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Competition between single-particle and collective excitations inN588 nuclei:
Measurement ofg„41

1
…/g„21

1
… in 152Gd
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The magnetic moment of the 21
1 and 41

1 states in152Gd have been measured by the transient field technique.
Heavy ion beams of58Ni and 32S were used to Coulomb excite the 21

1 , 02
1 , 41

1 , 22
1, and 61

1 states in152Gd.
A ratio of g factors,g(41

1)/g(21
1)51.10(24) was obtained. This result is consistent with a collective model

description and does not support large single particle contributions to the wave function of low-lying states as
were found for the isotone150Sm. @S0556-2813~99!05302-9#

PACS number~s!: 21.10.Ky, 27.70.1q
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I. INTRODUCTION

Magnetic moments of nuclear states provide string
tests for nuclear models, and are particularly sensitive to
interplay of single particle degrees of freedom with the c
lective excitations of the core. In particular, a recentg factor
measurement in150Sm has yielded a ratio ofg factors,
g(41

1)/g(21
1)51.60(12), much larger than expected on t

basis of a pure collective description@1# and in disagreemen
with an earlier measurement that yieldedg(41

1)/g(21
1)

50.85(11)@2#. Medium-weight nuclei far from closed shel
are best described by collective models. However, in
IBA-II model, both 152Gd and 150Sm have proton number
close to the subshell atZ564. The subshell gap atZ564
disappears forN>88 as neutrons filling theh11/2 orbital in-
teract with the protons in theh9/2 orbital and contribute to
promotions of protons across the gap. The anomalously h
value of theg factor ratio observed in150Sm signals a chang
in the structure of the state as a function of spin and can
interpreted as an indication that the number of protons c
tributing to the collective motion is larger for the 41

1 state
than for the 21

1 state. In particular, theg factors of other yrast
states in neighboring nuclei withN;88 and Z;60266
could be used as a measure of changes in the effective n
ber of valence protons with increasing angular moment
and as a check of whether the disappearance of theZ564
subshell gap is sharper at higher excitation energies
spins. A study of the systematics of the 41

1 moments in this
region, therefore, may elucidate any structural changes
occur with increasing angular momentum.

The magnetic moment of the 21
1 state had previously

been determined by the recoil into gas and vacuum meth
g(21

1)50.48(4) @3# and by the transient field technique,g
50.45(4) @4#. However, theg factor of higher spin state
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have not been determined. In the present measurement
41

1 , 02
1 , 22

1 , and 61
1 states were excited, but only the 21

1

and 41
1 states were populated with sufficient intensity to

low a magnetic moment measurement.

II. EXPERIMENTAL PROCEDURES

In the conventional application of the transient field tec
nique target nuclei are excited by heavy ion beams and
simultaneously ejected from the target material with hi
velocity. These fast ions subsequently traverse a ferrom
netic material such as iron or gadolinium in which they i
teract with the polarized electrons. This interaction yields
effective hyperfine field at the nucleus which results in
precession of the angular distribution of decayg rays. This
angular precession is directly proportional to the magne
moment of the excited state under study. The experime
details for measuring magnetic moments of short-lived
cited states by the transient field technique have been
scribed in detail in previous publications@5,6#. Only the de-
tails relevant to the current experiments are elaborated u
here.

In the present experiment,152Gd ions were Coulomb
excited by 58Ni and 32S beams at Yale University’s Wrigh
Nuclear Structure Laboratory. The states of interest in152Gd
were populated through Coulomb excitation by beams
58Ni at 180, and 212.5 MeV, as well as32S ions at 100 MeV.
Figure 1 displays the low-energy levels of152Gd.

