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Facilities at the TRISTAN mass separator for measurement of
magnetic moments of nuclear excited states are described and recent results
for the N * 82 isotones are presented.

1. Introduction
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Measurement of the static magnetic dipole moments of nuclear excited
states are of interest since they reveal information on nuclear structure not
available by other means. A system has been constructed at the TRISTAN
separator to measure magnetic dipole moments of excited states in neutron-rich
nuclei using the method of perturbed angular correlations (PAC). High
magnetic fields are now available through the use of a superconducting
magnet. The capability of the TRISTAN system will be discussed and the PAC
measuring apparatus will be described* Final results from recent g factor
measurements at TRISTAN on 4+ states in the N - 82 isotones will be discussed
in some detail. Studies in progress will be briefly outlined.

2. The TRISTAN separator

TRISTAN is a mass separator on-line to the High Flux Beam Reactor (HFBR)
at Brookhaven National Laboratory which is used for studies of the structure
of neutron-rich nuclei far from stability. Nuclei of interest are produced by
fission of U by thermal neutrons in a target ion-source combination located
in a neutron flux of 2 x 10 ° part/s in an external beam line at the HFBR.

The layout of the TRISTAN system is shown below in Fig. 1. The fission
products emerging from the ion source are mass separated by a 90° magnet and
subsequently switched by a second magnet to the appropriate experimental
station. All measurements of g factors both with the normal and supercon-
ducting magnets have been carried out at the 45° port as indicated in Fig. 1.

A large number of g-factor measurements are possible at TRISTAN due to
the great variety* of elements available for mass separation and the long life
of the available ion sources. This situation was brought about by a vigorous
program of ion source development. The first ion sources were developed by
Shmid et al.[1] and used surface lonization on Ta or Re surfaces at
temperatures greater than 2000*C. The Ta ionizer is desirable for experiments
on the alkalis Rb and Cs. The Re ionizer is optimum for the production of
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beams of Sr, Ba, Ce, and Pr. A long-lived (to 1500 hours) FEBIAD ion source
modeled after that of Kirchner[2] is used to produce beams of Cu, Zn, Ga, Ge,
Se, Br, Kr, Rb, Ag, Cd, Y.n, Sn, Sb, Te, I. Xe, and Cs.

A second generation of high temperature ion sources has been recently
developed which operate up to temperatures of 2500*C allowing fast release
times for short-lived fission products and study of nuclei very far from
stability. The thermal ion source described by Piotrowski et al.[3] produces
beams of Ga, Ge, As, Rb, Sr, Y, In, Sn, Cs, Ba, La, Ce, Pr, Md, Pm, Sm, Eu,
Gd, Tb, Dy, and Ho. Also a high temperature plasma ion source produces beams
of Cu, Zn, Ga, Ge, As, Se,, Br, Kr, Rb, Sr, Y, Ag, Cd, In, Sn, Sb, Te, I, Xe,
Cs, Ba, Ce, and Pr.
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Fig. 1. layout of TRISTAN separator system

3. The PAC measurement system

In order to determine magnetic moments of nuclear excited states by the
PAC method it is necessary to observe the precession of tha angular
correlation between two f rnys in a 'static magnetic field. Two basic
approaches have been used.[41] If the half-life of the state of interest is
long compared, to tfee time resolution of the electronic system the Larmor
frequency ie measured directly by measuring the precession of the angular
correlation in a static magnetic field (differential PAC). Such measurements
can be made on states with half-lives longer than approximately 10 ns and
require sufficiently large angular correlation coefficients A22»

 A44» l3ut ̂ -fc

is not necessary to know their exact values.

If the half-life of the state of interest is shorter than the time
resolution of the electronic system, the integral PAC method must be used,
order to extract the g factor, values for the state half-life and the
coefficients A22» A44 must be available. Also one must determine the
attenuation (if any) of the correlation.

