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ARTICLES

THE ENERGY SOURCE OF THE SUN

N. A. Vlasov UDC 539.165.8:539.12...164

A remarkable rejuvenation and birth of new ideas has been taking place in solar physics
in the.last decade. The principal reason for this rejuvenation is the neutrino deficit de-
tected in the observations of Davis [1] in comparison with the predictions based on the stan-
dard models of the sun. Attempts to achieve consistency of the calculations with the ob-
servations by revision of the standard models and reevaluation of the constants used in the
calculations have not led to comforting results. The deficit has been maintained; therefore,
researchers have begun to doubt the premises on which the standard models are based. Sug-
gestions have appeared that the interior of the sun is appreciably richer in the heavy ele-
ments than the outer visible layers and that mixing of material is occurring in the solar in-
terior. The more unexpected hypotheses have been directed towards searches for unknown ef-
fects, e.g., new particles or new types of interaction (in addition to the four known), the
inclusion of the gravitational interaction of black holes, and assumptions of different neu-
trino transformations on the way from the sun to the earth. This abundance of hypotheses has
created the impression of serious trouble in solar physics. Actually, the situation is not so
alarming. It is true that some '"first approximations' are in need of review, but many ''luna-—
tic'" ideas are clearly unsound and scarcely deserving of discussion. ' On the other hand, ob-
servations are revealing new phenomena whose analysis promises real ways to resolve the prob-
lem. ‘

Gravitation and Energy Sources in the Universe. The most powerful energy-generating
processes in nature occur under the action of gravitational forces. Due to its universality
and slow decline with distance, the gravitational interaction involves enormous masses of
matter. The larger the masses of the bodies are, themore significant are the gravitational
forces. We observe such effective phenomena as the burnup of meteors and the fall of meteor-
ites already on such a small celestial body as the earth .(M = 6.6*10°7 g). On the moon and
the planets large meteorites have formed craters and were in general one of the chief factors
determining the nature of planetary evolution. The formation of the sun and the sdlar system
occurred under the action of gravitational forces. It is almost indisputably recognized that
the origin of all celestial bodies, planets, stars, intragalactic star clusters, galaxies,
clusters of -galaxies, and superclusters, is due to the gravitational contraction of matter.

In the course of stellar evolution the gravitational contraction is slowed down at some stage
by transformations of matter within .the stars. But in the final evolutionary stages gravita-
tional contraction turns out to be decisive. It leads to the formation of very dense objects:
white dwarfs, neutron stars, and black holes. The formation of such objects is usually ac-
companied by large explosive processes of energy liberation — the outbursts of novae and super-
novae. Although nuclear transformations, e.g., thermonuclear carbon burning, may be the

direct cause of the explosions, gravitational contractlon serves as the original energy source.
In a supernova outburst of a star an enormous amount of energy is liberated — ~10°% ergs (1
erg = 11077 J). A supernova emits more energy in a week than the sun does in its entire
lifetime of 10*° years.

Even more immense energy releases are observed in some galaxies and the quasars. An
amount of energy on the order of 10%° ergs » 10° Moc?® equivalent to the rest energy of mil-
lions of suns, emerges in the form of the kinetic energy of dispersing masses of material, in
the form of electromagnetic radiation of a broad spectral region from Y quanta to radio waves,
and in the form of cosmic radiation. Thermonuclear reactions, in which tenths of a percent
of the rest energy are released, seem insufficient for such immense conflagrations. It is
necessary to "incinerate' an entire "galaxy of hydrogen" in thermonuclear reactions in order
to cause such a conflagration. Whatever the mechanisms might be for the release of such great
energy, there can be no doubt that it occurs due to grav1tatlonal contraction (approach) of
large masses of material.

Translated from—Atbmnaya Energiya, Vol. 49, No. 3, pp. 155-161, September, 1980. Origi-
nal article submitted March 27, 1980.
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Tenths of the rest energy can be released in the process of gravitational approach. For
example, there exist states in the gravitational field of a rotating dense body to which a
transition results in the radiation of 0.4Mc?" [2]. Consequently, the energy release in the
process of gravitational contraction is more intense by one-two orders of magnitude than that
in thermonuclear fusion. '

Gravitatijonal Energy of the Sun. It is supposed that the sun was formed out of a rare-
fied cloud of gas and dust. In the process of contraction of the cloud gravitational energy
was released approximately in the amount kGMj/Ro = 5.6°10“® ergs (G is the gravitational con-
stant, M, and R, are the mass and radius of the sun, and k * 1). This value depends in gen-
eral on the final state of the sun, e.g., on the radial distribution of the mass, but reason-
able variations of the distribution change the gravitational energy by less than a factor of
two. If one divides the gravitational energy of the sun by the number of nucleons in it (N =
1.2-10°7), the result can be assumed to be the average binding energy of a nucleon in the sun,
which is equal to 3.7 keV/nucleon.

The escape energy of a-hydrogen atom from the surface of the sun (v2 keV) exceeds by more
than two orders of magnitude the energy of the chemical bonds of hydrogen in molecules and
condensed bodies but is ~10® times less than the energy of the nuclear bonds of a nucleon and
~v10° times less than its rest energy.

If the luminosity of the sun were to be equal from the very start to its present lumi-
nosity Lo = 3.86-10°% ergs/sec, the contraction energy of the sun would last %2:10!° sec =
5:107 years. Special calculations with analysis of the evolution of the sun in the contrac-
tion stage do not alter the order of magnitude of this quantity. But the age of terrestrial,
meteoritic, and lunar material determined by measurements of the radiocactivity of uranium and
other radioactive isotopes is no less than 4.5-10° years. There is no basis for assuming the
sun to be younger than 4.5-10° years. It is clear that gravitational contraction to a reasQn-
able present state could not provide the luminosity of the sun for billions of years. '"Un-
reasonable" but conceivable states would be able to provide the luminosity of the sun by vir-
tue of gravitational energy. For example, if one supposes that a compact object of the black-
hole type were formed at the center of the sun, then one can maintain the power of the sun for
billions of years due to the gradual capture by this central object of the surrounding materi-
al. During the lifetime of the sun the flow rate of capture material would amount to thou-
sandths of the solar mass, i.e., several powers of ten less than the amount of hydrogen that
would be consumed in thermonuclear reactions. The hypotheses in which the neutrino deficit
is explained by the presence of black holes are based on such notions [3]. But at the present
state of physics and astrophysics the introduction of black holes into the sun hardly seems
necessary.

Already at the beginning of the present century guesses appeared that the source of the
energy of the sun and the stars might be nuclear transformations., In the 1930s certain kinds
of the necessary nuclear transformations were found, and a solid conviction developed that
they are precisely what provides a lengthy and rather stable existence for the sun and the
other stars in the evolutionary stage known as the main sequence. The relatively large energy
release of nuclear transformations (v10™% Mc?), even in light of their very low probability,
proves to be sufficient for the internal heating to prevent graviﬁational contraction for a
long time. Gravitational contraction again comes into play and becomes the chief source of
energy of subsequent transformations in stars of large mass after significant burning of the
light nuclei. In the final stage of evolution a star may be transformed into one of three
types of celestial bodies: a white (or dark) dwarf, a neutron star, or a black hole. The
radius of the dwarf is =100 times less than that of the sun. The gravitational binding ener-
gy of a nucleon reaches 1 MeV in thedwarfs [4], i.e., less by approximately (in all only) an
order of magnitude than the nuclear bonds of the nucleons. Just as in nuclear transformations,
the binding energy is emitted in the form of quanta or particles. Upon the formation of
dwarfs the gravitational energy already makes up the dominant fraction of the overall energy
release of the star. '

The release of gravitational energy is even more significant in connection with the for-
mation of neutron stars. The binding of nucleons in neutron stars exceeds by one-two orders
of magnitude the nuclear bonds; therefore, nuclear transformations play a secondary role in
the formation of neutron stars. Actually, endothermic fissions of the most stable iron nuclei
which utilize part of the energy of gravitational contraction, predominate. Notwithstanding
this fact, the formation of neutron stars leads to colossal explosions of the supernova out-
burst type.

b

604

Declassified and Approved For Release 2013/02/14 : CIA-RDP10-02196R000800040003-0



Declassified and Approved For Release 2013/02/14 : CIA-RDP10-02196R000800040003-0

The energy release in connection with the formaticn of black holes differs insignificant-
ly from the energy release in connection with the formation of neutron stars. The radius of
a solar—-mass neutron star is three times larger 1in'all than the so-called gravitational ra-
dius (Rg = 2GMo/c® = 3 km), at which the gravitational force becomes irresistible.

The sun should be transformed into a white dwarf in several billion years. It does not
have enough mass for transformation into a neutron star or a black hole. Consequently, in the
evolution of the sun gravitational energy will add only alittlebit in the late stages to
what the thermonuclear burning of hydrogen will. provide. Gravitational forces are important
for the contemporary sun only as a counteraction to the internal pressure of the hot matter
which determines its state. The equilibrium between internal pressure and gravitational con-
traction is usually disrupted in nonsteady stars, and vibrational or explosive phenomena are
observed. The gravitational forces emerge here as an active beginning which affects the na-
ture of the evolution.

We have become accustomed to considering the sun in its present state to be practically
a stable star, although flares, vortices, spots, and so on are visible on its surface. The
surface instabilities weakly affect the integrated luminosity. The so-called solar constant —
the flux of solar energy per 1 cm® of the earth — has remained constant within 1% limits dur-
ing astronomical measurements. But the duration and accuracy of the measurements of the solar
constant are insufficient to exclude completely global irregularities. - On the one hand, hy-
potheses have appeared in connection with the neutrino deficit concerning variability of the
nuclear burning processes in the solar interior, and on the other hand — signs of powerful
nonequilibrium processes have been detected by the latest contemporary measurements. The pos-
sibility is not excluded that some variations of the energy release are produced by mutual
conversions of gravitational energy into thermal and vice versa. Theoretically possible meth-
ods of maintaining the energy release of the sun by virtue of gravitational contraction energy
for billions of years seem improbable. Thermonuclear burning of hydrogen and light elements
as the energy source of the sun and the stars is in such good agreement with numerous and di-
verse observations that there are no reasons to doubt it. Of course, refinements of the de-
tails of the process and variation of the steps of thermonuclear fusion are possible. But it
is unthinkable to exclude thermonuclear fusion from the energy release and evolution of the
stars.

Nuclear Transformations. Nuclear energy is released in the sclar interior as a result
of the conversion of hydrogen into helium. The principal cycle of nuclear reactions is as
follows: i

p+p—>d+e v, d+ p—>>He L y;

3He 4 3He — ‘He + 2p.
Four protcons are converted into an o particle. An energy of 26.7 MeV is released.. The great-
er part of this energy is imparted to charged particles and photons and then is slowly car-
ried out to the outer layers of the sun, from which it is emitted principally as visible light.
A small part (v2%) of the energy is transported by neutrinos and carried off without hindrance
by them to the far cosmos.

The initial reaction of the cycle is the B-decay of a pair of protons with their trans-
formation into a deuteron. The decay occurs only at the brief instants of the approach of
protons during collisions; therefore the probability of the decay is very small, and the trans-
formation of hydrogen into deuterium proceeds very slowly. The sun owes its lengthy existence
to this fact. : :

In addition to the hydrogen cycle of:reactions noted above, there is still the Bethe car-
bon cycle. 1In it four protons are also transformed into an o particle with the help of cata-
lyst nuclei of carbon and nitrogen. Also a pair of neutrinos occurs for each a particle, but
their energy is somewhat larger and the spectrum is different. The role of the carbon cycle
is small in the solar energy budget. This fact was clear already from the preliminary cal-
culations of solar models and has been confirmed by the observations of Davis.

Notwithstanding the very slow process of hydrogen burning, it releases enough energy to
maintain the luminosity of the sun. With a luminosity L = 4-10°% ergs/sec, *3.6:10°° hydro-
gen atoms per second should be converted into helium. Their mass is AM = 5.7*10'" g/sec. At
this rate ~8-10°' g = 0.04M, should be burned in 4.5:10° years. Consequently, in order to
maintain the luminosity at the present level for 4.5+10° years, it is sufficient to convert
a total mass of hydrogen of about 4% of the sclar mass into helium.
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The observations of Davis have raised doubts about the characteristics of the nuclear re-—
actions occurring in the sun. Papers {e.g., [5]) have appeared in which possible errors in
the calculations due to uncertainty of the original nuclear data are analyzed. The principal
reason for the uncertainty lies in the fact that the majority of the values of the probabili-
ties and cross sections of the reactions could not be verified directly by experiment but
were obtained by extrapolation from known analogous phenomena or from a distant energy region.

The initial reaction p+p - d + et + v has such asmall cross section that there havenot yet
been attempts to observe it in the laboratory. The cross section is determined on the basis
of data on pp—scattering at low energy which characterize the initial state and from an esti-
mate of the matrix element of the B transition which has been determined for.other nuclei, in
particular for a free neutron. Refinement of the data on the period of neutron decay may af-
fect the adopted value of the cross section of the reaction.

The other subsequent nuclear reactions could also not be observed directly in the labora-
tory, and their cross sections are obtained by a distant extrapolation-in the energy. The
thermal energy of particles at the center of the sun is on the order of 1 keV, but the Cou-
lomb barrier for a proton is 100 keV in the best case, and the energy range accessible for
laboratory measurements starts near 1 MeV. Uncertainty in the extrapolation can have a sig-
nificant effect on the calculations for the yield of the different branches of the cascade
of nuclear reactions, in particular, on the yield of °B nuclei, which is significant for the
neutrino measurements. In this connection, a suggestion has beenmade about a resonance of
the °He + ®He reaction and the inaccuracy of the extrapolation of the cross section of the
’Be + p reaction.

An analysis of the possible changes of the adopted nuclear data has not led to agree-
ment of the standard solar model with the observations of the neutrino flux [6]. It has not
proved possible to explain the neutrino deficit by errors in the determination of the nuclear
constants.

Solar Neutrinos. The total flux of solar neutrinos (v2:10°° y per second) is easily
estimated by knowing that a pair of neutrinos is necessary for each 26 MeV of emitted energy.
A flux of 6.5°10'° y/(cm®-sec) is incident on the surface of the earth. This number is known
rather reliably. Neutrinos carry off only a small (2-3%) fraction of the energy, and its un-
certainty is alniost insignificant in the energy balance of the sun. But the nature of the
neutrino spectrum is very important for their observation. The probability of recording
neutrinos depends very strongly on their energy. The setup of Davis with a chlorine detec-
tor is practically insensitive to the neutrinos of the hydrogen cycle and has been designed
to record the neutrinos of the clearly low-probability secondary reactions.

The threshold of the ®7Cl(v, e~)37Ar reaction (~0.814 MeV) exceeds the limit of the
neutrino spectrum of thep+ p > d + et + v reaction (0.412 MeV), and the reaction 2p + e” -
d + v, which is less probable only by afactor of several hundred, gives neutrinos with an
energy of 1.442 MeV, which exceeds the threshold of the detector. Along with the main reac-
tion “He + “He - 7He + 2p, the reactions He + “He » ’Be + y and "Be +.p - °B + v and the de-
cay °B +.°Be + e* + v are possible. An emitter of very energetic neutrinos — °B — is found
in this chain of reactions. The limit of the spectrum of v(®B) is equal to 14 MeV, and the
average energy is 7.4 MeV.

The neutrino deficit observed by Davis refers primarily to the ®B neutrinos. Undoubt-
edly, there are fewer of them by several times than would be expected in the standard models.
The newest data- are as follows: 6-7 SNU were expected [7], and 2.2 * 0.4 SNU are observed [8].
Here a SNU is the solar neutrino unit, which is equal to 1072® ®7Cl 4+ v - 37Ar transfcrmation
events per second on the earth.

The accumulation of observational results for 10 years has given a positive result. Al-
though there are fewer neutrinos than expected by several times, they are undoubtedly being
recorded with a noticeable excess of the effect above the background. It is true that the
accuracy of the measurements is still always low, and this is not surprising when the average
rate of formation of °7Ar in the detector does not exceed one atom every 2 days. Neverthe-
less, an attempt has been made [9] to analyze the seasonal behavior of Davis' results. It
turned out that from May to August, when the earth is farther from the sun, the number of de-
tector counts is less by 1.1 £ 0.6 SNU than during the winter months. If this difference is
real and if the cause is the transformation of neutrinos from one kind to another (proposed
by Pontecorvo), then the difference in the neutrino masses Am? = 4:10"%° eV2.
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First of all, it follows from the observations
sun is lower than was assumed. The yield of °®B is
the temperature, therefore, a chlorine detector is
suring the central temperature of the sun. 1In the
ficit people were seeking a way to bring the solar
tral temperature.

that the temperature at the center of the
proportional to a very high (>13) power of .
similar to a sensitive thermometer for mea-
first attempts to explain the neutrino de-~
mode). into agreement with a reduced cen-

First of all, the opacity of the interior material was subjected to careful calculations

[10].

The flux of energy from the center to the outer layers of the sun is transported pri-

marily by photons, which diffuse thrcugh the matter of the interior. The greater the average

mean free path of a photon is, themore rapidly the
required temperature gradient.

diffusion proceeds and the smaller is the

Consequently, a decrease of the opacity (an increase of the

average mean free path of a photon) leads to a flatter temperature run, i.e., a decrease in

the central temperature.

The opacity depends strongly on the amount of heavy elements (heav-

ier than helium), since the absorption of photons occurs most strongly by bound electrons (the

photoelectric effect).

The composition of solar matter is characterized by its content of

hydrogen- (X), helium (Y), and the remaining elements (Z): X + Y + Z = 1. Spectral analysis of

the upper layers of the sun gives [11] the following values

X=20.78, Y = 0.20, and Z = 0.02.

But even at the surface of the sun Z is not determined very reliably, and .this value is taken

to lie within the limits from 0.0l to 0.04 in various model calculations.

If the composition

of the material at the center differs from the surface only in the values of X and Y due to
hydrogen burning but Z is the same, the calculations of the opacity do not yield the neces-
sary reduction of central temperature. Then ideas are advanced to the effect that Z is less
at the center than at the surface and there were less heavy elements during formation of

the sun but they have then been captured at the surface from the interplanetary material or

upon passage through the interstellar medium [12].

Hypotheses have been discussed about mixing of material inside the sun with this same

purpose.

It is assumed in connection with the construction of the standard models that the

young sun was uniform in chemical composition, since it passed through a stage of strong mix-

ing by convective motions in the procéss of formation.

Mixing in the present sun is assumed

only near the surface to a depth =0.2Ro, but all the rest of the interior preserves its ini-

tial composition, and only near the center does hvdrogen burn and helium get formed.

Ap-
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preciable change in X (a decrease) and Y (an increase) start only at a radius <0.2Rs, and at
the center X = 0.35 and Y ~ 0.63. One of the causes of the mixing could be centrifugal forces
due to rapid rotation. But the observations have not confirmed- the hypothesis of rapid rota-
tion of the internal layers, and for this reason mixing is improbable.

Nonsteady mixing [13] has been proposed in the hypothesis of Fowler concerning a vari-
able burning rate of nuclei at the center of the sun. Sudden discontinuous mixing events en-
rich the central regior in ’He nuclei, whose burning occurs without the emission of neutrinos.
The relative.yield of the main reaction ®He + °He -+ “He + 2p is increased, but the °B nuclei
become fewer. In the outer  layers of the sun this type of nonsteadiness cannot occur if
their period is much less than the diffusion time for energy from the center to the surface
(V107 years), and rapid variations are smoothed out. In general, the hypotheses of nonsteady
processes in the sun can be treated as a completely regular stage of approximation to the true
physics of the sun, in which models of quiet continuous burning would be only the first ap-
proximation. The internal transients suggested by Fowler are probably one of many possibili-
ties which are in store for further investigators to find. If extensive motions of the in-
ternal layers are observed in such a semisolid celestial. body as the earth, then their ab-
sence in the hot interior of the sun is improbable.

