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INCORPORATLON OF INTKRNAL CONVERS1ON COEFFICLENTS
INTO THE ENSDF DATA SETS

A.E. Ignatochkin, T.D. Potanina, E.N. Shurshikov

A program for automatic incorporation of internal conversion
coefficients into the ENSDF data sets was developed. The program is
based on modern cowmputer calculations of these quantities.

The wide use of the achievements of nuclear physics for applied
purposes has been accompanied by a growing demand for evaluated nuclear data
on the structure of specific nuclei. The laborious nature of the evaluation
and the need for periodic repetition of the work to take account of new
experimental results have required international co-operation, which is now
being implemented within the framework of an International network of
co-operating centres [1]. A unified format for presentation of evaluated data
was required, with, where possible, unified evaluation procedures to
facilitate comparison of evaluations. Computing techniques and
machine- readahble media facilitate the use and exchange of data.

The ENSDF format [2] has been adopted for the presentation of data on
nuclear structure, making it possible to record the many characteristics of
nuclear states and transitions hetween them. One of these characteristics is
the internal conversion coefficient (1CC), which is significant in the
evaluation and interpretation of other decay characteristics. For the
evaluated 1ICC, a theoretical value is taken, obtained from model
calculations. 1In practice, ICC evaluation can be divided into two stages:
the first is the selection of a model, and the construction of ICC tables
based on it for given nuclear charges and various transition energy values;
the second is the interpolation of tabular values to a specific transition
energy.

Papers have been published showing the results of calculating
ICC tables for the K, L and M shells [3-5], as well as papers [6] assessing
the influence of the contribution of higher shells to the full 1ICC. Some
aspects of these papers are still being discussed [7], but in preparing data
for the ENSDF format the set of data in Refs [3, 6] is usually used, together
with the results in Ref. [4] for nuclei with charges not included in the
calculation in Ref. [3]. Such tables are prepared on a machine- readable
medium and distributed within the International network of co-operating
centres. The NSICC program [8] is distributed with them to facilitate
interpolation of the tables, as it provides for reception of the required
parameters directly from the processed data set in the ENSDF format and the
inclusion of results in this set in accordance with the rules of the format.

Unfortunately, the NSICC program cannot be used at the Atomic and
Nuclear Data Centre (TsAYaD) of the State Committee on the Utilization of
Atomic Energy, as it requires a significantly greater amount of operational
storage and disk memory than is available in the TsAYaD information search
system, which is hased on a small 1010B computer. Furthermore, the comparison
of data from different tables is often required during evaluation. For the
purposes of evaluations carried out at the Centre for transmission to the
International network of co-operating centres, a more compact ENS1CC
interpolation program has been estahblished, based on the technical resources
available and wmaking it possible to use not only the NSICC program tables, but
also the tables published in Ref. [4], and when necessary other similar data
on a machine readable medium. The ENSLCC retains all the features of the



NSICC program and takes into account the special features of the small

1010B computer, thus ensuring the rapid fulfilment of a given task. The
choice of tables and reference to the processed data set in the ENSDF format
is carried out on-line from the keyboard. 1In addition to the data set with
the incorporated ICC, the ENSICC program permits the operator to obtain a
printout of supplementary information.

Let us consider a specific example of the ENSICC program's operation.
Table 1 shows the text of an evaluated data set describing a fragment from
16616 nuclear decay, in the form in which it enters - the ENSICC program.
According to the rules of the ENSDF format [2], the fourth and fifth positions
of each line show the chemical symbol of the product nucleus. The program
determines the nuclear charge from the chemical symbol taken from the first
line of the set. Further analysis is made only of those lines in which the
sixth to eighth positions contain the designations "__,, , G", "I _ , G" or
2 __, G", where the symbol ", " represents a space. According to the above
rules, the first two designations are equivalent to one another and serve to
identify the G-lines, containing the basic data on y-transitions. More
specifically, this data includes the transition energy in kiloelectron volts
(which is shown in the field from the 10th to 19th line positions) and the
multipolarity of the transition or a mixture of two multipolarities (recorded
in positions 32-41). 1If a mixture is indicated, then in field positions 42-49
there is an experimentally evaluated value of the mixing parameter, and from
the 50th to 55th positions there is the uncertainty of this value (it may be
asymmetric). The characteristics listed are accepted by the ENSICC program as
input transition parameters, if the multipolarity field contains the data.

The incoming data are grouped in packets covering up to 100 transitions.
The transition data from one packet are processed in parallel. However one
data set in the ENSDF format may give rise to several packets processed in
sequence, as the number of lines considered in a set is practically
unlimited. The spline-interpolation method is used for calculations, as in
the NSICC program. Table 2 shows the text of the same data set as in Table 1,
subsequent to ENSICC processing. It will be seen that the G-lines processed

Table 1. Part of a data set in the ENSDF format, describing 166“0 g-decay,
prior to ENS1CC program processing

166ER §66HO0 B~ DECAY (1200 Y) IS5NDS 770505
166ER N 0,73 5 _
166H0 P 5 2(7-) 1,203 ¥ 18 1856,5 14
166ER L 0,0 0+ STABLE -
166ER | 80,574 82+ 1,87 NS 3
166ER G 80,574 812.5 6E2 C
t66ER L 264,98 24+ 118 PS 5
166ER G 184,407 1573,2 37E2 cc
166ER L 545,44 36+
166ER G 280,456 2029,8 {5E2 cc
166ER L 859,38 23+
166ER G 594,37 30,70 4E24M1 -8 +15-3
166ER 6 778,82 43,30 171F E2 C
166ER £ 911,18 48+
166ER G- 365,739 252,52 §3E2 ¢
"166ER L 956,20 24+
166ER-6 691,21 51,53 8E2+Mi 3,3 +30-12
166ER G 875,64 50,79 6




Table 2.

Part of a data set in the ENSDF format, after ENSICC processing

166ER 166H0 B= DECAY (1200 Y) 75NDS
166ER N 0,73 5

166HD P 5 2(7=) 1,20E3 v 18 1856.5
166ER L 0,0 0+ STABLE

166ER L 80,574 8o+ 1.87 NS 3 :

166ER G 80,574 B12.5 6E2 6,88
1{66ER2 G KC=x 1,71 $LC= 3,95 $MC= 0,96 IN+= 0,262 $
166ER | 264,98 2u4 118 PS 5

166ER G {84,407 1573,2 37E2 0.334
166ER2 6 kC= 0,207 $LC= @,097 $MC= 0,023t $N+=20,00639  §
166ER L Su5,04 36+

166ER G 280,456 2029,8 {SE2 0.085
166ER2 6 KC= 0,0615 $LC= 0,0185% $MC=0,00432 $N+=20,00118 S
166ER L 859,38 23+

166ER G 594,37 30,70 HE2+MY -8 +15=3 0,0110
166ER2 G KC= 0,0088 $LC=0,00160 $

{66ER G 778,82 43,30 17IF E2 0,00S77
166ER2 G KC=0,00473 $L.C= 779F~6 5

166ER L 911,18 48+

16bER G 365,739 252,52 13E2 0.0387
166ER2 6 kC= 0,0294 dLc=0,00715 $MC=0.00165 $N+= HUEE~& $
166ER L 956,20 24+ :

