Declassified and Approved For Release 2013/04/03 : CIA RDP10-02196R000100090003-2

ATOMHAMA
_BHeprMﬂ

Number 3, 1956

ATOMIC ENGINEERING

‘The Soviet Journal of

~ATOMIC
ENERGY

IN ENGLISH TRANSLATION

@ CONSULTANTS BURBAU,INC.

B o 227 WEST 17TH STREET, NEW YORK 11, N. Y,

*————- Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090003-2 . |




Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090003-2

., SOME PROBLEMS OF ATOMIC POWER DEVELOPMENT IN THE USSR*
s - LV. K_u‘rohetov

'I"li'e‘."';-ﬁincipal directions taken by the' aevelopment of atomic power in the USSR are explained and some
problems of the physics of water- moderated atomic reactors are discussed

‘The power structure of the Sov1et Union is very large. We possess various natural power resources. Siberia
possesses extensive and easily acce551ble coal deposits and good conditions for the establishment of a network of
very powerful hydroelectnc power stations. The rich water resources there provide cheap water power and the
open coal pits provide cheap'electnc and thermal power. In the next 15 to 20y ears we plan to set up a huge
power-network in the Angar Enisei basin with a capacity of 250 te 300 billions of kilowatt hours annually

However, the large‘r oa.rt of the population and industry of the USSR is at present concentrated on the
plains of the European portion of the country, The cheap water power resources of this region will soon be ex-
‘hausted and the mining and transportation of coal to great distances is very expensive. In addition, the rapid
growth of our industry, and agriculture require a greatly expanded production of electric and thermal power..

" Our present resources will be sufficient for the next few decades, but in the more distant future atomic
energy may prove to be the practically inexhaustible and relatively cheap source that will insure an .abundance .
of power in the European pomon of the USSR.

We shall have the problem of providing atomic power which at least under the conditions prevailmg in
the European part of the Soviet Union, will be economically more advantageous than coal power. It is clear -7
that only huge atomic electric power plants can provide atomic power economically.

Therefore we plan for the very near future atomic power plants which will each produce about 400 to 600
thousand kilowatts in order to accumulate experience in the construction and -operation of such plants as well as
in the large-scale production and processing of fuel elements.

The construction and operatlon of large plants will also enable us to determine. which types of installation
will be least harmful or dangerous to the surrounding population. Such data and the economic factors will de-

termine the type of electnc power plants and the scale of atomic power production during the period from 1960
to 1970.

Between 1955 and 1960 the Soviet Union plans to build five experimental atomic power plants. Construc-
tion of these plants will begin at the end of 1958; some will begin operation in 1959 and the remainder in 1960.

~ The reactors to be installed in two of the plants will use thermal and eplthermal neutrons with a water
moderator and coolant. The electric. power obtained from one reactor will be 200,000 kilowatts. In conjunction

with each reactor three turbines rated at 70,000 kilowatts will be operated by saturated steam at about 30 atmo=~
spheres pressure. ' ‘

A second type of plant will be built with reactors similar to the reactor of the first atomic power plant of
the USSR Academy of S¢iences ( Professor Blokhintsev reported on this plant at the Geneva Conference). The
thermal neutron reactors will have a graphite moderator; heat will be transfered by water and steam. Steam
at 90 atmospheres and superheated to 480-500° will feed turbines with a combined power of 200,000 kilowatts.

A third type of plant will use a heavy water moderated heterogeneous reactor. Heat will be removed by
a circulating gas. At the New York national conference in October 1955 Professor Vladimirsky. reported on the

*Lecture delivered April 25, 1956 at the British Atomic Research Center at Harwell.
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basic characteristics of this type of reactor, which will produce steam at about 30 atmospheres pressure and at
a temperature of about 400°C to feed turbines with a total output of 200,000 kilowatts.

In addition to these three types of large atomic power plants we shall construct and put into operation
during 1959 and 1960 a few experimental plants each producing 50 to 70 kilowatts of electric power.

These include:

1) A thermal neutron reactor with ordinary water moderator and a turbine operating with slightly radio-
active steam coming directly from the reactors °

2) A heavy water homogeneous reactor with breeding of nuclear fuel by the Th*? - U cycle.

3) A thermal neutron reactor with graphite moderator and sodium coolant; '

4) A fast neutron reactor with sodium coolant and breeding of nuclear fuel by the U8 - pu®® cycle,

Completion of this program of experimental atornic power plants will make it possible to choose the best
types and to act discriminately with regard to many problems of reactor physics which have not yet been solved.

We hope that out achievemerits will be useful to those nations which because of the state of their natural
resources. requu-e the immedlate development of atomic power.

‘We shall now discuss some physical problerms associated with reactors in which neutrons are slowed down
by water. In the last few years the institute of which I am director has devoted a great deal of time to these
problems, Water-moderated reactors have a high breeding ratio of atomic fuel as well as simple and compact
construction. In our opinion they are likely to provide a large amount of atomic power in the very near future, -

The theory of reactors operatingrwith thermal or fast neutrons, except water-moderated reactors in which
special conditions arise because of the strong influence of epithermal neutrons on physical processes, has already
been comparatively well worked out. ‘In a uranium-water lattice a comparatively large fraction of the neutrons -
can be absorbed to produce fission in the range from 0.1 to 3-5 ev, i.e., above the thermal energy range and
below the lowest resonance levels of U**®;, This fraction, depending on ’the lattice parameters and burn-up, can
be as high as 80%

The s1mplest theoretical study of & teactor in which the epithermal neutrons strongly affect the process of
multiplication was reported by Professor Feinberg to a session of the Academy of Sciences in 1955, He based his
theory on elementary. slowing-down theory, neglecting chemical bonds between the protons of the moderator;
this assumption yielded a qualitative determination of the fundamental properties of thereactor, principally in
connection with the large resonance peak of the Pu®®> cross sectlon at 0,3 ev.

" So long,as there is fio plutonium in the reactor core the rated multiplication factor kgp is almost independent
of the absorption of epithermal neutrons, However, with large uranium burn-up resulting in the accumulation of
a considerable quantity of plutonium it s important to allow for the epithermal neutrons. Despite the decrease
of n of plutonium in the 0.3 ev resonance, the increase in the ptoportion of epithermal neutrons results in an -
increase of k. S

Let us consider, for example, two lattices with 50 mtn spacing and lumps of enriched uranium and a mix-
ture of U?® and pu®®,

TABLE 1 - _ | As can be seen from Table 1 the captute
. . - m of neutrons in the epithermal region is very im-
: m . .
‘ -~ tt nt of 1 burn-up of
Composition of lu.mp , Negiecting | Allowing for _portent fer the attainment of large p
It , uranium in a water-moderated reactor.
epithermal epithermal , . :
neutrons neutrons ) For plutonium the value of 0 in the epi-
235 238 - thermal region, and especially near its lower
. . .07 .047 . . .
g ?IZ:)YUP ;3999 gg’ 5,7 o U 1 278 i 332 limit, is strongly dependent on the energy; it
SIS Fa A EE.E 0 ' o is thus important to know the neutron spectrum

and, above all, to determine to what extent the
elementary theory corresponds to reality,

For an exact calculation of the neutron spectrum formation in the region which is of interest to us,it is first
necessary to study the mechanism of neutron collisions with protons which are chemically bound in water mole-
cules, Theoretical work by Drozdov and Goryunov has established the dependence of the elastic and inelastic
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The photograph shows‘j‘them"exa;mining the nei atomic réactor "Zeus";

_On'Aptil 21, 1956 N.A. Bulganin, N.S. Khrushchev'and ‘their party visited.the Atomic Research Center at Harwell ( England).
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neutron scattering cross sections for molecules of hydrogen and water on neutron energy below 0.5 ev, It was
assumed that the neutrons are scattered by free molecules of hydrogen and water, The rotational and vibrational
levels of the molecules were taken into consideration, Fig. 1 presents some of these results, The expenmental

curves are given for comparison,
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Fig, 1, Comparison of experimental and calculated
values of the total neutron scattering cross section
in bound -hydrogen. 1) Experimental curve for
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Fig. 2. Pu®® and U™® cross sections in a subcritical

‘uranium-water lattice. 1) Triangular subcritical

uranium-water lattice consisting of natural uranium
lumps of 35 mm diameter with spacing a. - The size
of the subcritical lattice is much greater than the
neutron migration length, therefore the neutron
spectrum is determined at points that are distant
from.the boundary; 2) nickel disk with film of
Pu®®; 3) paper disk for determining background;

molecular hydrogen; 2) experimental curve for
. water; 3) calculated values obtained by Goryunov.

~ 4) nickel disk with film of U®®; 5) copper disks
for shielding frem fission fragments; 6) paper disks
for collection of fission fragments; 7) theoretical
curve; 8) experimental points obtained by Stolyawv,

Another method of cﬁecking the elementary Nikolsky, Katkov and Antsiferov

theory is the experimental determination of the most
important features of the processes which occur in

. the .epithermal region ‘and a companson with calcul -
ated values, :

Stollyarov Nikolsky, Katkov and Antsiferov have irradiated targets consistmg of thin films of Pu?® and
U™ deposited on a thin nickel backing. The targets were placed inside slots in the lumps of a subcritical
uranium-water lattice (Fig. 2). From the activity of fission fragments collected on paper disks the ratio of
the pu®® and U cross sections was determined as a function of the hardness of the neutron spectrum in the
lattice. In Fig. 2 these experimgntal results are- cornpared with Feinberg's theoretical curve. Of course, these -
results cannot be considered to be a proof of the ability of the elementary slowing-down theory to explain the
nature of the phenomenon, but they do show that this scheme can be used to estimate the burn- -up of uranium
in a water- moderated reactor.

Measurements performed by Barkov and Mukhin to determine the slowing-down length of neutrons from
" the energy of the first indium resonance down to thermal energies show that chemical binding has only a small
effect on the slowing-down of neutrons, :

Komlssarov Tarabanko and Katkov from the formation of U?® determined experimentally the breeding
ratio of Pu®® for the initial instant of reactor operation, i.e., when there is still no Pu*® in the core; The ex-
perimental and calculated values of the breeding ratio as a function of the lattice spacing are shown in Fig. 3.
The agreement can be considered satisfactory in this case also.

On the basis of the foregoing considerations Feinberg, Levin, Osmachkin, Novikov and Saunlyev carried out
a series of calculations of uranium burn-up in uranium-water lattices using the electronic calculator of Academ-
ician Lebedev.  For these calculations they used the nuclear constants obtained by Mostov, Pevzner and their
collaborators with a mechanical selector and by Spivak, Erozolimsky, Kutikov and others with a graphite prism.
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It is very important in such calculations to allow correctly for neutron absorption in the accumulated Pu?®; The
results of the calculations depend considerably on the values chosen for the nuclear constants and on the assump-
tions made regarding the spectrum of the absorbed neutrons.

In connection with the possibilities for UZ*®

burn-up great interest attaches to the recirculation
of nuclear fuel, i.e., to successive runs of burning-
up in the uranium-water lattice. There is ground
for believing that by the use of circulating nuclear
fuel in uranium-water lattices a very high degree
of utilization of U can be attained. If we keep
in mind the inevitable considerable losses of nuclear
fuel during the chemical and metallurgical pro-
cessing we must conclude that the paossibilities for
) a uranium-water lattice are similar to those for
40 45 50 50 6l mur - i v

o » fast-neutron breeding reactors. More accurate values
of the constants, a more detailed study -of slowing~
down processes and, above all, further knowledge
concerning the operation of water-moderated re-
actors with large accumulations of Pu*® will make
it possible to arrive at reliable conclusions regarding
this important problem.

Mﬁ, %
- L ,

Fig. 3. Breeding ratio (BR) of nuclear fuel in a sub-
critical uranium-water lattice, 1) Paper disk for
collection of fission fragments; 2) uranium disk for
subsequent measurement of B -activity of Um, 3)
paper disks for shielding from fission fragments; 4)
paper disk for determining background; 5) experi-
mental points obtained by Tarabanko,. Komissarov In connection with the possibility of achieving
and Katkov; 6) theoretical curve. ' - large uranium burn-up (even in one run) great prac-~

' tical importance attaches to the task of producing

.a fuel element which can operate for long periods while being irradiated.

We consider baked uranium dioxide, which is stable under irradiation and does not dissolve in Lot water,
to be an excellent material for use in the lumps of a uranium-water lattice, Our prolonged experimentation
with the RFT reactor showed that lumps of uranium oxide even when their cladding .is not hermetically sealed
function satisfactorily; there is no contamination of the loop by fission products, and the small act1v1ty due to
gaseous fission products disappears soon after stoppage of the reactor.

-

Utilization of the'dioxide results in an appreciable diminution of the breeding ratio in a uranium-water
lattice, Therefore we have not ceased to work towards the production of stable lumps of metallic uranium,
After a number of failures a group of Soviet scientists have succeeded im working out the technology of manu-
facturing good uranium metal lumps. With burn-up of 3 kg per ton of uranium no change of shape is observed
in these lumps; therefore it will be quite possible in the future to plan:to use metallic uranium in uranium-
water lattices. : ‘

“In conclusion I would like to discuss the use of ordinary water in a system employing thorium as fuel,

The problem of breeding U?*® from thorium in thermal neutron heavy-water-moderated reactors and'in
fast neutron reactors has frequently been discussed by Feinberg, Kunegin and Nemirovsky, who are members of
the Institute; their researches showed that through the use of ordinary water as moderator in a Th®? - y?* sys-
tem it is possible to achieve a breedlng ratio close to 1.2 and thus attain complete burn-up of the thorium.

v This typevof reactor would consist of a core of lamiriar elements containing U**® and a breedmg zone
surrounding the core and containing lumps of Th or ThO,. The moderator would be ordinary water at 300°C
and about 100 atmospheres pressure flowing between the lamlnar fuel elements whose heat charge would be
very high.

_An estimate of the possibilities for such a system can be obtained by calculating the breeding ratio for
different ratios of the quantities of water, U?® and construction materials. For the latter aluminum, zirconium,
stainless steel etc. were considered. An important property of a thorium system is the fact that 7 for U is
practlcally constant at ~2.3 in a' very broad" energy range,

‘The breedmg ratio BR of nuclear fuel can be determmed from the sunple formula
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BR=9 ~1—4&

where & is the neutron loss in water, construction materials and fisston products. in the bréedihg zone and as a
result of the formation of the isotopes U?, U and U, :

& Depends strongly on the neutron spectrum in the reactor as well as on the burn-up of nuciear fuel in
one run. ' '

‘TABLE 2

7 as a Function of Neutron Energy for e

Neutron energy range 1. v , 7 , " Neutron 50urce
Thermél ' : . 2,28+ 0.02 Spectral ranges isolated by filters
0.15 - 0.5 ev 2.28+ 0,09 S "
04-3ev - : 2,24+0,05 : " "
0.6 - 6 ev ~2.24+0,05 E , " "
2.5 - 25 ev o 2.28 + 0.05 " v
8 - 130 ev R ' 2.28 +0.05 . "
30 kev , 2.25 + 0.07 Photoneutrons '
140 kev ' 2.43 +0.12 .

250 kev ‘ - 2.45+0.12 oo

900 kev - : 2.60 + 0.13 S

*Data obtained from Spivak, Erozolimsky, Dorofeev, Lavrenchik, Kutikov and Dobrynin,

TABLE, 3

7 as a Fnction of Neutron Energy for U%%e

Neutron eneigy range : . N . Neutron source

Thermal 2.06 + 0.02 - ' - Spectral ranges isolated by filters

0.15 - 0.5 ev ‘ 2.06 + 0.06 . " T

0.4 - 3ev 1.60 + 0.04 | oo "

0.6"- 6 ev : 11.50 £ 0.04 ’ -

2.5 -25ev 1.52  0.04 " oo
- 8-130ev : - 1.48 1 0.04 o "
-300 kev ‘ 1.86 + 0,04 _ Photoneutrons

140 kev ©2.12+% 0.10 " v

250 kev : o 2,21 % 0.15 o

900 kev . 2.28 + 0.08 I " "

- *Data obtained from Spivak, Erozolimsky, Dorofeev, Lavrenchik, Kutikov and Dobrynin,

" Neutron losses in water and construction mate;ials diminish as the amount of water and construction mat-
erials in the lattice is reduced. When a changes from 20 to 1 the neutron losses become quite small. The spec=
trum of neutron absorption in the core is quite hard evenat: =20 (the thermal region amounts to only a few per
cent of all neutrons absorbed in the lattice) and at a =5 it approximates the spectrum of a fast neutron reactor

(Fig. 4). For such values of a Xe poisoning is considerably smaller than in thermal neutron reactors.

A considerable contribution to the size of 8 can comé from the abso;ptidri of neutrons with the formation
of U4, U and U®®, For 30% burn-up the amount of U*** accumulated ‘in one run is about 3%. The amount of
U accumulated per run is ~0.5%. Since the resonance integral of U%* is probably at Tleast 5 times smaller
than the resonance integral of U?®, the contribution to & from the latter does not exceed 0,005, After many
siiccessive runs for the purpose of consuming the U?*® larger quantities of other uranium isotopes will be accumu=
lated. If we consider a stationary state of the system attained after a considerable period of time and take 7= 1.5
( Table 3) for U in the epicadmium neutron spectrum, & does not exceed 0,2, It can be reduced by separating’
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U from the mixture of uranium isotopes. This
‘method {s technologically and economically ad-
vantageous for the additional reason that the quan- :
\ tity of reprocessable urantum obtained by isotope i

- separation is comparatively small,

| )

' 4 , Thus the breeding ratio for the U*3. Th®?
“Na=20 cycle in a reactor using a considerabte fraction of
epithermal neutrons can reach values from 1.10 to
1.20 with 30% burn-up in one run.

‘Neutron absorption’

(arbitary scalej

\ / ‘ \ \ For economically profitable nuclear power

we require in addition to a high breeding ratio a

: \-5.../ ' ‘ \ high specific thermal capacity ( per unit weight of

N
THev 100K Tonev Trey 0ev Wiy Iev  0/eY nuclear fuel). By the use of an ordinary water mod-
erator it is possible to achieve a volumetric heat

release rate in the core of from 1000 to 2000 kw/liter
‘while the heat release rate of the nucleat fuel s
2000 - 5000 k'w/kg,

'Fig. 4. Neutron absorption spectrum in ’I‘h232 - y?ss
system as a function of relative concentrations of |
hydrogen and uranium atoms. @) Relative concen- -
tration of hydrogen and U** atoms, ’

These heat release rates are also character-

istic of fast neutron reactor cores, but one advantage can be pointed out for the type of reactor which we have
considered. The nuclear fuel in it can be "diluted” with a considerable quantity of constfuction materials such
as aluminum with practically no reduction of the breeding ratio; this simplifies the task of constructing long- .
lasting fuel elements. It must also be mentioned that thorium behaves much better in the reactor than does
uranium, Even when a large amount of U*® was accumulated in thorium we observed no instance in which

- thorium lumps went out of order nor any of the changes which are well -known in the case of uranfum,

In England you are proceeding very cautiously with respect to ‘water systems; partially for this reason
our research in this area seems to be painted in brighter colors than experimental caution would require. As a
supplement to_this report 1 have the pleasure of submitting more detailed data* and I await your comments,

* Editor's Note: The author refers to articles in this fssue, except for articles by D.I. Blokhintsev and V.V,
Vladimirsky, which appeared in Issue No. 1.’
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ON THE NUMBER OF NEUTRONS EMITTED BY Pu?*®ON FISSION BY THERMAL
AND SUPERTHERMAL NEUTRONS*

V.I. Kalashnikova, V.1, Lebedev, L.:A. Mikaelian, and M.I. Pevzner

The average number of neutrons emitted on fission of pu?®.
by thermal and superthermal neutrons ( Eyw from 0.15 to 0.5
ev) is measured, '

The fast neutrons that arise on the fission of heavy nuclei are emitted, as is well known, from the fission
fragments, and therefore the average number of neutrons, v, emitted in one event should be determined both
by the excitation energy of the fragments and their mass distribution. The excitation energy of the fragments
is to some extent dependent on the excitation energy of the nucleus that undergoes fission, although it is clear
that small variations of the latter ( of the order of the separation of the energy levels) should not lead to vari-
ations in the magnitude of ¥. Neighboring energy levels of the intermediate nucleus may, however, have dif-
ferent spins, and possible different mass distributions for the decay products, This sitnation could lead to a new
distribution of excitation energy for the fragments, and thus cause a variation in » [1]. In connection with this,
it is interesting to compare the values of the quantities ¥ for various levels of the splitting nucleus.

Indirect data as to the behavior of v in the resonance region can be obtained by comparing the results of
experiments on the capture cross section, the cross section for splitting, and the average number of neutrohs
emitted in one capture event, — Uegf. Stich a comparison, carried out for U3, U5 and Pu®™ on the basis of
several works [2-4], does not contradict the usually accepted assumption of the constancy of the quantity v in
the region of low energy for the neutrons causmg the fission, In reference [5], however, a discrepancy was found‘
between the calculated value of Vggp for Pu® and the duectly measured value of veff.

Recently there have appeared several communications in the literature referring to works whose goal was -
direct observation of the change in v on fission of U®® (6] and Pum [6-8] by neutrons with energles from 0.01 -
to 0.5 ev,

As for U5, in the: regmn in which the experiments were performed, no variation in ¥ was observed. The
measurements made on Pu®® gave contradictory results. - In references [6] and [7], no variation in v was ob-
served, but in reference [8], it was found that on going from thermal neutrons to neutrons with energies of 0. 3 ev,
v decreases by 12%.

In connection with this, we comlder it worthwhile to publish the data that we have obtained on this ques-
tion. :
We perfortmed a relative measurement of the value of v for fission of Pu® by thermal neutrons and neu-.
‘trons with energies in the interval from 0,15 to 0.5 ev. There is a strong resonance level in Pu*® at 0.3 ev, and

" “the cross section 1n the thermal region istoa large extent determined’ by a resonance level for negative energy
© values, : ’

The work was can'ied ‘out 6n the neutron beam Ieaving the reflector of the reactor RFT The energy in-
tervals were separated with the aid of gadolinium and cadmium filters. The thickness of the filters was chosen
*The results of this work were presented in discussions at the Geneva ‘Conference on the Peaceful Uses of
Atomic Energy in August, 1955,
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so that the lowest effective energy limits of the
neutrons should be, respectively, 0.15 and 0.5 ev,
Thus the resonance level at 0.3 ev was essentially
included between these two limiting absorbing
filters.

=y
m/ A fission chamber with a thin layer of Pu*®

was inserted into the neutron beam. The neutron
detector was composed of BF; proportional counters
surrounded by paraffin, A schematicdiagram of the
set-up is shown in the figure.

Figure. — 1) Chamber; 2) BF3 counters; 3) paraffin;
4) reactor shielding; 5) filter.

