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Abstract. We report a g-factor measurement of the 19/2% T3, = 4.5(3) us isomer in
127Sn, which was carried out within the g-RISING project at GSI, Darmstadt, Germany,
utilizing the time-differential perturbed angular distribution method. Isomers in A ~ 130
nuclei were populated in relativistic projectile fragmentation of a '3®Xe beam at F/A =
600 MeV on a 1024 mg/cm? Be production target. Fully-stripped ions were separated with
the fragment separator, which allowed the preservation of the orientation of the nuclear spin
ensemble as obtained in the reaction. The ions were implanted in a Copper plate, which
provided a perturbation-free environment for the isomeric + decay. The nuclei of interest
were tracked and identified on an event-by-event basis and ion-y coincidences were recorded.
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The ~ rays deexciting the isomers were detected with eight Cluster Ge detectors mounted in
the horizontal plane perpendicular to a 0.12 T external magnetic field. The experiment, data
analysis and preliminary results are presented.

1 Introduction

The g-RISING experimental campaign was carried out at the GSI laboratory
in Darmstadt, Germany within a RISING (Rare ISotope INvestigations at GSI)
project [1] and aimed at g factors studies of isomers in exotic nuclei far from stability
which were populated in projectile fragmentation or fission at relativistic energies.
Isomers have a rather pure single particle configuration in regions around doubly-
magic nuclei. Measurements of their g factors can provide information about their
wave functions and their purity. They can confirm suggested spin and parity assign-
ments, especially in regions far from stability, where they are based on theoretical
predictions or analogy with neighbouring nuclei.

Three experiments were approved for the g-RISING campaign. Two of them
aimed at studies of isomeric g factors in the vicinity of the doubly-magic 132Sn.
The isomers of interest were populated in the fragmentation of a '**Xe beam in the
first case, and in relativistic fission of the 238U in the second. This makes possible
the direct comparison of the spin-alignment in fragmentation and fission reactions
at relativistic energies and provides two independent measurements of the g factor
of the (19/2%), T /5 = 4.5(3) ps isomer in '27Sn [2]. Here we report the status of
the analysis of the fragmentation experiment.

The configurations of the isomeric states in Sn isotopes below the N = 82 shell
gap consist of neutron holes in the ds/3, h11/2 and s1/5 shell model orbits. The
corresponding empirical g factors of these states, which are based on measurements
of states ascribed to single-particle configurations, are g(ds/2) ~ 0.50, g(h11/2) ~
—0.24 and g(sy/2) ~ —2.1. For non-pure shell model states, the g factor depends
also on the configuration mixing.

Microsecond 19/2% isomers were observed in the odd-A Sn isotopes with
masses between A = 119 and A = 129 [3]. The spin and parity assignments
for the isomer in !27Sn are based on energy systematic and comparison with
theoretical calculations. The excitation energies of the 19/27" states are similar
to those of the 5~ isomers in the neighbouring even-even Sn isotopes. Thus,
it was suggested [2] that the main component of the wave function of the iso-
meric level is (uhl_ll/2 ® 57 )19/2+- The measured g-factor of the 5~ isomers is

g =~ —0.067(13) [4] which suggests that the major contribution in the 5~ wave
function is due to the (y5;/12h;11/2) configuration, which has an empirical g factor
of g(sl/thl/Q) ~ —0.093.

The 19/27 isomers are suggested to decay partially via strongly hindered tran-
sitions of predominantly M2 character to a 15/2~ state in '23~127Sn. This state,
together with the 11/2~ and 13/2~ states are expected to be rather pure mem-
bers of the h; /o multiplet. Because of L forbidenness, this transition cannot take
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place between states with the (yhl_13/2) and (Vsl_/12h1_12/2) configurations and an ad-

mixture of (Vg.;/12h1_12/2) is suggested in the (19/27%) wave function [2]. Different

g factors are expected for these two configurations: g(sl_/12h1_12/2) ~ —0.156 and
—1

9(9; /2h1_12/2) ~ —0.23, so the experiment will determine whether the suggested
configuration is correct and what is the amount of admixture.