In



X * In g-factor measurements at TRISTAN the experimental system consists of
up to four stationary Ge detectors with efficiencies of 17 to 20% placed at
about 8 cm from the center of the pole pieces as shown in Fig. 2. In such a
configuration it is possible to measure the correlation at six different
angles simultaneously. The electronic and data acquisition systems are set in
such a way that y-y coincidences between any of the six pairs of detectors are
recorded as address triplets on magnetic tape. The four-detector system has
been described in detail by Wolf et al.[5]

ION
BEAM

Fig. 2. Schematic view of four detector system, magnet, and tape collector
used in PAC measurements.

In order to determine the g factor two different experiments are carried
out: a) an unperturbed angular correlation to determine the coefficients A22»
A44 in the Legendre polynomial expansion; b) a perturbed angular correlation
in a static magnetic field. A source 1 cm in diameter was collected on an
aluminized mylar tape in the TRISTAN beam line and moved to a position in the
static magnetic field with transport times ranging from 0.3 to 0.6 s. In the
first round "of experiments a magnetic field of up to 2.6 T was provided by a
conventional electromagnet.

The magnetic field at the site of the nucleus of interest was taken to be
the applied magnetic field. Corrections to this field due to the Knight shift
or diamagnetic shielding are negligible and perturbations from electric field
gradients are not expected due to the cubic structure of aluminum. In
addition unperturbed correlations on a number of y-ray cascades were measured
using the same type of aluminized mylar tape and good agreement with
theoretical values was obtained*[5,6]



Experimentally we measured the double ratio:

1/2
R(©>

where I(8,B) is the number of counts for the given y-Y cascade at angle
6 with magnetic field B up. The advantage of using this ratio is that it does
not depend on normalization involving detector efficiency, geometry, beam
intensity, and counting time with field up and down. Several sources of
systematic errors are thus eliminated. For a given Y~Y correlation, R(6) has
a maximum at an angle Q which depends on A33 and Add.

m a x •** ^^

4. The superconducting magnet for PAC studies

A superconducting magnet system was installed and successfully tested in
the Spring of 1984 and the first measurements were undertaken in June 1984.
The system consists of a split pole Nb-Ti superconducting magnet housed in a
4He cryostat which contains a X-point refrigeration unit. The maximum field
available is 6.25 T at 4.2#K and 6.75 T if the X-point refrigerator is used to
cool the magnet to 2.2*K. The above values constitute a factor of three
increase in strength over those available at TRISTAN using conventional
electromagnets. The magnetic field is homogeneous to better than 1% over the
1 cm area typical of our sources. The activity is collected as before on an
aluminized mylar tape and moved to the measuring point in the magnetic field
through a room temperature horizontal bore tube through the center of the
magnet. A maximum of four Ge detectors can be positioned in the plane
perpendicular to the fi'ild direction at a minimum distance of 8.5 cm from the
source. The superconducting magnet system was designed such that absorbing
material between source and the Ge detectors is minimized.

A schematic side view of the magnet and its housing is shown in Fig. 3.
The cryostat has a holding time for the liquid He of 3 to 4 days and field
reversal requires a total time of 3 to 4 hours. At the top of Fig. 3 a curve
showing the radial dependence of the magnetic field inside the bore tube is
given. The curve at the left shows the magnitude and vertical dependence of
the fringing field just outside the housing.

The possibility of measuring a given g factor by the integral PAC method
depends on the size of the coefficients A22 and A44 and the value of the half-
life of the measured state. Since the Larmor precession frequency is directly
proportional to the magnetic field, the increase of three in B obtained with
the superconductor allows one to measure g factors for states with shorter
half-lives or to use Y~ray cascades with smaller ^ 2 o r A44 coefficients, thus
enlarging considerably the number of possible measurements. Another important
factor is that experiments can be done with a given statistical accuracy in
about 10% of the time needed with the old (nonsuperconducting) system.

