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Abstract

Continuous spectra of neutrons inelastically
scattered on V51, Cr52' and Ni58 have been measured
with time -~ of - flight spectrometer at an incident
energy of 1l4.1 MeV., The spectra were observed gbove
the maximum energy of neutrons from the /n,2n/ reaction.
From these spectra, the level density parameters T and a
have been calculated. The results of investigations and
comparisons with other measurements are as follows: /a/

- the dominant reaction mechanism in the measured energy
range is the evaporation of neutrons, /b/ the Fermi gas
model gives a good approximation for nuclel with closed
shell, /c/ there is evidence that the effect of pairing
is insignificant at the studied excitation energy, /d/
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the optical model reaction cross section seems to be a
good expression for the invarse reaction cross section.

Streszczenie

Zmierzono ciqgle widma nieelastycznie rozproszo-
nych neutrondéw nsg V51 Cr52, N158 spektrometrem czasu
przelotu dla energii padajacych neutrondw 14,1 MeV,

Z czgBci .widma leigcej powyzej maksymalnej energii
neutronéw z reakcji /n, 2n/ obliczono parametry gestob-
ci pozioméw T 1 a,

Wyniki pomiardéw i poréwnania z innymi eksperymentami sg
nastepujace: /a/ wyparowanie jest dominujgca reskcja

w mlerzonym zskresie energii, /b/ model gazu Fermiego
Jest dobrym przyblizeniem dla jader o zamknigtych powlo-
kach, /c/ mozna przyjqé %e efekt sparowania jest nieznacz-
' ny w badenym zakresie energil wzbudzenia, /d/ wydaje ‘sig
%e przekrdj czynny na reakcje odwrotng dany przez model
optyczny stanowi dobre przyblijenie.

Cozepragnue

MeToz0M BpeMeHHM NpoOJeTa M3MEepAJNUCH CILIOUWHHE CIEKTPH
HeYNPYro-paccefHux HelTPOHOB Ka V91 Cro2 N; %

Ipu 3Heprun HellTpOHOB I4 I M9B. 13 snepremmqecxoro
CNIOKTPA BHIE MAKCHMANLHON SHEprMM, W3 peaKImy
PACCUXTAHO NMAPAMETDPH TIOTHOCTH yposaeff T u -a. Pesyns-
TAaTH USMEPEHH{ ¥ CpaBHEHME ¢ APYTMMU OKCMEPUMEHTAMU Cle-—
Ayouue:/a/ UCNApeHWe HABJIAETCA NPEUMYmeCTEBEHHHM IIPOLECCOM
B NSMEpRAEMOM HHTEDBaNe 3HEepruu, /B/ Mozenadr depMu rasa fAB-—
nfgeTcA XopomuM NpuUONMXEHHEM ANA AZKEP C 3aMKHyTo# ooomoukoit,
/0/ MOXHO npezmonaraThs, uTO 3HeKT CNapMBAHMA B KCCIEHOBAH-
HOM WHTepBaje 3HePri¥ HE3HAUMTeNEH, /A/ KaxeTcH, 4T0 JopMy-
nasfHeKTUBHOTO CeueHMA OfparTuMoft peakuuu ONTHYEcKo#f Mozennm
ABIRETCA XOPOMMM NMPHOXMESHUEM.
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INTRODUCTION

The evaporation model has existed from the first
"formulation'[l], in 1936 of the statistical conception
of nuclear reactions. Extensive detailed studies of this
model have not been possible for a long period of time.
The progress ln experimental techniques and development
of the theory have increased intereét in this model.

The aim of this work was measurement of the level
density parameters for strongly excited muclei with magic
number 28 of neutrons or protons 751,'Cr52, Niss,‘and
also determination of the dominant interaction in inelastic
acéttering of 14 MeV neutrons.

THEORY

Thé basic result of Bohr' 8 conception of compound
nucleus [2] is that the excited nucleus can be treated as
a stétistical syster described iﬁ terms of a thermodynamical
temperature t and corresponding state density. The thermo-
dynamical,apprbach to the-nuclei has some limitations, na-
‘melj: (a) the number of nucieons in the nucleus is as in
typical thermodynamical systems, .not very big, (b) the
existence of the direct interaction process suggests local
heating of the target nucleus.

