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The low-lying structure of semi-magic 118Sn has been investigated through the β-decay of 118In
(T1/2 = 4.45 min) to study shape coexistence via the reduced transition probabilities of states in the
2p-2h proton intruder band. This high-statistics study was carried out at TRIUMF-ISAC with the
GRIFFIN spectrometer. In total, 99 transitions have been placed in the level scheme with 43 being
newly observed. Three low-lying γ-ray transitions with energies near 285 keV have been resolved
from which the 2+

intr. → 0+
intr. 284.52-keV transition was determined to have half of the previous

branching fraction leading to a B(E2; 2+
2 → 0+

2 ) of 21(4) W.u. compared to 39(7) W.u. from the
previous measurement. Calculations using sd IBM-2 with mixing have also been made to compare
the experimental B(E2) values to the theoretical values and to make comparisons to the 114,116Sn
isotopes previously studied using the same theoretical model.

I. INTRODUCTION

The semi-magic isotopes of Sn continue to be of great
interest. They are benchmark nuclei for state-of-the-art
shell-model calculations and offer a strong foundation to
our understanding of shape evolution in the Z = 50 re-
gion (see, e.g., Ref. [1]). While the Sn isotopes are close
to spherical in their ground state, deformed bands built
on excited 0+ states are observed throughout this isotopic
chain and have been interpreted as having two-particle-
two-hole, 2p-2h, character [2, 3]. The presence of these
deformed intruder states is considered to be an impor-
tant feature in the Z = 50 region [3–5] and the degree of
mixing between deformed and normal states needs to be
further explored [3].

Enhanced cross sections of the excited 0+ states in
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even-even 108−118Sn were identified in the (3He,n) exper-
iments by Fielding et al. [6], and it was later suggested
that the observed 0+2 state in even-even 112−118Sn is the
bandhead of an intruding rotational band due to 2p-2h
proton excitations across the shell gap by Brön et al. [2].
In a recent β− decay study of 116In to 116Sn, a newly ob-
tained B(E2; 2+2 → 0+3 ) value suggested the 0+3 state as
the 2p-2h bandhead instead of the 0+2 [7]. Furthermore,
sd IBM-2 with mixing calculations were made to test the
mixing between the intruder and normal configurations
in 116Sn [8] and 114Sn [5]. In both cases the conclusion
was that the 0+3 is the intruding bandhead but is strongly
mixed with the 0+2 state.

Although the intruder band lies at lower excitation en-
ergy in 118Sn—the 2+intr. state is 14 keV below the 0+3
level—obtaining accurate B(E2) values can indicate the
degree of collectivity of the intruder band and the amount
of mixing between deformed and normal states [9].

Many studies have been performed on 118Sn provid-
ing a comprehensive level scheme which includes the
2p-2h intruder band built on the excited 0+2 state at
1758 keV [10]. Two studies, β-decay of 118In [11] and
(n, n′γ) [12], contributed most of the low-lying observ-
ables to the 118Sn level scheme. One notable discrep-
ancy between these studies, which needs clarification,
is related to the Iγ(2+3 → 2+2 ) for 285.3 keV and the
Iγ(2+2 → 0+2 ) for 284.6 keV [11, 12]. In each of these
experiments, both the 2+2 intruder state and the 2+3 state
were populated. However, in the (n, n′γ) study, only the
284.6-keV transition was observed [12], while the 118In β-
decay study only observed the 285.3-keV transition [11].
It is likely that the intensities of these transitions have
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been grouped together in the ENSDF [10] and as a result,
the adopted B(E2; 2+2 → 0+2 ) of 39(7) W.u. is too large.
Since the characterization of the collectivity in the nor-
mal and intruder configurations is important, the present
work sought to resolve this issue in 118Sn.

A high-statistics experiment to investigate the decay
properties of the proton 2p-2h band in 118Sn using the
β-decay of 118In and the high-resolution GRIFFIN spec-
trometer located at TRIUMF-ISAC [13] has been per-
formed. New results, which include updated B(E2) val-
ues, and a discussion of the new observations are pre-
sented. Furthermore, sd IBM-2 calculations with mixing
have been performed to further elucidate the character
of the states of interest.

