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Shell closure effects in the stable74–82Se isotopes from magnetic moment measurements
using projectile excitation and the transient field technique
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Projectile excitation and the transient field technique have been used to measure theg factors of the 21
1,

22
1, and 41

1 states in74– 82Se in order to study the influence of theN550 shell closure at low excitation
energies. The states of interest were populated by Coulomb exciting beams of the appropriate isotope by the
same natural Si target. The results demonstrate that inverse kinematics provides a very powerful technique,
highly suitable for measurements with radioactive beams. Theg factors obtained for74– 82Se are compared
with results from IBM-II calculations.@S0556-2813~98!02005-6#

PACS number~s!: 21.10.Ky, 25.70.De, 27.50.1e
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I. INTRODUCTION

The stable74– 82Se isotopes are transitional nuclei displa
ing some unexpected features. Besides a varying collect
reflected by theB(E2) values, they exhibit pronounce
single-particle and shell effects. Figure 1 displays the m
decay features of low-lying states of these isotopes w
Table I shows the available data on branching ratios, l
times, andB(E2)’s of the 21

1 , 02
1 , 22

1 , and 41
1 states. The

Se isotopes do not behave either like good vibrators or g
rotors. The ratioE(41)/E(21) increases from 2.1 to 2.7
across the sequence of isotopes while the branching
I (22

1→21
1)/I (22

1→01
1) varies from 0.3 to 2.0. TheB(E2)’s

for the transitions from the 21
1 , 02

1 , 22
1 , and 41

1 states
indicate some collectivity, but not an overwhelming cont
bution. Kaup and collaborators@1# have carried out, within
the interacting boson model~IBM-II !, systematic calcula-
tions for Kr, Sr, and Se isotopes to determine the exten
which single-particle excitations compete with collective d
grees of freedom.

Over the last 20 years, magnetic moments of short-liv
nuclear states have been measured by the transient field
nique. In its conventional application, target nuclei are
cited by heavy ion beams and are simultaneously eje
from the target material with high velocity. These fast io
then traverse a ferromagnetic material such as iron or ga
linium in which they interact with the polarized electron
The net effect of this interaction is an effective hyperfi
interaction at the nucleus which results in a precession of
angular distribution of decayg rays. This angular precessio
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is directly proportional to the magnetic moment of the e
cited state under study.

In the experiment described below it is the beam tha
Coulomb excited by a target nucleus whereas the targe
mains the same for all different beams to be studied. C
lomb excitation of80,82Se beams was first applied by Kavk
et al. @2#. However, Speidel and collaborators@3# first used
the inverse reaction kinematics method forg-factor measure-
ments. The technique has the advantage of keeping all
perimental conditions fairly constant, and thus allows
ready comparison of different nuclei interacting with th
same target. It provides high efficiency for detection of t
reaction products and high velocity of the recoiling ion
features which are essential attributes for transient field m
surements. It has the added advantage of being the
method available for the study of magnetic moments of
dioactive nuclei for which no stable target exists. These

ers

FIG. 1. Low-lying states in74– 82Se.
2181 © 1998 The American Physical Society



2182 57K.-H. SPEIDELet al.
TABLE I. Spectroscopic data on the low-lying levels of74– 82Se @22#. Energies are in MeV, mean lives in ps,B(E2)’s in e2 fm4 or in
Weisskopf units~second line!, andB(M1)’s in mN

2 .

74Se 76Se 78Se 80Se 82Se

E(21
1) 0.6348 0.5591 0.6137 0.6662 0.6547

t(21
1) 10.2~1! 17.7~3! 14.0~4! 12.4~2! 18.9~3!

E(02
1) 0.8538 1.1223 1.4986 1.4792 1.4099

t(02
1) 1080~72! 16~7! 2.6~4! 16.4~25! 43.3

E(22
1) 1.2690 1.2610 1.3086 1.4492 1.7313

t(22
1) 5.8~16! 4.9~3! 6.1~4! 2.81~10! 1.36~16!