For the measurement of g factors of interest we applied the Time Dependent
Perturbed Angular Distribution (TDPAD) method, which is based on measuring the
perturbation of the  anisotropy of the spin-oriented nuclear ensemble due to an
externally applied magnetic field. Prior to this experiment, several TDPAD mea-
surements on isomers produced in fragmentation reactions of the primary beam at
relativistic [5] and intermediate energies [6,7] were performed. A major requirement
to study the nuclear electromagnetic moments is to observe the decay of a spin-
oriented ensemble. In fragmentation reactions, spin orientation of the isomers is
obtained in the reaction itself and it is necessary to preserve the produced alignment
to the implantation point. As the isomers are in-flight mass separated, the hyperfine
interaction between the nuclear and random oriented electron spin can destroy the
orientation of the nuclear ensemble. The fragments are produced fully stripped due
to the high energy of the primary beam. The pick-up of electrons increases with Z
of the ions for similar beam energy and decreases with the beam energy for ions
with the same Z. This limits the opportunities to perform such experiments at inter-
mediate energies of the primary beam (F/A ~ 60 — 100 MeV) to masses A < 80.
For heavier nuclei such experiments can be done only with relativistic beams, which
are available at GSI.

2 Experiment

The neutron-rich nuclei around A ~ 130 were produced in relativistic projectile
fragmentation of a 136Xe beam at E/A = 600 MeV on a thin 1024 mg/cm? Be pro-
duction target. The primary beam, which had an average intensity of 2 - 10° ions per
10 s spill, was provided by the GSI heavy ion synchrotron (SIS). The fully-stripped
ions were separated and identified with the two-stage high resolution magnetic zero-
degree FRagment Separator (FRS) [8], which was operated in the standard achro-
matic mode. A schematic view of the set-up is shown in Figure 1.

The longitudinal momentum distribution of the fragments was measured by the
position sensitive scintillator detector Sc2/ in the second focal plane of FRS (S2).
In front of it, slits were introduced to cut the primary beam. The time of flight,
measured with scintillator detectors Sc2/ and Sc41 (see Figure 1) together with the
magnetic rigidity of the beam, Bp, was used to determine the mass-to-charge ratio,
A/q. The ion charge Z was determined by the energy loss in the MUIti-Sampling
Tonization Chamber (MUSIC) at the final focus. This allows the identification of the
ions which reach the final focus of the FRS as shown in Figure 2. The multiwire
proportional chambers, Mw41 and Mw42, together with the position information
from Sc21, were used for the precise beam tracking of each ion.
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Figure 1. Schematic view of the experimental set-up consisting of the FRS, the beam-line
detectors, the ~y-ray detectors and an electromagnet (see text for explanations).

The '27Sn secondary beam was transported through the FRS with an energy of
300 MeV per nucleaon. At the final focal plane of FRS (S§4) the ions were stopped
by using a thick 15 mm Plexiglas degrader glued in front of a high-purity (99.998%)
2 mm annealed Copper plate which served as an implantation host. It has a cubic lat-
tice, without electric field gradients, and provided a perturbation-free environment
for the implanted ions. It was placed between the poles in the center of an elec-
tromagnet that provided a constant magnetic field B in the vertical direction. The
magnet was shielded upstream with a Pb brick wall. The beam entered the magnet
through a hole in the yoke with a diameter of 75 mm. Upstream a Pb collimator
was built in in the Pb wall with a diameter of 70 mm. In this way, the beam spot at
the secondary target position had a diameter of 70 mm. Two additional scintillator
detectors, Sc42 and Sc43, were placed in front and behind the catcher, which allows
us to validate the implantation of the impinging ions.

