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Capture y-ray spectra from the 2Mo(n ,y)**Mo reaction were measured for neutron ener-
gies below 100 keV using the 10-m flight path at the Oak Ridge electron linear accelerator.
For neutron energies less than 25 keV a total of 23 different s- and p-wave resonances were
resolved. The neutron binding energy is 8067.4+ 1.5 keV. The partial radiation widths for
the 12 highest energy vy rays which populate positive-parity states below 2.5-MeV excitation
were deduced and compared to the valency-model predictions of Lane and Lynn. For y-ray
energies less than 6.5 MeV, the average M1 partial radiation width is approximately equal
to the average E1 partial radiation width. The reduced transition strengths as defined by
Bartholomew for these transitions are % (E1)=(1.2+0.2)x 10™% and 2 (M1) = (11.5+ 2.3)x 1073,
For the 7126-keV transition to the s,,, first excited state the average reduced strength is en-
hanced by a factor of 5 and 2 for the E1 and M1 transitions, respectively. Nearly 30% of
this enhancement for the E1 multipoles is attributed to the valency-model contribution while
the remainder is assigned to other processes such as the giant dipole resonance and doorway-
state components. The average E2 width for the 8067-keV ground-state y rays is approxi-
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mately 10% of the average E1 ground-state width.

I. INTRODUCTION

One of the more interesting developments in the
field of radiative neutron capture is the observa-
tion of the importance of single-particle or valen-
cy components in the electric-dipole y-ray decays
for nuclei near the peak of the 3p giant resonance
in the neutron strength function. The Brookhaven
chopper group' observed that the y-ray spectra
from neutron capture into strong p-wave reso-
nances in the target nucleus Mo were in remark-
able agreement with the single-particle or valency
model of Lane and Lynn.*® However, for mea-
surements at higher neutron energies which were
done at the Oak Ridge electron linear accelerator
in collaboration with G. G. Slaughter, the valency-
model contribution was reduced. This was due to
the smaller p-wave reduced neutron widths at
these energies.* Large valency-model contribu-
tions have also been reported>® for p-wave neu-
tron capture for several resonances in the target
nuclei *®Zr and 1°Pd.

The Brookhaven group® also reported significant
single-paxticle components for radiative neutron
capture in several groups of unresolved resonances
in the target nucleus ®*Mo. Single-particle effects
are expected to be important in this nucleus since
there is neutron shell closure for the target nu-
cleus, and the ground state of the product nucleus,
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%Mo, contains a single neutron in the dy,, orbital.
The purpose of the present work is to report a
detailed test of the predictions of the valency mod-
el using the higher neutron energy-resolution cap-
ture y-ray measurements performed at the Oak
Ridge electron linear accelerator (ORELA).’

II. EXPERIMENTAL DETAILS

The source of pulsed neutrons for this experi-
ment was the Oak Ridge electron linear accelera-
tor (ORELA), an L-band (1300-MHz) machine
dedicated to neutron time-of-flight measurements.
ORELA accelerates electrons to a nominal energy
of 140 MeV, and is capable of 15-A pulses (at a
pulse width of 24 nsec or less) at a maximum rep-
etition rate of 1000/sec, for 50-kW maximum on
a water cooled and moderated tantalum target. At
maximum beam current and optimum pulse width
(24-30 nsec) the neutron production (through the
v-n reaction) is 10**/pulse, or 10 neutrons/sec,
time average at the maximum repetition rate of
1000/sec. The flight tube shares the target-room
vacuum (about 3 Torr) and contains 1.5- and 0.3-
m-long shadow shields to block the direct view of
the tantalum target from the sample. The beam
is collimated to a nominal 10-cm diam at the 10.4-
m sample location.

The 238-g metallic-molybdenum-powder sample
was enriched to 97.37% **Mo. The sample was
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mounted in a cylindrical container of silicon di-
oxide, with an inside diameter of about 7.0 cm and
a sample length of about 7.0 cm, resulting in a
sample thickness of ~0.0407 atoms/b.

The y-ray detector is a 37-cm® ORTEC true co-
axial Ge(Li) crystal in a vertical-mount cryostat,
positioned directly under the sample. A TC-135
preamplifier with analog, common-mode, and
fast-timing outputs is attached directly to the cryo-
stat. The analog and common-mode outputs drive
a 107-m Twin-Ax cable (RG-22B/U) to the differ-
ential inputs of a TC-200 amplifier in the labora-
tory upstairs. This combination reduces the rf
pickup to a negligible amount. The timing output
is conditioned by an ORTEC 454 timing filter am-
plifier, which provides amplitude and rise-time
compensated pulses to an ORTEC 453 constant
fraction timing discriminator. The fast NIM-logic-
pulse output of this discriminator is carried up-
stairs by 107 m of RG-214/U cable. All of the
above equipment is housed in a 1.8-m-long by
1.1-m-wide by 2.0-m-high shield made of copper
screen on a sheet-metal floor. This shield attenu-
ates the electromagnetic pickup from the accelera-
tor-beam current pulse, and permits the fast tim-
ing decision to be made in a quiet environment.

The y flash from the target is undoubtedly attenu-
ated tremendously by the shadow shield, and is
alleviated somewhat by the back angle of the flight
path with respect to the electron beam (105°). In-
deed, the pulse-height spectrum of the y-flash
pulses shows that they are predominantly low-en-
ergy y rays, evidently as a result of large-angle
Compton scattering. However, the y-flash contri-
bution per accelerator pulse must be kept very low
in amplitude (less than the resolution of the detec-
tor) or low in probability of occurrence, or both.
The TC-200 is operated at a baseline pulse width
of 6 to 8 usec, so any appreciable contribution
from the y flash will affect the resolution of y-ray
events down to an incident neutron energy of about
10 keV. In practice, enough Pb was put into the
beam to reduce any noticeable contribution from
the y flash to one pulse in three. For the present
experiment, 6.3 cm of lead was required. The
crystal was shielded with 10 cm of lead in the hori-
zontal plane, and 5.4 cm of °LiH were used be-
tween the sample and the crystal.