Observed Temporal Variations. The new evidence for nonsteadiness observed in recent
years is of great interest. Some astrophysicists are attempting to explain ice ages which
have occurred on earth in the past by long-period secular variations of the luminosity of the
sun. - There is direct evidence of secular variations of solar activity. The so-called Maunder
minimum observed from 1645 to 1715 is well known [l4] (Fig. 1). Not a single spot was no-
ticed on the sun for 70 years. This minimum has been confirmed by the *“C observations and
the D/H isotopic ratio in the annual rings of trees. Besides the Maunder minimum earlier secu-
lar oscillations are:visible. It is evident that the 22-yr (2-11 years) cycles of solar
activity are modulated by some kind of slower processes. No explanations have been found yet
for these modulations. Possibly their causes are produced at a greater depth.

The results of processing of solar observations for the last 80 years have recently been
crublished [15]. It has been detected that the horizontal diameter of the sun is monotonically
decreasing (2 arc seconds per century). Evidence has been found in historical archives of
the fact that 400 years ago the radius of the sun was greater than its contemporary value.

It is possible that contraction has been continuing for several centuries. But the contrac-
tion rate is too large and cannot be monotonic for a long time. Possibly a contraction phase
is periodically replaced by an expansion phase. It is true that a similar analysis of the
vertical diameter gives an appreciably slower contraction (0.2 sec per century). These re-
sults will probably be subjected to verification in the near future.

A very interesting oscillation with a peribd of 160.010 * 0.004 min has been discovered
at the Crimearn Observatory by Severnyi and his co-workers [16]. They have found (Fig. 2) that
the central part of the solar disk with a radius of one-half the solar radius moves periodically
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towards the observer and away from him with a velocity of 2 m/sec and a displacement amplitude
of V10 km. The observations have already been carried out for four years, and the oscillation
is maintained with a stable and now well-determined period. The large size of the circle ob-
served indicates that the oscillation covers the enormous surface of the sun and can evidently
be considered to be global. But the oscillation period is too large for the most probable
global oscillations. Their periods do not exceed one hour according to calculations [17].

The interpretation of oscillations with a period of 160 min already requires a revision of the
sclar models [17].

A rather complicated spectrum of oscillations with a period less than 1 h has been de-
tected in the observations of Hill [18]. 1In 1973 Dicke and Goldenberg {19] published ob-
servations which indicated an oblateness of the sun. Oblateness was not confirmed in the ex-
periments of Hill et al. set up to check the earlier result, but oscillations of the solar
surface with periods of about 50, 30, 22, etc. to 7 min were detected. The short-period os-
cillations of the sun whose observations started quite recently have already opened up a new
area of solar physics similar to terrestrial seismology. The seismometry of solar oscilla-
tions will probably permit "peering into' the depths of the sun similarly to what has been
done on the earth. Undoubtedly much attention will be devoted to this area of science in the
near future.

There are reasons to expect that elastic oscillations propagating from the center to
the surface can transport energy. The sound velocity, at which elastic oscillations are prop-
agated,, is greater by many orders of magnitude than the rate of photon diffusion. The pass-
age time of sound is about one hour, and the photon diffusion time is 107 years. Even negli-
gible damping of a wave generated at the center can have a significant effect on the mecha-
nism of energy tranport from the center to the surface and introduce very important changes
in the solar model.

Conclusion. The observations of Davis and the neutrino deficit discovered by him indi-
cate that fewer °B nuclei are formed at the center of the sun, and consequently the tempera-
ture is lower than was assumed. But the principal source of the energy — the main branch of
the hydrogen cycle of reactions — cannot be recorded by the chlorine detector of Davis; there-
fore there is no reason to doubt the thermonuclear burning of hydrogen in the sun. The energy
of gravitational contraction is the only competition to thermonuclear energy in the evolution
of the stars. But there is no real possibility of including this powerful source in the pres-
ent sun.

For the sake of completeness, one should mention one more conceivable source - the annihi-
lation of antimatter with the matter of the sun. The heating power of this source is higher
still than for gravitational sources [20]., but the problem of supplving the sun with antimat-
ter requires no less an ingenious fantasy than does the inclusion of black holes.

Undoubtedly, the observation of solar neutrinos with lower—threshold detectors and with
better statistics is very desirable. The next one after chlorine will evidently be gallium
(’*Ga). The threshold for the reaction ’~*Ga(u, e)’%Ge is equal to 0.236 MeV in all. It is
lower than the limit of the neutrino spectrum of 2p - d + v, which is equal to 0.420 MeV.
This idetector is being prepared in the USA and at the Baksansk Neutrino Laboratory in the
USSR. Several more possible detectors have been proposed. Their physical properties have
been thoroughly analyzed by Bahcall [21]. Perhaps the most interesting detector is the one
made out of **®In. In a reaction with it, the threshold of which is equal to 0.120 MeV in
all, a neutrino is converted into an ele,tron, and its energy is uniquely related to the neu-
trino energy; therefore, one can determine the neutrino spectrum and evaluate the relative
role of the various branches of the reactions of the hydrogen cycle by measuring the spec—
trum of the electromns.

Notwithstanding the complexity of the methods. of neutrino astronomy, its development
is exceedingly desirable, and in the near future it will undoubtedly be intensified. The
problems facingus are too important. The most probable reason for the present discrepancy
of the predictions of the solar models with the neutrino observations appear to us to be
nonsteady phenomena at the center of the sun. They can cause either temporary decrease in
the neutrino luminosity or a reduction of the average temperature of the center as a conse-
quence of the mixing of material or due to the participation of elastic waves in the trans-
port of energy. Future analysis of phenomena of this type will probably eliminate the dis-
agreements between calculations and observations.
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LOOP INSTALLATION WITH ORGANIC COOLANT FOR MIR REACTOR

V. A. Tsykanov, P. G. Aver'yanov, V. P. Anisimov, UDC 621.039.553
Yu. A. Kabanov, E. P. Klochkov, V. A. Kuprienko,

A. S. Kusovnikov, L. N. Rozhdestvenskaya, '

Yu. G. Simonov, and V. V. Sidorov

There has been a sharp awakening of interest in recent years in the question of supply-
ing heat to towns and factories from nuclear energy sources. The advantages and drawbacks of
various coolants have been reassessed in connection with the operating parameters of special-
ized reactors intended for the generation of heat. It has been observed that the use of
high-temperture ccolants would provide us with the prerequisites fcr creating the reactors
for nuclear district-heating stations.

In this regard, it is of particular importance that there should be an adequate experi-
mental base on which to build solutions to the basic problems that arise when reactors using
high-temperature organic coolants are being designed, and particularly during the development
of economical and reliable fuel elements [1]. This involves carrying out a large series of
reactor tests on prototype fuel elements and coolant systems.

Only one reactor is at present in operation using high-temperature organic coolant, the
ARBUS {2}, and this tends to limit the opportunities for testing new types of fuel elements.
The reactor does not have a biological shield on its primary coolant circuit, so that we are
unable to test unsealed fuel! elements. ’

We, therefore, needed to build a large loop installation with a power of several hun-
dred kilowattsso that we could carry out such investigations. The organic coolant loop was
created on the basis of the equipment and boxes belonging to the sodium loop of a MIR reac-

Translated from Atomnaya ﬁnergiya, Vol. 49, No. 3, pp. 161-163, September, 1980. Origi—
nal submitted January 25, 1980.
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Fig. 1. Schematic of PO-1 loop: 1) loop
channel; 2) DTM inlet from distillation
plant; 3) heat exchanger; 4) air cir-
cuit; 5) compensation tank; 6) DTM dis-
charge line to distillation cleaning
plant; 7) pumps; 8) heat—exchanger

for filter; 9) filter; 10) mechanical
cleaning filter; 11) test assembly;

I) sample; II) water; III) atmosphere.
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Fig. 2. Schematic of equipment for dis-
tillation cleaning of DTM: 1) tank for
gradual heating and evaporation of used
coolant; 2) condenser; 3) receiver tank
for volatile products of dissociation;
4) receiver tank fcr clean DIM; 5) steam
trap at inlet to vacuum-forming system;
I) sample; II) in transport tank; III)
from PO-1; IV) water; V) vacuum-forming
system; VI) nitrogen; VII) in PO-1;
VIII) drainage. '

tor [3], which had largely become surplus to requirements in view of the introduction of a
method of testing materials and fuel elements for high-speed reactors in the BOR-60 [4],
This design enabled us gquickly and cheaply to create good experimental conditions for the
necessary reactor tests in the program for the development of reactors with a high-tempera-

ture organic coolant.

Design and Parameters of the Loop. The scheme of the PO-1 loop (Fig. 1) is two-circuit
in concept: the coolant for the primary circuit being ditolylmethane (DTM), while that of the
secondary circuit is air. The loop has a vacuum system, a firefighting system, a system for
monitoring the sealing of the fuel elements, electrical heating of the coolant circuits, a
sampling system, and a system for the distillation cleaning of the DTM. This last system
(Fig. 2) incorporates a tank for the gradual heating and evaporation of the used coolant, for
collecting the clean DTM and the volatile products of dissociation, and also the necessary

pipes and fittings.

The volatile products of dissociation of the coolant are removed from tke evaporator
tank after distillation in a transport tank or in a long-storage tank. The basic parameters
of the loop are as follows: thermal power, up to 400 kW; flow rate of DIM thrcugh the chan-
nels, 15-25 m®/h; temperature of DTM at inlet to channel, 453-483°K; pressure of coclant in
channel, (4-10)-10° Pa; density of thermal neutrcn flux in channel, 10*“ neutrons/cm?+sec.

Technical Characteristics of Equipment.

The channel of the PO-1 loop is made from a

type of Field channel with an experimental volume of 4.3 liters. To reduce the heat losses
from the channel to the water in the reactor basin, the channel is equipped with a gas-insu-
lating cavity. Up to 10 transducers can be introduced for monitoring the irradiation condi-
tions. The loop circuit is equipped with the packless hermetic pump used in the .water cir-
cuits of the reactor. These pumps produce a pressure difference of 8.5+10° Pa at a delivery
rate of 30 m®/h when pumping DIM. The total volume of the condenser in the PO-1 loop is 1.15 m?,
while the area of free surface of the coolant is 0.6 m?.

A mechanical full-flow filter is installed ahead of the DTM channel inlet, and takes
the form of a tube, the inside of which carries a filter element in the form of a metal grid.
The capacity of the DTM distillation cleaning tanks is chosen on the basis of complete empty-
ing of the circuit. The heat exchanger, tank, filters (used for additional mechanical clean-
ing), the system of pipes, the fitting, the secondary circuit, and the auxiliary system were
all already present in the scdium loop, and after cleaning and the appropriate preparation,
these were ready for use in the newly created installationm.
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Purpose of the Loop. Various reactor experiments were carried out on the new loop.
These were concerned with the development of new fuel elements, including life and various
short-term tests, and particularly tests on the hermetic sealing of the can.

The wide investigation of ccolant technology is envisaged, including the influence of
the quality and composition of various additives and the products of radiation and thermal
dissociation of the coolant on the behavior of materials under irradiation and on the forma-
tion of surface deposits on the heat-transmission surfaces. It is alsc proposed to investi-
gate the relative effectiveness of various methods of cleaning the coolant, including clean-
ing from radioactive contamination. In combination with the work carried out on the ARBUS
reactor, these investigations enable us to obtain the experimental results necessary to pro-
vide a basis for our design work.

After the commissioning work has been completed, the PO-1 loop was brcught into opera-
tion in -August 1978. The results it has achieved show that the technical characteristics of
the loop are in full accord with its design characteristics.
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CALCULATION OF HYDRAULIC RESISTANCE OF CLUSTERS OF RODS WITH HEAT-EXCHANGE
LATTICE-INTENSIFIERS

V. K. Ivanov and L. L. Kobzar' UDC 536.242

Experimental studies on the hydraulic characteristics of full-scale models of fuel as-
semblies (FA) were conducted at the Kurchatov Institute of Atomic Energy with various types
of heat—exchange lattice-intensifiers. The aim of the experiments was to find an optimal
type of intensifier which would ensure a significant increase in the power of FA while the
increase in the hydraulic resistance is within acceptable limits,. the technological effec-
tiveness is good, the design is reliable, and there is only a slight additional injection of
metal [1]. :

In the present paper we analyze the experimental data. We consider the possibility of
calculating the hydraulic resistance of the channel of an RBMK-type reactor by techniques
used for clusters with ordinary spacing lattices and the possibility of calculating the coef-
ficient of hydraulic resistance of lattice-intensifiers on the basis of their geometric char-
acteristics. The technique of [2] was used. A description of the experimental equipment and
the experimental data on the hydraulic resistance of the models studied are given in [1].

Various types of lattice-intensifiers were studied on full-scale models of FA, consist-
ing of 18 tubes 1.35cmin diameter and a central unheated rod of diameter 1.5 cm (Fig. 1).
The upper part of the models (heated length 7 m) contained lattice-intensifiers while the
lower part was provided with regular spacing lattices of the RBMK-1000 reactor The models
were installed in a chanmnel of diameter 8 cm.

Six types of lattice-intensifiers were studied. Apart from the first, these types were
based on the regular spacing lattice of the RBMK-1000 (see Fig. 1). The lattice-intensifiers
of the first type, differing substantially from the others, consist of joined segments of
twisted strips which occupy the entire space around the fuel elements [3]. The distance be-
tween the lattices is 20.6 cm. '

Translated from Atomnaya Ehergiya, Vol. 49, No. 3, pp. 163-165, September, 1980. Origi-
nal article submitted August 6, 1979.
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Fig. 1. Cross section of model of FA of
' RBMK-1000 reactor.
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Lattices of the second type have on their outer rim and on their inner elements tabs
formed by local cutting and bending. Two forms of such lattices are possible: with spacing
of either all the fuel elements (complete lattice) or only six fuel elements (incomplete lat-
tice). The distance between complete lattices is 36 cm while two .incomplete lattices placed
between them are separated by a distance of 12 cm from each other. 1In lattices of the third
type all of the features of the second type are repeated but the bends on the rim and the in-
ner elements are replaced by stamped lugs.

In lattices of the fourth and fifth types we used the outer rim of lattices of the third
type and Archimedean screws were installed in the place of lattices corresponding to square
cells of the cluster. The angle of the twist of the screws in these lattices is 3.14 and
2.705 rad, respectively. The distance between lattices is 18 cm. The model with lattices of
the sixth type is analogous to the model with lattices of the third type except that only one
incomplete lattice is set up between twe complete lattices 36 cm apart. '

The experiments were conducted with a pressure of 6-8.5 MPa at the channel outlet, a
mass velocity of 1000-4000 kg/m*-sec, a heat-release power of up to 6 MW, a thermal-flux den-
sity of up to 1.2 MW/m®, and a relative enthalpy of up to 0.8 at the channel outlet. The
pressure distribution over the length of the channel was measured under three modes of heat
release: crisis-free, under crisis conditions, and in the transcritical mode.
critical mode. ' '

For cases without boiling of the water in the channel we determined the coefficients of
hydraulic resistance for the different types of lattice-intensifiers. The pressure drop
across the lattices was found as the difference between the total hydraulic losses and the
calculated losses for friction in the smooth cluster. In cases when not all lattices of the
given type were identical (types 2, 3, and 6) the hydraulic resistance coefficient was cal-
culated for an assembly comprising one complete and one or two incomplete lattices.

It is seen from Fig. 2 that in any large range of Reynolds number (25,600 < Re < 339,900)
the hydraulic resistance coefficients of the regular spacing lattice of the RBMK-1000 and
lattice-intensifiers of all types do not depend on the Reynolds number. Using the hydraulic
resistance coefficient found experimentally, we calculated the total pressure drops over the
length of the models studied for all modes. The whole set of data was divided into several
ranges of equilibrium mass steam content at the channel outlet (Table 1). It follows from
Table 1 that the arithmetic mean error is no greater than 7%. These results substantiate
the possibility of using (and -improving) the technique presented in [2] for design calcula-
tions of the hydraulic characteristics of FA with heat-exchange intensifiers.

In the calculations described atove we used the hydraulic resistance coefficients of
spacing lattice-intensifiers, obtained from experimental data. Clearly, in choosing the opti-
mal type of such lattices in design developments it is not always possible to find the neces-
sary experimental data. It would, therefore, be handy to have a reliable method for calcu-
lating the resistance coefficient of a lattice from.its geometric characteristics.

One such technique has been presented in [4]. In this technique the pressure drop in
the spacing lattice during the flow of a single-phase liquid is described by
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Fig. 2. Hydraulic resistance coefficient as function of Reynolds num-
ber for a) regular spacing lattice of RBMK-1000 and b, ¢, d) lattice-
intensifiers of three types: ——) mean value; Q) lattice of RBMK-1000;
g, &, 1, @, O, A) lattice types 1-6, respectively.

AP =Cy *’W‘ (1)

Here Cp is the hydraulic resistance coefficient of the spacing lattice,

Cy=CyK?2, . (2)
where Cy is the modified loss coefficient; K = FV/FB, coefficient of relative narrowness of

the channel cross section; Fy, lattice cross section; and Fp, total cross section of the
channel.

In [4] Cy = 6-7 for Re > 5-10".

For the available experimental data we solved the inverse problem: from the experi-
mental values of the hydraulic resistance coefficients of the lattice-intensifiers:we found
Cy (Table 2). 1In this case, in accordance with the recommendations of [4] we assume that Fy
is the area of all the lattice elements in the plan.

It follows from Table 2 that Cy, which Klaus [4] assumes to be constant, varies between
quite wide limits. Only the value of Cy for the regular RBMK-1000 lattice lies within the
range he recommends. Thus, it can be said that the technlque of [4] is not applicable to
the types of lattice-intensifiers studied.

A deficiency of the technique considered is that it takes no account of the slope of the
lattice elements to the direction of the incoming flow. This can be taken into account as
follows: ' '

~{rmar, (3
F

where F is the area of the lattice elements in the plan (midsection) and_f(y) is a function
of the slope of the elementary area to the direction of the incoming flow (angle of attack).

The form of the functicn f(y) is determined in [5] on the basis of experimental data on
the hydraulic resistance of tubes with a regular roughness which is formed by projections of
regular shape, unifcrmly distributed over the surface:

sin22y for O0<Cy<<n/4;

1) = { for MALy<al2.

Suppose that in this form function f(y) also correctly reflects the influence of the angle of
attack for elements which are in the core of the flow and not on the wall.

In the calculation of Fy from Eqs. (3) and (4) we once again found the values of Cy for
all types of lattice. The results of the calculation (see Table 2) have a small scatter.
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TABLL 1. Uepenaence OI Arlitnmetlc nMean LBr-— 1ABLE Z. LOMPAr1sSOn OI Laliculateda vadiues
ror on Mass Steam Content of Hydraulic Resistance Coefficients of
Lattice-Inteénsifiers with Experimental
X Z‘ A Data
Calc, of Cy
—0,704— —0,520 —2,93 Lattice fe present | S fremFe 0,
—0,520— —0,319 —2,59 type 141 | paper L e -
—0,319— —0,119 —3,35 |
—0,119—0,080 —1,35
0,080—0,300 2,69 Regular lat-| 0,55 | 7,03| 7,03 0,562 —2,18
0,300—0,500 7,00 tice of
0,500—0,700 6,08 RBMK-1000
0,700—0,882 5,02 1 0,96 | 1,46] 6,79 1,02 — 6,25
2. 1,6 | 7,26} 17,47 1,53 WA
3 1,47 | 5,68 7,07 1,49 —1,36
4 0,71 | 3,24 7,04 0,72 —1,M
5 0,81 | 3,771 7,47 | 0,77 4,9
G 1,25 | 6,06) 7,40 1,21 3,2

The arithmetic mean value of Cy, equal to 7.180, was adopted for further calculations. The
calculations of the hydraulic resistance coefficients of the lattices, obtained with this
value of Cy, are given in Table 2. The maximum relative error of the calculation is 6.25%.