E(41
1) 1.3632 1.3308 1.5028 1.7012 1.7351

t(41
1) 2.68~12! 2.19~7! 1.51~7! 0.95~3! 1.38~22!

E(41
1)/E~21

1) 2.147 2.38 2.449 2.553 2.650
I (22

1→21
1)/I~22

1→01
1) 1.96 1.69 1.33 0.68 0.30

d~22
1) 25.6(16) 15.2~2! 13.5~5! 25.0(26

12)
B(E2; 21

1→01
1) 775~10! 844~14! 670~19! 504~8! 359~6!

41.3~5! 43.5~7! 33.3~9! 24.2~4! 16.7~3!

B(E2; 02
1→21

1) 1500~100! 906~396! 578~89! 140~21! 77
80~5! 46.6~204! 28.7~44! 6.7~10! 3.6

B(E2; 41
1→21

1) 1485~66! 1361~44! 973~45! 722~23! 402~64!

79.2~35! 70.1~23! 48.4~22! 34.7~11! 18.7~30!

B(E2; 22
1→21

1) 884~244! 823~50! 439~29! 384~14! 96~11!

47.1~130! 42.4~26! 21.8~14! 18.5~7! 4.5~5!

B(M1; 22
1→21

1) 0.00072~54! 0.00071~53!

B(E2; 22
1→01

1) 15~4! 23~1! 15~1! 27~1! 29~3!

0.8~2! 1.2~1! 0.7~1! 1.3~1! 1.3~1!
it
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periments are thus precursors of similar types of study w
radioactive beams which are being planned at a variety
facilities around the world.

II. EXPERIMENTAL TECHNIQUE

The experimental details for measuring magnetic m
ments of short-lived excited states by the transient field te
nique have been described in previous publications@3,4#. In
the current experiments, isotopic beams of74– 82Se between
230 and 262 MeV were accelerated by the Wright Nucl
h
of

-
h-

r

Science Laboratory Tandem at Yale. All five Se isotop
were produced from a natural Se cone in the UNIS sou
Figure 2 shows the intensity profile of the beam at the
trance to the accelerator.

The target was a composite of several materials. A la
of 0.95 mg/cm2 of natural Si was evaporated on a 4
mg/cm2 gadolinium substrate which was itself evaporated
a 1.0 mg/cm2 tantalum foil backed by 1.35 mg/cm2 of alu-
minum @5#. In addition, a 7.5 mg/cm2 copper foil was placed
behind the target to stop the beam. The target and beam
were mounted on the tip of a closed cycle refrigerator wh
n
FIG. 2. Spectrum of ions emitted by the io
source at the WNSL Tandem accelerator.
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57 2183SHELL CLOSURE EFFECTS IN THE STABLE74– 82Se . . .
FIG. 3. Spectrum of76Se g rays in coinci-
dence with 28Si ions. While the upper curve
shows the spectrum obtained with a NaI~Tl! de-
tector the curve below shows the spectrum o
tained with a Ge detector. As can be seen fro
the Ge spectrum there are no additionalg lines
contaminating any of the transitions analyze
Since the Ge detector was placed at the forwa
angle of 10° with respect to the beam axis, t
fully Doppler-shiftedg line from the (21

1→01
1)

transition in 28Si occurs at a higher energy i
comparison to the spectrum taken with th
NaI~Tl! detector placed at 65°.
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was operated at a temperature of 50 K during the run.
The magnetization of the target was measured, before

after each experiment, as a function of temperature fr
11 K to 300 K in an ac magnetometer@6#. The magnetization
was constant over a temperature range from 44 K to 122
During the experiment, an external magnetic field was
plied to the target to magnetize the gadolinium foil. In t
experiments carried out at beam energies of 230 M
the external magnetic field was 0.04 T which resulted in
target magnetization ofM ~50 K!50.1746 T. For the
experiments at other energies, a lower external field w
used, 0.03 T, resulting in a smaller target magnetizat
M ~50 K!50.1641 T.

