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Abstract.

We report results of a-factor measurement of the9/2% Ty, =
4.5(3) us isomer in*2”Sn, which were carried out within the g-RISING
project at GSI, Darmstadt, Germany. The time-differemgeturbed angu-
lar distribution (TDPAD) method was utilized in the expeent. Isomers
in A ~ 130 nuclei were populated in relativistic projectile fragmestian
of a 13%Xe beam atE/A = 600 MeV/u on a 1024 mg/cfhBe produc-
tion target. Fully-stripped ions were separated with tlagifinent separator
(FRS), which allowed the preservation of the orientatiothefnuclear spin
ensemble as obtained in the reaction. The ions were implamtz Copper
plate, which provided a perturbation-free environmenttfe isomericy
decay. The nuclei of interest were tracked and identifiedroevent-by-
event basis and ion-coincidences were recorded. Theays deexciting
the isomers were detected with eight Cluster Ge detectorsitad in the
horizontal plane perpendicular to a 0.12 T external magrfietid.

1 Introduction

The g-RISING experimental campaign was carried out at the |&@ratory
in Darmstadt, Germany within a RISING (Rare ISotope INgzdions at GSI)
project [1] and aimed at studigsfactors of isomers in exotic nuclei far from
stability which were populated in beam fragmentation orjgutile fission at
relativistic energies. Isomers have a rather pure singtécpmconfiguration in
regions of doubly-magic nuclei. Measurements of thefactors can provide
information about their wave functions and their purity.eytcan confirm sug-
gested spin and party assignments, especially in regiofrofa stability, where
they are based on theoretical predictions or analogy wiidtht@uring nuclei.

Three experiments were approved for the g-RISING campdign.of them
aimed at studies of isomericfactors in the vicinity of the doubly-magi¢2Sn.
The isomers of interest were populated in the fragmentatfdfi®Xe beam in
the first case, and in relativistic fission of th€U in the second. This makes
possible the direct comparison of the spin-alignment igritantation and fission
reactions at relativistic energies and provides two inddpat measurements of
theg factor of thel9/2", T/, = 4.5(3) us isomer in*27Sn [2]. Here we report
the status of the analysis of the fragmentation experiment.

The configurations of the isomeric states in Sn isotopeswbéio = 82
shell gap consist of neutron holesdg,,, h1,/2 ands; /o shell model orbits.
The corresponding empiricgl factors of these states, which based on experi-
mental measurements of single-particle configuratiorsgaf, (ds/2) ~ 0.50,
Jemp(h11/2) = —0.24 @andgemp (s1/2) ~ —2.1. For non-pure shell model states,
the g factor depends also on the configuration mixing.

Microsecondl9/2* isomers were observed in the oddSn isotopes with
masses betweeA = 119 and A = 129 [3]. The spin and parity assignments
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for the isomer in'27Sn are based on energy systematic and comparison with
theoretical calculations. The excitation energies oflth&* states are similar

to these of thés~ isomers in the neighbouring even-even Sn isotopes. Thus,
it was suggested [2] that the main component of the wave fmcif the iso-
meric level is(uhl‘f/2 ® 57 )19/2+. The measured g-factor of the isomers

is g =& —0.067(13) [4] which suggests that the major contribution in tbre
wave function is due to thevs; , /7, ') configuration, which has an empirical
g factor of ge,,y, &~ —0.093.

The19/2% isomers was suggested to decay partially via strongly mettle
transitions of predominantly M2 character 15/2~ states in'23-1279n, (see
the right-hand-side of Figure 5 for the case'8fSn). This state, together
with the 11/2~ and 13/2~ states are expected to be rather pure members
of the h,; » multiplet. Because of the change of parity, this transitoam-

not take place between states with ié;’,) and (vs; ;,h;,,) configura-

tions and an admixture qf/g;/;h;fﬂ) is suggested in the wave function [2].

Both configurations have different g-factomgs;mp(s;/gh;12/2) ~ —0.156 and
-2

gemp(g;/l2 11/2) ~ —0.23, so the experiment will determine whether the sug-
gested configuration is correct and what is the amount of .

