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THE EFFECT OF A STRONG MAGNETIC FIELD ON THE
MAGNETOHYDRODYNAMIC STABILITY OF PLASMA
AND THE CONTAINMENT OF CHARGED PARTICLES
IN THE "TOKAMAK"

E. P, Gorbunov and K. A, Ravzumova

Translated from Atomnaya énergiya, Vol. 15, No. 5,
pp. 363-369, November, 1963
Original article submitted November 24, 1962

Results of an investigation of plasma in the toroidal apparatus TM-2 in a strong longitudinal mag-
netic field (up to 22 kOe) are described. It is shown that increasing the magnetic field sharply de-
creases the low frequency oscillations in the oscillograms of the loop voltage and discharge current ..
derivative, and also weakens the interaction between the plasma and the walls of the discharge
chamber. : .

For a large enough ratio of the longitudinal field intensity to the intensity of the current self-
field,oscillations are not observed. According to radiointerferometric measurements, the mean elec -
tron density in this case hardly alters during the course of the operations, The conductivity reaches

a value of about 10 cgs. ' '

1. Introduction

Studies of electrodeless discharges in a strong longitudinal magnetic field, carried out on the stellarator [1-3]
and the "Tokamak"[4], have shown that in such systems the plasma becomes unstable for currents appreciably less
than the critical current of Shafranov-Kruskal. It was established by a microwave probe method tha{t the charged
particles passed anomalously quickly from the body of the chamber to the walls. ‘ C

In one of the most recent experiments carried out on the stellarator £5), it was shown that the electron den-
sity fall-off rate in the plasma was proportional to 1/H, where H is the intensity of the longitudinal magnetic field.
The inclusion.of supplementary stellarator windings did not alter this rate, although it reduced the amplitude of
regular oscillations. The maximum value of the density was substantially higher for large magnetic fields, All this
led to the conclusion that current-bearing plasma in a strong longitudinal magnetic field diffuses to the walls at an
anomalously high rate from the very beginning of the process, .

According to Spittser this increase in diffusion may be caused by the setting up of ionic waves.

A series of experiments on the "Tokamak” [6, 7] cast doubt on the existence of increased diffusion to the -
chamber walls. An explanation of the nature of the observed oscillations and the anomalously swift movement of

particles from the current-bearing plasma stabilized by a strong longitudinal magnetic field constitutes a most im-
portant problem, )

2. Experimental Arrangement

The measurements were carried out in the toroidalchamber TM-2 with a strong longitudinal magnetic field,
The electrical scheme of the set-up is given in [8]. The vacuum chamber, as usual, was made of copper with two
transverse and one longitudinal insulated joint. The inner diameter of the chamber was 25 ¢cm and the outer 80 cm,
Inside was located a bellows liner of stainless steel capable of independent evacuation.

The discharge aperture was limited by one stainless steel diaphragm with aperture diameter 16 cm, The
center of the aperture was displaced 5 mm outwards from the chamber axis. The outer part of the diaphragm on

the side bombarded by electrons was covered by a tungsten layer 0.5 mm thick. The liner was degassed by heating
and discharges twice per minute. )
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Fig. 1. Oscillograms for a typical unstable
arrangement with p = 5.107* mm Hg; L nit

= 2.6-10" amp/sec (Ejp;; = 0.15 V/cm),
longitudinal magnetic field intensity H = 11
koe: 1) mean electron density; b) probe sig-
nal measuring the derivative of the azimu-
thal magnetic field; ¢) loop voltage; d) dis-
charge current; e) light intensity of the spec-
tral lines of hydrogen H _(\ = 4860 A), car-
bon CII (A = 4650 — 60 A), chromium Cil

(X =4252 A); f) integrated intensity of illu-
mination in the visible part of the spectrum,
measured by photomultiplier,

The primary winding of the transformer was connected so
that all the change in resistance of the gaseous loop showed up
in the loop voltage, while the current in the majority of cases
had a sinusoidal form. Hence we used the initial value. of the )
gas current derivative as a parameter characterizing energy im-
parted to the discharge, rather than the electric field strength,

The discharge parameters could be changed within the
following limits: initial hydrogen pressure p from 5- 107 to
3:107 mm Hg; initial current derivative iinit from 0.2-107 to
8-10" amp/sec (electric field intensity E;njp immediately after
breakdown from 0.08 to 0.25 V/cm); longitudinal magnetic field
intensity from 5 to 22 kOe.

Leakage fields within the chamber were not specially meas-
ured. They were apparently determined by the leakage field from
the current in the liner and the field from the backward loop of
the magnetic windings. The direction of the current in the back-
ward windings was chosen so that the force acting on the plasma
loop was directed towards the center of the torus,

The current, voltage, and light intensity of hydrogen and
impurity lines were measured; hard X -radiation with quantum
energy greater than 200 keV was recorded.* The fluctuating
magnetic field was measured with the help of four coils disposed
outside the liner at the inner surface of the copper chamber.

The method of determining the mean electron density in
the plasma in "Tokamak" systems was described in{9]. Meas-
urement was carried out in the millimeter wavelength range by
radiointerferometry in the manner proposed by Warton for the
study of plasma.

3. Description of a Characteristic Discharge

Set-Up

Figure 1 shows typical discharge oscillograms for an arrange-
ment with a fairly small magnetic field. The value of the mean
electron density was calculated on the assumption that the plas-
ma filled the whole inner aperture of the diaphragm evenly. A

* discharge of this kind may be separated into two characteristic

stages in time,

After discharge in the gas, there are no strong oscillations

in the circuit voltage'for 500-800 usec, although small fluctua-

tions are observed in the magnetic probe. The mean electron
density reaches a maximum value and for some time remains
almost constant, while the spectral lines HB and CIII are ex-
cited and then extinguished.

The second stage is characterized by the appearance of
sharp oscillations in all the oscillograms, an increase in the
light intensity of the impurity lines, and a fall-off in electron

density followed by a fresh rise. The good synchronization of the separate sharp breaks in the oscillograms of the
loop voltage and the magnetic probe with the bright flaring up of the wall material spectral lines leads to the sug-
gestion that the second rise in the electron density is linked with interaction between the plasma and the discharge

chamber walls,

¢ The hard X -radiation was measured by V. V. Matveev, A. D. Sokolov, and L. A. Suchkov,
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% /0" y AN\ After some thousands of discharges the side of the diaphragm far-
8t P  ther from the axis of the torus appeared considerably fused, and in places
- . scorched with uniform indentations. The results of measuring the space
1ot distribution of x -ray intensity leads to the conclusion that the outer edge

of the diaphram is the chief source of the radiation. In the oscillogram
the change in x-ray intensity during the process takes the form of surges
Probef e~ VA : ' synchronized with the oscillations on the probes (Fig. 2), breaking out

' before the appearance of the strong vibrations in the circuit voltage.
The larger the magnetic field, the longer the x-rayscontinue and the
greater is their intensity, The same is observed on lowering the longi-
tudinal electric field, On increasing the hydrogen pressure or adding

£ a certain percentage of other gases (helium or argon) to the hydrogen
the x-ray output rises appreciably, Thus the x-ray intensity appears

b k \ greater under those conditions for which the oscillations have lower

S

Ulocp amplitudes and appear later,

With increasing longitudinal magnetic field (Fig. 3) the oscilla-
tions and the second maximum in the mean electron density appear }
later, For an initial current derivative Ijp;y = 1.8+ 10" amp/sec and
longitudinal magnetic field H = 16 kOe oscillations in the loop voltage

1 — are not seen at all. The hard X radiation is observed in these condi-

a 0 1000¢, Hsec tions up to the end of the current, and the mean electron density hardly

Fig. 2. Comelation between oscilla- changes during the whole operation. In this case the integrated light
tions in electron density, magnetic intensity in the visible region,after an initial surge at the beginning of
probe, x-ray intensity, and loop volt- the discharge, fell considerably towards the end. This is apparently
age (p = 0.9~ 1078 mm Hg; Iipiy = 1.8 linked with a reduction in the interaction between the plasma pinch
10" amp/sec (Ejpit = 0.1 V/cm); H and the chamber walls,
=11 koe).

The absolute magnitude of the mean electron density on the flat
part of the curve differs from the maximum possible magnitude (ionic
contribution drawn from regions near the walls in the "shade” of the diaphragm included) by three -five times. This
discrepancy can be completely explained as being due to neutral-hydrogen atoms leaving in the process of dissocia -
tion and ionization at the wall.

There remains the uncertain question of what determines the fall in electron density which coincides in time
with the growth of oscillations in the magnetic probes.

The microwave interferometer measures the phase shift of electromagnetic waves passing through the plasma,
This shift appears in time form on the oscillogram. It depends not only on the electron density i but also on the
length of the beam path in the plasma. The following explanations of the observed radiointerferometer results are
thus possible:

1) A significant reduction of the phase shift in the discharge process may be caused by a change in the concen-

- tration of charged particles in a constant plasma-occupied volume. For this the life-time of the charged particles

seems to be several orders less than the classical. Noting a similar phenomenon in stellarator-type systems, the
authors of [1, 2, 5] came to the conclusion that for ohmic heating in electrodeless systems with strong magnetic fields
there was an anomalously swift diffusion of plasma across the magnetic field.

For a magnetic field of 22 kOethe electron density falls slowly during the course of the discharge. If we sup-
pose that the electron density curve forms part of an exponential, the life-time 7t of the electrons is 3-4 msec for
this case. It is interesting to compare this value of  with those corresponding to the Bohm diffusion coefficient
(D ~06-10° T o/H, cm?/sec) and the diffusion coefficient obtained in stellarator experiments (D ~ 2-10* T e/H
cm?/sec) {(5). In these empmcal formulas T, is expressed in electron volts and H in kilo-oersteds. For the f1rst case
the quantity 7 = (1/d)a/ 2.4)% inthe TM- 25hou1dbe about 1 msec and for the second 0.3-0.4 msec (in these calcula-
tions the electron temperature is taken as 50 eV and the radius of the plasma pinch a = 8 cm). "

As shown in [5], in stellarator V -3 the maximum value of the mean electron density depends substantially on
the longitudinal magnetic field strength. From this fact we may conclude that the anomalously rapid passing out of

1107
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Fig. 3. Oscillograms of electron density, hard x-ray intensity, spe‘ctralv line in-
tensity of hydrogen Hg (X = 4860 A) and chromium Crl (A = 4254 A), loop volt-
age and gas current (in kA)for three arrangements with different longitudinal
magnetic field intensities (p = 0,910 mm Hg; ijpj; = 1.8+ 10" amp/sec; E

= 0.1 V/cm), .
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Fig. 5. Mean conductivity o at the moment of

maximum current as a function of initial hydrogen
pressure: 1) no voltage oscillations throughout the
process, Ijnj; = 1.8-107 amp/sec (Ejpj; = 0.1 V
V/cm), H = 16 koe; 2) clearly unstable arrange-
ment: iinit = 2.6-107 amp/sec (E = 0,15 V/cm),
H = 14 koe.

Fig. 4. Example of a voltage oscillogram with

" regular oscillations in the form of short-term
negative throws (above: oscillogram of current
discharge) for initial hydrogen pressure {with
small additions of argon — about 3%) p = 1.4
107 mm Hg; I; 4, = 2.6+ 10" amp/sec (Ejpi;
= 0.15 V/cm); B = 15 koe.

init

particles takes place from the very beginning of the process. In our experiments the maximum electron density does
not depend on the magnetic field intensity. All this makes one doubt the correctness of the hypothesis regarding the
derermining role of anomalous plasma diffusion in systems with strong longitudinal magnetic fields.
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Declassified and Approved For Release 2013/02/25 : CIA-RDP10-02196R000600110003-4




Cegs T ] [
A, N o {
s 20" Vd P;\im\ '
‘ /A AN 3]
ARY W 1/
//o Bk. —_— // 2
o \ I~ .
s / _ L
’1208 f s AN *‘-: !
05 5 N,
Q4 |+
Q2 1+
2§ 4§ § 7 8L 107 amp/sec

1m

Fig. 6. Mean conductivity calculated at the moment
of maximum current as a function of the initial cur-
rent derivative, 1) p = 6,5-10™ mm Hg, H = 11 kOe;
2)p =6.5-10" mm Hg, H = 22 kOe;3)p =1-10"°
mm Hg, H = 22 kOe,
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Fig. 7. Mean conductivity calculated at the moment of maxi-
mum current as a function of the magnetic field strength for

p =1-10" mm Hg;i =0.8-10 amp/sec (E = 0.009
V/cm).

init init

2) If the electrons leave only from the outer regions of the discharge, the effective radius of the plasma falls,
A reduction of phase shift will also be observed in the radiointerferometer on account of the diminution of plasma
volume at constant concentration, Such a phenomenon may take place not only on account of anomalous diffusion
in the colder outer parts of the plasma but also because of the iinteraction between the plasma pinch surface and the
discharge chamber walls, which is determined by magnetohydrodynamic instability.

3) If the effective radius of the plasma is much less than the inner dimensions of the diaphragm, small changes
in the outside radius of the pinch will lead to a marked change in the length of the microwave path in the plasma.
A displacement of the current pinch was actually observed in the "Tokamak-2" [10].

The electron density was measured with one vertical channel at the center of the chamber. No special investi -
gations of the electron density distribution with respect to’'cross-section were carried out, so that at the moment we
have insufficient facts by which to assert preference for any one of the three suggested explanations for the interfero-
metric observations,

4, Oscillations in the Plasma

For arrangements in which the loop voltage remains smooth during the whole process, oscillations of compara-
ively small amplitude in the magnetic probe and uneven output of hard x-rays show that in such cases also the plas-
ma is unstable, although it interacts with the walls less strongly. For less stable discharge systems there are moments
{of time] when the oscillations grow rapidly in amplitude, or even change their qualitative character. The moment
at which appreciable oscillations begin at the magnetic probe coincides with the beginning of weak oscillations in
voltage. The moment at which very strong oscillations appear coincides with the cessation of X radiation, the appear-
ance of negative throws in the loop voltage, and bright flashes of the spectral lines of the wall material (see Figs. 1
and 2).

1109
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Segs . The sharp drops in voltage (Fig. 4), in some cases leading to a sign
’ / reversal, correspond to an increase in the current derivative, This may
be explained by a rapiddropin the induction of the current pinch, for
4 example, during a short-term widening of the current flow region,

4xig®

10 . / In[7]the conclusion was reached that the low frequency plasma os-
/ cillations observed in the "Tokamak" determining the whole behavior
Y i of the discharge, had a magnetohydrodynamic nature. This hypothesis
was confirmed by the existence of a correlation between the bursts of
hard X radiation and the oscillations in the probes, and also by the cessa-
15305 o- tion of X radiation on the appearance of sharp surges on the loop volt-
age 6scillograms. Actually, the effectiveness of the interaction of elec-
trons with small scale fluctuations must fall rapidly with increasing

0 5 10 s 20 4, KOe . electron velocity, and relativistic electrons must intereact essentially
only with the magnetic field of the current, which does not cause them
to pass out to the outer wall of the chamber. Thus the separate bursts

of X radiation must correspond to large scale displacementsof the plas-
ma pinch.

2:10"

Fig, 8. Mean conductivity calculated
at the moment of maximum current as
a function of magnetic field intensity
forp =1-107 mm Hg; I;p;, = 1.8 107
amp/sec (Ejpj; = 0.1 V/cm). 5. Conductivity of the Plasma

Careful consideration of the processes taking place in a plasma
for various external discharge parameters (see Fig. 3) leads to the conclusion that the magnetohydrodynamic insta-
bility arising in the plasma influences its activity to a marked extent. ’

Figure 5 shows the relation between the mean® conductivity at the moment of maximum current and the ini-
initial hydrogen pressure for cases with and without voltage oscillations. In the first case the energy reaching one
particle dropswithincrease in the total number of particles, which leads to a drop in conductivity. In the second
case the interaction'with the walls, to which the instability arising in the plasma leads, takes away a significant
part of the energy to the wall, so that the change in the number of particles taking part in the discharge has little
effect on the mean conductivity.

Figure 6% shows the relation between the mean conductivity at the moment of maximum current and the
value of the initial current derivative. Curves are given for various values of initial hydrogen pressure and longi-
tudinal magnetic field. The first steep rise in the curve ends when, for the given magnetic field.there is a substan-
tial interaction of the plasma with the wall due to the hydromagnetic oscillations arising. Calculation of the energy
balance shows that the heating of the particles in this part of the curve expends about 30% of the energy put into
the discharge. The second part of the curve is characterized by adrop in conductivity as the energy contributed
grows, Here there occurs an increase in the amplitude of the oscillations in the plasma, and its interaction with the
walls increases, Naturally that part of the energy going into heat in this case rapidly drops. The third part of the
curve is characterized by a growth in conductivity with a rise in the amount of energy, but considerably more slowly
than in the first part. Less than 1% of the energy is here used in heating the plasma.

If in the arrangement without substantial oscillations in voltage the magnetohydrodynamic instabilities do not
lead to marked energy loss, the conductivity of the plasma must depend slightly on the longitudinal magnetic field.
This is confirmed by Fig. 7. The slight fall in o for increasing magnetic field may perhaps be linked with a
change in the leakage magnetic field intensity, which leads to a displacement of the equilibrium position of the
plasma pinch in the chamber. For unstable arrangements, that is, those with large initial current derivative, a linear
rise in the mean conductivity with increasing longitudinal magnetic field strength is observed (Fig. 8),

6. Arrangement without Voltage Oscillations

In discharges with parameters corresponding to the first rise in the curve of Fig. 6 there are no oscillations in
the oscillograms of voltage and current derivative, The conductivity of the plasma depends in a reasonable way on
the initial concentration of particles and the energy imparted to the discharge.
* Mean conductivity here and later means conductivity calculated on the assumption that the current flows evenly
throughout the whole cross section of the aperture in the diaphragm.
+Figures 6-8 relate to experiments with somewhat less discharge aperture and worse vacuum conditions, This has
no effect on the qualitative discharge characteristics, but leads to a smaller conductivity at maximum current.
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In such systems the mean conductivity at the moment of maximum current reaches the value 5 - 10% cgs. A
considerable induction shift of the current relative to the voltage is observed, corresponding to a mean inductance
of 1,0-1.2 uH during the discharge. It is only possible to explain this value of inductance if one assumes that the
current flows not through the whole cross section of the diaphragm aperture but through a narrower channel, the
actual conductivity when not being less than 10 cgs. Fora Maxwellian electron velocity distribution this would
correspond to an electron temperature of T, = 100 eV.

The existence of a Maxwellian electron velocity distribution in the plasma may raise doubts, as we do not
know the part of the current determined by escaping electrons. According to a simple calculation [11], the energy
of the escaping electrons in our apparatus cannot exceed a few MeV. If the acceleration process is similar to that
proposed in [12], then for our parameters a substantial part of all the electrons (0.1%) must be accelerated to such
energies in a time of the order of 1 msec, and this may give a current of 10-20 kamp. in actuality, however, fast
electrons do not apparently determine all the discharge current. This follows from the fact that in arrangements
with large voltage oscillations hard X radiation, as shown earlier, vanishes immediately after the first voltage surge
but the conductivity remains practically the same as it was up to the appearance of oscillations. Beside this, a coarse
calculation of the relativistic electron current by the intensity of hard X radiation shows that it is negligibly small
(less than 100 amp). Probably something interferes with the electron acceleration, This is indicated by the anomal-
ous dependence of the hard X -ray output (over 200 keV) on the parameters of the discharge described in Section 3.
What part of the current is determined by the direct motion of low energy electrons cannot at present be stated.

Let us suppose that the conductivity is not determined by escaping electrons, and consider the energy balance
without voltage oscillations. In time t, energy W(eV)reachesone particle in the plasma. Towards the end of this
time interval the plasma conductivity reaches a magnitude corresponding to electron temperature Te. The "en-
ergetic” containment time Ty = tTo/W =T equals 300-400 pisec on condition that all the original energy is
carried by particles to the wall, Probably, of course,a substantial part of the energy inparted to the discharge passes
out in the irradiation of impurity atoms and ions, However even such an energetic containment time has.for our
conditions,the same order as the theoretical time for the equalization of the temperatures of the electronic and ionic
components. It is therefore to be expected that the temperature of the ions will be close to the that of the electrons
if the phenomenon of charge exchange does not play a significant part in the heat exchange process.

7. Conclusions
Summarizing the results thus set out, we establish the following conclusions:

1) The low frequency oscillations excited in the discharge to a great extent determine its characteristics,
Correlation of the oscillations with surges in x-ray intensity confirm their magnetohydrodynamic nature.

2) Up to the appearance of the oscillations in the discharge, the following processes appear to be observed.
Hydrogen is being ionized all the time its lines are showing, The moment the Hy line disappears, the electron
density stops growing and from then on stays constant. Escaping electrons are accelerated up to energies of some
MeV and pass out to the outer wall of the diaphragm. At the end of the hydrogen ionization the conductivity be-
gins to increase with time, while the part of the energy transferred to the plasma forms some tens of a percent of
the energy imparted to the discharge. The plasma interacts comparatively weakly with the walls, but the observed
oscillations in the magnetic field of the current and the unevenness in time of the x-ray output do now allow the
discharge to be considered completely stable.

3) After the appearance of the oscillations in loop voltage and current derivative, the picture change sharply,
The magnetohydrodynamic instabilities, developing large amplitudes, lead 1o a strong interaction with the walls,
The spectral lines of the wall material and the gases adsorbed thereon make their appearance. Electrons accelerated
to large energies as a result of large scale displacements of the plasma pinch hurl themselves into the diaphragm
wall. Thereupon it appears that conditions for effective electron acceleration are no longer found in the unstable
plasma, and the plasma conductivity ceases to increase. The character of the dependence of the mean conductivity
on the initial gas pressure and the energy imparted to the discharge shows that this energy is not accumulated in the
plasma, but is given up at the diaphragm and the discharge chamber walls.

4) For sufficiently large containing magnetic fields the voltage and current derivative remain smooth through -
out the process. If we suppose that the velocity distribution of electrons is close to Maxwellian, the electron tem-
perature is of the order of 100 eV. The electron density in such arrangements scarcely alters up to the end of the

1111

Declassified and Approved For Release 2013/02/25 : CIA-RDP10-02196R0006001 10003-4




Declassified and Approved For Release 2013/02/25 : CIA-RDP10-02196R000600110003-4

current flow. The dependence of its maximum on the longitudinal magnetic field strength seems extremely slight.
All this casts doubt upon the existing idea that in longitudinal current discharges,stabilized by a strong magnetic
field,the reduction in phase shift measured by the radiointerferometer indicates a substantial rise in the diffusion of
charged particles to the chamber walls. At present we have no grounds for supposing the existence of such diffusion,
although there is also no conclusive proof of its absence,

In conclusion the authors express gratitude to L. A, Artsimovich for valuable discussions and interest in the
work, and also to their unfailing assistants, A. A. Kondrat'ev, L. S. Eftemov, G. N. Ploskirev, and E. Yu. Frolov,
who performed a great part of the technical work, The work was carried out under the initiative and immediate
direction of Natan Aronovich Yavlinskii. ’
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METHODS FOR THE CALCULATION OF THE RADIATIONAL
THERMAL OUTPUT IN THE BODY AND SHIELDING OF A

NUCLEAR REACTOR

D. L. Broder and K. K. Popkov

Translated from Atomnaya Energiya, Vol, 15, No. 5,
pp--370-376, Novemnber~1963
Original article submitted November 1, 1962

The radiational thermal output in the body and protective shields of eneigy -producing reactors is
very dangerous, since it can lead to the explosion of these reactors. In order to lower the amount
of heat escaping into the body and the most strongly stressed structural sections of reactors, heat
screens are usually used.

In the present article we describe methods for the calculations needed in the design of ther-
mal shields. Expressions are given that can be used for the calculation of the thermal output due
to the penetrating radiation in various shielding setups, including those with the most commonly
used geomerry,

The absorption of neutrons and y radiation heats the body of reactor, the shield, and also the protecting struc-
ture that is in the field of radiation. In powerful nuclear reactors, the energy flux in the body of the reactor reaches
10%-10" Mev/em? - sec, and so the specific power of the thermal output often reaches several watts per cm?®, and it
can even attain the value of 102 W/cm?® in shields in the active zone.

For thick-walled reactor bodies, designed for a pressure of 100 atm or higher, intense radiation could cause
supplementary thermal stresses which must be taken into account in strength calculations,

In the determination of radiational thermal output, we must take into account 1) the y radiation of the fission
products, 2) the capture y radiation generated in the structural and protective materials (those in the body of the
reactor included), and 3) the reaction B!’ (n, «)Li’ in boron-containing material.

Other processes, in particular y -radiation generated by the inelastic scattering of fast neutrons or the losses in
the elastic scattering of neutrons by the relatvely heavy nuclei of iron, contribute only insignificantly to the thermal
output, and so their effects can be neglected. With these simplifications, the total thermal output Q is the sum of
two terms, the first of which Q, is due to the absorption of y radiation and the second Q, to the absorption of a - -
particles generated by the reaction B (n, ) Li"s

0=Qy+Qq Wer'. W
The determination of the y component of the thermal output can be reduced to the calculation of the energy-

space distribution of the y radiation flux. If I (E, 1)dE is the strength of the y radiation energy in the interval from
E to E + dE at the point r, then the specific thermal output Qy(r) can be calculated from the formula

Qu(r)=k \ I,(r, Eyp, (r, E)dE, (2)

E

where p(r, E) is the linear energy-absorption coefficient for the y radiation of energy E at the point r; k is a pro-
portionality coefficient determined by the dimensions of the quantities in the expression (2):

k=1.6-10"1 W-sec/MeV = 3.82-10" ¥ cal/MeV.
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In practical calculations, the integral in (2) is replaced by the sum

QV (I‘) :k ; Py (1‘, E) ]i"f"‘n (I‘, E), : _ . v ()

where ¢ _(x, E) is the scalar flux of the y -radiation of energy E at the pointr. The sources of y radiation can be
divided ir?to two classes: primary sources, related directly to the fission process, and secondary sources originating
with the interactions of neutrons with nuclei of elements in the heat-transfer agent, in the moderator, and also in
the structural materials of the reactor and shield. In the present work, we are interested in instantaneous and de-
layed y radiation (primary radiation) and in capture y radiation (secondary radiation).

The calculation of the scalar energy flux of y radiation ¢, (see the diagram) reduces mathematically to the

calculation of the integral !

(rs) e~ s (B) 8s—pm (E) 6'"B(E, 51 )
-dV,,

(o
EF_—FE\X i
(Pv ) 47t (rp—rg)?

(4)

where qE), (rg) is the distribution function of the specific source strength of y radiation of energy E; ugE and pp(E)
are the linear attenuation coefficients of y radiation of energy E in the sourcé and shield material respectively;
B(E, &5, &) is a measure of the accumulation of the energy of scattered y -radiation of energy E in the material
of the sources (in the region &) and in the material of the shields (in the region & ). The integration it taken over
the volume of the sources V.

The space-distribution of the specific strength of
the primary y-radiation sources is completely determined
by the integral of the fissions £¢(x,):

AEf(rs):

AN

nu(rs, E) Zf(rs, EYdE

e 2

ak ’ » i )
K =3,1-10%p (ry) graduations/ cni’-sec,
;M where nv( I, E) dE is the flux of neutrons with energy be-
Ts F, // tween E and E + dE at the point 15; £ (r, E) is the macro-

scopic cross section of nuclear fission’corresponding to the
neutron heating energy E at the pointr; p(rsa) is the spe-
cific thermal power at the pointr; in W/ecm®. In some
cases it can be assumed that p(rg) = P/V, , = const (here
P is the thermal power of the reactor and V,  is the

* volume of the active zone). Knowing the value of $dr),

Location of radiation sources in shielding layers.

we can calculate the specific strength of the sources of the primary (instantaneous and delayed) y radiation qE 1(rs).
If the reactor has been operating for a long period with constant power,* then Y
gE, (1) =§ (r)vySy (E), ©

where v_ is the number of photons of instantaneous and delayed y radiation referred to a single fission (v = 14,7
[1D and S, (E) is the share of y quanta of energy E in the spectrum of the primary y tadiation. Values of the pro-

duct vy Sy (E) obtained from [1] and [2] for various energies are given in Table 1,

The specific source strengths of capture y radiation qEz(rs) can be calculated if the space energy distribu-
tions of the neutrons and the dependence of the radiation capture on the energy are known. In this case, the capture
integral & L(ts) for the ith isotope can be obtained from the formula

* The specific source strength for the delayed y -radiation is determined from the integral of the fissions Ef(rs, t) and

is specified for any instant of time. In a reactor operating with constant power, the specific source strength for the de-
layed radiation depends only on the time t, of operation of the reactor. In practical calculations it is usually assumed
that ty — o,
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TABLE 1. The Energy Spectrum of Instan-

taneous and Delayed y -Radiation : ' o o . (n
f v . g:(rs)= 3 nv(rS" E) 2”;(1.37 E) dE,
Energ of IVYSY(E) {Energy of |}, g (E) ' )
by - raal - / ly -radia- | V'Y E
thl’l v -ouanta tlon V- quama/ where »i (rg, E) is the macroscopic cross section of radiation cap-
(MeV) JfISSIOl'l (Mev)|flssmn ,
o A SN ; ture of neutrons of energy E for the ith isotope,
{ l ! ; .
oo AT A0 L 0,065 The quantity ¢E, (r,) is obtained from the relation
S Y A5 0.02% -4 Y ya ths
R P P34 5.0 74 0.018 ®
20 I 3 5.0 0 0017 — E r S : 8
P20 ! 070 ¢ 6.0 1 0.007 (rs) 2 ( o) Sve i )
CoB.00 pod6e2 . sS  0uE
©3.3 0.062 o
!

; where s' ¢ (E) is the mean number of y quanta of energy E gen-
erated by the absorption of a single neutron by a nucleus of the
ith isotope. Table 2 gives values of S o(E) taken from [3].

The ‘main difficulty in the calculation of sources of capture y -radiation is the determmanon of the space
energy distribution of the neutrons, i.e., the function nv(xg, E) in the expression in (5).

Recently, in the calculation of neutron distribution in shielding, the multigroup method [4] has often been used,
in which the neutron spectrum is divided into several energy groups. Within each group, all the characteristics of the
materials under consideration are assumed to be independent of the energy. For every ith group of neutrons, we can
write the differential equation in the diffusion form

1 d doj : '
. 227 ) s AN —
% dr (’ D;= > Zﬂi- —1i(r), (9)
where o = 0 for plane geometry, o = 1 for cylindrical geometry, and o = 2 for spherical geomretry; o; is the distri-

bution function for neutrons of the jth group; D; the effective diffusion coefficient for neutrons of the jth group; Zj
the effective cross section of departure of neutrons from the jth group. The right-hand side of (9) determines the
sources of neutrons of the jth group.

The multigroup method is discussed in more detail in [4-7]. In [4], a seven-group method is proposed for the
calculation of biological shielding in the diffusion-growth approximation. The results of using this method are found
to be in satisfactory agreement with the experimental results given in [4], and this method can thus be recommended
for engineering calculations.

Knowing the space neutron-energy distribution we can calculate the capture integral (7):

g1(r vaj (r) Z

where £ 3 (r) is the mean macroscopic cross section of radiation capture of neutrons of the jth group by nuclei of the
ith isotope.

Table 3 gives the means with respect to the energy of the cross sections of radiation capture for some elements
for the seven-group calculation. The table gives the cross sections of the seventh (thermal) group averaged over the
Maxwellian spectrum for the normal temperature 20°, If this last condition is not satisfied, then we must introduce
a temperature correction. In practical calculations, we can assume [10] that

' : T,
6y (T)=0,(T0) )/ 22, 10)

where ¢ (T) and o (To) are the cross sections of radiation capture for the absolute temperatures T and T, of the
material,

It must be noted here, however, that absorption (stronger for lower energies) displaces the maximum of the
Maxwellian distribution into the region of higher energies. This effect can be taken into account in the calculations
by introducing into the formula (10), in place of the actual temperature T, an effective temperature T, for the
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TABLE 2. Mean Number of ‘y ~Quanta of Energy E Gen-
erated by the Absorption of a Single Neutron by Vatious
Elements S1 <(E), y -quanta/capture

~ e e e e L.
: I Energy mterval MeV )
Elememi 0- ! G sy o
— ____.____,,,,,____.i____.__._ R A

1 Ly T U1t

i 7o v 0
- he S0 0 i . oA R

(HU S0 0 S I0>0. 280,06 0,008
CUr SSL850 0LALL 0.21 00120 0023l 00390065
PN 1250 0010 0,600 i 3 '
Fe o073 aueol o, 27) )21
PNLS0.840 0050 0023 ‘0,008
i Ao §>|4:<‘>7">0.|8! —— A000
EPh o 0 0y
L 254 L8 0,00

1

; | Energy Interval |
i 7 7 - n — e !
. Element 1 11 | 111 ‘ : Vil |
| (m--t.5 MeV)! (v.9—1.5 MeV)imo.o MeV-45 keV (*5-A3keV) ;(ske\l. )evi (3. xev ’gr) | (F gp-in i
e —_— ; ! e e
M - | e - 0. ()"bd ‘ 0.02368 | 0.0382 0,178 !

Al 0,087 003433 (0. 03738 L0.02370 00271 o2y

Si 0.8 0. 035 0.02133 L0026 0.0201 0.0s6n |

13 0. 0840 00,0663 1 0.0828 P8 $4.9. 4847 i

; M 0.0230 (.02327 0.02471 0. 157 TR 1,58 711 5
T 00840 0.02142 (0.02205 002682 5,067 (0. 600 Sy
e 0,022 002202 LOZES 00280 L eaahh | 00305 1.6 ;
- Cr 1.0235 0.(12488 CLOGE62 0.0 L 0.7 T 0,366 .67 :
! i .00 ‘ 0,296 0.0 ) 0.0t TR C0LALT6 20 ?
’l 1,238 oo N [ 0.14n Co04a I 5.0 0. 251 1.48 ?
o - i | ’ T :

3 H { . '

* For boron, the cross sections are given for the reaction Bw(n, a)Li’, taking into account the isotope composition
of the natural mixture,

neutron gas. From the empirical formulas in {11}, the value of T, for light materials (A < 25) is found to be

T, = 0,914 %To) 11
Io[1+0,914% e (11)
while for heavy materials it is
,~ _ e (kT
210[1—r064“§n\}” . a2

where o (kTy) is the absorption cross section for neutron energy kT,, o, (1 eV) is the scattering cross section for neu-
trons with energy 1 eV, The formulas (11) and (12) yield correct results for 0 < A 0.(kTg)/ag(1 eV) < 0.5.

The next step in the calculation of the thermal output is the determination of the total intensity of y radia-
tion of various energies at the points under consideration, i.e., the calculation of the integral (4), In most cases this
calculation, for reactor shields and bodies, can be carried out with the assumption that plane geometry can be used.
Since the shield thickness is usually considerably smaller than the radius of the active zone, this zone can be con-
sidered to be a radiating half-space with shielding. In this case, neglecting the accumulation of scattered y radia-
tion in the active zone, we obtain for steel shields, in agreement with [12],

NN SANNA Sl ARt 17y o [ . Fe e \" (13)
(5 /'){—“ .;!S S‘ ATy L.:i_(l - (E)) }__,!*'r’.-] ’ .
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where qE is the mean, through the volume of the active zone, of the specific source strength of y radiation of en-

ergy E, pg is the linear coefficient of attenuation for y radiation of energy E in the active zone, £ pyx; is the thick-
i

ness of the shielding layers (along relaxation paths) between the surface of the active zone and the point under con-

o3
=
sideration, and £, (x) = z" S 5;37 dt is the exponential-integral funcrion {12],
X '
It should be noted that, in calculations of thermal output, the energy factor for the accumulation of scattered

y radiation must be used in the determination of the y radiation flux. In (13) an exponential approximation for the
accumulation factor was used [13, 14]: :

(3]

B(wr)= 2 A;(E) eTHes (), | | (14)

I

Tables of graphs of the values of Aj(E) and ocj(E) ‘are given in many references (2, 12-16].

