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Translated from Russian

NEUTRON DATA REQUIREMENTS FOR CALCULATING TRANSACTINIDE
ISOTOPE BUILD-UP IN REACTORS

Yu.G. Bobkov, A,S, Krivtsov, L.N, Usachev
amd V,E, Kolesov

1. An approach to determining the necessary accuracies for muclear data

References [1-2] outline an approach to the quantitative determination
of the necessary accuracies for miclear data based on a generalized theory
of perturbations and on non-linear programming, This approach was applied
in Ref, [3] to the problem of determining the necessary accuracies for
transactinide isotope data. Its essential features are described below.
The necessary accuracies for miclear data d, (i =1 ..0. N) should:

(a) be such as to give the accuracies Hj (j =1 +eee L) required for cal-
culation of transactinide isotope build-up in the reactor; (b) be better
than, or equal to, the accuracies dia i=1.... ¥ already attained;
(c) be obtainable at minimum cost., On the basis of the foregoing, the

quantities dir are determined from the solution of the following extremum

problem:
¥ 2
F=2 A./dS  —min 14
. 1 ir
i=1
N
b 52 g2 <H2.(j=1 vees L) 1B
. ij ir - 73
i= 1
d. <d, (i=1.... ) 1C
ir - 1a

In accordance with the convention that has developed, the quantities
Sij are called sensitivity coefficients, They are used to establish a
linear relationship between the relative variations of constants (bo/o)i
and the resulting relative variations bC/C of the calculated parameters
8¢/C = f 56 (bo/o)i (a)
This problem is solved by the method of non-linear programming in

combination with special programs [4].



2. Calculation of the sensitivity coefficients

The sensitivity coefficients Sij entering into conditions of type 1B
are calculated by the theory of perturbations for evolutionary problems, which
also include the problem of burn-up calculation., This theory of perturbations
for linear functionals was formulated for the first time by Gandini [5]
and then used, generalized and developed further in Refs [6-8]. The
equations for the higher orders of the theory of perturbations and for
the fractional linear functionals are given in Refs [9—10]. The coefficients
3. . for various types of reactors and irradiation conditions are given in
Refs [11—14]. To calculate these coefficients we used the PERS program [15].
Comparison of the coefficients obtained by this program with those of
similar nature from the above-mentioned references shows reasonable
agreement, As an example Table 1 gives the sensitivity coefficients for
238py ang 23y in the blarkets of a fast

reactor amd fusion reactor containing only 238U and in the core of a

the calculated quantities of

fast reactor containing higher Pu isotopes and also those of 232U in a
fusion reactor blanket,

3. Attained and required accuracies for transactinide muclear data

At present it appears to be difficult to make reliable evaluations of
the accuracies attained in the miclear data for most transactinides,
except in the case of 235U, 239Pu, 24OPu and 238U. For one thing, the
various evaluations of particular elements have not been compared
sufficiently fully and, for another, the error ascribed to certain
experiments is much smaller than the divergences between the different
experiments and evaluations. Problems of calculating isotope build-up
always involve cross—sections averaged over the spectrum of the apparatus
studied. For this reason, when we henceforth refer to accuracy, both
attained and required, we shall mean the accuracy of the cross-section
averaged over the spectrum, This may create additional difficulties in
formilating the requirements for the accuracy of measurements and evaluations
of cross—sections., Some evaluations of the attained accuracies of cross—
sections are given in Ref., [16] amd also in Ref. [3]. Table 2, column "a",
gives the evaluations of the attdined accuracy of cross—sections used in

our present work.



Assuming that the errors of the different cross—sections are not
corrected (or considering the correlations to be low), we can evaluate the
accuracy of calculation DJ. (3 =1 eese L) of the build—-up of the different
isotopes in the reactor and in the blanket for the formula

N
2 2
D?:)il S (b)

The accuracies of build-up calculation thus evaluated are given in
Table 3, The main column shows the error component resulting only from
miclear data while the figures in brackets also take into account the error
in the neutron flux, assumed to be equal to 10%, The values of the required
cross-section accuracies (substantially within the framework of problem (l))
depend on the required accuracies of build-up calculation, These accuracies
follow from a consideration of the isotopic composition of fast reactor
fuel and its influence on the external fuel cycle [17]. At present we
can hardly expect an accurate formulation of these requirements. In the
present study we have taken two variants - one (1) with more moderate
requirements and the ocher (2) with more rigorous ones. Accordingly,
we have obtained two versions of cross-section accuracy requirements:
these are given in Table 2 in column "r" with figures (1) ard (2),
respectively., In our opinion, these figures limit the possible upper and

lower ranges of the requirements for cross—section accuracy.

4, Discussion of the requirements obtained

The most important requirements are those put forward with respect

to the cross—sections of (n,2n) reactions in the case of the isotopes 238U
237
and

(240Pu, 241Pu, 242Pu and 243Am). The requirements for the fission cross—

sections are, on the whole, not far off from those already attained,

Np anmd to the capture cross—sections for a rumber of elements

The rigorous requirements as regards the fission cross—sections of
the (n,2n) reaction give rise to additional accuracy requirements in
calculating the part of the reactor spectrum lying above the threshold
of the (n,2n) reaction., Obviously, this problem calls for special study.

The situation is apparently most serious in the case of the average

237Np.

cross—section of the (n,2n) reaction for We know that a rumber of

evaluations of the cross-section for this reaction averaged over the fast



reactor spectrum differ from one another by a factor of up to 4-5, ard this
should lead to still greater differences in the evaluations of accumilated

236Pu. This is significant alsc in the case of fast reactors, where the

236Pu build-up is comparatively small., However, this

absolute magnitude of
is of special significance in the case of the fusion blanket, where the
236Pu and 238Pu build-up exceeds by a factof of 100-1000 the corresponding
build-up of these elements in the fast reactor blanket arnd core for the

same quantities of accumlated 239Pu.

Extensive build~up of these isotopes may create a rmmber of additional
difficulties in the reprocessing of this kind of fuel. Moreover, some
studies published in connection with the International Muclear Fuel Cycle
Evaluation point out that a larger buildmup of these isotopes gives rise

to additional safeguards problems for the muclear fuel,

As regards the ﬁecessary accuracies for muclear data in respect of
transactinide build-up in a fusion reactor blanket, the situation hnere
is as follows: isotopes beyond 240Pu do not in practice accumulate in the
blanket and therefore the requirements which are formulated for capture
and fission cross~sections on the basis of fast reactor requirements are
sufficient for the fusion reactor., As for the calculation of the build-up
of 236Pu, 238Pu and some other isotopes, it will be seen from Table 1 that
the values of the sensitivity coefficients for the fast and fusion reactor
blankets practically coincide, Therefors, the requirements for the cross—
sections averaged over the spectrum of the corresponding blarket coincide
quantitatively when the requirements for the accuracy of build=-up calculation
are identical. The difference between these requirements will be due to
the fact that they are formulated for other spectrum regions which are

shifted towards higher energies.

5 Formulation of requirements in particular energy intervals

The requirements given in Table 2 are formulated for cross—sections
averaged over the reactor spectrum, If we comsider that the errors in the
cross—section are fully correlated (i.e. they are systematic) in a region
of the energy spectrum, these requirements can then be regarded as require—

ments for systematic error irn cross—section determination,

If the energy axis can be sub-—divided into "m" intervals within which

the errors in the cross—section are correlated but where there is no



correlation between the intervals, the requirements for the accuracy of
determining cross-sections in a particular interval d_ (k=1 eecey m)
can be obtained in the same way as in Ref, [1] for a reactor parameter.
Here the part of such a reactor parameter will be played by the average
cross—section <o> and that of the constamts by the cross—section in the
k=th energy interval e The following quantities are used as the sensi-

tivity coefficients:
Sk = oka/ZoiFi = oka/<o>> (c)

Here Fk is the neutron flux in the k=th interval used in the averaging of
the cross—sections, It is assumed that this flux is normalized to unity.
It logically follows that the quantities Sk

the cross-~section of the k=th interval to the total cross—section of the

represent the contribution of

process,

According to the algorithm described in Ref. [1], the optimum accuracy
required in the k=th interval dk is determined in terms of the required

accuracy of the cross—section dr and the quantity S, in the following

k
o = 8/, 15) = 0 /15, @

This formula can be applied on the assumption that the relative costs of

manners:

measuring the cross—sections in different intervals are identical amnd
that the error in the average cross—section is due only to the given
cross—-section and comtains no component connected with inaccuracy of the

spectrum,
6o Conclusion

Preliminary analysis shows that the mclear data accuracies that have
been attained do not provide the accuracies necessary for calculating
build-up in fast reactors, A good deal of work has to be done on the
measurement and evaluation of a large mmber of (n,2n) reaction and capture

cross—-sections.