The excited beam nuclei traverse the ferromagnetic la
and stop in the cubic environment free of further electro
interactions. The recoiling H-like Si ions had enough ve
city to emerge from the beam stop and were detected b
100-mm-thick passivated implanted planar silicon detec
placed at 0° subtending an angle of613°.

The g rays in coincidence with forward-scattered28Si
ions were detected in four 12.7 cm3 12.7 cm NaI~Tl! de-
tectors located at a distance of 17.5 cm from the target. A
detector was placed at a forward angle of 10° to the be
axis to monitor throughg-ray line shapes the adherence
target layers and to ensure that no impurity radiations c
tributed to the background under theg-ray lines. The data
were recorded in event mode. Typical coincidence spe
measured with NaI~Tl! and Ge detectors are shown in Fig.
Theg rays deexciting the 21

1, 41
1, and 22

1 states are clearly
identified and resolved. In addition, a Doppler-shiftedg ray
corresponding to the (21

1→01
1) transition from forward-

scattered28Si ions which were Coulomb excited to their fir
21 state by the beam ions is also observed.

Angular correlations of the emittedg rays were deter-
mined from the measured anisotropy ratios of coincideng
rays at 45° and 90°. For the measurement of precession
detectors were placed at complementary anglesu05665°
and 6115° with respect to the beam direction. Bea
bending effects in the fringe field of the magnet were fou
to be negligible because of effective shielding.

Two sets of experiments were carried out. In the first,
74– 82Se isotopes were accelerated to 230 MeV. In the s
nd
m
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ond, the beam energy was varied in order to maintain
same kinematic profile for the excited Se ions traversing
gadolinium layer. In this case energies of 262, 253, and
MeV, respectively, were used for beams of74Se, 76Se, and
80Se. The average entrance and exit energies and veloc
for the excited Se ions in the gadolinium layer are display
in Table II.

III. DATA ANALYSIS AND RESULTS

The measured precession effecte for the radiation deex-
citing a certain state can be expressed as

e5
r21

r11
, ~1!

wherer5(r14/r23) is determined from the double ratios

r i j 5ANi
↑/Ni

↓

Nj
↑/Nj

↓, ~2!

and the coefficientsi 51,2 andj 53,4 represent the four de
tectors;Ni , j

↑ and Ni , j
↓ are the coincidence counting rates

TABLE II. Characteristics of the reaction kinematics.^Ein&,
^Eout&, ^v/v0& in , and^v/v0&out are, respectively, the average ene
gies and velocities of theASe isotopes as they enter into and e
from the gadolinium foil.v05e2/\ is the Bohr velocity.

Beam energy ^Ein& ^Eout& ^v/v0& in ^v/v0&out

~MeV! ~MeV! ~MeV!

74Se 230 35.5 3.25 4.40 1.33
262 39.1 3.48 4.61 1.45

76Se 230 36.5 3.57 4.40 1.38
253 39.5 4.10 4.58 1.40

78Se 230 37.4 3.90 4.40 1.42
80Se 230 38.2 4.21 4.39 1.46

236 39.6 4.48 4.47 1.50
82Se 230 39.4 4.63 4.40 1.51
28Sia 230–262 15.0 14.0

aTarget excitation.
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2184 57K.-H. SPEIDELet al.
the photopeak of theg transition in thei th or j th detector
with the external field pointing ‘‘up’’ (↑) and ‘‘down’’ (↓)
with respect to the plane of the reaction. Theg-ray photo-
peak intensities have been corrected for random and b
ground rates. Similar ‘‘cross ratios’’rc5(r24/r13) and ec
were calculated to check for systematic effects that mi
mask the true precession. In all cases, vanishingly smaec
were obtained. The precession anglesDu are derived from
the measurede ’s through the relationship

Du5e/S, ~3!

whereS is the logarithmic slopeS(u0)5(1/W)(dW/du) of
the angular correlation at the angles of interestu0.

