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Background The structure of the semi-magic 50Sn isotopes were previously studied via measurements of B(E2;2] — 0)
and g factors of 2] states. The values of the B(F2;2]) in the isotopes below midshell at N = 66 show an enhancement
in collectivity, contrary to predictions from shell model calculations.

Purpose This work presents the first measurement of the 2] and 4 states magnetic moments in the unstable neutron-deficient
10981, The g factors provide complementary structure information to the interpretation of the observed B (E2) values.

Methods The *'°Sn nuclei have been produced in inverse kinematics in an a-particle transfer reaction from 2C to '°°Cd

projectiles at 390, 400 and 410 MeV. The g factors have been measured with the transient field technique. Lifetimes
have been determined from lineshapes using the Doppler-shift attenuation method.

Results The g factors of the 2] and 4] states in ''°Sn are g(2]) = +0.29(11) and g(4]) = +0.05(14), respectively. In
addition, the g(47) = 40.27(6) in '°°Cd has been measured for the first time. A lineshape analysis yielded 7(*'Sn;27)
= 0.81(10) ps and a lifetime of 7(*'°Sn;3;) = 0.25(5) ps was calculated from the fully Doppler-shifted ~y line.

Conclusions No evidence has been found in *°Sn that would require excitation of protons from the closed Z = 50 core.

PACS numbers: 21.10.Ky, 25.70.De, 25.70.Hi, 27.60.+]

I. INTRODUCTION

The tin isotopes are recognized as one of the best en-
vironments for studying nuclear structure and the shell
model in the intermediately-heavy nuclei. Sn is the iso-
tope chain with the largest number of stable isotopes and
potentially can be studied experimentally over the region
between the unstable doubly magic 1°°Sn (N = 50) and
1328n (N = 82) and perhaps beyond. The Sn nuclei, with
Z =50, are semi — magic and thus exhibit a closed pro-
ton shell. In this particular case, mainly valence neutrons
are expected to determine the structure of the energy lev-
els and the transitions between them. In a simple shell-
model picture, the nuclei near the doubly-magic numbers
of protons and neutrons should exhibit single-particle
characteristics, while in midshell they should show col-
lective aspects.

Extensive spectroscopic measurements of energy lev-
els, lifetimes and/or B(E2) reduced transition proba-
bilities, and electromagnetic moments, p and ), have
been carried out in the Sn isotopic chain. The reduced
transition probability data in 1%4=134Sn ([1-10] and refer-
ences therein), follow only above midshell (A = 116) the
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parabola-like curve of the shell model expectations [6].
For nuclei below midshell the B(E2) values are larger
than expected but finally decrease at N = 54, as the
doubly-closed shell Z = N = 50 is approached. It has
been suggested that proton excitations across the Z = 50
shell gap have to be invoked as an explanation of the en-
hanced collectivity.

Magnetic moments of the 21” states were previously
measured in the even-even stable '27124Sn isotopes [9,
11-13] as well as in radioactive '26:128Sn [14, 15]. How-
ever, experiments using transient field (TF) or recoil-in-
vacuum techniques and beam energies both below and
above the Coulomb barrier, yielded results which chal-
lenge comparisons with theoretical calculations.

The measurements of the magnetic moments offer a
specific handle in the determinations of the nuclear struc-
ture by distinguishing between possible neutron and pro-
ton configurations. The g factor measurement in the ra-
dioactive 9Sn could shed light on the role of protons in
the interpretation of the transition probabilities for the
neutron-deficient Sn isotopes.

In the isotopes lighter than ''2Sn, the neutrons may
occupy the orbitals g7/5 and d5 /o, for which the magnetic
moments should, respectively, be positive or negative.
Proton excitations out of the closed core into the g7 /o
orbital would yield large positive g factors. In fact, 1'°Sn

lies between 1%9Sn (5/2;; g < 0) and 111811(7/2:;8; g >



0) and a determination of even the sign of its magnetic
moment would yield significant structure information.

Several theoretical approaches have focused on g fac-
tors in this region. These include, among others, the
quasiparticle random-phase approximation (QRPA) [16],
and the relativistic RQRPA [17] approach. Shell-model
calculations based on the nucleon-pair approximation, as
well as calculations using a low-momentum interaction
and the high precision CD-Bonn free nucleon-nucleon po-
tential, have also been carried out [13, 18-20].

While the main focus of this project is the measure-
ment of magnetic moments, the lifetime of the 2] state
in 119Sn has also been determined from the same data
when they are analyzed via the Doppler-shift-attenuation
method (DSAM). In addition, this experiment yields new
data on the magnetic moment and lifetime of the 4] state
in Coulomb-excited '°°Cd beam nuclei.