It is also necessary to refine the accuracies necessary for build-up
calculation, from the stamdpoint of fuel reprocessing and fabrication
technology and reuse of fuel in reactors,



It is of interest to study the correlations between the build-up of
the various isotopes [3] in order to see whether the measurements of the
build-up of certain isotopes can be used to refine the build=—up calculations

‘for others amd thus to lower the accuracy requirements for muclear data,

Integral measurements of the ratios of reaction rates in different

critical assemblies also cormtain much information,
Table 1
Sensifiyities of the caloulated quamtities of 232y 236,
Pu

and 2 build-up in fast and fusion reactor blankets
and in a fast reactor core

{ Faiia;;zgtor % Fusion reactor blanket { Fast reactor core

1 236, 1 238, 1 232, I 236, ! 238, ! 2365, ! 2385,
Ao =0.09 0.934 -0.09 -0.09
23p, (my) -0.0I -0.004 -0.005 -0.00 ~0.05
(ng) -0.0I -0.004 -0.005 ~0.05
M; 0.433 0.434 0.433 0.433
2By Npr =0.425 -0.425 -0.425 ~0.425
(n,2n) I I I I

237NP (u.a') -0.047 0.83 -0.0I5 -0.02 0.9I -0.I9 0.47

(w,2n) I 0.8 I I 0.9 I 0.58
B8y (w ) +0.13 +0.07 -0.04
U-237¢ Mg 0.043 0.038  0.06 0.04 0.043 0.025
239, (m,2n) 0.14 0.076 0.23
2420, Ay 2.107° 3,410 0.1II
2By, Ap- 0.0I2 0.0I3
“®¥p, (wd  -0.04 -0.0I6 ~0.17

Integral flux  L.9 1.88 1.9 .9 19




Table 2

f (hy) : (") : (n,2n) I Ap- | Ay
Flement b1 e 1t e b1 a Ut e 11
p el TTZ2 ) aTT12 = 1TT21 = T2 & (T2
P, ~-23 60 60 40 50 50 45 - ' 5 2 2
Po - 238 60 60 30 50 50 30
Pu-23 I0 3 I.5 4 4 450 2520
P.-240 20 4 2 10 I0 IO - -
Po-24I 20 7 4 8 5 4 - - 2 I1I
Po-242 50 I5 9 30 30 30 - -
U - 238 8 3I.5 5 4 4 50 I5 8
Np - 236 - - - - - - - - 5 2 2
Np-237 30 I5 8 IO IO IO IOO 20 I2
An-24I 20 I5 9 I5 I5 IS - -
Am-242 50 20II 50 20 I - -
Am- 243 50 20II 50 50 50 - -
Cm-242 50 5035 50 50 50 - -
Cm-244 50 5045 50 50 45




Table 3

Accuracies attained and required in calculating
transactinide build-up

Isotope ; Accuracy required ; Accuracy attained ; Accuracy attained
; 1 E 2 %@st reactor shield;Fast reactor core
Pu -~ 236 30 I5 | 100 . 100
Pv - 238 20 I0 o0 35
Pu ~ 240 5 2 I2(22) 4,5(5)
Puv -~ 241 4 < 25(37) 6.5(€)
Puv ~ 242 10 o 30(50) 9(9)
Am ~ 241 5 3 25(37) 6.5(9)
Am ~ 242 20 I0 30(47) I8 (I8)
Am ~ 243 20 - 10 60(77) 47 (48)
Cm ~ 242 20 I0 30(48) I3 (I4)

Cm ~ 244 30 IS 70(98) 67 (70)
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Translated from Russian

MEASUREMENTS AND EVALUATIONS OF NUCLEAR DATA ON
ACTINIDE ISOTOPES

(Review of papers published by Soviet scientists during 1975-1978)

VeMe Kulakov and L.L. Sokolovski j
I.V. Kurchatov Institute of Atomic Energy, Moscow (1979)

I, MEASUREMENTS OF DECAY DATA

Uranium-235
The spectrum of the gamma radiation accompanying 2350 and 231Th
radioactive decay has been studied with precision semiconductor detectors.,
The spectrum revealed 102 gamma lines, many of which were found for the

231

first time, A refined energy level scheme for Th has been constructed

from experimental data [1].

Uranium=-235 (isomer)

The differential spectrum of the conversion electrons of the (%f)—isomer
of 235U has been measured with a modified Hewlett-Packard HP 5950A electron
spectrometer for chemical analysis. The spectrum showed lines corresponding
to conversion on the 6p%, 6p3/2 and 6d electiron shells of the uranium

atom, The isomer excitation energy was determined as (76 * 2) eV,

A method has been developed for accumlation of the (%f)—isomer of
235U during the alpha decay of 239Pu and a technique devised for detection
of low~energy conversion electrons, An apparatus to measure the half-life
of the isomer has been designed. The isomer half-life was found to be
25.0 + 0.5, 26.8 + 0.7 and 26.5 + 0.7 min for accumulation on gold, uranium

dioxide and uranium tetrafluoride substrates, respectively [3].

Plutonium-2 38

242

The isotope formed as a result of alpha~decay of Cm was used, after

careful radiochemical purification, for determination of the half-life of
238Pu. The isotopic composition, as determined in a mass spectrometer,
was as follows: 2°Pu - (99.82 + 0.02), 23Pu = (0.08 + 0.02) am

240py ~ (0,10 + 0.02) at.% The radiochemical purity of the plutonium
was verified by alpha~ and gamma~spectrometry, which did not reveal any
foreign alpha emitters in the plutonium preparation. The half-life of
238py measured by the 47z method was: T, = 86,98 + 0,39 a (at 95%

g
confidence level) [4].

Plutonjum=239

The difference between the 239Pu half-life measurements by radiometric
and calorimetric methods has been analysed [5] and fourd to constitute

1-1.5% for 0,1-0,2% measurement errors, The work was based on the use



of the radiometric method, the accuracy and reliability of which were
improved by coulometric weighing of the plutonium, and the activity of
the preparations was measured by the 4rna-X coincidence method. The
measured half-life of >7Pu was (24 060 + 38) a at 95% confidence level.

Americium—241

The half-=life of An has been determined by the method of 4na
measurements of a solution with a known concentration of the isotope
under study. 241 241
2410 dioxide conmtained ~ 2% 237Np, 0.16% 239Py and not more than 2%
inert impurities., The measured half-life of 241Am was 432.8 + 3.1 a at
95% confidence level [6].

Am accumulated in Pu decay was used in the work, The

Americium=—243

The half-life has been measured in two 243

Am samples having different
isotopic compositions [7]. The characteristics of the samples are given

in Table 1.

Table 1

Sample 1 Sample 2

Content of inert impurities,

wt% <0.3 < 0.5
Impurities of foreign alpha~

emitters, % of total alpha~

activity < 0,1 < 0.09
Mass spectrum, at.%
241,
3,379 + 0,050 0.524 + 0,019
243, 96,621 + 0,050 99.476 + 0,019
Alpha~spectrum, % of total
alpha~activity
241 oy 37439 + 0.47 7.98 + 0,30
2430y 62,61 + 0,47 92,02 + 0,30

The mass—spectrometric analysis of each sample was performed three
times in the mass range from 238 to 244, and masses other than those
mentioned in Table 1 were not found, The alpha-spectrometric measurements
were carried out with a silicon detector, The weighted mean half-life of
24'3Am from measurements on two samples was 7380 + 34 a (at 95% confidence
level).
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The absolute values of gamma quantum yield in 243Am alpha-decay has
been determined with a high degree of accuracy [8]. The following half-
life values were used in the calculations: 2430 half-life 7380 + 34 a
and *#an half-life 432.8 + 3.1 a.

Curium=245
The 245Cm alpha~decay has been measured with a magnetic alpha~
spectrograph [9]. A curium source enriched with 245Cm was used for the
measurements, Ten alpha groups have been recorded and the level scheme
for 241Pu constructed,

Curium—246

The half-life of 246Cm has been determined by two methods: (1) from
the molar concemtration ratios of 24%m and 2cn ani of %4%Pu ama %42m
formed in their decay; amnd (2) from the specific activity of 246Cm
measured by the method of 4na counting with isotopic dilution., In both
cases, the half-life of 246Cm was determined in relation to that of 244Cm,
the value of which was taken as 18,099 + 0,015 a [10], The weighted
mean half-life of 24%Cm was 4852 + 76 a at 95% confidence level [11].

Berkelium=245

The alpha~spectrum of 2458k obtained in the reaction 243Am(a,2n) has
been studied on an enriched 243Am isotope, Sixteen groups of the fine
structure of alpha radiation were recorded and the energy level schemes
for 241Am constructed [12].

Berkelium=-249

The half-life of 249Bk has been determined by the radiometric method.
The activity was measured over a period of one year using an erd-window
counter with 0,5% accuracy. The stability of the apparatus was verified
with a Y4C preparation. The 249mc halg—life was fourd to be 325 + 7 d.
24

The maximum beta~particle energy of Bk was measured., The maxinum
energy determined by a Curie plot was 123 + 3 keV and that determined

by the absorption method 124 + 3 keV [13].

The alpha~decay of 249Bk was studied with a magnetic alpha~spectrograph.
The energies and intensities of 10 alpha groups were determined [14].

Californium=-249

249

Cf half-life measurement two samples were used: (1) mono-
2490 obtained from “4VBk decay; and

For

isotopic, radiochemically pure
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(2) a mixture of heavy californium isotopes from which Bk, Cm and other
elements had been removed [15]. The weighted mean half-life of 249Cf was
found to be 366 + 6 a at 95% confidence level.

II., EVALUATION OF THE RADIOACTIVE PROPERTIES OF
NUCLIDES OF MASS 242

The Atomic and Muclear Data Centre of the USSR State Committee on
the Utilization of Atomic Energy has evaluated the radioactive properties
of miclides of mass 242 [16]. A critical evaluation has been made of
half-lives, level energies, beta~ and gamma~transition energies and intensi-
ties for isobars with 4 = 242. The evaluation also included new data on
the spontaneously fissionable isomers in this group of mclei. The mean
values at the final stage of evaluation (after analysis amd sorting of
data) were calculated by the method described in Ref, [17].

The following results were obtained for specific rmclides:

Plutonium—242

The weighted mean half-lives of 242Pu weret

T (a 24‘2Pu) = 3,761(11) x 102 a

1
2
T, (spont. fiss, 242py) - 6.86(17) x 10%° a

242

The 442Pu energy levels are excited in Am electron capture and

246Cm alpha~decay.

The evaluated characteristics for 242Am electron capture are given

in Table 2.

Table 2
Iconv ol Internal
E level Epg (keV) Ioo (%) EY (keV) (per iOO. conver.'s?ont
decays) coefficien
0 752(5) 6
44.539(7)  707(5) 11 44.539(7) 11 761

Total decay energy Qg = 752(5) keV.

