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The high-spin states of ' Zr and Zr were studied up to —12-MeV excitation via the
Cxe(' 0,4ny ) ' Zr fusion evaporation reactions. Decay schemes were constructed on the basis

of gamma-ray excitation functions, angular distribution and linear polarization measurements, y-y
coincidences, and level lifetimes determined from both Doppler shift attenuation and recoil distance

measurements. An effort was made to make as definite spin-parity assignments as possible and to
delineate the reliability of these assignments. Probable spins up to -20k were formed in both nu-

clei. The experimental results are compared to preliminary results of a large-scale shell model calcu-

lation. The yrast spectra of both nuclei can be interpreted as arising from intrinsic modes of excita-

tion with no evidence for collective behavior.

I. INTRODUCTION

States of high angular momentum in nuclei can be
formed through intrinsic or collective modes of excitation.
The interplay of these methods of generating spin has
been the center of considerable interest recently. ' In
particular, their relative importance has been found to
vary across isotopic chains and also, in some transitional
nuclei, has been found to change with excitation energy.

High spin structures in zirconium isotopes with X (90
reflect this competition. The lightest isotope so far
studied' ( Zr) lies in a region where states can be
described in terms of collective rotation with a large per-
manent ground state deformation. Zr is more complex,
being soft to vibration at low spin, but evolving to a de-
formed shape at J)20. ' Zr appears also to be transi-
tional, but with less collectivity in transitions ( Zr is dis-
cussed in the following paper), while ' Zr, which are
discussed in this paper, appear to be good shell model nu-
clei, with little or no collective enhancement of transitions
and with angular momentum generated solely by the
alignment of individual nucleons.

This paper reports part of our systematic survey of
yrast and near yrast states in Zr isotopes which has been
made to map out the transition from purely intrinsic to
highly collective modes of excitation. Results for Zr
have already been published while data collected on

Zr are under analysis. These data, together with
recent studies of Kr (Ref. 7), Rb (Ref. 8), and Sr (Ref. 1)
isotopes, now form a considerable body of data on high
spin states in this region.

Nb (Ref. 9) and Nb (Ref. 10) both have J =8+
ground states which decay to Zr and Zr by p+/EC de-
cay. Because of the high ' Nb ground state spins the
low-lying high-spin ( J (9) spectra of both Zr nuclei can
be investigated by P+/EC decay; such studies have been
made up to —S.S-MeV excitation in Zr and S.6-MeV ex-
citation in Zr, respectively. "' Nb(p+/EC) Zr, most
recently studied by Warburton and Alburger, " provides

all that is known about the high-spin levels of Zr. This
is rather surprising since Zr lies in the valley of stability
and is relatively easy to produce as well as being of special
interest because it is doubly magic. Spectroscopy of high
spin states in Zr has been previously investigated by
Kitching et al. ' using the Sr(a, 2n) Zr and
" Y(p,2n) Zr reactions and by Numao et al. ' using the

Sr(a, 2n) Zr reaction. These studies provided informa-
tion on Zr levels up to -6-MeV excitation and J (14.
The present study has been done with the

Ge(' 0,4n) ' Zr reactions and, as was certainly to be
expected, consideration of the kinematics leaves no doubt
that states with considerably higher excitation energies
and spin values can be formed with the (' 0,4n) reaction
than in the previous studies.

The determination of spin-parity assignments via
fusion-evaporation reactions is based in large part on the
mechanism for this type of reaction: this mechanism is
well known and the assignments are unusually reliable.
However, it is often hard for an interested reader to ap-
prise the reliability of a particular assignment. A particu-
lar effort was made in this report to describe the basis for
spin-parity assignments and to delineate their reliability.

II. EXPERIMENTAL PROCEDURE AND ANALYSIS

Experimental measurements were performed of (1) y-
ray yield at 90 for seven ' 0 bombarding energies be-
tween 40 and 80 MeV; (2) y-y coincidences; (3) y-ray an-
gular distributions; (4) y-ray linear polarizations; (5) level
lifetimes via the DSAM (Doppler-shift attenuation
method); and (6) level lifetimes via the RDM (recoil-
distance method). Targets for (1)—(5) were prepared by
the reduction of enriched or natural Ge0 in a quartz boat
and in a hydrogen atmosphere followed by vacuum
evaporation of the resulting Cie metal to a thickness of
—1 mg/cm onto 35-mg/cm Pb backings. Some mea-
surements were also made using a target of 0.8-mm thick
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ence in the thresholds for the two reactions which are
28.29 and 21.79 MeV for ' Ge(' 0,4n) Zr, respec-
tively.

The relative yield of different outgoing channels is sum-
marized in Table I for E(' O)=60 MeV, the bombard-
ment energy at which most of the measurements reported
herein were made. The relative yields have been corrected
for the y-ray angular distributions and relative detector
efficiencies. We assume negligible direct feeding of the
ground states. The results have not been corrected for the
contributions from other Ge isotopes in the predominant-
ly Ge and Ge targets. (An estimate of this effect is in-
cluded in the results of Fig. 1.)

B. Gamma-gamma coincidence measurements
i

Gamma-gamma coincidence measurements were per-
formed at E(' O)=60 MeV with the Ge, Ge, and

natural Ge targets mounted relative to the beam as
described in the last subsection (Sec. II A). For the major
measurements one coaxial Ge detector was placed at 0 to
the beam, and two were positioned at 90 and on opposite
sides of the target. Conical lead shields reduced the
scattering of y rays between detectors. The counting rate
in each detector was approximately 5 kHz. Time-to-
amplitude converter (TAC) spectra were formed for one
90' detector'(61) in coincidence with either the other 90'
detector (62) or the 0 detector (63). Singles spectra
(4K) for 6 1 and 6 3 and total coincidence spectra (4K)
for 6 1-62 and 6 1-63 are actively recorded (i.e., on line)
as well as the two TAC spectra (1E). The TAC EG, EG-2-
and TAC-E& &-E63 matrices were accumulated event by
event on magnetic tape (EMR). Twenty-four hours of
data were accumulated for both the Ge and Ge targets.
The measurement with the natural Ge target lasted about
four hours and was performed with 6 1 replaced by the
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(a) PROMPT: COINC. WITH 77-keV GATE

800-
272

(6+—5 )

67I(6'-4+)

I 057
(2+-0+)

l083
(4+-2+)

600- 400
(5- —4+)

400-

200-
ELI

0
LLI
CL

MI—

O

200—

~~A~khhi. m 4wrt.4.. I~&l hh i. aA
I I I I I

(b) PRE PROMPT:
BEFORE 77 keV

' 503
GATED BY THE 77-keV
8+-6+ eeZr TRANSITION

I I I I 1 I I I I I I I

I 50-
85

IOO

288 t 32I

325

400 51 I

72l
i

817

I023

l22I
I

l572

i
$'

fp i
i I 'gp gi

I V ('$(Qggg3')ju
I

3000 400 700200 600IOO 500
CHANNEL NUMBER

FIG. 2. Portions of 2048-channel spectra in coincidence with the 77-keV 8+~6+ decay of the 1.7-s isomeric 2887-keV level of
Zr. Prompt coincidences are shown in (a), while (b) displays y rays emitted preceding the 77-keV transition by 0.32-0.70 ps. Zr

transitions are identified by their energies in keV.
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LEPS. The purpose of this latter measurement was to ob-
tain more precise data on the placement of y rays with

Ey &300 keV.
The time dispersion of the TAC spectrum was —1

ns/channel while the y-y time resolution was —15 ns
FTHM. Since 1024-channel TAC spectra were recorded,

it was possible in subsequent analysis of the EMR data to
search for y rays preceding or following any given y ray
by -0.5 ps as well as those in prompt coincidence. An
example is shown in Fig. 2 which displays the energy
spectrum (62) gated by an energy window (background
subtracted) set on the Zr 77-keV 8~+~6,+ transition in
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the I.EPS (G 1) spectrum. In this case, energy spectra
were formed in coincidence with the TAC in both prompt
( —64 to + 64 ns) and preprompt ( —0.32 to —0.70 ps)
time bins.