II. EXPERIMENT

Measurements of the β-decay of 118In were performed
at the TRIUMF Isotope Separator and ACcelerator
(ISAC) facility which houses the Gamma Ray Infrastruc-
ture For Fundamental Investigations of Nuclei (GRIF-
FIN) [13]. GRIFFIN is a high-efficiency γ-ray spec-
trometer consisting of 16 high-purity germanium (HPGe)
clover detectors [14] which was coupled to the ancillary
SCintillating Electron Positron Tagging ARray (SCEP-
TAR), comprised of 20 plastic scintillators for tagging β-
particles [13] and was fixed within a 20mm Delrin shield.
The detector signals were read out and processed by the
GRIFFIN data acquisition system [15].

A radioactive beam of 118In was mass separated from
the reaction products of a 9.8 µA, 480 MeV proton beam
impinged onto a UCx target. A high-purity beam was
obtained using the Ion-Guide Laser Ion Source (IG-LIS)
to suppress isobaric contaminants. The beam was trans-
ported and implanted into Mylar tape at the center of
the GRIFFIN chamber. The isotope 118In decays via the
1+ ground state with T1/2 = 5 s [16], a 5+ isomeric state

with T1/2 = 4.45 min [17] and an 8− isomeric state with
T1/2 = 8.5 s [18]. The tape was cycled after five minutes
of implant and five minutes of decay to obtain statistics
which favored observation of the 5+ isomeric state, which
populates the states of interest in 118Sn. Analysis was
performed on data after 25 s of decay, reducing the con-
tributions from the 1+ and 8− by five and three halflives,
respectively. Furthermore, nearly 99 % of the 8− state
decays internally to the 5+ state through a 138.5 keV γ
ray, and 95 % of the 1+ state β-decays to the 0+ ground
state in 118Sn. The tape was moved out of the chamber
and into a lead box after each decay cycle to start a new
implant cycle. The total run time was approximately 80
minutes during which 2×109 γ-singles events and 1×109

γ-γ coincidence events were recorded. Since the isotope
of interest was sufficiently free of isobaric contaminants
and the implant rate was quite high, SCEPTAR was not
used to generate β-γ coincident spectra.

The relative efficiency of the 16 HPGe clovers in ad-
dback mode [13] was determined using standard sources

of 56Co, 60Co, 133Ba and 152Eu. Addback is a tech-
nique in which coincident γ-ray energies between ad-
jacent crystals in a single clover detector are summed.
Compton scattered γ-ray events are recovered increasing
the peak-to-total ratio, and ultimately increasing the to-
tal photopeak efficiency. For this analysis, the addback
mode was applied to determine the peak intensities. The
peak centroids and areas were obtained using maximum-
likelihood fitting of a modified Gaussian with parameters
for skewedness, linear or quadratic background and step
sizes. Corrections to the γ-ray intensities due to sum-
ming were determined using a matrix of γ-γ coincidences
between detector pairs separated by 180◦ as described in
Ref. [13].

Energy calibrations were made using a linear fit be-
tween two strong photopeaks and then non-linearity cor-
rections were made using many of the well known pho-
topeaks in 118Sn. A systematic uncertainty of 0.2 keV
was determined on the γ-ray energies based on the non-
linearity residuals applied to the calibration sources.
Cross-talk corrections were made using Compton events
in the γ-γ coincidence matrix from the 60Co source as
outlined in section 4.1.1 in Ref. [13]. The uncertainty
on γ-ray intensities is based on the uncertainty in peak
areas, background estimations, relative efficiencies, and
summing corrections.

For weak transitions, γ-γ coincidence matrices were
used to obtain their energies and intensities. This used a
method of gating on a stronger γ-ray transition directly
below the weak γ-ray in the same cascade [19, 20]. To
correct for summing in gated coincidence spectra, coinci-
dence matrices of detector pairs separated by 180◦ were
constructed from energy gates corresponding to the same
gates used in the γ-γ coincidence matrices. The γ-γ co-
incidences between any two of the 64 GRIFFIN crystals
were also used to obtain γ-γ angular correlations to de-
termine the multipole mixing ratios δ (see Section III C).

To calculate the log(ft) values, the β-feeding to in-
dividual levels needs to be determined. This was done
through an intensity balance of γ-intensity depopulating
a level minus γ-intensity populating the same level. To
obtain absolute β-feeding of each level, the total ground-
state feeding was used to normalize the relative β-feeding.

