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Abstract. The radioactive isotope 107Sn was studied using Coulomb excitation at the REX-ISOLDE facility
at CERN. This is the lightest odd-Sn nucleus examined using this technique. The reduced transition
probability of the lowest-lying 3/2+ state was measured and is compared to shell-model predictions based
on several sets of single-neutron energies relative to 100Sn. Similar to the transition probabilities for the
2+ states in the neutron-deficient even-even Sn nuclei, the measured value is underestimated by shell-
model calculations. Part of the strength may be recovered by considering the ordering of the d5/2 and g7/2

single-neutron states.

1 Introduction

In recent years, Coulomb excitation measurements of the
neutron-deficient even-even Sn nuclei have revealed ∼ 30%
enhanced transition probabilities for the first excited 2+

states compared to state-of-the-art shell-model calcula-
tions [1–4]. It is of interest to see if this trend is also ob-
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served for transition probabilities in the neutron-deficient
odd-Sn isotopes. Relatively little work has been carried
out using Coulomb excitation in these isotopes. Prior
to this study, the lightest odd-Sn nucleus studied was
115Sn [5].

Coulomb excitation measurements favor the popula-
tion of excited states built upon collective excitations over
excited states built upon single-particle excitations. Such
a measurement therefore makes it possible to identify ex-
cited states which are likely to be of single-particle charac-
ter. In the light Sn nuclei, the excited states can be inter-
preted as arising from the excitation of neutrons outside
of a 100Sn core. As a direct measurement of the single-
neutron states in 101Sn is currently out of reach, an alter-
native approach is to identify these states in the heavier
Sn nuclei and study their migration across the Sn iso-
topic chain. The five single-neutron orbits of interest are
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the d5/2, g7/2, s1/2, d3/2 and h11/2 orbits. The only firm
experimental evidence for these orbits in 101Sn is the en-
ergy spacing between the d5/2 and g7/2 orbits, measured
to be 172 keV [6,7]. The lightest of the odd-Sn isotopes
with well-established candidates built upon each of the
five neutron orbits is 111Sn. The spectroscopic strengths
for these states have been reported in a number of reac-
tion studies [8]. No such data is currently available for the
lighter Sn nuclei. It should be mentioned that the states
referred to as single-neutron states are those which carry
the largest single-neutron component. In 109Sn, there is
conflicting evidence for the location of the s1/2 orbit. β-
decay measurements suggest that a level at 545 keV could
be this state [9]. However, a previous study using the
106Cd(α, pγ)109Sn reaction suggested a 3/2+ spin for this
level based on angular distribution measurements [10]. As
discussed in ref. [9], no conclusive candidate for the s1/2

state has been identified in 107Sn.
In this work, we present results of Coulomb excita-

tion measurements of the nucleus 107Sn. This is the first
such measurement in which the reduced transition prob-
ability, B(E2; 5/2+

1 → 3/2+
1 ) value, for the lowest-lying

3/2+ state has been measured. Similar to the neutron-
deficient even-even Sn nuclei, the value is enhanced with
respect to shell-model predictions. Part of the strength can
be recovered by considering the ordering of the low-lying
d5/2 and g7/2 orbits, which has been recently debated [6,
7]. The ordering of these orbits may also be important
for the even-even Sn nuclei. The three higher-lying orbits
may in addition contribute to some extent to the increased
strength. In a recent study, the s1/2 orbit has been sug-
gested to be responsible for the recently observed loss of
collectivity in the transition strengths of the even-even Sn
nuclei around midshell [11].