The pulses from the neutron detector were connected in coincidence with the fission chamber pulses. The
ratio of the number of coincidences of fast neutrons with fission fragments to the number of fission events is
given by the quantity vmwn , where W7 is a coefficient determined by the apparatus ( 7 is the effectiveness of the
neutron detector, and @ is the solid angle). A more detailed description of the method and the apparatus used
is presented in reference [9]. ‘ '

- The measurement of the quantity vwn was performed in the free neutron beam and in the beam after it
had passed through the gadolinium or the cadmium filter, It turned out that the quantity vwn remains constant
to within 1%,

. The results of the measurements are presented in the table,

TABLE _
o . " Effective neu- Number of | Number of
Filter : : . - vum
: tron energy fission frag- | coinciden=
‘interval, in ev | ments ces ,
- T ' 0.025 331584 46132 . 0.1391 + 0.0008
Gd (0.08'g /cm®) > 0.15 335616 46828 0.1395 + 0.0009
Cd (0,86 g /cmz) >0.8 . . 80320 11272 ‘ 0 140 # 0.002

On the basis of these results we may conclude that 'the"quantity v is the same for the two resonance
levéls of Pu®® (at 0.3 ev and in the negative energy region). In order to evaluate the accuracy of this asser-
tion, however, we must take account of the fact that in the whole region of energy investigated the fission is
caused by both resonance levels ( we may neglect the effect of the 7.4 ev resonance levely. If we assume that
there is no interference between the levels, then the final 'result may be evaluated as good to within 2%.
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DETERMINATION OF THE AVERAGE NUMBER OF NEUTRONS weff EMITTED
IN A SINGLE CAPTURE EVENT BY THE ISOTOPES U’”, U%%% AND Pu??®
IN THE SUPERTHERMAL REGION OF NEUTRON ENERGIES

P.E. Spivak B.G. Erozolimsky, G.A. Dorofeev V.N. Lavrenchik,
1.E. Kutlkov and Yu.P, Dobrynln

The variation of veff for the isotopes U3, U2 and pu®®

is measured in the superthermal region of neutron energies.
For U ve¢t remains constant up to an energy of the order
of 100 ev. For Pu®® v ¢ drops by 12% on going from the
thermal spectrum-to the spectrum of énergies from 0.15

to 0.5 ev, and then remains constant. For U®® veff remains
constant on going from the thermal spectruin to the spec-
trum of energies from 0.15 to 0.5 ev, and then drops by
18% on going to the spectrum of energies from 8 to 130 ev,

INTRODUCTION

One of the basic parameters of a nuclear chain reaction which is of use in reactor calculations is the
average number of secondary neutrons that are emitted by the splitting micleus in one capture event,

9% . . '
Veff = ¥ g where v is the average number of secondary neutrons emitted per fission event, and of and oy are
A ,

the effective cross sections for fission and absorption,respectively,

The values of Vegs that have been obtéined for the isotopes U, U and Pu®® in several experiments
[1-3] indicate that a chain reaction is possible in any one of these three isotopes.

For extensive- breeding of "nuclear fuel” the value of Veff must be greater than two, In the thermal neu-
tron region this condition is realized for the thorium cycle ( for the isotope U, Vegf — 2=0.28). For the plu-
tonium cycle the difference Ueff —2is close to zero.

In order to solve the problem of extensive breeding. it is 1mperative to know the values of Ueff for fission -
able 1sotopes in other neutron energy regions.

. In the present article we give a descrtptlon of the measurement of the variation of Ileff for the isotopes
U™, U™ and Pu*® for intermediate neutron energies from.the thermal region to 100 ev. The various results
of these investigations were stated briefly by the authors in references [4] and [5).

Here we give a complete account of the data concerning the measurement of Ygr in the superthermal

~ region of neutron energies which was performed on the reactor RFT [6] by P.E. Spivak, B.G. Erozolimsky, G.A.,
Dorofeev, and V.N. Lavrenchik, and of the additions to this work on thie measurement of Vesr in the neutron
energy region from 0.15 to 0.5 ev which were performed by B.G. Erozohmsky, L.E. Kutikov, and YuP. Dobrynin
on the reactor VVR [71¢( water- -water reactor).
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The measurement method

A diagram of the measuring apparatus is presented in Fig. 1. The neutron beam from the reactor passes
through a filter of gadolinium, cadmium, or boron, which establishes the neutron spectrum, then through an
. inlet collimator, and enters the cavity of a graphite prism. Outside the cavity and evenly spaced throughout
the volume of the prism, are located boron neutron counters, which comprise the indicating system.

In the center of the prism is a sample of the fissionable isotope. In this set-up the number of neutrons
recorded Varies both because of absorption of ileutrons by the samiple and because -of neutrons-resulting from"
fission,. This:variation in the_lndicating system. can be expressed in the following way:

ANy == FE ayky +F Eavkz"eff '

(1)

where F is the total neutron flux passing through the sample, Eav is the macroscopxc cross section for neutron
absorption per square centimeter of the sample, averaged over the whole spectrum of the neutron beam, k, fs
the indicator efficiency for the primary spectrum of the neutron beam, and k, is the indicator efficiency for

the fission neutron spectrum.

7o the Ing vtnf

’ amplifi e,‘_f
s Lhe €S of
g 5 0 Z,,,th’;,;‘.;/z,l"
=
= R i
z 8 7 & 3 4

Fig. 1.  Schematic cross section of the measuring -

apparatus. 1) Shielding of the pile; 2) first col-
limator; 3) second collimator; 4) the sample
being studied in the center of the cavity; 5) pro-
portional counters ( BFg) ; 6) filter and adapter;.
7) monitoring fission chamber’ with a layer of
U5, ) shielding ( parafm with boron); 9)
shielding for the front wall of the prism ( para-

~ fin with boron); 10) insert, retractable for
changing the sample; 11) boron-parafin fil-
ter, inserted for the second measurement.

In order to eliminate the determination of
the absolute values of the neutron flux F and the
total cross section Zav from the measurements, a
second measurement was performed with the same

" sample surrounded with a spherical boron-paraffin.

filter. The dimensions of the filter are chosen so

- that the primary neutron spectrum is completely

absorbed. In this case variation in the counting:
rate of the indicator AN, will be caused only by

- the neutrons resulting from fission

AN, =F I, KyVeff, (2)

where F and I, have the same meaning as in
Equation (1), and kg is the indicator efficiency for
the fission neutron spectrum in the presence of the
boron-paraffin filter.

Compaﬁhg expressions ( 1) and ( 2), we ob-
tain ' '

k1
Veff = 1 W (9)
L R f-x
2

where X is the ratio of AN, to ANy,

As will be shown:bélow, the Tatio of the coefficients ky and kj is easy to determine with ;ufficie,nt accuracy
with the aid of simple measurements. It is not difficult to see that the direct determination of the ratio of the
" coefficients k, and k, would necessitate measuring the magnitudes of the neutron flux for the primary spectrum

and the fission spectrum,

We may limit ourselves to the relative variation.of the _coefficierit ky and thus obtain the relative varia-
tion of veff. In order to obtain the absolute value of Veff, we-can normalize the variation to a known value of
Veff measured for thermal neutrons. The ratio of Vagt for the. .observed spectrum to Vg for thermal neutrons

will be of the form

k 1_53' Xo

Veff . &y Yp
Veff kzi Ea_x
k, ~

(4

where quantities with the index 0 are the values obtained from measurements on thermal neutrons.

It should be noted that in the derivation of expression ( 4) it is assumed that there are no effects from the
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scattering of neutrons by the sample, that the magnitude of the flux F incident on the sample remains the same
in measurements with the boron-paraffin filter AN, and without it AN;, and that the primary neutron spectrum
fs entirely absorbed in the measurements with the boron-paraffin filter. '

Relation (4) will be valid, and the value of Veff measured by this method will contain no systematic
errors, only if the above conditions are strictly satisfied, Since the measurements of the effects AN; and AN,
are performed on the same sample, the necessity of knowing the value of I,y is avoided, and it becomes pds-
sible to use samples thick enough for practical measurement, since the effect of self-absorption by the sample
cancels out of the expression for X = %-E‘L In this it is assumed that the primary neutron spectrum is not sig-

_ o _ : |
nificantly altered by blocking of the neutrons at resonance energies,.

- " A1 ) N
Thus the problem of measuring Vpfr reduces simply to the measurement of the relative values A—J- ::-—3—
Ky ' t

and -3 R

Apparatus and control experiments,

1, The graphite prism was 190 x 190 x 190 cm®, and its cavity was 50 x 50 X 50 cm®, The group of boron
counters that are located at distances from 50 to 60 cm from the boundary of the cavity comprise the indicator
system, whose efficiency depends little on the neutron energy. As will be shown later, this property of the sen-
sitivity of the indicating system makes for the best conditions for obtaining accurate results of measurement
for v g The large dimensions of the cavity were chosen so as to minimize the effect of interaction of the
. sample with the neutrons moving in the opposite direction, which arise as a result of slowirig down the neutrons
of the imtlal spectrum in, the graphite. '

In order to reduce the effect of these return neutrons, in all the measurements i the superthermal regions
the specimens on which the measurements were being performed were surrounded by a cadmium jacket.

The magnitude of the return effect was determined by a special control experiment. -Instead of the sam-
ple, an ionization chamber with a U?* layer covered with cadmium was placed in the cavity, The insert at '
the rear wall of the prism was then removed, allowing the beam to pass freely through the prism. It was shown
that the fission fragment count for the hardest spectrum changed within the limits of + 1% when the insert was
removed and replaced.

- The indicating system made up of the counters equally distributed in the graphite prism was insensitive
to the effects of neutron scattering by the sample. The independence of the indicator sensitivity from the di-
rection of motion of the neutrons in the cavity was verified with the aid of a thick graphite sample with a large
scattering cross section (1.5 §./cm?® of graphite). It was shown that the effect of neutron scattering by such a
sample is no greater than 0.1%. :

The boron- paraffm filter was in the form of a sphere of 26 cm diameter, filled with paraffm and boron,
with an internal _cavity diameter of 6 cm for mounting the sample and an opening for admitting the neutron
beam. :

As was shown by experiment, the wall thickness of the spherical filter (10 cm) was sufficient for practic-
ally complete absorption of the neutrons passing through the opening into the spherical cavity of the filter. In
order to verify this, a thick sample of boron (1,5 g -/cm? of boron), whose absorption coefficient is known to
be several times that of any of the samples of uranium and plutonium used, was placed into thé spherical filter,
Careful measurement showed that insertion of this sample into the cavity of the filter in the path of the beam
leads to no changes in the counting rate of the indicator system greater than +0,05%,

2. The dimensions and shape of the neutron beam in the prism cavity were established by the following
collimating procedure: a boron carbide plug 25 cm long with a central opening of diameter 25 mm was placed
© in the exit: channel of the reactor; further along the axis of the beam in the front wall of the prism was placed
an entry collimator, made of a boron carbide cylinder whose diameter was 10 cm and whose length was 60 cm
and having a central channel of 8 mm diameter,

The dimensions of the beam in the center of the cavity depend to some extent on the neutron energy,
- since the effective length of the entry coliimator dlffers for different neutron energies. For thermal neutrons
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the collimating set-up creates a beam diameter no larger than 15 mm at the center of the cavity. For faster
neutrons the collimation is somewhat poorer. Up to energies of the order of 100 ev, however, the beam dia-

meter is no larger than 18-20 mm.

The small beam cross section and, correspondingly, those of the samples were chosen so as to secure
~ sufficiently great values for the AN/N effect for a limited amount of matter, In addition, reduction of the area
of the sample and the cross section of the beam leads to decrease both in the return effect, and in the leakage
of neutrons through the opening in the boron-pataffinfilter and the collimator, The beam cross section, howevet,
may not be too small, since then the hard to avoid external background and the background due to neutrons
scattered in the entry channel significantly reduce the relative effect AN/N.

As has already been demonstrated, it is very impottant-that the neutron flux F be the same for the meas-
urements both with and without the boron-paraffinfilter. For this reason the diameter of the samples and the
entry channel of the boron-paraffinfilter were chosen somewhat larger than the dimensions of the beam ( 22 mm).

That the flux remained the same was verified by two control experiments.

An aluminum sample of 22 mm diameter was placed in the position of the fissionable sample and was ac~
tivated with and without theboron-paraffin filter by thermal hreutrons and by neutrons that have passed through
cadmium, in which the neutron fluxes were sufficient for activation. :

As a result of these measurements, it was established that the activities were the same in both cases

within the l1mits of + 1%.

The second experiment was performed with the aid of a group of boron counters surrounded by boron-paraf-
fin shielding. These counters recorded only the fission neutron spectrum, and were not sensitive to the super-
- thermal neutrons. The counters were placed in a corner of the cavity. Then the relative effects from a fission-

able sample were measured with and without the

* filter and with various filters forming the neutron

spectrum. In this the ratio of the counts in both measurements remained constant within the limits of + 1%.

3. The isotopes were investigated in the form of powdered oxides which were poured into aluminum boxes
and compressed into small 22mm diameter tablets, A large amount of oxygen in the samples causes the neu-
trons to be slowed down, which can alter the results of measurement of Veff due to the capture of slow neutrons
by the cadmium jacket. In order to determine the possible errot, the fissionable sample was replaced by a
graphite one, whose thickness was 1.6 g: :/em?, and measurements were taken with and without the cadmium
jacket. A correction was introduced on the basis of the results of this experiment for the slowing down of the
neutrons by the oxygen, and this correction was no larger than 1% of the total effect.

T g a8 agna 909

— -ll-

"Fig. 2. Block diagram of the-counting circuit,
C) Boron counters; K) cathode repeaters;

Y) fission chamber with a layer of U?*%; 1,2,3,
4, and 5) amplification channels; 6,7,8,9, and
10) diode discriminators; 11,12) Schmidt cas-
cade circuits; 13,14) scalers; 15,16) electro-
mechanical counters (1:16,000). ‘

“on the sample was 5x 10° cm*-?

The choice of thickness for the samples is es-

_ tablished by the magnitude of the relative effect

AN/N that can be measured with sufficient accuracy.
Even for samples of considerable thickness (2 g ./cm®,
however, the relative effect AN/N for measurements '
in the fast neutron spectrum was merely 5%. ‘

4, In-order to measure AN with an error of

+ 2%, it is necessary that the neutron count recorded

by indicating systemn be taken with an error no
greater than + 0,1%.

The magnitude of the neutron flux incident
ec-! for the hard-
est spectrum.

For an indicating system efficiency of about
2% the necessary statistical accuracy of measure-
ment was achieved in a relatively short time as a
result of a few series of measurements,

Stability of the counting circuit was achieved
by the use of negative feedi-back in the amplifiers
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and by supplylng it from stabilized sources. In order to account for the instability of the reactor power, and cor-
respondingly of the neutron flux, an ionization chamber with a layer of U placed in the beam was used as a

monitor,

A block diagram of the counting circuit is presented in Fig. 2. Pulses from twelve cathode repeaters: con-
nected directly to the boron counters entered four amplification channels. Each of the amplification channels
had an amplification factor of 10° with quadruple negative feed-back, embracing all three cascades. After
cut-off by diode discriminators that follow the arnplifiers. the pulses entered a common shaping cascade circuit,
after which they entered a scaling circuit with a resol\iing time of 0.2 psec. The total scaling factor was 16,000,
The total resolving time of the whole .counting circuit was 1 psec this fnade it poss1b1e to count up to 10* pul-

ses per second without noticeable omissions.

7 .

Fig. 3. Construction of the proportional counter
and its position relative to thé neutron beam.
1) Target; 2) aluminum cover with openings
covered with mica (1.2 rng/cmz) ; 3) casing
of the counter; 4) cathode of the counter; 5)
anode of the counter'( a sphere of diameter 0.16

cm); 6) grid covered by a thin collodion film; .

T) copper tube for connection to a gas ballast
volume ( 90% argon and 10% methylal at a
pressure of 30 mm Hg); 8) imsulation;

Measurement of the constants of the
apparatus.

-1." In order to determine the ratio of the
sensitivity k; of the indicating system for neutrons
of a given spectrum to the value of this same con-
stant for thermal neutrons k}, a proporuonal counter
with a thin mica window was placed into the cavity
of the prism;, on this counter was placed a target
covered by a thin layer of lithium fluoride (98% Li%

-in such a way that it was in the same place as is

ordinarily occupied by the fissionable sample. First
the number of Li’( Ni,{) fission events induced by
the neutrons of the given spectrum was measured.
Then a boron or lithium absorber was placed at the
same point, and the decrease in the count AN was
measured. The ratio of the effects was of the form

AN _1 Zabsorber

NLi B Zldyer L

‘where ky is the coefficient that we are looking for.

Since B ( the counting efficiency of the pro-
portional counter) does not depend on the neutron
energy, and the absorption cross section for the thin
lithium layer ( X layer) and for the absorber ( Z ab-
sorber) depend in the same way on the peutron

energy, we can find the variation of k; by measuring the ratio AN/Ny; in various spectra,

In determining the variation of k, by the above method, it was necessary, in order to secure measurable
effects, to use thick absorbers, Therefore the effect of self-absorption in the thick absorber, which varies with
the energy, leads to an error in - measuring the variation of k,.

In order to determine .the correction in the vanation of ky due to the effect of self- absorptlon it became
‘necessary to measure the dependence of AN on the target thickness for each spectrum, The weight of the target
was chosen so that the effect of self -absorption should be approx1mate1y 15%, and the change in this effect on
going over from one spectrum to another should be no greater than 2-3%,

‘ In order to exclude pos51ble errors due to the presence in the samples of impurities whose cross section
differs from the 1/v law (rare earths, cadmium), measurements of AN were performed both on boron and lithium.
The results of these measurements turned out to be the same, :

It should be noted that the coefficient kq, which enters into expression (4), characterizes the sensitivity of
the indicating system to the absorption of neutrons by the fissionable samples, for which the dependence of the
absorption cross section does not coincide with the corresponding variation for boron and lithium, It is therefore -
very important that.the dependence of thé indicator sensitivity ky on neuwtron energy not vary too sharply. In

- this case the correction to the value of k; measured for boron and lithium is insignificant.
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Measurements showed that the value of ky inicreased by 1% on going from thermal neutrons to those that
have passed through cadmium, and by 2% for those that passed through a 1 g :/cm? thick boron filter; i.e., in
this neutron energy interval, it is nearly constant,

2. It turned out to be impossible, however, to measure Veff with sufficient accuracy in this prism through-
out the whole neutron energy interval, because on going to harder spectra the background ratio became worse
and the counting rate of the indicating system decreased,

Therefore the measurement of the variation of veff from the thermal neutron spectrum to the spectrum of
neutrons that have passed through the cadmium was performed with the aid of the prism described above, but
the measurement of the rest of the variation of veff, into the more energetic spectrum, was performed with the
aid of a smaller prism of dimensions 90 x 90 x 90 cm® with a cavity 30 x 30 x 30 cm’, The variation of k,
measured with this prism s characterized by a sharp drop ( Table 1) on going from thermal neutrons ( 0.025 ev)
to those that have passed through cadmium ( >0.4 ev), whereas the change in k, on going from these latter

_ neutrons to those that have passed through a4 g ,/em? boron filter is only 14%, that is, depends weakly on the
energy. :

TABLE 1

The Results of Measurements on the Variation of k, in the Small Prism

Free beam ° . 1g /em? Cd filter - - B,C filters
- (1.2 mm) 0.5 g //cm® B - 1g i/em*B 4g /cm®B
1 | 0.866+0.009  |0.82+0,01 £ 0.79 + 0,01 0.72+ 0.01.

In this case the correction to the coefficient k, that accounts for the difference in the variation of the ab-
sorption cross'section of the isotopes being investigated and the variation of the absorption : cross section for
boron and lithium is about 2% on going from the spectrum of heutrons passing through the cadmium to the' spec-
trum of those passing through the 4 g /cm?® boron filter, All the control experirnents that were performed with
the large prrsm were repeated with the small one,

3. The decrease in the sensitivity of the indicating system to fission neutrons when the boron-paraffin
filter is placed in the cavity (ks/k;) was measured with the aid of a thermal neutron converter — a fissionable .
sample placed in the cavity and enclosed by a cadmium hood. The ratio of counts in the indicating system with’
the boron-paraffinfilter to the counts without it, that is, ky/ky, turned out to be 0,31 + 0.01 for the large prism
and 0,40 + 0,01 for the small one. :

The results of measurement.

: In measuring the effects ANy, AN,, the role of impurities due to other isotopes in the samples being inves-
tigated were accounted for. The. Pu®® samples contained about 1.5% of the isotope Pu?*, which has a strong
absorption resonance at 1.06 ev, and the U samples contained about 15% of the isotope P, In this connection,
when the effects ANy and ANZ were measured for Pu®®, in addition to the filter that shapes the neutron spectrum,
a filter made of a similar mixture of plutonium isotopes was used to block the resonance ‘neutrons at 1.06 ev.
Similarly, for the UP® samples, an additional filter of U was used. The corections correspondmg to this were
from 1 to 4%. ‘ '

The results of measurement of Vegs with all the above correctioris taken into account are presented in-
Table 2. The first column indicates the material and thickness of the filters, the second gives the effective
neutron energy interval derived by calculation, and the rest give the relative and absolute values of Vs for
the isotopes U, U"‘35 and pu?®.. The absolute values of Veff are normahzed according to thie value of vegr for
thermal neutrons {1].

From the data presented it follows that veff for the isotopes U”3 and U*® in the energy region of 0.1-0.5ev

is' ‘s the same as Veff for thermal neutrons, and for the isotope Pu®® it is 12% lower than the thermal value. In
the intermediate neutron energy region (behind the cadmium filters) the value of Vef for Pu®® does not vary.
The decrease of veff for Pu*® in the energy region of 0,1-0.5 ev seems to be connected with the relation be-
tween the radiation and fission widths of the 0.3 ev energy level. For the isotope Ut a sharp drop in Veff is ob~-
‘served for the neutrons that have passed through the cadmium filters, which is probably caused by the properties

3
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of the set.of resonauce_s lying in the region from 1 to 100 ev. For the isotope Um, the value of veff remains
constant throughout the investigated interval.

TABLE 2

Results of Measurement of Vesf in the Superthermal Region of Neutron Energies.

Conditions of Effective neu- Isotope ‘ Remarks
measurement . tron energy {23 s Pu'zsg
interval in ev
i 1 : 1 Relative value
Th‘:;;“rzl neutron | 0.025 2.28+0.02 | 2.06+0.02 | 2.03+40.02 | Absolute value

Difference of the
effects obtained . - ’
with a2 1'g. /cm?

- thick cadmium -~ | 0.15-0.5
filter and a 0.08 |
8 Jem? thick
gadolinium filter -

1,00 + 0.04 1.00 + 0.03 '0.88 + 0.03 Relative value
2,28 + 0.09 2.06 + 0.06 1,79 + 0,07 Absolute value

Cadmium filter

98 + 0. 1840, 88 + 0. 1
1g fem? thick 0.4-3 0.98 + 0.02 0.78 + 0.02 0.88 + 0.02 Relative value

2.2440.05 | 1.60+0.04 | 1.79+0.04 | Absolute value

.Cadmiul‘n and boron |- .
carbide filter 0.5 0.6-6
g -Jem? thick

0.98+0.02 | 0.73+0,02 "| 0.89+0.02 |Relative value
2.24 * 0.05 1,50 + 0,04 1,81+ 0,04 - | Absolute value

Cadmium and Boron
carbide filter 1 | 2.5-25
g /cm? thick '

1.00 + 0.025 | 0.70+ 0.02 0.88 + 0.02 Relative value
2.28 + 0.05 1.52 + 0.04 1,79 + 0.04 Absolute value

Cadmium; and boron S
carbide filter 2 - | 8-130
g /cm? thick C

1.00+0.025 | 0.72+0.02 - Relative value
12.28+0.05 | 1.48+0.04 - | Absolute value .

The results presented are in good agreement with the work of S Ya. leitin et al. (83, who mieasured the
variation of Vgfr in this neutron energy region by other methods.

The, basic results of the present paper were reported at the Session of the Academy of Sciences USSR on
the Peaceful Uses of Atomic Energy in July of 1955 [5]. In August of the same year American and English in-
vestigators published some new data on Veff at the Geneva Conference on the Peaceful Uses of Atomic Energy.