166ER G 691,21 51.53 8E24M1 3.3 +30-12 0,0p82 8
T66ERE G KC= 00,0067 78(C=0,00115 6%

{66ER G B75,€64 50,79 6

Bu0626

14

cc

cc




Table 3. Further data on the ICC transition shown in Table 2

ICCINAGER) FOR 2= 68, B2 491,210 KEV,
: €2 (3 €4 €S H3 n2 3 Mo ns
X 2,39E-0) 6,15€-03 1,43€-02 3,19€-02 ABSENTI 1.33E-02 3,606-02 B,12£-02 1,77€-01 ABSENY
Lt 2,91E-04 7.77g-04 1,94E-03 4,796-03 ABSENT 1,71€=-08) 5,19€-03 g.g7E-02 3,05€-02 ABSENT
Le 1, 82€-95 1,90¢-04 1,17€-03 S,126=0) AQSENT 1.126004 . &,%E-04 j,iske03 S,6uf-0) ABSENT
L3 $.78E-05 8,8bg-05 3,55€~-04 1,27€=03 ABSENT 1,bak<05 1,07E-04 B,49E-04 4,b2€-03 ABSENT
TQrAL-L 3,27E-04 1,06g-03 ,47€-09) 1,126-02 ABSENT i.9c€-03 3,79€-03 1,53=02 4,08E-02 ) ABSENT
KsL 7,30€¢00 5,83£400 4,12E+00 2,85€¢00 ABSENT b,99E 400 b6,226400 5,30E400 4.35€+00 ABSENT
Kef, 380 2,B2E-93 7.55E-03 1,89E-02 V,b6B8E-02 ABSENT . ), 50L-02 4,37E-02 102801 @431E~01 ABSENT
M1 ENERGY OUTSTOE TABLE RANGE FOR THIS SHELL ENERGY OQUTSIOE YABLE RANGE FOR THIS SHELL
M2 ENERGY OUTSIDE TABLE RANGE FQR THIS SHELL ‘ ENERGY QUTSIDE TABLE RANGE FOR THIC SHELL
M) ENERGY OUTSIOE TABLE RANGE FOR THIS SHELL ENERGY OUTSJDE YABLE RANGE FOR THIS SHELL
AL ENERGY OUTSIOE TABLE RANGE FOR THIS SHELL ENERGY OUTSIDE YABLE RANGE FOR THIS SHELL
NS ENERGY QurSIDE TaBLE RANGE FOR THIS SHELL JENERGY QUTSIDE TABLE RANGE FOR TMIS SHELL
NvOr FROM ABSENY ABSENT ABSENT ABSENT ABSENT ABSENT ABSENT ABSENT ABSENT ABSENT
DRAGOON ° : -
FOR MULTIPOLE: E2Mi N{X, RAT, 3,3 +30-12;
1cc ICcspICC Icc-Drcc
K 6,756-0) 6.326-0% 7,46€-03
Lt 8.,60E~04 8.,0tf~00 9,60E~-04
L2 {1.83E -0 1.88F-04 1,758-04
L3 8,25€E-~05 8,68g-05 7,53€=-05
ToTAL~L 1,13E=03 1,08€E-0) 1,21€-03
K/L S.99F+00 S.88E+00 6.,17€E+00
Kel,33L  8,24E-03 T.76€-03 9.07E+03
M1 ABSENT ABSENT ABSENT
n2 ABSENT ABSENT ABSENT
3} ABSENT ABSENT ABSENT
M4 ABSENT ABSENT ABSENT
5 ABSENT ABSENT ABSENT
TOTAL=H ABSENT ABSENT ABSENT
M/L ABSENT ABSENT ABSENT
K+L¥),33M ABSENT ABSENT ABSENT
NeO+ FRON ABSENT ABSENT ABSENT
ORAGOUN
K3L+HeNO ABSENT ABSENT ABSENT
232323335333z ¥3T33325333533333 333355252323 25332323385332392323$23553 3355355523225 5523X32325233532335 5223525352333 523:233523z22:23
166ER G 691,21 51,53 BE24My 3,3 *30-12 90,0082 8
166ER2 G NC2 0,0067 T3LC30,00113 83
166ER G 875,64 50,19 [




by the program show, in field positions 56-62, the value of the conversion
coeffecient. 1f the G-line shows a mixture, then the ICC uncertainty,
conditioned by the uncertainty in the multipolarity mixture parameter, may be
given in positions 64 and 65. Where the uncertainty is not given, it is
within the limits of the table's accuracy, estimated at 3%.

In the lines identified by the above designation "2 ,_, G", ICC data is
given for the shells for which it is known. In these lines data units are
determined by the identifiers KC, LC, MC and N+ for K-, L-, M- and higher
shells respectively, followed by the coefficient values. As in the case of
the full ICC, the "2 _ , G" lines may indicate uncertainties. However in this
case the uncertainty is separated from the value by at least one space. The
ICC data for different shells are separated by a dollar sign.

1f the ICC field in the G-line with known multipolarity contained data
prior to processing, then the former value is lost as is the former data from
the "2 | |, G" line. WNew values are not calculated for a known transition
multipolarity, but the old values, if any, are retained.

As previously mentioned, the program will print out further information
at the operator's request. Table 3 is an example of such a print-out
containing detailed information on the formation of the lines underlined in
Table 2., Similar information is given for all processed transitions directly
preceding the G- line to which it relates in the full text of the set. The
lower part of Table 3 is only given if there is a multipolarity mixture for a
given mixing parameter. It is seen that the conversion coeffecients are
calculated for each transition energy and all multipoles at all sub-shells and
shells for which this is possible in the tables; the ratios of conversion
coefficients at the K- and L-shells, M- and L-shells; different evaluations
for the full 1IGC. 1In the case of a multipolarity mixture, the same
characteristics are calculated for the mean mixing parameter and the limiting
values for a given uncertainty.

This program is used for preparing data for the international ENSDF
file at the Atomic and Nuclear Data Centre.






THE ANGULAR ANLSOTROPY OF FRAGMENTS OF 235U FISSION
1NDUCED BY 0.014-7.15 MeV NEUTRONS

Kh.D. Androsenko, G.G. Korolev, D.L. Shpak

The angular anisotropy of 235y fission fragments was studied
with the use of glass detectors. The measurements were performed in
the neutron energy range 0.014-7.15 MeV. The angular distribution was
fitted by cos O quadratic dependence. The results are compared with
the data of other authors.

Data on the angular anisotropy of fission fragments A = W (0°)/W (90°)-1
is of considerable interest in the experimental study of fission cross-
sections. These data are needed for evaluation and for introducing
significant corrections in the measurement of fission cross-sections as a
function of the angle of emission of fission fragments in relation to the
direction of the flux of neutrons inducing the fission. Moreover, the energy
dependence of the angular anisotropy coefficient of fission fragments on
excitation energy is an important characteristic for the study of the quantum
states at the saddle point of fissionable nuclei. 235y is used to study the
fission cross-sections by measuring the angular anisotropy coefficient. 1In
practice, it is not the absolute values of the fission cross-sections for each
fissionable element that are experimentally measured but their behaviour in
relation to a chosen standard (in international practice 235y,

At present, the literature contains a considerable number of
experimental studies on the angular distributions of fragments of
235y fission induced by neutrons in the 0-24 MeV range {1-13]. 1In spite of
the comparatively good accuracy of the individual measurements, the
divergences between the results of different authors are substantial. Special
attention should be paid to the significant differences between the available
data in the low-energy region.

The survey contained in Ref. [1] is the first attempt to review the
status of the data obtained on the angular anisotropy of 235y fission
fragments. This work was based on a careful study of data published at
various times. Moreover, it includes some new and still unpublished material
and draws attention to the difference between the results of studies [11, 13]
carried out recently for 0.3 and 0.7-1.9 MeV neutrons, respectively. The final
result of Ref. [1] is the calculation, by the statistical theory [14, 15], of
the angular anisotropy of fission fragments in the neutron energy region of up
to 11 Mev.

In the present work we made a detailed study of the angular
distributions of fission fragments for the 235y nucleus in the 0-7.15 MeV
neutron energy region. The measurements were carried out on the
KG- 2,5 cascade generator and EhG-1 accelerator using the T(p,n) and
D(d,n) reactions on solid targets. The fission fragment detectors were
cylindrical glasses. The experimental device was a modification of the
multi-angle 4w-detector [16]). 1In the study of the detailed dependence of
the fission fragment angular distributions for a sufficiently large number of
angles (about 10) and the nuclei considered in the present work it is
important to maintain the given geometry and especially the identical
positioning of the glasses and the fissionable layers during the prolonged
measurement process. For this purpose the working layer with the fissionable
substance was securely fixed during the measurement time in a special
thin-walled holder; therefore the removable glass detectors could only occupy,

1
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in relation to this holder (and consequently to the layer), a strictly defined
position in all series of irradiations.

The experimental device permitted the simultaneous use of several
holders fixed at specific angles to the accelerated particle beam. This
enabled us to obtain duplicate data on fission fragment angular distributions
for three isotopes at an angle of 15° to the accelerated particle beam and for
four isotopes at 155°.

In this paper we give the measurement results for the distributions,
at an angle of 155° to an accelerated proton beam, of 235y fission fragments
in the neutron energy region of up to 0.740 MeV during the irradiation of
235y together with 233y and 242py and also for the distributions, at
an angle of 15° to a beam of accelerated protons and deuterons, in the
0.48-7.15 MeV region during the irradiation of 235y together with 236y
and 238y (interval in the low-energy region 10-100 keV, energy
resolution 10-30 keV).

The targets used in the experiment were constituted of 99.9% 235y in
the form of oxide layers on thin rectangular aluminium supports, 8 mm long and
9 mm wide, cut from layers of considerably larger dimensions. The
inhomogeneity of the layers was estimated to be about 5%. As a result of
direct measurements after evaluation and allowance for the contribution to
fission by neutrons scattered in the structures of the experimental device,
corrections were made for the background of the experimental room (about 2%)
and the background of the (p,n) reaction on the structural materials of the
target holder. It was established in the experiment that the (p,n) reaction

12



was substantial in the 2.1-3 MeV region, i.e. when the background neutrons
(about 4%) had an energy of up to 0.7 MeV.

Particular attention was paid to the D(d,n) reaction neutron background
caused by deuterons impinging on the molybdenum substrate of the neutron
target. For this purpose we used samples identical to the neutron target
without deuterium. 1In oblLaining the fission fragmeni angular distributions we
also made corrections for the non-uniform distribution of the neutron flux
over the area of the layer (about 1%) and a correction rendered necessary by
geometric factors and the inhomogeneity of the layer.

