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Partial cross sections for radiative capture of 24.3 keV neutrons leading to low-lying states of the residual
nuclides 1'ave been measured for even-A molybdenum targets: 'Mo, "Mo, Mo, and Mo. Absolute values of
these cross sections were obtained by use of the ' B(n,a) reaction as a reference. These cross sections show
correlations to the (d,p) spectroscopic factors for the final states. The expected cross sections are calculated
using various models. The single-particle estimates and giant dipole resonance extrapolations are shown to be
inadequate. Although a valence neutron transition model can account for the observed correlations, it is

inadequate to account for the observed strength. The evidence favors a significant contribution from three
quasiparticle components in the capturing states.

NUCLEAR REACTIONS Neutron capture y rays, averaged resonance capture
24.3 keg, iron-aluminum beam filter, partial radiative cross sections, corre-
lations between (n, y) and (d, p), valence transitions, angular correlations, de-

duced level spins.

I. INTRODUCTION

Deviations from the statistical model for the
radiative neutron capture process have been ob-
served in several regions of the Periodic Table.
Such deviations point to the significant contribu-
tion of simple reaction mechanisms due to single-
particle or doorway-state effects which lead to
significant correlations between different reaction
widths. '

The single-particle effects in the neutron capture
process result from single-particle components in
both capture and final states that can be linked via
El transitions. This requirement suggests that
nuclides in the regions of neutron strength function
maxima should be good candidates for such pro-
cesses. These conditions are met, for example,
in the case of the molybdenum isotopes which have
a 3p single-particle state near threshold and the

g9/ g neutron shel 1 closed at "Mo .
For low-energy p-wave resonance capture in

'Mo and "Mo,' it was observed that the Lane and
Lynn' model of channel capture or Lynn's4 valence-
neutron model roughly predict the measured par-
tial radiative widths for transitions populating low
s and d states. However, when these studies were
extended to higher resonance energies, "the model
was found to fail to reproduce the measured widths
on a quantitative basis.

These studies are extended in the present inves-
tigation through the use of a quasimonoenergetic
neutron beam at 24 keg on the isotopes ' Mo and
"Mo, as well as "Mo and "Mo. The beam has an
inherent energy spread larger than the level spac-
ing for these isotopes so that an average of several
neutron resonances is obtained. A similar pro-

cedure has been exploited by Bollinger and Thom-
as, ' using an in-pile target rather than an external
beam as is done here. One general conclusion of
the in-pile target work is, that for nuclides A.

&150, the primary y rays populate final states
without egard to the detailed nature of the final
state. This nonselective feature of the average
resonance capture technique is useful for nuclear
spectroscopy. One result of this present investi-
gation is to show that this principle of nonselec-
tivity fails rather badly in the A ~ 100 mass region,
and in particular near the 3p single-particle en-
ergy. It is shown that final states of primarily
single-particle character are populated more
strongly.

II. EXPERIMENTAL ARRANGEMENT AND DATA
ANALYSIS

A. Data acquisition

The neutron beam was derived from the High
Flux Beam Reactor at Brookhaven National Labor-
atory through a transmission filter consisting of
22.9 cm iron, 35.6 cm aluminum, 5.1 cm sulfur,
and 0.16 cm cadmium. The spectral distribution
of the neutron flux transmitted by the filter,
shown in Fig. 1 (taken from Ref. 8), is seen to
peak at 24.3 keg and to have a full width at half
maximum of 2 keV. A neutron fluxof 10' n/cm' sec
has been measured at the exit aperture which
has the dimensions of 2.54 x2.54 cm'. A complete
description of this beam filter is being published
separately. 8

The samples used are described in Table I.
These were placed at 45' to the incident neutron
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y-ray energies and intensities were obtained by
fitting the individual peaks assuming a Gaussian
shape and determining the peak centroid and area.
The energies were determined relative to the
background y-ray lines appearing in the spectrum
following capture of thermalized neutrons in iron
and hydrogen.

The cross section for the "B(n, ny)'Li reaction
was used as a reference in obtaining the partial
radiative capture cross.sections. This was done

by irradiating composite samples of molybdenum
and boron. The boron sample, in powder form,
was enriched to 92.8% 'oB and had a thickness of
0.0043 atom/b. Values of 5.9175 and 3.4875 b were
used for the total and (n, o.,) "Bcross sections,
respectively, for the incident neutrons of 24.3
keg.

FIG. 1. The energy distribution of the neutron flux
available from the HFBR iron-aluminum filter. The
solid curve represents a filter of 22.86 cm Fe, 35.56
cm Al, and 5.08 cm S. The dotted curve is for a filter
of 68.58 cm Fe, with the other components unchanged.

beam. The "Mo sample, which had a cylindrical
shape, was placed with the axis normal to the
plane formed by the neutron beam and the detector.
The detector used was a 23 cm' planar intrinsic
germanium detector which was placed such that
the detector-target line formed 90 with the direc-
tion of the incident neutron beam.