2 Experimental methods

The Coulomb excitation experiment was carried out at
the REX-ISOLDE [12] facility at CERN. The 107Sn ra-
dioactive beam was produced by bombarding a 27 g/cm2

LaCx target by a 1.4GeV proton beam delivered by the PS
Booster with an intensity of ∼ 3.3 × 1013 protons/pulse
(15–18 pulses/min). The Sn atoms diffused through the
target material and effused into a transfer cavity where
they were singly ionized using three-step laser ionization.
Elements with a low ionization potential were also surface
ionized in the transfer cavity and were electromagnetically
extracted along with the Sn atoms. The general purpose
separator of the facility was used to select a beam with
mass number A = 107. The isobaric beam was continu-
ously delivered to REX-TRAP [13] where the ions were
cooled, bunched, and transferred to the electron beam ion
source (EBIS) [14]. The ions were charge bred for 59 ms to
a charge state of 26+ and further separated according to
their A/q ratio prior to injection into the REX linear accel-
erator. The final energy of the beam was 2.87MeV/u after
acceleration and before hitting the 1.95mg/cm2 99.93%
isotopically enriched 58Ni target.
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+0→+Ni: 258

Fig. 1. The γ-ray spectra collected during the experiment
without Doppler correction gated on (a) Sn and (b) Ni and
with Doppler correction gated on (c) Sn and (d) Ni. The peak
labeled 107In arises from the Coulomb excitation of the iso-
baric beam contaminant. The two arrows indicate the possible
presence of two other decays in 107Sn.

The emitted γ-rays, after Coulomb excitation, were de-
tected with the MINIBALL detector array [15]. The array
consisted of a set of Ge detector clusters, positioned in
a close geometry, surrounding the target position. Each
Ge cluster contained three HPGe crystals that were six-
fold segmented. The scattered and ejected particles were
detected in a double-sided silicon strip detector (DSSSD)
located downstream from the target [16]. The DSSSD was
divided into four quadrants, each with 16 annular strips
(front face) and 24 radial strips (back face) coupled pair-
wise. The collected data consisted of both events in which
one particle was detected (1p events) in the DSSSD and
events where both the recoil and scattered particle (2p
events) were detected. Due to the kinematics of the reac-
tion, the scattered Ni and Sn particles could be uniquely
identified by the DSSSD. The segmentation provided by
the DSSSD made it possible to reconstruct the energies
and angles of the not detected particles in the 1p event
data set using the two-body kinematics of the reaction.
The combined 1p events + reconstructed particle and 2p
events make up the data analyzed in this work.

3 Experimental results and analysis

The collected spectra from the experiment with and with-
out Doppler correction are shown in fig. 1 and the ex-
tracted peak areas and relative intensities used in the
analysis are presented in table 1. The data corresponds to
γ-rays in coincidence with scattered Ni particles between
28.6◦ and 46.0◦. A γ-ray, resulting from the 3/2+

1 → 5/2+
1

transition at 704 keV [17] is clearly seen in fig. 1c. The
known level scheme for 107Sn is shown on the left side
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Fig. 2. The experimental and calculated excited states for A) 107Sn and B) 109Sn. The experimental energies are taken from
refs. [17,24]. The arrow corresponds to the observed 704 keV 3/2+

1 → 5/2+
1 transition. The bold markers indicate the single-

neutron states as discussed in the text. The calculations correspond to the different sets of single-neutron orbits given in table 2
for both choices of ground states in 101Sn.

Table 1. Measured peak areas, relative intensities, and the
extracted reduced transition probability. Energies taken from
refs. [17,18].

Transition Eγ (keV) Area Rel. Int.

Sn 3/2+
1 → 5/2+

1 704 140(20) 1.92(28)

Sn 5/2+
2 → 7/2+

1 667 < 71 < 0.94

Sn 9/2+
1 → 5/2+

1 1222 < 66 < 1.27

Ni 2+ → 0+ 1454 47(11)(a) 1.00(24)(a)

B(E2; 5/2+
1 → 3/2+

1 ) 0.045+0.023
−0.017 e2b2

(a)
Peak area and intensity due to the excitation of Sn particles, de-

termined using the beam purity and the area under the peak shown in
fig. 1d.

