VoLUuME 35, NUMBER 20

PHYSICAL REVIEW LETTERS

17 NOVEMBER 1975

Measurement of the Quadrupole Moment of the First Excited 2* State of 120

A. M. Kleinfeld
1. Physikalisches Institut, Univevsitit zu Koln, Koln, West Germany

and

K. P. Lieb and D. Werdecker*
Institut fiitv Kevnphysik, Univevsitit zu Koln, Koln, West Germany

and

U. Smilansky
Weizmann Institute of Science, Rehovot, Isvael
(Received 15 September 1975)

We measured the static electric quadrupole moment (@,+) and B(E2,0,*— 2,%) of the
first excited state of 80 at 1.98 MeV. The values obtained were (-~ 0.19+ 0.02 b)e (for the
positive sign of the interference term involving the 2,* state) and (0.0048+ 0.0002 b?)e?
for Q,+ and B(E2,0,*— 2,%), respectively. For these values the ratio 1Q,+l/[5(E2,0,*

— 21“)]1/ 2 is about 3, whereas for no other nucleus does it exceed unity by more than

30%.

A considerable amount of experimental infor-
mation relating to the structure of %0 is now
available. Measurements of v -ray transition
probabilities, "5 the magnetic moment of the
1.98-MeV 2,* state,® and spectroscopic factors
from transfer reactions” have recently been per-
formed. Together with the known energy levels
much of this data can be understood within the
framework of a shell model built on a spherical
basis.®*? In these calculations the states of 0
are essentially (sd)? neutron states mixed with
particle-hole excitations of the 'O core. How-
ever to account for the strong E 2 transitions such
as the one between the 2,* and the 0,* level at
3.63 MeV, states composed of spherical particle
components (sd)? plus deformed four-particle,
two-hole components (in the Nilsson-model sense)
are necessary.!’*!' A similar interpretation'?
has been given for “?Ca which parallels %0 in
many respects. The recent measurement of the
quadrupole moment of the first 2* state!'® pre-
sents strong evidence for the coexistence of a
deformed intrinsic state with spherical (fp)?
states. By the same token a measurement of
Q.+ would provide a crucial test for this picture
in 180,

In the present work we report on a measure-
ment of the @,+ and B (£2,0," - 2,*) values of the
first excited state of %0, using the reorientation
effect.!* A beam of %0 ions with energies be-
tween 58 and 63 MeV, produced by the Universi-
tat zu Koln FN tandem accelerator, was excited
by scattering from 2°°Bi. The target was com-

posed of a 10-p.g/cm? layer of 2°°Bi vacuum evap-
orated onto a 5-pg/cm? layer of carbon, or a
15-p.g/cm? layer of carbon and copper. Elasti-
cally and inelastically scattered %0 ions were
detected in 100-p m-~thick surface-barrier detec-
tors positioned at laboratory angles between 45
and 175°. The energy resolution of the system
was better than 250 keV full width at half-maxi-
mum for all scattering angles. This was suf-
ficient to separate clearly %0 ions elastically
scattered from 2°°Bi and those Coulomb excited
into the 1.98-MeV level of %0. Spectra taken
with this experimental arrangement are shown
in Fig. 1. The peak corresponding to the 2*
state exhibits appreciable (about + 140 keV) Dop-
pler broadening due to the large recoil velocity
of v/c ~0.07 and ¥ decay energy of 1.98 MeV.
The aim of the experiment was to determine,
as accurately as possible, the excitation proba-
bility R, defined as the ratio of the inelastic
[80(2*)] peak intensity to the sum of the inelas-
tic and elastic intensities. Aside from the ques-
tion of counting rate, the maximum precision is
obtained when the ratio of the inelastic peak
height to background is maximum. This is par-
ticularly difficult in the present case since the
excitation probabilities range between 10™% and
10°3. However, as seen in Fig. 1, it was pos-
sible to achieve acceptable peak-to-valley ratios
guided, principally, by the methods of Berant
et al.*®* The line-shape fits shown in Fig. 1 were
used to determine the contribution of the back-
ground of the 2* peak and assure that the shapes
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FIG. 1. (a)—(c) Spectra of the reaction 29Bj (%0,
180%)29Bj obtained at a bombarding energy of 63 MeV.
In (c) are shown the contributions due to the Coulomb
excitation of ?°Bi calculated by use of the electric ma-
trix elements of Broglia e al. (Ref. 15), which were
subsequently subtracted from the spectrum. (d) A spec-
trum of the reaction 2Bi(160, 160) 2 Bj obtained under
similar conditions as the 80 spectra. One count has
been added to all channels, and data points with errors
that would reach below 1 have been drawn without er-
ror bars.