The pulses generated in the detector were am-
plified and analyzed using a highly stabilized mul-
tichannel analyzer. The spectrum mas stored in
4096 channels with a nominal gain of 2 keg per
channel. A resolution of 0.1% at 7.5 MeV was typi-
cal in the experiment.

C. Angular distribution correction

Since the data were taken with the detector at
90 to the incident neutron beam, a correction for
the dependence of the y-ray intensities on the
angle must be made when extracting the partial
radiative capture cross sections from the data.
Since all targets were even-even nuclei, s-wave
capture as mell as p-wave capture into spin —,

'
resonances leads to isotropic distributions for the
emitted primary y rays. P-wave resonances mith
spin —„however, result in distributions which are
angle dependent. These distributions are also
functions of the spins of the final states.

The partial cross section for a transition pro-
ceeding from a P, &, resonance to a final state of
spin 7& may be written in terms of the 90' cross
section as

&c'. /, (~j)&
= &, /, (90')/I'(~/),

where

TABLE I. Description of the targets used in this work.

Target
Mass

(g)

Thickness '
(atom//b)

Enrichment
(lo) Form

@Mo
Mo
@Mo
ssMo

Mo natural
iOB

49.98
62.411
12.37
67.54

130.69
3.13

0.0115
0.080
0.0082
0.0065
0.0046
0.0292

97.37
92.03
96.76
96.91

92.818

Metallic powder
Metallic cylinder
Metallic powder
Mo 03 powder
Metallic sheet
Powder

Thickness in beam direction.
Average; axis of cylinder is perpendicular to plane of beam and detector.
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4 90'
P(J/) =

f l(fl)dg
(2)

and I(G) is the intensity in the solid angle dA.
P(J/) for transitions from an initial state of spin
—,
' to final states of spin 2, —,', and —,

' is found to
have the values 4, -'„and ~20, respectively.

Since resonances of both spins & and —,
' contri=

bute to the intensity measured for a certain trans-
ition, one can define a multiplier M such that

(o'(n, y)& =Ma(90'),

2vk (ka) —, Do
1+(k )' " 2(2I+1)

/l' 'k Z'~ f()
~ ~ (r(J)&

where D, =(2 J+1)[D(J)], I is the target nucleus
spin, and the sum extends over resonance spin
J and channel spin S. From Eq. (7) it follows that
the relative contributions to a transition from spin
& resonances compared with spin —,

' resonances is

ai/2 .'a. /2 =fi/2/&1'&(2):f~/2/&1'&(2) ~

where M is given by

(o)./2 + os/2)/(a). /2 P 3/2) ' (4)
This ratio is used in determining M, the angular
distribution correction multiplier.

In order to evaluate M the relative contributions
to the cross section of resonance of different spins
must be known. Since in an average capture ex-
periment this is not determined, one has to make
certain model-dependent assumptions that would
lead to an estimate of M.

B. Valence neutron model

I.ynn4 gives the contribution to the partial width
of the valence-neutron transition from initial
state X to final state u as

(9)

III. MODELS FOR THE INTERPRETATION OF THE
AVERAGE CROSS SECTION

We use estimates based on various models for
the distribution of electric dipole radiative strength
with excitation energy. We consider estimates
based on the single-particle (Weisskopf) estimates
of the radiation strength, on the valence neutron
transition model, and on the giant-dipole resonance
model, as elaborated by Axel. '

A. Single-particle estimate

Neglecting the M1 contribution to o,f, which
arises from s-wave neutron capture, the average
cross section following neutron capture may be
expressed as follows:

k'S~Z„, -
&1 &„(J)

1+k'a' ~ (1"&(J)

where the radial overlap integral I„„is given by

I~„= u„ru r
0

(10)

(g'»„ii 1 ")ii~"»g
))N (2J +])1/2

e is the effective charge, 8~ and 8„are the reduced
dimensionless widths, and u„and u„are the radial
wave functions for the initial and final states;

. k„=E„/ffc.
Using expression (9) for I'„ in expression (5)

and making the assumption of a (2J+1) dependence
for the level density lead to the expression for the
valence-neutron transition average cross section
for transitions feeding final states u:

where S' is the P-wave neutron strength function
assumed independent of J, the resonance spin.
fz is the fluctuation parameter given by Lynn, "
(1 &(J) is the total width, and (1"&„(J')the partial
width corresponding to the emission of the photon
y. All other symbols have their usual meanings.

Assuming 2J+1 level density dependence and the
J' independence of the E1 photon strength function
A», defined as

E 3D&21»

the expression for the average cross section can
be reduced to

(12)

where we have explicitly introduced the single-
particle widths 5'/ma2, and the sum extends over
spin and channel spin. Note that the expression
for the cross section is proportional to the square
of the neutron strength function in the valence
model approximation.

C. Giant dipole resonance model

Assuming that an E1 giant dipole resonance is
built on excited states in a manner similar to
that built on the ground state (the Brink hypoth-
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esis),""one can estimate the (n, y) cross section
resulting from the tail of this resonance.