The analog pulses from the TC-200 output were
digitized by an 8192-channel 100-MHz Nuclear
Data Series 2200 analog-to-digital converter. The
timing pulses out of the constant fraction timing
discriminator were digitized by a 10-nsec 131072~
channel TMC TF-440-10 clock. The digitizers
were interlocked so as to maintain the correlation
between events. The digital information is trans-
mitted through ground isolators to one of two SEL
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810B computers (16 bits, 16 000 core memory,
0.75-pusec cycle time) which has either a 400000
or an 800000 word-addressable fixed-head disk
associated with it. A routine called CRUNCH,
which is peculiar to each of the four simultaneous
experiments on the computer, compares the two
data words of an event to the experiment param-
eters which are stored at the beginning of the disk
area.

The routine determines what is to be done with
the event, and reduces the two data words to an
address on the disk (track number and track posi-
tion). The proper location in the proper area is
updated by means of a system of address and data
buffers and block transfer controllers connecting
the disk to the computer.” A total of 361215 chan-
nels was used for the present experiment in the
following manner: 768 channels for experiment
parameters; 79 groups of 4096 pulse-height chan-
nels, each of which corresponded to a resonance
(47 groups) or a background interval (32 groups);
32767 channels for time-of-flight singles spec-
trum; and 4096 channels for pulse-height singles
spectrum. The neutron energy range was from
0.005 to 90 keV, and the y-ray energy range was
from 0.203 to 8.7 MeV. The present experiment
was run with the detector at 90° to the neutron
beam for a total of 7977.7 kWh on the target. An-
other experimental run was made with the detector
at 140° to the neutron beam for a total of 6156 kWh
on the target. This run was used to determine
resonance spins from the y-ray angular distribu-
tion. A 0.25-mm gold foil was run in conjunction
with the ®?Mo sample for finding absolute y-ray
partial widths, using the known partial widths in
the 4.9-eV gold resonance as a standard. The neu-
tron flux was measured by the time-of-flight spec-
trum from a !°B slab sample. The relative effi-
ciency of the crystal as a function of energy was
measured by the '*N(»,y)'*N reaction using a
Be;N, sample, and a ?**Ra source.

III. THEORETICAL PREDICTIONS

The valency model of radiative neutron capture
as reported by Lynn® predicts that the y-ray decay
width for an E1 multipole from the neutron-cap-
turing resonance X to a low-lying final state j is
given by

_{E,\\? 2 2 o2 | GIL YR 3717,) |
r‘y)\l _<;i_CL) X" X 6,°X 6 27 1 ’
(1)

where the first factor contains the y-ray energy
dependence, and the second factor is the single-
particle matrix element. The third and fourth fac-
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tors are the dimensionless reduced neutron widths
of the capturing and final states, respectively.
These factors measure the amount of single-par-
ticle neutron component in the respective states.
The final factor is the reduced matrix element
which contains the angular momentum factors.
For p-wave neutron capture (l,=1) in the even-
even target nucleus Mo the correct expression
for the reduced matrix element is given by

[(JAOJ5 | YP[[7,00,) |2 _
ZJX + 1

-4—91;(2J, 1WA ,d3d . 01)

XW3(1J,1,J,; 31)C,,*(1,0; 00) ,
(2)

where J, is the capturing-state spin, J, is the

final-state spin, [, is the orbital angular momen-

tum of neutron in final state, W is the Racah coef-

ficient, and C is the Clebsch-Gordan coefficient.
The single-particle radial matrix element, which

is given by

2

, 3)

I,y =%§me

f U \U,rdr
o

has been evaluated by Lynn® for neutron wave func-
tions in an Eckart potential with the well radius
adjusted so that the initial single-particle state a
was just bound. Here ¢ is the neutron effective
charge which is assumed to be given by

z=eZ/A

in the present work.

The dimensionless reduced neutron width of the
capturing state, which is the width relative to the
Wigner limit,? is given by

Orn: =T'\o/(2P 7 /Md) ,

where Ty, is the neutron width of resonance, a is
the nuclear radius which is 6.7 fm for this experi-
ment, M is the neutron mass, and P, =[1 +(ka)?]/
(ka)® is the p-wave neutron penetrability. For the
final state we use

8" =5y

which is the spectroscopic factor deduced in (d, p)
experiments.

In order to evaluate the partial radiation widths
for p-wave neutron capture in **Mo the following
nuclear parameters are required:

1) T'y,, the neutron width of each resonance;

(2) J%, spin and parity of neutron resonance;

(3) 'y, the total radiation width of each reso-
nance;

(4) J%, spin and parity of final state;

(5) S;;, neutron spectroscopic factor of final state;
(6) 1;, the single-particle orbital in the final state.
The neutron resonance parameters were mostly

unknown previously, but have been determined
from combining the present capture y-ray mea-
surement with neutron-transmission and total-
capture results from another experiment.® The
parameters of the low-lying states in ®*Mo are
known from a large variety of charged-particle
reactions.’®~® The spectroscopic factors used in
the present analysis are taken from the work of
Moorhead and Moyer** using the 3* spin assign-
ment for the 1691-keV state in **Mo as deduced
by Ball.’® The partial radiation widths are calcu-
lated using these parameters and are compared
with the experimentally observed widths in a later
section.

IV. MEASUREMENT OF PARTIAL
RADIATION WIDTHS

A. Measurement of y-Ray Peak Areas

The partial radiation widths are determined
from the y-ray peak areas in the y-ray spectra
using the expression

AnTy Py
Ty =N, @)

where A and j label capturing and final states,
respectively; k is a normalizing factor determined
to the 3169-eV resonance; A,, is the y-ray peak
area; Iy, is the total radiation width of resonance
A; €, is the relative detector efficiency; N, is the
number of neutrons captured in resonance A; and
P,, is the angular-distribution factor. Now N,
=B,¢(E), where ¢(E) is the incident neutron flux
and B, is the capture area per unit neutron flux.

The y-ray net peak areas for each of the three
peaks produced by the Ge(Li) detector for each
high-energy y ray (E, >4.0 MeV), as well as the
single peak produced by the low-energy y rays,
were obtained by subtracting from each peak a
linear background fitted to a neighboring off-peak
region for each spectrum. The errors recorded
are those due to statistical uncertainty in the net
peak areas. For the high-energy y rays the two-
photon and one-photon escape peak areas were
summed while the full-energy peak areas were
used for the low-energy y rays.