For the measurement gffactors of interest we applied the Time Dependent
Perturbed Angular Distribution (TDPAD) method, which issbd on measur-
ing the perturbation of the-anisotropy of the spin-oriented nuclear ensemble
due to externally applied magnetic field. Prior this expemtseveral TDPAD
measurements on isomers produced in fragmentation readtaelativistic [5]
and intermediate energies [6, 7] of the primary beam wertopaed. A major
requirement to study of nuclear electromagnetic momertts ébserve the de-
cay of a spin-oriented ensemble. In fragmentation reastispin orientation of
the isomers is obtained in the reaction itself and it is nemgsto preserve the
produced alignment to the implantation point. As the isanae in-flight mass
separated, the hyperfine interaction between the nuclehraardom oriented
electron spin can destroy the orientation of the nucleagmbte. The fragments
are produced fully stripped due to the high energy of the anjnbeam. The
pick-up of electrons increases with of the ions for similar beam energy and
decreases with the beam energy for ions with the s@m@&his limits the op-
portunities to perform such experiments at intermediatggas of the primary
beam 60 — 100 MeV/u) to massesl < 80. For heavier nuclei such experiments
can be done only with relativistic beams, which are avadatlGSI.

2 Experiment

The neutron-rich nuclei arourdl ~ 130 were produced in relativistic projectile
fragmentation of &36Xe beam at£/A = 600 MeV/u on a thin 1024 mg/cf
Be production target. The primary beam, which had an aveiatgasity of
2 - 107 ions per a 10 s spill, was provided by the GSI heavy ion syrtobino



4 L. Atanasova et al.

(SIS). The fully-stripped ions were separated and idedtifigh the two-stage
high resolution magnetic zero-degree FRagment Sepaf®S)([8], which was
operated in the standard achromatic mode. A schematic Vidiheoset-up is
shown in Figure 1.

The longitudinal momentum distribution of the fragmentswaeasured by
scintillator detectosc21 in the second focal plane of FRSY). In front of it
slits were introduced to cut the primary beam. The time ohfligneasured with
scintillator detector§c21 and Sc41 (see Figure 1) together with the magnetic
rigidity of the beamBp was used to determine the mass-to-charge ratj@,
The ion chargeZ was determined by the energy loss in the MUIti-Sampling
lonization Chamber (MUSIC) at the final focus. This allows tbentification
of the ions which reach the final focus of the FRS, as shownguir€i 2. The
multiwire proportional chamber$fw4l andMw42, together with the position

B GeClusters
Sits Frg  Slits Colimator

) FRS
dipoles Siits  dipoles

Figure 1. Schematic view of the experimental set-up, ctingi®f the FRS, the beam-
line detectors, thg-ray detectors and an electromagnet (see for explanatidhe itext).
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Figure 2. Left: Typical identification plot; the ellipse iicdtes the gate off”’Sn. The
spots left and right of it correspond t8°Sn and'2¥Sn, respectively, while these up are
for 12°Sb and'3°Sb, and down for'?*In and'?®In. Right: Energy spectrum fd”Sn
gated on the identification plot. The labelled transitioatohg to the decay of theg /2
isomer.
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information fromSc21, were used for the precise beam tracking of each ion.

The'27Sn secondary beam was transported through the FRS with agyene
of 300 MeV/u. At the final focal plane of FRS{) the ions were stopped by
using a thick 15 mm Plexiglas degrader which was glued intfoba high-purity
(99.998%) 2 mm annealed Copper plate which served as anritafilzn host. It
has a cubic lattice, without electric field gradients, analvjited a perturbation-
free environment for the implanted ions. It was placed betwthe poles in
the center of an electromagnet that provided a constanteﬁag‘i’eldé in the
vertical direction. The magnet was shielded upstream witb &rick wall. The
beam entered the magnet through a hole in the yoke with a tisoe70 mm.
Upstream a Pb collimator was built in in the Pb wall with a déder of 50 mm.
In this way, the beam spot at the secondary target positidnahdiameter of
50 mm. Two additional scintillator detectorS¢42 and Sc43, were placed in
front and behind the catcher, which allows to validate thplantation of the
impinging ions.

