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The g factor of the first excited, —+, 93.6 keV level of 'Sr was measured using a beam of separated

fission products and the time-differentia perturbed angular correlation method. The result,

g( —'+ ) = —0.231(11), is discussed in the context of the systematics of g factors of N= 53—57 isotones,

and found to be in good agreement with the prediction of the core-excitation model.

PACS number(s): 21.10.Ky, 27.60.+j

I. INTRODUCTION

The study of odd-A spherical nuclei can provide useful
information for understanding the mechanism of single-
particle excitations and the interaction between the single
particle and the even-even core. In general, quite
difFerent modes of excitation can lead to the low-lying
levels of an odd-A nucleus: simple single-particle transi-
tions to higher-lying orbits, coupling of the odd particle
with the core, interactions among several particles out-
side a closed shell, etc. These difFerent modes of excita-
tion are usually characterized by difFerent values of some
observables such as level energies, electromagnetic transi-
tion rates, or static moments. The experimental measure-
ment of these observables can help distinguish among the
difFerent excitation modes.

In this work we have measured the g factor of the first
excited state, E=93.6 keV, —', +, in the %=53 isotone
'Sr. This nucleus has three neutrons outside the closed

shell X=50, and is an important multiparticle odd- A

system in this region, in which Z=38 (and 40) act as
significant shell gaps. The relatively long (88.8 nsec)
half-life of its first excited state makes it a good candidate
for a perturbed angular correlation measurement. The
result will be analyzed in the context of systematics of
%=53—57 isotones, and the predictions of calculations
using several difFerent models for these nuclei will be dis-
cussed.

II. EXPERIMENTAL TECHNIQUE

The experiment was performed at the TRISTAN
fission product separator [1],which operates on-line with
the High Flux Beam Reactor at Brookhaven National
Laboratory. An integrated ion source assembly contain-
ing a 5 g, 93% enriched U target placed in a thermal
neutron Aux of about 2.010' n/cm sec provides beams

*Present address: American Physical Society, Ridge, NY
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of singly ionized fission products which are subsequently
electromagnetically separated and directed to various ex-
perimental beam ports. The beam intensity is strongly
dependent on the mass of the fission product, in general
following the fission fragment yield distribution, and is
modulated by the ionization mechanism in the source.
DifFerent types of ion sources have been developed and
investigated, in order to provide the highest possible in-

tensity for each element. A detailed description of
TRISTAN and of the ion sources is given elsewhere [1].
In the present experiment a plasma ion source was used,
and a very high intensity beam containing 'Rb was pro-
duced. In fact, we had to reduce the power of the ion
source in order to maintain a reasonable rate in the
counting system. A superconducting magnet (maximum
field 6.3 T) is installed on one of the beam ports. The
fission products are deposited on an aluminized tape, and
transported periodically to the center of the magnet.
This setup was used in the past [2,3] for integral and
time-difFerential perturbed angular correlation measure-
ments (IPAC and TDPAC). These measurements have
shown that no significant attenuation of the correlation
occurs in the aluminized tape.

The half-life of the 93.6 keV level in 'Sr is known to be
88.8+1.7 nsec [4]. For such long-lived nuclear states, it
is well known [5] that the TDPAC technique can be used
to provide quite accurate g-factor measurements. Since
such an experiment requires good electronic timing, our
usual HPGe setup for g-factor measurements was not
suitable and a new system exploiting the excellent timing
characteristics of BaF2 detectors was designed, construct-
ed, and tested [6]. The BaF2 crystals were coupled to fast
XP-2020Q photomultipliers, yielding a time resolution
better than 1 nsec FWHM for the dynamic range of in-
terest (90—400 keV). The energy resolution was about
25%%uo at 100 keV. This relatively poor energy resolution
was nevertheless found to be sufficient to resolve the most
important lines in the spectrum. The detectors were
placed concentrically around the magnet, at about 12 cm
from its center. The angles between the detectors were
+135, —135', and 90 . The angle signs in the external
magnetic field were determined using the usual conven-
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III. RESULTS

The strongest cascade involving the 93.6 keV level is
345.5-93.6 keV. The measured angular correlation for
this cascade is presented in Fig. 1. The anisotropy is
quite large, indicating that a TDPAC measurement is
certainly feasible.