Our values for Veff for Uw5 and Pu239 agree w1th the results of the work of Kanne et al. [9]. In Kanne's.
work the dependence on energy of the ratio of the cross section for: rad’iative capture. to*fission cross:sectionit
1
a= Or/O’f is measured "“These’ results make it. posslble 10"’ calculate corresponding values of Ueff vl_a' .
For the isotope U235 the value of a for a neutron spectrum with an average energy of 100 ev is, according i
to Kanne's data, 0.52 + 0.10, which corresponds to Veff=1.64 + 0.10.. According: to the direct. measurement of
Veff in our work, Veff =1.48 + 0.04 for an analogous spectrum, For the isotope Pu®®, according to the American

data for a neutron spectrum with a lower bound of 5 ev, Veff = 1.82, and according to our results for a similar
spectrum, Ueff 1.79 + 0,04,

We should also mention the results of measurements by two groups in the Brookhaven and Hanford labora~
tories [10], in which the variation of Veff is measured on a mechanical selector for the isotopes U and Puz'*‘9
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in the neutron energy region of 0.1 ev and for the isotope U?™ in the region of 0.5 ev. The drop of veff which
we discovered for Pu*® behind the gadolinium filter, and the constancy of Vet for U2 are entirely confirmed
by this work. The average values of veff for U* in the enetgy interval of 0.1-0.5 ev.are in satisfactory agree-
ment with our data for that part of the spectrum from 0.15 to 0.5 ev.,

Values of veff for the isotopes U** and Uzas have been obtained by a group of English scientists [11],
which also agree well with out data.

Further investigations of the. dependence of Veff on neutron energy in the region of several hundred kilo-
electron volts is of some practical interest for construction of fast neutron reactors, The authors have carried
out work on measurements of Veff for the isotopes U, U and Pu® in the neutron energy interval from 30
kev to 1 mev, the results of which will be presented in the following article,
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THE AVERAGE NUMBER OF NEUTRONS Vg¢f EMITTED BY THE ISOTOPES
U???, Uu**% AND Pu?®® ON CAPTURE OF NEUTRONS WITH ENERGIES FROM .
30 TO 900 kev* |

P. E. Spivak, B. G. Erozolimsky,, G. A. Dorofeev,
V. N. Lavrenchik, I. E. Kutik'ov, Yu, P, Dobrynin

Measurements are taken on v off for the isotopes U233, U5 and Pu® for neutrons
with energies from 30 to 900 kev. It is discovered that in this energy region Veff
increases substantially as the neutron energy increases,

Recently several articles [1-10] devoted to the measurement of the number veff of secondary fission
neutrons per absorbed neutron have appeared.in print.

“In these works, the values of v ¢r are measured for the isotopes ?8, U®5 and Puz‘*’9 for slow neutrons in the
energy region from the thermal spectrum to a few kev. ‘ ‘

. In the present article we describe measurements of v ¢ for the same fsotopes for neutrons in the energy -
interval from 30 to 900 kev.

The determination of v s is of great interest for calculations of reactors without a moderator,

Me,as’urément of the absolute values of veg for neutron energies of 30, '140, and

250 kev

1. Method of measurement

A method for the direct measurement of the quantity vegf for fissionable isotopes and thermal and super-
thermal neutrons with the aid of a graphlte prism was developed in our- laboratory and described previously 11,
[4] [101.

Further extension of this method to two indicating systems, whose efficiencies depend differently on the
neutron energies, made possible its application to the measurements described below, which were carried out with
the aid of photoneutron sources. : ‘

The indicating systems consisted of two groups of BFs- counters located in the graphite prism, with a central
cavity into which could be placed the spherical samples and neutron sources (Fig, 1),

The group of counters that were located in the cavity had a higher sensitivity to neutrons from the source
than to neutrons of the fission spectrum, whereas the group of counters located at distances of about 50 cm from
the cavity boundaries had a higher sensitivity to the fission neutrons. The difference in the sensitivities of the
two groups of counters was made greater by the introduction of cadmium rods into the prism.

* Part of the results of this work have been communicated at discussions at the Geneva Conference on the
Peaceful Uses of Atomic Energy in August, 1955, -
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The measuring procedure consisted of introducing a photoneutron source into the cavity and of recording
the number of pulses in both groups of counters simultaneously. The source was then surrounded by a spherical
sample of the isotope being investigated, and the measurement was repeated.

The indications of each counter group (AN' and AN" respectively) which are caused by absorption .of
primary neutrons by the sample and the creation of fission neutrons, can be written in the following way:

AN' = — Fk, Lo+ Fhyver Lav 1)
AN" = — Fk] Lo+ Fkyveff Tav @)

where k{ and Ry are the 1nd1cator system efficiencies to the primary neutrens. kg and ko are the same
efficiencies- to the fission neutrons, F is the total primary neutron flux passing through the sample, and ay 18
the average absorption cross section of the sample for the primary neutrons

190
(=)
2)

d

- Fig. 1. Schematic cross section of the measuring
apparatus. ‘ :
1) BF;- counters of -the "outer | system; 2). cadmium

~ rods; 3) BFz-counters of the "inner” system; 4) sample* :

5) graphite insert; 6) photoneutron source; 7) tube of
the mechanism for inserting the source; 8) pocket for
holding the source. - ' o

TABLE 1 |

Source Hall-life | Neutron| Neutron yieldin
: energy- | number of neutrons

in kev | per second

Sb®4 4+ Be | 60 Days | 30 3+ 107

Ga® + D;O{14.3 Hours | 140 0.8-107

Na* + D,0|14.8 Hours| 250. 2+107
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"~ From Expressrons (1) and (2) it follows that

Thus, except for the ratio —%—ﬁ—; = X, only

the constants for the apparatus a . B, and. y, which’

" characterize the relative efficiencies of the two

indicators to primary and fission neutrons enter
Expression (3). '

2. Neutron source s

In the measurements, photoneutron sources
cornposed. of Sbm + Be, Ga¥ + D,0, and. Na™ '+ D0
were used; data regarding mese is presented in
Table 1. o

Gamma emitters were obtained by the
activation of the corresponding isotopes in the
center of the RFT reactor. The high activity of
‘the sources made it necessary to take serious
precautionary measures in. carrymg out the

. experiments.

3. Measurement of the effects AN'

and AN"
o 'I'he,relatlve change of the counting rate
éﬁl‘\]— . caused by ‘the hollow spherical sample

weighing about 200 g was only a few percent.
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Therefore in order to obtatn the value of X with sufficient accuracy, it was necessary to achieve the possibxhty
of measuring the indicating system countmg rate accurately to within some hundredths of a percent,

The stability of the counting system was achieved by the use of feedback in the amplifiers and by
stabilized power sources. In order to obtain Jnumnerical values for the magnitude of the effects (AN' and AN")
due to the sample being investigated, the 1nd1catmg system counting rate before the sample was placed in the
cavity was averaged with the counting rate after it had been removed, and then this arithmetic ‘average was
subtracted from the counting rate with the sample in position. '

Each of these three successive measurements was taken for 12 minutes, with 3 minute: intervals for
inserting or removing the sample. For this method of measurement, the correction for radioactive decay of the
source was no greater than 0.25% of the value of X.

The fact that AN' and AN" were measured simultaneously made it easier to use rapidly decaying sources,

'4. Measurement of the constants of the apparatus

In order to determine the constant of the apparatus g, a photoneutron source was placed into the center of
the cavity and the counting rate in both indicating systems was measured. The ratio of these quantities gives

ky{
PraE

the value of the constant a =

“The constant B = was determined in-a similar way. For this, the graphite prism was placed close to

k ]
the reactor in such a way that one of its beams entered through a collimator into the cavity. In.the center of

the cavity and in the beam was placed a convertor (sample of Uzas) used as a fission neutron source. The
convertor was covered with a cadmium sphere with an opening for admitting the thermal neutron beam. The
magnitude of the constant y was determined as the ratio of the counting rates of the inner indicating system

- taken first with the corresponding photoneutron source and then with the fission neutron source. - The ratio .of the
output of these sources was determined in the graphite prism- by a method developed earlier in our laboratory [11).

In Table 2 .we present the values of the
constants ¢, 8, y as well as X, for various
neutron energies, On going from one neutron

TABLE 2

30 Kev e 140 kev 250 kev | cenergy to another, the distribution.of the .counters
' _ in the measuring apparatus was somewhat changed
g 0,192--0,0005| 0.131 :i:O 0005(0, 134--0,0005| in order to secure sufficient difference in.the values
B 0,2544:0,001 | 0.18140,001.{0,17540.001 of ¢ and 8. :
v - 11,19 30.01 |1.26 0,01 |1,22 30.01 _
U238 1322 £0.017 | 4.42 40,04 |4.78 10.05 S . : Co
X | Uzes . (2.81530,015 | 4.06 +£0.05 [4.55 2.0.06 5. ‘Control experiments and corrections
Pu®* 13,06 10,014 | 4,40 0,05 (4,85 +0.06 : v
, _ : . ~a) The scattering of neutrons within.the

~ samples-may cause additional effects which were
. : : not accounted for in the derivation of Expression
3). Errors in meastrem ent related to elastic scattering of neutrons were determined in the following way. A
graphite diffusor (ng zZ) was placed into .the center of the cavity next to. the source. The counting rates.of
the indicating systems did not change by more than 0.5% in the process. If we take into account the geomety
of the experiment and. the thickness of the samples used, it.turns out that the experimental error due to elastic
“scattering of neutrons is no greater than 0.1-0,2%,

. Inelastic scattering of neutrons in.the sample may introduce errors, s in.the results of the measurement by
changing the neutron spectrum and therefore the éfficiency with which the neutrons are recorded by.the ,
mdlcaung system. . The influence of inelastic scattering on the accuracy of the measurement was studied with
the aid of a sample of the. isotope U8, whose inelastic scattering cross section, as is well known, is much

'greater than that for the isotopes U?%, U and Pi*®, The relative effects —ANE *coming from a spherical

sample of U, measured with a source made of Na +DyO(E; = 250 kev), turned out to be the same in both
the outer and inner indicating systems within the expenmental accuracy, which. md1cates the absence of
effects from inelastic scattering '
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b) The neutrons from the source that is placed into the cavity, in slowing down in the graphite, create
a field of slowed-down neutrons in the cavity. In order to decrease the effects of interaction of the sample with
these neutrons, all the samples were located inside a cadmium hood, and the dimensions of the cavity were
chosen sufficiently large in comparison with the dimensions of the samples.

In addition, for the measurements "wirthout the sample” the sample being investigated was moved a
distance of about 25 cm away from the source, but remained in the cavity. In this case the direct interaction
of the neutrons from the source with the sample was negligibly small, and the sample interacted only with the
slowed-down neutrons, whose field was practically uniform within the prism cavity. Thus the effect of the
interaction with the slowed-down neutrons,which was no greater than 49 of the basic effect, was automatically
excluded in the measurement of AN’ and AN".

(¢) The fission neutrons created within the sample pass through some distance within the sample itself,
giving rise, in turn, to other fission neutrons. In a thick sample this multiplicative effect leads to a significant
contribution, which makes it necessary to introduce a corresponding correction. The neutron multiplication
factor is determined experimentally. To do this, a spherical source which reproduces the fission neutron
spectrum is placed in the center of the cavity, and the counting rate Ny in the indicating system is recorded
Then the source is surrounded by a fissionable sample and the measurement is repeated.

The relative effect ﬁN
0

effect, measured for the central geometry, was converted to a distribution.of primary fission neutrons throughout

due to the sample is a measure of the fission neutron multiplication. This

the volume of the sample. The problem reduced to finding the ratio % , where L is the mean free path in the . '

sample of the neutrons created in the sample, and § is the:mean free path in the sample of the neutrons
emitted by the source located in the center of the sample. For the samples and sources, used, the conversion
factor turned out to be 1.92, o »

As a result of measurement, the following neutron multiplication factors p = 1.92 ( ﬁN ) + 1 were
found for the samples studied: 0 ‘

CU#8 - 1,10 £ 0.01,
U5 —1.05 4 0.04,
Pu®® — 1,10 + 0.10.

In calculating v ¢, the value obtained by Formula (3) must be divided by the corresponding value of .
The results of measurements of v ¢ at neutron energies.of 30, 140, and 250 kev are presented in Table 3.

Measurement of the absolute values of Vs for neutron .energies of 250 and 900 kev

1 Itis impossible, with the above apparatus, to carry out measurements of v ¢ for higher primary
_neutron energies, since as the energy increases, the difference in the efficiency of the indicating system u) the
primary neutrons and the fission neuwrons decreases, causing the accuracy.to drop sharply

In addltlon and this is even more 1mportant inelastic scattering of neutrons by the sample begins to have
effect. Therefore, in.order to determine v ¢ for energies of 900 kev, it is necessary. to use a different pair of
indicating systems which could avoid the above mentioned complications.

In this variation, a threshold ionizaton chamber with ‘a layer of i placed in the center of the prism
cavity ‘was used (Fig. 2). The other indicator was a group of BFg-counters located at a distance of about 50 cm
from the boundaries of the cavity. The efficiency of this systém was therefore practically independent of the
neutron energy; this was verified with the aid of calibrated sources. Thus in this case both indicating systems
were shown to be insensitive to the effects of inelastic scattering of the primary neutrons.
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TABLE 3

The dependence of veff on neutron energy for the isotopes U, 7% and
P in the neutron energy interval from thermal energies to 900 kev, -

Neutron ener:

. yess

U235 Pu239

2,5740,12

_interval
Thermal neutron
beam- 2,284-0,02 2.06-£0.02 | .2.034-0,02[1]
0,150, 5ey 2.2830.09 | 2.0630.06 | 1.79%0,07(10)
0.4--3  » 2,2440.05 | 1.6 T0.04 | 1.7970,04[10]
().(_3—6 » 2,243-0.05 1.50-L0.04 1.814-0,04[10]
2.0—25 » 2,28+0.05 1.5240.04 | 1,794-0,04[10]
8—130 » 2.28230.05 | 1.483-0.04 = o)
Data from the presevn.t article
3)Method of two groups of counters
30 kev 2,254-0,07 1,86--0,04 2,0140,05 %)
140 » 2,4340,12 | 2,1270.10 | 2,3530.12
250 » 2,454-0,12 2,2140,15 2,604+0,18
b) Threshold chamber method
250kev - ' 2,4640,40 [ 2,004+0,10 | 2,504-0,11 -
900 » 2,6040,13 2,284-0,08 /

* G, N, Flerov and S, M, Polikanov

obtained ¥o¢r =2 22 £ 0.16.

N\
\

NN

AN
.
\

\

7

7

Fig. 2. The location.of the threshold chamber, the

source, and the sample in the prism cavity,

1) Graphite prism; 2) photoneutron source;

3) fissionable isotope sample; 4) threshold ionization

=,
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- .chamber; 5) cylindrical electrodes with layets of 1

[12], for Pu®9 apd 30 kev,

The measurement of v, as in the previous
variation, consisted of determining the change in the
counting rate of the indicators when the source was
surrounded by a sample of fissionable isotope.

It follows from the above mentioned properties. of
the indicating systems, that in this case in Equations (1)
and (2) ky = ky (the efficiency.of the group of counters
in the prism does not depend on the energy) and ky" =0
(the ionization chamber is insensitive to neutrons with

-energies lower than the fission threshold of U7*), Thus

the constant g = 0, the constant y = 1, and Expression
(8) for gy takes on the simpler-form

VeFF =1 px @

AN
. AN"
neutron energies of 30, 250, and 900 kev (Na?* + Be).

2. Measurement of X = was carried out for

By using the value of v obtained from the
previous measurements for 30 kev neutrons, and the

.value of X measured by the threshold chamber method
for the same energy, we may calculate the value of the
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constant of the apparatus B and thereby obtain the absolute value of v for 250 and 900 kev neutrons.  The
“values of v ¢ for 250 kev obtained by the threshold chamber method, proved *to be in agreement, within
the limits of error, with the results of the previous measurements.

In the measwrements, the same control experiments were performed for the evaluation of the corrections
as were performed in the previous variation.” In addition, at neutron energies of 900 kev, a correction was
introduced (no larger than 1.5 -2%) related to the fact that a small fraction of the neutrons from the source was
recorded by the threshold chamber :

Results of measurem‘ent

The present work completes a series of studies of v eff undertaken by our laboratory in the wide energy
1nterva1 from thermal energies to 900 kev,

Table 3 presents the data on yeff for the whole neutron energy range investigated.

The results of the last work indicate that the values of v g for the isotopes U*®, 1% and Pu*® increase
materially in the fast neutron energy region. This is in agreement with the qualitative results of statistical
theory, according to which the ratio of the radiative capture cross section to the fission cross section decreases
as the energy increases in this energy region. ' \

If we know the variation of the fission.cross section [3, - 13, 14] in this neutron energy region, we can
m ake some conclusions as to the variation of the radiative capture cross section, It turns out that the radiative
capture cross section for U, U?# and Pu*® follows the 1/V law in.the neutron energy region from 30 to 900
kev. The substantial increase of v g of the fissionable isotopes establishes conditions favorable for the opera-
tion of fast neutron reactors with extensive breeding of nuclear fuel.

The authors take this opportunity to express their grautude to Academ1c1an L. V. Kirchatov, under whose
mmauve the experiments devoted to the study of the dependence of v eff ON neutron energy were conducted.
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MEASUREMENT OF THE AVERAGE NUMBER r)eff OF NEUTRONS EMITTED
' PER SINGLE CAPTURE EVENT FOR SAMPLES OF Ppu?8* WITH IMPURITIES
OF THE 1SOTOPE Pu“o AND THE EFFECTIVE RESONANCE CAPTURE

INTEGRAL OF Pu?%4?

‘B. G. Erozolimsky, 1. E. Kutikov, Yu. P, D.obrynin, M. I. Pevzner
' | - 'L.'S. Danelian, S. S. Moskalev

In this article we present the results of measurement of Vg in Fermi-spectra
with lower bounds of 0.15 ev (gadolinium filter) and 0.4 ev (cadmium filter) for
samples of Pi#% with various concentrations of impurities of the isotope Pv24 (0%,
1.6%, 2.5%, 6.5%,.16%) and the effective resonance absorption integral of Pum

Introduction

In usrng an atomrc reactor as an energy source, it is economically profitablé to make use of long lasting
fuel cycles that is to operate at conditions of thorough "burning” of the fissionable isotopes. For these '
conditions; the neutron balance in a plutomum reactor will depend not only on the properties of. P, but
also on the propertres of the isotope Pu that accumulates in the reactor. '

A very convenient gauge of the influence of the isotope- Puz“0 on the neutron balance in “a . reactor. is
the quanuty veff for samples with impurities of one or another concentrauon ‘of Puz*‘0 whrch characterizes the
duration of operation of Pu289

When this data is obtamed it makes possible the determination of the effective’ resonance capture
integral of Pu24° : '

In the present paper we present the results of measurement. of ueff in the Fermr spectra with lower
bounds 0.15 ev (gadohmum filter) and 0.4 ev (cadmium f11ter) for two sets of samples with 1mpur1ty concen-

* trations of the 1sotope Ptt“'o of 0%; 1.5%, 2.5%, 6.5%; 16%; also the effective resonance capture 1ntegrals are

evaluated..

239 240

Analysrs of the Pu samples for impurity concentrations of the is‘oto'pe Pu

In the operauon of a uranium reactor, as a result of successive neutron capture, several plutonium isotopes
are created (puzss Pu24'° Pu”‘1 pu# » etc, ).

* The half-life for g - decay of Puw’ (6500 years) is less than the half-life for ¢ - decay of. Pu299 (24,000

'years) Therefore the amountof Pu?® in the sample can be found by determining the specific g -activity of

the sample. But this method gives sufficient accuracy only for the case when the q - activity of P is a
noticeable part of the total q -activity, and it is therefore not applrcable to samples with small concentrations

of Pu2¥,
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An analysis by amplitude of the g -particle spectrum of plutomum samples is made extremely
difficult by the fact that the basic ¢ -particle energies of Pu 2% and PuB# differ only by 12 kev.

The spontaneous fission half-lives of P and P differ in a more substantial way, being equal to 1.25-
101 years for Pw*¥ and 5- 1018 years for Pu?®, Clearly the number of spontaneous fission events in a plutonium
" sample is proportional to the concentration of Pi#%, the part due to Pu*® being negligibly small. Only puP#
can give a noticeable addmonal contribution to the humber of spontaneous fission events (T, /2 = 1725+ 101
years). The amount of Pu** in our samples is, however, extremely negligible,

The analysis of the isotope composition of plutonium samples by measuring the number of spontaneous
fission events in an ionization chamber is promising, but involves much work. Therefore,this method was used
to find the percent concentration of PU? only in one sample. Determinationof Pu#0 concentrations in the other
samples was carried out relative to this standard sample. The presence of a strong isolated resonance in pu?4
at 1.06 ev energy, and the absence of resonances at this energy in the other plutonium isotopes, makes it
possible to determine the relative concentration of P in samples from the areas of the dips in the trans-
mission curves obtained on a mechanical neuton neutron chopper.

Determination of the Pu?4 concenuation in the standard sample. The fragments from spontaneous
fission of Pu® were recorded in a multi-layer ionization chamber. The substance being studied was deposited
on a thin nylon film, which made it possible to record the pulses from both fission fragments simultaneously
and therefore to work at a discrimination level that excluded the pulses conributed by g -particles. The

" construction of the ionization chamber and the method of preparing the layers on the nylon films is described
in reference [1]. »

The amount of substance deposited onto the film was determined by comparing the total ¢ -activity of the
_layer on the film with the g - actlvxty of a layer of the same substance whose weight was known, which was
electrolyuoally deposited on a platinum target.” The concentration of P in the sample which was chosen
as the standard was 6.4 + 0.25%.

 TABLE 1
" Concentration of Puu,o :in the samples
- , Sample . :
No. 2 No. 3 . - No. 4 __No.5_
Goncentration of Pu*® in% 156+ 012 | 2.5402 6.4+ 025 | 158% 1.3

A contol expenment on the determination of the absolute number of ¢ -particles emitted by the layer
on the platmum target gave a value of 6.7 + 0. 4%, which is in good agreement with the previous result,

- Determination of the concentration of Pu** in the samples by the transmission curves, As was mentioned,
the presence of a suong neutron resonance in the isotope P at 1,06 ev energy makes it possible to determine
the concentration of Pu* in the rest of the samples relative to- the standard one by the area of the dips in.the
transmission curves,  For thin samples, the area of the dip is propomonal to the number of PuP4’ atoms in the -
sample, In order that the transmission curves for samples with various percent concentrations of P not be
measurably different in the resonance region, samples with about the same number of P atoms per cm?
were prepared. In this, previous data from isotope analysis with a mass _spectrographwere used. The area of the
dip was determined by the usual method, with corrections for the area under the wings of the transmission
curve [2]. ' o '

. Since,in actuality, the samples studied did not éatisfy the conditions for a thin sample (o o<<1)a
: correcnon was also introduced for the thickness of the sample [3]. .

