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Measurements of (n,n’y) excitation functions were made for incident neutron energies from 2.2 to 3.7
MeV. For *Zr, 51 transitions from 26 levels through 3472.0 keV excitation energy were observed. The
Zr study of 20 levels through 3361.2 keV excitation energy produced 28 observed 7 rays, 12 of which were
previously unidentified. Angular distributions were measured at 3.2 and 3.7 MeV bombarding energies for 24
and 39 transitions respectively in **Zr and at 3.1 MeV for 18 transitions in °*Zr. Two new levels were
discovered in **Zr at 2903.8 and 3407.9 keV. A previously reported ambiguity involving 2* and 4% levels in
9Zr has been resolved, revealing a 4* level at 2329.0 keV and a 2* level at 2365.4 keV. New levels were
found in this isotope at 2507.6, 2698.0, 2825.2, and 2859.8 keV. Six unique spin or spin-parity assignments,
based only on the present work, were made in **Zr(E, in keV, J™): 2339.0, 3; 2485.1, 5;2742.6, 4;
2903.8, 0; 3056.5, 2; 3370.9, 1; and three in **Zr: 2365.4, 2; 2507.6, 3; 2603.7, (5). A 4~, 5~ excited
proton doublet appears to have been found in each of the isotopes at excitation energies comparable to those
for the doublet in *°Zr. This suggests similar proton configurations for all three isotopes. Neutron inelastic
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scattering cross sections are in agreement with those from experiments employing neutron detection.

NUCLEAR REACTIONS ¥Zr(s,n'v), E= 2.2-3.7 MeV; measured

, 0(E;E,,

E.
90°), o(E,, 6,). Calculated o(’), o(E,, ©,), with statistical model. 9{'94Zr de-
duced levels, o(’), 6, J, m, branching ratio. Enriched targets, Ge(Li) detec-
tors, time-of-flight background suppression.

I. INTRODUCTION

This paper reports the results of **%Zr(n,n’y)
experiments to measure the energies, excitation
functions, angular distributions, and branching
ratios of the deexcitation ¥ rays of these isotopes.
The experiments consisted of y-ray excitation func-
tion measurements on each isotope using neutrons
with energies from 2.2 to 3.7 MeV and angular
distribution measurements at incident neutron en-
ergies of 3.20 and 3.70 MeV for *Zr and at 3.10
MeV for *Zr. From this information the **Zr and
%7r level structures near and above 2.4 MeV have
been deduced and the spins of most levels either
uniquely determined or limited to a few choices.
v-ray multipole mixing ratios were also obtained
for many of the ¥ rays. Some of the present results
have already been discussed in preliminary reports.!

Previously the level scheme for each isotope was
well established to an excitation energy of 2.3 MeV,
which included only 7 levels in each one. Above
that energy substantial discrepancies existed in
many of the reported level energies, as well as in
proposed spin and parity assignments.

Kocher and Horen’s? compilation for ®Zr includes
an updated level scheme, based on their evaluation
of reported studies.®?? The energies in keV and
the spins and parities of the levels below 2.0 MeV
adopted by these compilers®are 934.46, 2*; 1383.0,
0*; 1495.6, 4*; and 1847.3, 2*. The compilers
note that above 2.4 MeV, the correspondence be-
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‘tween the levels observed in these experiments

340
is not good, primarily because of imprecise ener-
gy determinations in the reaction studies. Spins
have been adopted® for only four of the levels above
2.4 MeV, and all are tentative. Figure 1 shows
the adopted levels® above 2.0 MeV, as well as the
level scheme from a recent thermal neutron cap-

" ture study,!! reviewed by Wood!? as work in pro-

gress, and not included in the compilation.? These
data were not available when the present study be-
gan. For comparison, the level scheme determined
from the present study is also shown.

Kocher’s!? compilation for **Zr based on reported
studies®* % 10:1448 jndicated a situation similar to
that for *?Zr. The energies in keV and the spins
and parities of the levels of *Zr below 2 MeV
adopted by Kocher'®are 918.24, 2*; 1299,99,0*;
1468.34, 4*; and 1668.74, 2*. Figure 2 shows the
level scheme above 2.0 MeV adopted by the com-
piler'® and the results of the present study. Only
two. spins had been assigned®®!3 to the several
levels above 2.4-MeV excitation energy prior to
the present work. Singh, -Taylor, and Tiven!®
have published a more complete study of *Zr from
%Y decay since Kocher’s compilation appeared,
and this is also shown in Fig. 2, as are the results
of Tessler and Glickstein. !°

A puzzle exists in the reported *Zr level struc-
ture near 2,4 MeV. Tessler and Glickstein!® note
that the *Zr(n,ny) **Zr reaction excited a 4* level
not observed in **Zr(t,p) *Zr and ¥zr(p,t) *zr
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FIG. 1. A comparison of reported 9271 level schemes
above 2.0 MeV. Level energies are in MeV and the J7
values are to the left of the levels. Author and reference
number are indicated beneath each level scheme.

reactions ** while these latter two reactions exci-
ted a 2* level not observed in their (n,n'y) study.
These results were surprising, because 2* levels
are usually those most strongly excited in neutron
inelastic scattering experiments.?’ The present
study resolves these differences.

The proximity of ®Zr and **Zr to neutron-shell
closure at *Zr and **Mo makes them especially
amenable to valence nucleon descriptions. '‘Detail-
ed shell model systematics of the Zr isotopes have
been worked out by including proton excitations?! ~23
and valence neutron excitations in the (2d;,,, 3sy,,)
subshells.?? The level and decay information
found in this experiment can be compared directly
to results of the shell model calculations.?

In addition to the information to be obtained about
the levels of these nuclei from studying their y-ray
decays, there is considerable interest in the neu-
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FIG. 2. A comparison of reported %7y level schemes
above 2.0 MeV. Level energies are in MeV and the J"
values are to the left of the levels. Author and reference
number are noted beneath each level scheme.

tron inelastic scattering cross sections. This ex-
periment, in fact, is one of a series?®~?® of nuclear
structure and neutron scattering studies concen-
trated on even-A nuclei near A =90. The first of
the structure®® and scattering?®’ studies have been
published.

There is special interest in neutron scattering
cross sections in Zr because of the extensive use
of this metal in reactor environments., This inter-
est stimulated the recent (#,7’y) measurements on
Nzr, Yzr, 2Zr, and *Zr by Tessler et ql.!* and
Glickstein et al. ,* who measured excitation func-
tions for y rays from levels below 3-MeV excita-
tion energy, as well as recent Argonne National
Laboratory (ANL) measurements.®! Prior to this
there had been some excitation function data from
earlier experiments,'® but no data for levels above
3 MeV. No angular distributions had been mea-
sured for any of the deexcitation y rays. Scattering
cross sections inferred from the currently mea-
sured y-ray production cross sections supplement
the results obtained from neutron detection experi-
ments completed in this laboratory?”* 28 and at ANL.%

Neutron time-of-flight studies on separated Zr
and Mo isotopes have been completed at Kentucky?é~2°
for incident energies of 1.5, 2.75, 3.5, 6, and 8.6
MeV, and at ANL3! for 13 neutron energies between
1.8 and 4.0 MeV on separated Zr isotopes. These
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provide the most directly measured cross sections,

put are limited in energy resolution; closely spaced
levels canbe resolved in the (#,7'y) measureménts.
In the present work, the inferred cross sections
from y-ray detection for well separated levels are
shown to be in good agreement with those measured
by direct neutron detection. (See Ref. 32 for sim-
ilar comparisons.) The agreement reinforces the
confidence with which the results of both detection
methods are viewed.

II. EXPERIMENTAL PROCEDURES

The physical equipment and electronics used in
these experiments were similar to those previous-
ly used in (n,%'y) studies in this laboratory, :26:33
Protons were accelerated by a 6.0-MeV Van de
Graaff accelerator and terminal pulsed at 2 MHz
with a beam pulse width of about 10 ns. The beam
pulses were bunched to a 1 ns pulse width by a
Mobley pulse compression system. The protons
passed through a 3.61 um molybdenum foil into
1.0 atm of tritium contained in a tantalum lined
gas cell 32 mm in length and 10 mm in diameter
to produce neutrons by the T(p,n)’He reaction.
The beam current varied from 1.0 to 2.5 pA, and
the neutron energy spread was about 60 keV. The
cylindrical samples were suspended in the neutron
flux 50 mm from the end of the gas cell. These
samples, enriched to more than 95% in a single
isotope, are described in detail in Table I of Ref.
27. The **Zr sample contained 0.45 moles and the
%7r sample was 0.11 moles.

A 35 cm® Ge(Li) detector was 65 cm from the
sample and was collimated and shielded by a cylin-
drical lead shell surrounded by a mixture of Li,COg
and paraffin and was additionally shielded from the
direct neutron flux by a 50 cm long tungsten shadow
bar. The detector, collimating shield, and shadow
bar were mounted on a carriage which pivoted -
about the scatterer. The detector energy resolu-
tion was 2.5-keV full width at half maximum
(FWHM) at 1332 keV. A Hansen-McKibben long
counter was located approximately 3 m from the
neutron source at 90° with respect to the incident
beam to monitor the neutron flux incident upon the
Zr samples,

Time-of-flight techniques were used to discrim-
inate between the prompt y rays from neutron in-
elastic scattering in the samples and background
y rays. Timing methods pioneered by Gorni®* and
subsequently developed by Fouan and Passerieux®*
and by Brandenberger® were used to improve sys-
tem resolution for wide dynamic range y-ray de-
tection. This dynamic range allowed y rays from
0.1 to 3.5 :MeV to be included in this experiment.

II. DATA REDUCTION

The yields of the photopeaks in 166 spectra of
4096 channels were extracted using the automatic

peak fitting code SAMPQ.*® SAMPO approximates
the uncertainites in the peak yields in a manner
that underestimates the yield uncertainties of
weak peaks.®® Since many low yield peaks were
present in these spectra, all yield uncertainties
were recalculated as the rms of the foreground
and background statistical uncertainties. Neutron
inelastic scattering from samples of '°F, 5!V,
205Pp, and natural Fe was used to obtain the samp-
le spectra for transitions of known energies re-
quired by SAMPO. The gain of the electronics
was periodically checked using the accurately
known y rays®” from the radioactive sources
152.154Eu’ ISTCS, GOCO’ and 5600.