The neglect of the accumulation factor for the scattered y radiation in the active zone lowers the values of
(o l;:,E)I by up to 40%. By using the results in [17, 18], we can obtain a formula for numerical calculations in which
this accumulation is taken into account., The substitution in (4) of the accumulation factor expressed as the sum
(see [17] and [18] and (14)), ' :

B(E, 85, 8m)=Bs(E, uds)+ B, (E, psd,+ F‘mam) — B, (E, psds) - '
2 . - s 2 ’ - 2 .
_ XA,; (E) e-usﬁsaj(f)_i_ :_S_‘A:n (E) e-f(usés+u1716:n).a].1(E)_ 2 A;n (E) e—usésa?’(E)
f=1 =1 i =1 ’

yields

. ) Fe (k) :
((pr)]‘—_- s 2 {‘H—‘a‘j 5] E, Kz u; z> 1—4—(11"(1, E, [(1 Y (lFe(E)>2ui5§iJ

— AT (E)E, [<1+afe )2“““1} . 15)

In most cases, the distribution function for the sources of capture y radiation for steel shields surrounded by
moderator can be expressed in the form of the exponential sum

q5($)=f7§'ez FgEe 2 (16)

‘where x is a coordinate measured from the shield surface nearest to the active zone,

Thus the strength of capture y radiation of energy E from the kth shield at the point under consideration, sepa-
rated from the source layer by a shield of total thickness E “1 x; (along relaxation paths), can be calculated from
the formulas

(PyE)n = (9F E)p + (Py B

n

5 2”;"‘:’

9E = \ EAFe{ (d+—‘—) /[ (1-+aFe)+ J Z pets -
§=1 v
, Zui‘xi '
— S E; {(1 _g—a}’e) 2 .ltixi] —ez (d+T) [(1 +aF0) T _] (Hsd-i- 2 iz >/
+ B[ (140 (nd % e ) |}

(18)
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zu,x,
re [~ (¢ - 3
A e{ ) l<[(1+‘afe)—*@}i2}tixi>
| ” Zip'ixi ' |
| —eTE, [(1 +ai) E B z] _o2 (d+T) E, /[(‘1 +afe) — i—sJ A(.P'sd‘!" 2 uzxi>>

+E, [(H—aFe) Kusd+2uz )J}

where lg is the linear attenuation coefficient of y radiation in the material of the layer-source, k is the thickness
of the layer sowce, For thin shields, neglecting the variation of the function qy (x), we obtain

E

i/l
(PL
1_.1

(19)

Ry

. \ gy () 2nurdr o, Rs . v
y % R
gg (x) = qf =const = —* & =R Y gy (r) rdr, (20)
2n 5 rdr ) Ky
Ry

where Ry and Ry are the radii of the internal and external surfaces of the layer source and r =R; + x. For the kth
shield we have

7E
(PFE), =

This formula can also be used for the calculation of the radiation flux from thick shields if q_(x) is expressed as a
step function, Y

In the determination of the strength of y radiation generated by the absorption of neutrons in thin layers of
water ( ud > 2), the radiating layer can be considered to be nonabsorbing. In this case

- v
vZE Z AFeEl[(l+alt Ep 4 ] . (22)

Ci=1

(PFE), =

For thick layers (ud > 2), we must use formulas similar to (17)-(19) and (21). For example, for the exponent
g (x) = g’eX'* we have

o 2
(QEE) = zZl’; Z AFe{eL ¢E, [(1 +ale) 2 p.,-.'),‘i]

=1

Fe
(1+q; )Z By,
1

.__be[ us L Ei[(l—}—afe)ZplI,(i >] E1 1—;-(1Fe)2‘y,ll +HsdJ
. i
““‘“fe) 2 By o
y —M—“’JZ'&([(Ha}“e) Suacrmd] (14+X)) o
For a uniform distribution, i.e., q(x) = EY = const, we have
2
(PEE)s 2 fE2[(1+aFe) 2 M,] E, [(1 +are) 2 e usd]} (24)
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The strength of capture y -radiation ((ps E)jp at the point under cons ideration coming from all layers is obtained as
a sum; N

(O E)sy = 2 (@7, | (25)
k .
where k is the number of layers, excluding the layer contammg the point under consideration. ‘The contribution
(cp),E) of the capture j--radiation from this layer can be obtained by using the formulas given below: for a point
at a dlstance x from the surface of a layer with constant specific y -radiation source strength we have q7

(,L ' | ; AT
(QEE) 1y = 5o Zld 12 By [(1 +0;) pee] — B2 [(1 - ay) ps(d — 2)153 (26)

for a layer with an exponential distribution q},(x) = qoe_'Ex :

l 4 O j El ] X -~
(cptE),,, ws S A\~e"2-\-{]n!mw = eBE (uy0) -+ B [ — Z)x]}

S5 ot By (d )] Bl D) (@ - )1} =7

where "y =p 1+ oy

In many cases, we can use a simplified formula {19] obtained under the assumption that the accumulation
factor is linear: B(ux) =1 + gux. For the exponent q(x) = qe™ - IX

. ands o e IN LR Zd=—x)__ ,—u(d—x) ! R | u+2 '
—Ex ‘__Z
BB [ (d - )] B [(n+ :'r><d~.vc>1}—”E (0] =2 | B () + Bl = 2) 1) 29

The total strength ¢ Eg, occurring in the formula (3), is obtained for each pomt for which the calculation is
performed in the form of a sum

¢rE = (¢ L) + ((PEL)[I (PTE) - (29)

The thermal output Q due to the absorption of c -particles with a probability of 0.94 as a result of the reac-
tion B'%(n, @)Li’ is given by the formula

Qa—/fF,vvi_anZ,, (30)

where ZJ is the macroscoplc reaction cross section for neutrons of the jth group (see Table 3) E, is the energy of an
o -particle equal to 2.31 MeV., :

During the reaction B (n, a) Li’, in addition to an a -particle, a y -quanturn of energy 0.478 MeV is also
emitted, which must also be taken into account in the calculations.

The method described above can be used in the calculation of the thermal output in the body and in other
structural parts of nuclear reactors with an error of less then 30%.
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MEASUREMENT OF THE THERMAL NEUTRON DENSITY DISTRIBUTION

ALONG THE RADIUS OF SLEEVE-SHAPED FUEL ELEMENTS

V. F. Belkin, B. P, Kochurov, and O, V. Shvedov

Translated from Atomnaya Energlya Vol. 15, No, 5
pp. 377-381, November, 1963
Original article submitted March 14, 1363

This article is devoted to an experimental investigation of the thermal neutron density distribution
along the radius of sleeve-shaped fuel elements consisting of natural uranium and an organic cool-
ant, monoisopropyldiphenyl. The thermal neutron density distribution for 23 types of fuel element -
was measured by using the activation method. The theoretical neutron density distributions were .
determined for these fuel elements by solving the single-velocity kinetic equation by means of an
electronic computer. The experimental and theoretical results are given in the form of neutron

* density distribution graphs, screening numbers, and neutron density jumps in the outside coolant
layer.

Introduction

The tendency to increase the coolant temperature without substantially increasing the pressure with the aim
of producing efficient power reactors brought about the use of coolants consisting of organic liquids with high melt-
ing points. '

The thermodynamic and structural requirements imposed on systemns with natural uranium (as the fissionable
material) and an organic coolant led to the development of multilayer fuel elements, to which the calculation meth-
ods suitable for simpler types of fuel element cannot be applied (1, 2]. This makes it necessary to use more com-
‘plex calculation methods, which must be checked experimentally.

Experimental Equipment :

The thermal neutron density distribution was measured in fuel element mock-ups (fuel assemblies) whose
length was 75 cm. An assemnbly consisted of the following elements (Fig. 1). The sleeve 1, made of natural metall-
ic uranium (with a density of 18.7 g/cm ), was encased between the outside and inside aluminum jackets, 2 and 3,
respectively. A magnesium displacer 4, was provided at the center of the assembly. The inside layer of the mono-
isopropyldiphenyl coolant 5 (whose density was 0.986 g/cma) was poured between the outside surface of the mag-
nesium displacer and the inside jacket of the uranium sleeve., The outside layer 6 of monoisoprophyldiphenyl was
poured between the outside jacket of the uranium sleeve and the screening Avial tube 7. An air gap 9, was provided
between the outside Avial jacket 8 of the assembly and the screening Avial tube. (In some experiments, monoiso-
propyldiphenyl was replaced by water.) The dimensions of all the fuel assemblies were the same: the inside diam-

" eter of the uranium sleeves was 30 mm, the air gap was 3 mm, the thickness of the outside Avial jacket was 2 mm,
and the thickness of the screening Avial tubes and of the uranium sleeve jackets was 1 mm,

‘The fuel assemblies were characterized by the following dimensions; the outside diameter of the uranium
sleeves, the diameter of the magnesium displacer and, correspondingly, the thickness of the inside monoisopropyl-
diphenyl layer, and the thickness of the outside monoisopropyldiphenyl layer.

Each assembly was given a code designation which indicated the outside diameter of the uranium sleeve, the
thickness of the outside monoisopropyldiphenyl layer, and the diameter of the magnesium displacer. For instance,
in the 54-1.5-20 assembly, the outside diameter of the uranium sleeve was 54 mm, the thickness of the outside mono-
isopropyldiphenyl layer was 1.5 mm, and the diameter of the magnesium displacer was 20 mm, If the displacer was
not provided, then, depending on the material with which the inside cavity was filled, the last figure was replaced
by the letter A (air) or M (monoisopropyldiphenyl).
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rel un. The neutron density distribution was measured by
' means of detectors with a diameter of 4.2 mm and a

thickness of 0.4 mm, which consisted of a mixture of a
transparent plastic and dysprosium oxide {with a density
o4 | of ~ 3 mg/cm?). For the installation of the detectors,
g . grooves into which uranium prisms with detectors were

inserted during the experiment were milled in the uran-
jum sleeves. The slits in the prisms which were not
occupied by detectors were filled with uranium plates.
The other detéctor_s were placed in the recesses of the

N aluminum jackets and tubes and.also in the grooves of

) the magnesium displacer. The spacing of the detectors
is indicated by the positions of the experimental points
in Flgs 1-3..

7t

N ' * The detector activity was measured by means of
o " an automatic eight-channel counting device, The
_assemblies were irradiated in the A—0O channel of a

There was an air gap between the outside Avial jacket
- - of the assembly and heavy water, since the inside diam-
N eter of the AO channel was ~100 mm, The position of
the detectors during the activation approximately coin-
cided with the center of the reactor core. The cadmium
ratio for dysprosium was not less than 100, so that the
detectors recorded only thermal neutrons, The modera-
tor temperature was 293°K.

SN

O

T

P — 12) 5 20 25 3 45 R, mm Exper%mental Result.s .
Figures 1-3 show typical thermal neutron density

Fig. 1. Thermal neutron density distribution q along distributions along the assembly radius, which were ob-
the radius R of the assemblies (the theoretical results tained experimentally and by solving the kinetic equa-
are given by the curves, while the points represent the tion by means of a computer. The assemblies whose
experimental results). a) For the 46-2-M assembly; ~ neutron densities are given in the same figure differed
b) 46-2-16 assembly; c) 46-2-A; ) and O) experi- from each other only by the dimension of the inside
‘mental values for the 46-2-M and 46-2-A assemb- monoisopropyldiphenyl layer. In certain assembly
lies, respectively, : variants. the magnesium displacer was not provided,

' and the inside hollow space of the uranium sleeve was

filled with 'monoisopropropyldiphenyl or air,

Table 1 prov1des the values of the screemng number Q,* which were obtained by using different methods: 1)

processmg our experimental data; 2) processing the results of the numerical solution of the kinetic equation; 3) using ¢

the data provided in [1-2].

Table 2 provides the values of the neutron density jump B, defined as the ratio of the neutron density at the
outside surface of the outside layer of monoisopropyldiphenyl or water to the neutron density at the surface of the
uranium sleeve. Since detectors could not be installed at the outside surface of the outside monoisopropyldiphenyl
layer under our experimental conditions, the experimental values in the determination of B were corrected in corre-
spondence with the neutron density curves obtained by solving the kinetic equation. With an allowance for

Ry
S q(r)rdr
* The value of Q is glven by Q- l=. 81‘-—@—-,~7- , where Ry and R; are the outside and inside radii of the uranium
o‘.
sleeve, 7(Ry) \ rdr
Rj
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Fig. 2 Thermal neutron density distribution along
the radius of the assemblies (the curves represent
the theoretical results, while the points represent

. the experimental results). a) For the 50-2.5-16
assembly; b) 50-2.5-24 assembly; ¢} 50-2.5-A
assembly; A) and O) experimental values for the
50-2.5-16 and 50-2.5-B assemblies, respectively.
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Fig, 3. Thermal neutron density distribution along
the radius of the assemblies (the curves represent
the theoretical results, while the points represent
the experimental results). a) For the 54-1.5-M; b)

54-1,5-16 assembly; c¢) 54-1.5-A assembly; A ) and

O) experimental values for the 54-1.5-M and
54-1.5-A assemblies, respectively.

. inaccuracies in mounting the detectors, the errors in measuring the distributions and jumps of neutron density were
. equal to 1-1.5%.

The theoretical rieutron density distributions were obtained by-solving the single-velocity kinetic equation for
the multizone Wigner-Zeitz cell. The calculations were performed according to the program composed by F. M.
Filler and T. D. Bogdanova. By preliminary calculations, the dimensions of the equivalent cells for each assembly
were determined under the assumption that the neutron distribution in the internal monoisopropyldiphenyl layer is
close to the experimental distribution, In this, the sources of thermal neutrons in monoisopropyldiphenyl were as-

sumed to be 4.77 times as strong as in D,0.

It was assumed that the neutrons have a Maxwellian distribution, the mean effective temperature T, of which

) may depend on the coordinates. The temperature Tm of neutrons in the moderator was assumed to be equal to the

temperature, Tn of heavy water, while the temperature of neutrons in uranium was assumed to be Ty = 1.3 T0 on the
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TABLE 1. Screening Numbers

o .

i_Assembly ype T T ga i
| sexperiment fcalculatlon irowed from !
. - L S {[]:_2] AU
D41 5-13 1.279 oot R B i
541 .5-24 1.251 Y7 1 R -
D541 520 10890 gougn. :
F B4 06 o7 18 P
ca4-1,5°M 1.218 N VRS o :
P S0-2, 518 1399 0 1.497 1.6
i 502,594 1187 1488
i 90-2,5-20 L7 | 1483 :
; _50-> 5-16 Lies 1179 - g
| 50-2,5-M 1162 — !
[ 46-2,0-R 1035 0 147 1464
| 46-2,0-24 11300 1 1.137 — E
1 46-2.0-20 iz | ]
P 46-2,0-16 L0 ) tan
L 46-2.0-M 11143 l 1.419 - '
i i

TABLE 2. Neutron Density Jump B at the Outside Layers
of Monoisopropyldiphenyl and Water

| i B | f
!
i Assemnbly type iexperi- calcula- ‘ Fayer glurgkness I
iment ton i |
{ | : ! !
% i 1270 1 1.288 1 454005 ‘
! | rze | oosk o 4oy | : |
Po1.284 1.282 1. 45-20.05 ;
Po1.262 1.280 ! 14550005
D268 | 1.276 LoA0.00
Coloo o - (IR TR
D2 1.272 PLonH-0L 00 ; [
P 1391 1.383 2UAL010 I ,
S D B T D 25530010 : ‘
I T R Y i 255010 ] ‘
o398 b 4352 2. 1o i
COLATH L - A0 A0
COLABA L AR N A0
P 3. o
[ W - 3.0 S0 ?
L1530 2. Lo :
o306 1,288 2, o .
- Po1.305 1 1,283 2.00F0. 10
46.2-20 P28 1.219 12, 1100
©46-2-16 | 1.200 ‘ 1.277 2. A0
i 46-2-M f 1.280 1.262 2. 10 i
i 46-2- A botssg | 2 V40
AG-2Mx | 1294 1 — 2.0040.10 |

* The outside monoisopropyldiphenyl layer was replaced
by water.

basis of preliminary calculations {4, 5], A good agreement between the experimental and theotetical values of the
screening number was observed in this case.

‘The scattering cross section Etr of mon01sopropyld1phenyl depends rather heavily on the neutron temperature
(in [7], this dependence was determined experimentally: 7tr ~ Sy 0.12 in the temperature range from 18 to
250°C). From the preliminary calculations, it follows that much lower 8 values are obtained for Tm = TU =1.3.
Satisfactory agreement with experimental data is obtained if the T™ value is assumed to be close to T° The value
of B only slightly depends on the equivalent cell's dimensions and the filling of the inside space of the lump with

monoisopropyldiphenyl. Some of the results of preliminary calculations are given in Tables 3 and 4.
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TABLE 3. Dependence of 8 on ):g] and the Thickness
1 of the DyO Layer for a Cell with a 50-25-20 Assembly *

[ E z‘tV[r‘ cat—1

![ Xy - |

{ st 200 ! 2.20 ‘ 2.26 l 2.50
L ‘ L300 1.336 | 1.361 | 1.375 | 1.400

|
|
— l 1.341 | 1.367 | — 1.405

* = (293°K)=2.32 cu-1.

TABLE 4. Dependence of Q and 8 on TV for a Cell with
a 50-2.5 A Assembly

| Q B

| . :
AN § SN\ T P8 ¢ olexperi- U_0 |U__ ofexpern
! rY=10 rn=1,3:rn|m£m | r9=1? Tn_i,aTnFem

|

P1.230 | 1.197 | 1.199 | 1.424 | 1.383 |1.391
|

TABLE 5. Effect of the Aluminum Layer on 8

Assembly
i I
Calculation 46-2B 50-2.5-A i 54-2.5-A

_ | |
: |

With aluminum 1.288 1.383 1.290

Without aluminun] 1.301 1,401 1.306

{ Air gap 1.276 . ! —

1 |
| !

In order to determine the effect of the aluminum layer between uranium and the outside coolant layer, we
performed several calculations for the cases where the monoisopropyldiphenyl layer was in close contact with uran-

ium and where aluminum was replaced by an air gap. As can be seen from Table 5, 8 somewhat increases in the
first case and decreases in the second case.

It should be noted that a'certain increase in the theoretical neutron density in approaching the assembly center
is observed in the case of hollow slugs. For instance, calculations of a cell with a 54-1.5-A assembly, where a ma-
terial with a very small cross section ( £ = 0.0025) was placed in the hollow space inside the uranium sleeve, have
shown that the neutron density near the assembly axis increases by approximately 12% in comparison with the mini-

mum neutron density (see the dashed curve in Fig. 3). It can be assumed that this effect is caused by the anisotropy
of the angular distribution of neutrons {8].

For assemblies without a coolant inside the neutron sleeve, the screening number Q is also determined by using
the equation (1, 2]

o=t g afiead v (3],

\
Here A, o, and y are tabular functions of (2VU/Sgut)EU.
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The caleulations were performed for the following cross _séctioqs (em™): .

2V =0.392; =Y =0.275;
32— 0.0842; sS4~ 0.0108:
28 = 0.1546; SNe - 0.0021;
=226 . IM_0.011;
3P020.397, 3% _0.001.

In this, the absorption cross sections were averaged with respect 1o the Maxwellian spectrum:

- S Oa{z)ze X dx

\ xe~% dx ’

where x = E/kT,,.

It should be noted that the distribution of the neuiron density, i.e., of the value of [ n(E)dE is determined in
measurements (see, for instance, [6]) as well as in calculations with the accepted averaging. Therefore, in using
the obtained results for calculating the thermal ﬁtiliiatiqn factor, one should use the absorption cross sections for a
constant temperature, for instance, TE . introducing, however, temperature corrections for the deviation from the
1/v law, : : ;

For assemblies with uranium sleeves whose outside diameters were 4.6, 5.0; and 5.4 cm, the thickness of the
heavy water layer was equal to 5, 5.5, and 6 cm, respectively. Thus, the measurements performed and comparisons
between the experimental and theoretical results have shown that the experimental neutron density distribution in
fuel elements of heavy-water L§eactors with organic coolants are in agreement with the calculation results for the

. . 1 _ 0 m _ q.0
smgle-velocny model with Ty’ = 1.3 T  and T = T

LITERATURE CITED '

1, A. D. Galanin, In the coll.; Neutron Physics [in Russian], Gosatomizdat, Moscow (1961), p. 125.
2. A, Amouyal, P. Benoist, and J. Horowitz, J: Nucl. Energy, 6, 79 (1957).
3. V. V. Goncharov et al, In the book: Transactions of the Second International Conference on the Peaceful Uses

of Atomic Energy. Reports by Soviet Scientists. Vol. 2, Atomizdat, Moscow (1959), p. 243.
4, P, P, Blagovol, In the coll.: Neutron Physics [in Russian], Gosatomnizdat, Moscow (1961), p. 56.

5. V. I. Mostovoi et al, In the book: Transactions of the Second International Conference on the Peaceful Uses
of Atomic Energy. Reports by Soviet Scientists, Vol. 2, Atomizdat, Moscow (1 959), p. 546.
6. R. Deutsch, Nucl. Sci. and Engng, 10, 400 (1961).

1. L. N, Yurova et al. Atomnaya ﬁnerg1ya 12, 331 (1962).

8.

* All abbreviations of periodicals in the above bibliography are letter-by-letter transliter- '
ations of the abbreviations as given in the original Russian journal.. Some or all of this peri-
odical literature may well be available in English translation. A complete list of the cover- to-,
cover English translations appears at the back of this issue.

1126

Declassified and Approved For Release 2013/02/25 : CIA-RDP10-02196R000600110003-4

K, Case, F. de Hoffman, and G. Placzek, Introduction to the Theory of Neutron Diffusion, I. Los Alamos (1953).



Declassified and Approved For Release 2013/02/25 : CIA-RDP10-02196R000600110003-4

CALCULATION OF y -RAY ENERGY ABSORPTION
IN HETEROGENEOUS MACRO-SYSTEMS

B. M. Terent'ev, V. A. Fl'tekov, and D. 1. Dolenko

Translated from Atomnaya Energiya, Vol, 15, No, 5,
pp. 382-286, November, 1963
Original article submitted January 8, 1963

By means of the Monte-Carlo method, a determination was made of the fraction of y -ray energy
absorbed in the elements of a complex heterogeneous system formed by a cylindrical, irradiated
water -equivalent mass, cylindrical y -ray sources located inside or outside the mass, and units of
auxiliary equipment. From the results, various energy efficiencies (e.e) were determined depend-
ing on the y radiation from particular systems which were models of radiochemical equipment,
Results from corresponding experiments were in good agreement with the calculated data. The
program enabled one to find the e.e. for arbitrary macro-systems of a similar type.

One of the problems which arise in the carrying out of any radiochemical, radiobiological, and some medical,
investigations is the determination of total absorbed y -ray energy in the irradiated system. This quantity may be
obtained by integration of the absorbed doses in some volume, but determining the latter, even by approximate
methods [1], presents great difficulty, especially in the case of heterogeneous media, because of the necessity for
taking multiple scattering into account.

A semi~empirical method has been given 2] for the direct determination of total absorbed energy. This
method was based on an analytic determination of the primary, attenuated y -ray flux escaping from the system
(without considering scattering) and the introduction, after comparison with experimental results, of a correction
factor (build-up factor for total flux). This method is very satisfactory for doing engineering physics calculations,
but it is impossible to apply it universally since it is difficult to extrapolate data for a system with small dimensions
to a large-scale system,

An exact analytic solution for the problem of finding both the absorbed dose field and the total absorbed y -ray
energy is possible through the kinetic equation for y -quanta [3], but the techniques for solution have not yet been
completely developed. In cases of complex geometry, it is more convenient to use the Monte-Carlo method which
has been used before {4] for the computation of a similar set of problems.

In this paper, the method and results are given for a Monte -Carlo computation of the absorbed energy distribu-
tion among systemn components which was performed on the "Strela-3" computer. The calculations deal with models
of two typical radiochemical apparatuses of the "tubular heat exchanger” (Fig. 1a) and "fractionating still” (Fig. 1b)
types which are finite heterogeneous systems. Some of the calculated results are compared with experimental data
which was obtained with the K-60,000 equipment described in [6], The initial energy for all quanta was assumed to
be 1.25 MeV (the average energy of the Co® y -tay spectrum). The scattering of quanta with energies less than 0,01
MeV was not considered since the probability of their absorption greatly exceeds the probabilities for all the other
processes, In the range 1.25-0.01 MeV, only Compton scattering and photo-absorption play an important role, The
mathematical simulation of a y -quantum history was carried out in three steps:

1) the simulation of the creation of a quantum, which occurred uniformly over the entire volume of the source
with uniform distribution in direction;
N
2) simulation of the quantum trajectory, which was in the form of a broken line within the finite heterogeneous
system;

3) simulation of Compton scattering, which corresponded to the deflection points in the trajectory, and of
photo-absorption which corresponded to the end of the trajectory.
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The amount of energy transferred to matter by the quanta
was summed separately for each material in the system and ob-
tained from the machine in relative units (Tables 1, 2).

The problem of y -ray penetration was solved similarly [4].

The entire volume of the "heat exchanger™ was subdivided
into a number of regions occupied by different materials. We in-
dicate the cylindrical regions occupied by the source material by
Prg]k. In this notation, m, is the source number in the inner row
(m; =1,2,..., M), and m, is the source number in the outer row
(my =1,2,...,M,). In our case, M; = 7 and M, = 13,

Let by be the radius of the cylindrical regions. The annular
coaxial cylinders which surround a source are indicated by Pil'k
(i =1,2,...,I1-1) and their outer radii. by bj.

2 1 We consider ay to be the distance from the axis of a source
g in the kth row to the central z axis. The external walls of the
% heat exchanger, which are also in the form of cylindrical layers,

are indicated by Qj, and their outer radii by ¢ (i =34,..,1-1).

The remaining volume, which is occupied by the irradiated
liquid, is subdivided into three additional regions: the cylinder
Qp of radius ¢y which contains no sources the axis of this cylinder
coincides with the z axis (cy = a;—bj_), the annular cylinders
Qi (k =1, 2) from which are removed the regions consisting of the
sources in the }gh row together with their surrounding materials,
the outer radius ¢; of region Qy satisfying the condition a, + by_,
= ¢y = ap—b.,, and the outer radius c, of region Q, equaling
the distance from the z axis to the outer wall of the heat exchanger.

Fig. 1. Diagrams of models (dimensions
given in mm): 1) source; 2) irradiator;
3) irradiated liquid; 4) model walls.

Thus, we have) to do with two types of regions (see Tables 1,
2): the regions P(irrlk , where i = 0,1, 2,...,1-1, and the regions Qj
where j = 0,1,...,7-1.

The height of the heat exchanger is indicated by 2h. The probabilities of Compton scattering w, and photo-
absorption w, equal

w=opY we=1p! (@ 4w.=1),

where o and 7 are the vy -ray linear attenuation coefficients for Compton scattering and photo-absorption, respec-
tively. Moreover, in the expressions for ¢ and T, the values which they took at the ends of the straight-line sec-
tions of the trajectory were used. The value of T (in cm™) was approximated for each material by the formula

T=Ra5+T,

where o = E/mc?, which holds for a range of E from 0.02 to 2 MeV according to tests that were made. The values
of the constants R, S, T are given in Table 1. The method of calculation of the quantity ¢ and of the quantum
energy loss through scattering did not differ from that described in [4].

The program was constructed so that it could be used for apparatus of arbitrary dimensions having a similar
type of configuration. 1In particular, the same program was used in this work for the calculation of the distribution
of absorbed energy in the heat exchanger and in the still, In addition, the values of I and J are limited by the re-
quirementsI = 9,] = 6,

The results of the computations together with the original data for the heat exchanger are shown in Tables 1,
2, and they enable one to determine a number of quantities which are of practical interest, particularly the energy
efficiencies for the model given. Thus, the e.e. of the system, 5., which is equal to the ratio of the y -ray energy
absorbed in the liquid, i.e., in all the regions Q]- (j = 0,1, 2), to the energy produced in the sources, is expressed
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TABLE 1. Distribution of Relative Absorbed 7y *Ray Energy A and Relative Energy Loss L, % (regions P;)
0 1 ]_—z—l I 5 | 6 7 s |
egion characteristic Cobalt Aluminur% Air Steel ' Air Steel Air | Brass ~ IPlexiglas
v _ 1 _ :
i b, cu 0. 450 0.575 0.650 | 0.725 | 1.200 | 1.275 | 1.340 | 1.445 | 1.62
'! R 4.05 8.50 18.0 4.48 | 18.0 4.48 | 18.0 3.85 | 16.6
! -8 2.99 3.30 3.25 | 3.04 3.25 3.04 3.25 2.93 3.23
'; 7103 1.3 0.1 o | 13 0 1.3 0 0.7 0
‘. D10 L 6.00 1.95 0.001 | 5.30 0.001 | 35.50 0.001 | 6.10 0.81
0 11.941.3]0.940.4 0 1.740.5 0 2.140.6 0 3.240.7]0.240.2
E k= ko, m =1 {12.8@.2 z.vio s o l1s¥os| 0 12.030.5| 0 12.440.5]0.4%0.2
1.740.5 |0.1:40.1 0  ]0.440.30 0 10.7£0.3] 0 2.140.6{0.240.2
A k= met | {30 .0.1J{;0 1l 0 |oaE0.2| o 1.090.3] 0 |1.40.4(0.5F0.2
' () (——— A = ( = 0 1 0 4 0 r__‘_() 9
. (0.940.4 [0.240.21 0  0.540.37 0 1.540.5 .240.40.54£0.3
| Rk {0.3%0.3 0.1%0.1] 0 |0:3%0.2) o |o2¥o0.2| 0 [1.0F0.3{0.6%0.3
[' 1.4-40.5 0 0 0 0.54+0.3 0 0 0.340.2 Ogtoz
L k=ho, m=1" {1.5}_0.4 0.340.2]0.240.21 0 [1.430.4]0.140.110.240.2[0.720.310.5%0.2 |
] 1 f0.340.2 0 0.140.1 o | 0 0 |0.440.3{0.340.2 0
Ly k=ky ms=1 ‘ {o.;fq__‘o.z 0 0 0 10.540.210.24-0.2|0.230.2 0 0
S [ 0 0.340.2] 0  ]0.140.1{0.740.3] 0  10.240.2/0.3+0.2/0.240.2
| K==Fo ! { 0 o | o 0.640.3] 0 0.3%0.2{ 0 0.740.3
) | |
i i

Note: In the columns where values are given for A and L, the upper row of data refers to the case where the energy

is produced in inner row sources, and the lower row to the case where the energy is produced in the outer row sources.
The calculation of D was done as in [4].

TABLE 2, Distribution of Relative Absorbed y -Ray Energy A and Relative Energy Loss L, % (regions Qj)

: 9 | 1 : 2 3 4 5 i

Re ioncharacteristio‘wu o 1 o !
8 water i water water plexiglas - air brass ‘
i’ i ' o

e, { 4.0 10.0 17.07 17.37 17.46 17.59 |
—ln R t 11.3 1.3 11.3 16.6 18.0 3.85 :
s i 3.25 3.25 3.25 3.23 3.25 2.43
T.103 i 0 0 0 0 0 0.7 !

! i

D10 0.827 0.827 0.827 0.810 0.001 6.10 |
{ 4.440.8 9.441.1 6.441.0 0.140.1 0 1.440.5

4 0.9F0.3 3.370.6 11.4F1.1 0.130.1 0 1.0L£0.3 !

i

L { 3.140.7 6.341.0 5.540.9 0 0.240.2 0
0.740.3 3.440.6 8.3F1.0 0.140.1 0.230.2 0.14-0.1 1

|

through the corresponding ratios Ney and My for the case where the energy is produced in only one source of the
inner and outer rows, respectively, in the followmg manner:

_ M, Met - MaNcp.
Ml-l"— Mz

c=

It is easy to see from Tables 1, 2 that

Yot = (2044 1.6)% *;

- * Here and in the following, we give the standard error.

Moz — (15.34+1.2)%.
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TABLE 3. Absorption A and Loss L of Energy (in %) for Source and Irradiator in a Vacuum (regions Py)

. i ! l
Region charac - ! ) f 1 ; 9 { ) ‘ 4 5 All P,
j teristic | | I oo
NS S . S

CH | i I
| A PO10.340.7 1 L7403 0| 224003 0 L7033 | 15.940.8
| L ;L6103 1 0.340.1 i 0.240.1 li 0.440.1 | 0.8-£0. 04401 | 344004
I i | |
Consequently, Ne = (17.1 £1.0)%. We also computed the

o e.e. of the source, N, and of the irradiator, n; (see Fig. 1),

The quantities ¢ and Tig* Ny are determined by the ratio of
y -ray energy flux escaping from the surface of the source
(irradiator) to the energy produced when the source (source
with irradiator) is located in a vacuum, The values obtained
were: 7 =(88.68 + 0.21)%, n, =(94.9 + 1.2¥e. This in-
dicates that, regardless of the construction of equipment and
irradiator, one can use no more than ~ 89% of the y -ray en-

§ j

™S
‘ i Ak
N
N
|

i
RN

(]| Ay

N ergy emitted by the given source. Similarly, for fixed irradia-

08 tor construction, the maximum fraction of usable y -ray en-
28 — €Igy amounts to ng* N, = 84%. The distribution of absorbed
o4 y -ray energy when the source and irradiator are located in a
42 \4\ vacuum is shown in Table 3,

0 5 0 5 27 com One can experimentally determine the e.e, for the

apparatus 7., i.e., the ratio of ;he energy absorbed in the

Fig. 2. Dependence of apparatus e.e., N4, ON liquid to the energy flux escaping from the irradiator when
source distance from the axis of the apparatus it, and the source, are in a vacuum. The experiment, which
(solid points are experimental values; open was carried out by means of ferrosulfate dosimerry, gave the
points are computed data), Numbers on the following value for M, .

curves indicate values of V in liters; 1) 24; 2)

14, 3) 4.8; 4) 2.2; 5) 0.63, ) Na = ﬂ]_!_i_i(T Mag (‘>2i2)%

Here, 74, and Mg, are the e.e. of the apparatus for the case where energy is produced only in one of the sources in
the inner and outer rows, respectively (Tla1 = (23 + 0.2)%, Na, = (21 = 2)%.

From the definitions given for the different e.e., it follows that NgNNa = M. From that, on the basis of our
calculations, one can obtain the values -
M = (20.3+1.1)%; Nar = (24.2+1.7)%:
MNaz = (18.2£1.4)%.

As can be seen, the experimental and calculated results are in satisfactory agreement.

Experiment, the Monte-Carlo calculations, showed that the quantities n a, and n a, for the heat exchanger
model remained constant within the limits of statistical error when all the sources, except for one or two in the
various rows, were removed from the model. This situation is explained by the small amount of mutual shielding
of the irradiators, Further, in that model, the quantity 1— ng equals within 10% the ratio of the absorbed radiation
energy A(PIK) 1o the energy produced for a given source (see Tables 1, 2). In other words, the fraction of back-
scattered energy reflected from the liquid and the irradiator was small. With the same precision A(PEK) ~ §A(P1k)
where A is a quantity which is computed without taking multiple scattering into account, and £ is the average frac-
tional energy loss which a quantum experiences as the result of a single interaction with matter. For an initial en-
ergy of 1.25 MeV, £ equals 0.47 for almost all materials, It appears that for the given source dimensions, a quantum
undergoes, in the main, no more than one interaction within it,

For the model of the fractionating still (see Fig. 1b), the quantity n, was determined both experimentally and
by the Monte-Carlo method for several values of the diameter d and the distance 2r between the axes of two
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diametrically opposed sources. As Fig. 2 indicates, the experimentally determined values of n, are in good agree-
ment with those obtained by the Monte-Carlo method in this case. Within the limits of error indicated in Fig. 2,
they are approximated by the empirical formula

fa=>51,7-V-exp (—0,135-7),

where V is the volime of the apparatus in liters; 1 is given in centimeters,

Analysis of the results indicated that the statistical accuracy of the results was satisfactory with the simulation
of 200-300 trajectories. Exactly that number of histories was carried out for the solution of each version. Since the
source was the same in all versions, and the determination of source e.e. was involved in each version, then the most
precise value was obtained for the magnitude of source e.e, (the result of 10,085 histories).

Note that the computing time for the history of a single quantum on "Strela-3" was ~4 sec for the heat ex-
changer and ~ 2 sec for the fractionating still. :

With an existing program, the Monte-Carlo ‘method makes it possible to obtain various dara with respect to
apparatus of arbitrary dimensions. The accumulation of such data enables one to expand considerably the applicable
region of the semi-empirical method [2). Through this same method, there exists a real possibility for solving prob-
lems of optimal construction of equipment and of the optimal number of sources and their activities.

The authors thank A. Kh, Breger for his constant concern for this work; they also wish to thank B. I. Vainshtein,
N. A. Krasnoshchekov, and N, P, Syrkus for making experimental data available and for participating in discussions.
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MEASUREMENT OF NEUTRON TISSUE DOSE OUTSIDE
REACTOR SHIELDING

1. B. Keirim-Mar‘kus,vV. T. K‘orneev, V. V. Markelov,
and L. N, Uspenskii

Translated from Atomnaya Energiya, Vol. 15, No, 5,
PP. 386-393, November, 1963
Original article submirted January 12, 1963

RUS instruments, developed by the authors, are described that enable one to measure the flux and
tissue dose rate of intermediate neutrons, which make a significant contribution to neutron tissue
dose outside reactor shielding. The neutron dose composition was investigated in experiments at
the IRT -1000 reactor, and it was shown that it depends essentially on shielding composition. It
was established that the neutron tissue dose computed from readings taken with the RPN -1 instru-
ment were actually too low by a factor amounting to one and one half outside water shielding and
to five outside concrete shielding.

Thermal, intermediate, and fast neutrons each make their contribution to the neutron tissue dose outside reac-
tor shielding. The quality of the shielding is often checked with an RPN -1 instrument which detects only thermal
and fast neutrons, and thereby, the contribution of intermediate neutrons to tissue dose is not taken into account,
This is associated not only with the unsatisfactory development of the intermediate neutron dosimetry problem, but
also with the absence of the necessary instruments [1]. The creation of the RUS* instruments [2, 3] make it possible
to partially eliminate the gap and to evaluate the intermediate neutron contribution to tissue dose outside shielding.