In the case of 246 Cm alpha~decay, the total decay energy was evaluated:
Q = 5475(2) keV, The evaluated half-life (a 246 Cm) was 4.772(36) x 103
The energy levels of 242 Pu were evaluated on the basis of the results of

miclear reaction studies,



Americium=-242

The ground state of 242Am decays in two ways: by electron capture
to 242py and by B —decay to A%cm.
The evaluated characteristics of the grournd state are:
T%_ = 16,010(15) h

Ratio of the probabilities of decay 8 /EC = 4.96(9)

I, = 83.2(3)% ~ calculated from the ratio 8 /EC

Igg = 16.8(3)% - calculated from the ratio & /EC
Quadrupole electric moment Q = =2,7 b
Magnetic moment M = +0,3802(15)
The isomeric state of 242Am decays in three ways:

(1) Camma transition to the ground state of 242Am

(2) Weak alpha=decay to 238

Np;
(3) Spontaneous fission,
The isomeric state characteristics taken are:
E_ = 48,63(6) keV
Total half-life Ty = 152(7) a.
T_,é_ (a 242Am) = 3,20(16) x 104 2
Relative probability of alpha~decay - 0.476(14)%.
The energy level values of 242Am were evaluated.
Curium-242
The evaluated values of the lifetime of the 2‘l'ZCm grourd state are:
7, (a®4%cm) = 162.75(3) 4
T%_ (spont, fiss. 2420111) = T7.2(2) x 106 a

The energy levels of 2420m have been evaluated from the 246Cf
alpha~decay data. For 246Cf the following have been evaluated: +total
alpha~decay energy Q = 6861. 3(10) keV and half-life T% (a 246Cf) = 35.7(5) h.
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Berkelium=-242

There are practically no data on the “42Bk ground state. The
information on the levels of 2423k has been obtained from the alpha-
decay of 246Es. The evaluated characteristics of the 246Es alpha~decay
ares '

246

Ty (a “*°Es) = 7.7(5) min

E, = 7345(18) keV
The relative probability of alpha~decay is 9.9(15)%.

Californium—242

The evaluated half-life is Ty = 3.49(12) min, The ground state of
2
242¢ is reached by alpha~transition (100%) with energy E_ = 8238(9) kev
from the ground state of 246Fm.

Evaluated T, (246Fm) = 1,28(12) s.
2
Fermium-242
The value of Ty (242Fm) was taken as 0,8(2) x 1073 s,
2
III, REACTIONS WITH NEUTRONS

(a) Pission reaction

The fragment mass distributions in 232Th fission induced by 1l.2-3.0 MeV
neutrons have been measured, The fine structure of the fragment mass
distribution appears clearly at a neutron energy of 1.2 MeV but becomes
less pronounced as energy increases [18]. The angular anisotropy has been
measured for pairs of fragments of symmetric and asymmetric masses in
232Th fission induced by neutrons of E =3 MeV, It has been established
that the angular anisotropy is identical within measurement errors in

both methods of fission [19].

The fission cross-sections for 233U and 235U have been measured in
relation to the cross-—section for the reaction 10B(n,a)7Li for 2 keV neutrons
separated from the reactor neutron spectrum by a 960 mm long scandium
filter. The cross—section values obtained are (7.54 + 0,17) b for 233U
and (6,19 + 0.12) b for 237y [20],



- 17 -

The cross-sections of 233U fission induced by 0,0253 eV amd 2, 24, 55
ard 144 keV neutrons have been measured at the CM-2 reactor (Scientific
Research Institute for Atomic Reactors, Dimitrovgrad). A double ionization
chamber was used for the measurements, The fission cross—sections of 233U
were measured in relation to those of 235U measured earlier with 2% accuracy.
For the above neutron energies the fission cross—sections obtained are
528.6 + 8,0, 8,93 + 0,22, 2,94 + 0,08, 2,45 + 0,06 and 2,16 + 0,05 b,
respectively [21].

The cross—sections of fission induced by fast neutrons (up to T.5 MeY)

233U 238U 239Pu 240 241Pu and 242Pu have been measured in relation
to the235U fission cross—section., The measurements were carried out on an
electrostatic generator, the reactions Li(p,n), T(pyn) and D(d,n) having
been used as neutron sources. The double ionization chamber served as

the fission fragment detector [22],

Absolute measurements have been made of the 14.8 MeV neutron-induced
fission cross—sections of 237Np and 239Pu by the method of fission
coincidences in a target of the isotope under study with the particles
accompanying the neutrons. The measurement accuracy was better than 2%,

The neutron source was a neutron generator based on the reaction 3H(d,n)4He.
The fission cross—~sections were determined from the ratio of the rmmber of
coincidences and the rmumber of alpha~particles., The following cross-

section values were obtained [23]:

Oy D

233 2,350 + 0,042
23Ty 2,430 + 0,047
2%y 2.620 + 0,046

For the same isotopes absolute measurements have been performed for

the cross-—sections of fission induced by 252

Cf fission-spectrum neutrons;
the method used was based on coincidences between the fission fragments
of the isotope under study and those of 2520f [24]. The measurement error

The following values were obtained:

Ops mb
233y 1947 + 31
23xp 1442 + 23

239y 1861 + 30
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The time—of-=flight technique was used to measure the prompt neutron
spectra of 233U, 2350 and 239Pu fission induced by thermal neutrons in
the 0,01-4 MeV region and 202
region [25]. The time resolution was 2.5-3 ns. The neutrons were recorded

Cf spontaneous fission in the 0,01~=10 MeV

with thresholdless detectors based on 2350 with no sensitivity to gamma
quanta.
The ratios of the mean energies of neutrons emitted in 2330, 235U and

239Pu fission and 2520f spontaneous fission were measured with a multi-
channel macroscopic spectrometer, The measurements were carried out in a
BR-10 reactor, The 252
as the standard. The following ratios were obtained: (0.967 + 0.003) :
(0.946 + 0,003) : (0,983 + 0,002) : 1 [26].

240

Cf spontaneous fission neutron spectrum was used

Pu, 244Cm and 252

fission were measured in one experiment under the same conditions. The

The prompt neutron spectra of Cf spontaneous
values of the spectrum hardness parameter obtained were 1,26, 1,33 and

1.42 MeV, respectively [27].

The fast fission cross-section of 244Pu has been measured on an
electrostatic accelerator [28]. The reaction T(p,n)3He served as the
neutron source, It has been established that the energy dependence of
the cross—section is of the threshold type. The fission threshold is
En = 0,75 MeV and barrier height 5.5 MeV, The cross—section at the
platean is 1.1 b, which is substantially higher than that expected from
systematics based on allowance for z and A of fissionable muclei.

2520f spontaneous

The time—of=flight method was used to measure the
fission neutron spectrum in the 0.01-10 MeV region [29]. The neutron
detector was an ionization chamber with 12 layers of 235U mixed oxide
having a diameter of 10 cm and total material amounting to 1.5 g. It
was found that in the measured energy range the experimental results
agreed satisfactorily, within the limit of experimental error, with a
Maxwellian distribution having parameter T = 1,41 + 0,03 MeV. The fine

252

structure was investigated in the Cf spontaneous fission neutron

spectrum in the 1=5 MeV energy range., No irregularities were discovered

in the spectrum within experimental errors (1.5-2.5%) [301.
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252Cf binary anmd

ternary fission neutrons at angles of 0% and 90° to the direction of

Measurements have been made of the yields of the

fragment divergence [31]. The following neutron yield values were obtained

(in relative units):

Table 3
0° 90°
Binary fission 1 0.231 + 0,005
Ternary fission 1.03 + 0,15 0.155 + 0,028

(v) Other reactions

The resonance-—averaged total neutron cross—sections and scattering
cross—=sections of 235U for 2 keV neutrons were determined in the WWR-M
reactor by means of a scandium filter., The value of a = (Et_Es_Ef)/Ef

+0

The spectra of the secondary neutrons generated in 2380 bombardment
by neutrons with an initial energy of 9.1 + 0,2 MeV have been measured
on the 150-cm cyclotron of the Institute of Physics and Power Engineering
by the time-of-flight technique at angles of 30°, 60°, 90°, 120° and 150°,
The double differential cross-~sections of the interaction of neutrons
with 2380 miclei were determined, The integral spectrum of neutrons from
the reactions (n,n') and (n,2n) has been analysed in terms of the pre—
equilibrium model [33].

The partial neutron inelastic-scattering cross—sections for the 2+,
4%, 17 and 3~ states and also the differential cross-sections of elastic
scattering at 90° for the 2380 micleus in the 0,.68-1,4 MeV neutron range
have been determined by the time—of-flight method in a pulsed electro-

static accelerator [34].

The time—of-flight method was used for CM-2 reactor measurements of
the total neutron cross-section of 2420m in the 1-265 eV energy region and
for determination of the neutron resonance parameters [35]. The measure-—
ments were made by means of a neutron chopper with magnetic suspension of

rotors, The following were determined from the experimental data:
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average distance between levels D= 17.6 + 3.3 eV; average reduced
neutron width Fo = 1,1 + 0.5 MeV; neutron strength function
S = (0,64 £ 0.32) x 1074, The resonance integral I = 115 + 53 b was

determined from the level parameters.

The total cross-sections of 2440m, 245Cm, 246Cm and 248Cm have been
determined on the CM-2 reactor by the time—of-flight method [ 36]. The
resonance parameters were calculated by the shape and area method using
the single-level Breit-Wigner formula. A better resolution of the
spectrometer at 92 m path length was 90 ns/m. In the measurements the
statistical accuracy was kept within 0,5-1,5% +the neutron background
did not exceed 4%.

A microtron bremsstrahlung beam was used to measure the photofission
yields of 232my 233y 235y 236y 23%; 23Ty, 239, 24lp 4 241,
rmuclei in the 4.4-7.0 MeV region and of 232Th, 236U, 238U and 237Np miclei
in the deep sub-barrier energy region of 3.5~4.6 MeV [37]. The sources
of the background have been analysed in detail, The resonance structurs
of the cross~sections and the effects of the double-humped fission barrier
are discussed and a comparison made of the fissionability of muclei in
the reactions (v,f), (n,f) and in direct reactions.