In a statistical compound aucleus theory [3], the
energy spectrum of evaporated particles is givén bys

N(B)AE~ 0,(E)E-p(I)AE, (1)
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where U 1is the excitation of the residual nucleus, J,(f)
is the compound nmucleus cross section for inverse reac-
tion, ard O( l{) is the level density of the residusl
nuclens for i:ﬁe excitation U,

A nuclear temperature T defined by:

1 d, | |

was commonly used to describe the experimental results.
This value is ‘approximatively equal to the thermodynamical
temperature ifoi; high rucleus excitation.

'l'hz; nuclear temperature T depends in general on the
excitation exiejrgy U. In a relative small range of this

energy, it méy be treated as a constant, and thuss

g)<U)~e”/T (3)

The density of levels with an angular momentum J is
given in a Fermi gas model of a mucleus by the following
expression (4):

(23+1) | 2
QD= sy 5 g7 XPI(T+ 5¥2cT).

S )
(U+t) - exp 2vaw,

where ¢ is a nuclear moment of inertia.



Integration of‘Q(U;J) over J leads to the total level
density: |

o) (zclT'/‘a’ o (U] Pexp 2 VO (5)

) ‘ 1/2
For high excitations, where t~ T~ (U) / s this

éxpression may be written as followa:
o)~ exp 2vavyu+T)’ ®

A Fermi free gas model does not take into account
additional interaction between nucleons. The main effects
of these interactions seem to be the pairing and shell
phenomena, The results of many theoretical works indicate
that the majority of the pairing effects can be interpretea
in terms of a Ferml level shift [10]. For example, the de-
pendence of the level density for small excitations on the
number of neutrons or protons being odd or even can be

obtained by decreag’ng the excitation. energy by the term:

f 0 for cdd-odd nuclei
ZXP = { ] A for even-0dd and odd-even nuclei

A Por even-even muclei

(7)
A=3,36(1-55) tor 4> 80,
where A}) is the peiring enersy required to uncondense the

nuclear ground state.

The shell effects on the level density can be taken



jnte account by the dependence of the level density
parametér a8 on the average spins of neutron and proton
states [y and jz (§,0):

0=0,0738(y+jz + DA% (8)

EXPERIMENTAL PROCEDURE

’Measufements were performed using a 4-T neutron
generator and a typical time-of-flight spectrometer [7];
utilizing the associated particle ﬁethod. The experimental
arrangeﬁént is shown in Fig.l. A time-~to-pulse height con-
verter with a time range of 140 ns was used as a time
analyser, Fig.2 shows the callibration curve of such con-
verter. A neutron plastic detector was placed at a distance
of lm"fromfthe gcatterer, at an angle of 90 degrees to the
direction §£5the incident neutron beam. A detector”threshQM_
0l1d waé fixéd Qt approximately 700 keV proton energy. Scat-
" tering samples were cylinders 5 cﬁ long and 3 cm in diameter.
Time.spectra were cérrected for detector effiéiency

and converted to energy'spectra by the relation:
8 | .
N(E)=£—N(t) | . (9)

The effiqiency of the neutron detector was as in the werk
of J.E. Hardy [8] , calculated by taking into account
a. gecond scattering of neutrons in a scintillator. Fig. 3



shows the results of numerical calculations for the ef-
4ficiency at a threshold of 700 keV, and for a NE 102
scintillator 5 cm long. Reliability of this method was
tested by measurement of the known spectrum of inelastically
scattered neutrons on Bi scatterer.,

A typical energy spectrum of neutrons is shown

in Fig.h.

RESULTS

The energy of indident neutrons is higher than the
threshold energy for (n,2n) reaction for all three nuclei.
'For this reason,.only a part of the measured spectrﬁm
between a maximum energy of neutrons from the (n,2n)reaction
and & maiimum energy of neutrons measured with a good energy
resolution, was taken for the interpretation of calculations.,

From Eq. 1 ~cae may obtain:

N(E)

500 (10

0CU)~

The experimental results were compared with the following
expressions of the level density:

ow)=ce U=U,-E& (1D
Q(U)=C(U+T)-2e 2VaU Uon‘E (12) -
ow-cw 2V yeUEay 1)



The correct interpretation of continuous spectra in terms
of the level density requires a failrly good knowledge of
the energy variation of the inverse cross sectionm 0&(@)
Two different forms for O, (£) were useds
(a) Oc (B)
(v) Op (E)

cbnst, as is usually assumed,
2
qut %(2L+1)T1‘ , an opticel

model reaction cross section.