The RUS instruments have two scintillation counters T, and T mounted on an FFU-35 (Fig. 1) and meant for
the detection of slow neutrons. The zinc sulphide phosphor, 7 cm? in area and containing natural boron or B!, which
was used in [4] was used as a scintillator. It is also possible to use the T -1 phosphor {5]. The scintillation counter
T is a compressed disk 1.2 mm thick contairiing 0.5 g ZnS—Ag, Band 1 g of plastic which contains 7 mg/cm2 of
boron, and which is approximately ten times more efficient than T;. Depending on the discrimination level, one
pulse from the counter T corresponds to 0.3-1,5 thermal neut/cm?, This counter is practically insensitive to y-radia-
tion (Co®Y) up to 0.1 r/sec, By means of a Pu® check source mounted in the rctating cover of the counter, the cali-
bration of the instrument is checked at the time of measurement,

In the main, the detection of intermediate neutrons by the RUS instruments is based on two well known princi -
ples [1, 6], one of which consists of shielding the scintillator by a cadmium layer 0.3-0.5 mm thick as a result of
which the detector T becomes insensitive to thermal neutrons but detects neutrons of intermediate energies {(above
0.4-0.5 eV). For Fermi spectrum neutrons ( ~EpY), the efficiency of a thin boren detector covered by a cadmium
filter is 25 times lower than the efficiency of the unfiltered detector for thermal neutron detection [1] in calcula-
tions based on unit flux, Actually, the ratio of the average efficiencies of such a detector for detecting the inter -
mediate neutrons of a Fermi spectrum (€4) and for detecting thermal neutrons (&) is

5105
1.128 3 o dE
51 _ G, 4 i —
?1: P =
T g E
0,4

*RUS-2 (USD),_RUS-3, RUS-4, and RUS-5 instruments were exhibited at the Exhibition of the Achievements of the
National Economy of the USSR in 1957.
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Cadmium

Paraffin
Detector T

FFU-35

Detector

Cadmium . )
Mixture of paraffin

and boron carbide
Detector T

Aluminum
Cadmium

Fig. 1. Neutron detectors of the RUS-5 instrument: T)
slow neutron scintillation counter; K) cadmium cover;

R) moderator for measuring intermediate and fast neu-

tron flux; D) moderator for measuring intermediate and
fast neutron dose. '

since the integral in the denominator equals 14, and the ratio of the magnitude of the resonance integral to the mag-
nitude of the thermal neutron capture cross section for thin detectors (1/v type) is 0.5,

Thus, by placing the detector T, without the cadmium cover, in a thermal neutron flux of known density
T cm?.sec '1, one can calibrate the detector with cadmium cover as an intermediate neutron dosimeter. Since
a flux of 300 Fermi spectrum intermediate neutrons per cm? produces a maximum tissue dose of 1 prem [1], then
the neutron tissue dose rate measured by the instrument will be defined by the.ratio 25 & T/300 = @T/12 prem/sec,
A similar relation is valid for lithium detectors and other detectors which are based on the use of nuclear reaction
with a cross section g ~ En'% ~ 1/v.

If the detector is not thin, i.e., thermal neutron absorption is large, then an intermediate neutron dosimeter
calibrated lg/ the method presented above will overestimate the magnitude of the tissue dose by a factor
o, n(l—e Tn)'l, where n is the number of boron (lithium, etc.) atoms per cm? for the effective thickness of the
detector. This factor is 1.17 for the detector T. The specified method of calibration is valid under the condition
that the intermediate neutron spectrum actually obeys the ~ Er-ll law, This condition is fulfilled sufficiently well
in a number of cases [7, 8). However, if the shielding contains materials with a large slow neutron capture cross
sections, then the Fermi spectrum is depressed in the low -energy region and the calibration factor for the detector
turns out to be too low. The maximum tissue dose per neutron, averaged over the actual spectrum, thereby increases.

Previously, it was difficult to estimate the error which was introduced by the deviation of the actual neutron
spectrum outside the reactor shielding from the ~EI;1 spectrum assumed in the calculations. From a comparison of
the readings from this detector with the results of neutron tissue dose measurements made with other instruments in
various radiation fields, it is clear that this error does not exceed 30% (an example of such a comparison is given
below).

The second pfinciple of intermediate neutron detection which was used in the development of the detectors is
based on neutron moderation. One of the moderators is in the form of a cadmium-covered polyethylene sphere 210
mm in diameter into which the detector T is introduced (see Fig. 1). The dimensions of the moderator are so chosen
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Fig. 2. Dependence of detector R efficiency on neutron energy.

that the efficiency of the scintillation counter with moderator (detector R) is independent of neutron energy, at least
within the range from 25 keV to 5 MeV (with an accuracy of +20%). The detector operates like a "long" counter
of intermediate and fast neutrons with isotropic efficiency,

Curves are given in Fig. 2 for the dependence of detector R efficiency on neutron energy which were obtained
in 1958 with photoneutron sources that were compared with the USSR standard, and which were refined in 1959 with
mornoenergetic neutrons from a Van de Graaf generator. Detector R exhibits a lesser dependence of efficiency on
energy as compared with detectors using cylindrical paraffin moderators 62 and 50-75 mm thick [9, 10].

The configuration of the moderator for the fast and intermediate dosimeter of the RUS-3 instrument (detector
D), selected with the help of photoneutron sources, is in the form of a drop-shaped paraffin mass (250 mm in diam-
eter). Within it is a concentrically located paraffin-filled cadmium shell 150 mm in diameter. The variation of
this dosimeter with hardness is shown in Fig. 3,

In 1959, additional measurements were made a Van de Graaf génerator which made it possible 1o select im-
proved moderator configurations, The dimensions of the internal sphere in detector D of the RUS-4 and RUS-5 in-
struments were not changed, but the external absorbing layer was increased to a diameter of 300 mm and it was filied
with a mixture of paraffin and boron carbide (in a ratio of 10:4 by weight),

As can be seen from Fig, 3, the variation with hardness of detector D in the RUS-4 and RUS-5 instruments does
not exceed 30% in the energy range 0.1-5 MeV. The dosimeter posesses an increased efficiency for the detection
of neutrons with energies below 0.1 MeV. The mean efficiency for the detection of Fermi spectrum neutrons is over-
estimated by approximately 30%. Such a discrepancy is permissable since 43% of the maximum tissue dose from the
intermediate neutrons in the Fermi spectrum falls in the energy range 0.1-0.5 MeV, and only 20% in the region below
1 keV [11]. The variation with hardness of detector D is considerable better than that for detectors with paraffin cyl-
inders 115 mm thick or with paraffin spheres 255 mm in diameter [9].

Measurements of neutron flux and tissue does outside reactor shielding were made with detector T in conjunc-
tion with moderators and cadmium filters. Thermal neutron flux density & was recorded by detector T without
cadmium filter, neglecting possible changes in neutron temperature. The thermal neutron tissue dose rate Py was
determined from the relation 1100 neut /cm®-sec ~ prem/sec [1]. The intermediate neutron tissue dose rate PI
was measured by detector P (counter T with cadmium shield) which was calibrated by the method given above. The
intermediate and fast neutron flux density (#; , ) was determined from the readings of the detector R. The total
neutron flux density ® was determined from the sum of the quantities measured by detectors T and R.

The mtermed1ate and fast neutron tissue dose rate P | +F Vas measured with detector D which was calibrated
by means of a Po— Be source, Calibration was made on the basis that neut/cm?-sec was equivalent to 1 urem/sec,
The total neutron tissue dose rate P was determined from the sum of the measurements with detectors T and D. The
fast neutron tissue dose rate PF (neutrons with encrgies En > 1.5 MeV) was estimated with the RPN -1 instrument
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Fig. 3. Dependence of detector D efficiency on neutron energy: 1) maximum tissue dose per unit neu-
tron flux, x 0.72° 10" rem/neut-cm 2 [1, 2]; 2) neutron detection efficiency of detector D in RUS-4
and RUS~5 instruments; 3) neutron detection efficiency of detector D for the RUS-3; 4); 4) variation
with hardness of detector D in the RUS-4 and RUS-5 instruments; 5) variation with hardness of detector
D for the RUS-3,

which was calibrated simultaneously with detector D and which discriminated against as much as 50 uc /sec of Co®®

y -radiation. It was assumed that 25 neut/cm?-sec corresponded to 1 prem /sec for flux densities measured with the
RPN-1.

Besides neutron flux density & and neutron tissue dose rate P, the measurements made it possible to determine
the contribution to the tissue dose from thermal, intermediate, and fast* neutrons recorded by the RPN -1 instrument.
In addition, from the specific absorbed dose (P/®), the mean neutron energy outside the shielding (averaged over
dose contributions) was determined by means of curve 1 (see Fig. 3). The error in the measurements was determined
by the variation with hardness of the detectors, and did not exceed +25 %. The presence of accompanying radiation
(y -radiation, intermediate neutrons during thermal neutron measurements, etc.) in no case gave an error larger
than 3%. The statistical errors of the measurements also did not exceed 3% except in cases where very small neutron
fluxes were recorded (especially with the RPN -1 instrument).

The results of measurements made at the IRT -1000 reactor of the I. V. Kurchatov Institute of Atomic Energy
[12] operating at a thermal power of 1 MW are given in Table 1 for the points shown in Fig. 4. The shielding of
IRT reactors, which are quite common both in the USSR and abroad, is characteristic, within known factors, for

- many industrial and research reactors. Therefore, the results and the comparison of the readings of the various de-

tectors are of rather great interest,

The data in Table 1 indicates that the neutron tissue dose rate at the time of measurement was much less than
the permissable limit in all irradiated reactor locations,

The quality of neutron shielding is usually determined by the attenuation of a flux of fast neutrons with en-
ergies of several MeV. However, one should consider the fact that the build-up of intermediate and thermal neutrons
in the outer shield layers also plays an important role in the formation of the dose field outside shielding. ‘The fact
that the contribution of intermediate neutrons is considerable is worthy of attention. Thus, when the shield consists
of concrete (see Fig. 4 and Table 1, points 1-5), 50-60% of the tissue dose is contributed by intermediate neutrons,
and the contribution of intermediate and fast neutrons amounts to 90-98%. Outside shielding with a high hydrogen
content {points 12-14), 35-40% of the tissue dose is contributed by intermediate neutrons, and 35-65% by intermediate

* Here, and in the following, fast neutrons are considered to be those neutrons with energies above 1.5 MeV,
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TABLE 1. Results of Neutron Tissue Dose Measurements Outside the Shielding of an IRT Reactor (location of measurements shown in Fig. 4)

Therman neutrons ;‘;‘lirr?:sdi“e Intermediate and fast neutrons Fast neutrons Neutrons of all energies
% T P R D B R and P RPN -1 T andR [T and |T, andR
§ 5| I i “L+F Prer |G| B | eF| R o P po | Ep
2 s S
is neuts/cm ™ rem/sec| o, [uremhec| o (neutsfemT’ rem/sec| 9% |rem-cmfkev S?nu-t%/ kev |, ,nemS/cm Brem/ rem-cm ey
=2 sec - sec }sec sec sec - |neut
‘ | : J
1 25 0.023 11 0.12 60 23 0.18 90 8.1079 100! 1 0.04 20 | 48 0.20 4-107% 140
2 10 0.009 7| 0.068 52 5.8 0.12 92 2.1078 400 <1 [<0.04 — 16 0.13 8.107% {100
3 2.6 2.3.1078 4 0.033 51 1.5 0.062 | 96 4-10°8 1000 <t [<0.04 — 4.1 0.065 |1.6-1078 | 300
4 0.4 3.6.1074 316.5.1078 46 0.6 0.014 97 2.1078 4000 <1 1<0.04 — 1 0.014 |1.4-10°8 | 200
5 1.3 1.2.1073 2 0.035 51 1.3 0.068 98 5-1078 >IOOO‘ <1 |<0.04] — 2.6 0.069 |2.7-1078 | 600
|
6 2500 2.3 24| 3.3 35| 210 7.2 76 13.5.108| 900 — | — | — | 2700 9.5 |3.5.1079 |30
7 3.9 | 3.5.1078 5| 0.029 39| 1.9 0.072| 96| 4.108] 1000] <1 !<0,04| — 6.8 0.075|1.3.1078 [200
8 50 © 0,045 13 [ 0.17 47 19 0.3t 87 | 1.5.1078 |  250| <1 [<0,04| <11 69 0.36 |5.2.1079 | 60
9 0.6 5.107¢ L— 0.003 — <0.05 | <0.01 — —_ — <1 — — 0.6 (>5.1074 — -
9a 2.0 | 2.1073 — 0.003 — | <0.05 |-<0.01 — - - <t — — 2 |>0.002 a— —
10 0.75| 7.10°¢ — 0.004 — | <0.05 0.031 | — — — | <1 r — — 0.75| 0.036 — —
11 6 900 6.2 16 24 62 1700 ) 33 84 2:1078 400| 230 9.2 24 8600 39 |4.5.107® _45"
12 810 0.74 24 1.8 58 97 2.4 76 {2.5.1078 600 10 0.40 13 910 3.1 3.4.1079 30
13 620 0.56 40 0.50 36 47 0.80 57 [1.5-10°8 250 8 0.32 23 670 - 1.4 2.140"9 57|
b7 880 0.80 | 33| 1.0 | 42| 97 | 16 67 )1.5-10°8 | 250| 12| 0.48/ . 20| 980 | 2.4 |2.5.107 |50
15 1650 1.5 4] "33 97 160 32 94 2.1078 400| 380 | 15 44 1800 34 [1.9-1078
16 | >19000” >17 >4 330 <82 | 15000 380 <95 12.5.1078 600] 2800 (110 28 |>34000 | >400 —
17 11 500 10.5 23 22 49 2100 34 76 11.5-1078 250; 300 | 12 27 1 14000 45 13.2.1079

Note: The increase in neutron tissue dose. rate at points 11-17 may have been caused both by streaming through the plugs closing the vertical channels and by
lowering of the water level in the pool at the time of measurement,
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Fig. 4. Location of neutron tissue dose rate measurements outside the shielding of an IRT -1000 reactor: a)
vertical section; b) horizontal section through center of the core; c) plan of the reactor pool (A is the re-
actor core); 1) at a pump location close to the shielding, ~ & m from the core (concrete external shield-
ing layer); 2) the same location, 6-7 m from the core; 3) on the second floor close to the shield, ~ 5.5 m
from the core (concrete external shielding layer); 4) close to the shield at the first horizontal channel,

4 m from the core (concrete external shielding layer); 5) above the fourth horizontal channel, 4 m from
the core (concrete external shielding layer); 6) beside the open thermal column channel (the channel was
especially opened for making the measurement); 7) in a working area with gate open on the first channel,
in which thermal neutrons and y -rays are absorbed; 8) staircase area on the second floor while the ther-
mal column channel was open (the channel was specially opened at the time of measurement); 9) in the
working position of a console operator; 9a) in the working position of a console operator with the thermal
column channel open; 10) room No. 8, one of the laboratories on the second floow, 20-25 m from the
core; 11) above the surface of the pool, beside the shielding control system area (water shielding); 12)
above the central part of the pool; 13) above the far end of the pool; 14) at the pool intake on the third
floor; 15) above the vertical biologic channel; 16) above the fifteenth vertical channel; 17) above the
first vertical channel. '

and fast neutrons with energies up to 1.5 MeV., Therefore, the relative contribution of the three parts of the neutron
spectrum depends significantly on the composition of the shielding, or, more precisely, on the composition of the
external layer several relaxation lengths thick.

On the basis of a generalization of a number of experimental results, Table 2 gives the approximate composi-
tion of neutron dose for three types of shielding materials. The range of values shown in the table reflects the varia-
tions in neutron dose composition from point to point outside actual reactor shielding but does not include the error
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TABLE 2. Composition of the Dose from Neutron Radiation Outside Re~
actor Shielding (in percent of tissue dose from neutrons of all energies)

Neutrons :
_ | Jintermediate - { fast
- Shielding type thermal | 1r;1teedri;tei pius fast < 1,5 |>15
T MeV 1 MeV
{1. Concrete -] 4-10 {50-60 70-85 10-20
|1, With high hydrogen con- | ‘
tent (water, polyethylene)| 20-40 | 30-60 |  35-65 15-25
111, Containing slow neu- ‘ v
tron absorbers 2-10 1 60-80 | T0-90 5-20

which may be introduced by the variation with hardness of the instruments used, From this data, it follows that neu-
tron dose measurements outside reactor shielding with an RPN -1 instrument, which detects only thermal and fast
neutrons, lead to an underestimate of the total neutron tissue dose by one and one half to the times. Consequently,
it is necessary to apply a correction factor to the measurements with an RPN -1, increasing the tissue dose values ob-
tained by five times for type I, by one and one half times for type II and by ten times for type III shielding (see
Table 2).

Comparing the results in Table 2 with the estimates in [6], one is convinced that, according to the calculations
for water or concrete shielding 50 cm thick, the contribution of intermediate neutrons to tissue dose is less than out-
side the shielding of an actual reactor although the calculations [6, 8] correctly indicate a lower value of intermediate
neutron contribution for water shielding. From Table 1, one can also see that the results of the measurements with
detector P deviate slightly from the difference of the readings from detectors D and B (points 1, 11-14) and are 1.3-
1.8 times less than those of detector D which, in contrast to detector P, overestimate the intermediate neutron tissue
dose rate. From such an analysis, it follows that detector P can be used as a crude intermediate neutron dosimeter
suitable for measurements outside reactor shielding.

Using the principles on which the creation of detector P was based, one can adapt the RPN -1 instrument for
intermediate neutron dosimetry. General}y, any sufficiently sensitive slow neutron detector, based on the use of
nuclear reactions with cross section ~E_ 2, can be used as an intermediate neutron dosimeter if the detector is sur-
rounded by a thermal neutron absorber. One can calibrate such a dosimeter by the method given above.

Personnel dosimeters for intermediate neutrons can also be produced by a similar method,

The method presented for the analysis of neutron dose composition makes it possible to determine rapidly the
dose contribution of the three neutron groups. By employing a larger number of neutron absorbers and moderators
with different, but known, spectral characteristics, one can obtain more detailed information about the neutron dose
composition or energy spectrum using a system of equations of the form: Nj = £ Ej@j where N; is the counting
rate of the ith counter; €4y is the mean efficiency (or dose sensitivity) of the ith counter for the jth portion of the
neutron spectrum; ¢. is the neutron flux or tissue dose rate in the jth portion of the spectrum, Such a method offers
additional possibilities for studying the composition of neutron radiation,

The authors wish to thank I. E. Kutikov for taking upon himself the task of calibrating the photoneutron sources,
Yu. F. Chernilin for providing such favorable conditions for carrying out the measurements, and L. N. Smirennii,
A. N, Serbinov, O. O. Lashuk, and A. A. Kutuzov for helping to calibrate the RUS detectors.
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KINETICS OF THE SWELLING PRODUCED IN FISSIONABLE
MATERIALS BY THE SEPARATION OF THE GASEOUS PHASE
FROM A SUPERSATURATED SOLID SOLUTION

V. M, Agranovich, f. Ya. Mikhlin, and L. P, Semenov

Translated from Atomnéya ﬁnergiya, Vol. 15, No, 5,
pp. 393-403, November, 1963 ‘
Original article submitted August 16, 1962

When fissionable materials are irradiated with neutrons, under certain conditions a supersaturated
solution of inert gases is formed. There is intensive separation of the gaseous phase, accompanied
by the formation and subsequent growth of a large number of gas pores, In the present work, mak-
ing quite general assumptions regarding the manner in which the gas pores are produced, wie in-
vestigate the kinetics of the diffusion process of their formation and growth, resulting both from
the color of the material under the effect of the gas pressure in the pores and from a mechanism
related to the diffusion of vacancies to the pores, In the latter case it is assumed that the influx
of vacancies to a pore is correlated with the influx of gas atoms in such a way that the pressure
of the gas in the pore is brought essentially into equilibrium with the pressure caused by surface

* tension. We obtain an asymptotic solution of this problem and find the asymptotic behavior of
the number of pores and their average dimensions, as well as the asymptotic law governing the
increase in volume (the swelling).

1, Introduction and Statement of the Problem

Considerable attention has been devoted in recent years to the swelling of fissionable materials as a result of
irradiation, since it is just this phenomenon that prevents high burn-up at high temperatures and thus creates diffi-
culties in the economically expedient utilization of nuclear energy. The work "swelling” generally denotes a con-
siderable increase in the volume of the fissionable material which takes place at high temperatures either during
the process of irradiation or after a prior low -temperature irradiation. The mechanism of swelling is very com-
Plicated. The phenomenon is evidently caused by a number of processes whose relative complexity results both from
the properties of the material and from the conditions of irradiation. Unfortunately, the experimental data accum-
ulated so far are insufficient for drawing unequivocal conclusions as to what processes are responsible for the swelling
of a given material under a particular set of conditions,” Nevertheless, definite ideas have been developed by this
time with regard to the essential nature of the processes taking place in swelling. Thus, for example, the role played
by the diffusion of gaseous fission products has been generally recognized, As the gas atoms diffuse, they enter the
pores that may be formed in the material during irradiation or during the annealing process taking place after irradia-
tion, In certain cases these pores exist in the material even before irradiation. In the present study we shall consider
only the increase produced in the volume of the material by the growth of the gas pores. The question of what con-
tribution to the swelling is made by the expansion of the lattice resulting from "solid" fission products® and by the
bursting of the grain boundaries, as well as by many other factors, will not be considered in the present article,

* Itshould be noted in passing that the increase in volume produced by nongaseouﬁ fission products is not a linear funce
tion of burn-up and can be considered approximately linear only for sufficiently low burn-up values. If the nonlinear-
ity of the volume increase is taken into consideration, we find that its values are somewhat lower than those obtained
by the linear approximation. These considerations are fairly obvious and are mentioned here only because they have
not yet been reflected in the studies devoted to swelling, In such studies, the swelling caused by solid fragments is
usually characterized by the ratio of volume increase to burn-up, that is, a linear relationship is implicitly assumed.
Such an approach, however, may cause serious misunderstandings, Thus, for example, it is stated in 3] that for UO,
the results of theoretical estimates of this ratio (1-1.5% uranium atoms fissioned) do not agree with the experimental
value which amounts to 1/3% for 1% uranium atoms fissioned when the burn-up value is 52%. But there is no con-
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A very important question for the entire problem of gas swelling is what mechanisms produce the growth in
the gas pores. According to one idea [1], the gas accumulated in the pores produces a considerable pressure in them,
to that there is a deformation of the material caused byitscreep. From this point of view, the swelling is related
chiefly to the decrease. in the creep resistance of the material as the temperature increases.

| In [2] the kinetics of swelling is considered on the basis of the above-described ideas. In order to simplify the
| calculations, the authors neglected the time needed for the diffusion of a gaseous fragment into the pores and as-
sumed that the bubbles form a rectangular lattice. The swelling value was defined as the increase in the volume
of a sphere with a radius of (3/4 m)%s, where n is the pore concentration at the center of which is a spherical
bubble. It was taken into consideration that a plastic zone may be formed around the bubble at stresses above the
yield point; in addition, a correction was made for the fact that the ideal gas equation could not be used for small
‘ bubbles, since the gas pressure in these may be high. In the calculations the authors used the creep constants ob-
tained from tests made on large specimens of unimadiated uranium, They found, however, that their volume in-
crease values in the 450-650°C region were lower than those experimentally observed.

In [4], using a model that assumed that pores were already present in the homogeneous fissionable material,
equations were formulated that made it possible to describe the kinetics of the diffusion and accumulation of gase-
ouse fragments in the pores and the growth of the pores under the influence of the pressure produced by the gas. It
was assumed that the deformation of the material around a pore may result both from plastic flow and from creep.
In that study we introduced the concept of the time required for the start of the swelling and showed that the bumn-
up during the time preceding the start of the swelling could serve as a criterion for judging porous fissionable ma-

!' terials from the viewpoint of their susceptibility to swelling, The time required for the start of the swelling was
found to be function of the burn-up rate. .

Another viewof the mechanism of swelling is based on the assumption that the gas pressure in a bubble is essen-
tially balanced by the surface tension, so that the growth of the bubble takes place not because\ of any creep deforma~
tion or plastic flow in the material but because of the influx of vacancies into the pore [5].

We consider below the problem of swelling in a material when the generation of pores is taken into account.
For the sake of simplicity, we shall assume that all the pores are spherical and that a gaseous fragment that has
reached the surface of the pore is retained by it, while the flow of fragments out of the pore may be neglected. We
are interested in the volume increase that results from the growth of the gas pores and has the form

AV = _43£ S @*f (o, t)do. (1
0 : ’

Here f(p, t) is the function describing the pore distribution according to size at time t ; p is the radius of the pore.
Thus, the total number of pores is

£y = ,t do.
N (o) § f (@, 1) do @
The function f (p, t) satisfies the continuity equation
af .
3 +div(f v,) =¥ (o, t), )]

where Vp = dp/dt is the velocity of displacement of the pores in size space; ¥(p, t) is the rate of generation of pores
with radius p at time t. The change produced in the function (p, t} by the coalescence of pores will be neglected.
| It is assumed, moreover, that the medium is homogeneous and that there are no temperature gradients.

tradiction here. The fact is simply that for such high bumn-up values the increase in volume can no longer be con-
sidered a linear function of bum-up. The value of 1/3% for 1% uranium atoms fissioned, found for this burn-up value,
does not in fact characterize the variation in the volume increase as a function of burn-up; it merely indicates that
at a concrete burn-up value of 52% the UO, volume has increased by 17%.
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Let us assume that all pores have radius p, when they are generated. Then
yr . : -
@ D=v(1b(0q). @)

In order to make clear the nature of the function y (t) we must consider the mechanism of gas-bubble generation.
Unfortunately, at present this question is by no means adquately understood, and here we shall confine ourselves to
describing the fundamental ideas that exist today. In general, pores may be produced in either a heterogeneous or a
homogeneous manner, Thus, for example, there may be heterogeneous generation of pores along lines of disloca-
tion, at inclusions of a second phase, at fission peaks, etc. In the latter case, in particular, the rate of pore genera-
tion is determined by the burn-up rate and is not directly related to the supersaturation of a solid solution by fission
products. The ﬁomogen‘eous generation of pores may be importantin cases where the concentration c(t) of the gas
dissolved in the material is far higher than the equilibrium concentration. The appearance of nucleation centers

in this case is determined by the probability of the formation of a complex consisting of some number 7 of gas
atoms, where ! must be such that the complex will have a sufficiently long lifetime and be able to capture 7 + 1
gas atoms, It is quite clear that the rate of formation of the nucleation centers of the new phase will increase as
the concentration of gaseous fragments in the crystal increases and will evidently be especially large near lines of
dislocation, where, in accordance with the calculations of Greenwood et al, [6], the concentration of fission frag-
ments may be about 10° times as high as elsewhere in the lattice. Different mechanisms of pore generation, in gen-
eral, lead to different types of variation of ¥ (t) as a function of c(t). However, without analyzing the microscopic
processes leading to the formation of pores, we may use the following expansion, which enables us to represent a
fairly wide class of functions: '

‘P(t)=z_11 & (¢ co), 5)

where cg is the equilibrium concentration of gas in the material.t Using Eq. (5), according to which the rate of
formation of pores with an initial radius p, at time t is determined by the concentration of gaseous fragments at
that time, we assume that the interval of time in which a center matures 1o a micropore of radius p, (sec Section 4)
is small in comparison with the characteristic time during which the concentration ¢(t) of gaseous fission fragments
changes substantially. In this connection, it should be noted that the way in which c(t) varies with time is con-
siderably affected by the experimental conditions. Thus, for example, if the conditions are such that the formation
of gaseous fragments begins at some instant of time t = 0 and then continues at a fixed rate, the concentration c(t)
will first increase to some maximum value and then gradually decrease, In this case, the characteristic time may
be taken to be the time required for c(t) to reach its maximum value. Evidently this time depends not only on the
coefficients of diffusion of the gaseous fragments, but also on the rate of formation of fission fragments, etc.** For
this process the gas concentration c(t) satisfies the equation A

i=s

g dabe(t) \ of (o 1) do, (6)

1)

where a is the rate of formation of gaseous fragments per unit of volume and D is their coefficient of diffusion. The
systemn of equations (3), (5), and (6), together with the equation for the determination of v_ makes it possible to
solve completely the problem of the swelling of fissionable materials, using fairly general assumptions on the nature
of the generation and growth of pores (the actual form of the equation for determining v, depends upon the mech-
anism of pore growth),

t1In the stages of swelling that interest us the gas concentration c(t) is considerably higher than its equilibrium value
Co; consequently, we shall hereafter neglect c, in comparison with c(t). For the same reason, processes of the
coalescence type [7] do not play an significant role under these circumstances (high degree of supesaturation), The
latter statement does not apply to the conditions that may arise during the last stages of annealing, when c(t) ~ ¢,
which was the case considered in [8]. :

1From the assumption we have made, it is clear that the quantity p, should define a minimum pore dimension such
that the fragments contained in the pore may already be regarded as a gas.

* * For a more detailed discussion of the applicability of the expansion (5), see Section 4.

1142

Declassified and Approved For Release 2013/02/25 : CIA-RDP10-02196R000600110003-4




Declassified and Approved For Release 2013/02/25 : CIA-RDP10-02196R000600110003-4

2. Swelling Caused by the Diffusion of Vacancies

Let us consider the kinetics of swelling on the assumption that the growth of gas pores takes place as a result
of the diffusion of vacancies to a pore, this diffusion being correlated with the influx of gas atoms in such a way that
the pressure of the gas in the pore is approximately equal to the pressure produced by surface-tension forces.

In general, the pressure p of the gas in a pore is balanced by the pressure of surface tension and the stresses in
the material, so that when there is mechanical equilibrium,
2y,
P =57 Oope ' (7)
where y is the coefficient of surface tension and ¢ D is the component of the tensor of the stresses on the surface
of the pore.t+ Consequently, the theory developed in this section corresponds to the case where %p << y/p, so
that o

o S o (8)
This is characteristic for sufficiently small pores, as well as in the cases when the intensive diffusion of vacancies-to

the pores prevents the establishment of any significant stresses around them.

In order to make allowance in the case of small bubbles for the deviation of the gas from the ideal case, we
shall use the following equation of state:

pIV(t)—Vem(t)] =m(t) kT, 9)
where V(t) and m(t) are, respectively, the volume of the pore and the number of gas atoms in it at some instant of

time t; Vq is a volume of the same order of magnitude as the volume of a gas atom; T is the absolute temperature.
Substituting (8) into this, we differentiate the resulting equation with respect to time. Since

dm (10)
BAMATIRY 4
ot =4l (1) ¢ (t). .
we find
_ 9 o B N,
=G =B (e (L), | a1
.t ThOQg
. 3 DAT R Ty 2V
B(l)=>2"0 @ Ly B o SN0
(1) =7 Yoo -(\ 0 / (14%90)2 v TR T YT, (12)
’ . 0 :

Here xypq is a critical pore radius such that when p >> xypy, the gas in the pore may be regarded as ideal, but when
P = Xgpg, the deviation of the gas from the ideal case must be taken into account.

We introduce the dimensionless variables

0 :
T D=5\ c¢(t)dt. (13)

(=R B N

In terms of these variables, Eq. (3) becomes

o 8 7,1
WLr?_r(f_Q_ =@ (w)d(z—1). (14)
Here
(@)= DG @, | a5
=1 .
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~ The solution of Eq. (14) is readily. found by means of the Laplace transform:

[ 06 -D@ID=T ()20, ®>T () 16)

P, ) =-
,( s 1 o o D < T (),
where: | | .V |
N | B
= 0,2 <of Pl = \ Qe an

The resulting expression for f( &, x), together with Egs. (12) and (17), allows us to assign a simple physical meaning
to the quantities T(x) and * =T (x). If ¥ is dimensionless "time," then T (x) may be regarded as the age of a pore
of radius x expressed in the same dimensionless units as ®. Then the quantity & — I"(x) represents the moment of
generation of the pores which have radius x at time . Using such an interpretation of these quantities, we can
readily convince ourselves that the function (16) we found for the size distribution of pores is in complete conformity
with the physics of the process we are considering. Indeed, it follows from Eq. (16) that the number of pores with

-radius x (having age-T'(x)] at time & is determined by the pore generation which took place at time & —T(x). Sub-

stituting (16) into (6) and taking (13) into account, we obtain the following integro-differential equation for finding
the concentration ¢(®): '
ST o

‘ de ) 5 T _‘
Be (D) 71—&5 = — 4nDe () o2 \ (D -y (y)dy. e
0 ) /

Thus, the problem of finding the distribution function f(p, 1) reduces essentially to the solution of this nonlinear

equation.. It is impossible to solve this analytically over the entire range of values of . However, in view of the

fact that what is of greatest practical interest is the behavior of the distribution function for large values of tume,
we shall now try to find an asymptotic form ¢(®). For largé values of ¢ the cxpression c(®) dc/d# appearing in
Eq. (18) becomes much less than a.tt On the other hand, for large values of & the quantity c(®) decreascs as
increases, so that the function (&) is approximately equal to the first nonzero term of the sum (15). (The sub-
script of this term will hereafter be denoted by ,.) In accordance with (5) and (15) the quantity 1, may take on
the values 1, 2, 3, etc. If 7; =1, the asymptotic behavior of o(®) is readily found from Eq. (15):

“

@ (D) = Bi:,) = const. (19)

When 7; = 1, the asymptotic behavior of w(®) can be determined by simply considering tt:c equation obtained
from (18) for large values of & (see Appendix I, 1):

4]

! . d . . v
o PR@) = HO @—y+Demay. o (20)
<Dy .
where
g Dy
q,, = ‘nDg; {ZQO ]lrl s H=\ (g dy. (21)
- Sl - -

1}

The solution of this equation is of the following form (see Appendix I. 2):

+1+ We shall assume that the asymptotic behavior of ¢(®) begins when & > ;. Moreover, $; must be such that the
feol

1
average pore size  \ «f(z, ®)dz corresponding to it is much greater than x.
i
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7w N\ s {

CO={7,) e HTE
¥ 7 N\\l—ll 1 ’ ’
o (@)={"" 5 T )
) [e}] . v‘ |
. @,

Knowing the asymptotic behavior of ¢ (&), we can show that for large values of time B| c(®)dc/d @] isin fact less
than a.

} To make it clear how the distribution function varies as a function of time, let us consider the quantity

dlxmax ~ x(2)}/d® for large values of &, where, in accordance with Egs. (16) and (I 3) the maximum bubble
size is _
max (@) =d, - (23)
and
[e0]
£(®) =5 = af (v, ©)dr |
N(D) ) o " (24}
0

Using (2), (16), (19), (20), and (22), we find that for large values of &

0, 1;>3
_,ﬁ, "L_) —_ O, ll =

1

Z ) ll =1

Thus, for {; = 2, the quantities x5 and X increase at a uniform rate as & increases. Under these conditions
the curve of the distribution function is displaced parallel to the x-axis without any significant changes in shape.
For I, = 1, x increases more slowly than x .. The reason for this is that the graph of the distribution function not
only shifts along the x-axis but also rises somewhat in the region of smalil values of x. This is understandable, since
_ for large values of & the generation of pores for the case I; =1 will be more intensive than for the case 7 = 2, as
| a result of which the relative contribution of the pores with small radius will become greater.

dD ([max
»

Using (13), (15), (19), and (22), we find the following relationship between & and t for large values of time:

3aB2 1/3 :
= ty J. 1.
<2nD§,go .3’ Li=1;

T 1/s

<2nDQO_§2 t, hL=2 . (25)

|

‘ - /2
‘ <2nDQ(2,N> >3.
|

Knowing the asymptotic form of the functions f(x, ®) and &(t), we can now find the law governing the varia-
tion of volume as a function of time for large values of t:

AV:lf-ngg(g—l 3B2 )4/3(“)4/3’ Lets

D2 [In P =

4DE 100
av="" */2“ " @3 [In @), 1, =2; [
2B3 1/2
AV =R (S ) atyh, >3, Jl

Taking account of formula (25) for I, = 2, we can easily see that AV will increase as a function of time somewhat
more slowly than %2 and more rapidly than t. It can be shown that for sufficiently large time values of the total
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number of pores N(t) will increase with time as 8 if I; = 1 and somewhat more slowly than thif 1,=2. For
7y = 3, from some moment on we will have N(t) =~ const.-

3. Swelling Caused by the Creep of the Material

In this section we shall calculate the amount of swelling caused by the creep of the material taking place
under the influence of the gas pressure in the pores. In calculating the quantity v, that appears in Eq. (3), we
assume that the material is homogeneous and that the distance between pores is:large in comparison with their
dimensions. Then the distribution of the stresses around a pore may be regarded as spherically symmetrical. In

this case the non-diagonal components cgg, og. ot of the stress tensor are equal to zero, and o 6" Tvo
In order to describe the process of creep in the material we use the following material we use the fo?lowing
formula relating the creep rate e, = dv /dr to the intensity of the tangential stresses %99 " O
(G000 p)" -
By = — _.g;{_"_.v , . @27

where A and n are constants determined by the properties of the material, the temperature, etc. Since the creep”

deformation is not related to the change in volume, we find for the radial component of the deformation rate v:

. dv Ur = ¢
divv=—L 42 -2=0, (28)

and hence

Tt (29)

The stresses O and %96 satisfy the equilibrium equation

dGrr | o Orp—0gg : 30
dr -+—2 r =0 30)

with the boundary conditions
Urr ‘r:p = - p, 0'rr Ir:oo = 0. ‘ (31)

Solving this equation and taking Eq. (27) and {29) into account, we find that

'1/3 nin—

Up = "2— \«\Z{ Q 2 n (32)

Assumning that the gas in a pore satisfies the equation of state of an ideal gas

4 : : '
5 @p=m(t) kT, | 63

we find

LN VAR A 1
_Q_> — 3n ) /nm ®).

dt T 8an \ (24 (34)
Taking account of (10), we differentiate Eq. (34) with respect to time:
d /de3nN\tm  (3n41) B/ , (35)
dt _dt_> - (n1-1) e, Bec (1),
where ’ : - oy
B QKT Dv _ n--1
T T o 2" (3p 1) 02 vV=—".
224)' 7 (3n--1) 03 z (36)

This equation describes the increase in the pore radius p as a function of the creep strength of the material, the
velocity with which the gas flows into the pores, and the time .
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We introduce the dimensionless variables
t
J;:EQ-A, D = BV \ c“”(t)dt. ) (37)
0 ..
0

In terms of these variables, Eq. (35) may be written in the form (see Appendix II. 1):

[4s .
‘ 2
.T"’/v— 1 = - si/’V»(D’
| vdg “ (38)
Do ) o
X ¥ —(———) ( 0)-—(3n+1) sy 1LV , .
N [1 ( ) )J» ((D )J d(D ,
where .
TS P QI ~ I Gk A2 L)) o

c(®) _441 (-1 (d1ng)
J:

@, = ®(ty) (here tg is the time at which the pore was generated). Equation (38), which defines the variation of x
as a function of &, is very complicated. The situation is simplified, however, by the fact that — as will be proved
later — in Eq. (38), for & » &, we may assume approximately that

$ (D) = s = const (40)

- . : (D
and neglect the quantity 7}(60)) S(((D‘;)x—@n*i)

(@) in comparison with unity. Using this approximation, we find

a2y — = %s},/" (@ — Dy). | (4D

Since we assumed that all the pores have the same radius py when they are generated, it follows that the equation
of continuity for all p # p 4 has the form ’

e (fo,) = 0. (42)

Consequently the number of pores of radius at time t is equal to the number of pores of radiusl at the t,. If we take
t and tq (instead of t and x) as the variables in Eq. (42), the distribution function F(t, t,) is equal to the number of
pores formed at the moment 1, i.e., :

F (t, to) dto ='lp (to) dto.

