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Abstract

Fast radiochemical separations have permitted
detailed and high respliution measurements of neutrom
and y-ray spectra from several delayed neutron
emitting systems. The apparent discrete line struc-
ture in delayed neutron spectra, high intensity
neutron branching to excited states in decay of
intermediate levels in the emitter, and the peaking
in the g™~decay intensity to regioris well above the
neutron binding energy, indicate persistence of
distinct nuclear structure effects at excitation
energies of 5-7 MeV in the emitter nuclides.

Introduction

The phenomenon of g™ -delayed neutron emission
provides an interesting tool? for studying nuclear
properties at intermediate excitation energies in
neutron rich nucleil far off the stability 1ine. The
fact that most of the high r?so1ution delayed neu-
tron spectra so far knownl™32) show prominent line
structure arcuses considerable interest in deter-
mining nuclear level densities at excitation ener-
gies above the neutron binding energy {B,), as well
as investigation of g~-strength functions.

Experimental delayed neutron spectra

We have studied extensively the delayed neutron
emission from four precursor nuclides, i.e., #5As,
€7Br, 1255h and 1371, two each forming character-
istic pairs in thelightand heavy mass regions in
fission. The members of each pair differ only by
a pair of protons, The corresponding neutron emit-
ters have N = 51 or 83, respectively, leading to
nuclei with major closed shells after neutron emis-
sion.

The nuclides 87Br and 1271 have a relatively
small energy window (Qgz-Bp) for neutron emission,
whereas 85As and 135Sb have large energy windows,
allowing neutron transitions not only to the ground
state but also to several excited states in the
final nuclei. In the latter cases the character-
istics of delayed neutron emission should be re-
vealed most cliearly.

The neutron spectra were measuyred after rapid
chemical separationt-8} with commercially available
3He fonization chambers?) with a resolution of 12
keV and 19 keV for thermal and 1 MeV neutrons,
respectively. The improved resclution has resulted
from minimization of effects due to pulse summing,
detection of scattered neutrons, and microphonicse),
and is most evident in the Tow-energy parts of the
neutron spectra.

The pulse-height distribution from £78r decay,
obtained directly by summing data from 280 experi-
ments is shown in Figure 1 (upper part); the reutron
spectrum obtained after correction for the detector

response function and for thermal neutrons is shown
in the lower part. The neutron spectra of 8S5As,
1355h and 1371 acquired with the same procedure are
given in Figures 2-4. For reasonable counting
statistics, spectra from 90 (As), 210 (Sb) and 375
(I) experiments, respectively, were accumulated.
(Note that the published spectra? of 85As and 135Sp
have not been corrected for detector response).

A1l four spectra show prominent neutron line
structure containing the principle part of the neu-
tron intensity (>60 %}. While in the case of 87Br
and 1371, the maximum neutron energy observed is in
agreement with the energy range (Qg-Bp) available
for neutron emission, a dominant feature of the
delayed neutron spectra of 35As and 135Sb 1is the
absence of appreciable neutron intensity above
1.6 MeV¥ (As) and 2.0 MeV (Sb) though ranges of
about 4.7 MeV and 4.1 MeV, respectively, are pos-
sible for the neutron energies.

Neutron emission to excited states

Population of excited states by neutron emission
was first observed through the complexity of decay
curves of y~-ray peak? in the arsenic fraction of
fission products®:1%), The neutron branching inte
excited states of 2%Se was confirmed by recent
experiments at the LOHENGRIN fission fragment spec-
trometer where mass separated samples at A = 835
showed y-rays emitted from excited states in 84Sell)
In a similar way, neutron decay into excited states
of 13%Te has been observed in the mass chain 135,
The same vy-rays were seen following p~-decay of the
respective parents of the neutron decax final nuctei
in the neighbouring mass chain, i.e. 8%As{p")84Se
and 13%Sbh{g~)134Te. From the intensity ratios of
such y-rays in the two mass chains,partial neutron
emission probabilities, Pi{v), to certain levels i
in the final nucleus were determined. These data
indicate strong neutron feeding of excited states
in both neutron emitting systems: 59 + 11 % for
85As and 53 *+ 12 % for 135Sh11}. From those Pj-
values one deduces peaking in the p--strength near
6-7 MeV in 85Se and 135Te, indicating high selectiv-
ity in g~-decay to this energy region.

