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The properties of high-spin states in *’Nb and °'Zr have been studied with the 38Sr(6Li,3n)°'Nb and
88Sr(°Li,p2n)°'Zr reactions. In-beam measurements with Ge(Li) and Si(Li) detectors of y-ray excitation func-
tions, y-v coincidences, y-ray angular distributions, and pulsed beam-y timing spectra were made to establish
decay schemes, level energies, spin-parity assignments, y-ray multipolarities, and isomeric lifetimes. All of the
high-spin states involving the w1gg/,, 72p /2, and v2d, orbitals as well as other more complicated states were
identified. In particular, the theoretically predicted isomeric states in °’Nb and °!Zr were found: the
I(189/2)%2P /2,2 ) state in *!Nb is at 2035 keV with a 7=5.42+0.18 psec, and the |(1gy/,)?2dsj2, 3" ) state in
®1Zris at 3167 keV with a 7=6.28 £ 0.20 usec. The experimental energy levels and B(E2) values obtained for
these nuclei as well as those of other N=150 and 51 nuclei are compared with recent theoretical work of
Gloeckner et al. The E2 effective charges for the mass-90 region are discussed.

NUCLEAR REACTIONS 8sr(%Li, 3n), 88sr(°Li, p2n), E =34 MeV, pulsed beam; measured
y-y coincidence; deduced levels in ®'Nb and ®!Zr; measured y(E, 6,t); deducedJ™, T,/,,
branching ratio, 6(E2/M1), E(E2), effective charges. Natural target, Ge(Li)
and Si(Li) detectors.
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I. INTRODUCTION

The nuclei surrounding **Zr have simple shell-
model descriptions because of the good N=50 neu-
tron shell closure and the partial proton shell
closure at Z=38. Many levels in the N =50 nuclei
beyond Z =38 can be described in first order by
proton configurations in the 1g,,, and 2p, ,, orbit-
als. The N=49 and N=51 nuclei are described
similarly by the coupling of a 1g,,, neutron-hole
orbital and a 2d,,, neutron-particle orbital, re-
spectively, to the N=50 configurations. The
mass-90 region is one of several spherical nu-
clear regions such as the regions near %0, “°Ca,
and *®Pb which provide a variety of tests for the
many-body theories. In particular, they give a
relatively direct test of the microscopic nuclear
models which constitute one of the most funda-
mental approaches to the many-body problem.

High-spin states in the spherical nuclei are par-
ticularly simple to describe because of the limited
number of possible shell-model configurations.
Even before 1960 many high-spin states in %®Zr
were known! and interpreted with an effective two-
body operator in terms of (2p, /,, 1g,,,)? configura-
tions.? The theoretical studies up to 1966 were
culminated in two shell-model calculations by
Vervier® and Auerbach and Talmi? in which a
large body of data for the Y, Zr, Nb, Mo, and
Tc isotopes was interpreted in terms of effective
two-body matrix elements as opposed to effective
two-body operators. Among other things, the
known isomeric level in ¥Mo® was explained by

these calculations. Because of this success, other
isomeric levels in ®*Nb and *'Zr that resulted from
these calculations were predicted with some con-
fidence.

More recently experimental information on
mass-90 high-spin states has been obtained with
a- and light-particle-induced reactions. The
most extensive of these investigations was by
Lederer and co-workers® for the Mo and Ru iso-
topes and by the Stockholm group for several N
=49, 50, and 51 nuclei.”® These in turn led re-
cently to more complete shell-model calculations
for the mass-90 region.*"!? One of the main aims
of the recent theoretical calculations was to ex-
plain the properties of a large region of nuclei
with one consistent set of two-body interaction
matrix elements and one-body electromagnetic
operators assuming only a few active orbitals in
the model space. A small model space has the
advantage of restricted degrees of freedom which
result in calculations that are not limited by the
number of particles within the model space.

Considerable experimental information regarding
the high-spin states in the mass-90 region, how-
ever, remained unknown even for some of the
simplest nuclei such as *Nb, *Zr, °2Nb, and
927r. For example, the predicted ®Nb and *'Zr
isomeric states had not been seen. These nuclei
with only a few active nucleons are important not
only to serve as a further test of the existing
shell-model calculations, but also because if the
discrepancies between experiment and theory are
to be explained by a more extensive calculation in
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which more active orbitals are included, only these
simpler nuclei can reasonably be considered.
Shell-model calculations within a large model
space are severely limited by the number of active
nucleons.

In order to obtain the more complete experi-
mental information on high-spin states in the
mass-90 region, a series of experiments was
undertaken using previously unexploited ®Li- and
"Li-induced fusion-evaporation reactions. These
reactions gave the proper high-spin selectivity
for y-ray spectroscopy in nuclei of AZ =3 relative
to available stable targets. Lighter-particle-in-
duced reactions in most cases do not populate the
high-spin states with sufficient strength for ex-
perimental measurements and some residual nu-
clei of interest cannot be reached in this way from
stable targets. In the present fusion-evaporation
reactions,® the Li ions bring a large orbital an-
gular momentum into the fused compound system
and the subsequent evaporation of low-energy nu-
cleons, which carry away only a small angular
momentum, results in the population with large
cross sections of high-spin states in the residual
nuclei. The dominant decay mode of these states
is via stretched y-ray cascades J —-J — L down
through the yrast levels, which are the lowest
energy states for the various existing values of
JT. Because the orbital angular momentum
brought into the compound system by the Li ions
is perpendicular to the beam direction, the popu-
lated high-spin states are strongly aligned in low-
m substates relative to the beam axis. This align-
ment results in strongly anisotropic y-ray angular
distributions which are characteristic of the multi-
polarity L of the y-ray transitions. The y-ray
transitions following these Li-induced fusion-
evaporation reactions thus contain the informa-
tion needed to establish the level schemes in the
residual nuclei including J " values and the decay
properties of the high-spin states. To extract this
information, several different in-beam y-ray ex-
periments were performed: (1) y-ray excitation
measurements, (2) y-y coincidence measurements,
(3) y-ray angular distribution measurements, and
(4) pulsed beam-y timing measurements.

In the present paper, the experimental results
for ®'Nb and ®Zr obtained from the 28Sr(°Li, 3x)*'Nb
and ®8Sr(°Li, p2n)*' Zr reactions are presented. The
level scheme and decay properties of all of the
high-spin states in these nuclei involving the
mlgg 2, 2P, /5, and v2d; ,, orbitals as well as
more complicated high-spin states were obtained.
In particular, the theoretically predicted isomeric
levels in both °'Nb and °'Zr were found: the
|(1g,2)°2P, /2,7 7) state in ®Nb was located at

2035 keV and izts mean lifetime was measured to

be 7=5.42+0.18 psec, and the |(1g,,,)°2d; /5, 2
state in ®*Zr was located at 3167 keV and its mean
lifetime was measured to be 7=6.28 £0.20 pusec.
Preliminary results of some of the present work
have been reported previously.'*!®* Experimental
results for other mass-90 nuclei are to be pub-
lished separately.'® 92Nb has been studied with
the #Sr("Li, 3»#)°2NDb reaction, °*Zr with ®8Sr-

("Li, p2n)%2Zr, °3Tc with ®Zr(°Li, 3n)®Tc, ®Mo
with ®Zr(°Li, p21)°*Mo, and **Ru with **Mo-

(°Li, p2n)* Ru.

Previously available information concerning
9INb and **Zr, which was obtained mostly by light
ion reactions and B decay studies is summarized
in Nuclear Data Sheets.!” Spin assignments from
these investigations were limited to J = 1—2‘ Recent
studies of ®*Nb which are relevant to the yrast
levels discussed in the present paper utilized the
reactions %Zr(p, ny),'® ®Zr(p, v),* ¥*Y(a, 21y),*°
and ®Zr(a, p2ny).” Results for the ®*Nb isomeric
state consistent with the present experiment have
also recently been reported.? Studies of ®'Zr per-
taining to the yrast levels have utilized the reac-
tions *Zr(p,p’),” *¥Zr(d,p),* * *Zr(d,p7),** and
88Sr(a, n‘)’) 20,25

The details of the present experimental mea-
surement are described in Sec. II and the experi-
mental results for ®*Nb and *Zr are presented in
Sec. III. In Sec. IV the deduced energy levels and
electromagnetic matrix elements are compared
with the recent theoretical calculation of Gloeckner
et al.r°"'?