The study of tte
type reactors permits

the technique of
the experimental data

the technique of

hydraulic resistance characteristics of full-scale models of FA of RBMK-
the following conclusions to be drawn:

the hydraulic calculation of FA cooled with boiling water [2] describes
with gcod accuracy; '

calculation of the hydraulic resistance coefficient of lattice-intensi-

fiers from the geometric characteristics (present paper) describes the experimental data with
an error not exceeding 6.25%. It can thus be recommended for use in the development of new
types of lattice-intensifiers.
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ELECTRON SPECTROSCOPY OF OXIDATION OF STEELS IN N,0,-BASED COOLANT

A. G. Akimov, L. P. Kazanskii, V. S. Zotikov, UDC 541.118:620.193.5
P. P. Stanishevskii, V. K. Dubinin,
and V. V. Gladyshev

Nitrogen tetroxide and compositions based on it are very promising for use as a dis-
sociating coolant and working substance for nuclear power plants being designed [1, 2]. As
is known [2-5], chromiuvmmickel alloys have a high corrosion resistance in these media and can
be used as the principal structural materials for the planned plants. Most papers, however,
lack information about the mechanism of oxidation of steels in N,0,; in view of this, studies
were made of the processes which occur on the surface and in the surface layer of chromium—
nickel steels in interaction with N,O,. :

The use of electron spectrcscopy for chemical analysis (ESCA) [6] made it possible to
study extremely thin oxide films and, therefore, the exposure checsen for specimens in N,O0,
was 10 h, especially since a protective coating, which causes the sharpest decrease in the
corrosion rate [7], is formed at the very beginning of the exposure. The studies were car-
ried out in the temperature range 200-700°C on specimens of two austenitic chromium—nickel
steels, 12Kh18N1OT and 09Kh16N15M3B, in the form of polished plates with an area ~1 cm®. The
electron spectra were obtained in the usual way with an ESCA-3 electron spectrometer made
by Vacuum Generators [8]. '

0(7s)
Cr(2p)

Fe(2p)

C(7s)

Intensity, rel, units

Cr(2p)

Nb, Mo

(3d)

N(7s)

| ] 1 1 | | Il Il ! ) I 1 1

1 {
700 200 Joo 400 500 600 700  Ey. eV

Fig. 1. ECAS spectra of surface of 09Khl6N15M3B steel, obtained at oxi-
dation temperatures of 200°C (1) and 700°C (2).

Translated from Atomnaya ﬁnergiya, Vol. 49, No. 3, pp. 166-169, September, 1980. Orig-
inal article submitted August 13, 1979.
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TABLE 1. Values of Ey of Fe(2psk) Level
at Various Temperatures for Steels
12Kh18N10T and 09Kh1l6N15M3B

Temperature, °C

Steel
200 300 400 500 600 700
12Kh18N10T 74,1 710,717 710,81 711,2
09Kh16N15M3B | 7141,6|711,2|710,6}710,6]710,8(711.3

To find the distribution of elements and phases in the surface layer we employed layer-
by-layer etching of the surface with 4-keV ArT ions in a chamber for the preliminary treat-
ment of the specimens analyzed. The density of the ion current with defocusing of the beam,
which was done to achieve uniform etching of the surface, was 2*10"5Aﬁcm‘2,umich ensured an
etching rate of 300 nm-.min~*. The above approximate value of the etching rate was used to
estimate the thickness of the etched layer. The quantitative processing of the ESCA spec-
tra and the determination of the atomic concentration of elements were carried out with a
PDP-8E microcomputer according to standard programs.

As follows from analysis of the ESCA spectra of the surface of steel specimens exposed
to N,O0, (Fig. 1) after oxidation at 700°C the N(ls) line of nitrogern, characteristic of speci-
mens oxidized at 200°C, is missing. The ratio of the intensity of the Fe(2psr) and Cr(2pap)
lines is much smaller than 1 and is roughly equal to 1 in the case of oxidation at 200 and
700°C, respectively. Features common to the spectra of both steels are the absence of lines
corresponding to nickel (although the concentration of nickel and chromium in the original
alloys was practically the same) as well as the surface of segregations of niobium and molyb-
denum.

ESCA spectra similar to those given in Fig. 1 allow a qualitative and quantitative analy-
sis to be made of elements without account for their degree of oxidation. To ascertain the
degree (or degrees) of oxidation we used the ESCA spectra of the most intense lines of each
element, obtained in a narrow range of electron binding energies Ep with a high resolution
(v1.5 ev).

Analysis of the high-resclution ESCA spectra revealed that the N(Is) line as a function
of the temperature can be represented with one or two peaks characterizing Ep = 399.6 + 0.2
and 407.3 = 0.2 eV, respectively. The maximum intensity of the N(1s) peak with Ep = 4G7 eV
is observed after oxidation at 200°C. After oxidation at 300°C the intensity of this peak is
reduced by a factor of three or four while after oxidation at a temperature above 400°C only
the peak with Ey = 399.6 += 0.2 eV is observed. The ratio of the intensities of the N(ls)
and Fe(2psk) peaks does not exceed 0.1, which, when acccunt is taken of the ionization cross
sections o of the respective electronic levels, gives an atomic ratio of N/Fe<{ 0.3. It was
found that the peak of the N(ls) line with Ep = 407 eV corresponds to nitrogen which enters
the compound with an oxidation degree of +5; thus, in the temperature range up to 300°C a com-—
pound of the nitrate type exists on the surface of both types of steel as a thin surface layer
A2 nm thick. Raising the temperature to 400°C results in the thermal decomposition and par-
tial desorption of the compounds, as indicated by the decrease in the intensity of the N(ls)
peak. The value Ep = 399.6 eV shows that the most probable degree of oxidation of nitrogen
in this case is +1 [9]. Therefore, when the temperature is raised to 400°C the following
reaction can occur:

This is confirmed by a reduction in the intensity of the N(1s) peak, which can be interpreted
as the following reaction occurring:

Nzosorp» N2 + 0. (2)

The value of Ep of the Cr(2p3ﬁ) line is 576.5 * 0.1 eV and indicates that in the entire
temperature range studied chromium has an oxidation degree of +3, i.e., is present in the
form of the oxide Cr,0s [10, 11].. The variation of E, for the Fe(2psk) level as a function
of the temperature (see Table 1) indicates that the iron oxides Fes0, and Fe,0; may exist on
the surface of the specimens.
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As is known [8, 10, 12], the values of Eyp for electrons of the Fe(2psp) level, equal to
710.6 and 711.2 eV, correspond to the iron oxides Fe,O, and Fe,03. It maybe that the observed de-
crease in Ej during oxidation in the temperature range from 300 to 700°C is due to reactions
of type (1) of the reduction of complex iron oxonitrates; then the value of E}, obtained after
oxidation at 700°C reflects the oxidation of Fes;0, and Fe,0,;. However, this should be con-
firmed by further investigations.

" Figure 2 gives the curves of the distribution of elements and phases in the surface layer
of chromiummnickel steels of both types, oxidized under the conditions described above at a
temperature of 300°C (a, d), 50°C (b, e), and 700°C (c, £). These curves were obtained by
layer-by-layer etching of the surface of the specimens with an Art ion beam. The sum of the
phases was taken to be 1007 and is represented as a function of the etching time. In con-
structing the diagrams corresponding to the phase distribution curves, we took account of
not only the integrated intensities of the lines considered but also the ionization cross sec-
tions of these lines [13]. It follows from Fig. 2 that the distribution of the main alloying
elements and the oxygen-containing phases for both steels are practically identical for one
and the same exposure temperature. The nickel concentration in the oxide film is negligible
and increases only in the layer adjoining the metal. And the nickel is not bound to the oxy-
gen but is in the metallic state (the oxidation degree is equal to zero), as indicated by the
E, of electrons on the Ni(qup) level, which is equal to 852.6 + 0.1 eV [14]. The distribu-
tion of elements and phases over the depth confirmed that nitrogen is concentrated in one fcrm
or other only in the thick surface layer. Etching off 200-300 nm of this layer leads to the
total disappearance of the N(ls) peak. Regardless of the oxidation temperature, the main part
of the iron oxides, apart from a thin surface film with a thickness ~200 nm, which may have
the composition Fe,0s, has the composition Fe;0,, as shown by the value of Ep of the elec-
trons of the Fe(2pst), not exceeding 710.6 eV. As the oxidemetal interface is approached
Ep becomes somewhat smaller than the characteristic value of 710.6 eV,which corresponds to
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stoichiometric Fe;0, [8]. This may indicate the enrichment of Fes0, with divalent iron as
the result of the reduction of Fes0, during the ion etching. However, special experiments
on the spectrometer with a rotating analyzer, making it possible to obtain the angular depen-
dences of the electron spectra,, showed that with. .a change in the intensity of electron yield
there is a change in the Ep of electrons of the Fe(2ps;s) level. Accordingly, the reduction
in Ep as the metal—oxide interface is approached does indeed indicate an increase in the con-
tent of divalent iron in Fe;0,. Such an effect is not observed for the oxide Cr,0,.

From the data of Fig. 2 it follows that in both steels the distribution of metallic and

trivalent chromium is similar and depends significantly on the oxidation temperature. If oxi-
dation at 300°C leads only to an insignificant enrichment of the metal—oxide interface with
chromium, ther an increase in the temperature to 500°C is accompanied by a now substantial en-
richment of the oxide with chromium. The highest chromium content (in the form of Cr.0;) is
observed roughly in the middle of the oxide film. A further increase in the oxidation tem-
perature to 700°C leads to the surface of the specimen being enriched with chromium oxide.
In O9Kh16N15M3B steel the surface layer consists of 75% chromium oxide. This dependence of
the chromium distribution in the oxide film on the oxidation temperature can be explained on
the basis of the model given in [6], which considers two parallel processes: the topochemical
reaction of reduction of the iron oxide with metallic diffusion,

3Fe,0, -+ 8Cr — 4Cr,0, 4 YFe , | (3)
and chromium diffusion, whichdepends exponentially on the temperature. Reaction (3) leads to
the accumulation of low-mobility Cr,0; molecules in the reaction zone, but as the temperature
rises the zone where reaction (3) occurs shifts toward the oxide—gas interface and at some
temperature (600-700°C in our case) the reaction zone reaches the surface of the oxide.

An appreciable difference between the chemical composition of the oxide films on the
steels of the grades indicated is that at an oxidation temperature above 500°C a considerable
quantity of manganese is accumulated on the surface of steel 12Kh18N10T in the form of MnO,.
The binding energy of electrons of the Mn(2pae) level is 642.2 eV [15]. In this case the
atomic content of manganese on the surface surpasses the atomic content of iron, although
the volume concentration of manganese in the original alloy is n2%. At the same time, no
accumulation of other alloying elements which appear in the steels in small quantltles (Ti,
Nb, Mo) occurs on the surface in the surface layer.

It follows from Fig. 2 that the metal—oxide interface is not planar but rather diffuse-
smeared. And in comparison with iron, chromium as a rule is oxidized in thicker layers.
These facts taken together warrant the assumption that on the metal surface there is a dis-
tribution of more or less reactive segments which will oxidize to various depths. This pos-
sibility is indicated by the spectra of electrons of the Fe(Zp%g) and Cr(2pst) lines which
are given in Fig. 3. Spectra 1l and 2 correspend to the unoxidized surfaces of iron and chro-
mium,spectra 1' and 2', to the surfaces of steel 09Khl16N15M3B after etching off the oxide
film with ArT ions. As follows from comparison of -the data, spectra 1' and 2' differ from
spectra 1 and 2 by the presence of a smeared '"branch" in the region of large values of E.
This can be explained by the existence of a peak of very low intensity, corresponding to an
unoxidized element. Thus, in this case it can be assumed that there exist local segments of
the surface, e.g., grain boundaries, which differ as to oxidizability. These effects, how-
ever, cannot be studied by photoelectron spectroscopy and require the use of other methods
of structural analysis of the component materials.
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CATALYTIC FLUORINATION OF URANIUM TETRAFLUORIDE AND URANYL FLUORIDE

G. A. Yagodin, E. G. Rakov, V. I. Goncharov, UDC 546.791.161:546.16:541.128.13
S. V. Khaustov, S. A. Sharkov, and V. A. Yurmanov '

Uranium tetrafluoride and oxides are important intermediates in the production of ura-
nium hexafluoride; the reactions of their fluorination have been generalized in [1, 2]. 1In a
study of the kinetics of the interaction of UF, with fluorine, it has been established {3]
that for samples with different specific surfaces Sgps the activation energy E is 15.5-19.9
kcal/mole (1 cal = 4.1840 J), the order of the reaction with respect to fluorine is equal to
one, and the process is described by the equation of the contracting sphere.

Fluorination of uranium oxides is accompanied by a rapid formation of uranyl fluoride
and a subsequent slower conversion of it to the hexafluoride. The value of E for U0, F,, ob-
tained in the course of fluorination of oxides, was equal to 21.3-23.7 [4, 5] and 20.4-26.0
kcal/mole [6-8]. The order of the reaction with respect to fluorine is about one [6]. The
values of the kinetic parameters forUO0,F, are approximately the same as for the reactions
of other oxides and oxofluorides with fluorine [9].

Recently the authors of [10] found that additions of cerium, silver, tin, and antimony
oxides have a catalytic effect on the fluorination of UO,. According to their data, the cata-
lyst does not change E, but it increases the value of the preexponential factor ke by more
than two orders of magnitude. Earlier the possibility of catalytic oxidation of UF, by
oxygen [11-13] and the catalytic reduction of UO,Fs and UOs; by hydrogen [12, 14] was estab-
lished. High catalytic activity of silver fluoride in the reactions of fluorine with CrFs
and WO3; was demonstrated [15, 16].

The purpose of the present work was to investigate the fluorination of UF, and UO,F, in
the presence of NiF, and CuF,, which, according to [15-17], possess moderate catalytic ac-
tivity and therefore are convenient for elucidating the peculiarities of processes.

Experimental Methods

The investigations were conducted by a gravimetric method on the setup described in [18].
Length of the reactor 400 mm, diameter 40 mm. Fluorine was produced by electrolysis of molten
KH.Fs; at 80-90°C and purified in a column with granulated NaF. The dilution of fluorine was
performed with nitrogen dried with silica gel. The consumption of fluorine was regulated by

Translated from Atomnaya ﬁnergiya, Vol. 49, No. 3, pp. 169-173, September, 1980. Origi-
nal article submitted July 9, 1979.
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TABLE 1. Conditions of Synthesis and Prop—

erties of Catalysts

| Conditions of synthesis
Cata-. sp’
lyst |, itial sub re- ftemp., ,, | Color
initial substance hgent: °C m* /g
I

N .1 | Niy(OH),CO,-4H,0|¥, | 160 | 91,7 |Brown
N-2 | NiCO4-zH,0 HF | 170 | 91,9 {Yellow
N -3 | Niy(OH),CO,-4H,0|HF | 170 | 74,5 »
N4 |NiCOz-zH,0 F, | 200 69,0 |Brown
N-5 [H-2 Fy 200 | 64,2 »
N-6 |Niy(OH),CO,-4H,0|F, | 200 | 38,7 |Gray-green
N -7 | NiF,-4H,0 F, | 200 | 26,2 {The same
N-8 |NiCl, zH,0 F; | 300 | 25,4 » »
N-9 |Nily-4H,0 I, 300 | 19,3 » »
N -10 [ NiCl, F, 350 9,0 jYellowish

. ray
N -11 | NiF,-4H,0 I, 500 | 8,8 |The same
N -12 | NiO F, 400 7,70 » »
N 13 [ NiCl,- zH,0 ¥, | 550 | 35| » »
N -14 | NiF,-4H,0 F, 600 2,8 [vellow
N5 [ NiF,-4H,0 HF | 700 | 2,0 »
Cul, | Cul,-211,0 F, 300 5,2 |Colorless

varying the current strength and was periodically monitored by an analytical method; the con-
sumption of nitrogen was measured with the aid of a preliminarily calibrated manostat—rheom-
eter system or with an RS-3A rotameter. The processes were investigated at atmospheric pres-—
sure under conditions of the absence of external diffusion inhibition at a rate of flow of the
gas mixture 1.0-2.0 liters/min.

Samples of UF, and UO,F, with specific surface 0.8 and 1.0 m?/g, respectively, were pro-
duced by the usual methods [3, 6] (Table 1). The specific surface was measured by the Brun-
auer—Fmmet t—Teller method; the composition of the synthesized samples was monitored by the
methods of chemical and x-ray phase analysis, performed on URS-50I and Dron-1 diffractometers.
Mixtures of substances to be fluorinated with catalysts were prepared by shaking precise
weighed samples of the substances in glass weighing bottles. The results were treated by
the least-squares method with a Mir-2 computer (at the 95% probability level).

Results and Discussion

In the treatment of the data of Table 1 it was found that Sgp of NiF. catalysts is re-—
lated to the absclute temperature of their synthesis (T) by the function

lg Ssp = (1.2 = 0.2)-10°T* — (0.9 = 0.3).

The presence of such a dependence within the entire investigated temperature range is
difficult to explain only by the usual sintering, since it occurs at a temperature below the
Tamman point} according to the estimate, this points lies close to 560°C for NiF,.

The rate of noncatalytic fluorinatien of UF, (fraction with particle size 50-63 um) at
a partial pressure of fluorine pp, = 1.0 atm (1 atm = 1.01+10° Pa) is described by the equa-
tion of a contracting sphere

1 — (1 — )3 = 100:420.8).7 exp [ — (19700 & 1900)/RT] — (0.03 & 0.01),

where o is the degree of reaction by the time 1. Good correspondence to the results of {3]
is observed.

The introduction of a relatively large amount of catalysts does not change the form of
the kinetic equation (Figs. 1 and 2), which agrees with the conclusions of [10]. However, the
addition of a catalyst changes not only ko, but also, contrary to the data of [10], E as well.

