these come about as the result of splitting off an e~ particle or a proton from
the bombarding nucleus. Therefore, in the interaction of nitrogen ions with uraninm nuclei, siruitaneously with
the creation of einsteinium,i¢otopes,, the creation of californium and berkelium isotopes also takes place. The
result of these reactions is the possible creation of the isotopes EX-#8, cf#4~ M8 pj 23 45

To obtain einsteinium, a plate of uranium metal of thickness 0.1 mm and dimensions 5 x 15 mm was sub-
jected to irradiation by accelerated nitrogen lons for 15~ 30 minutes. In 10-15 minutes after the irradiation, the
uranium target was placed in the ionization chamber, The relatively great thickness of the active layer of the
target and the intense g-radiation caused by the decay of the fission fragments that had been created. to a
large degree impaired the resolving power of the ionization chamber. Nevertheless, with the help of a colli-
mator, groups with energies of 7.0- 7.5 Mev were separated from the a-spectra of the products. The results of

_the measurements on the half-life of the elements emitting this group of a-particles are presented in Figure 1,

ﬂfﬁcs P
G min | 68

20 1

10 -

Ty 7 min. Ty, ~ 40 min

. 0 :
1 - - g —r
0 19 20 37 V0 50 60 70 80 90 oo na k0 Emin 0 60 - Y
Figure 1. The decay of isotopes with o -energies of Figure 2. The o-spectrum of the transplutonic ele-
7.0-7.9 Mev. i ments.

Analysis of the curve indicates the presence of two half-lives equal to about 7 and 40 minutes. The 7-
minute half-life would seem to be due to the isotope Ew, and the 40-minute one, to the isotope Cf™, whose
half-life, according to the data in the literature, is 45 minutes, and whose «- particle energy is 7.15 Mev.

In order to further identify the products of the reaction, the separation of the transplutonic elements from
the uranium base and the fission fragments was undertaken. The separation was carried out by the precipitation
of fluorides with 200 micrograms of lanthanum used as the carrier. The decomposition of lanthanum fluoride was
accomplished by nitrous acid in the presence of boric acid, after which lanthanum hydroxide was precipitated
and dissolved in hydrochloric acid. The salt solution was applied to a platinum disc, and then the target was
dried and baked. The thickness of the target layer prepared in this way was about 10 micrograms per square
centimeter. : : ‘

The a- particle spectrum of the transplutonic elements after their separation from the uranium and the
fission fragments, obtained with the aid of an ionization chamber, is presented on Figure 2..

On the above spectrum three groups of a-particles can be seen, with energies of 5.7+ 0.2; 6.2+ 0.2;
6.8+ 0.2 and 7.2 + 0.2 Mev. The o-particle group with energy 7.2 Mev evidently belongs to the isotope i,
a large fraction of which has disintegrated by the time of measurement. The a-particle group with energy
7.35 Mev, observable immediately after the end of irradiation and belonging to the short-lived isotope E*¥,
is not visible here since the time from the end of irradiation to the beginning of the measurement is significant.

i

Further analysis of the products of the reaction was carried out by the chromatographic method. The sepa-
ration of the transplutonic elements was carried out in a column, diameter 2 mm, height 17 cm at 85°C on a
cationite (type Douex-50) with a 0.4 M solution of ammonium lactate at pH = 4.3. The time spent in separating
the transplutonic elements did not exceed one hour in any of the experiments. The transplutonic elements were
not separated from the carrier, since preliminary experiments on the disintegration of americium and curium

for identical conditions showed that the presence of 200 micrograms of lanthanum do not interfere with the
disintegration and has no influencé on the positions of the chromatographic maxima.
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The measurement of the total o-activity in the drops after the chromatographic separation, and the deter-
mination of the - particle encrgies of the eluted elements was carried out with the aid of photographic plates,
for which the targets with the drops on them were brought into contact with the photographic plates. The half-
life of the elements being studied was determined from the photographic plates by counting the number of
o~ disintegrations in a given time interval.
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Figure 4. Elution curves of rare-earth elements.

A1 20 28 3236 40 90 08 52756 60 60 48,72 76 40 ¥ irop Figure 3 shows the curves of washing out, drawn

' . for the number of o-particles with energies of 5.7 + 0.2
6.2% 0.2 and 6.7 + 0.2 Meyv, as well as the total curve
drawn for all the a-particles of these energ1es On
the same graph, dotted lines are used to indicate the
-positions of the chromatographic maxima of ameticmm
and curium gotten under the same conditions. '

Figure 3.  Elution curve of the transplutonic elements.
Time from the end of irradiation to the start of chro-

_ matographic separation — 4 hours; duration of expo-
sure of the phetographic plates— 36 hours.

The identification of the elements with periodic number greater than 96 in the chromatographic separation .
was carried out on the basis of their rare-earth analogs.- With this in mind, a preliminary diagram was made for
a few of the rare-earth elements (Figure 4). :

On the basis of the position of americium and curlum and of their rare earth analogs,. the d1splacement
coefficient for the chromatographic maxima of the transplutonic elements with respect to that of the rare-earth
elements was calculated. ‘It turned out to be 0.73, This value of the coefficient was used for the determination
of the positions of the chromatographic maxima of berkelium (40th drop), einsteinium ( 26th drop), and fermium
(21st drop). The position of californium (30th drop) is determined by comparing our resulis with those of the
literature [4]. " IR ' h

The presence of a-maximum at the 68th drop (Figure 3) indicates the presenee of curium isotopes. The
‘maximum at the 34th drop, between the positions of berkelium and californium, is clearly caused by the overlap
of the curves for these elements. The close values for the a-energies of the isotopes of berkelium and californinm
that were obtained, and the insufficient resolunon of the photographic plates does not allow us to separate the
curves for each of the elements.

The analysis of the results of chromatographic separation, the measurement of the o- particle energies and
half-lives, as well as consideration of the possible nuclear reactions [1], allows us to make some hypotheses
regarding the products that were obtained in the reaction. ' o

The elution maxima that occur for the elements at the 34th drop are probably caused by the isotopes
- CfH#8, 8, Bk™3 and Bk™®, The 5.7+ 0.2 Mev a-particles that are observed in about the same numbers im-
mediately after irradiation and after a period of 100 days, come from the basic isotope Cm™, which could have
been formed as a result of the capture of an orbital electron of Bk® after chromatographic separauon

| The maxima that lie on the 68th drop are clearly connected with the Cm*® and Cm>* {sotopes, which
could be formed as a result of decay of Cf** and Bk, S

195
Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090002-3




Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090002-3

~ Comparison of the data on the numbers of the various clements created makes possible some conclusions
concerning the cross sections for the reactions between the nuclei ‘'of nitrogen and wranium. Indeed, it is poss-
ible to carry out an evaluation of the relative probabilities for the reactions of complete and partial capture
of the nitrogen nucleus by the target nucleus on the basis of the reactions (N, 61n) and (N, o4n).

The rapid accumulation of Ccm™ can occur only as a result of the decay of Bk that is created in the
reaction Um(N. adn) Bk,

G can be created as a result of the decay of E?® which is obtained from the reaction of complete cap-
ture of the nitrogen nucleus UP8(N, 6n) E#®, and is also a result of the partial penetration reaction B
UP(N, p5n)Cfm.' Therefore,the ratio of the number of Ci% atoms to the number of Crit* atoms makes possible
- an evaluation of the upper bound of the ratio of the cross sections for the reactions U(N, 6n) and U(N, a4n). In
our case of a thick target and nitrogen ion energies of 95 Mev, this ratio turned out to be about 0.001.

Obtaining Fermium

" The technique of irradiating the uranium target with oxygen ions was the same as that for irradiation with
nitrogen ions. The irradiated uranium target was placed into the fonization chamber.- With the aid of a colli-
mator, a group of a- particles with energies of 7.4-7.9 Mev was separated.

The half-life of the element emitting the a-particles of the above energies was 30 minutes (Figure 5).

In order to obtain a more accurate measurement of the o- energies, the transplutonic elements were sepa-

~ rated from the uranium and fission fragments by the fluoride method. The energy spectrum of the o-particles

from the transplutonic elements, which was obtained with the aid of the ionization chamber and with photogra-
: * phic plates,::.is shown in Figure 6.

As can be seen on the graph, in

- both cases or- particles with 7.0 + 0.2
and 7.7 + 0.2 Mev energies were ob-
served. The half-life of the element
that emits o~ particles with 7.7 Mev
energy is determined with pliotographic
plates, and turns out.to be about 30
minutes.

7 Y - v Y v Y

h P 7 w7 9 frmin) The sum total of the data obtained

. _ (the half-life of the element, the o~
Figuré 5. The decay of isotopes with o-energies of 7.4-7.9 mev. particle energy, and precipitation with
‘n, ' - o lanthanum fluoride) allows us to make
' e the hypothesis that as a result of irradiation of
uranium by oxygen ions, an isotope of fermium is
created that has been previously identified [2).

The 7.0 + 0.2 Mev «-particle groups pro-
bably belong to the isotope Cf*, which could have
been created as a result of a-decay of the short-
lived isotope Fm*®.

"CONCLUSIONS

1. Irradiation of uranium by nitrogen ions
accelerated to 105 Mev produces an isotope of
einsteinium with mass number 247, identified by
its half-life and o-particle energies.

Figure 6. The a-patticle spectritm of the trans-
plutonic elements. i )
A—- A) measurements with the aid of the ionization

chamber; o—o0). measurements with the aid of photo- 2. From a uranium target irradiated by oxy-
graphic plates. gen ions accelerated to 120 Mev, an isotope of
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fermlum has been separated, identified by its half-life and o -particle energies.

3. Isotopes of californium, berkelium, and curlum have been separated, by the chromatographic method,
in the amoufts of several hundreds of atoms,""

In conclusion the authors express their gratitude to associate member G. N, Flerov of the Academy of
Sciences of the USSR for directing the work, to Academician A. P. Vinogradov and Professor D, I, Ryabchikov
for directing the chemical part of the work, to our co-workers in the cyclotron laboratory, and especially to
* the group of co-workers under the guidance of Yu, M. Pustovoi, who maintained the operation of the cyclo-
tron during the course of the present work,
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7 9
THE STANDARDIZATION OF RADIOACTIVE PREPARATIONS

K. K. Aglintsev, F. M, Karavaev, A. A. Konstantinov, G. P. Ostromukhova,

E. A. Kholnova

~ The article describes methods and apparatus used in the D. L Mendeleev All-Union Scientific Research
I.nstituté of Metrology - for the accurate measurement of a number of dosimetric characteristics of radioactive
~ preparations: activity (calorimetric and ionization methods and the method of absolute 8 -counting), y-equi-
valent (ionization chamber with 4n solid angle), and the magnitude of the dose of y-radiation (normal joni-
zation chamber). ‘ : o '

The iim_its'wlﬂﬁn which measurements can be made and the accuracy of the results are indicated.

For practical applicatims of radioactive substances it is necessary to know thq fundamental physica_l
characteristics of the isotopes being used and the fundamental parameters of the preparations made from these
isotopes. ' S

-

Among the more important physical characteristics of the isotopes are: the maximum energy and the nature
of the energy distribution in the g -spectrum of the isotope, the wavelengths and the number of quanta per decay
process for the lines of the  y-spectra, and also the number and the values of the energies of the conversion ¢ =7
electrons. In the case of complex B-spectra the information indicated above must be approximately known for . -
‘each of the components of the 8-spectrum, as well as their relative intensity. In addition to the data relating
to the B- and y-spectra one must also-know the half-life for the decay of the radioactive isotope. '

Among the fundamental parameters of radioactive preparations.afe: activity of the preparation dimen-
sions, weight, nature of the container. For preparations having a relatively large volume one also needs data
on the distribution of the activity throughout the volume in those cases when it is not distributed uniformly.

A knowiedge of the activity of an isotope preparation with known B-.and’ y-Spectré ‘enables one to find
easily its total radiation; however,in using the preparation it is more important to know its external radiation
“which differs from the total radiation as a result of the self-absorption of the radiation in the preparation, and
“of the absorption in the container.. : . :

 The activity of preparations may be measured in curies or in disintegrations per second. The effect of ‘
the y -radiation of the preparation determines the dose to which it gives rise in roentgens; moreover,one car
draw conclusions on the effect of y -radiation if one knows the y -equivalent of the preparation in gram-equi-
valents of radium. The effect of B-radiation may be expressed in physical roentgen equivalents,

In order to ensure a uniformity.of measurement in any field of measurement there exist standards and
stindard equipment which set up the units of the caresponding physical quantity, and also there exists a system
of calibration and of checking standard and operating measuring instruments. : ‘

The setting up of the two units — curie and roentgen=is acc_dmplishe'd by meansof standard equiprhent,
the setting up of the unit gram-equivalent of radium is accomplished by means of the state radium standard
which consists of two radium preparations contained in thin-walled glass ampoules [1] and [2 1.

The most precise are the measurements of y-equivalents of the ‘preparations in gram-equivalents of
radium. ‘ ' ' ' :
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The measurement of the y -equivalent of preparations are catried out on two standard sets of equipment

be means of comparing the y-intensity of the preparation being measured with a standard or master preparation
of radium, : ‘

Each of the standard sets of apparatus consists of an fonization chamber with a 47 solid angle connected
to an electrometer device for the measurement of small currents, For the measurement of preparations in the
range from 1 to 1000 mg-equivalents of radium an {onization chamber is used which consists of two concen-
trically placed aluminum spheres of walls 5 mm in thickness, The space between the spheres is the fonization -
volume of the chamber, The magnitudes of the ionization currents produced {n the chamber by preparations
having y-equivalents within the range indicated above He within the limits from 1.5+ 10" to 1,5.10~* amp,
To measure such currents we-measure a compensating circuit due to Townsend [3] with a quadrant electrometer
of sensitivity up to 800 divisions/volt and with a set of condensers of constant capacity. The circuit diagram of
the apparatus is given in Fig. 1. The preparation being calibrated and the standard preparation of radium are in
turn placed inside the chamber, -

The values of the y-equivalents are measured
by this apparatus with an error of from 0.5 to 2% [4].

The measurement of less active preparations
which produce in the chamber an ionization current
comparable to the normal leakage current (back-
grouﬁd) are carried out on another apparatus in which
the so-called compensated chamber is used [5]. The

B
[_ - . -.
| ,,:"J{w——-—. -
| ﬂ' ] IML”

_ ?. i.L'__J 'L‘::__‘;C latter consists of two identical cylindrical brass

I4 =] chambers separated by a lead block and connected
___L"" 'r_,lL, in opposition; in the absence of the preparations from
i L7 ] _:/7 the chambers the difference current is equal to zero,

The measured and the standard preparations are

placed in turn into one of the chambers, The values

of the currents produced in the chamber by prepara-
* tions with a radium content of from 1 to 0,001 mg-

53

Figure 1, Circuit diagram for the standard apparatus
for the measurement of y -equivalents of preparations
in the range from 1 to 1000 mg-equivalents of radium,
IC ~ ionization chamber; By, By, By — potential
batteries; R~ relay; C — standard condenser;

© V — voltmeter,

equivalents lie within the limits of from 5- 101!
to5-10 - amps. To measure such currents we use

a dc.. amplifier using a bridge circuit with an
electrometer tube [5]. The circuit diagram of the
apparatus is given in Fig, 2, It used the compensati‘ng
method for measuring the ionization current. The

Figure 2, Diagram of the standard{» apparatus for the measuremient of

Y -equivalents of preparations from 1 to 0.001 mg-equivalents of radium,
. C — compensating chamber; P — potentiometer; E,, — normal element;

E ~ electrometer tube; G — galvanometer; MA — milliammeter;

PB — potential battery,
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drop of voltage produced by the ionization current across the input resistor s compensated by a potential whose
magnitude is determined by means of the potentiometer, In this case the amplifier is used only as a null in-
dicator, The errors of measurement of y-equivalents in the range 1 to 0.001 mg-equivalents. of radium lie with--
in the limits of 1 to 5-8%, ' ' : '

Corrections are made to the values of y=-equivalents determined by means of the apparatus described above
for the geometrical dimensions of the preparations and for the absorption of y -rays in the preparations ("self-
absorption™), :

.

The magnitude of the y-equivalent of a radioactive preparation depends on the conditions of measurement,
principally on the filtering of y -radiation, and also on the geometry, type and material of the walls of the foni-
zation chamber, Figures 3 and 4 show the dependence of the y -equivalents of Co®, (Zr + Nb)®, Ag!®® and
. $b¥ onthe filtering of the y-radiation by different thicknesses of 1ead for broad (solid curves) and for narrow
(dotted curves) beams of y-rays,

The measured value of the y=-equivalent of the preparation in ' g-equivalent of radium enables one to de-
termine the ionizing effect of this preparation in roentgens per hour at a distance of 1m, Indeed, since 1 g
of radium in a platinum container of 0,5 mm thickness gives at a distance of 1 m a dose of 0,84 r/hr, then a .
preparation of M g- equivalent of radium will give under identical conditions a dose of 0.84 M r/hr, Thus the
y -equivalent of a preparation characterizes the external ‘y-radiation of the preparation under given conditions,

Q) |
{+ ' (,/ AN
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Figures 3 and 4, The dependence of the y-equivalents of Co®, (Zr + Nb)ss, Ag' and sb 124 on filtering;
The thickness of the lead filter is plotied along the horizontal axis, while along the vertical axis is plotted the
tatio of the value of the y~-equivalent for various filter thicknesses to its value with a filter 0.5 cm thick,

The transition -from the magnitude of the y -equivalent of the given preparation to the value of its act-
ivity in curies is possible only if the :y-quanta energies are known, as well as their number per single disintegration-
of the radioactive substance, the efficiency of the jonization chamber for y-quanta of different energies, and

the effect of self- absorption of y-rays in the given preparation. :

For absolute measurements of the activity in curies we use the method of absolute counting of B~ particles,
and also the calorimetric method. The problem of the absolute counting of §-particles by means of a counter,
in spite of being simple in principle, becomes very difficult if one must achieve an accuracy of the order of 39,.
Fundamental difficulties arise because in the continuous g-spectra there are always some B-particles with low
energies which are easily absorbed. - ' : s '
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The method of absolute counting of B-particles with the aid of a "47 counter” consists of countingall the
B -particles from a given radioactive source in the total solid angle 4w, The "47 counter” is made up of two
counters between which the radioactive source is placed, For absolute measurements by means of the *4r
counter® the following corrections have to be lntroduced-

1) for absorption of B-particles in the flim on which the radioactive source has been deposited; this .-~
correction may be: casily determined with the "4n counter® itself;

2) the self-abeorption of B-particles in the source ftself; -

3) the missing of B-particlee because of the "dead-time" of the counter, and of the finite resolving power
of the recordlng electronic circuit,

Figure 5 gives a schematic diagram of an
apparatus with a "4 couvnter®, In our apparatus
two different types of construction of "47 counters®
were used [6,7]. . The first of these consists of
two cylindrical counters sliced off along the
generator between which the source is placed,

Ist construction This ™ counter” was filled with a mixture of
of 4r- counter " argon and ethyl alcohol and served for counting

= oK the B-particles in the Geiger regime, With its

f f’, aid ‘one could measure preparations with activities
] from 5+ 10" to 10! curies with an accuracy of .
; 2-4% for thin preparations,
IInd construction The second construction of the " 4y
' of 47 ~counter counter” is in the form of two half-cylinders

with the source between the half-cylinders; it
was used to count the B-particles.in the pro-
portional counter regime, For this the apparatus
was filled with methane to a pressure of 30-50 cm
of mercury,

""" a{‘l /IIAW////

Figure 5, Diagram of "4x counter®, With the aid of the "4n counter” working

1) Stand; ‘2) stopcock; : 3) brass table; 4) preparation; in the proportional counter regime one may
'5) counter wire; 6)" body of counter; 7) polystyrol top; measure preparations with activities from

8) polystyrol insulators; 9) aluminum foil; 10) glass - 5-10""to 5. 10" curie with an accuracy of
bell-jar, _ 1-3% for thin preparations,

Although the method of absolute counting -
of B-particles which utilizes the principle of a
déﬁmte solid-angle is not very accurate, nevertheless it is widely used because of its simple and universal nature;,
The principle of the method is very simple, The radioactive preparation on thin backing is placed underneath
the counter, B-Particles emitted within the limits of a given solid angle bounded by a calibrated diaphragm
reach the counter and are recorded, The total number of B-particles emitted into the angle 47 will be equal

N 4 .
to N = o Ng , where Ng is the number of B -particles counted within the given solid angle and € is the
magnitude of the solid angle'

However, in order to be abie to determine the absolute number of B-particles by means of this method a
number of corrections must be introduced [8]

The introduction of these corrections considerably- lowers the accuracy of the method, which at best
approaches 4-6 %, The greatest contribution to the error comes from detetmming the solid angle By this method
our apparatus can measure B -activities of the order from 10 to 107° ;curie,

‘A comparison of the two methods of absolute counting of B=particles shows that the method of the * 4r
counter” is the more accurate one, and at the same time it is simpler in principle, The method of the *4 ¢
counter” is also the most sensitive of all the known methods for measuring B-activity, With a long series of
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measurements of B-active substances one may easily use the "4n counter® method to calibrate a serial end
counter for each individual radioactive isotope,

In order to compare the two methods described above with other methods of absolute counting of 8-
particles, for example the calorimetric or the {onization method one must know accurately the quantity of the
radioactive substance, In order that the correction for seif-absorption of the B-particles in the preparation it-
self should be small it is necessary to take tenths or hundredths parts of a milligram of the radioactive substance,
It {s very difficult to weigh such small quantities on a microbalance, Therefore, for the determination of the
quantity of a radioactive substance which emits y-rays in addition to B-rays one employs the comparison of
the y-equivalent of the source with the y-equivalent of another larger quantity of radioactive substance, the
so-called reference quantity. The reference quantity of the substance was taken of about 10 mg weight, and

. such quantities may be weighed with sufficient accuracy. Usually several (five-six) reference quantities were
prepared; they were compared with each other and from them that one was selected which agreed best with the
others, :

The comparison of the y-equivalent of the reference quantity of radioactive substance with the y-edul-
valent of the source was made by means of a scintillation y-spectrometer The method of y-weighing is very
reliable, and always gave good results,

In the case that the radioactive substance emits only B -particles, as is the case for example with P*2,
first a relatively large volume of the substance is weighed, and then a certam small portion of this’ quantity is
taken whose weight does not exceed a fraction of a milligram

The method of measuring activity by means of standard apparatus using counters becomes inaccurate for
thick preparations, For such preparations the calorimetric method was used successfully for which the thickness
of the preparation presents no obstacle,

Calorimetric determinations of the activity of radioactive preparations are based upon the fact that the -
amount of heat liberated when the radiations from a radioactive preparation are absorbed is proportional to the
number of nuclei which have disintegrated,

Figure 6. Schematic diagram of a y-calorimeter, A) Body of the calorimeter;
B) heating coil; C) plug; D) space for preparation; E) place where thermo-
couples are affixed; T) thermocouple,

In order to measure the absolute activity of radiocactive preparations we have built colorimetric apparatus
of two types: a) a differential double calorimeter for the measurement of the activity of preparations by means
of their y-radiation; b) . an isothermal calorimeter based on the principle of evaporation of liquid nitrogen which
was designed to measure the activity-of preparations by their B-radiation [9:11]. . '

‘ )

The y—caloriineter consists of two identical lead spheres (Fig, 6) mounted on a hard rubber stand inside a .
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TABLE 1
Calorimeter :
Characteristics 3
e No, 1 | . No,2 No, 3 No, 4

External diameter of the spheres in cm, . ' 10 N E 5.5 - 3.5

Thickness of the absorbing layer in cm,” - - : 4.3 2.8 2.1 1.6
‘Weight of the sphere ing .. - 15944 2030 969 2.2
* Number of therthocouples 24 24 20° 18

Length of time for equilibrium to be established in hours 8 4 3 1.5

Sensitivity in 10° mm/watt : 6.44 7.58 | 13.8 19.6

thermostat., The preparation to be measured is placed into a special space inside one of the spheres of the calori~
meter, and the temperature difference between the surfaces of the spheres is observed by means of a copper~con~
stantan thermopile, :

The fundamental characteristics of four avajlable y ~calorimeters are given in Table 1,

The sensitivity of the colorimeters was determined by means of calibrating them with heating coils
~placed inside each sphere :

In order to calculate the activity of the
preparation from the calorimetrically measured
quantity of heat one must know the following
spectroscopic characteristics of the preparation:

' g a) The energies hy{ of ail the y-lnes;
ngg o, - - ~ b) the number oj ~of y-quanta of each
aoa ! I~ et : 7 energy per individual disintegration, c¢) the
§~5 L'p{ ] - _averageenergy of the B-spectrum E g, Since
ogs % AN - - k] the dimensions of the y-calorimeters do not
otk ¥ ST ‘ ensure the complete absorption of all the
o Bt St .
{ggg 22 y+rays it is in addition necessary to know with .
OO 7 a3 10 7% e 25 _ a sufficient degree of accuracy what fraction

of the radiated y-energy is absorbed by the
: ~calorimeter, This quantity - the coefficient
Figure 7, Absorption of y-rays in y-caloritneters, p;j — was calculated for each calorimeter and
1, 2, 3, 4 — numbers of calorimeters, , for y -quanta of different energies, The results
' ‘ of such calculations are given in Fig, 7, '

‘Ene‘rgy_of y. ~rays, Mev

'
!