The substate alignment parameterw(m50) was derived
from a fit of the anisotropy ratios to the predictions of ang
lar correlation theory@7#. The populations of the 21

1 states
from either direct excitation or feeding from the 02

1, 22
1, and

41
1 states were obtained from Coulomb excitation calcu

tions and the known spectroscopic parameters~Table I!. The
total cross sections for Coulomb excitation of the 21

1 ,
02

1 , 22
1 , and 41

1 states under the experimental conditions
this experiment were calculated on the basis of
Winther–de BoerCOULEX code and are displayed in Tab
III.

A substate alignment ofw(m50)50.95 was obtained
for all isotopes and energies except for74Se at 262 MeV
which is close to the Coulomb barrier. A lower alignme
w(m50)50.88, fits the data best, yielding slightly lowe

TABLE III. Calculated Coulomb excitation cross sections f
the 21

1, 02
1, 22

1, and 41
1 states in theASe isotopes at the indicate

beam energies and for Si particles detected between 0° and 1

Beam energy s~21
1) s~02

1) s~22
1) s~41

1)
~MeV! ~1022 b! ~1022 b! ~1022 b! ~1022 b!

74Se 230 1.483 0.321 0.190 0.394
262 1.117 0.449 0.280 0.584

76Se 230 2.005 0.179 0.226 0.431
253 1.706 0.253 0.311 0.618

78Se 230 2.222 0.072 0.112 0.254
80Se 230 2.019 0.017 0.107 0.144

236 1.990 0.014 0.095 0.122
82Se 230 1.832 0.007 0.044 0.053
k-

t

-

-

f
e

,

slopes. It should be emphasized that for the higher be
energies the possibility of non-Coulomb excitation reactio
have been considered but no appreciable effects were
served. In fact the angular correlation population parame
w(m50) were well accounted for by assuming only Co
lomb excitation. A summary of all logarithmic slopes
found in Table IV.

The determination of the precession angleDu for the 22
1

and 41
1 states follows directly from Eq.~3!. However, the

determination of the precession angleDu for the first 21

states requires a more elaborate analysis due to signifi
contributions from feeding from the 02

1, 22
1, and the 41

1

states. This feeding affects the precession in two ways~i!
theslopeof the measured (21

1→01
1) angular correlation is a

composite of contributions from the feeding states, and~ii !
the precessionsof the 41

1 and 22
1 states themselves~the 02

1

state does not precess! must be taken into account explicitly
Both these effects are characterized by the popula
strength of the feeding states and by the angular correlat
in which the feeding transitions to the 21

1 state are not ob-
served. Additional terms have to be included in the analy
due to the fact that, in74Se, the feeding (22

1→21
1) transition

has almost the same energy as the (21
1→01

1) transition, and
similarly in 76Se, the (02

1→21
1) is not resolved from the

(21
1→01

1) transition.
The measurede ’s of the 21

1 states can be expressed as@8#

e2
1
1

meas
5

( ie iSi~u0!PiWi~u0!

( iSi~u0!PiWi~u0!
, ~4!

wheree i , Si(u0), Pi , andWi(u0) refer to thee values of the
feeding states.Si andWi are the slopes and correlation fun
tions atu0 of the i th transition andPi the population strength
of the feeding states proportional to the total Coulomb ex
tation cross section~Table III!. Similarly, the average slope
^S& which is directly related to the measured angular cor
lation can be expressed as@8#

Smeas[^S&5
( iSi~u0!PiWi~u0!

( i PiWi~u0!
. ~5!

The Du~21
1) can now be derived from the know

Si(u0),Pi ,Wi(u0), and thee ’s of the 21
1, 41

1, and 22
1 states.

The results are summarized in Table V.

.

e

TABLE IV. Summary of logarithmic slopes of the angular correlations at6 65° or 6 115° derived

from the measured anisotropiesA and angular correlation theory@7#. The average logarithmic slop
^S(21

1→01
1)& is a weighted average of the slopes of the direct excitation of the 21

1 state and the slope
components arising from feeding from the 02

1, 22
1, and 41

1 states~see text!. Errors quoted refer to those
measured for the anisotropiesA.