The targets consisted of Gd~enriched to 20% in152Gd for
runs I and II and 40% for run III!, evaporated onto iron foils
The iron foil thickness was chosen to ensure that the rec
ing Gd nuclei exited from the ferromagnetic foil with a ve
locity >2v0 wherev0 is the Bohr velocity. The iron foils
were annealed in a hydrogen atmosphere for four hour
900 °C. The magnetization of the iron foil was measured
an ac magnetometer@7# before and after each experiment
an accuracy of 5%. The specifics of the target compositi
and of the kinematics of the reactions for the three runs
presented in Tables I and II. During the experiment the t
gets were polarized by a magnetic field of 0.03 T, sufficie
to saturate the iron foil. The field direction was reversed
four minute intervals throughout the precession measu
ments. Four Ge detectors~of approximately 25% efficiency!
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666 PRC 59N. A. MATT et al.
detected theg rays in coincidence with backscattered bea
ions in an annular silicon surface-barrier detector subtend
an angle between 166° and 177°. This coincidence requ
ment ensures that the observed decays originate in s
with large initial alignment, and that the momentum trans
to the recoiling152Gd ions was large enough for the ions
traverse the ferromagnet and come to rest in the copper b
ing of the target. The Ge detectors were positioned at664°
and6116° with respect to the beam axis in order to prov
maximum sensitivity for the precession measurement.
recoil beam particle energy, theg-ray energy as well as th
time interval between particle andg-ray energy signals were
recorded for each event. A typicalg-ray spectrum is shown
in Fig. 2.

A typical angular distribution is displayed in Fig. 3.

III. DATA ANALYSIS AND RESULTS

The traversal time through the ferromagnet is sh
(;0.7 ps) compared to the lifetimes of the excited sta
hence the precession of the nuclear spin in the transient
occurs mainly in the state originally excited by the targ
beam collision. In the present experiment, several exc
states are simultaneoulsy excited. It is not possible to se
rate theg rays which are emitted by a nucleus which
directly Coulomb excited from theg rays emitted by nucle
in states that are populated in the decay of higher sta
However, the precession of interest can be extracted from
average precession measured since the population of ex
states is determined from Coulomb excitation calculatio
and theg-ray angular distribution of the subsequentg-ray
cascade is known.

In general, the measured precession effecten for the
radiation deexciting a staten can be expressed a
en5(rn21)/(rn11), where rn5(r14

n /r23
n ) is determined

TABLE I. Description of the composition of the multilayere
targets.

Run
Gd

(mg/cm2)
Fe

(mg/cm2)
Cu

(mg/cm2)
M
~T!

I 0.260 3.98 10.9 0.1707
II 0.390 4.82 6.6 0.1707
III 0.350 1.92 6.7 0.1511

FIG. 1. Energy level diagram of the low-lying levels in152Gd.
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from the double ratiosr i j
n 5A(Ni

↑n/Ni
↓n)/(Nj

↑n/Nj
↓n), and the

coefficientsi 51,2, j 53,4 represent the four detectors;Ni , j
↑n

andNi , j
↓n are the coincidence counting rates of the photop

of the transitionI n→I n21 in the i th or j th detector with the
external field pointing ‘‘up’’ (↑) or ‘‘down’’ ( ↓) with re-
spect to the plane of the reaction. Theg-ray photopeak in-
tensities have been corrected for random and backgro
rates. Similar ‘‘cross ratios’’rc

n5(r24
n /r13

n ) andec
n were cal-

culated to check for systematic effects that might mask
true precession. In all cases, vanishingly smallec

n were ob-
tained. The precession anglesDu are derived from the mea
surede ’s through the relationshipDu5e/S whereS is the
logarithmic slopeS(u0)5(1/W)(dW/du) of the angular cor-
relation at the detector angles.

The determination of the precession anglesDu of the
61

1 , 22
1, and 41

1 states follows directly from the measure
precession and the slope of the angular distribution. Ho
ever, the determination of the precession angleDu for the
21

1 states required a more elaborate analysis due to sig
cant contributions to the precession from feeding from
02

1 , 22
1, and the 41

1 precursor states. This feeding affects t
precession in two ways:~i! the slopeof the measured (21

1

→01
1) angular correlation is a composite of contributio

from the feeding states, and~ii ! the precessionsof the 41
1

FIG. 2. g-ray spectrum in152Gd in coincidence with backscat
tered beam of58Ni ions. The five vertical bars correspond seque
tially, from left to right, to transitions in160,158,156,154,152Gd.