II. EXPERIMENTAL TECHNIQUE

Levels in ®*Nb and ®'Zr were populated by means
of the fusion-evaporation reactions %8r(°Li, 3%)°'Nb
and ®8Sr(°Li, p21)*'Zr. For most of the measure-
ments, a 34-MeV °Li (3*) beam, obtained from
the Stony Brook FN tandem Van de Graaff ac-
celerator, was incident on a thick natural Sr
metal target (82.6% ®8Sr) which stopped the beam.
Deexcitation y rays were detected in these studies
with Ge(Li) and Si(Li) detectors having energy
resolutions of 2.5-3 keV and 180 eV FWHM (full
width at half maximum), respectively.

In fusion-evaporation reactions'® such as
(°Li, 3n), the incident heavy ion carries a large
amount of angular momentum into the compound
system (I=177% for a classical grazing collision of
34-MeV °Li on %8r); the evaporation nucleons,
on the other hand, carry away relatively little
angular momentum, amounting to, at most, a
few 7 per nucleon. This has two important con-
sequences: (1) the reaction mechanism favors
the population of high-spin states in the residual
nucleus, and (2) these states are formed with a
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high degree of alignment (low-m substate popula-
tion), since the incoming orbital angular momen-
tum is oriented perpendicular to the incident beam
direction (m,;=0). The dominant decay mode of
these states is via stretched y-ray cascades, J
—J —~ L where J and J — L are the initial and final
level spins and L is the multipolarity of the y-ray
transitions. Thus both the excitation and deexcita-
tion mechanisms tend selectively to involve only
the yrast levels,'® which are the lowest-lying levels
for a given spin.

The experimental techniques utilized for these
y-ray measurements in the determination of level
schemes and electromagnetic decay properties of
%Nb and ®Zr are discussed below.

A. vy-ray excitation measurements

Measurements of the characteristic y-ray yields
as a function of excitation energy for the fusion-
evaporation reactions can provide an aid in the
identification of the y rays originating in the vari-
ous residual nuclei. In addition, the y-ray excita-
tion function allows the determination of the opti-
mum bombarding energy for the y-ray measure-
ments relating to the specific residual nucleus.

The (HI, xx) cross sections for the population of
high-spin states have a characteristic peak for
each x, the number of evaporated neutrons, as a
function of bombarding energy. These features
are understood on the basis of theoretical calcula-
tions and observed systematics for a large amount
of reaction data.!* An empirical estimate of the
bombarding energy for the peak cross section'®
is E (%)= (1+A,/A,)(- Q,+ 6x) MeV where A, and
A, refer to the masses of the bombarding heavy
ion and the target nucleus, respectively, and @,
is the @ value for the (HI, x») reaction. An energy
of 6x MeV is allowed for the evaporation of the x
neutrons. The widths for these cross sections
peaks are typically 10-15 MeV FWHM; thus, the
v-ray yields from the various residual nuclei
specified by x can, to a large extent, be separated
by the choice of bombarding energy. The fusion-
evaporation reactions, for which one of the evapo-
rated nucleons is a proton, show a less distinctive
cross section dependence because of penetration
effects of the Coulomb barrier for the proton. The
cross section peak, however, is displaced upward
by roughly the Coulomb-barrier energy.

Measurements of y-ray excitation functions for
several mass-90 targets (%8Sr, 8y, %Zr, ®Mo) have
been made with ®Li and "Li beams. The y-ray
spectra were measured in a Ge(Li) detector posi-
tioned at 90° in an energy range of interest above
the Coulomb barrier up to 35 MeV. The yields for
v rays associated with specific residual nuclei

were observed to follow the above discussed cross
section features. For the present study, the esti-
mated peak energy for the ®Sr(°Li, 37)*'Nb reac-
tion is E,,(x=3) =31 MeV while for the **Sr(°Li,2x)-
®2Nb reaction, E,(x=2)=17 MeV. Because of the
difficulty of maintaining thin self-supporting Sr
targets, most of the y-ray measurements were
made with thick natural Sr metal targets at a SLi
energy of 34 MeV. At this energy, the %Sr(°Li,3n)-
9INb yield was maximized and an adequate yield
for the study of ®'Zr was also achieved from the
885y (°Li, p21)*Zr reaction, which has an estimated
peak energy of 37 MeV. The thick-target yields at
34 MeV for these reactions and other reaction
channels are given in Sec. III.

B. v-y coincidence measurements

The thick-target yields from the (°Li, 3») and
(°Li, p2n) reactions were relatively large at the
incident beam energy of 34 MeV; however, yields
from other reactions, especially ®Sr(°Li, an)®Y
and ®8Sr(°Li, a2r)®®Y, were appreciable. This fact,
plus the fact that the target was not isotopically
pure, resulted in complex singles y-ray spectra.
Thus, the identification of y-ray transitions from
a particular nucleus required the use of y-y coin-
cidence measurements.

The detector systems employed for these mea-
surements consisted of two large volume Ge(Li)
detectors for y rays in the range ~100 keV to
several MeV and a Ge(Li)-Si(Li) detector system
for coincidence events involving very low energy
v rays. The detectors were placed at 90° and
- 120° with respect to the beam direction in order
to reduce coincidences from annihilation radia-
tion. Standard fast-slow electronics were em-
ployed and the data were recorded on magnetic
tape in a three-parameter [energy No. 1, energy
No. 2, and time-to-amplitude (TAC) signal] event-
by-event mode. Subsequent scanning of the data
tapes for prompt events (+100 nsec) and with
digital windows set on specific full energy peaks
generated the coincidence spectra. Scans could
be generated for both true and random coinci-
dences, based on the TAC window, although
random coincidences were found to be negligible
in all cases. Compton background was subtracted
by setting windows on appropriate regions above
or below the full energy peaks. A total of ~5 x10°
events were recorded on magnetic tape and ana-
lyzed.

C. vy-ray angular distributions

Information regarding transition multipolarities
and relative y-ray intensities was obtained from
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measurements of the y-ray angular distributions.
This information was valuable in making spin
assignments and in determining the sequence of
y-ray transitions in 'Nb and ®*Zr. Branching
ratios were extracted as well as some mixing
ratios for several transitions.

The angular distribution data were taken with a
Ge(Li) detector at seven equally spaced angles
between 0° and 90° with respect to the beam. A
monitor detector was placed at — 90° for the pur-
pose of normalization; dead-time corrections
were made by running a beam current dependent
pulser into both detectors. Beam-off measure-
ments of long-lived activity lines were used to
correct for anisotropies in the experimental geo-
metry. The Ge(Li) relative detection efficiency vs
energy was measured with several radioactive
sources. This information was needed to extract
relative y-ray intensities I, from the integrated
angular distributions.

The angular distributions, based on extracted
photopeak areas, were fitted with the function

W(6,)=1,[1+A,P,(cosb,)+A,P,(cosb,)] ,

where P, and P, are the usual Legendre polyno-
mials and the coefficients A, and A, are dependent
upon the multipolarity of the transition as well as
the degree of alignment of the decaying state.
These coefficients have been calculated®® as-
suming complete alignment, i.e., population of
m=0 or m=+3 substates only, for integer or half-
integer spins, respectively. Since the fusion-
evaporation reaction mechanism allows a finite
spread in m-substate population, as does cascade
y-ray feeding, the experimentally determined co-
efficients A, are attenuated by a factor, which will
be denoted by «, in the tables, from those calcu-
lated assuming complete alignment.

The most unambiguous spin and parity assign-
ment that can be made for prompt transitions
(T <10 nsec) on the basis of angular distribution
information alone occurs for the case of a
stretched-quadrupole J —J — 2(E2) cascade. These
are characterized by a coincident set of y rays
which have about the same positive A, and negative
A, coefficients and whose intensities show a regu-
lar decrease as their position increases in the cas-
cade. Typically, A,~0.3 and A,~-0.1. Strong
spin assignments that are unbracketed in the
figures will be made for these cases. In addition,
strong spin and parity assignments will be made
in cases, which will be individually explained,
where the angular distribution information can be
supplemented by lifetime and branching informa-
tion.

A stretched-dipole J —J -1 transition would be
characterized in a similar way by a coincident set

of y rays, which have about the same negative A,
coefficients and zero A, coefficients, and whose
intensities show a regular decrease. Typically,
A,~-0.2. However, for M1 transitions these
angular distributions are not always realized in
their pure form since the A, coefficient is very
sensitive to E2 admixtures which often compete.
Spin assignments based on this type of transition
will be considered tentative and bracketed in the
figures. The situation is especially tentative for
the weak transitions which may originate from
nonyrast levels and which often have large errors
in the angular distribution coefficients.