The final values for the number of Pu?® atoms in the sample were made more accurate by successive -
approxxm ations. :

In order to verify the reliability of the measurement, we determined the ratio of the areas of dips in the
transmission curves for two samples with the same percent concentration of Pu*®, but with different numbers
of Pu atoms per cm?. _The ratio of the areas - proved - to be equal to the known ratio of Pu24° atoms in these
samples within the limits of 5%. :
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The results of the measurements on the Pu*® concentrations in the samples are presented in Table 1,

- Method of measuring ve¢gf for fissionable isotopes

The method of measuring v ¢f which was develdped by P. E. Spivak and co-workers [4] is based on the
direct measurement of the effects of capture and emission of neutrons in the excited neutron field caused by the
sample being studied. The apparatus was a graphite prism with a central cavity, The sample was placed in
the center of the cavity and in the path of a collimated neutron beam from a reactor. The necessary neutron
spectrum was formed by using the proper filter. The neutrons were recorded by proportional counters (BFg),
uniformly distributed. throughout the whole volume of the pnsm

The measurement of the total number of pulses in the counters per unit time that were recorded when
the samiple being studied was introduced into the cavity is related to the change in the number of neutrons in the
~ cavity that results from the absorpnon or emission of neutrons in the sample, ‘

When the sample of fissionable matter is brought into the cavity, the change in the number of pulses per
unit time ANy in the indicating system can be written in the following way:

AN, =KIQ+K2QV eff "
where Q is the number of neutrons-of the primary spectrum that are absorbed by the sample, K, is the

indicating system efficiency for neutrons of the _primary spectrum, and Kj is the indicating system efficiency
for the secondary fission neutrons.

In order to determine v, one other measurement was taken, for which the sample was enclosed by a
boron-paraffin sphere with an opening for admitting the neutron beam. ‘In this case the change in the counting
rate of the same mdlcatmg system as a result of the introduction of the sample is.of the form

(2)
where Kg is the indicating system efficiency for secondary fission neutrons.
Writing AN, = X; == a; —153-,= B, and solving the system of Equations (1) and (2), we get
: AN - " K Ky . . -
a b'l ;
Voo, =0 7% .
P 3)

Performing the measurements on X for samples of Pu?3? without and with P24 impurities (X' and X", respectively),
we find that '

Verr 4By
* T1—=BX” "
we P

K.
The constant of the apparatus 8 = Eg was.measured with the aid of a fast neutron convertor, and turned
2 o

out'to be 0.314 +.0.003. A detailed accountof the method of measurement is presented in reference [4].
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"Results of measurement

‘The measurements were performed .on samples prepared in the form of 22 mm didmeter discs of uniform
mixtures of the substance being investigated and fine graphite powder compressed in a small aluminum box.
"The results for two sets of samples of different weights are presented in Tables 2 and 3.

TABLE 2
: v eff , . ST .
Measurement of o in the Fermi Spectrum Formed by a Gadolinium Filter (Epq,,ngq ~ 0.15 €v)
eff
_ , Sample
_ M1l w2 | 3 - S Y
‘Percent Pn24e 0 1.6 i 2.5 6.5 : N 16
Weightof - | . - _ ‘
sample . (g) 0.55 0. 39 1.00 0.51 1.02 | 0.52 0.99
¢ .. 1. 43i0 01 1 3740.02 |1.3540.03 1 35--0.03]1.134-0,02 1.174-0,02(0.904-0, 02 1.0340.02
v
V::g—; e 1.00 0.97;{:0,01 0.964-0.01 0.963-0.01{0.86--0.01 0.87;{30.01 0.77:!:0.01 0.834.0.01
TABLE 3
Determination of ; f in the Fermi Spectrum Formed .by aCadmiurn.Filter (Epound ~ 0.4 ev)
eff ’
: Sam'ple
Nt | N 2 I w3 o, | N 5
Percent Pu#? . . . . .| o 1.6 : 2,5 : 16
Welghtofsample (g) . 8 0.55 | 0:39 1.00 0.52 _ 0.99 |
X o 1.4340.01 1,074-0.05 - | 1.00+0,08 1.1740.03 |—0.4240.01 —0,0240,07
L@ffo ......... 1,00 0.8440.02 | 0,8140.,03 0,8740,02 | 0.49+0.02 0.55.£0,02 |
vle . . ] S .
TABLE 4~
Amount,of Pu? in » |- . i C o
g/cmz_ e e 2.32-10-3 2.57-10-3 » 6.58-10-3. -~ 21.9.10-8 41.6-10-3
AméuntofPumm : , . : . e
g/cmz B - 142.40-8 100.10-3; 256-10-3% ‘ 145-10-3 - 219.10-3
B ] 16010 2.5710 | 25700 | 19402 | 19.407
%ﬂ; ......... 11,942 9.041,5 5.941,5 5.410,1 | 4.340,2
39 . : |- : : ] ;
Yo eff. . . . . . .| 5450-1072cm? | 41501024 a2 |  2700.10-24 cm? 2500-10-2¢ cx2 | '2000-10-24 cac2 |
Experimental - - ‘ o : ‘
error - - - - - - - 120% - 420% 3-20% e 4% 44%
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The lowest concentration of the isotope PU* in the samples was about 1.5% Therefore,in measuring
veff for pure puZ%® (sample No. 1'in Tables 2 and 3), in addi tion to the filter forming the neutron spectrum, a

PU™ filter was used to block the 1.06 ev resonance neutrons. It follows from the definition of Veff that the
ratio

eyl

‘-m ’

where 1g9 and 14 are the resonance capture integrals of P and P and P is the ratio of the weights of
Pu* and Pu?* in the sample,

According to measurements performed by G. A. Dorofeev [5], the absorption .integral for P for the

neutron spectrum formed by the cadmium is

L, = (460 - 23).1072¢ CM_Z.A

By using the data of Table 4 it is possible to calculate the values of the effective resonance ‘absorption
integrals for P as a function of the amount of Pu*¥ per cm?,

Extrapolating the value of £y to zero Py density, we can obtain the tru¢ value of the resonance absorpt-
ion integral:

5, = (9000 & 3000)- 107 caet..

- The present work was carried out on the suggestion of Academician.l. V. Kurchatov. The authors take
this opportunity again to express their gratitude to him for his constant interest in the work.

. We also express our indebtedness to P. E. Spivak for difecting the work.
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SLOWING DOWN OF FISSION NEUTRONS BY WATER

L. M. Barkov, K. N. Mukhin

In this article we describe the method and results of measurement of
r for U™ fission neutrons slowed down by water to energies of 1.46 ev. The
value obtained for 74 46 ey = 29.4 + 1.5 cm?.

A large class of reactors use water as the moderator, and it is therefore of great interest to investigate
the slowing down of fission neutrons by water.

In the present work, carried out on the RFT reactor W1th the aid of an.indium detector, the density
distribution of neutrons with energy E = 1.46 ev, that occur as a result.of slowing down U** fission neutrons by
water, is measured.

The neutron source was a target-convertor made of uranoso-uranic oxide U?3 which wransforms thermal ‘
neutrons of the beam to fast fission neutrons. Two targets were used: one of 22 mm diameter and 5 mm thick-
ness (4.15 g UP%) for measurements at large distances from the source, and the other of 8 mm diameter and
2. 5 mm thickness (0.21 8 U*5) for measurements close to the source.

The measurements were performed in a large aluminum tank 140 cm long, 100 cm wide, and 105 cm high,
into which the thermal neutron beam was introduced with the aid of a 50 cm long steel tube which was sealed
at one end. The target was attached to the sealed end.of the tube and was covered, together w1th the tube, by
a cadmium case, :

The distance from the convertor to the walls of the tank or the surface of the water was 50 cm, and.in the
direction of measurement the distance was 90 cm. :

The construction described makes measurements possible to d1stances of about 70 cm with pracncally no
edge effects and a weak background. The fast neutron.background passing through the walls.of the tank and the
background due to neutrons scattered by the target was measured with the aid of additional experiments, in
: whlch in place of the convertor, a scatterer made of tungsten ox1de was used.

The measurement of the dens1ty of slowed down neutrons -p(r) was carried.out with the aid.of indium foils
‘of optimal thickness (100 mg /cm?) placed in cadmium holders, The foils were calibrated as to thicknesses,
area, ‘and weight. Their activity was measured in both directions on a B -apparatus with low background

A special verification of the reliability of the method was pe:formed with. the aid of a control experi-
ment with a thicker indium foil in which the self-shielding of neutrons of the basic resonance was observed,
This venflcauon showed that the indium foil of optimal thickness registers mainly neutrons with energy
. corresponding to the ba51c resonance (1.46 ev),

In order w avo1d over-itradiation of the foils located close to the convertor, the irradiation with the
large convertor was performed in two series: the foils were irradiated at small distances from the convertor
(r < 30°cm) and at large ones (15 cm < r < 60 cm).
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In each series several foils (as many as-8 in a serles) were irradiated simultaneously. In order to increase
the statistical accuracy for r > 40 cm, measurements for each point were carried out with two or three foils
irriadiated at different locations, but at equa'l distances from the convertor, The activity of these foils was
measured on a g -counter simultaneously. Both series were repeated 6 to 8 times, and the results of each series
were joined at two or three points that were common to all the series. In the measurements, good reproducibility
was obtained for the results of series of the same type, as well as for the common points for different series.

Measurement of density p(r) of the fission neutrons -
slowed down by water was carried out both with, the '
large and the small convertor in the ranges, re--
spectively, of 5em=r=<60cmand3cm=r=
= 15 cm. Both curves coincided at the point T =
= 15 cm, . and were identical in the interval
10 cm <r = 16 cm. Forr < 10 cm, the curve from
the small convertor is higher than.that for the large
one, and the divergence at the pointr =5 cm is
| ~ 15%. :

Plr)

0
/05 L .

0°k q. The final curve (see the Figure) was taken as

i ] the combination of the curve from the small converuor
for 3 cm <r = 15 cm, and the curve from the

- b large one for 15 cm =1 = 60 cm, since the curve at
w0’ E large distances depends little on the dimensions of

F the convertor. From this curve the quantities

_‘/‘0.’ -

26)(}7 -1
T1.46 ev (R) = =

N A c were calculated for various intervals of measurement
R o T 0=r1=R(R =30, 40, 50 and 60 cm), and from this

_/ﬂ”a T WAl W Yo it was possible to.extrapolate the value
Distribution denslty of meutrons with energy E = 1.46 ev e
“that occurs as a result of slowing down of Uass fission - = ' s o (r)dr
' : i =0 2944 156.M,
neutrons by water, . B a6 e =5 T

' BS rép(r)dr
)

The expenmental uncertainty is composed -of errors in ‘measuring p(r), Wthh as’is shoWn by calculation,
can give an uncertainty in r no greater than - 2-3%, errors in extrapolation, which are taken to be equal to the
difference between the extrapolated value and the last expenmental value for R=60 cm(0.3 cm ) and errorsrelatedto
the faét that the small convertor is not a "point” source (0.5 cm %). The:error caused by the fact that the con-
vertor is not .a point source was, found by comparing .the, results of measurement with, the small convertor
QQ 4 cm?) and the large one (30.5.cm?), C

Takmg into account.the. additional slowing down in.the interval from 1.46 to 0.025 ev, Whlch is about

1 cm?, the. value we have found for 7 agrees within the experirnental error with the value 79 g5 ey =33 om?

given in the book by Glasstone and Edlund {1].
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In conclusion, the authors express their sincere gratitude to I. 1. Gurevich and D. V. Timoshuk for review-
ing the results, to A. P. Venediktov. for help in the work, and to G. R. Golbek for lending the B -apparatus with
low background.
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MEASUREMENT OF SLOWING DOWN OF NEUTRONS BY WATER IN THE ENERGY:i
PR R I H afdt ie

INTERVAL FROM 1. 48 to 0. 025 ev
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L. M. Barkov, V. K. Makaryin, K. N.

W1th the aid of an indium detector the spatial distribution.of resonance... .

S (Er 1.46 ev) and thermal neutrons that arise as a result.of the slowing-down
¥ _ . . in water of the photoneutrons emitted by an Sb + Be source is measured. The\ §
' . age of . the neutrons Ty 44 eva the-thermal neutron d1ffus1on length in water Tl
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Here 79 5 oy 1S the square‘of the slowmg down length to E. =0.025 ev; and L ig the @dlffusmn length for

i,
stthermalsneuronsi: IThus:the: slowing dowmofrdeutrons from the energy E;= 1.46 ev to the
10'025“ ST dhé'réétenzed “by" the‘icfl‘]anuty‘" RIER
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7?thé" differéheeof. "thé‘expenmentally determmed quantities M2 and. TJ. 45 ey which
tgy>Eqtof!the meutrons. ithar are emg-slowed”downf‘ Therefore;-in ordermdobtain ~Ari
x"ithééenei'gy Ej should beias smallids-possibler & == d& saiwutsty sminn 08 = o -
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withthe greatest p0551-b1é‘>accurao

In the present work the indium detector method is used to determine the experimental values of Ty 46 oy,
? and L, which characterize the slowing down and diffusion of photoneutrons from an SB + Be source (Eo -30 ke)
in water and the quantity A-r(1 46 v = p.025 ev)- is found

gge
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The measurement of the density distribution of thermal and resonance neutf’ons was performed in a large
tank 80 cm in diameter and 100 cm high placed over a shaft for holding the source and filled with water (Fig. 1).
From the shaft SH the source S was lifted along the maintaining rails MR with the.’fald of the electromagnet E
which was automatically turned off when the source reached the operating posmon The presence of the source
in- the operating posidon was indicated by a sensitive y-ray indicator, and the. nme at which it arrives there, by
the flashing of a lamp included in the electromagnet circuit. The source was let down again by pulling out a

special pin P which holds the source in the operating position. . § i

In measuring 1 for the neutrons with low initial energy (30 kev) and therefore low slowing-down length
it is important to measure the distance between the source and detector with accuracy Placing the detector
at the necessary distance was carried out with the aid of three horizontal rules R with slots milled into t~em, which
were placed one over the other, The rules were attached to the maintaining rails of the source, so " that any
possible tilt of the maintaining rails would fot change the distance between the source and the indium foil. The
adapter A with the foil was hung on the top rule as is shown in Fig. 1.

In order to irradiate several foils sim ultaneously at
large distances, the apparatus had three systems of rules
located at different radii. In order not t " alter the
slowing-down properties of the medium being investigated,
the maintaining rails, the rules, and other details of the
apparatus were made ‘of plexiglass, which has slowing-
down properties similar to those of water.

‘The measurement of the density of resonance
neutrons Py, Cd(r) was performed with adapters
made of sheet cadmium 0.6 mm. thick, and that of the
thermal neutrons with adapters made of 0.2 mm thick
stainless steel. ‘

" Depending on the distance from the source, the
measurements were performed with foils of various
sizes: 30 x 25 mm, 15 x 25 mm and 7.5 x 12.5 mm,
and the results were reduced to foils whose dimensions
were 15x 25 mm. The transformation factars were found
by comparing the activities of foils of various dimensions
which were irradiated under the same conditions. For
irradiation with resonance neutrons, these factors prov-
ed " to be proportional to the target areas, and for
irradiation with thermal neutrons the value of - the
coefficients-agrees with calculations made according to -
Bothe's formula [3, 4], which takes into account the fact
that the thermal neutron field is altered by the detector.
For the largest irradiation distances, three foils 30 x
x 25 mm were irradiated, and their activity was meas-
ured simultaneously on the counter. '

SH

‘An apparatus with a reduced background was used
to measure the g -activity. The activity of the foils was
. o - measured on both sides. In all cases foils of optimal
- thickness were used (100 mg/cmz). In the measurements
two sources were used: a large cylindrical source’
(diameter Be =18 mm, h =22 mm; diameter Sb=8 mm,
h = 17 mm) with a neutron yield of ~ 10s neutrons per second, and a small source (diameter Be = 10 mm,

h = 20 mm; diameter Sb = 6 mm, h = 20 mm) with a yield of ~ 10° neutrons per second.

Fig. 1. General view of the apparatus.
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The resonance neutron density P1n 4+ cd®

Pir) ’ ' ) was measured from 1.5 to 18 cm for the large
0° ' ‘ source, and from 1,0 to 10,5 cm for the small one.
' ' B * The value of v for the large source proved " to,

1 T
Al tigd

. - be
Paint of Source

1

o

rip(r)dr _
- =5,65 cm?,
rip (r) dr

1w’

S~

1
T8

8

T LI BARAS
et 232l
e

0’ : : :
Additional measurements made with the small source
 led to some changes in the curve of p;. +cd(®
in the region of small distances (dotted curve on
Fig. 2). The value of 7 determined frorn the

T T

Qo gl

T
1

'k - | corrected curve is 7 = 5.27 & 0.04 cm®, - By
L-Zﬁ&y— 2 considering the increase of ¢ in the last few centi-
[ ] . meters, we - were able to find the extrapolated
i T value ' '
w0k .
- E o
: ] §7p(r)dr
L ] S
X _ et
' S r%p (r) dr
0= = v
N E .which, for the large ‘and small source, respectively,
- 1 15566;e004cm and 5.28 £ 0.04 cm?,
) 1 ) It is known that in addition to the principal
Vi . 1 1 | 1 i . - Lo !
g 5. w0 15 W5 rom resonance at E. = 1.46 ev indium has two other
. S : . S relatively strong resonances at E = 3.9 ev and
Fig. 2. Density distribution curves for (a) resonance and . E=19.1ev, which will have a stronger effect as
(b) thermal neutrons, and (c) the function pt(r). the thickness of the foil used .increases. A calcula-

tion performed on the assumption that the neutron
flux incident on'the detector is isotropic and that the Fermi law & ~ 1/E holds, showed that for the foils and
cadmium *used, the contribution from the second resonance to the activity is.about 10% and that of the third,
about 4%. In-addition some contribution to: the activity is caused by neutrons of energy E > 10 ev. All this
should lead to too low a value for the expenmentally determined value of T, smce it corresponds to the slowing .
of neutrons'to an energy E > 1. 46 ev. ’
The correcuon 10 T exp was calculated with, the a1d of the relauon

' ' - 30 kev
= ' - N3 g ey Ng 1 ev » f
T=T146ev T 7(3.9-146.ev) T T TO.1-146ev) T T

T(E- 146ev)
ey EY™

Here N is the total number of neutrons absorbed by the indium foil, Nj is the conmbuuon of the particular resonance
Aths Eev
—5 In m = 0.42 In T:fg-; ¢ is a constant determined by the
activation cross section in the energy region E s 10 ev, where we took the cross section to have the dependence
‘ 20 m?
3 10-24
75‘/..._"‘""‘“

to the foil's acnvlty. T(E 148 ev) =

The ,megmtude of the correction proved tobe 0.2 & 0.1 cm?,
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~ The large value for the uncertainty & 0.1 cm? is related to the possibly inaccurate determination of
T(E —~146 ev) by age theory and to the uncertainty in the variation of the activation cross section in the energy
region E> 10ev. Thus the following values are obtained for the square of the slowing-down length to an energy
of 1.46 ev:

Tya6 ey = 5.86 ¢ 0,15 em? for the large source, and
- Tigev =5.48 £ 0.15 cm? for the small source.

In principle it is possible for the indium foil to be activated by the y-rays.of the photosource according to the reac-

tionln”s(y, y"yIn*™™ 1n order to verify the absence of an error due to this effect, Pin + cd(r) was measured

at distances greater than 18 cm. The absence of activation as a result of the y-rays at a distance of 20 cm proves
" that it is also absent at small distances, since water absorbs y -rays weakly, whereas the neutron density decreases

rapidly with distance.

In order to determine the thermal neutron density p ,(r), a measurement of the dependence of the indium
foil activation (in the steel adapters) on distance from the source was performed. In this case, as opposed to the
measuwrements of pyp 4 ¢d(f) in the cadmium adapters, the indium foil is activated not only by resonance neutrons,
but also by thermal neutrons and neutrons of "intermediate” energies from 0,025 to 0.5.ev, which are blocked
out by the cadmium in the measurements of p 1 + Gd(1)- Therefore in order to get the correct value of M?, the
activity caused by the resonance and intermediate neuwons must be excluded from the total activity of the indium.
The activation by the intermediate neutrons can be evaluated by calculation. In factthe neutron flux activating
the foil is proportional to 1/x E. It follows, then, that we may compare the activity of the foil caused by the
intermediate neutrons with the activity caused by the resonance neutrons. The latter is known from the measure-
ments of p1, +Cd (r) . The results of the calculation must be normalized to py , g (1)

Such a calculatien, however, cannot give an accurate result, because of the fact that in the energy region
E < 1.ev scattering by water molecules begins simultaneously with scattering by free protons. It is ‘possible o
give only two evaluations, above and below the magnitude of the contribution.to the activity caused by the
intermediate neutrons, In getting the low value, it was assumed that from E = 0.5.ev up to thermal energies, the
scattering is by free protons. only (¢ =1, ogg=20" 10 cm %). In getting the high value, it was assumed that in
the energy interval from 0.5 to 0.1 ev the scattermg is by free protons, but that from the energy E = 0.1 ev on

down, it is by water molecules (¢ = ——27- = 0.107, g5 = 80" 10"# o ). The results are, respectively

. ,
1(n%er =0.77 p1p 4 ca ()

O .
mter 1.43 Pp 4+ Cd (r).

Thus M? should be calculated from the curve

!

pe () = F’xn(’_) =477 by a ()

in.one case, and from the curve

(2) (7‘) = P1p ( ) 2,43 Ptn+ca (’)

in the other. The corrés ndin val-ues for M? are ]\/12 = 13.92 1 0.05 cm® and M2, = 14. 35 + 0.05 cm?.

; M2
e (1) *
Since the correct value of M2 is contamed between M2 (1) and M"’( y it was taken as M? = -—~——-2—-—(-2—-)— with an
-2 _ -
SN . (2-) @) _ 2 a2 . 2
uncertainty equal to half the difference of the values, — e = 0.22 cm*,’M® = 14.13 ¥ 0.25 cm®.
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Additional measurements made with a "point" source indicate a small change in the curve for prp () at
small distances (dotted line on curve b in Fig. 2). 'The value of ‘M? . determined from the curve for the
"small source” is M? = 13,64 £ 0.25 cm?, '

Together wnh Ty 46 ev and M2, the ciffusion length L for thermal neutrons in water was also determined in
this experiment (t = 19°C) The necessity for measuring L arises from the fact that the experimental values for
" the diffusion-length that appear in the literature do not agree with each other (see the Table),

For an Sb + Be source the distribution of resonance electrons in water falls so rapidly that from a dlstance
r = 15 cm on, only thermal diffused neutrons exist. Thus for r > 15.cm we may write a diffusion equauon without
a source

where p is the neutron flux density.

In our concrete case of a spherically symmetric distnbution in a system of coordinates centered at the source,
the solution is of the form
h -1/L
p (r)~ -——;— .

Then L can be' found from the slope.of the straight line pr ~ .ef‘-'"ir/ L drawn on s‘emi-log paper.

The function p () is drawn on Fig. 2 (curve c).
From the slope of the line it follows that L = 2,68 '+
+ 0.02 cm, Additional measurements made in dis-
‘tilled . water gave L = 2.69 & 0.02 cm. The relatively

TABLE
Diffusion Length of Neutrons in Water

B o ,  high accuracy of the result is due to the’ large interval
L, (cni) Method Referenee - for the measured curve (15-35 cm).
o : Comparing .the experunental data obtained for
340.3 | Directmeasurement {5} the’ large source,

2. 77._;:0 04 Ty 16]

v I 580 4005

. : » R 8] : - 2

5 67:{—_—0 05 ’ o v EQ] . T!,éﬁ_ev ‘ 586 4 0.15 cHs,
2,7240.04 ‘Pulse  method. [10] M2 =14.13 4- 0,25 cm?,

'2.694-0.08 » » {11) ;
2.853-0.05 » » (12] L?2=7.18 4 0.11 cm?

gives, for the. quanuty Ar =
the value

=M = Ty46 ev -12

A‘L’(i 46 0 025 ey = 1 '1 -_-]: 0, 5 c.ﬁz’

Comparing the experiments] results obtained for the small source,

T4 avm 548 £ 0,15 o,
M?=13.64 + 0.25 ca?

givés,I for AT, 'the value _ ; |
‘ Av(y,46-0,025 ey = 1.0 £ 0,5 ca?.