Although all the measurements reported herein contri-
buted to the final decay schemes proposed for Zr (Fig. 3)
and Zr (Fig. 4), the y-y coincidence measurement was
overwhelmingly the most important. For both Zr and

Zr, the lowest-lying 8+ state is isomeric (see Figs. 3 and
4) and a problem in establishing the high-spin decay
scheme is the inherently low sensitivity for identifying de-

cays into this state. Another method was attempted in
addition to searching for preprompt transitions in coin-
cidence with y decays of the 8+ isomer (e.g. , Fig. 2). A
thin Ge target-backing combination was used and the Zr
recoils were caught on a Ta foil 15 cm (-30 ns) down-
stream from the target. Coincidences were then formed
between a Ge detector viewing only the target and another
viewing only the catcher foil. This procedure eliminated
prompt-prompt y-y coincidences. The sensitivity of this
method was limited by the Doppler broadening of the
prompt y rays and it was found for the range of lifetimes

l2965

(I9+) I 2 I I I

(I8+)
I I404

0?+) I0765

(I6)+

(I5)+

(I6 )

IOI 26
9836

~ (9?07)

(l5) 8958

(I4)'

(I3)
02)'
(I I)+

(IO)+

(I I-)
(I I)

(I2+)

(Io )

I
Ot-)

0 I)'
9"'

/]

gb~~~h
&~N —x+-x~8 -q~-go

qX

0
0 0

U r

8058
7438
7224
7I94
7026
7009
6954
6770
672t
6376
6280
5792
5644
sr~7
5l 64

O. I2 /Ls 8+

6+
4+

2
0+

P- q, 0
q~ ~~ o&

0 3589
3448
3077
2748
2739
23I 9
2I86

I 761

0+

90zr

FKx. 4. Level scheme for Zr shovving excitation energies and y-transition energies (in keV) for levels popolated in the
Ge("0,4n) Zr reaction only. The y intensities are roughly proportional to the width of the arrows. Qualifications on the placement

of transitions and the existence of levels are given in the footnotes to Table III.



31 HIGH-SPIN STATE SPECTROSCOPY OF 8 ~Zr 1189

encountered in ' Zr that the prompt-preprompt timing
method with a backed target gave the best sensitivity for
detecting y transitions into the 8+ isomer.

C. Gamma-ray angular distributions
and attenuated Doppler-shift measurements

Angular distributions were obtained simultaneously
with a coaxial Ge detector and the LEPS detector for both

Ge and Ge targets. The LEPS was 15.7 cm from the
target (which had its normal 45' to the beam) and viewed
the front of the target at angles to the beam (8&) of 90',
110', 120', 127.5, and 135'. The Ge detector was 10 cm
from the target and viewed it through its backing at
I9&——0', 30, 45, 60, and 90. The relative normalization
of the various spectra was determined to first order using
the integrated beam charge; However, several convenient
long-lived isomers were found for which the intensity of
subsequent y decay provided a more accurate normaliza-
tion since their use corrected for effects due to misalign-
ments, changes in the beam direction and intensity, target
inhomogeneities, etc. The principal isomers used were the
13.9-ms 8+ 675-keV state of Y (Ref. 9), which decays
by a cascade of 443-232 keV; the 16.1-s —', + 909-keV state
of Y (Ref. 20), which decays to the ground state; and the
0.8l-s 5 2319-keV state of Zr (Ref. 10), which also
ground-state decays. Several other long-lived states also
provided checks on the normalization.

The reduced angular distribution data were fit to the
Legendre polynomial expansion
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i.0-

I
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QUADRUPOLE

9oZr ZO
J+2

W(8&) =I&[1+A2P2(cosB&) +A4P4(cosB&)] . (2)

Representative data are shown in Fig. 5. The angular dis-
tributions also yielded DSAM information, since the aver-
age y-ray energy can be determined as a function of angle
to obtain information on the attenuation factor

F(r)=[(E (t)) —E ]/[E (0)—E ], (3)

where the average y-ray energy is determined by the time
integral of the y-ray energy

05—

ozr l658
J+I —J

I

I.O

FIG. 5. Representative y-ray angular distributions observed
in the O' Ge{' 0,4n) ' Zr reactions. The Zr 503-keV and

Zr 2203-keV transitions have typical {pure dipole) J~J and
J + 1~J patterns, while the Zr 2055-keV transition has the
classic shape of a J+2~J quadrupole transition. The Zr
1222-keV and Zr 1658-keV angular distributions are examples
of mixed quadrupole-dipole transitions. The error bars are
smaller than the data points.

Er(t) =Ero[1+P(t)cosB&] (4)

described in Sec. III. The If are the net side feedings, i.e.,
the net XI&(out) —XI&(in) for each level. The If and the
level excitation energies were calculated by a least-squares
fit to all the y-ray energies and intensities.

D. Gamma-ray linear polarization

Gamma-ray linear polarization measurements were per-
formed with a Compton scattering polarimeter ' consist-
ing of two horizontally mounted coaxial Ge detectors
placed on a turntable beneath the beam line. The detec-

over the slowing down of the recoiling ions from velocity
p(0) to velocity p( oo ) =0, where p(t) =U (t)/c and
Ero=E&(oo). The values of [Er(0)—Ero] used in Eq.
(3) were evaluated from the RDM data described in Sec.
IIE. Specifically, at each angle of the angular distribu-
tion measurements the centroid energy (Er(8&)) of the
Doppler shifted line shape was extracted and the experi-
mental values of (Er(8&)) were then fitted as a function
of cosB& to determine the best value of F(r) via Eqs. (3)
and (4).

Tables II and III contain a condensation of all the ex-
perimental results obtained for ' Zr. The decay
schemes of Figs. 3 and 4 and the more detailed informa-
tion summarized in Tables II and III are based mainly on
analyses of the y-y coincidence and angular distribution
data. Referring to the tables, the Er (:Ero) were de-—
rived using Eq. (4) and the F(r) were evaluated using Eq.
(3). Arguments for the spin-parity assignments are
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P(8r) =~(8r)/Q, (7)

where Q is a measure of the sensitivity of a system of fi-
nite detectors to linear polarization. Q is related to the
asymmetry R, the ratio of the average cross sections for
Compton scattering of the photon into directions parallel
to and perpendicular to the polarization vector, by the ex-
pressions

R+1' y, (g)
'

where cr, (~~) and c7,(l) are the cross sections for scatter-
ing parallel or perpendicular to the electric vector. Since

tors faced each other across the axis of rotation which
passes through the target position. The front faces of the
detectors were 2.5-cm apart and their centers were 23 cm
from the target. The detectors were partially shielded
with lead so that only -2.5 cm of the front segment of
each was exposed to y rays from the target. The mean
angle of the detectors from the beam axis was determined
by numerical integration to be 7 from the normal.

The gains of the two detectors were adjusted to be ap-
proximately equal and a pulse-height spectrum was
formed from a linear sum of the coincident events. A
correction to the digitized signals was applied before sum-
ming to account for the fact that the gains were not exact-
ly equal. The gains were inspected periodically during the
measurements and the correction factor adjusted accord-
ingly. The turntable was cycled between positions with
the axis of symmetry of the detectors parallel (

~ ~
) to the

beam axis and, by a 90' rotation, perpendicular (I) to the
beam axis. Both the singles and the summed spectra were
collected "on line" in two different storage locations (~~

and i). The full cycle time, which varied with the count
rate, was in the range 30—90 min. Data were collected
for 24 h at E(' O)=60 MeV for both the Ge and Ge
targets. A further measurement was made at E(' 0)=72
MeV with the Ge target.