The relative photofission probabilities of 230U, 23y, 23Tnp, 2¥9my
241Am ard 243Am miclei in the 100=1000 MeV energy region of gamma quanta
have been measured in 300 and 2000 MeV linear electron accelerators, The
fission fragments were recorded by glass detectors, The photofission
yields obtained for the above miclei at the maximum bremsstrahlung gamma

energies were 100, 240, 400 and 1200 MeV [38].
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Translated from Russian

INVESTIGATION OF NEUTRON RESONANCES OF
24Tn IN THE 0.5-20 eV ENERGY RANGE
Belanova, T.Se., Kolesov, AsGe, Klinov, A,Vey Nikol'ski j, SNe,

Poruchikov, V.A., Nefedov, V.Ne, Artamonov, V.Se, Ivanov, R.N,,
Kalebin, S.M.

247

The neutron resonance parameters of Cm were calculated from the trans-
mission of a curium sample measured by the time—of-flight method, The
measurements were performed in a horizontal neutron beam from the SM-2 reactor,
The neutron pulse was formed by a mechanical selector with three rotors sus-
pended in a magnetic field [1]. The path length of the spectrometer was

91,7 m and the best resolution 120 ns/m,

The sample investigated was made from a powder of stable curium oxide
(om0 243
included Am and

) calcined at 900-1100°C with known oxygen content. The impurities

24OPu, the latter accumulating in the sample as a result

247

of decay of 24'4Cm. The maximum content of Cm at the time of measurement
was 0.64 x 10—4 at./b. The content of inert impurities apart from oxygen
did not exceed 3%. Transmission was measured in the 0,5-20 eV neutron energy
range with a statistical error of 1-2% at the tails of the resonance. The

neutron background did not amount to more than 2% of the effect,

The neutron resonance parameters were calculated by the shape method
using the single-level Breit-Wigner formula (17, Since the neutron resonarce
244Cm, 2450m, 2460m, 2480m, 243Am and 240Pu are well known
247Cm from the
measured transmission and calculate their parameters (see table)s 1In

247Cm with energies of 1.247, 3,19
245Cm.

parameters of

[2-6], it was possible to identify the neutron resonances of

Refs [3, 5-6] the neutron resonances of
and 18,1 eV are erroneously assigned to A neutron resonance with an
energy of 24919 eV had not been previously detected,

247

We identified only five neutron resonances of
25T . This is due to the fact that the 241

(1,7 mg) and the resonances of this isotope are identified against the back-
244 2450m, 246Cm, 248Cm, 243Am

Cm with high values of

Cm content of the sample is low

ground of a large number of resonances of

240

Cm,

and Pu situated in the energy range in question.
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Table
247
Neutron resonance parameters of Cm
E» eV r, meV Zan, meV
1,247 + 0,005 %+ 4 0456 + 0,09
2.919 + 0,010 70 + 30 0.10 + 0,04
3.189 + 0,010 103 + 6 1.0 + 0,1
9.55 ‘: 0,03 166 '_"_ 60 0.91 t 0433
18.1  + 0.1 210 + 170 3.7 + 1.5
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NEW MEASUREMENTS OF PARTIAL DECAY HALF-LIVES
OF THE ISOMERIC STATE OF 242mpm

Zelenkov, A.G., Pchelin, V.A., Rodionov, Yu.F.,
Chistyakov, L.V., Shubko, V.M.

ABSTRACT

242mAm and the partial alpha decay

The half-life of the isomer
half-life were measured and found to be 141 ¥ 2 years and

(3.12 ha 0.05) x 104 years respectively.

In recent years the need has arisen to refine actinide element nuclear
data, to meet the requirements of nuclear power engineering and various
branches of nuclear industny[l], this applying in particular to the half-
lives of the transplutonium elements[2, 3]. One nuclide which needs o be
studied more thoroughly is the long-lived isomer of 242Am y the lifetime
and partial alpha—decay half-life of which have been measured only once
20 years ago[4], being found to be 152 t 7 years and (3.20 £ 0.16) x 104 years

respectively.

We undertook repeat measurements of the above quantities in order to
check and refine the results obtained. A product highly enriched in the

nuclide concerned was used for the measurements.

Determining the partial alpha—~decay half-life is fairly simple, the

242mAm and 241

procedure being to compare the mass ratio of Am in the product

with the alpha spectrum measured with the aid of semiconductor spectrometers
and a magnetic alpha-spectrograph. The value obtained was (3.12 ks 0.05) x 1O4years.

A half-life for *#Am of 432.6 ¥ 0.6 years was used in the determination[3].

242m

The total lifetime of Am was measured by two methods. Four series

242

of measurements of the accumulation of Cm formed as a result of beta

242m

disintegration of Am were carried out on the freshly purified product,

using a semiconductor alpha-spectrometer.
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The rate of accumulation of alpha activity of 2420m with respect to

the alpha activity of 24°™im was found to be (3.22 £ 0.04) x 1072 1/h.

From this the half-life of 242mAm was determined as:

T (242m)1) = 141.9 £ 1.7 years

A half-life for 24%Cm of (162.8 £ 0.4 days)[3] and a beta decay branching

ratio for 242Am of (83 ¥ 0-5)%[1% 6] were used in the calculation.

242m

To determine the half-life of Am, we also performed measurements

of the ratio beiween the alpha-intensity and the total intensity of the

242mAm and 242Am. The measurements were

conversion and beta radiation of
performed using proportional 4n —~counters. In order to attain maximum soft
radiation recording efficiency, the product was coated onto thin gold films.

A correction was made for the accumulation of 242

Cm measured at the same
time with a semiconductor alpha~spectrometer. Measurements were carried out
on seven targets made of the freshly purified product. The ratio of the
total intensity of the conversion and beta radiation of 242mAm and 242Am to

242m

the alpha intensity of Am was found to be 431 ha 6, from which a value

of Ty (?*®™4m) = 139.7 £ 1.8 years was obtained. In making this caloulation,
2

it was assumed that the relative intensity of electron capture of 242Am
to the ground state is (6.5 ¥ 0.3)%[5, 6], and the fluorescence yield 0.96.
On the basis of these measurements we recommend that a half-life for
242mAm of 141 o years be adopted, together with a relative probability of
alpha disintegration of (0.45 x 0.0l)%. We do not regard the values obtained
as contradicting the results of Ref.[4] but rather as refinements thereof.
The situation is understandable considering the significant change that has
occurred over the last 20 years in the values of the half-lives of 241Am

and 243Am used in calculations.
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HALF-LIFE OF THE (1/2)"-ISOMER OF 232y

V.I. ZhudOV, V.M. K‘ulak:ov’ B.V. OdinOV
Key words: wuranium, isomer, half=life
ABSTRACT

The apparatus and methodology developed for measuring the half-life
of the (1/2)+—isomer of 235U are describeds Methods of accumulating
the isomer and the technique for detecting low—energy conversion
electrons are discussed, For accunulation of the isomer on gold,
uranium dioxide and uranium tetrafluoride bases the half-lives
obtained were 25,0 + 045 min , 2668 + 0.7 min and 2645 + 0o7 min

respectivelye.

The decay of the "26-minute" (1/2)+—dsomer of uranium-235 (235Um) repre-
sents a unique case of conversion of the nuclear E3 transition [1, 2] by the
outer atomic electron shellss The energy of excitation of the isomer is
only ~ 76 eV [3]s The (6 pl/Z)Zﬂ (6 p3/2)4 and 6 & electron shells of
uranium participate in the conversion. Perturbation of these shells in
chemical compounds or as a result of introducing 235Um as an impurity atom
into the lattice of a solid leads to appreciable changes in the decay
constant (* ) of the isomer [4, 5]s Such information is of particular
interest for explaining certain features of the process of conversion of low-
energy nuclear transitionss However, in order to obtain reliable experimental
data on the "effects™ of a variation in A of 235Um, special methods of
accumulating the isomer and recording its decay are required [6] together
with reliable means of monitoring the chemical composition of the materials
under investigationes Bearing in mind these requirements, we devised a
system for measuring the decay constant A of 235Um on the basis of an
HP 5950A X—~ray-electron spectrometer [7]e
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The isomer can be obtained as a product of natural alpha decay of 239Pu.

Preparation of pure 235Um samples by chemical separation of wranium from
plutonium is rather difficult owing to the relatively short half-life of

the isomer. A simpler way of preparing samples is to collect uranium recoil
atoms from a thin layer of plutonium, Collection can be done in a vacuum
or in an inert gas atmospheres In the former case reccil atoms are
implanted in a base layer of the material under investigation by means of
their residual kinetic energy (up o ~ 90 keV), while in the latter case
they are slowed down in the gas and deposited on the surface of the layer
with the aid of the electrostatic field, We used both methods of

239Pu source with an

collectione For preparing samples in a vacuum, a
area of ~ 1 om2 and a surface density of ~ 25 pg/cm2 was useds Collection
was performed in plane-parallel geometry conditions, The source and the
base layer were almest in contact with each other, The 235Um samples had
an effective area of 10 x 12 mm2 and a maximum initial activity of 102
disintegrations per second. Preparation of samples by electrostatic
collection of recoil nuclei of wranium was performed in spherical geometry
conditionse A layer of 239Pu was deposited by thermal atomizaticn in a
vacwim on the internal surface of a platinum hemisphere with a diameter
of 80 mm, The thickness of the layer in this case too was ~ 25 pg/omz.
The base layer of the material under investigation was placed at the
centre of the hemisphere, The isomer was collected on the surface of

the base layer in a helium atmosphere at a pressure of ~ 0,5 atm, and a
negative potential of the plutonium layer of ~ 3 kV with respect to the
potential of the base layers The corona discharge current was limited

to 1 ma, The 235Um samples had an effective area of 5 x 2 mm2 and an
initial activity of up to ~ 105 disintegrations per second, As well as
for measuring A , we also used samples with this activity (105 d./sec)

for measuring the differential spectrum of conversion electrons of

235Um [3]. Even with careful polishing of the samples the low—energy
component predominates in the spectrum, due apparently to scattering

of conversion electrons in the material of the samples and to secondary
electron emissions, This indicates considerable diffusion of the atoms

of the isomer during the electrostatic collection of 235Um. Consequently,
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under favourable conditions for isotopic exchange, one can expect to obtain
the desired atomic environment of the isomer by the above two methods of
preparing 235Um samples, Plutonium impurity was not observed in the

samples, this being checked from the alpha activitye.