The B(E2) values for transitions with known lifetime
measurements, mixing ratios δ (from [10] or our measured
values as described in Section III C), or for transitions
which are assumed pure E2, were calculated using our
measured γ-ray branching ratios BRγ . All BRγ used
in these calculations, and in the logft calculations took
into account internal conversion. The internal conversion
coefficients were applied to γ-ray intensities for energies
below 600 keV and the coefficients were taken from [10]
when possible, or calculated using BrIcc [21].
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III. RESULTS

A. Level Scheme

In this β-decay study of the 5+ isomer of 118In, 99 γ
rays have been assigned to 23 low-lying excited states
in 118Sn. Of these transitions, 43 were newly observed,
including 6 which depopulate a newly placed level at
3398 keV. Table I shows all γ rays observed in this ex-
periment from an initial level of spin and parity Jπi to a
final level of spin and parity Jπf , and their correspond-

ing intensities, branching ratios, and B(E2) transition
strengths, and compares them to the ENSDF [10].

Of the 51 γ rays placed by Raman et al. [11], 49
were observed with relative intensities for most of the
strong transitions in reasonably good agreement. How-
ever, there are several transitions where the γ-ray intensi-
ties and/or branching ratios differ by more than 2 sigma.
Some of these can be easily explained from the fact we
used γ-γ coincidence matrices, while Raman states they
did not.

A 1265.14-keV transition from the 3753-keV level was
observed by Raman in a singles spectra with an inten-
sity of 0.138(9). We observe the 1265.14-keV transition
and a newly observed 1264.34-keV transition from the
3592-keV level with intensities of 0.064(6) and 0.051(6),
respectively. It is suspected that these were not resolved
as two distinct transitions and the intensity placed by
Raman is the sum of their intensities.

Raman identified the transition of 971.0 keV from the
3374-keV level and assigned an intensity of 0.35(6) based
on an intensity balance of the 2403-keV level which the
971.0-keV transition populates. The remaining intensity
of 0.32(7) was assigned to the 971.6-keV transition from
the 3460-keV level. We observed more intensity feeding
into the 2403-keV level, indicating that the 971.0-keV
transition should have less intensity from what Raman
observed. Furthermore, a third transition of 970.8 keV
was resolved with an intensity of 0.110(5) from the 3704-
keV level. Our summed intensity of 971.0-keV, 971.6-
keV and 970.8-keV transitions is in agreement with the
summed intensities Raman observed, although we deter-
mined an intensity of only 0.139(6) for the 971.0-keV
transition compared to 0.35(6).

Another discrepancy is the intensity given to the
1094.10-keV transition from the 3374-keV level. We ob-
serve, from γ-γ coincidence, an intensity of 0.548(23)
compared to 0.805(20). It is unclear how Raman was
able to separate this from the 1094.98-keV transition de-
populating the 2327-keV level without γ-γ coincidence.

One interesting difference is between our B(E2) value
of <42 W.u. for the 1098.2-keV transition depopulating
the 2327-keV level compared to B(E2) value of <20 W.u.
listed in the ENSDF [10]. It is unclear how the value of

<20 W.u. was established given our measured absolute
BRγ for the 1098.2-keV transition is nearly the same as
listed in the ENSDF [10].

We did not observe the 756-keV and the 1116-keV tran-
sitions assigned by Raman to the decay of a new level in
118Sn at 3159 keV. However, a 1117.3-keV transition was
observed and originates from a newly observed 3398-keV
level as shown in Figure 1. All of the γ rays which depop-
ulate this level were observed through γ-γ coincidences
and a spin of Jπ = 4+ was assigned to this level based
on the logft value of 6.72 (shown in Table II) and on
the observation of 994.18-keV, 1070.06-keV and 2168.3-
keV transitions which feed into the 2+4 , 2+3 and 2+1 levels,
respectively.

New transitions of 2524.3 keV and 1711.2 keV were
observed and assigned to the decay of the 3754-keV level
to the 1230-keV 2+1 and 2043-keV 2+2 levels, respectively.
This suggests a spin assignment of 4+ for the 3754-keV
level which was previously given a J = 4, 5, or 6 with no
parity [11]. The 4+ assignment is also reasonable given
the logft value of 5.874(14), as shown in Table II, which
is consistent with an allowed transition of ∆J = 1 and
no change in parity.