B. Detector Efficiency and y-Ray Energy
Calibration

The relative y-ray detection efficiency ¢; was
determined for the y-ray energy interval 2<E,
<11 MeV from the y rays from the *N(n,y)*N
reaction from a Be;N, sample. The efficiency for
the interval 0.5<E, <4 MeV was obtained from a
226Ra source. Both samples were placed in the
92Mo-sample position. The efficiencies of the high-
energy y rays from low-energy neutron capture in
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nitrogen were determined using the absolute in-
tensities of Thomas, Blatchley, and Bollinger.®
The efficiency for the low-energy y rays (E7< 2.4
MeV) from the Ra source was obtained using the
y-ray intensities of Dickens.?® After fitting smooth
curves to both data sets, the full-energy curves of
both sets were normalized at 1.8 MeV to produce
the final efficiency curve used in the calculations.

A test of the precision of the relative efficiency
between 0.94 and 7.12 MeV was done using the two-
step y-ray cascade from the capturing state through
the first excited state to the ground state in **Mo.
Since the internal conversion coefficients for these
two y rays are small, the intensity of the 0.94-keV
v ray should equal or exceed that of the 7.1-MeV
v ray in all spectra. This relationship was ob-
served to be valid within statistical error for all
the y-ray spectra.

The energies of the **Mo y rays were determined
by known y rays internal to the data set. The wide,
low-neutron-energy background y-ray spectrum
included prominent lines from pair annihilation
and capture y rays from hydrogen and iron. Since
there was no need in the present experiment for
high-y-ray-energy precision the low-energy y rays
are determined to an error of +1 keV while the
high-energy y rays have an error of +2 keV. The
neutron binding energy is measured to be 8067.4
+ 1.5 keV from the combination of the primary and
secondary y-ray energies which sum to the binding
energy.

C. Number of Neutrons Captured

One of the largest sources of uncertainty in past
resonant-neutron-capture y-ray experiments was
the method used to determine the number of neu-
trons captured in each neutron resonance. The
method generally used is to assume that the
summed y-ray spectrum over a wide y-ray-ener-
gy interval is proportional to the number of neu-
trons captured. This method should be most pre-
cise for complicated y-ray spectra. In the pres-
ent experiment we first used the same method.
Here we have assumed that the total spectral
counts observed in the y-ray-energy interval from
2.3 to 3.5 MeV, T,, is proportional to the number
of neutrons captured, independent of neutron ener-
gy. In this case

Ny=T, - B,

where B is the background contribution deduced
from an off-resonance region. The background
contributions varied from 10 to 90%. For neutron
energies exceeding 25 keV, there is no off-reso-
nance region and the error in the background esti-
mate is large.

As a check on the reliability of using the above
procedure we also calculated the number of neu-
trons captured in each neutron-energy interval.
The incident-neutron flux for each neutron-energy
interval was measured using the °B(n, ay)’Li re-
action in a thick °B sample. The capture yield for
each interval was calculated by the Monte-Carlo
program O5R *! using the neutron resonance param-
eters reported in another publication.® This pro-
gram includes the effects of multiple neutron scat-
tering, Doppler broadening, and resonance self-
protection. For resonances of unknown total ra-
diation width, a value of 0.170 eV was used. For
resonances unresolved in the capture-y-ray spec-
tral measurement, the summed areas of the in-
dividual resonances were used.

The ratio of the summed spectral area to the
calculated number of captures is shown in Fig. 1.
The points represent the various y-ray spectra
which in some cases include several neutron reso-
nances. The error bars indicate the estimated
+15% precision of the calculated captures as well
as an estimate of the background error. The hori-
zontal line indicates the mean value for the 20
points for E,< 15 keV. The scatter of the points
about the mean value is described by a relative
standard deviation of 22%, which is an indication
of the precision of the two methods of determining
the number of neutrons captured. A systematic
rise in the points is observed for higher neutron
energies which we attribute to an uncorrected
background contribution to the net spectral counts.
We have used the calculated number of captured
neutrons to calculate the partial radiation widths
for neutron energies less than 25 keV, for which we
estimate the systematic error to be less than 25%.
For higher neutron energies, where the resonances
are unresolved, we have used the net spectral
counts as a measure of the captures. The system-
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FIG. 1. Ratio of the summed y-ray spectral counts to
calculated number of neutron captures for the various
y-ray spectra.
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atic error is much larger in this region because
of the large background uncertainty.

D. Correction for y-Ray Angular Distribution

The y-ray spectra used to deduce partial radia-
tion widths were obtained at 90° with respect to the
incident neutron beam. For resonances of spin 3
the y-ray angular distribution is isotropic.?* For
spin 2 resonances the distribution is not isotropic
and a correction factor must be applied to the 90°
measurement in order to determine the partial
width. The factors P,; by which the observed y-
ray peak area must be multiplied to correct for
the angular distribution are listed in Table I. The
factor P,, is given by

Py, = f H6)dQ/4n1(90°) ,

where I(6) is the angular-distribution factor nor-
malized so that

fI(G)dﬂ =1.

This factor was applied to all transitions using the
spins and parities listed in Table IV.

E. Absolute Partial Widths Relative
to Gold

The absolute values of the partial radiation
widths in ®*Mo were determined relative to the
high-energy y-ray intensities in the 4.9-eV reso-
nance in gold. A separate run was taken using a
composite sample of ®Mo and Au. The sample
properties and experimental results are listed in
Table II. The 7126-keV y-ray width in the 3169-eV
resonance of Mo was normalized to the sum of
the high-energy y-ray widths for the 4.9-eV reso-
nances in gold as measured by Kane.?® Kane’s
result for the intensity (I',/T'y,) of these y rays
is 0.1334 photons per capture. The relative neu-
tron flux for the two resonances was measured
using the °B(xn, ary)’Li reaction from a 2.59-g/cm?
1B sample, while the number of captured neutrons

TABLE I. y-ray angular distribution 7(6) and correc-
tion factor P,; for dipole y rays. The capturing and
final-state spins are labeled by J, and J;, respectively.

Py, 1(9)
I Ir=t Ir=t

1 1,1/4r £, (1/16m)(2 +3 sin’6)
3 1,1/4m %, (1/207)(7 - 3sin’6)

%, (3/80m)(6 +sin%0)

~ofen

was calculated from the known resonance param-
eters using the above-mentioned computer pro-
gram.?! The partial width for the 7126-keV y ray
in the 3169-eV resonance, as deduced from apply-
ing Eq. (4) to both resonances, is 0.064 eV. This
number then determines the value of the constant
k in Eq. (4) which is used for the other spectra in
% Mo.

