
RAPID COMMUNICATIONS

PHYSICAL REVIEW C NOVEMBER 1998VOLUME 58, NUMBER 5
First direct measurements ofg factors of the three superdeformed bands of194Hg
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The averageg factors of the high-energy states of the three superdeformed bands in194Hg were determined
directly in a transient field experiment. The reaction150Nd(48Ca,4n)194Hg at a beam energy of 203 MeV was
used to provide recoiling reaction product nuclei with sufficient velocity to traverse a gadolinium ferromag-
netic layer. The resultingg factors g(SD1)50.36(10), g(SD2)50.41(20), andg(SD3)50.71(26) are in
agreement with cranked Hartree-Fock calculations as well as with the picture of a rigid rotation for whichg
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Superdeformation in the Hg isotopes and, in particula
194Hg, has been extensively studied in recent years. Th
superdeformed~SD! bands have been identified, lifetimes
states have been measured, and the decays of the yrast~SD1!
and one excited superdeformed~SD3! bands have been cha
acterized@1–7#.

The determination of magnetic moments of nuclear
cited states can add an important element in the elucida
of the microscopic structure of these SD states because
corresponding operator reflects collective as well as sin
particle degrees of freedom. In particular, theg factor of a
rotational nuclear state in a band with good quantum num
K, g5gR1(gK2gR)@K2/I (I 11)#, depends ongR , the ro-
tationalg factor and the single-particle contributionsgK .

There exist only scant measurements of magnetic
ments of short-lived, high spin states@8–11# and nodirect
measurement of magnetic moments of superdeformed s
has been carried out so far. An indirect measurement de
mined from the observation of theM1 dipole transitions
linking signature partner bands in193Hg @12# yielded a value
gK520.65(14) consistent with a Woods-Saxon calculat
of a 5/22@512# deformed neutron orbital. Similar determin
tions also exist for193Tl, 193Pb, and195Tl @13–15#.

Only the hyperfine interaction in an ion moving through
ferromagnetic layer~transient field! can create the necessa
field strength to induce a measurable magnetic interact
Therefore, only states that are populated while the i
traverse a ferromagnetic layer can be probed. In fusi
evaporation reactions, where nuclei are highly excited i
broad spin and energy range, the specific states of nu
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traversing this interaction zone are generally not known.
perdeformed bands are populated at very high excitation
ergies and a very short time after the initial nuclear fus
reaction takes place@16#. Thus, it is possible to design th
kinematics of the reaction in such manner that spec
ranges of excitation in the nucleus of interest can be pro
@9#. The transient field method is, therefore, exceptiona
well suited for measuringg factors in superdeformed nucle

The experiment was carried out at the 88-Inch Cyclotr
at Lawrence Berkeley National Laboratory using the Ga
masphere array@17# which consisted, at the time, of 9
Compton-suppressed Ge detectors. The reaction150Nd
(48Ca,4n)194Hg at 203 MeV was used to populate SD a
high-spin normal-deformed states in the Hg isotopes. T
target consisted of 1 mg/cm2 150Nd evaporated on a
2.15 mg/cm2 rolled and annealed gadolinium foil. A layer o
40 mg/cm2 of gold was evaporated on the downstream s
of the gadolinium layer to provide a perturbation free en
ronment in which the Hg ions stop. The excited nuclei en
the ferromagnetic foil at an average time of 0.1 ps after p
duction, with an average initial energy of 40 MeV and v
locity (v/v0) in52.9 (2.1%c), and exit from the foil 0.5 ps
later, with an average velocity (v/v0)out52.0 (1.4%c),
wherev0 is the Bohr velocity.

During the experiment the beam intensity was kept a
particle nA. The target was cooled to 77 K by flowing liqu
nitrogen. The gadolinium foil was polarized by an extern
field of 0.06 T produced in the gap of a small electromag
mounted outside the vacuum chamber. The current in
electromagnet was reversed every five minutes. The ma
tization of the gadolinium foil, measured independently a
function of temperature in an ac magnetometer, wasM
50.182(4) T.

The nuclear spin precession is obtained from the obser
rotation of the angular distribution ofg rays emitted by the
decaying nuclei. This rotation about the direction of the tra
sient magnetic field, which is the same as that of the exte
field direction, causes, for each field flip, a small change
the counting rate in most detectors. Even with a large de
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tor array such as Gammasphere, such measurements de
essentially on the quality of spectra observed in asinglede-
tector, albeit gated by all the other detectors in the array

Double-gated and triple-gated coincidence spectra w
sorted separately for events recorded with the external m
netic field in either the ‘‘up’’ or ‘‘down’’ direction and for
individual detectors in the array. For the extraction
double-gated spectra, the events were ‘‘unpacked’’@18–20#
and the resulting spectra were incremented if at least two
coincidence conditions were satisfied by the remaining
tectors. As expected, the lowest members of the SD ba
were found to decay while fully stopped. Theg rays from
states that decayed while in flight were seen to be incre
ingly Doppler shifted and an energy-dependent Doppler-s
correction was applied when gating on these transitio
While the SD transitions in the SD1 spectra were well est
lished, the double-gated coincidence spectra for the SD2
SD3 bands had low peak to background ratios.