II. THE EXPERIMENT

The experiment was performed at the Lawrence Berke-
ley National Laboratory (LBNL) 88-inch cyclotron. The
1108y was produced via an a-particle transfer to a beam
of isotopically pure '°6Cd ions impinging on a carbon
layer at the front of a multilayer target. The specific
reaction is 2C(1%Cd,® Be)!'%Sn. The ®Be nuclei decay
spontaneously into two « particles.

The experiment and setup were similar to those de-
scribed in Ref. [21]. The components of the multilayer
target for this experiment are shown in Table I.

TABLE I: Composition of multilayer target. All thicknesses
are in mg/cm?.

C Gd Ta Cu
0.636 8.34 1.1 5.40

Beam energies of 390, 400 and 410 MeV were employed
to find the best a-transfer yield. The bulk of the data
was taken at 410 MeV. At this energy the beam has lost
about 20 MeV when reaching the middle of the carbon
layer and its energy there is close to that of the Coulomb
barrier. As found in Ref. [21], the a-transfer reaction is
optimal near the Coulomb barrier between the projec-
tile and carbon. The newly created '°Sn and Coulomb-
excited 96Cd recoils traverse the gadolinium layer where
they experience the TF. These nuclei are stopped in the
copper backing. Their decay v rays are detected in coin-
cidence with forward scattered particles.

The target was mounted between the pole tips (8mm
gap) of a liquid nitrogen-cooled magnet. The gadolin-
ium layer of the target was magnetized by a field of
0.07T. Its direction was reversed every 150s during the
measurements. The particle detector was a 300 mm? Si
surface-barrier detector (Canberra PIPS). The detector
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FIG. 1: (color online) Singles particle spectrum observed in
the Si detector. Also shown are particles in coincidence with
gates set on time and ~ rays corresponding to *'°Sn. The two
peaks labeled ®Be relate to the detection of only one or both
«a particles (2a) from the ®Be breakup.

was placed 25 mm downstream of the target at zero de-
grees to the beam direction. Its opening angle was £+20°.
The detector was covered by a 5.6 mg/cm? thick copper
foil, which stopped the non-interacting beam particles
passing through the target, but was transparent to the
light particles resulting from the reactions. The different
particle groups were well separated in the 300 um thick
detector as is shown in Fig. 1.

The ~ rays were recorded in four clover HP Ge detectors
from the ORNL and LBNL inventories. These were lo-
cated 125 mm away from the target at angles of § = +60°
and +120° with respect to the beam direction. At that
distance the individual elements of the clover detectors
subtend angles of +8° with respect to the center of the
clover enclosure.

The preamplifier output signals of all detectors were
digitized using a PIXIE-4 system [22]. Their time stamps
and energies were written to disk. The data handling and
analysis were performed as described in greater detail in
Ref [21].

Typical particle-y coincidence spectra gated on the 12C
and the 2« peak, displaying respectively the decay of the
excited energy levels of '°°Cd and ''°Sn, are shown in
Fig. 2. For ''°Sn only three prominent v lines are seen
in the spectrum referring to the (27 — 07) 1212 keV,
the (47 — 27) 985 keV and the (67 — 47) 280 keV
transitions. This picture clearly demonstrates the direct
and highly selective nature of the a-transfer reaction in
contrast to a fusion reaction. In the Coulomb excitation
of 1%6Cd mainly the 2] and the 4] states are seen via
their E2 transitions in the spectrum.
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FIG. 2: Coincidence v spectra. The '°°Cd spectrum was
gated on the '2C peak in Fig. 1 while the ''°Sn spectrum was
gated on the 2a-peak of the ®Be breakup.

A. Precession measurement

The magnetic properties of the '°°Cd and the '°Sn
nuclei were measured simultaneously. The ¢ factor of
the 2] state in 1°°Cd was measured previously [23]. Tts
value is used as a check on the experiment and also serves
to calibrate the transient field strength.

TABLE II: The kinematic information related to the tran-
sient field measurement at 410 MeV. < E >, < E >out,
< v/vg >in and < v/vg >out are the energies, in MeV, and
velocities of the excited probe ions as they enter into, and
exit from, the gadolinium layer; vo = 62/h is the Bohr veloc-
ity. Teg is the effective time the transient field acts on the
ions traversing the ferromagnetic layer.