The 3169-eV s-wave resonance was chosen for
the normalization with gold because it is the low-
est-energy resonance for which the radiation width
was known. A correction for the approximate 15%
contribution from captures in the 3061-eV reso-
nance was applied as is discussed more complete-
ly in a later section. The total radiation widths of
the four lowest-energy resonances have not been
deduced because of their small neutron widths. If
we assume that the total radiation width of the 347-
eV s-wave resonance is equal to the average s-
wave width and normalize this spectrum to the
gold standard, we obtain widths within 10% of
those obtained from the 3169-eV resonance.

V. EXPERIMENTAL RESULTS

The y-ray counting rate as a function of neutron
flight time is shown in Fig. 2. Included are those
events which deposit more than 203-keV energy
in the detector. The histogram below the spec-
trum indicates the contiguous gates selected to
record y-ray spectra. The energies of the neu-
tron resonances are indicated above each peak.
No resonances were resolved for neutron ener-
gies greater than 25 keV while a total of 23 reso-
nances were resolved for lower energies. The
weak peaks at neutron energies below 2 keV are
assigned to other molybdenum isotopes in the
sample.

As representative examples, the low-energy
part of the y-ray spectrum is shown for two reso-

TABLE II. Parameters and data used for partial-
radiative-width normalization.

Parameter Gold Mo
Mass (g/cm?) 0.472 6.215
E, (eV) 4.906 3169
T, (eV) 0.01572 7.8
l"), (eV) 0.124 0.210
g 0.625 1.0
E; (MeV) 6.2-6.6 7.126
@) 55015 2,98+0.10
I 0.1334
A, 1.27 2.48
% multiple scattering 9.9 30

A 7639+180 22122
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FIG. 2. Neutron time-of-flight spectrum. The histogram indicates the contiguous gates used to record y-ray spectra.
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FIG. 3. Representative low-energy y-ray spectra. The numbered peaks are transitions to the ground state while the

lettered peaks are transitions to other states. The unlabeled peaks are background.
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nances in Fig. 3. The labeled peaks indicate the
capture y rays for ®*Mo while the remaining peaks
are due to other processes. The numbered peaks
are identified as secondary transitions populating
the ground state. The lettered peaks populate oth-
er states. These y rays are not primary transi-
tions from the capturing state since their energy
does not increase with increasing neutron energy.
It is shown later that a large fraction of the inten-

sity of these y rays results from the second part
of two-step y-ray decays from the capturing state
to the ground state. Thus we have been unable to
deduce the spins of the neutron resonances from
the relative strength of the low-energy y rays as
has been done for more complicated nuclei.?*
Figure 4 shows representative spectra for the
high-energy y rays from four resonances. The
y-ray-energy interval extends from 4 to 8.3 MeV.

92M0(ﬂ.)’)93M0

900 | :
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| 2 ' |

3.17 keV
S WAVE

——
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7 8

GAMMA-RAY ENERGY (MeV)

FIG. 4. Representative high-energy y-ray spectra from four different resonances. The numbers label the double-
escape peaks while the letters indicate the total-energy and single-escape peaks. Peak 0 indicates the ground-state

7y ray.
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For this energy region the detector response
yields three peaks for each y ray. The peaks la-
beled with numbers indicate the two-photon escape
peaks. The peak labeled 0 indicates the ground-
state ¥ ray. A total of 12 y rays with energies
exceeding 5 MeV were observed and assigned as
primary transitions from the resonances on the
basis of the observed increase in y-ray energy
with increasing neutron energy. Nearly all of the
23 resolved spectra are dominated by the 7126 -keV
vy ray which populates the first excited state. It is
this v ray which will receive special analysis.

The 347-eV resonance spectrum shown at the
top of Fig. 4 is unusual in that it contains much
y-ray strength below 5.5 MeV. Such strength is
missing in the lower spectra, which are more
typical of the remaining spectra.

Another interesting effect is the similarity of
the spectra from the 3.17-keV s-wave resonance
and the 3.06-keV p-wave resonance. The strong
transitions are of M1 multipolarity for the s-wave
resonance and E1 from the p wave. Such similari-
ties indicate the near equivalence of the average
E1 and M1 radiation widths which will be discussed
more completely later. The spectrum from the
3.17-keV resonance has been corrected for a 15%
admixture of the 3.06-keV spectrum caused by neu-
trons which scatter in the 3.17-keV resonance,
lose energy, and then are captured in the 3.06-
keV resonance. The maximum neutron energy
loss on scattering is 135 eV which is greater than
the resonance separation of 110 eV. The amount
of admixture was calculated using the measured
resonance parameters in the Monte-Carlo pro-
gram O5R.%!

The *Mo energy-level diagram based on pre-
vious experiments is shown in Fig. 5. Except for
the 2141-keV level, all spin assignments are from
other experiments. Included are the levels ob-
served in the (d, p) experiments of Moorhead and
Moyer." Their assignments of the orbital angular
momentum of the captured neutron and spectro-
scopic factors are listed. The states populated in
the present experiment by primary y-ray transi-
tions from the capturing states are indicated by
solid triangles on the right while those states
from which secondary y-ray transitions to the
ground state were observed are indicated by solid
triangles on the left. There have been conflicting
assignments of the spin of the 1693-keV level, but
the recent work of Ball!® establishes the spin as 3.
As a result the spectroscopic factor reported by
Moorhead and Moyer has been reduced from 0.18
to 0.12.

The level at 2141 keV was observed by both pri-
mary and secondary y rays in the present experi-
ment. Since it was not observed in previous (d, p)

experiments we have assumed a spectroscopic
factor of zero in the test of the valency model.
We deduce a spin of 3 for this level from the y-
ray angular distribution of the present experiment.
A level at 2145 keV was observed in the recent
(d, py) work of Matthews et al.'® and assigned a
spin of 3. Since it is expected that all low-lying
%, %, and % levels should be populated, the failure
to observe the 2145-keV level in the present ex-
periment suggests a spin larger than 3 for the
2145-keV level.