74Se 76Se 78Se 80Se 82Se
E ~MeV! 230 262 230 253 230 230 236 230

A(21
1;45°/90°) 2.35~5! 3.31~6! 5.19~3! 6.47~4! 6.05~7!

^S(21
1→01

1)& 1.96 1.46~3! 2.27 1.93~2! 2.40~1! 2.58~1! 2.53~1! 2.63
S(41

1→21
1) 1.08 1.05 1.08 1.08 1.08 1.08

S(22
1→01

1) 2.68 2.44 2.68 2.68 2.68 2.68
S(22

1→21
1) 0.35 0.30 0.30 0.35 0.30 0.34
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TABLE V. Measured precessions for transitions observed in the decays of the 21
1, 22

1, and 41
1 states in

the 74– 82Se isotopes. Theg-ray detectors were placed at665° and6115° with respect to the beam.

Beam Energy 2Du(21
1→01

1) 2Du(22
1→01

1) 2Du(41
1→21

1)
~MeV! ~mrad! ~mrad! ~mrad!

74Se 230 19.53~60! 22.4~39! 17.7~38!

262 15.5~26! 28.8~97! 23.6~80!
76Se 230 18.82~40! 14.1~33! 21.8~34!

253 16.4~15! 14.0~41! 28.9~77!
78Se 230 17.85~44! 14.9~47! 17.5~52!
80Se 230 19.91~35! 13.7~45! 17.4~73!

236 16.47~56! 11.3~59! 13.6~130!
82Se 230 23.30~33! 17.8~119!
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Finally, the g factors could be determined from the e
pression

Du52g
mN

\ E
t in

tout
B~v~ t !,Z!e2t/tdt, ~6!

whereB, the transient field, is a function of the velocityv
and atomic numberZ of the probe ion,t is the mean lifetime
of the state being examined, andt in and tout are the mean
entrance and exit times of the ions into or out of the fer
magnet. However, in order to obtain results independen
the magnetization of the gadolinium layer and uncertain
inherent in existing parametrizations of the transient fieldg
factors were obtained from the measured precessionsDu by
calibrating the field with the knowng factor of 82Se~21

1), g
5 0.496~29!. This value had been determined previously u
ing the transient field technique with a32S beam@9#. It is
noted that the calibration procedure used in the current
periment avoids the problem arising from possible deterio
tion of the target magnetization induced by the ion be
with subsequent reduction of the effective transient field@10#
because all measurements were performed with similar b
intensities and for Se ions with the same stopping power
gadolinium. Nevertheless, a distinct difference in the prec
sion of the 80Se~21

1) state was observed in the two runs
comparable beam energies of 230 MeV and 236 MeV~Table
V!. This difference was attributed to different intrinsic targ
magnetizations during the two experiments. This observa
was made possible only by the high precision of the m
sured precessions of the 21

1 state. The effect was not visibl
in the precessions of the 22

1 and 41
1 states because of th

lower accuracy of the measurement~Table V!. Hence the
precessions measured in the different experiments were
malized through the measured precession of the80Se~21

1)
state which was experimentally determined at both 230 M
and 236 MeV.

The effect of the beam on the magnetization is parti
larly pronounced in the precession of the28Si~21

1) state
which was measured simultaneously. The measured pre
sionDu522.7(8) mrad implies a transient field attenuati
for 28Si ions of.0.3 which is in good agreement with ea
lier observations and systematic measurements on H
ions relevant to the present beam-target conditions. I
noted that this attenuation, however, is substantially wea
for the Se ions@10#.
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IV. RESULTS

The technique of inverse kinematics coupled with Co
lomb excitation of the beam allowed measurements of thg
factors of the 21

1 states of all stable74282Se isotopes with a
relative accuracy of the order of 1–2 %; theg factors of the
22

1 and 41
1 states were measured for the first time.

The absoluteg factors of individual excited states wer
derived from the measured precession anglesDu. The pre-
cession angles were corrected for the differences in the k
matics encountered by ions of different masses traversing
gadolinium foils. Both the Rutgers@11# and the linear@12#
parametrizations of the transient field have been used to
termine these corrections, yielding the same results.