The distribution function F (t, t;) is evidently related to f(p , 1) by the formula (43)

F(t, to)dto=f (0, t) de (44)

Substituting (43) into (6) and making use of Eq. (37), we find that the gas concentration c(¢) satisfies the following
equation:

BV ddqc)
a--4nDogc (D) i?'a:((l), @,) @ (D) dDy, (45)
where ' 0
§ (@)= 3B Py (0). »

This equation cannot be solved over the entire range of the values of the argument . We shall therefore try to find
the asym>totic behavior of ¢{&). By a process of reasoning similar to that of Section 2 [see the part following Eq.
(18)], we can reduce the problem of finding the asymptouc behavior of ¢(&) to the solution of the following inte-
gral equation:
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1)
/2 \ i ' ;
»—-\‘ Bu=V socp”“ Va= (D) < [fﬂb""zw'—g <®—y+% s;“’”)‘/z-fp(y) dy] (4m)
@,
where
B ia Ezl vl'f'—.T E & o (48)
bu =5 ber ( Bl/v) S ?(y) dy.
0

The solutions of Eq. (47) for different values of 7, are of the following form (for a more detailed discussion see
Appendix II, 2). ‘

Y v/2 2f
o G0
, , - .
Ly, 1= _\t'(i—t)”/zt"' dt, f:.@._ ;
(@)= e A H_ZZ hd (49)
Y Vso(v+2) 1n®> <E> :
vl = 3.
B Vh-— ' v111
L
( N <N1/30 > <)‘D>
vl > 3.

The asymptotic expressions found for (&) enable us to determine the accuracy of the approximation we used
for x(¢) [see Eq. (41)] and to find the constant sy, For this purpose we set up the relationship between the gas con-
centration c(®) in the material and the "time" & for large values of &, In accordance with (46) and (49), we find

;(m) - [ éw (G_)w‘a“. )‘-iﬁ | ]@a‘—';-,» )

RTINS
vl < 33
v
BV NYE £ 2By \»T:f
(D) = (V ) (=
2%, Vs (vh2) S
1 Wl =3 (50)
fD"/Z[ln(D]V"’Z
(& [ Vv V2
) <4wg(,1/'s;1v)<2cb,/ ’
’Vl1>3.

Substituting (50) into (39) and taking (21) into account, we find that for values satisfying the inequalities & » &,
&, < &, < &, wehave . _ . —_ ‘

1
s(@)=sp —3 2 Wl >3, (51a)
[(3n+_1)7+1]
where
1
30:1“?'3—,1; s (Do) =21, (51b)
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and

s(D) =z sp—-
2f LDy
. vl <3, (51c)
St (i) @
where
| ~
sp=1+ T s ((Do) ~1 51d)

Taking (34) into account, we can show that for &, < &, we have s(8) ~ sy, s(®9) ~ 1. In deriving Eq. (41), we
considered s(®) = const. It follows from formulas (51a, b, ¢, d) that this is valid for values of & sufficiently large
in comparison with ,. Since the value of n in (27) is usually greater than or equal to unity, it follows that the
greater the value of n the more accurately the function s(®) may be replaced by sq = const. At the same time, we
can easily convince ourselves that for & >> &, the contribution of the discarded terms to the integral in formula
(38) is small,

In the region of &, values close to &, Eq. (41) must, in general, be replaced by a more exact relation. How -
ever, since the gas concentration ¢(®) decreases monotonically for large values of [ see Eq. (50)] and is'small for
® >> &, while the radius of a gas pore for &, values close to & does not increase substantially in a time interval
t — tq, it follows that for large values of ¢ the &, values close to ® make only an extremely small contribution to
the integral in Eq, (47), The function x(¢), defined in Eq, (41), may therefore be substituted into this integral with
satisfactory accuracy. Knowing the asymptotic behavior of ¢(®), we can show that for sufficiently large time values
the quantity | de/dt | does, in fact, become less than a. '

If we now use (37) and (50), we can easily establish an explicit relationship between ¢ and t for ¢ >> $,. By
simple calculations it can be shown that

’ » . \Vv/2 1
; ‘) fv) [311 vm e S A )
t == ——‘ OMS , vl < 3;
f

_5_'\,'_:- 1_ Bll ] ‘50 FV:f
v
. 1
( 2%, )"2<<v+2)v 5% In® >v+2 O vl = 3; , 52)
vBl 2y, - ' o

‘/ (4:\:[?90 Vo N ) (D3/2 V> 3

Knowing the asymptotic form of the functions (@) and (1) [see (1), (41), (49), and (52)],we can find the following
rule for the variation of ;he volume as a function of time for large values of t:

gvH2—2f \V
oy

 aBsggiTay, ¢ .

;<Tmfﬁ—tv, vl <35 i( (53)
AV = (L) By 3.

Thus, regardless of the value of [; — that is, essentially independently of the law of generation of the 'g'as pores —
the increase in volume for large values of t is proportional to t¥, where v =(n + 1)/1 depends only on the creep
law. o

In conclusion, let us study how the distribution function varies as a function of t1me For this purpose we shall
consider d/d @ (x5 — X) for large ®, where the maximum bubble dimension is

Imax (@y==V's, <% @ >V/2 ) (54)
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and - P
£ (D) = N (@) \ zf (z, O)du.
' (55)
Using (2), _(4'7), and (49), we find that for large & ,
0 , vl 2 3;
_ ‘ v, v, (56)
(2 1vae™, w<s
It is clear from this that for the case v!; = 3, both x and x increase at equal rates-as ¢ increases. The distri-

max
bution curve is displaced parallel to the x-axis, with no special changes in shape, for increasing #. In the case

vl; < 8, the value of X increases more slowly than X% as & increases, The reason for this is that the distribution
curve not only is displaced along the x-axis but also becomes higher for small values of x. This is understandable,
since for small vl there is no substantial amount of pore generation even for large values of &; as a result the
relative contribution made by pores of small radius becomes larger.

4, Some Remarks

Let us consider in more detail than we did in Section 1 the assumption on which we based our use of expan-
sion (5), according to which the rate of generation of pores time t is determined by the concentration of dissolved
gas at that instant. Since the quantity v_ in Eq, (3) in Sections 2 and 3 was determined, in particular, by using the
equation of state of the gas, the value otppo cannot strictly speaking, be taken equal to the radius of the nucleation
center and should instead define the dimension of a pore for which the above-mentioned definition of vp would al-
ready have been valid. On the other hand if v, is defined in such a way as to assume the form of (11), and hence (32),
only for sufficiently large values of p, while for small values of p it would correctly represent the rate of growth of
a nucleation center, then py could be taken to mean the minimum dimension for a stable center. The use of the
expansion (5) is justified if during the time it takes to generate a new center the concentration of gas atoms outside
the pore varies little. Thus, if we assume that the error introduced by the approximate calculation of v is small,
then p, may be taken to mean the dimension of a stable center. In the contrary case, p, should be taken to mean
the radius of pore that is minimum in the above-described sense. In order to justify the use of the expansion (5),
the gas concentration outside the pores must 'vary little during the time that a center matures into a pore of radius
po (at least during the time when intensive pore formation is going on, that is, before the gas concentration has be-
come fairly high).

The number of gas atoms that have been united with a center during the time interval 7 from the moment t,,
when it was formed until the moment when it is converted into a pore of radius py is

T

mo=4aD \ c(to+ ') o (¢ dt’ ~ 4nDe (1)
0

o(t')dt', ‘ (67

D0

since, by assumption, the gas concentration c(t) changes little in time 7. Neglecting the dimensions of the centerr,
we shall take p(t) = at™, where n; > 0. Then we evidently have :
4nDe (2y)

® ol — o)
ng-+-1 TR = ny+1 TQo, (58)

mqy = 4nDc ()

since, by assuinption, Po = o™, On the other hand,

v 2y 4 ng} |

m = .
0 kT e 3 AT (59)

R
2
|

Eciﬁating the two expressions for my, we find that

11 As is shown by estimates, this requirement is satisfied over a very wide range of conditions.
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~ 2vQo (ny+1) ' (60)
() ~ STy

The condition under which formula (5) may be used in the present case is

. dc
i dt
¢

< 1. (61)

For larger time values (asymptotic behavior), when c(t) decreases as (const/tsl), sy < 1 [see formulas (15}, (25),
(50), and (52)], we have

Lt _sr B (62)

where B = const.

Therefore Eq. (61) is satisfied for sufficiently large values of time, and thus the use of formula (5) in this case
is justified. As for the other, smaller values of values of t, the region of greatest interest here is that of maximum
values of c(1), when the quantity 7(ty) is small, in accordance with (60). For a more detailed study of the inequality
(61) in the range of small values of t, we must know the variation of c(t) for these values of t; however, this is not
taken up in the present study. In addition to the above remarks, we may point out that in Eq. (6) we ignored the
variation in c(t) caused by the formation of nucleation centers (pores of radius py). In order to take this variation
into account, we should add to the right-hand side of Eq. (6) a term ¥ (t)m,, where my is the number of gas atoms
in a pore of radius py. It is easy to show, however, that for sufficiently large time values this term tends to zero
(mgy (1) << a) and may be ignored in the study of swelling for large values of t.

Conclusion _

On the basis of the above, we may conclude that the kinetics of swelling depend essentially both on the mech-
anism of nucleation-center formation and on the mechanism of pore growth. If the pore growth is caused by the
diffusion of vacancies, then for sufficiently large time values the variation in volume will obey one of the following
three laws:

AV ~ t¥3; AV ~ 3,
AV ~ @2 [In®)'2, t ~ @ [In D],

that is, it will be determined by the mechanism of generation of gas pores. If the pores grow through the mechanism
of creep, the variation of volume as a function of time will follow the law

AV ~ v, v,:illi_

_ for large time values and will not depend upon the mechanism of pore generation.

Thus, the experimental investigation of swelling kinetics for large time values would make it possible to draw
some conclusions regarding the mechanism of growth of gas pores and — if this growth is casued by a diffusion influx
of vacancies — on the nature of the pore generation as well.

In addition, the results obtained indicate that the swelling value is not a linear function of bum-up, Conse-
quently, it will not be entirely correct to characterize the susceptibility of a material 1o swelling by the ratio of .
volume increase to the burn-up value reached, although this is still found fairly often in the literature.

~ The authors thank O. D. Kazachkovskii, S. T, Konobeevskii, and A. I, Leipunskii for their evaluation of
results.

Appendix 1

1. Derivation of Eq. (20). In accordance with what was stated above for large values of #(¢ > &,), Eq. (18)
becomes ’
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A @
ot @) = 2 =) o), . 1)
L &
where ;
@ | :
M=\ z@-pem . | o w
[}

in order to solve Eq. (I. 1) we must find an explicit formula for x = x(¢ — y). For large values of x(x >> x,) we
find, using Eq. (12) and (17), that :

Since for the large values of & that interest us the average pore dimension is considerably greater than xy, it follows
that we may substitute the value of x, found from Eq. (I. 3) into the integral appearing Eq. (1. 1). Since for ¢ > &,
the relation '

[ @

M@= s (@-now dy=c@ | o) y=r0, | -
) O ) e = ,

holds, we finally obtain the equation defining the asymptotic behavior of the function ¢(§):

1
a 1=1; 4
@ T @=00 -\ @y 1) o) ay. (. 5)
D

'

2. Solution of Eq, (20). We shall find the asymptotic form of the solution for I, = 2. Since ¢(®) is a de-
creasing function, it follows that'if we neglect the quantity (1 —y) in comparison with & in Eq, (20) and differentiate
(20) with respect to &, we obtain

a 1 d 1-
T @ do (PTG .

o
~o

The solution of this equation is of the form

s
e(@=( mz.“__> S
\ 243 @ [In ©)'2 amn
By means of the solution so obtained, we can show that the relative contribution of‘ the terms neglected in Eq. (20)
is ~1/1n ¢ and therefore they may be neglected for large values of &,

Similarly, neglecting the quantity (1 — y) in comparison with & under the integral sign, for the case I; = 3,
we find that '

1 : D -

s 9y (1. 8)

D1

It should be.noted that pyN is the total number of pores. For large ¢ and !; = 2, as can be shown by using (I. 8),
the value N(&) is approximately constant. Therefore, from Eq. (I. 7), we find the asymptotic behavior of «(3):

w@)= (2T | L 9)

« ) gl

Substituting (I. 9) into (20), we can convince ourselves that we are justified in neglecting the quantity (1 — y) under
the integral sign in comparison with &.
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Appendix 11 A
1. Derivation of Eq. (38). Solving Eq. (35) with the initial conditions

dg o o ' ‘ .
At ety 0, e (t) =0p : ai 1)
we obtain
\ ‘dQ3n v V.2
|  dr > =(3n)"@gB [03"*+1c (t) s (1) — @§™F e (2y) s (£p)],
> : (II. 2)
where s(t) is defined by Eq. (39). In the dimensionless variables x and & this equation becomes
da3n c (@ i/
- < [a;3"+18 (@) —- (( ; (@0)] (. 3)

Integrating this with respect to ®, we obtain Eq. (38).

2. Solution of Eq. (47). The firstcaseis I; < 8/v. We shall uy to find the asymptotic solution of Eq. (47)

in the form
' A
D)=_2 : : :
P (@)= o - (. 4)
. . . v
Substituting (II. 4), we find < >V/2 g, (A(D—f)mﬂ
—_ ’ - '
Ko K A—0¥2 g, (1. 5)
D/D ‘ :

An analysis of this equation shows that the quantity (&) defined by Eq. (II. 4) will be a solution of (II. 5) if

[( >W2B‘1] ¥ ' (11. 8)

]/SO v

From Eq. (48) it is clear that f < 1, Consequently the integral in Eq. (II. 5) is convergent, and since & >> &,, we

» 1
replaced it by S in calculating A.
i

. ) .
The second case is 7, = 3/v, We expand the expression<®—y -1 % s[')‘i/V>v/ appearing under the integral
sign in Eq. (47) into a power series in ( y—5 s““‘) and retain only the zeroth term, We thus obtain
@
__1 2< ) /2 'V/2 [ . S’ -
O | B+ oWy ] .
& ar. m

Differentiating Eq. (II. 7) with respect to &, we find

v

(@ )§+2
_1 ’
fe < > ﬁzl d(D (0g)= S (1. 8)
The solution of this equation is of the form ‘
2
28, § vE2 /oW (1. 9
Vi (vr2) @ 20
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P .
Using (11, 9), we can show that if the following term in the expansion of the function ( @ —y—i—,y so‘“")wz is taken

* into account, the contribution to the integral in Eq (47) is 1/In & times the contribution made by the zeroth term
of the expansion,

The third case is 7; > 3/v. Expanding the function ((:D—y_{-% ‘30—1/V>V/Zappearing in Eq. (47) into a

- power series in < y——} Sg 1 "> as in the second case, and retaining only the zeroth term of the expansion, we ob-
tain : . :

. iy [V \V/2 9 “"_; .
T ‘ . (11. 10)

where

o4
N(®)y=E+{ ¢(y)dy

& @r. 11)

is the total number of pores in 1 cmd, A study of Eq. (II. 10) shows that as & increases, the function (&) tends to

zero faster than 1/ ®, Therefore, in formula (II. 11), for & > &y, the upper limit may be replaced by infinity, Then
N = const in the asymptotic case, and for the asymptotic behavior of ¢(&) we obtain the formula

viy—1 vi;—1

(@) < B, v _< v\ 2 : ' ' (
? N Vs, > 20 )
Using (II. 12), we can show in a similar manner that for large values of & the contribution of the subsequent terms of

S i 2 :
the expansion of the function <®—y+% so“l./">v/ is negligible,
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THEORY OF THE COALESCENCE OF GASEOUS PORES
UNDER SWELLING CONDITIONS

L. P. Semenov

Translated from Atomnaya ﬁnergiya, Vol. 15, No. 5,
pp. 404-408, November, 1963
Original article submitted December 27, 1962

In the last stage of decomposition of a supersaturated solid solution, an important role is played by
diffusion of "grains of a new phase” through the solution (coalescence). In the present paper, a study
is made of the kinetics of the process under gas swelling conditions, where the grainsof the new phase
are pores, saturated with an inert gas. Here, a study is made of two cases: 1) the total amount of
gas in the system is constant (annealing conditions), and 2) the total amount of gas in the system in-
creases with time, :

An asymptotic solution is obtained for the problem. The asymptotic behavior of the number
of pores, and of their mean dimensions, is found, as well as the asymptotic increase in volume,

Introduction. Formulation of Problem
The decay of a supersaturated solid solution is accompanied by the formation and subsequent growth of a large

number of grains of a new phase. Intense decomposition of the supersaturated solution usually occurs in the first stage,
where the supematuration is large, so that there is a considerable probability of forming a seed of the new phase with

| greater than the critical dimension. In the second stage, where the supersaturation is already small, there is little

| probability of a new phase being formed as a result of fluctuations of the thermodynamically stable centers. Under
these conditions, a very important role begins to be played by diffusional redistribution of material over the grains
through the solution. This redistribution of the dimensions of the grains of the new phase, which is accompanied by
the growth of large grains as a result of dissolving the small grains, and is known as coalescence, has been discussed

. repeatedly in the literature [1-4). The most consistent theoretical study of coalescence kinetics has been made in [3].

It should be noted that it has been assumed in all the work done in this direction that the density of grains of
the new phase is constant, and is independent of the number of particles in it. Along with this, it is interesting to
consider coalescence under conditions where the density of the new phase is variable, and is essentially determined
by the number of particles in it. This is the case in fissionable materials that have been subjected to prolonged
irradiation at quite high temperatures, as well as under annealing conditions at high temperatures, after an irradia-
tion previously carried out at low temperature, In this case, a large number of pores of different dimensions, filled
with inert gases, is formed in the material [5, 6], and these are regarded as grins of a new phase, in which the particle
density is determined, in particular by the number of particles in a pore. Both under annealing conditions, and under
-favorable conditions with continuous high temperature irradiation [ 7], the concentration of the inert gas dissolved in
the lattice of the fissonable material quickly drops, for large times, to a value at which redistribution processes be -
gin to play an appreciable role. For practical purposes, it always possible under these conditions to neglect the birth
of gaseous pores. ’

It follows from what has been said above that the function f(r, t) giving the distribution of pore dimensions r
at the instant of time t in the first stage of the phase transformation satisfies the continuity equation

‘ % - div (for) = 0 v
at
; with the initial condition
- (2)
1 Fs 0= 1o (),
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where v, = dr/dt is the rate of directed motion of the pores in dimension space, The initial distribution function
fo(r) is assumed to be known. Any change in the distribution function, resulting from the pores uniting, is neglected.
The function f(r, t} is normalized to the total number of pores N(t) per unit volume,

To make a concrete formulation of the problem, it is necessary to find the law giving the change in radius
of the gas pores. The rate at which gas particles are transferred through an interface is, generally speaking, de-
termined by the concentration gradients of the gas and the vacancies at the pore surface, and by the elastic prop-
erties of the lattice. If the concentration of gas in the material is considerably less than the concentration of gas
inside the pores, then, under quasi-stationary conditions, the flux of gas atoms through the surface of the pore is
given by the expression

dn

217 = 43‘[.[)" (C —_ CT‘)’ (3)
where D is the diffusion coefficient c is the mean gas concentration in the lattice, and ¢, is the equilibrium gas con-
centration at the pore surface, which is related to the pressure in the pore by the equation [8]

Cp= /;PT e—WkT, (4)

where P is the gas pressure in the pore, It is assumed here that the gas in the pore obeys the equation of state of an
ideal gas,

%” P3P — kT ®)

In a state of mechanical equilibrium, the pressure P is balanced by the surface tension pressure and the elastic
stresses in the material: '

PZ?%‘*‘“N: )

where y is the surface tension coefficient, and Oy is the diagonal component of the stress tensor at the pore surface,
However, if the diffusional processes that remove distortions in the lattice are very intense, the elastic stresses in the
material have practically no effect on the redistribution. In this case,

Experimental and theoretical studies [6, 9] give reason to assume that in some cases, at high temperatures,
because of active diffusion of vacancies which produces rapid relaxation of local stresses in the lattice, the gas pres-
sure in the pore at any instant of time is given with sufficient accuracy by Eq. (7). Using this fact, and bearing in
mind Egs. (3), (4), and (5), we find that

dr Ry /C_ch0>

dt " Ztgeq. r (8)
where \
We introduce the dimensionless variables
R:l;—k,A=cio,r=t%. | 10)
1n these variables, Eq. (8) takes the form
M — (AR —1), (11)
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To this equation must be added the law of conservation of matter

14 qor_&A+v  R*f (R, 7) dR. (12)

(=0 /‘8

In the last expression, qq is the rate of birth of gas atoms, and Q is the total amount of gas in the material at 7 = 0,
and

= fmey R T

¥

3Qq (13)

Equations (1), (11), and (12), with the initial condition (2), permit a complete solution to be made of the prob-
lem of coalescence of gas pores,

Coalescence of Gas Pores in Annealli

In this case, qg = 0 in Eq. (12). Unfortunately, it is 1mposs1ble to find an exact analytical solution of the above
system of equations for.the whole range of times, In view of this, it is of interest to find the asymptotic behavior of
the functions f(R, ), and A(7), and of the mean pore radius R(r). To this end, we make use of the method de-
veloped in [3]). Introduce the new function

v=AR

(14)
and the new "time” :
1
y=2In
. (15)
(y =0, when A =1;and y = <, when A — 0), Substituting (14) and (15) in (11), we obtain
2 _ B (y) (v— 1) ' . (16)
where
Bly)= dm—)) amn

The graphical dependence of the rate dv?/dy on v for any values of the time is of the form of the parabola shown in
the figure, Using the fact that v(a, y)y —o= a, the integral in Eq. (12) may be written in terms of the initial distri-
bution function. As a result, we obtain

1 2(0)_06—1;/24_\;3!/ K v%(a, y) fo(a) da.  (18)

dv?idy . : ? ap ()

A~Bo ' ' Here, a((y) is the solution of the equation v(ay, y) = 0. The
: physical meaning of ay(y) is that it is the lower limit of the
dimensions of the original pores that have not yet dissolved

y up to the instant of time y.

In the following analysis, we assume that B(y) approaches
B = const for infinitely increasing y. Three cases should be
distinguished here: 8,, < B9;2) B4, > Bp:3) B, = B,

In the first case, the rate of motion of the pores in the
space of the dimensions v is everywhere negative. This means
that all the points v move in the direction of reducing their
dimensions, and disappear at the origin of coordinates. Thus,
the amount of gas in the pores approaches zero as v —> , at

Change in the rate dv?/dy as a function of v.
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the same time that the total number of particles in the system remains finite, so that that the law of conservation
of matter [Eq. (18)] is violated.

For the case where B8 , > B, only those pores remain in the solution as y — <, which originally had di-
mensions greater than v,. Here, the amount of gas in the pores will increase without limit with increase in ¥:

ool os}
2

ve' \ v*(a, ) fo (a) da > voleY S fo(a) da—> const ¢/ — oo,
g V )

and, hence, the law of conservation of matter is again violated,

Consider, finally, the case where B, = By Note, as follows from the analysis given above, the B can only
approach B, from below, i.e., '

B(y)="Fo (1 —02(p). " | (19)
A similar analysis of Eq. (16) using (19) shows that

1 '
Q(y)“)?[ . Yo , : (20

and, hence, v :
=Bo ( 11y
v (21)
We now set up a relation between the concentration of gas atoms in the material and the time T for large times
(r = =), Subsutuung (21) in (17), and using (15), we find that
Ay =2t (1

g ——T‘/TZ—*_\} (22)
BRIEICS ] N |

As we have already pointed out, redistribution of the pores in dimensions occurs in the coalescence process. The
question arises in this connection, what number of gas pores will be found in an element of dimension space at the

end of an arbitrarily long time interval 7. The distribution function in the variables v and y will, for large y (y — =),

everywhere, except for a small region in the vicinity of the point vq = 2, satisfy the equation®

dp 9 (v—2)2N - .~ (23)
ay-av< 20_) =0. )
Solving Eq. (23), we obtain
' X (24)
(P( ) 20 g((’/+‘))2) sy U< Uos . :

2v dv
(v—2)2

X(v)=

T

=2lm@-0v)— ;4 —m | (25)

It may be shown that the asymptotic probability of finding a pore with the dimension of v > vy, is équé.l to zero,

To find the unknown function £(y + X) in Eq. (24), we make use of the law of conservation of matter

(s

1= v §v2(X) E(X +y)dX. (26)

..

As a result, we obtain

* It is obvious that ¢ (v, y)dv = f R, 7)dR.
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& : -
ty+X)=[ | (X)X | exp(—y—X). o)
0 ’ v v
Thus, in the annealing case, the asymptotic distribution function

¢ y=

[=3]

’ 1w (28)
[ g w2 (X) e~ \dXJ Ey exp(—vy— X)
U
is independent of the ihitial distribution of the pore dimensions.

‘The total nufﬁber of pores pér unit volume of rhaterial when T - s .equal to

z w | :
V()= L\ (v, y)dv= [v S v?(X)e~X dx]-%é_ . : {29

. U . . " by

Note that the important characteristic of the coalescence process is the behavior with time of the mean pore-
radius. Since, for the conditions under discussion, the total surface of the gas pores is constant at large times, and
the mean pore radius in v-space may be found from the condition

(o]

\w=1o@, y)do=

Y

from which

/2
81112< )

It should be kept in mind that in Eq. (30) the second term will only be small in comparison with the first for the con-
dition

(30)

(IIIT) >1, 31, B>

\{

R;. D)

In conclusion, we turn our attention to the fact that coalescence of gas pores is usually accompanied by an in-
crease in volume of the whole sample, This is due to the fact that the flow into the pores of vacancies occurring in
the lattice, which tends to remove the local stresses around the pores, is made up for by the same amount of vacan-
cies coming inside the material from the surface. Assuming that the change in volume of the material is exactly
equal to the change in volume of the gas pores, we obtain for large times (T — )

AV 7 1, o ATt & - .
w_im ﬂp§< O&(X)aX —F \ 07, (0) do, (32)
0

where V is the original volume of the sample.

Coalescence when Particles are Being Born Continuously

For coalescence when particles are being born continuously, we have gy # 0 in Eq. (12). In proceeding to a
discussion of the pore distribution mechanism under conditions where particles are being born continuously in the
lattice, we assume, as in the preceding section, that the function B(y) approaches a constant limit B , as y increases
without limit, which cannot be less than B, since otherwise the law of conservation of matter [Eq, (12)] would be
violated,

Taking B = B  in Eq. (17), we find that the concentration of gas particles in the lattice varies with time as

T — =, according to the law
Boo\ V2
A(r)= <—> .
T . (33)
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We use this result to find the unknown quantity B Substituting (33) in the law of conservation of matter gives the
asymptotic equation '

[nel

Qo= B_\; VP (v, y) do.
0

(34)

Equation (34) may be used to find the value of B_. It is very complicated, and it is impossible to make an
exact solution without knowing the initial distribution function. Nevertheless, a number of conclusions may be .
drawn regarding coalescence under conditions where gas atoms are being continuously produced in the lattice. A
detailed study shows that B > B,. This fact is responsible for the peculiar nature of the coalescence under the
" conditions being discussed (qq # 0). Note first of all that in this case, at some instant of time Ty aTange &v (which
increases with time to the value B8 wJ 1-4/ 8 ) occurs in the values of v, in which the rate of change of the pore
dimensions in v-space is positive. This means that as T — o, a finite number of grains of the new phase will re-
~ main undissolved in the solid solution, i.e., gas pores hziving the asymptotic dimension vy{qg). It follows from this
that

qoPr = VU3 IV (go). (35)
The value of T(qq) is found from the condition :
B(ro)=PBo=4." - (38

We find from Eq. (35)_that

(i-—[— 90 _)2

J0
VN (g9)

37

It appears at first glance that if gy = 0, B — «, and thus, the agreement between the results of the present
and the preceding section no longer exists. However, this contradiction may easily be got rid of if it is borne in
mind that B  is only reached asymptotically. '

Reducing qq increases the time interval T required for the curve showing the function av? /dy = &(v, y) to
touch the v axis at the point vy = 2 as it moves in the direction of positive values of dv¥/ dy. Here, the number of
points that have been able to cross the vicinity of the point vq = 2, and, in the final count, disappear at the origin
of coordinates, increases, while the number of points N{qy) "captured” asymptotically at the point v, decreases
correspondingly. In the limit, when qo — 0, we have v; — v; — v, and contact at the point vo = 2 only occurs
asymptotically, i.e., N(qg) =0, gp > 0, T = e, On the other hand, an increase in gy is accompanied by a decrease
in 7y, and, hence, by an increase in N(qg). Since the value of N(qy) cannot be greater than the original number of
pores, we have N(q) —Ngqqo/ v for large values of qy.

In a way similar to what was done in the preceding section, we now find the change in volume of the material
as a function of time for large times: '

) o
AV 4 :
v, =B =5 | o fo(0) do. (38)
0

Comparing this expression with the corresponding formulas of [7], we see that taking account of coalescence does
not change the asymptotic character of the relation between the volume change and the time. It follows from the
arguments given above that the role of coalescence when particles are being born continuously is simply that of re-
distributing the pores in dimensions, with the result that the pores having an original dimension less than some criti-
cal value are dissolved, while the pores remaining in the solution equalize their dimensions asymptotically, In this
case, the total number of pores decreases, which, however, has no effect on the relation between the volume change
and the time, ‘
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" Note that for the conditions under discussion, the mean pore dimension in v-space for qo # 0 is asymptotically
equal to '

0= (1 +- )
« N Y/
((Io (39)

In conclusion, the author expresses his gratitude to V, M, Agranovich for discussion of the results of the work
and valuable comments, as well as to £. Ya. Mikhlin and Yu. V. Konobeev for useful discussions. '
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LETTERS TO THE EDITOR

THE MOTION OF ISOLATED CHARGED PARTICLES
IN A -MAGNETIC FIELD WITH HELICAL SYMMETRY

V. M. Balebanov, V. I. Volkov, V. B. Glasko, A. L. Gioshev,
V. V. Kuznetsov, A. G. Sveshnikov, and N. N, Semashko

Translated from Atomnaya ﬁnergiya, Vol. 15, No. 5,
pp. 409-410, November, 1963
Original article submitted March 13, 1963

In this paper we consider the possibility of stabilizing a plasma in a magnetic mirror trap with the help of
helical stellarator windings. In contrast to the case of a toroidal stellarator, in which changing deflection and the
radius -dependence of the spacing between lines of force produces stabilization, in the case of an open-ended mag-
netic mirror trap stabilization can only occur as a result of the drift of the particles. We shall call the particle

-drift "useful” {1] if it leads to stabilization. (The direction of drift in this connection is opposite to the direction of
particle rotation).

Let us consider the motion of particles in a magnetic field produced by current I passing through a triple spiral
winding with radius a and pitch L. In addition to this let there be a homogeneous longitudinal field of intensity H,.
We shall neglect the effect of the mirrors, assuming that the trap can be made sufficiently long. It may be ex-
pected that particles injected in such a field inside the separatrix [2] will not come out at the side walls along the
lines of force. In what follows we shall consider predominantly particles injected inside the separatrix.

Study of the equations of motion in the drift approximation shows that actually in the central region the parti -
cles move on surfaces which for small values of the Larmor radius Ry, almost coincide with the magnetic surfaces

encircling the axis. For large values of Ry the surfaces in which motion takes place are turned through 60° with
respect to the magnetic surfaces, but they remain closed.

) b/
8-3—B
d
G vF ) £ )

7 . _z
o°%

/ - 2%
?//’,//////////Ip Boundary

. \%; é 7, Co-VFG: 1By(c )
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%4

Fig. 1. Regions in which the plasfna can be absolutely contained
(shaded region forbidden); & = ¢ —az; » = cos .
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b The exact ecuations of motion also give regions in

which a particle may be found [3). In the case of helical
symmetry it may be shown that these regions may have
radial gaps, or, alternatively, may be closed around the
axis, depending on the initial conditions (Fig. 1).

Fig. 2. Drift angle corresponding to the pitch

of the helical winding as a function of the in-

jection angle #; for y = 0.5, ry = 0.2 (a) Ry,

=0.2; b) RL =0.1):1)a=2;2) a=1.3;3)

a=1. The sign of the azimuthal drift of the particles may

be determined if the magnetic field is known as a func-

tion of the coordinates. This function is given in [2]. If we limit consideration to the first harmonic and to the first
term in the series of Bessel functions, then in a cylindrical system of coordinates the square of the field may be

written in the form NS r\4
H:=H} [1—}—60.\7 <~d—> €0s 3 (¢ —az) -+ 36y? (a—> ] ’

_2e 2
where a= A Y= Ty

From this equation it is clear that for small radii the field increases with radius in some azimuths and falls in
others, Hence particles moving inside the separatrix and going around the axis of the system must experience a
change in the sign of the azimuthal drift. The sign of the total drift may be determined on solving the equations

.of motion of the particles in such a field.

The motion of the particles was investigated both in the drift approximation, where an analytical relation be-
tween the drift of the particles and the field parameters is obtained, and by way of numerical integration of the
exact equations of motion. The solution of the drift equations shows that the relations between the angle of drift of
the particles and the injection angle by (Fig. 2) is analogous to the relation in [4] for a corrugated field. However,
in the case of a helical field the positions of the transition points between "useful™ and "harmful” drift depends on
the pitch of the spiral winding. With increasing pitch these points move to the left (see Fig. 2a). The shift to the
left also takes place on reducing the Larmor radius (see Fig. 2b). On increasing the current 1 or the injection radius
Iy the transition point does not move, but the steepness of the curves increases sharply. The left-hand boundary of
the region of "useful” drift is determined by reflection from the field maximum. (It must be noted that the curves
of Fig. 2 are constructed for injection at the field minimum.) The left-hand boundary moves to the right with in-
crease of y, rg and o, ‘

Calculations of particle motion on a high-speed digital computer showed that the drift theory gives the correct

form of the relation between total drift and the field parameters and injection conditions, However the numerical

1163

Declassified and Approved For Release 2013/02/25 : CIA-RDP10-02196R000600110003-4




Declassified and Approved For Release 2013/02/25 : CIA-RDP10-02196R000600110003-4

value of the drift given by the computer differs somewhat from the value obtained in the drift approximation. This

is apparently linked with the fact that for the values of Larmor radius considered Rp/a = 0. 2) the drift equations are
insufficiently accurate.

Numerical integration of the equations of motion was also carried out in a series of cases in which reflections
of particles take place from the field maximum. The injection points were chosen close to the separatrix, both in-
side and outside. The total drift in the majority of cases had negative sign. In certain variants particles were ob-
served to leave at the side wall§ (Fig. 3).

The calculation shows that in a field with helical symmetry inside the separatrix "useful® drift only takes
place for particles with large Larmor orbits in a narrow range of injection angles, On going across to smaller Larmor

orbits (R /a = 0.1) the region of "useful” dnft vanishes. This shows that for small Larmor orbits the stabilization
effect cannot exist,
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INELASTIC SCATTERING OF 14-MeV NEUTRONS BY LIGHT NUCLEI

E. M. Oparin, A. I. Saukov, and R, S. Shuvalov

Translated from Atomnaya énergiyva, Vel. 15, No. 5,
-pp. 411-413, November, 1963
Original article submitted March 25, 1963

Calculations of the passage of neutrons through thick layers of various materials are made more difficult by
the lack of necessary data on the spectra of fast neutrons inelastically scattered by light nuclei with atomic weights
ranging from 6 to 16. Some information of the spectra obtained when neutrons are scattered by beryllium and carbon
is givenin [1-3). Itis impossible to base the calculations on the temperatures of scattered neutrons for energies of
0.5-4.0 MeV, measured in [4], since in the scattering of neutrons with energies higher than 10 MeV a considerable
role is played by the processes of direct interaction of neutrons with the individual nucieons of the nucleus. This
- leads to a substantial increase in the average energy of the inelastically scattered neutrons.