The. expresslon which relates the number of dlsmtegrations Ny in the preparation to the quannty ‘of heat W
emitted by the preparation inside the calorlmeter per second has the form -

- W .n

Ny= .
Zhvta1Pi+Ep 7.(E’llvidipi+Ep)

whére n is the deflection of the galvanometer in millimeters of scale;. j is the seﬁsitivity of the calorimeter
in mm/watt; Eg is the average energy of the B -spectrum,

The sensitivity of the y-calonmetets constructed by us perinits us to. measure preparations with activities
from several tens of millicuries and up,

The accuracy with which the y ~calorimeters enable us to determiine the absolute activity of the p.reparations
is 3-5%; of them 2-3% are due to the errors of computing the absorption of y~rays by the calorimeters, -
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The calorimetric apparatus for the measurement of

the activity of preparations by their B ~radiation consists
of three coaxial Dewar flasks filled with Hquid nitrogen
(Fig. 8)., The heat liberated when B -particles emitted by
the preparation are absorbed is used to evaporate the liquid
nitrogen, The volume of gaseous nitrogen measured by
means of a capillary at 760 inm of mercury and 20* C is a
measure of the quantity of heat emitted by the source during
the time of measurement, The sensitivityiof the calorimeter
found ' as a result of calibration turned out to be sufficient
to measure sources of power of the order 107 — 105 watts

- (i.e, - activities of the order of 10 millicuries with an
average energy of 8-radiation of the order of 1 Mev),

«a
2

The formula which relates the energy of the prepara=-
tion measured by the B~calorimeter to the number of dis-
. integrations in the case of pure B-emitters has the simple
"~ form:

IR

)
s

(AN

TTTTTITY

TSI
==

If th_e preparation also emits ' y ~-rays then a correction "
is introduced for their absorption both in the preparation and
in the calorimeter itself,

The error with which the B=-calorimeter enables us
to determine the activity of B-radiators is 3-5%, It is
made up of the error in the quantity of heat measured by
the calorimeter (1~1,5%), and also of the error of measuring
.the mean energy of the B-particles, For preparations having °
a simple B -spectrum the latter amounts to 2-3%; for pre-
parations having a complex B-spectrum Eg is known with
less accuracy,

thermal g ~-calorimeter,
A) Manometer; B) capillary; C) mercury
pump; D) ballast flasks; E, F, G) Dewar .

flasks; J, H) polished sections; K, L) tubes’ . In addition to individual measurements in g~ and
. for removal of nitrogen; M) vacuum jacket; _ y-calorimeters we also made combined measurements with
N) electric heater, - ' _ both sets of apparatus, It was shown that combining the

results of measuring a preparation in 8~ and in y-calori=

meters enablesone to determine the activity of the sample
from the known relative intensities of the y-lines. The number of y-quanta per disintegration is in such a case.
determined simultaneously with the activlty of the preparation, '

In order to set up the roemgen unit in the region of radiation of energies from 250 kv.to 1,5 Mev the
standard apparatus [12] (Fig. 9) was constructed which consists of an ionization chamber placed inside a tank .

- of compressed air, of a means for controlling the diaphragm, of an electrical measuring device, and of a high

voltage battery for supplying the chamber, The air pressure in the tank may be raised to 15atmgqs, which permiits
one to utilize the fonization produced by electrons with energy up to 1,5 Mev. A schematic diagram of the
apparatus is glven in Fig. 10,

The ionization chamber of plane type consists of a measuring electrode two guard electrodes a potential
electrode and a potential divider for smoothing out the electric field inside the measuring volume of the ‘chamber,
The distance between the electrodes is 40 cm, the applied potential difference is up to 15 kv.

~ The y~preparations to be measured are placed insidé the lead block of the diaphragm device; the beam
of y-rays is obtained by means of a system of calibrated diaphragms whose diameter is held to an accuracy of
0.01%. The fonization current is measured by means of a bridge circuit with an electrometer tube,
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Figure 9.‘-"S'tandarc'i'appar'at'us for m_easr‘i'rin'g‘: 7;-.*radigti(_)ﬁ.ini:de”nrge'ns."('g'err“e;’rarl:- view),

. e . A ' © .. to the: electncal
: . measuring device

Flgure 10, The standard apparatus for the measurement of y-radlatmn
(in roentgens (schematic diagram) '

. The standard apparatus -for. measuring y =rays: in roentgens was compared using y-radlatlon from cr®t
_ with the State Standard for the roentgen; the results of measuremems agreed with limits of 1.5 %,

The use of the standard equipment described here enablés us to determine the external y-radiation of

preparations with an accuracy" -of. Aapproximately - 3%,. and thus to prov1de a. rehable value of the dose in 1/hr at
a definite distarice from the preparauon - PR _ S ‘
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An important requirement for the standardization of radioactive preparations is the absence in them of
radioactive impurities, We use a scintillation y-spectrometer for the control of radiochemical purity, and we
also measure the decay half-lves of the preparations, The latter measurements are made by the method of con=~
secutive measurements of y-equivalents and by the method of the differential chamber, '

TABLE 2
' Errof of
Name of apparatus Quantity Limits of measurement measurement,
measured .
(%)
~ Apparatus for measuring y -equivalents y-equivalent | 1-1000 mg-equiv. Ra 0.5-2
0.001 mg-equiv. Ra 1-8
Counter with 4 solid angle. Activity 5-10""-5-10"" curle - 1-3
Counter with a definite solid angle . 107°-10"* curie S 2-4
¥ -calorimeter o " . 0,05-10 curies 3-5
B -calorimeter 1 . " 0.01-10 curies - 3-5
Standard apparatus for measuring y-rays Dose 10-1000 '“r‘ / dec 3
in roentgens .

. Thus the apparatus described above allows us to determine the activity, the total and the external radiation
of préparations. In Table 2 is given a summary of the data on the various apparatus,

Consecutive measurements of radioactive preparations on all the types of apparatus described above enable:
us to obtain dosimetric characteristics of the preparations (activity, total and external radiation) and to carry out
. a check on the results of measurements by different methods,
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ON THE QUESTION OF THE NATURE OF RADIATION DAMAGE

“IN FISSIONABLE MATERIALS

§. T. Konobeevsky

This article gives a survey of the theory of radiation damage in materials ir-
radiated by fast particles. An attempt is made to describe the processes of phase
transformations under neutron irradiation of fissionable materials with the aid of
diffusion equations. .In this way an expression for the coefficient of diffusion D
is obtained. The possible result of the effect of thermal spikes on the structure
of the eutectoid a + y' is investigated for an annealed uranium-molybdenum
alloy.

Under ‘irradiation of solid bodies by a neutron flux, their properties change significantly, The hardness and
the yield point (in metals) increase, the capacity for plastic deformation, heat conductivity, and electric conduc-
tivity decrease. In some cases the density, both macroscopic and as measured by x -rays, decreases.

Many of these changes are reminiscent of those that arise on plastic deformation of solid bodies, and there-
fore we may suppose that the reasons for the one and the other are due to the same changes in the lattice struc-
ture. A more careful study of the properties of matter, however, especially the character of the reverse change
of the properties under annealment, leads to the conclusion that the structural effects due to irradiation of
‘matter, although often identical with the changes caused by cold working, are nevertheless different from them;
this is related to the particular way in which they arise. ‘

, The theory of radiation damage caused by fast particle irradiation has recently been intensively developed
- by several authors. The first ideas on the question were formulated by Bohr [1] and were later developed by
_Seitz [2]. .Seitz considered basically two types of damage caused by the bombarding particles: ionization and
"djsplacement™ collisions. Ionization takes place for-charged particles, -and only for energies of these particles
' that are greater. than a certain critical value E, given by

E=—" Eiop | &)

where Ejon is the ionizati_on_p'otential of the target particle (atom), M is its mass, and m is the electron mass.

After the loss of part of the energy to ionization, which is the most probable process for the high-energy

particles, the probability of elastic collisions with the target atoms begins to be, significant, in which case, the

~-energy is transferred to the atom as a whole. In this process a large fraction of the elastic collisions should
lead to displacement of target atoms from their normal positions in the lattice, since the average energy trans-
ferred in the elastic collisions is usually large, -and the energy necessary to create a pair of defects consisting .
of an interstitial atom and a vacancy is no greater than 25 ev. The atoms are displaced into a neighboring

* more distant cell, leaving an empty "hole" or vacancy in their original place. Thus, as a result there arises a
pair of defects, which is usually called a Frenkel pair. The original atoms can, in their turn, cause secondary
pairs, tertiary pairs, and soron. In:creéating a pair, the work expended. by the bombaiding particle is trans-
formed in part into the potential energy of the displaced atoms, which uses up about 10 ev, and partly into

the -excitation elastic crystal vibrations. It is clear that these same vibrations can bé excited by weak collisions
that do not cause any pair defects. :

As an example, we shall calculate the energy "balance" for a pair of fragments caused by the fission of
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wraninm [3). For that part of the flight in which the excitation of electrons is basic, about 2.7% of the energy
is used up by the elastic collisions. In addition, another 0.3% is expended after the fission fragments Jose the
ability to fonize uranium atoms. Almost half of all of this energy goes to the creation of fast displaced atoms.
Each of these has an average energy of about 375 ev, and creates up to three atoms in the next generation,
Thus according to Seitz one fission in metallie uranium leads to about 25,000 displaced atoms.

As 1s seen from the above data, a significant amount of energy of the original particle goes to the exci-
tation of atomic lattice vibrations. In addition to this, we should take account of the "delayed” liberation of
thermal energy that i§ connected with the recombination of pair defects that are close together. This whole
reglon where the kinetic energy of the original particle is transformed into the energy of elastic lattice vibra-
tions is the region of the "thermal spike® distributed along the path of the particle.

The question of the deceleration of the fast atoms in solid matter has recently been considered in more
detail by Brinkman. '

Brinkman [4) differentiates between two regions of influence for the original fast particle. For large ki-
netic energy of the origmal partlcle (atom) the elastic colllsion density is small. As a result of this, only a
relatively small amount of heat is given off, which leaves the region of the thermal spike more rapidly than
is possible for the recormbination to take place between the Frenkel pairs that were created by the first impulse
given to the atomic lattice by the original particle. In this region the first (as well as the secondary and ter-
tiary) defects may be preserved, and the Seitz theory can be used in it to calculate the number of elementary
laitice defects caused by irradiation. After the original particle slows down and its free path becomes compar-
able to the interatomic spacing, the energy lost to collisions increases so much that all the remaining energy
of the particle is used up at once, being distributed by means of collisions between a large number of atoms
-and causing a local temperature increase This regicn is called a "displacement spike" by Brinkman.

'As a result of the hberatmn of a very large amount of energy in a short time, the temperature in the re-
glon of the displacement spike increases sharply. The matter is then in a state reminiscent of the critical stata
The atoms in this region intermix, and in the crystallization that follows, they are displaced, and occupy new
positions. It is clear that in this region the original defects consisting of vacancies and interstitial atoms can- .
not remain preserved. The cooling off and hardening proceeds extremely rapidly. Brinkman assumes that the
crystallization re- establishes the original lattice, since the surrounding unmelited crystal is the controlling cen-
ter for crystallization. A fter hardening, however, secondary defects in the form of dlslocatlons and partly dis-
oriented subgrains'may occur in the region of the displacement spike.

In order to evaluate the size of the displacement spike region and the energy going into heating it, Brink-
man establishes the relation between the energy of the particle and its free path, equating the energy of the
displacement spike to the energy for which the free path becomes equal to the interatomic spacing. The inter-
action potential between identical atoms at close distances is determined by the screened nuclear charge:

or) =22 e"/“(i—r/Za), - o

where a is the effective radius of the atom's électron cloud
a =2.09 a 2V,
a, is the Bohr orbit radius 0.528 - 10°% cm, and Z is the atomic pumber.

At large distances, the potential can be expressed by the Born-Mayer repulsion term

vm=ae ", e

where the constants A and B are derived from experiments on compressibility.’ From this we may obtain an ex-
pression for the universal dependence of the free path of an atom in the lattice on its energy, which is presented
graphically in Figure 1 by showing the relation of the two parameters

o ‘ E%v - .
P=~—a, g,s and {=— 05 4
rad .
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one of which is proportional to the free path 1, and the other to the energy E. Here 1y is the interatomic spacing,
and ¢y is the ulergy neccssary to free an atom from the lattice, equal to 25 ev: for the rest of the notation, see.
above.

: ,0‘9, q From the graph of Figure 1 it is possible to find
03 la) é‘ £ the free path for an energy £. 1In order to do this it is
pe r32%s q= Z"‘/J first necessary to determine Q from the values of Z and
: ¢y, and then to find on the graph the value of P for the
aozy - - given Q, and thus to find 1 if the interatornic distance
- ‘ 1o is known, The reverse —[-Jroblem can also be solved:
' 0.01- , i.e., it is possible, for a given free path, to determine
the energy corresponding to it. For instance, for uran-

7758 239 ? 2139 ium the free path equal ro the distance between closest
0° 02 /0 - ,00 _ ,0/ atoms, that is 2.8 A, is attained at an energy close to

Q in(ev)? 350,000 ev. This means that the first atom of uranium
o dislodged from the lattice by a fission fragment will
slow down to 350,000 ev while creating mainly pair
defects (secondary, tertiary, etc.). When its energy

: -has been reduced to the above value, it is sharply

decelerated, giving up its remaining kinetic energy to heating up the displacement spike region.

Figure 1. The dependence of the mean free path of-
an atom on its energy (according to Brinkman).

it would hardly be cofrect to attach too much meaning to the qualitative results obtained by Brinkman.
Not to mention the somewhat arbitrary choice for the interaction potential (2), it is also impossible to consider
the choice of the criterion for the occurrence of a thermal spike very well grounded, namely the requirement
that the free path 1 be comparable to the closest atomic spacing in the latrice. As can be seen from the graph
of Figure 1, the errergy changes sharply with the critical free path that is chosen, and therefore the magnitude
of the energy liberated in the displacement spike and the size of the displacement spike region both depend
strongly on the choice of the free path. Thus it can be shown that doubling the critical free path in uranium
corresponds to an increase of the displacement spike energy by a factor of 7 or 8.

All the above refers to the fate of the original atom that gets its momentum from the fast partlcle The
latter may be any heavy charged or neutral particle. Let us consider the effect of a fast neutron. As is well
known, a neutron colliding with an atom transfers to it a fraction of its energy equal to [5]

2

A+2/3. * : (5)

For most elements with atomic weight A~100, a fission neutron with average energy of 2 Mev imparts an
energy close to the value for creating a displacement.spike. For heavier atoms, the energy transferred by a neutronin
most of the collisions may be too little for the development of any significant thermal spike region. For light
atoms, the energy liberated at the end of the flight is generally insufficient for creation of a displacement spike.
Therefore the role of thermal spikes would seem to be small for matter irradiated by fast neutrons. The change
in the properties of these materials must be related to the accumulation of Frenkel defects. This is partly veri-

“fied by the existence in such materials of a definite, though not always well defined, activation energy for the
removal of changes due to radiation. The role of thermal spikes in these materials would seem to reduce to
the radiative annealing of point defects (vacancies and interstitial atoms) and perhaps to the accumulation of
secondary coagulated defects: '

The effect of fission fragments is much moreé significant in fissionable materials (in uranium).

At the start of its path a multiply ionized fragment (having lost from 20 to 25 of its electrons) is slowed
down principally by the ionization of uranium atoms. The path of the fragment remains straight, since the
momentum transferred to.the atoms in this way is not great. In this region, however, a finite probability of
elastic collisions begins to develop. Along its path the fission fragment gives rise to a large number of moving
uranium atoms, since the fraction of its energy. transferred to auranium atom by the fragment in elastic colli-
sions is sufficiently great. The atoms, whose energy is no larger than 3-5- 10% ev must distribute their enefgy
in the form of displacement spikes (according to Brinkman). The more energetic ones can give rise to secondary
displaced atoms, which also almost immediately give up their energy in the form of elastic waves. If we include
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in this the elastic vibrations, brought about both by the fission fragments and by the original moving atoms
through collisions that do not cause displacement, and include also the heat liberated in the displacement
spike regions as a result of the recombination of previously existing defect pairs in the lattice, then the whole
process that goes on along the paths of the pair of fast fission fragments can be represented as the rapid liber-
ation of heat, giving rise to a high temperature "peak™ whose duration is about 10™%%-10"" seconds.

Because of the complexity of the process described, it is hardly possible at the present time to perform
‘an accurate calculation taking into account all the elementary phenomena that occur in the lattice of a solid
fissionable material. Taking account of the general calculations made earlier by Seitz, and not forgetting that
the mechanism for creation of displacement spikes does not allow for the accumulation of a sighificant num-
ber of defects with a high potential energy, we may estimate that about 3-5% of the total fission energy is
liberated in the form of a thermal pulse. This is about 5-1010° ev per fission, which is equivalent to the heat
energy sufficient to heat about 3-5 - 107 atoms, or a region of 0.6-1.0 - 10715 cm?, toa temperature of 2000°.

A more accurate value for these numbers, as well as the proof of the actual existence of thermal spikes
themselves, should be expected from experiment.

In the published literature there is only one experiment that can be considered a more or less convincing
proof of the existence of thermal spikes in fissionable materials, and supplies the basis for an attempt at the appli-
cation of a qualitative calculation to the phenomenon.

In reference [6] an experiment on the irradiation of an alloy of uranium with 9% Mo is described. As is
well known, at a temperature higher than 600 °C, molybdenum is relatively easily dissolved in the y-phase of
uranium. The solid solution of molybdenum in y-uranium that is thus created, is quite metastable at low tem-
peratures and does not dissociate on cooling. It can, however, be brought into an equilibrium state by slow
annealing in the region of 400-500°C. The alloy with 9% molybdenum then dissociates into two phases:

o -uranium and the y-phase, which is an intermetallic compound which seems to have the composition UgMo
and is structurally very similar to y-uranium. These two phases occur in y-uranium on annealing in the form
of a thin laminar eutectoid composed of alternating lamina of the « - and the ¥’ - phases. The thickness of the
lamina depends on the annealing temperature; in the usual cases, it is about 1 .

Spec1mens in the form of wires and foils were made out of the alloy of uranium with 9% Mo. . Some of the
specimens were studied in the tempered (homogemzed) state, and the rest in the annealed state. In the latter, the
initial structure was a highly dispersed mixture o + y' in the form of eutectoids of the laminar type. The speci-
mens were subjected to irradiation by a neutron flux (10**— 10® neutrons/sec), and steps were taken to insure that
the temperature did not go higher than 50-80°C. It was established by means of measuring the properties, micro-
analysis, and x-ray studies, that under this irradiation heterogeneous samples were transformed into the homogeneous
state. The transition depends on the dose ofradiation that wasreceived, and is thus a direct result of the neutron radiation.

In the present article an attempt i{s made to interpret the above phenomena as the result of a sort of diffu-
sion that takes place in fissionable material under the influence of radiation that creates microscopic regions
of intense intermixture. If a fission event takes place at the boundary between the phases of the heterogeneous
structure, then a result of this must be that an average concentration is established throughout the region of the
thermal spike (Figure 2).

The heat is carried away from the region of such a thermal spike, as will be shown by the calculations
below, in a very short time. As a result of this, the occurrence of a spontaneous center of crystallizatioh in
the thermal spike region is very unlikely, and the crystallized region takes on the structure of one of the neigh-
boring lattices. It can thus crystallize in the form either of a supersaturated a-tempered alloy, or in the form
of the y'-phase. As further diffusion goes on and the average composition is smoothed out, the molybdenum
will be transformed: primarily into the y-phase, which will lead finally to homogenization under the influence
of the radiation.

Let us now attempt some quantitative calculations.

The liberation of the large amount of fission energy in a small volume leads to a very high temperature
and intense mixing of the atoms in this volume.

The temperature in the region of the spike can be calculated if we have some idea as to the form of its
distribution. Assuming that this form is not very different from a spherical distribution, we may solve the prob-
lem of heat tiansfer from 2 point source in which the evergy q appears suddenly.
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From the theory of heat conduction it is well known that the distribution of the excess temperature T as a
function of the coordinate 1 and the time t can be expressed in the following form: '

Pt g-rpun,
e (4mkt)’/® o

(8
where p is the density, c is the thermal capacity, and k 4s the coefficient of heat ‘conduction of the medium.
At each point 1, as the heat pulse veaches it, the temperature increases to a.maximum Tmax(r' t) and
then drops. 'The time tax {s found from the condition
aT e _r
(5 it g™ % o=

whence

o 3\ q 1.

Tmax-—(i‘,,;;) "'P'E"ﬁ'!
. . r-_'_ ‘ q- NUs i ‘]2 : (7)
, —(Tmax Pc> 27“’) S e

If we take the temperature T ak as, for example, equal to 2000 °C, then it is easy to find ihe radius of

the sphere which, as the temperature pulse passes, is heated to at least this temperature, Thus for uranium,
putting q = 1.6 - 10-1? cal (10" ev), we find that rayq = 0.62- 1075 cm; toax =0T 10719 sec.

7==211 | : B
] N ' ' L >
I . : ‘ z -

' Figure 3. .

: : L —-Z L
‘Figure 2. Schematic diagmm of the diffusion that ' The change (dectease) in concentration in the region
takes place under the irifluence of "thermal spikes” of the thermal spike for the initial sinusoidal distribu=

(circles) caused by a fission event, tion, :

If we wish to determine the conventional average pulse velocity, meaning by this the expression r/t,
then we get 1/t =0,7- 10% cm/ sec, i.e., less than the velocity of sound in the metal (2-3- 10% cm/sec). This
to some extent justifies the application of the calculation based on the rmacroscoric theory of heat conduction.
It would seem less meaningful to extend such calculations to the higher temperatures that occur in the central
zone of the thermal spike, An attempt to vmaintéin the principle of the calculation can be justified, however,
since the only constant connected with the medium that enters into Formula (7) is the volumetric heat

‘capacity (pc), which could hardly be very different.

Analogously, it is possible to perform the calculation if it is assumed that the length of the path along -
which the energy of the fission fragments is transferred to the uranium atoms is significantly greater than the
region through which the heat is distributed around the particle trajectory. The shape of the spike region
will then be different, of course, but the total volume of the region and the number of atoms in the heated zone
changes only slightly. Therefore, to avoid unnecessary complications in the calculation, it will be assumed
1in what follows that the thermal spike is spherical in shape.
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We shall now show that the smoothing out of the concentration in the separate parts. which is caused by
the thermal spikes, Vi analogous to diffusion, Let us conslder a laminar distribution of the concentratfon which,
for simplicity, we shall assume to be a cosine law:

C-—:C(,(1+acos 2nZ/\), k . (8)
where C does not depend on either X or y.

Let us assume also that after the heat pulse arrives at the point whose coordinate is Z, the concentration .
will be smoothed out on the section AZ (Figure 3), :

If AZ is small compared to A, then the ordinate of the section may be considered the concentration at
the point Z after it is heated. :

The new value of C should then be taken as

- Z4AZ)2

= 1 ’ ' ,
C=ps Q C(7)d7 B ©
' Z— dZ/,?: '
After a simple transformation, we get |
r ' 2 A
C_‘=C0<i+n2 cos 7 Zsin 2427 - o

or, expanding the sine into a power series, and taking only the first two terms,

5:00<1+acos_g$Z—a.cos%EZ-%?(A%)i> “ v (11)

Comparing this with (8), we see that as a result of one thermal spike the local concentration changes _
(decreases) by an amount :

2 : _
AC Coacos Z- G—ﬁ(.&?) : | 12

Neglecting superposition (coincidence) of spikes, it is easy to reason that the whole volume of the metal
goes through the state of a thermal spike in the time A 7, which can be written .

Ty

1 o -
A=, (13)

where N is the number of thermal Splkes per cubic centimeter per second and v is the volume of ‘a thermal
spike.

Let us consider the expression

— = NCoa cos ki Z

T szv(AZ)”-« S C (14

7

This expression can clearly be identified with the diffusion equation

l e o on, dnt (15)
 \, _ F T Dazz—DCo cosTZ -k—,._'
if we put ‘
o AZz n
. D NU( ) (16)-
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The above result can be generalized if we assume that it is valid for an arbitrary initial distribution, Thus
the action of the thermal pulses due to fission should cause diffusion with the coefficient given by (16), and this
is-yalid for arbitrary average (macroscopic) temperature,

From the quantities entering into the expression for D, the value of N is easy to determine if the heat
liberated is known in watts per gram

N = W.3.1010., £17)

(AZ)? is the mean square linear dimension directed along the concentration gradient, of the region in which the
heat is liberated; for instance, for a spherical region, it is equal to z/_31:2.