In order to deduce the spins of the neutron reso-
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FIG. 5. Energy-level diagram of #Mo. The properties
of the level at 2141 keV are from the present experiment
while the remainder are from other works. The triangles
on the right indicate the levels populated by primary vy
rays from the capturing state while those on the left emit
v rays to the ground state. The neutron orbital angular
momentum and spectroscopic factor from @, p) reactions
are shown on the right.
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nances, y-ray spectra were obtained at 90 and

140° relative to the neutron-beam direction. The
v-ray peak areas for primary transitions to final
states of spin § and $ relative to the peak area for
the 7126-keV y ray feeding the i state at 942 keV
were observed at both angles. This ratio is con-
stant with angle for resonances of spin 3 but chang-
es for spin-3 resonances. The results of this mea-
surement are listed in Table III for those reso-
nances for which the y rays were strong enough to
be useful for resonance spin assignments. Shown
are the experimental values of the ratio R(J,) de-
fined as

_[AW,)/A(1126)], o
RU) =Tz J)/A(7126 ~

For pure dipole y rays this ratio is unity for spin-
3 resonances, and is given by

R(3)=2.28
and
R($)=1.43

for spin-$ resonances. Resonances for which the
ratios are consistent with unity are assigned spin
1 while those which are consistent with 1.43 or
2.28 are assigned spin 3. The method yields def-
inite spin assignments for six resonances. The
results for three other resonances are marginal
and the resulting spin assignments are enclosed
in parentheses. The spins of } for the 0.347-,
3.17-, and 6.8-keV resonances are in agreement
with the values from the neutron-transmission

measurements.®

There are conflicting measurements of the spin
of the 5.6-keV resonance. The nearly isotropic
angular-distribution measurement indicates a spin
of 3 while the y-ray spectrum indicates spin .
The y ray populating the 3* ground state in this
resonance is one of the strongest observed. Since
the neutron-transmission experiment® requires
the resonance parity to be negative, a 3~ assign-
ment requires this ¥ ray to be an M2 or E3 multi-
pole which we consider improbable. Thus the y-
ray spectral measurement strongly suggests an
E1 multipolarity and a resonance spin of 3. Possi-
ble sources of distortion of the angular-distribu-
tion measurement are multiple neutron scattering
in the resonance and a multipole admixture in the
v-ray widths. However, multiple neutron scatter-
ing in this resonance is not sufficient to weaken
an anisotropic angular distribution since the multi-
ple scattering is larger in the 4.3-keV resonance
where the anisotropy is strong. A 1% M2 admix-
ture in both the y-ray decay to the ground state
and first excited state is sufficient to produce the
experimental result for a p;,, resonance. The
transition to the ' ground state is more sensitive
to the y-ray mixing ratio than transitions to the &'
final states. Such a large M2 width is perhaps not
unusual in this nucleus which has enhanced M1 and
E2 widths. We thus conclude that the spin and par-
ity of the 5.6-keV resonance is 3~ and that the
small anisotropy observed in the y-ray angular
distribution is possibly a result of an M2/E1 ad-
mixture of y-ray multipolarities.

From the angular-distribution measurement we

TABLE IHI. y-ray angular-distribution results, The deduced value of the reso-
nance spin is given in column 2. The experimental y-ray intensity ratio is given
by R(J,) =[AW;)/A(T129))149°/[AJ ;) /A(T129)]g5e. The theoretical value for pure
E1 vy rays is R =1.0 for J, =}. For J, =% the values are R(8)=2.2 and R(§) =1.4.

R(J))

E, ¥ ¥ ¥ ¥ ¥
keV)  Jy 8067 6577 5928 5891 56172
0.347 4 1.08+0.08 1,12x0.10
1.9 ¥ 1.25£0.20 2.4 0.2  1,9£0.2
2.3 3 2.5 0.8 1.6+0.4
3.06  ($) 1.4 %05 0.9+0.4
3.17 $ 1.3 0.2 0.6+0.3
4.3 3 2.1 £0.3  3.4x0,9 3.7:1.0
5.6 ($)®  1.03:0.20
6.0 3 1.56+0.17 3.0 £1.5  1.7+0.8
6.8 $) 0.5+0.3

2 See text for discussion of this assignment.
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have clearly determined the spins of four p-wave
resonances which are not known by any other meth-
od. This measurement also agrees with the spin-3
assignment for three s-wave resonances deduced
from the neutron-transmission measurement.?

Additional resonance spin assignments are based
on the observation of a “strong” transition to the
$* ground state and 1693-keV state. It is assumed
that these strong transitions are E1 and thus come
from 3~ resonances. This technique must be used
with caution since an E2 transition is observed in
the 346-eV s-wave resonance. On this basis we as-
sign a spin and parity of 3~ to the resonances at
12.8 and 17.2 keV.

The partial radiation widths of the high-energy
v rays deduced for each y-ray spectrum are listed
in Table IV for neutron energies less than 25 keV.
The neutron energies and resonance spins and par-
ities are listed in columns 1 and 2, respectively.
No spin assignments are listed for unresolved res-
onances. The listed spin assignments are from
the present work and the work of Ref. 9. Assign-
ments deduced from the values of gI", are enclosed
in parentheses and are less certain. The total ra-
diation widths used in Eq. (4) to determine the par-
tial widths are listed in column 3. The 18 values
determined from the total capture and transmis-
sion experiment® are shown. The unknown widths
are assigned a value of 170 meV for s waves and
240 meV for p waves, which are approximately
the average radiation widths. It is estimated that
this assumption can introduce a maximum 50% sys-
tematic error in the partial widths. The deduced
partial radiation widths in units of milli-electron
volts are listed in the remaining columns. The
errors from the uncertainty in the net y-ray peak
areas are enclosed in parentheses. The radiation
widths of the 5.6-, 6.0-, and 23.9-keV resonances,
which are much larger than the mean value, have
an uncertainty of approximately 50%, which pro-
duces an uncertainty of 50% in the partial radia-
tion widths of these resonances. It is also these
three resonances which contain the strongest y-
ray partial widths. The systematic error in the
remaining resonances with measured total radia-
tion widths is estimated to be 25%. The observa-
tion of large total radiation widths for resonances
which contain a few strong high-energy y rays is
expected since the summed strength of the iower-
energy primary y rays is expected to be nearly
constant because of the statistical distribution of
these widths.

Inspection of the table shows that the three high-
est-energy y rays contain the dominant strength
for most of the resonances. This is the trend pre-
dicted by the valency model which will be further
investigated in the following section.