The present paper concerns the study of the spectra of neutrons inelastically scattered by lithium, beryllium,
boron, carbon, nitrogen, and oxygen for an incident-neutron energy of 14 MeV, The experimental procedure, based
on measurement of the flight time, is similar to that described in [5]. The geometry of the experiment is shown in
Fig. 1. ‘

As the neutron detector we used a plastic scintilla-

17 tor 100 mm high and 100 mm in diameter, with an FFU-36
T photormnultiplier. The resolution time of the apparatus
(2 7), determined from the gamma peak, was 3.5- 1079 sec.
When neutrons were recorded, this time was increased to
5.4-10 % sec. The increase was the finite time of neu-
tron flight through the detector and also to the smaller
number of pulses and their greater amplitude dispersion
in the scintillator used. We used 60 X 100 X 100 mm
specimens made of the following materials: lithium hy -
dride (LiH), beryllium, carbon (graphite), boron carbide
(B4C), melamine (CgHgNg), and water. Since the meas-
urements were made at an angle of 90° to the original
neutron beam, the presence of hydrogen in the compounds
J wao mm studied left the measurement results unaffected, within

' the limits of experimental error. The use of shielding
made it possible to obtain an effect-to-background
of about 3-4 in the region of the elastic-scattering peak
at a counting rate of 20-25 pulses per minute.

600x 600 (?900

ANNNNNNNRNONNNNNNNS

!

2000
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Fig. 1. Geometry of the experiment: 1) Lead shield;
2) neutron detector; 3) specimen under investigation;
4) lead; 5) monitor; 6) collimator; 7) water shield; 8)
tritium target; 9) cast-iron cube; 10) alpha counter, Figure 2 shows the observed dN/ dt spectra of the
scattered neutrons at an energy of 14 MeV, Since the

resolving power of the equipment was insufficient to distinguish the peak of the elastically scattered neutrons from
the spectrum of inelastically scattered neutrons, this distinction was made by using data on the energies of the first
states of the Bu, Cm, N and 0% nuclei given in [6]. For each nucleus the number of neutrons scattered with the
excitation of a specific level of the nucleus was taken to be proportional to e'Ei/ 6, where E; is the energy of the
level, and 6 is an empirical parameter so chosen that the energy of the neutrons, averaged over all possible excited
states of a given nucleus, will be equal to the average neutron energy E,y, found from the experimental spectrum

E;

€]

£

N ,

1

B e
av E;

e

i
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Time of flight, 1079 sec
c

Time of fligl;t, 107 sec

&

Fig. 2. Time spectra of neutrons scattered by lithium (a), beryllium (b), boron (c), carbon (d), nitrogen (e), and
oxygen (f). (The dot-and-dash curves on graphs ¢ and ¢ represent the spectra for boron and nitrogen; the dashed
curves on all the graphs represent the parts of the spectra corresponding to inelastic scattering.)

where Ej is the scattered-neutron energy corresponding to the excitation of the given level. In order to determine
the experimental value of E,ys we first made an approximate distinction between the elastic and inelastic portions

of the spectrum on the assumption that the initial section of the spectrum, corresponding to inelastic scattering, has
the shape of a Gaussian curve with a peak in the region of the first levels. After selecting the value of 6, we con-

structed a time spectrum of the neutrons, taking the resolving power of the apparatus into account. In the final
construction of the spectrum of inelastically scattered neutrons, we used only the initial portion of the calculated

spectrum.
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Data on the Spectra of Neutrons Inelastically Scattered
by a Number of Nuclei

.| Relative number of scattered neutrons, %

Energy

Be o]
- | range, wi— 1 8 —7T1 ~ o
‘MeV 1.12:3 1|4
>8.5 — | 17 11945 28 | — [— 18 -

8.5—6.01 18 | 23 |21,49| 21 34 |39, 24 27
6.0—4%.5¢1 24 1 19 {17)12] 16 16 |23 19 20
“4.5—-3.0| 22 | 16 16119 13 23 3200 15 | 21
3.0—2.01 21 | 14 {16119 11 16 |20 16 19
2.0—1.5| 16 | 41 41461 10 | 14 |9 7 13

Note. Columns 1, 2, 3, and 4 include data from the follow-
lowing studies: presentstudy [ 7], [9], and [8], respectively..

* When neutrons are scattered by beryllium through the (n, 2N) process, the picture is more complicated, and
therefore, when a distinction was made between the elastic and inelastic types of scattering, the-dashed curves in
Fig. 2 were so drawn as to make the ratio of the areas under the curves correspond to the known cross sections of
elastic and inelastic scattering by beryllium, on the assumption that there was spherical symmetry in the angular
distribution of the neutrons produced by the (n, 2n) reaction, The first excited level of lithium had a very low ex~
citation energy (470 keV), and it was therefore included in the elastic scattering. This assumption is completely
acceptable for calculations of the 'passage of neutrons through a substance. In Figs. 2a, b we show by solid curves
(without dots) not only the experimental curves but also the spectra of inelastically scattered neutrons, calculated
on the assumption that the spectrufn is Maxwellian at a temperature T = 2E,y. As can be seen from these'figures,
the temperature curves corresponding to the statistical model differ considerably from the experimental curves.

The final results of the measurements are shown in the table, which gives the relative number of neutrons in

various energy ranges in comparison with the data of other studies [7-9]. It can be seen that the results of the differ-
ent measurements are in satisfactory agreement.. - - '
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All abbreviations of periodicals in the above bibliography are letter-by-letfer transliter-
ations of the abbreviations as given in the original Russian journal. Some or all of this peri-
odical literature may well be available in English translation. A complete list of the cover-to-
cover English translations appears at the back of this issue.
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ON THE DESIGN OF A NEUTRON SPIN ROTATOR

Yu. V. Taran

Translated from Atomnaya Fnergiya, Vol. 15, No. 5,
pp. 413-414, November, 1963
Original article submitted April 3, 1963

In a number of experiments with polarized thermal and resonance neutrons it is required to change the adiaba-
tic direction of the polarization vector of a neutron beam with respect to some giver direction (for example, the
nuclear polarization vector), The adiabatic rotation of the neutron polarization vector through a given angle may
be effected by means of a rotating magnetic field. Such a device is called a spin rotator. From the adiabaticity
criterion proposed by Hughes [1] it follows that the frequency of Larmor precession w; = yHj of the magnetic mo-
ment of a neutron must be greater than the frequency of the rotating magnetic field wy, that is, w; = kw,, where
k >> 1, In this case the spin of the neutron will follow the field adiabatically. Obviously, the criterion for non-
adiabaticity will be the inequality wy <« wy,. . '

In the design and planning of a spin rotator for reson-
19) ] T — ance neutrons the question of what value the coefficient k
will have is extremely important.

05 , In order to determine this coefficient, let us consider
the behavior of the spin of a neutron entering a rotating mag-
- netic field, We shall consider a coordinate system bound to
§ the moving neutron, with nonrotating axes. Let the z-axis
S 7 g 8
= be directed along the neutron velocity vector, which is per-
_ pendicular to the direction of the magnetic field. Let the
.05 polarization of the neutron at time t = 0 be given by the
boundary conditions Mx/Mn» My =M, =0, where My, MY'
N ] M, are the components of angular momentum., We shall
-10 ; - ' represent the rotating magnetic field as follows:

Variation of M,/Mq as a function of k = wy/wy. Hy=H, cos wgt, Hy=Hosinwgt, H;=0. (&Y

The equation for the angular momentum was given by
Halpermn [2]: '

aM : (2)
dat =y [MH],

where y is the gyromagnetic ratio of the neutron. The solution of Eq. (2) was found by Newton and Kittel [3]. We
are interested in the behavior of the projection of the ahgular mormentum, Mx' For t = /w, (rotation through 180°)
we find : ’ :

My My= —(14+k2)~1[k2 4 cos nu (1+ké)1/2]. » ®3)

The value of My/Mg as a function of k = w; wy is shown in the figure,

The value of wy is related to the velocity of the neutron by the formula wg = mv/L, where L is the length of
the spin rotator. As can be seen from the figure, for k = 10, the neutrons with velocities below a certain critical
value (v, = wyL/mk) will adiabatically change the direction of their polarization by 180° without depolarization.

I take this opportunity to thank Yu. P. Dmitrevskii for his useful comments.
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MEASUREMENT OF THE U?3® AND Th?% CAPTURE CROSS SECTIONS
FOR NEUTRONS WITH ENERGIES OF 5-200 keV

V. A, Tolstikov, L, E, Sherman, and Yu, Ya. Stavisskii

Translated from Atomnaya Energlya, Vol. 15 No. 3,
pp. 414-415, November, 1963
Original article submitted February 21, 1963

There is an insufficient amount of expenmental data on the neutron radiative capture cross sections of U%®
and Th®? in the neutron energy region below 200 keV. Considering the great practical importance of these cross
sections, the measurements described here were undertaken with the aim of more accurately determining the be-
havior of the cross section curves in the above energy region.

The ratios of the cross sections under investigation to the cross section of the Bly(n, ) reaction were measured
experimentally. It was assumed that the cross section of the B'%n, a) reaction obeys the 1/v law in the 1-200 keV
region of energies. Th?% and U specimens and an ionization chamber with a B layer were simultaneously irradi-
ated in a flux of fast neutrons, The induced B -activity in Th®? and UB® was measured by means of end-type 8-
counters,

The ratio of the B -counter's count to the chamber's count is proportional to the ratios of the neutron radiative
capture cross sections of Th? (or U®®) to the cross section of the B'n, a) reaction. The normalization of the ob-
tained dependences.of the radiative capture cross section on the neutron energy was performed for E, =24 keV in
the case of U®® (accordmg to data from [1], the capture cross section was assumed to be equal to 568 + 57 mb) and
for E;, = 71.5 keV in the case of Th?%2 (according to data from [2], which were converted in connection with the
change in the reference cross sections, the capture cross section of Th?? was assumed to be 390 + 59 mb). In both
cases, the total error was indicated in the results,

The measurements were performed by means of a Van de Graaf electrostatic accelerator, which had a maxi-
mum energy of 5 MeV. For the neutron source, we used the Li(p, n) reaction in a target consisting of thin LiF layer,
which was deposited by evaporation in vacuum on the bottom of a nickel cylinder where the wall thickness was less
than 0.15 mm. The water layer used for cooling the target was 0.2 mm, The annular chamber with the B0 layer and
the annular uranium (thorium) specimens were placed at an angle of 91° with respect to the direction of the beam
of accelerated protons. The specimens and the chamber were covered with a cadmium layer whose thickness was
0.5 mm. Before irradiation, thorium was chemically purified for the purpose of eliminating the natural decay pro-
ducts. A control specimen, which was used for checking the activity rise after purification, was prepared from puri
fied chlorium. Natural uranium was twice subjected to chemical purification: the natural decay products were
eliminated before irradiation, and the fragment activity was eliminated after irradiation. The target thickness was
determined before measurements, during measurements, and after the neutrons reached the vicinity of the Li(p, n)
reaction threshold. The neutrons were recorded by means of an extended counter, The normalization of the counter
readings was performed with respect to the integrator of the target current. In measurements with uranium, the tar-
get thickness was 11.5 keV, while, in measurements with thorium, it was equal to 8 keV, :

The scattering of energies of the neutrons with which the specimen was irradiated was due to the finite annular
dimensions of the specimen and the scattering of the proton energies (caused by the nonuniform target thickness). The
average scattering due to the target thickness was equal to +4 and 26 keV for Th®? and UZE, respectively. The scat-
tering of the neutron energies due to the specimen’s finite dimensions varied from 1.5 keV for E, = 5.5 keV to 15
keV for E; =170 keV,

The following factors were taken into account in discussing the results of the above measurements,

1. The change in the relationship between the yields of both branches of the B'%n, o) reaction with changes
in the neutron energy. On the basis of the results given in [11], it can be shown that the efficiency of a chamber
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Dependence of the radiative capture cross section of U2 (a) and Th™? (b) on the neutron energy. Thedata
are from: O) our experiments; ®)[2]; 0)[3); V) [4);C3)[5, 10]; O) [6]; O {7]; %) [8); m) [9].

with a B'? layer does not change by more than 2% as a result of this effect in the neutron energy region under in-
vestigation, '

2. The contribution of neutrons which are scattered on the walls of the measuring chamber to the activation
of specimens and to the count of the B!® chamber. It was found experimentally that this contribution was less than

1%,

3. Special attention was paid to the contribution of neutrons scattered on the target's base layer and in the
material of the target structure to the boron chamber's count and the activation of U%® and Th?, In order to re-
duce the amount of scattered neutrons, the entire target was made as light as possible,

The experimental determination of the contribution of scattered neutrons was performed in the following man-
ner, The LiF target was irradiated by protons with such an energy that the flare angle of the neutron escape‘ cone
was less than 90°, In this, the boron chamber and the specimens of the materials under investigation were irradiated
only with neutrons scattered on the target's base-layer. The normalization for the neutron flux was performed with
respect to a long counter, which was mounted at an angle of 0° with respect to the direction of the proton beam.
The thus obtained data were used for calculating the contribution of scattered neutrons in the energy region under
investigation, The contributions of scattered neutrons to the boron chamber’s count and the activation of uranium
(thorium) were almost the same; their absolute values did not exceed 5.5%. Since the ratio of the count of the
8 -counter, which measured the induced activity of u%s (Thzsz), to the count of the ionization chamber was deter~
mined experimentally for plotting the energetic dependence of the radiative capture cross section on the neutron
energy, the effect of scattered neutrons on the measurement results was insignificant and did not exceed the limits
of measurement errors,

The figure provides a comparison between our measurement results and the data by other authors.

We see that the cross sections for U*® which we obtained agree with the results obtained by other authors. The

point at-54 keV deviates from the general smooth energy dependence of the cross section; this point lies approxi-
mately 20% below the results obtained by other authors. The points at 171 and 158 keV are also somewhat lower
in comparison with those obtained by other authors. The radiative capture cross section of Th®? smoothly decreases
with a reduction in the neutron energy. The data from [3-5] and {4-6] for energies of 17 and 24 keV, respectively,
lie approximately 30% below the results of our measurements.

The authors extend their thanks to A, 1. Leipunskii and O, D, Kazachkovskii for their interest in this work,
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CROSS SECTIONS OF THE INELASTIC SCATTERING OF NEUTRONS
WITH ENERGIES OF 0.4-1.2 MeV ON MEDIUM AND LIGHT NUCLEI

N. P. Glazkov

Translated from Atomnaya Energ1ya Vol. 15, No, 5,
pp. 416-418, November, 1963
Original article submitted February 7, 1963

The method of inverse spherical geometry with a Hel -spectrometer, which was described in part I of thlS
article, was used for measuring the inelastic scattering of neutrons on medium and light nuclei.*

The specific feature of the measurements described here
‘ consists in the fact that a large spread of the energy of scattered

'3 neutrons occurs due to recoil in the elastic and inelastic scattering
of neutrons on light nuclei. This spread makes it difficult to ana-
lyze spectra of scattered neutrons, However, as is known, the first
levels of medium and light nuclei are positioned so high and so
sparsely that not more than one to two levels are actually excited
in the scattering of neutrons with an energy of ~ 1 MeV, which
makes it easier to separate the recoil-effect from the inelastic
scattering effect. Therefore, for an energy resolution of 100-150
keV of the He® -spectrometer, the partial inelastic scattering cross
sections with the excitation of individual levels can be fairly
accurately determined and related to well-defined isotopes, There
were only rare cases in the simultaneous excitation of very closely
spaced levels where the separation of the latter was impossible,
L so that the cross section found was related to the entire group of

—'
.o
i——
1

310

—2-10%

Count per single channel

1-19*

the unresolved levels belonging to several isotopes,

gL ] 1_12 Eny MeV All the inelastic scattering measurements were performed for
neutron energies of 0.4, 0.6, 0.8, 1.0 and 1.2 MeV, The inelastic

Determination of the difference spectrum ~ scattering effect was determined by subtracting the neutron spec -

for iron. 1) Spectrum of neutrons scattered trum measured without a diffuser from the spectrum measured

on iron; 2) normalized neutron spectrum, with a diffuser. The normalization of spectra was performed in

measured without a diffuser; 3) difference the vicinity of the peak corresponding to inelastically scattered

spectrum for Ejg = 0.84 MeV, neutrons (see figures).

Since the measured effects were weak, the cross sections on"
could be calculated by using the simplified equation

1
O,r=—-":
!

where n is the density of nuclei in the given specimen (a natural mixture of isotopes), 7 is the mean free path of
incident neutrons in the specimen; [(A')is the partial effect or the reduced area of the peak corresponding to in-
elastically scattered neutrons with an allowance for the efficiency of the He®-spectrometer, and P is the normalized
total flux of incident neutrons.

The results of our experiments are given in the table. The first and the second columns of the table provide
the percentage of the isotope in the diffuser material and its first levels for which the inelastic scattering effect was

*See Atolnnaya Energiya, 14, 400 (1963).
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Partial and Total Cross Sections o' of Inelastic Neutron Scattering on Different Nuclei (calculated for a natural
mixture of isotopes), barn

. | ! o MeV
Sotope i B, Mev | e _ s
percentage, % i i 0,4 0.6 0,8 } 1,0 { i,o ;
i i :
, T i
Talsl_100 | 0.137 0.954-0.10 1.354-0.15 1454045 | 1.5540.15 | 1.1040.15 |
0.303 0.3540.05 0.45%0.05 0.500.05 | 0.5040.05 | 0.50%0.05 |
0. 482 — 0.3040.05 0.504£0.05 | 0.5540.05 | 0.15040.06.
5, (total) 130£0.45 | 2.404£0.20 | 2.4540.20 | 2.6040.20 | 2.204:0.20 |

Bal3s __7 0.49 — <0.25 0.3040.15 0.2040.10 — :

Bals?_11.3 0.66 — <025 0.3040.15 —

Balat—8 1.04 - - — — 0.1540.10 |

oy, (total) — <0.25 0.4040.20 |'0.5040.25 |  —

1127100 0.060 0.500.10 0.704-0.10 0.604-0.10 | 0.3040.10 —

' 0.203 - 0.2550.05 0.4530.05 0.4790.05 | 0.30£0.05 —
~0.420 = 0.1740.10 0.28%40.15 | 0.4740.15 =
~0.630 — = 0.28£0.10 | 0.480.10 -
~0.744 — — - 0.10F£0.05 -

oy, (total) 0.7540.15 1.324-0.20 1.634-0.20 | 1.65-4+0.25 — ’

Sbizs.— 43 015 0.1040.05 | 0.194-0.05 0.254-0.05 | 0.2540.05 | 0.2040.05 |

Sbizl— 57 0.51; 0.57 - — 0.4540.02 | 0.214:0.02 | 0.2140.02

~1.0 — — = = 0.30F0. 10 |
6, (total) 0.104-0.05 0.2040.05 f 0.4040.05 | 0.45£0.05 | 0.7040.10 |
. . i o - R »__!
| ; . | :
- Sn - - — ; — | <0.08 <0.08 |
i i |
| 0 ‘=
cd 0.26; 0.30 0.1140.02 0.2740.03 | 0.3040.03 | 0.1840.02 | 0.14-0.02 | -
0.56: 0.62 = = i 0.40%0.05 | 0.7840.10 | 0.80F0.10 :
|
o, (total) 0.1140.02 0.2740.03 0.704£0.10 | 0.962£0.15 | 0.944-0.15
Mo 0.20 0.1440.03 | . 0.2040.03 0.344-0.03 | 0.2540.03 | 0.1040.03
0.53 = 0.0440.02 0.16£0.02 | 0.15F0.02 | 0.10%0.02
0.77; 0.87 — = <0.15 0.74£0.10 | 1.1050.10
0, (total) 0.1440.03 0.24+40.03 0.504-0.05 | 1.154-0.10 | 1.30-4-0.15
Nb93 — 100 0.76 — — | 0.2040.03 | 0.554-0.05 | 0.6040.05
0.99 — — ’ - <0.20 0.70-0.10
on’ (total) — — 0.204:0.03 | 0.654-0.10 | 1.3040. 13
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TABLE (continued)

‘ E,. MeV
Isotope Ale' MeV I
percentage, % i 0.4 0.6 0.8 1.0 1.2
B - |
/92, 94__ 97 0.93 | — — — <0.20 | 0.3240.03 |
ST 0.39; 0.87 — — _ — <0.2
ge76, 78,80 | ~0.6 — — 0.6040.05 | 0.904°0.10- | 1.00+40.10
l )
|
| 7164, 66 l ~1.0 — — — <0.07 | 0.3740.05 -
e 0.67 — — 0.1040.05 | 0.1740.05 | 0,2440.05
! , - 0.97 — — = 0.10%0.05 | 0,303-0.05
' | ) .
i : .
o, (total) - — 0.1040.05 | 0.2740.05 | 0.544-0.05
Co%9-— 100 1.098 — — — — <0.2
Fe56—92 0.845 — — — 0.284-0.03 | 0.5240.05
Mn35— 100 0.128 0.3240.05 0.5340.05 0.55-40.05 | 0.704-0,07 | 0.724-0.03
: " 0.980 — = — <0.05 | 0.113-0.03
o, (total) 0.324-0.05 0.53-40.05 0.554-0.05 | 0.754-0.07 | 0.834-0.10
e a 1
Cro3.- 10 0.34; 0.97 — — — <<0.06 <0.06
C187— 25 0,84 — — — <0,12 <0,12
Al27- 100 ~0,83 ‘ — — — <0,05 | 0,0540,03
1,017 — — — — 0,1340,05
o,, (total) — — — <0,05 0,18-£0,05
Ng2s-— 11 0,53; 0,93 — — - <0, 06 <0,06
P Ii :
Na?--100 0,44 | — 0,2040,02 .| 0,3140,03 | 0,4040,04 | 0,444-0,04
| B—20 0,723 | — — — <0,06 <0,06
L LiT—92 0,479 , — — <0,07 | 0,0840,04 | 0,204-0,05
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detected and measured. All the partial cross sections op' were calculated for the natural mixture of isotopes, The
indicated total errors (~ 15-20%) were mainly due to the statistical errors in measuring the [(A') effect, the errors
of the manual data on the transport cross sections 0y used for calculating the mean free path 7 of neutrons in the

specimen, and the errors of the corrections introduced, for instance, corrections for the cross section a, of neutron
absorption in the specimen. The indicated maximum errors (0.05-0.10 b) constitute the upper sensitivity limir of

the method used (~ 1%), The data on o' that are available in the literature were obtained mainly by measuring
the y -ray yields,

Our data on o', based on neutron measurements, are published here for the first time; they are in good agree-
ment with the previously known data. : '
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DEPENDENCE OF THE MEAN KINETIC ENERGY OF FRAGMENTS

ON THE FISSIONABLE NUCLEUS MASS

V. N. Okolovich, V. 1. Bol'shov, L..D. Gordeeva,
and G. N, Smirenkin

Translated from Atomnaya ﬁnergiya, Vol. 15, No. 5,
pp. 419-420, November, 1963
Original article submitted March 29, 1963

For the determination of the dependence of the mean kinetic energy Ey of fragments on the charge Z and the
atomic weight A of fissionable nuclei. Terreil [1] proposed the relation

o Z2 . 1
Ex=0121 = MeV. o

This dependencé can be explained by the fact that the kinetic energy of fragments is virtually entirely determined

by the Coulomb repulsion energy after the destruction of the neck: ZyZ,1¥R ~ Z¥%AYs, Equation (1) satisfactorily
describes the experimentally detected rise in Ek with an increase in Z. At the same time, the data on E; obtained
for the neutron fission of isotopes of an element — Th?®® and Th®?; U and U, Pu® and Pu®*! — indicate that there
is a tendency in experiments to a change in Ek with an increase in A, which is contrary to that which could be ex-
pected according to Eq. (1). In experiments on the fission of nuclei with a larger atomic weight, a somewhat greater
mean kinetic energy of fragments is observed. Although the nature of this effect is systematic, its magnitude is com-

-parable to the errors of the measurements performed. Thereforeé, more accurate measurements were performed, and

the casues of the deviation of El from the values obtained by means of Eq. (1) were analyzed. Moreover, the know -
ledge of the dependence of Ek on'the atomic weight is necessary for discussing the very interesting problem of the
energy dependence of E, in a wide range of excitation energies when fission reactions with preliminary neutron
emission occur besides fission at the maximum excitation [2],

The mean kinetic energies of the fission fragments of U™, U™ and U® under the action of neutrons are com-
pared in the present article. In order to secure high accuracy in relative measurements of E , we used a layer con-
sisting of isotope mixtures in our experiments: natural uranium and uranium which has been depleted by a factor of
250 with respect to the U™ isotope with an addition of 1% U3, The fission of U and U was caused by slow neu-
trons, while the fission of UB® was caused by fast 2 MeV neutrons. Small corrections, typical for such measurements
(see, for instance [3]), were introduced into the found ratios of the mean pulse amplitudes in the ionization chamber,
which were connected with the fission of different isotopes. The ratios of the mean kinetic energies for U™ and UB®
and for U™ and U8 were found to be 0,9909 + 0.0014 and 0.9938 + 0.0018, respectively. The fk ratio for the UZ®

_ fission by y -rays and neutrons was equal to 1.000  0.004 [4]. According to the data obtained, E, monotonically

rises with an increase in A, If, using small relative changes in E, and A, this dependence is described by means of
the constant factor dEk/ dA, it will be equal to 0.30 + 0.03 MeV, which would correspond to 1/E dEk/dA = (1.9
1+ 0.2)-10"%, Equation (1) yields 1/, " dE/dA =—1/3A ~—1.4-10 3, i.e., the sign is opposite to that given above.

The disagreement between Eq. (1) and the experimental results can be explained in the following manner. The
fact that Ey, is proportional to the Z2/AY8 parameter could be considered as an indication that the critical configura -

tions are similar at the moment of the fission of nuclei with different A values. However, such an assumption hardly. .

corresponds to reality, if only for the reason that nuclei with different atomic weights disintegrate into fragments with
different ratios of the most probable masses, Moreover, the configuration of fractionation and the effective distance
between the fragments constitute specific functions of the ratio m of fragment masses, which are determined by the
shell structure [5, 6]. Therefore, in describing the dependence of Ek on A, it is necessary to consider not only the
change in the linear dimensions of the nucleus, which is taken into account by Eq. (1), but also the change in the
most prohable type of fission. Qualitatively, the influence of the latter effect can be established on the basis of the
fact that the dependence of Ek on m directly in the region of the most probable modes of fractionation of the nuclei
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under consideration constitutes a monotonically decreasing function, Since, with an increase in A, the most prob-
able ratio m of fragment masses decreases as a result of the invariance of the heavy peak's position A, =~ 140 on
the mass yield curve, the factor which leads to an increase in Ek becomes operative.

Let us estimate the value of 1/Ek' dEk/dA using the concept of Ek as the Coulomb repulsion.energy of spheri-
cal fragments in contact, one of which (the heavy one) has constant dimensions, while the other (the light one) in-
creases as the A value of the fissionable nucleus increases. These simple calculations were performed for two modes
of separation of the fissionable nucleus' charge: in proportion to the masses of the fragments formed and under the
assumption that the chain lengths of B -decay are equal. The thus obtained 1/Ey-dE,/dA values were positive,
but they were also much lower than the experimental value. Regardless of the latter face, the correct sign of dEj/dA
obtained within the framework of a very crude model leaves room for hope that a better agreement with experimen-
tal data will be achieved later on the basis of more accurate knowledge. However, the absence of acceptable theo-
retical information on the fractionation mechanism can be filled by using empirical relationships. The dgk/dA
factor in which we are interested can be represented by the following relationship:

dEx _ 0Fyx X 0Ex om
dA ~ 84 U g T eA

where the first term described tEe change in Ek with variations in the nucleus’s linear dimensions, while the second
term describes the variation of E, which is due to the dependence of i on A. According to the most accurate meas-
urements of the dependence of E, on the fission mode [7], the decrease in Ey with an increase in the mass A, of a
heavy fragment in the thermal neutron fission of U2, U5 and Pu®® can be approximately described by a linear
dependence which is characterized by the derivative i)Ek/é)Ah =—1MeV. Hence,

dEx _ 0Ex A Mev
am am {m=m (m—-1)2
By using the constancy of Ay for different fissionable nuclei from thorium to curium, we obtain dm/8A =— m(m + 1YA.

From the above relationships, we obtain
A dEx _A_L&}LN_L . ’
B, dA 3 E,/ A 24 (2)

Here, it was assumed that Ey = 167 MeV, Ay, = 140. For A = 236, 1/E, "dE,/dA ~ 2,1-107, which is in good agree-
ments with the results of the experiment performed.

Thus, the results of the above analysis and the data obtained in direct measurements indicate the existence of
"fine structure® in the dependence proposed by Terrell. Although the variations of E, with chang=s in A are small,
it is desirable to use such a parameter which would make it possible to describe the dependence of Ek on Z and A
by a single smooth curve, From relationship (2), it follows that Z%V A can be used as such a parameter.

The authors hereby acknowledge their indebtedness to N, S. Rabotnov for the discussion of this article.
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ENERGY DISTRIBUTION OF y -RADIATION IN A MATERIAL MEDIUM

A. M, Sazonov and V. I, Sirvidas

Translated from Atomnaya 'ﬁnergiya, Vol. 15, No. 5,
pp. 420-422, November, 1963
Original article submitted November 28, 1962

The mathematically rigorous solution of the problem of the transmission of y -radiation through matter is
rather complex and time-consuming in most cases.. Assumptions and approximation can often be made, which pro-
vides the possibility of applying analytical methods which greatly simplify the solution of such problerms,

Let us solve the equation for the energy spectrum in the approximation of small scattering angles [1]:

al (A, z) _

e —p M IA D+ \ KA, MR, 2)d 1)

g’k/".)?‘

for the boundary conditions

L0 @) ey =0 (), 1 (b 2) oy =0, @

where I(x, x) is the energy spectrum of y -radiation at the depth x in the absorbing material medium, p()) is the
coefficient of total absorption of y -rays with the wavelength X, xq is the wavelength of the hardest component of
the primary energy spectrum, and K()*, A)d\" is the probability of the generation of a scattered y -quantum with a
with a wavelength from A to A +dX by a primary A -quantum with the wavelength X' in the process of Compton
scattering (the wavelengths are expressed in Compton units),

oY
If we introduce the function I;(x, x) = I(x, x) —Igr)e u )X, which satisfies the homogeneous boundary con-

ditions (2) and the nonhomogeneous Eq. (1), and use the Laplace transform

) O+ico : o4-ico 1
. ) 4 .
I x) = —RA— _—
1O )= | IO pap, =g e e, @)
g—ixo o—ioo
we can show that, under the condition
. : 4
g y={ ¢ Po<M<A )
) » 0 7\‘[ <‘L ’ .
\‘ da’ C;-‘ dr”
) L) Fp A , BT
Iy (Mp)=Cy e—lo e S Io(Aye ’ dr’ :
IR A N MY SRR IR R ®)
. s : .
In this, the integratioﬁ constant C; must be chosen so that the conditions
1 C+ioco )
ZTIZ S" 11(}"! p)dp:o, . ) (6)
o—io B
1 O+4ico
1, (g, D=5 S eP<I, (Ao, p) dp=0
- g—ico - N
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are satisfied for any x. Consequently, I,( X4, p) =0,

Condition (7)yields Cy = 0. Condition (6) will certainly be satisfied, since the integration path can be closed
by a semicircle with an infinitely long radius on the right, where the I;(), p) function is analytic.

Thus, I, (M)
) & B )’
s dA”
f A L ot px+°5§, DR
! =c K Iy (M) d\' e 5 ¢ dp (8
\K‘ - ) ) e remmE
& 0 G—ix
100 '
R so that the solution of the problem is reduced to the cal-
g N culation of an integral of the following type:
h ’ ’
g 10 \ 4 / ’ . px+c;7} _dA”
© . G+ico , WA+
Z‘g J= b S e % p (9)
3 3 R N R e R
7& N 30 ¢ %, On the basis of the results given in [2, 3], it can
be shown that the basic contribution to integral (9) occurs
" near the point p ~ — p(X'). Therefore, under the con-
dition that the absorption coefficient in the wavelength
interval (Ay, A) is approximated by a linear function of
b 706 00 3b0 Foy X in the form p(X) = a + BX, we shall write integral (9) as
e :
. g+4+1ico | c- B
Energy distribution of Cr® y -radiation (320 keV) Je ot \’ em_(ﬁ )00 4] ;
for the following layer depths in the sand medium: 2 oito 7 (10)
1) 45 ¢m; 2) 15 em; 3) 5 cm, c
<=1
) —p (P
For large x(x > p( x*)™! values,
c
; e—H)x B ( N ;- —1
e T BTG T
e N e a) Can
b/
where T'(c/B +1)is the y -function.
As a result, we obtain
[+ a :
B "N ,—R(A)X
_ cr To(M)e ,
Ii (}\41 $):IO (;\1)6 B(A)x --%— S 0( ) 1_£(1}\. . (12)

p N
r{—=+1 o,
(505 way—pon' s
We shall now consider certain particular cases of the expression (12). The initial spectrum consists of a single
-line: I(X') = I for Ay = A' =. X, In this case, '

£ Y o

LB , = ~1

e A T OO %
(§H)n |

c ° _y .

8. B
. Clox ﬁ e_ (}\4_}\«0)6 (13)

c
o—BAE2—ho)xB B T 4

O
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Introducing the hypergeometric function, we shall write Eq. (13) in the following form:

[
B T
5 —n(Myx Iy ﬁ .
o B LMD () —p )] (%) P35 man “°)> )
B P( \ 1> r( +1>
B
Under the conditions that X[ p(X) = p(xg)] > 1, we have
c
U 2B [ oM z er ()l

(1 (A) —p (ho)) B

™| o

T KF”) z (1 () =1 (o))
and, finally,
—1
—ulho)x ﬁ -
I 2)= Lot TR B - (15)
. T (

In the case where the spectrum consists of "n" y -lines, the initial spectrum can be approximated by the step
function Ig(\*) = Ik' where k = 1,2,...,n, and the obtained expression (12) can be written thus:
I, 2)=Tpe HM* L

C

]kL : —u(xhn (16)

Equations (12), (15), and (16) can be used for determining the energy distribution of y -radiation in a material

medium. The calculation accuracy depends on the energy of primary y -radiation and the depth tp which the ma-
terial medium is penetrated; it increases with an increase in energy and depth.

' Sy £ -t
my—p0lf — e PR Ly —p (1P }

. In order to determine the limits within which expressions (12), (15), and (16) for I\, x) can be applied, we
performed a numberical calculation of the energy distribution of crt y -radiation (320 keV) in a sand medium. The
figure shows the energy distribution obtained from expression (15) by convertmg the Compton wavelengths to energy
under the condition that ¢ = ¥4 nZo, where n is the number of atoms per 1 cm® of medium, Z is the atomic number
of the medium, and o is the Thomson scattering cross section. The approximation of the sand medium's absorption
coefficient by a linear function was performed by using the data from [4). A comparison between our'results and the
results given in [5] showed that they are in good qualitative agreement. For illustration, the figure also shows the

experimental points borrowed from [5] for x values equal to 5 and 45 cm, which were normalized for the theoretical
curves,

1t should be noted that the instrumental spectrum at x = 0 can be used as an approximation instead of the
initial I5(X) spectrum,
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OBTAINING THE RADIOACTIVE ISOTOPE Be’ FROM

CYCLOTRON TARGETS

1. F. Kolosova and I.V. Kolosow

Translated from Atomnaya Energ1ya Vol. 15, No. 5
pp. 422-423, November, 1963
Original article submitted February 2, 1963

At the present time the radioactive isotpoe Be’ is obtained by irradiating a lithium target with deuterons accel-
erated in a cyclotron, using the nuclear reactions: '

Li8 (7,3%) (d, n) Be7;
137 (92,700) (d, Zn) Bel.

A number of studies of the separation of carner -free Be' from cyclotron targets have been pubhshed [1-41.
The method used in [1] was selective sorption of Be*" jons by a porous glass filter at a fixed pH. Another method
[2] is based on the nonisomorphic coprecipitation of .carrier-Be’ on iron hydroxide whenit is precipitated with am-
monia. In a number of studies beryllium is extracted by means of thenoylirifluoroacetone [3] and acetyl acetone [4].

The authors have developed a method for the separation of beryllium by thenoyltrifluoroacetone [3] which, in
their opinion, gives the best results. However, quantitative isolation of beryllium could not be achieved. Particularly
little success was found in the reextraction of beryllium from the organic phase and its separauon from the iron. Tt
was proposed, therefore, to vary the procedure of [2] and use the simplest reactants for the quantitative isolation of
carrier-free radioactive Be',

Two types of target were used in the study:

1. Metallic lithium in the liquid state was poured, under a vacuum in a helium atmosphere, into a target
made of electrolytic copper (depression measuring 21.5 x 62 mm?). The target was covered at the top with tungsten
foil 30 y thick and was soldered to the base. This preparation of the target produced good thermal contact between
the foil, the lithium, and the cooled backing.

2. Metaliic lithium was burned, and the depression was filled with the mixture (evidently consisting of oxides
and carbonates), pressing the substance carefully into place. The target was then covered with tungsten foil 50 p
thick.

- In the first case the target was irradiated for 18 h at a current of 20 yA. The energy of the deuterons was 12
MeV, the irradiation area was 21,5 x 62 mmz; in the sécond case the target was irradiated for 6 h at a current of
25 pA. The deuteron energy was 14,4 MeV, and the irradiation area was 80 x 10 mm?,

The lithium used in both cases was analyzed spectrally. The purity of the lithium was 99.73%. After irradia-
tion, the target was stored for one month. The foil was then removed, and the targets were treated with water in
the first case and with dilute hydrochloric acid in the second case. Since the solubility of the irradiated lithium
was low in both cases, especially at the points at which the deuteron beam had penetrated, where caked particles
were observed, the target was subjected in the last stage to lengthy treatment with concentrated hydrochloric acid.