In a few cases, the measured angular distribu-
tions have been fitted assuming a mixed transition
to determine the mixing ratio. The phase con-
vention used for the mixing ratio is the same as
that used by Yamazaki.?® These determinations
depend rather sensitively on the assumed m-sub-
state population for the decaying state. It has
been found?? that for fusion-evaporation reactions
the actual m -substate population can be adequately
described by a Gaussian distribution of the form:

exp(— m?/207%)
- .
20 s exp(-m'%/202)

m’=-=

PJ(m) =

This form was used in fitting the present data, by
using a width parameter ¢ that was extracted from
fits to transitions for which J;, J,, and the mixing
ratio were known. To the extent that consistent
values for ¢ were obtained (see Table II) at least
for levels of about the same excitation energy and
spin, reliable mixing ratios were determined. The
mixing ratios are subject to the qualification that
the y ray observed in singles can be isolated at
each angle from all background y rays. This as-
sumption is difficult to check due to the complex

v spectra which may contain doublets that are not
resolved.

D. Pulsed beam-y measurements

The search for isomeric y-ray transitions was
conducted with the Stony Brook beam pulsing sys-
tem, which supplied 34-MeV ®Li beam pulses
having a width of <2 nsec and repetition periods
ranging from 250 nsec to 32 usec. A reference
signal derived from the beam deflector was used
as the “stop” signal for a time-to-amplitude con-
verter (TAC); the “start” signal was obtained
from the y-ray detector. Using standard fast
electronics, an over-all system time resolution
of ~8 nsec FWHM was obtained for a dynamic
range in y-ray energy of about 10:1. Lifetime
measurements were carried out over a time range
of about 20 nsec to 500 usec. The advantage of
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the pulsed beam technique, compared with delayed
coincidence measurements, is that data are taken
at essentially singles counting rates rather than
the much slower two-detector coincidence rates.
In the present experiments, delayed y-ray spec-
tra were obtained by setting windows on portions
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of the TAC spectrum and recording the corre-
sponding energy spectra. Lifetimes were obtained
from the -relative intensities of y-ray lines (full
energy peaks) in two or more known time regions.
This method of measuring lifetimes was found to
be preferable to direct measurement of the expo-
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FIG. 1. The Ge(Li) y-ray singles spectrum from natural Sr(82.6% %sr) +6Li at 34 MeV. A thick metallic target was
used. All strong 7y rays which have been associated with *!Nb or 9'Zr are labeled with the corresponding nucleus. A
few of the strongest y rays from other nuclei are indicated although the origin of most others not specifically labeled
by a nucleus are known. At channel number 1500, the channel scale has been changed by a factor of 2.



13

PROPERTIES OF HIGH-SPIN

nential decay curve for lifetimes in the usec
range, because of the greater ease with which
background could be subtracted. In addition, this
technique permitted immediate identification of all
lines having delayed components, i.e., all those
associated with the decay of isomeric states.

III. EXPERIMENTAL RESULTS

The singles y-ray spectrum from the reactions
induced by a 34-MeV °Li beam on a thick natural
Sr metal target is shown in Fig. 1. This choice of
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energy, which gave the maximum relative yield
for ®'Nb with the thick target, is consistent with
the observed thin-target excitation functions men-
tioned earlier. ¥ rays from the following nuclei
were observed with the relative yields estimated
from all previously known transitions to the re-
spective ground states: °Nb (17), ®°Y (7), 9'Zr
(5), ®zr (5), %Y (3), ®8Sr (1), and **Zr (1). In
addition y transitions from the nuclei ®2Nb, °'Y,
%Nb, *y, %%z, 8Sr, ®7Y, ®Sr, and *Sr were
weakly observed. The strongest reactions are for
the isotope #2Sr (82.6%): ®8Sr(°Li, 37)°*Nb, *Sr-
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FIG. 2. Delayed Ge(Li) v spectra from the Sr +®Li reactions integrated over two equal time regions, 1.5-3.1 usec
and 5.4—7.0 usec. v rays from %'Nb and 917y are labeled in the first time window. There is a gain change between the
top and bottom halves of the figure.
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FIG. 3. A portion of the delayed Ge(Li) ¥ spectrum from the Sr+%Li reactions taken with better statistics than the
spectra shown in Fig. 2 to show the weak delayed 7y rays in %'Nb and ®*Zr. The origins of the other delayed y rays are

also indicated.

(°Li, p2n)*'Zr, ®Sr(°Li, p3n)*Zr, **Sr(°Li, an)®®Y,
and ®Sr(°Li, a2,)%®Y. Part of the yield for the
other nuclei comes from ®Li reactions with the
other naturally occurring Sr isotopes: ®7Sr (7.0%),
88Sr (9.9%), and *Sr (0.6%).

Other than the results for ®Nb and ®'Zr, which
are presented in detail in this section, no new
results were obtained for other nuclei. The pres-
ent results for ®Y and ®®Zr are consistent with and
confirm previous data for the high-spin states in
these nuclei.*?® A pulsed beam-delayed ¥ mea-

surement for the 122-keV y ray yielded a mean
lifetime of 7=87+4 usec for the 122-keV 6* level
in ®Nb which is in good agreement with a previous
measurement of T=88 +6 usec.2®

New isomeric levels were found in both ®Nb
and #'Zr with mean lifetimes of 7=5,42+0.18 psec
and 7=6.28 +0.20 usec, respectively. Delayed y
spectra, which are integrated over time regions
sensitive to these lifetimes, are shown for the
Ge(Li) detector in Figs. 2 and 3 for the Si(Li)
detector in Fig. 4. The energies and intensities
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FIG. 4. Delayed Si(Li) v spectra from the Sr+°Li reactions integrated over two equal time regions, 0.9-3.4 usec
and 3.9-6.4 usec. A thin Al absorber was placed in front of the detector to reduce the intense prompt X rays.
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of the y rays in these delayed spectra were most
valuable in determining the position and decay
modes of the isomers in *Nb and *Zr. The in-
tensities of the predominant delayed y rays were
obtained from angular distribution measurements
at 0°, 45°, and 90°. The angular distribution co-
efficients were found to be attenuated in the de-
layed region due to hyperfine interactions in the
Sr metal; the observed A, coefficients were at-
tenuated by about 75% in the 5-7-usec delayed
region.

The y-v coincidence results for transitions in
%INb and ®*Zr are listed in Table I for the com-
binations of Ge(Li)-Ge(Li) and Ge(Li)-Si(Li) de-
tectors. The y-y coincidence data were especially
important in constructing the decay scheme for
prompt (7 <5 nsec) transitions in ®*Nb. Some of
the typical y-y coincidence spectra for ®*Nb y rays
are shown in Fig. 5.

The angular distribution coefficients A, and A,
extracted from the angular y-ray singles mea-
surements, which include both delayed and prompt
components, are given in Tables II and II for *Nb

and ®Zr, respectively. These results were used
to determine y-ray multipolarities and spin in-
formation. For the prompt transitions in **Nb,
quantitative information concerning the m-substate
population parameters was obtained leading to
some mixing ratios. The prompt and the delayed
y-ray intensities obtained from the angular dis-
tribution measurements are also given in Tables
II and III.

In the following subsections the present results
for ®'Nb and ®*Zr are discussed. The level scheme
obtained for °'Nb is shown in Fig. 6 and the y-ray
decay properties are summarized in Table II. The
level scheme and y-ray decay properties for ®Zr
are given in Fig. 7 and Table III, respectively.