The formalism used in the analysis of the linear polari-
zation is that described by Poletti, %'arburton, and Ol-
ness, and only the major points are presented here. The
degree of polarization at an angle 8& to the beam direction
is defined as

[W(8r, 0') —W(8y, 90 )]P8
[W(8r, 0')+ W(8r, 90')]

where W(8&,P) is the probability of the emission of a y
ray from an aligned state at an angle 8r to the alignment
axis (beam direction) and with the electric field vector at
an angle P to the reaction plane. If the y ray is complete-
ly polarized in the reaction plane, then P(8&)=+.1. Ex-
perimentally, one measures the quantity

(Np —N90)""'=
(N, +N„)

where Xo and %90 are the areas under the photopeak of a
given y ray in the two polarimeter spectra accumulated
with the interdetector axis parallel (~ ~) and perpendicular
(I) to the reaction plane, respectively. P(8&) and S(8&)
are connected through the relation
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Compton scattering perpendicular to the electric field vec-
tor is preferred, 8 &1 and Q &0. The actual value of Q
at a given y-ray energy was estimated by numerical in-
tegration and checked by measurement of y-ray transi-
tions produced in the ' 0+ ' Ge reactions. The cali-
bration transitions chosen could be shown to be E 1 or E2
multipolarities, with lifetimes short enough to rule out
significant M2 or M3 contributions. A previous study
by Butler et al. "had shown that the expression

100

80—

40

0I '

20
x

LLI
Z.'

0

I I I I

I I I I

596

67I

I I I I
I t I I

I I I I
I I I

1085

l 222

I I I

I I

l222

Q =&QKN (9)

P—:P(90') =+ 3(A, +B,)+ ,' A4—
1 —A2+ 434

3 (10)

gave a good representation of Q vs Er for a similar linear
polarization spectrometer. In Eq. (9), QKN is the Klein-
Nishina (KN) expression for the Compton scat tering
through 90' assuming a point scatterer and a point detec-
tor Ac. cordingly, a least squares fit of Eq. (9) to the cali-
bration points was made as shown in Fig. 6. The resul-
tant E =0.72+0.03 was used in the subsequent analysis.
For mixed quadrupole-dipole transitions the linear polari-
zation at 90' to the beam can be predicted from measured
angular distribution coefficients by the formula

LLJ
cL —5—
V)

60
c -l0-

27I

M ~ I80 74G

8 =85'
Y

I 80
I057

Cornpton
Scattering .' l l

'b'8///Xp P-l5— I ~ I

0 5 lOcrn
Ge(Li) Ge(l i)

I I I I I I I I I I I I I - I I I

200 500 400 500 600 700 800 900
CHANNEL NUMBER

FIG. 7. Linear polarization results for "0+ Ge at
E(' O)=60 MeV. The sum of the scattering in the reaction
plane (

~ ~
) and perpendicular to it (l ) is shown in the top portion

of the figure and the difference is shown in the bottom. With
the convention used, stretched E2 transitions will have negative
values of

~ ~

—I and stretched M1 transitions will have positive
values.

where B2 is an analytical function of the quadrupole-
dipole mixing ratio, of A2, and of the initial and final
spins of the transition. Since 82=0 for pure l. =1 or 2
transitions and the 3 are the usual Legendre polynomial
expansion coefficients [Eq. (2)], the polarizations are easi-
ly calculated for puIe multipole radiation. The plus sign
applies for M1 or E2 radiation, and the minus sign for
E1 or M2 radiation. Expressions for transitions involv-

l.o
0.8—

II

0.6—

I I I I I I I

072 QK N

0,4—

0.2—
Q = S(e)/P(8)

O. I

Ioo
I

200
I I I I I I I

400 600 l000
E„{keV)

I

2000 4000

FIG. 6. Dependence of the polarization sensitivity parameter
( —Q) on the incident ) -ray energy Er. The experimental
points were calculated from E 1 and E2 y transitions with mea-
sured angular distributions and therefore known polarizations.
The curve is the Klein-Nishina expression [Eq. (2) of Ref. 23]
scaled as indicated.

ing higher order multipoles are given explicitly in Ref. 23.
Typical results are displayed in Fig. 7 which shows a

portion of the linear polarization data for ' 0+ Ge.
The linear polarization I' for a given photopeak is formed
by dividing its intensity in the lower part of the figure by
that in the upper [Eq. (6)], and then dividing the resultant
by Q. The values of P resulting from this procedure are
listed in fables II and III under "expt." The column
marked "th" is the polarization calculated from Eq. (10)
with 82 ——0 for the indicated (pure) multipole (note, how-
ever, that the transition is not necessarily a pure mul-
tipole).

The linear polarization spectrometer described has an
efficiency which falls off rapidly with decreasing Er for
E& & 250 keV, due to both the absorption of incoming and
scattered radiation and the existence of an electronic cut-
off. Thus, for instance, no polarization information was
obtained with this arrangement on the important 85-keV
4798~4713 and 101-keV 4713~4612 transitions in Zr.
For this reason, a second experiment was performed using
the LEPS and a planar Si detector at a distance such that
the solid angles subtended were the same as in the first ex-
periment. A 12-h run with a natural Ge target gave the
results shown in Fig. 8. Since the-85- and 101-keV transi-
tions have essentially identical J+1~Jangular distribu-
tions (Table II), it is clear that they have different mul-
tipolarities. The 101-keV transition is E1 while the 85-
keV transition is M1. The sensitivity of this low Ez
spectrometer was found to be the same as that predicted
by Q =0.72QKN if the 85- and 101-keV transitions were
assumed to be pure multipoles.
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sets of runs were made for each target over the range
0&D &25000 fu. As a precaution, the measurements for
close distances (D & 100 fu, ) were made under manual con-
trol, while those for D ~ 100 p were under automatic con-
trol. The step size was chosen so that the logarithmic
change was constant with a given D about 60% larger
than the next smaller one. Gamma rays were detected
simultaneously by a coaxial Ge detector at 0&

——0' and 8
cm from the beam stop and a LEPS at 8&——45 and S cm
from the beam stop. Some data were also taken with the
positions of the two detectors interchanged. An initial
run used a Pb beam stop to minimize general back-
ground, and a second run was made with an Au beam
stop to study specifically the Zr 85-keV transition which
was completely masked in the initial run by the much
stronger Pb Xf3 x rays. In general, the off-axis (45') data
provided a second set of data with flight peaks corre-
sponding to a lower U/c, which proved useful in extract-
ing some doublet structures which were unresolved in the
on-axis data. All measurements were made with
E(' O)=66 MeV with the Ta backing facing the beam.
Allowing for the energy loss in the Ta, this resulted in
E(' O)=60 MeV in the Ge target. The beam currents
were —12 nA for the natural Ge target and -30 nA for
the Ge target, both resulting in a count rate —10 kHz in
the Ge detector.

The RDM relies on the fact that y rays emitted at an
angle Oz to the beam by nuclei recoiling with velocity
U ( =/3c) will have an energy given by Eq. (4) and thus the
flight peak (I, ) can usually be separated from the stopped
peak (Io) arising from y rays of energy Ero emitted by
nuclei at rest. Since D =vt, the fraction of y rays emitted
by the target and surviving a flight path D to decay at rest
in a beam stop is, to first order,

FIG. 8. Linear polarization results for ' 0+ Ge at
F(' O)=60 MeV. From these results it is concluded that the
85- and 101-keV transitions have M 1 and E1 character, respec-
tively.

E. Gamma-ray recoil distance lifetime measurements

For this measurement targets were prepared by vacuum
evaporation of Ge metals onto 2.5-mg/cm Ta foils,
which had been previously stretched over a ring holder to
form a flat surface 6 mm in diameter. Although Ge metal
is very brittle, and some difficulty was experienced in
making uniform targets thicker than 100 fMg/cm, a 550-
pg/cm target of natural Ge was eventually prepared after
some considerable experimentation. Since Ge is 36.4%
abundant, the equivalent isotopic thickness for Ge was
200 pg/cm . The purchased quantity of the separated iso-
tope did not allow for such trial and error, and only a 60-
pg/cm target of Ge was made. Both targets were ex-
amined with a microscope at 100 times magnification.
They appeared quite uniform and were subsequently
found to be stable under bombardment.

