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The isomeric state 11/2 js known in several spherical odd-A nuclei in the mass
range 107< A <143. In these nuclei isomerism is caused by the position of the #,,,»
— m_..sm_m — particle state with Trespect to either the s,,., d.» or d,,. — states
requiring an E3 or M4 radiative transitions [1].

Such odd-A nuclej can be formed in an (n, 2r) reaction with 14—15 MeV
neutrons. Extensive data for cross-sections on these nucleides are found in
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ISOMERIC RATIOS IN THE MASS RANGE
107<A4 <143 FOR (n, 2n)
REACTIONS AT 14.8 MeV
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T e i s

. Based on the method of Huizenga and Vandenbosch. the calculations of the
isomeric cross-section ratios for (n.2n) reactions at 14.8 MeV neutron energy were
performed in the mass range 107<A <143 using different nuclear level density
approaches. Theoretica| predictions were found to be in reasonable agreement with the
experimental data. Present accuracy of experimentally determined isomeric ratios is,
however. insufficient 1o prefer any of the four level density models used.

e

P

H3OMEPHBIE OTHOMEHUS B OBJIACTH MACC
107<A <143 19 PEAKIIMI (n,2n)
IPH 3HEPIUHU 14.8 M>B

B o6aacru mace 07<A <143 TPOBEACHLI BHIYHCAEHUS H30MEPHBIX COOTHOMIEHUN
nonNepevHOro cevenus pny peaxkumit (n. 2n) npu SHeprun HeirtpoHos 14.8 MaB, oc-
HOBaHHbIE Ha MeToje Xvizenru un BaHgenGowa c HCTTONBL30BAHMEM pa3HBIX npuo-
THKEHHA NIOTHOCTH spepHiix VPOBHe#A. YcTaHoBAeHO, yTO TeopeTHYeckue npep-

HAKO HE10CTaTOYHOM 107 Toro, 4T00b! NpegnovecTs KaKYy0-1160 U3 4eTbIPEX UCNONE-
30BaHHLIX MOZeNeR MnoTHoCTH VPOBHei.

L. INTRODUCTION

sy

literature [2]. On the basis of a statistical model Vandenbosch and Huizenga
[3] have developed a method for calculating the theoretical isomeric cross-section
ratios (ICSR). This method is restricted to compound type reactions only. The
(n, 2n) reaction is a good example of the compound process.

The nuclear level density is one of the fundamental quantities in the calculation
of ICSR. It seems of interest to carry out theoretical calculations with different
models of level densities in order to test the ability of the model for describing the
experimental results. .

The aim of the present paper was to test the validity of the four theoretical
nuclear level densities for calculations of the isomeric ratios in 25 nuclei ('*" '"*Pd,
1 :MOQ' 7019121, _wumzu 19,121, _N.u. 127, _Ncﬂlﬂu 129,131,133, _umx04 131,133,135, _u.\wNJ 137, _utn@-
"“'Nd, '*Sm) having the same isomeric state 11/2 and compare them with the
averaged experimental results for (n, 2n) reactions at 14.8 MeV. No such systema-
tic calculations through-out large region of mass numbers have been carried out.

II. ADOPTED MODELS OF NUCLEAR LEVEL DENSITIES

The dependence of the nuclear level density of the angular momentum / is
expected to have the functional form [3]

o()=Q2I+ 1) exp [~ I(1+1)/26%]0(0), (N

where the quantity ¢(0) is the density of levels with /=0 and contains most of the
dependence of the nuclear level density on the excitation energy. The quantity o is
the spin cutt-off parameter which is a model-dependent quantity [4]. In the present
section we shall describe briefly four theoretical models of nuclear level densities :
the shifted Fermi gas (SFG) [5—7], independent pairing (IP) [5.7. 8] superconduc-
tivity (§) [5, 7, 9, 10] and the Gilbert—Cameron (GO) [11].

IL1. Shifted Fermi gas model (SFGM)

The simplest theoretical model is the Fermi gas model. The equation of state for
this model is .

U=af—¢, @)

where U is the excitation energy, ¢ the thermodynamic temperature, d the level
density parameter (equal to 7°¢g/q, g is the density of the single particle levels). In
this model, the quantity o is related to the rigid body moment of inertia B, by

2 m\N

o== =0.01378A4°" (MeV) ™"t (MeV). 3
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5

From Eq. (2) and the relation (3) the angular momentum dependence of the leve]
density at different excitation energies can be determined. This model was
modified to take into account pairing interactions,

The effective excitation energy U is related with the excitation energy £ by
U=FE—¢gb 4)

where § is the pairing energy and €=0, 1, 2 for odd-odd, odd mass number and

even-even nuclei, respectively. We shall call this modified Fermi gas model
a Shifted Fermi gas Model (SFGM).