Inserting all these quantities in .(16) and making use of Formula (7), we obtain the following expression
- for the diffusion coefficient D: -

D =0.452-10°—L (LY cm?/ sec.
. (pe)’’® \T :
If we take pc =0.514 (p =18.7 [7] for uranium) ‘and express the eriérgy E liberated in a thermal spike in
kev instead of in calories, then we get the following expression for D '

D=t181070 (2 ) w. : (18)

Now let us investigdte the possible result of the effect of thermal spikes on the structure of the eutectoid
a + y'.in the annealed uranium-molybdenum alloy. This eutectoid, as was mentioned above, is of a laminar
structure with a period of the order of 1 y, depending on the annealing temperature of the preliminary tempered
alloy. The exact structure of the y-phase is not established. It is assumed to be U3Mo. The o -phase is pure.
uranium. The ratio of the thickness of the layers of the «-phase to those of ‘the y™-phase is about 3 to 1 (more
exactly, 77 to 23). ‘ ‘

: : 3 :
As is clear from the above, the concentration of the Mo in the uranium will gradually be smoothed out
under the influence of the thermal spikes. ~If the concentration at the minimum (in the region of the -a-phase)
attains a value close to 8 or 9 percent, then this region will be unable to crystallize in the o- phase, and the
* y-phase must result. As time goes on, smoothing out of the concentration will gradually take place, until a
completely homogeneous solid solution will have developed. In the y'-phase regions, the reduced molybdenum
concentration also causes an unstable y'-phase, and makes it transform into an equilibrium form, the -y-solid
solution. :

The fo‘llowingbsirhple calculation can give us some :idea as to the rate at which the above process
- proceeds.

For any periodic linear concentration distribution, with a center of symmetry,.of an element B in A, the
solution of the diffusion equation gives an expression

2n2
I”‘n-Dl

C(Z, t)=CO+E Cﬂ COS?;\:—’LZ-é_ A2 . . (19)

Here Cn' are the Fourier coefficients of the initial distribution C(Z, 0. It is well known that, due to the
damping of the higher harmonics, some time.after the beginning of the process only the first harmonic is sig-
nificant, and the distribution can be expressed by a simple cosine. Thus in order to investigate the rate of the
smoothing out process, only the expression '

xz : 120y -
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which is the factor determining the damping of the first harmonic, need be analyzed. The time for homogen-
ization can be fouud if we equate the value of this factor to someé conventional minlmal value, say 0.1, which
in oirr case is entirely sufficient.

Putting

an?
v Dthom—ln 10

we obtain for the total energy Wt liberated per gram, the expression

In 10-1018)2 59
Wt_ Tani1A6 1:) :

Agreement with experimental data is achieved (see reference [6]) 1f we put

T,
= = 011

In order to determine the energy of the thermal pulse, we must know the temperature necessa'r‘y for com-
plete intermixing of the atoms in the thermal spike region. If it is entirely reasonable to set it equal to 2000°,
which is twice as high as the melting point, then E~ 18 Mev.

This is somewhat higher than the evaluation made above, and may make it necessary to introduce some ¢ .
corrections into the theory. Remeimbering the approximate character of .the theory sketched out in this article,
it is hardly possible to pretend that it is very accurate. It would seem, however, that it gives sufficient basis
for the statement that the diffusion processes that are observed to occur on the jrradiation of fissionable mater-
ials by neutrons are caused by the action of fast fragments that lead to thermal spikes
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THE PENETRATION OF GAMMA-RAYS THROUGH WATER, IRON, LEAD,

AND COMBINATIONS OF IRON AND LEAD

|

o

§. G. Tsypin, V. I. Kukhtevich and Yu. A. Kazansk;r\1

The dose rate attenuation of y-rays is measured in iron, water, and lead
for "infinite” geometry. The dose rate attenuation of y-rays is measured in
mixtures of iron and lead for "barrier" geometry. The experimental data ob-
tained is compared with the results of calculations as presented in reference [1).

s

I. The penetration of y-rays through-iron, water, and lead for"’infinit\\e""geometry

The experimental verification of the theoretical calculations for y-ray dose rate attenuation_' in various
substances as presented in reference [1] is the subject of several articles [2-5], which refer to work carried
out under conditions of so-called "infinite" geometry.

- In these experiments the penetration of y<rays through water, iron, and lead was. investigated. The ex-
perimental results agree well with the calculations [1]. In the published experiments, however, there is np re-
ference to low-energy y-rays (about 0.5 Mev) or those of about 3 Mev passing through matter.

In this section we present the results of measurements on the attenuation of y-ray spectra’ from isotropic
point sources of Aul®® by iron, and Na% by lead and water for the conditions of "infinite" geometry.

Experimental set-up. The Na% y=-1ay source was a nickel sphere whose radius was 14 mm and whose
wall thickness was 0.1 mm, filled with NaF. Its activity at the start of the experiment was about:1 curie. The
Au'® y-ray source was a gold plate of thickness 0.5 mm, whose area was 10 x 10 mm?, Its activity at: the
start. of the experiment was of the order of 15 curies.

Small ionization chambers which satisfied Gray's [6] conditions were used to measure the y-ray dose
. rate. The volume of the jonization chamber was 1 cm?® , the thickness of the bakelite- graphite wall was 2 mm.
In order to ensure secondary electron equilibrium for the measurements with the NaZ y-ray source, graphite

‘ ‘ - caps of 5,5 mm thickness were added to the ionization chambers. The varia_tion in the charge of the chambers

was determined by a standard electrometet.

The measurement of the y-ray dose rate attenuation in water was carried out in a tank whose diameter
was 6 meters and whose depth was 4 meters. The source and the detector were 1o less than 1,5 meters from
the walls of the tank, and 2 meters from the bottom.

1In order to measure the y-1ay aftenuation by iron, the source was placed into an opening in an fron block
in such a way that the thickness on the sides and in the rear was 20 cm. Tron plates whose area was 60 x 60 cm?
and whose thickness was 1 cm were placed between the y-ray source and the ionization chamber. The foniza-
tlon chambers were inserted into a groove in an iron block of dimensions 24 x 24 x 20 cms.

The measurement of y-ray attenuation by lead was carried out-on a similar set-up of the following dimen-~
sions; around the source, 20 cm; lead plates, 40 x 40 x 1 cm® lead block for the ionizatlon chambers, 24 x 24 X
x 15 cm®, v

Results of the measurements. The experimental points of y -1ay dose-~rate attenuations for the Na source
in water and lead and the Au198 source in iron are presented in Figures 1, 2, and 3. On the ordinate axis are
plotted the magnitudes of the y-ray attenuation.
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Figure 1. Attenuation of y-rays from Na™ by water Figure 2. Attenuation of y-rays from Na* by lead
( "infinite” geometry). ("infmite" geometry).

where IXx) is the fonization measured by the ionization chamber in the matter, and Dy(x) is the ionization
measured by the ionization chamber at the same point in the absence of the substance being investigated

The thickness xof the substance being investrgated is plotted on the abscissa in centimeters

Since the y-ray source$ were of finite dimensions, the quantities Dy(x) and D(x) include corrections
that take into account the scatterrng of the y-radiation by the sources, These corrections always increase the
value of the attenuation T, (x) and increase as the thickness Ofmatter X increases. They are as large as 2

for the Aum y-tay source in 1ron, and 3% for the Na% y-ray source in lead; for water and the Na source these
corrections are no larger than .

For the y 1ay spectra ['7] emrtted by Na and Au198 the curves (see Figures 1, 2, and 3) of y-tay atten-
uation in water, lead and iron are calculated by the formula

ﬂ.k(-’l?)f'—‘j‘z‘: p(E')B(E“ z) e~ (Eix, : | » - (2

where B(E;; x) is the dose rate buildup factor for y—rays of energy Ej in a thicknessz of the given material.
The values of B(E;; x) are obtained by interpolation and extrapolation of the data presented in referenice T13; -
i (Ep is the absorptzon coefficient for y-rays of energy E; in the given material. The values of the coefficients

1(Ej) are taken from reference [8): p(Ep = Elo EpKi

2 E, O(Ei)Ki '
. i=1
y-quanta of energy E; for x equal to zero; o (E)) is the absorptron coefficient of y- rays with energy E in air;

is the fraction of the iomzation caused by

K is the fraction of y-rays with energy E; in the total spectrum of the source.

The experimental values obtained for the y- ray dose rate attenuation wrth the Na* source in water (Fig 1)
have a maximum experimental error of 5% and differ from the calculated curve on the average by 10%. | Agree-.
ment of the experimental and calculated data may be considered satisfactory, since the error in the determin-
ation of the dose rate buildup factor 'B(Ej; ) in this case is 10 15%. ‘

“The expenmental values of the dose rate attenuatron of Na% y- raya in lead (Figure 2) agree with the cal-
culated curve within the limits of experimental error (3%) and the errors of calculation (5% due to the error in
determimng the value of B[Ey; x])
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There is a significant difference between the experimental and calculated data for the y-ray dose rate
attenuation for the Aul® source in iron( Figure 3). This difference is about 207 for a maximum experimental error
of 3. The value for B(0.411; x) in this case was obtained by extrapolation of the data of reference [1}; it
‘would seem that in so doing the error involved in the extrapolation is no larger than 3- 5%.

{0 7 - Y y T Y The experimental values for the buildup factor.
' X erilmer(lital values for 0.66 Mev y-rays in water that were obtained in L,
— calculated curve reference [9].differ by approximately 20% from the
§ calculated values derived by the method developed
o 4 in reference [1]. This fact also indicates an inaccu-
~1 racy (of about 20%) in the calculations in the region
g of low-energy y-rays.
B
g 11. The penetration of y-rays through
5 combinations of iron and lead for
- ."barrier"” geometr
4001 £ X
4 * 5 h".k n s A The dose rate attenuation of y-rays from a point
Thickness, ziow o : isotropic source of Co® successively by iron and lead
Figure 3. 'Attenuation of y-rays from Au'® by iron; for the conditions of "barrier" geometry was measured.

("infinite” geometry). The source, a 1 cm diameter cylinder of height

1 cm and activity 0.71 curies, was placed into a lead

container with a 62 degree angle conical opening.
The ionization chamber, with an addmonal graphite cap wnth a wall thickness of 2.1 mm, was 62.5 cm away
from the source. The iron and lead plates were 40 x 40 cm?,

A packet of iron plates of total thickness d; =11.8 cm was placed at a distance of 45.9 cm from the source;
close to it was placed a packet of lead plates of total thickness dy = 2.8 cm. The ionization chamber was at a
distance of 2 cm from the lead plates. '

_The chosen distances, dimensions of the cone, and the area of the iron and lead plates made possible
measurements under wide beam conditions [10-11).

The measured value of the dose rate attenuation of y-rays from the Co® source by successive penetration
of iron and lead was '

Too(dy + dp) =(5.36. 4 0.15): 10,

There is a correction included in this value to take account of the radiation scattered by the source and the
walls of the cone. The correction turned out to be 16.5%. : :

The calculation of the dose rate attenuation was carried out by the formula
Lo (dy o+ dy) =
1.2 Mev v

N (E) Ea (E) Bpy (E;d,) e P P0F)0g

0 : :
,_ (3)
+ p () e M F N TREVENS. By (B dy) - |

- Es)d —
+ p(By) e FeEh, mhpbEB. By (B,
where - LaMe

N (E)Eo (E)dE =

[

0 .
=L(d))—p (Ey) e VFe (E1)dx_p (E, )e"i"Fe(Ez)dl

where E; =1.17 Mev; E; =1.33 Mev; N(E) is the y- ray spectrum of the Co® source in iron at a thickness d;
for the condition of "infinite” geometry (accordmg to the data of reference [12]), and T, (dy) is the experi-
mental value of the attenuation of the Co® y-rays by iron in the "barrier” geometry. exp :
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A calculation was carried out by Formula (g), on the assumption of identical y-ray spectra in iron for the -
conditions of "barrier” and "infinite” geometry. In the calculation by Formula (3), the back radiation of the
y-tays from the lead was not taken into account, since additional measurements'showed that it is less than 27,
The calculated value was ' : o '

Tuaddy -+ d,) = 5.7.1073,
which differs from the experimental one by 67,

It should be noted that when the positions of the iron and lead plates were interchanged (the lead plates
were placed closer to the source), the magnitude of the dose rate attenuation of the y-rays changed signifi-
cantly. It was found that the ratio of the y-ray attenuations for the two cases mentioned is

Em (dl + dl) —
T;xp (dl + da) - 1‘75.

. The change in the magnitude of the y-ray dose rate attenuation in the "barrier” geometry, which occurs
on interchanging the positions of the iron and lead plates, can be explained by the difference in the spectra of
the scattered y-quanta from iron [12] and lead [3], and by the dependence of the y-ray absorption coefficient
on the energy [8]. ' ' ‘ '

In conclusion, the authors exbress their deep gratitude to Doctor of Physico-Mathematical Sciences A, K.
Krasin for much valvable advice and for his constant interest in the work.
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GENETIC TYPES OF MINABLE URANIUM DEPOSITS

D, Ya. ,Suraz_h‘s-ky ,

Natural uranium concentrations are formed under the most diversified conditions; which embrace the
last stages of the magpetic process, metamorphism, the sedimentation cycle and weathering proceesee. :

Uranium deposits are divided into four classes: 1) magmatic deposits; 2) sedlmentary syngenetic de-~
posits; 3) sedimentary -metamorphic deposits; 4) weathering deposits;

Dep_osits of the first class include pegmatites, pegmatoid veins, hydrothermal veins, which are formed
by the filling of open cavities, and bedding planes of hydrothermal-metasomatic origin.

Deposits of the second class are represented by-uraniferous marine shales and phogphorites,

Deposits of the third class include minable: bodies of uranium in limestone and carbonaceous silicic
shales.

The fourth class includes blacket deposits in sandstones conglomerates, subbituminous coals and
lignites, S

This article prov1des a general description of uranium deposits and touches on problems concerning
the sources of the ores, the nature of the ore-controlling and ore -localizing structures, the: composition
and physical properties of ore -bearing solutions.and the conditions for deposition of the metal.

The minable uranium deposits that are. known at the present time can be divided into six large .
groups according to the form of the ore bodies and the character of the mineralized and ore-containing - quartz
rocks. The first group contains uraniferous pegmatites and pegmatmd veins; the second group contains quartz
quartz-carbonate and fluorite -barytic veins in igneous and strongly metamorphized sedimentary rocks; to the
third group belong bedding planes’in strongly metamorphised sedimentary rocks; the fourth group contains
uraniferous beds of sedimentary rocks of marine origin; in the fifth group are bedding planes in weakly meta-'
morphized sedimentary rocks; and in the sixth group are bedding planes and lens deposits in normal sedimen-
tary rocks of continental facies. ‘

This grouping has been made here pr'incipally for convenience in the later description. In addition to
the general description of deposits in the separate groups on the basis of information in the literatire the main
aspects of their genesis will be considered, primarily questions concerning the sources of the ores, the nature
of ore-controlling and ore -localizing structures, the composition and physical properties of ore-bearing solu-

“tions and the conditions for the deposition of the metal. In conclusion a genetic classificatory scheme will
be derived from the factual material that has been dlscussed

. Uraniferous Pegmatites and Pegmatoid Veins

These ore formauons of the most varied shapes are genetically closer to granitic intrusions. The pre-
dominating shape is that of: slab like vein bodies; often beaded and lenticular ‘veins are found

The uranium in pegmatnes is separated exther in the form of independent minerals (uraninite and its
oxidation products) or in the form of an isomorphic addmon to niobium tantalates and titanium niobates of
various composition. Sometimes carbouranium is also found Uraninite and complex oxides of uranium,
niobium, tantalum and titanium are usually adapted to the most dxversxfxed portions of the pegmatic bodies,
They are found most frequently in zones which are rlch in perthite, when the uraninite is closely associated

| mainly with fmely flaked muscovite and albite~ ohgoclase Euxenite -polycrase minerals are usually found

together with beryllium; microlite and pyrochlore Wwith hpldohte and spodumene samarskite with muscovite;
ortite and betafite, with biotite [1].
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All of these minerals are evidently products of the fractional crystallization of a pergmatitic melt, The
magmatic origin of uraniferous pegmatites (and of the uranium contained in them) can be considered indisput-~
ably established in the majority of cases.

The pegmatites are not of great practical importance as the source of uranium minerals. Out of many
hundreds of pegmatitic veins comprising separate pegmatite fields only a handful, and at best only a few tens,
have sufficient uranium to be of interest. And in these the body of uranium minerals is of a narrowly localized
character, forming spearate nodes which are usually of very small size. Until very recently the annual yield
of uranium minerals from these deposits was a few tens of kilograms obtained as byproducts of the processing

of pegmatites for their mica and feldspar. Comparatively recently in Canada, in the vicinity of Lake Charlebois
and at other points in the Province of Saskatchewan, regions of migmatitic rocks have been discovered which
contain uraninite as a component of quartz-feldspar veinlets [2]. These deposits can be considered as possible
large sources of ores which are poor, but comparatively rich inuranium.

According to the latest information a minable deposit of uraniferous pegmatites has also been discovered
in the Colorado Front Range [3].

Close to the pegmatites are special uranium-titanium veins composed principally of quartz and uranium
titanates, mainly davidite [(Fe, Ce, U) (Ti, Fe, V, Cr) (OOH) ], ilmenite and rutile. To this type belong the
vein deposits of Radium Hill in South Australia, which are of great industrial importance [4], [5]..

;
/s

Quartz, Quartz-Carbonate and Fluorite-Barytic Veins

These veins occur both in igneous rocks (predo,miﬁantly in acid granitoids, acid effusives and in rocks of
subeffusive facies) and in strongly metamorphized sedirments. ' . g

The position of the ore fields is determined in the majority of cases by’ large discontinuities of varying
character and origin: normal faults, upthrusts, wide shear zones etc. which can usually be traced for hundreds
of kilomete;s.: All of these dislocations do not, as a rule, contain uranium ores, being ore -contrdlling but not
ore -enclosing structures, o '

Uranium ores are ordinarily localized in the smaller fractures or shear structure adjacent to large faults
or are distributed in the related granulation zones, :

The most productive ore veins are usually found in rocks that are rich in divalent iron or ‘organic matier,
i.e., in amphibolites and carbonaceous, chloritic and hornblende shales. When the enclosing rocks are igneous
the uranium mineralization is connected with zones of chloritization and talc formation which were formed in
the pre -uranium stage of the ore process, : o ‘

“Deposits of this type are extremely varied with regard to the character of their mineral paragenesis. The
most important ore formations are those of uranium proper, uranium -nickel-cobalt-bismuth -silver ("five ele -
ments") uranium-multimetallic, and uranium-molybdenum.

The veins of uranium proper are of very simple composition. Besides pitchblende they contain only
hematite and small quantities of the usual sulfides: chalcopyrite, galenite, pyrite and sometimes fahlerz. Vein
minerals are represented mainly by quartz and carbonates. Frequently dark violet, almost black,fluorite is as-
sociated with these. The veins seldom contain zeolites and mellitic barite. The minerals usually. are deposited
in the following order: quartz (frequently encrusting the walls of the vein), pitchblende, pink dolomite. .

Uranium-nickel-cobalt-bismuth-silver veins differ sharply from the veins of uranium by their much more’
complicated mineral complex, and by the predominance of arsenides and sulfo-arsenides of nickel, cobalt,
fron (niccolite, smaltite -chloanthite, rammelsbergite -safflorite, gersdorffite, glaucodot, lollingite, arseno-py -
rite) and by the appreciable development of native elements (silver, arsenic, bismuth) as well as arsenites and
sulfo-antinomites (proustite, stephanite, tetrahedrite, tennantite, pyrargyrite etc.) and, finally, by multistage. -
ore-forming processes, Typical representatives of this formation are the Great Bear Lake veins in Canada in
which four successive stages of mineralization are distinguished [6}: 1) pitchblende -quartz (quartz, pitchblende
with a small amount of nickel and cobalt diarsenides), 2) arsenide ~quartz (quartz, diarsenides, cobaltine, hema-
tite, native bismuth), 3) sulfide -carbonate (dolomite, sphalerite, galenite, tetrahedrite, freibergite, chalcopy -
rite, bornite), 4) carbonate -silver (rhodochrosite, stromerite, jalpaite, argentite, hessite, native silver). In some
deposits represented by veins of this formation two mineral zones are distinguished: an upper silver zone and
a lower nickel-cobalt-bismuth zone. In this cdse the uranium ores are found at a different depth. On the r
upper levels of the deposits they are ‘accompanied by silver ores, and on the lower levels by nickel and cobalt
arsenides, native bismuth ete.; still lower they appear iun the form of monometallic pitchblende veins. Similar
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relationships enable us to regard silver and nickel~cobalt ores as products of deposition from the same solution
whose composition was changed by fractional distillation. Pitchblende evidently resulted from an independent
stage of ore formation which preceded silver-cobalt mineralization and which was.localized in the same cracks
but at an earlier time.

Polymetallic uranium veins are characterized by an abundance of simple sulfides: pyrite, galenite,
sphalerite, chalcopyrite, sometimes with arsenopyrite, bismuthine and complex lead-bismuth-silver sulfur salts,
Vein minerals are represented mainly by quartz of several generations as well as by carbonates, barite and
fluorite. The latter sometimes comprises the main body of the ore.

Several stages can usually be distinguished in the process of mineralization. In one of the polymetallic
uranium deposits the earlier stages are represented by quartz and sulfides, the intermediate stages by quartz,
barite and carbonates, and the later stages by carbonates and pitchblende. In other deposits, such as those in
Gilpin (Colorado) the uranium-quartz stage precedes the quartz-carbonate -sulfide stage [7].

Uranium-molybdenum veins contain,in addition to pitchblende and its oxidation products, some signifi-
cant amounts of molybdenite. The accessory minerals which are found are hematite and the usual sulfides:
chalcopyrite, galenite, pyrite and sometimes tennantite. The lode consists of quartz, carbonate and a small
amount of dark fluorite. In these deposits the pitchblende stage of mineralization is one of the earliest.

In all uranium lodes the pitchblende stage proper is characterized by colloform structures not only of the
pirchblende but also of such minerals as carbonates, sulfidés, chlé{rite etc. A metacolloidal ore structure is
typical evidence of strong supersaturation of solutions and of the formation of gels which were: not able to react
chemically with the wall rocks, Therefore the formation of the ore bodies takes place exclusively through the -
filling of open cavities. Metasomatosis plays an insignificant part,

The most characteristic alteration of adjacent wall rocks is the so-called "red alteration” which was
noticed particularly in the study of the Great Bear Lake deposits and of a deposit in the Beaver Lodge Lake
region {9]. This includes both igneous and metamorphic rocks and is caused by hematization of the principal
rock-forming minerals: quartz, albite and carbonates. "Jasperoid” is formed in the surrounding zones, which
consist principally of quartz, magnetite, sericite, chlorite and carbonates, ‘

Polymetallic pitchblende veins are often accompanied by quartz, chlorite and sericite zones. Propyliti-
zation is also very common, as a result of which there is a great loss of alkali metals, principally sodium, from
the wall rocks, In comparatively few cases epidotization is also observed..

The high temperature forms of changes in adjacent wall rocks — greisenization, muscovitization and
tourmalinization — are not characteristic of endogenous uranium deposits.

At the present time the great majority of investigators believe that the uranium in vein deposits was
most likely removed from the magma in the form of a uranyl ion in sulfate or carbonate Solutions [10].

Modern study of vein filling and of adjacent wall rock alterations suggest highly concentrated solutions
of complex composition with a high content of volatile components: arsenic, fluorine, boron, carbon dioxide
etc.,and bearing also a considerable amount of silica as well as calcium, magnesium barium and trivalent iron.
Quite frequently (but not always) these elements are associated with bismuth, silver, cobalt, nickel, zinc, lead
and molybdenum, ’ ‘ '

According to their mineral associations the great majority of lodes belong to mesothermal deposits which
“form at temperatures from 175° to 300° C and at depths from 1200 to 3600 m [11].

| In the precipitation of the primary uranium minerals from the solutions the princi'pal fole is apparently
played by. oxidation-reduction reactions such as

3H;0 + 2Fe*? + (U0 ** — Fe,05 + U0, ™ + 6H,

which result in the simultaneous formation of pitchblende and hematite. It is also possible that pitchblende
is precipitated from uranyl sulfate solutions by hydrogen sulfide in the reaction

HyS + (UOp* )™ + 4H = S + UO,** + 2H,0.

Since ore bodies are formed only by deposition in open cavities, the structural control is extremely import-
ant. The principal ore -controlling structures are regional faults; the principal ore-localizing structures are the
associated fractures and shear structures of the second and higher orders.
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Vein deposits of uranium, "five -elements”, uranium-polymetallic and uranium-molybdenum strata serve
as the principal sources of crude uranium on the earth, In addition, appreciable bodies of uranium minerals are
also encountered in many tin-tungsten, copper, gold and other veins, although their {ndustrial value is very
small, : o ’

Bedding Planes.and Strongly Metamorphized Sedimentary Rocks

As a rule these deposits are not clearly dependent on large disjunctions. During their formation the

dominant role is played by the selective replacement of the material of sedimentary -metamorphic strata,

“where the principal factor controlling the distribution of the ore is the composition of the wall rock, Most
favorable for ore deposition are fron hornstones and carbonaceous and silicified dolomitized shales.