The isomeric ~y rays were detected with eight Cluster Ge detectors mounted in
the horizontal plane perpendicular to the magnetic field. A Cluster detector consists
of seven tapered hexagonal Ge crystals in a common cryostat. Each crystal can act
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Figure 2. Left: Typical identification plot; the ellipse indicates the gate on *”Sn. The spots
left and right of it correspond to *2Sn and ?®Sn, respectively, while the upper ones are for
1298b and '3°Sb, and the lower ones for ***In and *?°In. Right: Energy spectrum for *2”Sn
gated on the identification plot. The labelled transitions belong to the decay of the 19/2"
isomer.
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Figure 3. Top: Time spectrum for the 1095 keV line in *2”Sn with the half-life of 4.5(3) us;
Bottom: Calculated R(t) function assuming g = —0.1 and a magnetic field B = 0.12 T.

as a separate detector. The average distance from the stopper to the front face of
the detectors was approximately 43 cm. The total vy-ray efficiency was measured
by placing a calibrated '5?Eu source at six different positions at the catcher, cover-
ing the whole implantation spot and is approximately 2% at 1000 keV. In Figure 2
(right) an isotope gated energy spectrum is presented. There are some contaminating
transitions from neighbouring Sn isotopes and background lines in the spectrum.

The nuclei of interest were identified on an event-by-event basis. Coincidences
between ion signals from the FRS detectors and y rays detected with the Ge detec-
tors were recorded within a time window of 12 us, provided by a common time-to-
amplitude converter. In addition, signals from each crystal of the Cluster detectors
were sent to an individual TDC, which opened an extra 2 s window. This allows
successive isomers to be studied, as well as to time-align the individual crystals. The
fast signal from Sc4/ which was generated by an impinging ion was used to start
the time measurement (¢ = 0 signal). The measured time spectrum for the 19/2%
isomer in 127Sn is presented in the top section of Figure 3.

The magnetic field B = 0.12 T was chosen such that with the minimal expected
g factor of g = —0.1 at least two periods in the R(¢) function occur, as demonstrated
in the bottom part of Figure 3. The direction of the magnetic field was switched
manually up and down every four hours during the experiment.

3 Data Analysis

Within the present experiment in total 2 - 10° single-hit photopeak events ( 2.5 - 103
photopeak events in add-back mode), which belong to the y-decay of the 19/2%
isomer in 127Sn, were detected. In order to extract the experimental R(t) function,
it is necessary to apply conditions on the longitudinal momentum distribution, by
selecting events which belong either to the center, or to the wing. This reduces the
number of events which are used in the data analysis, as presented in Table 1. At
this stage of the analysis only single-hits in each Cluster were considered.
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Table 1. Number of counts for the measured ~ rays belonging to the decay of the 19/2%
isomer in *2”Sn for all detectors, and for both directions of the magnetic field.

1095 keV 732 keV 715 keV
Center 23980 8360 33590
Wing 13700 4870 19030
Total 68100 23700 94900
Total® 66435 6318 58998

Lafter background subtraction

3.1 The R(t) Functions

The constant magnetic field B induces rotation of the spins of the aligned nuclear
ensemble around the magnetic field axis with a Larmor frequency wy = —%
which depends on the isomeric g-factor and applied magnetic field. The intensity of
the -y decay, detected in the horizontal plane at an angle € with respect to the beam

axis is related to the angular distribution:

I(t, G,wL) = Ioe_/\tW(t, 6‘, wL)
= Tpe M{1 + Aa(7)BaPy[(cos(0 — wrt — )]} (1)

Here As(7) is the angular distribution coefficient, depending on the details of the
v decay, B is the orientation parameter, depending on the degree of alignment
produced in the reaction. P;(cos()) is the 2" order Legendre Polynomial and o
is the angle between the beam direction and the symmetry axis of the spin-oriented
ensemble, which in this case is equal to zero, because FRS is a zero-degree fragment
separator. We neglect the 4*" and higher order components, because they are usually
about an order of magnitude smaller.

To extract the precession pattern from measured time spectra, they are combined
in R(t) functions for each ~ transition

_ N(t,0,wr) — Io(t,0',wr)

= 2
Il(tvava)—i_IQ(tva/awL)’ ( )

R(t,G,G’,wL)

where 7 stays for the time spectrum of a detector placed at an angle § with respect

to the beam, and I is the time spectrum for a detector at an angle ¢’. This expression

does not depend on the isomeric decay constant. It has the highest amplitude for the

detectors placed at 90° with respect to each other and at +45° and +135° with
respect to the beam axis, provided that o = 0.
3A2 BQ

R(t = ————sin(2wrt). 3

(t,wr) 4+A2B2sm( wrt) 3)

It is possible to compose an R(t) using the data from the same detector but for

two opposite directions of the magnetic field. For a detector placed at angle 6 we

obtain
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3 A2 By sin(20) sin(2wrt)
t,0,+B = . 4
R(t,0,£8,wL) 4+ Az By + 3A3B5 cos(26) cos(2wrt) @

Using such R(t) functions we eliminate some detector-related effects which can
cause systematic errors.

