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Fission fragment angular anisotropies from neutron induced fission of 232Th and 235U were
a.nalyzed within the frame work of the statistical model. The analys1s were made at neutron
energies from threshold up to 50 MeV to deduce the variance K of the K-distribution of lev-
els in the transition nucleus. Our analysis shows, that the strength for the K-transition states
comes mainly from the higher angular momentas and is in accordance with Nilsson model

orbitals.
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INTRODUCTION

Atneutron energies, well above the threshold for
even-even target nuclei, the channels for fission open
fully, and many K-values become possible. This hap-
pens at excitation energies above 1.15 MeV, when it
becomes possible to separate neutron pairs, and the
complexity of the transition state spectrum increases
rapidly. So, at higher excitation energies fission is ex-
pected to occur through channels defined by K-values
distributed according to a Gaussian distribution cen-
tered around K =0. Itis thus appropriate to take the sta-
tistical distribution of channels at these energies. The
variance of the distribution K g is expected to vary
with energy, since as the energy increases, more chan-
nels will become accessible and K éwill change ac-
cordingly. This will make it possible to get information
about the contribution of Nilsson levels at different ex-
citations. The fission angular distribution data are evi-
dently crucial to obtain information on the variance
K . The details of the theory are described in the Sec-
tion on theoretical formalism. Results and discussion
will be presented in the last section.

THEORETICAL FORMALISM

The probability that a compound nucleus will
decay through a transition state is proportional to the
density of levels (I, K) in the transition state nucleus.
This is given by [1]
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where E is the total energy of the nucleus, £ mf Kis the
rotational energy of the level (/, w, K) in a transition
state, and 7'is the nuclear temperature which is a mea-
sure of the extent to which nucleons occupy energy
levels above the Fermi energy. The rotational energy is
given by [2]

I,n,K
Erot

n’ n*

= (I*-K*)+—K? (2)
23, PAT

From egs. (1) and (2) one obtains

hK?
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For fixed values of E, T, and / it becomes
2
r (3, 3.

This equation is equivalent to a Gaussian K-dis-
tribution and can be written as
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0

where K 32 (T /hz)[(l/S”) — (1/3,)] represents the vari-

ance of the Gaussian K-distribution of transition states.
The excited levels in the transition nucleus are
characterized by K quantum number which is the pro-
jection of total angular momentum along the symme-
try axis. With the assumption that the fragments sepa-
rate along the symmetry axis and that K is a good
quantum number during fission, the fragment angular

(5)
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distribution from a state with quantum numbers K and
M (projection of total angular momentum along the
space fixed axis) is given by [3]

2 +1
4n

The normalized d 5% x 6 functions are defined
by [4]
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where the sum is over X =0, 1, 2, ... and contains all
terms in which no negative value appears in the de-
nominator of the sum for any quantity in parentheses.

If the target and the projectile spins are zero and
there is no particle emission from the initial compound
nucleus before fission (i. e. M =0), then the overall an-
gular distribution for a fixed energy E, is given by
[5, 6]
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where the transmission coefficients are written as 7},
since { =/when M =0. Equation (8) is an exact theoret-
ical expression for computation of fission fragment
angular distribution when both the target and projec-
tile spins are zero. If the target and projectile spins are
included, an exact expression for the fission fragment
angular distribution is [7]
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The quantity /,, s, and j, are the target spin, pro-
jectile spin and channel spin, respectively. The chan-
nel spin; is defined by the relation j = I, @ s. The total
angular momentum / is given by the sum of the chan-
nel spin and orbital angular momentum; /=; @ (. The

projection of /, on the space-fixed axis is given by u,
whereas the projection of j (and /) on this axis is M.
The use of egs. (8) or (9), requires the evaluation
of many d ﬂ,[ x (0) functions and the Clebsch-Gordan
coefficients, hence these equations have rarely been
used for data analysis. In the present paper, we have de-
veloped a special computer code to run these more cum-
bersome theoretical expressions and thereby to deduce
the statistical variance K g . In the following we repre-
sent the obtained quantitative values of the variance K ;.

RESULTS AND DISCUSSION

Fragment angular distribution data at limited en-
ergy ranges have been compiled by various groups
[8, 9]. Fragment anisotropy data for 23*Th(n, f) and
238U(n, f) fission reactions [10, 11] have been analyzed
and the statistical variance K has been obtained by
fitting the experimental fragment anisotropies with
exact theoretical expressions (8) and (9). Optical
model transmission coefficients have been used in the
calculations.