The experimental angular distributions taking into account angular
resolution and motion of the centre of mass were processed by the method of
least squares in order to find the angular anisotropy coefficient on the
assumption that W(@)/W (90°) = Qg + Q2c0s28 + Q4cos48 (see figure). 1t will
be seen from the figure that the results of the present experiment are in
relatively good agreement with the data of other authors in the the neutron
energy regions 0.2-0.7 MeV and above 1.9 MeV. Some decrease in the negative
angular anisotropy at 0.06-0.08 MeV approximately to -0.1 in this experiment
can be attributed to the more careful measurements in this region and to the
reduction in the amount of structural materials in the top part of the target
holder by a factor of 4-5 in comparison with earlier studies [6, 7). 1In the
neutron energy region of 0.7-1.5 MeV a substantial discrepancy is observed
between the results of the present experiment and the data of other
studies [7, 10, 11, 13]. The greatest discrepancy is observed in
studies [7, 10], which were performed earlier. The results of the two latest
studies [11, 13] in this neutron energy region are substantially closer to the
data of the present experiment. A more detailed analysis of the results
obtained on the shape of the fission fragment angular distributions and the
energy dependence of angular anisotropy lies outside the scope of the present
experiment.

13






THE AVERAGE KINETIC ENERGY OF FISSION FRAGMENTS

V.G. Vorob'eva, B.D. Kuz'minov

The authors analysed experimental data on the mean kinetic energy
of fragments for a fixed nucleonic structure and excitation energy of
fissionable nuclei. The numerical data have been reduced to a single

standard.

By now a sufficient volume of experimental data has been accumulated on
the kinetic energies of fission fragments (spontaneous fission, thermal- and
fast-neutron-induced fission, charged-particle-induced fission and
photofission). The present material supplements the studies published
earlier [1, 2]. 1In all the studies considered the fission fragments were
recorded by semiconductor detectors, except in Ref. [3], where an ionization

chamber was used for the purpose.

The greater part of the results on the kinetic energies of fragments
were obtained in measurements using either 2°2cf spontaneous fission or
235y thermal-neutron fission for calibration of the energy scale of fragments.
Considering the convenience of work with californium targets and since
252¢¢ spontaneous fission neutrons are used for standardizing the measurements
of the average number of neutrons and the fission neutron spectra, the authors
chose the value of the fragment kinetic energy in 252cf spontaneous fission
for standardization of the data on the average kinetic energies of the fission
fragments of various nuclei: Ek(zsch) = (186.3 + 1.0) MeV [1, 2]. As a
supplementary standard the average kinetic energy of fragments during 235y
thermal neutron fission was taken: E(235y) = (172.2 + 0.4) MeV. During
thermal-neutron-induced fission of 23§U, 239py and 241py nuclei the

Table 2. Average kinetic energy of fragrents

Table 1. Average kinetic energy of fragrents during
spontaneous fission during fission by therral neutrons

sion- | = ission- | -
aé;:‘°“ £ weasured, .| Reduced to a R;f. a;;c [y seasured, !Rcduced to 2 Ref.
nucleys KeV 'single standard hucleus KeV }inglesta1&rd
240p,, 177,2610,30 180,4140,30 ° (4]
240p, 177,3040,20 177,1040,20 ) 22°Th  J162, 4406 162,740,6 [20]
242p, 180,1610,20 179,9610,20 6] 231p, 1648206  |165.1405 (21
242py 180,0340,09 179,8340,09 o) 232y |169.040.5 11692506 22}
244py 182,041,0 181,8041,0 ¢ [ [1) 233y 1706408 170.910.6 - 9]
24dpy 180,8+0,30 183,9620,30 . | /B8] 235y 1710408 170.340.5 (22)
4dcm 181,741,0 181,6041,0 ) 235y 13714102 171.720.2 23
244cm | .188,2 191,36 noj 237Np  1170,740,7 171,010,7 (23]
262¢y 186,2521,2 151.4141,2 no; 2378, 1174.740.6 175.040.6 (24)
282cy 186,4 166,2 081 238py  (177,610,6 176.140,5 2s)
2h2ce 181,2621,3 184.4121,3 nz 239y [176,040,6 176,310,6 (25)
“bdp 196,141,0 * | 194,921,0 3] 23%ny  |175.57 178.13 [4]
256cr | - 187.240,9 187,640.9 4 2390y 11760406 176.300,6 - [26)
28044 23843,0 238.423,0 14 23%py  (178,140,10°  [135,410,10 )
25%Md | 200,721.4 20386214 0s) 2411y |177.640.5 178.410 6 27
269y 242,046,0 246,1626,0 el 241p, 176:320:5 176.640.5 - %)
312“‘ 198.00. _ £y 241p, [176,56:0,07 [177,4610,07 28]
s 198,7% - = -~ 241p,  |1769310,06  |176,7310,06 [6)
246Fm 196,434 | 199,66%4 nsl 241, ,-:9'710‘4' 180,010.4 (29]
24BFm | 195,624 198,6624 - 243pm {177,200,6 - [177.610,8 9]
* The energy calibration of jonization chasbers was -

perforeed with fraguents of 59 fission by * Statistical error.

tggrnal neutrons gnd a]sY vith lndufed 1378y and | - |

¢35y fission by 14C and 160 iops. [k value for
-czlibration reactions in Ref. PlQ]. H
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recommended values of the average kinetic energy of fragments are (171.5 + 0.3),
Tables 1-8 give the

(178.6 + 0.9) and (179.0 + 0.6) MeV, respectively [1, 2).

results of measurement of the kinetic energies of fission fragments by

different methods [3-37]. The data of all authors are reduced to a single

standard.

Apart from studies with numerical data, there are experimental studies
where the results are presented in the form of graphs [38-40).

Table 3. Average kinetic energy of Table 4. Average kinetic encrgy of fragrents
fragaents during ne%gon— during neutron-induced fission
induced fission of Th of 235U

E., XeV fk measured, |Reduced to E, Kev AEK."“U"NJR"'”“‘, to a Ref

KeV - |a single 4Ref. KeV single standard y
standard 0,17920,024*2| 0,26910,200%3 | 172,4690,200 Y
1,3640,02| 163,2840,13 ]163,6610,13) 0,29840,024 0,07340,200 |172,27340,200

1,4340,02| 168,8140,11 [163,6140,11 046740,022 | -0,06310,200 - [172,14740,200

1,6040,02] 163,2240,07 ({163,6240,07 0,69640,021_ | 0,367:0,199 ° |172,656740,199

16640,02( 163,61¢0,07 1163,9110,07 0,74840,020 0,32610,200 172,62640,200

1,7210.02 ' 163,3640,07 [163,6610,07 0,89610,020 0,13440,187 172,33440,197

1.7720.02| 163.6340.08 |163.9310.,08 b| [30] 1,04640,020 0,48420,197 172,66440,197

1582002 163.2740.07 |163.6740.07 r 1,10840,020 0,12640,200 |172,22810,200

,©520,02p 165,£726, ' 1,46910,034 0,267:0,148 172,46740,143"

2,0040,02| 163,4210,07 1163,790,07 1,99240,030 | 020210141 (17240140141

2,2040,02{ 1£3,3640,06 |163,6810,06 2,42120,028 ' | 0.04240,146 © |172,24220,146

2,40£0,02) 164,03:0,05 ,164,3310,05 2,09010,026 | 0,039:0,178  [172,23910,178

2,960,021 164,1940,06 1164,4940,06 '3,26440,047 0,02640,219 172,22640,219

4,20:011| 164,6320,10 {164,23+0,10 3,49040,024 0,16040,178 172,36040,178

5,2010,11] 164,8740,06 165,1710,06J ' 3,76010,044 | —0,03410,221 |172,16640,221

1,6‘_%:;3 168,8640,08 [162,0240,08 3y 3,°6410,024 0,01740,178 1:12_21710.178

. . 4,27410,041 | -0,02040,221 |172,15040,221

304016 161,0340,08 {164,1940,08 - 4,51440,040 | —0,43210,221.  {171,76840,221 {3

522025 1634£20,10 (166,6410,10 5.1940,14 —0.86040,292 | 171,35040,292 f

1,32 162,1040,10 (162,4020,10 5.4540,13 ~0,46040,264 * {171,75120,264

1,37 161,9620,18 1162,2510,13 6,76£0,11 —0,64440,256 | 171,55640,256

142 162,6210,10 [162,6240,10 6.0410,10 —1,04540,240 . [171,15610,240

1.47 162,4640,10 |162,7640,10 6,3110,09 —0,67640,241 | 171,62540,241

1.62 162,6040,10 |162,6040,10 6,6640,08 —0,63340,256 | 171,36740,266

160 162,56340,10 [162,63:0,10 6.54+0,08 —1,01220,245 | 17),18640,245

1,60 162,7040,10 1163,010,10 7.1040,08 —0,66340,231 | 171,63740,231

1,66 +162,9010,10 163,2010,10 7,2640,08 —1,86310,228 - | 170,83710,228

170 162,0310,10 163,2320,10 ¢ [32] 7,610,08 ~0,76640,218 | 171,44440,216

1,76 162,2040,10 [163,2040,10 . [ 7.6640.07 —0,22520,218 - |171,27510,218

1.k6 162,7840,10 {163,0640,10 | |- §,1210,07 —0,61520,207 ~ | 171,65540,207

1,90 162,7940,10 |163,0940.10 | |' , 8,3640,07 —0,93040,204 | 171,27020,204

1.6 ,162,8210,30 [163,2240,10 8,6640,07 ~0,69540,202 [171,60540,202

2,04 162,64140,10 {162,8440,10 8,6340,07 —0,70740,192 | 171,49510,192 J

2,14 162,3940,10 [162,6940,10 0,5040,08 170,4040,16 172,240,156

2,18 16256040,13 [162,6940,13 (]70'3510.05) “-;2']510'05) ared

.24 162,2€10,10 1163,2610,10 5,6620,25 '169,5540,22 111260002 (] 7Y

2,45 163,4840,10 [163,7840.10 (168.4240.07) (171.2240,07)

2,69 ° 163,7610,33 [164,054013 ' ’ : w25

2,74 163,470,156 [163,7740.16 .. <= .