The results are displayed in Fig. 4 as ratios ofg„ASe(21
1)…

to g(74Se(21
1)…, the g factor of the lightest isotope in the

series. Theseg factor ratios are insensitive to uncertainties
the transient field parametrizations. The magnetic momen
the 21

1 state of82Se had been measured by the transient fi
technique in both iron and gadolinium environments, yie
ing g50.481(38) and 0.516~45!, respectively@9#. The aver-
age of these values,g50.496(29), is adopted as the refe
ence with respect to which the absoluteg factors of the other
isotopes are determined even though an earlier measure
by the ion implantation perturbed angular correlation te
nique had yielded a smaller value,g50.43(12) @13#. How-
ever, in order to minimize systematic errors due to the d
ferent techniques, the transient field value was adopted
this paper. The agreement between the previous trans
field experiments and the present results is very good.
absolute values of theg factors are displayed in Table VI.

V. DISCUSSION

The magnetic moments of the 21
1 states have been mea

sured with higher accuracy than any others in this region
therefore can provide a stringent test of the nuclear mod
It is evident from the data that while the measured magn
moments are of the order of theZ/A prediction for collective
models, they also exhibit marked structure as a function
neutron numbers.

The present results are discussed in the framework of
proton-neutron IBM-II which should be applicable to th
even-even Se nuclei in view of their transitional charact
The atomic numberZ534 is far from the closed shell num
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FIG. 4. Ratio of measuredg„ASe(21
1)… to

g„74Se(21
1)… in comparison with the IBM-II cal-

culations. The dashed curve shows the results
the calculations dealing withN 5 50 (Nn

max55
for 74Se andNn

min51 for 82Se! as shell closure
whereas the dashed-dot curve assumes an a
tional subshell closure atN538 ~besides theN
550 closure! with Nn

max53 for 78Se andNn
min

51 for 74Se as well as82Se. The dip in theg
factor ratio can only be explained for the latte
case.
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berZ528. The neutron number varies from 48 in the case
82Se, near shell closure atN550, to 40 (74Se!, significantly
far from 50, but approaching a possible additional subs
closure atN540, observed atZ540 in the Zr region.

Extensive calculations had been carried out in the p
@1,14# to explain several properties of these nuclei in a c
sistent way. Kaupet al. @1# calculated low excitation ener
gies andE2 matrix elements within the IBM-II and obtaine
results in good agreement with observed level energies
theE2 transition probabilities. However, they did not pred
B(M1)’s or g factors. Radhi and Stewart@14# did calculate
the g factors of the 21

1 states in72– 80Se within the IBM-II,
but did not discuss the implications of their results beca
of the large uncertainties in the experimental values availa
at the time. Their results, a constantg50.40 for 74– 78Se and
a slightly largerg50.43 for 80Se, do not agree with the
present much more accurate data. In addition, the neg
factors of the 22

1 and 41
1 states have not yet been discuss

within the IBM-II. Therefore, new calculations based o
slightly different input parameters were necessary in orde
obtain a better agreement with the magnetic properties
these nuclei and reproduce simultaneously the experime
electric quadrupole moments and transition probabilities.
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Throughout the present calculations, which are based
the work by Otsukaet al. @15#, the codeNPBOSdescribed in
Ref. @16# was applied. The Hamiltonian

H5~«d1«dp
!ndp

1~«d1«dn
!ndn

1kQp•Qn1aM, ~7!

where«d denotes the binding energy for thed bosons and
«dp

and«dn
are the deviations from this value for the proto

and neutrond bosons, respectively, was used. The prot
~neutron! quadrupole operatorsQp,n containing the deforma-
tion parametersxp,n are connected to each other by the p
rameterk, andM denotes the Majorana interaction opera
with the strength parametera. The parameters used are ide
tical to those of Kaupet al. @1# with the exception ofxp5
20.35 anda50 ~instead ofxp520.9 anda50.1 in @1#!
and the nonvanishing values for«dp