Spectral anaiysis

The tine structure in the neutron spectrz of
878r (Figure 1) and of 135Sb (Figure 4) has been
analyzed independentiy by two peak fitting routines,
SAMPO12} and NEUTRN13). Both programs utilize
gaussian or modified gaussian representations for
a single line and fit regions of the spectrum
with tinear or parabolic representations of under-
lying continua. The results from bhoth fitting
procedures were in very qood agreement with respect
to peak centroids and areas of all but the weakest
Tines. It was found that in the ¢ase of &7Br about

- 304 -



e Neutron energy [keV}
00

7476

7000 -

BGOD -

o
=1
=2
=
i

et

=

=

=3
T

- Inlensity [counis /channet)
Eal
8
g
T

2000

1080 +

8 i
T

¥ T T T

Pulse height distribution
of ¥gr detoyed neutrons

i

800
T

! 1 1
80 iy 160

—— [honnel number

08

——=Reutron energy [kev]
408

200 808
1200 2 : u i . 1 . T
18.0 keV
180 & a7
55s “Br
100 |
2480
= 522
5 80f o 1358
£ 1818
g ne o[
2 swf
= 03 | m
&
I L0 |- 3865
4012
Nzé 4377
4570
200 %53
6387
= e
r
o b 5 i ! ] ! | I !
g W a0 120 160 200
—— Channel rumber
Figure 1

Neutron spectrum from 87Br decay. Experimental

pulse height distribution (upper part), neutron
spectrum (lower part).

85 % and in the case of 135Sb about 70 % of the neu-
tron intensity was accounted for by the fitted Yines.

Level density and (n-y) competition in 87Kr

In the case of %7Br, all neutrons are emitted to
the ground state of %Kr and an analysis of the neu-
tron spectrum leads directly to an estimate of the
density of levels strongly poputated by s ~decay. In
the energy range o < E, < 300 keV, the neutron inten
sity can be accountéd for by 14 transitions, imply-
ing a density of about 47 (MeW™ at 5.7 MeV in 87Kr.
This can be compared to the values of 120 (MeV)?
and 200 {MeV)™% for (1/2-, 3/2-) levels and {1/2" -
5/27) levels, respectively, obtained with the Gilbert
and Cameron formulael%}.

Throu?h study of the y-ray spectrum from 87pr
decay!5:18) 11 Tevels have been found with E%B,.
For 8 of these, correspondences with level energies
from the neutron Tines have been established using
the recently measured value of 5515.2 * 1.0 kevl7)
for the neutron binding energy (Table 1). For these
leveis the value of 2.8 was obtained for (F77T,] and
Tife times of the levels are estimated to 1ie in the
range (0.4 - 2)-10716 sec.

Definition of intermediate states in 135Te

In the case of 1255b, where a substantial fraction
of the neutrons emitted from intermediate levels in
135Te leads to excited states in the final nucleus,
unfolding of the neutron spectrum is necessary in
order to determine individual neutron emitting le-
vels, as well as the g -strength function. Through
comparison of the neutron peak energies (En) with
level energies in the final nucleus {E;}, we con-
¢lude that neutron decay from certain special levels
in the emitter may feed different states in the final
nucleus 134Te. We find 20 correlations for 135§,
where (E - E = (Ep 2 - E, 1}, giving the ener
gies og Mad neu%ﬁg% emgt%fng le&é%s in 135Te within
Tess than I 5 keV uncertainty. However, arguments
concerning spin and parity of the levels involved,
the log ft-values of the g~-transitions preceeding
neutron emission, and the restriction to the single
placement of each neutron line, reduces the final
number of correlations to 12. This results in 7
neytron emitting Tevels in 135Te (Figure 5). The
number of correlated neutron lines is significantly
larger than that resulting from probability calcu-
lations including all energetically possibie combi-
nations.

The partial neutron emission probabilities to
each of the excited states in 13%Te obtained by
sumrming the intensities of the neutron transitions
shown in Figure 5 are in agreement with the re-
spective partial neutron emission probabitities from
y-ray measurements!l). On the basis of this inten-
sity balance, the non-correlated neutron lines must
mainly populate the ground state in 134Te,

From the absolute intensities of the neutron
transitions, and the known P, -value for the 1335p
precursorlaj,B“-intensities to the neutron emitting
levels were determined. The corresponding log ft-
values were found to be in the range of 3.6 - 5.3
(Figure 5), consistent with atlowed transitions
which are expected to dominate the p~-decay of 1355h