VI. DISCUSSION
A. Valency-Model Comparison

The valency model of neutron capture predicts
that the y-ray decay widths are proportional to the
reduced neutron widths of both the capturing and
final states. As is indicated in Fig. 5, the largest
final-state neutron widths are in the lowest energy
levels as indicated by the large spectroscopic fac-
tors. The valency transitions are thus predicted
to be strong for transitions to the 3* ground state,

14.2 keV “

C
)
2
1 L 0 1 L
30 15 0 15 30
9.2 keV ]
- 9
_+|
+ 5
-
-
2
—————————— l
! 0 1 1
90 60 30 0 30 60 90
T T T T
6.4 keV —
—
—
-
p—— )
L I 1 0 I 1
20 10 0 10 20
T T T T
3.1 keV
9
- 5
— |2
| 1 0 1 1
50 100 50 0 50 100 150

MEASURED PREDICTED
PARTIAL WIDTHS (1073 eV)

FIG. 6. Comparison of the observed y-ray widths with
those predicted by the valency model for p,,, resonances.
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the L' first excited state, and the ' state at 1491
keV excitation. The extreme statistical model,

on the other hand, predicts no such dependence.
We therefore expect that the y-ray transition prob-
ability contains contributions from both processes
and we thus write for the observed width,

Ty = | TH5(SP) +ST3 | 2.
The phases of the single-particle amplitude and
the non-valency-model amplitude, ST'}%, can vary
so that the two amplitudes may interfere construc-

tively or destructively. This effect precludes the
possibility of extracting the two amplitudes direct-

T
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FIG. 7. Comparison of observed and predicted y-ray
widths for pj, resonances.

8

ly from the observed widths for individual reso-
nances. However, for widths averaged over many
resonances we expect the net interference effects
to be small and thus to be able to determine the
relative average size of the single particle and
nonvalency widths.

The valency-model predictions given by Eq. (1)
apply only to E1 y rays, which are observed only
from the p-wave resonances. Since the low-lying
states in ®*Mo populated in the present experiment
are all positive parity, the high-energy y rays
from the s-wave resonances are either M1 or E2
transitions. We shall exclude the s-wave reso-
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FIG. 8. Observed and predicted widths for py/,
resonances.
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nances from the discussion and concentrate on the
p-wave resonances.

A comparison of the observed widths with those
predicted by the valency model of Eq. (1) are
shown in Fig. 6 for the four lowest energy-re-
solved p,,, resonances. The resonant reduced p-
wave neutron widths listed in Ref. 9 are used in
the calculation. The observed widths are shown
on the left while the predicted widths are on the
right. The bars labeled 0 indicate the ground-state
v rays. There is little detailed agreement, al-
though the trend for concentration of strength in
the low-lying states is observed in both experi-

ment and prediction.

A similar comparison for 12 p;,, resonances is
given in Figs. 7-9. Again there is little detailed
agreement, although the high-energy y rays are
strong. The predicted widths tend to be smaller
than the observed widths. The spectra which yield
the best detailed agreement with the model are the
15.6- and 8.8-keV spectra shown in Fig. 10. These
spectra are from unresolved doublets. In the cal-
culation, resonances of both spins were assumed
to contribute in the ratio of their neutron widths
(gT,) in both spectra. The reduced neutron widths
of the 8.8-keV doublet, which are 2.1 and 1.0 eV,’?
are the strongest while those from the 15.6-keV
doublet are of average strength. The valency-mod-
el prediction of the summed intensity of the 12 y
rays in the 8.8-keV doublet is 60% of the observed
sum, which is the largest fractional contribution
of any spectrum. However, the partial widths of
the 8.8-keV doublet are not exceptionally large.
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Thus, the agreement between the valency model
and experiment for these two spectra is consid-
ered fortuitous and not a significant resuilt.

A detailed comparison of the predicted and ob-
served widths for the three highest-energy y rays
which contain most of the predicted model strength
shows that the general trend is for the predicted
widths to be smaller than the observed widths. No
correlation is found between the observed widths
and the reduced neutron widths of the resonance
for the 8067- and 6576-keV v rays. However, pos-
itive correlation is suggested for the 7126-keV y
ray. This topic will be pursued in a later section.
We conclude from this comparison that the valency
model does not produce the dominant contribution
to the observed partial radiation widths.

B. Average Partial Widths

In order to further determine the average size
of the valency-model contribution to the partial
widths we refer to the average partial widths. The
average partial widths for the resolved resonances
are shown in Fig. 11 for the s- and p-wave reso-
nances. Due to the small number of p,,, reso-
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30 T | T T T T
7 S WAVE n
20 — M1+ E2 =
3
/Er/
—~ 10— 1 —
2 H E2
el
" o L=nllNiNa al l ! L1
., 60
@ T I T T T 1
= P WAVE
2 50 — £4 —
P4
Q
=
< 40 {— —
o
<< .
[+
I 30 — ,4
=
Z -
& 20 |— € —
A
10 — 3 —
EY
o Lamimi M1l 11 | L | |
5 6 7 8

E, (Mev)

FIG. 11. Average partial radiation widths for s-wave
and p-wave resolved resonances. The vy rays in the s-
wave spectrum are of M1/E2 multipolarity while those
in the p-wave spectrum are E1. The average E1 widths
for the p-wave resonances include 12 resonances for the
two £ final states and 16 resonances for the 3 and 3
final states while seven resonances are included for the
s-wave average widths.

nances, both p-wave spins are placed in a single
group. The open bars indicate the average widths
for sample size of 7 s-wave, 12 p-wave for 3 final
states, and 16 p-wave resonances for the remain-
ing final states. The solid bars in the p-wave
graphs indicate the average valency-model predic-
tions for the three highest-energy y rays. The
valency-model predictions are insignificant for
the lower-energy y rays and are not shown. The
y-ray widths for E,>6.4 MeV are clearly stronger
than those at lower energies for each group.

In order to measure the enhancement we shall
assume that the y-ray transitions for E,< 6.4 MeV
follow a simple statistical model for which the av-
erage reduced matrix element is energy-indepen-
dent. For this case we have

(Tar<E).

We arbitrarily normalize these intensities to 5.19
MeV and obtain for the average normalized width
the values 3.4+ 0.6 and 3.6 +0.4 meV for the s-
and p-wave spectra, respectively, which agree
within the listed error. The errors result from
assuming a Porter-Thomas distribution of partial
widths. The smooth curves in Fig. 11 show the
energy dependence of the y-ray widths for the E,a
law extrapolated from the average value below
6.4 MeV.