: : : 825
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It should be noted that a large part of the uncertainty in AT comes from the large total correction in working
* over the results of the measurements with the large and small sources.

The near agreement of the values of Arcbtained from the large and small source s to be expected. Indeed
in the slowing down of neutrons from an. energy.of 1.46 ev t0.0.025 ev, the resonance neutrons serve as a distri-
buted neutron source; they rapidly slow down to 0.025 ev energy, and then diffuse. In so doing, the diffused
neutrons seldom come to the point where the source is 1ocated, and therefore its influence is rather weak, .

In slowing down from 30 kev t 1.46 eV, the place from which the neutrons come is the source ftself, and
therefore its dimensions influence the value of 7 quite strongly, Comparing the values of + obtained with the
large source (1 = 5.86 & 0 15'cm?) and.the small one (7 = 5.48 & 0.15 cm®) , we see that the difference between
them is as large as 0.4 cm® and that the value of 7 corresponding to a point source must therefore be less than
5.48 crn2 Calculanon of 7 by. Marshak's formula [13] for neutrons slowed down from 30 kev to 1.46 ev gives the
value 7peor = 4.9 cm?, which is 0.6 cm® lower than the experimental value for the small source. It {s possible

_that the fact that the source used is not a point source is one of the reasons for the difference between Texp and

Ttheor- & second reason for this difference may be the presence of neutrons. of about 300 kev in the Sb + Be
source, '

An additional verification of the reliability of the measured density of resonance and thermal neutrons can
be obtained from their mutual agreement. If the curve of the spatial distribution of resonance neutrons is con-
sidered as a distributed neutron source, then we may find the distribution of thermal neutrons by calculation,
With this purpose, the spatial distribution curve of the resonance neutrons py, , cq{r) was approximated by the sum

3 '_"12/4 Bi-

.of three Gaussian curves Pin + Gd (1-)'= > ae
1

The curve for neutrons slowed down to E = 0.025,ev was found by the formulas

1P|
. : L7 ,
pitbzs e () =  prnvca () i ' 3} (4072 VY S8 (01 @ (5,) — et @ (2,0,

r2

R . _lr—rjz 48,441 ~’8/'g 2
¢ 13 Te
PO025 86 (r) = S PIn+cd (r') e . AT gyt Z ( Wi+ abe 4A-c | e 4BitidT

where

» (o) = ‘,Zn ioé—' dl; = (23“— WV 2= (2 +7) VB 5

L =Y 1.2 cnu; Av=1,2 en®®):

. Ar = 1.2 em?,  not 1"cm because the expenmental curve of spatial distribution of resonance neutrons is béing
used, and the conmbuuon of 0.2 cm , Which is related to the activauon of the indium foil by neutrons of energy
E> Er, should not be excluded, ‘
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In the first case it is assumed that the spatial distribution of neutrons slowed down from the resonance
energy to the thermal energy is determined by diffusion theory; in the second case, by age theory. Since AT

P )
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Fig. 3. Compai?ison of the calculated curve for p,(r)

" (solid line) with the experimental data (points on the

curve).

and L'? are small, the difference between the curves of

p(1) and p(z) is also small, and either of the
0.025 ev

- 00256V

curves of pg 5 evmay be used to .obtain the thermal
neutron distribution due to diffusion in water:

lr!—r|

. ‘ o
pe(r) = S Po.025 ov (7') 7= dr’,

" where L = 2.68 cm'is the diffusion 1ength of thermal

neutrons in water. As can be seen from: Fig. 3, the calcu-
icred curve agrees well with the experimentally meas--
wed one. © In obtaining M? | it was assumed that thé
neutrons are not thermal until their energy becomes

0.025 ev, and in order to obtain the distribution of purely

-thermal neuirons from Pn(r), together with the activation.
from resonance neutrons, we subtracted out the activation

caused by neutrons with energies Ey g5 ev < E<EL.

Since the number of neutrons with energy E > 0.025 ev

in the Maxwell distribution is large, the question as to.the
meaningfulness of this procedure arises, It was possible to
pick a nominal limiting energy below which the neutrons’

. would be considered thermal. For instance, we could

have taken 4 x 0.025ev=0.1evfor this energy. In this

"' case we would haveé to subtract : only the resonance
‘neutrons. from’ Pin ) and the quantity A 7(1.46 ev =0.18V)

would be 0.6 + 0.3 cm? instead of 1.0 + 0.5 cm? for

: A‘T(1.4s ev 0.5 eyy Both.of the experimental values

can be compared with the calculation according to

Marshak's formula (or according to age theory), made

under the assumption that the slowing down .of neutrons
is achieved by the free hydrogen and oxygen nuclei

= 2
AT theor (1.46 ev-0,025 ev) ~ 1.7 cm”,

S _ 2
AT theor (1.46 ev-0.1ey) = 1-1 cm’.

In both cases the experimental values of AT are somewhat smaller than the calculated ones. The mterpre—

tation of the results obtained .is complex, since in slowing down neutrons from 1.46 ev o 0.025 ev the effect of

the chemical bond is felt in several factors acting in opposite ways: 1) the increased scattering cross section due
to the fact that the proton is bound to the water molecule; 2) the increase in the symmetry of the scattering, ‘as
a result of which X, decreases sigmflcantly; 3) decreased energy loss in each elastic scattering event; 4) the

excitation of vibrational and rotational molecular levels during scattering.

The square of the slowmg—down length A.‘r,‘ fr_om E =1.46.ev to E = 0,025 ev does not depend on the initial
energy of the neutrons from the source being used, Therefore if we know T1.46 ey fOI any neutron source, we can
find the square of the slowing-down length-for neutrons of this source To.m5 ev = Tyggey + AT to E=0.025ev,
For instance, 1g g5 oy for fission neutrons slowed down by water is )

~ Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090003-2
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' - ’ . _an 2
70.025 ey = T1.46 ey + AT =30.4 & 2 cm?,

since [1]:

‘ _ 2
T1.46 ev —V 29.4 4 1.5 cm”,

In conclusion the authors express their sincere appreciation to Professor 1. I. Gurevich for valuable discussions
of the results of the work, to A. P, Venediktov and B, V. Sokolev, who took part in.the preparauon of the apparatus
and in the measurements, and o A. V. Telnov, who helped in preparmg the apparatus,
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SLOWING DOWN OF FISSION NEUTRONS BY URANIUM — WATER MEDIA

L. M. Barkov, A. P. Venediktov, K. N. Mukhin

The spatial, distribution of resonance neutrons (E = 1.48 .ev) which results from
the slowing down of U?® fission neutrons emitted by a "point” source is measured
for t_hree variations of a uranium-water lattice made of thick slugs (35 mm) of
natural uranium enclosed in cadmium tubés. The absence of anisotropies in the
distribution of slowed-down neutrons is demonstrated, and the values of + = determined.

It is of considerable interest to carry out an experimental investigation of the slowing down of fission
neutrons by uranium-water media whose characteristics are similar to those of projected reactors.

In the present work* we measure the spatial density distribution of 1,46 .ev neutrons, which resultsfrom the
slowing down of fission neutrons emitted by a "point” source in uranium-water lattices, with the aid of an indium
detector. The lattice was constructed .of 35 mm diameter blocks of natural uranium enclosed in aluminum
jackets and placed in a tank 140 cm long, 100 cm wide, and 105 cm high. The fission neutron source was. a
target-convertor made of uranoso-uranic oxide U5 (4.15 g of uranium). A thermal neutron beam was directed
at the convertor with the aid.of a 50 cin long steel tube which was covered with a cadmium jacket together with:
the convertor. The distance from the convertor to the tank-walls and the water surface was no less than 50 cm, and
the distance in the direction.of the measurement was 90 cm. This made it possible to perform the measurements
up. to distances of about 70 cm. In the experiment we used the method of measurement that is described.in a
previous article [1]. In order to prevent thermal neutron multiplication, the uranjum stugs were enclosed.in
tubes made of sheet cadmium 0.6 mm thick. The tubes with the . slugs in them were assembled into equilateral
triangular lattices with various spacings of 4.3, 5.0, and 6.0 cm, which provided a variation of the ratio of the
water volume to the wranium volume in the interval from 0,4 to'2,0, The tubes were fixed in position by the use
of three plates with holes drilled through them for the tubes. The upper and lower plates, located at the ends of the
tubes, were made of 6 mm thick Duralumin; the center one, located 20 cm below the convertor, was made of 8 mm
thick plexiglass. The material of the center plate was chosen on the basis of the great similarity between its
slowing-down properties and those of water. The three plates were attached 0 .each other by a rigid Duralumin
framework. A large window was cut into. the top plate to admit the.cadmium adapters with the indium foils into
the lattice. In order to maintain the proper spacing between the tops of the. tubes that were located w1thm the
window, small sections of the cut-out Duralumin plate were inserted between them. ‘

F1gure 1 is a photograph of the lattice, showing the distribution.of the tubes (4), and tube (B) through which
the beam enters, the convertor (C), the adapters with the foils (D), the three plates (E;; Ep, and Eg), and a few
sections (F) for holding the upper ends of the tubes. The tank was loaded with the tubes by use of a winch and
cable with an automatic chuck (G). : '

In order o verify some questions as to the method. used, preliminary measurements were made with a '
source that reproduced the fission neutron spectrum. These experiments showed the following:

* The work was performed on the RFT reactor. Preliminary results were presented at the International
Conference on the Peaceful Uses of Atomic Energy in Geneva in 1955,
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Fig. 2. Results of measurement of the
resonance neutron distribution density for
uranium-water lattices and for water,

Fig. 1. General view of the apparatus.

. 1) In the horizontal plane passing through the source, the density distribution p(r) of slowed down neutrons
is isotropic with respect to the direction from the source,

2) The distibution p(r) in the horizontal plane does not change when a cadmium tube filled with air
rsimulating the conditions created by the thermal neutron beam) is placed vertically over the source,

3) The influence of edge effects is not felt as close as 5-10 cm from the boundary, both in the vertical
aund in the horizontal directions. :

Fundamental measurements were made with the convertor for three different lattices corresponding to the
following values for the ratio of the water volume to the uranium volume: 0.4, 1.0, and 2.0 (spacings of 4.3, 5.0,
and 6.0 cmm). The results of the measurements are presented in Fig, 2. The statistical errors for the experimental
points are shown only for the greatest distances r > 45 cm. For distancesr < 45 cm, the statistical errors are no
larger than 2/

Separate measurements were made for p (r) in the vertical direction, and they showed that within the
experimental accuracy there is no anisotropy in the distribution p(r) in any of the variations of the lattice. Thus
the quantity Texp Can be calculated by the usual formula

rép (r)dr

g,
w—g|” 8

a
i
i

6 rip(rdr
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The results of the calculation are presented in Table 1.

TABLE 1

Experimental Values of ¢ for Various Magnitudes of
the Ratio of the Water Volume to the Uranium Volume

Spacingl (cm) | 4.3 | 5.0 | 6.0 | Water with-
out uranium
¥ = VH,0/Vior | 0.23] 0.43 | 0.61 1
Y =Vmo/Vu | 04|16 |20 -
Texp (cm?) 65+3{47+2 | 3742 | 294415

The values of Tex presented are somewhat
too high because of the fgct that multiplication of
the neuwrons incident on the cadmium is not entirely '

suppressed.,

Values of ¢ corresponding to the absence of
multiplication of these neutrons in the system can be
derived in the following manner.

Let p(r) be the resonance neutron density (for
instance, with E = 1.46 ev) in an arbiwrary system
that has neutron multiplication, let py(r) be the

-resonance neutron density in this system .when the
multiplication is suppressed, and let k,, be the
multiplication factor for this system. 'I'hen neutron
multiplication leads to the following relation
connecting p(t), po(r), and k,oo

P(r)—Po(’)+kal (r)—|—k§°p2(r)+ T
where _ o '
h(ﬁ==gpd(?4-ﬁbpovodnn

LU T L O

......................

.Pn(’") Spn—l([ +r1l)Po(’1 d"l

Here Jog(r) dr =1 and [pyr)dr,.... Jp o dr
are also normalized to unity. InExpression (1),
ke p (1), k%npz(r) . . . represent the distributions

of neutrons of the second and. third. generations, etc.

If two of the quantities po(r), p(. r) and kg,
are known, then Equation (1) makes it possible to
find the third. For instance, if py(r) is known from
experiment, then by calculating pl(r), pa1) .
for a known ke, we mmay determine p(r), ot
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' Fig. 4. Comparison of the data -
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Fig. 3. The dependence of ¢.on the relative amount
of water in the lattice y = Vi,0/Vyge. The solid line

1is the experimental value of ¢; the dotted line is the

value of 7 corrected for neutron multiplication in the
lattice,
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of various works on
the slowing down of neutrons by uranium-water lattices;

‘ D) ‘Direct Oak Rxdge experiments (1¢,p5 ev) [3); A) -

Brookhaven experiments; method of artificial "poisoning™
and "emriching”; analysis by the one-group theory (M%)
[3); O) Brookhaven experiments; method of "poisoning'’
and "enriching”; analysis by age theory (M?) [3]; x)
Westinghouse experiments. Critical experiments,

Analysis by the one-grou, theory (M?) [5]; @) results of
the present work (74,46 3\3
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conversely, from the experimental values of p(r) and p (r) we can find ky. In practice this problem can be
solved by approximating the experimental curve f(:zr po(r) by a system of functons that is convenient,for integra-

tion, e.g. by a sum of Gaussian functions ZiJa 1€ B3 , where gi and By are empirically chosen constants, In

this case the integration is completely carried out, and the resulting functions p (1), pa(r) are also obtained in the
form of sums of Gaussians with coefficients expressed simply in “terms of gy and gj. It is clear that the necessary

_number of terms in Formula (1) is determined by the magnitude of key. . Thus if kep = 0.1-0,2, then the experi-

mental curve for p(r) is sufficiently well reproduced by a formula with only two terms.

P (7) = 0y (1) + Eopy (7). @

The relation between »po(r),v p(r), and kg, also makes it possible to evaluate the differences in the

 corresponding values of T if p(r) and kg arezknown, and therefore also p(r) from (2). Indeed, if py(r) is'given -
- T

483

in the form of a sum of Gaussians 2a je - then integration gives
i .

j'r‘p(r) dr L
S r’p(r)dr -

- 1"‘—1’“; [ 2 ,piai (4“308/»2 + :
+'k°°2 Bt By 4By, (4“‘34)3/2] i:—ok +
33 6s+8) o (4 ()

@ Lk

@

+ 1+ k
In the present work the above method was used to evaluate T, for the system in the case for which there fs
no multiplication— neithei' of thermal neutrons, . nor of those that are incident on the cadmium.

In evaluating T, [by Formula (3)] the calculated multiplication factor . km for the neutrons incident on the
cadmium was used, and the value of py(r) found according to (2) was expressed in the form of a sum of three '

Gaussian functlons

The evaluation of the mulnphcation factor of the systemn was made according to the formula k.=v¢g e,

~where v is the number of neutrons per fission event, ¢ is the probability that resonance capture does not occur,

€ is the mulnphcauon factor for fast neutrons, and g°* is the probability of fission by the neutrons incident on the
cadmium jn the process of their slowing down to capture in the cadmium. The value of y was taken from a note
published in Nixcleonics [2], that of € from ‘the work of Kouts et al. [3}, and that of ¢ from the results of
measurements by-M. B. Egiazorov (private communication).

The value'of g' was calculated accordmg o a formula given by Gurevich and Pomeranchuk (4], which the
authors derived for the evaluation of ¢'and modified for the evaluation of the probability of fission by the neutrons
incident on the cadmium in the process of slowing down. For this the following changes were made in the
formula: the concentration of U*® nuclei was replaced by the concentration of U235 nuclei, the capture cross
section of U?3 was replaced by the fission cross section of U, the term accounung for the contribution from the
strongly blocked resonances was dropped, and a coefficient that accounts for the absorption of neutrons in cadmium
was inu'oduced '

Table 2 presents the values of the muluphcation factors kg, found.in this way for the neutrons incident on
the cadmium. The accuracy of the constants and formulas used allows us to suppose that the errof in the
multiplication factor is no greater than 50%. On the same table we present the values of 7 for systems in which
no muiltiplication takes place for the neutrons mcident on ‘the cadmium. The values of r were denved from the
values of Texp and ko by the method described above,
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TABLE 2 ' ' * Figure 3 presents the dependence of r,,, and
+ on the fraction of the lattice volume that is taken
up by the water y = VHZO/Vtot- It should be noted
that the values.of ¢ found include the effect of
slowing down of the neutrons that arise in.the slugs

" as a result of UP® fission by fast neutrons.

The Multiplication Factor for Neutrons Incident on the
Cadmium, and 7 for the System in the Absence of
Multiplication of Thermal Neutrons and Those Incident
on the Cadmium

Spacing 1 (cm) 4.3 5.0 6.0 |Water WI_th' 'Figure 4 presents experimentai results of various .
out uranium
- —t— works on the measurement of 71 46 ev, T0.025 ev:
Y = VH,0/Vior | 0.23| 0.43 | 0.61 1 and the migration area M?,
Y = Vi,0' Vg 0.4 | 10 2.0 , - ' ‘In making cornpahsons it should be noted that
0.15| 0.11 | 0.067| 0 M? is greater than 7o,pgt M' = 7 095 ey * L (L s
ko T Pl B ° the diffusion length), For uranium-water lattices,
L '(crn'z) 1584+5{44+3 | 35+2 | 29.4%1.5 however, L is much less than L2 o’ being equal to
1.46 ev : IS ' Hy .

1! ~ thyo (1-0) ~1-2 e,

In addition, in making comparisons we must bear
in mind the fact that the value of 74 46 oo obtained
in the present work is about 1-2 cm? lower than 70.025 ev: By comparing the values of T1.46 ey’ 70,025 ev
and M? it can be seen that the results of the measurements do not agree well among themselves, Direct measure-
ments of T performed at Oak Ridge by a method similar to ours give substantally higher values for 7.

Since the detarls of the ‘experiment are not descrlbed it is difficult to explain the reason " for such a
d1vergence In these experiments no account is taken of the multiplication.of the neutrons incident .on: the
cadmium. As our evaluation has shown, however, this effect is not large. The difference between our results
" and the determinatron of M? published by Kouts et al, [3] can be partly explained by the fact that in comparable -
lattices different amounts of materials that do not slow down neutrons effectively are used,

There is some doubt as © the possibrlity of determining M2 from critical expenrnents and from experiments
" on the artificial " ‘poisoning” and menriching” of reactors.” In the analysis of these experiments either the one-group
theory, or age theory is used. The validity of these theones in the case of water is doubtful, and the anaIysis of
the same. expenmental results leads to different values of MZ.

1n conclusion. the authors express their gratitude to Professor I. I. Gurevrch for discussions of the results of this
work, and to V. K. Makarym A. 1. Maleev, V. 1. Baranov, and B. V. Sokolov, who helped in performrng the
measurements.
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"RELATIVE Pu®*® BREEDING RATIO IN NATURAL URANIUM-ORDINARY
WATER LATTICES

L. V. Komissarov and V. A. Tarabanko

‘Measurements weré performed of the quotient of breeding ratios

in uranium-water lattices and a uranium-graphite lattice at the start

- of conversion, The plutonium breeding ratio in uranium-water lat-

- tices for certarn lattrce spacings is larger than in a uranium-graphite
lattlce.

' Introductlon

An important mdex of the operatron of a nuclear reactor which breeds plutonium is the Pu®® breeding
ratio, which is defined as- the ratio of the number of Pu®® nuclei (Ng) produced in the reactor to the number
of consumed U*® niiclei (N5). '

“At the 'pres"en't time the pararieter of uranium- -water lattices which are required for the computation of
the breedrng ratio are not sufficiently well known, It is therefore 1mportant to verrfy the results of a com-

putatlon by experlmental means.

In the present work we' measured the quotrent of the breedrng ratios in urapium-water lamces and in a
uranium -graphite reactor whose parameters have been well investigated:

Ny Ny

Pwate'r R water
' (Ng)' graphite . (Ns)

graphite' ‘

P

. 'gra-phite water-

We studled tnangular lattrces (with 45,55 and 60 mm spacmgs) composed of natural uranium and ordmary
water as moderator ' : .

The lattices were composed of avialite tubes 43 x 1.0 mm in diameter contammg uramum slugs 35 mm~
in diameter and 100 mm long, The slugs were ‘sheathed in 1 mim aluminum. ‘The experiments were performed
on physmal uramum water reactois wrth a natural uranium zoné measurmg about 1m (Flg 1)

The' uranium -graplute reactor had a square lattice with 200 mm spacmg The slugs of natural metallic
uranium with the same dimensions as in the uranium-water lattices were not provided with aluminum sheath-
ing. - . ' - ' h ' '

Experimental Method

. (Nyg)
water
1 Determination of m————

(No). graphlte
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Fig. 1. Diagram of a physical uranium-water reactor. @ ) channels with enriched uranium
slugs; O) channels with natural uranium slugs; @ ) channels with experimental slug.