of fig. 2 [17] for reference. The γ-ray at 1001 keV in the
Sn Doppler corrected spectrum can be attributed to the
Coulomb excitation of the isobaric beam contaminant
107In [17]. The contaminant structure is also present when
the laser ionization is switched off, while the Sn peak
disappears. The amount of isobaric contaminant in the
beam was determined by running alternating cycles of
beam pulses with the laser on and off. The Sn fraction
in the beam, with the laser ionization switched on, was
calculated to be 31(6)% from the number of counts in the
observed 107In peak and the number of particles in the
DSSSD from the laser on and off runs. The intensity of the
Sn beam was estimated to be on the order of 105 particles

per second. A weak indication of the 9/2+
1 → 5/2+

1 and
5/2+

2 → 7/2+
1 transitions, with energies of 1222 keV and

667 keV, respectively, are also indicated in the Sn Doppler
corrected spectrum [17]. It was only possible to get an up-
per limit on their intensities. No significant de-excitation
of the suggested single-neutron 3/2+ state at 1280 keV or
the additional 3/2+ state at 1454 keV were observed in
the experiment [9]. A level at 970 keV has been suggested
to be a 3/2+ state [9] but was also not observed. The Ni
intensity given in table 1 was used for normalization in
the analysis discussed in detail below. The first excited
2+ state in 58Ni has a reduced transition probability of
B(E2; 0+ → 2+) = 0.0704(15) e2b2 [18].

The experimental data was analyzed using the semi-
classical Coulomb excitation code GOSIA2 [19] to extract
the B(E2) value for the 5/2+

1 → 3/2+
1 transition. The Ni

reduced matrix elements for the analysis were taken from
ref. [18]. In 107Sn, the excitation probability of the 3/2+

1
state may be effected by the excitation of other low-lying
observed and unobserved states. Therefore, several addi-
tional states were included in the analysis. These include
the 7/2+

1 state at 151 keV, the 5/2+
2 state at 818 keV, and

the 9/2+
1 state at 1222 keV [17]. Our shell-model calcu-

lations, discussed below, predict a previously unobserved
7/2+ state in the region of 1400 keV. This state was also
included in the analysis. The intensities used in the anal-
ysis for the two upper limits presented in table 1 may also
have an effect on the B(E2; 5/2+

1 → 3/2+
1 ) value. These
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Table 2. Sets of single-neutron orbits, given in MeV, used for the shell-model calculations described in the text.

Single-neutron orbit SM A SM B SM C SM D SM E SM F

d5/2 0.0 0.0 0.0 0.0 0.0 0.172

g7/2 0.172 0.172 0.172 0.172 0.172 0.0

s1/2 1.55 2.45 2.2 1.6 2.6 2.3

d3/2 1.66 2.54 2.3 2.0 2.7 2.5

h11/2 3.55 3.0 2.7 2.3 3.4 3.4

Reference for s1/2, d3/2, h11/2 [1] [21] [22] [23]

were not directly used as input to GOSIA2 but instead
the calculated yields of these transitions were required to
be lower than the limits given in table 1. The effects of
these upper limits are discussed in further detail below.

The E2 and M1 matrix elements for the states used
in the analysis were taken from the Shell-Model (SM F)
calculations discussed in the following section. The stan-
dard neutron effective charge for the light Sn isotopes of
eν = 1.0e [1] and the neutron g-factors, gl = 0, gs = −3.82
were used to generate the matrix elements. The known
branching ratios for the levels at 704 keV and 818 keV were
also included [17]. The E2/M1 mixing ratios for these
states have not been measured previously. In the analysis,
the M1 matrix elements and E2 matrix elements for the
unobserved states along with the quadrupole moments of
all states were fixed to the starting shell-model values.

The extracted transition probability is given in table 1.
The error estimation procedure included in GOSIA2 does
not account for correlations between the target and pro-
jectile matrix elements. The correlated error was therefore
estimated by increasing and decreasing the 3/2+

1 → 5/2+
1

matrix element around the minimum value while allow-
ing the 3/2+

1 → 7/2+
1 matrix element to reproduce the

measured branching ratio and the Ni matrix elements to
vary within their 1σ limits. The quoted error in table 1
corresponds to the χ2+1 limits.