As can be seen from the results presented in Table 2 and their comparison with the data
of [1-9], catalysts increase the rate of interaction severalfold; they may increase E, de-
crease it, or leave it unchanged. In the case of a substantial decrease in E there is a simul-
taneous decrease in ko: therefore, one can speak of the presence of compensation for the
change in E by the change in ko.
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Fig. 1 L . Fig. 2

Fig. 1. Catalytic curves of tLe fludrination of UF, t50—63 um) in a mixture with
N-12 (50-63 um) at M, = 0.50, pr, = 1.0 atm, and temperature 140 (@), 150 (O);
160 (a); 183 (x), 190 (v), 200 (W, 220 (AY, and 230°C (m). '

Fig. 2. Kinetic curves of fluorination of UO,F, (40-50 um) in a mixture with N-7
(40-125 um) at Mo = 1.0, PF, = 0.08 atm, the temperature 200 (m), 120 (), 220 (O,
230 (A), 240 (4), and 250°C" (@ -

TABLE 2. Basic Kinetic Parameters of Fluorination Reactions

Sube Cata-1 k »10% (min=') at various temp., °C E, log ky,
stance |YSt Mo kecal/ N
; 2 140 | 150 | 160 wo! 200 [ 210 [ 220 [ 230 [ 240 | 250 | 260 | 280 |mole min
Ul ) — | — ‘ 1,0 2.1 3,7| 8,2[19,741,95,40.8
UF, N-10 | 0,50 13,1 | 20 26 51 21,4+2,5|7,94+1,2
' 13,520 27 52
_ 21 28 :
Ur, N-12 [ 0,66 | 0,4 0,9 1,1 3,1 12,6 33 54 22,4+2,68,441,2
U, N-12 0,50 | 1,4 5,3 | 13,9121 34 47 14,1+3,3{4,8+1,6
51 . '
Uk, N.-12 ] 0,25 1,5 2,9 | 13,4 16,7+8,2 5,7
UF, Cul, | 0,50 2,3 6,2 30 | 2,5+8,2| 19,5
44
U0,l, IN-T | 1,0 ' 1,0 2] 3,5] 6,2 7,9 11,4 26 22,54-8,2| 8,140,1
2,2 3,6| 63| 89/11,8| |28
6,8 11,9
12,4
_ : 7 12,6 _
Note. The data for UF, were obtained at pp, = 1.0 atm; for UO,F, at pr, = 0.08 atm;

the rate constants for pure UF, at 290, 306, and 320°C are 12-107°, (16-20)-1072,
‘and 26°107° min~?, respectively; Mo is the initial mass ratio of the catalyst and
. substance to be fluorinated. :

Catalysts lower the order of the reaction with respect to fluorine: the data of Table 3
are evidence that for UO.F. it is 0.5 * 0.1; the dependence of the reaction rate of PF, in
logarithmic coordinates for UF, is not linear; however, -on each portion of it the order of the
reaction is lower than one. A decrease in the order of the reaction to =0.5 may be associat-
ed with the occurrence of dissociation of fluorine on the surface of the catalyst, although
the possibility remains that this may be due to limitation of the.reaction by adsorption of
fluorine, occurring in the Freudlich region. T

The rate of fluorination of UF, increases with increasing Ssp of NiF, catalysts (Table
4) according to a nearly parabolic dependence:

k = 10-2.3£0.2) Ssp.l(O:VS:tO.i.).

Such a dependence may be ‘due to a hindrance of the diffusion of fluorine into the grain of
the catalyst, a decrease in the thickness of the outer "working" layer of the grain on ac-—
count of a decrease in the diameter of the channels between primary particles comprising the
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LR 5. Kale€ OI PLUOY1INAT1ON O UUs kb, LTABLE 4. Rate ot Fluorination of UF, (63-
(40-63 um) in a Mixture with N-7 (40-125 125 pm) in a Mixture with Catalysts (<125
um) at Mo = 1.0, t = 250°C, and UF, ym) at Mg = 0.11, PF, = 1.0 atm, and t =
(63-125 um) in a Mixture with N-10 (50- 200°C
63 um) at Mo = 0.50, t = 210°C ’ ,
Catalyst k-108, min-1 || Catalyst n-103, min~!
- Prys atm
B 108,
min~! 0,01 10,02 0,0010,068)0,08]0,10]1,00 N 16; 18 N-9 5,7
N -2 19; 23 N-10 7,4
N -3 18 " N-11 6,9 7,1
For U0, 4,2 | 5,8 | 8,1 | 10,2 | 11,4 | 13,7 N 4 12 N-13 3,2
6,2 11,8 N -5 9 N-15 1,3
11,9 N-6 10; 13
12,4
12,6
[For. Ur, 3,3 4,7 9,4 11,9 19,4
13,0 20,5

grain, with increasing Sgp- In an investigation of such catalytic reactions, a very strict
standardization of the conditions is necessary, since k depends on the temperature, PF,» Sgp
of the catalyst and the substance to be fluorinated, the grain size of the catalyst and
particle size of the substance, the porosity of the grains of the catalyst, Mo, and even on
the time of stay of the catalyst in an atmosphere of fluorine before the measurements of the
rate (Table 5, Fig. 3).

When the catalyst obtained in an-atmosphere of HF is used, with high Sgp, the kinetic
curves have breaks that appear at all values of the investigated temperature. Preliminary
treatment of the catalysts with fluorine lowers Sgp from 79.9 to 64.2.m%/g, changes its color
from yellow to brown, and leads to disappearance of the breaks on the kinetic curves. The
rate of the reaction with a catalyst treated in a stream of fluorine becomes equal to the
rate at the third step. It can be assumed that when a freshly prepared catalyst is used di-
rectly, there is a chemisorption of fluorine, which lowers the catalytic . activity and Ssp'

It is interesting that the appearance of a brown color in an atmosphere of fluorine was
also observed in other samples of NiF, with a developed surface. When the samples are heated
in a stream of nitrogen or in air, the color changes to gray-green, and the mass of the sam-
ples thereupon decreases. Evidently the chemisorption of fluorine on NiF,, described by the
authors of [19], may turn into the formation of brown nonstoichiometric fluorides NiFs+4x.
There is a compensatiocn dependence between the values of E and ko cited in Table 5 (Fig. 4);
therefore, a decrease in E does not cause any acceleration in the reaction.

Analyzing the data obtained as a whole, we can conclude that reactions in systems of pow-
dered substance to be fluorinated — powdered catalysts — fluorine possess certain specific pecul-
iarities, which have notbeen entirely investigated and therefore do not find an unambiguous-
explanation. Evidently, one of the most important stages is the interaction of fluorine with
the surface of the catalyst, resulting in the formation of active particles (atoms, molecules,
or ions), which migrate along the surface of the catalyst and partially in the volume of the |
gas toward the surface of the particle to be fluorinated., where the fluorination reaction is |
localized. The energy necessary for the formation of active particles is liberated in highly ‘
exothermic reactions of fluorination and is rapidly transferred from the surface of the sub-.

TABLE 5. Kinetic Parameters of the Fluo-
rination of UF, (63-125 um) in a Mixture
with N-2 (40-50 um) at Mo, = 0.11 and

pF2; = 1.0 atm.

' Stage of | k-10° (min~Yyatt, °c - | Es

reaction keal/ 12 ko,

: 180 [ 190 | 200 zwlzmlzm) mole min-!
1 3,0 15,219 171 25 (.31 [22,3+-3,8/ 8,24-1,7
2 2,2 14,816 10 | 17 { 20 [19,9+4,0! 6,9+4-1,8
3 2,2*3_,? 5,81 7|14 |14 1_5,8i3,2 5,0+1 4

*The third portion of the kinetic curve

is absent at this temperature.
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Fig. 3. Kinetic curves of the fluorination of UF, (63-125 pm) in
a mixture with N-2 (<125 pm) at M, = 0.11, Py, = 1.0 atm, and t =
200°C: O) freshly prepared catalyst; @) catalyst treated with
fluorire at pp, = 1.0 atm, t = 200°C for 20 min.

Fig. 4. Compensation dependence of the kinetic paramters for var-
ious stages of fluorination of UF, (63-125 pm) in a mixture with
N-2 (<125 pm) at Mo = 0.11, pp, = 1.0 atm, and t = 200°C.

stance to be fluorinated to the surface of the catalyst as a result of the small distance
between them.

The ability of NiF, to form nonstoichiometric unstable higher fluorides suggests. that
their decomposition proceeds with a liberation of atomic fluorine, which is such an active
particle. This is also evidence by the use of nickel at a higher temperature for the ther-
mocatalytic generation of atomic fluorine [20}. The catalysts described have a relatively
low activity;.a search for and investigation of more active substances will be necessary for
practical use in processes of fluorination.
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LONG~TERM STRENGTH OF ELECTRICAL CERAMIC UNDER A LOW FLUENCE

Yu. B. Zverev, V. 1. Ponomarev, UDC 539.4:666.3/7:621.039.531
N. S. Kostyukov, and Yu. F. Tuturov

An experimental. study was made of the long-term strength of seven types of electrical
ceramics under the conditions of steady-state and pulsed y-neutren and steady-state y radia-
tion. During the study, laws governing the reduction of the long-term strength under the ef-
fect of various forms of radiation were established and the influence of the stressed state
of the irradiated material was considered.

As is known, the ultimate strength and the modulus of elasticity of ceramic materials
under the action of steady-state y-neutron radiation do not change at a fluence of up to
10%°-102° neutrons/cm?® [1, 2]. However, the strength of ceramics under the conditions of con-
stant mechanical loads is reduced under the influence of corrosion processes occurring at the
_tips of surface technological cracks [3, 4] and irradiation can accelerate and stimulate chemi-
cal reactions, thus causing the long-term strength to decrease. We studied the influence of
steady-state and pulsed y-neutron and steady-state y radiation on the long-term strength of
seven types of electrical ceramics: SK-1 and SNTs steatites, M-23 porcelain, UF-46 ultrapor-
celain, L-24 cordierite, microlite, and GB-7 high-alumina ceramic.

Initially, we investigated the influence of irradiation on the time to failure under the
conditions of pulsed y-neutron radiation. For this purpose we used cylindrical specimens with
a diameter of 5 mm and length 50 mm, which were subjected tc three-point bending with a con-
stant mechanical stress of 0.4-0.9 of the ultimate strength as determined by testing no fewer
than 50 specimens of the given batch. The loaded specimens were then irradiated with a bell-
shaped y-neutron pulse with a half-width of 2 msec. The neutron spectrum was similar to the
fission neutron spectrum. The maximum neutron flux density in a pulse of energyY 0.1 MeV
did not exceed (1.5-2.5)-10'7 neutrons/cm®*sec while the dose rate of the attendant = radia-
tion was (0.7-1.3)*10° C/kg. The neutron fluence was 10**-4.5-10** neutrons/cm®. The tests
were conducted in air at room temperature.

As a result of the large scatter (hundreds of percents) of the experiment values, the
time to failure was estimated from the plot of 1n(l ~ P) = f£(t1), where P is the probability
of failure, which is equal to the ratio of the number of fractured specimens to the total
number of specimens tested and t is the time to failure found experimentally. The mean time
to failure was found from the results for 16-25 specimens at each level of applied stress, as
the quantity reciprocalto the slope of the straight line of the given plot.

The averaged results of tests for all materials were used to plot ln T against the ap-
plied stress (Fig. 1). These plots constitute a family of straight lines with a knee at a
quite high stress and if they are extended (dashed lines), they meet at one point at a stress
equal to the ultimate strength. In the region of stresses beyond the bend point the irradia-

log T,
sec
Fig. 1. Mean time to failure vs applied
501 stress for steatite SK-1: 1) fluence 4.3
10** neutrons/cm?; 2) 3.5+10*°neutrons/
cm?; 3) 10%° neutrons/cm®; 4) 10*? neu-
< trons/cm?; 5) unirradiated specimens.
RN '
N
40 N
1 1 I

! 1
gt 45 46 47 08 f9o/oy

" Translated from Atomnaya Energiya, Vol. 49, No.3, pp. 173-176, September, 1980. Origi-
nal article submitted March 12, 1979.
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TABLE 1. Values of F, and Coefficients
to, k, and «

i F,, neu-~

Material trons fem? ty, sec| k a
Steatite 101 8:10* | 0,5 |- 9,0
1SNTs steatite 107 1,5-10¢ | 0,67 | 17,5

M-23 porcelain 2,25.1010 8-10% | 1,93 | 27
UF-46 ultraporcelain,  4,6.40'* |1,26-10¢ | 0,435/ 9,5
L-24 cordierite 4-10'2 |3 54 10* | 1,54 | 20,45
GB-17 ceramic 1013 1 74 10 | 3,24 | 8,82

tion has practically no effect on the "lifetime" of the specimens, whichis determined only by
the applied load. After processing the experimental curves we obtained the following empiric-
al relation whichis valid for all materials tested, apart from microlite:

T =ty (Fo/ F)" ' =%1"Woxp [ (1 — 6/oy)]. (L

where T is the mean time to failure (sec); o, applied stress; F, fluence of neutrons with E>
0.1 MeV; Oyu» ultimate strength; Fo, threshold fluence value below which the material behaves
as unirradiated material; and to, k, and o, empirical coefficients. The numerical values of
the empirical coefficients and F, are given in Table 1. :

The values of the mean time to failure, obtained by the technique described above,under
irradiation in the stress state were compared with the mean time to failure, found for speci-
mens prelrradlated to the same fluence values and then subjected to the Same stresses. The
comparison showed that in tests for long-term strength, no role is played by the state, loaded
or not loaded, in which the material is irradiated and that only the value of the fluence has
the effect of shortening the time to failure.

To determine the influence of y radiation in reducing the time to failure, we irradiated
the specimens of all materials on a steady-state y-ray apparatus with a ®°Co source at an ex-
posure dose rate of 0.12 C-kg ' sec™' to a value of 260 C/kg (the maximum dose of the atten-—
dant yradiation in a pulse did not exceed 130 C/kg). We then tested the specimens under two
different loads and found the mean time to failure: this time was then compared with the values
obtained for the unirradiated specimens. The results of this comparison revealed that y
radiation within the limits indicated does not affect the mean time to failure. Therefore,
the reduction of the lifetime of the material is determined entirely by the pulsed neutron
flux.

For the sake of comparing the action of the steady-state and pulsed y-neutron radiation,
the specimens of SNTs steatite and M-23 porcelain were subjected to steady-state irradiatiom.
The mean time to failure was determined for two different loads at a fluence of 3.5°10%2 and
4.3-10"“ neutrons/cm®. The steady-state irradiation was carried out for 1 and 20 h with two
values of neutron flux densities with similar spectra. As a result, it turned out that with
preirradiation in both the steady-state and pulsed modes, the time to failure depends in the
same way on the stress and on the .fluence but does not depend on the neutron flux density and
is characterized by Eq. (1).

Steady-state irradiation of ceramic in the stress state, however, can lead to different
results. In this case two processes act on the material under load: stress corrosion and ac-
cumulation of defects during irradiation. The corrosion rate will increase continuously as
a defect concentration grows and at low radiation intensity will be limited by the rate of
defect accumulation, i.e., it may depend on the density of the neutron flux. As a parameter
for compariscn it is convenient to take the probability of failure durlng a given time inter-
val (24 h), which is related to the time to failure by

1 — P = exp (—At), ' » (2)
where t is the time and X is the Poisson distribution parameter; for unirradiated'specimens
=1/t = (1/t,) exp [— & (1 — o/o)], (3)
and for specimens irradiated in the pulsed mode. .
Ap=1/1=1/ty (FIFp)" "' ~"u)exp | — a (1 —0/0})]. (4)

To sum up, it can be said that both in the initial state and after irradiation failure
of the specimens occurs at a finite rate characterized by a constant parameter A, whichis found
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Fig. 2. Time dependerce of the logarithm of the failure probability
under the simultaneous action of stress and steady-state y—neutron
radiation.

Fig. 3. Dependence of failure probability on neutron flux density
for SNTs steatite: 1) stress 0.60,, F = 4.3-10** neutrons/cm?; 2)
stress 0.650y, F = 3.5-10® neutrons/cm®; 3) stress 0.650y, F =

4.3:10"* neutrons/cm®; 4) stress 0.750,, F = 3.5-10*° neutrons/cm?®,

from Eqs. (3) and (4). With steady-state irradiation the initial rate of failure will cor-
respond to that observedin theunirradiated state; under irradiation the parameter ), increases

to a value Ap and remains constant when irradiation ceases. The time dependence of the fail-
ure probability is shown schematically in Fig. 2. Here t; denotes the time during which the
threshold value F of the fluence is built up (t, = Fo/¢, where ¢ is the neutron flux density).
The time t, denotes cessation of irradiation (t. = F/¢, where F is the neutron fluence) and

ts is the base time of the tests (24 h, in the given case). The relation —ln(l -- P) = f(t)

in the interval t, < t < t, is approximated well by a function of the form bt?, whence it
follows that A = bat@~'. Using the boundary conditions and solving the equation for @ and b,
we get

a=1+4+k({ —olo: (5)
[ @ \hti-c/o ‘)_—1—___ 4
=(5) " RGP e —/a, (6)

where to, k, and « are constants (see Table 1). In the general form the failure probability
is written as

P=1—exp{— Aoty + b (ta— )"+ Ap (t—t5)]}. (@)

) Under pulsed irradiation as well as in the case of a high flux density of steady-state
irradiation, we have t; << t; and t, <<ts, and, therefore, Eq. (7) goes over into Eq. (2).
Figure 3 shows the dependence of the failure probability on neutron flux density for SNTs:
steatite. The points on the curves correspend to the experimental values under irradiation in
the stress state while the curves themselves were drawn according to calculated data. The ex-
periments were performed with a fluence of 3.5+10'° and 4.3:10'“ neutrons/cm?; the irradia-
tion-time was 2+10”° and 10™“* sec in the pulsed mode and 1, 10, and 20 h in the steady-state
mode. Similar results were also obtained for M-23 porcelain.

The critical neutron flux density, after which the failure probability remains constant,
is determined from the condition exp[-b(ty — t;1)%] > AP, where AP is the error in the deter-
mination of the failure probability. Bearing in mind ‘that in our case t; << t, and substi-
tuting the values of g and b in Eqs. (6) and (7), we get an equation in compact form

_ FAp _
Perit ~ aln(1/aP) (8)

Comparison of the results of irradiation with y-neutron radiation and with steady-state
Y radiation in increased doses was carried out with the assumption that reduction of the time
to failure in irradiated ceramic is proportional to the concentration of displaced atoms.
The concentration of displaced atoms under neutron irradiation was approximated from the Kin-
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chin—-Piza model [5], while in the case of y radiation it was calculated by the familiar methods

[6].

Computer calculations with allowance for the chemical composition of the materials stud-
ied and the mean values showed that with a dose rate of 0.12 C/kg'sec and a y-quantum energy
of 1.25 MeV the exposure dose equivalent to a fluence of 3.5-10%° neutrons/cm® at a mean en—
ergy of 1 MeV is ~15,500 C/kg.

Experimental verification confirmed the equivalence of the action of y and y-neutron
radiation on the long-term strength of electrical ceramics.

Upon analysis of the results it was also established that a reducticn of the time to
failure under irradiation with identical doses is proportional to the content of the glass
phase in the ceramic.

In conclusion, the authors thank A. A. Makarov for assistance with calculatiocns of the
cross section for the formation of displaced atoms under the action of y radiation.
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MECHANISM OF RADON TRANSFER IN ROCKS AND THE DEPTH OF EMANATION
METHODS OF LOOKING FOR RADIQACTIVE ORE

M. M. Sokolov, V. K. Titov, V. A. Venkov, UDC 550.835:553.262.4:546.296
E. E. Sozanskaya, T. L. Avdeeva, and E. I. Kuvshinnikova :

The last few years have been characterized by a renewed interest in using emanation

methods to look for radicactive raw materials. This can be partly explained by an introduc-
tion into search practice of exposure methods for measuring the concentration of radon, such
as the emanation track method and the electron alphameter. The results express to a lesser

degree the errors of the selection of the gas samples and the temporal variation of the

radon concentration in soils connected with a classical emanation survey. By using these
methods we repeatedly notice cases of the appearance of uranium—bearing ore bodies, bedded

at depths of tens of meters and, in several cases, up to 100-150 m. Such a depth* of emana-
tion methods is not explained from the viewpoint of existing ideas about the migration of
radon and therefore deserves an independent discussion. According to these ideas, the depth
of the emanation methods does not exceed the first few meters, even for large bodies., Given
this, it will be considered that diffusion is one of the basic processes, sometimes practical-
ly the only one, conducive to the transport of radon from the ore body to the surface [1].