The giant dipole (y, n) cross section is given by"

TABLE II. 92Mo(n, y)~3Mo cross sections (in mb) com-
pared with predictions of the statistical, valence, and

giant dipole extrapolation models. g = 24.3 keV.

, NZ 1+0.8x r,E2

(z z:).r, z (keV) 0'exp(+ 7) ~ 0'stat &ti OGDEN
b x C

(13)

where I'~ and E~ are the giant resonance width and
energy, respectively, and x is the fraction of ex-
change force present in the nuclear force. I'~
and Eo were taken from measured (y, n) cross
section. "

The (n, y) cross section is then derived from the

(y, n) cross section by the application of the prin-
ciple of detailed balance

k k~ a'(n, y) = " o'(y, n),

where g„and g„are the appropriate statistical
weight factors.

8090

7150

6600 1490

6398 1692.

5952 2138

5905 2185

5695 2395

5655 2435

5424 2666

5390 2700

5258 2832

5242 2848

1.7+ 0.3

0.9+ 0.2
2.3+ 0.3

1.0+ 0.2
0.7+ 0.2
0.4+ 0.2
0.3+ 0.1

0.8 + 0.2

0.7+ 0.3

0.6 + 0.2

2.8 + 0.2
940 12.3 + 0.5

5+
2

1
2

5+
2
3+
2
3+
2

3+
2
1+
2

1
2
1+
2

1
2

3.1
3.4

1.5
2.0

1.7

1.5
1.5
1 4

1.3

3.4 7.2

3.2 5.8

0.8 4.0
0.2

0.06

0.05

0.2

0.02

0.7

0.1

IV. RESULTS

A. 9~Mo(n, y)93Mo

The target nucleus '2Mo, with Z =42 and N =50,
has a full g, /, neutron shell. Thus, the ground
state and low-lying excited states in the product
nucleus "Mo have large single-particle character
corresponding to the d, /2p s1/'2 and d, /, neutron
orbitals. Transitions to these states are expected
therefore to exhibit large valence neutron com-
ponents.

In studying capture by resonances up to 23.9
keV, Wasson and Slaughter' observed strong cor-
relations of radiative strengths with (d, p) spectro-

- scopic factors, but the correlation with neutron
widths, predicted by the valence model, was large-
ly absent.

In the present study a sample of 50 g of metallic
Mo was used. The sample was 97.3'7% "Mo. The
sample thickness as presented to the neutron beam
was 0.011 atom/b. A separate run was taken using
a sample combined of the "Mo sample and a ' B
sample. This run was used to determine the ab-
solute partial radiative capture cross sections for
the 9aMo(n, y)"Mo reaction. The spectrum was
accumulated for a period of 88 hours. A resolu-
tion of 8.8 keV at 7.1 MeV was obtained.

The transition energies and partial cross sec-
tions obtained are listed in Table II. While the
neutron beam overlaps about seven resonances
to varying degrees, ' the 23.9 keV p3/2 resonance
is expected to dominate the capture. This is man-
ifested by the observation of the strong transition
feeding the s1/2 level at 940 keV. This transition
was observed to carry 58% of the total capture in

a Energy as measured with 2 keV beam spread at 24.3
keV. Approximately + 1 keV systematic error must be
included when comparing to thermal neutron capture
p-ray energies.

Corrected for angular correlation. The errors in
Tables 0-VI do not include fluctuations due to limited
sample size.

c Using 4+~=1.2&&10 9 MeV 3.

the 23.9 keV resonance by Wasson and Slaughter. '
The expected P-wave spacing is about 900 eV.

All levels in "Mo below 2.83 MeV with spin —,',
—,', or —,

' seen in charged particle reactions'"" are
populated in this experiment. In addition the state
at 2.141 MeV populated in the resonance neutron
capture study of Wasson and Slaughter is also
populated. Because of the inherent energy spread
of 2 keV in the incident beam, precise y-ray ener-
gy determinations are not possible with the iron
filtered beam.

In order to compare the measured cross sections
with the values predicted by the valence model,
Etl. (13) was used to calculate the valence neutron
transition cross section. A value of the P-wave
neutron strength function S' of 3.3 x 10~ was used
in this calculation. " The spectroscopic factors
for the low-lying states of "Mo were taken from
Hef. 15. The values calculated are given in Table
II. Figure 2 compares the measured cross sec-
tions to those calculated for the valence neutron
transitions. The table entries as well as the fig-
ure point out the qualitative agreement in that
states that are expected to be populated strongly
in the valence neutron transition, namely, the



24 ke V NEUTRON CAPTURE STUDIES IN NIQ ISOTOPES 1275

2832
2700
2429

2390 2I86
2I4 I

l693
I490

+ I/2+

I/2+I/2

3/2'3/2
3/2'

5/2+
3/2+

I I

9~Mo(n, y)9~Mo
p =+0.69
P & 98.8%

I/2+

5/2+

IO

I I I I I

40 30 20 IO 20 30 40
~,»/E„3 (~b/Mev~)

FIG. 2. Measured 92Mo cross sections compared with
the valence model calculations. The cross sections are
divided by E3 to remove the phase space factor expected
for E1 transitions.

d, &, ground state and the sy/2 first excited state,
are seen to be strongly populated in the experi- .

ment.
This agreement is further supported by a calcul-

ation of the correlation coefficient for the ob-
served 12 transitions between the measured cross
sections and those calculated from the valence
transition model. A correlation coefficient of
0.74 is obtained which falls at the 99/0 point of the
normal distribution when testing for zero cor-
relation indicating that such a coefficient is signif-
icant.