Three iypes of ore strata are distinguished:

a) uranium strata, in wiich pitchblende is the only'pay ore;

b) iron-uranium strata, characterized by a strong predominance of magnetite and hematite;

¢) copper-uranium strata, in which the dominant role is played by copper sulfides, sometimes in assccia-
tion with cobalt, nickel and molybdenum sulfides and also with native elements (copper, silver) and thallium
minerals, ’

In all of these deposits the main body of uranium ore is represented by a fine and relatively uniforii Gis-
semination of small pellets of the primary uranium minerals; among the latter,besides the amorphous form,
an appreciable role is played by the crystalline modifications of pitchblende ore,

Metasomatosis appears in a varied and pronounced form. Usually it manifests itself in successive pro~
cesses of albitization, carbonatization and quartzification of the ore ~enclosing rocks. Uranium mineralization
begins in the first (alkali) stage, but it is associated mainly with the second (carbonate) stage of metasomatosis.

N o i

It is frequently observed that even in homogeneous seams or sheets the replacement does not-embrace the
entire rock mass but is localized in separate portions which are sometimes sharply delimited from portions that
are comparatively weakly affected by metasomatosis. The reason for this.is found in the very mechanism of
metasomatic replacement, which can occur only in rocks which are characterized by definite (very small)
pore sizes [12]. Evidently the zones of such capillary porosity along which there is especially intensive replace -
ment are also channels controlling the movement of solutions even in a medium which is entirely homogeneous
as to chemical and mineralogical composition. Judging from the character of the new formations, the agents
of uranium transport and deposition were comparatively slightly concentrated and therefore very mobile alkali
hydrothermal solutions which entered into vigorous interaction with the wall rock, These were characterized
by a comparatively simple compositior and the complete absence of volatile elements except water and car-
bon dioxide. The source of the uranium in these deposits is debatable. Some believe that the uranium was
derived from the crystallized magma at depth; others believe that the role of the hydrothermal solutions amounts
merely to the redistribution of uranium that was originally disseminated in the enclosing sedimentary rocks.

Examples of this type of deposit are the uranium and copper-urapium deposits of the Catherine -Darwin
region in Southern Australia [13]. :

Uraniferous Beds in Normal Sedimentary Rock of Marine Origin

These are usually nondislocated or sometimes very slightly dislocated deposits in marine basins covering
extensive areas. Here the uranium almost never or never has independent mineral forms, but is associated
mainly with organic matter and with calcium phosphates, The principal representatives of this group of deposits
are dark bituminous shales and phosphorites of marine origin.

Uranium -bearing shales are characterized by comparatively small thicknesses compared with cther strata
deposited in the same length of time, by a high organic content (mainly in the form of organic residues), and
by an absence or insignificant amount of calcium carbonate. '

In the phosphorites the uranium content is increased about in proportion to the increase in phosphates,
_and is decreased in the varieties which are rich in calcium carbonate. Coarse ~grained phosphatic formations
contain more uranium than fine -grained formations: sometimes alumophosphates considerably enriched with
uranium, which were formed by the weathering of phosphorite -bearing strata [14].

At the present time it is customarily assumed that the direct source of the uranium in marine shales and
phosphorites was ocean water and that the uranium was precipitated at about the same time as the deposition
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of sediments. The deposition of uranium in shales and phosphorites takes place most likely through adsorption
by carbonaceous matter or calcium phosphate.

Many peculiarities of uraniferous shales point to their formation near the edge of the continental shelf,
It is known, in particular, that the richest portions of the uraniferous alum shales of Sweden are lagoonal facies.
of the upper Cambrian Sea and that the uraniferous shales of Wyoming were formed under similar conditions.

Deposits of uraniferous marine shales and phosphorites are characterized by very large accumulations of
uranium, but because of the low metal content of the ore (a few hundredths or thousandths of one percent) they
have thus far been utilized very little, ' : . :

Bedding Planes in Slightly Metamorphized Sedimentary Rocks

Beds of this group are associated with deposits in both marine and continental basins and are, as a rule,
adapted to intensive folding belts. They differ from sedimentary (syngenetic) deposits proper by considerably
smaller dimensions, a higher and markedly nonuniform metal contént, and by the separation of the main
uranium body in the form of individual uranium minerals — uranium blacks and a small amount of pitchblende.
In the upper oxidized portions of these deposits there is infrequent development of urapium vanadates such as
carnotite and tyuyarmunite, - : . '

The most important ore -enclosihg rocks are carbonaceous silicic shales and organic limestones. They
usually show clear signs of metamorphosis: sericitization of the argillaceous-matter, carbonification of the
organic matter, and the development of such clear metamorphic formations as porphyroblasts, metacrystals

. and pseudohydrothermal veinlets containing ankerite, quartz, pyrite and chalcopyrite,

R. V. Getseva (in a private communication) after a careful study of one of these deposits concluded that
the ore bodies are formed possible as the result of the redistribution of syngenetic uranium and by the metamor-
phosis of the enclosing strata, and that the principal factor involved in the extraction of uranium from the,
metamorphogenic solutions was its sorption by organic matter. ‘

Bedding Planes and Lenses in Normal Sedimen-tary Rocks of Continental Facies

These deposits are divided into two subgroups. One of these is associated with rocks of fluvial origin,
mainly sandstones and conglomerates; the other with caustobiolites. '

Deposits of the first group have been most intensively studied on the Colorado Plateau: Here the "primary”
ores contain uranium in the form of oxides of lower valence (pitchblende and tetravalent uranium silicates)
and vanadium in the form of hydrates [15]; usually they also contain copper and iron sulfides and small quan-
tities of molybdenum, cobal, nickel, lead, zinc, selenium and arsenic. ’

The oxidized ores are characterized by the development of high-valence compounds of uranium and
vanadium, mainly carnotite and tyuyamunite, The ore bodies are lenticular and oriented in accordance with
the stratified rock and are usually adapted to deposits of plant residues. According to the observations of
American geologists the localization of the ore also depends on the water permeability of the rock, the'"trans-
mission coefficient” (i.e., the product of the permeability of a given layer by its thickness) and on the presence
of waterproof barriers [16].

Frequently there isa clear adaptation of the uranium ores to the boundaries between rocks with different
water permeabilities, such as sandstones and argillites. The most productive areas are those within which there
is a rapid change of facies at short intervals. A favorable factor is the presence in the upper part of the strati-
graphic profile of layers with a large "transmission coefficient” and blocks containing vulcanic ash or the
detritus of other effusive rocks. In many cases, especially in the Salt Wash strata of the Morrison formation, the
ore bodies are enclosed in isolated lenses of arkosis sandstones surréunded by argillites of considerably lower
permeability, In the Triassac deposits of the Shinarump formation (Arizona) the high uranium concentrations
also bear isolated lenses of conglomerates in oblique sandstone layers.

In a number of the important ore districts of the Colorado Plateau the uranium-bearing ore deposits are
bounded by ancient stream channels cut through the basement complex. It'has been found that the most import -
ant rocks with regard to uranium content are the fluvial rocks which fill winding and irregularly eroded gorges
which have a deep and narrow profile and a rough bottom [17]. The ore is concentrated mainly in the upper
parts of the channels, in hollows at the bottom, on the side, and at be.:nds of the ancient streams. The lower part
of the channels which are overloaded with argillitic material, are not favorable for uranium ores. Reddish
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sandstones and argillites fear uranium ore deposits are bleached and acquire a grayish coloration [18-20). The
difference in coloring of orc-hearing and non-ore-bearing rocks is extensively used to guide prospecting for -
new uranium deposits on the platean, . For this purpose special colorimetric maps are sometimes drawn up.

The same subgroup of deposits can include the gold-bearing conglomerates of the Witwatersrand in South
Africa, which in addition to gold contain an appreciable quantity of pyrite, uraninite, thucholite, sericite and
chlorite as well as small quantities of sulfides of cobalt, nickel, copper, lead and zinc [21] and the similar
ancient conglomerates of the Blind River (Canada) district, which at the present time is attracting greater in-
terest because of the presence of uraninite, thucholite and brannerite in minable quantities [22].

The question of the origin of uranium ores in sandstones and conglomerates has thus far been hotly de-
bated. ‘

It must be emphasized that there are important differences in the conditions for the formation of uranium
ores in the conglomerates of the Witwatersrand and Blind River on the one, hand, and the Colorado Plateau on
the Gther, as is tevealed by the difference in their material composition, morphology etc. Therefore their in~
clusfon in the same genetic group is arbitrary. '

However, the majority of investigators' believe that these ores in their present form were deposited
after the formation of the enclosing rocks, i.e., that these deposits are epigenetic. The earlier syngentic hypo-
thesis [23] can be rejected on the basis of such facts as the presence of uranium deposits in more than 20
stratigraphic horizons of the Colorado Plateau whose age varies from the Permian to the Tertiary period; the
small likelihood of placer deppslts of uraninite; the usual asseciation of uranium deposited by chemical and
biochemical processes with fine -grained shales or phosphorites but not with coarse -grained sandstones [11].
Serious opposition to the hypothesis of syngenetic formation of uranium ores in sandstones was expressed by
Stieff, Stern and Milkey (quoted in [24], who showed that the average age of the plateau ores as determined
by the lead method is 71 million years or approximately one half the age of the host rocks.

However, even among the adherents of the syngenetlc hypothesis for the plateau there is no unified
opinion regarding the sources of the ores.

Some suggest that the ore deposits result from the action of ground water in extracting uranium from
volcanic tuffs and other rocks associated with the deposits [25, 26]. Others assume that the uranium transport
agents were hypogene solutions, possibly strongly diluted ground waters, and that the source of the metal is the
magma crystallized at depth [21]. This hypothesis is, in general, very unlikely if one takes into consideration
the fact that the majority of ore deposits of this type do not manifest any relationship to igneous rocks and
fractures and that the composition of the rocks (especially the presence of vanadlum) and alterations of the

- enclosing rocks are not characteristic of a hydrothermal process.

Uraniferous coals contain uranium principally in the form of uranium blacks or uranium-organic com=
pounds of unknown composition. As a rule, the largest uranium content is found in semibituminous high-ash
coals, and the smallest content in bituminous coals and anthracites, The coals which contain minable uranium

‘ore are usually low grade fuel [2'7]

The origin of the uranium in coals is apparently the same as that in sandstones of the Colorado Plateau,

The lignite in South Dakota has been found to contain considerable concentrations of uranium only when
located directly below the nonconforming White River formation [28]; tower layers of the legnite can bear ores
when they lie in coarse -grained sandstones or other water-permeable rocks. Moreover, the maximum uranium
content is usually ‘observed in the upper part of each layer. This suggests that the uranium in coals is deposited
by ground waters and that the sources of the uranium are the uraniferous volcanic rocks of the White River
formation. The comparatively high uranium content of high-ash eoals can be explained by the fact that they
are more water-permeable than low -ash b1tum1nous coals and anthracites [19].

In the deposition of uranium the adsorption of the metal by organic matter was evidently of the greatest
importance. Certaim experimental work has shown that subbituminous eoal, lignite and peat extract irreversibly
more tham 98% of the usanium. in a solusion: containing about 0.02% of the metal'[29]. It is suggested that
uranium -enrichied coals:are the most likely result of depesition of the metal from: solutions of alkali uranyl
canbonates: en, alkali -earth uranyl carbonates which: decay in. the: presence of ‘acids extracted fromm lignite, with
the: formation: of metal-erganic compounds that are comparatively stable in a low pH zone {30}
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Thus the epigenetic character of the uranfum in coals can be established quite definitely in general.
Another hypothesis, that the uranium in coal was originally concentrated in living plants, is improbable since
even under the most favorable conditions the uranium content in the ash of Hiving plants séldom reaches 0.01%,
whereds the ashes of uranium-bearing coals and lignites are matked by a higher content,

Among deposits in sedimentary rocks of continental facies the most {important at present are the uraniferous
sandstones and conglomerates which are, in particular, the prlncipal source of uranium ore in the United States.

"General Conclusions

This short summary shows that natural uranium concentrations are formed under the most diversified-con~
ditions rncluding the last stages of the magmatic process, metamorphism, the sedimentary cycle and weatherlng
processes. '

According to the conditions of formation the uranium deposits can be divided conveniently into four
genetic classes: 1) magmatic deposits; 2) syngenetic.sedimentary deposits; 3) metamorphic sedimentary deposits;
4) weathering deposits, ‘ .

The first class includes pegmatites and hydrothermal veins (the first and second groups described above),
It can also apparently include bedding planes in strongly metamorphized sediments (third group), although the
source of the uranium is still in dispute. The second class includes uranium-bearing beds of normal sedimentary
rocks (fourth group). The third group includes bedding planes in slightly metamorphized rocks (fifth group).
The fourthrclass of deposits is represented by bedding planes and lenses in normal sedimentary rocks of conti-
nental facies (sixth group). :

The general scheme of classrfrcatron of uranium deposits whrch results from the foregoing discussion
is presented in the table,
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SOME TOPIGS IN THE ECONOMICS OF ATOMIC ENERGY

S. M. Feinberg, S. A. Skvorisov

In this article a survey is made of materials published in foreign literature on topics in the economics

The following topics are considered: the component parts of the cost of electrical energy, the cost of
nuclear fuel and auxiliary matenals capital cost of construction of an atomic electric power station and its
dependence on the type of the reactor; nuclear fuel cycles and the magnitude of the fuel component of tost
of electrical energy; the choice of economical steam parameters; the question of supply of raw material
for uranium fuel and the choice of reactor type.

On thisbasis a general discussion.is given of the question of the cost of electrical energy in atomic electri-
cal power stations, and forecasts are made in regard to the possibilities of a wide scale development of atomic
energy.

The general outlook for a wide scale utilization of nuclear reactors for the production of electrical energy
Is determined by a number of economic factors. Therefore it is easy to understand the interest shown by the
scientific and techmcal community in questions of economrcs of atomic energy.

In the course of the last few years a number of artrcles on these toprcs has appeared in the foreign litera-

Peaceful Uses of Atomic Energy held in Geneva, Although the indices used in a capitalist economy can not
be automatically taken over under the conditions of a socialist economy; nevertheless many characteristic -
data and conclusions are of considerable interest also for us. The aim of this review is to acquaint the Soviet
reader with some of the more interesting data,

Before coming to the main question it is appropriate to make a remark on the increase inoptimism in the
evaluations made-of the economics of atomic energy. Only a few years ago the majority of American specialists
held the opinion that atomic power stations could compete with coal powered ones only in those countries
and regions in which the cost of coal is high. Therefore it was supposed that in the U. S. A. where the cost of
coal is considerably lower than the world average cost the possibilities for the development of atomic energy
were very limited. About a year ago a well*known expert in the field of economics of atomic energy J.- A.
Lane asserted that the cost of atomic electric energy will at best come down to the average cost of electrical
energy generated in the coal powered electric stations of the U. S. A. .” However, in the paper [1] presented’

- by him at the Geneva Conference it was already supposed that during the next 20 years the capital invested in
the U, S, A, in atomic energy may reach 25 billion dollars, Without any doubt the reason for this increase in

optimism lies in the extreniely rapid development in the technology of reactor construction and of the pro-
curement'and processing of nuclear fuel and of auxiliary materrals {zirconium, heavy water. etc.).

Below we shall attempt to answer certain questions of principle arising in the evaluation of the possrbilitres
of development of atomjc energy basing ourselves on data published by forelgn authors.

The Structure of the Cost of Electrical Energy

At the present time atomic energy is utilized by means of convernng it into heat energy in nuclear reactors
and of subsequently transformmg this heat energy into mechanical and electrical energy by means of turbo-
generators. This makes the general schematic outline of an atomic electrical power station very similar to
that of a conventional thermal electric power station. The steam turbine and the electrical parts of an atomic
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TABLE 1 {2] TABLE 2 [3]
' Capital Cost Component
Components of cost cents/ kw*hr [ 7% of total cost Nature of char ges | Magnitude of charges in %
1. Fuel component 0.28 40 T for (;anada for ;JSA
of cost ’ 2. Depreciation
% Cipltal component 032 " cha rges 2.5-3.5 35
‘ T - 3. Taxes ° : -2 4.5
3. Operational expen- 4. Insurance pre= °
"~ ses (labor cost v pre- o
‘ and expenditure. - . miums 1 0.1 .
_ on upkeep) 0.10° 14
' Total 10 ~15
Total . » 0.70 100 J ‘

"TA.BLE 3 [6] s _
¢lectric power station differ but little from those of

the conventional electric power station. The es-
sential difference consists of replacing the usual steam
boilers together with the fuel preparation and storage

. facilities by atomic steam generators. - Therefore the

Average Cost of 1 kw-hr. of Electrical Energy
Generated by Coal Powered Electric Stations
in Different Countries in 1947

Average cost of structure of the economics of atomic and thermal
electrical energy electric power stations will be very similar to each .
. ‘ in cents/kw-~hr. other.

- Argentine: To illustrate the cost structure of electrical energy
Continent , 1.6 generated by thermal electric power stations we pre -
Islands ' 1.7-1.8 sent data (see Table 1) typical of a modern coal powered

Great Britain ' 10.95 electric station in the U. S, A. with high steam para- -
usA : ‘ ! : : meters and with a coal consumption rate of about 0.4
Power stations at coal mines | 0.575-0.675 kg /kw-ht, with the average cost of 1 ton of coal in
Near mines or‘waterways 9.700-0.825 the U. S. A. being 7 dollars.
Far from mines, coal , o . . _
delivered by rail 0.850-0.950 The cost of fuel amounts only to 40% of the total.
cost of 1'kwrhr; Because the average cost of coal in

other countries is higher than in the U. S, A, the fuel component of cost in these other countries is relatively
hlgher reaching 60~ 70%. :

The following items enter into the cap1ta1 cost component: profit, deprec1auon, taxes, msurance premxums,
etc. In Table 2 average figures are given for Canada“and the U. S A :

The capital expenditures on large modern coal powered electric stations in the U, S, A and in Canada amount
. 10120 to 180 dollars per kilowatt of installed power, In evaluating the capital cost component the load factor
for the station is assumed to be 80%. The capital expenditures attributable to that part of the equipment of a
_ coal powered electric station which is used to generate steam (the boiler room; the system of feeding and pro-
" cessing the fuel,etc,) amount to approximately 30% of the total cost of the power station accordmg to the esti-
mates of the American experts. :

The operanonalcosts for coal powered electric stations{ wages and upkeep costs) amount to 10-15% of the
cost of electrical energy, while the upkeep costs amount to about'30% of the total operational costs,

In Table 3 figures are presented which glve soine 1dea of the cost of electuc ‘energy generated in coal
powered electric stations in different countries. ‘

The average costs of electrical energy given in Table 3 have been calculated for a modern power station
'0f 100,000 kw with a load factor of 50%. ‘

We now proceed to consider the components of the cost of electrical energy generated by atomic elecmc
power stations.
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TABLE 4
Cost of Nuclear Fuel, Auxiliary Materials. and Processsng Operations (11, (31, [5]

Designation Cost in dollars per kg
1. Natural uranium hexifluoride 40
2. Natural.uranium . 44
3. Natural thorium ‘ approximately - 40
4. Enriched uranium (19%) 1595
5. Enriched uranium (29%) 200-300
6. Enriched uranium (3%) 350-600
7. Eariched uranium (59%) 700-1200
8. Enriched uranium (90%) . (15-30) - 10°
9. Zirconium free of hafnium : 20
10. Heavy. water ' 60-66
11, Chemical processing of uranium irito uranium hexi-~

fluoride or the reverse , 4
12, Mechanical processing of uranium 9
13. Canning 7
14. Element extraction and deactivation : 13 1}
15. Preparauon of heat generating elements of the active | , ‘ -
zone of a fast neutron reactor S i o 22
16. Preparation of the heat generatlng elements of the re~
producing zone of a, fast neutron reactor _ 11
17. Chemical processing and deactivation of thorium  in ce ‘
the reproducmg zone of a homogeneous reaction with _
extended reproduction - . e 13
18, Chemical processmg and extracuon of nuclear fuel , o 4 x 10°

The Cost of Nuclear Fuel and Auxillaj Materials

For the production of atomic energy nuclear fuel is used , the raw material for which is natural uranium
and thorium. . Industrial reserves of these materials, as well as the cost of mining and processing them have a
great bearing on the economics of atomic energy. The cost of auxiliary materials (zirconium, heavy water,
etc.) and the processingcost for nuclear fuel (cliemical processing of uranium, mechanical processing of uranium,-
canning of uranium rods, element extraction, deactivation, etc.) are also important. In spite of the fact that
the literature contains only fragmentary data on all these questions, nevertheless it is possible to form a general
idea which is sufficient for an estimate of the economic possrblhtles of atomic energy. In'Table 4 are ngen '
some of the published data.

We note that the cost of U obtained by the gaseous diffusion method exceeds that of natural"'uraniurrr'_by-
a factor of 400-800. However, with the present level of industrial productionof enriched U®® the Tatter has
become a relatively inexpensive fuel. In burning 1 kg of U®® one obtains approximately 20 x 10® kw-hrs of
heat energy whose cost amounts to about 0.075 to 0.15 cents/ kw-hr. At the same time the cost of heat energy

obtained from burning coal (calorific value 8000 kw ~hr/ton, cost 7 dollars/ ton amounts to about 0,09 c_enis/ kw-
" hr. = ' o ’ '

Thus, enriched urapium obtained from gas drffusmn qeparators i6 approximately equivalent in cost to_coal,
The use of economrcal fuel cycles in atomic installations may, redice the relative expenditures for nuclear
“fuel: by factors of ten compared to the corresponding costs in ceal’ powered electric stations,

Capital Construction Costs of an Atomic Electric Power Station

Tentative plan data with respect to capital expenditures-on the- oorrstructron of atornic electric power stanons B )
" in the U. S A, and in- Engiand are given-in-Table:5.. : ‘

Capital exp_endrtures\ pen: kilowattiof installed power: of the -propose‘diatorriic electric power stations fluctuate
from: appraximately. 180t0-650 dollars. . These.figures-are. the result of'tentative estimates of expenditures re~
quiredsfor; thec construction .offatemic electric-power stations.whicli are planned to be built in the U. 8. A. and
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in England. The considerable spread in the figures s explained by the different variants of the design of the
reactors and of the other equipment of the power stations and also to a certain extent by the inaccuracy of
the estimates. These data refer to the cost of the first "one -of-a ~kind" installations, If several stations of
the same model were to be constructed the cost of atomic electric power stations must decrease and approach
that of coal powered electric stations, Nevertheless, at the present time when one makes estimates of the
cost of electrical energy one must take into account the relatively high capital investments needed for the
construction of atomic electric power stations, ’

In the opinion of all the authors the way in which the capital investments are to be prorated in com-
puting the cost of electrical energy is the same for atomic electric power stations as for coal powered ones,

Nuclear Fuel Cycles and the Mag-
nitude of the Fnel Component of
the Cost of Electrical Energy

TABLE 5 [1], [4], (6] _
Relative Capital Expenditures Depending on the Type of the
Nuclear Reactor '

The most convenient nuclear fuel is lighitly

Reactor type ‘ Capital expenditures enriched uranium (up to 90% U?®%) since its use
in dollars per kw of considerably decreases the size of the reactor,
installed power ‘and also its cost. In the active zone of a reactor

, with enriched U™ one may use such materials
Regenerative reactors: - : . ;
. , as stainless steel, and may use high working
with ordinary water moderator From 183 to 250 e :
, _ temperatures;. therefore in its steam parameter
with heavy water moderator ) about 350 L. R : R o
. . such an atomic¢ electric power station will be
with graphite moderator and , '
. as good as the best coal powered ones, How-
water or sodium coolant From 243 to 323 . . -
) ) _ ever, the use of only highly enriched uranium
with graphite moderator and : . . o .
; considerably increases the fuel component of
gas coolant From 560 to 645 .
the cost of electrical energy and the cost of
Breeder reactors: . . .
‘ the initial fuel loaded into the reactor, There~
fast neutron reactors From 269 to 500 . <o
- : fore economically more promising is the use of
slow neutron reactors - From 240 to 260

more complicated fuel cycles with regeneration
“or with "breeding"® of nuclear fuel.

For such reactors the question of economizing neutrons is of fundarnental'significance,‘ the criterion for

this being the reproduction coefficient for the nucléar fuel. This coefficient.which is the ratio of the number |
of atoms of secondary nuclear fuel formed in the reproduction zone to the number of burned up atoms of the
primary nuclear fuel may Vary within rather wide limits depending: on the construction of the reactor.

The reproduction coefficient for regenerative reactors approaches 1, for a homogeneous water thorium -
breeder reactor it approaches 1.2, and for a fast neutron breeder reactor it approaches 1,6.