The isomericy rays were detected with eight Cluster Ge detectors mounted
in the horizontal plane perpendicular to the magnetic fidldCluster detector
consists of seven tapered hexagonal Ge crystals in a comrgostat. Each
crystal can act as a separate detector. The average distancthe stopper to
the front face of the detectors was approximately 43 cm. Oted 4-ray effi-
ciency was measured by placing a calibrafedEu source placed at six different
positions at the catcher, covering the whole implantatjpot &nd is approxi-
mately2% at 1000 keV. In Figure 2 (right) is presented an isotope gateagy
spectrum. Tha9/2* isomer decay lines 0f7Sn are labeled. There are some
contaminating transitions from neighbouring Sn isotopes lzackground lines
in the spectrum.

The nuclei of interest were identified on an event-by-evasid Coinci-
dences between ion signals from the FRS detectorsyarays detected with
the Ge detectors were recorded within a time window of:$2provided by a
common time-to-amplitude converter. In addition, sigrieden the each crystal
of the Cluster detectors were sent to an individual TDC, Whipened an addi-
tional 2 us window. This allows successive isomers to be studied, dsaw/¢o
time-align the individual crystals. The fast signal fr@m1 which was gener-
ated by an impinging ion was used to start the time measurgfhen( signal).
The measured time spectrum for th&/2+ isomer in'2”Sn is presented in the
top section of Figure 3.

The magnetic fieldB = 0.12 T was chosen such that with the minimal
expected; factor ofg = —0.1 to have at least two periods in tii&t) function,
as demonstrated in the bottom part of Figure 3. The direadfdhe magnetic
field was switched manually at every four hours during theeeixpent.
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3 Data Analysis

Within the present experiment in total - 10° single-hit photopeak events

( 2.5 - 10° photopeak events in add-back mode), which belong toytdecay

of the 19/2% isomer in'27Sn, were detected. In order to extract the exper-
imental R(¢) function, it is necessary to apply conditions on the lorgjital
momentum distribution, by selecting events which belongegito the center,
or to the wing. This reduces the numbers of events which agd imsthe data
analysis, as presented in Table 1. At this stage of the anag$y single-hits in
each Cluster were considered.

Table 1. Statistics for the measurgdays belonging to the decay of th6/2" isomer
in 127sn for all detectors, and for both directions of the magrfiid.

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

after background
subtraction

3.1 The R(t) functions

The constant magnetic field induces rotation of the spins of the aligned
nuclear ensemble around the magnetic field axis with a Larrfrequency
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Figure 3. Top: Time spectrum for the 1095 keV line i Sn with the half-life of
4.5(3) us; Bottom: Calculated R(t) function assumigpg= —0.1 and a magnetic field
B=0.12T
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wr, = —gunB/h which depends of the isomeric g-factor and applied mag-
netic field. The intensity of the decay, detected in the horizontal plane at an
angled with respect to the beam axis is related to the angular bigtdn:

I(t,0,B) = Iye W (t,0, B)
= Ipe M{1 + Ay(7)BaPo[(cos(8 — wit — a))]}. (1)

Here A, () is the angular distribution coefficient, depending on thaitkeof the
~ decay,B; is the orientation parameter, depending of the degree gfimént
produced in the reactior?; (cos()) is the2"? order Legendre Polynomial and
« is the angle between the beam direction and the symmetryoxiee spin-
oriented ensemble, which in this case is equal to zero, lsecBRS is a zero-
degree fragment separator. We neglect4ffeand higher order components,
because they are usually about an order of magnitude smaller

To extract the precession pattern from measured time spélagy are com-
bined inR(¢) functions for eachy transition

_ Il(taeaB>712(ta9/aB> (2)
B Il(taeaB> +12(ta9/aB>,

where [; stays for the time spectrum of a detector placed at an ahgléh
respect to the beam, arglis the time spectrum for a detector at an argglel his
expression does not dependent on the isomeric decay can#ttdnas highest
amplitude for the detectors placedd@f with respect to each other and-a45°
and+135° with respect to beam axis, provided that= 0.