A. °'Nb isomeric decay

Three y rays with energies 194, 1791, and 1985
keV, that were known to be from ®Nb, appeared
with large intensities in the psec-delayed y-ray
spectra all displaying a similar time dependence
(see Fig. 2) which yielded a mean lifetime of 7

TABLE 1. Results of y-y coincidence measurements for *!Nb and *!Zr.

v ray in gate (keV)

Coincident y rays? (keV)

9INb Ge(Li)-Ge(Li)

186 254,357,421, (497),819, (885), 2062, 2291
194 50,430, (624), 1791
254 186,421,919, 2062
357 186, (421),450, (626), 819,885, 2291
421 184, (186), 254,(258),357,497, 822, (1060), 2062
430 194,1791, (1985)
450 357,626
626 305,357,450
819 186, 357, (817), 885,919, 2291
885 (166), 184, (186), 357,421, 819, 919, 2291
919 140,186, 254,817
1715 357
1791 (50), 194, 651
1985 50
2062 186,254,421
2291 (186),357,819,885,1014
9Nb Si(Li)-Ge(Li)
50 1791, 1985
N7Zr Ge(Li)-Ge(Li)
90 4717, (597),859, 2131, 2170, (2350)
290 726 -
726 290,2131
859 20,2170
2131 39, (90), 230, (290), 726
2170 60, 90,859
17Zr Si(Li)-Ge(Li)
28 859,2170
90 859,2170

2 Relatively strong coincidences are underlined and coincidences which are uncertain are

bracketed.
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=5.42+0.18 pusec. These y rays are associated
with the ¥" ~ 37, 27 — 2* and ¥~ — 2* transitions
(see Fig. 6), respectively, on the basis of the
present as well as previous measurements.!?"2°
These y rays all exhibited a prompt component;
however, a 50.1-keV delayed y ray with the same
lifetime which had no prompt component was ob-
served with a Si(Li) detector (see Fig. 4). In the
v-v data, the 50-keV ¥ ray was in coincidence
with the 194-, 1791-, and 1985-keV vy rays. Thus
the isomeric decay is due to a level at 2035 keV.
The transition strength for the 50-keV transition
to the 153' level is consistent with a normally en-
hanced single-particle E2 decay [ taking into ac-
count the theoretical internal conversion coeffi-
cient® (ICC) of 13.9] which implies a spin as-
signment of ¥~ for the 2035-keV level. A recent
measurement of the delayed Nb K-shell ICC with
the ®Y(a, 22)* Nb reaction*! gave a value consis-
tent with that expected for a 50.1-keV E2 transi-

Sr+8Lj
o4l 9INb -7 COINCIDENCE
TOT T
|031 ! OTAL GATE
)
200 357 Ey(kev)
229! GATE
100

885 1014

254
100 186 2062 GATE
421

0 50 1985 GATE
50 =

0o MMWJNWAA«MW
200

194

1791 GATE

Counts Per Channel
3
(o]

100 357 626
450 GATE

819
357 GATE
885

ZOO‘A 50
430 (5I) (g24) 194 GATE
¢}
0 100 200 300 400 500

Channel Number

FIG. 5. y-y coincidence spectra from the Sr +5Li re-
actions using a Ge(Li)-Ge(Li) detector combination.
Selected spectra for *!Nb y rays are shown. See Table
I for a complete listing of the coincidence results for the
%Nb and 'Zr vy rays.

tion.

In addition to the above isomeric information,
the decay y rays from the 1985-keV ‘53' state ex-
hibited a shorter component of 7~ 15 nsec. In
a previous #°Y(a, 21#)°'Nb experiment, a mean
lifetime of 7=14.4 +0.5 nsec was observed for
the 1985-keV v ray and attributed to another cas-
cade ¥ ray which had a similar delay.?® However,
this cascade y ray was not observed in the pres-
ent experiment and was subsequently found to
originate from a target contaminant in the 8°Y-
(a, 27)°'Nb experiment.?° Thus the 7=14.4-nsec
mean lifetime must be attributed to the 1985-keV
- level.

The isomeric decay for the 2035-keV ¥ - level
in ®*Nb is shown on the left side of Fig. 6. A
branching ratio of (62 +1)% was obtained for the
L 2* transition. In addition to the strong y
rays discussed above, 603- and 1083-keV y rays
appeared weakly in the delayed spectra giving a
branching ratio of (3.5+0.5)% for the 1791-keV
2" —1187-keV £~ transition.

B. °!Nb prompt decay

The prompt decay mode and spin assignments
for levels up to 5182 keV (see Fig. 6) have been
determined from the y-y coincidence and angular
distribution measurements. The three strongest
coincident y rays, 357, 819, and 2291 keV, were
assigned to the stretched E2 cascade 3467-keV
2+ ~3110-keV 1;7‘ ~2291-keV ¥+ ~g.5. 2+ on
the basis of their relative intensities and angular
distributions (Table II). These assignments are
in agreement with previous experiments.? 2

The sum of the energies of the 450- and 626-
keV y rays which make up a coincident triplet
with the 357-keV transition suggests a cascade
from the 157 * to the 17~ state. The singles inten-
sities give the intermediate state at 2661 keV and
a spin of 2 or ¥ is suggested by the fact that the
450- and 626-keV y rays have angular distributions
characteristic of AJ=+1 dipole transitions. The
thick-target Doppler shift observed at 0° for the
626-keV y ray as opposed to a lack of Doppler
shifts observed for the 357-, 450-, 819-, and 885-
keV E1 and E2 transitions, indicate a fast M1 tran-
sition (7 <20 psec) for this y ray which implies a
negative parity for the 2661-keV level.

A previous assignment of a 626-keV y ray to
the 2414-keV 1~ ~1791-keV %' transition® is
not supported by the present experiment. The
430- keV and 2414-keV branches from the 2414-
keV level'® 2! were observed in the present ex-
periment, the 430-keV vy ray being in coincidence
with the 194-keV y ray. However, the 626-keV y
ray (or one with a slightly lower energy of 624
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TABLE III. Properties of y rays assigned to transitions in ?1Zr from the 8sr (°Li, p2n)

zy reaction.

Isomeric Transition assignment
E, intensity 2 E; —E;

(keV) (Relative units) A,b A, keV) (keV) JF—J7
28.0+ 0.2 2287—2259 17
38.7+0.2 2170—~2131 4~ 4"
60.3x 0.2 e 2320~ 2260 U—4°
89.5+ 0.2 2259—~2170 §— %’

150 +1 Weak 2320—2170 447
289.8+ 0.3 13°¢ 0.26£0.07  —0.26+0.10 3146—2857 U'—1"
477 =1 —0.25+0.16 0.11+0.20 2764— 2288 (¥)— %"
537 +1 1.7¢ 28572320 E'—4°
570 +1 1.3¢ 28572288 44"
596.9+ 0.3 3.9¢ 2857 — 2260 %t. g
725.7+ 0.3 6.4¢ 0.21£0.08  —0.19+0.10 2857— 2131 gi- 4
859.0+ 0.3 98¢ —0.13£0.03  —0.04+0.03 31462287 Y1~
879.4+0.3 44° 31672287 Y4
2131.1+ 0.5 16¢ 2131—0 3~
2169.9+ 0.5 1004 0.44+0.03 0.01£0.03°  2170—0 =3

2 Intensities have about a 10% uncertainty. (See footnote a in Table II.)

b Singles angular distribution.

¢ Intensity at 90°. The angular distribution correction is small due to attenuation.

d Intensity integrated over 0°, 45°, and 90°,
€Ag = —0.03+0.03,

keV which is actually required for the ‘-21' - -251'
transition) was not in coincidence with the 1791-
keV y ray. The 2661-keV —2035-keV transition
of 626 keV was not seen in coincidence with y
rays originating below the 7=5.42 usec 2035-keV
1?" = level because of the resolving time of about
200 nsec used for the y-y coincidence.

No 1076-keV vy ray, required for a decay branch
from the 3110-keV ¥ level to the 2035-keV ¥~
level, was observed in coincidence with the 357-
keV y ray. Aweak 1077-keV y ray observed in the
singles spectrum is probably mostly due to Cou-
lomb excitation of the 26Sr 2* state. The singles
intensity of the 450- and 819-keV vy rays gives a
(9£2) % branch for the ¥ * ~ (17, 7) transition as-
suming no ¥ * — " branch. An upper limit of 8%
can be set for the 1—7"-—1-21" branch.

The 885-keV vy ray is the strongest y ray in co-
incidence with the 357-keV transition and thus
must feed the 3467-keV level. The 885-keV y ray
together with the sum of the energies of the 254-
and 2062-keV vy rays, which are in strong coinci-
dence with each other, indicates a level at 4352
keV with a 38% branch to the Z* level and a 62%

branch, via the 254-2062-keV cascade, to the i~
level. From the singles intensities, the inter-
mediate state in the cascade is at 4097 keV., The
angular distribution of the 885-keV transition
(A,>0,A,~0) is characteristicof a J~J =1
transition (a J -J —2 [=2 transition would have
A,> —-A,>0). The angular distributions of the
254 - and 2062-keV y rays are characteristic of
J—=J -11=1 transitions with small /=2 admix-
tures (M1 + E2 transitions). All of this informa-
tion suggests spin and parity assignments of 22—"
and £~ for the 4352 and 4097-keV levels, respec-
tively.