Spin assignments of 4+ were also made for the 3816.19-
keV and 3838.33-keV levels based on observed transitions
to 2+ states and on the logft values in Table II. The pre-
vious assignment of J = 1+, 2+, or 3+ to the 3816.19-keV
level would indicate at least a second forbidden transition
which is not in line with the logft value obtained. Sim-
ilarly, the 3838.33-keV level was previously assigned a
J = 4 with no definite parity. This should be a 4+ based
on the logft value.

A 1734-keV transition from the 2963-keV level had
been observed previously by Hattula et al. [22] and do
Amaral et al. [17], but no evidence for this transition
was reported by Raman et al. [11]. A significant amount
of summing of the 683-keV transition with the 1051-keV
transition gives rise to uncertainty for a 1734-keV tran-
sition which can be understood from Figure I. However,
summing corrections were performed for the 1734-keV
photopeak and its relative intensity was determined to be
0.446(13), in agreement with the earlier reports [17, 22].

Non-zero β-feeding intensity is observed to the 2+

2904-keV and 3057-keV levels corresponding to unique
second forbidden transitions (see Table II). The logft
values are 10.08(6) and 10.84(22), respectively, which are
lower than expected. Higher than expected β intensity
is likely due to unobserved transitions. For instance, it
is possible that there is a 59.5-keV transition connecting
the 4+ 2963-keV level to the 2904-keV level. However,
this transition, if present, was not observed due to the
low efficiency for γ ray detection at this energy and the
high probability for internal conversion.
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FIG. 1. Partial level scheme of 118Sn populated in the β-decay of the 5+ isomer of 118In. The widths of the arrows represent
the relative intensities of the γ-rays. Included, but not observed, is the 0+3 level at 2057 keV. The 3398-keV level (blue) is newly
placed based on five newly observed transitions depopulating it.

TABLE I: Levels in 118Sn populated by the β− decay of the 5+ isomer of 118In (Ex = 60 keV, T1/2 = 4.45 min). The relative

intensity of the observed transitions, Iγ , are compared to the previous β− decay study [11], and the branching ratios, BRγ ,
and B(E2) values are compared to the ENSDF [10].

Elevel T1/2 (ps) Jπ
i → Jπ

f Eγ Iγ,rel BRγ,rel B(E2) Iγ,rel BRγ,rel B(E2)
[keV] Ref. [10] [keV] [W.u.] Ref. [11] Ref. [10] [W.u.] [10]

1229.50(10) 0.49(2) 2+1 → 0+1 1229.57(20) 100 100 12.1(5) 100 100 12.1(5)
1758.24(14) 21(3) 0+2 → 2+1 528.70(20) 0.129(4) 100 19(3) 100 19(3)
2042.62(10) 2.9(4) 2+2 → 0+2 284.52(20) 0.051(7) 1.31(17) 21(4) 2.5(2) 39(7)

2+2 → 2+1 813.11(21) 3.91(9) 100.0(23) 7.2(10) 3.88(12) 100.0(24) 6.9(1)
2+2 → 0+1 2042.70(22) 3.27(10) 83.6(26) 0.072(10) 3.63(8) 92.2(25) 0.075(11)

2280.21(11) 0.76(13) 4+1 → 2+2 237.80(22) 0.050(4) 0.058(5) 16(3) 0.04(2) 0.05(2) 14(7)
4+1 → 2+1 1050.54(20) 85(2) 100.0(26) 17(3) 84.4(26) 100(3) 17(3)

2324.29(21) 0.19+0.04
−0.03 3−1 → 2+1 1094.98(63) 1.46(7) 100(5) 1.5(5) 100(4)

3−1 → 0+1 2323.9(3) 0.0148(13) 1.02(9) 1.1(1)
2327.73(12) >0.2 2+3 → 2+2 285.26(22) 0.038(14) 2.3(8) 0.081(10) 5.1(6)

2+3 → 0+2 569.39(20) 0.041(2) 2.40(14) < 26
2+3 → 2+1 1098.2(6) 1.70(7) 100(4) < 42 1.6(3) 100(19) <20
2+3 → 0+1 2327.7(6) 0.326(13) 19.1(8) < 0.19 0.374(12) 23.4(8)

2403.05(11) 0.18+0.08
−0.04 2+4 → 2+2 360.67(22) 0.0121(18) 0.91(13) 1.8(2)