Since the TDPAC setup had both +135 and —135'
angles, and for each pair of detectors we could set
analysis gates on either radiation of the cascade, only one
field direction was required. The expected absolute value
of the g factor was in the range 0.1 —0.7, and since the
time resolution was quite good, we could use a large mag-
netic field. We chose 3.85 T, mainly because of limita-
tions in the use of the photomultipliers in the fringe field
at higher field strengths. The resulting time spectra for
the 345.5-93.6 keV cascade were summed for both pairs
of detectors, and the following function was calculated:

I(135,r) —I( —135', t )

I( 135 ', t ) +I( —135,t )

For cases such as ours, where the coe%cient 344 of the
unperturbed correlation is zero, this function is known
[5] to have the simple analytic form:

R(13 5, t ) =—'A22sin2coL t, (2)

where the Larmor frequency of precession cuL is given by

1.1 — %(8)=1—(0.13~.047)Pp(cos8)+(0.04M.08)Pq(cos8)
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FICi. 1. The unperturbed gamma-gamma correlation of the
345.5-93.6 keV cascade. The solid line is a 6t by a sum of
Legendre polynomials.

tion [7]. Special magnetic shielding (Philips base assem-
bly S-5632) was used around the photomultipliers, which
enabled proper operation of the detectors using a field of
up to about 4 T at the center of the magnet. The average
fringe field at the position of the detectors was about 0.1

T.
The data were accumulated in event mode using a PDP

11/34 computer, and sorted off-line using a micro-VAX
computer. In a seven-day run, a total of about 1.5X10
coincidence events were recorded.

In a separate experiment, nonperturbed angular corre-
lations were measured using four high-resolution HPGe
detectors at fixed positions around the source, in order to
determine the anisotropies of the gamma-gamma correla-
tions.

coL = gBp~/A . (3)

g,„(—', ) = —(0.231+0.011) .

We also note that the fit in Fig. 2(b) is consistent with an
angular correlation coeKcient of 322= —0. 13, as found
in the unperturbed angular correlation measurement (Fig.
1). This is an important consistency check of the experi-
ment, and shows that no significant attenuation takes
place in the aluminized tape. Knight shift and diamag-
netic corrections in this case are estimated [8] to be less
than 2%, and were not included in the experimental re-
sult quoted above.

IV. DISCUSSIQN

We will now discuss the result of this work within the
broader context of magnetic moments of the g.s. and first
excited —,

'+ states in N=53 —57 isotones. It is a common
feature of many of these isotones that their g.s. is —,'+,
while the first excited state is —,', occurs at relatively low
excitation energy, and has a rather long half-life. Some
of these nuclei have been the subject of several detailed
nuclear structure calculations. Choudhury and Clemens
[9] have studied the Mo isotopes using an intermedi-
ate coupling approach, in which one or several single-
particle states are coupled to the vibrations of an even-
even core. Their result for the g factor of the —', + state of

Mo, g ( —', +
) = —0.38, is in disagreement with the experi-

mental value [10] of —0.261(8). Bhattacharya and Basu
[11]have applied the quasiparticle-phonon coupling mod-
el for several odd-A Ru isotopes. However, their calcula-
tions predict only higher-lying (above 400 keV) —', + states
in ' " ' Ru, with a positive magnetic moment. These
states are most probably related to a neutron d3/2 excita-
tion, and are not relevant to the present study, since our
experimental result for the magnetic moment is negative,
indicating that it is probably due to a d»2 neutron
configuration. In a different approach, Paar [12] showed
that the low-lying levels of Mo can be reasonably well
described by a cluster-vibrational field coupling model.
However, within this model the value —0. 17 obtained for
g( —', +) of Mo is again quite far from the experimental
value.

Although all the above calculations do provide quite
good agreement with experimental level energies and at
least with some experimental electromagnetic transition
rates, they all fail to reproduce the magnetic moment of
the low-lying —', + state. On the other hand, the simple
core-excitation model of deShalit [13] was found [14] to

The experimental function R (135 ', t) is presented in Fig.
2. The total intensity from both pairs, I( 135 ', t )