A sample was prepared from part of the irradiated lithium, and the gamma-ray spectrum of the specimen was
studied in order to determine the radioactive admixtures. As the analysis showed, the activity of the target is de-
termined chiefly by the activity of Be’ and that of small quantities of Zn®, Fe®®, and Fe®®” The gamma-ray spec-
trum was measured with a scintillation-type gamma spectrometer with a Nal(T1) crystal (spectrometric method), an
FEU-29 photomultiplier connected to a cathode follower, and an AADO differential analyzer. All subsequent Be’
measurements were made with a Nal(T1) crystal gamma-counting instrument. The dimensions of the crystal were
40 x 50 mm and the dimensions of the well inside the crystal, into which the 5 ml cuvettes containing the sample
were placed, were 17 x 40 min,
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igﬁav s o561 MeV After the target had been covered and its contents
9 { ——t % { had been dissolved, it was decided to isolate the Be' on
b; i{ ; ;’ A a nonisomorphic iron hydroxide carrier. For this purpose
Iy F— 5e70498 MeV - )‘ we poured the hydrochloric solution of the contents of the
5 - § - ,‘ target into a centrifuge test tube, added a solution con-
4 m ] taining 100 mg of iron, and precipitated the iron hydroxide

by means of ammonia containing no COz~. Under these

f 1 conditions, the copper and the zinc extracted from the tar-
/ \ s 1 get backing remained in the solution. The precipitate in
i the cold state was separated from the solution by centri-
\ fuging and was washed three times with cold water. The
\ wash water and the mother liquor were analyzed for Be'.
As the analysis showed, all of the Be' was sorbed onto the
0w 50 6 7 ¥ vols iron hydroxide. After the precipitate was dissolved in 25
mi of 8N HCl, we added 1-2 ml of 4N KCNS and extracted
the iron with isopropyl ether, repeating the process eight
times until all the iron was removed, as indicated by the
absence of any coloring when a new batch of KCNS was added The 1sotope Be under these conditions, remained

(%S
’ﬁ‘
]
e
—

/
e
.

0?2

Gamma spectrum of the isolated Be'.

- in the aqueous phase; an analysis of the aqueous phase for Fe® and Fe® % yielded negative results.

In addition to Be the aqueous phase contained a small amount of tungsten which had gone into solution from
the foil covering the target, After evaporating this phase until a dry compound was obtained the CNS” group was
broken up, the residue was dissolved in water slightly acidified with nitric acid, and concentrated HNOg was used to
precipitate the tungsten in the form of tungstic acid. The precipitate was separated by cenetrifuging, washed with
dilute HNOg and checked for its Be' content, which was found to be very small, We then measured the spectrum of
the gamma rays emitted by the solution containing Be' (see figure). As the analysis showed, no rad1oact1ve admix-
tures were found in either the low -energy or the high-energy region. Consequently, the radioactive Be obtained
may be regarded as radiochemically pure.

The resulting solution was evaporated in a platinum cup until a dry compound was obtained, and the latter was
heated so as to remove the NOg after which the residue was dissolved in a minimum amount of water, heating con-
stantly, the K* was precipitated with 1-2 ml of concentrated HC10O,, and the mixture was left at a low temperature
for 24 h. The solution was then poured off, and the precipitate was washed twice with ice-cold 0.05 M HC1O,; the
Be in the HC10, solution was diluted to a specified volume ({H*] = 0.1 M /liter), an aliquot part of the solution was
taken, and the specific activity of the resulting radioactive isotope (in pulses/min - ml) was found.

In the present study we also calculated the Be’ yield obtained by deuteron irradiation of a natural mixture of
lithium isotopes in the form of Li,O, produced by burning lithium in air. The absolute activity of the resulting Be'
was found by comparing it withthe activityof a cs®7 specimen determined by the beta-gamma coincenence method.
It was assumed that the gamma-ray efficiency of the counter in the 0.48-0.66 MeV energy range was nearly constant.
A value of (1.2 £ 0,2) uCi pA - hour was found by this method for the Be' yield when a thick Li,O layer is irradi-
ated with 13.4-MeV deuterons,
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cover English translations appears at the back of this issue.
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THE SOLUBILITY OF URANIUM TETRAFLUORIDE
IN AQUEOUS SOLUTIONS OF ACIDS

Yu. A. Luk'yanychev and N, S, Nikolaev

Translated from Atomnaya Energlya Vol. 15, No. 5
pp. 423-425, November, 1963
Original article submitted November 5, 1962

The solubility of uranium tetrafluoride in water has been determined a'number of times, but the results ob-
tain=d have been contradictory. The data of the various author indicate the following values for solubility at 25°C
(in grams of UF, per liter): 0.04 [1], 0.053 {2], 0.6 [3], and 0.10[4). Some fragmentary information is found in the
literature. Thus, for example, it is stated that in 2 N H,SO, the solubility is 2.9 g/liter. In more concentrated
H,SOy it is lower than in the dilute acid. The dissolution mechanism is given by UF, + 2H,SO, = Hy[U(SO,),F,] - 2HF,
The solubility of UF,in 1 M and 12 M solutions of HC1 (5] is equal to 1.4 g/liter and 32.5 g/liter, respectively.

In the present study, in order to expiain the dissolution mechanism and also to determine the structure of the
compounds in the solution, we investigated the solubility of a stable crystal hydrate of uranium tetrafluoride, UF,
" 2.5 Hy0, in water and in solunons of chloric, hydrochloric, and sulfuric acids at 0 (0 + 0.5), 25 (25 + 0.1) and 50°C.

The crystal hydrate of uranium tetrafluoride was synthesized by a method described earlier [6]. In order to
obtain acids of the required concentration, distilled acids were diluted with distilled water having a pH of 6.4-€.8,

In order to prevent acidification of the tetravalent uranium into the hexavalent state, the experiments were
set up as follows: we placed an acid solution of a given concentration in a Teflon vessel, passed purified hydrogen
through it for 1 h in order to force out any oxygen dissolved out of the air, and then added uranium tetrafluoride to
the solution. The solution was stirred continuously for 5-6 h in a hydrogen atmosphere. When equilibrinm had bheen
reached,-samples of the solution were taken, the solid phase was filtered out, and the samples were analyzed. The
uranium content of the solution was determmed vanadatometrically with phenyl ‘anthranilic acid [7]. The concen-
tration of the acid was found by direct titration with an alkali. For the solutions of UF, in chloric acid the pH value
was also found, by means of a hydrogen electrode, A saturated calomel electrode was used as the auxiliary elec-
trode, The following results were found:

1, Solubility of Uranium Tetrafluoride in Watér, %

0°C 25°C
0.0023 0.0044
0.0027 ) 0.0054
0.0025 0.0051
0.0025 0.0053
- 0.0046
0.0053

Average

0.0025 + 0.002% or 0.0050 + 0.0005% or
(8.0 2 0,8)-10°M (1.6 + 0.1)-107% M
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2. Solubility of Uranium Tetrafluoride in Sulfuric and Hydrochloric Acids

S
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Solubility curves of UF, in acids at 25°C:
1) HySOy; 2) HC1; 3) HC1O,,

Solu‘biiity of UF,, C oncentration ‘of Solubility of
g/liter

HCL, M - . UFy, g/ liter
at 25°C 7
0.16 0.81
0.68 - 1.26
1.64 ‘ 1.56
2.68 _ 2.13
5.43 72.28
7.68 2.58
12.34 6.85
at 50°C '
1.42 1.93
4.21 3.62
5.76 4.04
6.50 4.81
9.90 7.40

The value of the solubility in water at 0°C is different from
the value found earlier [1]. The data obtained at 25°C agree with
the value found in [2] under similar conditions,

The solubility of UF4- 2.5 H,O in acids increases with increased
acid concentration, but in sulfuric acid when the concentration in-
creases beyond 3-4 M, the solubility of UF, decreases, probably be-
cause the complexing of uranium with the HSOy ion is less than with
the SO?;‘- ion.

The process of dissolution of UF,- 2.5 H,O in chloric acid, as
a result of the low complexing capacity of the C1O,4 ion is caused
by hydrogen ions and may be described, in the range of acid con-
centrations we studied, by the equation

UF, 4-3H+ = UF3+ - 3HF.

The equilibrium constant of this reaction is 4.0 -10'8_ The calcula-
tion method is given in [8].

Examination of the initial portions of the sclubility curves (see
figure) shows that up to acid concentrations of 0.1-0.2 M the curves
look alike, and they begin to differ at higher concentrations, It may
be assumed that in dilute acids uranium tetrafluoride is dissolved by

the action of the hydrogen ions and subsequently the UF** ion radical is bound to the acid anion. As the acid con-
centrations increase, the curves diverge more and more. This divergence is attributable to the considerably higher
dissolving action of hydrochloric and sulfuric acids in comparison with that of chloric acid, which indicates the com-
plexing capacity of the C1” and SOi_ ions, The arrangement of the acids in order of increasing solubility with in-
creasing acid concentration reflects the order of the corresponding anions as to the degree of complexing with a tetra-

valent atom uranium jon:

Cl0; < Cl= < 80~
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TABLE 1, Calculated SP Values for UF,

i ‘ Found experimentally Calculated
; HC10, con- concentrations, g-ions/liter Sp—
| centration, M solubility of | [uie]-[r-ge
: pH Ut H* -
| UF,, g/liter | (o] L] tr
!
i 0.09 1 0.421 ! 0.93 8.7-107¢ 1.17-1071 3.11.10°5 ! 8.1.10722
! 0.’:)/ 0.74 0.59 1.67-1073 2.57-1071 2.52-1078 6.7-10722
0.:32 1.01 ! 0.40 2.34-1073 3.96.1071 2.22.4073 5.6-10722
0.69 i 1.04 — 2.72.10°3 6.9.1071 1.32.1075 0.83.1022 l
i L |
- N —— — i
TABLE 2. Solubility in Water and SP Values for a Num- From the resulting data, we can calculate the
ber of Actinide Tetrafluorides solubility product (SP) of uranium tetrafluoride. Be-
| Solubility i cause of the low complexing capacity of the Cl0;
gFluorides ato 2115"1(31[}, In water sp ion and because-reliable data are availabl¢ on the
i hydrogen ion concentration measured directly, the
| 1.2.10729[10] SP‘value was calculated only for solubility in chloric
i ThF, 0.17mg/liter {10] 1.84.10724[11] acid.
! 4,5-10°26i8]
i UF, [0.050 g/liter [Data of | 5.3-1022 [pa1a of the The U*" concentration was calculated by the
; the present study] present study] formula found earlier [8]:
| 0,053 (2]
| PuF, 0.060 g/liter [12] 6-10-20[12]
!
S ——
[U4+] = [F] [F-]__ [Ofi] Lo
Ity oty .4-1+K~ ITEE S o
UFs+t . iUFS UOH qL(OH)q q

where the K's are the instability constants of the complex fluoride and hydroxo complex ions. The values of [U47]
calculated on the basis of the first constants for UFPP* and UOH®* ions are shown in Table 1.

The instability constant used for the UF3 ions was 6107 [9], and for the UOH®" we used the value 4.4- 107
obtained in a solution contalmn_g fluorine ions [6] The average SP value calculated on the basis of the instability
constants of the UF*" and UoH® ions was 5.3-107%

The solubility of uranium tetrafluoride in water and the calculated SP value are shown in Table 2, together
with a number of similar values for acnmde tetrafluorides.

As can be seen from the table, the solubility of thorium tetrafluoride and plutonium tctrafluoride increases,
even if only slightly.
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AN APPARATUS FOR DETERMINING THE SOLUBILITY

OF RADIOACTIVE SUBSTANCES AT ELEVATED

TEMPERATURES AND PRESSURES

V. V. Ivanenko,
and L. A,

G. N, Kolodin, B, N, Melent'ev,

Pamfilova

Translated from Atomnaya Energiya, Vol. 15, No, 5,
pp. 426-428, November, 1963
Original article submitted February 22, 1963

Considerable experimental difficulties are involved in determining the solubility at elevated temperatures
and pressures of substances that are not readily soluble. The process of taking a sample at temperatures above the
boiling point of the solution is extremely complicated and introduces distortions into the system under investigation,
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Fig. 1. Quartz am-
poule with filters.

If, on the other hand, the sample is taken after the solution has been cooled, then the
result of the determination may be incorrect, since the solubility depends on tempera-
ture and some quantity of the substance may have recipiated out of the solution.

In view of the need for sufficiently sensitive analytical methods when the substances
have low solubility and of the fact thata sample taken at an elevated temperature cannot
be very large in volume, the most effective method for studying the solubility is the radio-
active-indicator method.

Ya. 1. Olshanskii has devised an apparatus for determining the solubility of synthetic
radioactive substances that are not readily soluble; with this apparatus no sample need be
extracted during the experimental process, The solubility is determined by measuring
the radioactivity of the solution, that is, by using the highly sensitive method of counting
radloacuvny

The main part of the apparatus is a quartz ampoule in the shape of an elongated
closed loop (Fig. 1). This shape makes it possible to stir the solution in the ampoule by
periodically rotating the ampoule through 90° (in the plane of the loop) and returning it
to the vertical position. The ampoule is equipped with two quartz filters 1, between .
which the substance under investigation 2, is enclosed, and with two nozzles: a for the
insertion of the solid and b for the introduction of the solution. After the ampoule is
filled, the nozzles are sealed. When the ampoule is rotated into a horizontal position,
part of the solution flows from the right-hand side of the ampoule into the left-hand
side. After the ampoule is returned to the vertical position, the solution level in ‘the
left-hand side rises by 8-10 cm above that in the right, which creates a pressure differ-
ence resulting in the filtration of the solution.* Thus, the solution circulates in the am-
poule. In our experiments we used quartz ampoules that could withstand temperatures
up to 200°C and solutions with pH = 8, It is perfectly possible to use ampoules made of
niobium, titanium or other materials capable of withstanding higher pressures and more
alkaline solutions.

After being filled, the ampoule is held in a lead bushing and is inserted, in a rigidly fixed position, into a
heater. The bushing is made of lead in order to protect the counter from the initial radioactive substance.

The heater consists of a copper tube equipped with a nichrome winding and asbestos insulation and is covered
by a jacket coeled by water circulating through copper tubes soldered to the outside,

* The difference between the levels depends on the degree to which the ampoule is filled with the solution.
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Fig., 2. Overall view ot apparatus for studying the solubility of radioactive substances.
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Fig. 3. Schematic of the electrical part of the apparatus.

The radioactivity of the solution is measured by a counter which is covered by a lead shield in order to reduce
the external background. The solution temperature is measured by a chromel-aluminum thermocouple held inside
the heater, togeteher with the ampoule, in such a way that the junction of the thermocouple is next to the filters.

The apparatus for studying the solubility has four heaters (Fig. 2) separated by blocks of lead shielding 120 mm
thick. A stabilized voltage is supplied to the heaters through RNO-250-2 autotransformers which regulate the tem-
perature, The temperature is recorded by MPP-254 millivoltmeters. The heaters are rotated two DPA-U1 motors,
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which are periodically turned on by a time relay. The relay is so regulated that the heaters, together with the am-
poules, are in a vertical position for five minutes and in a horizontal position for one minute.

Figure 3 shows an electrical schematic of a part of the apparatus containing two heaters. The time relay is
connected to two 6P3C tubes (Tby and Tb,) and two relays (Rel; and Rely), with an actuating current of 10-20 ml and
a coil resistance -of 36004000  with two rows of contacts (five contacts in each row). -

The gap between the contacts is 3 mm. The relay§ are supplied from a 220 volt a-c source. Capacitors (C)
are connected.in parallel with the windings to smooth out the pulsanons in the current. Circuits RyCy and RyC, con -
trol the times-for the vertical and horizontal positions. In case of equlpment failure the time relay is automatically
disconnected, The motors for rotating the heaters are turned-on by tumbler switches Tmy and Tm,. Tumbler switch
Tmy is de31gned 30 switch the B-2 radiometer from one counter to another

Using the above-described. apparatus, we made several series of experiments to determine the solubility of
AgyS [1] and Fe,O3[2] in aqueous solutions of varying acidity and at temperatures ranging up to 200°C.

With this apparatus the solubility can be determined by a éompletely automated process. It is assumed that
automatic recorders will be used to record the radioactivity of the solution and automatic thermoregulators will be
used for maintaining constant temperature,
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THE PREPARATION OF CERTAIN SULFIDES OF THORIUM
BY THE INTERACTION OF ThOz'WITHvHYDROGEN SUV'L.F:IDE

G. V. Samsonov and G. N, Dubrovskaya

Translated from Atomnaya éne_rgiya’, Vol. 15, No. 5,
Pp. 428-430, November, 1963
Original article submitted January 117, 1963

As was shown in [1], the higher sulfides of thorium, beginning with Th,S;, are semiconductors, and this fact,
combined with their high thermal stability and high melting point (2200-2500°C), opens possibilities for their use
in semiconductor engineering. In addition, the reaction between ThO, and hydrogen suifide is of interest for the
study of reactor materials.

TABLE 1. Chemical and Phase Composition of the
Products Obtained from the Reaction between ThO,

100 ‘ __O/f;=0‘—
i : and H,S in the Absence of Carbon
50 ' : Chemical composition, %
80 — Temp. O (ob- Phase com+
= °C |Th S S Th, +S;tained| position
1 t £ ot p
. by dif 4
% 7 f
oo "l i erence
s 0 500 | 88 0 | o 88 |12 ThO,
2 f00 1 87.5| 7.2 0.2 | 94.7 | 5.3 | ThO,+ThOS
E 20 e s et e < g 700 | 86.6| 7.8| 0.2 | 9%.4 | 5.6 | ThO,+ThOS
300 | 85.1 9.3 0.2 | 94.4 5.6 | ThOs+ThOS
0 " w00 | 8471 9.90 0.1 | 94.6 | 5.4| ThOS
0 / 1000 | 83.2 | 11.5 | 0.1 | 947 | 5.3 Trbos
1, 1 %00 © 11100 | 82.6 | 12.5 4 0.1 95.1 4.9 ThOS
Wo o0 B0 1000 120 200 | 8105 |17.7] 0.1 | 932 | 0.8| ThS,,
Temperature, °C 1300 | 81.3 | 17.9] 0.1 | 99.2 0.8 ThS; 4
Fig. 1. Chemical composition of the products of I S
the reaction between thorium oxide and hydrogen
sulfide (in the absence of carbon) as a function of No diagram of the thorium-sulfur system has been
temperature. @) St; X) Tht; ) Tht + 8¢5~ -=) worked out, so that information on the existence of thor-
S, calculated for the compound ThS; ;. ' ium-sulfur compounds is available only in preparatory

studies according to which [2] the sulfides ThS, Th,S,,
ThS,, and ThyS; exist.

The sulfides ThS and ThyS; can be synthesized from metallic thorium and sulfur (3], and ThS, is obtained from
the action of dry hydrogen sulfide on metallic thorium [4), by the treatment of ThO, with carbon disulfide and hydro-
gen [5], or by the action of hydrogen sulfide on thorium chleride (6] or its hydride [7]. The sulfide Th,S is formed by
the thermal dissociation of ThS, [2]. Methods of preparing the sulfides of thorium are described in [8). All of these
methods for the preparation of sulfides are concerned with the use of metallic thorium or other products which must
be prepared specially from thorium oxide; moreover, the use of these methods requires special apparatus. Only one
patent [9] recommends the preparation of ThS, by heating thorium oxide in the presence of carbon in a current of
H,S, while [10] gives preliminary data on the reaction between thorium oxide and hydrogen sulfide,

The present study investigates the reaction between thorium oxide and hydrogen sulfide in order to determine
the possibility of preparing thorium sulfides from the simplest raw materials and with simple equipment,

The study used 99.8% thorium oxide, one-<gram specimens of which were placed in porcelain boats in a quartz
tube and were heated in a current of hydrogen sulfide which was dried by passing it through a column containing
silica gel and phosphorus pentoxide. The rate of the hydrogen sulfide current was monitored with a flow meter and
was about 0.2 liter/min. The products obtained by sulfidation was proved in a current of hydrogen sulfide, thoroughly
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Temperature, °C

100 TABLE 2, Thorium Content of the Products of the Re-
90 action between ThO, and H,S in the Absence of Car-
—— l bon, as a Function of Sulfidation Time
w80 T . i - - —_
- ! i {
S ol . | . | , |
? 701 1 * Sulfidation i Thy. % i
ch IF T time, hours Temperature, °C o
S e e e e J— s [ too0 I r2ee !
} , 2 ©85.1 833 8.3
/] ! 4 ! 85.0 82.8 | 81.2
800 300 1000 1100 1206 1300 6 i 84.2 82.5 81.0
|
1

Fig. 2. Chemical composition of products ob-
tained from the interaction of thorium oxide and
hydrogen sulfide (in graphite boats), as a function
of temperature over a one-hour period. (The no-
tation is the same as in Fig. 1).

ground, removed, and tested for their total thorium con-
tent (Thy), total sulfur content (S)), and free sulfur con-
tent (Sg). To determine the thorium, the sulfidation pro-
ducts were oxidized to ThO, by calcining at 1000-1100°C,
periodically monitoring to check the thorium content by
precipitating with oxalic acid after dissolving in aqua region. To determine the total sulfur content, a 0.15-0.2 g
specimen of the sulfidation product was ignited at 1200-1300°C in a 0.5 liter/min current of oxygen [11]. The com-
bustion products were passed through a 3% HyO, solution. The resulting H,SO; was titrated with a 0.1 N solution of
NaOH, using a mixture of methyl red and methylene blue as the indicator, The resulting method for determining

the free sulfur content is based on the formation of the hyposulfate when the specimen is boiled in the presence of
sodium sulfite [12],

TABLE 3. Chemical and Phase Composition of the Products obtained from the Interaction of ThO, and H,S in the
Presence of Carbon, for Various Temperatures and Reaction Times*

i Chemical composition, % i ' ’
P Sulfidation | 'O (obtained |
iTemperature time, hours| T, S S {Th. +5. +C “ by differ- | Phase composition
! °C t t f R SRR S S |
| ; : " lence) i
; | *
; 800 1 86.8 5.02 | 0.20 | 91.92 bosaT ThO+ThOS
L 800 | 2 86.1 8.45 | 0.10 | 94.65 L 5.3 | ThS .4 ThOS .~
900 1 83.3 9.65 0.15 . 93.05 | 695 ThS,.5--ThOS i
900 2 83.2 9.86 | 0.10 .  93.16 |68 ThS, 7+ThOS :
1000 1 83.1 11.5 0.10 | 94.7 I 5.3 j ThS;5--ThOS
1000 2 83.2 11.5 0.10 | 94.8 b2 i ThS.s1ThOS z
1100 1 81.6 15.5 0.40 | 97.2 {28 | ThE) g+ ThOS
1100 2 81.05 15.8 0.10 | 96.95 | 305 | ThS; g+ ThOS
1200 1 79.2 19.2 0.10 | 98.5 L1 ThS, o--ThOS
1200 2 79.0 19.5 | 0.10 ‘ 98.6 |oa TS, g
1300 1 79.11 19.9 0.10 99. 11 0.89 ThSy.08 i
1300 2 7941 | 205 | 0.10 1 99.81 [ 0.29 l ThSs.05 ;

* The value of C, was 0.1% for all products.

The results obtained by studying the reaction between ThO, and HyS over a one-hour period are shown in Table
1 and Fig. 1. At 600°C the sulfur content increases rather sharply, after which it gradually approaches the calculated
ThS, 7 content. In the 900-1100°C range the oxysulfide ThOS is formed. It is only between 1200 and 1300°C that
the oxygen is almost completely removed and the sulfide ThS, ;is formed. It has been found by x-ray analysis that
the resulting product* has a hexagonal structure, the dimensions of an elementary cell being a = 11.045 kX;+
c = 3.984 kX, which is close to the tabulated data for ThS; 7 (a = 11,041 kX, ¢ = 3.983 kX. As can be seen from

* The x-ray investigation was made by O, P. Khorpyakov.
+1.00202 kX =1 angstrom,
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/ TABLE 4, Cell Periods and Density of Thorium Disulfide
Propert Experimental Data of
perty data [51 -

Cell periods {angstroms)

a 4,267 4,268

b n.262 7.263

c 8.617 8.617
Calculated density, g/ cm® 7.36 1.36
Pycnometric density, g/ cm® 7.31 -

Table 2, the increased time for the sulfidation of ThO, by hydrogen sulfide has practically no effect on the compo-
sition of the sulfidation products. It may be assumed that the best process for obtaining ThS; 7 is to treat the thor-
ium dioxide with H,S for 1-2 h, For large quantities of the reactants the sulfidation time is increased accordingly,
but thorium sulfides can be produced more efficiently by this method if a rotary furnace is used. The product ob-

" tained by this process has a microhardness of 433 + 30 kg/mm2 (with a 10 g load), and its electrical resistivity is

3.6-7 - 10" ohm-cm, which is larger by two-orders of magnitude than the values given in [1].

The following series of experiments was conducted under similar conditions except that instead of porcelain
boats we used graphite boats with 2 g of ThO,. The results, shown in Table 3 and Fig. 2, indicate that in the ab-
sence of carbon the reaction takes place in several stages. At the beginning, at 800-1100°C, ThOS, the yellow
oxysulfide of thorium, is formed; after this the oxysulfide formation is accompanied by the formation of sulfidation
products with a sulfur content gradually approaching the composition of ThS,; finally, at 1300°C, we obtain almost
pure thorium disulfide containing only a small amount of oxygen as an impurity. This product is brown in color.

In order to improve the qualivty of the product further we used a multi-stage sulfidation process: one hour at 1000°C,
orle hour at 1200°C, and ten minutes at 1300°C. The resulting product was dark brown and contained 78.5% Th,
and 21.0-21.2% S, which is closer to composition of ThS,, calculated as 78.5% Th and 21.5 S.

X -ray analysis showed that this product has the rhombic lattice characteristic of thorium disulfide, with ele-
mentary-cell periods and density close to those given in [13]. (Table 4). '

Thus, when thorium oxide reacts with hydrogen sulfide, the sulfide phases ThS; ; and ThS, are formed. These
products may be used as the raw material for the preparation of lower sulfide phases of thorium. An important fea-
ture of the proposed method is the preparation of large quantities of thorium sulfides using simple equipment.
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ESTIMATION OF THE DOSE OF NEUTRON IRRADIATION
CAPABLE OF CHANGING THE MECHANICAL PROPERTIES
OF PURE METALS

V. K. Adamovich

Translated from Atomnaya ﬁnergiya, Vol. 15, No, 5,
pp. 430-432, November, 1963
Original article submitted November 22, 1962

Up to the present time, a large number of studies (for example, [1, 2]) have been devoted to the effect of
neutron irradiation on the properties of structural materials.

The quantity generally used to characterize the degree of irradiation of metals is a flux of fast neutrons with
an energy in excess of some specified value (for example, 1 MeV). However, as has already been femarked in [3, 4],
the fast-neutron flux cannot completely characterize the extent of the damage. For this reason, the use of a fast-
neutron flux as a characteristic of irradiation conditions produces serious difficulties in the comparison of experi-
ments in which the material has been irradiated with neutrons of different energy spectza. Even greater difficulties
are encountered in the design of reactors when data obtained from experiments on irradiation of materials .re used
[3]. The procedure by which the neutron irradiation dose is calculated is very important in this connection.

In [3-5] it was supposed that such a dose should be represented by an amount proportional to the total number
of point defects (vacancies and interstitials) formed by the neutrons when they pass through a substance.

However, the total number of point defects produced by neutrons is not adequate to indicate the extent to
which the mechanical properties of a material have been changed by the irradiation, since these properties are not
greatly affected by point defects in the absence of complex defects. It is true that point defects make the principal
contribution to the change in such properties as electrical resistance, modulus of elasticity, etc. But even in this
case the value of the neutron dose, proposed in [3-5], cannot be used to characterize the irradiation, since in cal-
culating it the thermal and radiation annealing of point defects is left out of consideration.

In the present study we have attempted to calculate the effectiveness of the dose of neutron irradiation capable
©of changing the mechanical properties of metals. When a fast neutron collides with an atom, it may knock the atom
out of its normal position in the crystal lattice and give it a higher energy. Thereafter the atom initially knocked
out of place will move through the lattice and displace other atoms. In[6, 7] it was shown that at the end of the
path of the atom initially knocked out of place there will be formed a multiple vacancy surrounded by a cloud of
displaced atoms, and it is assumed that the displaced atoms regress to the polyvacancy, producing a displacement
peak which constitutes a complex defect of the crystal lattice, Seeger [8] believes that in metals with a close-
packed structure in which the dynamic crowdions form a stable configuration, the interstitials travel far away from
the polyvacancy and do not regress but accumulate at different points or disappear through various sinks, In this
case the polyvacancy is thereafter converted into a more stable cluster of vacancies, Thus, irradiation produces
chiefly two kinds of defects: point defects (vacancies and interstitials) and stationary complex defects (displacement
peaks, clusters of vacancies and of interstitials). The two indicated mechanisms of radiation damage enable us to
find the correct explanation for the experimentally observed effects of neutron irradiation [7-9). The picture found
by direct observation of neutron-produced defects under the electron microscope [10-13] is also in good agreement
with the ideas developed by Brinkman and Seeger. We shall find the effectiveness of a dose of neutron irradiation
characterizing the change in the mechanical properties of metals (yield point, strength, elongation and area-reduc -
tion characteristics, toughness, critical temperature for brittleness). It is known [14] that the yield point of a poly-
crystalline material is found from the following formula:

Or=0; JrKyd..l/.z’ (1)
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where 0. is the frictional stress of the lattice produced by various defects which hinder the motion of dislocations in
the slip plane; K, is a coefficient characterizing the degree of spinning of the dislocations; d is the grain size.

The complex defects produced by irradiation change the frictional stress, The latter will depend only on the
number of these defects [15], but the point defects will affect the degree of pinning of the dislocations. Experiments
show that the change in the yield point as a result of irradiation is chiefly related to the change in the frictional
stress 0. Thus, it has been found [16] that in copper only 10% of the total increment of the yield point can be
attributed to a change in the pinning coefficient Ky, while in steels the coefficient Ky, in general, remains un-
changed after irradiation [14],

Thus, the total number of complex defects produced by irradiation is a quantity which defines the change in
frictional stress (and consequently the change in the yield point and other mechanical characteristics of the ma-
terial). This is the quantity that should be used as a dose value in experiments investigating the effect of neutron
irradiation on the change in the mechanical properties of metals.

It was pointed out earlier that in the model proposed by Seeger, in addition to the accumulation of vacancies,
there are also accumulations of interstitials; however, the latter are of secondary importance in neutron irradiation
effects [17). According to Brinkman (6-7], it can be shown that both the numbers of displacement peaks and the
number of vacancy accumulations produced by fast neutrons will be equal to the number of originally knocked-out
atoms with energy above some threshold energy Ey,. For displacement peaks E, = 400 eV [7]; for an accumulation
of vacancies Ey, should be taken equal to 6Ey (here Eq is the energy required for the displacement of an atom). This
follows from the fact that the atoms originally knocked out do not increase the number of vacancy accumulations
if they produce mobile defects (that is, single or double vacancies), which will disappear in various sinks. On the
other hand, if the atom has an energy of less than 6E it will produce only single and double vacancies. For an
imradiation time t, the number of initially knocked-out atoms with energies greater than Ep, per unit volume of the
substance may be found from the formula

t co
v=\a w2 ‘”"”(L’ O 4k, .
U Eq/E(E)

where Ny is the number of atoms per unit volume of the substance; O-s(E) is the elastic -cross section of the material
under study; & (E) is the average logarithmic energy loss per collision; d[nv(E, t)]/dE is the intensity of the neutron
flux for a unit interval of neutron energy E.

It should be noted that for large doses of irradiation the number of complex defects will no longer be deter-
mined by formula (2), owing to saturation; experiments show [1] that saturation is found when one uses an integral
flux of fast neutrons of the order of 10?° neutrons/cm?.

In addition, the determination of the effectiveness of the neutron dose capable of changing the mechanical
properties of metals is based chiefly on taking into account the complex defects produced by neutron irradiation,
since the point defects have a comparatively slight effect. However, point defects are of great importance in the
study of the irradiation-produced changes in such properties such as electrical resistance, modulus of elasticity, in-
ternal friction, diffusion, and a number of others, In all these cases, therefore, the number and properties of the
point defects must be taken into account in determining the neutron irradiation dose.

In conclusion, the author expresses his gratitude to N, F, Pravdyuk, N, N.Ponomarev- Stepn01 P, A. Platonov,
I. A, Razov, and A, V., Efimov for their interest in the work and their comments,

LITERATURE CITED

1. Effects of Radiation on Materials [Russian translation). Edited by J. Harwood. L., Sudpromgiz (1961).

2. The Metallurgy of Reactor Materials. Abstracts of the Battelle Institute, Vol, 2, Structural Materials and
Technology of Fuel Elements. Transaltion into Russian edited by D, M, Skorov, Gosatomizdat, Moscow (1962).

3. N. N. Ponomarev-Stepnoi, Atomnaya Energiya, 11, 184 (1961).

4, A, Rossin, Nucl, Sci. and Engrg. 9, 137 (1961),

5. C. Bruch, W, McHugh, and K. Hockenbury, J. Metals, 8, 1362 (1957).

6.  J. Brinkman, J. Appl. Phys., 25, 961 (1954).

1195

Declassified and Approved For Release 2013/02/25 : CIA-RDP10-02196R000600110003-4




Declassified and Approved For Release 2013/02/25 : CIA-RDP1 0-02196R000600110003-4

7. 1. Brinkman, Amer. J. Phys., 24, 246 (1956).
8. A, Seeger Proceedings of the Second U. N, International Conference on the Peaceful Uses of Atomic Energy,
Vol, 6, Geneva (1958), p. 250,
9. M. Makin and A. Mauthorpe, Acta Metallurgica, 9, 186 (1961).
10. M. Makin, A. Whapham, and F. Minter, Philos. Mag., 7, 285 (1962).
11.  A. Grenall, J. Nucl. Mater., 4, 3 (1961).
12, J. Brinkman, A, Sosin, and A. Grenall, J. Nucl, Mater., 4, 332 (1961).
13. A, Hull and J. Modford, Philes. Mag., 6, 535 (1961).
14, M. Makin et al., "Proceedings of the Second International Conference on the Peaceful Uses of Atomic Energy"”
{Russian translation]. Selected Reports of Non-Soviet Scientists, Vol. 6, Atomizdat, Moscow (1959), p. 411.
15. A, H. Courell, Dislocation and Plastic Flow in Crystals {Russian translation ]. Metallurgizdat, Moscow (1958),
p. 157, .
16. M. Makin and S. Mauthorpe, Acta Metallurgica, 9, 86 (1961).
17. M. Makin, A. Whapham, and F. Minter, Philos. Mag., 6, 63 (1961).

All abbreviations of periodicals in the above bibliography are letter-by-letter transliter-
ations of the abbreviations as given in the original Russian journal. Some or all of this peri-
odical literature may well be available in English translation. A complete list of the cover-to-
cover English translations appears at the back of this issue.

1196

Declassified and Approved For Release 2013/02/25 : CIA-RDP10-02196R000600110003-4




Declas_sified and Approved For Release 2013/02/25 : CIA-RDP10-02196R000600110003-4

AERIAL SURVEYS OF URA'N‘IU'MvDEPOSITS IN WOODED REGIONS

V. 1. Balabanov and A L. Kovalevskii

Translated from Atomnaya Energiya, Vol. 15, No. 5,
pp. 432-434, November, 1963 :
Original article submitted January 23, 1963

Various literature references [1-3] take up the question of absorption of gamma radiation from the soil layer
by forest flora, However, the biomass of forest vegetation may itself be the emitting medium. The aerial parts of
the plants may contain an appreciable quantity of radium accumulated by absorption from the soil [4]. Anomalous
radium contents usually found in the ash of plants growing on uranium deposits and their dispersion halos are (0.3-
10)-107* g/g at background (normal) contents outside the deposit boundaries of less than (3-10)- 1072 g/g [4, 5).
In live plants, the radium content values are: anomalous (0.3-20) - 107" g/g, and background (gp,ck) less than
(3-2)+107 g/g (at 0.2 to 2.0% ash content of the live plants). :

The radium content in ash of branches of such trees as birch, larch, fir, spruce are one and a half to three
times that found in the soil, and less (roughly equal to the concentration in the soil) in the ash of branches of pine,
cedar, aspen, willow, linden. The wood ash contains one and a half to twice the amount of radium, as a rule, as
the ash of branches. -

In some cases, appreciable radium anomalies are observed in plants growing on uranium ore bodies when nor-
mal uranium and radium contents prevail in the upper soil horizon. Slight radioactive anomalies have been recorded
in such cases on the sunlit surface; in some places such anomalies are completely absent (cf. diagram). Accordingly,
even in those cases where the upper soil horizons are depleted of radioactive elements, the plants still absorb radium
intensively from the lower soil horizons (from a depth of 0.5 to 1.0 meter and lower), and gamma emission from those
layers remains virtually unrecorded in an aerial gamma survey,

As calculations have indicated, anomalously high radium concentrations in the aerial parts of trees growing on
uranium deposits may set up gamma -radiation anomalies as high as 0.4-0.9 pr/h'at an elevation of 40-50 meters
above ground level. Calculations followed the procedure described in [3] closely. It was assumed that the forest
consists of three "layers:” the crown, ‘the tree trunks, and the dead floor cover (debris on the forest floor). The crowns
of the trees form a uniform top layer from H/2 to H (H being the height of the forest). The density of this layer is
a function of the density of the forest and of the treetop mass (mass of the crown). A dense stand of tree crowns in
a thick forest comes 10 0.8-0,9 density [6], so that it is safe to assume this layer to be homogeneous. The tree trunks
are visualized as the lower "layer” from 0 to H/2. The thickness of the forest stand is characterized by the specific
area Sg per tree. The forest floor-debris layer may, as we know, contain reserves of from 20 to 150 tons or more per
hectare {6].