2,14 163,7740,16 |164,0740.15 AE;=E, (E;) —E, (therr), vhere [ (thers)

8,64 164,1940,14 [164,4940,14 =170,0 KeV. ‘

5,78 164,4910,18 [164,7940,18 ! +2 Resolution (FWHK).

: . *3 Statistical error.

3 In Ref. [33] scasuresents vere perforsed by two
sethods: acasurcaents of two fragement velocities
and scasuresents of two fragment encrgies. The
kinetic §nfrgy values obtained by -casgrinf the

energy o rageent pairs are given 1n brackets.

)
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Table 5. Average kinetic energy of Table 6. ;;;al kinetic energy in
fragaents during neviron- Pu resonances {5]
induced 238U fission [32)
E, Key EK scasured, [Reduced to a E, eV | Ex seasured, [Reduced to 2
KeV single standard KeV single standard
0,61 172,3440,20 - 172,6440,20 7.82 175,1310,07% - 177,2340,07
0,72 172,4640,10 172,7640,10 10,93 178,0040,07 177.801_0,07
0.82 172,0940,12 172,3840,12 11,89 178,0610,13 177,8640,13
0,93 172,00£0,10 172,3040.,10 1431 .
1.04 172,1610,10 }72,4840,10 14 68} 178,0610,09_ 177,8640,08
34 372,6310,30 372,8340,30 15,467 ]178,014D,38 177,140,138
1.38 172,6610,10 172,86:0,10 37,66~ 1178,010,33 117,9040,13
158 172442000 §72:1420.09 26,24 {177,9340.16 ° 177,7240,16
1,76 | 172,3640.1 72,6820.10 32,31 1178211026 178.0140.26
1.5 172,4410,10 172,7420,00 62 | 177974010 - 177,7740.10
216 | 172,3840,00 112,4840,10 b 972000, - g TRI A0,
236 |112814010 173414010 476 {177,7920.21 177,6910,21
2,54 172,2040.10 172,6040,10 60,0*2 | 178,0640,13 177,8640,13
2,76 172,0440,10 172,3440,10 567,44 178,024 0,34 177,8240,14 .
2,96 172,062010 172,3640,10 69,22 178,0040,39 | 177,60¢0,39 °
3,18 372,1420,10 172,4440,10 6642 176,044010 177.8440,10
3,34 172,2040,10 172,5040,10 162 177,89:0,12 177.,7940.32
3.64 171,9540.10. 172,25¢010  ° 85*3 . {178,2640,12 176.06£0,12
3,60 172,0p040,00 )72,5040,J0 ) :
3,98 172,022010 122,324010 . Statistical error.
446 173.8410.30 ]_'7-1:‘-0~1° *2 Insufficient separation of resonances.
;sg j;;'égﬂg;g ;_‘ggoig:g +3 Statistical error and insufficient
b 9010, ’ “" . separation of resonances.
Table 7. Average kinetic energy of frageents during charged-particle induced fission
Target T Particle energy, E, aeasured, Chosen standard Tthuccd ta a J
nvtleus Particle KeV ) KeV Ex (252chy single standard Ref.
48cm | 18p 95,0 236420 - ) 231,1612.0
26Fpr, { 189 26.0 23430 163,14 241,1643.0 . 34
20%pn {180 860 24246,0 246.1616,0
233y {(d,pf) |13 171,6241,0 183,14 374,6641,0 [35]
80cr | (t,pfy [44<BE <08 1891 163,14 192,26 [JIJ_J
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Yable 8. Avcrage kinetic encrgy of fragsents during photofission

Target ]Photon EK seasured, Chosen standard|Reduced to a
nucleus ;:;rgy. KeV E. (252cr single standard Ref.
X

236y 26,0 170,612,0 183,14 173,1612,0 [36)

238y 26,0 170,9:2,0 174,0642,0

238y 12 171,7610,56 174,9410,66
15 171,410,13 183,14 174,6740,13 £
20 170,88 174,04 :
30 170,3710,26 173,6310,26 -
70 169,4140,30 172,6740,30

240py 12 173,0920,24 .- 177,1640,24 ,

" 16 173,2540,24 183,14 176,4110,24 103,
20 172.4610,20 175,6240,20
30 172,2210,31 175,3610,81

242py 12 174,3440,12 . 178,7410,13
18 178,6910,165 179,68 (241Pu) .172,8940,18 (]
20 173,0710,10 172.47£0,10
30 172,8640,17 172,2640,17

244py 12 173,6640,40 172,9640,40
15 172,6940,22 179,8 (241m) 171,0040,22 N
20 171,9110,20 : 171,3140,20 R
30 171,63:0,28 171,0640,28
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THE DEPENDENCE OF THE FI1ISSION CROSS-SECTIONS FOR HEAVY
NUCILEL ON NEUTRON FNERGY IN THE "PLATFAU" REGION

G.N. Smirenkin, B.I1. Fursov

The paper presents a wide set of experimental data on fission
probability and fast neutron cross-sections for Pa Cf nuclei in the
first "plateau” region (E, = 1-7 MeV). Energy dependences of fission
cross sections, fission probabilities and compound nucleus formation
cross- sections are compared. Some conformity to natural laws regarding
fission probability energy dependence as a function of nucleon
composition is identified.

Fission of heavy nuclei in the reaction (n,f) is characterized by the
presence of a "plateau" region in the fission cross-section which is a
function of neutron energy. This property of the fission cross-sections
of ~ oclg/(Fg+ly) can be explained by the weak dependence on E, of the values
contained in this equation: the compound nucleus formation cross-sections o,
and the width ratios (neutron and fission) of its predominant decay processes
Fn/Cg [1]. The concept "plateau" in the dependence of(E,) is approximate as
is the assumption o, = const and I',/I¢ = const. However, the latter is often
used not only for the sake of simplicity but also because of the lack of
system in the available knowledge about the energy dependence of the
registered values, particularly of the ratio [,/F¢. This is the actual
situation, despite the urgent practical requirements for accuracy in the
measurement and description of nuclear physics constants, of which the
dependence og(E,) is one of the wost important.

In this work an attempt is made, using the results of multiple
measurements of cross sections for the fission of heavy nuclei by fast
neutrons in electrostatic generators [2], to generalize the data obtained and
to deduce the basic principles governing the dependence o¢(E,,Z,N) for
the first "plateau” region (2 < E, < 5 Mev).

Experimental data on the dependence of (E,) (Fig. 1) are obtained
from direct measurements of the fission cross-section ratios. For standard
cross- sect.ions (235U and 239Pu), evaluation data from the ENDF/B-V library
were used. The set of nuclei studied by us was supplemented by the results
of similar measurements for 234y [3], 244py [4], 238py [5], 242 mm and
245cm [6]. From Fig. 1 it can be seen that the data of other authors have
on average a wide spread which is disadvantageous for the study of such
regular properties as the fission cross-section "plateau™ and such minor
effects as their deviation from the traditional simplifying assumptions
of = const and /T = const.

From the experimental data it can be seen that the virtually ideal
"plateau” of(Ep,) = const in the 238U(n,f) reaction, which was widely
used previously [1] to demonstrate this property is in fact untypical for the
pattern of measurements observed for of(E;,Z,N). However, the presence
in the same energy region E, = 2-5 MeV of a monotonous (near to linear)
dependence of(E,) is characteristic of this pattern and makes it
possible to judge the gradient of the '"plateau™ which, as can be seen from
Fig. 1, depends to a large extent on the nucleonic composition of the
nucleus: on the parity of the number of nucleons and also generally on the
numbers Z and N. Some of these effects were noted in Ref. [7].
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Fig. 1. Dependence of fission cross-sections on neutron energy. Dala from
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244py, 15) for 238pu (up to 6 MeV), [6) for 242agM ang 2

0 - [3) for 234y, (4] for
450m.

The figsionability of the nuclei P¢(E, ). In order to discuss the

properties dog¢/dE, it is necessary to separate the effects caused by the
energy dependence of the characteristics o; and I,/Tf determining

the dependence og(E;). For this purpose, unlike in the case of the
dependence og(Ey), consideration is usually given to the fissionability

of the nuclei

Of(En )

E )= ——  — ~@a+D )2
f( n) oc(En) ( + n/ 1‘) 3

having a weak dependence on the properties of the entrance channel of the
reaction and essentially determined by the competition of the basic decay
channels of the compound nucleus (neutron and fission).