A weak 1715-keV y ray was also in coincidence
with the 357-keV transition which is very likely
due to feeding of the Z* level from a level at 5182
keV. The angular distribution for the 1715-keV y
ray could not be obtained due to a contaminant y
ray of uncertain origin with about the same energy
in the singles spectra. A spin of £ or Z for the
5182-keV level is suggested by yrast arguments.

A number of weaker y rays were observed in
coincidence with the y rays discussed above (see
Table I); the primary ones are: 186 (doublet),
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258, 421, 497, 817, 919, and 1014 keV. Because
of the similarity in the intensities of a number of
these y rays, they could not unambiguously be in-
corporated into the ®*Nb level scheme. Most of
these y rays probably feed the 4352-keV level;

the strongest (186, 421, and 919 keV) have negative
A, coefficients.

C. °!Nb mixing ratios

Mixing ratios have been obtained for three tran-
sitions in ®*Nb using the spin assignments dis-
cussed in the last section. The dependence on the
m-substate distribution was obtained from an anal-
ysis of the strongest pure multipolarity (6=0) E1
and E2 transitions assuming the Gaussian m-sub-
state distribution discussed in Sec. IIC. An aver-
age value for the Gaussian width of ¢=2.0+0.3
was obtained from this analysis (see Table II) and
was subsequently used to obtain the mixing ratios
for the other prompt transitions.

A mixing ratio of 6(E2/M1) = -0.42+0.05 was
obtained for the 430-keV y ray which has been
assigned to the 2414-keV 4~ ~1985-keV ¥~ transi-
tion. For the 626-keV y ray assigned to the 2661-
keV J; ~2035-keV " transition, equally accept-

(23/2,25/2) 5182
©
~
- * »
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- &
(21/27) ,,I 4352
t9s27)— 4097
o =]
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I ©
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o &
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ol oo
17/2% Rn 3110
% o
(o]
(15/27,19/2") % °¢°¢°—zsel
Tm=5.42 psec - . bl 2414
- DR o o132t o—EC 2291
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oj\we' O ____ o 3 2035
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9/ —§ EEERS 1791
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© 3/2- 1313
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FIG. 6. The decay scheme for ?'Nb from the present
work. The transitions involved in the decay of the
7=5.42+0.18 usec 4~ isomeric state are shown on
the left. The intensified transitions indicate the domi-
nant decay modes of levels most strongly populated in
the 85r(fLi, 3n) *'Nb reaction. The spin assignments
for levels below 1791 keV are taken from Refs. 17-19.
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able fits were obtained for the two choices of ini-
tial spins; 6(E2/M1)=-0.02+0.05 for J; =% and
6(E2/M1)=0.06+ 0.06 for J;=%. The mixing ra-
tio for the 430-keV y ray is in agreement with
another recent determination by Berinde et al.?!
However, the present result for the 626-keV y ray
is different from Berinde ef al. because of a dif-
ferent assumed transition assignment as well as
the fact that the experimental angular distribution
coefficients are in disagreement.

The E3/M2 mixing ratio of the 1985-keV y ray
was also obtained. This transition cannot be han-
dled as simply as the prompt transitions (with an
assumed Gaussian m-substate distribution) be-
cause about 65% of the 1985-keV y ray is delayed
by the 7=5.42 usec isomer from which some, al-
though not complete, attenuation takes place. In
this case the attenuation (a, and a,) of the com-
plete-alignment angular distributions coefficients,
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FIG. 7. The decay scheme for ?'Zr from the present
work. The intensified transitions indicate the dominant
decay modes of levels most strongly populated in the
883r(°Li,p2n)% Zr reaction. The &*—1* isomeric
transition labeled IC was deduced as internal conversion
by the subsequent delayed cascade y rays and its energy
determined from the weak 879.4-keV decay branch.
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was taken from the 194-keV E2 branch of the 1985-
keV ¥ level (see Table II). The a, attenuation co-
efficient was then estimated by assuming an m-
substate population for the 1;3' level given by a sum
of two Gaussians. Two acceptable fits were ob-
tained for the mixing ratio: 6(E3/M2)=-10x4

or §(E3/M2)=-0.11+0.06. The errors include

the uncertainties in a,,.

D. ?'Zr isomeric and prompt decay

In ®'Zr an isomeric £ * state at 3167 keV with a
mean lifetime of 7=6.28 +0.20 usec was found.
Nearly all of the other high-spin levels observed
in ®1Zr are fed to some extent by the isomeric de-
cay. The ®Zr decay scheme from the present ex-
periment is shown in Fig. 7 and the y-ray proper-
ties are summarized in Table OI. Previous re-
sults, which are most important for the present
discussion related to the high-spin levels, were
obtained from ®Sr(a, #)*'Zr experiments?*? and
the high resolution ®Zr(p, p’)*'Zr experiment of
Blok.*

The 90-, 2170-, and 859-keV vy rays were in
strong coincidence from the Ge(Li) y-y data and
appeared in the usec-delayed region (see Fig. 2)
yielding a consistent mean lifetime that averaged
7=6.28£0.20 usec. The 90- and 2170-keV y rays
also contained a shorter component (750 nsec).
Previously, with the reaction ®Sr(a,n)*'Zr, these
two v rays were assigned to the ¥~ -1~ - 2* cas-
cade and measured to have a time dependence of
7=41.8 +1.2 nsec which was attributed to an un-
observed £ -1 cascade with E, < 80 keV.* In
the present experiment, a 28.0+0.1-keV y ray
was found to be in coincidence with the high-ener-
gy v rays, by a Si(Li)-Ge(Li) detector combination,
and it displayed the same psec time dependence
(see Fig. 4). The 28-keV y ray has been assigned
to a 2287-keV £~ ~2259-keV 32~ M1 transition on
the basis of the y-y data, the I, (ICC=8.0), the
lifetime, and the precise energy agreement with
levels observed with L =5 in the (p, p’) experi-
ment of Blok.?? The delay observed between the
28 and 859-keV y rays in the Si(Li)-Ge(Li) coinci-
dence is consistent with the mean lifetime (7=41.8
nsec) attributed to the 2287-keV £~ level.

The 859-keV y ray, which thus originates from
a level at 3146 keV, contained a 35% prompt com-
ponent which means that the usec isomer must
originate from an unobserved low-energy y ray
(E, = 36 keV) feeding this level, most likely a
highly converted E2 transition. The coincident
triplet of weaker y rays, 290, 726, and 2131 keV
which also appears in the delayed spectra repre-
sents a 12% branch of the 3146-keV level to the
previously known 2131-keV §+ level® via an in-

termediate state at 2857 keV. The angular dis-
tributions and prompt lifetime limits (7 =10 nsec)
observed for the 290-, 726-, and 859-keV y rays
(see Table III) strongly suggest spin assignments
of ¥* for the 3146-keV level and " for the 2857-
keV level.

Several less intense y rays were observed in the
psec-delayed spectra with delayed components of
about 6 usec (see Fig. 3). Three of these (537,
570, and 597 keV) represent E1 decay branches
of the 2857-keV 1?3 * level to the known negative-
parity states near 2.3 MeV. A higher-energy
879-keV y ray must originate from a branch
(3.8%) of the T=6.28 usec isomeric state to the
2287-keV ‘2—5 “level. The strength for this transi-
tion is consistent with the E3 strength observed
for the 8* -5~ transition in ®¥Zr.3'»32 Thus the
isomeric state in ®Zr is located at 3167 keV with
a spin of ?2-1 * and it decays with a 96.2% branch to
the 157 * state via internal conversion (ICC=316).
The precise energy difference of the 879- and
859-keV y rays was measured to be 20.4 +0.2
keV.

Every level observed in the present experiment
is in remarkable agreement with levels found in
the high resolution (p,p’) (E,=20.47 MeV) experi-
ment of Blok.?? An additional weak 477-keV y ray
observed in coincidence with the 90-keV transition
has been assigned to the 2764-keV —~ 2287-keV £~
transition on the basis of a level observed at 2766
keV with L =5 in the (p,p’) experiment. An un-
assigned 444 -keV y ray reported by Glenn, Baer,
and Kraushaar?® could possibly be the 2764-keV
~2320-keV 1 transition, but this cannot be con-
firmed in the present experiment because of a
strong contaminant 442-keV y ray from %Y. On
the basis of the decay mode for the 2764-keV level
and its appearance with L=5 in the (p, p’) experi-
ment, the most likely spin assignment is %".