During convection, the range of the emanation transfer increases; however, this process
proves to have a noticeable influence on the transfer of emanation only from convection veloc-
ities greater than 2:10”° m/sec, which are thought to be improbable. Jeter [2] simulated
the migration processes of gaseous radionuclides in soils above the uranium mineralization,

*By the depth of a method we mean that vertical distance at which, given the ex1st1ng levels
of technology, anomalous 51gnals may be recorded above the mineralization.

Translated from Atommaya Energlya, Vol. 49, No. 3, pp. 176-179, September, 1980.  Origi-
nal article submitted September 28, 1979.

628 0038-531X/80/4903-0628507.50 © 1981 Plenum Publishing Corporation

Declassified and Approved For Release 2013/02/14 : CIA-RDP10-02196R000800040003-0




Declassified andh Approved For Release 2013/02/14 . CIA-RDP10-02196R000800040003-0
o] ,MI— 1 2

N

80+

6o+

40}

20

‘Fig. 1 . Fig. 2

Fig. 1. Radon distribution along the axis of the model, composed
of detritus—sandy soil materials: 1, 3) radon distribution for

the sealed and unsealed top of the model; 3) theoretical distribu-
tion accounting for diffusion; 4) emanation source; 5) detritus—
sandy-soil material studied.

Fig. 2. Asymmetries of vertical transport of radon along the
model axis. :

assuming them to be based on molecular diffusion and convective transfer. According to the
calculations, the constant transfer velocity of the soil—air is 1-10™° m/sec, which leads to
an increase in the activity of gaseous radionuclides of several orders of magnitude above
that in the diffusion model. According to Jeter, the depth of the emanation method, if
one confirms the presence of this process, is essentially increased in comparison with the
depth evaluated in the diffusion model. The questions of the depth of emanation methods and
_the mechanism of transfer of radon were illuminated by an independent discussion at the sym-—
posium in Vienna [3]. As a result, the participants came to the conclusion that the diffu-
sion mechanism of radon transfer is insufficient to explain the empirical material.

The depth of the emanation methods was expediently measured by directly determining the
velocity of radon transfer in various porous samples. The results of one of these experi-
ments are presented inm Fig. 1. The model consists of a full vertical cylinder with diam-
eter 0.2 m and height 13 m. In the central part of the model is placed an emanation object
(uranium ore of mass 60 kg with a mass fraction of uranium 0.2% and Kem = 30%), above and
below which is the detritus—sandy-soil material (porosity 40% and bulk humidity 20%). The up-
per and lower parts of the model are sealed. Along the axis of the model there were film
track detectors and standard cameras. The track density upon removal of the detectors from
the models was counted after a month of exposure. We present the distribution of emanation
along the axis of model 1, determined by the track method.

Figure 2 shows the ratio of the concentrations of emanation higher than (Nt) and lower
(N7) than the emanation source at identical distance from it. It is evident from the pic-
ture that the distribution of emanation upwards from the emanation source is essentially great-
er than below it. Moreover, at a distance of 5 m the coefficient of asymmetry (N+/N') is al-
ready 100. Such an asymmetry of radon transfer from the emanation source indicates the proba-
bility of an essential influence of nondiffusive transfer of emanation in the model. To
evaluate the influence of the convective transfer mechanism the radon was sealed in the upper
part. After unsealing, the transfer of emanation in the part above the emanation source is
essentially increased (see Fig. 1, curve 2). This gives evidence to a more gently sloping
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TABLE 1. Velocity of Radon Transfer by
Various Porous Samples

transfer, Diffusion| Transfer
1076 m fsec |coeff. | velocity
Material studied —110~% m? /| due rto dif-
max. |min, |gec - [ fusion,
10™% m/sec
Air-dry sand 20 1 5 . 3.1
Afr-dry loess 18 10 0,5 1,0
Detritus—sandy soil 29 12 1 1,4
Air-dry detritus \
sand ysoil, humidi- 31 14 0,02 0,2
ty 20%

type of curve in the upper part of the model. Here part of the radon from the model moves
away at the expense of exhalation. For comparison we now present a theoretical radon dis—
tribution curve assuming a diffusive transport mechanism (curve 3), calculated for an effec—
tive diffusion coefficient D* = 1-107° m®/sec, which is characteristic for the examined
crushed-stone material. The comparison of the theoretical and experimental curves shows

that the influence of diffusive transport of radon is essential only at distances not exceed-
ing 2-3 diffusion lengths (in the model described 2-3 m). At distances 4—5 m from the emana-
tion source the concentration of radon is 100-500 times greater than that predicted by the
diffusion model.

One of the basic problems of this work was the establishment of the velocity of vertical
transfer of radon in various porous deposits. To best approximate the natural layers, we used
fine bore chinks settled at a depth of 10-12 m as models. In order to lessen the influence
of extratubular processes, we used holes bored 15 years ago. The emanation ore material (200-
600 kg of uranium ore with a mass fracticn of 0.2% and an emanation coefficient of 20%) was
placed in the lower part of the model and kept for accumulation for 3-8 days. We used dry
and wet sand, loess, and detritus-loam material as the studied porous deposits. Before the
arrangement of the studied material a model was flushed with atmospheric air to remove radon
accumulated in air above the emanation source using a compressor for 20-50 multiple substitu-
tions of the air in the column of the model. Essential removal of radon from the ore part of
the model at this time does not occur.

In the upper part of each model at a depth of 0.8 m in the studied material we placed
an electron emanation variometer, consisting of a silicon semiconductor detector of a radia-
tion, arranged in a measuring chamber of standard volume. Variations in the concentration
of radon in the measuring chamber were determined from the time of placing the material stud-
ied into the model by accumulating counts for 1 h. The results of some of the measurements
obtained are presented in Fig. 3. All the curves have an identical characteristic. After
placing the detectors, the count rate during the first hours grows due to radon formed in the
very material being studied entering into the measuring chamber. After attainment of a sta-
tionary process, we observe a plateau region of a constant activity of the air in the cham—
ber which.is preserved until the moment when the radon from the emanation source has passed
through the material studied.. By knowing the distance between the surface of the emanation
source and the detector and the time of the passage of the emanation from the ore into the
measuring chamber, one may evaluate the transport velocity of the emanation in the conditions
of the experiment. Such a value may be obtained for the maximum (at the time of passage of
the first portion of the emanation, surely giving anomalous values of the calculated veloc—
ity) and the minimum (the asymptotic values of calculated velocity values) of the veloci-
ties of radon transfer in the conditions of the experiment (see Table 1).

The maximum and minimum values of the velocity of radon transfer in the experiment
turned out to be 1-2 orders of magnitude higher than.those values which may be attributed
to diffusive transfer. The dampness of the material studied not only does ncot reduce the
velocity of the radon transfer to the surface, but slightly increases it. The influence of
water on the radon transfer was evaluated in a water model. Figure 4 shows the results of
the measurement of radon concentrations using film detectors in the model filled with water
and a theoretical diffusion curve for radon in water. A comparison of the curves shows that
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Fig. 3. Growth of the count rate of the variometer during the time after
placement of the model: and } air-dry crushed-loam material and
the crushed-loam material with dampness 20% (h = 5.5 m); -« and ~+-+-)
air-dry loess and the air-dry sand (h = 5 m).

Fig. 4. Radon distribution in a water model: 1) experimcntal radon dis-
tribution; 2) theoretical radon diffusion distribution; 3) emanation
source; 4) water.

the transfer of emanation in stagnant water is the same as in previous cases, and cannot be
connected only with a diffusion process.

Thus, one may evaluate the depth of contemporary emanation methods of searching for
urariium deposits based on exposure measurements of radon concentration. For the obtained
minimum and maximum values of the radon transport velocity in the porous samples studied, a
100-fold decrease in the concentration of emanation occurs for a depth at 30-50 m. Conse-
quently, during favorable conditions emanation method .depths of several tens of meters ap-
pear tobe fully realizable. Still greater, evidently, may be the depth of a method due to the
existence, in the earth's depths, of geothermal gradients giving rise to natural convective
cells. Associated with such cells may be a steeply descending water-filled tectonic break
with a high gas permeability. An increase in theé depth of an emanation method may be caused
by such a rising current of subsoil waters.

This work does not pretend to be a complete exposition on the question of the mechanism
of radon migration in rock and soil. However, the information presented, obtained by .con-
temporary methods of measurement, allows a reevaluation of the diffusion model foundation
of the notion of the depth of one of the oldest methods of searching for radiocactive raw
materials — the emanation survey.
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A SEMIEMPIRICAL EXPRESSION FOR CALCULATING AVERAGE ENERGY LOSSES
BY HEAVY IONS IN MATTER

E. L. Potemkin, V. V. Smirnov, ' UDC 539.186
and V. V. Frolov

In recent years considerable attention has been given to the calculation of average
energy losses by heavy charged particles [1-10]. This interest is due to the use of beams
of accelerated ions as an investigative instrument in various fields in experimental nuclear
physics, solid-state physics, and radiobiology, and also to the use of ion beams for tech-
nological purposes.

At the same time, the theory of the slowing-down of charged particles does not provide
a single analytic expression for the average energy losses in the energy range corresponding
to the complete halting of an ion with an energy of V10 MeV/nucleon. This has led to the
development of empirical and semiempirical methods for calculating ion energy losses [4-6].
One of the most widely used is Brice's formula [6, 11]. This formula, using three free parame-
ters,makes it possible to approximate the experimental data in the range of energies up to
several MeV/nucleon. However, in the energy range above 1 MeV/nucleon and for heavy ions,
Brice's formula becomes less applicable because the slowing-down model used by Brice does not
match the real slowing-down mechanism. In order to remove these limitations, we proposed in
[8] an expression using two slowing-down models: those of Firsov [7] and of Bethe and Bloch

[2].

In the present study we analyze the results of the approximation of experimental data on
average energy losses by means of this expression. We discuss the variation of the energy
losses as a function of the velocities and atomic numbers of the colliding particles. The
expression used in [8] takes account of the change in the number of electrons that results
from overcharging and the interaction of electrons with the shielded charge of the nucleus
of the oncoming particle; it has the form

§ =Sy [(1=v0) Zof (V) + Zof (1) + (1iZ0)* voZoaf (")), » D
where v, is the relative number of electrons in the atom that have a velocity less than the
velocity of the oncoming particle (in the present study we assumed in accordance with the Bohr
model, that y; is equal to the relative effective charge of an ion being slowed down in a
medium); S, is the contribution made by one electron to the slowing-down cross section, de-
termined by the formula of [6]. 1In [8] it was stated that the derivation of the expression
for S, contains an error which leads to a coefficient of 8/3 in the low-energy region. Re-
cently Brice [11] obtained a corrected analytic expression for S,, but since in the low-en-
ergy region S, is proportional to 1/z and z is a free parameter, the additional coefficient
does not affect the accuracy of the approximation of the experimental data. The expression
for S; obtained in [11] has the form

4h? 30e2-1-68 46
Sy=5— [8‘/2 ———————83'(1;_*_‘;; + (10§ -+ 6) arctg &4/}, (2)
where e = (v/2Zvo)?2.

In order to take account of the variation of the number of electrons in the oncoming
ion, the empirical function £(x), introduced by Brice, was changed as follows:

Fo0=00+%™
X' = (avlvg)™;
X' = (av/v)"/(1 — v,);
X" = (av/ve)*/ ¢ (v);

¢ (v) =42 In zv”’;’z — Wley?,

Translated from Atomnaya Energiya, Vol. 49, No. 3, pp. 179-182, September, 1980. Origi-
nal article submitted January 8, 1979.

(3)
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Fig. 1. Average slowing-down cross section ( ) for the ions 8Be in Be (a),

9Fe in Ti (b) and *H in Ar (¢): ....) contribution of the electrons of the
slowed—down ion; —<+—-— ) contribution of the electrons of the target atom; ———=)
contribution of the nucleus-electron component; (), @) experimental results of [15]
and [1], respectively.

where ¢ is the speed of light and I is the average excitation potential of the target atom.

The first two terms of the sum (1) describe the electromelectron mechanism of slowing-
down in accordance with Firsov's model; the.third term represents the interaction of the
shielded field of the nucleus of the ion with the electrons of the target atom, in accor-
dance with the Bethe model. The first term is the sum of the contributions made by the elec-
trons in the iom, and unlike Brice [5], we carry out the summation only over the electrcns
remaining in the ion at the given velocity. The second term includes a correction which
takes account of the variation in the number of electrons in the slowed-down ion, and this
leads to the appearance of a correction factor (L—vy,)"! in the argument of the function f.
With regard to the third term, it should be noted that it appears as a result of the consider-
ation of "fast" collisions of the electrons of the atom with the shielded field of the ion
nucleus [10]. ’

Thus, for a sufficiently high ion velocity, the third term of the sum (1) takes account
of the Coulomb excitation of the target atom and becomes the well-known Bethe—Bloch formula
[2]. The variation of the numbers of interacting electrons of the target atom as a function
of the velocity of the slowed-down ion actually reflects the shielding effect of the inner
shells. TFor this reason, the factor Yy, was introduced into the expression In(2mv®/vy21).

Expression (1) corresponds to a slowing-down model which uses two slowing-down mecha—-
nisms:the Firsov mechanism and the Bethe mechanism. Consequently, we must consider the pos-
sibility that slowing-down effects are taken into account twice. However, it can be seen
qualitatively that this is very improbable, since the Firsov mechanism involved electrons
with a velocity much higher than that of the ion, while the Bethe model involves electroms
with a velocity much lower than that of the ion. But since the Firsov surface divides the
space into "spheres of influence" of the atom and the slowed-down ion, there is obviously a
contribution to the cross section made by the single-electron flux S, in the term describing
the Coulomb excitation of the atom by the field of the ion.

To analyze the variation of contributions made by the components, we used experimental
data on the slowing-down of o particles [12] and slowing-down cross-sectional curves from
[13], which constitute an approximation of known tables [14].

Figures la and b show typical curves of the total slowing-down cross section and its
components. It can be seen that for an energy of >1.0 MeV/nucleon the contribution of the
Coulomb excitation is 90% or more of the total cross section. The electron components, which
play the principal role at an energy of £0.3-0.5 MeV/nucleon, decrease rapidly as the energy
increases, and at 10 MeV/nucleon they contribute less than 0.1%. It should be noted the con-
tribution of the Coulomb excitation of the atom by the field of the ion increases as the atom-—
ic number Z; of the atom increases (for comstant Z.), which is due to the quadratic variation
of the interaction cross section as a function of the ion charge, while the electron part
varies linearly with the number of electrons. On the other hand, the variation of the Cou-
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lomb excitation of the atom as a function of Z, is less marked,
electron component, i.e.,

since it is analogous to the
it is proportional to the "effective" number of electrons.

Figure lc shows an "unfavorable' iom—target combination, when the ratio of atomic num-
bers Z,/Z, is fairly high (in the present case Z,/Z, = 47 [1]). This affects the shape of
the "Firsov surface," which is very different from a plane. The clearly noticeable ''two-
humped"” nature of the calculated curve can be attributed to the inadequate description of
the interaction mechanism, i.e., when the mechanism of electron—electron interaction is no
longer effective because the number of electrons in the incident ion is 'small, the Coulomb
excitation of the atom is also ineffective, since the number of "fast" collisions is not yet
large. This situation results in a considerable shift of the maxima of the various compo-
nents with respect to each other, so that the behavior of the curve of the total slowing-down
cross ‘section does not agree with the physical laws.

(1) we use the data of [13]
> which in a number of cases diverge substantially from the

As noted eaflier, for the analysis of the behavior of Eq.
approximating the tables of [14]
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TABIE 1. Values of the Parameter z

Zy
Zy
Be C Al T Ni Ge Zr Ay Eu Ta Au u
" Be 0,817 0,940 0,916 0,048 1,179 1,201 1,204 1,183 1,544 1,644 0,863 2,067
C 0,564 0,876 0,814 0,927 1,045 1,007 1,014 1,063 1,297 1,314 1,353 1,320
Al 0,331 0,867. 0,775 0,809 0,941 — 0,861 0,888 1,023 1,289 — 1,146
Ti 0,355 0,488 0,781 0,755 0,798 0,792 0,778 0,718 0,848 0,935 1,023 1,212
Ni 0,522 0,931 0,785 0,423 0,824 0,779 0.686 0,790 | 0,969 1,020 | 0,915 0,943
Ge 0,577 0,198 0,598 0.656 0,808 0,787 0,781 0,711 0,859 0,857 0,967 0,191
Zr 0,661 0,183 0,513 0,616 0,814 0,841 0,826 0,752 0,823 0,930 0,742 0,179
Ag 0,706 1,019 0,855 0,910 0,847 0.792 0,766 0,792 0,979 0,202 0,857 —
Eu 0,017 0,144 0,595 0,553 0,625 0,890 0,841 9,762 0,781 0,852 0,977 0,198
Ta 0,993 0,142 0,584 0,567 0,889 0,954 0,777 0,682 0,727 0,742 0,774 0,14
Au 0,984 0,141 0,712 0,708 0,815 0,275 0,887 — L — — — -
U 1,124 - 0,250 0,649 0,693 0,645 — 0,701 — — 0,796 0,233
TABLE 2. Values of the Parameters g
Zy
Zy,
Be (o] Al Ti Ni Ge Zr Ag Eu Ta Au U

Be 0,437 0,369 0,415 0,387 0,385 0,385 0,357 0,374 0,332 0,320 2,284 | 0,245
C 0,954 0,385 0,434 | 0,406 | 0,397 | 0,399 0,394 0,366 0,366 0,394 0,400 | 0,485
Al 4,094 0,452 0,476 0,462 0,406 — 0,423 0,390 0,438 0,314 — 0,435
Ti 4,500 2,226 0,585 0,539 0,564 0,513 0,478 0,480 0,563 0,491 0,380 { 0,540
Ni 2,546 0,564 0,552 0,326 0,549 0,540 0,573 0,447 0,385 0,559 0,569 [ 0,561
-Ge 1,946 4,500 1,024 | 0,814 0,601 0,553 0,492 0,496 0,530 0,559 0,461 | 4,500
Zr 1,746 4,500 1,670 1,054 0,639 0,512 0,451 0,395 0,659 0,493 1,065 | 4,500
Ag 1,562 0,647 0,600 0,454 0,653 0,647 0,416 0,481 0,413 4,500 0,682 —
Eu 1,147 4,500 1,439 1,802 1,382 0,575 0,473 0,407 0,789 0,631 0,436 | 4,500
Ta 1,024 4,560 1,634 1,841 0,661 0,504 0,604 0,668 1,030 1,019 0,984 | 4,500
Aua 1,010 4,500 1,050 0.964 0,659 4,365 | 0,607 — — — — —
U 0,790 — 5,000 1,282 1,246 1,347 — -| 0,780 —_ — 0,891 | 0,812-
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TABLE 3. Values for the Parameter n

Zy
z - .