I1.2. Independent pairing model (IPM)

Ericson [4] and Lang and Le Couteur [8] have modified the Fermi gas
Soaw_ by including a simple form of Umm:.:m::mao:o:.::Em ano:rmozmﬁw

o= %‘ texp (~0.8748/1). (5)
The Emaa.o%:msmn temperature  is given by the same equation (2) of the SFGM.
The effective excitation energy U is related to the excitation energy F by

ad’ ;
QuM+Q+G:39 (6)

£ has the same meaning as in the SFGM.

Hr.n moment of inertia implied by IPM is considerably less than the moment of the
rigid bodyv even at quite high excitation energies.

I1.3. Superconductor model (SM)

In the Superconductivity model of the level density the following expression for
he spin cut-off parameter was derived by Lang [7]:
5, ﬂ@

g =

=) A). (M

5

‘here the function A(U) and the 5250&333 temperature ¢ are tabulated in
ef. [9].

8

|
|
|
|

The effective encrgy U is related to the actual excitation energy E by the
equation

U=FE+¢d, (8)

where £=0), 1, 2 for even-even, odd mass number and odd-odd nuclei, respec-
tively.

I1.4. Gilbert—Cameron model (GCM)

Gilbert and Cameron [11] give a special form of the nuclear level density
o(U), namely a constant temperature level density at low excitation energies and
a Fermi gas type level density at high excitation energies. If the ground state of the
gas is approximated by the reference mass of odd-odd nuclei, then U is given by

U=E-A ©)

where A is the nucleon pairing energy, which may be subdivided into separate
contributions from neutrons and protons .

A=P(N)Y+ P(Z), (10)

P(Z) and P(N) are pairing energies tabulated in Ref. [11]. The pairing correction
has the practical justification of removing even-odd effects from the level density
parameter a. The shell effects are accounted for by use of the shell correction
parameters of Cameron’s semi-empirical mass law. The total shell correction § is
again subdivided into proton and neutron contributions

$=8(2)+ S(N), . (11)

$(Z) and S(N) are shell corrections tabulated also in Ref. [11]. Gilbert and
Cameron have found that a linear correlation between a/A and S exists

a/A=0.009175 ~0.142. (12)

Thus the pairing corrections and shell corrections derived from the semi-empirical
mass law remove the even-odd effects and shell effects from the level density
parameter. The spin cut-off parameter ¢ in the Gilbert—Cameron model is given
by the formula ‘

0’ =0.0888(all)' *A %", (13)
where A is the mass number of the compound nucleus.
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. CALCULATIONS

To simplify the calculations the following approximations were made :

1) The influence of competitive (n, p), (n, a) reactions has been neglected
because their cross sections in the considered mass region 107<A <143 are
always much smailer than the (n, 2n) reaction cross section [12].

2) As it follows from the evaporation theory [13] each neutron in the compound
nucleus decay carries out an average energy

(&,)=2r, (14)

“where 7 is the nuclear temperature which with a good approximation can be

n&oc_maa:osﬁro S_m:o:cng@ozgo \nxn:m:oz energy U and the nuclear
temperature : H

U=ar"-4r1. (15)
- The energy U was Corrected by the E::,:m energy.

that the average gamma energy ranged from 1—1.6 MeV.

The y-cascade was assumed to consist of 1.3 MeV dipole y-rays except for the
Emﬂ. :m.zmao:. The latter, not limited to dipole multipolarity, dissipated residual
€xcrtation energy and formed isomeric states [3,5].

4) During v-ray deexcitation the valye of spin cut-off parameter o was
considered constant.

Calculations of ICSR were made with the following choice of parameters:

a) the :w:mammmmo: noo.ﬁmomo:a for neutrons were taken from Ref. [15]; b) the

= NP (18)

vhere N represents the neutron number; c) the level density parameter
? appearing in Eq.(2) and Eq. (15) is expected on theoretical grounds to be rela-
ed to the mass number 4 [17]. The calculations done in this work use a=
= > /8 MeV™';d)the rigid-body moment of inertia B, was calculated using a nuclear
adius parameter r,=1.2 fm [5]. For SFGM lower values of B, are sometimes used.

hus a reduced value of the moment of inertia equal to 0.658, was also used in our
alculations [18]. :

)0

0.476
0.497
0.483
0.708
0.593
0.600
0.605
0.604
0.706
0.608
0.608
0.612
0.610
0.610
0.618
0.605
0.533
0.533

GCM

S i

Theory
SM
0.316
0.394
0.329
0.649
0.508
0.531
0.569
0.587
0.546
0.466
0.526
0.588
0.609
0.553
0.588
0.613
0.641
0.410