Assuming a ground state spin and parity of 7/2%
for 1355b and the spins and parities of the final
states!®) in 13%Te as shown in Figure 5, transmis-
sion coefficient ratios derived from optical model
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Neutron spectrum from 85As decay after correction for detector efficiency and
thermal neutrons.
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Neutron spectrum from '37] decay after correction of detector efficiency and
thermal neutrons.
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Neutron spectrum frem 1355b decay after correction for detector efficiency and

thermal neutrons,

calculations?®)for neutron waves implying allowed
gm=transitions were compared to the respective ex-
perimental neutron intensities. For all seven neu-
tron emitting levels in 13%Te a search was made to
define those spin assignments which would provide
the best agreement between neutron branching ratios
and optical model transmission coefficient ratios.
Table 2 shows a comparison of experimental and
calculated neutron intensities, the Tatter normali-
zed in each case to a d-wave neutron transition. It
is immediately evident that a serious discrepancy
exists relative of high-energy neutron transitions
(En>1.5 MeV) regardless to wave type: such transi-
tions were generally unobserved in the experimental

) /7-Decoy

0y =81 Me¥

Neutron Emission

(0g-B,) = 4.3MeV

neutron spectrum. For the four transitions assigned
to the decay of the 6.90 MeV level, good agreement
between experimental and calculated intensities was
found for the two lowest energy branches, but the
experimental intensities for the higher energy tran-
sitions are seen to decrease rapidly with energy
compared to the calculated values. For the remaining
six neutron emitting leveils only two transitions for
each could be assigned. For all but one, the inten-
sities of competing s-wave transitions appear low
compared to those expected from the transmission
coefficient ratios. This result is consistent with
the small value for the total neutron intensity to
the 4¥1evel in 13%Te relative to those o the neigh-
bouring 2% and. 6% levels.
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Table 1

Camparison of level energies in 87Ky derived from
neutron and y-ray spectra

By n(2E, o) £y (8Ey, ) | 8/ g ®

5533.4 (1.8)  5530.8 (0.3) 1.4
5543.6  (0.8)

5556.0  (1.8)

5568.0  (2.5)

5586.8 (2.0)  5588.6 (1.0) 0.8

5596.0 (2.8)  5595.1  (0.5) 0.3

5637.7 (3.0}  5635.1 (0.5) 0.8

5652.6  (2.1)

5664.4 (2.7)  5659.3  (0.8) 1.8
5673.0 (0.4}

5686.4 (3.5)  5686.9  (D0.4) 0.1

5699.1  (3.3)

5728.8 (2.6) 5720  (3) 2.2

5766.1  (3.6)

5774.4  (2.7)
5794.2  (0.8)

5831.2  (2.6) 5821  (5) 1.8

5858.4  (3.3)

5906.0  (3.3)

5921.1  (3.3)

5927.3  (3.3)

5958.0  (2.6)

6160.8  (4.0)

6191.1  (4.3)

3ased on the analysis of F.M. Nuh et al.l5) and
Tovedal and Fogelbergl®).

Ppefi . 2 4212
Defined as (€, F, [/(c2 +52)!/%,

The same comparison of experimental and calcu-
lated neutron branches was performed for 85As and
yielded similar results. The Pl-values from neutron
and y-ray data agreed within tne experimental er-
rors. Overall agreement was found between experi-
mental and calculated low-energy neutron branches
involving mainly p-wave neutrons, whereas the cal-
culated high-energy neutron transitions (Ep>1.4 MeV)
were not found in the experimental neutron spectrum.

Beta-strength functions of 78r and 135Sp

A g-strength function for decay of 878r has been
constructed by combining the decay schemelS) with
the neutron measurements.*For excitation energies
in 87r in the range Bn<E”<(B,+260)keV, we have
assumed that the neutron transitions found in our
analysis account for the entire neutron intensity.
At higher energies, the spectral analysis is not
complete and we have determined g~ -intensities to
20-keV intervals in this region.