For the E1 y-ray widths from the p-wave spec-
tra, we immediately observe that the three y-ray
transitions with energies exceeding 6.5 MeV are
much stronger than predicted by the E.,3 law. We
also observe that the calculated valency-model
contribution to the average partial width is approx-
imately 40%, 25%, and 15% for the 8067-, 7126-,
and 6576-keV y rays, respectively. This agrees
with the conclusion from the individual spectra
that the valency contribution is not the dominant
part of the observed partial radiation widths. For
the 8067-keV ground-state y ray the enhancement
above the E,’ line is consistent with the valency-
model prediction. However, for the 7126- and
6576-keV y rays the valency prediction accounts
for only approximately 35% of the enhancement
over the EY” dependence. We thus conclude that
the valency-model contribution to the neutron-
capture reaction mechanism is sufficient to ex-
plain the enhanced y -ray strength for the ground-
state y ray but not the strength to the first excited
1* and &' states.

One way, of course, to increase the predicted
valency-model partial widths is to change some
of the parameters used in the calculation, such as
the effective charge of the neutron or the size of
the Wigner limit for the neutron widths. Let us
suppose that by a suitable choice of parameters
we increase the predicted size of the partial widths
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by a factor of 4 so that the enhancement of the
T126-keV y ray is entirely explained by the valen-
cy model. Since the valency model predicts that
the partial width is proportional to the reduced
neutron width of the resonance, one expects to
observe a correlation coefficient of unity between
the partial radiation widths and reduced neutron
widths of the resonances. The correlation coeffi-
cient p is defined by

Ty =(Ta))(Tox =(T2n)

p= [Z)? Ty - (rx;))'? (Tax = (TR ] 2

A plot of the observed partial radiation widths and
the resonant reduced neutron widths for the 7126-
keV y ray is shown in Fig. 12. We have included
all of the widths listed in Table IV. This includes
the six groups of unresolved p-wave resonances
as well as the 16 resolved p-wave resonances. The
error bars on the points do not include a possible
factor-of-2 systematic error due to the uncertain-
ty in some spin assignments. The correlation co-
efficient is +0.51 and is indicated by the regression
line shown in the figure. The correlation is due
largely to the large widths of the 23.9-keV reso-
nance. The scatter of the data is much larger
than expected if the average valency-model width
is 5 times the average statistical-model width.
The scatter is, however, consistent with a small-
er ratio of the average valency width to the aver-
age statistical width. The small correlation be-
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FIG. 12. Comparison of the observed partial radiation
width of the 7126-keV y ray with the reduced p-wave
neutron width of each resonance. The open circles in-
dicate resonances of known spin } while a spin of § is
used for the resonances indicated by triangles. A re-
gression line for the correlation coefficient of +0.51 is
shown.

tween the observed partial widths and the reso-
nance reduced neutron width is evidence against

a possible factor-of-4 increase in the predicted
size of the valency-model width for the 7126-keV

v ray. We thus conclude that the enhanced strength
of the 7126-keV y ray cannot be explained entirely
by the valency-model contribution.

As a further test of the valency-model contribu-
tion to the partial radiation widths, we have calcu-
lated the correlation coefficients between the par-
tial radiation widths and the resonant reduced neu-
tron widths for all of the y rays for both the s-
and p-wave resonances. The only case in which
the correlation coefficient is large enough to be
statistically significant is the 7126-keV y ray in
the p-wave resonances. Of course one does not
expect to observe a correlation for the M1 transi-
tions from the s-wave resonances. The small cor-
relation coefficients for the remainder of the E1
transitions is consistent with the previous predic-
tions of the small size of the valency-model con-
tributions.

C. Photon Strength Function

One of the means of cataloging the average par-
tial radiation widths is the photon strength func-
tion which is defined by Bartholomew?® for E1,
M1, and E2 transitions as

k(E1) =(T'y,(E1))/E,’DA*"®,
k(M1) =(T',(M1))/E,’D ,
k(E2) =(T'),(E2))/E,;'DAY®,

where the radiative widths are in units of electron
volts, D is the average spacing of neutron reso-
nances of same spin and parity (in MeV), A is the
nuclear mass number, and E, is in MeV. The
strength functions obtained from the present ex-
periment are listed in Table V. The electric quad-
rupole strength function is obtained from the tran-
sitions to the two 3* final states populated from
the seven s-wave resonances. The M1 strength
function is obtained from the average of the nine
v rays with energies less than 7.0 MeV from the
seven s-wave resonances. These widths were
assumed to be pure M1 transitions. The 7126-keV
v ray is listed separately since it is stronger than
the other transitions. The E1 strength function is
calculated from the 16 resolved p-wave resonances.
The three highest-energy y rays with enhanced
strength are listed separately from the lower-en-
ergy y rays. The listed errors result from the
assumption of the Porter-Thomas distribution for
the individual y rays.

The amount of existing data on E2 widths for this
energy interval for this mass region is rather lim-
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ited. Thus there is nothing meaningful with which
to compare the observed strength function. How-
ever, the average E2 partial width for the 8067-
keV y ray is approximately & of the average E1
partial width for this y ray. This suggests a very
large enhanced E2 width since this is approximate-
ly 100 times the ratio predicted by the Weisskopf
units.

The M1 strength function is large compared to
the average values of all nuclei listed in the Bar-
tholomew compilation.?® The data in Table V
strongly indicate that the average 7126-keV M1
strength is enhanced by at least a factor of 2 rela-
tive to the lower-energy y rays. However, this
conclusion must be treated with caution since
there is an approximately 10% probability that the
7126-keV value is equal to the lower-energy value.
The average M1 partial widths are approximately
equal to the average E1 partial widths for the low-
er-energy v rays. This is a larger ratio than was
observed by Bollinger® for other nuclei above
mass 100 where he observed that the average M1
width was about § of the average E1 width.

Now let us concentrate on the enhanced E1
strength of the highest-energy y rays. The value
of the strength function for the lower-energy y
rays as listed in Table V is typical of this mass
region. On the other hand the 7126-keV strength
function is larger by a factor of 6. The enhanced
strength of the three high-energy y rays is also
sufficient to account for the fact that the average
p-wave total radiation width is 40% larger than the
average s-wave total radiation width.?