Mgure 1 is a photograph of the HP 5950A spectrometer, In the fore-
ground can be seen the prechamber which is used for preparing and cleaning
samples investigated by the X-ray—electron spectroscopy methode The vacuum
equipment of the spectrometer provides onil-free evacuation of the prechamber
up to 10-8 torre The lock system of the spectrometer (not shown on the
photograph) enables samples to be introduced rapidly into the prechamber
and then into the main chamber of the spectrometer with practically no loss
of vacuum in eithers The samples can be prepared and their surfaces cleaned
directly in the prechamber by means of the thermal atomizer (TA) and the
argon ion gun (A) respectively, 1In addition to these items we installed an
isomer accumulator (IA) and a conversion electron detector (CED) in the pre-

chambers The iscmer accumulator is designed for preparation of 235Um

samples
in a vacuune It comprises a 239Pu source, a shielded container and a high-
vacuwn sylphon drive for moving the source, During collection of the isomer
the source is moved almost right up to the base layer of the investigated
material, and on completion of the collection cperaticn, it is moved hack
into the container without losc of the vacuum in the chamber, For detecting
conversion electrons we used a VEhWU-6 open channel secondary—emission
multiplier {3]e The latter has a low inherent noise level (~ 0,5 pulses

per sec), a high multiplication factor (~ 108) and can operate under
saturated signal conditionse The supply voltage of the VEhU-£6 in our

experiments was ~ 342 kVe

Figure 2 is a block diagram of the system for measuring A of 235Um.
At the top of the diagram is the prechamber of the HP 5950A spectrometer
together with the items mentioned above, The samples (S) of 235Um are
located at the centre of a section of the chamber, Electrons generated
during the decay of the sample are accelerated to 150 V and impinge on the
input side of the detector (D). The signals from the detector output are
amplified by a linear charge-sensitive circuvit (PA, LA), discriminated by
an integral discriminator (IDl) and fed into a 1024~channel pulse analyser
(PAQ), which performs on-line recording of the decay curve of the isomer
(accumulation of commts, channel by channel), The recording time for

each channel is 5 sece The analyser is connected to the computer of the
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HP 5950A (DPS) and to a two—co-ordinate potentiometer (X-Y) by means of
which the processing and graphic output of the decay curve are performed,
The linear discriminator (LD), the amplitude analyser (AIl) and the
potentiometer recorder (PR) are used for periodic checking of the conditions
of operation of the detector by measuring the spectrum of its output
signalse The integral discriminator (ID2) and the ratemeters (Rl' R2)

are used for checking the functioning of the detector by comparing the
counting rate of conversion electrons at different discriminating thresh-

olds of the detector output signals,

The decay constant of the isomer was measured in the following waye.
Before the isomer was collected, the chemical composition of the surface
of the base layer was checked by the X—ray—electron spectroscopy method,
If necessary, the surface was cleaned of oxides and sorbed impurities by
bombarding the base layer with argon ionses Then the isomer was collected
on the base layer and the decay curve was measurede On completion of the
measurements the X-ray—electron spectrum of the base layer was recorded
againe Figure 3 shows a typical decay curve of 2350m in the ordinary and
logarithmic (x 1000) scales, The sample was prepared by vacuum implanta-
tion of the isomer in a gold base, Similar measurements were performed
for cases where the isomer was deposited electrostatically on UO2 and
UF4 basese The decay curves were processed on the HP 2100A computer
by the least—squares method on the assumption of a single half-life,

For bases of Au, UO2 and UFh we obtained half=lives of 25,0 g 045,
26.8'1 007 and 2645 pat 0o7 min respectivelye

The authors wish to thank Messrse DePe Grechukhin, A,A, Soldatov,
AG, Zelenkov and VeI, Mostovoj for their useful suggestions and for their
constant interest in the work, and Messrse Ael. Leonov, VeA, Pchelin and

VeMe Shatinskij for their assistance with the experiments,
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Translated from Russian

Paper presented at the 29th Conference on nuclear spectroscopy
and the structure of the atomic nucleus (Riga, March 1979)

+
CONVERSION ELECTRON SPECTRUM OF THE (1/2)% 1s0MER oF 230y

Velos Zhudov, A.Gs Zelenkov, V.M, Kulakov,
Vele Mostovoj, BeVe Odinov

Key words: wuranium, isomer, conversion, electron,
spectrum, transition, energy.

ABSTRACT

The differential conversion electron spectrum of the (1/2)+ isomer
of 2?’5U was measureds Three lires were detected in the spectrum which
correspond to conversion by the (6p1/2)2, (6p3/2)4 and 64 electron
shells of a uranium atoms The excitation energy of the isomer was

determined as (76 g 2) eV.

Close to its ground state (IOFTO) = (7/2)- a 235U nucleus has an extremely
low—enerzy isomeric level in terms of nuclear scales (11r11) = (1/2)+ (1, 21.
This level discharges with a half-life T, ~ 26 min via an almost completely
converted nuclear E3 transition involving the outer electron shells of a
uranium atome The conversion electron spectrum of the (1/2)+—isomer of 2350
(235Um) has been investigated several times [3—6]. However, no clear structure
was found in the spectra measured previouslys Partly for this reason con-—
siderable discrepancies are to be observed in the evaluated excitation energies
of 2350m. It is assumed that the conversion occurs with the aid of the
(6p1/2)2, (6p3/2)4 and 6d electron shells of a uranium atom, This assumption
is in need of experimental verification, and the excitation energy of the

isomer needs to be determined more precisely,

We measured the differential conversion electron spectrum of the (1/2)+-
isomer of 237U, identified the electron shells of a uranium atom which
participate in the conversion and determined the excitation energy of the

isomeric states
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The 235Um samples that we investigated wers prepared by slectrostatic
collection of receil atoms generated during alpha-—decay of 235Pu, The layer
of plutonium had a thickness of ~ 25 ug,/cm2 and was applied by thermal
atomization in a vacuum to the inner surface of a platinum hemisphere having
a dismeter of ~ 80 mme The collecting electrode = a gold foil covered on one
side with a thin layer of uranium tetrafluoride (UF4) - was lecated at the
centre of the hemisphere, The layer of UFA which was deposited on the gold
foil from suspension in dehydrated methyl alcohol served as the base for the
235Um

preparation of the samples, The collection of recoil atoms was per-

formed in helium at a pressure of ~ G5 atm and a negative poteniial of ~ 2 kV

235

. . 23 m X
with respect 4o the potential of the J9Pu layers The U sources prepared

. . . 2 s s
in this way had an effective area of 1 x 5 mm and an initial activity of up
to 107 disintegrations per seconds Monitoring of the conditions of accumula~

tion and identification of the isomer were performed by means of measursments

. . .. L 239 . . . , .
of its nalf-lifes No 777Pu impurity was observed in the samples investigated,

The mezsurements of the differential conversion electror spectrum of
235.m - - -
3’& were performed on an HP 59504 electron spectrometer ?g}, the cnergy

range % which (500-1500 eV) was extended by us to 0-2500 eV especiaily for
the purpose of investigating 2353m~ The basic physizal characteristics of
the instrument were practicaliy unaffected by the modifications In particular,
the energy vesclution of the neta spectrometer proper of the ESCA HP 59%0A unit
remained at ~ 0.2 eV [7]s The energy scals of the instrument was calibrated
with an accuracy of ~ 0405 eV with respect to the X~ray-electren spectra of
coppery carbon and gold which have levels with well~kmnown values of the
electron binding energy [8]. The binding energy scale of the spectrometer
was adjusted to the position of the Fermi level in the X—ray-electron spectrum
of paliadiums

Measurement was performed in the 0-2500 eV energy ranges The conversion
lines corresponding tc the isomeric transition of 235Um were detected helow
~ T2 eVq Figure 1 shows in the semimiogarithmic scale the full spectrum of
corversion slectrons of the isomer collected on a UF4 base, This is the

result of summation of five separate measurements,

. . . . 235, m
Three conversion lires can be clearly discerned in the i} spectrum

against the background of the intensive tail of the 'zero-—energy'! electron
peaks The nature of these electrons is evidently conditioned by the slowing
dowr: of The conversion electrons in the material of the sample and by

secondary elactron enissions The conversion lines were identified and the
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energy of the isomeric transition (1/2)+-* (7/2)7 of 235y was determined by
comparing the conversion and X-ray electron spectra obtained for the same UF4

sample, The regions of the spectra compared in the 50 eV energy window are

shown in Fige 2.