The yields were corrected for deadtime in the
electronic counting system, attenuation, and mul-
tiple scattering of the incident neutron beam in the
sample, absorption by the sample of the emitted
radiation, and yield enhancement due to secondary
neutron inelastic scattering. Simple analytic ex-
pressions developed for cylindrical samples by
Engelbrecht® were used to correct for incoming
neutron attenuation and multiple scattering. The
product of these latter two corrections was, to
within 5%, a constant for each sample for incident
neutrons with energies from 2.2 to 3.7 MeV, since
these are partially compensating corrections. A

.code previously developed in this laboratory®® was
used to correct for the absorption by the sample
of the emitted y radiation using recently measured
values of the y-ray absorption coefficients for nat-
ural zirconium and iron.*’ In this experiment the
Zr yields were normalized by comparing them to
those of the 847-keV transition in Fe. In the Fe
normalization measurements, neutrons with enough
energy after inelastic scattering from the 847-keV
6Fe level can inelastically scatter again before
escaping from the sample. Each such secondary
inelastic event produces a secondary 847-keV y
ray. The Engelbrecht expression3® for neutron
attenuation in the sample has been used to correct
the 847-keV y-ray yields for these contributions.
Similar corrections were made to the affected y-
ray yields in the **Zr and **Zr angular distribu-
tion data.

The relative efficiency of the 35 cm® Ge(Li) de-
tector was measured by the technique*! of using
radioactive sources ®Co, 8y, 180a, 15215y,
13383, and ®6Co, which collectively emit v rays with
known energies from 300 to 2600 keV and with ac-
curately known relative intensities.3”%? The rela-
tive efficiency € is expressed as

In(e) =1. 122 In(1/Ey)+ 0. 122 [In(1/E,)]?,

with E, in MeV. The relative efficiency uncertain-
ties were 2% for 500< E, < 1500 keV, 3% for 400
<E, <500 keV, and 1500<E, <2500 keV, and 4%
for those from 300<E,< 400 keV and 2500<E,



< 3500 keV. The *6Co spectra also gave the ener-
gy dependence of R”, the yield ratio of a double
escape peak to that of the full energy peak,*® which
was used to. help identify double escape peaks in
the ®Zr and %Zr spectra.

Excitation functions at 90° of the absolute differ-
ential cross sections of the Zr y rays were calcu-
lated by normalization to the known production
cross sections of the 847-keV y from *$Fe(x,n’y)
6Fe using the formula

Y, Ngsr €
oE 90°)=__L__841J41
AE, Y N, &

Mg, A 0
X ——-ﬁﬂM —MA 0g47(E ,90°),
r k4

where for the Zr measurements

Y, =vy-ray yield corrected for deadtime,

N,=nuclei/cm? of isotope being excited,

¢, =detector relative efficiency,

M, =monitor counts,

A, =correction for neutron flux attenuation and
multiple scattering and for y-ray self-ab-
sorption,

E =incident neutron energy.

The *6Fe production cross sections 0g(E ,90°)
were taken from an updated compilation,* an earli-
er version of which has been published.* The un-
certainties in the Zr absolute y-ray production cross
sections were obtained by combining both the Zr
photopeak yield and 847-keV photopeak ;yield uncer-
tainties with the following uncertainties: detector
relative efficiency, 2-4 %; monitor and electronic
stability, 2%; sample y-ray self-absorption, 1%;
and multiple scattering and attenuation of the in-
coming beam, 3-49%. The resulting uncertainties
were then combined rms with the estimated 8% un-
certainty in the 847-keV production cross section
(see Appendix A) to give the absolute uncertainty
in 0,(90°).

Uncertainties shown in the y-ray angular distrib-
utions include only those contributions which are
angle dependent. These include statistical, dead-
time, and y-ray self-absorption correction uncer-
tainties, and the monitor and electronic instability
uncertainty. The corrected yields with their un-
certainties were fitted with even-order Legendre
polynomial expansions, and the resulting 474 , val-
ues were multiplied by the angle-independent fact-
ors and yield corrections to give the final values
of ¢,. The uncertainties in the 474 , values were
combined rms with the angle-independent factor
uncertainties to give the uncertainties in the inte-
grated cross sections.

The neutron inelastic scattering cross section
0, for a level was inferred by subtracting the
angle-integrated production cross sections 0, of
the y rays feeding the level from the sum of the
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cross sections of y rays depopulating the level.
The uncertainties in these neutron cross sections
are the rms of the production cross section uncer-
tainties, excluding the normalization uncertainties
common to all. Resulting uncertainties were then
combined rms with the normalization uncertainties
to give the estimated total uncertainties in 0,,, the
inferred neutron cross sections.

IV. RESULTS
927r and 94 Zr y-ray excitation functions

The techniques in use at Kentucky for excitation
function measurements have been described. 45
y-ray yields measured in 50-keV steps as a func-
tion of incident energy are extrapolated back to
threshold to identify the decaying level. The
thresholds plus accurately measured transition
energies fix the level energy unambiguously. The
advantages of the method are the lack of dependence
of the detection efficiency upon neutron energy, and
the fact that one can work very close to threshold,
since neutrons easily enter and leave the nucleus.
Accurately measured ground-state transition ener-

gies and sums of the cascade y-ray energies usu-

ally determine the level energies to less than 1
keV.

Figures 3 and 4 display (»,n’y) spectra at 3.70
MeV for each isotope. Unmarked y-ray peaks cor-
respond to known background photopeaks. Spectra
obtained in this study were characterized by good
energy resolution and most peaks were well resolv-
ed from neighboring peaks and background lines.
Many of the weaker peaks were more clearly visible
at lower bombarding energies and many would be
more visible on expanded scales. One notes the
characteristic dominance of transitions from spin
2 levels, such as the 560.7- and 1132.0-keV lines
in 2Zr and the 1671.8-keV line in **Zr. The
strongest line in Zr at 918.3 keV has been omit-
ted from the figure to permit a more expanded
plotting scale. It seems clear also that the *Zr
spectrum is substantially less complex than that
of ®7r,

Figures 5, 6, and 7 display the **Zr 90° y-ray
excitation functions for the lines decaying from
levels through 3472.0 keV. Figures 8, 9, and 10
display similar data measured for the y rays de-
caying from the levels of *Zr through 3361.2 keV.
The uncertainties shown on a particular excitation
function are typical of those at most points well
above the threshold of that excitation function. The
y-ray energies shown near the data are in keV and
are those measured in this study. Dashed curves
are guides, not fits, to the data. The excitation
functions of the intense y rays from the levels of
92Zr and *Zr below 2.4 MeV, in Figs. 5 and 8,
have previously been measured and measurements



2524 G. P. GLASGOW et al. 18

. = - . . .
927¢(n,n'7)%22¢ :é g
15000 370 Mev { 4000/ g o 1
8, =90 o
m
o
s 2
d 8
7500 1 2000l T S .
~ og¢¥ ~ ”
M o nisy 8 ¢
38 a3 9 @
g oo ol F © ow
g sgosl)] | gz
g L\L—A_ ) 2=
o [o] (o] a T T
« 10 1040 1350 1660 1970
a
[%d N
= O« @
Z O~ 9
3 ReSm S "
© @ ~ 5 S
250 5\ ® 1501 1
2] @ ] - 9
.8 g &
" B °om

o T T - o T T T
2040 2350 2660 2970 3'640 3350 3660 3970
CHANNEL NUMBER
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of their thresholds were not made in this study. similar data for *Zr to that adopted by Kocher!?
The %2Zr y-ray energies, level energies, and from the results of various **Y g-decay experi-
uncertainties determined from this study are com- ments and (z,7'y) studies.1471?
pared in Table I to those reported from the g-decay Tables I and II and the accompanying excitation
studies included in Ref. 2 and from a recently re- functions give several new y rays and energy levels
ported neutron capture study.“ The six y rays, as. identified in the present experiment. The 27r re-
identified in previous (n,n'y) studies,'*'!¢ are all sults agree with those of Fanger et al.1! and con-
from the well-known lower energy levels of 2z firm the energies of many of the y rays reported

and are not included in Table I. Table II compares in that study.
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FIG. 4. A %Zr ¢n;n’y) ¥Zr spectrum at E,=3.70 MeV and §=90°. The dominant peak in the spectrum, 918.3 keV,
in channel 1000, has been suppressed to emphasize the other peaks. Other comments in the caption of Fig. 3 also apply
to this figure.
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We have found no evidence in the present work
for the proposed?® 35683 jeyvels at 2.15, 2.18,

2.474, 2.65, and 2.95 MeV.

It has been suggested?

that the tentatively proposed 2.18-MeV level was
actually a Zr contaminant line. The 2186-keV y
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ray observed in both ®2Zr and *Zr spectra in the
present work has been assigned to the 2* level to
ground -state transitioninthe 2% *Zr contaminant
in both samples.

Two new *?Zr energy levels were found at 2903.8
and 3407.9 keV. Each level emits two y rays to
well-known low-lying levels and the good agree-
ment of the excitation function thresholds helps es-
tablish the existence of these new levels.

The main differences between this work and that
of Ref. 11, as can be seen in Table I, are that we
have found more energy levels in the region up to
3.472 MeV, while for many of the levels Fanger
has observed more y rays. In particular, Fanger
et al.'* do not report the energy levels at 2903.8,

-3056.5, 3124.4, and 3407.9 keV,

A study of the level schemes from earlier work
reveals that from 2.0 to 3.3 MeV the energies
assigned from the (d,p) experiment® are 6 to 12
keV lower than those of the present experiment

and of Ref. 11, while the levels in the (¢,p) studies®

are about 6 keV high. In this energy region, the
indicated adjustments in the energies reported
from the (¢,p) and (d,p) studies bring several level
energies into agreement with these more recently
measured values. These adjustments of energy
scales from the transfer reaction studies are with-
in the uncertainties assigned in those experiments,
and would result in changes in several level ener-
gies in the adopted scheme of Kocher and Horen?
as shown in Fig. 1. In particular the proposed
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FIG. 10. Excitation functions of the deexcitation y rays
from' the higher energy levels of 47r. Comments in the
caption of Fig. 5 also apply to this figure.

levels at 2851, 3110, and 3223 keV would actually
be the levels found here at 2863.6, 3124.4, and
3236.2 keV. . The last level would correspond also
to that placed at 3240 and 3247 keV in the (¢,#') and
(¢,p) reaction studies respectively.

The only special problem with the excitation func-
tions in **Zr worthy of note concerns the 990. 3—
990. 4-keV transitions shown in Fig., 5. This ex-
citation function does not show the characteristic
energy dependence of statistical model cross sec-
tions for excitation of a single level, as depicted
by the 1232, 0-keV transition of Fig. 8, for exam-
ple. It shows instead the typical behavior of strong
cascade-feeding from a higher level. In this case
that is not possible since no cascade transition
feeding the 2485.1-keV level of sufficient strength
is observed to have a threshold near 3.05-3.10
MeV, where the yield of the 990.3-990. 4-keV line
shows a strong increase. There is a level excited
at 3056.5 keV, however, whose 718.9- and 2122, 4-
keV decays are shown in Fig. 6 to have a threshold
near 3.1 MeV. This level can also decay to the
2066. 1-keV level with a 990.4-keV line. Thus,
above 3.1-MeV incident energy the 990. 3-keV line
becomes a 990.3-990. 4-keV composite group.