+I( —135', t ), is also shown in Fig. 2, and gives a half-
life of T,F2=94+5 nsec, in good agreement with the
known half-life. A nonlinear least-squares fit of the ex-
perimental R (135', t) by Eq. (2) yields

coL =(42+2) MHz,

from which we deduce
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FIG. 2. (a) Sum of time spec-
tra for the 93.6 keV transition in
the 345.5 keV gate. The solid
line is a fit with a lifetime plus
background function, yielding
T&&2=94(5) nsec. (b) The func-
tion R(135,t) [Eq. (1)] for the
345.5-93.6 keV cascade. The
solid line is a fit by Eq. (2).
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g„i,( —', +
) = —0.252(13),reproduce reasonably well the experimental g factors of

the —,
'+ states in Mo and ' 'Ru. We will therefore at-

tempt to apply the same model to 'Sr.
The basic assumption of the core-excitation model is

that the low-lying states of an odd-even nucleus are
formed by coupling the odd particle in the g.s.
configuration of the odd nucleus to the 2&+ excitation of
the even-even core. In our case, the d ~ &z neutron
configuration of 'Sr coupled to the 2&+ state of Sr pro-
duces the low-lying spectrum of 'Sr. It is important to
note that this model does not provide a direct calculation
of g( —,

'
) from the diagonalization of a certain Hamiltoni-

an, but, rather, gives a relation between the magnetic mo-
ments of several closely related states. In this sense the
core-excitation model is different from the models men-
tioned above. On the other hand, its simplicity makes it
very suitable for the interpretation of systematics of ex-
perimental data, and it can help identify common
features of neighboring nuclei. Within this model, g( —', +)
of 'Sr is given by the relation [14]

in agreement with the experimental value. The negative
sign of the measured g factor is simply explained in this
model as being due to the d5&2 neutrons in the ground
state.

We performed similar calculations for Mo, Ru, and
' 'Ru. These are the only N=53 —57 isotones for which
g( —,

'
) is known [10]. No such data are available for

%=51 isotones. The calculated and experimental values
of the g factors are shown in Fig. 3, together with the
value for 'Sr reported in the present work. We see that
in general there is quite good agreement between the ex-
perimental and calculated values. Also shown in Fig. 3
are experimental g( —', +) values for %=51—57 isotones. A
comparison of the experimental values in the two panels
of Fig. 3 shows that g( —,

'+) and g( —,
'+) have a quite similar

N dependence. A trend is clearly observed, namely, the
absolute value of the g factor tends to decrease as more
neutrons are added to the nucleus. This trend may be
due to effects related to particle-hole excitations, which
are known [15] to considerably affect the magnetic mo-
ments, and become less effective as the shell fills because
of the Pauli principle. However, detailed calculations are
needed to substantiate this hypothesis. In Fig. 3(b) we
also observe a clear Z dependence of g( —,'+), for each
value of X. For %=51, the isotopes with larger Z have a
larger absolute value of the g factor. In fact, the value for
'Zr is quite close to the Schmidt limit of —0.765 for a

d~&z neutron. The Z dependence for the other isotone
chains is less clear, but shows the effect of the even num-
ber of protons on the magnetic moment. A detailed in-
terpretation of the Z dependence of the data in Fig. 3(b)
will certainly provide interesting information about the
proton-neutron interaction, but it is beyond the scope of
the present work.

g„„(—,'+) =0.867g( —,'+)+0. 133g(2,+), (4)

where g( —,'+), g(2, ) are the g factors of the g.s. of 'Sr,
and the 2&+ state of Sr, respectively. The numerical
coefficients in Eq. (4) depend only on the spins of the
respective states. The experimental value of g( —,

'+) for
'Sr is —0.355(1) [10]. The value of g(2,+) for Sr is not

known. However, most 2&+ states in this region have g
factors close to Z/A [10]. Moreover, inspection of Eq.
(4) above shows that g( —,

'+) is not very sensitive to g(2,+).
We therefore use g(2,+)=0.42(10), incorporating in the
error bar any reasonable deviation from Z/A. With this
assumption we obtain

—0.25
' 'Ru
f06Cd+ ooMo

iosCg

—0.15 — ~ exp
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44su

FIG. 3. (a) Experimental and
calculated g factors for —'+ states
in N =53—57 isotones. Data
from this work ( 'Sr) and Ref.
[10] (9'Mo, 99'o'Ru). (bl Experi-
mental g factors of z+ states in

N=51 —57 isotones. Data from
Ref. [10].
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In conclusion, the experimental g factor of the —,
' state

in 'Sr reported in this work is in good agreement with
the systematics of —,

'+ states in N =53—57 isotones. The
agreement between the systematics and the calculations
shows that the simple core-excitation model provides a
good description of magnetic moments of low-lying states
in these nuclei.
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