The targets were positioned in a holder which was
translated relative to a fixed beam stop. Defining the
target-stopper distance as D, the D =0 reading was deter-
mined by the touch point (zero electrical resistance). Two

Ip /( I0 +I& ) =exp ( D /U r)—
where r is the mean life associated with the decay. The
generalization to dependence on more than one lifetime is
straightforward and was made when appropriate (see the
following).

In the analysis of the RDM results, the various correc-
tions to first order [Eq, (11)] were made to sufficient ac-
curacy so that the uncertainties are generally dominated
by the statistical and systematic errors in extracting the
peak intensities. However, for the short mean lives, major
uncertainties involve the absolute value of D and the feed-
ing time due to cascades via higher-lying levels.

Both the DSAM and RDM information were acquired
from singles data on y-ray Doppler shifts. In determining
the mean life (r) of a given level, it was necessary, there-
fore, to take explicit account of the lifetimes (r;) and
feeding fractions (F;) of those states deexciting to the
state of interest. Here, I'; specifies the fractional feeding
(in %) via the ith level of mean life r;. The normalization
is such that the direct feeding (assumed to be negligibly
fast) is then given as If =100—X;F;. Values of If are
given in Tables II and III. Clearly, for cases where
~; «~, the effect of such feedings I'; is negligible. How-
ever, for ~; -~, this feeding must be taken into account, as
is discussed for the DSAM and RDM analyses which fol-
low.
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The peak-fitting code sAMPo was used to determine the
relative intensity of the stopped peak Io as a function of
target-stopper distance D. Most of the data were
analyzed using Eq. (11) and the intensities of only the
stopped peaks, i.e., Io+Iq ——Ko ——constant. For some
stronger transitions it was possible to extract the intensity
of the flight peak Iz also, and thus create as a function of
D the ratio R =Iol—(ID+Is) of Eq. (11). This latter pro-
cedure has the advantage that for D=0 we must also
have R —= 1.0. These results provided a satisfactory check
that the "zero distance" determined by electrical contact
was sufficiently accurate for the analysis that ensues. For
all cases, the distance dependence of Io was normalized
(to +7%) according to the integrated beam currents for
each run. Final normalization was based primarily on the
distance-independent values of Io for long-lived (r & 1 ns)
transitions. Addition checks were obtained for stronger
transitions from the sums Io+Iq. The overall normaliza-
tion obtained in this manner was good to about +3%.
The resultant determinations of r are summarized in
Tables II and III, and identified by the origin of the re-
sults as RDM in the I' (~) column.

F. Synthesis of results

Basic ground rules and assumptions

The purpose of the angular distribution and linear po-
larization measurements is to allow the extraction of in-
formation on spin-parity assignments and multipole mix-
ing ratios. In this we also rely on knowledge of the reac-
tion mechanism and the lifetime determinations. The
fusion-evaporation reaction mechanism is well known and
follows rather general systematic behavior while semi-
rigorous upper limits to transition strengths can be in-
voked to limit the possible multipolarities. For the pur-
pose of identifying y-ray multipolarities the following
rules and assumptions will be called upon as R1, R2, etc.

(1) The maximum orbital momentum brought into the
compound systems ' 0+ "' Ge at E(' O)=60 MeV is,
from semiclassical arguments, -30k, and from accumu-
lated systematics we expect to form yrast states up to
-2(Hi in ' Zr. A calculation with cASCADE (Ref. 19)
gave J=14A' (FWHM-13') as the most probable spin
formed in Zr at the peak of the excitation function for

Ge+ ' O. We find that fulfillment of this prediction is
possible only if essentially all observed transitions have
J;)Jf.

(2) The alignment of the yrast states in '9 Ze will be
high. Defining the alignment parameters e~ by

8'(Or)= g axe~'"I'x(Hy),
K even

(12)

where Ax. '" is the angular distribution coefficient for
complete alignment, then we expect a2 ——0.4—0.9,
and a4—0.2—0.8.

(3) The mechanism for direct feeding of the levels of
Figs. 3 and 4 is evaporation of neutrons followed by emis-
sion of several continuum y rays. Since this latter process
preserves alignment (the Ux. coefficients of intermediate
transitions are -0.98), the assumption can be made that

the alignment is essentially the same for direct feeding of
all levels. For the same reason, feeding from higher-lying
observed levels (cascade feeding) has only a small effect
on the alignment and this effect can be calculated from
the known decay scheme.

(4) We follow the recommended upper limits (RUL) of
Endt ' for the maximum strength of any multipole. These
upper limits in Weisskopf units (W.u. ) are as follows:

Multipolarity

E1
E2
E3
M1
M2
M3

10
300
100
3
1

10

2. Applications

The first step in the analysis was to establish the more
intense J+2—+J transitions as such and to use them to
calibrate the czz's. These could then be applied to the
determination of mixing ratios for J+1—+J and J~J
transitions and to distinguishing between these three types
of transitions.

The transitions considered are the 4413~3391 and
5229 —+4413 transitions in Zr (Fig. 3) and the
5644~3589 and 6280~5247 transitions in Zr (Fig. 4).
For these transitions, the angular distributions (Tables II
and III) rule out both J+1~J transitions (R6b) and
J—2~J transitions (e.g.,

~

A&
~

& 0.06 for these E2 tran-
sitions with J=8, 9, and 10). For J~J the predicted po-

(5) Some general statements based on Rl —R4 can be
made about the transitions of interest. All transitions for
which a lifetime was measured are dipole or E2 and
many must be at least partially dipole (R4). All others,
we assume, are at least partially dipole or quadrupole.
This assumption is based on the many possible decay
modes. Most transitions must have J; & Jf (Rl). A weak-
er argument in favor of the dominance of J; g Jf is the
general lack of crossover transitions other than those ex-
pected to be E2 (Figs. 3 and 4).

(6) Some general statements can be made for the
behavior of y transitions between high spin states (R2)
(Refs. 27 and 33) assuming only ux & 0, E =2,4.

(a) Pure J+2—+J transitions have a2 & 0, a4 & 0.
(b) J+1~J transitions have a&&0 for all mixing ra-

tios.
(c) J~J transitions have a& &0 for all mixing ratios.
(d) In the high spin limit, there is a basic ambiguity be-

tween J+2—+J and J—2~J E2 transitions and between
pure E2 J+2~J transitions and mixed M1, E2 J~J
transitions with mixing ratio x=—0.45. This pertains
to both angular distributions and linear polarization
data. However, for small enough spin values the linear
polarization can be invoked to resolve the latter ambigui-
ty. Thus, it is often possible to fix the often encountered
J+2~2 transitions as such (using R6a—c) without
recourse to any assumptions about the reaction mecha-
nism other than a~ ~ 0, E =2,4.
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larization at the "solution" (R6d) near x = —45' is ——, of
the measured polarization for all four transitions and & 3
standard deviations away. Thus, J+2~J for all four
transitions. The ax's were then calculated from a least
squares fit to the four values derived from

ux. ——Ax-(exp)/Ax '" . (13)

= g Ax(th)P(8y),

where Ax-'"(th) is a known function of J;, J~, x, and,
within coarse limits, the ax's were corrected for the
difference in cascade feeding between the transition being
considered and the calibrating transitions. In addition,
the polarization was calculated from Eq. (10) using (a) the
experimental Aq, A& values and (b) the theoretical Az, A4
values. Let us call these P,'h' and P,'h'. Then, X was
formed according to

MJ= 7

IO

5644A, =+0.32I (5)
Ap =-0.102(5)
P =+ 0.47 (7)

a~ = 0.83(5)
a, = 058(S)

J =IO
2055

3589
gozr

ol I 1 1 1 I l i I I i i i I I i i l

-80 —60 -40 -20 0 20 40 60 80
ARCTAN x

They were in excellent agreement, and we found cx2 ——0.83,
a4 ——0.58. An uncertainty of 0.05 was assigned to each to
cover the spread expected from differences in the feeding
of the various levels by the multineutron xn evaporation
process. Note that these ax's include the effect of the fi-
nite solid angle subtended by the y-ray detectors. The a~
results are in accord with expectations from systematics
for similar heavy ion reactions.