The data were also analyzed by applying triple-gat
conditions. In a direct event-by-event sort, one-dimensio
spectra for each of the 90 detectors were generated as
lined in @18#. Because of the energy dependent Doppler s
for the higher SD transitions, individual gating lists conta
ing up to 15 transitions in the SD bands were used for e
detector. The background was determined from double-g
spectra generated by the same gate lists@21#. As expected,
triple gating reduces the overall intensities in the SD ban
but improves the peak to background ratio. The relative
rors in the peak sums of double-gated and triple-gated s
tra are roughly the same, as they are dominated by the
spective background subtraction. For the SD1 band, dou
gated and triple-gated spectra yielded the same precess

Figure 1 shows sample spectra of the three superdefor
bands in194Hg obtained in asinglebackward detector unde
the triple-gate conditions described above.

In order to verify the angular distributions of the observ
transitions, spectra for detectors with the same azimu
angle with respect to the beam axis were added and
ciency corrected. The relative efficiencies, including the s
cific absorption caused by the geometry of the angular c
relation chamber and magnet, were measured itin situ using
the activity of the target immediately after the run. The
angular distributions yieldedA2 andA4 coefficients in quali-
tative agreement with data obtained by Hackmanet al. @22#,
where angular distributions were measured more preci
with single element targets. For the analysis of the curr
data, the coefficients of Hackmanet al. for all quadrupole
transitions in the SD bandsA250.352(3) and A4
520.103(3) were adopted.

For the precession measurements, thez axis is defined by
the direction of the external magnetizing field. The angu
distribution forg rays from detectors whose position is cha
acterized by the two Euler anglesu andf is given by

W~u,f!511A2Q2P2~cosu cosf!

1A4Q4P4~cosu cosf!,

whereQ2,4 are the geometrical attenuation coefficients.
end
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Symmetric combinations of groups of four detectors at
same6u and6f angles, two forward~2,3! and two back-
ward ~1,4!, were used to form double ratios@9#, r i j

5(N(u i)↑•N(u j )↓/N(u i)↓•N(u j )↑)1/2, where N(u i)↑,
N(u i)↓ are theg-ray rates in detectorsi , j 51, 2, 3, 4 with
the external field in the ‘‘up’’ and ‘‘down’’ direction, respec
tively. Such double ratios do not depend on the detector
ficiency or on beam intensity fluctuations. The avera
double ratior5(r23/r14)

1/2 yields an effecte5r21/r11
from which the angular precessionDu5e/S is calculated.
The logarithmic slopes at the selected anglesS51/W(u,f)
3dW(u,f)/du ranged from 0.113–0.594. The double rati
r13 and r24 are expected to be close to unity and the va
echeck5r21/r11 with rcheck5(r13/r24)

1/2 serves as a con
sistency check. Similar double ratios were used for the co
binations of three and two detectors. In total 62 detect
were chosen such that 100°<u<160° or 20°<u<80° and
0.5°<f<53°. The peak sums for the lowest six~SD1 and
SD2! or five ~SD3! band transitions were used to sample t
average effectŝe& for the 15 detector groups and in turn
calculate the average precession angle^Du&. It should be
emphasized again that these angles correspond to the pr
sions of states populated while the nuclei traverse the ga
linium layer.

Finally, the averagêg& factors were derived from the
formula relating measured precessions to the transient m
netic field

FIG. 1. Spectra of the lower energy regions of the194Hg SD
bands observed in a single backward detector. The lines tha
labeled by their energy were analyzed for precession. The diamo
indicate SD transitions that were not analyzed because of cont
nation.
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in which the Ziegler stopping powers@23# and the Chalk
River parametrization of the transient fieldB(v,Z)5154.7
3Z3(v/v0)3e20.135v/v03M T obtained from data on
heavy nuclei@24# were used.