Figure 2 shows the results of calculation for the dependence
0o (Ey) using the coupled-channel method, carried out in Ref. [8], for
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Dependence of the cross-section compound nucleus formation on
neutron energy. [8}: 1 - 230Th; 2 - 232Th; 3 - 23Z‘U; 4 - 238U;
5 ~ 242Pu; 6 - 246Cm; 7 - 252¢¢

Fig, 2.

the wide range of nuclei from 230Th to 252¢f. From these it can be seen

that the dependence o.(Ep,Z,N) is fairly strong but the effect of

individual properties of the nuclei quickly decreases as the neutron energy
changes. 1In the region E, > 2 MeV the curves are contained in a fairly
narrow corridor, the width of which is a few per cent of o.. Nevertheless, in
determining the fissionability of nuclei the ratio o.(E,) is adopted for one
of the nearest neighbours in terms of the Z and N numbers.

Data on the fissionability of the nuclei Pg(E,) is shown in Fig. 3.
The behaviour of fissionability with change in energy can approximately be
described by the linear dependence

P (ED)
aE_

PﬂEn)=PdE3)+ (E,~ED) -

The values Pf(Eg) and de(Eg)/dEn, evaluated in the range E = 2.5-4.5 MeV

(Eg = 3.5 MeV) are shown in the table. At lower energies, the dependence
P¢(E,) changes more sharply, sometimes irregularly, which is characteristic of
the region close to one of the thresholds of the competing processes - fission
or neutron emission. At E, > 4.5 MeV this dependence systematically "sags"”

by an average of 5% (E, = 5.5 MeV). In most cases this conditioning effect

is associated with inaccuracy in the value o (E,) [10] at E, > 4.5 MeV,

since it does not occur in the fissionability energy dependence directly
measured in direct reactions.
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Table. Fissionability characteristics of nuclei

' 1 —1,, _o—1
Isotope P’ de"dEn ?l deldEn P! (1_?! )de,'dEn
i Key
281p, 0,38 - —0,012 . —0,086 —0,054
282p, 070 - —0,007 —~0,010 . —0,088
_283p, 0,57 - ' —0,020 —0,085 —0,081
284y 0,47 +0,004 +0,009 +0,016
238y 0,38 —0,006 ~0,016 —0,026
236y, 0,28 +0,016 +0,057 +0,079
. 238y 0,178 +0,012 +0,069 +0,084
B 0,50 +0,006 . +0,012 +0,024
288py 0,69 +0,014 +0,020 . +0,086
288p, 0,59 +0,008 +0,005 +0,012
240p, 0,62 . +0,006 _ +0,012 +0,024
241p, 0,49 —0,004 —0,008 —0,016
2U42py 0,44 0,000 0,000 0,000
2445, 0,38 —0,007 —0,018 —0,080
241\ m 0,59 +0,033 +0,056 +0,136
242m, 0,57 +0,022 +0,038 " 40,080
2480 m 0,47 +0,024 +0,051 +0,098
2484, 0,56 +0,006 40,009 +0,020
2480y 0,61 +0,001 +0,002 - +0,004

Since the fissionability of various nuclei differs by several factors,
the energy dependence Pg(Ep) can be conveniently characterized by the
relative quantity Pf*l(de/dEn) = d(1nPg)/dE,, which is also given in the
table. From the data given, it follows that the relative changes in Pg(Ep)
are at a maximum for those target nuclei whose cross-sections have a more perfect
"plateau” (238U, 241Am, 243pm) . Thus, the “plateau" in the dependence of(Ep)
does not prove the approximate constancy of the ratio I'/T'g, but on the contrary
is a consequence of the very strong dependence of that ratio (in the case of
the nuclei studied) and this dependence leads to contradictory and somewhat
similar changes in the factors o, and Pg.

The enerpy dependence Pg/E;) and the nucleonic composition of the
nucleus. The primary characteristic determining the probability of fission is
the ratio of the mean widths I';/T¢. 1Its relative change can be expressed
through the fissionability parameters

dlnl‘n/I‘f _

= p=1,4 _py1
= Pyl (1—P) dP,/dE .

dE,

The values of the right-hand side of this equation calculated for E = Eg
are given in the table and in Fig. 4.

The following conclusions can be drawn from the data examined:

1. The fissionability energy dependences and the ratio I',/T¢ are
associated with even-odd differences: target nuclei with an even
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number of neutrons, shown in Fig. 4 by black marks, are
characterized by large values for dP¢/dE, and other parameters

(see table). The insensitivity, noted earlier [1 and 9}1), of the
values Pg and I'n/T¢ (for the middle of the "plateau™

E, ~ E?) to even-odd variations in the nucleonic composition of the
nuclei is a result of the smallness of the ratio dPg/dE, in general
and the change in the N number by one in particular in comparison

with the average ratios dP¢/dN and dP¢/dZ;

2. The value Pf"l(l-Pf)“lde/dEn increases as the number N increases
for identical parity of uranium isotopes but falls for plutonium
isotopes and, it appears, for americium isotopes also. There are
not enough neutron data available to produce representations of
the Z-dependence.

The theoretical description of the fission cross-sections and
fissionability of actinides in the energy range examined constitutes a
difficult task which involves taking numerous factors into account: the
two-humped shape of the fission barrier, the influence of shell structure and
of collective excitations, the effects of coupling of nucleons on level
density, the difference in the properties of the excited nuclei in equilibrium
and transient states, and so on. Taking each of these into account may have a
significant bearing on the effect which is being studied experimentally by the
authors. In such a situation an attempt to make a qualitative inierpretation
on the results of this work would be somewhat hazardous.

The difficulties of producing a theoretical description of the
dependences of(E) and Pg(Ep) underline the importance of classifying these
characteristics. The scale of the effect Pf-lde/dEn,f 7 x 1072 Mev-1
evaluated by the authors indicates that the classification developed earlier [101}
on the assumption Pg(Ep) = Pf(Eg) = const can predict the fission cross-
sections of(Ey) with an accuracy of better than + 20%. This accuracy is
established on the basis of the requirements for nuclides with which it is
difficult or impossible to carry out dirvect experiments because their lifetime
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is too short for measurements to be taken. The authors hope that the
establishment of representations of the dependence dPg/dE, on the Z and

N numbers, on which a start has been made in the present study, will be
continued with the help of data on fissionability in direct reactions and that
on this basis it will be possible to obtain new data about the phenomenological
description of fission cross-sections and the fissionability of heavy nuclei.
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EVALUATION OF THE ENERGY DEPENDENCE OF THE AVERAGE NUMBER OF
PROMPT NEUTRONS v, FOR NEUTRON- INDUCED FISSION OF
235y 1IN THE 0-20 MeV ENERGY RANGE

V.V. Malinovskij, M.S. Tarasko

The most detailed sets of v, were used for the evaluations,
and the necessary corrections made. The least-squares fitting
procedure was applied for each data set to derive segmented straight
lines. The final estimates were made by the method of least squares,
jncluding systematic experimental errors. The results of this study
are compared with other evaluations.

The average number of prompt neutrons v, for the fission of 235U nuclei
was measured with the use of monoenergetic neutrons and not less than four
experimental values [1-23] (Table 1). For practical purposes, it is necessary
to have an evaluated dependence which can be used to calculate the value and
uncertainty of the number of %, for an arbitrary neulron energy E,. To this
end, we chose a piecewise linear dependence which takes into account that the
evaluated value of Gp is determined at different sectors of the 0--20 MeV range
by the fission of compound nuclei differing in excitation and nucleonic
composition and by the contribution of inelastically scattered neutrons from
the (n,xn'f) reactions (x equals 1, 2, 3). The true dependence v, (E,)
is undoubtedly more complex than the pilecewise linear dependence but the
present status of experimental data for neutron energies above 6-7 MeV will
hardly enable us reliably to determine a more complex dependence. The
evaluation method is described in detail in Ref. [24]). The systematic errors
attributed to each data set are given in Table 1. The data used are
normalized in accordance with the values of the average number of prompt
neutrons for 292¢f spontaneous fission, equal to 3.757 + 0.005 and with the
values for thermal neutron fission of 235U, equal to 2.411 + 0.005, taken
from Ref. [25].

Table 2 gives the evaluated values of v, for neutron-induced fission of
235y, The value of x2 and the number of degrees of freedom correspond to
the number of parameters obtained from individual data sets. The uncertainty
of the standard was taken into account by multiplying all the fitting errors
by (1 + oét/ogit)l/z, where ogy = 0.005 and ofjt is the smallest of the
fitting errors.

In Fig. 1 we show the results of studies published (or corrected {11,
13-15)) after 1972. The systematic errors in studies published up to 1970 are
slightly higher in comparison with those of the authors. The 1969 [11] data
corrected in Ref. [10]) were renormalized once more in accordance with the
refined results of the same authors [16, 17]. Of the 33 values given
in Ref. [19], only 28 (up to neutron energies of 10 eV) were used; the remaining
values were clearly erroneous. According to a later communication of the same
authors [26] the results of Refs [19, 20] were reduced by 25% (systematic shift
due to the use of different fission chambers with a 292¢f layer).