As can be seen from the figure, the conversion lines of 235Um correspond
to within ~ 1 eV to three X~ray-electron lines of UF,, According to the

4
results of Ref, [9], the first line of the X—ray-~electron spectrum of UF

corresponds to the excitation of the 6p1/2-she11 of uranium and the 2S—sﬁe11

of fluorines The second line is associated with the excitation of the
6p3/2-she11 of uranium, and the third includes the excitation of the 6d7S-shell
of uranium and the 2p~shell of fluorine, This peak occurs in the wing of

the more intensive right-hand peak relating to the excitation of the 5f-
electrons of wraniume From the comparison of the spectra it follows that

the conversion of the isomeric transition occurs on the (6p1/2)2, (6p3/2)4
and 64 electron shells of a uranium atom. Conversion by means of 5f-
electrons of uranium was not observed, and participation in the conversion

of TS~electrons is unlikely according to the data in Refs [10],

The isomeric transition energy was determined from the 6p3/2 line of
uranium which corresponds to an electron binding energy of (19,0 + 0,5) eV,
The energy balance during the excitation of this line in the conversion and

photoelectric effect processes may be written as follows:

B Tot Bpjpg ¥ o0 (1)

hv

]

Tph +E ot el (2)

where £ is the excitation energy of 235Um, hv is the energy of the exciting
X-radiation, Ebind

the work function of the spectrometer material, and Tc and Tph are the kinetic

is the electron binding energy of the excited shell, eep is

energies of conversion electrons and photoelectrons respectively,
From relations (1) and (2) it follows

¥*
E =hv + (D - Ton) (3)

Use of the spectrum comparison method enables the work function e¢ +o be

omitted from the calculations which is advantageous as its precise determination
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is quite a complex probleme In our experiments the X-ray-electron spectrum
of UF4 was excited by monochromatized characteristic radiation of aluminium
(Alka), the energy of which hv = 1486,6 eV, The measured difference

(Tc - Tph) was = 1410,7 eVe Thus the energy of the isomeric transition

(1/2)F & (7/2)" of 23%U was determined by us to be (75.9 = 2) eV,

In the table our result is compared with the data of other authors.
Table

Data on the energy of the transition

(1/2)" - (1/2)” ot ?¥y

Experimental boundary

Ref, Method of of the integral con~ Transition Remarks
measurement version spectrum (eV) enerey

[3% Integral T0e5 bl 1 75 Transition

(4 conversion 23 + 23 + energy

(5] electron 30 oy 2 30 N 2 assumed on

(6] spectrum 68 - 2 73 =5 the basis of
the boundary
energy of
the integral
spectrum

Present Differential 7549 o Found from

work spectrum 6p3/2 conw

version line
of uranium

The authors wish to thank Messrs, Aele Leonov and V,M, Shatinskij for
their assistance with the work, and also DsPs Grechukhin, AsAe Soldatov and
Yu.A,s Teterin for their useful contributions in the discussion of the

resultse
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COMPARISON OF VARIOUS THEORETICAL MODELS BASED
ON NEUTRON “2Pu CROSS SECTION CALCULATTIONS

Ve A. Konshin
Luikov Heat and Mass Transfer Institute, Minsk, USSR

The previous paper*/1/ submitted to this meeting deals with
the energy range of resolved and unresolved resonances (up to
200 keV for 242Pu), average statistical parameters, neutron
cross section calculations as well as with evaluation of the
accuracy of the predictions of neutron cross sections in this
energy range. Here we shall therefore analyze the nuclear mo-
dels for the energy range from 100 keV to 15 MeV.

In the energy range (1 keV - 5 MeV) the compound nucleus
mechanism is responsible for the neutron-nucleus interaction.
For 242Pu, in this energy range, only the fission cross section,
6&, is measured experimentally. Therefore, neutron cross sec -
tions ((5ﬁx and (Sﬁn') can be evaluated only by those theoreti-
cal concepts, whose correctness attains special importance.

Neutron cross sections in this energy range have been cal-
culated using Hauser and Feshbach's statistical model allowing
for the fission and radiative capture competition for discrete
and continuous nucleus-target spectra. With increasing energy
of the incoming neutron, the number of reaction channels grows

and the width fluctuation factor (S-=factor) tends to unity for

*) Reference is made to the Review Paper by V.A. Konshin presented to the
Advisory Group Meeting on Transactinium Isotope Nuclear Data, which will
be published as part of the Proceedings of that Meeting,
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all channels but the one for the compound elastic scattering.
As a rule, calculations with the S-factor are made for the
energies less than the boundary of discrete and continucus

nucleus-target spectra assuming that this factor equals uni-
ty for larxger energies. For many nuclei, including 242Pu s

the discrete level spectrum, however, is not resolved expe -

rimentally at these energies to neglect the effects of width

fluctuation and correlation at its boundary (Fig. 1).

Our calculations show that Tepel's approach 72/, applic-
able in case of many reaction channels with comparable cont-
ributions cannoct, however, be employed to calculate mneutron
cross sections for fissile nucleil in the energy range ur to
1 MeV. This 1s attributed to a small number of decay channels
and to the strongly competing fission channel availabtle with
small 1)f (Figs 1 and 2). Meanwhile, the calculations show
that alrsady at 1.1 MeV, the neutron cross sections for
242p, predicted by Hauser and Feshbach's statistical model
with the S-factor and by Tepel's approach coincide for E;nx
within 10%; ©_p, within 10 % and for 6_, , within ~
2 %. It should be noted that with Tepel's approach used, the
sun of the compound reaction cross sections differs from
that calculatsd by the optical model. This difference due
to the modified neutron transmission coefficients for the
incoming state, however, diminishes with increasing energy
and almost vanishes at En:>1.1 MeV. Since above 1.1 MeV
there are available experimental data for 6£f(242Pu), the
fission transmission coefficients, Tf, can be determined

quite accurately and,besides, 6£X is much less than other
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nonelastic processes, then the sum of elastic and iné&lastic
compound scattering cross sections calculated by Hauser --
Feshbach's model and Tepel's formalism proves to be the same.
However, as compared to Hauser-Feshbach's model, Tepel's for-
malism allowing for the correlation of incoming and outcoming
elastic channels would more correctly calculate the compound
elastic and hence inelastic scattering cross sections for
242Pu in the energy range between 1.1 MeV and 2.0 MeV. Above
2 MeV, these both formalisms give however the same results.
Therefore, at energies above 1.1 MeV, in our calculations
Tepei's approach is used instead of Hauser-Feshbach's model.
The main difference between these two approaches lies in the
expressions for the neutron transmission coefficients for
the incoming channel and in the additional term for the elas-

tic scattering cross section:

(‘23}7) ; Wy7(é-~ %E‘;) 1
X.‘J"T +[4.Tr+ > ]/Zy J'*O((ET)

6§u1(£ ) nzizfﬁﬁfzi:, 5765)

A
Ard
A7) =, j PE ) Vg (6~ 252 E) LE (2)
?mnx
; * (E, T)
6, T 1 _ Veir(E) (2T 1) (3)
it = TS o Ve o Yoy 74169
E):% Snn' (€, Eq,) + Onn’ cont €))
Vyzr (5)
= T+1
6;1)’ /(2 :z(.u+1 Z\/;}T(g ) XJ"H' i/{rvr VT”_
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G L "
Ot =tz £ Ve C7) < S

where the modified transmission coefficient, Vej’ for the

elastic neutron channel is:

—4
g;r ng‘[21 45%%5;T( 9T )] (7

and W is calculated by:

ejd
-4

Wy = 1+2[ 1+V T (8

For other neutron channels as well as for fission and radia -~

tive capture channels, the transmission coefficients, VejJ’

coincide with TejJ‘

This implies that for a large number of reaction chan -
nels with comparable contributions (realized for transactini-
des at En_>-1.1 MeV), Tepel's approach allowing for the cor-
relation effects of incoming and outcoming elastic channels
seems to give a better approximation.

In the range above the energy of the last resolved le -~
vel, Eq max’ it 1s necessary to adopt the concept of the con-
tinuous level spectrum. For this purpose the Fermi-gas
model is widely used. Of late, the Fermi-gas model has been
substantially elaborated to find still wider application. In
/3/, a distinct correlation between the level density para -
meter, a, and the shell correction, E;W, makes it possible to
allow for decreasing shell effects in the level density due
to excitation energy. increase. To this end, the following

expression is employed:

a(u)= af1+4w 5] 2
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where f(u)=1-exp(-Yu) and @ is the asymptotic wvalue of a(u)
at high excitation energies. In /4/, a has been expressed
as: @ =AA + ﬁAa/B. For neutron cross section evaluation

purposes, we determine a from <D (Sn)> to take acco-

obs
unt of the specific features of nuclei.

A point to be is that the effect of the energy depen-
dence of the parameter a 1is most substantial for the nuclei
near the closed shells. For 242Pu and transactinides, the
shell corrections are relatively small, thus making this ef-
fect less pronounced.

The Fermi-gas model is based on complete mixing of the
collective degrees of freedom for an excited nucleus and does
not, therefore, allow for the collective rotational and vib -
rational effects. The semi-microscopic level-density approach
developed recently by Soloviev et al. /5-7/ enables the allow-
ance for the vibrational and rotational modes. The statisti -
cal averaging methods /8-9/ are also widely used to predict
level densities although in the adiabatic approach to the col-
lective mode calculations some problems are encountered such
as: the difference in collective nucleus motions at various
excitation energies, mixing of collective and single-particle
modes, etc.

These very problems can be solved by the microscopic me-
thods for direct modelling of the highly excited nucleus
state structure /11/. For level density calculations these
methods, however, turn to be very tedious and, especially,
at higher energies, which hampers their application for nuc-

lear data evaluation.,
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That is why the statistical method for averaged characte-
ristics of excited nuclei /8-9,12/ is employed to reveal the
effect of collective level densities on neutron cross section
calculations. Within the framework of this approach, the exp-

ression for the level density can be written as:

P(U, J) ”) - K’la‘f‘ Kv(ﬂr -PF-g (U3, /7) (10)

where 53,:_?( U, Ty N) is defined from the Fermi-gas model; Kzot
and Kv,-gp are the coefficients for level density increase due
to rotational and vibrational modes. In /4/, /9/, /12/ the

simple expressions are obtained for K, . and Koipr ¢

Kzot:Ef:E %— (1)

-, |
Kutr = exp 025U /3] (12)

where F, is the inertia moment of the deformed nucleus rela-
tive to the axis normal to the symmetry axis (F, =0.4 mARg-
(14 3p))

As compared to the traditional expression from the Fermi-
-gas model, a sufficiently large factor incorporated into (10)
gives a considerable decrease in the parameter a.