The level discovered at 3407.9 keV decays by
emitting 2474.8-keV and 1067.9-keV y rays. The
2474. 8-keV y had been suggested® as a ground-
state transition from a level of the same energy.
However, our results exclude that possibility be-
cause the threshold of the 2474, 8-keV excitation
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TABLE I. A comparison of the ®Zr y-ray energies and level energies determined in this

study to those from 2Y 8 decay (Ref. 6) and a recent *Zr(n,v) study (Refs. 11 and 12).

B decay, 2y

This work Fanger et al. (Ref. 11) Ref. 6
Level Ey Level Ey Level Ey
(keV) (keV) (keV) (keV) (keV) (ke V)
934.1+0.5 934.1+0.5 934.46 934.46 934.5 934.5
1381.9+0.8 447.8+0.6 1382.68 448.22 1383.0 448.5
1494.8+0.8 560.7+0.6 1495.42 560.92 1495.6 561.1
1846.4+0.4 1847.24 (352.33) 1847.3
912.4+0.5 912.76 912.8
1846.3+0.5 1847.26 1847.3
2066.1+0.7 2066.6 219.2 2066.9
571.4
1132.0%0.5 1132.13 1132.4
2339.0+0.6 2339.60 272.9 2339.1
492.2£0.6 492.37 492.0
843.6 0.8 844.19 844.3
1405.7+0.7 1405.16 1405.4
(2339.6) 2339.9
2398.0+0.6 902.6+0.5 2398.28 902.86
1464.4+0.7 1463.82
2485.1+0.9 990.3+0.5 2486.0 990.54
1103.39
2742.6+0.6 257.3+0.7 2743.5 257.56
344.79
403.8+0.5 403.81
. (677.4)
1248.0+0.6 1248.08
2818.00.5 2819.4 333.89 2819.6
972.0+0.5 972.33 972.3
1436.2
1883.6£0.5 1885.1 1885.1
(2819.07) 2819.6
2863.6+0.6 1369.3+0.6 2865
1928.7+0.2
2903.8+0.7 837.2+0.8
1970.2+0.7
2909.0+£0.5 2909.3 569.5
842.69
1061.7
1414.4+0.7 1414.05
1974.6 £0.5 1974.90
3038.9+0.8 3039.6 295.8 3040.1
(700.0+1.0) 700.13
1192.5
2104.8+0.6 2105.13 2105.6
3056.5+0.7 718.9+0.6
990.4 1.0
2122.4+0.7
3124.4+0.8 1057.7+0.5
3124.9+1.3
3177.2x1.1 779.8+0.7 3178
2242.5+1.5
3190.8+1.0 1696.0+0.5 3190
3236.2+1.0 1741.4%0.6
3262.2%+0.6 2328.4%0.5 3262.9 2328.1 3263.9
3261.8=1.5 3262.3 3263.9
3275.9£0.5 ’ 3275.7 (366.6)
877.4+0.5 877.51
1209.2%0.6 1209.19
2342.3+0.7 2340.9

2527
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TABLE 1. (Continued).
B decay, 2y
This work Fanger et al. (Ref. 11) Ref. 6
Level Ey Level E, Level Ey
(keV) (keV) (ke V) (ke V) (keV) (keV)
3288.7+0.6 379.6+0.5 3289.2 379.64
891.0
1225.5%0.6 1222.43
17938.9
2354.5+0.5 2354.8
3370.9=0.7 3371.0 1032.0 3371.3
1988.3+0.6 1988.75 1988.6
2438.3+0.7 2436.9 2437.0
(3370.1£1.6) 3371 3371.2
3407.9%0.6 1067.9+0.5
2474.8+0.6
3452.2+0.6 3452 (632.1)
1112.6
1606.2+0.8 1604.85
1956.6
2069.5
2517.8+0.6 2517.8
3472.0+1.1 569.7+0.7 3472 2537.1
3471.0+2.0 3475.2

function, shown in the lower right panel of Fig. 7,
is well above 2,474 MeV.

The last two ?2Zr level energies assigned in this
study, 3452.2 and 3472.0 keV, agree with the
3452-keV and 3472-keV level energies reported
by Fanger et ql. 1!

Analysis of the 94 Zr excitation functions

This study resolves a puzzle, mentioned in the
Introduction, in the %7r level structure near
2320-2370 keV. Day and Lind!® reported one level
at 2320 keV, based on a 1.40-MeV y-ray decay to
the first excited state. Tessler et al.!* concluded
that a 1.45-MeV y ray in their spectrum and Day
and Lind’s 1.40-MeV y ray were the same, but
that it was decaying from a level at 2360 keV with
a tentative spin of (4), reported from a (p,p’)
study by Dickens et al.? Tessler and Glickstein!®
later corrected their y-ray energy to 1416 keV and
fixed the level at 2336 keV. After searching un-
successfully for a 2* to ground-state y ray and
other possible decays from the 2* level reported
in this energy region in the (¢,p) and the (p,?) ex-
periments,* they concluded only a 2336-keV level
existed in this region.

The results of the present experiment clearly
show two levels. One, the 2329.0-keV level,
emits the 1410. 7-keV y ray which is apparently
the same y ray reported by Day and Lind*! and also
by Tessler and Glickstein,!’ although not at exactly
this energy. This also confirms a tentative level

reported at 2320 keV in the (p,p’) experiment.®
The second energy level at 2365. 4 keV emits four
v rays with energies of 308.4, 694.2, 1065.7, and
1447.5 keV. The monotonically decreasing exci-
tation functions of these y rays, ‘shown in Fig. 9,
imply that there are only weak or perhaps no cas-
cades to this level. The sharp decrease in their
cross sections with increasing neutron energy sug-
gests why they would not appear in the spectrum
which Tessler and Glickstein!® obtained with 5.0-
MeV neutrons. In Fig. 4, the 694.2-keV photo-
peak is the narrow structure present on the recoil
broadened 694-keV background line prominent in
all (n,n’y) spectra measured with Ge(Li) detectors.
The location of this peak on a strong background
line may also explain why it was not reported in
earlier studies. The use of time of flight to separ-
ate prompt v rays from neutrons aids in resolving
such structure by drastically reducing the neutron
induced background lines. In the very recent work
of Singh et al. ,!° exactly the same level structure
and y-ray transitions were found in this region of
excitation.

The panels of Fig. 10 display the excitation func-
tions of the y rays from the *Zr levels between
2400 and 2860 keV. A previously unreported level
at 2507.6 keV emits the 1589.5- and 836.0-keV de-
excitation y rays. Several authors report the
2603.7-keV level, %4 7910

Its 1134.9-keV y ray appears as a small shoulder
on the strong 1138-keV peak; it was only success-
fully resolved from that strong peak at energies
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TABLE II. A comparison of the #Zr y-ray energies and level energies determined in this
study to those reported in (#,7’y) and %y B decay experiments included in Ref. 13 and reported

in Ref. 19.
Kocher (Ref. 13) Singh (Ref. 19)
This work 4y B decay - (n,n'y) %y B decay
Level Ey Level E, Level Ey Level E,
(keV) (keV) (keV) (keV) (keV) (keV) (keV) (keV)
918.3+0.5 918.3+0.5 918.24 918.24 920 920 918.8 918.8
1299.7+0.7 381.4x0.5 1299.99 381.75 1300 380 1300.4 381.6
1468.8+0.7 550.5+0.5 1468.34 550.10 1421 551 1469.7 550.9
1671.2+0.9 752.3+0.8 1668.74 750.52 1675 753 1671.5 752.6
1671.8+0.8 1668.57 1675 1671.4
(202.0)
2056.6 £0.8 1138.3%0.6 2057.36 1139.12 2060 1140 2057.7 1138.9
588.0 ' 588
2150.3%+0.9 1232.0+0.7 2151.02 1232.78 2154 1234 2151.5 1232.6
2329.0%0.9 1410.7x0.9 ’ 2336 1416 2330.7 1411.9
2365.4+£0.6 308.4+0.8 2365.5 2366.3 308.2
694.2+1.0 694.7
1065.7+0.5 1066.5
1447.5+0.8 1447.3 1447.4
2507.6 0.7 836.0+0.7
1589.5£0.9
2603.7+1.1 1134.9£0.8
2698.0+1.1 1779.7+£1.0
2825.2+1.1 1154.6+0.6
2846.0+5.0 2846.0+5.0 2834 (2834.0) 2846.3 2846.3
1927.5
2859.8+1.3 1391.0+1.1
2887.7+1.8 1969.4x1.7
2908.2 2908.4
1989.3
1236.6
2942.8+1.4 886.2+1.2
3057.8x1.4 1384.9+1.0 3058.6 3059.4
2140.9+2.5 2140.4 2140.6
(694.0)
1001.8
3155.5%1.5 648.7+0.8
2237.3%+2.5
3219.5x1.5 1161.3+0.7 3219.6 1162.2 3219.4 1161.8
1751.1+1.3
2300.5
887.5
3361.2+3.4 2442.9+3.4 3361.1 2444.0 3361.2 2442.1
1892.8 1891.6
1303.8

more than 250 keV above threshold. The 1779.7-

ray locates a level at 2859.8 keV. We do not find

keV y ray locates a new level at 2698.0 keV. From
their (p,p’) experiment, Dickens et ql.? have tenta-
tively reported three levels in the 2800-2940-keV
region. The particle transfer and inelastic scat-
tering 3710 experiments indicate only one or two
levels in this region and fail to resolve all of the
levels proposed by Dickens et ¢l.® We find a level
in this region at 2825.2 keV,whichemitsan 1154.6-
keV y ray. A 2846-keV y ray places a level at
that energy, supporting the 2845.6-keV assignment
made by Cavallini et ¢l.!" A weak 1391.0-keV y

the 2834-keV level proposed by Hontzeas and
Marsden. '8

Figure 10 also contains the excitation functions
of the 1969.4- and 886.2-keV y rays from the re-
ported levels at 2887.7 and 2942.8 keV, respect-
ively. It appears that Singh et al.!® have mistaken-
ly concluded that the 886-keV y ray is a transition
from the level at 3219.5 keV, since it is seen here
to be excited by neutrons with E,~3.15 MeV. In
the energy region from 3057 to 3361 keV, four lev~
els have been observed. No prior experiment has
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concurrently excited all of them. Figure 10 dis-
plays the excitation functions of the weak y rays
from these four levels. The y rays at 202, 588,
and 1892.8 keV reported in Refs. 17 and 19 and
adopted by Kocher!® were not found in this study.
Neither were the three y rays at 1237, 1989 and
2908 keV reported in Ref. 19 seen in the present
study; they may have been below our limit of sen-
sitivity.

Angular distributions of v rays in 92:94Zr

In addition to providing y-ray branching ratios,

spins or spin restrictions and y-ray multipole mix-

G. P. GLASGOW et al. 18

ing ratios often can be determined or at least lim-
ited by comparing the experimental angular dis-
tributions to the distributions predicted by the
Wolfenstein-Hauser -Feshbach (WHF) formalism. *¢
Many prior studies have shown that the spins of the
decaying levels often can be determined uniquely

if the anisotropies of the y-ray angular distribu-
tions are large.**" Even if the anisotropy is not
large, the spin can usually be limited to a few
choices. The angular distributions provide reliable
tests for spin assignments because they are essen-
tially independent of the neutron scattering mech-
anism. They depend on the alignments or magnet-

TABLE III. %Zr angle-integrated y-ray production cross sections and Legendre polynomial
least-squares fitting coefficients at E,=3.20 and 3.70 MeV. 0, =4TA, unless noted otherwise.