Finally, several other low energy y rays can be
associated with #Zr. A 60-keV y ray was observed
in coincidence with the 2170-keV transition. In the
(o, n) experiment of Glenn ef al.,? 61- and 151-
keV y rays were associated with the decay of the
2320-keV 1° level. This would be consistent with
the coincidence result, but the 2320-keV level is
populated too weakly in the present experiment to
obtain further information. A 39-keV y ray which
was in coincidence with the 2131-keV transition is
due to a 2170-keV ¥~ —2131-keV £* E1 transition.
AL~ 2 * branching ratio of (7 +4)% was deter-
mined from the intensity balance of the delayed
transitions.

IV. DISCUSSION

In the following sections the experimental level
properties of ®*Nb and ®'Zr are discussed in terms
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of a shell-model basis which includes the 2p, ,,
and 1g,,, orbitals for protons and the 2d;,, and
3s, /, orbitals for neutrons outside of an ®Sr
closed core. The theoretical energy levels and
electromagnetic matrix elements were obtained
from a recent study of the mass-90 region by
Gloeckner ef al.'®"'? In this study the effective
interactions were obtained from a least-squares
fit to many N=50 and N=51 energy levels, in-
cluding ®*Nb and ®'Zr levels, assuming unrestrict-
ed two-body interaction matrix elements. For the
N=50 nuclei the proton-proton interaction was
found to be nearly seniority conserving; the
seniority-conserving interaction, given in column
3 of Table 2 in Ref. 11, was used for the present
comparison. The neutron-proton interaction used
for ®'Zr and other N=51 nuclei is given in column
3 of Table 2 in Ref. 12,

Within this model space, the ®Nb positive-parity
states are described by g,,,(p, ;»)* and (g, ,,)® con-
figurations and the negative-parity states by
(g9,2)°P1 s> configurations. The ®Zr positive-
parity states consist of the 4, ,, and s, ,, neutrons
coupled to the ¥Zr (p,,,)* and (g,,,)* configura-
tions and the negative-parity states result from
the coupling of these neutrons to the ®Zr g,,,p, ,,
configurations.

Other states based on the %8Sr core excitations
which are outside the model space are expected.
They include the low-lying 3 and 2* vibrational
states found in most spherical nuclei. Possible
multiplets involving the *Zr 3~ state in *'Nb and
%1Zr will be discussed.

Effective two-body interaction and one-body
electromagnetic operators have been introduced
to account for the small admixtures of the %Sr
core excitations into the model space wave func-
tions.?® In the discussion below, emphasis has
been placed on the relatively straightforward in-
terpretation which is possible for the effective
electromagnetic operators, in particular for the
electric quadrupole (E2) operator. The E2 effec-
tive charge, which represents the enhancement of
the E2 matrix elements, will be discussed for the
mass-90 region in terms of its dependence on the
nuclear states involved. In addition, a brief com-
parison with other mass regions, based on average
effective charges, will be presented.

A. °'Nb and N = 50 energy levels

The theoretical energy levels!! for °!Nb are com-
pared with the results from the present and pre-
vious experiments in Fig. 8. All of the theoretical
positive-parity states from the configuration
(go/2)° except for the £* state can be tentatively

associated with observed levels. The %* ground-
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state is predominantly g,/,(p,/,)? or written simply
Zo/2» The 3", ¥*, £*, and two lowest § states
were included in Gloeckner’s least-squares fit
for the N=50 nuclei. Hence, the good theoretical
agreement for these levels means that a consistent
interpretation for them together with other N=50
high-spin levels is possible within the small
&o/2-Py/», model space. The other levels which were
not included in the least-squares fit can thus be
considered true predictions of the theoretical cal-
culation. The theoretical-experimental deviations
are a little worse for these low-spin states com-
pared with the high-spin states, but the over-all
agreement is still very good.

The experimental 2580-keV 3" and 2793-keV &
levels may be the weak-coupling doublet expected

5 —
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9|Nb

FIG. 8. Comparison of experimental and theoretical
energy levels for *'Nb. The spins are indicated by 2J.
The experimental information is from the present work
and from Refs. 17-19. The theoretical energy levels
marked theory are the results of the “total energy” fit
of Gloeckner et al. (Ref. 11). The total energy fit results
for the proton-proton interaction are nearly identical to
the seniority conserving interaction obtained by Gloeckner
et ai. (Ref. 11) which is discussed in the text (Sec. IV).
The centroids of the weak coupling multiplets which we
evaluated for the (£4/,)%p/, and (€4/)%(p1/5)% ~! configu-
rations where j ~!=p;/,”! or f5,,”! are shown on the
extreme right side. The notation “1-7,” for example,
£,5 and ¥,

indicates the multiplet 1™,
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at this excitation energy from the (**Zr 37)®p,,
configuration. The 2J +1 weighted energy average
for these two states gives 2.702 MeV for the cen-
troid which is in good agreement with the *°Zr 3~
level at 2.748 MeV.%!

The negative-parity states in °!Nb from the
(gy/2)%Py/» configurations are particularly simple
to understand. They form a series of doublets
with the configuration [(g,/,)"Jy, p1/2]J Where J
=Jy,% 3, and J,=0, 2, 4, 6, and 8 with n=2. The
energies of these states are given by**

Cp +nCy + V(Jo) +na +[J(J +1) = do(J, +1) = 18,

where C, and C, are the single-particle energies
and V(J,) is the interaction energy of the state
(g5/2)"J,- The a and B coefficients are defined as
a=3[0.9V(47) +1.1v(57)] and B= [ V(57) - V(47)],
where V(4~) and V(57) are the interaction energies
for the configurations (g,/,f,/,) (J=47,57). The en-
ergy difference between the members of the multi-
plet J =J,* 3 is given simply by (2J,+1)8. The val-
ues of $=0.025-0.037 deduced for these *!Nb nega-
tive-parity doublets are smaller than the average
value B=0.052 obtained from the theoretical N=50
least-squares fit. This discrepancy which, in par-
ticular, includes a somewhat poorer agreement
for the ¥~ and £~ levels in **Nb may be due to per-
turbations from the other expected negative-parity
states discussed below.

In order to explain the 1613-keV 3~ and 1845-keV
5~ levels, multiplet configurations involving holes
(471 in the 2p,, and 1f;/, orbitals of the form

[(gg/z )zJo; (pl/z )2_7.-1] J

have to be introduced. The largest component for
the 3~ and §~ states is expected to have J, =0.
The centroids of these multiplets which we evalu-
ated in an extreme weak-coupling model for all
values of J, are shown on the right-hand side of
Fig. 8. The highest-spin states of £~ and ¥~, ex-
pected at about 4 MeV in excitation, are in fairly
good agreement with the experimentally observed
high-spin states at about this energy.

In addition to the negative-parity levels dis-
cussed above, a negative-parity multiplet with
spins $” to £~ is expected at about 2.75 MeV from
the (®°Zr 37)® g/, configuration. In the weak-cou-
pling model the E3 decay for each of these states
to the °’Nb ground state has the same enhanced
B(E3) value as that observed for the °Zr 3~ - g.s.
transition,®* B(E3+)=(15.4+0.4)x10° ¢?fm® =32
W.u. (Weisskopf units). From the lifetime and
branching ratio for the 1985-keV £~ level, an up-
per limit of B(E3) <650 ¢ fm®=1.3 W.u. is obtained
for the £~ - & E3/M2 transition which implies that
this £~ level can have at most a 4% admixture of
the £~ member of the collective multiplet. This

collective multiplet has not been identified experi-
mentally. The levels at 2414 and 2532 keV have
both been assigned ¥~.'® Only the lowest level has
a branch to the 1985-keV 12—3‘ level which suggests
that this level is predominantly the ¥~ member of
the [(g,/,)6", py, ] multiplet discussed above, while
the upper £~ level is part of the collective 3~ mul-
tiplet.

B. °!Nb and N =50 B(E2) values

With the results of the present experiment to-
gether with other recent lifetime measure-
ments,?**® accurate values for the reduced E2
transition probabilities for three transitions be-
tween high-spin states in °!Nb are deduced. These
B(E2) values together with B(E2) values deduced
for states of the gy/,-p,/, configurations in the
other N =50 nuclei are summarized in Table IV.

Within the g,/,-p,/, model space, the theoretical
B(E2) values are straightforward to calculate.?®
For most of the matrix elements in °*°Zr and °!Nb,
the theoretical E2 matrix elements are uniquely
determined, and thus the effective E2 operator
can be deduced independent of any assumptions
regarding the two-body matrix elements. Further-
more, with the assumption used for Table IV,
that no seniority mixing occurs, all of the B(E2)
values for transitions between the N =50 negative-
parity states are similarly unique.