At present, the superfluid nucleus model calls a great
deal of attention in nucleus level density calculations be-~
cause it enables to correctly allow for residual correlation
interactions. A simple version of this model is proposed in
/8/. The difference between the superfluid nucleus and Fermi-

2
-gas models consists in determining O and P(u) in such

_ _ex 5( ,°(%'O(/V
?(U) - (275—3(;21 5@%(}5,0(2,)3”)}’/2 (1%

a ways
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where is the reversal of the thermodynamic temperature t,
q@~r=_XgN;5()ZN,are chemical potentials for proton and neutron
components) and Def(ﬁP ,d§,<¥v) is the determinant of the se-
cond entropy derivatives. Following /8/, the quantities, necaes-
sary to determine the level density by the superfluid nucleus

model, can be defined as:
2 2
S=2ate [1-{1Y) (1)

2

6 = Leimi>, [1-1Y)] (15)

U=E+Se=2ab [1-{H= UL1-{10]  (e)

17)

7N

3,5 2
Det =S5 [ f0)” [1-47)
where f£(t) satisfies:

£(t) = 7%[ %fﬂ)] (18)
The quantity t, in equations (14) through (17) is the critical
temperature which in this model is associated with the éorrela—
tion function for the ground state ZXO as 1&;:1%3.

Above the phase tramnsition, t_,, the function £(t)=0 and

C,
we obtain the Fermi-gas model expressions where the excitation

energy is related to the temperature in terms of :

U= a£+ aA (19)

It should be noted that in this version of the above mo-
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del, the values of the energy shift, E.,,4, and phase transi-

tion, tc, are smaller than those in the approximation for
2
the constant matrix element of pair interaction (ECOnE%%on

tc=O.567on). This may considerably change the level density.
The above approach holds for even-even nucleil. However,

as is shown in /13/, the relations for the superfluid nucle-

us model are also valid for odd and odd-odd nuclei if the ex-

citation energy is defined as:

U A, for odd nuclel
Zl‘ = even-even *
2A0,for odd-odd nuclei

The value of /A, may be found from A, = 12.5 . a~1/2

MeV /4/. In the higher energy range, the correlation func -
tions for the ground state of proton and neutron components
A02= Ao/\/ = Ao.

This version of the superfluid nucleus model allowing
for the collective modes is employed to calculate neutron
cross sections. A contribution of the rotational and vibra-
tional modes to the level density is determined by introduc-
ing factors (11) and (12) into formula (13).

The above level density models give different energy -
~dependent level densities, which affects the cross sections
calculated by the statistical model. For the excitation ener-
gy, U , equal to the neutron binding energy, the level densi-
ty is almost the same in all models. The level densities cal-
culated by the generally accepted Fermi-gas model, the Fermi-
-gas model both involving the collective effects of rotatio-
nal and vibrational modes and the superfluid nucleus model
slightly differ at U > Sn‘ At UL Sn’ however, the level
densities strongly differ in all models and greatly differ -
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ing level densities should therefore most strongly affect
the calculations of the cascade ¥ -ray emission (yield andi
¥ -ray production cross section) as well as inelastically
scattered neutron spectrum.
For 242Pu, 245Pu, 258U and 259U, the values of the level

density parameter a  with a norm to < D>’obs are obtained

using the above models and given in Table 1.

Table 1

Values of the parameter ( for various level

density models

a, MeV—T—

239U 239U 2112PLL 243Pu

Calculation model

Fermi-gas model 21,09 33,26 29.1%3 31.81
Fermi-gas model involving collec- 19.10 20.07 17.74 19.25
tive modes

Fermi-gas model involving energy %3%.28 35,59 31.8% 35,00
dependence a(u) (the @-value is
ziven in the table)

Permi-gas model involving collec~ 20.35 21.37 19,26 21.04
tive effects and a(u)
Superfluid nucleus model 52.02 59.68 45,31 5705

Superfluid nucleus model involv- 21463 21,10 19,20 20.05
ing ccllective effects

Table 1 shows that an account of the energy dependence
a(E) for transactinides does not almost alter the a-parametex,
The anormously large value of a is observed when the above ver-

sion of the superfluid nucleus model is used, with neglect of
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the collective effects (probably, at U:Sn decreasing entropy
is compensated by a sharp increase in the a-parameter). The
account of the collective effects sharply decreases this pa-
rameter, and in both models they become similar to each other
and to the quasiclassical value (a=0.075 A, for 245Pu A=
= 18,22 MeV"q). The effect of different models for nuclear
level density on neutron cross section calculations can be
most vividly demostrated by €fnxpredictions.

The energy dependence of the available experimental data
for €Tf(242Pu) from 0.2 to 1 MeV points to a sharp increase
in fission penetrability. This means that only the continuous
spectrum of fission transition states can be used in this
energy range. The total fission penetrability for the compo-

und nucleus state, Jﬂ_, at the excitation energy E,+B, can

therefore be represented as:

T (6)= . . ) (20)
4 "= i+ev%;zw;leJ~&(&J & |

+ 7.
M DM =Ge e exp[” L5 Jexp ()
is the density of the transition states from the constant
temperature level density model /14/, with energy exceed-
ing the fission threshold by € . The transition state densi-
ty parameters are determined from the agreement between the
predicted and experimental EYf from 0.2 to 1.1 MeV and
prove to be C.=0.5; l9F=O.5; 6= 5.7; Vp=0.5 MeV (taken
from the boundary of the neutron binding energy); ﬁJquo.B
MeV. The comparison of the parameterized and experimental fis-

sion cross sections from 0.2 to 1.1 MeV is shown in Fig. 2.
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The discrepancy between calculated and experimental 6¥ does
not exceed 10% in the whole range.
Since 1in the energy range from 0.2 MeV to 5.0 MeV a uni-
que set of the parameters fails to govern well the values of
éff and the experimental fission cross section is comparati-
vely accurate, the fission competition with inelastic scatter-
ing and radiative capture processes from 1.1 MeV to 5 MeV

is allowed for by the fission transmission coefficients:
7 (T+ /2)
ql ::(23+1)exp( 2672 JFE(E) (21)

where Tf(E) is found by fitting the calculated and experimen—
tal values of ..

As the calculated values of 6p (°*°Pu) are fitted to
theilr experimental values, the radiative capture cross sec-
tion, 653 turns to be mostly sensitive to the choice of cne
or anotner level density model. This choice can be made uni-
quely only with the available experimental data for ETnxin
a wide energy range. Therefore, calculations are also made
rox 6, (P%0).

The radiative capture transmission coefficients are cal-
culated, as 1s usually done to the dipole transition approxi-
mation, with the competition of (n, yn') and (n, ¥f) reac -

tions being allowed for

. d
m(E*) 27,-5 Z PlE™E5). T N L(E%) Tyzen=(E=45) ¥ (22

_’3' 1' 7&7—&/7;( T:’fo M

where E* is the exc1tatlon energy of the compound nucleus: Er-
the enerzy of the emitted Y —quantum; £(E*, &y )-the spectral

factor; §>(E*—6} R JKITK) the compound nucleus level density
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at the excitation energy upon the Y -ray emission.

Strictly speaking, the expression for total radiative
penetrability should incorporate two terms, one for integrat-
ing for the continuous and another for summing up the disc -
rete compound-nucleus level spectra. However, the uncertain-
ty associated with approximating the discrete level spectrum
band by the continuous one proves to be very small. The prob-
lem of magnetic dipole tramsition intensity for heavy nuclei
is not yet clear. But with the discrete spectrum for transi-
tion states of the fissile nuclei approximated, the account
of only electric dipole transitions does not affect 6-nX
calculations.

an
factor /15/:

. 3
{(E7 &)= Cu &y (23)

and by the Lorentz spectral factor for deformed nuclei

/16/

is usually calculated by the Weisskopf spectral

2 2 £
{(656)=C 3 2 & e 2l s “T’g'g"":s})—z (24)
with the giant resonance parameters for transactinides
/4/3 By =11 MeV, E; =14 MeV, [, = 2.9 NeV, (o = 4.5
1 2 1 2
MeV.

Several authors /17/ show preference to the Weisskopf
spectral factor over the Lorentz one because the 6}m, va-
lues calculated with the Lorentz factor are essentially
higher than the experimental data. However, the spectral
factor in the Lorentzian form gives a better agreement bet-

ween the theoretical and experimental data for the (n, b’{ )=
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process width for strongly fissile nuclei. Since expression
(22) for radiative capture penetrability contains the spect-
ral factor as well as the compound nucleus level density ,
the discrepancy between theory and experiment may presumab-
ly be attributed to the incorrect level density model used.
In /18/, it is shown that the allowance for the collective
effects in the nucleus level density can improve the agree-
ment between the experimental data for éfnx and those cal-
culated with the Lorentz spectral factor. In /18/, the cal-
culations are made for 258U cnly up to 1 MeV with neglect
of the fission competition. To choose a proper theoretical
model for 6. calculations for °*°Pu and other transacti-

ny
nides, we have calculated @, (238U) from O«1 to 3.0 lev

n

(with the fission competition :;ing taken into account)
using various models for the nuclear level density, both
spectral factors and with allowance for the uncertainties

<r&>/4<1)> and in neutron transmission coefficients.

Figure 3 shows the comparison between the experimen -~
tal and calculated radiative capture cross section cﬁ“nK
(?BBU) in the energy range from 0.1 to 3.0 Me¥.