Be c Al Ty Ni Ge Zr Ay " Eu Ta Au U
Be 3,129 2 581 2,712 2,154 1,779 2,105 1,826 1,535 1,375 1,278 0,766 | 1,464
C 1,531 2,752 2,868 2,189 2,150 1,901 1,792 1,850 1,534 1,293 1,296 | 1,005
Al 1,310 2,764 2,899 2,246 2,425 — 1,969 2,002 1,604 4,500 — 1,338
Ti 1,270 | 1,367 | 4,301 | 2,334 | 2,232 | 2,220 | 2,020 | 4,330 | 1.464 | 1,561 | 1,605 | 4,500
Ni 1,059 3,032 3,312 1,569 2,513 2,138 1,288 2,142 2,182 4,500 1,573 | 1,391
Ge 1,471 2,494 1,585 1,684 2,384 2,267 2,137 1,340 1,622 1,369 1,555 [ 2,376
Zr - 1,145 2,738 1,449 1,518 2 374 2,693 2,510 1,332 1,429 1,612 1,055 | 2,490
Ag 1,261 | 2,705 | 3,325 | 4,417 | 2,336 | 1,928 | 1.336 | 2.064 | 2,033 | 2.224 | 1,403 | —
}g‘u 1,228 3,413 1,519 1,166 1 ,649 2,832 2,31 1,245 1,315 1,383 1,610 | 2,300
Ta 1,129 3,491 1,453 1,133 Z 386 3,544 1,851 -1 0,960 1,143 1,085 0,983 | 2,377
Au 1,150 3,528 1,671 1,436 1,8()6 1,877 2,530 — —_ — — —
U 2,260 — 1,207 | 1,670 | 1,696 | 1 398 — 1,478 — — 1,140 | 1,172

TABLE 4. Values of the Parameters z, a, and n for a Particles in Various Media

Ly z a n Zy z a 7 Zy z “ n
1 1,123 0,277 2,832 18 1,912 0,166 1,768. 35 1,406 0,349 0,952
2 1,429 0,237 2,152 19 1,313 0,233 1,399 36 2,107 0,176 1,595
3 0,766 0,742 1,655 20 0,876 0,478 1,008 37 2,801 0,200 1,434
4 0,668 0,897 1,691 24 0,734 0,827 0,945 38 1,415 ;282 1,238
5 1.234 (1,324 2,220 22 0,700 1,062 0,887 39 1,642 0,222 1,420
6 1,707 0,228 2,672 23 0,643 1,745 0,815 40 1,452 0,251 1,198
7 1,685 0,207 1,840 24 0,776 0,506 0,713 4 1,265 0,328 1,056
8 1,198 9,277 0,709 25 0,657 3,254 0,672 42 1,449 0,273 1,052
9 2,20 0,252 1,456 26 0,814 1,286 0,750 43 1,607 0,217 1,242
10 1,949 0,183 0,687 27 1,037 0,967 0,658 44 1,901 0,172 1,171
11 0,698 5.000 0,627 28 1,098 1,280 0,521 45" 1,949 0,169 1,109
12 0,407 5,000 0,894 29 1,255 1,544 0,340 46 2,846 0,427 1,695
13 0,405 5,000 0,973 30 0,869 5,000 0,531 47 2,543 0,120 1,216
14 0,340 3,019 1,186 31 0,688 5,000 0,662 48 1,720 0,229 0,766
15 1,028 0,444 1,343 32 0,611 5,000 0,699 49 1,324 0,507 | 0,572
16 1,537 0,235 1,614 33 0, 644 3,041 0,820 50 0,71 5,000 0,572
17 1,673 0,183 1,463 34 4,659 4,257 0,752

experimental results. Therefore, the results given here are qualitative rather than quantita-
tive. This can be.clearly seen in Fig. 2, in which we compare the calculations made on the
basis of the experimental data of [15] and the approximations of the tables of [14]. For com
parison, the figure also shows the contributions of various components in each case. It can
be seen that while the contribution of the Coulomb excitation depends only slightly on the
initial information, the electron component is rather sensitive to the shape of the fitted
curve. Despite the merely qualitative nature of the werk, we tabulate the parameters for Eq.
(1) for different iommedium combinaticns (Tables 1-4). The mean—square deviation is less
than 1% for « particles and 1-4% for other ioms.

In conclusion, the authors wish to express their gratitude to B. A. Chernyshev for his
useful comments and his valuable advice.
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LETTERS TO THE EDITOR

POSSIBILITY OF USING OXALIC ACID SOLUTIONS FOR DECONTAMINATING
THE COOLANT CIRCUIT OF THE RBMK-1000 (REACTOR)

L. A. Mamaev, V. K. Nazarov, A. A. Malinin, UnC 621.039.534...24
V. V. Morozov, and E. I. Yulikov

At present, the RBMK-1000 is employed as a standard reactor on nuclear power stations
with. ratings of more than 2000 MW [l]. The first of these stations, Leningrad, was started
in 1973. The design of this station envisages a high quality of circulating water together
with structural materials with a high resistance to corrosion. However, experience in the
operation of water-moderated—water—cooled reactors has shown that oxide deposits [2-7] tend
to form on surfaces in contact with the coolant (the core channels, pipes, separators, etc.),
and that these deposits include the products of corrosion of iron and certain other metals,
with traces of radionuclides.

The deposits reduce the heat-transfer properties of the working surfaces and when pres-
ent in large quantities they represent a danger to the sealing of the fuel-element cans, which
could lead to a considerable increase in the level of radioactivity. Removal of the deposits
frem the surfaces of the multiple forced circulation circuit (MFCC) is achieved by washing out
the whole circuit with solutions of various compositions [5-7]. 1In this regard, we need to
be able to assess the methods of decontamination of power 'station plant existing at the pres-
ent time from the point of view of whether or not they can be used for boiling-water reactors.

An investigation and analysis of published data shows that certain solutions are highly
effective in dissolving deposits in boiling water reactors and in decontaminating carbon and
stainless steels. The majority of these solutions are made up on the basis of oxalic and ace-
tic acids [7].

Considerable attention has been devoted to the oxidation—reduction method, which at the
present. time is one of the principal methods of decontaminating nuclear power station plant
[7-10]. None of the mecthods tested was capable of fully satisfying the requirements imposed
on the method for decontaminating the circuit of an RBMK-1000. The most serious obstaale to
tke use of these methods is the large number of operations involved and the high content of
salts in the deactivating solutions. For example, the oxidation—reduction method involves from
6 to 9 operations (2-3 cycles) and complete replacement of the solutions at each operation.

In the case of the RBMK-1000 circuit (with a volume of ~1200 m®) the use of concentrated
solutions and repeated filling of the circuit would result in the buildup of a large quan-—
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Fig. 1. Variation of Kp during the process of decontamination of stainless
steel at 85°C for pH = 1, 2, and 3 (a, b, and c, respectively), and HyC:0, =
10 (©), 20 (&), and 39 (D g/liter. :

Translated from Atomnaya fnergiya, Vol. 49, No. 3, pp. 183-186, September, 1980. Origi=-
nal article submitted July 2, 1979.
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TABLE 1. Decontamination of Carbon Steel TABLE 2. Effect of Hydrogen Peroxide on = -
by an Oxalic Acid Solution (V/S = 1.5 ml/ the Decontamination Effectiveness of Steel
em?, 90°C) (V/S = 1.5 ml/cm®, pH = 3, 90°C)
Deconta- } >
H,C,04, At + Composition of Decontamination’
pil {mination| k Notes P ! g
g/liter time, h D solution, g/liter  |time, h Ky, of the steel
10 1,1 5 3,8 | Without correcting solu- M2Ce0y | Ma0, [full ;rfl ﬁreosence' stainless | carbon
10 2,5 ( ton pH by ammonia i i 22
15 2,6 | ‘
10 3 5 3,0 | With solution pH cor= 10 _ 10 _ H 7,0
ig 18,1 rected by ammonia 10 1.0 10 10 39 2
1 1
o [a | % | %e|mewme O I R I S
10| 3,7 ' 20 . 10 = 3t 6,0
15 5,0 : ’
2 20 0,4 10 10 7,4 —
15 O T S L 20 10 | 10 10 39 | —
. . 101 57 20 50 | 10 2% 7.9 7,8
20 13 oo 2R 20 5,0 | 42 2% | 33 =
( 6,0 : ’
20 5 5 44) > » T A N D 36 —
10 5,9 *The hydrogen peroxide is introduced in-
o e y & P
*Kp is the ratio of the B activities of to the solution 2-3 h prior to completion
the sample before and after decontamina- of the decontamination. ’
tion. .

tity of effluent, which would greatly increase the cost of decontamination. Preliminary in-
vestigations have shown that a more promising way of decontaminating the RBMK-1000 circuit
is to use soluticns of oxalic acid.

Determining the Best Conditions of Deactivation for Stainless and Carbon Steels. We are
already aware that decontamination is a complex physicochemical process which generates side
effects having an effect on the final result (sorption and corrosion phenomena, the formation
of secondary .deposits, etc.). Quite apart from the purely technical side of the process (en-
suring the necessary speed of filling the circuit, the speed of circulation and drainage of
the solution, the use of various filters), the efficiency of decontamination is largely de-
termined by the composition of the solutioms.

To find the best compositien of solution, we carried out experiments on decontaminating
samples of carbon and stainless steels after these had been exposed to the circulating water
of an RBMK-1000 reactor for 2 years and a VK-50 reactor for 1500 h, when running under normal
operating conditions. When inspecting the samples of stainless steel type Khl8N1OT, it was
noted that their surfaces were covered by a deposit, the upper layer of which consists of a
friable dark-brown deposit which was easily removed by mechanical treatment, while the lower
layer adjacent to the surface of the metal took the form of a dense oxide film. No such clear
division was observed in the layers on the carbon steel. Radiochemical analysis of the sam-
ples after 3 months of exposure showed that their activity was due mainly to °°Co and **Mn. The
-chemical composition of the deposit in % by weight was as follows: Fe = 89; Ni = 5; Cr = 1.6;
Mn = 1.65 Si = 13 Cu = 1; Al = 0.6; Ca = 0.1; Mg = 0.1.

The samples of steel were decontaminated in small vessels equipped with a reflux con-
denser. The ratio between the surface area of the metal and the volume of solution (V/S) was
maintained constant; the pH of the solution was corrected with ammonia. The results of the
investigation reflecting the influence of the duration of treatment and the concentrations of
C.0%~ and HT ions on the effectiveness of the decontamination of stainless steel are given in
Fig. 1. We can see that the effectiveness of the decontamination process increases with the
concentration of oxalate ions and with the pH of the solution. However, the relationship of
the decontamination coefficient (Kp) to time for samples with pH = 1 is quite different in
character to those withpH = 2 or 3, where we observed a continuous increase of Ky over all
the intervals of time studied, while a higher value of Ky was also obtained for larger con-
centrations of oxalate icns. The same relationship was observed up to 5 h with pH = 1. The
relationship of Kp to time shows a clearly pronounced maximum, the fall after 10 h being
steeper the higher the concentration of oxalate ioms.

This sort of relationship is usually observed in cases where the process of decontamina-
tion is accompanied by sorption of radionuclides by the surface of the metal after the pro-
tective oxide film has been removed.  This phenomenon is more characteristic of solutions of
oxalic acid with concentrations of oxalate ions between 20 and 30 g/liter and occurs at a pH
of 2.5-3.0 (Fig. 2).
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The decontamination of carbon steel was investigated in a similar way. This showed that
the hydrogen ion concentration and the duration of the operation affects the efficiency of
the process to a lesser extent than is the case with stainless steel, while the absolute value
of the decontamination coefficient is lower (Tables 1 and 2).

When the samples of carbon steel were inspected after unloading from the reactor, micro-
flaws were observed on the surfaces of the majority of them. This gives us reason to suppose
that the invasion of radionuclides when the steel was in contact with the coolant took place
at a greater depth than was the case with stainless steel. It would appear that this was the
main reason for the lower effectivencss of decontamination in carbon steel. We should also
bear in mind that the decontamination of carbon steel is accompanied by the formation of quite
a dense thinly dispersed deposit on the surface, which is basically an oxalate of ferrous
iron. The surface layer of FeC,0, protects the metal from corrosion and hinders the desorp-
tion of radionuclides from the surface of the metal.

With a significant concentration of Fe®*, the formation of its oxalic acid salt can take
place throughout the whole volume. In this connection, we studied the solubility of ferrous
oxalate at 25 and 90°C and the various concentrations of C,03” and H' ions. The pH was cor-
rected by means of ammonia. The solubility curve of FeCp0, (Fig. 3) shows that the solubil-
ity of ferrous oxalate increases with an increase in pH and an increase in the C 20%~ ion con-
centration. '

For a solution with an H,C,0, concentration of 20 g/liter, the yield of acid salts is
determined by the value 0.223 M, while the pH, calculated by taking account of the dissocia-
tion constant of the H,C,0, and the activity coefficient of the salt and C,0%~ ions, equals
2.5 [11]. At lower degrees of neutralization, the pH < 2.5; at higher degrees of neutraliza-
tion, the pH > 2.5. We are able by calculationr to estimate the approximate ionic composition
of the solution of oxalic acid from the known value of pH. For example, a solution with a pH
of 3 is buffered by a mixture of basic and acid salts. :

Bearing this in mind, the increase in the solubility of the sediment of Fe(II) oxalate
with increase in reagent concentration at constant pH can be explained by the increase in the
capacity of the buffer solution and the concentration of C,02~ ions, an excess of which forms
a highly soluble complex compound [11-14]. The increase in the sclubility of FeC,0. with in-
crease in pH at constant C,02” concentration (Fig. 4) probably results from an increase in
the yield of hydrolyzed ions of iron, such as FeOH', which have a lower inclination to com-
plex with oxalate ions. The minimum solubility of FeC,0, in a solution containing 25.6 g/
liter of ammonium oxalate at pH 3 and 90°C equals 0.2 g/liter. The solubility of FeC,0, in-
creases more rapidly than H.C,0,, e.g., Trilon B, when a complexing agent is added.

A deactivation condition that excludes the formation of secondary deposits will natural-
ly be the most efficient. When oxalic acid solutions are used, this can be achieved by add-
ing hydrogen peroxide to the solution, which oxidizes the bivalant iron to trlvalant iron,
which does not form low-solubility compounds with oxalate ioms.

Table 2 gives data on the effect that H;0, has on the efficiency of deactivating steels.
This is markedly reduced in the case of stainless steel, if H,0, is present throughout the
whole treatment time. However, the effectiveness is retained during the whole of the 12-15-h
process in solutions with H;C,0, = 20 g/liter if the H,0. is introduced into the solution
2-3 h prior to completion of the process. The presence of H;0, in a concentration of 5 g/
liter has practically no effect on the efficiency of the decontamination of carbon steel. As
the temperature is increased from 60 to 90°C at pH 3 and H,C,0, = 20 g/liter, the decontami-
nation coefficient increases by a factor of about 20 (from 5 to 105).
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Fig. 3. Solubility of Fe(II) oxalate at 25°C and [Fe**] = 0.5 g/liter in rela-
tion to the concentration of H,C,0, and pH = 2 (), 3 (0), and 4 (&).

Fig. 4. Speed of formation and solubility of Fe(II) oxalate in a solution of am-
monia at 90°C@[Fe?t] gen = 1.0 g/liter and H,C,0, = 20 g/liter for pH = 4 (&),
(), and 3 with the addltlon of 2 g/liter of Trilon B (o).

Discussion of Results. As we -have seen already, the basic structural material of the
coolant circuit of the RBMK-1000 reactor is stainless steel. It is this fact that has de-
termined our lines of investigation. It has been shown that oxalic acid solutions are a suf-
ficiently effective way of removing corrosion deposits from the surface of stajnless steel.
The decontamination effectiveness tends to increase with increase in the concentration of
H,C,0, and the temperature. The hydrogen ion concentration in the solution also exerts an im-
- portant influence on the process, the optimum effect being felt at pH = 2.5.

It has been established that highly insoluble compounds of ferrous oxalate form on the
surface of carbon steel at low values of pH in solutions of H.C0;. This is accompanied by
a dangerous accumulation of FeC,0, in stagnant zones under decontamination conditions, and
leads to a reduced effectiveness of circuit decontamination. The solubility of FeC,0,, as
we have shown, increases with increases in oxalate-ion concentration and the pH of the solu-
tion.

We can fully prevent the formation of FeC,;0, only by the introduction of hydrogen perox-
ide into the solution. The undoubted advantages of H,0, as an oxidizing agent lie in the
fact that, besides dissolving the FeC,0,, its introduction into the solution leads to a fall
in the salt content, due to oxidation of the oxalic acid by the reaction HzC20, + H;0, =
2C0,+ + 2H,0 with a gradual increase of the solution pH to 4-4.5 (from an initial value of
pH 3, H,C,0, = 20 g/liter). The increase in pH has a positive influence on the concluding
stages of decontamination, reduc1ng the corrosion of carbon steel and increasing the solu-
bility of FeC.04.

The effectiveness of the method we have developed for decontamihating by oxalic acid
solution has been proved under production conditions, indicating the possibility of using it
_ for decontaminating of the main coolant circuit of the RBMK-1000 reactor.
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FIRST-PASS NEUTRONS IN EQUATIONS FOR THE ALBEDO OF MEDIA

S. V. Voitovetskii and V. V. Orlov _ UDC 621.039.51.12:539.125.52

Approximate equations for the albedo B of bodies of simple shapes were obtained in [1]
with the assumption of the isotropy of the incident and reflected radiation. The calcula-
tions of [2] and comparisons with the quite exact calculations of ‘Stuart [3], however, re-
vealed a considerable error in Eqs. (1) for acylinder with anoptical thickness RI = 1, notwith-
standing the satisfactory accuracy for small and large RZ. Those papers also explain the
probable cause of the discrepancy, i.e., consisting in the appreciable anisotropy of the angu-
lar distribution of neutrons which do not experience collisions. To take this intc account
we write the albedo of an infinite cylinder of radius R as the sum of Bo (the probability of
free flight of a neutron right through the cylinder) and B: (the probability of diffuse re-
flection which we assume to be isotropic):

B (R)=Bo (B)+B1 (R); (1)
(nQ) exp [—1 (Q)] dQ
(>0 (2)
(nQ)>0

Here n is the normal to the surface of the rod, £ is the direction of neutron flight,
and 2(Q) is the optical path of the neutron in the cylinder. Following the principle of Am-
bartsumyan {[4], we isolate interactions in a thin layer A near the surface of the cylinder.
With isotropic incidence of neutrons on this layer the probability of collision is 2A%. For
unscattered neutrons which passed right through the cylinder this probability is

TABLE 1. Results of Numerical Solution of Eq. (7)

R=0,17 Cm R=10,25 cm R=10,50 cm
H=IJL |exactvalue exact value exact value :
’ ) |refei2] | Eae(D 4] ref, (2] | Eq. (7) [4] ref. (2] | Eq()
0,0 0,726 0,730 0,722 0,623 0,632 0,623 0,404 0,432 0,404
0,2 0,773 0,775 0,768 0,683 0,689 0,682 0,482 0,504 0,479
0,4 0,823 0,825 0,819 0,749 0,753 0,748 0,574 0,590 0,570
0,6 0,877 0,878 0,874 0,823 0,825 0,822 0,686 0,695 0,681
0,8 0,936 0,936 0,938 0,906 0,907 0,905 0,824 0,827 0,821
R=1,00cm R=1,50 cm R =2,00cm
=3z 1
H=2/% |exactvalue| . o1 | gq.(7) exac4value ref. (2] | Eq.(my |SF3CL VUS| ef (o] | Equ(T)
(M - (4] (4]
0,0 0,186 0,245 0,186 0,095 0,166 0,095 0,053 0,125 0,053
0,2 0,263 0,347 0,261 0,165 0,233 0,164 0,115 0,179 0,417
0,4 0,363 0,407 0,357 0,256 0,319 0,254 0,199 0,270 0,202
0,6 0,499 0,529 0,488 0,389 0,437 0,379 0,324 0,386 0,322
0.8

Translated from Atommaya Fnergiya, Vol. 49, No. 3, pp. 186-187, September, 1980. Origi-
nal article submitted July 23, 1980.
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TABLE 2. Nonmultiplying Uniform Slug with