Using the tentative data given in Table 4 on the cost of nuclear fuel, and of the basic technological
operations associated with fuel processing, Lane has computed the fuel component of the cost of electrical
energy for various nuclear fuel cycles [1]. In these calculations it was assurned that the allowance for the cost
of the initial nuclear fuel: load is 4%, while the cost of new nuélear_ fuel accumulated in the reactor and ex- -
tracted from it after chemical processing (plutonium or U®) is equal to the cost of U™ (15-30 dollars/ gm).
Such an evaluation of the cost of n _;E':lear fuel formed in a nuclear reactor seems wholly justified since from
the point of view of utilizing nuclear fuel for generating electrical energy plutonium (even if it contains large
amounts of Pu*?) and U are .approximately equivalent to highly enriched U5, '

Estimates for the fuel component of the cost of 1 kw-hr of electrical energy with a uranium burn-out
of 10,000 megaw-days/ton or approximately 10 kg of fission products per ton of uranium for regenerative
reactors are given in Table 6. :

It should be noted that a bum-out of 10,000 megaw ~days/ton for the uranium loaded into the reactor
does not represent a limiting case. It is known that with a reproduction coefficient of 0.8 it is already pos-
sible to achieve a burn-out of 30 kg/ton if recycling is used, i.e. if several cycles of nuclear fuel processing
are utilized. In this connection it is of interest to investigate the magnitude of the fuel compenent of the
‘cost as a function of the extent of burn-out. From Fig. 1 it may be seen that at low burn-out (10,000 megaw-
days/ton) the fuel component depends strongly on the extent of burn-out, while as the burn-out increases ‘
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TABLE 6
" Fuel Component of the Cost of Electrical Energy for Regeneratlve Reactors

‘Cost of U™ : Cost of UM
15 dollars/ gm 30 dollars/gm
N cost in cents/kw -hr with cost in cents/kw-hr with
uranium enriched to urapium enriched tp
0,7% 1,0% 2,0% 0,7% | 1,0% | 2,0%
Raw materlal (natural uranjum). 0,061 | 0,09 | 0,216 | 0,061 0,108 | 0,268 )
Entichment 0 | 0,018 0,06 0 0,039 | 0,245 |
Processing of UFS into metal o ‘ 0 0,007 0,007 0 0,007 | . 0,007
Fabrication of heat genergtin elements ‘ 0,013 0,013 0,013 0,013 0,013 0,013
Canning of heat generating elements = | 0,010 | 0,010 0,010 0,010 0,010 0,010
| Chemichl treatment of birned-out fuel 0,020 0,020 0,020 0,020 0,020 0:020
Charge for initial fuel load | 0,104 o,164| 0,372 0,204 0,197 | - 0,563
0,013| 0,024 0,053| 0,013] 0,026 0,08
Profit on amount of Pu®  produced | om7| o485 0425 0117 0,223 0,644
Cost of depleted uranium ' ‘ ' -0,095 | —0,123. —0,186 | —0,187 | —0,246 | —0,370
: o | 0 |- © —0,110 ,O -0 —0,139
Netfuelcost . -~ - . . 0,021 0,062 0,120 | 0,070 | —0,023 | —0,135 |
au = - - y ’ — o
03\\ - : : B frorm 10,000 to 30,000 megaw-days/ ton this depen-
y ' \\ ’ ' dence becomes much less pronounced. This circum=
L@ ‘ —— : : stance justifies: the choice of 10,000 megaw -days/ ton
X \\ _ ' o " as the basis for computing the fuel component of the
gz a7 — . ' cost of electrical energy when a regenerative fuel .
V- 19 2% . s . t
;A ) \& \__\__ S cycle is usgd for the reactor.
3 07 /o____,__, ‘ Thus in regenerative reactors with an initial cost
' § -ar - of UB5 of 15 dollars/gm the fuel component varies -
wa 000 between 0,02 and 0.13 cents/kw -hr depending on the

a 1 - 20000 . spoog
 Extentof burn-outof fuel, megaw -days/ton degree of initial enrichment, while with an initial
Fig. 1. Cost of [uel in regenerative reactors. cost of U of 30 dollars/gm and with the fuel en-
- Initial data: thermal efficiency-25%:; initial repraduc - riched to 1% the fuel component of the cost of elec~
tion coefficient-1.0; cost of natural uranium -40 dollars/ trical energy becomes ne'gative, and varies between
kg; no allowance has been made for the cost of the -0.07 and -0.023 cents/ kw-hr, A situation arises
initial loading of the reactor with fue_l.’ : which at first glance is paradoxical: the more ex-
: ‘ ' pensive is’ U235 the cheaper is the electrical energy’
produced. However this is explained by the fact that the reactor is a generator of energy which not only burns
" up nuclear fuel, but also reproduces.it. Because in breeder reactors the quantity of nuclear fuel increases in the
. course of their operation the profit due to the accumulation of secondary'fissionable material is-considerable,’ .In-
sofar as the most economical regenerative nuclear reactors operate successfully with an average enrichment of
- 1% the estimates given above give for the maximum value of the fuel component a figure of 0.06 cents/ kw-hr,
i.e., it is 5 times lower than that for coal powered #lectric stations (where the fuel component: of the cost is on
the average equal to 0.3 cents/kw+hr). ! :

The fissionable nuclear fuel and the ‘isotopes needed for the production of secondary nuclear fuel may either
be used in the form of a homogeneous mixture {sihgle -zone:reactoy),or. separately: the primary fissionable material
is placed at the center of the reactor (the active zone), while the material for the reproductmg of fuel is placed
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TABLE 7 [1] _
The Fuel Component of the Cost of Electrical Energy for Breeder Reactors (cents/kw -hr)

Reactor type ‘ Fast neutron Homogeneous
Reproduction coefficient . . 1.6 1.2

Manufacture of heat-generating elements:

for the active zone 0.012 - e
for the reproducing zone ) 0.040 : -
Preparation of a suspension of thorium in heavy water ' : - : -.0.001
- Preparation of a solution of uranyl sulphate in heavy water - : - 0.001
Chemical processing of fuel: _
in the active zone 0.007-0.021 0.017
in the réproducing zone ' ‘ 0.024-0.067 , 0.091
0.083-0,140 0.110 -
Allowances for fuel loading: o
in the active zone : ' 0.028-0.056 . 0.005-0.010 -
‘ in the reproducing zone - 0.017-0,035 0.005.
Aging of burned-out fuel ' - 0.003
Allowance for the initial load of heavy water and for - _ 0,025
loss replacement ' S
, 0.128-0.231 | 0.148-0.153
Profit on account of plutonium or (¥ produced . -(0.10-0.20) =(0.037-0.075)
Net cost of fuel - : 0.028-0,031 0.111-0.078

NOTES: 1. The cqs:t'bf the initialload of nuclear fuelis calculated on the 'assumption that the heat transfer per kgm
of uranjum’is 100 kw of heatin the active zone, and 15 kw of heat in the reproducing zone. 2. The extentof burn ~out
of plutoniuin in the active zone in the course of one cycle is assumed to be 20%. 3. The cost of 1 gmof U235 js be -
-tween 15 and 30 dollars, v

along the periphery (the reproducing zone). Having the economy of neutrons and the decrease in the size of
the initial fuel load into the reactor in mind one usually gives preference to a two-zone reactor; often natural
uranium is placed not only into the reproducing zone but also into the active zone. ‘ '

- - If'one uses in the active zone a mixture of 10% Pu®® and 90% U, and in the reproducing zone 997 of
U*® and 1% of Pu® the fuel component of the cost of electrical energy will amount to approximately 0.03

cents/ kw-hr (Table 7) according to Lane's [1] calculations,

In the majority of proposals for homogeneous water breeder reactors the two zone principle is-employed, -
A solution of uranyl sulphate in heavy water (3 gm of U per liter) may be used in the active zone, and a
suspension of thorium oxide{ ThOy)in heavy water (1000 gm per liter) may be used in the reproducing zone, The’
accumulation of U*® in the reproducing zone may reach an equilibrium value (3 gm per liter of heavy water).

, The chemical processing of fuel in homogeneous reactors consists of the removal of fission products from -
the solution in the active zone, and of the extraction of U, If the cost of chemical processing of uranium is
the same as that for thorium (13 dollars per kg).:. The cost of extraction of U*? will be approximately 4 dol-~

~lars per gm. If at the same time the burn-out coefficient per fuel cycle is 75% for U3, then in accordance
with Lane's calculations [1), the fuel component is characterized by the data presented in the second column of
Table 7.

Economical Steam Parameters

As has been shown above the fuel component of the cost of electrical energy is quite small if breeding of
nuclear fuel is taken into account. Because of this, the. question of the desirability of, andof the economic returns
due to am increase in the thermal efficiency has a different solution in the:: case of atomic electric powér stations
than in the case of coal powered ones. The economic effect of increasing the thermal efficiency may in the
' present case be much less pronounced than in the case of coal powered eleciric stations. In some cases a decrease
in the thermal efficiency may actually lead to an increase in the economic returns of the electric power station.
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In coal powered electric stations where the fuel component may amount to as much as 60 -70% of the
total cost of electrical energy an increase in the thermal efficiency leads first of all to a corresponding de~
crease In the cost of the electrical energy because of a decrease in the amount of fuel required. An increase
in the thermal efficiency of an atomic electric power station for which the fuel component is small may lead
to an appreciable decrease in the cost of energy only in the case of its being accompaniedby a decrease in the
capital investment.since although the consumption of nuclear fuel is decreased by an increase in the thermal
efficiency, the reproduction of fuel is decreased at the same time.

‘Moreover, one must keep in. mind that an increase in thermal efficiency is usually connected with an
increase in the steam parameters, and consequently with an increate of the temperature and of the pressure
in the active zone, and this may lead to a decrease in the operatioral life-time of the heat generating ele~
ments, or to the necessity of utilizing inside the active zone structural materials which absorb neutrons strong-
ly (for example, the replacement of aluminum and of zirconium by stainlesc steel), which may in turn decrease
the reproduction coefficient for the nuclear fuel. All this may lead to a deterioration of the operational charac-
teristics of the power station, and in the final analysis to a deterioration of its economic indices, '

Thus an increase in the thermal efficiency of an atomic electric: power station will not necessarily al-
ways be profitable. Conversely, in a number of cases a lowering of the thermal efficiency accompanied by a
decrease of capital investment may lead to a lowering of the cost of electrical energy, and may therefore be
economically justified. Because of the strong influence of capital investments and because of the relatively
small fuel component an increase in the steam parameters of an atomic electric power station is advantageous
only until the point is reached when an increase in the temperature requires specially alloyed steels (for ex-
ample austenite steel), since this is accompanied by an increase in capital expenditures per unit of installed
power.

According to Lane's calculations there exists a dependence shown in Fig, 2 between the steam tempera-
ture, the thermal efficiency of the power station, and the cost of the turbogenerating part of the atomic
electric power station (per kw of installed power). A change in the steam parameters from medium values
(saturated steam ~250°C in water-water reactors) to high values (superheated steam 550°C) leads to a decrease
of capital expenditures on the turbogenerator from 115 to. 90 dollars/ kw, At the same time, as may be seen
from Table 5, the replacement of a reactor with a water moderator by, for example, a graphite -sodium reactor
which allows one to obtain superheated steam of high parameters, may lead to an increase in the capital ex-
penditures of 60-80 dollars/kw, which will exceed by several fold the saving made on the turbogenerator. part
of the power station. An increase in the thermal efficiency of an atomic electric power station at the expense
of going over to high values of the steam parameters is justified economically only in that case when it does
not lead to an excessive increase in the reactor part of the power station, and in the operational expenses. It
is self -evident that an increase in the steam parameters and in the thermal efficiency of atomic electric
power stations with the capital expenditures and the reproduction ceefficient remaining constant remains an
important problem in the ficld of atomic energy.

The Cost of Electrical Energy Generated by Atomic Electric Power Stations

From Tables 6 and 17 it follows that the fuel component of the cost of electrical energy generated by
atomic electric power stations is less than the average cost of the fuel component for the coal powered electric
stations in the U.S. A.by a factor of 4-5. Operational expenses which include wages and up-keep costs are
only slightly higher for the coal powered electric stations.

Therefore-capital expenditures play a decisive role in determining the cost of electrical energy, We
have already seen that the most optimistic estimates for the capital investments in the case of water-water
reactors at the present time are only beginning to approach the highest estimates of the cost of coal powered
electric power stations. '

However, estimates of capital expenditures required for the construction of atomic electric power stations
have shown during the last few years a steady and rapid fall. This, without any doubt, is evidence for the fact
that the rapidly developing technology of atomic reactors is making the capital expenditures for the comstruc-
tion of atomic electric power stations approach those for coal powered ones, ,

Table 8 gives the total cost of 1 kw-hr of electrical energy computed on the basis of the tertative data '

taken from Table 5 with respect to the capital investments for the construction of atomic electric power sta-
tions.
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TABLE 8 {17, [4], [9]

Estimates of the Cost of Electrical Energy Generated by Atomic Electric Power Stations With Reactors of Dif-
ferent Types -

Cost of electrical energy in cents/kw, hr

Reactor type ‘Fuel cycle ‘ Fuel Opera - ’allowance
| component | tional - for capital Total
' compo - |1nvestment
nen

Regenerative reactors

Moderator and coolant- - Uranium enriched . . ' :
ordinary water - to 19, =0.02--0,06| 0,1 . | 0,26=0,54 | 0.34—0,7
b : ator - - : Natural uranium - | ° , :
Moderator-heavy water . 1=0.07--0,02| 0.1 |0,50-0,75 | 0,53—0,77
Moderator-graphite, coolant Slightly enriched
ordinary water ~ uranium < -0.0250,06 0.1 0.36—0.54 0.44:-—0,7
Moderator -graphite, coolant- | Slightly enriched - —~0.02+-0,06| 0.4 | 0.80-1:38 0.88—1.54
- gas ‘ uranium ' , : y
‘Moderator graphite, coolant- Slightly enriched | —0.02—0,06| . 0.1 | 0,35-0.69 | 0,43—0.85
sodium , uranium ' :

Breeder reactors
2ooder reactors

Fast neutron , -—0,03 0.1 0.38-1,07 | 0.51—1,20
Slow peutron . _ : 0.08~0.11} 0,1 1 0.34—0,56 | 0,52=0,77"

Note: Maximum allowan(:e:,fér-.capital investment were assumed to be 15‘76;‘,.9§hile the ‘mifimum a1-
lowances were assumed to be 10%. The amount of capital investment was taken from Table 5.
.t has-beer*assumed that the power station is operated at full power (7000 hours per annum),

$... a mo""g It should be noted that at the present tirde 'breederv
g 22| g . Feactors do not appear to be economically more pro-
I w—\ : %0 fitable than reactors with a regenerative cycle. It
C.‘E.). % \\ ' F‘ — — ,20‘ E - may be supposed that their main advantage, which con-
%_ ;: \cqst ‘i)tfstg:ﬁg gge:’ator AJ’ ] g; sists of the lowgr requirem_en;s for nuclear raw materials,
B , - J—Zfe‘! 1,0 ;.;{ ~ brought about by a greater extent of burn-out, will ,
_g 30 LT 9s6r &E begin to tell in the course of time. _
q % DY YR e L —17o0 8 : . . .
-~ e 5'8 The principal conclusion consists of the fact that -
g- if, K“‘//P g}/f?rqle_hthermal P even under the conditions existing in the U. S. A., .
R I 170 e oy : , ; which are particularly unfavorable for the competition
'zb.' FWR il | 808 of atomic with coal génerated' power, one may even
500 200 250 200 350 400 4SO 500 550 600

Steam temperature, G : now choose such types of atomic electric power stations
' -which will generate eleetrical energy at a cost which
is Jower than the average cost of energy generated'by

) coal powered electric stations, In other western's .
countries the outlook for the competition of atomic wversus. coal generated energy is even more favorable — for
large regions of the world atomic energy may be considered to be economically attractive, * :

Fig. 2. Characteristics of the turbogenerator instal-
lation of an atomic electric power station,

Is Mankind Threatened _by 'a Uranium Famine? What Type of Reactors Should be Built?

Let'us now throw some light on'another question which is not without importance: is not the development
of atomic energy- limited by the natural supplies of uranium and thorium? In this connection we shall also con«-
sider the question,what type of reactor —a regenerative or a breeder one — will find the widest application for
atomic electric power stations? '

The earth's crust contains approximately 3 x 104, of uranium and 8 x 10 %% of thorium which amounts
to thousands of trillions of tons. However, both uranium and thorium are very widely dispersed, and according

. 238
Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090002-3




Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090002-3

e =
! e (] >

1' bk R =
RS 7

> A

Ny 7 //

&5 2 3

) e e A

==/ 7

<2 17
N 11

LY / e

3 14

! & I’L..

5 /i

L

: %

years

Fig. 3. Requirements of nuclear.raw materials (cumula -
tive totals), 1a) Regenerative slow neutron reactor with
a reproduction coefficient of 0.85; 1b) regenerative slow

to some estimates (2] the proven supplies of these ele~
ments (with production costs of approximately 200 dol-
lars/kg)  consist of 25 million tons of uranium and
million tons of thorium, Taking into account the
newness of this enterprise, and, for example, our ex -
perience in the production of petroleum, we may note
that these estimates are apparently much too low. In
future geological prospecting and also an improved
technology of extracting uranium and thorium from
poor ores will lead to a considerable reevaluation of the
reserves of inexpensive ores of uranium and thorium.
However, even the resources indicated above are more
than sufficient to satisfy all the energy requirements

of mankind for the next century.

When regenerative reactors are used with a re-
production coefficient =1 the extent of burn-out of
the uranium, i.e., the degree of its energetic utiliza-~
tion, may be quite high if the uranium is recycled,

With a reproduction coefficient equal to 0.8 in ac-
cordance with the estimates by Dunworth [7] and by
‘others one may achieve a burn-out of the order of 30
“kg/ton if the nuclear fuel is recycled, With a repro-
duction coefficient close to unity one may achieve.
burn-out in regenerative reactors which amounts to
hundreds of kilograms per ton of uranium. 'We shall
assume in what follows that in regenerative reactors utilizing fuel recycling one may achieve burn-out from

30 to 100 kg/ton,

neutron reactor with a reproduction coefficient of 1.0;

2) regenerative fast neutron reactor with a reproduction
coefficient of 1.4; 3) homogeneous water thermal neutron
breeder-reactor with a reproduction coefficient of 1.1; 4)
Joading of the raw. material with the reproducing zone.

When breeder reactors are used the attainable degree of burn-out may approach 1000 kg/ton. However, it
should be emphasized that the requirements of uranium or thorium for breeder-reactors are considerably larger
because of the necessity of introducing nuclear fuel into the reproducing zone. Therefore it turns out that in
the early stages of the development of large scale generanon of atomic energy, the total requirements of uranium
‘and thorium if breeder reactors are used is: even larger than if regenerative reactors are used, and only with time
(approximately after 20 years) the breeder reactors will require less nuclear raw material than regenerative ones,
This last point may be illustrated by means of graphs given in Lane's article [2]. ’

Fig. 3 gives graphs of the growth in the requirements of nuclear raw material loaded into reactors depend-
ing on the type of the latter; it is assumed that the power of -atomic electric power statlor\ in the U. 8. A, will
grow from 500 megawatts in 1960 to 210,000 megawatts in 2000. It is'not without interest to note that (ac-
cording to these graphs) even by 2000 breeder reactors vill requite quantities. of nuclear raw material only 2- 4

- times less than the requirements of regenerative reactors. Therefore, if one takes into account the low relative
magnitude of the fuel component in the cost of atomic electric energy, and the absence, at least today, of any
more or less certain expectations of economic advantages of breeder reactors, one can understand why the latter
are still not being considered as the most promising type of energy producing reactor for the immediate- future,

The world consumption of useful electrical energy in 1952 [8] amounted to approximately 10 billion mega-
watt-hours (from all sources). By 2000 ‘the consumption of useful energy may reach 84 billion megawatt-hours
* per annum (approximately 15 billion tong of coal). With a complete utilization of natural uranium, for example
in a breeding fuel cycle tiie burn-out of nuclear fuel in 1952 would amount to (if all the world energy sources
were completely replaced by nuclear fuel) approx1mately 500 tons, and in 2000 to approximately 4000 tons, while
contemporary world production of uranium without any doubt approaches several tens of thousands of tons per
annum,

As has been menuoned earlier the quantity of uranium or of thorium loaded into breeder reactors considerably
exceeds the amount of uranium (or, of thorium) burned-out in'them, If one.assurnes an average rate of heat ex -
traction of 100 kw of heat per kg of uranium, then the total load of nuclear fuel will exceed the amount of material

| burned-out in it in the course of a y=ar by approximately a factor of 50, and will thus amount to approxxmately
| 200,000 tons by the year 2000,
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TABLE 9 . If the energy requirements were completely met
The Expected Increase in the Energy Producing Power by means of using regenerative nuclear reactors , then
Installations in the U. §. A. during the Period from with a burn-out of 30 kg per ton the annual consump-
1955 to 1975+, ~ tion of uranium would amount to 15,000 tons in 19592

and 120,000 tons in 2000, The total requirements of

& ' §= 0 {‘io - —8 uranium in the course of half a century with a 400
 BSx | 8 840 S fold (or 16% per annum) increase in the use of atomic
Rl 2 &l w s |EO . fs ) . _

I @ 8w B = oy g g3 88 o energy during the period 1960-2000 would amount to
L - » ‘
i's E::g" 3 a8 g $ Iy & =3 g, approximately 700,000 tons, With a more optimistic
T QA S gt 29 : 23R ' g =23 estimate of the extent of burn-out up to 100 kg/ton in
. Q19 Uoﬂ) 29 Omog/ = 829 ; P
Qoo i Az o Eo a single cycle of recycling the annual requirement in
_ the year 2000 will amount to approximately 40,000
0.10 1 9 1700 300 tons, and the cumulative requirement for the period
0,8 4 36 6 800 1200 1960-2000 to approximately 250,000 tons,
0,7 14 118 22000 3800
0,6 39 340 65000 11000
0,5 67 580 110 000 19 000 The Prospects for the Development of
0,4 85 740 140000 | 25000 the Generation of Atomic Electrical
0,3 98 | 85 163 000 28000 |- E ‘
0,2 100 874 166 000 29000 tnergy /
' Attempts are being made to make estimates of
* Excluding installations with internal com- the scale of the development of atomic energy in-
bustion engines. dustry within the next few decades based on an evalua-

tion of the effectiveness of the use of atomic energy
for the production of electrical current.

Up till 1954 many authors expressed the opinion that in the U. S. A. because of the repeatedly noted comparative
cheapness of coal there were no prospects for any considerable development in the use of atomic energy. How-
ever,in articles published in 1955 this pessiniisin * began to be rapidly replaced by optimism. For this there is
the following basis. In the U. S, A. there exists a considerable spread in the cost of electrical energy generated
by thermal power stations depending on local conditions. The expected distribution for 1960 of the generation

of electrical energy for new electric power stations in the U, S. A. as a function of its cost is shown in Fig. 4.

The possible increase in the power of thermal electric power stations in the U.'S. A. in the course of the
next 20 years, and the distribution of this power as a function of the cost of electrical energy may be characterized
by the data of Table 9 [1].

From this table it follows that if, for example, the cost of atomic electrical energy amounts to 0.7 cents/
kw-hr, then atomic electric power stations may by 1975 displace coal powered ones in installations of a total
power of 22 million kw, and if the cost of atomic electrical energy will amount to 0.4 cents/kw-hr, then the
power of atomic electrical power stations in the U. S. A. may reach 140 million kw by 1975 with a total cap1ta1 :
investment amoumlng to 25 billion dollars, ' )

By the end of 1955 the optimistically inclined experts began to consider that the cost of electrical energy
. generated by atomic electric power stations may be reduced to 0.4 cents/kw-hr and that therefore atomic
‘energy may account for 5/6 of the total increase in the power of thermal electric power stations in the U. 8. A.
during the next 20 years.

However, it should be noted that the plans announced up till the present time (which, by the way, have not
yet been approved ) for the construction of atomic electric power stations in the U. S. A. are very modest, and
contemplate the addmon of only 800,000 kw of power during the next five years.

In other western countries,where the resources of cheap energy are limited,opinions were expressed even
prior to 1955 that the development of atomic energy ‘in these countries may become appreciable even in the
next few years..