Several tests were carried out to investigate the in-
fluence of the fixed shell-model matrix elements on the
B(E2; 5/2+

1 → 3/2+
1 ) value. The matrix elements were

varied coherently by ±50% and the minimization was re-
peated. The procedure is similar to previously published
methods using the code GOSIA [20]. These changes only
affected the measured B(E2) value by a maximum of
0.003 e2b2. The matrix elements were also set to zero
which decreased the reported value by 0.003 e2b2. In ad-
dition, the minimization was carried out using the SM E
matrix elements, discussed below. This only affected the
measured B(E2) value by less than 0.001 e2b2. The best fit
presented in table 1 predicted ∼10 counts to be present in
both the 5/2+

2 → 7/2+
1 and Sn 9/2+

1 → 5/2+
1 transitions.

To evaluate the influence of the measured upper limits,
yields corresponding to the maximum values given in ta-
ble 1 were used as input to GOSIA2. This resulted in an
increase in the measured transition probability of 0.002

e2b2. The influence of the above tests are small compared
to the quoted uncertainty in table 1.

4 Discussion

We have carried out a series of shell-model calculations to
compare with the measured B(E2) value. A set of effec-
tive two-body matrix elements and single-neutron orbits
relative to 100Sn make up the primary input to these cal-
culations. The effective interaction used in this work was
derived from a G-matrix renormalized CD-Bonn potential.
This interaction has been frequently applied to the even-
even Sn nuclei; see, for example, refs. [2,4]. Currently, the
only available information for the single-neutron states in
101Sn is the energy difference between the d5/2 and g7/2

orbits. We have therefore selected several sets of single-
neutron energies to use in the calculations [1,21–23]. An
important criterion for the selection was their close agree-
ment with the experimentally determined energy splitting
between the two lowest-lying orbits. In the calculations
carried out in this work, the previously adopted value for
the energy splitting has been replaced with the now mea-
sured value of 172 keV. The modified single-neutron orbits
are shown in table 2 labeled SM A–SM D. The shell-model
calculations, described in the following section, were also
carried out using these sets with the inversion of the d5/2

and g7/2 orbits.
We have also fitted the single-neutron orbits in order

to reproduce the suggested s1/2 and d3/2 single-neutron
states and the low-lying 11/2− state in 109Sn [9,24]. This
procedure was carried out for both selections of ground
states in 101Sn and the results are given as SM F and SM
E in table 2. The search for the best sets was carried out
by varying the single-neutron orbits in units of 1MeV and
locating the lowest chi-squared value calculated from the
difference between the measured and calculated energies
of these three states. The results of the fits for the excited
states in 109Sn are shown in panel B of fig. 2. The fits well
reproduce the position of the single-neutron states. It can
be noted that the calculations predict that the lowest 3/2+

state is the d3/2 single-neutron state, based on the calcu-
lated occupation numbers. Previous experimental obser-
vations however suggest that the lowest-lying 3/2+ state
is not the single-neutron state.



Eur. Phys. J. A (2012) 48: 105 Page 5 of 6
)2

b2
B

(E
2)

 (
e

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07
S

M
 A

S
M

 E
S

M
 B

S
M

 C
S

M
 D

S
M

 A
S

M
 F

S
M

 B
S

M
 C S
M

 D

Experiment

5/2d 7/2
gLowest orbit:

Shell−model calculations

Fig. 3. Comparison between the measured and calculated
B(E2; 5/2+

1 → 3/2+
1 ) values.

The calculated excited states in 107Sn using the sets
of single-neutron states in table 2 are shown in panel
A of fig. 2. The bold markers indicate the three higher-
lying single-neutron states based on the largest occupation
numbers from our calculations. It is interesting to point
out some features of these spectra. The SM A and SM D
calculations predict low-lying single-neutron 1/2+ states,
which have not been observed in previous experiments.
This indicates that the energy of the orbit is too low in
these calculations. On the other hand, since this state is
difficult to populate in β-decay measurements [9] it is not
possible to rule out its existence in this energy range. All
the calculations, with the exception of SM A with the d5/2

ground state, predict that the single-neutron 3/2+ state is
not the lowest-lying 3/2+ state. This is in accordance with
our measurement as the observation of the first 3/2+ state
suggests that it cannot be the single-neutron state. The
single-neutron states are expected to have small B(E2)
values and are thus less likely to be populated in Coulomb
excitation.