R=1.2 cm, It, = 0.25 ecm™*, Zt, = 1.5 em~*

Zs1: = 0.12 em™?, Zgiz = 0.03 em™?, Ig,, =
-1 .
0 cm™*, s,, = 0.5 cm—t,
(i3 Br2 Bag
gfrrllge Eq.(8) Monte Monte
'Ed. Carlo Ed. (8) |Carlo . [Eq.(8)

method 'method method |
| 0,7423+| 0,7386 {0,0189+| 0,0192 0,19134-{ 0,1880

=+0,0045 =+0,0015 -40,0039

TABLE 3. Multiplying Uniform Slug with R = 1.2 em, Z¢, = 0.25 cm™?*, Iy, =.1.5
_Cm"', ZSll = 0.22 Cm_l, 2812 = 0.03 Cm—l, 2321 =1.0 Cm_l, 2822‘ = 0.5 Cm"l
f11 Bre Bo1 Bo2
Monte Carlo Monte Carlo Monte Carlo Monte Carlo
method Eq. (8) method Eq. (8) method Eq.(8) method Eq. (8)
0,9748-+0,009 0,9788°  |0,02374-0,0022 0,02284 | 0,790040,007 0,7813 0,2037-£0,005 | 0,1987
(0,9784) , (0,02283) : (0,7811) : (0,1986)
) { exp[—1(Q)]dQ
(nQ)>0
AT = — - AT >2A%.
| (n-Qexp[—1(Q)]de =24
(n9)>0

From the relation

Bo (R-+4) ~ By (R) + 20 4 — (1 2143 B, (R) (1—2az—3) + 4

as A+ 0 we get

1 1 of 1—Bo
e e s

(3)

(4)

©

We also make allowance for the fact that the angular distribution of neutrons scattered
in the layer A - 0, not isotropically but in proportion to 1/ (@) , so that the probability

to

exp [—1(Q)]dQ
(nQ)>0

Po= 29

(n9)>0
As a result, for B;(R) we get the equatién
o8
Pz — B 2p, @5 59450+ b+ 22080
with the boundary condition B,; (0) = 0.
In the many-group representation

= 84 8.6, RS+ 5, Bk — 2 — 228, —

— 28,25+ BiE By 4 BiSs (Bok) s+ (Bok): Bs + Bok)s Sobi + (Bok): Es (Bok)a;

{  exp[—Zi (@) (n)ag
Bt = »(nQ.)>0

S (n-Q)dQ -
(n)>0

(Bokz)=%i— (_%ﬁl%i‘-l- 1—Rﬁm )
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The equations are written in matrix form, where B,{ikis the probability that, after enter-
ing the cylinder with arn energy of group i, a neutron will emerge from the cylinder with an
energy of group k. Let us note that (Bok) and Boi depend only on ZjR and they can thus be
tabulated and used in further calculations. For a sphere, the quantity 1/R in Egs. (7) "and"
(8) is replaced by 2/R and kcyl by ksph. In the equations for plane layer we have 1/R + 0
and Bo = 0. Table 1 gives the results of numerical solution of Eq. (7) for a uniform cylin-
der while Tables 2 and 3 give the results of two-group calculation of nonmultiplying and mul-
tiplying uniform cylindrical slugs. In Table 3, the values in parentheses are. those of the
albedo obtained by considering the given slug as a two-layer system consisting of a slug of
radius 1.02 cm and a layer of thickness 0.18 cm. For compariscn, Tabie 3 also gives the re-
sults of calculations by the Monte Carlo method. We studied.the solutions of the equation
for the albedo of the medium outside the cylinder and the sphere: '

B o mo_pe 9B S
| 2E =B HA—0— = (1—B). : : : (10)
With the condition that BRow =.Bw — the albedo of the half-space and H = ZS/X, a is

equal to 0 for the plane case, 1 for the cylindrical case, and 2 for the spherical case. 1In
the limit for nonabsorbing media (H = 1) Eq. (10) has one solution B¢yl = 1 for the cylinder,
and two solutions Bgph: = 1 and Bgppz = R/(L + R) for the sphere. The appearance of two solu-
tions in .the latter case can be understood. by considering a . finite spherical nonabsorbing
layer A.  If the condition of total reflection exists on its outer surface, then g =1 and
remains the same as A - . If total reflection does not occur on the outer surface, then.
part of the neutrons move off to infinity and R(R) < 1. In the cylindrical (as well as in
the plane) case the neutron current through a cylindrical surface with a large radius p tends
to 0 as p - ® so that the boundary conditions at the remote surface do not affect the albedo
and 8 = 1. The validity of these assertions is easily verified by solving the respective
equations in the diffusion approximation. We carried out calculations of Eq. (10) for H # 1.
It was expected that the absence of unscattered neutrons in the reflected flux in this case
ensures adequate accuracy of Eq. (10). Comparison with the results of [5] for R=1 and H =
0.8, however, revealed substantial discrepancies which require further analysis.
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SPECTRAL AND ANGULAR CHARACTERISTICS OF THE PROTON COMPONENT OF THE FIELD
OF RADTATION BEYOND THE SHIELDING OF A SYNCHROTRON AT ENERGY 660 MeV

V. E. Aleinikov, M. M. Komochkov, A. R. Krylov, UDC 539.125.4.164
G. N. Timoshenko, and G. Khan

Reference [1] studied the angular distribution of the flux of protons beyond the con-
crete shielding of the supercyclotron laboratory of nuclear studies at the JINR. The next
step in studying the proton component of the radiation field beyond the shielding of this
accelerator is to measure the spectral and angular distribution of protons with energy great-—
er than 40 MeV, which we have carried out for two variants of the experimental geometry.

. The goal of this werk, as in [1], is to obtain the primary experimental data for check-
ing the methods of calculating various parameters of the radiation field beyond the shield-
ing of an accelerator.

In the first variant of the experimental geometry (Fig. 1), a collimated beam of 630-MeV
protons impinged omn a.concrete shield of thickness 2 m (470 g/em®) at an angle of 30°., 1In
the second variant, the primary beam of protons was fully stopped in a copper target with a
diameter of 12 cm and a thickness of 30 cm, placed 4.8 m from the target in the direction of

0y
g !
? "i“'"" @¢-17
=
BTy, M,
P = 0° '"'"'"h",
~ S o iy,
by 44 g o "
Sa Iy iy, "%
88 7 I 'I| I““II o I"l
29 h M -30 ",
/ <A, ||| |I|I| '|||“lI l h
@ _, | h iy h
////Ta et = |'|'| |'|IIIlI iy, ", 'IIIH"“
I [ I -607 y, My
%-G' / / .‘557 f|l|,““I '|I|'I||“l"“| ""‘n.. 'IIII"“
" / Y iy i, g, My
/ / ~ 4 “'"““"' “u..”I iy, ll'l"‘l’n::hullll
// / g L ! iy i '“'H“I“"
L . I 1 I i ( | L
e ? // 20 60 100 %0 180 220 260 £ MeV
00
// / Fig. 2. Proton spectra at point 2, mea-
e sured in the first variant of the experi-
i mental geometry.
/ ~
/ )
/ g ||
bge O° © ° & ° .
IR / o 0° 708 > Ill
® |
J / oo [ E S gl
o o / oo S A
S 44m / ° .| N g I'|,/
° QOQe § 8 Il‘ll
Zo oe / ao oou" Qj‘éz_ lI||
e 0 7 4 3 Sp f o zg-c h“'“n )
/I "~ Eg LTI nllll,'llmnuu L. /Z
oAy o B7F M,
/I\ : \\ N -50° E—é I"'I||,|“ ""'lmumu..“"”"m
A \ -30° m“m”mmmmmmmmmm" 11 ‘
¢=177 ° \ 0 [ [ " LI e 1 |
I a
50 160 740 160 220 260  J00 £, MeV
Fig. 1. Geometry of the measurements. Fig. 3. Proton spectra at points 1 and 3,
y 24 p

measured in the first variant of the ex—~
perimental geometry: 1) point 3, ®= 0°;
2) point 1, e= 30°.

Translated from Atomnaya ﬁnérgiya, Vol. 49, No. 3, pp. 188-189, September, '1980. Origi-
nal article submitted September 28, 1979.
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the beam, which served practically as a plane monodirectional source of the radiation inci-
dent on the shield [2]. The proton spectra were measured by a AE spectrometer. The pro-
tons exited the shield at points 1, 2, and 3 at various angles ¢ to the normal in the hori-
zontalplane. The physical angle and angular acceptance of the spectrometer for measurements
in the first and second variants were, respectively, 19.5-1072 sr, 4.5°, and 33.3°1077 sr,
12.1°. The initial construction of the spectrometer and the method of reconstruction of the
proton spectra from the experimental data were described in [3,.4]. The evaluation of the
fractions of electron and 7-meson components of the total charged particle flux was accom-
plished as in [1]. To determine the error in the measurements, the statistical error in the
analyzer channels and the apparatus error were calculated. Figure 2 shows the dependence of
the proton spectra measured in the first variant of the geometry'at point 2 at angle ¢ . - The
ordinate is the differential angle and energy proton flux, F(r, &, E), for energies from
Emin and Epax at point r on the surface of the shield, multiplied by cos¢ and normalized per
primary proton [1]. Here @ is the direction of motion of the proton detected by the spec-
trometer. The hardest of the spectra shown is that measured at ?= 17°, at the maximum of
the angular distribution of the proton flux at the given point. The proton spectra at points
1 and 3, measured, respectively, at § = 30 and 0° in the first variant of the experimental
geometry,are shown in Fig. 3. The spectrum at point 1, measured in the direction of the
incident protons, is the hardest of all those obtained. On the other hand, the spectrum at
point 3 is essentially softer than that at point 2, measured at 9= 0. Figure 4 shows the
proton spectra measured at point 2 in the second variant of the experimental geometry.

In conclusion, we note that to analyze the systematics of the radiation spectra beyond
the shielding of accelerators, it is necessary to further accumulate data for various experi-
mental geometries and various sources of primary radiation, particularly for a higher energy
of the accelerated protons.

The authors wish to thank A. N. Resunik and V. A. Kulikov for help in carrying out
these experiments.
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SLOW-NEUTRON DISTRIBUTION IN POLYCRYSTALLINE AND SINGLE-CRYSTAL
SILICON SAMPLES

0. N. Efimovich, S. P. Solov'ev, E. S. Stariznyi, UDC 621.315.592
A. A. Stuk, V. V. Sumin, and V. A. Kharchenko

At present the method of nuclear transmutations [1] is being more and more widely used
to produce semiconductor silicon. This method permits quite accurate control of the phos-
phorus impurity introduced in the reaction *°Si(n, y)>'Si + ®'P. The material obtained in
this way is much more uniform than that produced by conventional doping methods [2]. This
is very important in the manufacture of semiconductor devices.

‘With increasing size of the crystals being doped the uniformity of the distribution of
the impurity introduced is decreased as a result of the self-shielding of the neutron flux
by the sample. Therefore, in the practical application of the nuclear transmutations method
it is necessary to know and to take account of the slow-neutron flux density distribution in
the silicon samples. This problem is becoming very urgent in view of the trend toward the
use of larger and larger silicen single crystals in the manufacture of semiconductor devices.

The slow-neutron flux density distribution in a sample can be determined by knowing the
total interaction cross section and its components — the absorption and scattering cross sec-
tions. TFor materials in which the scattering cross section is larger than the absorption
cross section the analysis of the distribution also necessitates taking account of the state
of the crystal structure and the temperature of the bombarded sample. However, there are
practically no such data in the literature for silicon single crystals.

In the present article we present measured values of the total interaction cross section
of neutrons with silicon nuclei as a function of the neutron energy and the temperature and
crystal structure of the sample. The attenuation of the neutron flux in silicon samples of
various sizes was investigated also. ’ ‘

The experimental arrangement was described in [3]. The. intensities of the slow-neutron
beam incident upon and transmitted through the sample were measured as functions of energy.
The interaction cross section was found from the relation

I/I, = exp (~-Nozx), . (1)

where Io and I are, respectively, the intensities of the incident and transmitted neutron
beams; N, .number of silicon nuclei per unit volume; o, interaction cross section; and x,
length of the sample.

In the neutron energy range investigated the change in flux density in the polycrystal-
line samples is independent of energy, as might be expected. In the single-crystal samples
the attenuation depends on the neutron energy. The attenuation the maximum at ~0.4 eV and

TABLE 1. Nuclear-Physical Characteris-
tics of Polycrystalline and Single—-Crys-
tal Silicon’ '

Neu- | Single-crystal silicon, Polycrystalline sili-

tron T =300°K con, T =300°C

energy,

ev | op,b |o,b| oD M S | M
cm b | em

0,4 1,68+0,08| 0,04 [1,64-+0,08] 11,9

0,054 | 0,540,021 0,41 [014320,02| 37.0 | L 5 oe | 44

0,0256( 0,424-0,02| 0,16 {0,264+0,02| 47,6 !

0,016 | 0.401.0.02| 0,20 |0.203:0.02| 47.7

Translated from Atomnaya Energiya, Vol. 49, No. 3, pp. 189-191, September, 1980. Origi-
nal article submitted November 12, 1979; revision submitted February 18, 1980.
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Fig. 1. Energy dependence of total cross section in polycrystalline and single-
crystal silicon samples at temperatures of 700 (A), 500 (c¢), 300 (A), and 80°K (1);
w) experimental data for polycrystalline silicon; ®) data from [4]; 1, 2) calcu-
lated in [8] for single-crystal samples; 3) 04 as a function of neutron energy [8].
The dimensions of the symbols correspond to the statistical errors of the measure-
ments.

Fig. 2. Relative radial neutron flux density distribution in (1) polycrystalline
and (2) single-crystal silicon samples; ®) experiment; -——) calculation.

above, and decreases markedly with decreasing neutren energy.

It should be noted that the attenuaticn of the neutron flux in our experiment was deter-
mined mainly by scattering processes, in the first place because 04 << 0g for silicon, and
secondly because the geometry of the experiment was such that a single scatter. of a neutron
was sufficient to prevent its being recorded by the detector. Thus, the experimental data
yield the value of the transport length A¢y, which for silicon is close to the scattering
length Ag. The actual data are shown in Table 1.

Figure 1 shows the energy dependence of the total cross section o for polycrystalline
and single-crystal silicon. TFor a polycrystal oy is practically independent of energy, and -
is in satisfactory agreement with the krown data [4]. For single crystals the situation is
different. For neutron energies >0.4 eV oy is the same as for a polycrystal. With a de-

crease in neutron energy o decreases from 2 to 0.45 b (1 b = 1072% n?). The calculated
values of ot, 0g, and o, for polycrystalline and single-crystal silicon are summarized in
Table 1. 1In the calculations it was assumed that o, varies with neutron energy as E-* The

absolute value of o, was taken equal to 0.16 b at E = 0. 025 eV [8].

The difference in the energy dependence of ot in polycrystals and single crystals re-
sults from the difference in scattering processes. Taking account of coherent and incoherent
elastic scattering and the fact that og >> 04 in silicon suggests that in a polycrystal ef-
fects due to neutron diffraction predominate in the energy range investigated. ' This assump-
tion is rather well confirmed by the energy dependerce of o¢.

In a single crystal, on the other hand, the neutron flux is attenuated mainly as a re-
sult of inelastic scattering. Elastic coherent scattering makes only. a small contribution
to the total attenuation, since in oriented single crystals in the geometry of the present
experiment the conditions for Bragg reflection are satisfied for only specific groups of neu-
trons. The values of the diffusion length for a polycrystal calculated from the tabulated
data are in satisfactory agreement with published data (L = 22 em [4]), but differ apprecia--
bly fromour value L = 44 cm for a single crystal.

The calculated values of L were used to find the slow-neutron flux density distribution
in cylindrical samples along the z axis, which coincides with the direction of the generators
of the cylindrical sample, and along the radius of a two-region cylindrical cell composed of
the silicon sample and water. In the first case the calculation was perfcrmed by the formula

[5] w
299 sh[yn (H—2)]
?(0,2)= 21 inda ?jn) sh(ynH) (2)

where vy, = (jp/R)* + 1/L*, J,, first-order Bessel function of the first kind; j,, n-th root
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of the zero-order Bessel function of the first kind ¢,, slow—neutron flux level at the end

of the sample; H and R, extrapolated length and radius of the sample [5]; and L, slow-neutron
diffusion length. The calculated values of the attenuation of the flux density in polycrystal-
line and single-crystal samples are in satisfactory agreement with the measured attenuation

of the neutron flux as a function of the length of the samples -investigated.

The radial distribution of the flux density can be found in the Pl—approx1mat30n from
the relation [6]

o0 AIO( )z+§zs
9O Az FE3, !

3)

where A is a coefficient determined from the boundary conditions; L., macroscopic cross sec—
tion for the capture of thermal neutrons by the material of the sample; £&Lg, slowing down
power of the sample material; and I,, zero-—order Bessel function of imaginary argument.

Equation (3) can be considerably simplified. To do this we expand the function Io(r/L)
in a series and retain only the first two terms, since r/L << 1 for the actual silicon sam-
ples. Taking account also of the fact that&Ig/I. * 0.1, we obtain finally an expression of
the form given in [7]:

r r2 :
%““n—w . ()
The character of the radial flux density distribution in polycrystalline and single-crys-—
tal samples is shown in Fig. 2. From this fcllows the very important conclusion for practical
doping that in the slow-neutron bombardment of single-crystal samples of silicon with diam-
eters up to 200 mm, the attenuation of the neutron flux can be neglected [@(r)/¢(0) < 1%],
while the attenuation of the neutron flux by a polycrystalline sample can be as much as 5%.
It should be noted that these values can depend on the temperature of the samples bombarded.
This results frem the fact that og, which is a component of o4, depends on the temperature,
ard L in turn depends on ot. Figure 1 shows the dependence of oy on neutron energy for var-
ious temperatures of the same sample. The character of the o energy dependence remains
practically the same, but the absolute values of the total cross section are quite different.

~ LITERATURE CITED

1. Neutron Transmutation Doping in Semiconductors, Proc. Second Int. Conf., Univ. of Mis-
souri, April 25-26, 1978, Plenum Press, New York (1979). :

2. V. A. Kharchenko and S. P. Solov'ev, Izv. Akad. Nauk SSSR, Ser. Neorg. Mater., 7, No. 12,
2137 (1971). '

3. V. E. Komarov, 0. L. Kukhto, and S. P. Solov'ev, Prib. Tekh. Eksp., No. 4, 29 (1970).

4. I. V. Gordeev, D. A. Kardashev, and ‘A. V. Malyshev, Nuclear-Physics Constants [in Rus-
sian], Gosatomizdat, Moscow (1963).

5. S. Glasstone and M. Edlund The Elements of Nuclear Reactor Theory, Van Nostrand, New
York (1952).

6. I. A. Stenbok (editor), Physics of Nuclear Reactors [Russian tramnslation], Atomlzdat

Moscow (1964).

7. H. Janus and 0. Malmros, IEEE Trans. Electron Devices, ED-23, 797 (1976).

8. R. Brugger and W. Yelon, in: Proc. Conf. on Neutron Scattering, Vol. 11, Gatlinburg,
June 6-10 (1967), p. 1117.

648 .

Declassified and Approved For Release 2013/02/14 : CIA-RDP10-02196R000800040003-0



Declassified and Approved For Release 2013/02/14 : CIA-RDP10-02196R000800040003-0

MUTUAL INFLUENCE OF HOT-LOOP CHANNELS IN WATER REFLECTOR

N. I. Rybkin, E. S. Stariznyi, UDC 621.039.553:621.039.573
R. B. Novgorodtsev, and V. V. Tishchenko

The working medium of hot loops (HL) as a rulecontains good thermal-neutron absorbers.
Thus, '*?In, which is the main compcnent of indium—gallium and indiumr—gallium—tin alloys, has
a microscopic cross section of 190 b (1 b = 1072® m*®) for thermal-neutron absorption. The
activity generators (AG) of such HL, therefore, strongly perturb the field of thermal neu-
trons.