were consistent with single peaks. The validity
of this procedure was confirmed by obtaining
spectra [ Fig. 1(d)] of ‘O scattered from identical
targets and, except for the bombarding energy,
for identical experimental conditions as used in
the %0 measurements. This spectrum demon-
strates that the low-energy tail of the 2°°Bi elas-
tic peak varies smoothly in the region correspond-
ing to the 2* state of '%0. Incorporation of the
Doppler broadening into the fit to the line shapes
was accomplished by constructing the inelastic
peak from the elastic peak folded with a square
distribution with a width of about 280 keV. Excel-
lent fits [ Figs. 1(a) and 1(b)] were obtained by use
of functions for the elastic peak shapes similar to
those used in Ref. 16. Statistical plus fitting er-
rors in the evaluation of R ranged, for the most
part, between 3 and 10%.

Contributions due to the Coulomb excitation of
levels in 2°°Bi at 0.897 and 1.608 MeV and of the
3" ®h,,, septuplet of levels between 2.491 and
2,740 MeV have been subtracted out of the spec-
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tra [ Fig. 1(c)], by use of the B(£2) and the B(E 3)
values of Ref. 15. Since the relative contribu-
tions of these excitations were about the same at
all angles a change in the B (E2) and B (E 3) values
has a negligible effect on @,+. For 175° where
the relative influence of the septuplet was most
important, a decrease in the total B (E3) by 40%
will decrease R by less than 3%.

In the measurement method used in the present
work an unresolved contamination in the forward-
angle inelastic peaks would tend to increase the
observed @,+. Such effects are particularly im-
portant in the present case since the excitation
probabilities at forward angles are so small
(~1X107% at 45° to 15X 10™% at 90°). Hence trace
impurities in the target at about the 1X107* lev-
el (which is the limit which can be set from the
80 spectra) might appreciably affect the results.
According to the supplier the Bi purity was 5
ppm. In addition, calculations of the scattering
kinematics indicate that a mass distribution be-
tween A ~ 145 and 175 would be required to af-
fect the 2* intensity between 45 and 90°, Itis
therefore very unlikely that elastic scattering
from impurities is present. Similar calculations
of the kinematics of light-mass-transfer reac-
tions for %0 on 2°°Bi (very sub-Coulomb) lead-
ing to low-lying or gound states in the reaction
products would seem to rule out contamination
from this source as well. In order to ascertain
the contribution from reactions with the carbon-
plus-Cu backings additional measurements on the
backing itself were performed at 63 MeV. Con-
tributions to the relevant part of the 2°°Bi spec-
tra were found only at 45 and 60° and were sub-
tracted out by normalizing the spectra to the Cu
elastic peaks.

Since the excitation probabilities are very sen-
sitive functions of the scattering angle (e.g., the
change in R at 45° is about 11% per degree), a
careful determination of the detector angles was
warranted. In this regard, the scattering cham-
ber used in this experiment, for which detectors
could be positioned only at fixed angles (every
15°) proved to be of considerable advantage. Sev-
eral independent determinations of the scattering
angles were performed including an electro-op-
tical measurement.'” All measurements gave
consistent results and the error in the scattering
angles is conservatively reckoned to be + 0.2°,

The question of the maximum or “safe” bom-
barding energy compatible with pure Coulomb
excitation has been carefully considered. The
excitation probabilities at 175° are consistent
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TABLE 1. The measured Q,+ and B(E2,0,*— 2;*) values for 18O._ In the
present work two values were obtained corresponding to the + or — sign of
the interference term involving the 2,* state at 3.92 MeV. The experimen-
tal methods used were Coulomb excitation (CE), Doppler-shift attenuation

(DSA), and recoil distance (RD).

Qy+/e B(E2,0,*—~2,*)/e?

(b) (b?) X Method Reference
—0.19%+0.02 0.0048+ 0.0002 0.93 CE Present (+ intf.)
- 0.16+0.02 0.0048= 0.0002 0.91 CE Present (— intf.)
-~ 0.11+0.05 0.0039+ 0,0004 CE 19

o 0.0046+ 0.0013 DSA 1

cae 0.0038+0.0002 RD 2

0.0040+ 0.0002 RD 3
0.0048+ 0,0002 DSA 4
0,0047+ 0.0002 RD 5

with pure Coulomb excitation for energies up to
and including 63 MeV. Furthermore, the elastic
scattering of %0 on 2°®Pb was measured from 63
up to 68 MeV and no evidence was found for devi-
ations of the back-angle elastic cross sections
from Rutherford cross sections in this energy
range.