If the specific symmetries of the set-up are considered we arrive to an expression
for the R(t) function identical with Eqn. (3) for the detectors at +£45° and +135°.
This means that the following detector combinations are possible (see Figure 1 for
the detector labels): Iy = (A+L) T +(D+G) |and I = (A+L) | +(D+G) T,
where | and | denotes opposite directions of the applied field. Similarly another
combination of detectors can be done, but the amplitude of the R(¢) function will
be reduced and the phase will be shifted. For example, if the detectors at £75° and
4+105° with respect to the beam direction (+30° with respect to each other) are
considered (I1 = (B+ K) T +(C+J) land I, = (B+ K) | +(C+ J) 1),
the R(t) function will have almost the same phase as in Eqn. (3), but twice smaller
amplitude

3A232 Sin(Qth)
8+ 2A232 - 3\/314232 COS(2th) .
For the combination of detectors at £150° with respect to each other, +45° and
£105° with respect to the beam, the following time spectra can be considered: I; =
(A+L)1+(C+J) |land I = (K + B) T +(G + D) |. The R(¢) function will
have a phase shift and twice smaller amplitude

3A5 By (sin(2wrt) + v/3cos(2wrt))
16 + 4A5 By + 3A2 B (3sin(2wrt) — V3 cos(2wrt)

R(t,wL) = (5)

R(t,wr) = (6)
The phase shift of the R(¢) function depends on the value of the g factor, while the
reduction of the amplitude is fixed for each combination of detectors. This allows a
simultaneous fit of all detector combinations using two fit parameters, the Larmor
frequency and the amplitude of the R(¢) function, which is related to the orientation
of the nuclear spin ensemble.

Most of the crystals of the Cluster detectors do not lie exactly in the horizontal
plane, but are misaligned at a small angle ¢. This causes an additional reduction
of the amplitude. However, due to the large distance between the implantation spot
and the detector faces, this effect, as well as the influence of geometric factors due
to the finite dimensions of the implantation spot, can be neglected. A more elaborate
analysis needs to take into consideration the implantation position of each ion, and
the crystal of the first hit in a Cluster detector. Here we report results obtained only
with detectors at 90° with respect to each other, at £45° and +135° with respect to
beam axis.

3.2 Momentum Selection

In fragmentation reactions the fragments have a longitudinal momentum distribution
exp(—p?/20?), with o = 0 A (A, — Afr)/(Ap — 1), where A, and Ay, are the
mass numbers of the projectile and the fragment, and oy ~ 90 MeV/c [9].
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The alignment of the nuclear spin ensemble depends on the longitudinal mo-
mentum distribution [7]. Under alignment of the nuclear ensemble the different m
substates for a given spin I, m = —I,—I + 1, ..., I have different population, but
the +m substates are equally populated. Positive (oblate) alignment occurs when
the spin ensemble is oriented in a plane perpendicular to the beam axis, while for
negative (prolate) alignment the spins are oriented perpendicularly to this plane. It
is obvious that a change of the sign of the alignment will result in a change of the
sign of the R(t) function. Experiments at intermediate energies demonstrated that
the alignment changes its magnitude and sign from the center towards the outermost
wing of the momentum distribution. This effect was studied also theoretically and
qualitative understanding was achieved [10]. Therefore, it is necessary to determine
the position of the center and the wing to eliminate interference effects resulting
from mixing of alignment. So far some measurements were done at intermediate
energies and such data did not exist at relativistic energies.