Integrated cross sections

Legendre polynomial coefficients

Level Ey OAE) (mb) 3.20 MeV 3.70 MeV
(keV) (keV) 3.20 MeV  3.70 MeV a, a, ay
934.1 934.1 1612154 1407 £152 0.13£0.02 0.12+0.02
1381.9 447.8 101+ 10 85+ 9 0.0 0.0
1494.8 560.7 358+ 34 336+ 36 0.25+0.03 0.22+0.03
1846.4 912.4 216+ 21 143+ 15 0.10£0.03 0.09+0.02
1846.3 101+ 10 69+ 8 0.17+0.03 0.18+0.02
2066.1 1132.0 252+ 24 223+ 24  —0.21+£0.01 —0.20%0.01
2339.0  492.2 12+ 1 10+ 1  —0.21+0.05 0.25 +0,17
843.6 37+ 4 35+ 4  —0.24%0.05 —0.20%0.07
1405.7 98+ 9 89+ 10  —0.28+0.02 —0.22+0.02 0.05+0.03
2398.0 902.6 73+ 7 69+ 7 0.31+0.06 0.26+0.03
1464.4 25+ 3 25+ 3 0.29+0.07 0.29+0.07
2485.1 990.3 38+ 5 37+ 10  —0.19%0.03 —0.15+0.02
2742.6 257.3 9+ 1 7+ 1  —0.30£0.11 —0.34%0.12
403.8 8+ 1 6+ 1  —0.27+0.07 —0.15%0.13 0.54+0.19
1248.0 14+ 1 12+ 1 0.31+0.03 0.33+0.10
2818.0 972.0 72+ 7 51 6 0.11+0.03 0.14£0.04
1883.6 27+ 3 18+ 2 0.0 0.0
2863.6  1369.3 30+ 9 29+ 3° 0.07+0.03 0.0
1928.7 7+ 1 8+ 1 0.63+0.15
2903.8 837.2 15 2 16 2 0.0 0.0
1970.2 (15 2)° 14+ 1 0.0
2909.0 1414.4 19+ 2 23+ 3 0.27£0.08 0.24+0.05
1974.6 26+ 3 29+ 3  —0.10%0.03 0.0
3038.9 2104.8 12+ 1 26+ 3 —0.35%£0.08 —0.34+0.05
3056.5 718.9 (5 1)° 12+ 1 —0.31£0.06
990.4 8+ 3°? 31+ 8)
. 2122.4 5+ 1 12+ 1 0.26+0.06 0.41%0.11
3124.4  1057.7 13+ 1 0.0
3177.2 779.8 23+ 3 0.27+0.08 —0.24+0.12
2242.5 7+ 1 0.0
3190.8 1696.0 14+ 2 0.34+0.08
3236.2 1741.4 24+ 3 —0.24 £0.02
3262.2 2328.4 27+ 3 0.0
3275.9 877.4 5+ 1 0.0
1209.2 22+ 2 —0.10£0.04
3288.7 379.6 8+ 1 0.0
1225.5 10+ 1 0.410.12
3370.9 1988.3 11+ 1 0.0
3407.9 1067.9 11+ 1 —0.50+0.07
3452.2  1606.2 6+ 1 —0.38£0.10

2 Cross section estimate given by 470,(90°).
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ic substate populations of the levels excited in the
scattering process. At low incident neutron ener-
gies these alignments reflect primarily the high
l-dependent penetrabilities for the incoming and
outgoing neutrons, which in turn depend primarily
on the size of the nucleus and the neutron energies.
Comparisons® of alignments and of spin assign-
ments and limitations obtained by these angular
distribution methods with results from other types
of structure studies have shown the reliability of
this method.

A secondary.-and weaker reliance can be placed
on the use of cross section comparisons'® to limit
spin choices for scattering in spherical nuclei,
The cross sections calculated with the WHF statis-
tical model are good approximations to the neutron
inelastic scattering cross sections at bombarding
energies E,<4 MeV in such nuclei. The model
cannot be too precise, partly because it neglects
the influence of nuclear dynamics on the cross sec-
tions. Nonetheless, such comparisons have been
successfully used in this 163 and other mass re-
gions. Spin choices usually can be rejected if the
predicted inelastic cross sections differ by a fact-
or greater than 2 from those inferred from the y-
ray measurements in such spherical nuclei.

Angular distributions were measured for 24 y
rays for ®Zr at a neutron bombarding energy of
3.20 MeV and for 39 y rays at 3.70 MeV. Eigh-
teen angular distributions were measured for *Zr

TABLE IV. The 3.10 MeV Zr angular distribution
least-squares coefficients and y-ray production cross
sections. When they occur, a4 coefficients are listed im-
mediately under the second order coefficient. The y-ray
production cross sections are given by 07=41er.

Level Ey ay and ay OAEy)
(keV) (keV) coefficients (mb)
918.3 918.3 0.15+0.02 1570+150
1299.7 381.4 . 0.0 108+ 11
1468.8 550.5 0.25+0.02 204+ 20
—0.09+0.03
1671.2 752.3 0.0 169+ 16 .
1671.8 0.17+0.02 247+ 24
2056.6 1138.3 -0.27+0.02 180+ 17
2150.3 1232.0 -0.30+0.04 190+ 18
—-0.13+0.06
2329.0 1410.7 0.29+0.09 84+ 9
-0.39+0.13
2365.4 308.4 0.0 10+ 1
694.2 ' 0.14+0.07 98+ 10
1065.7 0.28+0.10 18+ 2
1447.5 0.48 0,04 63+ 6
2507.6 - 836.0 -1.04£0.29 14+ 2
1589.5 0.53+0.05 98+ 10
2698.0 1779.7 0.0 53+ 5
2825.2 1154.6 0.28+0.05 56 5
2859.8 1391.0 0.32+0.22 22+ 3
2887.7 1969.4 0.0 27+ 3

at an energy of 3.10 MeV. These angular distri-
butions consisted of y-ray yields measured at 9
equally spaced angles from 30° to 150°. Least-
squares fits to the yields and their uncertainties
were made with the even-order Legendre polynom-
ial expression:

Y(6)=A ¢[1+ayP,(cosb) +a,P,(cosb)].

The numbers of coefficients included in each fit
was determined using the x% and Fy test least-
squares fitting criteria described by Bevington. *8
Table IIIlists the coefficients of the least-squares
fits to the data for the ®Zr distributions at each
energy, as well as the angle-integrated y-ray pro-
duction cross sections. Table IV presents the *Zr
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FIG. 11. The angular distributions of deexcitation y
rays of #Zr. The left panels display distributions mea-
sured at 3.20 MeV while the right panels display distri-
butions measured at 3.70 MeV. Identifying y-ray ener-
gies are in keV. J} and J; are noted for the two levels
associated with the transition. Solid curves are least-
square fits to the relative yields. Dashed curves are
angular distribution shapes calculated from WHF theory
for the spins indicated. When the theoretical distribu-
tions coincide with the solid curves, the dashed curves
are not shown. The ervor bars, representing probable

" errors, include yield and monitoruncertainties but do

not include the normalization uncertainty. Note that the
scale zeros are suppressed. The initial spin possibili-
ties, J; given in the figure aré all those which are not
inconsistent with the present experimental results, Ini-
tial level parities, T; are not given in the figures unless
they have been established in earlier work because the
WHF angular distributions are essentially independent
of parity.
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FIG. 12, The angular distributions of deexcitation ¥
rays of %Zr. The left panels display distributions mea-
sured at 3.20 MeV and the right panels show distributions
measured at 3.70 MeV. Comments in the caption to Fig.
11 also apply to this figure.

least-squares fit coefficients and y-ray production
cross sections. The statistical test information,
associated with the goodness of fit tests,!® is not
presented here.

The y-ray angular distributions for transitions in
9947 are shown in Figs. 11 through 19. For each
distribution, both the least-squares fits (LSF) to
the measurements and WHF theoretical calcula-
tions are shown. The LSF are representedas solid
curves, and the WHF curves often coincide with
them. When the WHF curves are different, they
are shown as dashed curves. These theoretical
calculations have as an adjustable parameter the
mixing ratio, 6, which defines the interference
between two multipole orders in the y-ray transi-
tion. The mixing ratio was adjusted as described
below to minimize the deviation of the WHF from
the LSF curves. For many transitions, several
spin choices for excited levels are consistent with
the data of Figs. 11-19,

The WHF calculations require transmission co-
efficients of a complex potential appropriate to
these Zr isotopes. Potentials had been determined
from a first analysis of preliminary results for
neutron elastic and inelastic scattering from even-
A Mo isotopes,’® and they were very similar to po-
tentials available from Knolls Atomic Power Lab-
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FIG. 13, The angular distributions of deexcitation v
rays of %Zr, The left panels display the distributions
measured at 3.20 MeV and the right panels show distri-
butions measured at 3,70 MeV. Comments in the cap-
tion to Fig. 11 also apply to this figure. The notation
3—5 with the 1369.3-keV angular distribution indicates
that spins 3, 4, and 5 are possible spin assignments,
Similar notation is used with other angular distributions
in the remaining figures. Note that the relative yield
scales are not all identical,

oratory.*® The **Mo and **Mo potentials? were
used for ®Zr and *Zr. They have real depths of
47.2 and 47.0 MeV, and Woods-Saxon derivative
imaginary depths of 8.8 and 9.0 MeV respectively.
The real and imaginary diffusenesses are 0.65 and
0.47 fm respectively, and the real and imaginary
radii are 1.25A'/® and 1.30A” fm.