This correction minimizes the divergence in the results of measurements of
vy for thermal neutrons revised with allowance for the correction for the
tgickness of the fissionable material layer in Ref. [23].

Only two data sets [12, 22] have been published for neutron energies
above 15 MeV. The results of Ref. [22] were taken into account with a large
systematic error since the normalization of detector efficiency performed by
the authors 1s not very reliable. The data of Refs [12, 22) differ
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Table 1. Set of experimental data used in the evalvation of Up for neutron-induced
fission of 235y

¢

be erroneous.

*2
*3

*4

{27].

Of the whale set of seasurements [22], only four values were used in this range.
The detector efficiency was norsalized by comparing the results of seasuresent of 3p for
energies below 15 MeV with the evaluated data of Ref.
The weighted mean value of the results of weasurement for thermal neutrons. .

Neutron energyl Nunbe? of AI i:::da;gsp 262 ‘ Type of neutron Syste-?tic errow
range, experimental | . p ooen ) taken in
NeV points : : .~ detector | evaluation, ¥ [Reference
0,031,786 8 2,414 [I':P’ (238yy '8¢ . counters in 08 o .
' soderator . -
0,28—14,6 8 8,771 Large ligquid 1,1 )
b ’ [seintillator (LLS) ’ .
0,041,926 18 , 3,782 ° s 1,2 . B
0,101—2,672 . 9. 3,76 Boron tank 0,8 WY,
10,039—-1,0 16 8,782 *98F3 counters in. " 08 |
_ . soderator E M E
0,37-3,25 u 2,414 _ Sane _ _ .__1',5' . o
0,66—6,60 37 3,172 LLs .11 o
0,0—1,615 13 3,782 3He counters in ‘09 I
K moderator - .
0,198—0,986 34 3,768 LLs 0,7 @ -
1,87-14,79 22 3,782 " T > 0,68 no1y
22,79—-28,28 8 8,782 0,7 02l
0,0-1,9 15 3,745 " 0,58 (18-18]
0,21~1,57 " a 3,745 0,02 1, 16,17}
0,88-5,73 .18 3,758 " 112 (18] .
(0,006—80) 109 28(33) 1 ? 0,298 ool
6-104~11,12 . 20 ~ - . 088 20
1,14—14,88 29 3,732 " " 0,88 (3
- * 1 3 -
17_2.5'9 4°2 3 "(l;g;;\;na::ltxpher .2‘75 : .(22:7
. . scintillator .
< 31078 From five - LLS and boron tank 0,12%4 Y
|g§5urelents ) ’ - ' ; . ,
* The last five values of this seasurement series were not considered since they are known to

Table 2. Evaluation of the energy dependence of 3,, for neutron~induced

fission of 235y

Remarks:

Xz = 55.3 for 52 degrees of freedouw.

* Neutron energy, MNeV
Parameter
2,63-.208 0.1 1,3, 3,5 7.0 14,0 20,0
Value of 35 2,408 2,424 2,643 2,826 3,384 4,426 5,078
Error: : .
Obtained during .
fitting - . 0,004 0,008 0,007 - 0,018 0,011 0,016 0,016
With allowance for - : ;
standard error 0,006 0,008 . © 0,009 0,016 0,014 0,021 0,021
. . 1 '
Correlation matrix —0,01 1’ .
0,00 —0,37 1 o
0,00 0.07 -0,19 1 T
0,00 . 0,00 0,00 - —0,01 1 '
’ 0,00 0,00 —g,01 0,00 -0.39 ] 1 :
O,QO 0,00 0,00 0,00 - -~0,10 0,60 1
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Fig. 1. Dependence of 3. on neutron energy for the fission of 235U nuclei in the 0-1.5 NeV (a) and
0-15 MeV (b) ranges. Experi%ental data from Refs: 0 —(3/; A —[0,11; © —[13-15]; 0—‘
Ne); @ ~roy; v —[23; O —[16,17). Evaluated data from Refs: — — [27]; ===~ - present study.

substantially (up to 5-6%). The actual error in evaluation of the average
number of vp in the 20 MeV region is therefore ahout 4%.

Table 2 and Figs 1 and 2 give the evaluation results. The data used
agree satisfactorily. As will be seen from the figures, the structure
revealed in the evaluation [27] is, in our opinion, not justified. The
difference in the evaluations does not exceed 1% except in the region
near 20 MeV.
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THE EXPERIMENTAL DETERMINATION OF RESONANCE SELF-SHIELDING FACTORS
AFFECTING THE NEUTRON RADIATIVE CAPTURE CROSS-SECTION FOR 238y,
IN THE 10 TO 140 keV ENERGY RANGE

V.N. Kononov, E.D. Poletaev, M. V. Bokhovko, L.E. Kazakov,
V. M. Timokhov, A.A. Voevodskiy

A method for experimental determination of capture self-shielding
factors is described, based on simultaneous measurement of the
transmission and the capture self-indication. The measurements were
carried out with the EG-1 FEhI pulsed Van de Graaff accelerator using
the time-of-flight technique. The results obtained are in agreement
with the data for the group constants BNAB.

High standards of accuracy are required for the measurement of neutron
data used for fast-neutron reactor calculations (2.5-3% over a wide energy
range, in the case of the 238y neutron radiative capture cross-section).

The same degree of accuracy should clearly apply to determination of the
resonance self-shielding factors used to calculate the resonance structure of
neutron cross-sections. However discrepancies in both experimental data on
the resonance self-shielding factors affecting the capture cross-

section [1-3] and the results of their calculation using mean resonance
parameters [4] exceed this value significantly for several energy groups.

This experiment is a continuation of earlier work [1, 5, 6} on the
measurement of resonance self-shielding factors for the neutron capture
cross-section in 238U, using a neutron spectrometer with the EG-1 FEhI
pulsed electrostatic accelerator. Perfecting of the experimental facility
enabled significant improvements to be made in the background conditions for
the measurements and more reliable results to be obtained.

The method of experimental determination of the resonance self-
shielding factor for capture cross-section f. consists of using the capture
cross-section T.(t) to measure the partial transmission and the total
cross-section of T¢(t) to measure the transmission. The cross-sections

have the form

N (1) S ¢(E)oc(E) exp 7o, (E]dE
€ AE

TR @ :
< S w(E)ac(E)dE

AE

where N.(1) and N,(1) are the number of readings by the capture event

detector and the neutron detector for filter thickness t; N.(0) and N,(0) are
the corresponding numbers of readings during exposure to an open neutron beam;
¢(E) is the form of the source neutron spectrum; £(E) is the energy dependence
on the efficiency of the neutron detector; and AE is the width of the

spectrometer resolution function.

The value of the coefficient f, can be derived from the values of
To(t) and Ti(v), using the correlation:

£ = S Tc(f).d-r S T,y (7)dT. (1)
o - 0
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The transmission measurements were carried out on a neutron
spectrometer by the time-of-flight method on the EG-1 FEhI accelerator (see
figure). The main spectrometer parameters are as follows: duration of
neutron burst - 4 ns, pulse period — 1.7 us; mean current — 2 pA; flight path
to capture event detector - 0.72 m, and to neutron detector - 0.51 m.

Transmission through the total cross-section Ty (r) was measured by a
detector with a thin (1.0 mm) 6Li—glass, and the partial transmission T.(r)
was measured by the self-indication method. Neutron capture events in the
indicator sample with a thickness of 6.46 x 10~3 atom/b (235y content
< 3.5 x 10-3%) were recorded by a 17 L-capacity scintillation detector. The
filter samples of depleted metallic 238y, in thicknesses of 2.37 x 10-2,
4.74 x 10~2 and 9.43 x 10~2 atom/b, were placed at a distance of 26 cm from
the accelerator target. The filter thicknesses chosen made it possible to
measure transmissions of approximately 0.7, 0.5 and 0.3 respectively.

The neutron source was the ’Li(p,n)’Be reaction, and a thick lithium
metal target was used. To reduce the neutron background of the location, the
target was surrounded by a 4w-shield, the principal component of which was
2 26 x 40 cm cylinder, filled with a mixture of 6LiH and paraffin. The neutron
beam was formed by a section collimator consisting of 6LiH rings with paraffin,
borated polyethylene and lead. A & 30 x 15 cm lead disk placed in front of the
detector system was used to shield the capture event detector from gamma radiation
arising in the accelerator target and the neutron shield, as
well as natural radioactivity from the filter samples.

During the experiment particular attention was given to investigation
of the background, which for the event capture detector can be divided into
three components: constant, variable and instantaneous.

The constant background is governed by cosmic and natural radiations,
and also the background of the measuring location coming from the neulron beam
and operation of the accelerator. The shielding used in the experiment
provided conditions in which the first two components of the constant
background were at the same level as the background caused by the neutrons and
the accelerator. In spite of a significant reduction in the constant
background, it remained a determining factor and the ratio of effect to the
constant background in the capture recording channel was 0.2, 0.9 and 1.9 at
neutron energies of 10, 30 and 100 keV respectively. However, the value of
this background component was determined with a sufficiently high degree of
accuracy in each operational exposure, thanks to the use in the experiment of
a 7 mm 23Na filter permanently in position on the neutron beam (E, = 2.85 keV).