The analysis for a given transition proceeded as follows:
With J; and J/ assumed, arctanx, with x the (L +1)/L
mixing ratio, was varied in 1' steps from —90' to +90'.
For each value of x, the theoretical angular distributions
were calculated from

W(8r), h ——g a~dx'"(th)P(8y)

ii'M'! T'FPPEXA

X(IVIWEI) ~O.OI7~0.020—
A~= -0.258(4)
A, = -O.OO4(6)

P =+0.32(4)
a, = 0.83(5)
a+ = O. 58(5)

6954

13lo

5644
90z~

Ol, 1 I I l I 1 1 I l I I 1 i I i

-80 -60 —40 —20 0 20 40 60
ARCTAN x

IO'—
I I

80

FIG. 10. g vs arctanx for the Zr 6954—+5044 transition.
The curves are based on the listed parameters. The g2 values
for the E2 12+~10+ and 8+~10+ transitions are 377 and
421, respectively. For 10—~10+,P is everywhere & 57.

[~z —~z(th)]' [~4.—&g(th)]'x'=
~ +

3(&P) 3(bA2) 3(A&4)2

(15)

III. RESULTS

A. "Zr

where the uncertainties (EP, b,Ax) are composed of the
uncertainties in the experimental and theoretical values
added in quadrature and the larger of ( P Pg ' ), —
(P —P,'h') was chosen. This is not a rigorous definition;
however, it is a reasonable prescription and we found it to
provide a sound quantitative value of X for distinguish-
ing between solutions. An example of its use is shown in
Fig. 9 which is a g vs arctanx curve for the Zr 2055-
keV 5644~3589 transition used as one of the calibrator
transitions of the ax. 's. The reasons for the unacceptable
fits for the J+I~J and J—2~J possibilities have been
discussed in the text. Of course, for the a2, a4 variable the
rejection of J~ ——6—9 would not be so clean. For instance,
the best J;=8 solutions occurs for a2 ——aq ——1.0 (however,
it is still not acceptable).

An example of a fit to the J+1~J transition is shown
in Fig. 10. This example illustrates the ability to distin-
guish a pure dipole J+l~J transition from J—+J and
/+2 —+J and also to fix it as E 1 or M 1.

FIG. 9. g vs arctanx curves for the Zr 5644~3589 transi-
tion. The curves are based on the indicated parameters. The
curves for J =7, 8, and 9 are all above g = 119, 24, and
83, respectively.

1. Lifetime measurements

DSAM Curves of F(v. ) vs r were generated using a
computer code based on the Blaugrund representation of
nuclear scattering. The code allows explicitly for the in-



%'ARBURTON, OLNESS, LISTER, ZURMUHLE, AND BECKER

elusion of a single effective feeding fraction F& and life-
time ~~. More complex cases were dealt with in an ap-
proximate way by using an effective I'&, ~~ due to two or
more sets of F;,r;. A 15%%uo uncertainty was assigned to
the stopping power of the target and backirig.

%'e now consider briefly the resultant solutions for
I'(r) and r given in Table II. First, no cascade feeding is
observed into the 11200-keV level, and hence, I'] ——0. The
observed attenuation factor then leads directly to the re-
sult &=0.32(14) ps as a composite lifetime for the state
and feeding. For the 10577-keV level, because the DSAM
results are dominated by feeding from the 11200-keV level

[F~ ——65(33)go] and also the experimental F(r) is itself
not well determined, we obtain only the upper limit
v&0.2 ps. For the 9913-keV level no shift is observed
[E(r)=0(1)%] and we obtain correspondingly a lower
limit w~ 1.0 ps. A limit is obtained for the 8925-keV lev-
el while for the 8200-keV level the apparent lifetime is
only slightly longer than the major feeding branches, and
we obtain a definite, but poorly determined, value for r.
For the next four lower levels, on the left-hand side of
Fig. 3, we have 48 (E; & 100%, and we obtain only lower
limits for the lifetime of the levels in question. Neverthe-
less, these. limits are sufficiently fast as to rule out pure
quadrupole radiations, and thus they determine that spin
changes are restricted to AJ &1 for all transitions on the
left-hand side of Fig. 3 from levels with E ~6.5 MeV ex-
cept the 9913-keV level.

From similar analyses we arrive at the results tabulated
for the levels involved in the cascade sequence beginning
with the 7432-keV level and ending at the 5229-keV level
(i.e., the right-hand side of Fig. 3). Again, the relatively
fast lifetimes determine that these are all predominantly
dipole transitions (EJ & 1) with the exception of the weak
6239—+5229 transition.

ADM Figure 11 shows RDM data on the cascades of
y rays from the 6193- (upper plot) and 5229-keV (lower
plot) levels of Zr. (The feeding parameters and lifetimes
are those given in Table II.) The RDM decay curves for
the 1395- and 609-keV y rays are in agreement and lead
to a meanlife for the 6193-keV level of r, =2.45(20) ps.
For the 5584-keV level, the Io vs D decay curve is indis-
tinguishable from that shown for the decay of the 6193-
keV level which feeds it via the 609-keV transition. Thus
we conclude that r(5584) «r(6193). In fact, from the
DSAM analyses we have already concluded that
r(5584) & 1 ps.

In the lower portion of Fig. 11 we show a fit to the de-
cay of the 817-keV line from the 5229-keV level, which
leads to the result r(5229)=15(1) ps. Again, the decay
curve for the subsequent 1023-keV line merely reflects the
lifetime of this 5229-keV level, and we obtain only the
limit r(4413) &2 ps. (Note that a contribution from
long-lived background due to Y has been subtracted for
this data on the 1023-keV line. ) Figure 12 shows data on
this cascade 4798—+4713~4612 keV. The -2.5-ps feed-
ing into the 4798-keV level is so short as to introduce only
a small perturbation into the analyses of the 85-keV y-ray
decay curve, which yields the result r(4798)=72(6) ps.
The lower curve shows the results of a two-lifetime fit to
the data on the 101-keV line, which yields the result

I 04
I

(loo —FI) =

5 keV

(Ioo-F2)

6 I 93

600l
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FIG. 11. Recoil distance lifetime results for the 6193-, 5584-,
5229-, and 4413-keV levels of Zr. The results are discussed in
the text.

r(4713)=3250(250) ps. The effect of the 72-ps feeding
from the 4798-keV level is easily seen as a flattening of
the decay curve in the region D & 5 mm.

The lifetime data on the 3391-keV level is shown in Fig.
13. The 3391-keV level is fed almost totally via two dif-
ferent cascades routes involving markedly different feed-
ing lifetimes: the decay curve for the 503-keV y ray is
thus the simple sum of the decay curves that pertain indi-
vidually to the two routes. The 3250-ps feeding dom-
inates the decay for distances D & 2 mm and this portion
of the data is well fitted for the lifetime of the 4612-keV
level. For D &2 mm the curve is determined by the life-
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time of the 3391-keV level and the 15-ps feeding from the
4413-keV level. A fit to these data determine
r(3391)=30(2) ps.

FIG. 12. Recoil distance lifetime results for the 4798- and
4713-keV levels of Zr. The results are discussed in the text.

by previous investigations. ' ' Note, however, that for
these levels the data summarized in Table II are consistent
with previous spin-parity and multipolarity assignments
and in some cases are an independent determination of
them. In Table IV we give a summary of the results from
a simultaneous analysis of the angular distribution, linear
polarization, and lifetime data of Table II. This table sup-
plements the following discussion.