, «dn
(«dp

5«dn
50 in

@1#!. If the input parameters of Ref.@1# are used, the calcu
latedB(M1)’s become about two orders of magnitude larg
than the experimental ones. In addition, the unusual bosog
factors@14#

gp50.7 and gn50.2,
m
ef.
rror in
red
TABLE VI. Comparison of the experimentalg factors of the 21
1, 41

1, and 22
1 states in74– 82Se and the theoretical values deduced fro

IBM-II calculations for shell closure atN550. The measuredg factor quoted for the 21
1 of 82Se is the average of the values obtained in R

@9# with iron and gadolinium hosts. The errors in theg factors reflect both the statistical errors of the current measurements and the e
the calibration valueg„82Se(21

1)… ~see text!. The errors in the ratios ofg factors represent only the statistical errors in the measu
precessions~see Table V!. The input data for the IBM-II calculations are given in Table VII.

g(21
1) g(41

1) g(22
1) g~21

1 ; ASe!

g~21
1 ; 74Se!

Z/A

Expt. Calc. Expt. Calc. Expt. Calc. Expt. Calc.

74Se 0.428~27! 0.383 0.50~10! 0.368 0.55~9! 0.360 1.000~31! 1.000 0.459
76Se 0.403~23! 0.391 0.64~9! 0.381 0.35~6! 0.373 0.942~20! 1.021 0.447
78Se 0.384~25! 0.410 0.39~12! 0.408 0.33~11! 0.408 0.898~22! 1.070 0.436
80Se 0.435~27! 0.430 0.68~25! 0.447 0.35~10! 0.465 1.017~16! 1.123 0.425
82Se 0.496~29! a 0.434 0.57~38! 0.553 – 0.508 1.159~16! 1.133 0.415

aReference@9#.
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which substantially deviate from the standard values@17,18#

gp*1 and gn&0,

had to be used to reproduce both experimentalB(M1)’s and
g factors. More standard bosong factors can be used to
gether with othera values to explain the data. Howeve
since no information on mixed symmetry 21 states exists as
yet, there is no way to fit the Majorana parameter to exp
mental data. Therefore the parametera was set to zero.

In contrast to the work of Ref.@14# where small variations
of gp , gn , and the Majorana interaction were allowed f
different isotopes, these parameters were kept constant fo
isotopes throughout the present calculations. The magn
dipole operator in the IBM-II can be written as@17#

T~M1,m!5A 3

4pS 1

2
~gp1gn!Lm

~1!1
1

2
~gp2gn!

3~Lp,m
~1! 2Ln,m

~1! ! D , ~8!

with

Lr,m
~1! 5A10~dr

†d̃r!m
~1! , r5p,n,

where the first term of the magnetic dipole opera
T(M1,m) represents the total angular momentum opera
Lm

(1)5Lp,m
(1) 1Ln,m

(1) and is diagonal. Therefore, only the se
ond term of Eq.~8! gives a contribution to theB(M1)’s. The
B(M1)’s, consequently, show a strong dependence on b
the absolute difference of the deformation parametersuxp

2xnu, which are contained in theLr,m
(1) (r5p,n) operators,

and the magnetic momentsugp2gnu. In this context it should
be noted that, within the IBM-II,M1 transitions between
low-lying collective states are only allowed if these sta
contain components with less than maximumF spin @18#.
The magnitude of this so-calledF-spin breaking is mainly
determined by the magnitude ofuxp2xnu @19#.

The lower collective states are usually characterized
the maximumF-spin valueFmax5(Np1Nn)/2 whereNp,n
are the proton and neutron boson numbers, respectively.
the Se nucleiNp53 andNn varies fromNn55 in 74Se (N
540) to Nn 5 1 in 82Se (N548). If the states are totally
symmetric with respect to both boson species, that is, iF
spin is conserved, theg factor is given by

g5gp

Np

Np1Nn
1gn

Nn

Np1Nn
, ~9!

which can be expressed in terms ofF spin as

g5
gp1gn

2
1

gp2gn

2

F0

Fmax
, ~10!

where the first term is theF-spin scalar, the second term
the F-spin vector part, and

F0

Fmax
5

Np2Nn

Np1Nn
.

i-

all
tic

r
r

th

s

y

or

Theg factors obtained for the various excited states us
the set of input parameters shown in Table VII are summ
rized and compared to the experimental results in Table
As can also be seen in Fig. 4 the calculations sugge
monotonic increase in theg factors as a function ofN and do
not explain the observed drop atN542,44.