Determination of the Q,+ and B(E2,0,* ~2,%)
values was accomplished by comparing the meas-
ured R values with those R ., ) calculated by
use of the de Boer-Winther program.!® The

first five energy levels of %0 and their associated

electric quadrupole matrix elements® were used
in the calculation. For the purpose of a best-fit
comparison R ., , Was expressed'® as

Rcomp(Q)=Rcomp(Q,x1+(Q_Q,)pcomp]: (1)

where the sensitivity parameter p.,m) is de-
fined by this expression. Our final results to-
gether with the y 2 values for the fits are sum-
marized in Table I. Both the experimental R
values and the best-fit values normalized with
respect to R (@ =0) are plotted in Fig. 2. The
presentation of the data in this manner empha-
sizes the very large size of the effect. Indeed, it
is the extreme sensitivity of R to @,+ [about 30%
per (0.1 b)e] which in spite of the small values
of R, makes this measurement feasible.
Because of the large values (~ 1) of the adiaba-
ticity parameter £ encountered in this work the
influence of higher-lying levels on the evaluation
of Q,+ and B(E2,0," = 2,*) is small. From Table
I it is seen that changing the sign of the inter-
ference term involving the 2,* state (usually the
most important such effect) changes @,+ by less
than 15%. The influence of levels other than the

first five, or the effect of multipolarities other
than E 2, has not been thoroughly investigated.

It is expected that because of the large size of

¢ together with the weak coupling of the 2, and
higher levels, such effects are negligible in
comparison with the size of the reorientation ef-
fect. We have, however, considered the question
of the influence of the giant E1 resonance more
closely. Using the corrected expression of equa-
tion 57 of Ref. 14 and taking 1,=0.27, which is

45° 60° 75° 90° 120° 135° 175°
L

L ! L L
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FIG. 2. The experimental excitation probabilities R
normalized by the values calculated with the de Boer—
Winther program using @,+ =0. These ratios are plot-
ted as a function of the sensitivity parameter, and are
shown together with their corresponding scattering
angles and bombarding energies. The solid line is the
fit corresponding to the values given in Table I for the
positive interference sign.
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the estimate® for heavy deformed nuclei, we

find that @,+ is lowered by (0.024 b)e but B (E 2,

0, —2,%) is increased by about (0.0004 b%)e. In
addition, since the validity of the heavy-deformed-
nucleus estimate of 7, for *®0 is not evident and
since a more reliable estimate is not available,
we have not corrected our results for the effect

of the E1 resonance. We note that the B(E2,0,*

-~ 2,%) values obtained from lifetime measure-
ments (see Table I) set an upper limit of 1o~ 0.15.

A disturbing problem is the comparison with
the B(£2,0," - 2,*) values obtained from the meas-
ured lifetimes, as shown in Table I. Although
the latest measurements are in excellent agree-
ment with the present work, the reason for dis-
crepancy among the various lifetime measure-
ments is not fully understood. If, e.g., we had
performed our analysis using the average of the
pre-1975 B(E2,0,* —2,*) values obtained from
lifetimes® and our own R (175°) data, we would
have obtained a value for @,+ of (- 0.07+0.010 b)e.
Though still large, this value is a factor 3 small-
er than that quoted in Table I. Finally, we should
mention the unpublished measurement of Disdier
et al.*® Although the quoted Q,+ value is not in-
consistent with our results, the disagreement
between the B (E2,0," ~2,*) values makes this
comparison unreliable. It should be noted that
our earlier results,? which were based on a
preliminary analysis of a subset of all the data,
are in good agreement with the results reported
here.

For the purpose of discussion it is useful to
deal with the ratio 1Q,+1/[B (E2,0,* —2,*)]*/2
which in the present measurement was found to
be 2.7+0.3. On the other hand the value obtained
for *2Ca, for which similar results might be ex-
pected, is ~1.'* To our knowledge no other nu-
clei have been discovered for which this ratio is
appreciably greater than 1.2 This implies either
that the 2,* state is more deformed than the
ground state or that there is appreciable can-
celation in the 2,* to 0,* E2 transition. In any
case our results suggest that there must be a
significant amount of deformed component in the
2, state.

Although the very large size of the effect we ob-
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tain makes it difficult to conceive of additional
influences which might appreciably affect our re-
sults, the measurement does stretch (as reflect-
ed in the large errors for the R values) the limit
of applicability of this method. Added to the dis-
crepancies associated with the lifetimes it is
clear that further lifetime and reorientation-ef-
fect measurements are needed.

*Present address: Kraftwerk-Union, Erlangen, West
Germany.
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