The matrix elements discussed above are all
proportional to the ( gy, [|72Y®e, || g,/,) reduced
single-particle matrix element. The 7® radial
matrix elements are calculated in the harmonic
oscillator model using an oscillator parameter
(v =mw/%) which is required to reproduce the root-
mean-square (rms) radius of °*°Zr deduced from
electron scattering data. The rms radius of *°Zr
is 4.27 fm % which after correction for the finite
proton rms radius of 0.64 fm * gives a value v
=0.212 and ( gy, 7% | go/») =26.0 fm®. This is the
same (%) value which has been recently used by
Gloeckner ef al.°"'2 (Other slightly different val-
ues for the (%) matrix element have been used in
previous discussions®-% including our own pre-
liminary reports’*!® which lead to small changes
in the deduced effective charges.)

The proton effective charges extracted from the
comparison of experimental and theoretical B(E2)
values are given in Table IV. The comparison be-
tween different nuclei and even between transitions
within a given nucleus shows considerably more
variation in the proton effective charges than has
been obtained from similar straightforward com-
parisons for the N =28 nuclei® and the N=126 nu-
clei.®

For °*Ru the agreement can be significantly im-
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TABLE V. Comparison of theoretical and experimental E2/M1 mixing ratios between the

negative parity doublets in !Nb.

QW) E, (exp)
Jy Ji—J; (efm?) (MeV) 6(E2/M1) P 8(E2/M1).,,
8" g 34.0 0.626 —0.017 —0.02 £0.05
6" gy us 6.8 0.430 -0.003 —0.42£0.05
4" 172" -10.8 0.330 0.006
2" 347 -17.0 (0.126) © 0.009
2e,=1.35

5 glgyn)=1.36 (Ref. 31) and g(p )= — 0.27 (Ref. 41).
¢ Transition has not been observed experimentally.

proved by introducing small seniority mixing.'!

It has also been shown that the ®*Tc ¥~ ~ £~ transi-
tion matrix element is sensitive to seniority mix-
ing.*® These particular E2 matrix elements show
this seniority sensitivity because of the large val-
ues of the Ay =2 E2 matrix elements compared
with the relatively small Av =0 E2 matrix elements
in the middle of the gy/, shell. In addition, because
the Av =0 pure seniority matrix elements are
small in these cases, contributions other than
seniority mixing, such as those discussed in the
next paragraph, may be important.

The variations in the effective charge for the
transitions that are unique within the g,/,-p,/, con-
figuration are probably due to the exclusion of the
1f,/, and 2p,/, protons from the model space whose
virtual excitations to the 2p,,, orbital will enter
linearly into the E2 matrix elements. The effect
of these virtual excitations may be different for
the high-spin positive-parity states in °°Zr and
°INb where the 2p,/, orbital is empty than for the
negative-parity states in °’Nb where the 2p,/, or-
bital is half full.

The most unambiguous value for the 1g,/, pro-
ton effective charge can thus be obtained from the
E2 transitions in Table IV which have a dominant
configuration of the type (1g,/,)"(2p,/,)* and have
large B(E2) values. Considering only the transi-
tions %Mo 8* — 6*, ®*Mo 6* -~ 4", and **Tc * - §*,
rather consistent proton effective charges are ob-
tained with an average value ¢,=1.63+0.03. In
Sec. IVD, the neutron effective charge is discussed
and a brief comparison with the proton and neutron
effective charges needed in other regions of spher-
ical nuclei is presented.

In ®'Nb the E2/M1 mixing ratios for the 2661-keV
(-, £7)~2035-keV U=, and 2414-keV ¥~ 1985-
keV £~ transitions have been measured. If these
states are assumed to have the (g,/,)?p,/, configura-
tions as indicated in Fig. 8, the mixing ratios can
be related to the ratio of the quadrupole moment

of the state (g,/,)?J, to the difference of the g,
and p,,, g factors:

6(E2/M1)

120 (Jy[IM1[lg)

Ey(MeV) V5 ( 2J, +3>1/2 ( QW) )
2J,-1 &(2es2) = 8(0112) 1~

240 g,
The theoretical mixing ratios were calculated with
an effective charge of ¢,=1.35 and empirical g
factors measured for the g/, and p,/, configura-
tions in ®Y and °°Zr.3**! The results are com-
pared with the experimental mixing ratios in
Table V. The agreement with experiment is very
good for the theoretical £~ ~ ¥~ result, but the
large mixing ratio observed for the ‘?"- ‘2—3' transi-
tion cannot be explained with any reasonable value
for the J,=6" quadrupole moment. This disagree-
ment may be due to a misassignment of part of the
430-keV y ray to the ¥~~~ transition in the pres-
ent and previous experiments®! or to a different

structure for the 2414-keV ¥~ level.

C. °'Zr and N=51 energy levels

The low-lying ®'Zr energy levels are charac-
terized by multiplets of levels formed from the
coupling of the N=51 single-particle neutron states
to the °°Zr energy levels. The levels in °'Zr which
have the largest single-particle spectroscopic fac-
tors in the °°Zr(d, p) experiments®?~2* are 0-keV
3* (2d,/,), 1205-keV 3* (3s,,), 2041-keV 3* (2d,/,),
2170-keV 3~ (1h,,/,), and 2201-keV £ (1g,/,). In
addition, the £* level at 2905 keV observed in
927 r(p,d) experiments??* has been suggested to
have the structure ®*Zr®g,/,”! or approximately
071 ® [(dy/, P, gor27"]-

A comparison between experimental and theo-
retical energy levels for °°Zr and °'Zr is shown
in Fig. 9. Taking into account the fact that some
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FIG. 9. Comparison of experimental and theoretical energy levels for *'Zr and ?°Zr. The experimental levels for

917Zr are from the present experiment and Refs. 17 and 22—-25. The experimental levels for *Zr are from Ref. 31.

The ?!Zr experimental levels marked with a dot in the middle have been observed with large single-particle and single-

hole spectroscopic factors in @,p) and (p,d) reactions (Refs. 22—24 and 42). The *!Zr experimental levels marked

with a dot on the right have been observed with L =3 angular distributions in (p,p’) experiments (Ref. 22) which indi-
cate that they have some component of the weak coupling multiplet based on the **Zr 3~ state. The theoretical levels
have been calculated by Gloeckner et al . for *Zr (Ref. 11) and *'Zr (Ref. 40) based on the interaction discussed in Sec.
IV of the text. Only the 2dy/, and 3s,/, neutron single-particle levels have been considered in the theoretical calculation.
Other single-particle neutron levels as well as the 3~ and second 2* levels in %Zr are outside the theoretical model

space.
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states are not included within the basis used for
the theoretical shell-model calculation, the over-
all comparison between theory and experiment is
good, the worst deviation being about 300 keV.
Shell-model calculations for the ¥* and ¥* high-
spin states in ®'Zr which were carried out about
ten years ago [see Auerbach and Talmi* (p. 474)
and Vervier® (p. 53)] as well as the recent theoret-
ical calculation of Gloeckner ef al., shown in Fig.
9, predict the " state to lie below the ¥* state,
creating an F4 isomer similar to the one predicted
and found experimentally in ®*Mo. The ¥* state
has in fact been found in the present experiment to
lie above the ‘2—"* state; however, this disagreement
with theory (a difference of about 120 keV for the
22—“ state) is not particularly worse than that for
other positive-parity states. An interaction which
gives the correct ordering of the ®!Zr high-spin
has been reported,’®* but this interaction appar-
ently gives a worse over-all agreement with the
other N =51 isotones.

It is interesting to compare the systematics of
the positive-parity levels in the even-even N=50
isotones and the neighboring even-odd N=51 iso-
tones (see Fig. 10). Theoretically, the assumed
(go/2)"(v =2) seniority-2 structure of the even-even
N =50 isotones has spacings between the J=2*, 4",
6*, and 8" levels which are independent of n. The
worst deviation from the theoretical calculation is
observed for ®°Zr. Similarly, the worst deviation
for the ¥=51 nuclei occurs for the neighboring
®1Zr nucleus. On the other hand, the experimental-
theoretical agreement is very good for both the
®4Ru and °5Ru isotopes and reasonably good for the

®2Mo and **Mo isotopes. Thus, the deviations for
%0Zr and ®*'Zr to a large extent result from the dis-
crepancy in the proton-proton interaction. From
the observation that the spacings of the energy
levels for the ®*Ru positive-parity yrast states are
very similar to the spacings in °*Ru, one may ex-
pect that the positive-parity yrast levels for other
nearby nuclei can be very well predicted from a
simple weak-coupling model in which the proton-
neutron interaction is ignored.