While such a correlation between the measured
o(n, y) and v„(n, y) suggests that the valence neutron
transition contributes significantly to the radiative
capture process, a numerical comparison shows
that this component accounts for only 3590 of the
total transition strength and 26%%uc of the transition
strength to the 940 keV level. Thus other mech-
anisms must play a major role in the capture pro-
cess for "Mo. This result supports the assertion
by Wasson and Slaughter that valence motion does
not play a major role in the capture process.
. The contribution from the statistica, l capture is
estimated using Eq. ('I). A value of K» =1.2 && 10 '
MeV"' at 7 MeV was used. This value for the pho-
ton strength function is obtained from the expres-
sion for this function, given by Bollinger. A value
of =3 mb is thus calculated for the partial cross
section for the transition populating the 940 keV
level. This value is also not la.rge enough to ex-
plain the observed strength of the transition. Fin-
ally, the cross sections for several of the lowest-
lying levels are also calculated using experimen-
tal parameters for the giant dipole resonance as
obtained from photonuclear work on Mo isotopes"
and the Brink hypothesis. In this case, and in fact

for all the Mo isotopes, the giant dipole resonance
extrapolated cross sections generally exceed the
calculated cross sections of the valence model or
the various statistical estimates using empirical
photon strength functions. In general the experi-
mental values are also exceeded, an exception
being the s, &, state of "Mo at 940 keV. In none
of these estimates, whether based on single-par-
ticle or giant dipole resonance approximations,
is the calculated strength sufficient. The sum of
the calculated valence neutron cross section
and the estimated statistical contribution. to the
transition cross section amounts to only about —,

'
of the measured cross section for this transition.

Even though a single resonance dominates the
capture at 24 keV in this experiment, the enhanced
transition strength cannot be expla, ined as a Port-
er- Thomas fluctuation. It is 10 times larger than
the mean of all the other transition strengths and
is thus not consistent with the X' distribution with
p ='1.

B. MQ(n y) MQ

With the addition of two neutrons to the d, &, or-
bital, the level density for low-lying states in "Mo
is expected to be higher than in the case of "Mo,
and the single-particle strength split among these
levels. This was observed in the (d,p)""and

(d, t)" studies.
The expected P-wave resonance spacing for

"Mo is -550 eV, as calculated from Ref. 17.
The sample used was in the form of a metallic

cylinder which weighed 62.41 g with a height of
2.26 cm and a diameter of 2.0 cm. The sample
was enriched to 92.03% in '~Mo. The highest im-
purity was "Mo which formed 5.18~/& of the sample.
The other Mo isotopes were present in quantities
of less than 1%%up each. The sample was irradiated
in the 24.5 ke7 beam for a period of 96 hours.
Figure 3 shows the high energy portion of the ob-
served spectrum. , Strong transitions are seen to
the lowest six states in "Mo. Since the level spins
reported in the (d, P) and (d, f) studies referred to
above often disagreed for l„=2, it was necessary
to attempt an independent determination from the
(n, y) reaction. An attempt to obtain such informa-
tion from thermal neutron capture using a beam
derived through a 35.6 em Bi crystal filter proved
unsuccessful, as the spectrum was dominated by
capture in "Mo impurity. Another attempt at ob-
serving capture y rays following capture in low-
energy resonances in "Mo was equally unsuccess-
ful since the time of flight spectrum showed a peak
to background ratio of 0.25 (at 109 eV) while the
y spectrum showed no strong transitions above
background. The strong transitions observed at
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FIG. 3. A portion of the spectrum for ~ Mo(e, y)~~Mo, resulting from 24.3 keV neutron capture. The peaks are two-
escape peaks labeled with the excitation energy, in keV, of the S~Mo final state. Unlabeled peaks are either background
peaks, or one-escape or fuB energy peaks from Mo transitions.

24.3 keg neutron capture, however, suggested the
study of the angular distribution of these y rays in
order to derive such information on the spin of the
states populated by these transitions. The spec-
trum was measured, thus, at an angle of 135 in
addition to the 90 measurement.