5. g-factor measurements at TRISTAN

A number of g-factor measurements have been carried out at TRISTAN using
both the differential and integral PAC method?. The g factors for the 2-+

states in Ba and 146Ba were measured using the integral method and the
normal magnet. The cascades measured were O2 * 2* + O1 which are particularly
advantageous due to the large anisotropy of the above spin sequence. The
results were interpreted within the framework of the IBA-2 formalism, and con-
firmed the validity of assuming a drastic change in the proton boson number
when the number of neutrons is increased from 88 to 90. This assumption
allows the results to be explained in a simple framework involving constant



values of boson g factors.
el»Qwhere.[7]

This work has been discussed in detail

The differential PAC technique has been used to measure[8] the g
tic 102 ns 7/2+ state in Zr at 1264 k«V. The value of 0.39 ± 0.0

factor
of the 102 ns 7/2T state in "Zr at 1264 keV. The value of 0.39 ± 0.04 is
consistent with the simple shell model prediction, g(Schmidt) - +0.43,
assuming g » g (free). Recently measurements have been made on the 61 state
(T./2 - 0?14 us) at 1774 keV in 132Te using the differential PAC method.
Integral PAC measurements on the 2j+ -«--*-— <- 146^« »«•* i«8n<» ,^a 4n „„„,
using the superconducting aagnet.

6 -

states in Ce and Ce are in progress
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Fig. 3. Schematic^ide view of the TRISTAN superconducting magnet. For
explanation of curves see text.

6. g factors of 4.j+ states in the N • 82 isotones

The N » 82 isotones have been extensively studied both experimentally and
theoretically* The existing experimental data is quite comprehensive with the
exception of static magnetic dipole and electric quadrupole moments. In
particular, __the only known g factor for 2«+ or 4. states in these nuclei is

f o r 140Ce. The values measured here,for 4. states in 136Xe and5 ( 4 . ) î*Ai w e xiic va lues ueattucea ncxrc A-WĴ  i< ouaucs a.11 AC AHU

enable us to establish systematics for g(4 ) for the N=82 isotones and
provide a test of shell-model calculations.

138Ba



6.1. Experimental determination of g(4 t
+) for 1 3 6 X e and 1 3 9 B a

The g factors were measured by the integral PAC method as described above
using a normal magnet. The beams of 1 3 6 I and J U C s parents were supplied by
the FEBIAD type ion source of the TRISTAN system. The magnetic field was 17.2
and 18.3 kG for the Xe and Ba measurements respectively. The half-lives of
the 4. + states in 1 3 6 X e and 1 3 8 B a are known to be 1.32 and 2.17 n s ,
respectively[9,10]. The experimental system consisted of four Ge detectors
placed about 8 cm from the center of the pole pieces (see Pig. 2 ) .

An unperturbed angular correlation measurement was first carried out to
determine the legendre coefficients A 2 2 and A 4 4 followed by an integral PAC
measurement to determine the g factor. For the PAC measurements the detectors
were set so that between 4 pairs we had 130° (for 1 3 6 X e ) and 140° (for
1 3 8 B a ) . The angles were chosen to maximize R(0) for the respective nuclei.
We thus had four times more statistics than possible with a two-detector
system.

136,, 138.,
Partial decay schemes of I J OXe (Ref. [11]) and " ° B a (Ref. [12]) are

given in Fig. 4. We measured unperturbed Y - Y correlations for some of the
cascades in Fig. 4. In Fig. 5 some of the measured correlations are
presented. The solid lines are best fits to a Legendre polynomial expansion
up to and including P 4(cose). We assign (3+,5 ) to the J of the 2444-keV
level in 1 3 6 X e since the correlation of the 750-381-keV cascade is consistent
with both the 3 -4 -2 or 5 -4 -2 spin sequences. The 750-381-keV cascade
in 1 3 6 X e and the 409-463-keV cascade in 1 3 s B a have large A 2 2 coefficients and
are thus suitable for PAC measurements. Also the skip cascades 705-(381)-1313
in 1 3 6 X e and 409-(463)-1463 in 1 3 8 B a were used to improve the statistics. The
PAC measurements were carried out as described above.
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Fig. 4. Partial decay schemes for 136Xe and 1 3 8Ba relevant to the g-factor

measurements•

138
Results of the measurements of R(8) for various cascades in Xe and

Ba are given in Table 1. In each case an average value of R(6) was used to
calculate g(4.,+ ). The values are given in Table 1.