The measured momentum distribution with Sc2/ is shown in the left-hand-side
of Figure 4. The lower wing was cut with the S2 slits of the FRS (see Figure 1).
During the experiment the shape of the momentum distribution gradually changed
to more complicate form. The reason is that beam which hits scintillator Sc21 was
close to the maximum (2 - 10° ions/s) and the properties of the scintillator deterio-
rated. For this reason we deduced the isomeric ratio for the 19/2% isomer in 127Sn
as a function of the momentum distribution and used it as a criterium to define the
position of the center and the outermost wing (see Figure 4, right). The isomeric
ratio is expected to have a minimum in the center and maximum in the wing of
momentum distribution [11].

The isomeric ratio is defined as the probability that in a reaction an isomeric
state is excited
- Y o N. 7(1 + atot)

NimpFG eeffb.yNimpFG’

where N, is the number of counts in the peak corresponding to the transition depop-
ulating the isomer, o, is the total conversion coefficient for this transition, b, is its

IR

(7)
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Figure 4. Left: Longitudinal momentum distribution for 27 Sn measured with Sci2/; Right:

The isomeric ratio for the 19/27" isomer in '>”Sn as a function of momentum distribution.

The positions of center and wing are indicated with vertical lines.
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absolute branching ratio, €.y is the efficiency correction and N, is the number
of implanted ions of the isotope of interest. F' and G are the correction factors for
the inflight isomer decay and the finite detection time of the ~y ray, respectively. The
isomeric ratio plotted in Figure 4 is the average for the most intense transitions in
1278, without corrections which do not depend on momentum distribution. At this
stage of the analysis it is enough to determine the relative, not the absolute values
for the isomeric ratio.

4 Results and Discussion

The R(t) functions of the 1095 keV and 715 keV ~ rays and for different cuts of
the longitudinal momentum distribution are presented in Figure 5. The amplitude of
the R(t) function, which is sorted for the sum of the time spectra of the 1095 keV
E2 and 732 keV M2 transition for the center of the momentum distribution (see the
middle section of Figure 5), is very small and has an opposite phase compared to
the R(t) function for the outermost wing (see the upper section of Figure 5). This
indicates a sign change of the alignment of the nuclear spin ensemble between the
center and the wing of the momentum distribution.

0.1 ‘\’ aus qTLLY zi
i J( 15/2
g o1
7321715 |567

\\Jﬂ 13/2°
+ + ++ + 152"

R(t)

+
—
4‘7

-0.05

=0 b b
02H 1095 1243

0.1

—0.1H
ol 11/2”
N SN I AUV SEAI R S S S

4
t [us]

R(t)
——
F N
4'7

Figure 5. Left: (up) R(¢) function for the 1095 keV and 732 keV transitions at the wing of
the momentum distribution; (middle) R(t) function for 1095 keV and 732 keV transitions at
the center of the momentum distribution; (down) R(t) function for 715 keV transition at the
wing of the momentum distribution. Right: Partial level scheme of *2”Sn, revealing the decay
of the 19/2" isomer [2].



170 L. Atanasova et al.

The R(t) function for the 715 keV transition was sorted for the outmost wing of
the momentum distribution (see the lower section of Figure 5). It display opposite
phase, compared to the R(t) function for the 1095 keV transition, which is not in
agreement with the published level scheme [2]. According to the published spin
and parities, the 715 keV transition should have E1 multipolarity. In such a case its
angular distribution coefficient would be As = —0.4, which is similar to the values
of the coefficients for the 1095 keV E2 transition, Ao = —0.39, and the 732 keV
M2 transition, A; = —0.37 [12].

Fits of the R(t) functions are displayed in Figure 5. The obtained absolute values
of the g factor, |g| ~ 0.16 are in agreement with the theoretical expectations based
on the empirical g factors and on large-scale shell model calculations. These results
will be discussed elsewhere [13].

For the R(t) function of the 715 keV transition ~ 10* photopeak events were
used in the data analysis, which provides the lower limit for such experiments.

5 Conclusions

First results from the g-RISING campaign for the g factor of the 19/27 iso-
mer in '27Sn from relativistic fragmentation demonstrate that significant alignment
(~10%) is observed in the outermost wing of the momentum distribution. The re-
sults indicate that a sign change of the alignment takes place between the center
and the wing. The present experiment provides a benchmark (in terms of intensity
of the isomer beam and number of detected v rays) for further determinations of
electromagnetic moments of isomers in nuclei yet farther away from stability.
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