IPM
0.281
0.279
0.277
0.558
0.468
0.482
0.479
0.495
0.587
0.484
0.485
0.504
0.517
0.492
0.510
0.529
0.539
0.363

R TP

0.208
0.222
0.192
0.499
0.383
0.410
0.434
0.434
- 0.399
0.395
0.441
0.481
0.446
0.449
0.474
0.502
0.298
0.442
0.449
0.487
0.464
0.491
0.488
0.456

Isomeric cross-section ratios
0.385

SFGM
B=0.658B,

B=B,
0.468
0.429
0.475
0.713
0.604
0.614
0.627
0.638
0.677
0.596
0.616
0.640
0.648
0.632
- 0.643
0.655
0.666
0.531
0.639
0.643
0.659
0.640
0.651
0.640
0.626

0.10

0.59+ 0.11

0.10

Table 1
Experiment
037+ 0.03
040+ 0.03
043+ 0.07
0.44= 0.03
0.57+ 0.09
0.83+017
0.49+ 0.10
031+ 0.05
0.44+ 0.08
045+ 0.05

o
056+ 0.03
085 0.15
045+ 0.07
037+ 007
0.44+ 0.04
041t 0.09
0.48+ 0.08
0.69+ 0.11
0.55%
053+ 0.06
051 0.03
0.39+  0.02
0.37  0.02

576

0, (mb)
1735+260**)
1794£269*%)
1810£270%*)

6854253%%)

7204258**)

725+259*+)

646+ 54

473+ 32

Total n, 2n
Cross-sect.
1299+ 70
1299+ 70
1580+237
1447+ 56
1650+247
1220+131
1473+ 83
1700+255%*)
1604151
1455+ 55
16951£254**)
1739+261%*)
1791£269%*)

Isomeric cross-section ratios O/ 0, fOT (11, 211) reaction at 14.8—0.4 MeV neutron energy

Cross-section
for excitation
of isomeric
state g, (mb)
484+ 27 -
515+ 23
676t 52
635+ 31
942+ 60
1444+210%)
875+135
562+ 21
535+ 85
670t 62
980100
9491150
811+ 41
1435+130%)
775+ 65
665+ 80
750+ 50
6961120
833+ 40
1193+ 67*)
1948+100
976+ 66
907+ 44
646+ 25
540+ 20

0
2Ny
*Sim

Target
nucleus

2.

3

4.
10,
11.
14.
21.
22.
23.
24.
25.

g on neighbouring stable isotope
s procedure [18).

*) With contribution of inelastic scatterin
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2

75

70

65

192

ged experimental isomeric cross-section ratios ¢,/

Comparison of the weighted avera

1.

Fig.

O for (n, 2n) reactions at a 14.8—0.4 MeV

1 density models (@ — SFGM, x — GCM, O —

— experimental values), plotted versus the neutron number N.

IPM, A — SM. ¢

IV. NUMERICAL RESULTS

Isomeric cross-section ratios 0,./(0., + 0,) calculated with these models for
25 nuclei are listed in Table 1. The experimental values of isomeric ratios compiled
for the 14.8—0.4 MeV neutron energy are also shown in Table 1 for comparison.
From the measured values of the 0.(n,2n) and g,,(n, 2n) we have obtained the
weighted means; the weights being related to the reported statistical error of each
measurement. For the compilation we have made use of the CINDA 74 listing [2].

When only the g,, cross-section was known through experiment the J,,, was
evaluated using the Pearlstein [19] theoretical values. The errors of these total
cross sections have been estimated to be as large as 15 %. On the basis of the
results of Table 1 we have plotted in Fig. 1 the experimental ICSR (with errors)
and the theoretical ones predicated by different models versus the neutron number
N.

We see that in Fig. 1 almost all the data are encompassable within an arbitrary
drawn band whose half-width in the flat portion corresponds to a deviation of
about 15 % from the mean equal to 0.5 and in the early increasing part to about
20 %. Fig. 1 may be therefore used as a rough guide for predicting unknown ICSR
with an uncertainty of about 20 % for the lightest nuclei and 15 % for heavier
nuclei.

The calculated ICSR for SFGM (with B =B,,,) and GCM give nearly the same
results. On the other hand differences between results of SM and IPM are rather
small. We can only say that every one of the used models is able to explain
satisfactorily the experimental ICSR within experimental errors.

We can conclude that the accuracy of the experimental ICSR is generally
unsufficient to test the various nuclear density models.

At this point we must note that significant differences exist for experimental
ICSR in which a contribution of the inelastic scattering cross section on neighbour-
,ing stable isotopes was not separated from the cross section for the excitation of
isomeric activity g,, on the (n, 2n) reaction.
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