Since the target nucleus has a 0' ground state,
P-wave capture would lead to —,

' and —,
' states that

can feed the low-lying s-wave or d-wave levels
via E1 transitions. The angular dependence would
arise from capture via E1 transitions in the P3/2
resonances only, while p», resonances lead to
isotropic distribution. For pure p, /, capture the
observed y-ray ratios R(Z&) for the transition in-
tensity observed at 135 to that observed at 90
leading to a final state J& are

R(2) =O.VO, R(—', ) =1.38, and R(—',) =0.93 .
The added P, /, capture will substantially modify
these ratios (to values closer to 1.0) for low-lying
states with spin —,

' or —,
' but will not affect transi-

tions feeding —,
' low-lying states. One can estimate

the magnitude of the effect of capture in P] /2 reso-
nances on R(Z&) by the use of the statistical model
assumptions discussed in Sec. II above. This leads
to the modified values for R(Jz)

R(-,') =0.79, R{-,') = l.22, and R(-,') =0.93.
The observed intensities of the two runs were
normalized in such a way that the ratio R for the
ground state transition was equal to the predicted
value of 0.93. This transition was used for nor-
malization of the two runs since the ground state

is known to be a d, /, state mhich is populated only
by transitions from P, /, resonances. The results
obtained for the six highest energy transitions are
given in Table III, where the spins assigned are
those consistent with the calculated ratios. Shown
also in the table are the spins given to these states
in Refs. 15 and 16. The table also lists the spins
obtained by Marsh and Mayer" by studying the
conversion electron and y spectra following the de-
cay of "Tc. As seen in the table, the ratios R for
spin —,

' final states agree rather well with the value
predicted from the statistical model assumptions.
However, the ratios for transitions feeding the —,

'
final states are smaller; the comparison suggests
that these states are predominantly fed by transi-
tions from P», resonances. This may be due to
the Porter- Thomasa' fluctuations, since only a few
resonances are expected to contribute to the cap-
ture process in the 2.0 keg averaging interval.

The partial capture cross sections mere obtained
by comparing the transition strength for the
'4Mo(n, y)"Mo to that of the ground state transi-
tion following capture in "Mo. This was done by
running a natural Mo sample for this purpose.
The partial cross sections obtained are given in
Table IV together with the y-ray energies and the
excitation energies of the levels they feed.

Table IV shows that the six transitions at the
high energy end of the spectrum appear to be en-
hanced when compared with the average transition
strength for all observed transitions. Figure 4 is
a plot of the relative reduced transition strength
o(n, y)/E„' for tra'nsitions with E„&4.8 MeV. Ex-
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TABLE III. Ratios of the capture cross sections at 135' to 90 for @Mo(n, p) 5Mo, with de-
duced spin assignments.

&~ (keV)

7390.6

7186.8

6603.6

6569,.6
6350.6

6333.6

203.8

787.0

821.0

1040.0

1057.0

0.93+0.04

1.03 + 0.05

0.82+ 0.07

1.07 ~ 0.11

0.81+ 0.06

0.87+ 0.07

This experiment
R

204

789

823

1044

(2)

Ref. 15E„J
205

787

822

1041

1059

(2)

(2)

Ref. 16
J'

204.12

786.19

820.61

1039.25

1056.79

3
2

3
2

1
2

Ref. 19
J

TABLE IV. Cross sections (in mb) for ~4Mo(n, p)95Mo

compared with predictions of the statistical, valence,
and giant dipole extrapolation models. E„=24.3 keV.

E& (keV) +exp (n 'Y) ~ +stat 0'y OGDR
b C

eluding the six transitions referred to above, the
y-ray transition strength appears to have an Z„'
dependence. Vfe can examine the assumption that
this enhancement of the high energy transitions is
attributed to the valence neutron transition mech-
anism. The spectroscopic factors of Ref. 15 were
used in evaluating this contribution to the different
transitions, along with a value of (5.4 a 1.5) && 10~
for the P-wave strength function. " The values ob-
tained for the 10 highest energy transitions ob-
served are given in Table IV. The valence model
is seen to account for 31% of the ground state
transition and 55%%uo of the transition to the first syf2
state. The valence contribution, however, to the
first d, &, state is less than 1% of the observed
strength.

The valence model predictions are compared
with the measured cross sections of Fig. 5. A
correlation coefficient of 0.62 is obtained for the
two sets of data. This falls at the 9V% point of the
distribution obtained for a zero correlation hypoth-
esis. This indicates a significant contribution
from nonstatistical effects to the radiative capture
process in this case.

C. 96Mo(n, q)"Mo

Information on the levels of "Mo has been ob-
tained through (d, p) studies. Hjorth and Cohen'e
studied this reaction with a resolution which did
not separate the proton groups feeding close levels.
A higher resolution study by Ajzenberg-Selove and
Maxman" reports 17 levels up to 2.56 MeV in
"Mo but no spins are assigned.