TABLE II. Characteristics of the reaction kinematic
^Ein&, ^Eout&, ^v in /v0&, and^vout /v0& are, respectively, the averag
energies and velocities of the152Gd ions as they enter into and ex
from the gadolinium foil.v05e2/\ is the Bohr velocity.

Run Beam
Beam energy

~MeV!
^Ein&

~MeV!
^Eout&
~MeV!

Kvin

v0
L K vout

v0
L

I 58Ni 180 138.5 22.7 6.1 2.4
II 58Ni 212.5 161.5 18.1 6.5 2.2
III 32S 100 53.9 17.4 3.8 2.2
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PRC 59 667COMPETITION BETWEEN SINGLE-PARTICLE AND . . .
and 22
1 states themselves~the 02

1 state does not preces!
must be taken into account explicitly. Both these effects
characterized by the population strength of the feeding st
and by the angular correlations in which the feeding tran
tions to the 21

1 state are not observed. The specific details
the analysis are discussed in Ref.@8#.

An average measured effect^e& for the 21
1 state can be

expressed as

^e&5e2
1
1

meas
5

(
i

e i PiWi~u0!

(
i

PiWi~u0!

, ~1!

where e i , Pi , and Wi(uo) represent the parameters of th
states which are fed directly.Wi is the correlation function a
u0 of the i th transition andPi is the population strength o
the feeding states proportional to the total Coulomb exc
tion cross section~Table III!. Similarly, the average slop
^S& which is directly related to the measured angular cor
lation can be expressed in terms ofSi(uo), the logarithmic
slope of the angular correlation atu0 of the i th transition, as

Smeas[^S&5

(
i

Si~u0!PiWi~u0!

(
i

PiWi~u0!

. ~2!

FIG. 3. Angular correlations observed for three transitions
152Gd.

TABLE III. Calculated Coulomb excitation level population
P(I ) for the 21

1 , 02
1 , 41

1 , 22
1 , and 61

1 states in152Gd at the indi-
cated beam energies.

Run Beam
Energy
~MeV! P(21

1) P(02
1) P(41

1) P(22
1) P(61

1)

I 58Ni 180 0.571 0.165 0.182 0.049 0.034
II 58Ni 212.5 0.356 0.195 0.224 0.136 0.089
III 32S 100 0.737 0.105 0.131 0.014 0.01
e
es
i-
f

-

-

The degree of alignment,w(m50), following the Coulomb
excitation can be determined from theSmeas and the calcu-
lated Pi . Finally, the Du(21

1) can now be derived from
Smeas, the known Si(u0), Pi , Wi(u0), and emeas for the
21

1 , 41
1, and 22

1 states. The results are summarized in Ta
IV.

The g factors are determined from the expression

Du5g
mN

\ E
t in

tout
B„v~ t !,Z… e2t/t dt, ~3!

where B is the transient field,t the meanlife of the state
being examined, andt in and tout are the mean entrance an
exit times of the ions into or out of the ferromagnet.

The total cross sections for Coulomb excitation of t
21

1 , 02
1 , 22

1 , 41
1, and 61

1 states under the experimental co
ditions of the experiment were calculated on the basis of
Winther–de BoerCOULEX code ~Table III!. In practice,
there exist many versions of the original code. The m
significant difference between them concerns the se
tion of the sign of the electromagnetic matrix ele
ments of the nuclear states. Several codes employ the
vention M (El)521l

•MWinther–deBoer(El) and M (Ml)
521l11

•MWinther–deBoer(Ml). Often the sign of the matrix
elements has no effect on the predicted populations. T
situation pertains to the case of low excitation probabiliti
when reorientation effects are negligible, or to the case
which the populated state can only be excited by one p
way. If these conditions do not apply, as is the case,
example, when the 21

1 state is excited either directly or in th
decay of the 22

1 state, the interference between the differe
population pathways which arises from the choice of sign
the matrix element, needs to be taken into account. In
present experiment, the signs were chosen to fit the exp
mentally observed state populations.