The 3391-keV level. This level is formed in
Nb(P+/EC) with an allowed logft value of 5.6." The

accepted criterion for assigning allowed decay for Z & 80
is logf t ~5.9; hence, bJ =0, +1 with no change of pari-
ty. Accepting J =8+ for the Nb ground state allows
J~=7+, 8+, and 9+ for the Zr 3391-keV level. As illus-
trated in Fig. 14, the present angular distribution and
linear polarization results rule out the 7+ and 9+ alterna-
tives and leave a definite J =8+ assignment with
x (E2/M 1)=0.15(7) for the 3391—+2888 transition.
This assignment is in agreement with previous fusion
evaporation results, ' '" based on angular distributions
alone.

The 4413-ke V leve/. The 1022-keV 4413~3391 transi-
tion is characteristic of a stretched E2 transition with
values of Az, A4, and I' (and hence X vs arctanx curves)
essentially the same as the Zr 2055-keV 5644~3589+~' +transition (see Fig. 9). A 10+—+8+ assumption yields the
acceptable 7 value of 1.3. For a J =8+ assignment to
the 4413-keV level the minimum X is 5.8 and occurs for

+E' +arctanx = 16', while a 6+~8+ assumption yields
g =5.0. The reasons for these latter two poor fits have
been discussed (Sec. IIF2). A 10+ assignment is also
favored by the reaction mechanism (Rl) as follows: The
4413- and 4612-keV levels were formed in the (a,2n) stud-

2. Synthesis of results

Here we consider Zr level by level starting with the
first level above the 2888-keV 8+ isomer. The properties
of the isomer and levels below it are taken as determined

IQ = I I I I 1 I I 1 I I I I I I I

i I

4612
4413

l I

Ti = 3250 ps

~p=15ps

I
02

l 222
1023

X IQ
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O— l04—
V)

O
C3

O
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88z„

Ey= 503 eY

I.Q—

A, =+0.~4(2)
A4 = 0.00(2)
P =+0.56(7)

. (z~= 0.85 (5)
O, 58 (5)

X-

5591
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Q, I
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FICx. 13. Recoil distance lifetime results for the 3391-keV
level of Zr. The results are discussed in the text.

FIG. 14. g vs arctanx for the ' Zr 4612~3391 transition.
The curves are derived from the listed parameters. The g
values for pure F2 10+~8+ and 6+~8+ transitions are 395
and 372, respectively. The J; =7 and 8 curves have P~

values everywhere above 7.2 and 170, respectively.
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ies' ' of Zr, while only the 4612-keV level was formed
in the p,2n reaction. ' From this, one can argue that
J(4413) &J(4612) with the consequence that the
4413~3391 transition is not J—2~J (see Fig. 3 and the
following). We conclude that the 4413-keV level can be
given a definite J =10+ assignment.

The 4672-keV level. Fits to the 1222-keV 4612—+3391
transition are shown in Fig. 15. These fits establish the
transition as 9+~8+ or 7+~8+. The properties of the
various low-energy transitions connecting the final states
between 4400 and 4800 keV (see Fig. 3) do not allow the
spins of the 4413- and 4612-keV levels to differ by three
units; hence, a definite J =9+ assignment can be made to
the 4612-keV level with x(E2/M 1)=+0.68(36/21) for
the 4612~3391 transition in agreement with the previous
tentative results' ' and expectations from the reaction
mechanism. Although the 4612—+4413 and 4612~2888
transitions were not strong enough to be verified in the y-
y coincidence data, the evidence (excitation functions and
energies) for their placement is strong. Both have angular
distribution and polarizations which establish them defi-
nitely as at least partially dipole (as per Fig. 10). This also
fixes the 4612-keV level as J =9.

The 4713-keV level. The A2, A4, and P values of the
101-keV 4713~4612 transition are only consistent with a

ElJ+l~J transition and thus J =8 or 10 for the
4713-keV level (compare Fig. 10). The linear polarization
measurement which determines E1 is shown in Fig. 8.
The properties (r, A z, A4, and P) of the 300-keV
4713—+4413 transition do not allow an 8 ~10+ M2/E3
transition, e.g. , the transition strength would be 18.5 W.u.
if it were M2. Thus, all data are consistent with a 10

I I I I I I I I I I I I I I I I I

IO

0.
Ag =+0.087 (26) a„= O. 58(5}
P =+O.I5(5)
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FIG. 15. g vs arctanx for the Zr 4612~3391 transition.
The curves are derived from the indicated parameters. The g
values for pure E2 10+~8+ and 6+~8+ transitions are 400
and 380, respectively. For J =7 and 8, the curves are every-
where above 7.1 and 110, respectively.
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assignment which we consider definite.
The 4798-keV level. The 85-keV 4798~4713 transition

is definitely J+1~J and essentially pure M1. Hence
J =9 or 11 for the 4798-keV level. The properties of
the 385-keV decay to the 10+ 4413-keV level strongly
favor 11 . For 9 the measured A2 and P values are too
large in magnitude and yield a minimum X =4.3 (i.e., just
below the 0.1% confidence level); for 11, X;„=0.6.
The reaction mechanism and the absence of crossover
transitions to lower-lying J=7, 8, and 9 levels also sup-
port a J = 11 assignment. We consider that a 11 as-
signment can be made to the 4798-keV level.

The 4486 and-3484 ke V-leuels .Taken together,
the properties of the two transitions in the
4713(10 )~4486(J )~3391(8+) cascade demand
J =9 . The properties of the 1003-keV 4486~3484

E2
transition favor 9~9+2 or 9~9; while the decay modes
of the 3484-keV level strongly disfavor J & 7. Thus J =7
is preferred for the 3484 keV level. The 945 keV
3484~2539 transition was obscured by a Y 3257~2312
transition. However, in both previous investigations' '
this transition was observed to have a characteristic
J+2~J angular distribution. This, coupled with our ob-
servation of a large positive value of P for the composite
945-keV peak, strongly suggests 7 for the 3484-keV lev-
el. Thus, the cumulative evidence rules sufficiently in
favor of odd parity for the two levels so that definite 7
and 9 assignments can be made to the 3484- and 4486-
keV levels, respectively.

The 5166-keV level. The placement of the 369-keV y
ray as 5166~4798 is not certain and thus neither is the
existence of the 5166-keV level. If it indeed exists it has
J= 10, 11, or 12 with the latter preferred (Rl).

The 5229-keV level. The 816-keV 5229—+4413 transi-
tion is characteristic of a stretched 12+—+10+ E2 transi-
tion (X =0.5) with X vs arctanx curves for the other
possibilities essentially the same as Fig. 9 and as the
4413~3391 transition. The 5229-keV level is given a de-
finite J =12+ assignment.

The 5666- and 5951-keV levels. From the 7 vs arctanx
curves and the lifetime restrictions on quadrupole admix-
tures (Table IV), the 285-keV 5951~5666 and 721-keV
5951—+5229 transitions are both definitely J+1~J;M 1.
The 436-keV 5666~5229 transition is at least partially
dipole [x (E2/M 1) & 0.16]. Therefore the 5666-keV level
has J =12+ and the 5951-keV level is 11+ or 13+. The
reaction mechanism favors J= 13 but we regard this as-
signment as not quite definite.

The 6239- and 6501-ke V levels. Both the 288-keV
6239~5951 and 551-keV 6501~5951 transitions are
J+1~J;M 1, with J—1—+J excluded at the 0.1% confi-
dence limit so that an assignment of J =(14)+ is given
to both levels. The uncertainty in the assignment, denoted
by the parentheses, is due to that in the 5951-keV level.

The 6827-keV level. The 325-keV 6827—+6578 transi-
tion is definitely J+1~J;M 1 and with this restriction
the 588-keV 6827—+6239 transition is also J+1~J;M I.
Invoking the reaction mechanism, J =(15)+ for the
6827-keV level.

The 5584- to 11200-keV levels. Analysis for the levels
on the left-hand side in Fig. 3 with E ~5.5 MeV is

straightforward and is adequately summarized in Table
IV and Fig. 3.