We have shown that the enhancement for the 7126-
and 6575-keV y rays cannot be satisfactorily ex-
plained on the basis of the valency model alone.
Another possible mechanism is the giant-dipole-
resonance model?” which has been invoked by
Bollinger and Thomas?® 2 to explain the depar-
tures from the Ey3 dependence of the average E1
y-ray intensities for many nuclei. This model
leads to an approximately E.f' dependence on the
average y-ray widths for y-ray energies in the re-

| co

gion from 5 to 8 MeV if it is assumed that each
excited state has the same giant resonance built
on it. This dependence is indicated in Fig. J1.
The increased average intensity predicted by this
energy dependence is not sufficient to significant-
ly change the conclusions based on the E73 law.
We thus conclude that the giant-dipole-resonance
contribution to the E1 strength function is not suf-
ficient to explain the enhanced average strength
of the high-energy y rays in **Mo.

Another possible explanation is the doorway-
state mechanism?® applied to neutron-capture re-
actions by Lane®* and Beer.?! In this picture the
two-particle-one-hole component of the neutron
resonances plays a dominant role. For **Mo we
prefer a particle-hole component which would not
produce a correlation between the resonance neu-
tron width and the partial radiation widths of the
high-energy y rays. One such component results
if the captured p-wave neutron drops into a low-
lying s- or d-wave final state while exciting a pro-
ton to an excitation of approximately 7 MeV. The
proton particle-hole annihilates to emit the E1 y
ray of nearly 7-MeV energy. This particular pro-
cess was invoked by Rimawi et al.?? to explain the
enhanced E1 y-ray transition strengths observed
for p-wave neutron capture in the neighboring tar-
get nucleus **Nb. There are sufficient proton sin-
gle-particle states separated by nearly 7-MeV
energy in ®*Mo to allow this picture to be a possi-
bility.

However, at the present time the doorway-state
concept is only of qualitative nature and lacks de-
tailed predictability. To be consistent with the
present experiment the doorway-state component
must contribute approximately 30 meV (~50%) to
the average partial radiation width of the 7126-
keV y ray. We must await for further develop-
ments in the field to test this model.

The enhanced strength of the 7126-keV y ray is
also consistent with the calculations of Soper®*
which suggest that p— s y-ray transitions should
be stronger than p—d transitions in this y-ray

TABLE V. Reduced y-ray widths in ®*Mo. The values for % (E2) and & (M1) are
from the seven s-wave resonances while the values of 2 (E1) are from the 16 re-

solved p-wave resonances.

D No.

Multipolarity (ke V) widths Reduced widths
k(E2) 2.35 14 (1.1£0.4)x 1077
k(M1) E, <7.0 MeV 2.35 63 (11,5+2.3)x 1073
k(M1) E, =7.126 MeV 2.35 7 (27.4+14,3)x107°
k(E1) Ey <6.4 MeV 1.0 144 (1.2+0.2)x1073
k(E1) Ey > 6.4 MeV 1.0 48 ( 6.1+£1.2)x10-3




joo

-3

(x107%) T T T T T
40 — —

[ 0-20kev "

B 30-100 kev

I‘xI (eVv)

5 [} 7 8
Ey (Mev)

FIG. 13. Comparison of average partial widths for
two different neutron-energy intervals.

energy region. In this calculation more of the p
to d giant-dipole strength is shifted to higher y-
ray energies. The T7126-keV y ray is a p- s tran-
sition while the 8067- and 6575-keV y rays are
p—-d;,, and p—~d,,, transitions, respectively. To
test whether the dominance of the p- s transitions
continues at higher neutron energies, we refer to
Fig. 13 which compares the average partial widths
for neutron energies less than 20 keV with those
for neutron energies in the interval from 30 to 100
keV. The absolute numbers are not very precise
but the dominance of the ground-state transitions
at the higher neutron energies is significant. This
suggests that the dominance of the 7126-keV p-s
transition at the lower neutron energies is not a
property of the giant dipole resonance, but is a

property of the structure of the neutron resonances.

This discussion shows that, while the valence-
neutron components are significant, additional re-
action mechanisms are important for radiative
neutron capture in *?Mo.

VII. SUMMARY

The partial radiation widths for 12 high-energy
y rays are deduced for seven s-wave and 16 p-wave
resonances for neutron energies less than 25 keV.
Additional average relative widths are obtained
for the unresolved resonance region up to 100 keV.
The total number of neutron captures for each
spectrum was determined by the usual method of
summing a wide region of the y-ray spectrum and
also by a Monte Carlo calculation using the neu-
tron resonance parameters. The two methods
agreed within 25% which we interpret as an upper
limit of the systematic error in the partial widths
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due to this source. We measured the spins of four
p-wave resonances from the y-ray angular distri-
bution and deduced the spins of the remaining p-
wave resonances from the y-ray spectra and the
value of gT', from total-capture measurements.?

The observed partial widths were compared to
the predictions of the valency model of neutron
capture and were found to consistently exceed the
predictions. The correlation coefficient between
the E1 partial radiation widths and the reduced
neutron widths of the resonance yielded a positive
value of statistical significance only for the 7126-
keV p- s transitions. Also no correlation was ob-
served for the M1 transitions. This confirms that
the valency-model components are not the major
source of the radiative capture mechanism.

The y-ray strength function as defined by Bar-
tholomew shows enhanced strength for y-ray ener-
gies near T MeV for E1 y rays. Approximately
35% of this enhancement is attributed to the valen-
cy model while the remainder must be associated
with other mechanisms which are uncorrelated
with the resonant reduced neutron widths. The
enhancement exceeds that predicted by the usual
extrapolation of the giant dipole resonance which
assumes a similar resonance shape for each ex-
cited state. A possible source is the doorway-
state component which has been invoked for p-
wave neutron capture in neighboring nuclei. The
qualitative features of this concept agree with the
average trends although a true test must await de-
tailed predictions. The enhancement of the p—~s
transitions also suggests that the low-lying states
in %*Mo have different giant resonances construct-
ed on them.

The average reduced M1 partial width is approx-
imately 4x the average of most nuclei while the
reduced E1 width is of average strength. The av-
erage E2 width of the 8067-keV ground-state tran-
sition is approximately 10% of the average E1
ground-state width. This is nearly 100 times the
Weisskopf-unit ratio.

We thus conclude that the valency-model contri-
bution to the p-wave radiation capture mechanism
is significant but not dominant.
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