: According to a plan announced by the British gbvernment in'the course of the next ten years there will be
constructed in England 12 atomic electric power stations of 1.5-2 million kw installed power (the power of all
the electric power stations in England amounts to 21 million kw). It is possible that during the following decade
the power of atomic.electric power stations will increase to 10-15 million kw, and will amount to 1/4 of the
power of all the electric power stations in England, It should be noted that the atomic electric power stations
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Fig. 4. The distribution of the generation of electrical energy expected for
1960 for new electric power stations in the.U. S, A, as a function of its cost.

with gas cooling being built in England belong to the class of extensive installations (i.e., with a low rate of'
energy extraction per unit weight of uranium) with very large capital investments approaching 200 pounds
sterling per kw (560 dollars/kw). In spite of this, because these reactors are:being used as dual purpose reactors,
i.e., with the plutonium produced being sold to the government at the high prices of the War Ministry, the ex~
pected cost of electrical energy is close to sthe. average cost in England. It is not superfluous; to remind the
Soviet reader that this relative cheapness of atomic electrical energy in England is attained by absorbing a con-
siderable part of its cost into the m‘ilitary budget. '

e

The Englrsh Joumal "The Economist" states .in order to demonstrate the economic Justification for.the
-construction of atomic ‘electric power stations 9

"After the atomic electric power statjons have been put into operation the annual saving of coal will
amount to 40 million tons. If it were not for this gradual increase of atomic electric power stations the quant~
ity of coal used by English electric power stations would probably have increased from 37 million to 65 million
tons in 1965 and probably would have reached 100: miilion tons by 1975 It is difficult to imaginehow one .
could attain such an increase in the production of coal, at least at a cost which would be anywhere near accept-'
able, During the last 20 years the cost of coal in England has risen by 30%, and the cost of coal mined in the:
least productive mines, or in new mines of greater depth, will increase even faster. This situation is common
to all Western Europe, which is suffering not from a direct scarcity of fuel, but from the fact that it is becoming

‘incrgasingly more difficult to obtain additional quantities of fuel needed to satisfy the ever growing demand
for ehergy. :

"There are great regions on earth Wthh are experiencing a more acute need of fuel than England or .
Western Europe-Among such regions are South America, Africa and all Asia. Atomic electric energy offers them
the most favorable opportunity of obtaining a light and easily transportable fuel)

Thus economic.evaluations show that already at the present time a wide-spread development of atomic
energy is economically attractive. -
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ATOMIC SCIENCE NOTES

CONFERENCE OF THE ACADEMY OF SGIENGES OF THE UKRAINIAN
. $. S. R. ON THE PEACEFUL USES OF ATOMIC ENERGY

In the beginning of March of this year there was held at Kiev a session of the Academy of Sciences of the
Ukrainian S, S, R. devoted to the problems of utilizing atomic energy for peaceful purposes. At this conference
there was a stock taking of the results of the work of the scientists of Soviet Ukraine in the realm of nuclear
physics and of the utilization of radioactive {sotopes in science and in technology.

Altogeéhervabout 800 persons took part in the work of the session — scientists from the Academy of Sciences
of the Ukraine S. S. R., representatives of institutions of higher education, engineering and technical personnel
from industry, Approximately 100 reports were presented at this session. '

In opening the session the President of the Academy of Sciences of the Ukraine S. S, R. Academician A. V,
Palladin spoke of the tremendous problems set before the scientists by the decisions of the XX Congress of the
C. P. 5. U., and of the appre‘ciation_ with which the scientists heard the words of thanks directed to them from the
Congress rostrum by N, S, Khrushchev in the name of the people and of the party,

The paper "Physical and Technical Foundations of Atomic Energy” presented by the corresponding member
~of the Academy .of Science of the Ukraine §. . R. professor D. 1. Blokhintsev who was the scientific director of
the first atomic electric power station in the U, §. S. R. evoked considerable interest among the participants in
the session. - The report was devoted to a consideration of slow and fast neutron reactors. Scientists of the Soviet
Ukraine also had a part in the investigation of nuclear constants and of other characteristics of fissionable and of '

constructional materials. ]
>

The work of the Soviet physicists, and also the investigations‘carriefd out by the American scientist Zinn,
and by other foreign scientists, showed that in a fast neutron reactor one may obtain more than one new atom of .
fissionable material for each "burned-out” fissionable atom, i.e. one may realize breeding of nuclear fuel. There -
fore the construction of energy producing nuclear reactors operating on fast neutrons seems 'to'be pfarticul'arly at-
tractive, :

The experimental fast neutron reactor builtin the U.S.S.R. allowed a number of valuable facts to be learned
in regard to the peculiarities of the way in which the chain reaction takes place in reactors of this type.

More than 25 papers on niuclear physics and on questions of the application of tagged atoms in various.
fields of science and technology were presented at the five sessions of the physical section.

The Kharkov Physico-Technical Institute of the Academy of Science of the Ukraine S, S, R. has achieved
considerable successes in the development of linear accelerators. Under the direction of active member of the
Academy of Science of the Ukraine S. S, R. » K. D. Sinehikev and of professor A. I. Akhiezer the staff of this
Institute made a large contribution to the theory of linear accelerators and built proton and electron accelerators
of this type. '

A number of papers was devoted to the study of the fnteraction of fast neutrons with nuclei. The staff of
the Kiev Institute of Physics of the Academy of Science of the Ukraine S. S. R. presented results of investigations
of inelastic neutron scattering, These investigations showed that at neutron energies up to 4 Mev the periodicity
of the properties of the nuclei of the elements makes itself felt. "Magic” nuclei have considerably smaller
neutron cross sections than neighboring nuclei, The spectra of the scattered neutrons were also studied, Experi-
ments also showed that at neutron energies up to 3 Mev even in heavy nuclei excited levels produced by neutron

243

Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090002-3




Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090002-3

bombardment are separated from one another by considerable intervals, The experimental data obtained for
the inelastic scattering of neutrons were compared with theory. It was established that the best fit with the
experimental data is given by the model of a semi -transparent nucleus with a smeared-out edge. The model
of the semi -transparent nucleus is also supported by the investigation of the angulal distribution of elastically
scattered neutrons,

The wotk carried out under the direction of A. K. Valter in the Physico ~Technical Institute of the Academy
of Science of the Ukraine S. S. R, on the investigation of (d, n) and (d, p) reactions fn light nuclei is of con-
siderable interest. Lively interest was evoked by the report of N. A. Vlasov (Acad. Sci. U. 5. S. R.) onexperiments
to discover excitation of o -particles cazried out in his laboratory,

This session also made very evident the tremendous possibilities opened up for science and technology
by a widespread use of radioactive isotopes. Biology and medicine with their various branches represent a wide
open field for their application. The use of radioactive isotopes in biology has matked the beginning of 2 new
stage in its development. This was particularly convincingly brought out in the report of Academician A. V.
Palladin on the wse of radioactive isotopes for {nvestigations in the field of functional biochemistry of the brain,
The use of radioactive:isotopes enables one to observe the metabolism in the brain of an animal,

The broad investigations carried out in the Institute of Biochemistry of the Academy of Science of the
Ukraine S. S. R. under the direction of Academician A. V. Palladin allowed new data to be obtained of con-
siderable theoretical interest. By means of studying the rate of inclusion of amino. acid of methionine contain-
ing radioactive sulphur (5%) into the albumens of the various parts of the brain it was established that the greatest
rate of albumen renewal is found in the covering of the large hemispheres of the cerebrum and in the cerebellum,
i.e., in the functionally youngest parts of the central nervous system; the slowest rate of albumen renewal is
found in the spinalcord,i.e., in the functionally least complicated and phldogeneucally the oldest part of the
central nervous system.

Particularly fruitfu turned out to be the use of isotopes for the elucidation of those peculiarities of the .
metabolism in the cerebrum which are related to its dxfferent funcnonal states (retardation or excitation), and
also with the phenomena of avitaminosis,

Reports on the use of the method of tagged atoms for the study of metabolistih and of other problems of -
physiology of animals were made by scientists working in other institutes of the Academy of Science of the
Ukraine S. 8. R., in institutions of the Ministry of Health, and in departments of institutions of higher education.

A large number of reports was devoted to the work carried out under direction of Academician P, A Vlasynk
in which tagged atoms were used for the study of conditions of plant nutrition.

Isotopes found a wide apphcatxon in the work of the E. O. Paton Elecmcal Welding Institute of the Academy
of Science of the Ukraine S. S. R. on the study of the chemical inhomogeniety of welded joints, on the testing
of welded joints for defects, on the automatic regulation of the liquid metal bath in the case of electric slag
welding, The use of tagged atoms made it possible to study the wear of machine parts.

The use.of radioactive isotopes in chemistry made it possible to obtain quite new data on the mechanism
of chemical reactions ( paper by A. L. Brodsky) and on the mechanism. of biosynthesis (paper by E. A. Shilov).

Ukrainian scientists show their concern for the health of mankind by carrying out investigations on the
biological effects of radioactive radiations.

M. V. Pasechnik
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THE FIRST ALL-UNION CONFERENCE ON MEDICAL RADIOLOGY -

From January 30 to February'4, 1956 the First All-Union Conference on Medical Radiology took place in-
Moscow organized by the Ministry of Health of the USSR.

More than a thousand delegates — representatives .of 32 special fields — took part in the work of the con-;
ference, 232 papers were presented and discussed at the plenary and sessional meetings of the conference
which summarized the results of research by Soviet scientists on the action of ionjzing radiation on the organism, i
on the apphcauon of atomic energy in biology and med1cme, on dosimetry and on hygiemc problems of radiol- /

- OBy, ST T ‘
" Anumber of papers contained new data on physical and biochemical phenomena which arise in living
matter under the action of ionizing radiations.

A M. Kuzin shows that the radiation energy absorbed by a living system is converted into chemical energy
of short-lived free radicals, peroxides, hydroperoxides and excited molecules. The unstable chemically active
substances formed during irradiation bring about slow reactions of depolymerization of substances of high mole-
cular weight which leads to a breakdown in permeability, to a change in the sorptional properties of microstruc -
tures andto a breakdown of natural complex compounds. :

The members of the conference showed interest in the paper of B. N, Tarusov who made more concrete the
concepts.of the exact manner in which submicroscopic structures show initial changes on irradiation. As a result
of primary photochemical activation the initiation of a reaction.of post-action takes places which develops at
an accelerating rate and leads to a growth in the physico-chemical changes and to deep damage. The earliest
physico-chemical changes of submicroscopic structures appear in lipoid phases (A. P. Polyvoda). The break-
down of normal chemical processes leads to a deep breakdown of the cell function and to their death.

New aspects of the action of ionizing radiation are found and new regularities are observed in the whole
animal organism with the complex mechanisms of the integration of functions which are characteristic of it.
In the discovery of these regularities Soviet science has ‘undisputed priority. The success of Soviet science
in this field is a result of the whole course of development of materialistic natural science, The correct under-
standing of the role of the nervous system in the regulation of the functions of the organism has for a long time
attracted the scientists of our land to the study of the reactions of the nervous system on the effect of ionizing
radiation. Thi.s division of radiobiology is being developed by Soviet scientists very actively and with great
success. .

Even though abroad the concept still predominates that the nervous system is insensitive to the action of
radiation, nevertheless the papers of L. A. Orbeli, A. V. Lebedinsky, M. N. Livanov and others convincingly
demonstrated changes in all the parts of the nervous system and the interrelationship between them. The changes
in the higher nervous activity arising under the influence of ionizing radiation may bé considered to have been
fairly well understood by now. The new technique for the study of bioelectric phenomena in the cerebrum
developed by M. N, Livanov and his collaborators,on the basis of using advances of modern electronics,allowed
them to observe the most delicate changes which occur in the brain under the influence of irradiation.

At this conference new promising lines of advances have become apparent for the study of the influence
of irradiation on the blood system: (he elucidation of biochemical and physiological aspects of the- reaction
of blood-producing organs, the use of the method of labeled atoms and of histochemistry in the study of appro-
priate delicate mechanisms. New facts have been already obtained along these lines related to a breakdown
in the exchange of nucleoproteids in the blood-generating organs, to a change in the activity of adenozin tri -
phosphatase and of other ferments. These directions are being explored on the basis of a wide -spread use of
new techniques. : '
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A series of interesting papers (by V. L. Troitsky, I. A. Pigalev, N. N, Klemparskaya, P, N. Kiselev and
otherg) prescnted results of research on the reactions of immunity under the influence of ionizing radiation, car-
ried out on a broad base of general physiology. These papers contributed much that was new not only from the
point of view of elucidating the mechanism of breakdown of immune properties of the organism in radiation
sickness, but also from the point of view of understanding the processes of the formation of immunity in general,
of the mechanisms of autosensitization,

The paper by P, D. Gorizontov, which summarized a tremendous amount of factual material obtained over
a period of years by many methods of investigation, described the modern concept of the mechanism of develop-
ment (pathogenesis) of radiation damage. P. D. Gorizontov discussed from many points of view the various as-
pects of the pathological reactions of the organism to irradiation, emphasizing the importance of the toxemic
~ factor, which brings the problem of pathogenesis close to the investigation of the primary mechanisms and gives
a foundation for a truly complex study of the problem of radiation damage. '

The conference has shown that our research scientists are using isotopes with ever-increasing experimental
skill as tracers for the solution of the most diverse problems in physiology and in biochemistry. The work in
this field is being extended continuously, and is becoming of great importance. Of the many investigations one
might mention the work of L. B, Zbarsky and his collaborators who discovered a breakdown in the synthesis of
albumens by the protoplasm and by the nucleus of a cancer cell, the investigations of Ya. G. Uzhansky who
showed the existence of an intimate connection between the processes of growth and breakdown of erythrocytes.
One should emphasize the importance of tracet methods in physicological investigations on the study of barrier
functions of the organism (N. N, Zaiko) and of capillary permeability (I. A. Oivin).

The ini/estigations referred to above aré directly connected with the use of radioactive isotopes for diag-
nostic purposes. An extensive paper by M. N. Fateeva was devoted to this topic as well as the paper of K. N,
Badeev on the use of radioactive iodine for the diagnosis of brain tumors etc.

Along with theoretical research devoted to the study of the reactions of the organism to the influence
.of ionizing radiation there were other papers presented at the conference by clinicians who studied the peculiar-
ities in the progress of radiation sickness on experiments with animals and in the clinic where it arises as a com-
plication of X -ray or radiotherapy. In this connection one should note the interest evoked by the communica-
tions of G. A. Zedgenidze, Yu. V. Sebrant and a number of others. '

The conference devoted considerable attention to the problem of radiation sickness therapy, and heard the
papers of A. A. Bagdasarov and L. S, Rogachev on the treatment of the acute and the chronic forms of radiation
sickness, of V. A. Sanotsky on the peculiarities of the therapy of injuries by radioactive substances-in the course
of an experiment, and others, )

The use of radioactive isotopes and of radiation for the treatment of various diseases is one of the principal
uses of atomic energy for the benefit of mankind. The papers of A. V. Kozlova, M. P. Domshlak and others
were devoted to this question.

The conference adopted a resolution directed toward the further development of the means of treatment
of malignant tumors, of skin and of other diseases by methods based on the achievements of modern nuclear
physics.

In the directives of the XX Congress of the CPSU with respect to the sixth Five-Year Plan of the develop-

ment of the economy of the USSR a widespread use of atomic energy for peaceful purposes is contemplated.
As a result of this,large and varied problems arise before. the various branches of the science of hygiene and of
its practical applications. 44 Papers were devoted to hygienic problems in radiology and to questions of dosi~

- metry. A. A, Lefavet noted considerable success in the development of basic hygienic norms and prophylactic
measures in the work with radioactive substances and radiations,and emphasized the necessity of a further develop-
ment of work on providing bases for setting maximum permissible levels of irradiation. One should mention here
the various means of individual protection in working with radioactive substances which were demonstrated at
the meeting of the hygienic session, which permit one to completely shield the respiratory organs and the skin
from contact with radioactive substances. The problem of removal and making safe of radioactive wastes de -
scribed in a review paper by A. N. Marei deserves special notice, ’

The paper of K. K. Aglintsev devoted to the dosimetric characteristics of radioactive preparations evoked
- considerable interest. The papers on measuring techniques by N. G. Gusev, F, K, Levochkin and others discus-
sed methods of determining specific B -andy -activities of extended sources, methods of computing and of measur=~
ing doses of B -radiation from.applicators, methods of determining radioactive aerosols in air, etc. )
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" The conference noted the need for a further unification of efforts of physicists, chemists, medical men,
biologists and other specialists to ensure more rapid progress in the matter of utilization of atomic energy for
peaceful purposes, ) : ' :

V. V. Sedov
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NEWS OF FOREIGN SCIENCE AND TECHNOLOGY

INVESTIGATIONS INTO THE STRUCTURE OF THE NUCLEUS BY ELECTRON SCATTERING*

Scattering of high-energy electrons by nuclei makes it possible to obtain data on the charge distribution
of the nucleus and on the dimensions of the proton. The figure shows an apparatus for the study of electron
scattering on nuclei built at Stanford University (USA). An electron beam of 550 Mev energy, coming from a
linear accelerator 67 m long and not shown on the figure, enters through tube 1 and strikes the target made of
the substance being studied at 2, and passing through it, leaves behind a shielding wall. The angular’ distribu-
tion of the electrons scattered through large angles is studied with the aid of a 55-ton magnetic spectrometer

3, which can be rotated around the target on its platform 4. A scmtillation counter located behind a lead
shield 5 is used as the recording apparatus of the spectrometer.

One of the first results of the work is the confirmation of the hypothesis that the density of nuclear matter
decreases toward the surface of the nucleus.

* Aviation Week 64, No. 2 (1956).
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NEUTRINO AND ANTINEUTRINO

The hypothesis as to the existence of a neutral particle, the neutrino, given off with the electron in 8-decay,
‘'was made by Pauli in order to avoid the apparent contradiction of the laws of conservation of energy and momen-
tum which are observed in the process of g-decay. A large number of works have been devoted to attempts to
observe this particle. Indirect proof of the existence of the neutrino was furnished by experiments on the measure-
ment of the recoil momenta of nuclei and electrons in radioactive decay. It seems that the process of interaction
between the neutrino and the nucleus has been observed, namely reverse g-decay. At the present time there are

electron mass) [1] and of

. . . 1
some evaluations of the maximum value of the rest mass of the neutrino ( < 2000

its magnetic moment (< 10”7 Bohr magnetons) {2].

‘The spin of the neutrino is Y, and this particle can be described by the Dirac equation, putting e =m =0,
It follows from such a description that the antineutrino exists, in analogy with the case of the electron and posi-
tron. On the other hand, the description of the neutrino is possible by a modified equation, proposed by Majorana,
which does not assume the existence of an anti- particle. It is possible to formulate B-theory almost equivalently
for both cases, and the available data on g-decay does not afford the possibility of choosing between them.

In existing g-theory it is usual to suppose that together with an electron, an antineutrino (V') is emitted,
and that together with a positron, a.neutrino (v). In this case, the processes of g *-decay, B~ -decay, and K-cap-
ture can be written ' : '

n—*p+e” +v'; —n+ett+y
P p
and p+e"—~n+v

respectively. In addition the process p+v'—*n+et is possible, which is equivalent to the emission of a neu-
trino, but the processes

prv—vrn+et and n+v'—>p+re”

are forbidden if the neutrino and antineutrino are not equivalent. This difference in the interaction of v and v
with nucleons makes possible the verification of existing theories. ' '

The most direct recently performed experiment [3] consisted of an attempt to record the decay of Ar®7, whose
occurrence could have been expected as a result of the reaction CI¥7(v*, e” ) A’ when chlorine {s bombarded by .
the antineutrino current that comes from a reactor as a result of g-decay of the fission fragments. This reaction
could take place only for the identity of the neutrino.and the antineutrino. The experiment gave anegative result,
The author did not find any Ar® in the irradiated samples and evaluated the upper limit.of the cross section for
the C1¥(v', €7) Ar¥ reaction, which turned out to be 2-1074% cm?/atom. ‘

Another method for confirming the v = v' identity consists of observing double g-decay. Double g-decay
is the process of simultaneous emission of two electrons from the nucleus (or two positrons) which either includes
or does not include the emission of two neutrinos. If the neutrino and the antineutrino are not identical, then in
double g-decay four particles are emitted; 2n— 2p+2e” + 2v'. In this case the energy spectrum of the electrons
is continuous, and the half-1life is about 1’02__1 years for a decay energy of about 2 Mev [4]. If the neutrino and the
antineutrino are identical particles, then double 8-decay can be considered .as a two- stage process in which the
_ neutrino emitted by one nucleon is captured by another:

n—-p+e +v; n+v—>-p+e”,

For this type of decay processonly two particlesare emitted by the nucleus: 2n— 2p + 2¢~. In this case the
totalenergy of the two electronsis always constant and the half-life for decay is 10*-10" years[4]. .Double g - decay is
possible for nuclear isobars differing by two units of charge and having a mass difference greater than 2mc?. At the pre-
senttime more thantwenty such nucleihave been studied. Most of the experiments were to determine the half-life.

Within the limits of experimental error, no activity corresponding to double g-decay was found. Only
the lower limits of the half-lives are quoted. The published results are for measurements on Sn'%(T >1.5-

-1017 years); Zr%'(T >2-10% years)[5]; ‘Um(T > 61018 years)[6]; Mo (T >3-10" years); Cd“e(T >
>1-10" years); Cd'® (T > 6- 106 years); Mo® (T > 4- 1018 years) [7]. These results can be reconciled
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with one and the other theory, although they favor decay with four emitted paxticles. A study of minerals
whose composition includes Te 13 yas undertaken [8]. The amount of Xe!¥ in them was determined, since its

presence could be explained by double ‘8-decay of Te'™®. The evaluation of the half-life of Te!® made in this
work gives a value of about 102 years. The resulting half-life cannot be assigned to double §-decay without

the emission of a neutrino, since the theoretical calculation for this case gives less than 108 years, On the other -
‘hand, it would seem to be impossible to say definitely that double g-decay had taken place in the given case
with the emission of four particles, since there is reason to believe that the presence of Xe'® in minerals may

be a result of ordinary g-decay.

In 1955 an article was published by McCarthy [9] in which, in addition to the determlnatlon of the half-
life of Ca®, an attempt was made to measure the total energy of the two.electrons emitted in the decay of
this nucleus .

The author recorded coincidences between particles having a total energy close to 4 Mev, which is in
good agreement with the theoretical calculations of the energy of double g=decay of Ca®. The half-life
that was found was 1.6 10" years. This work, if it contains no experimental errors, speaks in favor of the
existence of double g- decay without the emission of a neutrino. Recently, however, there has been pub-
lished a communication on some work in which, essentially, McCarthy s experiment was repeated, With the
aid of two scintillation counters of 4r -geometry, the radiation of Ca* and Zr* was recorded. The experi- .

_ments were performed under conditions of very low background The work did not verify McCarthy's results,
The calculations of the lower limits of the half-lives of Ca® and Zr*® that were made in this work are
210! and 0.5 10%® years, respectively. These quantities are difficult to reconcile with the notion that
double g-decay-is a process taking place without the emission of a neutrino.

Thus the investigations that have taken place up to the present time would seem to indicate the im-
possibility of double g-decay without the emission of a neutrino, .and allowus to reach the prelxmmary
conclusion that the neutrino and the amineutrino are not identical particles,

: “ . . ‘ . . V‘ R.
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‘CYCLOTRONS WITH VARIABLE ENERGY OF THE ACCELERATED IONS

In fixed frequency cyclotrons it is possible to obtain high currents (of the order of a few milliamperes) of
fons accelerated to significant energies. Therefore cyclotrons are widely used for the study of nuclear reactions,
for obtaining radioactive isotopes, and as sources of fast neutrons. At the present time electrostatic generators,
linear accelerators, and nuclear reactors have started to compete with cyclotrons, The cyclotron, however, 1f
it fulfills some special demands, is still of great interest for physicists. Recently the cyclotron has found appli-
cation as a source of neutron pulses for experiments based on time-of- flight measurements.

One of the basic demands made of the present cyclotron is the possibility of varying the energy of the
accelerated ions continuously (or in small jumps). At the Geneva Conference on the Peaceful Uses of Atomic
Energy, one of the papers of the USA delégation [1] told of two cyclotrons of variable ion energy, intended
for the measurement of fast neutron cross sections, One of the cyclotrons, whose pole-piece diameter is 230
cm, is in the Livermore laboratory, and the second (pole-piece:diameter 107 cm) is in the Los Alamos labor-
atory.

The Livermore cyclotron is intended for obtaining monoenergztic neutrons with energies from 2 ro 30
Mev by means of the reactions T( p, m), D(d, n) and H(t, n). In this cyclotron protons can be accelerated to
energies of from 2.6 to 14 Mev, deuterons from 5.2 to 12.5 Mev, and trifons from 7.7 to 18.3 Mev. In order
to accelerate ions to such energies, the frequency of the electric field in the dees must be varied between
the limits of 4.0-9.3. megacycles, and the magnetic field strength from 2600 to 8600 oersteds.

The Los Alamos cyclotron is intended for accelerating protons to from 3.5 t0.9.Meyv, deuterons from
7to 17.56 Mev, and tritons from 10.5 10 12 Mey. The range of variation of the electric field frequency is
8.6-14 megacycles. The magnetic field strength changes from 5600 to 18,000 oersteds. :

In both cyclotrons the magnetic field strength increases by a factor of more than 3 in going from the
lowest energies to the highest. '

In the Livermore cyclotron, as a result of the large diameter of the poles of the magnet, the maximum
field strength is not very large (no larger than 9000 oersteds), and the curve of the decrease of the field in
the whole range of variation changes only slightly, since saturation effects in the poles of the magnet and the
covers of the chamber are insignificant. Small changes in the nonuniformity of the ‘magnetic field (of the
order of 0.29) are compensated by the field of some auxiliary coils located on the magnetic pole pieces.