The variable background is associated with neutron capture in the
shielding, the target structures and the collimator walls. The value of this
component is insignificant (approximately 5% of the total effect) and is
determined in experiments without an indicator sample.

The instantaneous background component is caused by recording by the
detector of neutrons scattered in the indicator sample. The background
represented 9, 3 and 1% of the net effect at energies of 10, 30 and 100 keV
respectively and was determined in experiments with a graphite equivalent
scatterer.

Investigation of the neutron detector background with 6Li glass showed
that it was constant in relation to the time of flight, and the background
value was determined from the saturated resonance field of the 23Na filter at
an energy of 2.85 keV and the field between the Yy peak and the beginning of
the spectrum measured by time of flight. The ratio of the effect to the
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with 6Li glass (NE-912); 9 - liquid scintillation detector for
capture events; 10 - 238y indicator sample; 11 - 238y filter samples
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Table 1. Experimental f_ values for u
E, keV f, Total error E , keV f, Total error
10-14 | 0,733 0,073 50—60 0,942 0,024
14—18 0,831 0,061 60—70 0,950 0,023
18—22 0,879 0,048 70—80 0,970 | 0,024
2226 0,893 0,040 80—30 0,961 0,023
26—30 0,901 0,034 90—100 0,982 0,023
30—40 0,924 0,028 100—120{ 0,986 0,021
40—-50 0,926 0,025 120—140 0,975 0,032
Table 2. Comparison of group values of f. with BNAB evaluation data [4]
Group AE , keV £, Ratio
. Present study BNAB

11 10,0—21,5 0,81810,057 0,830 1,015

10 21,5—46,5 0,908+0,031 0,910 1,002

9 46,5—100 0,947+0,019 0,938 1,012

8 100—200 (0,98210,023) 0,986 1,004
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background in the neutron channel was 1:1, 4:1, and 14:1 at neutron energies
of 10, 30 and 100 keV respectively.

An important condition for transmission measurement is the constancy in
time of the spectrum and the neutron source intensity, and hence the
measurements with various filters were reflected in short series
(approximately 2 min). The filter samples were changed automatically using a
set of a specific current integral on the accelerator target with simultaneous
switching of the time analyser memory group. There were two exposures with an
open beam in the full measurement cycle. Comparison of the exposures showed
that the systematic error in transmission measurement, relating mainly to the
inconstancy of the intensity and spectrum of the neutron source, did not
exceed 0.3%. The correction for the "dead time"™ of the recording apparatus
was not more than 0.8%. Control measurements of carbon transmission (with
filter thickness 8.6 x 102 atom/b), carried out simultaneously with uranium
filters, showed that the measurement results for the total 12¢ cross-section
agreed with the ENDF/B-V assessment to within 2%, and the difference in
transmissions obtained in the neutron and capture channels did not exceed 1%.

As a result of the measurements and processing carried out, energy
dependences of the transmission values T.(t) and Ty(t) were obtained
from which the factors of capture cross-section resonance self-shielding were
determined in accordance with expression (1). Data on the f, factor in
relation to the neutron energy are shown in Table 1, together with the total
error comprising the statistical measurement error, the uncertainty of
subtraction of background in time-of-flight spectra, the error associated with
the procedure for deriving the f. factor through expression (1), and the
error caused by instability.

In order to compare the results obtained with the group values of the
BNAB system of constants [4], the experimental data were averaged over the
1/E spectrum. This averaging is necessary since the spectrum of the neutron
source used [the 7Li(p,n)/Be reaction] deviates strongly from the Fermi
spectrum. The mean group values of the f. factor and the total error are
shown in Table 2. The good agreement (discrepancies of not more than 1.5%) of
the results of these measurements with the BNAB data may be noted.

In conclusion, it should be noted that the use of expression (1) to
obtain the f. factor is a direct experimental method for evaluating the
factors of capture cross--section resonance self-shielding. However, this
method requires transmission measurements for large filter thicknesses, which
is hindered by the decrease in the effect-to-background ratio, particularly in
the capture event recording channel. For greater refinement of the f.
value, it would clearly be desirable to carry out a theoretical analysis of
transmission measurements in the context of a model description of neutron
transmissions through mean resonance parameters. Such an analysis should also
makezgg possible to improve the accuracy of mean resonance parameter values
for u.



MEASUREMENT OF THE NEUTRON RADIATIVE CAPTURE CROSS-SECTIONS FOR
236y AND 197Au IN THE 3-420 keV ENERGY RANGE

L.E. Kazakov, V.N. Kononov, E.D. Poletaev, M.V. Bokhovko,
A.A. Voevodskij and V.M. Timokhov

The neutron radiative capture cross-sections for 236U and
197ay in the 3-420 keV energy range were obtained. The measurements
were carried out at the EG-1 FEhI pulsed Van de Graaff accelerator
using the time-of-flight technique. The saturated resonance was used
for calibration and the 6Li(n,c)3H and the 1°B(n,cy)7Li
cross-sections for flux shape.

The neutron radiative capture cross-section for 236y is an important
constant associated with the external fuel cycle, since neutron capture in
this nucleus, together with other processes, determines the degree of
accumulation of the radioactive nucleus 232U, whose decay leads to the
formation of powerful gamma emitters governing the radiation situation during
fuel reprocessing. The requirements regarding exact knowledge of the capture
cross-section for 236U over a wide neutron energy range are quite stringent
and amount to 7% [1]. However, the discrepancy between the few available
experimental data [2-6] and evaluations considerably exceeds this value and on
average attains 40%, while there are no data at all for the 50-160 keV range.

The purpose of the present study was to measure the capture cross-
section for 236y in the 3-420 keV energy range. Together with this,
measurements were made of the neutron capture cross-section in 197Au, which
yielded the possibility of evaluating the reliability of the method used.

Measurement method and experimental set up. The experiment to measure
radiative capture cross-sections was carried out with the fast and resonance
neutron spectrometer at the pulsed Van de Graaff EG-1 at the Institute of
Physics and Power Engineering (FEhI) (Table 1). The neutron capture events
were recorded via the prompt gamma quanta by a 17-L liquid scintillation
counter filled with a scintillator based on toluene with a 60% trimethylborate
additive, which made it possible substantially to reduce the sensitivity of
the detector to neutrons scattered in the sample. The neutron flux was
measured by a detector with thin (1 mm) 6Li—g]ass, located in front of the
sample under investigation, and a detector consisting of a 10p sheet and two
NaI(Tl) crystals located behind the sample. For normalization of the
cross-sections use was made of the saturated resonance method, making it
possible to exclude direct measurements of the effectiveness of detection of
the capture event and neutron flux [7-10]. In this case the capture
cross-sect.ion can be written as follows:

where N, and Ny j are the number of counts of the gamma detector and neutron
monitor in measurements in the fast neutron region; n is the number of atoms
per b in the sample under investigation; o, is the cross-section for the
6Li(n,a)3H reaction; T is the capacity of the 6Li—glass detector; S is
the correction for the final thickness of the 6Li—glass; S = FSFY is the
correction for the final thickness of the sample (Fg is the correction for
multiple scattering and resonance blocking of neutrons in the sample, FY is
the correction for ganma capture absorption in the fast neutron energy region);

35



and s$/s is the ratio of the degrees of effectiveness of the detector to
capture events during measurement in the resonance and fast neutron energy
ranges, as determined from an analysis of the measured amplitude spectra of
the capture event detector. The normalizating coefficient k can be derived
from experimentation in the saturated resonance region, using the relationship:

r Y r
. NT T FY
k= Pc r or

NT % SLi

c

where the index r denotes the quantities in the energy resonance region, and
the probability of neutron capture in the sample in the saturated resonance
region is determined by the formula:

Pcl'_—_[(l — exp(—n Utr):] (0;/0:) F:ns .

Calculation of capture probability was effected by the Monte Carlo
method, as a result of which values of 0.986 were derived for
236y(Eg = 5.45 eV) and 0.981 for 197Au(Eg = 4.906 eV).

Since the cross-section for the 6Li(n,u)3H reaction can be used as a
standard only up to an energy of about 100 keV, recourse was had at higher
energies to a neutron detector with a 108 sheet, and the shape of the
caplure cross-section measured with it was normalized on the basis of data
obtained for the 6Li—glass monitor. The capture cross-section in the energy
range above 110 keV was determined by the formula:

Nc TSB

o)
Np % s

%= kB

where kg is the normalization coefficient; Ng is the number of detector

counts with the 10B sheet ; oy is the cross-section for the

108(n,aY)’Li reaction; T is the transmissivity of the sample under
investigation; and Sg is the correction for the final thickness of the 10g gheet.

The principal capture cross-section measurements, which were carried
out with a flight base of 2.4 m (fast neutron and resonance region), yielded
absolute values for the capture cross-sections in the 16-420 keV range. For
extending the range downwards measurements were carried out with a flight base
of 0.72 m, embracing the energy range 3-130 keV. The results of these

measurements were normalized to the data derived with the flight base of 2.4 m.
Thus the experiment can be divided into three stages:

- Measurements in the 16-420 keV neutron energy range with a flight
base of 2.4 m;

- Measurements in the resonance region with the same flight base;

- Measurements in the 2-130 keV energy region with a fiight base of
0.72 m.