B. 9OZr

1. Lifetime measurements

DSAM For the 11404~10765~10126 cascade we
measure only the average F(r) for the unresolved 639-keV
doublet. However, since the 10765-keV level is fed
86(30)% via deexcitation of the 11404-keV level, con-
straints on the individual F(r) lead to the lifetimes given
in Table III, where the rather large quoted errors reflect
the uncertainty in this unfolding. Similarly, the relative
uncertainties in feedings propagate down the decay chain
giving rise to successively larger fractional errors in the
quoted lifetimes. With the exception of the 1168-keV
10126~8958 transition, all transitions for which a
nonzero Doppler shift was observed are too fast to be pure
quadrupole, so that AJ(1. Finally, all transitions from
levels below E =8 MeV showed no discernible Doppler
shift in the DSAM data.

RDM. The recoil distance data were sufficient to deter-
mine (or set limits on) the lifetime of seven of the levels
between 5 and 8 MeV. Pertinent data are shown in Fig.
16. The cascade population of the 7438-keV level corre-
sponds to an effective feeding lifetime of r~ ——1.62 ps, as
determined from the observed F(r~) for the 621-keV tran-
sition. As shown in Fig. 16 and Table III, the RDM data
for the 7438- and 7224-keV levels are well fitted for life-
times r=4.2(7) and 85(15) ps, respectively. In these cases
the 214-, 270-, and 215-keV y rays were observed with the
planar Ge detector at 0&

——0'.
The subsequent deexcitation y rays from the levels at

- 7194, 6954, 6376, 5792, and 5644 keV all exhibit a charac-
teristic decay of -85 ps, indicating the RDM data on the
y-ray deexcitations is dominated by the feeding lifetime of
the 7224-keV level.

For these latter states, two qualitative observations are
further evident: (i) there may be a long-lived component
(r »85 ps) comprising some —10% of the total y-ray in-
tensity, and (ii) there is no evidence for a fast direct-
feeding (r(10 ps), as might be observed for D &50 pm.
These observations could be at least partially explained
under the assumption that there is a weak ( —10%) feed-
ing involving an unobserved isomeric" transition, cou-
pled with the reasonable expectation that there may be
some weak undetected cascade transitions.

In view of these uncertainties, we choose to interpret
the latter RDM data on the deexcitation of these states as
representing upper limits on the lifetimes involved, as
given in Table III.

2. Synthesis of results

As in the case of Zr, the properties of the 3589-keV
8+ isomer and the levels below it are taken from previous
investigations. ' ' And, as for Zr, the data summarized
are consistent with previous spin-parity assignments and
in some cases are an independent determination of them.
The results of a simultaneous analysis of the angular dis-
tribution, linear polarization, and lifetime data of Table
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since the 1658-keV 5247~3589 transition is too fast to be
M2 (RUL). Fits to the angular distribution and linear
polarization data for this intense transition assuming
J"=7+, 8+, or 9+ are shown in Fig. 17. Since P is small
(consistent with zero), the fits for J =7, 8, and 9 are
similar. J=9 is demanded by these data, and, invoking
the RUL, the large M2/'E 1 mixing ratio for J =9
rules out that possibility; hence, J =9+ for the 5247-keV
level.

The 5644-keV level. The analysis of the angular distri-
bution and linear polarization data shown in Fig. 9 was
discussed in Sec. II F2. The J =6 and 10 possibilities
are ruled out by the lifetime limit (RUL) and also by the
data of Fig. 9, i.e., 7 is everywhere greater than 120 and
60 for J"=6 and 10, respectively. For J =7, 8
and 9, 7 is everywhere greater than 110, 26, and 82,
respectively', while for pure E1 radiation P &800, 200,
and 600, respectively. A J =10+ assignment is thus de-
finite.

The 5792-keV level. The angular distribution of the
2203-keV 5792~3589 transition rules out pure quadru-
pole J+2~J radiation (R6a; X = 110) and a J~J transi-
tion [X & 16, for all values of x (M2/E 1) or
x (E2/M 1)]. J =7+-and 9+—give acceptable fits, but for
odd parity an appreciable M2 component is indicated,
i.e., 7 =5.3 and 12.0 for pure E1 radiation and J =9
and 7, respectively. In any case, J =7+— are strongly
ruled against by the decay to the 5792-keV level from the
J=(10) level at 7026 keV (see the following). We assume
J =9'+'.

The 6280-ke V /evel. The data from the 1032-keV
6280~5247 transition give a classic J+2~J E2 7 vs
arctanx plot similar to Fig. 9 with 7 =0.84 for pure E2
radiation. The J+1—+J alternatives are ruled against
with 7 ~ 20 for all mixing ratios. However, an

x ( E2/'Ml) = -0.07 (7)

III are collected in Table V. The following discussion of
the individual Zr levels above the 8+ isomer relies heavi-

ly on this table.
The 5164-ke V level. This level is populated in

Nb(P+/Ec) and was fixed as J =7, 7+, or 8+ by Pet-
tersson et al. The decay to it from the J"=10+ 7026-
keV level (see the following) selects the 8+ alternative
since an E3 or M 3 transition would not be expected to
compete with the other observed dipole decay modes from
the 7026-keV level.

The 5247-keV level. This level is also populated by the
decay of the J =8+ Nb ground state and, from its
logft, the decay is allowed or first-forbidden, J"=6, 7 —,
8 +—

, 9 +—
, or 10 . Of these, 6 and 10 can be eliminated

5247A~ =+0.04(4)
A4, =+0.50(5)
P =+005(5)
a, = O.sa(5)
a, = 0.58{5)

l658

58e 8'
90Z

I I I I I I I I I I I I I I I I

—80 -60 —40 —20 0 20 40 0 80
ARCTAN x(E2iMI )

FIG. 17. g vs arctanx for the Zr 5247~3589 transition.
The curves are based on the listed parameters. Since P is small
and consistent with zero, the curves for ~= —are similar.
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M 1/E 2 J~J transition and an E2 J—2—+J transition
are not completely ruled out, X &3.2 and X =4.0 for
these two cases, respectively. Thus J+2~J is preferred
by the y-decay data and by the reaction mechanism (R5)
but is not considered definite. The parity is fixed as even
since a M2/E 1 mixture for J—+J is ruled out (X & 8.0).
Thus J =(11)+.

The 6770-keV leueh. For the 6770—+6280 transition
J+2~J can be excluded (R6a) as can J—+J (X &42).
Either of J+1~J is allowed with very similar mixing ra-
tios for the E2/M 1 and M2/E 1 alternatives. Since siz-
able M 2 radiation would be demanded, the E2/M 1 mix-
ture is favored. Of these, J+ 1~J is favored by the reac-
tion mechanism. Thus, J = (12+).

Assignments for the remainder of the levels can be in-
ferred from the data of Tables III and V using similar ar-
guments to those presented so far for ' Zr. The Zr as-
signments are not as clear-cut as for Zr because (1) there
are several unfortunate energy degeneracies (or near de-
generacies) such as the 1128-keV 6376~5247 and
3448~2319 transitions and the 214-keV 7438~7224 and
7224~7009 transitions; (2) the RDM lifetime informa-
tion was meager because of the dominance of the 85-ps
lifetime for the 7224-keV level; and (3) most of the transi-
tions observed above the 8+ isomer are J+1~J and these
two'alternatives are the most difficult to tell apart. Be-
cause of such difficulties, all spin assignments to levels
above that at 5644 keV rely on the reaction mechanism
favoring of J'+ 1~J over J—1—+J transitions and there-
fore are considered as somewhat uncertain. However, in
many cases where the spin is uncertain the parity is not.