A more recent (d, p) study by Medsker and Ynt-
ema" reports levels up to 4 MeV with a resolution
of 15 keV. Over 80 levels were reported in this
study, and l„was determined for most of the lev-

7391

718'7

6604

6570

204

787

821

0 10.9+ 1.0 —,
' 2.6 3.4 10.4

9.1+ 1.1 2 . 3.7 0.07 13.6

4.8 + 0.6 2 2.8 2.7 9.1

4.0 + 0.5 2 2.8 1.0
Mo (n, y) Mo

E„=24.3 keY

6351

6089

6021

5963

5769

1040

1057

. 1302

1370

1428

1622

4.5+ 0.6

4.0 + 0.6

0,1+0.2

1.0+ 0.2

2.0+ 0.3

1.8+ 0.5

1+
2

1+
2

3+
2
3+
2

2.5 1.2
1.6
2.2 0.02

1,4 0.07

2.1 0.05

1.9 0.3
I

5,0
I

6.0
I

7.0
Energy as measured with 2 keV beam spread at 24.3

keV. Approximately + 1 keV systematic error must be
included when comparmg to'-'thermal neutron capture
p-ray energies.

Corrected for angular correlation.
O'Ei 1.2X 10

E„(MeV)

FIG. 4. A plot of relative reduced transition strengths
(f„/E3) for ~4Mo fp, y) 9~Me, for E„&4.8 MeV. The en-
hancement of the high energy transitions over an expected
E3 dependence is evident.
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3/2
3/2+

3/2+
I/2

4 Mo(n, y) Mo

p =+0.67
P ~ 97.7%

TABLE V. Cross sections (in mb) for Mo(n, y)~TMo

compared with predictions of the statistical, valence,
and giant dipole extrapolation models. &„=24.3 keV.
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I
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cr„ / E

els. However, except for s-wave neutron trans-
fer, few unique level spins were assigned. The
observation of about 40 levels with l„=2 reflects
the fragmentation of the single-particle strength
resulting from the additional neutrons to the nu-
cleus.

We expect a P-wave resonance spacing for "Mo
of -390 eV, from the data available in Ref. 17.

The sample used in this study consisted of 12 g
of metallic powder enriched to 96.76% of "Mo.
The spectrum was accumulated for a period of 96
hours. The energies obtained for y rays with en-
ergies greater than 4.8 MeV are listed in Table V.
The excitation energy for the levels fed by these
transitions is also listed in the table.

The cross sections were determined from the
measured intensities for the transitions seen in
the spectrum. The normalization constant was ob-
tained from the natural sample run by comparison
to the ground state transition in "Mo following
capture in "Mo. The partial cross sections ob-
tained are listed in Table V. Where the spin of
the final state is not known, the cross section val-
ue as measured at 90 is entered in the table.

In order to compare the measured cross sec-
tions with those calculated from the valence mod-
el, one needs to know the spins of the final states.
In order to determine the spins of l„=2 states,
the thermal capture was studied as well as cap-
ture in the 131 eV resonance. In both cases the
capturing states are —,".These states feed low-
lying l„=2 states via a mixture of M1 and E2 tran-
sitions in the case of spin —,"final states and via
pure E2 transitions in the case of —,"states. The
average Ml and E2 strength was determined for
capture in seven s-wave resonances in "Mo by
Wasson and Slaughter. ' Assuming similar ratios
to hold in the case of capture in "Mo, one can es-
timate the E2 to Ml transition stx ength ratio to be

FIG. 5. Capture cross sections for ~4Mog, y)~~Mo com-
pared with predicted valence model cross sections.

(keV) &g oexp (n, 7) C
Ostat Og &GDR

6844

6164

6124

5956

0 3.3+ 0.5

480 2.9+ 0.6

680 4.0 + 0.9

720 5.6+ 0.9 p

888 1.2 + 0.4

2.1

2.6

2.4

0.8 8.9

9.5

2.2 8.2

2.3 0.5

2.1 0.1

5749 1095 1.9+ 0.5

5579 1265 3.4+ 0.6

5562 1282 1.2 + 0.4

5327 1517 1.4 + 0.4

5294 1550 0,3 + 0,4

8+
2

1+
2

1.8 0.4

1.7 0.1

1.5 0.03

1,5 0.2

5118 1726 1,5+ 0 4 2 + (2 ~ 2)

4997 1847 1.9+ 0.8 1.3 0,1

4884 1960 0.4 + 0.4

4812 2032 1.2 + 0.4 1 +
2 1.1 0.3

' Energy as measured with 2 keV beam spread at 24.3
keV. Approximately + 1 keV systematic error must be
included when comparing to thermal neutron capture
y-ray energies.

Corrected for angular correlation: When spin of final
state is not known, o(90') has been listed.

c Using kz&--1.2x10 ~ MeV 3.

of the order of 20%, implying that the stronger
transitions are most likely M1 transitions, lead-
ing to a spin of &' for the low-lying state fed by
these strong transitions.

Using the above argument states below 2 MeV
were assigned unique spins when possible, and the
valence neutron contribution was calculated. A
value of S' =(4.5+1.0) @ 10~ was used in the calcu-
lation. " The spectroscopic factors were taken
from Ref. 22 as S„.=G»/(28&+1). These values
were used to compute valence cross sections and

are given together with the measured cross sec-
tions in Table V and shown in Fig. 6.