For our calculations, we took the anomalous areas within which the concentration of radioactive material
q(x, y) is unevenly distributed and declines toward the periphery. Proceeding from experience, the ratio qm,x/dpack
is assigned the value 20, so that the variation in radium concentration over the area presented by a local area may

be expressed by the formula [7]:
. N 2 2 .
9 (%, ¥) =  €XP (—3 %) )
(1)

where qp,,, is the maximum concentration of radioactive material at the center of that area; R is the radius of the
circular area 6n the boundaries of which q(x, y) =~ 0.05 qp»%. '

Formula (1) may be simplified [7] as : .
AP e . R -
exp ( B—Rz ) %exp'[—GW(ri—h)J , @)

where 1, is the path length of gamma photons in air; h is the height above the center of the circular area,
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Distribution of radicactivity and of content of radioactive elements according to profiles (cf. A. L. Kovalevskii and

M., S. Makarov): 1) Uraniferous ore bodies; 2) ore -body dispersion halos; 3) granites; 4) schist xenoliths;

o -

activity of plant ash (&t = equ.U 10%%); e uranium content in ash ( x 10% %); ........... intensity of B + y -
emission on the sunlit surface (pr/h); —— —— concentration of radon in the soil layer (emans); x, O, O sampled
branches of birch, aspen, and pine, respectively. Remark. On each area, the radium content (in equilibrium uran-
ium units) in the ash of plants with anomalous o -activity is equal to the o -activity (in equilibrium uranium units)

multiplied by 1.4.
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\
In order to determine the gamma dose rate from the crown and trunks, we made use of Yu. P. Bulashevich's

formulas [8] which, after a few straightforward transformations, assume the form

J=J‘—~J2,v

where : : h? h2
Ji=Jo_ exp {GF [0<p2h+6§5>

—®<p2h+p,z+6%>]}, (3)

B2 ‘ h?\.
{ ” _ (,rzh_l_esW b pyl 6
Jo=Joax 8XP 61{—2005% ‘D\W - cos Py I

Here, J; is the gamma emission from an infinite layer of finite thickness through an absorbing layer; J, is the gamma
emission from a circular annulus of finite thickness through an absorbing layer in the range of angles from ¥, to
n/2:

4)

J"max = 2¢kqma}<g;

&(x) is King's function; ! is the height of the emitting object; ¥, is the polar angle in spherical coordinates with
the center placed at the observation point (0, 0, h); p4 and p, are the linear gamma absorption coefficients in the
emitting object and in air.

To calculate the dose rate from the forest floor debris, we employed the formula [3]:

. hZ 6h2
J =T 1 4®XP [G~R—2(D<—R;l—-+p.2h>] . (5)
The masking effect of the upper-lying "layers”™ was neglected, since it failed to exceed 10-15% [2, 31.

The average parameters of a mature forest (i.e., of age 80—120 years) were assumed to be the follow-
ing: H = 256 meters, Sy = 18 m?, volume of a single tree with crown 1.6 m? » mass of the crown 30% of the mass of
the trunk, reserves of forest floor litter 80 tons per hectare,

If the wood density is assigned the value 0,86 g/cm [9]), then the density of the uniform layer constituting
the crown of the forest p ., = 1.8+ 1073 g/cms On the basis of the known value for the effective mass absorption
coefficient of gamma radiation, u/p = 0.03 cm?/g, we obtain Heop =5.5° 10° em™, Assuming the undergrowth
and regrowth to have a mass 30% of the total mass of the tree trunks we find the drstribured density and the absorp-
tion coefficient of the trunk layer to be: p = 6.1-10" g/cm Py =1.8° 10" em™, The density of the floor
debris is assumed equal to 0.16 g/cm and hence He = 4,8-10 3 emt :

The distribution of radium in the crown and wood of a tree is assumed to be uniform, and the ash content to
be: 0.5% for wood (including the bark), 1% for the crown, 5% for the forest floor litter; the maxrmum radium con-

. tent in the ash being 3.4-10 "% (equilibrium 0.1% of uranium). This radium concentration is quite common for

many uranium deposits and ore showings investigated.

Clearly, as we see from the table, the gamma intensity for the conditions stipulated and due to the radium
found in the aerial parts of the trees is greater than the sensitivity of currently available aero-gamma-survey meters.
For the c2ses observed under actual field conditions, where the peak radium content in the ash of trees amounts to
1.1:107%, the effect will triple that reported in the table.

The values obtained must be regarded as maximum values, requiring experimental verification, since emana-
tion and radon loss by the live plants were not taken into account in the calculations, and neither were meterological

factors, According to the data reported by M. S. Makarov and A, 1. Kalabin, the emanation power of the plants is
80-100% for radon.

Because of appreciable accumulation of radium isotopes by the plants and the large emanating power, it
seemed feasible to make a study of the possibilities in the ionization prospecting method for discovering radioactive
ores in wooded districts,
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There are, then, at least three factors to be taken into consideration in any examination of the effect of the
forest cover on the results of aero-gamma surveying of deposits of radioactive ores, These are:

1. Specific geochemical processes taking place in forest soils (which are generally acidic), and resulting in
a drastic depletion of the yields of uraniferous ore bodies down to 0.5-1,0 meter depth and lower. This is the princi-
pal reason for the diminished effectiveness of prospecting.

2. Absorption of radium by the aerial parts of the plants, and the formation of radium biogeochemical anom-
alies (at a relatively slight thickness of the radium-depleted soil horizon to 1-3 meters), which might have the
effect of slightly enhancing the probability of uncovering deposits of radioactive ores.

3. A negligible reduction in the effectiveness of aero-gamma surveys due to absorption of gamma radiation
from the soil layer by the aerial parts of the plants.
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NEWS OF SCIENCE AND TECHNOLOGY

CONFERENCE ON REACTIONS OF COMPLEX NUCLEI

Translated from Atomnaya Fnergiya, Vol. 15, No. 5,
pp. 435-443, Novermnber, 1963

The III conference on reactions between complex nuclei convened in April 1963 at Pacific Grove (California,
USA), under the auspices of the Lawrence Radiation Laboratory (Berkeley). Topics in scattering of heavy ions, direct
reactions brought about by heavy ions, decay of compound nuclei, coulombic excitation of nuclei, and nuclear spec-
troscopy came under discussion in the seven sessions of the conference.

Empirical data on elastic and inelastic scattering of C, N, and O ions on various nuclei were reported in papers
dealing with heavy-ion scatterin research. The data reported were compared to the results of calculations based on
the optical model, and with calculations using the phase shift method (the Mclntyre model). The value of applying
semiclassical methods to the calculation of heavy-ion elastic scattering cross sections was underlined in the reports
and in the discussion.- Attention was also centered on the usefulness of the quasiclassical approach in analyzing the
simplest nucleon exchange reactions in interactions involving heavy ions.

Experimental papers on the study of exchange reactions in encounters of heavy ions were directed primarily
to a careful measurement of the energy distributions and angular distributions of particles emitted in heavy-ion
collisions. The high resolution of the experimental equipment was a conspicuous factor in the reports.

Experiments conducted by the Bromley group at Yale University showed that an o -particle is always formed
in the binary splitting of the Li’, BY, B, and Li® ions on various targets, while the spectrum and angular distribution
of the o -particles are in accord with classical kinematical calculations which assume splitting of the ion when ad-
jacent nuclei interact. ’

Detailed investigations of deuteron and proton transfer reactions in response to irradiation of C2 by B" ions
have also been carried out at Yale. The findings show that the residual nucleus is in the excited state in most cases,
while selectivity is observed with respect to separate isolated levels. Experimental findings on pickup of o -particles
with the formation of Li® as deuterons bombard various targets were reported,

Some of the papers presented accounts of investigations of neutron transfer reactions in nuclear collisions.. The
findings were analyzed from the viewpoint of the tunneling theory of neutron transfer. '

Work on the resonance nature of the reactions C**(C*%a)Ne?® and C'*(0")Mg? was reported. This work has been
carried out on tandem electrostatic generators, and the results were analyzed on the basis of current concepts on ex-
cited states of high spin for the nuclides Ne?? and Mg?.

The high monochromaticity of the beam of ions accelerated by electrostatic generators enables researchers to
study fluctuations in the cross sections of nuclear reactions, and thus to extract information on the lifetime of the

"compound nucleus, In this context, we might note the paper by Zucker and colleagues (Oak Ridge), in which the s

statistical correlation function was employed.

The decay of compound nuclei formed in reactions with heavy ions was the subject of several papers reporting
work using linear heavy-ion accelerators at the Lawrence Radiation Laboratory and at Yale University. In experi-
ments on the study of neutron emission, the effect of the angular momentum contributed by the heavy ion is mani-
fested rather prominently. Among the papers dealing with research on the compound nucleus, we must mention a
theoretical presentation by Swiatecki et al., on equilibrium forms of a rotating charged liquid drop. Calculations
indicate that the fission barrier declines drastically as a result of the nucleus rotating.

An experimental paper presented by Price et al., at Berkeley on a search for ternary fission events (fission into
three equal parts) was received with keen interest. It was found that nuclides having a high value of the parameter
7%/ A obtained by irradiating Th?® and UP® with argon jons experience fission into three equal parts to a strikingly
high probability. Mica detectors were employed with success in recording the fission fragments.
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In addition to papers devoted to.the study of the mechanism behind reactions between complex nuclei, the
conference also discussed papers dealing with coulomb excitation of nuclei. The results of theoretical and experi-
mental investigations indicate the existence of second-order effects for excitation of levels in coulombic interac-
tions of nuclei. A detailed study of these effects opens up opportunities for measuring the quadrupole moments of
nuclei existing in an excited state. Some experimental papers cited empirical results on coulomb extinction of
levels of different natures (levels of rotation bands, vibration levels),

New experimental data on the rotation levels of neutron-deficient rare-earth nuclides extended the scope of
the region of deformed nuclei.

Reports were presented on experimental heavy-ion research carried out at the Nuclear Reactions Laboratory
of the Dubna Joint Institute. These included papers on a spontaneously fissioning isomer, delayed -proton emitters,
nucleon transfer reactions, the spectra of fission fragments. Also presented were theoretical papers by B. N, Kalinkin
and colleagues (Theoretical Physics Laboratory of the Dubna Joint Institute) on a study of elastic scattering of heavy

ions and transfer reactions, and by V., M. Strutinskii (I. V. Kurchatov Institute of Atomic Energy) on the probability
of isomerism in nuclei,

V. Gol'danskii made reports on theoretical estimates of the probability of proton radioactivity.

In speaking on the conference as a whole, we may draw the inference that the work accomplished in the last
two years on the study of nuclear reactions elicited by heavy ions has undergone a significant development. The

advance to high-accuracy quantitative research and consistent theoretical analysis of the data obtained are note -
worthy,

S. M, Polikanov
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CONFERENCE ON INTERACTIONS OF HIGH-ENERGY PHOTONS

Translated from Atomnaya ﬁnerglya Vol 15, No. 5,
pp. 436- 438 November 1963

A conference on interactions 1nvolv1ng photons with energres as hlgh as several billion electron volts took
place'in January 1963 at the Massachusetts Institute of Technology (Cambridge, USA) " About 300 screnusts from
the USA, Britain, France, Italy, and other countries were in attendance,

' The conference was scheduled for the commissioning of the Cambridge 6 BeV cyclic electron accelerator.
The purpose of the conference was to review theoretical and experimental advances in resedrch on electromagnetic
interactions of elementary particles in the energy region of 1 BeV.and to consider the possibilites of using the pho-
tons and electrons from the Cambridge cyclic accelerator in'research on the nature of the elementary partlcles and
thelr interactions.

The conference was opened by reports dedrcated verifying the applrcabrhty of quantum electrodynamlcs at -
small distances. From a comparison of theoretical calculauons and experimental data on the anomalous magnetic
moment of the p -meson, photoproducuon cross sections of ;1 — J " -pairs, scattering of  -mesons in the coulomb
field of the nucleus, the production of e* —e” -pairs at large angles, and other topics, it became clear that electro-
dynamics is vahd at distances as short as A>(1-2): 107 cm, Further progress in this type of research is contingent
on the successful productron ‘of fairly intense colhdmg electron beamns. Storage of electrons and positrons in storage
systems were discussed as possible solunons to this problem in reports by V. Touschek (Frascati, ‘Italy) and V. Richter
(Stanford USA).

" In the ﬁrst of these papers, it was reported that research findings from the AdA storage system (Frascan Italy)
delivered to the linear electron accelerator at-Orsay (France) indicate a strong' dependence of the lifetime of particles
in the storage ring .on the total number N ofstored particles. ‘The lifetime varies from 40 h at low intensity to 6 h

at N =4-10". At these high intensities, attempts are being made to scan the electron- -positron beam system to observe
the reaction e* —e” — 2y by recording by means of Cerenkov lead glass counters, coincidence of any two gamms
photons emitted in the direction of motion of the primary particles. It is proposed to utilize the findings of these
measurements to determine the dimensions of bunches of stored partlcles

At Stanford, injection of a rather large number of electrons into-the storage system was plagued by difficulties
associated with a sharp deterioration of the vacuum, and this is apparently due ‘to the radiation-induced decomposi-
tion of the grease used in the vacuum pumps. Decisive steps are being taken to eliminate this deficiency. - -

The next group of reports was devoted to a discussion of electron scattering on protons and of electromagnetic
form factors of nucleons (reports by D. Jenne, R. Wilson et al.), It was noted that in e —p-scattering experiments
radiation corrections attaining 20% in some individual cases were reliably estimated for the first time. From the
new data on scattering of ~ 1.4 BeV electrons on protons, we infer that a description of the electrical and magnetic
form factors of the proton requires that we také under consideration two new particles of mass about one half of,-and
1.5 times greater than the large masses of p - and w-mesons, in addition .to taking p - and w-mesons into account,

The conference devoted considerable attention to thé production of mesons (7, K, 1, p etc.) in“response to
real and virtual gamma quanta., The study of these processes may yield information on the electromagnetic structure
of nucleons and pions, the relative parity of particles(e.g., the parity A = K from the reaction y + p = A +K),
and on the coupling constants of unstable particles. For instance, -an investigation of the reaction y +p —»p+ 7
made it possible to find the ratio between alternative decay schemes of the no-meson, R=n—>3r/n— 2y & 1.4 0.5.
Of the experimental findings reported by this group, we must take note of a measurement of the differential cross sec=
tions of the reactions y +p — K% + A", y +p =~ K+ =% and measurement in the first reaction of the polarization
of A -particles, found to be ~30% at E_ ~ 1 BeV, clearly pronounced third resonance established at energy E_ ~ 1 BeV
in the total cross sections of the photoproduction cross section of = *- and 7°-mesons on nucleons, and also measure-
ments of the differential cross section for angle 90° in the center of mass system for elastic scattering of gamma pho-

tons in the neighborhood of the second resonance(Ey ~ 500-850 MeV). The cross section of this reaction passes
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through a clearly defined maximum, whereupon the value of the cross section at the second maximum is found to be
%/3 of the cross section of the first maximum, traceable, as we know, to resonant ¥ —N -interactions in the (3/2, )
state,

In the group of reports touching on the asymptotic behavior of the cross sections at high energies, methods for
treating the analytic properties of the amplitudes of the processess in the plane of the complex orbital angular mo-
menta [ were developed, and experimental data bearing on the ™ —N, N—N- and e~ p-scattering processes at the
maximum presently attainable energies were discussed, The absence of any narrowing of the diffraction maximum
in m —N-scattering in the energy region 10-20 BeV is at variance with the assumption that vacuum pole exchange
plays the predominant role. An analysis of the e —p-scattering data for very low angles leads to the inference that
the photon is an ordinary fundamental particle, and not a Regge pole, and that the role of two-photon exchange is
insignificant in e —p-scattering.

The conference centered a good deal of attention on new techniques for recording elementary particles and on
new devices and instrumentation,

Three papers dealt with the production of beams of monochromaric photons.

An investigation of coherent bremsstrahlung of electrons on ordered structures, i.e., crystals (ruby, etc.), pointed
up the possibility of obtaining intense fluxes of quasi-monochromatic gamma photons of high energies (of energies
less by a factor of 2 or 3 than the energy of the primary electron) and 50% polarized. Monochromaticity may be
enhanced by improving the angular resolution.

. Another method proposed for obtaining beams of monochromatic polarized gamma photons consisted in produc-
ing a head-on collision between a beam of accelerator high-energy gamma photons and a beam of laser photons.
The photons scattered on the moving electrons are sharply directed backwards and, in virtue of the Doppler effect,
will have a high energy (at E ;... ~ 6 BeV, E. ~ 850 MeV). Consideration was also given to a technique de-
signed to monochromatize a beam of photons by monitoring coincidences between a photon and an electron radiat-
ing it in some target, with the momentum of the electron determined by means of a magnetic spectrometer. To
measure the polarization of the high-energy photons, it is proposed to use photoproduction of e* — e -pairs, but on
crystals rather than on a conventional gamma-ray converter, In addition, methods for designing sources of polar-
ized electron beams were discussed, along with problems concerning the depolarization of electrons in the course
of acceleration.

A paper presented by D, Hall provided a survey of recording equipment suitable for use on photon beams. In
addition to the unique single-channel magnetic spectrometer (resolution §p/ p = + 0.007) built at MIT, detailed
discussion of the use of bubble chambers and spark chambers in synchrotron work took place. Bubble chambers fea-
ture excellent pulse resolution and spatial resolution, but their use directly in the beam is hindered by the presence
of a large electron background. Careful collimation of the beam, the use of vacuum in put tubes, filtering magnets,
etc., makes it possible to work with a beam of 10* effective photons per pulse at the present time. The use of an
additional tube filled with hydrogen gas and with walls made of heavy elements, the tube being placed alengside
the beam in the interior of the chamber, enabled designers to increase the allowable intensity per pulse to 10° effec-
tive photons.

Bubble chambers filled with high-Z substances (freon, methyl iodide, etc.) as detectors of high-energy gamma
photons have gained considerably in popularity. Backing up bubble chambers at present as gamma-ray detectors
and elementary-particle detectors are spark chambers. The conference heard a detailed discussion of a cylindrical
spark chamber with electrodes of heavy materials encircling a hydrogen target. It has been proposed to use a cham-
ber of this type in colliding-beam experiments.

Intense interest was shown in a report on a discharge chamber built at CERN by G, Charpak and L. Massonet.
This chamber is similar to the ordinary spark chamber, but the working gasisa helium-neon mixture with a halogen
gas added. 'This gas is added to produce a self-quenching discharge. The use of this working medium leads to a
sharp decrease in operating voltage (~2 kV/cm), to the possibility of recording many particle tracks simultaneously,
and on an increased frequency of operation (up to 10* operations a second). There seems to be some indication of
proportionality between the brightness of a spark and completeness of the ionization of a particle track,

Some of the papers dealt with various systems for automatic scanning of 10° to 107 photographic plates from
bubble chambers and spark chambers in a year, and an acoustic method for recording particle tracks in spark chambers.
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Foreign Electron Accelerators and Storage Systems

Type of machine

Country, city

| Maximum en-

Intensity or total

Remarks

| ergy, BeV current of elec-
1 tron beam
Storage ring Italy, Frascati 1.5 0.1 A |Project; injection e* ~ 200 ,
- beam lifetime ~ 30 h at 107°
mm Hg vacuum. 4 points of col-
] . lisons in e* —€ ~beams
Linear accelerator { France, Orsay 1.05 In operation: before long the energy
' will be increased to 1.3 BeV. In
two years, according to plans, a
storage ring (450 MeV) will be
v installed. ' v
Strong -focusing West Germany, | 6 {Under construction; cominissioning
synchrotron Frankfurt planned for early 1964,
Synchrotron Sweden, Lund 1.2 10!? electrons/sec |In operation; 6 MeV microtron in-
1 jector,
Strong-focusing Britain, Glasfow 4 4-10 A | Project; scheduled for completion
synchrotron ' by end of 1966.
Linear accelerator | USA, Standford 40 Project; scheduled for completion
by end of 1966.
Synchrotron USA, Cornell 2.2 Now operative 1.3 BeV accelerator
being redesigned; reconstruction
to begin in summer of 1964; 10
BeV accelerator being planned.
Synchrotron Japan, Tokio 0.75 10! electrons/sec |in operation; plans call for increasing

energy to 1.3 BeV.

D

Experiments now in progress on the Cambridge cyclic accelerator or being planned for that machine were dis-
cussed in the closing sessions of the conference. The principal drift of this research is to verify the applicability of
quantum electrodynamics at small distances (measurements of the photoproduction cross sections of et—e - and

p * — u ~-paris), investigate electromagnetic form factors of the proton and structure of the photon (on the basis of
e —p-scattering), and detect nre particles. A broad program of research using a variety of procedures to investigate
such processes as photoproduction of 7 - and K-mesons, the Compton effect on the proton, and other subjects is also
underway.

At the conclusion of the conference, the participants were briefly brought up to date on new electron accel-
erators and storage systems, information on which is included in the accompanying table.

B. B. Govorkov, A, I, Lebedev
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THE SECOND EUROPEAN "VAKUUM" SYMPOSIUM

Translated from Atomnaya_}fnergiya, Vol. 15, No. 2,
pp. 438-439, November, 1963 ’

On the initiative of the European Federation of Chemical Engineers, the second "Vakuum" symposium on
’vacuum technology met at Frankfurt-am-Main in June 1963, The symposium drew about 250 physicists, technicians,
and engineers from the West European countries, as well as East Germany, Yugoslavia, Czechoslovakia, Hungary,
and the USA,

The symposium chose as its basic topic "The physics and engineering of sorption and desorption processes at
low pressures.” The choice of this topic was determined by the understanding that significant advances in vacuum
technology in-the next two decades will be governed in large measure by research and development progress in this
area. '

The first batch of papers was devoted to the fundamentals of physicochemical processes involving gases and
solids, Yarwood and Clans (Britain) reported on a measurement of the probability of inert-gas ions of energies rang-
ing from 100 to 5,000 eV sticking to metal surfaces. They determined the depth of penetration of the ions, the
effect of diffusion rate, and investigated the corresponding desorption processes. Measurements of gas release by
pure nickel brought about by electron bombardment were carried out by Peterman (Sweden), and were shown to be
of fundamental significance; how much gas issued from the surface and how much from the bulk phase of the metal
was clearly distinguished in the work. Eshbach (West Germany) and colleagues reported on their measurements of
the diffusion constants of hydrogen in alloyed steels. The lowest diffusion constant, according to their measurements
. is obtained in the case of austenitic steel; it is approximately 10° greater in the case of ferritic steel, Jackel and
Wagner (West Germany) determined the work function photoelectrically for tantalum and palladium, and investi -
gated the effect of an adsorbed gas layer on the work function (under high-vacuum conditions). Junge (West Germany)
carried out some interesting observations in producing a two-component semiconducting layer by separate vaporiza-
tion of individual components, By appropriately choosing the temperature of the substrate, the layer to be precipi-
tated could be obtained in the exact proportions specified, even when the rate of vaporization of the individual com-
ponents contrasted sharply. Schram (France) treated the question of different determinations of physical surfaces;
Gohr (West Germany) studied the "retarded condensation” of mercury; Armand and Lapujoulade (France) reported
on measurements of the interaction between stainless steel and carbon monoxide at low pressures and high tempera-
tures,

The second batch of papers dealt with partial -pressure measurements and instruments for measuring partial
pressures. There is no need to emphasize the decisive significance such measurements have for research into sorp-
tion and desorption processes and ways of controlling them, Giinther (West Germany) made a review presentation
on this topic. He described all existing devices (omegatron, sectored -field spectrometer, time -of -flight spectro-
meter, resonance ion spectrometer, the mass filter quadrupole spectrometer, the cycloidal spectrometer, and the
desorption spectrometer), and considered their merits, drawbacks, and potentialities for further development and
improvement. In this connection, it is fitting to note that almost all partial -pressure analyses reported on at the
symposium were carried out by means of omegatrons. This compact device has become, despite its limitations, a
standard instrument for measuring partial pressures (down to 1071 torr). However, it would still be desirable to see
partial pressure measuring devices of greater sensitivity and greater speed in read-out of partial-pressure values be-
come available on the market. Gentsch (West Germany) described a very promising omegatron which he was the
first to propose, and which is capable of capturing and measuring not only resonant but also all off-resonance ions,
This will enable technicians to make continuous and simultaneous measurements of both partial and total pressures
and to eliminate those errors in the measurements which are due to space-charge effects. Bueltmann and Delgmann
(West Germany) described an analysis they made of the residual gas in an ultrahigh-vacuum system; they used a
quadrupole spectrometer in their work.

An extended survey paper on the practical observable interaction between the residual gas and solids was pre-
sented by Venema (Netherlands). The nextlengthyreport dealt with the effects of sorption processes in accelerators,
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plasma machines, and outer-space simulators, and was delivered by Degras (France). On this point, Fischer (CERN)
reported on the gas released by the vacuum chamber of a beam storage ring for 2 MeV electrons,

The technology of working and machining metal surfaces for high vacuum and ultrahigh vacuum work was
described in detail in the presentation by Doray (France). Of the many techniques available for lowering desorptive
power which he mentioned, we need only mention the following ones: electrolytic polishing, electrochemical for-
mation of a "passivating layer” and building up a protective layer, tightly bound to the metal, by precipitating a
metallic compound from the gaseous phase, by means of dissociation or thermal reduction. Another method for
working metal surfaces, ion bombardment etching, was described by Jobin (Switzerland).

Pumps based on the sorption principle, .for example the zeolite pumps in which gases are adsorbed on a ceram-
ic presenting a high specific surface (zeolite) are coming into increasingly wider use. They usually act by lowering
the pressure in the vacuum chamber from atmospheric pressure to the 10~ torr required for getter-ion pumps to be-
gin efficient operation.

Windsor (Britain) spoke on the present state of development of zeolite pumps and reported that pressures of
107? torr may be attained by using these pumps, Fischer (CERN) described measurements of the rate of evaporation
of a sputtered-titanium pump; Kienel (West Germany) investigated harmful desorption of gas from getter pumps,
and made some suggestions for reducing these effects. This same topic was broached by Klopfer West Germany),
who dealt with measurements of the rate of adsorption of nitrogen and carbon monoxide on titanium. He found no
confirmation for the multiplicity of hypotheses holding that the rate of adsorption of excited gas molecules must
be greater than that of molecules in the ground state. Farkas (Hungary) spoke on a completely new principle for
attaining low pressures., The gases to be evacuated are adsorbed on a constantly freshly exposed surface of molten
metal. The metal (an alkali rare earth plus an alkali metal) is then cycled in a closed loop with the aid of an
electromagnetic pump.

Two papers were devoted to cold adsorption, a phenomenon of current interest which may have great signifi -
cance in the performance of cryogenic pumps, Normally, a cryogenic pump operates on the condensation principle:
an intensely cooled surface promotes the evacuation, so long as the partial pressure of the gas being evacuated is
greater than the vapor pressure of that gas at the temperature of the cooled surface, Contrariwise, in cold adsorp-
tion the evacuating action is possible even at a pressure lower than the vapor pressure, The gas is then bound not
to the bulk phase of the metal, but to a film of another substance formed simultaneously or previously. Hengevoss
(Lichtenstein) reported, for example, on cold adsorption of hydrogen on an argon layer at the temperature of liquid
helium (4.2°K), Degras (France) reported on a similar phenomenon observed in the case of a cold trap cooled by
liquid nitrogen.

It is very difficult to avoid errors in pressure measurements using Bayard-Alpert gages. These errors, which
often go beyond one order of magnitude, were mentioned by Apgar (USA) and Hoch (West Germany). Later on,
Huber (Lichtenstein)mentioned, within the context of his paper, measurement of a vacuum and determination of the
x-ray range of various gages in the Bayard-Alpert system as compared to Lafferty gages. Meinke (West Germany)
proposed a new tube for an ionization manometer, specially designed as a standard gage. If this tube proves to have
such a high stability and reproducibility of performance characteristics as is claimed, then it may well replace the
McLeod manometers which are in general use as standards (in the range to 107 torr), but which are highly incon-
venient in practice,

When adsorption and desorption rates are to be measured, it is often desirable to measure very slight flows of
gas. A special technique has been devised for these measurements. Garbe (West Germany) studied very slight quan-
tities of oil vapors which penetrated into an ultrahigh-vacuum system from an oil diffusion pump with an absorbent
trap. Suchlow quantities of oil could not be successfully measured with a mass spectrometer, since they are instantly
absorbed on the heating walls of the chamber. Garbe devised, for his measurements, a valve between the pump sec -
tion and the chamber, and discovered an increase inpressure when the chamber was heated, Using this method, he
could also prove the existence of a reverse flow of oil at the rate of 10'° molecules a day. Kraus (Lichtenstein) de-
scribed a new device for measuring gas flow where the pressure in the volume to be measured in raised and lowered
within specified limits by intermittently and briefly opening a valve controlled by a pressure gage. The frequency
at which the valve is operated is a measure of the gas flow, Exact constant-pressure measurements of gas flow were
also mentioned by Henri (France),

In passing, we note that French delegates astonished the audience with their proposal of a new pressure unit
which they in fact used in their reports: 1 pascal = 7.5-10 torr, The pascal is a new name for the pressure unit in
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the MKS system: pascal-N/m? = kg/seczm. The initiative of the French on this point is consistent and to be welcomed,

but we are sure that it will be a long time before that unit gets to replace the now accepted unit (torr = mm Hg).

In general, we feel free to state that the symposium provided an excellent review of the many problems asso-
ciated with sorption and desorption processes, and that much new was to be gained from its sessions. We do not
hesitate in affirming that the proceedings of the symposmm to be pubhshed in 1963, will be a most valuable refer-
ence for everyone active in this fleld : :

_ E. Fischer (CERN, Geneva)
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MODERNIZATION OF THE VVR-S REACTOR

Translated from Atomnaya énergiya, Vol. 15, No, 2,
pp. 439-44a, November, 1963

A method has been developed at the 1. V, Kurchatov Institute of Atomic Energy for effecting a significant in-
crease in the power of standard VVR-S water-cooled water-moderated research reactors without making extensive
alterations on the core.

As is generally known, reactors of this series have been installed in many research institutes throughout the
USSR and other countries, Many scientists working throughout the USSR and other countries. Many scientists work-
ing with these reactors are interested in increasing the reactor power and broadening the experimental potentialities
of these reactors.

The essence of the new method consists in replacing the fuel assemblies now in use with EK-10 fuel assemblies
which present a more elaborate heat-transfer surface. This requires absolutely no redesigning of the reactor core.

Several variants were looked over, and the choice fell on an assembly consisting of four fuel elements of octa-
gonal cross section, an inner round fuel element, and an aluminum jacket. The design of the proposed fuel assembly
is shown in Fig. 1. The inner element may be extracted from the assembly, and experimental channels or ampules
of 19 mm outer diameter may be put in its place.
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Fig, 2, Cross section through reactor core: 1) fuel as-

Fig. 1. Fuel assembly: 1) upper end semblies; 2) metal beryllium slugs (round plug seenin
part; 2) upper reactor lattice; 3) alu- center of each slug; 3) control rod and scram rod chan-
minum cladding; 4) round (inner) fuel nels.

element; 5) hexagonal fuel elements;

6) lower reactor lattice; 7) lowerend- Inside the core, the walls of the fuel elements con-
piece; 8) cross section through fuel sist of three layers: an outer and inner lining of aluminum
assembly, each 0.8 mm thick and a medium layer of uranium-alu-

minum alloy meat 0.9 mm thick. The aluminum cladding
of the assembly is 0.8 mm thick. Longitudinal semicircular recesses are cut on the edges of the cladding to heigh-
ten its rigidity and hinder any closing of the gap between the cladding'and the outer surface of the external fuel
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element brought about by the difference inthe pressures of the coolant water inside the cladding and outside. The
clearing between cladding and outer fuel element is 2.7 mm. The clearances between the remaining elements are
3.0 mm. The water space encircling the inner fuel element has ‘a variable thickness with a minimum of 2.5 mm,
The end parts are so shaped as to distribute the coolant water inside the fuel assembly such that the flow will be
maximized in the first two clearances starting from the exterior of the fuel element. The rate of coolant water
flow between the assemblies is very slight. The arrangement of the fuel assemblies in the reactor core may be seen
in Fig. 2.

Below , we list for comparison the characteristics of the present VVR-S core and the characteristics of the pro-
posed modification,
Assembly with New Al-clad

EK-10 elements assembly

Fraction of core volume

filled with water 0.1 0.66
Heat-transfer surface,

in core units, cm¥cm?® 0.98 2.4
Core height, mm 500 700
Uranium enrichment, % 10 36
U content, g 128 180
Amount of U per square

‘meter of heat-transfer

surface, g/m2 500 : 205
U® concentration in core,

g/liter 50 50

The new fuel assemblies display the following advantages:

1. The height of the VVR-S reactor core may be increased to 700 mm, which will raise the reactivity excess
by 4%.

2. The use of the new fuel assemblies increase the heat-transfer surface per unit core volume by a factor 2.4.

3. The new fuel assemblies, as well as the assemblies with EK-10 elements, facilitate a rational utilization
of the coolant, Over 90% of the coolant water passing through the core flows inside the fuel assemblies, Throttling
plates mounted in the lower core ldttice can serve to distribute the water through individual fuel assemblies to match
the power developed in them.

4. The new fuel assemblies may be mounted in any cell of the core. This is an important point for attaining
higher fuel burnup and for carrying out in-core experiments.

5. The aluminum jacket reliably protects the outer fuel element in the assembly from mechanical damage
during transfer and replacement or during loading into the core.

6. Experimental channels or ampules may be inserted into the center of the new fuel assemblies to enhance
the research potentialities and capabilities of the reactor. The separating adjacent fuel assemblies is available for
use in experiments,

Some flaws and shortcomings might be pointed out in the new fuel assemblies too, but these do not detract
from their advantages, on the whole, First, there is the need to introduce aluminum into the core as the cladding,
and this has the effect of slightly reducing the volume fraction of the water; secondly, local neutron flux increases
occur in the water spaces between the fuel assemblies, and these increase radial and angular nonuniformities in the
heat released by elements composing the assemblies.,

RFT type fuel assemblies with tubes of round cross section may be used in addition to the fuel assemblies with
tubes of octagonal cross section.

The possible pile power levels attainable when the new fuel assemblies are used are determined from the
following initial data:
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Fig. 3. In-core neutron "trap.” 1) Beryllium metal
slugs; 2) fuel assemblies; 3) central channel; 4) con-
trol rod and scram rod channels; 5) water space, -

1. Coolant flowrate through the core at 900 m®%/h, of which 10% flows outside the fuel assemblies and beryl-

lium slugs.

2. 2.5 m%h of coolant is used to cool each beryllium slug.

3.
4,
5.

The average in-core water temperatures is 50°C.

The peak temperature of the fuel-element surfaces is 90°C.

the fuel elements are 1,36 and 1.35, respectively.

The unevenness factors in heat release along the height of the core and over the cross sectional area of

For purposes of comparison, two variants in pile core loading were considered for the new fuel assemblies.
The first loading pattern called for 32 fuel assemblies and 20 slugs of metallic beryllium (Fig, 2), the second for

52 fuel assemblies, Below, we list some of the computed data for these two 1

Loading: 32

oading latter patterns:

Loading: 32 fuel Loading:

assemblies assemblies with  assemblies
‘and 20 beryl- no throttle with throttie
lium slugs plates ~ plates '
Water flowrate in each assembly,
m%h ‘24 15.6 16.7
Heat release unevenness factor,
on core radius 1.4 1.67 1.67
Peak power, MW 8 8 11
Peak heat flow over assembly
surface, kcal/m?.h 6.4-10° 4.5-10° 6.4-10°
Peak thermal neutron flux,
neutrons/cm? - sec 6-10% 610" 6- 108

The use of the new fuel assemblies made it possible to triple the thermal flux (initial flux is 2- 10" neu-

trons/cm? - sec).
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The presence of beryllium metal slugs in the core will, as our comparison shows, make it possible to triple
the neutron flux (bringing it up to 6 - 10"-neutrons/cm? - sec) at considerably lower reactor power. Moreover, the
beryllium slugs may be used in performing experiments, For experimental work, the plug is removed and an ex-
perimental channel or ampule of 54 mm O, D, is inserted in its place.