The 30-keV 7224~7194 transition is a special and im-
portant case for which a few words are necessary. Be-
cause of its low energy this transition was initially over-
looked in the y-y coincidence, angular distribution, and
excitation function measurements. Its presence. was in-
ferred from the y-y data, e.g. , the 214- and 818-keV tran-
sitions were strongly in coincidence. Thus, a special series
of measurements were carried out to determine the prop-
erties of this transition. An unexpected complication in
these measurements was encountered when it was found
that the sought for 30-keV y transition was actually a
doublet, the other member being a 2151—+2121 transition
in s9Zr. The properties of these two transitions were un-
tangled using the Ge and Ge excitation functions and
angular distributions.

Based upon the lifetime of the 7224-keV level, the 30-
keV transition must be dipole: even as such it is highly
converted with an internal conversion coefficient a=3.67
and 6.81 for E 1 and M 1, respectively. The large differ-
ence between these two alternatives allows a determination
of the multipolarity from intensity measurements. From
a comparison of the relative intensities of the 818- and
1310-keV transitions in coincidence with y rays from the
decay of levels above the 7224-keV level (see Fig. 4), it is
an easy matter to obtain the total transition intensity ( Tr )

for the 30-keV transition. Comparison to Ir (from singles
measurements) yields a=6.2(10) in agreement with M 1

radiation but not E1 radiation. The angular distribution
excludes a J~J transition for this essentially pure dipole
transition and we assume J+ 1—&Jbecause of the reaction
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mechanism (R5).
There are five additional y rays listed in Table III

which seem to belong to Zr but for which there is not
enough evidence to place them in the decay scheme.
From the y-y information, the 731-keV transition appears
to feed directly into the 5644-keV level, and as such it
should depopulate a level at 6375.09(20) keV. This could
conceivably be the same level as the 6376.06(8)-keV level
(Table III and Fig. 4), but (1) the energy agreement is poor
and (2) the evidence from Az, A4, and P strongly suggests
J+1—&J;M 1 [with x (E2/M 1 ) = —0.21(5) for a
J+1~J assignment to the 731-keV transition], rather
than J—+J;E 1 as expected for this placement.

IV. SHELL-MODEL DESCRIPTION OF ' ZR

Zr is well known to be a quasimagic nucleus, lying on
the X =50 neutron sheH closure and at Z =40 which, in
spherical nuclei, represents the filling of the fp shell with
the lg9~2 shell empty above. Because the %=50 shell
gaP and the gaP between the f7/z and fs/z, P3/z and P]/z
subshells are considerably larger than the Z =40 subshell
closure, the low-lying even parity states can be presumed
to arise largely from m [(f5/z P3/z P ]/z ) g9/z ] configura-—2 2

tions. The maximum angular momentum that can be
generated from this 2p-2h excitation is J» =12, and in
order to gain more angular momentum either four-
particle proton excitations such as

rr[(fs/zp') "(g9/z)"'n =»4] (16a)

are required, or we must invoke the breaking of the neu-
tron shell closure to form states of the type

I ~[(fs/zp) (g9/2»'m =o»]

x v[(g9/2) (~5/2)"'n =1 2] I . (16b)

The first of these has J,„=18+ and the second hasJ,„=19+(m, n =2, 1) and 24+ (m, n =2,2). Odd-parity
states in Zr from np-nh states with n (3 can be generat-
ed by

~[(fs/zp) "(g9/2)"'n =1 3] (17a)

~[(fs/zp) "(89/z)" n =1»] .

Because of the unfilled g9~2 neutron shell the yrast
spectrum of Zr reaches higher spin more simply than
that of Zr. The model space used for Zr is

I~[(fs/zp) '(g9/z)]v[(g9/z) "(ds/z)"];n =1,2I (17b)

w]th J",„=7 (n =1) and 16 (n =3) for the first of
these [Eq. (17a)] and J,„=14 (n =1) and 19 (n =2)
for the second [Eq. (17b)]. Previous shell-model calcula-
tions for Zr as reviewed by Chiang, %'ang, and Ban
have been confined to the closed g9/z neutron orbit and,
at most, two proton excitations from the (fs/z, p) shell to
the g9/2 shell, i.e.,

I~v[(fs/zp) "(g9/z) +" n =0 1»3]I
where the even-parity states correspond to n =0+2 and
the odd-parity states to n =1+3. Only states with J) 12
were calculated with n =3. The space of Eq. (18) gen-
erates states up to J~» ——20+ and 24 . The largest basis
used in previous shell-model calculations of Zr was

I~[(pl/2) (g9/2) ]+[(g9/2) ]]

with n = 1 and 2 for odd parity and even parity, respec-
tively.

Thus, in order to attempt an understanding of the level
schemes of ' Zr, a large-basis shell-model calculation
was undertaken with the Livermore m-scheme computer
code. The nucleon-nucleon interaction used was that of
Petrovich et a/. ' which is a realistic state-independent in-
teraction based on the Kallio-Kolltveit interaction. M1
and E2 transition rates and moments were calculated as
well as energy level spectra. At the present time only pre-
liminary results of these calculations are available; the full
results will be published separately.

In the m scheme, limitations on the complexity of the
configurational space decreases as the minimum J includ-
ed in the calculations increases. Thus for the even-parity
states of Zr, only ~[(fs/zp) (g9/z) ] could be included
for J &8+. For J )8+ the full 2p-2h and 4p-4h proton
space of Eq. (16a) could be .used, and for J) 12 a calcula-
tion was also made in the neutron-proton space of Eq.
(16b). The principal of J matching was used to tie the
latter two calculations to the first. That is, in both calcu-
lations in the basis of Eq. (16), it is found that the lowest-
lying states considered are predominantly
m[(fs/zp) (g9/z) ], thus the spectrum for the more com-
plicated calculations are shifted in energy to match the
states from the simplest calculation which overlap with
them. For the odd-parity levels, both lp-lh and 3p-3h
proton excitations [Eq. (17a)] were considered for all pos-
sible J. Examples of these calculations are given in Figs.
18 and 19 where comparison is made to experiment for
"Zr.

Considering that th@ nucleon-nucleon interaction used
is a realistic one, i.e., not specifically tuned to the mass 90
region, the calculations give a quite reasonable description
of the experimental results. In particular, both Zr and

Zr energy level spectra were reproduced quite well. For
Zr, however, the spectrum could be reproduced fairly

well for J) 12 using the basis of both Eqs. (16a) and (16b)
indicating that the even-parity states of Zr with J) 12
(and perhaps J&12) contain large admixtures of both
proton and neutron excitations. A crucial test of the cal-
culation is provided by the experimentally large M1 tran-
sition strengths in the sequence 14+~13+~12+—+11+
starting at the 8058-keV level of Zr (see Table V). The
states generated from proton excitations alone do not give
agreement with these observed rates —in general they are
considerably too weak. For the states generated from neu-
tron excitations, i.e., the basis of Eq. (16b), the
14]+~13]+~12]+sequence has M 1 rates of 1.70 and 1.85
W.u. , respectively, while the 13~ ~122+ Ml transition
strength is -0 W.u. Unfortunately, at the present time
the 12+~11+part of the cascade has not been calculated
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FIG. 18. Even-parity experimental and calculated Zr level
scheme. The mode1 space for the calculation is that of Eq.
(16a). Only the one or two lowest lying states of a given J are
included in the theoretical spectrum.

FIG. 19. Odd-parity experimental and calculated Zr leve1
scheme. The model space for the calculation is that of Eq.
(17a). Only the one or two lowest lying states of a given J are
included in the theoretical spectrum.

because of difficulties in fitting states with J( 11 into the
computer for the basis of Eq. (16b). However, the model
space in question does seem capable of generating the
large M 1 strengths seen experimentally.

For Zr, the calculations give a good account of the ob-
served spectra and of many of the observed transition
rates. For instance, the energy spacing between the lowest
two 8+ states is predicted about right and the high selec-
tion of the lowest 9+ and 10+ states for decay to 82+ rath-
er than 8&+ is reproduced.

In conclusion, then, it appears that the observed yrast
spectra of ' Zr can be interpreted as arising from intrin-
sic modes of excitation with no evidence for collective
behavior at even the highest observed angular momenta.
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