The quantity calculated was the reduced Gamow-
Teller transition probability

6260(9/9,)2
BI(6T) = — LA

ftl/Z

and we have used the value of 7.06 MeV for QB—Zl).
The resultant distribution is shown in Figure 6.
The figure is dominated by a pronounced peak cen-
tered at 5.3 MeY which, by considering the cumula-
tive strength above 3.0 MeV, is well represented by
a gaussian distribution with ¢ = 0.52 MeV., The
strength located near 2.7 - 3.0 MeV represents
transitions to the lowest ?dd parity levels identi-
fied in the decay schemelS!, The sharp rise in
B'(GT) above 6.3 MeV (E, = 0.8 MeV) is dependent
upon the uncertainty in Qg,butan increase as Qg is
approached must occur.When smoothened, the varia-
tions in B'(GT) shown in Figure 6 are consistent
with the strength function measured by Aleklett et
al.22) using a total absorption spectrometer,
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Figure 6

Experimental g"-strength function for 87Br decay

The 8" -strength function for 135Sh decay to levels
in the range B, teQ, in 135Te has been constructed
using the levels shown in Table 2 with the assump-
tion that the non-correlated neutron intensity must
directly populate the ground state in 134Te. In
Figure 7 this strength function is shown and we
indicate by the broken line, the crude strength func-
tion in the energy range O - 6 MeV inferred by ana-
Tysis of the v-ray spectrum from 135S5b decay. The
strong concentration of g"-sirength near 7 MeV is
quite evident and the ratio of strength contained
in leveis near this energy is roughly a factor of
102that contained in Tevels near 5.5 MeV,

Conclusions

The structure demonstrated in the four neutron
spectra shown in Figures 1 - 4 seems considerably
beyond that which can be expected from simple sta-
tisticalmodel considerations and poinits to appre-
ciable selectivity in g -decay to levels in the
range 5 -~ 7 MeV in the emitter nuclides2). In addi-
tion, the low intensity of high-energy neutrons
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Table 2

Neutron transitions in decay of intermediate levels in 135Te: Comparison of experiment?1 neutron intensities
with those calculated from optical model transmission coefficients20

Neutron emitting Tevel in 1%5Te g - Level in 134Te Neutron transition Heutron intensity (relative)
EXMevia  (£%-B)) I7 wave If energy En|keVib observed calculatedd
[kev | required® observed
5.7 1759+4 (9/2%) /o N a7 - <5 0
5 4t 162 16433 11 58
ds/2 2t 459 458+2 16 16%
9a/2 ot 1739 . <3 6
6.13  2126+4 (9/2")  dyy, 6 435 - <5 3
s 4+ 550 549+3 13 29
ds/» 2t 847 848+ 3 20 208
99/2 o* 2126 - <7 5
6.31 231445 772"y dsy, 6, 85 - <5 0
dss 8% 623 623+ 3 11 118
s 4* 738 7383 11 30
ds/2 2* 1035 - <5 12
97/2 ot 2314 - <5 3
6.67 266645 (72 dg;y 61 268 - <5 2
ds/a 67 975 977+2 25 25¢
s 4t 1090 - <5 34
dy/n 2+ 1387 13844 14 20
97/2 ot 2666 - <1.5 6
6.74  2735:3 772"y dsy, &% 337 - <5 9
ds;z 6 1044 1042+2 87 87¢
s 4+ 1159 - <5 105
dasn 2t 1456 1458+3 100 72
97/2 ot 2735 - <0.5 19
6.83 282745 (5/2") g4, 6% 430 - <5 0
97/2 6% 1136 - <5 2
das 4t 1251 125144 10 10°
s 2* 1548 154943 27 20
ds/a 0* 2827 - <0.2 23
6.90  2896+4 (772" dg 64 498 49943 12 12
5 /2 *
ds/» 67 1202 1201+2 51 518
s 4* 1320 132244 24 56
3z 2* 1617 161845 10 42
g7/2 0* 2896 - 0.6 13

3% = (EqtBy) with B=4.0 MeV.

bKinetic energy corrected for recoil energy.
CAccording to level scheme Figure 5.

dFrom optial model transmission coefficients2®).
ENormaTized to observed neutron transition,
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Experimental g ~strength function for 135Sb decay

cannot be attributed solely to angular momentum
factors and demonstrates selectivity in neutron
emission as well, We conclude that some structure
effects must be accounted for in a successful des-
cription of delayed neutron emission.

It has already been suggested that this structure
in delayed neutron spectra may be, associated with
decay to the antianalogue states?/. The same con-
clusion is obtained fraom the Ml y-decay of isobaric
analogue states to the antianalogue, core polari-
zatjon and spin-flip states in this energy rangeZ324)
from another point of view, Shihab-Eldin et a1.2%)
have shown that simple shell-model calculations
locate the configurations in emitier nuclides reach
ed by allowed 37 -decay in the same energy range.
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