The values of the transmission coefficients T, were taken
from the Emmerich tabels [9]/. It must be pointed out that
the optical model concerns the nuclel in the ground state,
and O¢ (£) 1in Eq.(10) relates to the inverse cross section
forl ejmited nuclei. However, the optical model parameters
are not expected to be different for excited nuclei and
.nuclei in ground state. Fig.(5) shows the optical model
reaction cross section used in our calculations of the

level density parameters.

To determine the values of the nuclear temperature T,
the quantity én%%' was plotted against E. If the level
density is described by Eq.(1l), this plot should be linear
with a slope — %— . Such plots are shown in Figs. 6,7 and 8,

To determine the values of the level density parameter
a, the quantity [n( U+T)2/£,'- 02-( £]) was plotted against\/_[r
for the two expressions for U mentioned above. A slope of
such lines should be equal to 24/@. Figs. 9, 10 and-11,

shows the results. The parameters T and a were calculated

using the least square method. They are listed in Table 1.



The values of the parameter a could be obtained
from the expressions
o, 40 4U

U ot e, (1)

which results from differentiation of Bq. 6 . T is the
mean excitation energy of the mucleus. However, the exact
values of this ehergy are not known.
| The errore; in Table 1 .:anolve:

a) statistical errors of experimentsal points,

b) the accuracy of calibration and linearity and of the

~ finite time resolution of the time analyser,

c) the e{ccuracy of calculation of efficiency.
The correctj.oi for multiple scatiering was.neglec_ted.

‘because of the experimental conditions of the measuiement.

DISCUSSIOR

The values of the level-density parameters T and a
measured in this work relate to the mean excitetion energy
of about 10 MeV,

It-is known from measurements of the ratio /;’,/1;
for many muclei in this region of A that a mean nuclear
temperature T for the excitation énergy 11 MeV, is equal
%o 1.58 MeV [10]. Prom measurements of siow neutron reso-
nahces [l]}, such temperature for. vl is equal to l,é MeV,
These values V_ are in very good agreement with our results

for the optical model inverse cross section.



It is clear from this comparison that a contribution
of direct interaction should be small in the energy range
of inelastically scattered ucutrons, because the existence
of this contribution should give higher values of temper-
atures., The small contribution of the direct interaction
results from the angle 61‘ scattering which was used in
these measurements. |

A number of measurements (11,12,15) of the level
den_sity parameters for V51 for diffex_'ent excltations have
been mach. The mean excitation energy relates to these

parameters by Fq. 14 , or by: ,
U =aT-4T+Ap S (15)

‘A plot of ({J +4T—AP) versus T should be linear 6 with
a slope which is equal to a. Fig.l2 shows such a plot,
where data for the d,p and p,p’ Teactions are taken
from (12}, for the (m, J). reaction from (11}, and for
the n,n’ reaction from {13) and our present work. The’
results of work [13] were recalculated by us assuming
the optical model inverse cross section. Our value of T

~ was calculated for the same assumption. These results
represent a straiéht ‘1line, and the value of a obtained
from this plot is equal to 7.3 Mev"l'.

The following conclusion may be drawn from this diagram:
_'the, level density parameter a is constant in a large
range of excltations: that means that the Fermli gas model
of the level density is the best approximation for the

8



closed shell mucleus. However, it is impossible to learn
from this plot whether the value of a Fermi level ashift
A p chosen by us is really wvalid.

The values measured of the level density parameter a
were compared with a semi-empirical curve obtained from
Eq. 8 . Pig. 13 shows thet this curve agrees very well
with our results for the optical model reaction cross
section used for §,(f) , end av Ap= 0O . The variant
of O;(E) = const must be definitely rejected. For 4107&0
the agreement is somewhat 1less correct , and it seems
that decrease of the influence of the pairing interaction
on the level density observed in works [14, 15/ has been

confirmed in the present work.
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