If one assumes an additional subshell closure atN538
~besidesN550) and the neutron boson numbers are renu
bered accordingly, the model predictsg factor ratios in fairly
good agreement with the experimental values~Fig. 4!. How-
ever, neither theB(E2)’s nor the level energies, especial
for 74Se, could be reproduced simultaneously withNn51
instead ofNn55 and with the Hamiltonian given by Eq.~7!.
Hence, a more comprehensive Hamiltonian such as that u
by Radhi and Stewart@14# was used. This Hamiltonian in
cludes additional terms for thed-boson conserving residua
neutron-neutron and proton-proton interaction of the fo
@16#

Vrr5
1

2
cL

r~dr
†3dr

†!~L !
•~ d̃r3 d̃r!~L !, r5p,n, ~11!

as well as the Majorana operator containing the parame
j1 ,j2 ,j3 which provide different interaction strengths ford
bosons coupling to the angular momentaL51,2,3. In order
to reproduce the electric properties@B(E2)’s and quadrupole
moments# of 74Se and76Se with reduced boson numbers, th
boson charges of both protons and neutrons had to be
creased toep50.12 e b and en50.10 e b over the previ-
ously adoptedep5en50.08 e b. In addition, the absolute
value of the quadrupole-quadrupole interactionk was varied
over values between20.20 MeV and20.30 MeV and both
quadrupole deformation parametersxp andxn had to be set
to '21 to compensate for the decreasedE2 transition
strengths. This calculation yields results in better agreem

TABLE VII. Values of proton, neutron boson numbers, an
IBM-II parameters used as input into the Hamiltonian of Eq.~7! for
74– 82Se.«d , «dp

, «dn
, andk are given in units of MeV; all other

parameters have no dimensions. Most parameters have
adopted from Ref.@1# with the exception ofxp520.35 and the
Majorana parametera50 instead ofxp520.9 anda50.1 in @1#.
In addition, thed boson binding energies have been set different
protons and neutrons. However, the sum energy of alld bosons as
well as the sum of (xp1xn) has not been changed for any of the
isotopes from the corresponding values in Ref.@1#. ep5en

50.08e b andgp50.7, gn50.2 for all isotopes.

A 74 76 78 80 82

Np 3 3 3 3 3
Nn 5 4 3 2 1
«d 1.05 0.96 0.99 0.98 0.96
«dp

0.10 0.10 0.10 0.10 0.10
«dn

20.06 20.075 20.10 20.15 20.30
k 20.13 20.16 20.21 20.24 20.26
xp 20.35 20.35 20.35 20.35 20.35
xn 20.27 20.055 0.16 0.375 0.55
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with the data~Fig. 4!. However, it is not clear that the as
sumption of a subshell closure atN538 is physical.

A conceivable subshell closure atN540, as has been sug
gested forZ540 @20#, is ruled out by the calculations, asM1
transitions would be forbidden in the model for74Se, con-
trary to observations@21#. In addition, theg factors for all
states in 74Se would becomeg5gp;0.7, which does not
agree with the measured valueg(21

1)50.428(27) ~Table
VI !. Further experimental corroboration of these assumpti
is necessary.

In summary, ratios of magnetic moments of the 21
1, 22

1,
and 41

1 states in74– 82Se have been measured with the hig
est accuracy available to date using the transient field me
following Coulomb excitation of the beam in inverse kin
,
Va

h

c

n,
. A

,

g,

U
s.
s

-
od

matics. The accuracies of the absoluteg factors are deter-
mined mainly from the value of theg(21

1) factor of 82Se.
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