Using the complex potential code ABACUS-II (re-
vised)®® to calculate the transmission coefficients,

2104.8
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-0.8 04 0’  -04 -0.8
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FIG. 14. Angular distributions of deexcitation ¥ rays
of ®Zr, measured at 3.20 MeV. Comments in the cap-
tions to Figs. 11 and 13 also apply to this figure.
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FIG. 15. Angular distributions of deexcitation ¥ rays
of 2Zr, measured at 3.70 MeV, Comments in the caption
to Figs. 11 and 13 also apply to the figure,

and WHF codes written here, the magnetic substate
populations of excited levels and inelastic scatter-
ing cross sections were calculated for all combina-
tions of J" from 0* to 5. For J>6 the cross sec-
tions at these energies are too small to be detected
and were therefore not calculated. Theoretical
y-ray distributions, expressed as W(0)=1+a*%(6)
Py(cosb) +a*%(6)P,(cosh), were then calculated as

a function of & for each J" and compared to the ex-
perimental distributions. The multipole mixing
ratio of a y-ray transition is defined as 6 =<|L +1|
>/<|L|>, using the Rose and Brink® phase con-
vention. Standard statistical criteria, again in-
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FIG. 16, Angular distribution of deexcitation ¥ rays of
927r, measured at 3.70 MeV. Comments in the captions
to Figs. 11 and 13 also apply to this figure,
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FIG. 17. Angular distributions of deexcitation ¥ rays
of 2Zr, measured at 3.70 MeV., Comments in the cap-
tion to Figs. 11 and 13 also apply to this figure.
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FIG. 18, Angular distributions of deexcitation ¥ rays
of ¥Zr, measured at 3.10 MeV, Comments in the caption
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FIG. 19. Angular distributions of deexcitation v rays
of #¥Zr, measured at 3.10 MeV. Comments in the cap-
tion to Figs, 11 and 13 apply to this figure.

cluding the x? and Fy tests,'® were used to deter-
mine goodness of fit. For a theoretical fit to be
considered acceptable, a) (or a%) differed from g,
(or a4) by less than the experimental uncertainty
given in Table III or IV. Spin discrimination was
also based on the agreement of calculated and mea-
sured inelastic scattering cross sections, but only
at the factor-of-2 level. That is, spin assignments
which resulted in calculated cross sections differ-
ing from measured ones by more than a factor of

2 were generally rejected.

Table V summarizes the acceptable spins and
the multipole mixing ratios determined from the
analysis of the *Zr angular distributions and cross
sections at the two bombarding energies. The val-
ues of the mixing ratios of the y rays from the lev-
els through the 2909.0-keV level are from the E,,
=3.20-MeV angular distribution results while
those from the energy levels above 2909.0 keV are
from the analyses of the E,=3.70-MeV measure-
ments. Table VI lists a similar summary for
%7Zr. The parities given in Tables V and VI are
those determined in the present study using pre-
viously known J " values of final states and the sys-
tematics of M2/E1 and M3/E2 mixing ratios. It
is generally accepted that very large admixtures
of M(L +1) into E(L) decays do not occur. In the
present work, it was assumed that mixed L =1 and
L =2 transitions for which 15| >1.0 could not be
M2/E1. This criterion is supported by the recent
compilation of M2/E1 mixing ratios of Beer and
Arya.®? (See Appendix B for details.) A similar
criterion was used for M3/E2 transitions.

Tables VII and VIII compare the *Zr and *Zr
neutron inelastic scattering cross sections infer-
red from the results of these experiments to those
predicted by the WHF formalism. For the higher
energy levels where aunique J" was not determined,
J" values consistent with the experimental results
were arbitrarily chosen for inclusion in this table.
The level-by-level discussions to follow include
the cross sections predicted for other possible

spin assignments consistent with the angular dis-
tributions.

The WHF neutron inelastic scattering cross sec-
tions near threshold often are larger than the mea-
sured scattering cross sections. The theory has
been modified to give a better representation of
neutron scattering under these conditions, *3 %
Tessler et al. ,!* Glickstein et al. ,* and others®
note that at higher incident neutron energies the
results of plain and modified WHF theories differ
very little. The results of the present analysis
support that conclusion; our calculations show that
the Lane-Dresner modification causes only a 5—-20%
reduction in the cross sections at these energies.

The inelastic cross sections from the Lane-Dres-
ner modification®® of the WHF formalism are pre-
sented in Tables VII and VII (LD was not used at
3.7 MeV). The cross sections inferred from the
v-ray measurements for the first eight levels in
each of Tables VII and VIII are in good agreement
with the WHF calculations. For %Zr and *Zr com-
bined, at 3.1 and 3.2 MeV, the average magnitude
of the deviation of calculated from inferred cross
section is 10% for the first eight levels and 28%
for all levels. In only 4 of 50 cases did spin as-
signments obtained from y-ray angular distribu-
tions lead to calculated cross sections different
from inferred ones by more than a factor of 2.
These four cases occur at E,,=3.7 MeV, where the
calculated cross sections were not used to limit
spin choices. At 3.1- and 3.2-MeV incident ener-

. gy the sum of the calculated cross sections for all

levels observed agreed with the sum of the mea-
sured ones to within <5%.

At 3.7-MeV incident energy, calculations were
compared to measurements for ?Zr. The agree-
ment was not as good, with an average deviation
magnitude of 71%. We believe this is partly be-
cause our potential was designed to represent mea-
surements at 2.50 and 2.75 MeV and partly because
the level scheme of %*Zr was not well determined
above 2.8-MeV excitation energy. The poorest
agreement was for measurements to levels above
3-MeV excitation energy.

The question of an average potential for the de-
scription of scattering by many nuclei in the A ~90
region is being explored in another study,? to be
presented later. Cross sections of the WHF model
were calculated also with this potential, which in-
cluded an isospin term, as an additional check on
the validity of the model. The calculated cross
sections differed somewhat level by level from
those shown in Tables VII and VIII, and showed
somewhat better agreement at 3.7 MeV, but in no
case was the difference large enoughto have altered
a spin assignment or limitation.

' These results are interesting in that this is one
of the few cases in which the inelastic cross sec-
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TABLE V. y-ray multipole mixing ratios and angular distribution coefficients predicted by
WHF theory for the spins assigned to the levels of 2Zr in this study. Parities are taken from
Ref. 2 or détermined from multipole mixing ratio systematics. This table shows all J™ values
consistent with the present experiment (except for those with superscript ¢). The notation
0.36/1.92 means.6 could be anywhere in the range 0.36 to 1.92.

Level E Coefficients
(keV) (keV) JT 6 Type a¥ af
2066.1 1132.0 2+ 1.040.11 M1,E2 —-0.21 —-0.01
2+ 2.41 3041 M1, E2 -0.21 -0.20
3 0.01+0.01 1, 2 —0.22 0.0
2339.0 492.2 3 —0.04 £3-0 1, 2 -0.19 0.0
843.6 3 —0.13%0.04 1, 2 -0.24 0.0
1405.7 3 0.04 £3:89 1, 2 —-0.31 0.0
2398.0 902.6 3 0.41/1.92 1, 2 0.31 0.01
4* -1.30+J+93 M1,E2 0.28 -0.14
4 0.13+0.09 1, 2 0.29 0.0
1464.4 3 —0.41+0.05 1, 2 0.29 0.02
4 0.13 %398 2, 3 0.27 —-0.24
4" 5.67*1]-3 M2,E3 0.25 -0.16
2485.1 990.3 5 —0.04+0.00 1, 2 —-0.20 0.0
2742.6 257.3 4~ =-114 M1, E2 -0.32 0.11
4 —0.09 %32 1, 2 —0.27 0.00
4" =22.9 M1, E2 —-0.20 0.11
403.8 4% 0.00 £0.04 1, 2 —-0.28 0.00
4 7.6 *13:3 M1,E2 -0.19 0.33
4 0.04 42 1, 2 -0.33 0.00
4t 5.7 *112 M1, E2 -0.24 0.27
1248.0 4 0.13£0.04 1, 2 0.31 -0.06
2818.0 972.0 2 0.18%0.04 1, 2 -0.11 0.0
2* —4.51 318 M1, E2 0.09 —-0.03
3 —-0.271J-98 1, 2 0.13 0.01
1883.6 2 0.22 3-89 1, 2 0.08 0.0
2+ =-3.73 M1,E2 0.06 —-0.03
3 —0.22 £0.04 1, 2 0.06 0.0
2863.6 1369.3 3 0.18+0.04 1, 2 0.08 0.0
4 0.47+0.05 1, 2 0.05 -0.05
5 —-0.18+§-8 1, 2 0.03 0.01
1928.7 3 -3.73/-0.58 1, 2 0.66 0.09
4 -0.32+3-28 2, 3 0.69 0.12
4" =-3.73 M2,E3 0.67 0.20
5 0.00 £J:48 3, 4 0.72 0.08
2903.8 837.2 0 2 0.0 0.0
1970.2 0 2 0.0 0.0
2909.0 1414 .4 2 0.52 +3-81 2, 3 0.27 0.0
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TABLE V. (Continued).

Level E Coefficients
(keV) (keV) A 6 Type a¥ af
3 0.41 -7 1, 2 0.28 0.0
3* 1.73 %988 M1, E2 0.29 0.03
1974.6 2 0.47+0.05 1, 2 -0.09 0.0
2+ ~oo M1,E2 —0.11 —0.03
3 —0.13%J-08 1, 2 —0.08 0.0
3038.9 2104.8 2* 1.5750-84 M1, E2 -0.28 —0.02
3 0.04 £3-99 1, 2 —-0.33 0.0
3056.5 718.9 2 —0.41 %314 1, 2 -0.29 0.0
2~ —4.51 418 M1,E2 —0.29 0.01
37° 1.00/7.60  M1,E2 -0.31 -0.07
2122.4 2 —0.41%9-28 1, 2 0.41 0.0
3+ ° —3.17+:%¢ M1, E2 0.48 0.16
3124.4 1057.7 1 =_-0.32 1, 2 0.024 0.0
2 0.3210:2 1, 2 0.01 0.0
3 —0.18J:3% 1, 2 —-0.01 0.01
3190.8 1696.0 3 0.41/1.92 1, 2 0.36 0.03
4 0.09£0.13 1, 2 0.34 0.0
AR —-1.30%3-48 M1, E2 0.29 —0.16
5 —0.36 £0.05 1, 2 0.33 0.05
3236.2 1741.4 2 —0.70+3-08 2, 3 —-0.25 0.0
3 —0.13%0:% 1, 2 —-0.26 0.0
3t ~E® M1,E2 -0.19 0.04
4* 1.09%3-39 M1, E2 —-0.25 -0.14
5 —0.04 £§:35 1, 2 —-0.20 0.0
3262.2 2328.4 1 1.191%3:% 1, 2 0.04 0.0
2 0.27+5-08 1, 2 0.04 0.0
3 —-0.22£0.04 1, 2 0.06 0.01
3275.9 1209.2 1 =-0.27 1, 2 -0.10 0.0
2 0.52 £9:93 1, 2 -0.12 -0.01
2+ ~eo M1,E2 -0.10 —0.03
3 —0.13*J:34 1, 2 —-0.08 0.0
3288.7 1225.5 2 -1.92/-0.,04 1, 2 0.41 —0.02
3 —0.52 £3-1¢ 1, 2 0.43 0.04
4 0.00£0.13 2, 3 0.41 —-0.16
4- =-11.4 M2, E3 0.47 0.0
4" =7.6 M2, E3 0.39 0.0
3370.9 1988.3 1 1 -0.13 0.0
3407.9 1067.9 2- ~1.19%3-42 M1, E2 —0.47 0.0
3~ 1.7312-8 M1, E2 —-0.36 —-0.11
4 0.13+0.04 1, 2 -0.51 0.0
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TABLE V. (Continued).

Level E Coefficients

(keV) (ke V) JT 6 Type a¥ af

3452.2 1606.2 2+ 1.57+§-18 M1, E2 -0.31 -0.02
3 0.04*J-92 1, 2 —-0.36 0.0

3 WHF fit to data taken at E,=3.2 MeV.

b WHF fit to data taken at E,=3.7 MeV.