A correlation coefficient of 0.49 is obtained for
the two sets of data. This falls at the 95% point
of the distribution for uncorrelated sets. The ab-
sence of the dominant transitions in this case as
opposed to the situation in capture in "Mo and "Mo
seems to reflect the absence of the large single-
particle component in these. transitions due to the
greater fragmentation of the single-particle
strength. The observed strength in general does
not seem to exceed the expected strength estimated
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from the contributions of the valence plus the sta-
tistical components.

D. Mo(n, y) Mo

The valence neutron contribution to the capture
process is expected to show up more strongly in
"Mo than for the other Mo isotopes. "Mo has a
larger P-wave neutron strength function, "(V.0

TABLE VI. Cross sections (in mb) for 9 Mo(n, p)9 Mo

compared with predictions of the statistical, valence,
and giant dipole extrapolation models. &„=24.3 keV.

(keV) ' &x &exp(n &) ~" &st.t
'

5947

5848

0 7.0+ 0.3

99 1.1+0.4

1
2
5+
2

4.3 12.0

0.8 7.4

FIG. 6. Capture cross sections for NMog, y)~YMo com-
pared with predicted valence model cross sections.

+1.0) x 10 ' in addition to having a d, &, minor shell
closure leading to a large single-particle strength
for the low-lying states. This is true, in particu-
lar, in the case of the sy/2 ground state of "Mo
which has a spectroscopic factor of 0.6V." Fur-
thermore, "Mo has the smallest level spacing of
the isotopes studied in this experiment, thus lead-
ing to better averaging of the capture process over
more resonances and thus reducing the statistical

. fluctuation effects; the p-wave resonance spacing
from Ref. 5 is about 300 eV. .

The dominance of the valence neutron contribu-
tion to the transitions feeding the low-lying states
had been earlier suggested by Mughabghab et al.'
for neutron capture in the low-lying P-wave reso-
nances in "Mo. Subsequent study of neutron cap-
ture in higher energy p-wave resonances, ' how-

ever, showed the inadequacy of the model for quan-
titative predictions of radiative widths.

The sample used in this investigation consisted
of 6'l.6 g of MoO, in powder form. A portion of
the y-ray spectrum obtained is shown in Fig. V.

The y-ray energies and measured partial cross
sections obtained from this spectrum are listed in
Table VI. The cross sections were normalized
relative to the "B(n,ay)'Li cross section.

Table VI also lists the excitation enex'gy of the
low-lying levels in "Mo fed by primary transitions
observed in this experiment. All levels below 1.

MeV given in the (d,P)" and (d, t)" studies as
l„=0 or /, =2 states are seen to be populated. In
addition, the level at 631 keV, which has not been
reported in the charged particle reactions, is also
populated. Evidence for the existence of this level
comes also from the resonance neutron capture
study of Chrien et al.'

5596 351 1.7+ 0.3

525 1.5+ 0.2

3+
2
1+
2
3+
2

1.9
0.2 9.1 7c-og4 —Os@

(7) O'I CB CO O

I

5399 548 1.8 + 0.3 1,4 0.8

5155

5044

5036

5001

5

631 1.2 + 0.2
1.2

2 12
903 0.7+0 2 (2 ) 1 5

. 911 0740 2 (2 ) 1 5

946 0.6+ 0.2 (2 ) 0,9

613 0.7+ 0.2

792 2.5+ 0.3

889 1.5 + 0.6

0.05

0.05

0.08

0.01

Energy as measured with 2 keV beam spread at 24.3
keV. Approximately + 1 keV systematic error must be
included when comparing to thermal neutron capture
y-ray energies.

Corrected for angular corx'elation.
Using kgb=1.2x10 9 MeV 3.
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FIG. 7. A portion of the /-ray spectrum from ~SMo-

tn, y)~~Mo. The peaks are labeled as in Fig. 3. Note the
appearance of the level at 631 keV, not seen in previous
charged particle reaction data, but seen in resonance
neutron capture y-ray work.
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The y-ray spectrum is seen to be dominated by
the ground state transition. This dominance is in
accord with the predictions of the valence neutron
model. The contributions to states of known spin
from this component are also listed in Table VI.
This component is seen to contribute 61% of the
ground state transition strength, the remainder
could be attributed to other mechanisms. The sta-
tistical component is computed to be 1.8 mb and
contributes 26% of the transition strength. The
sum of these two components is almost sufficient
to explain the observed cross section.

The other partial cross sections predicted from
the valence model calculation are compared with
the measured values in Fig. 8. A correlation co-
efficient of 0.97 is obtained for the two sets of
data, which falls at the 99% confidence level and
once again suggests the significant role played by
nonstatistical effects in the capture process.

946
9l I

904
890

792

(5/2')( )

(I/2+)
3/2~

3/2+

I

98MO(& &)99+0

p =+0.97
P~ 99%
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6I4
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524

35 I

3/2
3/2+

I/2+

3/2+

5/2+
I/2+

I I I

40 30 20 IO

~exp /E& (p.b/MeV~)
IO

I I

20 30 40
cry /Ey3

FIG. 8. Capture cross sections for ~ Mo(g, y)9 Mo as
compared with valence model predictions.