The curve in fig. 1 illustrates the theoretical de-
pendence of K on the fission anisotropy. From this
figure it can be seen that K ;- parameter becomes larger
at smaller anisotropies. Calculations of the variance
K, for 22Th(n, f) system at various neutron energies,
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Figure 1. Fragment anisotropy W(0)/W(90) of fission
fragments for “*Th(n, f) system at 21 MeV neutrons. The
theoretical curve is calculated using eq. (9)

Table 1. Values of the anisotropies for 232Th(n, f) reaction
together with the deduced values of the variances K,

Neutron energy Anisotropy . 2

[MeV] (0)/W(0) Variance K
2.3 1.75 1.47
2.5 1.66 2.47
3.0 1.40 3.77
4.0 1.16 11.96
6.0 1.12 21.97
7.0 2.42 2.15
8.0 241 2.48
10.0 1.79 591
12.0 1.47 10.94
13.0 1.52 10.56
14.0 1.68 8.90
15.0 1.70 8.34
16.0 1.52 12.79
18.0 1.79 9.03
20.0 2.10 6.82
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have been made using the exact eq. (9). The optical
model transmission coefficients have been used again
in all calculations. The results are listed in tab. 1 to-
gether with the experimental fragment anisotropies for
this reaction.

The best fit values of K | listed in tab. 1, are also
plotted in fig. 2 as a function of incident energy. Fig-
ure 2 shows that the variance K ; increases smoothly
with neutron energy. This behavior implies that as the
excitation energy increases, many more single parti-
cle Nilsson levels contribute and cause the popula-
tion of K-states to become large. Similar analysis has
been made for the 23¥U(n, f) system. For example, the
dependence of K on energy is shown in fig. 3. We
see that the K parameter increases again for smaller
anisotropies. The best fit values of the variance of the
K-distribution for various neutron energies have
been computed for 238U(n, ) system in the same way,
as it was done for 232Th(n, f) reactions. The exact the-
oretical eq. (9) was used in the calculations. The re-
sults are listed in tab. 2 and are plotted in fig. 4. In par-
ticular, smooth increase of K with incident energy
indicates the contributions of many Nilsson levels in
this region.
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Figure 2. Degendence of the variance K 3 on neutron
energy for Z*Th(n, f) fission reaction. Note the smooth
increase in K; with increasing incident neutron energy.
Symbols represent the experimental results of different
authors [11-13]
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Figure 3. Fragment anisotropy W(0)/W(90) of fission
fragments for ~**U(n, ) system at 21 MeV neutrons. The
theoretical curve is calculated using eq. (8)

Table 2. Values of the anisotropies for 2*U(n, f) reaction
together with the deduced values of the variances K 3

Neutron energy Anisotropy . 2
[MeV] w(0)/ W(0) Variance K
1.0 1.53 1.15
1.4 1.55 1.68
2.3 1.34 3.66
3.0 1.34 441
4.0 1.28 6.86
5.0 1.26 8.96
5.8 1.38 7.10
13.5 1.38 14.30
14.0 1.55 10.42
15.0 1.46 13.02
21.0 1.56 14.05
35.0 1.20 37.20
46.0 1.41 33.80
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Figure 4. Degendence of the variance K on neutron
energy for 23Th(n, f) fission reaction. Note the smooth
increase in K 3 with increasing incident neutron energy.
Symbols represent the experimental results of different
authors [11-13]
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A3n3 H. BEXKAMMN, Coaejman PACOYJ/IN

MNPOYYABAILE UBABPAHUX ®UCUOHUX PEAKIINJA ITPUMEHOM
HUJICOHOBUX OPBUTAJJIA

Yraone aHu3oTponuje (hUcHOHMX (parMeHTa Hactamux ducujama 2>Th u 23U nzaspanum
HEYTPOHMMA pa3MaTpaHe Cy y OKBHpPHMA CTATHCTHYKOT MoOjeNa. AHalu3e Cy CHpOBEICHE 3a CHepruje
HEyTpoOHa off mpara 3a ¢uchjy o 50 MeV, na 6u ce negykoBana Kg Bapujanca K-pacnopena HuBoa y
npesa3HuM je3rpuma. Harra ananuza nokasyje fa eHepruja 3a K-TpaH3unmona crama moTuye yriiaBHoM Off
BUIIMX YTaOHMX MOMEHATA U fia je y CKiIafy ca HuicoHoBrM Mopiestom opouTasa.

Kmyune peuw: pucuona yzaona anusoitipoiiuja, > Th(n, ) u>38U(n, f) peaxuuje ¢pucuje, neyitiponcka

eHepauja, Huaconose opbuitiane