This experiment determines the average magnetic
ments of the high-energy states of the three SD band
194Hg. The 194Hg nuclei are populated at an average exc
tion energy of 24 MeV. The energy of the first observ
superdeformed state in SD1 at spin;501 lies at 18.6 MeV
@1,2#. The decay from the entry states into the superdeform
well is very fast and occurs mostly while the excited nuc
are still in the150Nd target. Subsequently, theg flux remains
in the corresponding SD bands until the decay-out towa
the normal-deformed states occurs at the bottom of the b
The nuclei traverse the gadolinium foil during a time wi
dow of 0.5 ps, during which the averageg factor of the
higher members of the SD band are probed. These state
at an approximate excitation energy 12.2*Eexc*9.8 MeV
which corresponds to 34\*I *28\ for SD1 and SD2 and
33\*I *25\ for SD3.

The resulting averageg factors are

^g~SD1!&50.36~10!,

^g~SD2!&50.41~20!,

^g~SD3!&50.72~26!.

The quoted errors reflect the counting statistics in the
evant detectors and a 5% uncertainty in the calibration of
transient field.

These results can be contrasted with the results obta
in the same experiment on theg factors of six normal-
deformed bands in193,194Hg. In this latter situation,g factors
considerably lower than the nominalZ/A were obtained@25#,
indicating significant single-neutron contribution to theg
factor of the levels studied, and confirming the validity of t
general analytical approach to obtainingg factors from this
type of data.

Several models have been used to estimate the mag
moments of SD bands in194Hg. As a first approximation,gR
can be assumed to take on the rigid body value,gRB5Z/A
50.412. Calculations in the projected Hartree-Fock fram
work yield g factors very close togRB @26,27#. Perrieset al.
@28# determined the collective gyromagnetic ratiogR

IC from
the Inglis cranking approach applied to the static Hartr
Fock plus BCS and the SkM* force. These authors pred
gIC50.363 for the yrast SD band in194Hg. Sunet al. @29#
have calculated electromagnetic properties and pairing
relations of SD bands on the basis of the projected s
model. They predictg factors whose neutron contributio
remains constant as a function of spin at –0.06, but wh
proton contribution increases slowly with spin in the ran
24\&I &44\, reaching a maximum at 0.47, yieldingg
o-
in
-

d
i

s
d.

lie

l-
e

ed

tic

-

-
t

r-
ll

e

50.41 for the high-spin states in the yrast SD band in194Hg.
However, the suggestion of Ref.@29# that the distinction be-
tween Coriolis antipairing and gradual high-j orbital align-
ment disappears at very large deformation is contradicted
the experimental data@30# on even-even, odd-even, and od
odd nuclei. These experiments confirm the modified to
Routhian surface~TRS! calculations which attribute the ob
served rise ofJ (2) with \v to successive alignments of neu
trons and protons occupying high-N intruder orbitals, with
an additional contribution resulting from the response of
mean field to the alignment process.

The present experimentalg factor for the yrast band is in
good agreement withgR

IC @28# but lacks the accuracy to ex
clude the rigid body valuegRB or the projected shell mode
result @29# and there do not yet exist TRS calculations
magnetic moments.

There are no theoretical predictions forg(SD2) or
g(SD3). However, if the experimentalgR is taken from the
measurement ofg(SD1), the experimentalg(SD2) and
g(SD3) can be used to extractgK . Nakatsukaet al. @31#
have suggested, on the basis of the latest data on SD3@2#,
that SD2 and SD3 represent octupole excitations built o
SD minimum with K522. Other possible explanations i
terms of aligned quasiparticle excitations@5# might lead to
different predictions. However, unlessK;I , a determination
of gK for SD2 and SD3 is difficult to extract from the prese
measurements at very high spin because the termI (I 11)
strongly attenuates the term (gK2gR) in the expression for
the g factor.

This paper presents the first measurement ofg factors in
the SD well, a quest which has had to await the complet
of large g arrays like Gammasphere. The present res
should be considered as a demonstration of the potentia
future studies. In this respect, two improvements in the
perimental procedure will lead to more accurate measu
ments of theg factors of SD bands. First, it is clear that th
g factors of the lower spin states in the band are critical
detailed interpretation. Such an experiment using a ta
with a gap between the150Nd target and the gadolinium
ferromagnetic layer is in progress. Second, it is also imp
tant to achieve a higher statistical accuracy. Thus, a com
nation of a better detector coverage such as will be availa
with the future segmented detectors and longer counting
riods will improve the statistical accuracy obtainable in su
experiments.

In summary, the averageg factors of the high-energy
states of the three SD bands in194Hg have been measured
The^g& factor of the yrast band SD1 is smaller than the rig
body value and agrees with the prediction from an Ing
cranking approach. Thêg& of the SD2 and SD3 bands ar
not accurate enough to distinguish among theoretical ca
lations.
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