Nucleus < E >in < E >out < i~ S >in < g5 Dout Tem (fs)
106 g 232 46 9.4 4.2 715
110gy 252 54 9.6 4.5 438

In a TF measurement the spin precession of the aligned
nuclei as they pass through the magnetized ferromagnetic
layer causes a rotation of the angular distribution of the
decay v radiation. The precession angle is derived from
counting rate changes in the stationary + detectors when
the polarizing field, which is perpendicular to the detec-
tion plane of the + detectors, is reversed. The so-called
rate effect €, as described in many publications (e.g. [24]),
is calculated from peak intensities in the spectra of four
detectors. Together with the logarithmic slope, S(6,) =
(1/W(8,))- dW/d6, of the angular correlation relevant
for the precession, the precession angle
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FIG. 3: Angular particle-y correlations measured at a beam
energy of 410 MeV.

is obtained. In this expression g is the g factor of the ex-
cited state, un is the nuclear magneton and Bty is the
effective transient field acting on the nucleus during the
time interval (tous — tin) spent by the ions in the gadolin-
ium layer. The exponential factor accounts for the nu-
clear decay during the transit time of the ions through
the gadolinium layer. The relevant kinematic informa-
tion for the transient-field calculation is summarized in
Table II.

B. Angular correlations

The angular correlations for the states in both °6Cd
and ''9Sn were also derived from the precession data.
The peak intensities of the 2] — 07 and 41 — 2] tran-
sitions in the spectra of each clover crystal, summed over
both field directions and corrected for relative efficiencies,
are plotted in Fig. 3. The relative efficiencies were mea-
sured with a 52Eu source in the target position before
and verified immediately after the experiment using the
activity of the target. The solid lines represent fits to the
angular correlation function restrained to only physical
parameters for the correlation coefficients

W(by) =1+ Az - Q2 - Py(cosby) + Ag- Q4 - Py(cosb,).

Here the Py(cosf,) are the Legendre polynomials, the
Ay are the experimental angular-correlation coefficients,
which depend on the multipolarity of the v-ray transi-
tion, and the @y are attenuation coefficients accounting
for the finite solid angle of the v detectors.

C. Lifetimes

Because of the high recoil velocities of the ions, the
lines of the short-lifetime transitions exhibit prominent
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FIG. 4: (Color online) LINESHAPE fit of the 2} — 07 ~
line in ''%Sn as observed in two clover segments at 128°. The
greyed-out areas represent feeding intensities. QFN repre-
sents the normalized 2.

lineshapes (Fig. 2) suitable for lifetime analysis using the
DSAM technique. The LINESHAPE [25] code was used.
The Doppler-broadened shape of the ~ lines was fitted to
the reaction kinematics by applying stopping powers [26]
to Monte Carlo simulations and including second-order
Doppler effects as well as the finite size and energy resolu-
tion of the v detectors. A sample fit for the 1212 keV line
in 11%Sn is shown in Fig. 4. The short-lived 2] state is fed
about 40% from the long-lived 67 and 4] states, which
accounts for nearly all of the stopped component in the
lineshape. Also excited in ''%Sn is a 3] state at 2458.4
keV which decays into the QIF, contributing about 8% to
its intensity. The lifetime of the 3] state was unknown,
but from the fully Doppler-shifted peak positions at 52°
and 68°, together with the reaction kinematics and en-
ergy loss in the multilayer target, a lifetime of 0.25(5) ps
was derived. Unfortunately, this 3] — 2] fully-shifted
and Doppler-broadened v transition of 1246.4 keV also
falls under the lineshape of the 1212 keV line at back-
ward angles. Including various scenarios for the feed-
ing contributions and using the detectors at different an-
gles, a number of fits produced lifetimes close to the
literature value calculated from B(E2) measurements.
Overall, in this work, the lineshape fits give an average
7(11%8n; 2]) = 0.81(10) ps which is slightly larger than
the NNDC value of 0.69(6) ps [27].

D. Magnetic moments

The Coulomb excitation of the 2] state in 1°°Cd pro-
vided a solid check of the precession measurement. At a
beam energy of 400 MeV, for which feeding is the lowest,
the known g-factor value was reproduced. In later runs
with various beam intensities, the Cd value was taken to
monitor and determine the magnetization (temperature)

of the target spot. Indeed, a strong correlation between
the beam current, represented by the measured singles
particle rate, and the precession effect of the 2f — Of
transition in 196Cd was observed.