An even greater thermal flux (2- 10" neutrons/cm?. sec) may be obtamed in a neutron "trap.” This trap may
be set up in the center of the reactor core (Fig. 3)

When the pile power is increased above 4. MW addmonal heat exchangers have to be installed and an em-
ergency cooling system must be 1nc1uded

The proposals to modermze the VVR-S reactors were worked out by R.’S. Ambartsumyan, P. M. Verkhovykh,
V. V. Goncharov, A. M, Glukhov, P. M. Egorenkov, L. G. Kuprievskaya, Yu. G, Nikolaev, R. F. Smirnova, Yu. F.
Chernilin, and P, I, Shavrov, and were reported by V. V. Goncharov to the April 1963 Prageu conference on re-
search reactor physics and engineering in the socialist countries. - This modernization will make it possible to step
up the power and to expand the experimental capabilities of VVR-S reactors without making a fundamental redesign.
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BRIEF COMMUNIC ATIONS’

Translated from Atomnaya Energiya, Vol. 15, No. 5,
© pp. 442-443, November, 1963

USSR, Industrial tests are in progress on a deep-hole SGS-1 type gamma-logging spectrometer for use in geo-
physical prospecting of petroleum and ore deposits, The information passed up the thin cable is automatically de-
coded. The deep-hole gamma -ray spectrometer may be used to determine the presence of petroleum copper, m
manganese, aluminum, and rare earths in the interior of the earth,

USSR, At Frunze, a mobile "Atoms for Peace” exhibit has been open to the public for some time. The in-
troductory section of the exhibit familiarizes visitors with the nature of the atom, the structure of nuclei, and the
mechanism of atomic energy. Here we find on exhibit an operating mock-up of the world's first operative nuclear
reactor electric power station, with the operating principles clarified for the layman. Visitors to the exhibited also
became acquainted with reactor electric power stations of greater power output: the Siberian, Belyi Yar, and Novaya
Voronezh stations, Some of the exhibits explained the achievements of Soviet science and industry in building nu-
clear reactors of various types. A special section, "Thermonuclear reactions: the power of the future,” was devoted
to work on harnessing new and inexhaustible sources of energy. The attention of visitors was drawn more particularly
to materials dealing with the world's first nuclear-powered icebreaker, the LENIN, The exhibit had displays refiect-
ing various trends in the utilization of radiocactive isotopes and nuclear radiations in industry, agriculture, medicine,
and displays on radiation protection techniques and instrurnents.

USSR, Radioisotope instruments are now entering into use in industrial enterprises and units in the Karaganda
Council of the National Economy. At the Balkhash Mining and Metallurgical Combine, thickness gages are being
employed to continuously measure the thickness of cold-rolled sheet, and radioisotope level gages are being used
in process control operations at ore dressing plants. Radioisotope temperature controls are being used to regulate
heat processes in furnaces and kilns at the Karaganda cement plant and the Dzhezkazgan mining and metallurgical
combine, Far from negligible savings are expected from the use of a radioactive servoed level gage to be installed
on a blast furnace at the Kazakhstanskaya Magnitka works.

USSR, An All-Union seminar on the uses of radiocactive instruments in the chemical processing industry was
held at Aktyubinsk. The seminar participants became familiar with experience in the use of such instruments at a
chromjum compounds plant where twenty production operations were successfully automated by means of radio-
active instrumentation,

USSR, The biophysics laboratory of the plant protection research institute is working on the development of
techniques for utilizing atomic energy, x -rays, ultraviolet rays, and other rays in the battle against crop pests, Re-
search on the effects of ionizing radiations on microorganisms is being conducted in collaboration with the labora-
tory of microbiological research techniques. The outcome so far includes the isolation of new forms of microorgan -

- isms which give rise to epidemic plagues among the pest insects. The use of ionizing radiation to exterminate
insects in grain stores is under study. In its efforts to find ways of using atomic energy in the fight against field
pests, the laboratory is developing a new technique involving a mass resettlement of male insects subjected earlier

to sex-sterilization by intense gamma exposures, Methods for producing sterile insects are being developed inten -
sively.

USSR, A special seminar was organized at Erevan to facilitate exchanges of experience in the use of radio-
isotope automation and process control equipment in the chemical and oil refining industries, Twenty-three reports
and comrmunications on new types and designs of instruments and equipment based on the use of ionizing radiations
were heard and discussed. Opportunities for the use of such instrumentation and the outlook for automated process
control were discussed. The seminar participants displayed keen interest in an exhibit at which new isotope instru-
ments were available for examination, along with instrument catalogs and new items in the technical literature
on the vses of atomic energy in industry,
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IAEA, An agreement was drawn up and signed on the building of subcritical assemblies at the Otaniemi (Fin-
land) Technological Institute. Enriched uranium for these assemblies will be delivered from the Soviet Union.

Poland. The transistorized MSK-1 designed for individual or mass personnel monitoring of exposures to radio-
active materials offers the advantages of making it possible to check out a large number ‘of personnel in a short time
immediately after completion of work. The instrument operates automatically and emits an alarm signal when
hands, footwear, or clothing are exposed to radioactive materials, The MSK-1 is simple to operate and service, and

is failure -proof,
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COMMISSIONING OF THE WORLD'S FIRST REACTOR
POWER STATION WITH AN ORGANIC-MODERATOR
AND ORGANIC-COOLANT REACTOR ’

Translated from Atomngya énergiya, Vol, 15, No, 5,
p. 443, November, 1963

On August 11, 1963, a 750 kW power transportable modular nuclear power station was started up at the Atomic
Reactor Research Institute (at Melekess), This power station has been baptized the ARBUS (abbreviation for "atomic
reactor modular facility™); it is the prototype of a line of small electric power stations to be developed for construc-
tion in remote regions of the Soviet Union, .

The physical start-up of the reactor on.June 29, 1963 was preceded by the operation of bringing the electric
power station to on-power operating conditions, whereby the correctness of the physical core calculations were was
confirmed.

The design of the ARBUS nuclear power station, fabrication of the ancillary equipment, assembly and start-up
operations were all completed within a short span of time (less than two years). The heterogeneous thermal reactor

installed in the power station is both cooled and moderated by organic fluid, The reactor thermal power is 5000 kW.

The reactor, steam generators, and the piping of the primary loop are made of carbon steel. The loading of the
reactor core was 22.5 kg (in U*). The reactor is designed to operate for two years at full power without reloading.

One outstanding feature of the power station is the capacity to recover the organic coolant used by cycling
part of the coolant through a regeneration facility included in the station loop.

A team of specialists engaged in installing the ARBUS facility proceeded to carry out the program of research
and compiling of operating experience on the electric power station under full-power conditions, The program also
includes a study of the performance of the modular power station under autonomous conditions. The ARBUS is the
world's first nuclear power facility incorporating an organic-cooled-and organic -moderated reactor with regenera-
tion of the coolant, and operating at full power.

Received, October 9, 1963
Yu. Arkhangel'skii, I. Kovalev
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NEW LITERATURE

Atomizdat Releases

Metallurgiya i metallovedenie chistykh metallov [Metallurgy and metallography of pure metals.). No. 4.
Symposium of papers edited by V, S, Emel'yanov and A, 1. Evstyukhin, 1963, 252 pages, 91 kopeks.

This is a collection of 27 papers most of which were delivered at the 1961 conference of the Moscow Engineer-
ing and Physics Institute. The articles shed light on such topics as the winning of various metals and alloys and the
study of their properties, with zirconium, molybdenum, niobium, nickel-chromium alloys, chromium-nickel steel,
beryllium, SAP alloy, etc., considered. Methods for obtaining pure zirconium, and single crystals of niobium by
zone recrystallization are discussed; the reader will find studies of the properties of chromium-nickel steel, iron,
and titanium in liquid coolants; methods for obtaining and studying new structural materials, such as rhenium-
carbon alloys, SAP alloys, etc., are presented. The last six articles in the collection take up techniques in experi-
mental research on the physical properties of metals, based on the use of radioisotope practice, quantitative radio-
graphy, thermomagnetic phenomena, etc.

I, V. Koshelev, Radiometricheskaya apparatura dlya obogashcheniya uranovykh rud. 1963, 94 pages, 29
kopeks. [Radiometric equipment for uranium ore enrichment processes),

This book presents a classification and the circuitry of radiometers for use in ore-grading processes: radio-
meter components such as radiation detectors, RC circuits, pulse amplifiers, wave shaping circuits, pulse-height
discriminators, pulse recording networks, commutating and auxiliary circuits, are discussed; radiometers with count
rate recording and absolute pulse count are described; the parameters of various types of ore-grading radiometers
are given.

Materialy dlya yadernykh reaktorov [Materials for nuclear engineers: Temple Press, London, 1956], Edited
by A. B. Mclntosh and T. J. Heal., Translated from the English, 1963. 386 pages, 1 ruble, 89 kopeks.

This book, made up of chapters contributed by a panel of authors, briefly presents information on the physical
and mechanical properties of reactor materials; emphasis is given to compatability of materials, corrosion behavior,
creep resistance, and behavior under irradiation; uranium, plutonium, thorium and their alloys are discussed, along
with ceramic fuel, graphite, magnesium, beryllium, zirconium, each of which is the subject of a separate chapter.
The appendices to the chapters include reference tables of data on the basic properties of the materials discussed,
as well as a generous bibliography.

W, R, Harper. Osnovnye printsipy reaktorov deleniya [Basic principles of fission reactors]. Translated from
the English [Interscience, New York, 1961]. 1963, 304 pages, 1 ruble, 26 kopeks,

This book outlines the basic principles of the design of nuclear reactors, and discusses topics related to reactor
design and performance, as well as radiation shielding. The first three chapters contain descriptions of the basic
design principles of reactor electric power stations, design of a graphite-moderated experimental reactor, and de-
velopment of a power reactor project; the next two chapters take up various types of nuclear fuel and the perform-
ance of fuel elements; later on we find descriptions of fast reactors, homogeneous and heterogeneous reactors. Radia-
tion shielding, radiation safety practice, and disposal of radioactive wastes are also discussed.

Information on reactor characteristics, absorption cross sections, moderator properties, eic., appear in the
appendices. A subject index appears in the back of the book.

Books Released by Other Publishers
K. P. Medvedev. Primenenie radioizotopov v koksokhimii [Use of radioisotopes in coke chemistry]. Khar'kov,
Metallurgizdat, 1963. 144 pages, 60 kopeks,

This book describes the application of the tracer technique to research on the structure and properties of hard
coals, their thermal decomposition mechanisms, the accumulation and transformations of radioactive and miscellane-
ous elements in coals, New data on the thermal decomposition process and oa sintering or organic constituents of
coals are included, The discussion covers possible tracer applications in automation and process control of coke
production, '
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The list of literature references includes 127 titles,

B. M. Zlobinskii, N, S, Nemtsov, Radioaktivnye izotopy v domennom proizvodstve [Radioisotopes in blast-
furnace work]. Moscow, Metallurgizdat, 1963. 96 pages, 31 kopeks.

This book discusses techniques in the application of radioactive isotopes in blast- -furnace production, and safe
handling of radioactive materials in blast-furnace shops. The first chapter presents a survey of research involving
the use of radioisotopes in blast-furnace production inside and outside the USSR. The second chapter takes up the
question of the behavior of isotopes in blast furnaces: the conversion of the isotopes into blas -furnace products, the
isotope distribution in the furnace hearth and in the ladles, radioactive contamination of the lining and of the
atmosphere, The third chapter is presents recommendations on the choice of radioisotopes, how to calculate radio-
activity and ensure safe practices under blast-furnace work conditions.

A list of pértinent literature including 152 titles is appended to the book.

ARTICLES FROM THE PERIODICAL LITERATURE

I. Nuclear Physics

(Nuclear reactions, neutrons, fission). Nucl. Instrum. and Methods, 23, No. 1 (1963).

C. Weitkamp, 10-12, Experimental determination of the photofraction of a cylindrical Nal(T1) crystal scin-
tillation detector.

C, Weitkamp, 13-18, Determination of photofractions and intrinsic efficiencies of cyhndncal scmnllanon
NaI(T1) detectors. ,

M., Paic et al., 19-23. Comparative measurements of neutron yield on>different tafgets.

A. Judd, 29-35, Measurement of neutron flux by resonance activation of foils.

J. Leroy et al., 93-103. Wilson diffusion chamber measures polarization of fast neutrons.

G, Walter and A, Coche, 147-51, Organic ~scintillator measurement of the slow component of light,

M. Mladenovic and Ali-El-Farash, 175-11, Fabricatiori} of thin bea emitters by cathode sputtering.
Nucleonics, 21, No, 7 (1963).

J. Bell and P. Cheever, 58 ff. Two methods for deterrrmmg the rate of Co® decay

11. Plasma Physics
Doklady akad. nauk SSSR, 150, No. 2 (1963).
V. F. Demichev and V. D. Matyukhin, 279.82. Study of the properties of fast-moving plasmoids,

Doklady akad. nauk S$SSR, 150, No. 3 (1963)
A. A, Galeev, 503-506. An asymptotic method in plasma stability theory.

V. F. Demichev and V. M. Strunnikov, 523-26. Interaction between high-density plasmoids and magnetic
fields. : .

Zhurnal tekhn. fiz., 33, No. 7 (1963).

F. M. Nekrasov 796-75, On one class on nonlinear solutions of the kinetic equation without the ¢ollision in-
tegral.

A, V, Timofeev, 776-81, Convection of a weakly ionized plasma in a nonuniform external magnetic field.
G. M..Zaslavskii and S. S, Moiseev, 782-87, Viscous processes in relativistic magnetohydrodynamics.

Yu. A. Berezin, 788-94. On self-oscillations of a plasma ellipsoid in a time -invariant magnetic field. ‘

V. N. Tsytovich, 795-800. Note on the theory of charges moving along a channel axis in a medium.

G. M. Zaslavskii, 801-804, Heat flow in relativistic magnetohydrodynamics.

V. 1. Karpman and R, Z, Sagdeev, 805-14, Stability of the structure of a shock front propagating transverse
to the magnetic field in a rarefied plasma.
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E. F, Tkalich and V, S, Tkalich, 815-19, Note on the theory of stationary states of a high-temperature plas-
nia; plasmoid with a longitudinal magnetic field.

N. A. Khizhnyak,and P, MKolesnikov, 820~22. Note on the theory of electrodynamical acceleration of plas-
moids in a coaxial line.

B. P. Kononov. Investigation of ;he pinch process in a cross-field magnetic trap.
Ya. M. Pinskii, 864-66, Effect of collisions on electron trépping in a high-frequency field.
E. B. Sonin, 872-81. Effect of electrode sheath regions on the electrical resistivity of a weakly ionized plasma.

K. A. Lur'e, 886-89. Note on the propagation of small perturbations through a gas of finite conductivity in a
magnetic field.

I. S. Baikov and R. R. Ramazashvili, 890-92, On the temperature relaxation of charged particles in a plasma.

Izvestiya akad. nauk Uzbek.SSR. Seriya fiz. matem. nauk, No. 2 (1963).
G. Ya. Umarov, 56-60. Transverse injection of plasmoids.

Izvestiya vyssh, ucheb, zaved. Radiofizika, 6, No, 2 (1963).

V. F. Aleksin and K. N, Stepanov, 297-310. Spatial correlation of electromagnetic field noise in a plasma. I.
A. A. Rukhadze, 401-403. On one mode of beam instability in a plasma.
K. N. Stepanov, 403-405. Absorption of electromagnetic waves in quasilongitudinal propagation.

Nature, 198, No. 4887 (1963).
T. MclLaren et al., 1264-65. Measurement of electron temperatures in a shock tube with a double probe.

L. Heroux, 1291-93. Spectroscopic technique of electron temperature measurements in plasmas.

III, Acceleration of Charged Particles, Accelerators
Zhwr, tekhn, fiz., 33, No. 7 (1963).
A. 1, Zykov and E, K, Ostrovsku 892-894. A techruque for calculating buncher parameters at v¢ = const,

Trudy inst. metallurgii im. Baikov, No. 12 (1963).

Yu. V. Gromov, 276-81. A new high-efficiency betatron injector,

J. Inst. Electr. Engrs., 9, No. 6 (1963),
J. Adams, 251-52. High-energy accelerators for nuclear physics research,

Nucl. Instrum. and Methods, 23, No. 1 (1963).

F. Firk et al,, 141-146. Nanosecond neutron time-of-flight system for the 30 MeV linear electron accelerators.

Nukleonika, &, No, 2 (1963).

A. A, Glazov et al., 89-100, High-frequency system for a proton accelerator, consistirig of a single resonator,

IV, Nuclear Engineering. Nuclear Power
(Neutron physics. Nuclear reactor tlieory and calculations. Reactor design, Performance of nuclear reactors
and of reactor electric power stations. Radiation shielding. Radioactive waste disposal).

Izhener. -fiz. zhur., No. 6 (1963). .
J. Pearson and T. Irwin, 10-19. Analog simulation of turbulent heat exchange of liquid metals in the entrance
region of tubes of non-round cross section.

Atomkermenergie, 8, No. 5 (1963).

R. Pruschek, 161-65. Calculating coolant temperature ﬁelds at the cores exit in a spherical-fuel reactor.
H. Hejimanek, 166-68, Stablllty of slurry -fuel reactor,
Atomkernenergie, 8, No. 6 (1963)."

E. Keberle, 204-207. Numerical determination of the shadowing effect of two cylindrical fuel elements,

W. Kohler, 208-12, Spectral distribution of epithermal and fast ncutrons in the FRM reactor,
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A. Mareske, 213-23. Effect of cooling system on peak reactor power in liquid-cooled reactor.

Atomwirischaft, 8, No. 6 (1963).

J. Cretté et al., 357-66, The ESSOR experimental reactor.
K, Penster, 366-70. Engineering aspects of fuel-element guarantees.
L. Rachor, 370-72. A spherical high-temperature fuel element.

A. Finkelstein, 373-76. Development of the French experimental program.

Engineer, 215, No, 5601 (1963).

———, 1018. Modular nuclear thermionic converter facility.

Engineer, 215, No. 5604 (1963),

———,1107-1110. Research work at Harwell,

Engineer, 216, No. 5607 (1963).

———, 4-6, Performance of the Bradwell and Berkeley reactor power stations. I

Engineer, gﬁ, No. 5607 (1963).

— — —, Performance of the Bradwell and Berkeley reactor power stations. IL.

Energia nucleare, 10, No, 6 (1963).

G. Pinchera, 319-35. Heat transfer by orgamc fluids.

M. Silvestri and S. Villani, 336-39. Compatibility of nuclear reactor electric pow_et stations. .

Kernenergie, 6, No, 6 (1963).

P, Wenzel 252-57. Investigations of uranium-plutonium cycles in application to water-moderated reactos.
B. Kozik, 257-63. Exact solution of the slowing-down equation for fast neutrons.

P. Liewers, 263-67. Global oscillator of the Rossendorf researqh reactor.

K. Fahrmann, 268-73, Shielding measurements on a VVR-S reactor. ‘

H. Schmidt, 286-89, Large-surface area methane flow counter measures contamination by liquid radioactive
wastes.

Kerntechnik, 5. No. 6 (1963).

Nucl.

Nucl.

K.-E, Betzler, 254-56. Design of the FRM reactor installation hot laboratory.
B. Schallopp, 257-65. Neutron absorbers for reactor control,

Energy, July (1963).
D. Collins, 180-85. Prevention of leakage of fision fission products from nuclear reactors.

S. Van den Broek, 186-91. Lead shielding.

L, Gardiner, 191-95, General-purpose versatile manipulator. !
N, Harris, 196-203, Survey of water-moderated USA reactors.
H. Atkins, 205-208. Maritime nuclear propulsion plants.

Instrum, and Methods, 23, No. 1 (1963).

Nucl,

M. Ladu, 173-74. BF4 response to fast neutrons in paraffin moderator,

Sci, and Engng,, 16, ¥, 1 (1963).

N. Katcher and W. Mackewicz, 31-38. Effect of boundary layer turbulence promoters on the local film co-
efficients of ML-1 fuel elements.

B, Chidley et al,, 39-67, Neutron temperatures in a CANDU type power reactor,

C. Bigham et al., 68-84. Slowing-down spectrum in a CANDU type power reactor.
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C. Bigham et al., 85-100. Neu_tron temperature distributions in a hot moderator cylinder,

J. Koppel, 101-110. Method for solving the neutron thermalization problem as a function of time.

M, Kalos, 111-117, Monte Carlo determination of flux at a point,

G. Bell et al., 118-23. Probable distribution of neutrons and precursors in a neutron-multiplying medium, II.
1. Asplund-Nilsson et al., 124-30. Absolute measurements of mean number of C2*2 peutrons,

R. Danofsky and R. Uhrig, 131-33. Kinetics of bound regions in the UTR-10 reactot.

J. Wilkins, 135-36. Reactor dynamics with specific reactivity and proportional energy losses.

H. Honeck and P. Michael, 140-42. Measurement of thermal diffusion coefficient,
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— ——, 37-42, Characteristics of the Elk River boiling-water reactor,
W, Gunson et al,, 43-417.’ Magnetohydrodynamic energy conversion.

I. Spiewak, 64-68. Large desalinization reactor based on current technology.

V., Materials for Atomic ind_ustry

(Geology. Chemistry, Chemical Process Technology. Metallurgy).

- Geokhimiya, No. 5 (1963).

Zhur,

R. P. Rafal’skii, 512-14. Note on conditions for migration and deposition of uranium via hydrothefmal solu~
tions, and on the role of complex formation in these processes,

G. B. Naumov, 514-18. On the role of complex formation in the transport and deposition of uranium by hydro-
thermal solutions.

anal. khim.,, 18, No. 5 (1963).

© Zhur.

M. K, Chmutova et al., 588-95. Solvent extraction of chelates of plutonium and other elements using N -
benzoylphenylhydroxylamine.

Z, K, Karalova and A, A. Nemodruk, 615-17, Extraction-photometric determination of boron in uranium
tetrafluoride,
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V. A. Golovnya and L. K. Shubochkin, 1116-21. On the complex nature of uranyl acetates.
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H. Timm, 253-54. Novel special device hermetically seals standard aluminum irradiation capsules.

Nature, 198, No. 4882 (1963).
A, Breccia and F, Spalletti, 756-58. Rapid separation of radioisotopes by thin-layer chromatography,

Nucleonics, 21, No. 7 (1963).
D. Chleck et al., 53-55. Kryptonates: Kr® becomes a universal tracer.
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L. Bate, 72-75. Nucleonic techniques of oxygen analysis,

Jaderna. Energw No 10 (1963). )
Editorial: The 65th birthday of Academician Behounek

V. Santholcer. Nuclear fallout following the tests of the 1961-1963 mega'tor_l atomic bombs,

J. Klumpar and M. Majerova, Correction for absorption in substrate in calibrating beta emitter sources in a
counter of 47 geometry,

Z. Kovar. Simple calorimetric method measures x-ray dosage.
. R 234 ’
J. Benes, Isolating carrier-free Th™",
M. Mozisek. New device measures mass of cord impregnating solution,

M. Podest and L. .Jakesova, Note on the theory of the fabrication of compact pellets of uranium dioxide by
powder metallurgy.

D. Jakes and L. Sedlakova. Note on the relations between lattice parameters and the composition of epistoichio-
metric uranium dioxide. '

L. Jakesova. Problems in the fabrication technology of uranium monocarbide and uranium mononitride.
Z. Spurny, J. Sulcova, and J. Hruska, Chemical gamma-ray dosimeter is insensitive to neutrons.

F. Kochol. Rapid analysis of type and activity of radiographic emitters.
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ABBREVIATION

AE
Akust. zh.

Astr(on). zh(urn).
Avto(mat). svarka

Byull. éksp(enm)
biol. (i med.)

DAN (SSSR)
Doki(ady) AN SSSR

Entom(ol). oboz(r).
FMM

FTT, Fiz, tv(erd). tela
Fiziol. Zh{urn). SSSR
Fiziol(ogiya) rast.
Geol. nefti i gaza

1zmerit. tekhn(ika)
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Soviet Journals Available

RUSSIAN TITLE

Atomnaya énergiya

Akusticheskii zhurnal

Astronomicheskii zhurnal

Avtomatlches!}aya svarka

Biofizika

Biokhimiya

Byulleten éksperimental’'noi
biologii i meditsiny

. Life
Sciences
®
=
€
3
L a
c TN
29
£5 Chemicatl
53 Sciences
c c
2=
83
23
[ _Earth
“ 3 Sciences -
o a
=]

Mathematics

Physics

Elektrosvyaz’

Entomologicheskoe obozrenie

Fizika metallov i metallovedenie

Fizika tverdogo tela

Fiziologicheskii zhurna! imeni
-M. Sechenov

Fiziologiya rastenii

Geodeziya i aerofotosyemka

Geokhimiya

Geologiya nefti i gaza

Geomagnetizm i aeronomiya

Iskusstvennye sputniki zemli

Izmeritel’naya tekhnika

S
?
E
s
|
|

-

TITLE OF TRANSLATION

Soviet Journal of Atomic Energy
Soviet Physics —'Acoustics
Soviet Astronomy — AJ
Automatic Weldin
Automation and Remote Control
Biophysics
Biochemistry
Bulletin of Expenmen(al
Biologv and Medicine
Doklady Biological Sciences Sections

(inciudes: Anatomy, bvochemnstry. biophysics,

cytology, ecology, embryology,
endocrinology, evolutionary morphology,
genetics, histology, hydrobiology,
microbiology, morphology, parasntology.
physiology, zooiogy)

Doklady Botanical Sciences Sections
(includes: Botany, phytopathology,
piant anatomy, plant ecology,
plant embryology, plant physiology,
plant morphology)

d of Sciences

the A
of the USSR Sectlon Chemflcal Technology

of the USSR Sectlon Chem.stry

Proceedmgs of the Academy of Sciences
of the USSR, Section: Physical Chemistry

Doklady Earth ‘Sciences Sections
(includes: Geochemistry, geology,
geophysics, hydrogeology, lithology,
mineralogy, oceanology, paleontology,
permafrost, petrography)

Proceedings of the Academy of Sciences
of the USSR, Section: Geochemistry

Proceedings of the Academy of Sciences
of the USSR, Section: Geology

Soviet Mathematics — Doklady

Soviet Physics — Doklady
(inciudes: Aerodynamics, astronomy,
crystallography, cybernetics and control
theory, electrical engineering, energetics,
fluid mechanics, heat engineering,
hydraulics, mathematlcal physics,
mechanics, physics, technical physucs
theory of eiasticity sections)

Telecommunications

Entomological Review

Physics of Metals ana Me(allography

Soviet Physics — Solid Sta

Sechenov Physiological Journal USSR

" Plant Physiology

Geodesy and Aerophotography
Geochemistry

Petroteum Geulogy
Geomagnetism and Aeronomy
Artificial Earth Satellites
Measurement Techniques

in Cover-to-Cover Trunslutio_n

PUBLISHER

Consultants Bureau
American Institute of Physics
American Institute of Physics

Br. Welding Research Assn (London)

Instrument Society of America
National lnsmmes of Health**
Consultants Bureau
Consultants Bureau

National Science Foundation*™

National Science Foundation*

Consultants Bureau
Consultants Bureau

Consultants Bureau
American Geological Institute

Consultants Bureau

Consuitants Bureau
American Mathematical Society
American Institute of Physics

Am. Inst. of Electrical Engineers
National Science Foundation**
Acta Metallurgica

American Institute of Physics
National Institutes of Health**

National Science Foundation*
American Geophysical Union
The Geochemical Society
Petroleum Geology

American Geophysical Union
Consultants Bureau
instrument Society of America

TRANSLATION BEGAN

112

106
106

112
124

- w
N=0N

[NTSSTSTUINY

et ks e

e

EY- 1571

e bt ek e et et D

Year

1957

1956
1956

1957
1959



lzv.
O(ld) Kn{lm) N(auk)
lzv. AN SSSR

o(td). T(ekhn) N(auk):
Metall). i to
fzv. AN SSSR Ser fiz{ich).
Izv. AN SSSR Ser. geofiz.
Izv. AN SSSR Ser. geol.

12. Vyssh, Uch. Zav.,
Tekh. Teks. Prom.

Kauch, i rez.

Kolloidn. zh({urn).
Metallov. i term.
Met. i top.(gorn.}
Mikrobiol.

OS, Opt. i spektr.
Paleontol. Zh{urn)

Pribory i tekhn.
€ks(perimenta)
Prikl. matem. i mekh(an).

Radiotekh.
Radiotekhn. i élektron(ika)

Stek. i keram.
Svaroch. prolz-vo
Teor. veroyat i prim.
Ts"yet metall!

lth, Usp. khimi

Vest. mashinostroeniya
Vop. onk(ol).

Zav(odsk). lab(oratoriyay
ZhAKh, Zh. anal(it). Khim(ii®
ZhETF
Zh. él;'spenm. i teor. fiz.
2Zh, fiz. khimii
ZhNKh .
Zh. nearg(an). khim.

h
Zh. obshch. khim.
ZhP .
Zh. prikl. khim.

hSKh o
Zh. strukt(urnoi) khim.
ZnTF
Zh. tekhn. fiz.

Zh. vyssh. nervn. deyat.
(im. Paviova)

!
}
!
!
t
!
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Izvestiya Akademii Nauk SSSR:
Otdeienie khimicheskikh nauk

(see Met. i top)

izvestiya Akademii Nauk SSSR:
Seriya fizicheskaya

Izvestiya Akademii Nauk SSSR:
Seriya geofuzncheskay

Izvestiya Akademii Nauk SSSR:
Seriya geologicheskaya

lzvestiya Vysshikh Uchebnykh Zavedenii
Tekhnologiya Tekstit'noi
Promyshlennosti

Kauchuk i rezina

Kinetika i kataliz

Koks i khimiya

Kolloidnyi zhurnal

Kristallografiya

Metallovedenie i termicheskaya
obrabotka metallov

Metallurg

Metallurgiya i topllvo (gornoye deio)

Mikrobiologiy:

Qgneupory

Optika i spektroskoplya

Pateontologicheskii Zhurnal

Pochvovedenie

Poroshkovaya Metallurgiya

Priborostroenie

Pribory i tekhnika éksperimenta
Prikladnaya matematika i mekhanika
{see Pribory i tekhn. éks.)

Problemy Severa

Radiokhimiya

Radioteknika

Radiotekhnika i électronika

Stal’

Stanki i instrument

Steklo i keramika

Svarochnoe proizvodstvo

Teoriya veroyatnostei i ee primenenie

Tsvetnye metally

Uspekhi fizicheskikh nauk

Uspekhi khimii

Uspekhi matematicheskaya nauk

Vestnik mashinostroeniya

Voprosy onkologii

Zavodskaya laboratoriya

Zhurnal analiticheskoi khimii
hurnal eksperimentai'noi i
teoreticheskoi fiziki

Zhurnal fizicheskoi khi

Zhurnal neorganicheskoi khimii
Zhurnal obshchei khimii
Zhurnal prikladnei khimii

Zhurnal strukturnoi khimii

Zhurnal tekhnicheskoi fiziki

Zhurnal vychislitel'noi matematika i
matematicheskoi fiziki

Zhurnal vysshei nervnoi
deyatel’nosti (im |. P. Paviova)

*Sponsoring organization. Translation published by Consultants Bureau.
**Sponsoring organization. Translation published by Scripta Technica.

D

Bulletin of the Academy of Sciences of
the USSR: Division of Chemical Science

Bulletin of the Academy of Sciences
of the USSR: Physical Series
Bulletin of the Academy of Sciences
of the USSR: Geophysics Series
Bulletin of the Academy of Sciences
of the USSR: Geotogic Series

Technology of the Textile Industry, USSR
Soviet Rubber Technology
Kinetics and Catalysis
Coke and Chemistry, USSR
Colloid Journal
Soviet Physics — Crystallography
Metals Science and Heat Treatment of
Metals
Metallurgist
Russian Metallurgy and Fuels(mining)
Microbiology
Refractories
Optics and Spectroscopy
Journal of Paleontology
Soviet Soil Science
Soviet Powder Metallury and Metal Ceramics
Instrument Construction

Instruments and Experimental Techniques
Applied Mathematics and Mechanics -

Problems of the North

Radiochemistry

Radio Engineering

Radio Engmeenng and Electronic Physics
Stal (in English)

Machines and Tcoling

Glass and Ceramics

Welding Production

Theory of Probability and Its Application
The Soviet Journal of Nonferrous Metals
Soviet Physics — Uspekhi {partial transiation)
Russian Chemical Reviews

Russian Mathematical Surveys

Russian Engineering Journal

Problems of Oncology

industrial Laboratory

Journai of Analytlcal Chemistry

Soviet Physics — JETP

Russian Journal of Physical Chemistry
Journal of Inorganic Chemistry
Journal of Generai Chemistry USSR
Journai of Applied Chemistry USSR

Journal of Structural Chemistry

Soviet Physics — Technical Physics
U.S.S.R. Computational Mathematics and
Mathematical Physics

Paviov Journal of Higher Nervous Activity

Consultants Bureau

Columbia Technical Transiations
American Geophysical WUnion

American Geological Institute

The Textile Institute (Manchester)
Palmerton Publishing Company, Inc.
Consuitants Bureau

Coal Tar Research Assn. (Leeds, England)
Consultants Bureal

American Institute of Physics

Acta Metallurgica

Acta Metallurgica

Scientific Information Consultants, Ltd.
Natiorial Science Foundation*

Acta Metallurgica )

American Institute of Physics
American Geological Institute
National Science Foundation**
Consultants Bureau

Taylor and Francis, Ltd. (London)

Instrument Society of America
Am. Society of Mechanical Engineers

National Research Council of Canada
Consultants Bureau

Am. Instifute of Electrical Engineers
Am. Institute of Electrical Engineers
Iron and Steel Institute

Production Engineering Research Assoc.
Consultants Bureau

Br. Welding Research Assn. (London)
Soc. for Industrial and Applied Math.
Primary Sources

American institute of Physics

Chemical Society (London)
Cleaver-Hume Press, Ltd. (Lendon)
Production Engmeenng Research Assoc.
National Institutes of Health

Instrument Society of Amenca
Consultants Bureau

American Institute of Physics
Chemical Society {London)
Chemical Society (London)
Consultants Bureau
Consultants Bureau

Consultants Bureau
American Institute of Physics

_Pergamon Press, Inc. .

National Institutes of Health**
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1 b /
_ Edited by Academlman DV Skobel’ tsyn‘ T , . "_,_~
!, . " Reports of fouir coordmated researches into the theory and applrcatrons of masers for frequency ( . )
o standards, Conducted at the P.N. Lebedev Physics. Instrtute under the gurdance of Academician * 2Ty 27 K
L AN Prokorov Transactrons {Trudy) No. 21 . . Y é%\/
{t !

; S '5»_.‘\.'.'-/?'
! . A THEURETICAL STuDY UF THE FREQUENCY STAB"JTY OF A MASER - ’ R
I ~by A. 1. Oraevskii - B

+

* The article presents a genéral analysis of the functromng of a molecular generator or ! '

| ) maser ‘operating with a molecular beam. of “sorted”. molecules.- Effects of extérnal per- - ?3

! " turbations (pressuré and magnetic field effects) are treated, and the problem. of hyperfine . @\

o ' structure of the emission fine Jis considered. Cases treated ‘in’ detail are those of masers i .
" using inversion transitions in ammonia. Some comparrsons between theoret,lcal and experr '

mental results are given for such cases.” . . . :

i INVESTIGATION OF THE CHARACTERISTICS oF MASERS .
| , (1= 3, K = 3'in ammonia N"*H,) - _ o
e by 6. M. Strakhovskii and'l. V. Cheremiskii -~ = . -~ o !

« The authors report experimental mvestlgatrons into the dependence of frequency and rela

. tive power.of an ammonium maser, N*H;, on the natural frequency of the resonator, the

: D voltage applied to the quadrupole condensér {or to a“circular separation system) and the

-4mmonia pressure in the molecular beam source. Also reported on is the dependence of -

frequency and relative power of a maser with lwounlersectmg beams on ammoma préssure
in the molecular beam source.. v e

 THEORY OF THE HYPERFINE STRUCTURE S S ‘

'OF THE ROTATIONAL SPECTRA OF MULECULES o '. S
by K. K. Svidzinskii R :

+ A theory 6% the hfs has been developed which allows the calculatron of hyperfrne effects
in rotational spectra of molecules {in a nondegenerate electronic grourid state) with an’
acturacy not lqwer than 10 cps. By applying methods of group theory, especially the
" apparatus of irreducible tensor operators and the 3nj: symbols.f the calculatron of hfs

. has been successfully srmplrfred and standardized. - o
In order to provide the necessary accuracy {not lower than 10 cps), the present treatment

- includes, besides the usual dipole and quadgupole interactions; the magnetic octipole and -

- the electric hexadecapole interactions. A general calculation of the energy. of the spin- spin

N s interactions of nuclei‘in a rotatmg molecule is presented, along with-a general expression
A for the énergy of the dipole I+ Jhnteractlon in the asymmetnc top molecule\ o . o

. LAy T . ’ N -
THE ND; MASER P e U
, by N. G. Basov, V. S. Zitev, endK K. Svrdzmslul N > ' P
' Reports work aimed at rnvestlgatmg the possibility of makmg a.maser usmg inversion -
transitions of heavy ammonia ND;, including-the accomplishment of-a worklng model. The-
T poWer output of the ND. maser is reported as 10" watt at 1656- 18 me (J=8, K= line. T
I +n the inversion spectrum of ND3). The absolute stabrlrty of the\‘lrne accordmg to’ pre

liminary data, is of the order of 107, R

_The results of cajculations on the hyperfine inversion spectrum of ND;. are given. Ahalysrs

e " of the hyperfine’ structure leads to an estimate. for the absolute stability of the J -6, Lo

an? k=6 ling (~107. Co : . ol : s

—t
'

!

1

SOVIET MASER RESEARCH contams a unique bibliography of all work performed in the Laboratory
of Oscillations FIAN, P. N. Lebedev Institute from 1935»1961 .and covers tapics such as:
Electron paramagnetic resonance; Quantum electronics; Molecular. generators and amplrfrers
Time -standards; Gas radiospectroscopy; \Propagation of radio waves; Statrstrcal radrophysrcs,
Accelerators; and various other problems. o . | '

-

Over. 200 pages . ) Translated from Russlan R $27.50‘ :

e e T T CONSULTANTS BUREAU )
ce . | S 227 W.17th St., N.Y. 11, N.Y.
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