The total drop in the field in the fina) orbits is 1%. As a result of the small diameter of the Los Alamos cyclo-
tron the maximum. field strength in it reaches 18,000 ocersteds, that is, is in the region where the effects of
saturation are strong. Therefore in the range from 5600 to 18,000 oersteds, it is impossible to achieve con-
stant decrease of the magnetic field merely by choosing the correct shape .of the pole pieces. The shape of the

~ pole pieces in the Los Alamos cyclotron is. chosen so as to .obtain the desired drop only for.the average values
of the magnetic field strength. For large apd small values of the field, the required form of the «dtop is achieved’
with the aid of correcting coils located inside the chamber. The coils make it possible to increase and decrease
the field strength at large distances from the center of the magnet. The coils, consisting of five windings each,
are mounted on the covers of the chamber at a distance of 45 cm from its center. The Tmaximum current in
the coils is + 500 amps. The total drop of the field Ain the cyclotron is taken as 3.5% for all values.of the mag-
netic field strength. ' ‘

The Livermore and Los Alamos cyclotrons differ also in their manner of varying the electric field fre-
quency in the dees. Inthe Livermore ¢ yclotron the whole range of frequencies is covered in jumps of 55 kilo-
cycles (composed of a hundred quartz crystals), as a result of which, the ion energy changes in corresponding
steps. The capacity of the dees is rTegulated continuously within wide Iimits by the adjustment of grounded
panels. The generator of the high-frequency field consists of a master oscillator and a power amplifier. In the
Los Alamos cyclotron, the source of the high- frequency field is a self-excited generator. It is possible to change
the frequency of this generator, and therefore also the ion energies, continuously, ' )
252 :
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Both of these cyclotrons are not yet being fully utilized. At the present time tests are being performed
on the system for extracting the ion beam. A 60 cm cyclotron with variable ion energy is functioning at Ro-
chester University [1 . 2). In this cyclotron protons can be accelerated to energies of from 1.5 to 8 Mev, and
a-particles and deuterons to 9 and 4.5 Mev, respectively. The proton current at the exit of the analyzing sys-
tem {s several times ten microamperes. '
N. F.

“
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PLANS FOR A '1() BEV PROTON SYNCHROTRON OF SMALL DIMENSIONS

We note with interest the descriptmn of a new type of proton synchrotron, which, according to a comf .
munication by the Australian physicist M. L. Oliphant* "should be built in Canberra (Australia) in the
course of the next three years"; and which "will accelerate protons to energies greater than 10 Bev for rela-
tively small dimensions and cost of the apparatus”, The small size of the apparatus is achieved by using’a
magnet without an iron core, as well as by the possibility of creating a very high magnetic field strength
in such a magnet. A homogeneous magnetic field is created inside a toroidal vacuum chamber with the
aid of two systems of conductors which carry high currents in opposite directions. The diameter of the torus
is 9 meters, and the diameter of the chamber {s 22cm. The maximum induced magnetic field is 80,000
gauss, the atrainment of which necessitates a current of 1.5 million amps in the windings.

For the achievement of such currents the use of a unipolar generator is proposed, which consists of a
system of metal discs rotaung in a constant magnetic field. A potential difference is established between
the center of each disc and its periphery, under whose influence there arise damped oscillations in the cir-
cuit composed of the discs and the windings, causing the kinetic energy of the disc to swing over into the
energy of an electromagnetic field and back.

A model was built to study the characteristics of the unipolar generator. A stainless steel disc of 60
cm diameter was rotated at a rate of 6000 rpm in a magnetic field of 18,000 gauss. Currents of 140, 000
amps were. achieved,

A generator of large dimensions with four discs of diameter about 8.5 meters and weighing 20 tons
each is being constructed. The discs will be set into motion by a unipolar motor, that is, by passing a
current (of 3000 ampé) through the discs. The operating revolution rate, 900 rpm, will be reached in 10
minutes. This time will determine the frequency of repetition of the accelerator pulses.

Preliminary acceleration of the protons to energles of 8 Mev will be performed in a cyclotron with a -
pole-piece diameter of 65 cm. The accelerating system of the synchrotron will be a toroidal transformer
with an iron core, analogous to that used in the Brookhaven cosmotron, The frequency of the accelerating
high-frequency field changes in the course of one cycle of acceleration.by a factor of eight.

It is Hoped that.the cost of the project will be comparable to the cost of a synchrocyclotron which can
accelerate protons to energies less than 1 Bev. Such an economy became possible because of the sharp
decrease in the frequency .of repetition of the pulses. The proposal has not yet passed the stage of experi -
mental verification. ' : ' '

P. K,

® Proc. Roy. Soc, (London) 234, 1199, 441 (1956).
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' TjHEVCONSTRUC'TION OF THE SECOND ENGLISH ATOMIC ELECTRIC POWERiPLAN'If.

The English program of construction of electric power plants for commetcial electric power is based on
two furrdamental types of nuclear reactors:.a thermal neiitron. resctor with graphite moderator and gas coolant,
:and’a fast neutton reactot. o ‘ .

‘The first English atomic power plant (being builtin Calder Hall) capable of’ producing 92 megawatts later
to be expanded to 184 megawatts), which fs expected to be in operation by the end of 1956, will make use of a
reactor with a graphite moderator and a gas coojant.* ' A few electric power plants of this type are.to be buily
by 1965 -with a total power output of 1200 1400 megawatts

‘Construction of Sphee for the Second English Atomic Electric Power Plant." .

The second English atomic electric power plant with a:fast neutron reactor fs being built by the Umted
Kingdom Atomic Energy Authority in Downry on the northern coast of Scotland The construction was begun
early in March of 1965. - , ]

‘This power plant is actually an experimental one; and it was therefore designed so that in the process of
construction and assembly separate details could be changed. B

The prOJected thermal power of.the reactot: hi])own;yis 60 megawatts. There 1s so far'no information re-
garding its electric power output, but we may assume that it will be of the order of 20 megawatts.

For safety, the reactor will be enclosed ,in a steel sphere 41.2 meters in diameter, with wall thickness
about 2.5 cm. The sphere is calculated for an internal pressure of 1.3 atmospheres, which can arise in the

*See Atomic Energy 1956, No. 1, 106(T.p. 108) (T.p. = Conshltaris Burealy Translation’ pagination).
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case of cessation of heat extraction from the installation, which in turn can lead to the vaporization of the
sodium (used as the coolant) and burning of its vapors.

The sphere is now being assembled. The quality of the welding is being mspected by a radiographic
method. Over 1500 meters of seams have already been inspected,

The total cost of the power plant is estimated at several million pounds sterling It is expected that
the cost of the electricity will be about one pence per kilowatt-hour.

In order to accumulate experience in its use, the Atomic Energy Authority is building a small mode]l
of the Downry reactor. The plans are to carry out, on this model, investigations of the processes of pluton-
ium’ production, and to experiment with various coolants and special electromagnetic pumps.. .’

The use of the reactor at Downry will make possible conclusions regarding the pnnclples of the appli-
cation of fast neutron reactors to the production of electric power on a commercial scale,

LS.
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[1] Engineering 200, No. 5197, 330 (1955).
{2) Electrical Review 158, No. 1(1956),

- [3) A Prograinme of Nuclear Power, Her Majesty's Stationery Office, London (1955).
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" THE FIRST CANADIAN ATOMIC ELECTRIC POWER PLANT

At the Geneva Conference on the Peaceful Uses of Atomic Energy, the Canadian delegation reported on
8 project for an experimental power reactor (NPD) for 4n atomic electric power plant, which is to be constructed
150 miles to the northwest of Ottawa. The installation is being ‘designed by the companies "Atomic Energy of
Canada, Ltd.}" ""Canadian General Electric Company, Ltd,, * arid."Ontario Hydro,"”

‘ ‘ y In designing the reactor, a study was made of the
P ' : . economic characteristics vf over sixty différent types
: lil‘* — — AN /‘% , of reactors,
' “ ‘ \ - H .~ As aresult the reactor chosen has the following
f ‘ characterisncs : i » S
§ ‘ J ' Power - 1.5-20 MW
' ' _ _ ‘ Reactor container  Pressure 'gank
2 . ‘ . Coolant ' Heavy water -
N Moderator . Heavy water
- E " Average moder- T )
ator temperature . §7°C
Reflector Ordinary water
Coolant tube wall :
| 14 " thickness 0.32 mm
Tt ' Fuel elements ~  Tubular type
: B . Thickness of zirc~ - :
P | . '~ alloy cladding 0.08 mm
2= ~4 L] IR P Maximum heat flow 1.63 10° kcal/m¥ hr.
' 1 Y Maximum temper- . ' :
/- ature of the fuel 5
7 element cladding 288°C

Temperature of the
. primary coolant:’

Figure 1. Cross section of the Canadian reactor NPD. N
‘at inlet - 254°C

1) Traveling crane; 2) fuel ducts; 3y manipulator;

4) steam generator; 5) heavyl water pump, 6) reactor; at outlet 914°C -
7) conctete shleldmg . -
Steam Dry, saturated, at a temper-

ature of 232°C and a pres-
sure of 30 atmospheres,

3 The area taken up by the power plant has three zones, in which are located the reactor (with the steam
generator and pumps), the reprocessing plant and the turbogenerators Next to the latter are located the trans-
formers. '

. The generator is focated in a pit which servesin part as the shielding for the steam genetators The reactor
is reloaded with the 2id of a manipulator. The active zone is enclosed in a cylindrical tank with a hemisphencal
" bottom. The upper, cover is composed of parallel tubes welded into steel plates, located one core lattice space
apart, The tubes pass through the shielding and are closed at the top by special stoppers. ReplaCement of the _
heat producing elements, which are in the- form of rods of natural uranium with zircalloy cladding, is performed
. with the stoppers removed,
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The fuel element, located inside a zircalloy tube through which the coolant is intended to flow, is placed
inside an aluminum tube outside of which is the moderator. The space between the zircalloy tube and the alum-
inum one is filled with'helium, which functions as insulation between the coolant and the moderator,

The core is surrounded by a reflector of ordinary water. The water in the side reflector is in annular alum-
inum tubes, and that in the bottom reflector is in an aluminum tank. There is no reflector at the top,

Heavy water is used in the reactor in two circuits: that of the coolant, and that of the moderator. The cool-
ant leaves the reactor and enters the steam generators, where its heat is given up and dry saturated steam is formed.
The moderator flows through a special heat exchanger, where it is cooled by ordinary water. In the event of
reactor shut-down, residual heat is carried off by natural circulation,

The NPD reactor is planned to operate without control rods. The reactor will be regulated by varying
the amount of moderator in the system.

The total cost of the 20 megawatt power ihstallation_will be about 11 million dollars. According to the
evaluation of Canadian economists, the cost of electric power will be about 0.7 cents per kwh.

Completion of the construction and start of operation of this atomic electric power plant is planned for
1958. ' : : '

Simultaneously with the construction of this reactor, rough drafts are being suggested for the development
of an electric power plant of 100 megawatts.

LS.
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[1] Canadian Chemical Processing 39, No. 10, 61 (1955)
[2] Engineering Journal 38, No. 12, 1658 (1955).
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FRENCH ATOMIC ELECTRIC POWER PLANT PROJECT

"At the beginning of January, 1956, in Marcoule (department of Gard), G-1,the first two- purpose reactor

in the country,was started. The energetic part of the reactor is.to be turned on in July of 1956. The G-1
reactor {s similar to the Brooklraven reactor (USA), and has gas cooling. The reactor is fueled by 100 tons .
of natural uranium, composed of 2700 heat producing rods. The moderator is graphite (1200 tons). The pro-
ducing capacity of the reactor is about 13 kg of plutonium per year. The thermal power of the reactor is 40
megawatts, and the electric power output of its energetic part is 5 megawatts. The low effrclency of the
heat cycle is explained by the relatively low temperature of the gas heat carrier on leaving the reactor (280°C).
The reactor is not considered an atomic electric power plant, as the power expended on its own needs (main-

. ly the electric supply to the gas blowers) is 8 megawatts. The experience gained in the design and use of
this reactor will be applied to the construction of two more powerful reactors of the same type in Marcoule,
intended to be the first French atomic electric power plant, :

The atomic electric power plant project is being carried out by the Atomic Energy Commission ('a!c-'
tually by its board for reactor study) simultaneously with the reactor facility of the company "Electricite
de France" and some commercial concerns (The Alsace Machine Construction Company, the Crezo Com- -
pany, the Rato Company. and others) :

In each of the two reactors of the atomie electric power plant, 100 tons of natural uranium will be
used as the fuel. The moderator is graphite, and the heat carrier, carbon dioxide standard equipment
will be used in the turbogenerator part of the station.

The projected electric power output of the atomic power plant consisting of both reactors is 40,000
kilowatts, though the maximum electric power output from each of the reactors is about 30,000 kilowatts.
In addition to electric power, the two reactors will produce about 100 kg of plutonium per year.

The nlanpis expected‘,tp-'start_ producing in 1957. -

In the city of Cande, at the junction of the rivers Loire and Vienne, @ second atomic electric power
plant will be eonstructed, whose power output will be significantly greater tham the output of the atomic elec-
tric power plami at Marcoule, The construction and.exploitation of the new power plant are assxgned to the
research division of the company “Electricite de France."

A

LS.
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THE SECOND AMERICAN ATOMIC SUBMARINE
"THE SEA WOLF"

‘On July 21, 1955, at Groton, Conn., the second American submarine with an atomic power plant, The Sea
Wolf, was launched. The construction of this ship was carried out by the firm "Electric Boat Division ‘of the Gen-
eral Dynamics Corporation.” . :

The length of the ship is 97.5 meters, its diameter is 9.15 meters, and its displacement is 3260 tons. The
‘under-water velocity of the ship will be greater than its surface velocity. _The energy source is an intermediate
velocity neutron reactor, constructed by the "General Electric Company?, The fuel in the reactor is enriched
uranium. The moderator is graphite, and the heat carrier is sodium. A prototype reactor had been consttuCted
and studied in West Milton,

The US Atomic Energy Commission has made -a contract with the firm "Combustion Engineering" for .
the design, construction, and extensive study of a reactor for a small atomic submarine. The firm of "Com-
bustion Engineering” is the first firm’ that has been assigned all the work on the construction of a reactor.

The new program for the construcuon of submarines in the USA specifies the construetion of a: 14600 ton
displacement submarine with two power plants that will be capable of developing a speed of 30 knots; in addi~
- tion, two submarines with atomic power plants will be constructed of the types established by The Sea WOlf
and The Nautilus, as well as three atomic submarines of 2300 tons displacement each.

LS.
LITERATURE .

[1] Engineer No. 5216, 63 (1955); No. 5218, 125 (1956).

[2] Catalogues of American firms issued at the Geneva Conference on the Peaceful Uses of Atomic Ener~
gy, 1955. ' "
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ATOMIC ENGINES FOR SHIPS

he problem of constructing atomic englnes for transportatlon purposes ls more dlfﬂcult than' that of sta-
tionary atomic energy installations. These difficulties are mainly connected with the limited weight and dimen-
sions of the reactor shield, But the use of atomic engines for large ships encounters fewer difficulties because
. the dimensions of the vessels are relatively latge

One of the types of reactor designated for large ships is offered by the English firm of Rolls Royce, The types -
reactor is cooled by lquid sodium, A closed gas turbine cycle is used for the conversion of nucleat energy
into . electtical energy. Helium {s used as working substance in the cycle, hiaving the following advantages
over air: 1) negligibly small neutron capture cross-section, and 2) greater heat conductivity.

The scheme of the cycle is shown in.the diagram. Helium at temperature 21°C and pressure 15 4 atmos-
pheres enters a’ low-pressure compressor and then goes throngh an intermediate cooler. from which it passes in~

toa high -pressure compressor. : , .
e 7 e
L \ 57 atm 40 c
A= T o
= l 53 atm,: 250 atm, 2190 157 atm 10 °C
b 4 iy % w
3%y i ~
21° _
g S { . } - 7
Yz5atm 060 AN 415 aton, 66274
' 158 atm, 589°C
6 1

Diagram of working cycle of gas turbine power plant, 1) Preliminary cooling of gas; 2) inter=
mediate cooling of gas; 3) low-pressure compressor; 4) high-pressure compressor; 6) to primary
heat.exchanger; 7) helium circuit of gas turbine with closed cycle; 8) turbine driving compres- ..
sor; 9) low-pressure turbine; 10) load; 11) heat recoverer; 12) primary sodium circuit,

Compressed to 42 5 atmospheres at temperature 96°C,the helium is sent lnto the secondary heat exchanger.
The temperature of the helium at.the output of the heat exchanger is 662°C and its pressure is 41,6 atmospheres.
The heated gas passes successively through two turbines: the turbine driving the compressor and a low -pressure
turbine connected to the propellor shaft, 15,000 HP ate delivered to the shaft,

The American shipbuilding firm "Newport News Shlpbulldlng and Dry Dock Company" together with the .
firm "Westlnghouse Electric Corporation™ has begun work on the systematic study of the possibility of applylng
atomic engines in large ships.

One of the projects of this firm is the ship *Atomic Mariner . In the project useus made of the hull and ,
ship fittings of a freighter of type "C4-1A Mariner”. The power plant of the ship consists of a turbogenerator
of the type generally used in the newest freighters and a nuclear reactor. of type "PWR",

The reactor uses enriched uranium in the shape of thin rods covered with zirconium. The system for re~
moving heat consists of two circuits; water under pressure is used as heat transport medium and moderator,
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Special attention has been given to the shielding of the reactor and the whole installation, Reduction of
the weight of the shielding to a minimum permits an increase of useful load of the ship and makes the power
plant more compact, '

Calculations have shown that at the present time the installation of an atomic engine on a ship is not
economically advantageous, '

It may be hoped, however, that in the very near future it will be possible to obtafn energy from nuclear
engines at a price comparable with that of energy from ordinary engines. ) '

I. S,

_ LI,TERATURE,C.ITED
(1] Aeroplane No. 2321, 49 (1956),
(2] Engineer 201, No. 5219, 180 (1956),
[3] Catalogs . of American firms,

(4] Engineering 108, No. 4691, 859 (1955).
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SEMI-FACTORY INSTALLATION FOR THE EXTRACTION OF PLUTONIUM*

An experimental installation in Chatillon (Frarce), designed for the treatment of heat-developing elements
that have been irradiated in a reactor, is constructed in the form of vertically disposed cascades. The tech-
nological process of treatment is as follows:

1." The irradiated fuel elements, having first been cut into pieces, are put in a conical container into a
tank for removal of their casings. Aluminum casings are treated with a concentrated solution of caustic soda,
casings of aluminum-magnesium alloy with cold nitric acid.

2. The container with its contents is transferred into another tank, where the uranium is dissolved in boil-
ing concentrated nitric acid; the oxides of nitrogen liberated here and also the radjoactive gases (xenon and
krypton) are passed through a cooling column of Raschig rings.

. The oxides of nitrogen combine with oxygen and in the presence of water form nitric acid, and the xenon
and krypton are caught in a special apparatus. :

3. The solution of uranyl nitrate, containing plutonium and fission fragmems. is poured into a tank, where
by addition of acid and water the concentration is brought to 400 g /liter and that of acid t0 1.8-2.0 molar.

4. The prepared solution passes through metering pumps into a set of extracting apparatuses, where it is
treated with an organic solvent—tributyl phosphate diluted with kerosene containing paraffin hydrocarbons. In
this operation more than 99.5% of the uranium and 99.5% of the plutonium are removed. Only small amounts
of fission products get into the solvent: about 0.2% of the B -active and over 1% of the o -active fragments,

5. The uranium and plutonium extracted by the solvent are subjected to reextraction. The plutonium is
reextracted by an aqueous solution of-a recovering agent, the uranium by sodium carborniate. Of the y -active
products contained in the original solution 1/5 goes into the prec1p1tated uranyl-carbonate complex; the plu-
tonium and 4/5 of the active products remain in the water containing the Tecovering agent,

After completion of this operation the solvent is returned mto the cycle

6. The fission products contained in the dilute acid solution are subjected to 50-fold concentration by
evaporation and are stored in stainless steel tanks. Before the evaporation the residual acidlty of the solu--
tion is destroyed by addmg formaldehyde while heating.

7. To concentrate it, the aqueous solution of plutonium is treated thh caustic soda and centrifuged.
This precipitates plutonium hydroxide, which is then dissolved in a small volume of nitric acid, By three
successive precipitations the concentration of plutonium is increased 30 to 40-fold. The losses of plutonium.
in the mother liquor are not less than 0.5%.

In the expenmental installation it is possible to regenerate 98% of the plutonium contained in the fuel
elements. The final regeneration operations are carried out in the laboratory. The plutonium obtained con-
tains not more than 0.2% of the active products,

The control of the work of the installation is achieved by means of a system of taking tests, and by level-
meters, manometers, etc., which are observed through periscope arrangements.

* Genie Chimique 74, No. 5, 129 (1955).
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A NEW AGENT FOR THE ELUTION OF ACTINIDE ELEMENTS*

A new elution agent, ammonium o -hydroxy isobutyrate, makes possible the attaining of considerably more

complete separation of the actinide elements than with amonlum lactate. A typital curve of the elution of
actinldes Is shown in the flgure

The.improvements in the separation of the elements are quite obvious,
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Elution of trivalent actinides from the resin Dowex -50 by a solution
of ammonium oc-hydroxy isobutyrate, -

* Journ. of Inorg. and Nuclear Chem. 2, No. 1, 66 (1858).
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URANIUM-BEARING CONGLOMERATES OF THE BLIND RIVER REGION IN CANADA
\[ ‘ '
Along the northern shore of Lake Huron, in a large area from Sault Sainte Marie to Sudbury, there are widely
spread pre -Cambrian gold-bearing conglomerates. In 1953 it was established that they include uranium ores of
commercial grade. The exceptionally favorable economy of the region (the presence of railroads and automobile
roads, the nearness of large industrial and cultural centers, etc. énccurageéd a tremendas - rush of prospectors and

geological exploring parties of various companies, and the rapid settlement of the region. It is now regarded as
one of the most promising uranium -bearing regions of Canada. :

The uranium -bearing conglomerates are part of the Mississagi formation of lower proterozoic age, occuring
discordantly on an archaic crystalline base. The Mississagi formation is basically made up of arkoses and separate
sheets of argillites and conglomerates, Among the conglomerates two varieties are distinguished: the boulder and

. pebble types. The pebble conglomerates ate the bearers of uranium ores; they consist of well-tolled quartz peb-
bles of diameter 3 to 5 cm and a cement of quartz, sericite, and biotite. The uranium-bearing strata are assigned
in age to the lowest part of the formation.

The composition of the uranium ores is extremely complicated and rather unusual —the main uranium mineral
is brannerite, but there are also encountered uraninite, pitchblende, thucholite, monazite, and hematite; in small
quantities there occur zircon, rutile, mégnetite, galena, chalcopyrite, pyrrhotine, and cobaltite; pyrites are wide -
ly distributed [3]. ‘

The ore -bearing strata have a sloping dip, and their thickness is 3-5 meters. The average uranium oxide .
content is found to be 0.10-0.14%.- The length of the individual ore bodies is from one to two kilometers, and
they have been followed along the dip by boring to 3 kilometers, Several beds have been found, the most pro-
mising being Pronto, Peach, Quirke Lake, Elliot Lake, and Nordic Lake, located near the town of Algoma.

' The complicated composition of the ores has caused great difficulties in the technology of their exploitation.
But at the present time there are several (indeed rather complicated) methods available, in particular the method
‘of leaching with heat and pressure, a method of dry extraction by .a stratification principle, applications of ultra-
sonics, and so on.

The explored ore reserves computed for Algoma County [5] amount to 30-50 million tons of ore, i.e., 30-50
thousand tons of uranium, and the total value of the reserves of uranium at Blind River are valued at 3 billion
dollars [1]. The discovery of the Blind River uranium deposits was attended with a great clamor and the issuing
of obviously exaggerated estimates, dictated by purely speculative considerations [2]. Still the great industrial
importance of the deposits is scarcely open to doubt.

The uranium-bearing conglomerates of Blind River in Canada and of the Witwatersrand in South Africa ap-
pear to be analogous in many respects. But the Blind River conglomerates excel in the thickness of the ore
bodies and the uranium content, while they contain less gold and require more comphcated techniques for treat-
ing the ore [4],

The uranium ores in the Blind River conglomerates are ascribed by most geologists to the sedimentary (al-
luvial) type. But there are those who support the idea of a hydrothermal origin of these deposits.

The Blind River region is being strongly developed by industry. - From the middle of 1955 more than ten
large companies have entered on preparatory operations. Plans have been made for the construction of a number
of enriching plants with productions from 2000 to 7000 tons of ore per day [2]. In September 1955 the first mine
started operations, and it was proposed to start at once four others with total production 15,000 tons per day [5].