First of all, consider the effect of the uncertainties
in <rg,> and {D> on G'nb,

In Fig. 3, curves 1-7 are calculated with the para-
meters: <D> o = (17.7 £ 0.7) eV /19/ and ],>= 2%,5

meV. This value of <fi> agrees with Abagyan's estimate /2C/

calculations.

within 3 %. The uncertainty associated with choosing < [y>,
approximately equal to 5 %, leads to the same error 61nx
calculated in the same energy range. The error in <'D>ObS

yields the substantial uncertainty in calculated Cﬁnx .
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So the value of <KD> obs:(’l?.? + 0.7) eV /19/ 1s apparent-
ly based on Carraro's results /21/ who obtained < D> obs
analysing the resonances at the energies up to 2 keV and
assuming all these resonances to be s-levels. Recent measu-
rements lead to higher values of <:D>’obs (8e g <‘D:>obs =
= 20.8 + 043 oV /20/) which are in good agreement with the
evaluated data /20/ ( < Dj)obs = 20.8 eV)., As is seen, Car-
raro's data for <D>_ . /21/ and those in /22/ do not coin-
cide within the errors mentioned by the authors. Calcula -
tions show that the discrepancy in E;n{ caused by these two

S
~15 % at 1 MeV (Fige. 4). In Fig. 4, curve 3 is constructed

extreme values of < D> ob is considerable and amounts to

at <:D>’obs = 17.7 eV using the Fermi-gas level density mo-
del involving the collective effects and the Lorentz spect-
ral factor: curve 8 is plotted employing the same model at
<{D> obs=2O.8 eV. All curves 1 through 7 (Fig. 3) should be
normalized, if necessary, to < D> obs™ 20,8 eV,

It should be noted that the CTnX curves in Figs 3 and
4 are calculated by the statistical model with the neutron
transmission coefficients estimated from the spherical op-
tical model. This is because our computer programs for
cross section calculations by the coupled channel method
are not yet combined with the computer program realizing the
statistical model. Therefore, ET is renormalized by the

ny

compound-nucleus formation cross section, © determined

c’
from the spherical and non-spherical optical models. This
renormalization gives a ~ 5-10% decrease in Eidx(zaaU).
Final conclusions on the 6'nxcross sgctions affected by

the neutron transmission coefficients calculated with the
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deformed potential will be made later.
This analysis manifests that the generally accepted Fermi-
-gas model gives a considerable discrepancy between the calcu-

lated and experimental 6;lcross sections for both spectral

factors (Fig. 3), which canzot be explained by the uncertain-
ty in the parameters used. A better agreement between the cal-
culated and experimental ﬁfnxcross sections is attained from
the Fermi-gas and superfluid nucleus models both involving

the collective modes. The energy dependence of the a-parame-
ter when allowed for slightly contributes to the calculated
radiative capture cross section in this energy range. So at

% MeV, this contribution is no more than 4 %, while GTnZ
cross sections calculated by various level density models
differ several times.

The use of the Lorentz spectral factor seems to be more
substantiated as it gives correct radiative strength func -
tions and experimental data for (n,gf)—widths.

The 6chu1ve plotted according to the superfluid nuc-
leus model and the Lorentz spectral factor better fits the
experimental data than with the Fermi-gas model for the col-
lective modes and the Lorentz spectral factor. Some uncertain-
ty in the parameters of the used version of the superfluid
nucleus model (in particular, phase transition energy) re-
jects, however, the conclusion on the validity of thelrela-
tionship between these two curves for other nuclei. The ffnx
(242Pu) calculations (Fig. 5) show that for this nucleus
the above curves exchange their positions, i. e, the radia -
tive capture cross section calculated by the superfluid nuc-

leus model with the collective modes turns to be larger than-
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that determined by the Fermi-gas model also taking into ac -
count the collective modes. Note that the superfluid nucleus
model possesses one more specific feature: the use of the
Weisskopf spectral factor gives larger ETanross sections
than of the Lorentz spectral factor. The situaticn is quite
reverse. for the Fermi-gas model. This case should be studied
more thoroughly in future.

Therefore, the ETnX cross sections for “*°Pu are eva-
luated from the results obtained by the Fermi-gas model
that allows for the collective modes and the Lorentz spect-
ral factor. For “*2pu, the radiative widths are normalized
to <[%f>obs= 22.6 meV. The normalization constants are :

8

Cy=tt+ 788 . 107, C,=0.819 when the Fermi-gas model is used

with no regard for the collective modes; Cyp=2.79 . 10-8
and CL=O.415 when the Fermi-gas model is adopted with re =
8 and CL =
=1.284 when the superfluid nucleus model is employed with

gard for the collective modes; Cy=9.115 .10

regard for the collective modes.

242

Pigure 5 presents 6 Pu) cross sections calcula-

ny'
ted by various level density models. Note that for the ener-
gy range from the boundary of discrete and continuous nucle-
us-~-target level spectra (1.15 MeV) to 2 MeV, the underesti-

mated level density of the residual nucleus results in some-

what overestimated values of This is especially true

CTny
for the traditional Fermi-gas model.

With the experimental 6} data available and due to a

small value of Cfn in this energy range, it is the correct-

¥

ness of the neutron transmission coefficients contributing

primarily to the compound nucleus formation cross section
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that provides the reliable calculation of the inelastic scat-
tering cross section. For deformed nuclei (242Pu) the neutron
transmission coefficients are best of all calculated by the
coupled channel method with non-spherical potential parame -
ters fitted to the input experimental data. The uncertainties
in the neutron cross sections calculated by the statistical
model are associated with the use of the spherical optical
potential and can be, to a considerable extent, compensated
by normalization to the compound nucleus formation cross sec-
tion estimated by the coupled channel method.

If 6, is fitted to the experimental data, then  the
choice of the level density model does not practically af-
fect the value of the inelastic scattering cross section.
Different nucleus-target level densities in different models
causes both a variation of the discrete-to-continuos level
spectrum ratio for inelastic scattering cross sections and
a change of discrete level excitation cross sections (Fig.6).
This implies that the choice of the level density model
greatly influences the scattered neutron spectrum. Indeed,
the experimental data for neutron spectra give smaller va-
lues of the a-parameter against the Fermi-gas model. This
is one more evidence of the incorrectness of the traditional
Fermi-gas model and the necessity of using other level den-
sity models that fairly fit all types of the experimental
data.

In our work the coupled channel method is applied to
evaluate neutron cross sections for transactinides. This
method is known to allow calculation of 6., 6,, S_, S,,

6sbape—el’ angular distributions of elastically and in-
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elastically scattered neutrons and direct excitation cross sec-
tions for the first levels of the main rotational band. To
find the potential parameters, only experimental data for
the strength functions S, S,, 6; at energies from 10 keV to
15 MeV can be directly used. Experimental results for first-
~level excitation and elastic scattering cross sections may
be adopted only above 3 MeV, when the compound contribution
to the first-level excitation cross section is negligible, as
compared to direct excitation. The data for the angular dis-
tributions of elastically scattered neutrons cannot be gene-
rally used to achieve the optimum potential parameters be -
cause this method is sensitive to the distributions at larg-
er angles that usually possdss the isotropic part caused
either by the compound contribution at low energies or by
the unresolved low level contribtution at high energies. In
the majority of cases, it is therefore only possible to com-
pare the calculated and experimental elastically scattered
neutron angular distributions rather than %to use them for
potential parameter determination.

Cur computer program realizing the coupled channel
method is combined with the automatic search program  for
potential parameters that is the best fit of the experimen-
tal data. Since this problem requires a great deal of the
computer time, many efforts are made to speed up the count-
ing.

In principle, it is possible to simultaneously and auto-
matically fit all potential parameters when the experimental
data adequate to this model are taken into account. However,

this search for the potential parameters is not optimum as
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far as the computer time is considered. Calculations show
that a two-step search is more advisable. First, the SPTR-
method proposed by Largange /23%/ is used. This implies
that the potential parameters, including the deformation
ones, are determined from the strength functions S, S,
and the potential scattering radius, while the energy de -
pendences of the imaginary and real parts of the potential
are found from the energy dependence 6}. The preliminary
parameters are then more accurately defined by searching
for the parameters that minimize the total value of :x2,
using all necessary experimental data. This approach al-
lows one order and more shorter computer time required to
search for the optimum potential parameters.

As an example, consider the first version of the po -
tential parameters obtained for 258U. The following data
are used: 5_=(1.0 + 0.1) « 107F, 5,=(1.92 + 0.3) . 107 6
from 50 keV to 15 MeV,

At the second step of fitting, apart from these data,
use is made of the results /24/ for angular distributions
of elastically scattered neutrons as well as for inelasti-
cally scattered neutrons at the levels 2¥, at rfor 2.5
and 3.4 MeV. A contradiction appears to exist between a
high value of the total cross section 6& at 3.4 MeV and
a comparatively low value of the differential elastic scat-
tering cross section at small angles /24/.

The fitting gives the following preliminary values of
the potential parameters for 238U:
VR=47.5 - 0.3 B aR=O.62{7 y RR=7.644092f (rOR=1.233485$)
W.a=2.7 + Qo4 En» aD=O.58{ , RD=7.8084084? (10D=1.259999:£ )
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Vgo=7.5 MeV, agy=0.624 , Rgy=7.644092{f (Igy=1.2334851)
P2 "—'00216, ﬁ4=00067¢

The parameters of this potential differ from the first ver -
sion of Lagrange's potential /2%/ by somewhat different ra -
dius of the real potential part. The strength functions cal-
culated by the above potential parameters are equal to :
S,=1.06 . 107 (en)™V2, s.=2.16 . 107 (ev)" V2, R=9.23¢.
This value of SO seems to be somewhat overestimated (~10 %).
At present we are evaluating this quantity more carefully
using the data for the resolved resonance energy range and
6, results in the keV range. Preliminarily, S, proves to

-2 and is used to obtain the deform-

be 0.94 - 0.96 . 10~ &V
ed potential parameters for 238U.

Figure 7 presents the results for the direct part of
the differential neutron scattering cross sections calcula-
ted with the above potential parameters at three low levels
of the rotational band for 222U at 3.4 MeV.

The uncertainty in the ﬁ20 parameter for 238U deter-
mined as a difference in two potential fittings made for
the same experiment=l data equals 8 %. Within this uncer -
tainty, the ﬁ20 parameter is the same for 238U and 242Pu.
The calculations of neutron cross sections for 242Pu with
P2O= Q228 and the above potential parameters (with a
small correction for the isotropic effect and nucleus radi-
us) show that S, is too high, and therefore the f520 para—
metens# are taken the same for 258U and 242Pu.

Further development of the coupled channel method for

nuclear data evaluation purposes should imply: more accurate
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knowledge of the deformation parameters not only from the
theory and experiment on neutron scattering but also from
other sources ( e. g. using the Nilsson model or the Harti-
-Fok method as well as spectroscopic experimental data) 3
account of more complicated collectives states than pure
vibrational or rotational levels: more detailed study of
the channel coupling for odd nucleus-targets in terms of
the nuclear structure; more thorough investigation of the
role of the isospin potential for actinides and proton
scattering experiments may shed some light on this prob-

lem.
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