2+4 → 0+2 644.73(20) 0.0190(8) 1.44(6) 12(5)
2+4 → 2+1 1173.44(22) 1.32(3) 100.0(26) 17(7) 1.43(5) 100(3) 22(10)
2+4 → 0+1 2403.05(22) 0.0029(3) 0.222(20) 0.0025(11)

2488.59(11) >0.55 4+2 → 4+1 208.46(21) 3.96(8) 60.3(12) 2.71(8) 52(7)
4+2 → 2+2 445.90(21) 6.56(14) 100.0(22) 5.76(17) 100(3)
4+2 → 2+1 1259.11(22) 3.87(10) 59.2(16) < 2.5 3.99(12) 67(3) <2.8

2677.10(11) >0.28 2+5 → 2+1 1447.51(21) 0.035(3) 87(6) < 3.9 0.047(5) 86(4) <3.7
2+5 → 0+1 2677.18(20) 0.0405(25) 100(6) < 0.25 0.039(5) 100(4) <0.23

2733.53(11) 0.5+0.6
−0.2 4+3 → 4+1 452.7(3) 0.098(11) 6.2(7) 100+70

−50

4+3 → 2+2 690.89(21) 0.0199(18) 1.26(12) 2.5+1.6
−1.4

4+3 → 2+1 1504.0(3) 1.58(4) 100(3) 4.0+2.6
−2.2 1.65(5) 100 4(6)

2878.4(3) (5−)a → 4+2 598.2(3) 0.067(6) 100 0.069(11) 100(3)
2903.53(12) 0.077+0.020

−0.013 2+6 → 2+1 1673.76(28) 0.0216(17) 67(7) 0.9(3) 37(2) 2.2(6)
2+6 → 0+1 2903.46(21) 0.0324(24) 100(7) 0.7(2) 0.028(9)b 100(4) 0.8(2)

2963.04(12) 4+4 → 4+3 229.6(4) 1.06(5) 1.80(8) 0.783(24) 1.38(4)
4+4 → 2+5 286.02(20) 0.0371(17) 0.063(3)
4+4 → 4+2 474.5(3) 3.10(7) 5.26(16) 3.00(10) 5.30(18)
4+4 → 2+4 560.04(20) 1.161(26) 1.97(4) 0.99(4) 1.75(7)
4+4 → 2+3 635.2(3) 1.73(4) 2.94(7) 1.77(6) 3.13(11)
4+4 → 3−1 638.4(3) 1.60(4) 2.72(6) 1.37(4) 2.42(7)
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Table I.(Continued).

Elevel T1/2 (ps) Jπi → Jπf Eγ Iγ BRγ B(E2) Iγ BRγ B(E2)
[keV] ref. [10] [keV] [W.u.] ref. [11] ref. [10] [W.u.] [10]

4+
4 → 4+

1 682.94(20) 59.0(13) 100.0(23) 56.6(17) 100(3)
4+
4 → 2+

2 920.4(3) 0.476(12) 0.807(20) 0.506(21) 0.89(4)
4+
4 → 2+

1 1733.56(22) 0.446(13) 0.76(5)
2999.12(18) 6+

1 → 4+
2 510.88(21) 0.094(8) 100(8) 0.13(2) 100(17)

6+
1 → 4+

1 718.57(21) 0.090(7) 96(7) 0.076(13) 60(3)
3056.88(14) 2+

7 → 0+
1 3056.90(22) 0.0108(11) 100 0.5(2) 100(4) 0.5(2)

3374.10(11) 4+
5 → 4+

4 411.16(22) 0.045(5) 8.2(9) 0.037(7) 4.6(9)
4+
5 → 2+

6 470.66(22) 0.00084(6) 0.154(10)
4+
5 → 4+

3 640.50(21) 0.0222(11) 4.05(20)
4+
5 → 2+

5 696.87(22) 0.0067(12) 1.23(23)
4+
5 → 4+

2 885.43(20) 0.259(7) 47.3(12) 0.264(20) 33(3)
4+
5 → 2+

4 971.0(3) 0.139(6) 25.4(10) 0.35(6) 44(8)
4+
5 → 2+

3 1046.31(21) 0.070(7) 12.8(13)
4+
5 → 4+

1 1094.10(20) 0.548(23) 100(4) 0.805(20) 100(3)
4+
5 → 2+

2 1331.3(3) 0.0127(18) 2.3(3)
4+
5 → 2+

1 2144.64(21) 0.108(11) 19.7(20) 0.121(5) 15.0(6)
3397.46(13) 4+

6 → 4+
3 663.92(20) 0.0338(16) 43.0(20)