Methods of calculating perturbations introduced by absorbing bodies of classical geom-
etry (sphere, cylinder, plane) were considered in [1]. Real AG constructions are implemented,
as a rule, in the form of multichannel assemblies, the calculations for which are involved
because of the consideration of the mutual influence of the channels; this does not always
ensure the required accuracy in the determination of radiationm, technological, and economic
parameters in the process of designing a facility with HP.

Accordingly, in the HL designing process multilayer AG were simulated experimentally
[2, 3], which made it possible to obtain a high y-ray power in irradiators with an insig-
nificant expenditure of working medium. Experience gained in the construction and long opera-
tion of a series of HL in nuclear research reactor facilities demonstrated the technical.and
economic feasibility of HL in atomic power plants with reactors of the VVER and RBMK types

[4].

The activity generators of HL in atomic power plants should be located in the reflector
so that their effect on the reactivity of the reactor would be minimum. Design studies show-
ed that technologically the most appropriate are tubular channels forming bunches or grids
of rods since in this case the working medium, in essence, forms an absorbing rod (such chan-
nels will be called rod channels). The search for ways to increase the y-ray power in the
irradiator of HL in facilities with channel-type nuclear reactors led to the construction of
AGC in the form of coaxial cylindrical layers of working medium alternating with layers of
water. Execution of such AG does not entail any major technical difficulties (the working
substance moves in the gap between two coaxial tubes). It is therefore of great interest to
have information about the mutual influence of AG channels in a moderator, especially in
water which is the reflector and coolant in VVER reactors and the moderator in the AG of hot
loops of RBMK reactors.

Fig. 1. Disgram of arrangement of rod
channels of AG in water chamber of criti-
cal stand: 1) core; 2). water chamber; 3)
grid of rod channels of AG; 4) water re-
flector.

Translated from Atomnaya Energiya, Vol. 49, No. 3, pp. 191-193, September, 1980. Origi-
nal article submitted November 27, 1979; revision submitted February 29, 1980.
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Fig. 2. Coefficients f = f(lg, ARg, Ry), taking account of the self-screening of
the density of thermal-neutron flux by: 1) a hollow cylinder; 2) a rod channel;
3) a grid of rods with-a pitch of (2R; + 0.2) cm.

. Fig. 3. Depéndence of fi of grid of rod channels of AG on I R; and Zgq = 1.72
(curve 1), 3.45 (curve 2),. 5.17 (curve 3), 6.90 (curve 4), 8.62 (curve 5), and»
10.35 (curve 6). ‘ :

The present paper gives the results of experimental studies of the mutual influence of
the channels of AG (forming either a grid of rods or one to three cylindrical layers of a
working substance) in a water moderator. The mutual influence coefficient f¥ for the i-th
channel of an AG is construed to be the ratio of the mean activity Ai of the working medium
in that channel to the mean activity Ay of the working medium in the same, but isolated,
channel, i.e.,

=41 14; =9l /g, .
where w? and ?j are the mean values of the thermal-neutron fluxes in the working substance in

the i-th channel in the proximity of the other channels and in the isolated channel, respec-
tively. :

The experiments were conducted on a critical stand with the same kind of fertile medium
as in the VVR-Ts reactor [5] and a water reflector. The rod channels were made of quartz tubes
filled with‘indium—gallium élloy (inner radius Ry = 1.5-10 mm, height 600 mm) and placed in a
Plexiglas housing with a pitch .of Igd = 0-1 (Zg is the macroscopic scattering cross section
- of the moderator and d is the distance between the rod axes).* The grid was assumed to be in-
finite if the peripheral rods had no influence on the rod under consideration, surrounded by
the other rods of the grid.

The hollow cylindrical channels were made in the form of Plexiglas shells (wall thick-
ness 1 mm, height 350 mm) between which was inserted indium foil with a thickness of LgbRy =
0.1-0.75 (%5 is a macroscopic cross section for thermal-neutron absorption and AR isthe foil
thickness). T

*Here and in what follows we express the linear dimensions in terms of their products on the
corresponding macroscopic sectionms. : :
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The irradiation was carried out in a special water chamber of 273 x 165 mm, situated
in the reflector of the critical stand (Fig. 1), at a constant power'for 30 min. The irradi-
ation zone in all experiments was chosen with a predominance of thermal neutrons with a den-
sity of 951 =~ 5-107 neutrons/cm®-sec in the unperturbed flux (R¢d > 10 with respect to indium
when the cadmium can is 0.8 mm thick). Normalization to the power level of the critical
stand was performed by using an indium monitor of constant mass, immersed at one and the same
point of the reflector. The mean density of the thermal-neutron flux in indium-gallium alloy
was found from the activity of a specimen taken after mixing the alloy in the volume of the
channel while in indium foils it was found from the activity of indicators cut from the foil
along their perimeter at mid-height of the cylinders. The mean unperturbed density %oj was,
found from the activity of the indium indicators of diameter 10 mm with an indium concentra-
tion ~3 mg/cm?®, placed on a Plexiglas substrate, corresponding to the channel geometry as

%.S go; d (1 is the channel length). The activity of the specimens and indicators were mea-
1 o
sured in a fixed geometry on a spectrometric apparatus with a plastic scintillator as a de-

tecting element [6]. In this case the maximum error of measurement did not exceed 10%.

Figure 2 gives the experimental values of the coefficients, taking account of the self-
screening and perturbation of the thermal-neutron flux density, f4 = ¢i/¢oi, for a rod chan-
nel, one hollow cylinder, and a finite grid of rods with a pitch of (2R; + 0.2) cm. When
the inner radius of the cavity in the cylinder is 6 < ZgRg < 10, then, as shownby measurements,
the values of fi = f(Z4ARy) are practically independent of IgRg (Rg is the inner radius of
the hollow cylinder).

Figure 3 presents the values of the coefficients ff of mutual influence for rod channels
in an infinite grid as a function of their pitch and radius while Fig. 4 gives the values of
f; for two or three hollow coaxial cylinders as a function of the thickness of the absorbing
layers and interlayers of moderator between them. : ) :

The results obtained are useful not only for calculating and optimizing activation gen-
erators of hot loops with nonfissionable materials but also for working out other experimen-
tal deviceswith the given geometry.

The authors‘express their gratitude to I. T. Gavrilenko, V. P. Savina, and N. I. Gon-
charov for their assistance in preparing and performing the experiments on the critical stand.
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DYNAMICS OF REACTORS WITH POSITIVE REACTIVITY FEEDBACK

E. F. Sabaev | ~ UDC 621.039.514

As is known, that which passes into infinity in a finite time is called a solution of
the explosive type. If such a solution exists in any arbitrarily small neighborhood of the
equilibrium state, then the instability is called an explosive instability. 1In the present
paper we consider the problem of the existence and estimates of solutions of the explosive
type for any general model of reactor dynamics, including a description of the reactor kinet-
ics, the reactivity feedback, and the reactor control or safety system.

The reactor dynamics in the one-point model of kinetics will be described by the follow-
ing system of quite general form:
: 6

dn .
L =7 [8ko (0) +b7x]+ D) By (n—n);

= | (L)
dn;ldt=12%; (n—n;), i=1, 2, ... 6: ’

dx/dt= Ax 4-an;
do/dt= —V sign (n—1).

Here n and nj are the relative neutron flux density and the concentration of sources of de-
layed ‘neutrons; x, a vector from RN describing the state of the reactivity feedback; ko (¢),
reactivity introduced by the control rods; ¢, position of the absorbing rods; V, rod velocitys
A, a constant N-x N matrix; a and b, constant vectors from RN; and 8ko(0), a nondecreasing
bounded function. '

For convenience in further study we introduce the equation

dt/dt = —rv + n,

where r is a constant. The solution for r # 0 is reduced to the case r = 0 by an appropriate
change of variables. Accordingly, the discussion which follows will be for r = 0. 1In this
case T is proportional to the quantity of heat liberated in the time t.

In the space RY we introduce a cone C, i.e., we write x¢ K (or x.>»>0) if for all t >0
the inequality
bT exp (A1) x >0 - (2)
is satisfied.

"~ Let us assume that C is a normal solid cone (see [1, 2] for the definition of a normal
solid angle). Some limitations on the matrix A follow from this assumption. For example, if
b.is a vector with nonnegative components and A is a matrix with nonnegative off-diagonal
elements, then inequality (2) defines a normal solid conme. If a¢ K, then inequality (2)

means that the reactivity response to a 6-like perturbation of the neutron flux is a positive
function; it is natural to call such a feedback positive. Suppose that

Translated from Atomnaya Energiya, Vol. 49, No. 3, pp. 193-195, September, 1980. Origi-
nal article submitted February 6, 1980.
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where-da+ ¢ K and—4a-¢ K. If detA #0, thensuch a representation is possible for any a ¢RrY
since AC is also a normal solid cone. If A is a Hurwitz matrix (spectrum A belongs to the
left half plane), then —A~' is an operator which is positive with respect to cone C, i.e.,
puts -an element from C in correspondence with an element from C. 1In thiscase the condition
—4at¢ K implies that a*¢ K,

Further we assume that x = xT + X~ and examine the solution of the equations
dx*/dt = Ax*/n-ta*; ' (3)
dx-/dt = Ax~/n—a- '
with initial conditions from St and S™, respectively:
S+—={x*¢ RY: — ax* ¢ K};
S-={x~ ¢ RN: Ax~ ¢ K}.

In Fgs. (3) n is a positive continuous function of t. Since—4a*¢ Kk and—A4a-¢ K we have
xt¢ S8+ and x-¢ 8-, provided that the above inclusion holds only for the initial instant. The
proof follows from the monotonicity of the displacement operator over cone C for Eqs. (3).
For example,

a 1 .
<7 Axt =~ A (Ax*) - Aa*,

but Aat’ < 0 and AxY < 0 for T = 1o and, therefore,Ax"'s 0 for t > To.

Let n(t) and p(t) be some positive nondecreasing functions, let dn/dt = p(7), and let A
be a Hurwitz matrix. Then, for any n =»n(t) and all T > To ineqﬁalities

X > (PI—A)1atn (1),
X“>2—a1

4

are satisfied 'only if they are satisfied at the initial moment T = To. Indeed, suppose that
xt = (pI — A)~'a*tn(t) + z. Then o

dz

dz. n—n(1) Az
dt n -

Az dp )
===+ (pI—AyZa*n (1) 3o +(pI—A)7 (— 42 T+Q’
where z (1) € K. Since (A — pI) is a Hurwitz matrix, (pI ~ A)~' is a positive operator and,
moreover, [n — n (1))/n >0, dp/dt >0, a* € K, —Aa*¢c K, whereby Q¢ K. Thisand. the positiveness of the
displacement operator with respect tc the trajectories imply that z¢k, i.e., that the first
inequality {for xT) holds. The second inequality is proved in similar fashion.

It follows from the definition of the cone C that bTx > 0 on C and the inequalities
proved above for xt and x~ lead to the estimate

btx > bT (pI — 4)~1 a*n (v)— bTa-1. (4)
Inequality (4) can be used to estimate nj. In this case RN = R, at = Xi, a~ =0, A=)y,
and b = B4 and, therefore,
Bihs ) . .
Bin; > pjr;»i n(t), i=1, 2,...6. (5)
Let us point out that the substitution »; = p_:ih (n + z;) was used earlier (see [3, 4]) in solv-
. i . .

ing the problem of bringing a reactor up to power from the subcritical state. Thus, inequal-
ity (4) can be considered as a generalization of estimates of the type of Eq. 5).

The estimates obtained make it possible to go over from the initial equations to differ-
ential inequalities [5-7}: ' : :

6
o+ DB g > Oy (0)-HbT (T — ) atn—bra~T;
i=1

dnldt=p; do/dv=(V/n)sign (n—1). . (6)

For n > 1, upon removing the inequality sign in Eq. (6) we arrive at a system of comparison
in R? with a displacement operatcr along the trajectories which is monotonic over the cone
[0, ©) x (—», 0]. Any solution of these equations which satisfies the conditions p >0,
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dp/dt > 0, and n(1) > 1, yields the sought estimate of the solutions of the initial system.
Estimates of the other variables are constructed with the aid of inequalities obtained in
deriving Eqs. (6).

Let bTat > bTa™ and let s be scme positive number satisfying the condition s > s*; then
bT x (pI — A)"tatsx = pTa. Assuming that n = st and bearing in mind that 8ke(o) >=6k,, we
can easily ascertain that the p > s estimate is valid for all T greater than some T¢. With
this estimate we find that the solutions of the comparison system and, therefore, of the
initial system satisfy the inequality n > sT for T > To. Since dt/dt = n, we have T = 1o
exp st and, therefore, n = st, exp st.

Thus, for bTa* > bTa_ system (1) has solutions which go into infinity with an exponen-
tial growth factor greater than that preassigned. Such solutions lie in the region p > s¥,
where 1/p is the reactor period.

We investigate to see whether or not this contains a set of solutions of the explosive
type. First of all, let us note that if the estimate n-;:(r/T)f+Y, T>0, vy >0, is valid,
then all trajectories satisfying this estimate are of the explosive type. Indeed, from the
inequality

dv/dt > /T)!HY, v (0)=1,
it follows thatmv;;ﬂ/[i—-y%-(%g)v]. The estimate means that n goes to infinity in a finite
time. i

Thus, it is necessary to verify the inequality pT > (1 + y)(T/T)onr all T > To; here,
Yy and To are numbers which we can choose as we see fit and n = (t/T)**Y-

Using the first equation of the compariéon éystem, we reach the conclusion that if

+MT/(1+7)

for all T >»'To, then pT > (1 +»y)(r/T)Y. Since blat >bTlar, inequality (7) will be satisfied
if we put the constraint 0 < y <1 and bTat > bla—(1 + Y) on the choice of v.. Clearly, these
inequalities can be satisfied by the choice of 7y, and To.

6
o[ (F) 1] o (F) s b (1)1 S O

Example. Let us consider a reactor in respect of self-regulation, characterized by the
following parameters: N = 2; Xo > r; b, > b,

—h Of Ml 0 by
A= 7a s =l =7 o= ]
g . hody = byr.
The compariscn equations for such a reactor are of the form
: A
N, Py, P
v -“;ﬁ‘ PN VRIS Wt
=
p==dn/dt; dt/dt=n.
. bihe , . . .
In the given case s* = MM(EET-— ). The comparison system is conveniently studied over the

phase plane (p, n). To this end it is necessary to eliminate the variable 1. Differentiat-
ing the first equation with respect to n, we have

L,
dn " p+h P’

From this system we estabiish that the half space p > s* is filled with trajectories of the
explosive, type. 1Indeed, for p > s* the variable p grows markedly with n and for large n and
p the estimates Tp > nY with y > 0 is valid.

At Ao
(1430 G+ e

In the general case, including when allowance is made for the control and safety system
of the reactor, the arrangement of the trajectories of the explosive type can be studied in
greater detail by computer from the comparison equation.

Conclusions. The condition,bTa? >vbTaF means that the reactivity feedback transfer coef-
ficient K(p) .= bT(pI — A)"*a is positive for sufficiently large positive real values of the
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parameter p; such reactors can be called reactors with~a predominant positive reactivity feed-
back at high frequencies. An important feature of the dynamics of such reactors is the exis~
tence of a system of trajectories. of the explosive type in phase space.
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CROSS SECTIONS FOR (n, p) AND (n, @) REACTIONS ON CHRbMIUM, IRON,
COPPER, AND MOLYBDENUM NUCLEI AT A NEUTRON ENERGY OF 14.8 Mev =~

0. I. Artem'ev, I. V. Kazachevskii, V. N. Levkovskii, ' - UDC 539.172.4
V. L. Poznyak, 'and V. F. Reutov .

The cross sections for {(n, p) and (n, @) reactions on Cr, Fe, Cu, and Mo nuclei have
been measured in many works. The published data, however, are still incomplete and contra-
dictory [1, 2]. Insofar as these elements enter into the composition of the proposed con-
struction materials of a thermonuclear reactcrs, it would be useful to measure the cross
sections of these reactions.

This work measured the cross sections for (n, p) and (n, @) reactions by an activation
method using a semiconductor Yy spectrometer. The cross sections were determined by comparing
the intensity of the characteristic vy lines produced by the studied and standard reactions.

TABLE 1. Cross Sections for the (n, P)
and (n, «) Reaction, mb*

_This
Reactions work ! Data [1, 2]
52Cr (n, p)°2V 8448 148+16; 105410; 90+10;
83+6; 78+11; 7410; 7345
83Cr (n, p)®3V 4746 44+5; 4447, 366
54Cr (n, p)°4vV 1542 16+3; 15+2; 13,5+1,5
84Cr (n, o) Ti 9+2 12,5+1,3; 840,8; 7x1

54Fe (n, p)™Mn | 310130 | 382-+13; 368+28; 333-467;
3104-25; 300-£20; 2594-26;
2544-23

54Fe (n, o)51Cr 9015 | 131£34; 1094-10; 924:37;
90410

83Cu (n, a)%°Co 4148 | 364:2,5; 34+2,4; 34+4
85Cu (n, a)%2Co 5,7+0,6| 14+10; 7,542

8Cu (n, a)%*mCo |8,0+1,6| 1,9+0,6

Mo (n, p)*?mNb | 535 | 62-c4; 60+145; 14,5

%2Mo (n, o)89Zr 1942 254-15; 20+8; 19+1,5 (
%Mo (r, p)?*Nb 4045 —

%Mo (n, p)mNb | 7+2 —
96Mo (n, p)?8Nb 2242 | 37+9; 24+7; 214+1,5; 1643
97Mo (n, p)®'Nb 172 1104+20; 108454; 068+14;
17,1+1,5; 15,9+1,3

Mo (n, p)*"™Nb | 7,0+0,7] 7,4+0,8

*8Mo (n, p)°®Nb 941 194:3;  9+2; 6,7x0,5;
4 140,5

8Mo (n, o)95Zr 544 | 8.4%41,0

100Mo (n, )7Zr |2,5£0,3| 14-£6

*1 b = 107 %° n®.

Translated from Atomnaya ﬁnergiya, Vol. 49, No. 3, p. 195, September, 1980. Original
article submitted December 17, 1979. ‘
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Copper (reactions ®°Cu(n, 2n)°®“Cu) and aluminum (reactions >’Al(n, «)?“Na) foils were used

as standards. Irradiation was conducted on the neutron generator at the Institute of Nuclear
Physics of the Academy of Science Kazakstan, USSR [3]. Isotopically enriched targets were
used to measure the cross sections of Cr and Mo. The determination of the cross sections of
the Mo isotopes was complicated by a large y background from the matrix and the presence of

vy lines of similar energy (e.g., °°Mo and ®7Zr have, respectively, 739 and 743 keV; *°Zr and
?5Nb have 758 and 764 keV, respectively), in' connection with this the products of the (n, p)
and (n, a) reactions on Mo were chemically separated from the target by a somewhat modlfled
method which is described in [4]. . :

The measurementsof the cross sections of the reactions (n, p) on Cr, Fe, and Mo, in
the majority of cases, satisfactorily agreed with the mean values of the published data (see
Table 1). The measurements of the cross sections for the (n, @) reaction on °°Cu, 98Mo, and
1°°Mo do not confirm the well-known values. The cross sections of the reactions on °°Mo were
measured for the first time in this work.
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