Three sets of sextuplets are expected in *'Zr
from the couplings of the d;/, neutron with the 37,
4-, and 5~ states in °°Zr. A priori, the states of
the same spin from the different multiplets may
be mixed. The theoretical prediction for the low-
est five states, which naively is expected to be the
57 multiplet, is in relatively poor agreement with
experiment even for the unique £~ high-spin state
(see Fig. 9). Other theoretical predictions®?
based on slightly different effective interactions
do not give better agreement. The (p, p’) experi-
ment of Blok?? gives additional information con-
cerning the wave function components coupled to
the °Zr 5~ state since the components contzining
the ®°Zr 4~ configuration are excited only very
weakly, because a spin flip is involved. Blok ob-
served states with L =5 at 2.189, 2.261, 2.289,
2.322, 2.369, and 2.766 MeV. The states at 2.261
and 2.766 MeV are both assigned £~ in the present
experiment. The largest L =5 (p, p’) component is
observed for the upper £~ state contrary to naive
expectations based on the ordering of the 4™ and
5~ °°Zr states. However, this reverse mixing of
the two &~ states is supported by the small B(M1),,

Relative
Energy 9g/p(v=2)  94Ry 95Ry 92Mo BMo 90z, oIz,
(MeV) th. exp. exp th exp. +exp th. exp exp. th. .
R . . B . 1772 e | g+ 21/2* » 1772
or &— | &2~ — | & — 7 — a/z*
o 17/2* S 13/2* - 13/2% e
r A3 | 4 4*
.
L . o
e . . 9/2 o/2*
L2 2* 9/2 e
S 2* _
I o 52—
_2._
F o
L + P
i o &yt 5/2
L 0"
-3t —_
L 5/2%——"
: o*

FIG. 10. A comparison of the systematics for the positive-parity yrast levels in the even-even N =50 nuclei and in
the adjacent N =51 nuclei. The theoretical energy levels were obtained by Gloeckner et al. (Refs. 11 and 40) using the
effective interaction discussed in Sec. IV of the text. The experimental levels for *'Zr are from the present work and
the levels for other nuclei are from Refs. 5, 6, 16, 31, and 37.
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n

[(6.8+0.4)x107%],? obtained for the 2287-keV

sze 0 Lo '2259-keV £" transition. Assuming the wave
coa S functions
g28 2 |7 = °2Zr 57)(wdys))
S ®© 1=} 2 5/2//
- O v i
[£7) = a[(®°Zr 47)(vdy,,))
§ § § Cf +(1 - a®)Y?|(*°Zr 57)(vdy),))
a § % é and using empirical g factors*! for the M1 matrix
- N elements, the calculated B(M1) is 1.20y,? for o?
=0 and 0.29,® for o =1. The small observed
B(M1),, can only be obtained from destructive
@ = o e interference between these limits for a?=~0.80;
i o _ that is, if the lowest £~ level has mostly the 4~
E multiplet component.
© 16— - 2 Twelve levels below 3.2 MeV were observed with
i I 2 = L =3 in the (p,p’) experiment?? which indicates that
N they contain components of the °Zr 3~ level which
- - :’,.7 is strongly excited by inelastic excitation. Since
< S < only six states are expected for the 3~ multiplet,
. :" N 30 g considerable mixing between the wave functions
D e e g for 37, 47, and 5~ components must occur. The
% Eé 5 . mixing of the ¥~ member of the 3~ multiplet with
S Ve 3 the 1h,,,, single-particle level is very similar to
% % - the situation in 2®Pb with regard to the 1j,,/, or-
- § bital which has been theoretically discussed by
© - m © o Hamamoto.*® This mixing has also been discussed
..;’1 = ?;; g o for the neighboring N=51 odd-even nucleus ®Sr®
-2 = s where the enhanced ¥~ - 3* E3 transition can be
& explained with about equal admixtures of the 1k,,/,
298 2 ) single-particle and the (®Sr 37) ® (vd,;,) compo-
”m o © S . )
oo s g % nents.
& o
N § T D. °'Zrand N=51 B(E2) values
888 3 E . f The B(E2) value for the highly converted ®'Zr %*
g =9 — §* 20.4-keV transition can be calculated from
! % § the present lifetime measurement for the 22—“ state
- . 'g: 8 g together with the theoretical internal conversion
SEs 8 2. S g coefficient (ICC) interpolated from the tables of
o = « &5 8' R Hager and Seltzer.*® Even though E,° and the ICC
33 s are individually very sensitive to the transition
‘—8 %zg g 58 gg & g energy, the product E,*(1 +ICC) which is used in
2ega @ o g = deducing the experimental B(E2) value is relative-
2SS 24 o 9L £ = ly insensitive. The deduced B(E2) value is
R BSE £ 4 B(E2)[®*Zr &* - ¥*]=1116 & fm®,
reDee @ Cg 2 @ 5 =t
o o I8 w6 = 28%] g 2 § where most of the error comes from an estimated
g | E953,5 & 5% uncertainty in the theoretical ICC.
it & Bles g & -5‘«"33' g %Q 8 RIS This °!Zr B(E2) value and the few other B(E2)
LR Z 8 E o EQ' § Y g values which are known for N=51 nuclei are com-
oot Sles 8 g g §~5§'~‘: 2 R pared with the theoretical calculations of Gloeck-
2 i & > 893 § 2 ner? in Table VI. The theoretical B(E2) values
“a O 28 58 E,% g '§ s g are given in the form (Ae, + Be,)?. The neutron ef-
Ng & 92 QET $080 fective charge is deduced for each transition as-
BHQE ShE RO suming a proton effective charge given by the aver-
age value needed for the equivalent proton configu-
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ration in the neighboring N =50 nucleus (see Table
V).

Similar to the situation for the N =50 proton ef-
fective charges discussed in Sec. IV B, consider-
able variation is found for the N=51 neutron ef-
fective charges. In this case the variation may be
due to the 2d,/, and 1g,/, neutron-particle orbitals
which have not been included in the model space.
A priori, the influence of these orbitals cannot be
excluded from any of the transitions included in
Table VI. A typical N=51 neutron effective
charge, which will be used below for comparison
with values for other mass regions, will be taken
from the transition involving the simplest configu-
ration considered, namely the *'Zr &* - {* transi-
tion for which e, =1.06+0.10 was deduced. This
value is consistent with the neutron effective
charges needed for the Zr isotopes using a
(2d,/,, 3s,/,) neutron shell-model description.*

Finally, it is interesting to compare the average
proton and neutron E2 effective charges deduced
for the mass-90 region, e,=1.63+0.03 (see Sec.
IV B) and e,=1.06+0.10 with effective charges for
transitions between high-spin states in other
spherical regions. These mass-90 values are
quite similar, but a little larger than the effective
charges in the ?®*Pb region,* ¢, =1.53+0.04 and
e,=0.73+0.04 for the 2g,/, orbital; whereas they
are smaller than the effective charges in the %®Ni
region, e¢,=1.98+0.10% and ¢,=1.70+0.08.** To
the extent that the effective charges can be de-
scribed by a coupling of the valence particles to
AN=2 J=2" core excitations (N refers to a major

harmonic oscillator shell), which make up the
giant quadrupole states, the values are expected

to exhibit a simple mass dependence. This mass
dependence of the effective charges is estimated

in the macroscopic model® as e, = (3 —1£,) +Z/

A +0.641,Z/A, where t,=-% for a proton and 3 for
a neutron. This estimate is in best agreement
with the deduced effective charges for the 2°Pb
region, but in all cases predicts proton and neutron
effective charges that are smaller than the deduced
values. However, in the cases considered above
for the **Ni, mass-90, and 2°®Pb regions, the anal-
yses have been carried out within model spaces
which have been truncated even within one major
oscillator shell, which introduces additional varia-
tions in the effective charge. The model space de-
pendence of the effective charge for the nuclei near
the '®0 and *Ca closed cores, which are in addi-
tion complicated by large core-deformed (AN=1)
components, has been discussed in detail pre-
viously.3® Recently, microscopic calculations for
the 2°®Pb region which include both the AN=0 and
AN=2 contributions have been carried out which
give good agreement for the effective charges.*

It would be interesting to carry out similar micro-
scopic calculations for the mass-90 region and to
study separately the AN=0 and AN =2 contributions
in order to establish a correspondence with the
macroscopic models.
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