E. Total capture cross section

The total capture cross section was measured
for "Mo by measuring the intensities of the low-
energy y-ray transitions of energies 740 and 778
keV. These lines are emitted following the P decay
of "Mo to "Tc. I

The' Mo sample, combined with a "Bsample,
was irradiated for a peri. od of 68 hours. The y
spectrum was recorded during this run and the
478 keV line produced in the "B(n, ny )'Li reaction
was used to measure the neutron flux. The sam-
ple, in the same geometry, was allowed to decay
(f, &, =66 h) with the beam off for a period of 47
hours. The decay spectrum was also recorded.

The cross section was determined from the ob-
served intensities of the 740 keV line, both with
the beam on and off. The 778 keV line, which
overlaps a line emitted from neutron capture in

"Mo, was used to determine the total capture
cross section'in the decay run only.

The branching ratios given by Gardulski and
Wiedenbeck" were used. A total cross section '

value of 125 +15 mb was obtained for the average
capture at 24.3 keV in "Mo.

The ground state trarisition contributes only
5.6% of the total capture cross section. This value
significantly differs from the value obtained by
Mughabghab et al.' for the resonance capture in the
resonarices at 429, 612, and 818 eV where the con-
tribution of this transition was found to be 20.1,
18.8, and 18.6% of the total capture in the three
resonances, respectively.

V. CONCLUSIONS

In summary, the Mo isotopes studied in this ex-
periment exhibit, with varying d'agrees, a corre-
lation between the measured cross sections for'the
(n, y) process and those calculated from a simple
single nucleon transition. This correlation is seen
to be strongest for "Mo where it is expected to be
strongest and is smallest in "Mo where the frag-
mentation of the single-particle strength among
low-lying states is largest. This consistency with
the model predictions forms significant evidence
for the presence of the valence transition contri=
bution to the capture process.

The calculated valence transition contribution,
however, is not sufficient to explain the enhance-
ment of the transitions to certain final states
whether they exhibit large single-particle-char-
acter as in the case of the sy/2 first excited state
in "Mo, or in the case of states with weak single-
particle character as m the d, &, state in "Mo.
These enhanced transitions point to the existence
of other simple processes which contribute signi-
ficantly to the capture process, such as two step
doorway-state effects. Soloviev'4 has calculated
the expected three quasiparticle state in "Mo
which may be expected to contribute to the reso-
nances near the neutron bi.nding energy. He finds
~ levels of the form (d, &, +d, &, +f,&,), (d, &, +g»
+h»&,), (p, &, +d, &, +d, &,), and (d, &, +p, &, +s, f, .
These states, at E„=7.5 to 8.5 MeV are expected
to be fragmented among the fine structure reso,—

nances and thus contribute strongly to E1 strengths
to low-lying s, &, and d, &, final states. The pres-
ence of this admixture can easily explain the quan-
titative failure. of the valence model and yet retain
the observed final state correlations reported
here.

In calculating the (n, y) cross section from the
measured (y, n) cross section, using the detailed
balance principle, one obtains an overestimate of



24 keV NEUTRON CAPTURE STUDIES IN Mo ISOTOPES 1281

the observed cross sections, except for the strong-
ly enhanced transition to the 941 keV s, &, state of
"Mo. These calculated values are shown for the
three highest energy transitions in each nucleus
in the appropriate tables listing the measured cross
sections.

While the degree of averaging in those isotopes
is limited by the level spacings of 300 to 900 eV
from "Mo to "Mo, the overestimates are observed
for a number of independent transitions in each of
the four isotopes. Thus the overestimate of the
cross section by the giant dipole resonance extra-
polation is well established in this mass region.

This observation is consistent with that pointed
out by Bollinger" that the predictions of the giant
dipole resonance model are generally observed to
be about a factor of 2 higher than the observed
transition strength. This consistent discrepancy
raises some question about the validity of the giant
resonance extrapolation.

Recently, for example, Bergqyist" has pointed

out that the same discrepancy exists for '"Au; a
nuclide for which careful measurements exist for
a range of incident neutron energies from thermal
up to 2.5 MeV. For gold the extrapolated giant
dipole resonance Lorentzian function predicts a
photon strength function larger by a factor of about
2.V than is actually observed. Furthermore, a
very marked non- Lorentzian shape has been ob-
served in the region for 3 &E„&8MeV. These
observations, combined with our present results,
indicate strongly that the Lorentzian extrapolation
is inadequate to predict photon strength functions
at or below an excitation corresponding to the neu-
tron binding energy. It will certainly be useful to
extend measurements such as these to other mass
regions to explore the behavior of the discrepancy.

Note addedin proof. We give explicit values for re-
action Q values, derived from our ground state transi-
tionenergies. Theseareasfollows: 92Mo(n, y), 8066
+2 keV; "Mo(n, y), 7367+2 keV; 96Mo(n, y), 6820
+ 2 keV; and 98Mo(n, y), 5923 + 2 keV.
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