¢ Since the parities of the J=3 fits to these v rays are mutually exclusive, J =3 is elimi-
nated for this level. )

tions to very many levels have been measured and TABLE VI y-ray multipole mixing ratios and angular
then analyzed with potentials obtained from elastic distribution coefficients predicted by WHF theory for the
scattering data in the same mass and energy re- spins assigned to the levels of *Zr from this study.
ions. i
gions Level E Coefficients
(keV) (keV) JT7 6 Type a¥ af

927y angular distributions

Figure 11 shows the angular distributions of y 2150.3 1232.0 2% 1.73%f:ff M1, E2 -0.25 —0.02
rays from the first five excited levels of Zr.

3 0.00+0.04 1, 2 -0.24 0.0
These d1str1"but1ons l}ave the shgpes expected for 2329.0 14107 4 0.13+0:08 2, 3 0.27 —0.24
the known J " values involved. ¥ rays from these . _ 1; )
energy levels are strong and their distributions 47 5.7 "3 M2,E3  0.25 -0.16
are well fitted by even-order Legendre polynomial 5 1.30%3-8 3, 4 '0.36 -0.40
expansions. +0.27
. 2365.4 308.4 2 -—-0.04%y: 1, 2 -0.09 0.
2066.1-keV. Several studies® have narrowed 04022 0 0
choices for this level to J=1 or 2. A (¢,p) study® 2 7.60%54 M1,E2 —0.08 0.0
clearly establishes 2* for this level, excited as an ! 694.2 2 0.09%0-13 1, 2 0.16 0.0
1 =2 transfer from the 0* ground state of *Zr,
. TR 2t -3.17:1% ,E2  0.14 -0.02
Both the angular distribution presented here for 317 MLE2Z 0 0.0
the 1132-keV decay and the inelastic scattering 1065.7 2 Y 2 030 -0.09
cross sections are consistent only with J=2 or 3, 1447.5 2 -0.64 %043 1, 2 042 -0.01
and thus support the 2* agsignment of Ref. 3. +0.46 ,
2339.0-keV. The angular distributions of all 2507.6  836.0 3 0.84-puy 1, 2 084 0.07
three decays from this known 3~ level areinagree- 1589.5 3 —0.70%-42 1, 2 0.54 0.06
ment with the WHF calculations as shownin Fig. 12, ‘ 3¢ 214108 M1,E2 059 0.14

but our measured branching ratios disagree with

those previpusly reported.® Our relative intensi- 2698.0 1779.7 0 E2 0.0 . 0.0
ties for the 492.2- and 1405.7-keV y rays agree 1 0,77+3-32 1, 2 0.05 0.0
well with those of Ref. 55, but the yields for the 2 0.22£0.05 1, 2 0.07 0.00
843.6-keV line were difficult to extract from the : . +2.06 :
shoulder of the 847-keV background line. and this 2" -5.67-1% MI1;E2 0.05 -0.03
may have led to error in our intensity measurement 3 -0.22%3:8 1, 2 0.06 0.01

for that line. 2825.2 1154.6 2 —0.04%):
2398.0-keV. The WHF fits to the 902.6- and

1464. 4-keV distribution limit the possible spin as-
signments of the 2398. 0-keV level to either 3 or 4. 3 -0.36 =+
The inferred 98+ 9 mb cross section agrees better

5

% 1, 2 0.26 0.0
8 M1,E2 0.28 —0.02
.05 1, 2 0.26 0.02

. . : 3t -5.6711:4¢  M1,E2  0.35 0.19
with 109 mb predicted by WHF calculations for :
J"=4" than with the 152 mb predicted for J"=3". 2859.8 1391.0 4  0.13%0:f 1, 2 0.32 -0.01
While this supports the 4" assigned to this level 5 —0.41%3-19 1, 2 0.40 0.06
from the results of (d,p) studies,® J=3 cannot be 5 —3.17°49 1 E2 050  0.38
rejected by the present experiment. At 3.20 MeV B ’ ’ ’
J =4 gives the dashed curves shown with both 2887.7 1969.4 0° E2 0.0 0.0
angular distributions in Fig. 12. 1 0.77 %318 1, 2 0.05 0.0

2485.1-keV. While a 5 assignment had tentative-
ly been made for this level,*®? the recent capture

4 1, 2 0.08 0.00
study of Fanger et al.!! reported a decay from it 3 —0.22%)0

1, 2 0.06 0.01
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TABLE VII. A comparison of inferred %Zr neutron
inelastic scattering cross sections to those calculated,
for some selected spins, from WHF and Lane-Dresner
(LD) modified WHF theory. ®

Neutron inelastic scattering
cross sections, in mb

3.20 MeV 3.70 MeV

Level WHF WHF
(keV) J™  Inferred (LD) Inferred Plain

934.1 2* 472459 357 33348 243
1381.9 0f  101%10 99 74+ 8 71
1494.8 4%  144+21 193 89+18 138
1846.4 2+ 232+23 257 14516 187
2066.1 2* 229+22 233 13217 172
2339.0 3~ 14016 129 10514 122
2398.0 4% 98 9 109 66+ 7 87
24851 5 3010 30 3411 39
2742.6 4~ 31+ 3 50 25+ 3 62
2818.0 3% 99 9 74 69 7 90
2863.6  4* 37+ 4 25 37+ 4 29
2903.8 O* 30+ 5° 34 30+ 3 39
2909.0 3% 45+ 4 79 45+ 5 94
3038.9 st 12+ 2 37¢  26% 7 83
3056.5 2~ 18+ 5P 4p°¢ 54+10 98
3124.4 1% 17+ 2 76
3177.2 4% 30+ 3 45
3190.8 5% 14+ 2 20
3236.2 4% 24+ 3 40
3262.2 1 32+ 3b g2
3275.9 3+ 31+ 3P 59
3288.7 4% 26+ 2° 36
3370.9 1% 14+ 2> 46°
3407.9 3~ 17+ 2> g7c
3452.2  2F g+ 1>  g1°¢

2 For WHF calculations, 7=+ is assumed if 7 is un-
known.

b Includes 47r<77(90°) estimate for cross section of ay
ray whose angular distribution was not measured.

¢ Levels too close to threshold to be included in statis-
tical model comparisons.

to an excited 0* level, which would cleariy rule
out the above agsignment. We have looked care-
fully for this reported 1103. 4-keV y ray to the
second 0° level and find no such decay. If the level
were 2*, suggested!! because it appeared to decay
both to 0* and 4" levels, such a line should have
been clearly visible in our spectra because neutron
scattering from even-A nuclei excites 2" levels
strongly. The predicted WHF cross sections at
E,=3.20 MeV for J=2, 3, or 4 are all in excess
of 81 mb, more than a factor of 2 larger than the
measured 30+ 10 mb. The 30 mb predicted for
5 is nicely consistent with the measurement and
confirms the spin assignment originally made by
others. This level decays entirely to the 4" level.
2742.6-keV. Fanger et ql.!! tentatively assigned
3" or 4’ to this level, but more recently Chestnut
et al.®® saw this level as an /=1 transfer in the

3Nb(d, °He)??Zr reaction, and suggested it was the
4™ member od the 57, 4~ doublet which results
from excitation of a proton from the p,,, subshell
into the gy,, shell. Their *He angular distributions
are not sensitive to spin, but if they treated the
2485.1- and 2742. 6-keV levels as members of the
(P1/25 &972) doublet with spins 5~ and 4~ respective-
ly, the two levels exhausted ithe p, /2 Pickup strength.
Three angular distributions of y-ray transitions
from this level are shown in the lower panel of
Fig. 13 and can be fitted only with spin of 2, 3, or
4 assigned to the 2742, 6-keV level. However,
cross section comparisons eliminate the J=2,3
possibilities. Since the I =1 transfer of Ref. 56
implies negative parity for this level, the level

is uniquely determined to be 4~. The angular dis-
tributions of the 257. 3-keV transition in Fig. 13
are consistent with a dipole transition, which
would be the M1 spin-flip transition between the
two odd-parity levels, and the 1248-keV line is an
E1 transition.

2818.0-keV. The angular distributions of the
972.0- and 1883.6-keV transitions as well as the
inferred cross section agree with both /=2 and
J=3. The decay to the ground state observed by
Talbert et al.® implies J=1, 2, or 3, so that
J=2 or 3 are the possible assignments.

£903.8-keV. Although the isotropic angular dis-
tributions of the 837.2- and 1970.2-keV transitions
can both be fitted for J=0-3, the calculated WHF
cross sections exceed 69 mb for J=1-3. Hence,
J =0 can be assigned to the 2903. 8-keV level on
the basis of cross section magnitude.

3056.5-keV. The WHF cross sections agree with
experiment for J=2 and J=3, but since the pari-
ties for the J =3 fits to the 718.9- and 2122, 4-keV
angular distributions are mutually exclusive, J
=3 is eliminated. On the basis of the fits to these
two transitions, the 3056.5-keV level has J=2.
This is probably the 2* level seen in several par-
ticle transfer and inelastic scattering experi-
ments, 3510

3370.9-keV. Although the WHF cross sections
for J=1, 4, and 5 agree with the data, only the
WHF angular distribution for J=1 agrees with the
observed isotropic angular distribution to a 0* final
state. Also J=4, 5 are not allowed by the log ff
value measured® in the 8 decay tothislevel. Hence,
the experiments imply a unique J=1 spin assign-
ment.

For the three levels, at 2909.0, 3038.9, and
3452.2 keV, analysis of angular distributions of
deexcitation y rays limits the possible spin assign-
ments to J =2 or 3. It should be noted, however,
that for one of these, the 3038.9-keV level, the
comparison of inferred and WHF cross sections
is inconsistent with either assignment. Thisisithe
only case of a failure of the cross section test of



" TABLE VIII. A comparison of inferred and calculated
%7 r neutron inelastic scattering cross sections for E,
=3.10 MeV, and some selected spins. Calculated cross
sections were obtained using WHF theory modified to in-
clude Lane-Dresner width-fluctuation corrections. 2

Neutron inelastic scattering
cross section, in mb

Level WHF

(ke V) o JT Inferred (LD)

918.3 2t 385 +51 318
1299.7 ot 9010 87
1468.8 4t 18318 177 -
1671.2 2t 247 +25 240
2056.6 3" 169+16 150
2150.3 2t 19018 190
2329.0 4* 84+ 9 103
2365.4 ot 19018 165
2507.6 3t 11211 124
2603.7P 5" 25+ 8 24
2698.0 ot 53% 5 38
2825.2 3t 56+ 5 62
2846.0° 1+ 35+10 © o7
2859.8 4 22+ 3 32
2887.7 o* 27+ 3 22

2 For WHF calculations, 7=+ is assumed if T is un-
known
b Inferred cross section is estimated from 90° excita-
tion function using o= 41r07(90°), whxch assumes an iso-
tropic angular distribution.

spin assignments in either ®?Zr or *Zr at 3.2 or
3.1 MeV, where the inferred cross sections are
well enough determined to limit spin choices, and
it occurs very close to threshold for excitation of
the level. The WHF model, even as modified by
fluctuation corrections,® is not reliable near
threshold.