The Canadian government has concluded agreements with several companies that ha\)e acquired locations
in Blind River, agreeing to purchase -the entire production for the next six years. Up to the middle of 1955 the
total amount involved in these contracts had reached 250 million dollars [2].
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THE GOLD-URANIUM DEPOSITS IN SOUTH AFRICA

In the American scientific and technical journals much attention is being given to the gold-uranium
deposits in South Africa. This interest is explained by the great importance which has.during the last ten
years, come to be attached to the securing of uranium from the gold mines of the Union of South Africa. The
extraction of uranium is already carried on at 17 gold mines and will very soon be begun at 9 more. In the
Union of South Africa uranium was obtained in 1953 to the value of 11 million dollars; in 1954 this increased
to 41.5 million dollars, and there was a further increase in 1955 [1].

This interest is-also due 1o the fact that the geological structuré.of the Witwatersrand deposits is very
similar to that of the recently discovered large deposits of uranium at Blind River on the north shore of Lake
Huron (Canada).

Although exploring work at this location is being carried on at a rapid pace, scientific data are slow in ac-
cumulating. Thus it is natural that any data on the geology, mineralogy, and origin of the Witwatersrand -
deposits that appear in the press are discussed with the most lively interest by American geologists.

During this research attention is given to the possibility of discovering uranium-bearing gold ores of the
Witwatersrand type. Such deposits have been found not only in Canada (Blind River), but also in Brazil (Ser-
ra de Jacobina) [2)." o C

According to the report of Davidson and Bowie (1951) [3] uraninite, with or without thucholite, is present
in all the workable gold-bearing conglomerates of the Rand formation, locally called "reefs”. The conglo- -
merates lie in layers from Dominion Reef in the main Witwatersrand system to the upper parts of the Elsburg'
Reef strata and the Vetersdorp Contact Reef, i.e., over a range of more than 7500 meters. Many reefs un-
suitable for exploitation for gold contain considerable amounts of uranium. Although there are still few data
for determining the total reserves of uranium in the Witwatersrand basin, they are believed to be greater than
in any uranium deposit under explortatron

The origin of the gold ores of the Rand has long been the object of violent discussions, One group, mostly
consisting of the specialists vengaged in working the deposits, thinks that the gold ‘and the conglomerates were ‘
deposited simultaneously. (the theory of alluvial origin). Another group asserts that . the gold was precipitated.
from hot gold -containing solutions that came up from below and deposited the metal in the porous conglo-
merates of the formation (the theory of hydrothermal origin). Davidson and Bowie (1951) [3] ¢ame to the con-
clusion that the gold and the uranium were deposited simultaneously and that any explanation of the origin of
the deposits that can be applied for one of these metals will also be applicable for the other, This conclusion
is mainly based on the data of many analyses, whrch have showed that the content of gold and of uranium
varies in the same proportion,

The adherents of the theory of hydrothermal origin of the Witwatersrand deposits bnng forward the fol-
lowrng arguments to support their position:

—the uranium content in the Rand conglomerates is considerably larger than anywhere else in alluvial _
gold deposits;

—uraninite is not a mineral characteristic of alluvial deposits;

—it is known that in the vein deposits found in the Belgian Congo, Mexico, and Canada the gold and
uraninite were laid down together by precipitation from hot solutions; '

—the complex chemical composition of the uranium minerals in the rocks surrounding the Rand basin
rules out the p0351b111ty of the alluvial introduction of the uranium in the form of uraninite;

: “ ‘
—large quantities of pyrites and gold-bearing conglomerates are not characteristic of alluvial deposits;

—the absence from the conglomerates of the "black slick" (i.e., the heavy fraction of minerals, con-
sisting of magnetite, ilmenite, etc.) characteristic of alluvial deposits;
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~the relative rareness of gold nuggets; most of the gold in the conglomerates {s in the form of grains of size
0.01-0.07 mmy;

—the presence in the.surrounding rocks of pyrite, galenite, sphalerite, chalcopyrite, chlorite, and sericite,
characteristic of hydrothermal activity, ’ '

The theory of the alluvial origin of the Witwatersrand deposits received new suppott in the recently published
-work of the German geologist P, Ramdor [4]. His conclusions are founded on a careful study of a large number
(about 140) of excellently prepared’polished sections of specimens of Witwatersrand ore.

In evaluating the facts established by geologists during the study of the Witwatersrand deposit, Ramdor sug-
gests that corrections be made for the influence of "pseudohydrothermal® effects, caused by subsequent magmatic
activity, and also for the influence of radioactivity .and of the enormous thickness (from 10 to 16 km) of the

overlapping sediments,

Ramdor was able to find in the polished sections several types and varieties of pyrites, including alluvial"
pyrite. He concludes that the gold was alluvial in origin and was accompanied by several minerals typical
of alluvial deposits, but was later recrystallized, as indicated by the relative rareness of nuggets. Ramdor has
- o doubt that the uraninite of the Rand entered the alluvial deposits together with the other components in the
form of small rolled grains, which became concentrated in the lower parts of the reefs.

The interest of American geologists in the Witwatersrand is evidenced by the journey made in May 1955 by
P. E. Young, ‘manager of the firm "Pronto Uranium Mines" (one of the concerns engaged in the exploration and
exploitation of the Blind River deposits); to South Africa, where he spent a month acquainting himself on the spot.
with geological conditions and the means of working the deposits, B - '

He admits that the South African deposits of gold and uranium, oé;curf_ing in conglomerates composed of
quartz pebbles, are in many respects like the ore layers of the Blind River deposits. But, as Young remarks, the
conditions for working the ores at Witwatersrand and at Blind River are dissimilar. The main differences are:

—~the depth of mining operations in _Squth Africa reaches 2100-2400 meters, while at Blind River workings
are being considered to a depth of 900 meters; ' ’ : :

—the average thickness of the ore layers in the Witwatersrand deposits does not exceed'l meter, while in °
the Blind River deposits it is more than 2.5 meters, which makes necessary the use of other means of working -
the latter deposits; o S - ' ‘ ' o o :

.

—fifty years' experience in the work at the Witwatersrand makes it 'possibie to establish rather accurately
the quality of.the ores, the amounts available, etc., by using the results of analyses of the cores from: drill borings,
distributed at distances about 1.5 km apart, In the Blind River region the borings must be' made in a closer -
network.: In the South African mines very powerful ventilation is required because of the enormous extent of the .
workings (their length reaches 10,000 km) and the high temperatures in the lower levels (for example, at a depth
of 1800 meters the temperature reaches 45°Cy; ’ c : : :

—the availabi:nf)" at the South African mines of cheap labor (approxirﬁateiy 1 'c_lolla._r‘ per day, of _whic_h about
50% is withheld for lodgings and food) causes the degree of mechanization of the work in the Witwatersrand
mines to be much less than in the Blind River mines, where wages are much higher [1].

The extraction of gold from the Witwatersrand deposits has already been going on for about 70 years, o that
many mines Have gone out of existence, but the prospects of obtaining uranium has aroused these mines t
a seconfi hfel[l]. ) Al Z., E.:G._
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THE APPLICATION OF COMBINED y-RAY AND ELECTRICAL BORE -HOLE
TESTING TO EXPLORATION OF URANIUM DEPOSITS®

The geophysical apparatus and methods used in exploration for oil ¢an be used successfully for the ex-
ploration of uranium deposits. One of the variants of their use for seeking uranium is a combined simultaneous
y -ray and electrical resistance bore-hole testing. In the search for uranium on the Colorado Plateau the total
length of borings made each year amounts to 1000 km

The use of the combined test method makes it posmble not only apprec1ably to speed up the .testing of the
cores, but also to ¢ut the cost of the work by a factor of three or four, The sludge from exploratory borings can
be tested by means of ordinary radiometers with scintillation or gas-filled counters, but the hole testing method

- gives considerably more valuable information about the rocks penetrated.

The curve of apparent resistances of the rocks penetrated, obtained by the electric testing method, makes
it possible to compose reliable lithological sections of the bore -holes, contours, and the whole region. The y -
ray testing supplements these lithological data and characterizes the content of uranium and its decay products
in the sepatate levels and strata of the section.

The use of the combmed tests makes it posnble to obtain maps and, defme on them the sections most pro- .
mising for exploration for commercial uranium deposxts :

A specially constructed testing outfit is used to carry out the simultaneous measurements. The electrical
testing is done with a one-electrode (current) circuit, which assures a sufficiently good differentiation of the
strata by the relative values of their apparent resistances,

The electrode current and the pulses from the gas-filled counter are brought from the sound in the bore-
hole to the surface telemetrically by a one-strand testing cable, In the sound there are mounted a power pack,
a vacuum-tube generator for resistance measurements, a monovibrator, and a Geiger counter; in the lower part
of the sound is the current electrode. The circuit of the apparatus is insensitive to leakage and changes of
length of the cable.

In the set of apparatus installed on the surface, the signals from the counter and the probe are separated,
amplified, and fed to a two-channel register with tape recording. The power supply of the whole outfit is
furnished by an engine -driven 110 volt 60 cycle generator. The gamma-radiometer has 10 scaling decades,
-assuring good linearity in the range 10-10,000 counter per second. According to the results.of calibration with
a Ra®® source, this range corresponds to an intensity of the order of 5000 microroentgens per hour. The radio-

- meter has six time constants (from 0.5 sec to 16 sec), the choice between them being determined by the activity
to be measured, the speed at which the test is run, and the stated size of the statistical error. The record on
the tape is made to scales 1:10, 1:20, and 1:50, The sensitivity, étability, temperature characteristics, and
mechanical durability of the outfit correspond to the requirements of measurements under field conditions. The
winch has a cable of length about 600 meters and provides lowering and raising speeds from 0.6 to 30 meters per
minute; in case of need the length of the cable can be increased up to 3000 meters. The whole outfit is handled
by one operator, performing 6 to 10 test runs per day. N ‘

The determination of the UyOq content is not made directly from the measured intensity because of the
possible influence on the results of thorium and of disturbances of the Ra-U equilibriurn. By the use of special
calibrating devices the radiometric determinations of the uranium content can agree with chemical analyses

within limits of 16-50%. For the calculation of the Ug04 content, the true intensity fs first determined by the
formula

I=1, kd,

‘s Geophysics 20, No. 4, 841-859 (1955)..

L
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where I {s the measured intensity in ut/ hr,, Iy is the true intensity in u/ hr..‘ k is a correction coefficient for
the thickness of the layet, the speed of the run, and the time constant, and d, {s a correction coefficient for the
diameter of the hole.

On the basis of measurements in standardized holes with saturated layers (thickness greater than 76 cm) of
known content, a determination is made of the conversion coefficient C, which satisfies the equation
UsOg (olo) = Clo. S

Models of standardized holes have to be made from the ore of the given region, whose UgO, content is
determined by chemical analys is, For deposits {n the state of Colorado a typical value of C fs 1,9+107 %/ ut/
hr, , ‘

The quantitative interpretation is canied out in the following way.

1. The trace from the register gives the thickness of the active stratum; the value taken fs the distance be-
tween the points of inflexion of the curve of the anomaly. Strata of thickness less than 15 cm are not resolved,
as the counters used in the sound are of this length, : :

2. The actual activity Iy is found for the anomaly. and itis translated into M’/ hr, by means of a calibra-
tlon curve, v

3.. The UzO, content is found, by using a conversion coefficient for the given type of ore,

On the basis of the register traces.of resistance and 7 -activity one can obtain a rathet accurate treatment of
the sections of the bore -holes. : ' ‘ '

From the results of the interpretation of these data there are also constructed maps of the activity and elec-
trical conductivity for various stratigraphic’ hoerons of the state of Utah R o

L. E.
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EXPLORATOR‘Y BORING FOR URANIUM*

The properties of the "Anaconda" company in the vicinity of Granta, New Mexico (USA) have rocks with
physical propérties suitable for -dri'lling, and the thickness of alluvial deposits is not large; thus very effective
drilling surveys for iranium have been possible in the limestone formations at Todilto and the sandstone forma-
tions at Entrada. '

The exploration of the Morrison sandstone formation was complicated by the necessity of drilling through
crevices at 90-120 meters, and because of the great brittleness of the rocks it was impossible to obtain cores
from them.

In practice three kinds of drilling were used: diamond bit core-drilling, rotary drilling and impact chip-
ping. The diamond drilling was used to outline the ore bodies and to make a detailed study of the lithological
composition of the strata traversed and also of the moisture content, Rotary drilling was conducted in the layers
of rocks of low moisture content and was usually accompanied by y -ray and electrical testing. Chipping was
used in limestones, but in places having quartz-bearing rocks this kind of drilling was replaced by the rotary
type.

The monthly amount of rotary dnllmg was about 18,000 meters, and that of diamond-bit drilling was 3000
meters,

Records were made from the holes by choosing 10-50% of the cores from the dlamond drilling or the sludge
from the rotary drilling.

The use of y -ray testing made it possible not only to pick out the places with anomalous radioactivity, but
also to obtain lithological sections by comparing the y -ray data with those from diamond-bit drilling.

It turned out in practice, however, that it is insufficient to outline the ore bodies by the y -ray method
alone, :

In places where the strata were sloping, the holes were located 15 meters apart along contours traced paral-
lel to each other every 30 meters.

Where the geological structure was more complicated, additional drillings were made along lines intersect-
ing the contours.

In some cases the use of such a network was preceded by "wildcat" exploratory drilling, in which holes were
drilled every 180 -300 meters. In promising places these distances were reduced to 30-60 meters,

In outlining very short ore bodies in limestones additional holes were drilled near those passmg through the
ore body, at distances of 3 6 meters.

The results of drillings in promising locations were confirmed by mmmg operations.

Ore bodies in the form of vertically+placed chimneys filled with breccmted rocks containing ore were ex-
plored by dnlhng inclined holes, for example at Woodrow Maine.

N, T.

e t:fi-ning Congress Journal 41, No, 12, 46-49 (1955).
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A GOUNTER FOR THE STUDY OF GAMMA-ACTIVITY IN THE HUMAN ORGANISM*

A counter for. the measitrement of smalI concentrations of y -active isotopes in the human organlsm has
been developed at the Los Alamos Laboratory (USA) . The sensitivity for {sotopes emittmg y.~quanta is § ~10 o
curie for the object, when the mass of the object is of the order of 120 kg. In larger objects a concentration of
the order of 3 10”2 curie/ kg can be detected, The sensitivity of the counter is high enough 5o that the natural
isotope K% (about 10"s curie) can be measured with accuracy 5% in two minutes of counting.

Fig. 1. Out‘sidvevv_iew of the_-count_er_ without the lead shield.

'Fig 2. General view of the -counter. This picture shows the o » EE
- lead shield and the trough to hold the ob]ect to be: nested which i '
can be moved inside the counter.

———

* E. C. Anderson, Nucleonics 14, No. 1, 26 (1956).
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The counter consists of a cylindrical tank of volume about 500 liters, filled with a liquid scintillator. The
scintillations are detected by 108 photomultipliers (12 rows of 9 tubes each). At the axis of the cylinder there
is a cavity for the object. On the outside the counter is covered with a massive lead shield. The effective
solid angle is close to 4w, and the efficiency does not depend on the position of the object.

The report gives a detailed description of the electrical circuit of the apparatus, and data obtained are
presented with a statistical treatment, '

A number of studies conducted with this apparatus are described:
-1, An investigation of the level of natural radioactivity (K**) of an individual, in relation to sex and age.

2. A study of the artificial radioactivity of the human body after exposure to slow neutrons. The counter
makes it possible to detect the artificial activity resulting from the action of 0.3 R. E. P, of slow neutrons.

3. The determination of the contamination of personnel and food by y -active substances, In the investi-
gation of personnel the variability of the K* content limits the precision of the measurement,

4. Study of the K content of the organism from the point of view of pathological chemistry and pathology.

5. A study of the retention of uranium fission products in the organism,

S. L.
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AN UNDERWATER APPARATUS FOR THE HANDLING OF
IRRADIATED FUEL ELEMENTS

Reports have. appeared in American journals on practical tests of a special outfit for the mechamcal
: handhng under water of 1rradlated fuel elements.

The water asstires the shxelding of the operatmg personnel the: cooling of the fuel elements and the safe -
removal of the chtps from the cumng A general view of the mstallatton {s shown in Fig. 1.

. The underwater machine is placed atthe bottom of a shaft 7.6 meters deep, constructed at thie reactor
‘testing station in Arco (state of Idaho, 'USA). The loading and unloading of the. machine is carried out by
means of an electrical travelling crane and manipulator, the control ‘desk for wh1ch is seen at the left in the
pictute, The operator, who is at the other end of the crane bndge over the 'shaft, can observe the. course of
operations by means of a penscope, shown at the nght in the plicture as'd column with its lower part of square -
Cross secuon. T -

‘In Fig. 2 the machine is shown in operatlon. At the nght is the mampulator The control cables (m center . -
at rear) go'to. the contro] desk, ‘which 'is placed on the floor at the edge of the shaft.” By means of these cables
- one can’bring about motions of the material bemg treated in both vertical and horizontal directions. A-shaft "
driven by a 1.5 horsepower variable-speed motor actuates a worfigear- ‘that delivers the fuel'elements to the
cutter, located below at the right. On the control desk there are devices. showing the positions:of the fuel ele-
ments and the cutter to an accuracy of a few thousandths of a centimeter, - Here are also installed the regulators :
for the Iength of the cut, : : :

Figure 3 shows the machine wnhout its s1de and top covers. Alongside the control cables there pass four -
tubes, two of which deliver water to the hydraulic presses; the other two, of larger diameter, serve to circulate
_ the water removing the chips, at the rate 6f 760 liters.per minute. The water from the jacket around the
machine first passes through a screen to catch the chips, and then thiough a microporous filter whlch cleans it
more thoroughly. - After cleaning, .the water again enters the machine. Thus there is no interm1x1ng of the
water removmg the’ chips with the water in the shaft, - ST
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L Fig. 3. : j ’
) , Durmg the time that the machme is under water compressed air is fed mto the motor casmg to keep
‘ water from gemng nto i, AR S
IR U LITERATURE CITED R _ o
- [1] Elecirical Journal 155, No. 6, 460 (essy. . . SR '
(2} American Machinist 99, No. 1_7,1 110 (1955).-' o
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BIBLIOGRAPHY
BOOK REVIEW
I. 8. Glazunov, P. D. Gorizo\ntov,’ D. L Zakutinsky , L L Ivanov, A. A. K:m.arevsluy:i, N. A. Kraevsky,
'N. A. Kurshakov, A. V., Lebedinsky, V. N, Petyshkov, and Yu, M. Shtukkenberg. Radiation Medicine. A Guide

for Physicians and Students. Edited by Corresponding Member of the Academy of Medical Scmnces Professor
A. V. Lebedinsky. Medical Press, Moscow, '1955. ‘ ‘

In the handbook under consideration there are pmsented in detail (as far as permitted by the size of the
book) current conceptions of the pathogenesis; clinical behavior, dlagr-ooucs, and treatment of radiation -
disease. The pathological anatomy of radiation sickness is fully lescribed, and there are set forth in detail ' |
the clinical and laboratory methods for diagnosing the disease which it is necessary for the practicing physi-
cian to know. Almost a quarter of the book is devoted to questions of physics: the nature of ionizing radia- .

~ tions, their interaction with matter, and also methods of detecting and measuring radiations (dosimetry). The
inclusion in the book of detailed information from the field of physics is extremely valuable, since without
a knowledge of physical laws it is impossible either to understand the mechamsm of action of radiation on the
human organism or to correctly diagnose and treat radiation sickness.

Along with the results of their own investigations the authors of the basic chapters have made rather wide
use of the data of Soviet and foreign radiological literature, In their treatment of the pathogeneols of radia-
tion disease the authors have started with the materialistic ideas about the organism as a single whole, a fact’
that favorably: distinguishes the present handbook from analogous works of foreign scholars, where the basic:
emphasis in the analysis of radiation disease is placed on the study of local processes in the cells and tissues
(for example, the manynvolume handbook on radiobiology pubhshed in the USA in 1954).

At the same time it must be admmed that the handbook "Radiation’ Med1cme bas a number of essential
inadequacies.

The basic defect is the absence of a clear ly unified plan of presentaaon of the material. The handbook
is too much like a collection of papers of different authors. If some chapters (" The Physics and Dosimetry of
Penetrating Radiations®," “Pathological Physiology of Radiation Sicknesses”, "Radiation Burns®, -"Pathological
Anatomy of Radiation Sickness™) give a clear presentation of the subject being discussed, still other chapters,
like "Primary Laws of Radiation Disease”, "Toxicology of Radioactive Substances® are carelessly written and
often leave the reader in a blind alley through the dmorderlmess and superflcxahty of the presentation.

- Thus, the sections of Chapter IV devoted to the dependence of the action of radicactive substances on
their physicochemical properties, ways the substances enter the body, and their distribution in and elimina-
tion from the body do not contain many elementary facts about these matters,

In the chapters "Clinical Nature and Treatment of Radiation Sickness” and "Clinico- laboratory Methods
of Diagnosis of Radiation Disease” there are many maccuracms, a number of assertions are made without suf -
ficient bas1s in the test, and some of the assertions are untrue and disorient the reader,

In Chapter V the definition of radiation disease is given in an extremely rambling fashion. In the descrip-
tion of severe symptoms, such as brain hemorrhages threatening anemia, it is not pointed out that they are
observed only inverysevzre cases of the disease.

In the description of chronic radiation sickness there is no mention of its characteristic peculiarity: its
cychc wave ~like. course. Nothmg is said about the remote consequences of radiation disease, although there
are such data in the literature.
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In Chapter VII the author speaks several times about the toxicity of uranium, without mentioning a word
about the fact that this toxicity is due to its chemical properties, and not at all to its radioactivity, The in-
clusion of uranium for its toxic properties in the group of radioactive substances gives rise to misunderstanding.

The lack of a unified plan is also apparent through the occasional ocurience in chapters written by dif-
ferent authors of contradictions not discussed in the text. Thus, for example, on page 242 we read: "During
the period of open manifestations . . . an increase of y -globuiins is observed”, which contradicts the data
presented on page 108: " . .. after irradiation . . . there occurs . . . an increase of o~ and B -globulins; the
y -globulins remain unchanged”. A disagreement between data is not rare in science but in a handbook such
disagreements must be explained or at least discussed. -Furthermore, on page 93 this formulation appears:

"As was shown above; the process of ionization of water is of the greatest significance”. But in Chapter II,
devoted to the primary mechanisms of the biological action, while the author does describe in detail the pro-
cess of ionization of the aqueous medium of the organism, he still takes as the basic pathogenetic mechanism
of radiation disease the direct damage to definite protein structures by the ionizing radlanon.

A number of questions are clearly madequately elucidated in this handbook, As was pointed out above,
the chapter on the primary mechanisms of bilogical action of radiation is carelessly written, and the reader
gets no distinct conception of the possible courses of realization of the primary effect of ionization in liv-
ing substance; the chapter ought to be broadened and more illustrations with factual data should be used.

Little is said about the dependence of biological effects on the type of radiation, the dose, and the
degree of penetration. The bidlogical classification of doses is not given (maximum allowable, pathogenic,
fatal, etc.).

In the chapter "Toxicology of Radioactive Substances" there is no. clear statement of the peculiarities
of the radiation sickness that arises from the entrance of radioactive substances into the organism, of its
resemblance to and differences from the sickness caused by external irradiation.

Quite inexplicable is the absence from the chapter "Clinical Nature and Treatment of Radiation Sick-
ness” of a section devoted to the treatment of chronic radiation sickness. The concluding remark-that "treat-
ment must be carried on in accordance with general clinical indications” gives the physician nothing toward
an understanding of the principles lying at the basis of the therapy of chronic radiation s1ckness and of the
concrete therapeutic measures necessary in such cases, :

In their exposition of the pathogenesis and clinical behavior of radiation disease the authors give great
attention to changes in the'role of the central nervous system. At the same time, in the description of
diagnostic methods not a word is said about the diagnosis of changes of the nervous system.

An extraordinarily serious reproach must be laid at the door of the Medical Press, which has issued a book
with a large number of misprints and mistakes, often distorting the meaning of the texi, The 64 misprints
noted in the text are only an insignificant fraction of what there are,

The inadequacies that have been enumerated undoubtedly decrease the value of a much needed, useful,
and correctly conceived first Soviet handbook on medical radiology. It is to be hoped that in a second edi-
tion the authors will take into account these critical remarks and eliminate the essential inadequacies that
have been allowed to get into the book now reviewed.

S. L.
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ERRATA

Ly the -oviet Jaurnal of 2 tomic Energy, No. 1, the followmg typographical
nnstakes in the original Journal were not corrected in the C.B. English

translatton ,
Page Reads - Should read
105 Figure caption _ 10 kw 100 kw
105 6 lines from top 10 kw ' 100 kw
. 105 7 lines from top 100 kw 150 kw

105 7 lines from top 100 mm ' 500 mm
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