239

It is well known that the production of Pu™ in a reactor occurs according to the following scheme:

p_

238 | pl 230
U. Font — U PTIC
— Np2® L —> Pu®.
2,3 doy

Since the measurements are relative, the determination of the number of Pu®? nuclei produced in a
uranium slug can be reduced to the measurement of the 8 -activity of U=, In order to determine the relative
quantity of U*® we used disks of natural uranium 35 mm in diameter and 0.1 mm thick placed between the ends
of separated sections of a uranium slug (Fig. 2). The experimental slug was inserted into the lattice and irradiat-
ed with a neutron beam of ~ 107 neutrons / cmz/sec. for 30 min. The irradiation times in the uranium -water
lattices and the uranium-graphite lattice were identical. After irradiation the uranium disk was chemically
cleansed of fission fragments and of the products of natural radioactivé decay of uranium by sodium-uranyl-ace -
tate precipitation. The purified uranium was pressed into tablets (of ~300 mg/ cm? density) whose B -activity
was measured with constant geometry by a Geiger counter. The background of natural uranium decay products
was disregarded since it amounted to only one percent of the measured effect., Measurements of the 8 -activity
of the purified uranium for 1 to 1.5 hours showed that the halflife was 23.5 + 0.2 min, which agrees with the

* The effect of sz39 consumption during the irradiation period was negligibly small,
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e data of other authors {1]. This indicates that the U239 was sufficiently

“s

b o e - (Ng) water

% purified of decay and fission products, The ratio o wWas

i (Nodoraphite

N determmed as the ratio of B -activity of tablets obtained from the uranium
: é_ v disks which were iradiated in the uranium-water and uranium-graphite

4

¢ lattices,

{ ' o

e : 5)

2. Determination of ___g

(Ng) w

The deplenon of U™ has two causes: nuclear fission and radiative

SIS
i
H

(Ng)
heutron capture, SO that the ratio S8 can be given in the form

(Ng) :
e N+ N;)C:: _[ -+ Ns )]
(Vo) = (_N£+N:)w _[ ( )] w

where Ny is the number of U?® nuclei undergoing ﬁssmn and Ng is the
Fig. 2. Experimental uranium number of U2 nuclei involved in radiative capture,
slug. 1) Paper disk; 2) uranium
disk; 3) aluminum can; 4)
background paper disk; 5) sections
* of uranium slug,

&

The experimental determination of the desired ratio was rendered
difficult by the fact that depletion of i through radiative capture is
not equal in uranium -water and uranium-graphite lattices,

The corrections for this factor, - .
. . )
(1§ 6 .
NG ’
O*m)

- were estimated fromr qualitative data on the spectral composition of neutrons in uranium-water and uranium-
~ graphite lattices as well as the known curves for fission and radiative capture cross sections in U5 a5 a func-
tion of neutron energy, An estimate of the correction indicated that it is close to unity for all the cases ih-~

vestigated, The direct measurement of ‘(Ns) /(Ng)y; is possible if pure U™ is used as an indicator. However, _
we were using natural uranium, for which reason it was necessary to make an expenmental correction (N ) for

fission of Uzss consequently, in this case the quantities to be determmed are

: N
1+
(NN o - ondd ( Nf)w :
(N£+ N)w (1_*_ Ns)
‘ Nl

Using these quantiues the desired ratio can be obtamed from the following expression:

' (2
Whe _Wa+n)e N Nw
(&) w (V+NDw [, M
. . . : : 4 8
f f - : . e
The ratio —¢  was determined by measuring the B -activity of fission fragments on paper disks of 35 mm
(N5 + Nghy | - '

diameter which were inserted between sections of the experimental uranium slug (Fig. 2). The uranium disk for-

- the measurement of (Ns)w/(Ns)g and the paper disk were inserted into the experiment metalslug and were irradiated
simultaneously in the neutron field of the lattice. After irradiation the B -activity of the fission fragments was
measured with a Geiger counter. The measured activation of the paper disks was 3% of the activity of the col-
lected fission fragments. For each experiment cutves were constructed which showed the decay of the activity
with time N = f (t) (Fig. 3). :

' ' ’ | 351
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(N/+ Ns)(;
AN+ Myw

was determined from the relationship of the areas under the B ~decay curves of fission fragments in the same
time interval. The measured 8 -~activity of fission fragments will be proportional to the number of fissions with
the same proportionality coefficient if the fragment yields do not change with changes of the neutron spectra

- in the lattices, ‘Katkov, using a fission chamber which was described in the paper of Stoliarov et al, (2] found
that the relationship between the number of fissions in a layer of natural uranium and the B -activity of fission-
fragments from natural uranium was constant for all the lattices investigated,

£ £
. Ny :
-The:quantity| 1-+ Nf 1~ 1 -_i-“"'::" » Which- takes
-\ Ng Jw Ns /8
N . - into consideration the different contribution of U*® 1o
157 the fission of natural uranium in uranium-water and

- uranium -graphite lattices, was determmed by the method
described in [2].
00 .
Thus the breeding ratio quotient can be calculated
from the following relationship: '

Number of counts per minute, rel, units

57, ‘ : .
Po _ M)y -+ N)e
P (Vg (¥+ NDw
z#z;.m.zfmumﬁmgmt 'ilvg 1Nr
Time after end of irradiation, minutes + 7 w +
Fig. 3. Decay of 8 -activity of fission fragments from : (1 + _I\Lé) ( 14 N") :
natural uranium. )8 -activity of fission fragments - Ne
collected on paper disk; ) B-background of paper :
- disk.
TABLE 1
(i (1+) .
Lattice | M water (VMg | N TN Jwaer |\ graphite) P water
spacing (Ns) graphite (N4 Nf) water| - (1+ N{ ) : (l+ Na P graphite
(cm) : graphite N[/ water
4,5 1,84-40,04 , 1,1740,02 . | - 0,02 ) 1,984.0,1
5,5. o 1,064+0,03 . 1,1 40,01 0,98 1,14+0,05
6.0 | 1,0230,03 1,05%0,01 : 1 1,0710,05

Measurements and Comparision with Calculations

All measurements and the calculated correction are shown in Table 1.

The errors shown in Table 1 were calculated from the mean square deviation of the separate measure-
ments, ' ‘ '

. Kunegin and Levina obtained the follo'wing_.,formula' for the bfeeding ratio:

(s®p)s
P== (a°p)s

p(1—¢) ¢ BO PV’
+ 1 —pepsvf + 1 —pppsvg
—
1 P‘PPSVE__
Tt
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where (0Cp)g and (o p)s are the macroscopic neutron absorption cross sections for U™ and U™, respectivelys’
p Is the fast fission fdctor; ¢ is the resonance escape probability; v§ is the number of secondary fast neutrons
per thermal neutroh captured by U; vg is the number of secondary fast neutrons per epithermal neutron
captured by U™5; pg, pg are the probabilities that an epithermal neutron will be captured by U5 and U™, ;.
respectively, The values of the quotient of breeding ratios calculated by this formula for the investigated -
uranium-water lattices are given in Table 2, ' g '

A corhparison of the data in Table 1 and Table 2

(TABLE 2 ~ shows that the experimental values of the quotient
, ' T i t t with th
Laice spacing om |45 [ 5.0 [ 5 [e0 0 Preeding railes b in slfactory agreement with (he
P /P, T 1.89 | 1.5 1.16] 1,04 | B B

The measurements show that in uranium-water
teactors it is possible to obtain a higher plutonium
breeding ratio . than in uranium-graphite reactots.

The authots wish to thank V. L. Mostovoi, M. B.-
Egiazarov, V. P. Katkov and G. A. Stolyarov for their..
participation in a discussion of the results,.

‘Note: 'No literature refetences were given in the
original, o

0 — T )
A 7 R T A3
. . Co W

Fig. 4. ‘Depe'n'de'nc';e -of the ‘quotient of ;b’re_eding ratios.
for uranium-water lattices on the ratioof the volume

uranium-water

of water and uranium A values of
R h uranium-graphite
ifi a physical uranium -watér reactor. - The theofetical
© curve is solid.. ' SR I
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THE RATIO OF THE AVERAGE FISSION CROSS SEGTIONS OF Pu?®? and u?®% IN
' URANIUM-WATER LATTICES

V. P. Katkov, Yu. V. Nikolsky and G. A. Stoliarov

The ratio of the average fission cross sections of Pu®® and U is determined
“for lattices consisting of natural uranium and ordinary water. For comparison the
same ratio was measured for a uranium-graphite reactor. It was found that the

ratio ;Eu/f—j{J for uranium-water lattices with spacings of 45, 50, 55 and 60 mm

and for a uranium-graphite reactor with 200 mm lattice spacing' are 2,24, 1,99, 1.88
and 1.79, respectively. '

Introduction

The jmportant quantities which determine the physical properties of a reactor ‘are averaged over the
neutron spectrum of the fission cross section for the elements used as nuclear fuel,

In this article we describe experiments performed for the purpose of determining the ratio of the average*
fission cross sections of Pu*® and U*® in uranium -water lattices and in a uranium -graphite reactor.

The experiments were petformed.on a physical uranium-water reactor which consisted of two zones. The
central zone contained slugs' of enriched uranium, while the peripheral zone contained slugs  of natural uranium,
The slugs (of 35 mm diameter) of both natural and enriched uranium in aluminum cladding were placed in
avialite tubes. The tubes were loaded with uranium slugs to a height of 2.5 m. We studied triangular lattices
with spacings of 45, 50, 55 and-60 mm. The measurements were made in the natural uranium zone.

The lattice of the uranium-graphite reactor was body centered with- 200 mm spacing; the slugs - of natmal_
uranium were of the same diameter as above.

Experimental Method

The ratios of the average fission cross sections of Pu®? and U can be obtained, as will be shown below,

from the B -activity ratio of fission fragments ejected from the layers of plutonium and uranium in. the lattice,

Films weighing ~ 0.5 mg were deposited electrolytically on disks of nickel foil 35 mm in diameter and
0.05 mm thick. Quite pure isotopes of plutonium and uranium were used. ' For safety of operation and in order
to prevent mechanical damage to the films both films were covered with a lacquer thin enough to ensure .the
escape of a large fraction of the fission fragments. Special attention was paid to the uniformity of thickness of
the films prepared in this inanner. :

The fission fragments were collected on disks of filter paper 35.mm in diameter and 0.15 mm thick
placed in contact with the films. '

_ * By average fission cross sections we mean cross sections which have been averaged over the neutron spectrum
and taking into consideration the changes according to .the radius of the slugs. .
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The plutonium and uranium films.and three
_ paper disks (one was a "background” disk to record
ittt — _ the activation of the paper in the neutron field) were

‘ a7 2 placed in a slot in a uranium $lug (Fig. 1), and -
Nm il \ \ 1 irradiated in the lattice for 15 minutes. The g -activity
\\ Nl \\\\ \ “.,3 of the paper disks was measured successively with a
\ IR \ j Geiger-Miiller counter. The measurements were begun
= ks X2 20 minutes after irradiation and continued for 30
2 736 8547 7 minutes. -
: ‘ ‘ . Figure 2 illustrates the decay curves of g -
Fig. 1. Position of Puz:’9 and U™ films inaslug of activity of plutonium and wranium fission fragments and
uranium. ‘ of the paper "background” disk.

9
1) Uramum slugs 2) sealed alummurn holder;

3) UP film; 4) Pu™ film; 5) paper disk to collect Treatment of the Data
fragments of Pu 29, ; 6) paper disk to collect fragments
of Uz_’s 7y 15 i copper foil to shield indicator from

The experimentally measured quantity was the

P - .
uranium fission fragments; 8) paper "background” - ratio Ka‘i “ which was determined as the ratio of the
--dlSk' areas under the g -activity decay curves of Pu™ and
U™ fission fragments. The activity is associated with
‘” the number of fissions in the films by the following
0t relauonsh_1ps:
som0f _ S
- . Npy = apyApu, }
5000 . (1
v . NU == aUAUr (1)
4ot
3000t "where Npu and Ny are the numbers of fissioning
-nuclei of plutonium and uranium in the films, which
200 are given by '
w o -
] i 1 S ) t )
7 20 - a0 90 L7 . - _ - 3
: Npo =\ Wpun(0) vobu (€)do =
Fig. 2. Decay curves of B -activity of fission ' 0 -
fragments from- pu%? and: U235 o c -
N) Activity of fission fragments (pulses/mm), 5 ) = WPu’P S U dv, _ ©
" t)tme after irradiation (min.); 1) B-activity of ' - o0 >
" py®® 235 o - . (2)
fission fragments 2) g -activity of U ‘ e —— . ‘
f1ssmn fragments; 3) 8- activity of "background" . Nu= S Wy n (v)voy (v) dv'=.
disk. 0 '
[==]
= Wyo g yudo.
0 /

‘Here Wp,, and Wy, are the numbers of nuclei of plutomum and uranium in.the films; n(v) is the. average density
of neuuons in the slug (wuh velocity v), which can be obtained from

. 2n'.rndr
()= ;

27: rdr

'3mw St
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R is the slug - radius; a py and a y are the proportionality coefficients between the number of fissions in the film
and the g -activity of the fission fragments.

From (2) the ratio of the average cross sections is obtained:

u _ Wy Neu,

T | @
Using (1). we obtain:
Pu _ g e
E{J Ay’
where
B= Wy apy
Wpy 2y

Thus, in order to determine the cross section ratio it is necessary to know the corresponding value of B. .
When this coefficient is independent of the neutron spectrum it is sufficient to obtain it from some known

- of Ap :
specttumn. This can be done by using the relationship “}’fu = B'iPu . ‘The ratio i obtained experi-
. - . 5 U U
%pu 4

mentally and the ratio . —;~ by calculation. This experiment was performed in a 150 X 150 x 250 cm
v : .

. Pu
graphite prism combined with the reflector of the uranium-graphite reactor. 7T was measured at a point
» : u
130 cm from the core, The reflector had a thickness of 80 cm, The neutron spectrum in the prism was assumed
to be close to the Maxwellian spectrum’ at neutron temperature 285°K. 3{)“ / E{J " was calculated from the

known curves of plutonium and uranium fission cross sections. It should be noted that for our calculation detailed
knowledge of the neutron spectrum was not required, since in this energy region the plutonium and uranium cross
sections follow the 1/v law approximately. We assumed ogg = 720 barns and ogg5 = 580 barns for neutrons with
2200 m/sec velocity. .

- The value obtained for B for the neutron spectrum in the graphite prism was 1.70 £ 0.04,
We studied experimentally the dépendence of B on the neutron spectrum,

As can be seen from (3) the cross section ratio.of plutonium and uranium fissions can be determined by an
ionization chamber which records the number of fissions directly. For this purpose we must know the ratio of
the quantities of fissionable substances in the chambers, But for the-calculation of the spectral dependence of

. . : : . . : Bpyi
B this ratio is not required, since for this purpose it is sufficient to determine the relative change of =— .

. : . [+

- U
with the lattice spacing, from values obtained by the above-described method with an ionization chamber. From
the identical dependence of these quantities on the lattice spacing we .can conclude that B is constant in the
corresponding spectral range. '

%pu

’

We compared* the relative changes of - —';'; - obtained by the methods indicated in lattices with 45

and 60 mm spacings; B is independent of the neutron spectrum in these lattices with an accuracy of 4%,

* For this purpose we used a double ionization chamber with Pu®® and U™ films. The construction of this

chamber was similar to that described by Stoliarov et al. in the paper "Method of Measuring Fast Neutron Multi-
plication Factors in Uranium-Water-Lattices" (Reports at Conference of the Academy of Sciences USSR.on the
Peaceful Uses of Atomic Energy, 1955). :
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In using experimental results for all of the lattices studied we shall hereafter assume for B the value
1.70 £ 0.04. '

Measurements and Results

Apy
Ay

limited size (~ 50-60 cm) it is important to make the measurement in a region which will not be influenced by
the boundary. Then the measured value will characterize the lattice. For this purpose the measurements were
made at several points along the radius of the zone. It appeared that at 20 cm the boundary effect practically

disappears. This was confirmed by control experiments which increased the size of the natural uranium zone to
70-80 cm. The final results given in the table were obtained by averaging the data at three points in a region

where the measurements did not change as the natural uranium zone was enlarged.

was measured in the natural uranium zone., When this zone is of

As indicated earlier, the quantity

Experimental Results*

Sy
3,
Location of | Lattice Apu ;{)u
measure- spacing Ay 7 200}
ments (mm) : v : :
Graphite 0,8010,02 | 1,3740,02 *
prism t
Uranium- 200 | 1,054-0,02 | 1,794-0,05
graphite
] : 45 50 85 80 «a
: 4 n - 4 : v
Uranium- 60 | 1,053:0,01 | 1,7940,05 A A AT A A
water 2(5) 1,1140,01 | 1,884-0,06 ' '
. 1,17%0,01 | 1,99%0,06 . . 239 205 .
t ’ ? ’ E
lattices 45 1.3230.04 | 2.245007 Flg.'3. Ratio of a\{erage Pu ’ and U flSSl(?l’l Cross e
- sections as a functon of uranium-water lattice spacing,
, =
-]
: , : _l;u is the ratio of average plutonium and
- . (]
. . g . .
* These values pertain to a reactor whose lattice uranium cross sections; a is the lattice spacing in mm;
does not contain Pu™”, V.0 - .
## Calculated value. v 2= is the ratio of the volumes of water and uranium
YU

in a lattice cell.

The dependence of the ratio of average fission cross sections for Pu® and U on the spacing of uranium -
| by
| o
lattice with 45 mm spacing reaches a value of 2.2, i.e., it exceeds-by more than one and one half times the
value of the same ratio for a Maxwellian spectrum (Tpeytrons = 285°K) and exceeds by 30% the ratio obtained for
a uranjum-graphite reactor. It should also be noted that the neutron spectrum ir all the uranium-water lattices
which we studied except that with 60 mm spacing is harder than the neutron spectrum in the uranjum slugs of

the uranium -graphite reactor.

water lattices is shown graphically in Figure 3. It follows from the curve that - in a uranium-water

Further studies will enable us to determine in greater detail the characteristics of the neutron spectrum in

uranium -water lattices,

In conclusion the authors wish w thank E. S. Antsiferov for much valuable assistance.
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DECOMPOSITION OF PLUTONIUM OXALATES BY
INTRINSIC ALPHA RADIATION

V. V. Fomin, R, E, Kartushova and T, I, Rudenko

Decomposition of the oxalates of tri-, tetra- and hexava-
lent plutonium was studied in air and in a vacuum at room tem-
perature and —80° both under illumination and in darkness, It

’ was found that the decomposition is caused by alpha radiation
from the plutonium, but in the oxalates of tetra- and hexavalent
plutonium the carbon monoxide which is formed acts as a reduc
ing agent which transforms the tetravalent plutonium to the tri-

- valent form and the hexavalent to the tetravalent, The oxalates
are then transformed into carbonates and, apparently. also par-
tially into oxides or an oxyoxalate-carbonate mixture. _

In the study of the properties of tetravalent plutonium oxalate it was discovered that protracted storage in
‘air at room temperature is accompanied by a change of color and loss of weight, The decomposition products
were analyzed by combustion in oxygen as described in reference [1],

The results of a few analyses are given in Table 1, These show that the oxalate disintegrates during stor- -:
age, as the relative content of oxalate ions and of water decreases and the amount of plutonium increases.. When
the residues formed after storage of tewravalent plutonium oxalate for a few months are weated with acid a gas
is liberated, The plutonium content of the resulting solutions is much larger than would follow from the solu-

_ bility of Pu(CyOp)e<6H,0, From these experiments it may be concluded that the oxalate is transformed into a
carbonate during storage,

A more detailed iivestigation was begun of the transformation of stored plutonium oxalate not only for
tetravalent plutonium but also for trivalent Pu, (C,0,)3- 9H,0 and in part for PuQ, (C;0,) « 2H,0,

For the purpose of determining the cause of this transformation and the composition of the products a
chemical analysis was made of the transformation products, the absorption spectra* of the compounds was stud-
ied both in the solid state and in solutions and observations were made of the pressure changes of the gases liber~
ated from oxalates stored in a vacuum, Absorption spectra were taken for oxalates of tri-, tetra- and hexava~
lent plutonium and theit decomposition prdclucts when stored in air and in a vacuum at room temperature for

* various periods of time, The measurements were ‘made at the tefnperature of liquid nitrogen with a triplé prism -
glass spectrograph (ISP-51). The microphotograms of the absorption spectra were taken with a recording mi-
crophotometer, - ' '

. In the case of the solid saits a thin layer of the preparation was placed between two watch glasses, A
. comparison of the absorption spectra (Fig, 1) of freshly prepared trivalent plutonium oxalate with the products:
of its transformation shows that the latter retained the absorption bands which are characteristic of the initial
compound, Some changes of band structure, in particular the disappearance of individual sharp components,

e

The spectrophotometric studies were made by L. V, Lipis,
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Table 1
Cliange of Compositmn of Tetravalent Plutonium Oxalate as a Function of Time
of Storage
Storf!ge, Welght; Content(%)
period, ‘
(motithyy | . B  Pu co, H,0
2 0.0131 - 58.8 29.0 12.2
2 0.0212 ’ 57.0 « 28,0 ©14.8
3 0.0088 61,96 217.0 12.0
3 0.0108 62,31 26.5 13.2 -
4 0.0084 64.0 . 240 . -
6 0.0166 68.3 17.1 . 8.8
6 0.0158 - 69,5 174 8.2
17 0.0261 73.5 i0,7 .} 5.8,

Fig. 1. Microphotograms of a portion of the ab> Fig. 2, Microphotograms of a portion of the ab-

sorption spectrum of trivalent plutonium oxalate . sorption spectrum of tetravalent plutonmm oxalate
and of its decomposition products, - and of its decornposnion products .

a)Fora freshly prepared oxalate of trivalent pluto- a)For a freshly prepared .oxalate of tetravalent piu-
nium; b) for an oxalate stored in air for 2 months; - tonium;  b) for an oxalate stored in air for 2 months;
c) for an oxalate store.d in a vacuum for 17 months, «) for an oxalate stored in a,vacuum for 17 monlh,se '

ev1dent1y result from the ‘loss of water of crystallization and from the transformation of the oxalate into a new )
compound, The valence of the plutonium in the resulting compounds does not change. :

For tetravalent plutomum oxalate (Fig, 2) the absorption spectra of the decomposmon products no longer
agree with the spectra of the freshly prepared specimen. - :

" After limited storage in air and prolonged storage in a vacuum there is a clear reduction of tetravalent
plutonium to the trivalent form, However, a visual study of the absorption spectrum of a specimien: ‘which was
kept in air for 17 months showed that the plutonium was mainly in the tetravalent state, This can be explamed
by subsequent.oxidation of the prevmusly formed trivalent plutonium,

The microphotograms (Flg. 3) show that when the hexavalent plutonium oxalate is stored a change of
valence also takes place, ’

This can be determined from the disappearance of the band which is characteristic of hexavalent pluto=~
4*0
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nium, In the sulfuric acid solution of a specimen which

~ had remained in a vacuam for 17 months the absorption
spectrum revealed the characteristic band of teravalent
plutonium near 480 mp.

The decomposition of the oxalates of tri- and
tetravalent pldtonium may be due to photochemical
reduction, but this explanation can hardly apply to
trivalent plutonium oxalate. Another cause may be
the action of alpha radiation from the plutonium.

The effect of light was first studied, For this pur-
pose tetravalent plutonium oxalate was put into am-
poules which were kept in darkness for a year. Analysis
showed that the change of composition was similar to
the charnge observed following storage under light. Con-

‘ ‘ : sequently, light is not important for the decomposition
Fig. 3. Microphotograms of a portion of the ab- of tetravalent plutonium oxalate,
sorption spectrum of hexavalent plutonium oxalate
and of its -decomposirion products .

It is easily calculated that if all the energy of
alpha radiation from plutonium is absorbed by the oxa-

a)For a freshly prepared oxalate of hexavalent plu- late and that the decomposition of a molecule requires
tonium; b) for an oxalate stored in air for 2 months; 100 ev, the rate of decomposition should be about 0.4% .
c) for a solution of the decomposition products of of the oxalate per day. Therefore it is entirely possible
hexavalent plutonium oxalate stored in a vacuum - that the observed decomposition is caused by alpha ra-
for 17 months, - ‘ diation, In order to verify this, experiments were per-

» : formed in which tetravalent plutonium oxalate was
kept in evacuated vessels at room temperature and at —80°C, Samples (containing 50 mg of plutonium) of
freshly prepared oxalate were placed in suspended ‘quartz test tubes whrch were then put into a glass vessel con-
nected with a mercury manometer, The air pressure was reduced w© 10" mm Hg and the vessel was sealed,
The initial position of the mercury was recorded and the pressure was measured petiodically, During two weeks .
at —80°C no liberation of gases was observed, After two weeks the vessel containing the oxalate was heated to
room temperature - at which it was/ maintained for two hours, The pressure then rose to 107 mm;, following this
the vessel was again cooled to —80°C *The pressure fell to 75 mm, whrch is in sausfactory accord with the
lowered temperature,

After a week at —80°C the pressure had not
changed The cooling was then discontinued and the
' . pressure rose to 132 mm at room temperature “The
, R ..--—"’" ’ pressures. of 107 and 132 mm comespond t0 pressures ob-
.»-*“"'/ . - tained in a parallel experiment at room temperature,

' — prasaal k although in the l‘atter case the pressuré rose gradually,
7,-,,,,,,,@,, ‘ : Therefore we conclude that the decomposition of an
: ' oxalate at —80°C proceeds at the same rate as at room
Fig. 4, Changes of pressure during’ decomposmon of temperature but that the liberated gases are not sépara-

Pressure

plutonrum oxalates over a period of 17 months. ted from the crystals because of a slow diffusion rate,
- 1) Teravalent plutomum oxalate;  II) tnvalent plu- " In our opinion, this experiment shows that the de-
tomum_ oxalate, ] composition of tetravalent plutonium oxalate results

» from alpha radiation.” As a confirmation we performed
experiments w1th sodium oxalate ’I'hls latter compound Was carefully mixedwith finely pulverized plutonium
dioxide, The powder was stored for two months, Analysis showed that a portion of the sodium oxalate had .
been converted into the carbona te, h - '

These results for the decomposition of the oxalates by alpha rays are confirméd by the experiments of
Bertold Stech [2]. The latter used x-rays to examine sodium oxalate which had been subjected to alpha radi~
ation and concluded also that it had been converted into the carbonate

In order to obtain an idea of the rate.of spontaneous decomposition of the plutonium oxalates experiments

411
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Table 2 ‘ Table 3

Quantity of CO, and CO Formed by the Decomposi- Decomposition Products of Tri- and Tetravalent Plu-
tion of Trivalent and Tetravalent Plutonium Oxalates  tonium Oxalates

(the samples of oxalates contained 50 mg of plutoni-

um and were stored for 17 months) : ‘ . Content ()
— Initial Compound :
‘ Quantity of gas(g) v Pu*? | G,04| COy | HO
Substance :
co, . co’

Trivalent plutonium

oxalate 61,6 | 17.35( 7.5 11,2

‘Trivalent plutonium

Tetravalent plutonium
. oxalate 0.0030 | 0.0010 P

oxalate 66.7 15,7 {10,8 6.25

Tetravalent plutonium _
oxalate 0,0090 0.0013 “were performed in which the trivalent and tetravalent

‘ ' plutonium oxalates were kept in evacuated vessels, as

described above, but at room temperature, The decomposition was observed for 17 months,” The observed pres-

sure changes are shown in Fig. 4, where the measurements made at various temperatures are reduced to 0°C,

The volumes of the vessels were 30 and 27.6 ml; the specimens of the oxalates contained approimately 50 mg

of plutonium.