R(t,0,0,B)

_ 3A:D
44 AyBy
It is possible to compose aR(t) using the data from the same detector but

for two opposite directions of the magnetic field. For deteplaced at anglé
we obtain

R(t, B) sin(2wt). 3

3AsBasin(20)sin(2wrt)
R(t,0,+B) = 4 + Ay By + 3A3Bacos(20)cos(2wit) )
Using suchi(¢) functions we eliminate some detector-related effects lvbamn
cause systematic errors.

If the specific symmetries of the set-up are considered, weedao an ex-
pression for theRk(t) function identical with Eqn. 3. This means that the fol-
lowing combinations between the detectorstalts° and +-135° are possible
(see Figure 1 for the detector labels)i = (A+ L) T +(D+ G) | and
I, =(A+L) | +(D+ G) 1, where? denotes filed up and field down.
Similarly another combination of detectors can be done theitamplitude of
the R(t) function will be reduced and the phase will be shifted. Faregle,
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if the detectors at:75° and £105° with respect to the beam directiog-§0°
with respect to each other) are considerd=£€ (B + K) 1 +(C + J) | and
I, = (B+ K) | +(C+ J) 1), the R(t) function will have almost the same
phase as in Egn. 3, but twice smaller amplitude

B 3AsBasin(2wrt)

8 + 2A2B2 - 3\/514232008(20][}5) '
For the combination of detectors-ai50° with respect to each othet45° and
+105° with respect to the beam, the following time spectra can sidered:
IL =(A+ L)1 +(C+J)|andly = (K+ B) | +(G+ D) |. TheR(t)
function will have a phase shift and twice smaller amplitude

R(t, B) ®)

3AsBa(sin(2wrt) + \/gcos(Qth))

- . . (6)
16 + 4A3By + 3A3Bs(3sin(2wrt) — \/gcos(QwLﬁ)

R(t, B)

The phase shift of th&(t) function depends on the value of thdactor, while
the reduction of the amplitude is fixed for each combinatibdetectors. This
allows a simultaneous fit of all detector combinations uswg fit parameters,
the Larmour frequency and the amplitude of fR€) function, which is related
to the orientation of the nuclear spin ensemble.

Most of the crystals of the Cluster detectors do not lie dydntthe hori-
zontal plane, but are misaligned at a small anfggleThis causes an additional
reduction of the amplitude. However, due to the large distalpetween the
implantation spot and the detector faces, this effect, dbagethe influence
of geometric factors due to the finite dimensions of the imfadon spot, can
be neglected. A more elaborate analysis needs to take imsid=ration the
implantation position of each ion, and the crystal of the fiisin a Cluster de-
tector. Here we report results obtained only with detecb98° with respect to
each other, at45° and+135° with respect to beam axis.

3.2 Momentum Selection

In fragmentation reactions the fragments have a longialdimomentum dis-
tribution exp(—p?/20?), with o = 03 As.(Ap — Afr)/ (4, — 1), where 4,
and Ay, are the mass numbers of the projectile and the fragmentgoard
90MeV/c[9].

The alignment of the nuclear spin ensemble depends on th@udimal mo-
mentum distribution [7]. Under alignment of the nuclearemble the different
m substates for a given spinm = —I, —I + 1, ..., I have different population,
but the+m substates are equally populated. Positive (oblate) akgrmccurs
when the spin ensemble is oriented in a plane perpendiculdret beam axis,
while for negative (prolate) alignment the spins are ogdrgerpendicularly to
this plane. It is obvious that a change of the sign of the afignt will result
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in a change of the sign of thR(¢) function. Experiments at intermediate ener-
gies demonstrated that the alignment changes its magraudisign from the
center towards the outermost wing of the momentum disiohutThis effect
was studied also theoretically and qualitative understegwas achieved [10].
Therefore, it is necessary to determine the position of #@er and wing to
eliminate interference effects resulting from mixing afjaiment. So far some
measurements were done at intermediate energies and dadtidiaot exist at
relativistic energies.