The geometry of the experiment for the 2.4 m flight base was kept
unchanged in both the fast neutron and the resonance regions. For
measurenents in the 16-420 keV energy region, the detector system was
installed in a room separated from the accelerator target by a concrete wall
2 m thick. Under these conditions measurements wevre carried out in the
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Table 1. Paraselers of the 5 KcV Van de Graaff accelerator

Cxperiment ;
Paraneter 1 2 3
Proton energy, MeV 1,9 2,1 2,8
Keutron energy, keV 2-130 16—420 1-30 ¢y
Pulse duration, ns 4 b 0,5 ps
Pulse period, pg 1,7 2,2 140
Kean current, BA 2 1,8 1,5
Flight base, = 0,51 (®Li- ponitor) | 2.2 (PLivonitor) |22 (Linonitor)
0,72 (LLSD) 2,4 (LLSD) 2,4 (LLSD)
| 2,7 (B sheet)
Kote: In experiments 1 and 2 the target was lithium metal, in experiment 3 it was
lithium wetal and a polyethylene moderator.

neut.ron energy region of a few electron volts. For obtaining neutrons of such
energies the target was surrounded by a polyethylene moderator 1.6 cm thick.

Measurements in the 2-130 keV neutron energy range were effected on the
short flight base. A short flight base makes stringent requirements on
detector shielding and neutcon beam collimation. The main component of the
shielding was a cylinder 26 cm in diameter by 40 c¢m long, filled with a
mixture of ®LiH and paraffin, which surrounded the target. The neutron beam
was shaped by a sectioned collimator of 6LiH with paraffin and lead. The
detectors were further shielded from the gamma radiation arising in the tarpget
and shielding by a massive lead disk 30 cm in diameter and 15 cm thick. The
reliability of collimation and the adjustment of the system were
experimentally tested using annular samples of 11519 placed in the capture
event detector. Measurements showed that in the solid angles subtended by a
sample 36 mm in diameter, 99% of the neutron beam was collimated. The use of
this shielding substantially improved the background conditions of the
experiment and made it possible to decrive reliable data at low neutron
energies, where output from the target is small.

Great attention was paid to study of the background. 1In order to be
able to monitor the detector background at each exposure, the neutron beam was
continuously covered by a metallic sodium filter 7 mm thick. The capture
event detector background can be arbitrarily divided into three partis:
constant, variable and instantaneous. The constant background, caused by
cosmic radiation and natural radiocactivity, also includes the measuring room
background associated with the neutron beam and operation of the accelerator.
Its value was determined at each exposure for two time-of-flight regilons:
between the gamma peak and the time of arrival of the fastest neutrons and in
the "dark" resonance region in 23N§a at an energy of 2.85 keV. The variable
background is associated with neutron capture in the shielding, the target
structures and the collimator walls. The value of this component of the
background is insignificant and can be derived with a high degree of accuracy
by experimenting with an empty channel. The instantaneous component of the
background results from the recording by the detector of neutrons scattered in
the sample following their absorption in the scintillator and the detector
envelope. This component was modelled using equivalent scatterers of
graphite, 208pp, natural lead and bismuth oxide. Investigations showed that
detector sensitivity to scattered neutrons was approximately 2 x 10-2 at a
neutron energy of 5 keV, descending to 5 x 10~3 at an energy of 100 keV.
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Table 2. NKeasurement error values

Error, %
E |- Subtraction of Relative shape  [Introduction
keV | Statistical {background Noraalization | °F referen?e of ] Total
cross—sections corrections
N T
1 Q
]97Au 236y [197,,] 236y ]97Au ] 236y | 65, (n.0) JOB(n,O'y) 197, ,1236y [ 1€ 7Au 236y
5 . 134 4,3 4 8,1 - - 0,5 - - | - 6.4 10
10 |15 1,9 1,3 3.2 - — 1,0 - — - 4,2 5,5
30 (1,0 1,2 0,5 0,5 - - 2,0 - - - 43 46
100 0,9 1,0 0,5 0,5 2 2,1 2,0 — 3 3,31 43 45
200 11,2 19 0,5 0,5 - - - 1,6 — — 4,2 4,7
300-{1,3 1,7 0,5 0,5 - — — 2 - - 4.4 . 4,7
500-]1,0 11 0,5 0,5 - - - 2 - - 4.3 46

The background of the 6Li glass neutron wmonitor, which is independent
of the time of flight, was determined in the 2.85 keV region from the
resonance of a 23Na filter. The energy scale of the time analyser was
calibrated using the narrow resonance of the 23Na filter at an energy of
53.191 keV, recommended as a neutron energy standard when measuring by the
time-of-flight method. The measurements were carried out in cycles, including
experiments with sample, scatterer and empty channel. The samples used were
40 mm in diameter and consisted of 236y of thickness 0.00407 atom/b
(235 content 0.047%) and of 197Au of thickness 0.00458 atom/b. The samples
were packed in light aluminium containers with wall thickness 0.007 mm.

The errors in_the measurements of the capture cross-sections arise from
several sources (Table 2).

The error associated with the introduction of corrections comprises:
the uncertainty of corrections for the final thickness of sample, 6Li glass
and 1OB—sheet; the uncertainty of the correction for self-absorption of
gamma photons in the sample; the error associated with possible divergence
from unity of the ratio, er/cY, of the respective degrees of effectiveness of
the capture event detector in the resonance and in the fast energy regions;
the error in taking account of the recording in the capture channel of gamma
radiat.ion from 236U fission below the barrier; and the uncertainty of the
correction for the isotopic purity of the samples and the accuracy of
determination of the number of nuclei,

Measurement results. The experimental results of measuring the fast
neutron capture cross-sections for 197Au and 236y are given in Table 3 and
Fig. 1. 1t will be seen from the figure that the data from the present work
are in good agreement with the results of studies [11, 12] in the energy
region up to 100 keV. 1In the 100-200 keV range they lie below the data quoted
in Ref. [11) by an average of 3-5%, but are in good agreement with the data
from Ref. [12]. The results in Ref. [14] lie systematically lower than the
present results by approximately 7-10%. Throughout the entire measured energy
range our data are in good agreement with the evaluations of the ENDL-78 and
ENDF/B-V libraries. 1In the energy region around 270 keV there is a distinct
spread in the capture cross-section, caused by the opening of a competing
neutron inelastic scattering channel with excitation of two levels (1/2% for
268 keV and 5/2% for 2/7 keV).

Our data on the capture cross-section for 236y are quite detailed.
They clearly show the effect of competition from the opening neutron inelastic
scattering channel with excitation of a collective 2% level in 236y with
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Table 3. Fast nevtron capture cross-section, mb

E, keV 19744 236y E, keV 197, 236y,
3~4 . 27674221 22751303 ‘78 1550176 1166186
4—~5 21761148 19291220 8—9 1355161 1101170
5—6 20212123 16471165 910 118962 1086163
6~7 1732294 13761117 10-12 1170161 919451
12—14 987141 876146, ) 120-130 285412 243111
14—16 825435 B73+45 130140 283412 238111
1618 802134 768238 ' 140-150 277112 223110
16—20 709+30 733435 150—160 281412 214110
20—22 666229 69433 160—170 276412 209410
22--24 617426 705233 170—180 271112 216210
24—26 628+27 . 675432 180—190 266111 214210
26—28 601426 620229 190—-200 260411 211410
28—30 621427 619229 200—210 261211 206210
30—35 553424 586127 - 210—220 269211 203410
35—40 526423 545425 220—230 269411 213410
40—45 468+20 531224 230—240 258411 214210
45—50 446419 490223 240—-250 257111 19429
50—55 408218 433420 250—260 250411 19629
5560 400217 417119 260—270 249411 20249
60—65 391417 389418 - 270—-280 247211 18748
65—70 352416 368417 2650~280 21749 19249
70—75 369116 342216 290-300 20919 201+9
75—80 359215 330215 - 300—320 20449 20310
BO—85 346415 315%14 320—~340 18918 19729
65—90 332114 299213 340—360 17528 19019
20—95 323114 288+13 360—380 1637 18619
95—-100 .| 318+14 277412 380—400 15547 18649 -
100—110 |- 322414 272412 400—420 15146 16529
110-120 206113 257412

an energy of around 45 keV (Fig. 2). In the 3-50 keV energy range the data
from the present work are systematically lower (by approximately 15%) than
those obtained in measurements in a lead cube [4], while in the energy region
of a few electron volts the divergence attains 40%. 1In the energy range
160-400 keV our resulits are in good apgreement with the data in Ref. [5]. The
results of Refs [2, 3} are situated considerably higher (by approximately 40%).

The concordance of our results for the 197au capture cross-section
with the latest experimental data and the most recent evaluations indicates
the reliability of the measurement method applied. Hence, the results
obtained, covering a wide neuil.ron energy range and using a measurement method
independent of those of other authors, can be regarded as satisfying the
requirements regarding accurate knowledge of this constant.
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