The curves show the possibility of making'a qualitative comparison of the decomposition rate of plutonium
oxalates of different valences, It is seen from a comparison of the curves that the pressure in the case of the
tetravalent plutonium oxalate increased more rapidly during 2 months than for the. trivalent plutonium oxalate,
After 17 months a constant pressure had not been reached but the rate of pressure changed as compared with the
first few days had been considerably slowed down (0.1 mm per day instead of 4 mm). It is difficult to obtain a
numerical value for the rate of decomposition from the data since the pressure is caused not only by the carbon
monoxide and carbon dioxide formed through decomposition but also by water vapor formed through the efflo-
rescence of crystal hydrates and by the products of therr decomposition,

The conversion of an oxalate into a carbonate should lead to the formation of carbon monoxide in an ex- -
cited state, which can reduce hexavalent plutonium into the trivalent and tetravalent forms, To verify this as-
sumption we determined the quantity of carbon dioxide and carbon monoxide accumulated in the sealed am-
poules when the oxalate was kept for 17 months. The results are shown in Table 2.

From Table 2. it can be seen that the relative amount of carbon monoxide in the experiments with trivalent -
plutonium oxalate is considerably larger than for the tetravalent form, :

A number of analyses of the decomposition products were performed the content of plutonium, C;04 and
water were determined by Penfield's combustion method [3] using Berg's buret [4] and potentiometric tltnmetry

- with potassium permanganate.’ To measure the carbon dioxide the specimen was dissolved in sulfuric acid -
“through which oxygen was blown after being purified of organic impurities, carbon dioxide and moisture, The

oxyger and carbon dioxide formed as a decomposition product entered a flask for titration which was filled with
Ba (OH), titrarit, where the carbon dioxide combined with the barium carbonate, which was then separated by
filtering, The remainder of baryta water was back-tltrated in a 0,1 N solution of HCL"

For the titrimetry it was assumed that all of the plutomum had the same valence the oxalate content was
determined from the difference between the quantity of permanganite used in titrating the hot solution and the
quantity required to oxidize the plutonium, The a_verage decomposition products obtained after 17 months stor-

age of the oxalates at room temperature are shown in Table 3.

It follows from Table 3 that the composition of these products can be expressed by the formulas
Pu(C209),74C08)0. 47002 Hz0
Pu(C304)y, 64 (COs)p 6500.2H2 00,35 -
for initial trivalent and tetravalent plutonium oxalates, respectively,

The oxygen content was determined from the condition of saturation of all plutonium valence bonds,
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Thus;, a chemical analysis shows that under irradiation the plufonium oxalates are gradually transformed
into carbonates and later, apparently, into oxides, There is the possibility of formation of mixed oxyoxalates
or oxycarbonates as well as oxalate-carbonates,

" When the tetravalent plutonium oxalate is kept in air at room temperature for 17 months the decomposi-
tion is comparatively more coniplete, In this instance the specimen contained: PuQ, - 83,6%; C,04 or COy -
10, '1% (not separated) and HO - 5. 8%, '

The reducing activity of the carbon monoxide leads to the result that dunng the same time interval the
number of decomposing C,0, groups in the tetravalent plutomum oxalate is almost twice as large as in the.
trivalent form, per mole of plutonium,

LITERATURE CITED ,

['_1] M. O. Korshun and N, E. Gelman, New Methods of Elementary Microanalyﬁs, State Tech, Press 1949,

[2] Bertold Stech, Z. Natittforsch, 2, 175 (1952).

[3] S. L. Penfield, Am, J. Sci, (3) 48, 30 (1894).

(4] A.G. Berg, Factory Lab. 10, 1171 (1948). =

413

Declassified and Approved For Release 2013/04/03 : CIA-RDP10-02196R000100090003-2




1%

Declassified and Approved For Releas_e 2013/04/03 : CIA-RDP10-02196R000100090003-2

* NEWS OF FOREIGN SCIENCE AND TECHNOLOGY

Y

CONST:R'UC'TIOI;I'“O'E' RESE ARCH REACTORS IN ENGLAN D

The atomic energy administration of the United Kingdom i buildihg at Harwell two reactots, “Dido™ and

- "Pluto”, intended for broad inyestigatioris in physics and technology. Fiirthe'rmor@it’ is plannéd to COﬁStructva
reactor of the "Pluto® type in Douneray. - In.addition,-England is providing aid to-Australia in the building of a

*Dido" type teactor, - : IR
yp .. | R

R e

. 5, o f.«s%%‘ 2 s
e R N e e RS
Fig. 1. Construction of new reactors for physical investigations at Harwell, }
A) Reactor "Dido", designed for, general physical inivestigations; B) construction of a reactor
of the "basin” type, of 100 kw-power and"with.ne_uuo_n.flux‘ 102 neutrons pet t:mz/sec;'.-C)' o
reactor "Pluto®; similar to the reactor "Dido", but designed for testing fuel elements.
L o - Tank for heavy water, ré?’l[e’:::“g T T e
L R o Vs o, [T 200 cm in dlameter.” ] L i o
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- .Fig.<.2.' ;Uhdisturbed“distribﬁii‘oh of tﬁer'rfri‘a,l peutions in the -
reactor "Dido" (all values in neutrons pé; cm¥ sec.).
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Fig. 3. 1) Alummum tank for heavy water; 2) level of heavy water; 3) fuel element- 4) vertrcal expenmental

channel; 5) guides of six emergency rods; 6) experrmental channel 10.16 x. 5. 08 cmi; 7) biological shield;
8) graphite reflector; 9) experimental channels 30,48 x 20,32 cm; 10) lead heat shield (water cobled). 11) steel
reactor vessel with -boron covering; 12) expenmemal channel for taking neutrons from the active zone; 13) ex+

_perimental channel for taking neutrons from the ;graphite reflector 14y verucal channel from the graphite
-zone; 15) concreteshield; 16) supports of reactor, 1'7) frrst floor .18) thermal column. 19) bracmg of reactor o

foundatron- 20) steel upper hd of thlckness 25, 4 cm 21) expenmental channel

e 3 s P L .
EaN

The "Dido" reactor is mtended for use in physrcal expenments for example the measurement of neutron
cross sections, and the study of the parameters of vatious types of reactor lattices; besides this, the irradiation of -
small specimens of materials can be’ camed out in the reactor. The moderator and, heat transfer agent of the
reactor is heavy water. and the fuel is enrrched uramum (about 6’ kg, of whic¢h 2.5 kg 1s Uzss). .

*The active zone of the reactor with a volume of about 0.3 m®, has the- form of a cylmder of helght 60
cm and diameter 86 cm, ‘It is composed of lamellar fuel elements whose frller 15 a mlxture of uranium with

H

'
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alumirium. The active zone is located in the center of an aluminum tank of height 2 m and diameter 2 m. The -
reflector of the reactor is of graphxte 60 cm thick. The reactor and reflector are inclosed in a steel jacket fil-
led with helium.

The nominal power of the reactor is 10 megawatts, with neutron flux 10" neutrons per cm%%sec, The maxi-
mum. poss1b1e flux-is 5+ 10" neutrons per cm %/sec. The starting of the reactor is set for autumn, 1956.

At the end of 1957 the two reactors of the "Pluto type ate to go into operation, The construction and
physical characteristics of these reactors are similar to those of the reactor "Dido”, but their purpose is somewhat
different; they are designed for the long-time testing of fuel elements. For this purpose 1t is planned to install six
or eight testing loops in the reactor "Pluto”. :

I. S.

" LITERATURE CITED
{1] The Journal of the British Nuclear Energy Conference 1, 1, 3 and 35 (1956).
[2] Engineering 180, 4673, 235 (1955).

A REACTOR WITH AN ORGANIC MODERATOR

According to reports there will be sét in operation at the end of this year a reactor with an organic modera~
tor (OMRE) with power 5 to 15 megawatts, The moderator used in the reactor is diphenyl, and the fuel is highly °
enriched uranium. :

Preliminary expenments have shown the good stability of the organic moderator in the neutron field and
insignificant deposition of precipitates (which had been feared earlier) in the form .of a film on the surface of
the fuel elements. -

The reactor will probably be built by the Atomic Energy Comm1ss1on, together with the ‘North American
Aviation” Company"m Arco, Idaho, U.S.A.

LS.
LITERATURE CITED

[1] Nucleonics'14, 1, 14 (1956).

(2] Atomic Energy News Letter 15, 2 (1956).

ECONOMIC INDICES OF ATOMIC STATIONS

Quite recently there have appeared in ‘the Amencan hterature commumcatlons on the economic indices
of certain reactors.

Adm1ral Rickover announced that upon the thud loadmg of an active zone* of the reactor PWR at the Ship-
pingport - atomic station the cost of electrical energy will be lowered from 5.2 to 1.5 cents/kw -hr.

* In the reactor PWR it is planned to load successively the assemblies of different active zones,
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At the first loading of an active zone the cost of energy is composed of fixed expenditures (1.5 cents/kw-hr.)
the cost of preparing fuel elements, the cost of zirconium and other construction. materials (3.9 cents/kw-hr.) and
operating costs (0.3 centy kw-hr).From these 5.7 cents/ kw -htissubtracted” the value of the processed fuel, equal
to 0.5 cent: per kw-hr

At the 9econd loading of an active zone the total cost of the energy will be reduced to 3. 2 cents per kwkhr
through the lower -cost of fuel, a decrease of operating cost, and the increase of the power from 60 to 90 mega-
watts, At the third loading of an active zone the cost will be lowered to 1.5 cents/kw-hr, For the loadmg of the
first active zone the working time of the reactor will be equivalent to 8000 Hours of operation at full power,
which means, including idle time of the reactor, more than one and one-half years. The exact working time
with the first active zone is not known, since at first the reactor will be mainly used for experimental purposes.
Its power will be increased ‘gradually: ist year,, 109 2nd year, 20%; 3rd year, 40%; 4th year, 60%; 5th.year,
either 80% or full power.

The third loading of an active zone in the reactor will be éc'complished not ~atlier than 1965.

The firm "Alco” has released formerly secret data on the cost of eleetric energy from the portable army-
reactor APPR, which is being constructed in Fort Belvoir (Virginia). ; :

The fuel component of the cost of electrical energy will not exceed 0.95 cent/ kr-ht. This sum includesi 7
0.6 cent/kw -hrcostof fuel calculated at 25 dollars per gram of U, 0.25 centy’kW-’h:for preparation of fuel ele-
ments, and 0.1 cent/kw-hrforreprocessing. Operating expenses for an installation of power 2000 kw will amount
to approximately 0.15 centKW-hr. Fixed costs will be 0.58 cent: /kw=hr atioadFactor 80%,

Thus the cost of electrical energy will come to about 1.68 cents/kw-hr. . The cost of energy from an
analogous coal-buming station is 1.4 cents/ kw=hr,. :

I. s.

_ LITERATURE CITED
[11 Nncleonics'14, 1, 14.(1956).

"A PERFECTED METHOD OF FILM DOSIMETRY

The Oak Ridge Laboratory has developed a film dosimeter with which the followmg measurements can-
.be camed out: '

a) determination of dose and radiation energy of x-rays,

b) measurement of dose of y -rays;

¢) approximate determination of dose of B -rays acting alone;
d) approximate determination of dose of mixed B - and y -rays.

For this purpose a system of filters is used to simplify the measurements and make them more exact.

An ideal filter for the measurement of a broad spectium of x-r‘a)}rs is one witfi which the degree of blacken-.
ing of the film depends only ‘on the dose of radlanon ahd not on the energy of the protons _Three types of filter
are described in the report:. »

1. The filter consmnng of the material of the cassette body, conventlonally designed "OW" 1~ ”open
window™, :

2.. The "OW" filter plus 1.56 mm of.cellul.ose acetate, called the "plastic” filter.

_ 3. The filter of : "OW" + 0.25 mm tungsten + 0.5 mm cadmium + 0.5 mm cellulose acetate, called the
"shielding” filter. o ' : - : o :
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Fig. 1. Dependence of blackeniﬁg density of film'on Fig. 2. Typical calibration curve for 8- and y -radia-
energy of radiation (dose 200 mr). Upper curve with  tions with the different filters,

"OW" and "plastic” filters; lower curve with "shield- 1) Y*Rays of radium, "plastic” filter; 2) y -rays of radium,
ing" filter, ' " shielding” filter; 3) B -rays of uranium, "OW" filter,

All three filters are placed side by side in one cas-

N

' sette so that each of them acts separately.
o @22 . . ‘ . L
Slgw Fig. 1 shows a comparison of the blackening densi -
= s H— ties of the film with the "OW" and "shielding" filters
ol icX(] l\ ( for a 200 mr dose of radiation at various energies. ‘The
g “Ir1 curves show that the blackening densities with the "OW"
3 2 \ g and "plastic” filters are equal. But for the action of
é /g \ B -particles the blackening under the "OW" filter is
- 8 Y greater than under the "plastic” filter, and on this basis
. Z 4 A - . : -t one can determine the dose of B -radiation in cases of
'5 -2 : AN mixed action of B~ and y -rays from the difference of
a /mv 200 800 400 500 600 700 - the degrees of blackening.

kv (eff): . ‘
v (efh - The "OW" filter together with the film wrapper

has thickness 80 mg/cm?. B ~rays of penetrating power -

Fig. 3. Dependence Of the ratio of the blackening 7 mg/cm? and over are considered harmful to human
- densities for "plastic” and "shielding" filters on beings.

the energy of the radiation. Figure 2 shows a typ1cal calibrating curve for various
: radiations with the different filters. To determine the

dose of 8 -radiation one needs only to muluply the difference of the readings with the "OW" and "plastic"

filters by . 1 5.

" The dose of photons is determined in the following way:
1) from the calibration curve one finds the dose for y -rays with the shielding filter;

2) by subtracting the density of blackerung for B-rays from that for y -rays with the "plastic® filter one
finds a "correction” density, and then the dose corresponds to 1/10 of the “correctiod” density. The greater
of the two doses found is taken as the dose of x-or y -rays.

Although the determination of the dose of photons by the method described does not depend on the energy
of the radiation, the filters make possible the determination of the energy of the radiation in effective kilovolts.
This may be needed in case a knowledge of the relative "depth” of the dose is required. The determination of
the energy of the radiation is made from the curve shown in Fig. 3, which gives the ratio of the degrees of blacken-
ing under the "OW™ or the "plastic*® filter'to that under the "shielding® filter as a function of the energy of the
photons.

-S. L.
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DOSIMETRY BY MEANS OF GLASS

The majority of existing methods of dosimetry, based on ionization measurements or on the calorimetric
principle, do not provide speed, accuracy, and constancy of readings in the measurement of large doses. The
changes of absorption for the visible spectrum of most sorts of glass when irradiated with doses of the order of
108~10 r.e.p. make it possible to use glass for the measurement of large doses of .adiation. As a dosimeter
glass has a number of advantages that make its use in this field very attractive. These are: chemical inertness,
insolubility, small size, and durability. But there are a number of factors limiting the use of glass, The most
important are low sensitivity, linearity of readings, and the rapid fading of glass at room temperature,

In an investigation of these phenomena it was
found that the addition to glass of elements such as
cobalt and silver considerably increasessthe sensitivity’
of the glass to radiation and reduces the speed of its
fading after irradiation. These types of glass have
an absorption band for visible light in the part of the
spectrum near the ultra-violet, and thus the investi-
gation of their optical density was conducted with

_ rays of wavelength from 3500 to 5000 A with a' "Spec-
/;4 /;5 ""“/25 - — ' . tronic 20" colorimeter, -
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The paper gives data from tests of glass of the
following chemical compositions: a phosphate glass,
activated with silver: 50% Al(POy)s, 25% Ba (POg)s,
25% KPQq, with 8% AgPOj; added to this base; and

Va3

Absorption coefficient (cm™)

1 oaatuyl

0.

: 3 a lime-silicate glass consisting of 709% SOy, 18% NayG,

E- Silver glass: E 10% Ca0, 1% MgO, and 1% ByOy, activated by addi-

! ‘ : tion of 0,5% cobaltic oxide. For these types of glass,
a’ - irradiated from a powerful source of Co®, the calibra-

‘ }”3 R D ose/g(r.e.‘p;v)m. ' /0, " tion curves shown in Fig. 1 were constructed. From
’ SR the curves it is seen that it is expedient to measure
smalitl doses in the short-wave part of the spectrum,
and large doses with the longer waves. As is seen
from the diagram, the cobalt glass has a change of
.its absorption coefficient after irradiation with a dose
of 1.5° 10% r.e.p. amounting t6 0,54 for A < 4000 A and 0.30 for X = 4500 A. For doses from 5-10° to 4-10° .
r.e.p. the readings vary linearly. Above this limit the changes are smaller and nonlinear. But in the whole non-
linear part of the curve the changes of bptical density with respect to the dose are well marked. The same
dependence is also presented for the glass activated with silver. ‘

Fig. 1. Change of absorption of cobalt (upper curves)
and silver (lower curves).glasses as funcnons of the dose
of radxatlon

' ) {
It is known that the radiophotoluminescent reaction of silver glass does not depend-on the energy of the

radiation, if the energy exceeds 200 keV, but below. this limit the reaction is stronger, reaching a maximum of
18:1 at 65 ke¥, Since the measurement of large doses is based on the: very same process of absorption, it is
very probable that the dependence of the absorption on the energy of the radiation is maintained, The authors -
calculated the absorption coeff1c1ents of the silver and cobalt glasses for three energies,

The paper of Davidson, Goldbhth and Proctor presents the data of an 1nvest1gauon of a phosphate glass
activated with sﬂver, which was subjected to the action of various physical agencies.
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‘ Fig. 3. Calibration curves for phosphate glass activated

‘ with silver. O An hour after irradiation; €) after heating
for 10 minutes at 130°C; X after 8 days of storage at
room temperature, | '

The source of radiation in the experiments described wds a highly active preparation of Co® with dosage

power 1400 r.e.p./min. In some experiments a van de Graaf generator was used as a source of electrons with
energy 3 Mev,

The optical density was measured by a Beckman.spectrophotom'eter with a photomultipliet. The absorp-
tion coefficient was calculated by dividing the measured optical density by the thickness of the glass. The ab-
" sorption in each glass was measured at four wavelengths: 3500, 4000, 4500, and 5000 A. The absorption coef-

ficient referred to in this work is equal to the absorption coefficient of the irradiated glass minus that of the
unirradiated glass.

' For.pdrposes’of practical application of the method studies were made of some physical agencies influenc-
. ing the readings given by the glass. ; Six pieces of giass, irradiated with a dose of 1.30 - 10 r.e.p. were kept un-
der five different témperature conditions: room temperature (23 -30°), refrigerator_temperéture (2-4°), -and
temperatures of 20, 37, and 55°, The pieces kept at 20 and 37° and at room temperature gave similar results

in regard to fading. The low temperatures slowed, down, and the high ones accelerated, the fading process in
glasses that had not been subjected to the stabilizing action of heat (Fig. 2).

To determine the influence of high temperature on the optical readings of irradiated glass, pieces.of glass
were heated to temperatures of 13C-and 150°C an hour after irradiation. The testing of pieces so treated .
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was conducted at different intervals after irradiation, from 5 minutes to 8 days. The data from the tests showed that :

1) the absorption coefficient changes in inverse proportion to the elapsed time and to the temperature of
the heating after irradiation; :
2) the degree of fading during storage at room temperature is markedly decreased after the heat treatment;

3) the readings from pieces of glass that have hadheattreatmentaie practically unaffected by the storage
temperatures within the range from 2 to 43°C. , - '

Fig.'3 shows calibration curves obtained by irradiation of glass with doses from 1.3+ 10% to 7. 10° r.e.p.,
with subsequent heat treatment at 130° for 10 minutes. It is seen from the diagram that the slope of the curves

is markedly reduced for doses exceeding 3- 10° r.e.p., which indicates a decrease of sensitivity of the glass at
such doses, '

In the experiments described above the heat treatment was applied 1 to 1,5 hours after irradiation, In
practice it is not always convenient to perform the heating at such an early time. Therefore a group of pieces
of glass was heated at different time intervals after irradiation, and was then tested with the spectrophotometer.
The tests showed that the absorption coefficient decreases almost linearly with the logarithm of the time for all
intervals tried between irradiation and heat treatment, from 1 hour to 8 days. ‘

In some cases irradiation at a low temperature can serve as a measure to decrease certain undesirable
physical and chemical changes produced by irradiation, To study this matter, one group of pieces of glass was
irradiated at room témperature, and another in ice water, The dose of radiation was 3,66 - 10° t.e.p. The chill-
&d! pieces of glass showed considerably less change of their optical readings. Thus the phosphate glass activated

with silver can be used as a dosimeter at low' temperatures, if the corresponding correction is made in construct-
ing the calibration curves.

. Preliminary tests have shown that irradiated glass can be bleached at temperatures of 400-500°, Further
experiments will be conducted to determine how the sensitivity of the glass varies with repeated bleachings
and how many bleachings can be used without damage to the accuracy of the readings. It was found that 15
minutes heating at a temperature of 450° is enough for complete bleaching of pieces of glass irradiated with
doses up to 5+ 10° r.e.p; The sensitivity of pieces subjected to tens of repeated irradiations with bleaching
after each irradiation was essentially unchanged. It follows that pieces of glass that have been irradiated once
can be repeatedly used as dosimeters, which considerably increases their practical value,

The fact that the optical density of a large number of pieces of glass was measured under identical con-
ditions made possible a statistical study of the results. The statistical study showed that the variations of opti-
cal density for pieces of glass from the same batich (melt) are inappreciable, so that the average values from

measurements on several unirradiated pieces from a given batch suffice to give an idea of the optical density
of all the pieces,

The study of pieces of glass irradiated with electrons of energy 3 MeV from a van de Graaf generator
sshowed the possibility of using silver-activated phosphate glass for dosimetry of electron beams,

LITERATURE CITED
[1} N.J. Kreidl, G. E. Blair, Nucleonics 14, 1, 34 (1956).