The results are summarized in Table III. The g factor
of the 2] of 11°Sn was analyzed from v spectra in coinci-
dence with the 2a-peak (Fig. 1). Because of considerable
feeding by the long-lived states in the 67 — 41 — 2 cas-
cade, and to avoid feeding corrections, only the Doppler-
shifted part of the 1212 keV ~ line was used in the pre-
cession analysis. This procedure reduces the counting
statistics but avoids even larger errors caused by the er-
ror propagation in the feeding corrections [31]. The very
short lifetime of the state affects the effective transit time
in the gadolinium layer of the target and the g factor.
The slightly shorter literature lifetime of 0.69 ps would
increase the value of the g factor quoted in Table IIT by
7%. The g factors of the 47 and 67 states were deter-
mined from v spectra gated on both « peaks in Fig. 1.
Both values are within the errors close to zero. For the
47 state a lifetime of 4 ps was used, which is long enough
to not affect the quoted g factor.

The g factor of the 47 state in °°Cd was measured for
the first time. The state has a short lifetime and is fed
by a second 4. The literature value [29] is 7(1°6Cd; 4])
= 1.26(15) ps. A lineshape analysis of the current data
favors a longer lifetime of 7 = 2.5(2) ps. The longer life-
time would reduce the g-factor value quoted in Table IIT
by ~ 25%. More details of the 1°6Cd results will be pre-
sented in a forthcoming paper.

IIT. DISCUSSION AND THEORY

None of the theoretical approaches shown in Fig. 5
can describe the g(2]) factors of all the Sn isotopes. Al-
though, the common trend from positive to negative g-
factor values is reproduced. No shell-model calculation
explicitly breaking the Z = 50 shell was published.

The results of Ansari and Ring [17] agree with the mea-
sured g(2]) of the present paper but not with most of the
measured values for other Sn isotopes. The other two cal-
culations in Fig. 5 are within 1.7 standard deviations but
lower than the measured value.

Jiang et al. [19] calculated the magnetic moments of
the first 27 states in the Sn isotopes within the framework
of the nucleon-pair approximation of the shell model.
Their calculation yields a g factor for 1'°Sn about three
times smaller than the measured value. Furthermore,
the authors used an effective g,; = 40.09, rather than
the generally accepted value, g,; = -0.1 [32]. This sign
inversion could alter considerably the final result.

The shell-model calculation by Ekstrom [33] based on
a stable 1%9Sn core as described in Ref. [13] also under-
predicts the present ''9Sn result. This calculation pre-
dicts a downturn of the g factors for the proton-rich iso-
topes, and overall agrees best with the experimental data.

In the present work, large-scale shell model (LSSM)



TABLE III: Experimental results for states in '°Sn and '°°Cd. Also included are the slopes for full clovers and precession
angles. Af(g=1) was calculated using the Rutgers parametrization [28]. The lifetimes are taken from the National Nuclear

Data Center (NNDC) data base [27, 29].

EBecam Ir E, T Af(g=1) [S(60°)] A0 g
(MeV) (keV) (ps) (mrad) (mrad ™) (mrad) This work Others
110Sn
410 2F  1212.0 0.81(10)" 65.8 0.384(37) 18.8(68)  +0.29(11)
4t 984.0 > 4.0° 92.6 0.463(55) 47(130)  40.05(14)
65 280.2 8.1(4)-10°  103.0 0.565(120) 0.8(191)  +0.01(19) +0.012(3)°
106Cd
400 2F 632.7 10.49(12) 98.5 1.76(3)* 39.14(94)  +0.398(22) +0.393(31)°
410 47 861.2 1.26(16) 735 0.66(3) 19.6(40)  +0.27(6)
“This work. the NNDC value is 7(2]") = 0.69(6) ps [27].
bThe lifetime is unknown. The adopted value agrees with system-
atics in neighboring isotopes. The lineshape shows no discernible
Doppler shifted component.
°Ref. [30]
‘IS(67°)]
“Ref. [23]
calculations were carried out for ''°Sn adopting the 0.6 ‘ ‘ o Hassera/(1980)
sn100pn interaction [34]. A %°Sn core was employed and TN m Easter al.(2008) 1
. . . L/ & Walkeret. al(2011) |
proton excitations were excluded. The neutron orbital 0.4 AN + O Kumbartzkiet al.(2012)
space included g7/2, ds/2, d3/2, $1/2 with and without r \Jﬁ\ v Allmond et al.(2013) -
hi1/2. The best agreement with the experimental data o 020 - C M ﬁmwgrsta/.(zma
was obtained without the hy; /5 orbital, g,; = + 0.1 and g T T SN _ 1
Gvs = 0.75 gs. free, values similar to those used in Ref. [19]. < of - Jlanger al(2014)
i +) — +) — + L N )
The resulting ¢ factors were g.(2 ) =+ 0.15, g(4%) = + o \ansarier 41(2007)
0.12, and g(67) = + 0.1. With g,; = -0.1, all three g o 0.2+ iRQRPA i
factors turn negative. Furthermore, the inclusion of the F ) E
h11 /2 orbital considerably reduced these results. 0.4 Is<sst'r\;m (2015) |
If the wave-functions of the states of interest in '°Sn 8 1
were of purely neutron nature, in the spirit of the senior- -0.6

ity scheme, at a minimum two neutrons not coupled to
zero are required in the available (g7/2) and (d5/3) or-
bitals near the Fermi level to form excited states.