6.2. Shell-model calculations for gUj*) in the N - 82 isotones.

Shell-model calculations were carried out for g(41
+) in the N - 82

isotones " 4Te, 136Xe, 138Ba, and 140Ce. The appropriate wavefunctions were
determined using a modified surface delta interaction (MSDI) residual
interaction.[13] The model space consisted 9|2

a11 97/2' d5/2' h11/2' d3/2'
and s 1 / 2 configurations outside of a closed

 1J*Sn core. The only restriction
was that a maximum of four protons were allowed in the h 1 ^ 2 orbit and that
only configurations with overall seniority less than or equal to four were
considered. Values for the individual matrix elements of the two-body
Hamiltonian and for the single particle energies were fitted using a set of
150 well established experimental energy levels for the N =• 82 isotones.
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Pig. 5. Results of angular correlation measurements for the 4+-4+-2+ cascade
in 138Ba and the (3+,5 )-4+-2+ cascade in 136Xe.

It is well known that due to core polarization effects[14,15] it is not
possible to describe sane g factors in this region [i.e. g(6 ) in Te] using
configuration-mixed shell-model wavefunctions alone. We have determined a set
of effective proton g factors q\ and g' by fitting the ground state g factors
of La and Pr to the configuration mixed wavefunctions described above.
Pits to the experimental values yield g' - 1.12 and g' » 4.12. The effective
protojn g factors were subsequently used to calculate g factors for all
g(41 ). The results are given in Table 2.

The experimental g(41
+) for 136Xe, 138Ba, and 140Ce agree within

experimental error with calculations using the configuration-mixed shell-model
wavefunctions described above as can be seen from Table 2. It thus appears
that a single set of effective proton g factors can adequately describe the
core polarization effects for all three nuclei. In both 136Xe and 138Ba more



than 75% of the contribution to the g factor comes from a single component of
the shell-model wavefunction. For 136Xe the dominant6component is < 9 ? / 2 ) 4

+

at 79% and for 1 3 8Ba the dominant component is <9 7/ 2)^
+ a t ?8*»

TABLE 1.
Results of angular correlation and PAC measurements

Nucleus

*36Xe

138Ba

Cascade energies (keV)
Spin sequence

750-381

750-(381)-1313

409-463

4+-4+-2+

409-(463)-1436

4+-4+-2+-0+

0

0

1

1

.868

.844

.094

.097

R(

±

±

±

±

6)

0

0

0

0

.033

.030

.010

.013

.!«,•»

0.80 ± 0.15

0.80 ± 0.14

Table 2.
Calculated and measured g factors for 4.,+ states in the N = 82 isotones

Nucleus

134Te
136Xe
138Ba

Ce

g(experimental)

0
0
1

.80

.80

.11

±
±
±

0.
0
0

.15b

,15b

.04°

Free proton g

0
0
0
0

.57

.58

.67

.99

gf calculated)
factor Effective proton g factor**

0
0
0
1

.84

.84

.90

.11

j'l • 1.12 and g1 • 4.12

work
cRef. [16]

7. Conclusion

A program to measure magnetic dipole moments of nuclear excited states is
now established at the TRISTAN separator. In order to extend these measure-
ments to states with shorter half-lives and to low-yield isotopes, a super-
conducting magnet has been installed and g factor measurements are in pro-

" " " he N=82 isotones 136Xe and 138Ba indicategress. Measurements of g(41') for the N=82 isotones "—Xe and ••"'Ba indie
that the results can be described by calculations employing configuration-
mixed shell-model wavefunctions and a single set of effective proton g factors
that account in an empirical fashion for core polarization effects.
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