The measured momentum distribution witP1 is shown in the left-hand-
side of Figure 4. The lower wing was cut with ti# slits of the FRS (see
Figure 1). During the experiment the shape of the momentsinillition grad-
ually changed to more complicate form. The reason is thambehich hit
scintillator Sc21 was close to the maxima2 ¢ 10° ions/s) and the properties of
the scintillator deteriorated. For this reason we dedubedgomeric ratio for
the19/2F isomer in'27Sn as a function of the momentum distribution and used
it as a criterium to define the position of the center and thteronost wing (see
Figure 4, right). The isomeric ratio is expected to have amim in the center
and maximum in the wing of momentum distribution [11].

The isomeric ratio is defined as the probability that in a tieaan isomeric
state is excited

Y o N,Y(l —|— atot) (7)
Ni'rerFG B €effb'yNi'ronG’
whereN,, is the number of counts in theray line depopulating the isomet;,;
is the total conversion coefficient for this transitién,is its absolute branching
ratio, e. s s is the efficiency correction andl;,,,,, is the number of implanted ions
of the isotope of interest/ and G are the correction factors for the inflight
isomer decay and the finite detection time of theay, respectively. The iso-
meric ratio plotted on Figure 4 is the average for the mostrisitve transitions

IR =

center wing @ center wing
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Figure 4. Left: Longitudinal momentum distribution f&t”Sn measured witl$ci21;
Right: The isomeric ratio for thé9/2" isomer in*2"Sn as a function of momentum
distribution. The positions of center and wing are indidatéth vertical lines.
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in 127Sn, without corrections which do not depend on momentunmilligton.
At this stage of the analysis it is enough to determine thetixe, not the abso-
lute values for the isomeric ratio.

4 Results and Discussion

The R(t) functions of the 1095 keV and 715 keMrays and for different cuts of
the longitudinal momentum distribution are presented guFe 5. The ampli-
tude of theR(¢) function, which is sorted for the sum of the time spectra ef th
1095 keV E2 and 732 keV M2 transition for the center of the motwe dis-
tribution (see the middle section of Figure 5), is very sraalll has an opposite
phase compared to compared to #R&) function for the outermost wing (see
the upper section of Figure 5). This indicates a sign chahgfeecalignment of
the nuclear spin ensemble between the center and the wirige shbmentum
distribution.

TheR(t) function for the 715 keV transition was sorted for the outhwaag
of the momentum distribution (see the lower section of Fedaix. It display op-

01 455 ) 190"
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’0'1‘ ‘ ‘ ‘ ‘ 732 1715|567
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tins 132
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Figure 5. Left: (up)R(¢) function for the 1095 keV and 732 keV transitions at the wifig o
the momentum distribution; (middl€}(¢) function for 1095 keV and 732 keV transitions
at the center of the momentum distribution; (dow®(¥) function for 715 keV transition
at the wing of the momentum distribution. Right: Partiadescheme of?” Sn, revealing
the decay of tha9/2" isomer [2].
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posite phase, compared to tRg¢t) function for the 1095 keV transition, which
is not in agreement with the published level scheme [2]. Aditw to the pub-
lished spin and parities, the 715 keV transition should Mavemultipolarity.
In such a case its orientation coefficient would4g = —0.4, which is simi-
lar to the values of the orientation coefficients for the 188% E2 transition,
As; = —0.39, and the 732 keV M2 transitiom, = —0.37.

Fits of theR(¢) functions are displayed in Figure 5. The obtained values of
the g factor,g ~ 0.16 are in agreement with the theoretical expectations based
on the empiricaly factors and on large-scale shell model calculations. These
results will be discussed elsewhere [12].

For theR(t) function of the 715 keV transitiori0* photopeak events were
used in the data analysis, which provides the limit for sugieements.

5 Conclusions

First results from the g-RISING campaign for thdactor of the19/2" isomer
in 127Sn from relativistic fragmentation demonstrate that sigant alignment
(~10%) is observed in the outermost wing of the momentum digtion. The
results indicate that a sign change of the alignment taleedetween the cen-
ter and the wing. The present experiment provides a poisgituilset a limit on
the feasibility of such measurements in terms of detegtealys, or in terms of
the required intensity of the secondary beam, which needs o5 - 102 ions/s
for a five-days experiment in case a singleansition would be analysed.
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