Therefore, in a simple single-particle approach, the
case of two neutrons in the (g7/2)> and the mixed
[(g7/2)*, (d5/2)"] configurations is considered . The ex-
pression

(9s — )

Vs 790 ith j=1+1/2
@ +1 /

gi =g+

gives gcal(ng) = +0.208 and gcal(d5/2) = —0.654 using
effective values for the neutron spin and orbital g factors,
g = —3.826 x 0.75 and ¢ff = —0.1. Thus the config-
uration (g7/2)* yields g(21) = g(47) = g(67) = +0.208.
Then, the expression [35]

o (91+92) , (g1 —9g2) j1(1 +1) —j2(a + 1)
9(1®j2, 1) = ===+ T+ 1) :

where j; = 7/2, jo = 5/2, and I, the total angular mo-
mentum, yields the effective g factors for the mixed con-
figuration

g=(2f) = +0.28  g(4f) = ~0.07 ¢=(67) = ~0.151.
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FIG. 5: (Color online) Compilation of experimental g(2;) fac-
tors from Refs. [9, 11-15]. The LSSM calculation is based on
the 1°°Sn core calculation of Ref. [6] as published in Ref. [13]

and extended by A. Ekstrom [33] to the neutron-deficient Sn
isotopes.

The results from the two configurations, when averaged,
yield values of

g(2f) = 4024 g(4]) = +0.07 ¢(6]) = +0.03.

These values are in very good agreement with the ob-
served g factors of the present work (Table III). Any
inclusion of the (ds /2)2 configuration leads to smaller or
negative g factors in contrast to the experimental results.
In this context it is noteworthy to mention that any con-
tribution from protons excited from the core would sig-
nificantly increase these values due to the corresponding
large positive g values of the relevant proton orbitals.

The B(E2) value deduced from the present lifetime
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FIG. 6: (Color online) Compilation of measured B(E2; 0, —
21) values of the even tin isotopes. The majority of the data
[1, 2, 4-6, 8, 9, 36] are from Coulomb-excitation cross section
measurements. The Jungclaus data [10] and this work (cir-
cles) are from DSAM lifetime measurements. The solid and
dashed curves show shell-model calculations from Ref. [6] us-
ing a '°°Sn and °°Zr closed core, respectively. Also shown
are calculations using the quasiparticle phonon model from
Ref. [37].

value of the 2] state:
B(E2;0{ — 27)%P = 0.192(24) *b°.

agrees with shell model calculations based on the
doubly-magic 1%°Sn core and °Zr core [6] (see Fig. 6).
The result is slightly lower than the two previous
Coulomb-cross-section-based values of 0.220(22) e?b? [5]
and 0.240(20) e2b? [4].

The g(2]) factor is positive but not large enough to
require proton excitation from the Z = 50 core, an ob-
servation additionally supported by the small g factors
for the 41 and 6] states.

This conclusion is also supported by a very recent life-
time measurement of the 2] state of the isotonic 1%Te
isotope [38]. This nucleus has the same neutron number

as "°Sn, N = 60, with two additional protons outside
the magic proton core. In spite of an expected polarizing
effect of the two valence protons on the proton core, the
deduced B(E?2) value is well explained by shell model cal-
culations based on a '°°Sn core. The authors also expect
this robustness of the Z = 50 core for all 55Te isotopes.

IV. SUMMARY

The current work presents the first measurements of
the g(2) and g(4]) factors in the unstable neutron-
deficient even Sn isotopes. Altogether, the present data
are in agreement with the classical seniority scheme of
the shell model. These data can be understood with-
out proton excitation from the Z = 50 core. In view of
several B(E2) measurements on light neutron-deficient
Sn isotopes claiming proton core excitations and in view
of the present observations and results, further measure-
ments of magnetic moments and lifetimes for other neu-
tron deficient Sn isotopes with radioactive Sn ion beams
are highly desirable.
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