The results of the analysis are presented in Table IV.

IV. DISCUSSION

The resulting ratio ofg factorsg(41
1)/g(21

1)51.10(24)
is in agreement with models of collective excitations, IB
models with either a restrictedsd-boson or an extended
sdg-boson basis@9#, or models involving configuration mix-

TABLE IV. Summary of precessions and resultingg factors.

Run Du(21
1) Du(41

1) Du(61
1)

I 37.8~22! 38.2~115! 21.3~530!
II 31.0~48! 34.7~148! 24.0~221!
III 13.5~24! 16.3~65!

Run g(21
1) g(41

1) g(61
1)

I 0.460~27! 0.474~143! 0.278~691!
II 0.312~48! 0.357~152! 0.262~241!
III 0.321~57! 0.393~157!

^g& 0.409~22! 0.411~87! 0.264~228!

^g(I )/g(21
1)& a 1.10~24! 0.79~69!

a^g(I )/g(21
1)& is the average of theg(I )/g(21

1) obtained for the
three runs.
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668 PRC 59N. A. MATT et al.
ing @12#. Measurements ofg(21
1) of Nd, Sm, and Gd iso-

topes have supported the arguments for a subshell closu
Z564 @4,10,11#. This subshell was assumed to vanish
N590, an effect correlated with the onset of deformatio
Does this description persist at higher angular momentu
Besides the measurement presented in this paper, there e
only one other measurement ofg(41

1) in the vibrational and
transitional light nuclei of Nd, Sm, and Gd, and that is t
measurement in150Sm @1,2#. Several conjectures have bee
advanced to explain the large ratiog(41

1)/g(21
1)

51.60(12) observed in150Sm by Vasset al. @1#.
~a! The 41

1 state is more deformed than the 21
1 state

@12,13#. Can it be that the phase transition from spherica
deformed shape is more complete for the 41

1 state than for
the 21

1 state? Calculations@15# show that the backbend i
indeed sharper and occurs earlier for the 41

1 than for the 21
1

state. This explanation is supported by the observation
the ratioB(E2;41

1→21
1)/B(E2;21

1→01
1) has a maximum

for N588 nuclei.
~b! Pairing is strong for neutrons but breaks down

protons at higher spins, a somewhat unlikely scenario@12#.
In this case, as

g~21
1!'Z/A50.41

and

g~41
1!'

Jp,rigid

Jp,rigid1
2

5
Jn,rigid

5
Z

Z1
2

5
N

50.61,

g(41
1)/g(21

1)51.5.
~c! The simplified model calculation in the Nilsson

Strutinsky1 CBS approach@14# predicts that changes in th
nuclear deformation and in pair fields occur with increas
r,

d

.

n-

N.

c

n,
. A

n,
.

at
r
.
?
ists

o

at

r

g

spin for N588 nuclei. However, the effect is small as co
firmed by the recent measurement of the ra
g(41

1)/g(21
1)'1 in 154Dy @16,17#.

~d! Configuration mixing plays a role. In the most naiv
shell model, it is possible to construct the low-lying stat
with d5/2 protons andh9/2 neutrons for whichg51.13 @12#.
Thus, even a small admixture of such configurations co
indeed result in magnetic moments that deviate from the p
dictions presented above. In fact, recent data on146Nd @18#
show that theg factor of the 41

1 state is also markedly dif-
ferent from that of the 21

1 state.
It thus appears that152Gd, with Z564 protons closing a

magic subshell, may exhibit stronger collectivity than t
neighboring nuclei with proton holes in the subshell. In the
nuclei, single-particle effects can be enhanced. High pr
sion systematics ofg factors of the low excited states i
nuclei with protons around theZ564 subshell and neutron
number above and below theN588 boundary are necessa
to assay the interplay between collective and single-part
configurations.

Experiments are underway in which theg factors of the
low-lying excited states will be measured with significan
higher precision than available at present. These experim
involve Coulomb excitation, in inverse kinematics, of th
states of interest in a beam of the relevant nuclei Nd, S
Gd, and Dy@8,18#.
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