Analyses of the data for the weakly excited levels
above 3.1-MeV excitation energy provide less in-
formation. For all of the levels observed J< 5,
and for most of them more stringent limits can be
placed, as indicated in Table V and Fig. 1. De-
tailed discussions of the analyses for each of the
levels and all of the y-ray angular distributions
are given in the dissertation of one of the authors. %’

In Figs. 11-15 and Table III, the **Zr angular
distributions, coefficients of least-squares fits to
the data, and y-ray intensities are compared for
the measurements at 3.20~ and 3. 70-MeV incident
energy. The g, coefficients change little with the
0.5-MeV increase in bombarding energy, and the
branching ratios for decay of the levels are in ex-
cellent agreement as extracted from data at the
two incident energies.

94 Zr angular distributions

The angular distributions of the y rays from the
%4Zr levels for which the spin-parities were known
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prior to this study have the characteristics general-
ly expected for the J" values involved. The exﬁ)erl-
mental and calculated cross sections are gwen in
Table VIII. The Lane-Dresner correction,’® pre-
viously discussed, was used even though it is
smaller than the experimental uncertainties at
3.10 MeV. .

2150.3-keV. A 2' has previously beenassigned?:!3
to the 2150.3-keV level. The distributions predic-
ted by the WHF theory for J =2 and 3 coincide, as
indicated by the single dashed curve shown with
the 1232, 0-keV y-ray angular distribution in Fig.
18. The WHF inelastic scattering cross section
for J"=2%, 190 mb, agrees with the inferred value
of 190+ 18 mb.

2329.0-keV. The resolution of confusion sur-
rounding the report of levels near this excitation
energy was one of the first results of this (n,7n'y)
study.! Two levels were discovered, both emitting
¥ rays near 1.4 MeV. - Although earlier studies
of the B decay of Y failed to report both levels,7+18:58
a recent reexamination of that decay also prov1des
evidence for both of them. !

The 1410.7-keV y ray to the first 2* level,
shown in Fig. 4, includes a weak, forward peaked,
background component, estimated at ~5%. The
angular distribution of the combined yields was
not symmetric about 90°, but with care the back-
ground was subtracted, leaving a symmetric angu-
lar distribution for the 1410.7-keV y ray. The
fits to the background-subtracted data are given
in Tables IV and VI. Only theoretical distribu-
tions for J=4, 5 fit the background-subtracted
data. The WHF calculated cross section for J=5
differs by a factor of 1.7 from the inferred 84 mb;
furthermore, an L =3 or L =4 decay as the sole
decay of a J=5 level would be highly improbable.
Also, when the 886.2-keV y ray is correctly
placed in the decay scheme, so that it is not feed-
ing the 2329.0-keV level, the log ft value for 8 de-
cay'® to the level becomes 9.0, and this eliminates
J"=4", 5* for this level according to the rules of
Raman and Gove.*® The predicted 103 mb for J
=4 agrees within the accuracy of the statistical
model with the inferred 84 mb, and hence J" =4"
is the unique assignment established by the com-
bined experiments.

2365.4-keV, This is the other level in this re-
gion of excitation decaying by a y raynear1.4 MeV,
as well as by other transitions. - Although the
308.4-, 694.2-, and 1447.5-keV y-ray angular
distributions can be fitted with both J=2 and J
=3, the angular distribution of the 1065.7-keV ¥ ray to
a 0" final state only agrees with J=2. The large
mixing ratio of the 1447.5-keV fit implies J" =2,
in good agreement with earlier work. The ques-
tions raised by Tessler et al.!* are resolved since
the J"=4" level at 2329.0-keV and the J*=2" level
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FIG. 20. The level scheme of %2Zr . The level energies and y-ray energies in keV and the branching ratios are those
determined in this study. The spins and parities above 2.3 MeV were mostly determined in this study. A notation such
as 2—4 indicates the possible spin assignments to the level are limited to 2, 3, or 4.

at 2365.4 keV are both excited in the present
(n,n'y) reaction study. .

2507.6-keV. The 2507.6-keV level, discovered
in this experiment, emits 836.0-keV and 1589.5-
keV y rays, both of which decay to 2* levels. While
distributions for J=2, 3, 4, and 5 fit the measured
1589. 5-keV distribution, the exceptionally strong
negative anisotropy of the 836. 0-keV distribution
is predicted only for J=3. Since the multipole
mixing ratios for J=3 are all quite large® for an
M2-E1 mixture, the parity is probably positive.
The cross section magnitude comparison also con-
firms our J=3 assignment,

2603.7-keV. No angular distribution was ob-'
tained for the 1134.9-keV y ray from the 2603. 7-
keV level known? to be 5~, but the calculated and
measured cross sections agree only for thatassign-
ment, assuming a reasonable anisotropy for the
E1 decay to the 4" level. The reported J"=5" of
Ref. 4 is thus confirmed. '

[2698.0-ke V. Predicted angular distributions for
spins 0 through 3 all can be nearly isotropic and fit

the isotropic distribution measured for the 1779.7-
keV y ray from the 2698.0-keV level. The WHF
inelastic scattering cross sections for all of these
spins are consistent with the inferred 53 mb, so
the spin of this level is J< 3.

2825.2-keV. The least-squares fit to the angu-
lar distribution of the 1154. 6-keV y ray from the
2825.2-keV level coincides with the distributions
predicted for J=2 and 3. The WHF inelastic cross
sections for J=2 and 3 both agree with the mea-
sured value and the spin assignment to the level is
limited to these two spins.

2846.0-keV. No angular distribution was ob-
tained for the transition to the ground state, but
the inelastic cross section was estimated from the
excitation function. The fact that this level is
seen 71958 following B decay from Y with log
fot="1.8 and log fi¢=8.9 limits its spin to 0*, 1-3,
4*; the fact that it decays directly to the ground
state certainly eliminates 0%, 3*, and 4 and prob-
ably eliminates 3~ as a possibility. The calculated
cross sections for spins 1 and 2 are consistent
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FIG. 21. The level scheme of *Zr. The level energies and y-ray energies in keV and the branching ratios are those
determined in this study. The spins and parities above 2.2 MeV were mostly determined in this study. The notation
0-3 indicates the possible spin assignments to the level are 0, 1, 2, or 3.

with the measured value, especially when the 10%
branching!® to the first excited state is included.
Thus, we can limit the spin of this state to J=1 or
2.

2859.8-keV. The 1391.0-keV y ray angular dis-
tribution has a large anisotropy which can be fitted
only with J=4 or 5. If it is 4”, then the 1391.0-
keV decay 1s the 4 —4* E1 decay analogous to
the 1248.0-keV, y-ray deexciting the 4~ level at
2742.6 keV in ®2Zr. A search on the mixing
ratio 0 for J=4 gives the expected result, that
161 0.2 so the decay would be close to pure E1,
as in *Zr,

Our results suggest that the 2859. 8-keV level is
the 4~ member of the 57, 4~ doublet corresponding
to excitation of a proton from the p,,, to the gy,
shell. On this basis, we looked for the M1 transi-
tion of 256. 1 keV between the levels. The corres-
ponding 257-keV transition in ®Zr is quite strong,
but no sign of the 256. 1-keV transition exists in
the Zr data.

One can ask whether other candidates for the ex-

pected 4~ level exist. Between 2.7- and 3.2-MeV
excitation energy all other levels except that at
2846.0 keV either decay directly to 2°* levels or
are strongly excited in the (¢,p) reaction,® or both.
The 2846. 0-keV level cannot be J*=4" because of
its ground-state decay, B -decay feeding, and in-
ferred cross section size. The 5~ levels are seen
to be very weakly excited in the two-neutron trans-
fer studies,®* and the 4~ levels are not visible at
all, which is consistent with the fact that they are
proton excitations. Since it appears that the only
candidate for the 4~ level in **Zr is this new level
discovered at 2859.8 keV, the 4™ assignment is
strongly favored.

2887.7-keV. Based on the 1969.4-keV angular
distribution, spins 4 and 5 are definitely rejected
for the 2887.7-keV level. No further limitation
on the acceptable spins 0 through 3 has been deter-
mined. With the exception of J=0, the acceptable
spins yield the dashed curve shown with the dis-
tribution.

The final descriptive level schemes, shown in
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Figs. 20 and 21 summarize for **Zr and *Zr the
level energies, y-ray energies, and branching ra-
tios determined in this study. The spin assign-
ments and limitations for levels above 2.3 MeV
are recommended values and are based on the evi-
dence from this study, in a few cases combined
with evidence from other studies. The parities are
those adopted by Refs. 2 and 13, or were deter-
mined in the present work using multipole mixing
ratio systematics. 5

92 7r neutron inelastic scattering cross sections

As noted in the Introduction, the neutron inelas-
tic scattering cross sections 0,. inferred from the
results of the (n,7'y) experiments can be compared
to those measured directly in (,%’) experiments.
These two types of neutron experiments normally
have different objectives and usually are not under-
taken at the same incident neutron energies. How-
ever, in the case of %2Zr the data of Guenther et
al.® include measurements at 3.2 MeV which can
be compared directly to the present results at 3.20
MeV. This comparison is shown in Table IX. In
all cases, the discrepancies are within the com-
bined errors on the two measurements, each mea-
surement having an uncertainty of about 10%. This
good agreement of results measured with different
methods in different laboratories is quite encour-
aging, and lends confidence to the use of the com-
pilation of measurements®¥'*® of the 847-keV y-ray
production cross sections in 3®Fe as a standard for
(n,n'y) measurements. This compilation is, of
course, useful only for incident neutron energies
from 2.0 to 5.0 MeV, and for measurements made
using a sufficiently large incident neutron energy
spread.

For cross section comparisons at incident neu-
tron energies other than those where the (,n"y)
angular distributions were measured, the (n,n'y)
excitation functions can be used to extrapolate the

angle-integrated ¥ -ray production cross sections
0, to the proper energy so that the inelastic neu-
tron cross sections can be inferred and compared
to the directly measured values. In order that the
comparison be valid, certain criteria must be sat-
isfied. The range of the extrapolation should not
be too large because the anisotropies of the y-ray
angular distributions can change if the number of
cascades feeding the decaying level changes. All
vy rays cascading to and emitted from a level must
be identified and their angle-integrated cross sec-
tions accurately measured. Failure to include even
one strong y ray or several weak ones can intro-
duce serious error. Based on excitation function
data, 470,(90°) often can be used as an estimate

of the angle-integrated cross section of a y ray for
which an angular distribution was not obtained.
However,' this approximation introduces additional
uncertainties into the inferred neutron inelastic
scattering cross sections. Careful sample-size
corrections must be made to the data from the
(n,n’) and (n,n"y) experiments.