The calculated transition probabilities for this state us-
ing the sets of single-neutron orbits are presented in fig. 3.
Our measured value is also presented for comparison. All
the shell-model values underestimate the measured value.
Some of the missing strength can possibly be attributed
to the inversion of the d5/2 and g7/2 orbits. In all cases,
calculations with the g7/2 orbit as the lowest-lying orbit
produce an enhanced B(E2) value with respect to the
choice of the d5/2 orbit as the lowest-lying orbit. The in-
version of the orbits however worsens the agreement with
the experimentally measured energy splitting between the
5/2+ and 7/2+ states in 109Sn, as shown in fig. 2.

The three higher-lying orbits may also be important
for the collectivity of the state. For instance, there is
a correlation between the lowering of the energy of the
h11/2 orbit and the strength of the transition probability
in fig. 3. We have verified this by setting the orbits energy

to 2.3MeV while fixing the energy of the other orbits to
the SM F values. This resulted in an increase in the transi-
tion strength of ∼ 30%. Similarly, setting the energy of the
s1/2 state to 1.55MeV and fixing the energies of the other
orbits to the SM F values results in an increase of ∼ 10%
in the transition probability. Repeating the test with the
d3/2 energy set to 1.66MeV however decreases the transi-
tion strength by ∼ 20%. A possible explanation is that the
lowering of this orbit increases the single-neutron charac-
ter of the lowest-lying 3/2+ state. It is therefore difficult
to pinpoint the origin of the enhancement based on the en-
ergy of the single-neutron states alone. However, it is clear
from our calculations that part of the missing strength
may be explained by the ordering of the two lowest-lying
orbits.

In ref. [6] it was found that good agreement with the
energy splitting of the 5/2+ and 7/2+ states in the light Sn
nuclei could be achieved with the d5/2 orbit as the lowest-
lying single-neutron orbit relative to 100Sn if the (g7/2)20+

matrix element was reduced by ∼ 20%. In order to explore
the effect of this matrix element on the reduced transition
probability in 107Sn, we carried out a shell-model calcu-
lation using the SM E set and a 20% reduced (g7/2)20+

matrix element. We found that this leads to an ∼ 30%
reduction of the calculated B(E2) value.

Another explanation for the missing transition
strength could be related to core excitations of neutrons
and protons across the shell gap, as discussed previ-
ously [1–4]. In recent shell-model calculations in 98Cd, a
5/2+ ground state was predicted in 101Sn with the in-
clusion of neutron excitations across the N = 50 shell
gap [25]. Interestingly, the calculations predicted a 7/2+

ground state when the core excitations were not included.
To compliment the shell-model calculations presented

here, we have also analyzed the measured B(E2) value un-
der the framework of the simple core-excitation model [26].
In the model, the low-lying excited states of 107Sn can be
described by the coupling of a single-neutron to an ex-
cited 2+ core. The B(E2) strength of the core is expected
to be distributed amongst the core-coupled multiplet. Un-
der the assumption that the core has the same properties
as 106Sn, with B(E2; 0+ → 2+) = 0.195(39) e2b2 [4], the
model predicts for 107Sn a reduced transition probability
of B(E2; 5/2+

1 → 3/2+
1 ) = 0.026(5) e2b2. It may thus be

concluded that the simple coupling scheme underestimates
the amount of core polarization in 107Sn.

5 Summary

In summary, we have presented the first measurements
of the transition strength for the lowest-lying 3/2+ state
in the neutron-deficient isotope 107Sn. This is the light-
est odd-Sn nucleus measured using Coulomb excitation to
this date. The measured transition strength is enhanced
with respect to state-of-the-art shell-model calculations.
One potential source of the missing strength is the order-
ing of the two lowest-lying single-neutron orbits relative
to 100Sn. In all our calculations, the strength is enhanced
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with the g7/2 orbit as the lowest-lying orbit compared to
when the d5/2 state is the lowest orbit. In addition, we
have shown that the position of the three higher-lying or-
bits contribute to some extent to the collectivity of the
observed state. These results further emphasize the need
for firm experimental evidence of the single-neutron dom-
inated states relative to 100Sn.
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