(2} S. Davidson, S. A. Goldblith, B, E. Proctor, Nucleonics 14, 1, 56 (1956).

?RODUCTION OF GRAM QUANTITIE’S OF METALLIC PLUTONIUM

Buttons of plutonium Weighing about 1 g1 have been produced by reducing plutonium trifluoride with
calcium in an induction furnace with an atmosphere of argon (see diagram), The method for obtaining plu-
tonium was previously developed with uranium;gram quantities of which were produced by reducing UF, with
calcium.. The starting material for the production of the PuFg was oxalate of plutonium (III). It was decomposed
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in a stream of air by the procedure: heating for 2.5 hours to 400°C and holding at this temperature for 0.5 hour.
The plutomum dioxide so formed was fluoridized in a tube of monel metal by a (1:1) mixture of pure dry HF
-and'Hy, by the reacnon

Pu02+3HF+ Hzf’g € py F3+2H20

RLAMIRAR R WY

There was obtained a blue-violet trifluoride with v
composition: F=19.3%; Pu—80.1%. (theorencal com-~

.\“\“\m\\“

l\ _ y position F—19.25%, Pu—80.79%).
™ _ L~ / Because of the great radioactive poisonousness
| \.Cé " | -4 of plutonium all of these operations were carried out
A0 9 g in protective chambers filled with dry argon, in which
- E / P were placed the furnaces and other apparatus.
: - .. P The trifluoride was carefully mixed with. fine
- : N chips of calcium (in 100% excess o’i}e; stoichiometric
22— . g - quantity) and was placed in a calcium fluoride cruci< .
' \’é ——¢ ble, shaped parabolically in the used part to facili-
. - tate separation of the metal. The crucible was covered
: E —9 with a lid having a hole for observation of the flash
1 .10 at the start of the reaction, and was placed in the
: furnace, inside an outer protective crucible of cal-
cium fluoride. The furnace was closed, evacu.!ated,

W/////

i

and washed out and filled with argon. Then for com~
plete purification of the argoh the getter was heated '
by the lower high-frequency circuit. The other cir-

cuit heated the crucible with its charge. The reac-

Lﬁ‘__‘f__—__:___—/;-:_—_—_;—_!fc’“ tion began after several seconds, when the melting
' temperature of calcium was reached. After being
TR L _ continued for about a minute to allow reduction and
Induction furnace for smelting plutohium; 1) Circiit. separanon of the metal, the heating was stopped.
for heating crucible; 2) circuit for heating getter; ‘The excess calcium, mixing with the mass of fluoride
3) fluoride slag, 4) corrosion zone; 5) button of metal - slag, helped to heat it. If the heatmg were continued,
6) reaction crucible; 7) protective crucible; 8) getter there would be a fast reaction w1th the calcium fluo-
(Tl—Zr chlps) 9) quartz support 10) quartz tube 3 ride cricible and it would melt. . After coolmg,the

. crutible was ‘broken and the button of metal was re-
~'moved from under the slag

‘ Desplte the fact that the heat of reaction was conslderably less than in the reducuon of PuF4, the reaction
went through guite sausfactonly, the yield pf metal was 85-90%.

Ya. P.
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~ NEWS OF FOREIGN.SCIENCE AND TECHNOLOGY.

CONSTRUCTION OF RESEARCH REACTORS lN ENGLAND

4 A

v

The atomic_energy admmtstratton of the Umted Ktngdom is butldmg at l-larwell two reactots, “Dido” and
“Pluto”, intended for broad mvesttgatrons in phys1cs and technology Furthermore ‘it is planned to constrict a
reactor of the "Pluto” type in Douneray In addmon, England is provldmg aid to Austraha ln the butldmg of a
"Dido" type reactor

T ".t.%['rliilt

Frg 1. Constructton of new reactors for physrcal mvestlganons at Harwell

A) Reactor "Dido", designed for. general physmal mvestlgatrons, B) constructton of a reactor
- of the "basin™ type, of 100 kw power and ‘with neutron flux 10‘2 neutrons per cm /sec- Cy

‘reactor “Pluto . stmrlar to the teactor "Dido”, but desrgned for testmg fuel. elements

.
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“

Fig. 3. 1) Alurﬁinum tank for heavy water; 2) le:viel of heavy water; 3) fuel element; 4) vertical ei(pé‘tim‘enta_’i
channel; 5) guides of six emergency rods;.6) experimental channel 10,16 x 5.08 cm; 7).biblogical shiéld; -
8) graphite reflector; 9) experiméntal channels 30.48 x 20.32 cm; 10) lead lidat shield (Watéi codled); 11) steel
reactor vessel with ‘boron covering; 12). experimental channel for taking neutrdns:frfqm‘the’a'(:tiVe zone; 13) ex-
perimental channel for taking neutrons from the ‘giaphite réflector; 14) vertical channel from. the graphite
zone; 15) concrete shield; 16) supports of reactor;.17) first floor; is)yt,her:rﬁg.l:célgmn;‘ 19) bracing df,j’eacto'rv.

fouridation; 20) steel upper lid of thickess 25.4 cm; 21) experimental channel. -~ =~

The "Dido” reactor is inténded for 'use in pliysical experiments; for example the measurément of neutron.” -
cross sections, and the study of the parameters of various types of reactor lattices; besides ‘this, the irradiation of
small specimens of materials can be carried out in the reactor, The moderator and heat transfer agent of the
reactor is heavy water,. and the fuel is-enrictied ufaniurh (about 6 Kg, of which 2.5 kg is Uy, -

“The active zone of the reactor, with a volume of about 0,3 m’, has the form of a cylinder of height 60
cm and diameter 86 cm. It is composed of lamellat fuel elements, whose Afiller i§ a mixture of uranium with
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alumitum. The active zone is located in the center of an aluminum tank of height 2 m and diameter 2 m. The -
reflector of the reactor is of graphite, 60 cm thick The reactor and reflector are inclosed in a steel jacket fil-
led with helium,

The nominal power of the reactor is 10 megawatts, with neutron flux 10" neutrons per cm’4sec. The maxi-
mum .possible flux:is 5 - 10% neutrons per cm?/sec. The starting of the reactor is set for autumn, 1956. '

At the end of 1957 the two reactors of the “Pluto” type are to go into operation. The construction and
physical characteristics of these reactors are similar to those of the reactor "Dido", but their purpose is somewhat
different; they are designed for the long-time testing of fuel elements. For this purpose it is planned to install six
or eight testing loops in the reactor "Pluto”. :

I. 8.
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A REACTOR WITH AN ORGANIC MODERATOR

Accordmg to reports there will be set in operation at the end of this year a reactor with an orgamc modera -
tor (OMRE) with power 5 to 15 megawatts, The moderator used in the reactor is diphenyl, and the fuel is hlghly
enriched uramum.

_Preliminary expenmems have shown the good stablhty of the organic moderator in the neutron field and
insignificant deposition of prec1p1tates (which had been feared earlier) in the form of a film on the surface of
the fuel elements.

The reactor will probably be built by the Atomic Energy Comrmssmn. together with the "North American
Avxatlon Company'in Arco, Idaho, U.S.A. : :
1. 8.
| LITERATURE GITED
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ECONOMIC INDICES "OF ATOMIC STATIONS

Quite recently there have appeared in the Amemcan hterature commumcanons on the economic 1nd1ces
of certain reactors. '

Admiral Rickover announced that upon the third loading of an active zone* of .the reactor PWR at the Shipj-
pingport - atomic station the cost of electrical energy will be lowered from 5.2 to 1.5 cents/ kw.-hr.

* In the reactor PWR it is planned to load successively the assemblies of different active zones.
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. At the first loading of an active zone the cost of energy is composed of flxed expenditures (1.5 cents/kw-hr.)
the cost of preparing fuel elements, the cost of zirconium and other construction materials (3.9 cems/kw -hr.) and
operating costs (0.3 centy kw-hr),From these 5.7 cents/ kw-ht}ssubtracted’ the value of the processed fuel, equal
to 0.5 cent. per kw=-hr.

At the second loading of an active zone the total cost of the energy will be reduced to 3,2 cents per kwthr
through the lower cost of fuel, a decrease of operating cost, and the increase of the power from 60 to 90 mega-
watts, At the third loadmg of an actlve zone the cost will be lowered to 1.5 cents/kw-hr, For the loading of the
first active zone the working tlme of the reactor will be equivalent to 8000 hours of ‘operation at full power,
which means, including idle time of the reactor, more than one and one -half years. The_exact working time.
with the first active zone is not known, since at first the reactor will be mainly used for experimental purposes,
Its power will be increased gradually: 1st year,;, 109; 2nd year, 20%; 3rd year, 40%; 4th year, 60%; 5th.year,
either 80% or full power.

The third loading of an active zone in the reactor will be accomplished not ~atlier than 1965.

The firm "Alco” has released formerly secret data on the cost of electric energy from the portable army-
reactor APPR, which is being constructed in Fort Belvoir (Virginia), ' :

The fuel component of the cost of electrical energy will not exceed 0.95 cent/ kr-ht. This sum includess -
0.6 cent/kw-hrcostof fuel calculated at 25 dollars per gram of U, 0.25 centy, kw-hrfor preparation of fuel ele-
ments, and 0.1 cent/kw-hrfor reprocessing. Operating expenses for an installation of power 2000 kw will amount
to approximately 0.15 centkw-hr. Fixed costs will be 0.58 cenr/kw=hr at loadFactor 80%,

Thus the cost of electrical energy will come to about 1.68 cents/kw=-hr,. The cost of energy from an
analogous coal-burning station is 1.4 cents/ kw=hr..

I S.
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A PERFECTED METHOD OF FILM DOSIMETRY

The Oak Ridge Laboratory has developed a film dosimeter with which the followmg measurements can-
be carrled out:

a) determination of dose and radiation energy of x-rays,
b) measurement of dose of y -rays;
c) approximate determination of dose of 8 -rays acting alone;
" dy approximate determination of dose of mixed B - and y -rays.

For this purpose a system of filters is used to simplify the measurements and make them more exact,

An ideal filter for the measurement of a broad spectium of x-rays is one with wh1ch the degree of blacken-.
ing of the film depends only on the dose of radratxon and not on the energy of the protons Three types of filter
are described in the report:. - - '

1. The filter con51st1ng of the material of the cassette body, conventionally designed "OW" +=£ "open
window".

2.. The "OW?" filter plus 1.56 mm of cellulose acetate, called the "plastic” filter.

3. The frlter of + "TOW" + 0.25 mm tungsten + 0.5 mm cadmium + 0.5 mm cellulose acetate,‘ called the
"shielding” filter, ’ ' ' ' '
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Fig. 1. Dependence of blackening density of filmon Fig. 2. Typical cahbratlon curve for 8- and y -radia-
energy-of radiation (dose 200 mr). Upper curve with -tions with the different filters,

"OW" and "plastic™ filters; lower curve with "shield- 1) Y'=Rays$ of radium, "plastic” filter; 2) y -rays of radium,
ing™ filter, _ " shielding™ filter; 3) B8 -rays of uranium, "OW" filter.

All three filters are placed side by side in one cas-

N

i sette so that each of them acts separately.
| &2z , ' : : : .
SlE Fig. 1 shows a comparison of the blackening densi-
...:g © /8 - ties of the film with the "OW" and "shielding"” filters
: ':5:: 1 it t for a 200 mr dose of radiation at various energies. The
@ \\ | : _ curves show that the blackening densities with the "OW"
g # \ ‘l : . : ' and "plastic” filters are equal. But for the action of
é '/g \ B -particles the blackening under the "OW" filter is
- P \ - greater than under the "plastic™ filter, and on this basis
. 3 4 \ : ' -~ ~+- - one can determine the dose of B -radiation in cases of
E 2 . " mixed action of B- and y -rays from the difference of
0 /pg‘ 200 0 400 s0 &0 70 the degrees of blackening.

kv:(eff): » -
vi(e f) The "OW" filter together with the film wrapper
has thickness 80 mg/ cm?. B-tays of penetrating power

Flg. .3f Dep‘endenc.e of the mt_lo o‘f the Plackenmg 7 mg/cm? and over are considered harmful to human
densities for "plastic" and "shielding” filters on beings.

the energy of the radiation. Figure 2 shows a typlcal cahbranng curve for various
radiations with the different filters, - To determine the

dose of B -radiation one needs only to muluply the difference of the readings w1th the "OW" and "plastic"

filters by 1 5.

The dose of photons is determined in the following way
1) from the calibration curve one finds the dose for y -rays with the shleldlng filter;

2) by subtracting the density of blackening for B -rays from that for y -rays with the "plastic" filter one
finds a "correction” density, and then the dose corresponds to 1/10 of the "correction” density. The greater

of the two doses found is taken as the dose of x- or y -rays.

Although the determination o_f the dose of photons by the method described does not depend on the energy
of the radiation, the. filters make possible the determination of the energy of the radiation in effective kilovolts.
This may be needed in case a knowledge of the relative "depth” of the dose is required. The determination of
the energy of the radiation is made from the curve shown in Fig 3, which gives the ratio of the degrees of blacken-
ing under the "OW" or the "plastic” filter to that inder the "shielding” filter as a function of the energy of the
photons.

-S. L.
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DOSIMETRY BY MEANS OF GLASS .

The majority of existing methods of dosimetry, based on ionization measurements or on the calorimetric
principle, do not provide speed, accuracy, and constancy of readings in the measurement of large doses, The
changes of absorption for the visible spectrum of most sorts of glass when irradiated with doses of the order of
108-107 r.e.p. make it possible to use glass for the measurement of large doses of .adiation, As a dosimeter
glass has a number of advantages that make its use in this field very attractive. These are: chemical inertness,
insolubility, small size, and durability. But there are a number of factors limiting the use of glass. The most
important are low sensitivity, linearity of readings, and the rapid fading of glass at room temperature.
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Fig. 1. Change of absorption of cobalt (upper curves)
and silver (lower curves) glasses as functlons of the dose
of radlatlon

In an investigation of these phenomena it was
found that the addition to glass of elements such as
cobalt and silver considerably increases;the sensitivity’
of the glass to radiation and reduces the speed of its
fading after irradiation. These types of glass have
an absorption band for visible light in the part of the
spectrum near the ultra-violet, and thus the investi -
gation of their optical density was conducted with
rays of wavelength from 3500 to 5000 A with a' "Spec-
tronic 20" colorimetér, -

The paper gives data from tests of glass of the
following chemical compositions: a phosphate glass,
activated with silver: 509 Al1(POg)s, 25%.Ba (POy),,
25% KPOj, with 8% AgPO; added to this base; and
a lime-silicate glass consisting of 70% SiO,, 18% Na,0,
10% CaO, 1% MgO, and 1% B;Og, activated by addi-~
tion of 0,5% cobaltic oxide. For these types of glass,

. irradiated from a powerful source of Co®, the calibra -
‘tion curves shown in Fig, 1 were constructed. From

the curves it is seen that it is expedient to measure
small doses in the short-wave part of the spectrum,
and large doses with the longer waves, As is seen

from the diagram, the cobalt glass has a change of

[its absorption coefficient after irradiation with a dose

of 1.5°10% | r.e.p. aimounting to 0.54 for A« 4000 A and 0.30 for X = 4500 A. For doses from 5-10% to 4-10° .
r.e.p. the readings vary linearly. Above this limit the changes are smaller and nonlinear. But in the whol€ non-
linear part of the curve the changes of bptical density with respect to the dose are well marked. The same '
dependence is also presented for the glass activated wnh silver,

It is known that the radiophotoluminescent reaction of silver glass does not depend on the energy of the
radiation, if the energy exceeds 200 keV, but below this limit the reaction is stronger, reachmg a maximum of
18:1 at 65 keV, Since the measurement of large doses is based on the: very same process of absorption, it is
very probable that the dependence of the absorption on the energy of the radiation is maintained. The authors
calculated the absorption coefficients of the silver and cobalt glasses for three energies.

The paper of Davidson, Goldblith, and Proctor presents the data of an investigation of a phosphate glass
activated with silver, which was subjected to the action of various physical agencies.
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: Fig. 3. Calibration curves for phosphate glass activated
' with silver, QO An hour after irradiation; € after heating
for 10 minutes at 130°C; X after 8 days of storage at
room temperature,

The source of radiation in the experiments described wds a highly active preparation of Co® with dosage
power 1400 r.e.p./min. In some experi/ments a van de Graaf generator was used as a source of electrons with
energy 3 Mev. ‘

The optical density was measured by a Beckman spectrophotometer with a photomultiplier. The absorp-
tion coefficient was calculated by dividing the rneasured optical density by the thickness of the glass, The ab-
" sorption in each glass was measured at four wavelengths: 3500, 4000, 4500, and 5000 A. The absorption coef-
ficient referred to in this work is equal to the absorption coefficient of the irradiated glass minus that of the
umrradlated glass. » ‘

For. purposes of practlcal application of the method studies were made of some physmal agencies influenc -
ing the readings given by the glass. Six pieces of glass, irradiated with a dose of 1.30 - 105 r.e.p. were kept.un-
der five different temperature conditions: room temperature (23 -30°), refrigerator temperature (2-4"), and
temperatures of 20, 37, and 55°. The pieces kept at 20 and 37° and at room temperature gave similar results
in regard to fading. The low temperatures slowed.down, and the high ones accelerated, the fadmg process in
glasses that had not been subjected to the stablhzmg action of heat (Fig, 2).

: To determme the influence of high temperature on the optical readings of irradiated glass, pieces of glass
were heated to temperatures of 13¢-and 150°C an hour after irradiation, The testing of pieces so treated .
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was conducted at different intervals after irradiation, from 5 minutes to 8 days, The data from the tests showed that :

1) the absorption coefficient changes in inverse proportion to the elapsed time and to the temperature of
the heating after irradiation; :

2) the degree of fading during storage at room temperature is markedly decreased after the heat treatment;

3) the readings from pieces of glass that ‘have had heattreatmentatie practically unaffected by the storage
temperatures w1th1n the range from'2 to 43° C.

Fig.'3 shows calibration curves obtamed by 1rrad1at1on of glass with doses from 1.3+ 10° 10 7-10%r.e. p-s
with subsequent heat treatment at 130° for 10 mfnutes. It is seen from the diagram that the slope of the curves
is markedly reduced for doses exceeding 3- 10° r.e.p., which indicates a decrease of sensitivity of the glass at
such doses,

In the experiments described above the heat treatment was applied 1 to 1.5 hours after irradiation. In
practice it is not always convenient to perform-the heating at such an early time. Therefore a group of pieces
of glass was heated at different time intervals after irradiation, and was then tested with the spectrophotometer .
The tests showed that the absorption coefficient decreases almost linearly with the logarithm of the time for all
intervals tried between irradiation and heat treatment, from 1 hour to 8 days.

In some cases irradiation at a low temperature can serve as a measure to decrease certain undesirable
physical and chemical changes produced by irradiation. To study this matter, one group of pieces of glass was
irradiated at room temperature, and another in ice water, The dose of radiation was 3,66 - 108 te.p., The chill-
ed: pieces of glass showed considerably less change of their optical readings. Thus the phosphate glass activated
with silver can be used as a dosimeter at low" temperatures, if the corresponding correction is made in construct-
ing the calibration curves.

. Preliminary tests have shown that irradiated glass can be bleached at temperatures of 400-500°. Further
experiments will be conducted to determine how the sensitivity of the glass varies with repeated bleachings
and how many bleachings can be used without damage to the accuracy of the readings, It was found that 15
minutes heating at a temperature of 450° is enough for complete bleaching of pieces of glass irradiated with
doses up to 5 10% r.e.p, The sensitivity of pieces subjected to tens of repeated irradiations with bleaching
after each irradiation was essentially unchanged. It follows that pieces of glass that have been irradiated once
can be repeatedly used as dosimeters, which considerably increases their practical value,

The fact that the optical density of a large number of pieces of glass was measured under identical con-
ditions made possible a statistical study of the results, The statistical study showed that the variations of opti=-
cal density for pieces of glass from the same batel (melt) are inappreciable, so that the average values from

~ measurements on several unirradiated pieces from a given batch suffice to give an idea of the optical density
of all the pieces.

The study of pieces of glass irradiated with electrons of energy 3 MeV from a van de Graaf generator
:showed the possibility of using silver-activated phosphate glass for dosimetry of electron beams.
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PRODUCTION OF GRAM QUANTITIES OF METALLIC PLUTONIUM

Buttons of plutonium weighing about 1 g1 . have been produced by reducing plutonium trifluoride with
calcium in an induction furnace with an atmosphere of argon (see dlagram) The method for obtaining plu-
tonium was previously developed with uranium;gram quantities of which were produced by reducing UF, with
calciurn. The starting material for the producnon of the PuFy was oxalate of plutonium (III). It was decomposeéd
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in a stream of air by the procedure: heating for 2.5 hours to 400°C and holding at this temperature for 0.5 hour.
The plutomum dioxide so formed was fluoridized in a tube of monel metal by a (1:1) mixture of pure dry HF -
' and'H,, by the reactron

quantity) and was placed in a calcium fluoride cruci= |
ble, shaped parabolically in the used part to facili- .
tate separation of the metal. The crucible was covered
/‘/9 ' with a lid having a hole for observation of the flash
1 1.n at the start of the reaction, and was placed in the
' : - " furnace, inside an outer protective crucible of cal-
_cium fluoride. The furnace was closed, evacuated,
and washed out and filled with argon. Then for com~’
plete purification of the argoh the getter was heated
) o by the lower high-frequency circuit. The other cir~
0 oo T T L cuit heated the crucible with its charge. The reac- °
I g 1 SR fseH tion began after several seconds, when the melting
- ' - - temperature of calcium was reached. After being
- continued for about a minute to allow reduction- and

o v N _
Pu0,-+-3HF-- % H, ﬁ?ﬁ PuF,+2H,0. -
sl Ing S
2 There was obtained a blue-violet trifluoride with
V14
' ////////////////’ composition: F-—19.3%; Pu—80.1% (theoreucal com-
! o position F—19.25%, Pu—80. '7%)
' \\E 1. Because of the great radicactive poisonousness
| = =3 | -4 of plutonium all of these operations were carried out
A 2N -, in protective: chambers filled with dry argon, in which
B g g§ were placed the furnaces and other apparatus. |
- 17 6 : 7 .
N | | P The trifluoride was carefully mrxed with fine
b CH N chips of calcium (in 100% excess over stoichiometric
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Inducuon furnace for smelting plutomum 1) Cll‘Clut . separatlon of the metal, the heating was stopped.

for heatmg crucible; 2) circuit for heatlng getter;, .~ The excess calcium, mrxmg with the mass of fluoride
3) fluoride slag; 4)-corrosion zone; 5) button of metal; - slag, helped to heat it. If the heatmg were continued,
6) reaction crucible;- 7). protective crucible; 8) getter theré would be a fast reaction with the calcium fluo-
(Tl—Zr chlps) 9) quartz support 10) quartz tube - ride crucible and it would melt. “After coohng,the

. crutible was broken and the button of metal was re-
- 'moved from under the slag :

Desprte the fact that the heat of reaction was considerably less than in the reducnon of PuF4, the- reacuon
went through qulte satlsfactorlly, the yield of metal was 85- 90%

Ya. P.
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