The angle-integrated y -ray production cross sec-
tions obtained from the *Zr 3.20-MeV angular dis-
tribution experiment satisfy these criteria and
have been extrapolatedto 2.75 MeV. Table IX com-
pares the inelastic neutron scattering cross sec-
tions inferred from these results to those mea-
sured directly from (n,%') experiments carried
out both in this laboratory?® and at ANL.%! (The
ANL values were obtained by interpolation on their
Fig. 5.) The agreement at 2. 75 MeV is worse than
at 3.20 MeV, probably due to the additional errors
added by the extrapolation. The difference at 2.75
MeV between the directly measured?® and inferred
cross sections for the levels at 1846. 4 keV and
2066.1 keV probably results from insufficient res-
olution to properly separate the two neutron groups.
The sum of the measured cross sections for these
two levels does agree with the sum of inferred val-
ues from this study. This is an example of the

TABLE IX. A comparison of neutron inelastic scattering cross sections in *2Zr from (z,»’) and (r,n’'y)

measurements. A direct comparison of complete y-ray measurements and n-detection results is given
at 3.2 MeV. The 90° y-ray excitation functions were used to extrapolate the y-ray results to other ener-
gies where n-detection data were available, 2,75 and 3.5 MeV,

2.75 MeV . 3.20 MeV 3.50 MeV

Level Ref. 28 Ref. 31 Ref. 31 Ref. 60 Ref, 31
energy (n,n'y) (n,n’) (n,n") (n,n"y) (n,n’) (n,n"y) (n,n’) (n,n’)
934.1 633 606 535 472 385 421 283 315
1381.9 108 109 140 101 115 84 58 80
1494.8 183 254 245 144 175 130 153 160
1846.4 240 340 320 232 250 192 172 220
2066.1 240 160 275 229 235 181 157 150
2339.0 140 165 126 130
2398.0. 98 120 {234} 105

89




situation mentioned in the Introduction, in which
for closely spaced levels, the high resolution
(n,n'y) method can give more precise values for
inelastic neutron scattering cross sections than
direct measurement via neutron detection.

At 3.50 MeV the criteria mentioned above for
reliable extrapolation of the (n,%’y) data are not
all satisfied. Above 3.0-MeV excitation energy
in %Zr there are many levels, and weak decays
from these levels are poorly defined by our mea-
surements. A special problém exists for the 990.3-
keV line, as it becomes a composite 990. 3-990. 4-
keV line with possible changes in its angular dis-
tribution, and other angular distributions may also
change. Nonetheless, since our (x;n'y) excitation
function data extend to 3.70 MeV, we used them to
construct a comparison at 3.50 MeV where neutron
detection results®’® exist. With the exception of
the 934-keV level, the agreement is surprisingly
good, especially considering the possible sources
of error. The discrepancy for the first excited
state is understandable since it is fed by many
weak cascades from higher levels. The expected
changes in y-ray angular distributions are also in
a direction to cause overestimation of the 2* cross
section, :

V. SUMMARY

A spectroscopic study of the y radiations follow-
ing the inelastic scattering of neutrons with ener-
gies from 2,22 to 3.70 MeV from nearly pure iso-
topic samples of *?Zr and **Zr has been made to
improve our knowledge of the level structure of
these two nuclei and to determine the neutron in-
elastic scattering cross sections for the various
excited levels. Cross sections for such closely
spaced levels could not have been obtained easily
by any other technique. Measurements of 90° y-
ray production cross sections with good y-ray en-
ergy resolution at 50-keV neutron energy incre-
ments properly placed the y rays, including
many weak transitions, in the 'isotope decay
schemes, and determined the level energies to
within 1 keV. The agreement of many of the y-
ray energies, 90° production cross sections, level
branching ratios, and level energies measured in
this study with previously reported values of these
quantities justifies .confidence in those values that
are reported here for the first time.

The **Zr excitation function identified 51 y rays,
several of which were previously unreported, from
26 levels up to 3472.0 keV. Two new levels, at
2903. 8 and 3407.9 keV, were discovered. Our
measured level energies agree best with those re-
ported by Fanger et al.!! and this agreement has
helped us to clarify the level structure of *Zr.
For 2Zr we have measured 24 angular distribu-
tions of y rays from levels through 3056.5-keV ex-
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citation energy at 3.20-MeV incident neutron ener-
gy and 39 angular distributions for transitions from
levels through 3452.2 keV at 3.70-MeV neutron
energy. The analyses of these angular distribu-
tions resulted in the unique or limiting spin and
parity assignments given in Table V and in Fig. 1.
Based on our own results, we have made unique °
assignments to the following six levels in 27y
(Ex inkeV, J7); 2339.0, 3; 2485.1, 5; 2742.6, 4;
2903.8, 0; 3056.5, 2; 3370.9, 1. For the first
six excited levels, with previously determined spin
and parity assignments, the y-ray angular distri-
butions calculated within the WHF model agreed
very well with those measured, confirming once
again the validity of using such distributions for
spectroscopy. For all higher levels, previous
work had left the assignments in doubt or com-
pletely undetermined. When this experiment is
combined with the work of others, the following
assignments or limitations are arrived at (level
energies in keV followed by acceptable J" assign-
ments): 2398.0, 3, 4; 2485.1, 5%; 2742.6, 47;
2818.0, 2, 3; 2863.6, 3-5; 2903.8, 0; 2909.0, 2,
3;3038.9,2',3;3056.5,2‘*";3124.4,1—3;3190.8, '
3-5; 3236.2, 2, 3, 4, 5; 3262.2, 1-3; 3275.9,
1-3; 3288.7, 2—4; 3370.9, 1; 3407.9, 2-, 37, 4;
and 3452.2, 2*, 3. y-ray branching ratios were
measured and the y-ray multipole mixing ratios
were obtained for the indicated spin possibilities.
The *Zr excitation studies identified 28 y rays,
12 of which were formerly unidentified, from 20
levels up to 3361.2 keV. A previously reported
ambiguity concerning 2* and 4° levels in the 2320-
to 2365-keV energy region has been resolved. We
have shown that there are, in fact, two y-decaying
levels in this energy region, a 4* level at 2329.0
keV and a 2* level at 2365.4 keV. Four new levels
were discovered at 2507.6, 2698.0, 2825.2, and
2859. 8 keV respectively. Eighteen angular dis-
tributions of y rays from the **Zr levels through
28817.7 keV were measured at 3.10-MeV neutron
energy, and y-ray branching ratios were deter-
mined. As in the measurements for *Zr, the
WHF calculations were in excellent agreement with
measured angular distributions for decays from 6
low-lying excited levels of known spin and parity.
For higher levels, the analysis of these angular
distributions resulted in the unique or limiting spin
and parity assignments given in Table VI and Fig.
2. Based on our own results, we have made unique
assignments to the following three levels in *Zr
(E, in keV, J"); 2365.4, 2*; 2507.6, 3:"’; 2603.17,
(5). Combining our information with results from
other laboratories gives the following assignments
or limitations: 2329.0, 4*; 2365.4, 2*; 2507.6,
3 2603.7, 57; 2698.0, 0°, 1-3; 2825.2, 2, 3;
2846.0, 1, 2; 2859.8, 4, 5; 2887.7, 0*, 1-3;
and 3155.5, 4. The y-ray multipole mixing ra-
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tios were obtained from our analysis for the ac-
ceptable spin possibilities. (Preferred assign-
ments are underlined above.)

With the discovery of the probable 4~ level at
2859.8 keV in *Zr, and the confirmation of 5 and
4" assignments to the 2485.1- and 2742.6-keV lev-
els in *?Zr, one can see the 57, 4~ proton excited
doublet in the three Zr isotopes with A =90, 92,
and 94. The centroid energy of the doublet changes
very little with A, increasing only 200 keV from
9Zr to Zr. This remarkable stability reflects
the fact that the gy, shell, the valence proton
shell, is full for neutrons. Since valence neutron
shells are all even parity up to quite large excita-
tion energies, odd-parity neutron configurations
are not available. However, there is an evolution
in the decay behavior of the 4 levels with increas-
ing N. In ®Zr the 4~ appears to decay only with a
fast M1 to the 5™ level.?® However, in **Zr anE1
decay to the first 4" level competes favorably with
the M1, and in **Zr the only mode of decay is ap-
parently by an E 1 transition..

Other than the stability of the excitation energies
of the proton-excited doublets, there is another
indication of the constancy of the proton configura-
tions in these Zr isotopes. Measurements of the
E2/M1 mixing ratios for the 2j - 2] transition in
both of them yield very similar values, 6=+0.13
£0, 05 for %Zr and+0.22+0.1for #Zr. Krane has
shown®! that these ratios can be treated as the re-
sult of the proton contributions to the low-lying
levels, and has successfully calculated 6 for 2Zr
on that basis. The similar 6’s found here for the
two isotopes are consistent with essentially the
same proton configuration for both,

The neutron inelastic scattering cross sections
inferred from the results of the 3.20-MeV *Zr
(n,n'y) angular distribution study have been used
with the **Zr (n,7'y) excitation functions to obtain
inferred neutron inelastic scattering cross sec-
tions at several neutron energies. The inferred
inelastic cross sections agree with those mea-
sured directly?®31'¢ in (n,n’) experiments to within

the combined uncertainties for both types of mea-
surements. The consistency supports the confi-
dence with which these uncertainties are quoted.

APPENDIX A

It has been pointed out by Smith et al .,% by
Beghian and Kegel,®3 and others that fluctuations
in the excitation function for neutron scattering to
the 847-keV first excited level of **Fe tend to make
use of that reaction for cross section normaliza-
tion subject to large uncertainties. In this experi-
ment these fluctuation effects are minimized by the
following:

(1) Our use of **Fe(n,n’y) ®Fe measurements
averaged over an incident energy spread of 60 keV,
the spread used in the present experiment. This
averaging interval is large compared to the energy
width of fluctuations observed in high resolution
%Fe(n,n’'y) experiments. 5 ,

(2) Fluctuations in the cascade contributions to
the 847-keV transition from higher levels are in-
coherent for the various cascade chains. These
contributions dominate the 847-keV production
cross section above 2.5-MeV incident energy, so
the structure in the **Fe(n,7’y) cross section is
much less than that in the *Fe(xn,#n’) cross section.
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APPENDIX B

Beer®? has made a compilation of all y-ray tran-
sitions which are known to have an M2-E 1 mixture
in order to investigate possible systematics in the
mixing. There are 116 transitions in the compila-
tion and of these, only 7 transitions have a mixing
ratio 6 >0.50 and 4 transitions have a mixing ratio
6> 1.00. There are no transitions with 6> 0.3
for decaying nuclei in the mass region 60<A < 125.
Based in part on these results, we have adopted
the criterion for **%Zr that for a mixed L =1, 2
transition, the mixture must be M1-E2 if 6= 1.00.
For transitions where the final state parity is
known, this criterion fixes the parity of the decay-
ing state.
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