4+
6 → 4+

2 908.72(20) 0.079(4) 100(5)
4+
6 → 2+

4 994.18(22) 0.0166(11) 21.1(14)
4+
6 → 2+

3 1070.06(23) 0.035(3) 45(4)
4+
6 → 4+

1 1117.3(3) 0.043(4) 54(5)
4+
6 → 2+

1 2168.3(4) 0.008(3) 10(4)
3460.21(11) 4+

7 → 2+
7 403.41(22) 0.0047(4) 1.20(10)

4+
7 → 2+

6 556.54(21) 0.0064(4) 1.64(11)
4+
7 → 4+

3 726.62(21) 0.019(1) 4.93(27)
4+
7 → 2+

5 783.10(22) 0.024(4) 6.0(11)
4+
7 → 4+

2 971.6(6) 0.39(3) 100(8) 0.32(7) 96(21)
4+
7 → 2+

4 1057.15(22) 0.0148(10) 3.79(26)
4+
7 → 2+

3 1132.42(20) 0.090(3) 23.1(8) 0.099(9) 30(3)
4+
7 → 4+

1 1180.21(20) 0.159(9) 40.7(23) 0.163(10) 49(3)
4+
7 → 2+

2 1417.57(21) 0.0240(15) 6.1(4) 0.027(5) 8(2)
4+
7 → 2+

1 2230.7(9) 0.280(11) 71.4(28) 0.333(11) 100(3)
3592.15(11) 4+

8 → 2+
7 535.21(22) 0.0036(3) 1.37(11)

4+
8 → 4+

3 858.52(21) 0.108(4) 41.2(16) 0.117(20) 42(7)
4+
8 → 2+

5 915.20(22) 0.0034(6) 1.30(26)
4+
8 → 4+

2 1103.37(21) 0.083(7) 31.5(27)
4+
8 → 2+

3 1189.25(22) 0.0140(8) 5.31(29)
4+
8 → 2+

3 1264.34(20) 0.051(6) 19.4(24)
4+
8 → 4+

1 1312.1(6) 0.181(6) 68.7(23) 0.187(9) 67(3)
4+
8 → 2+

2 1549.52(20) 0.264(8) 100.0(29) 0.281(12) 100(4)
4+
8 → 2+

1 2362.79(21) 0.064(3) 24.1(12) 0.068(4) 24(1)
3704.34(11) 4+

9 → 2+
6 800.76(20) 0.0168(9) 12.3(7)

4+
9 → 4+

3 970.80(21) 0.110(5) 81(3)
4+
9 → 2+

5 1027.16(22) 0.0043(8) 3.2(6)
4+
9 → 4+

2 1215.71(21) 0.030(3) 22.4(23)
4+
9 → 2+

4 1301.37(20) 0.0411(18) 30.3(14) 0.056(6) 37(4)
4+
9 → 2+

3 1376.65(20) 0.0265(24) 19.5(18) 0.038(5) 25(3)
4+
9 → 4+

1 1424.1(3) 0.019(4) 27(6) 0.021(5) 14(3)
4+
9 → 2+

2 1661.57(21) 0.0292(24) 21.5(18) 0.041(6) 27(4)
4+
9 → 2+

1 2475.06(20) 0.136(7) 100(5) 0.150(7) 100(5)
3753.74(14) 4+

10 → 4+
3 1020.14(20) 0.070(3) 39.0(17)

4+
10 → 4+

2 1265.14(20) 0.064(6) 36(3) 0.138(9) 78(5)
4+
10 → 4+

1 1473.55(21) 0.179(6) 100(3) 0.177(8) 100(5)
4+
10 → 2+

2 1711.16(22) 0.0178(16) 9.9(9)
4+
10 → 2+

1 2524.3(3) 0.0061(11) 3.4(6)
3816.19(15) 4+

11 → 2+
6 912.6(3) 0.00150(18) 1.72(21)

4+
11 → 4+

3 1082.8(3) 0.0063(6) 7.2(7)
4+
11 → 4+

2 1327.66(22) 0.0190(22) 21.8(26)
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Table I.(Continued).

Elevel T1/2 (ps) Jπi → Jπf Eγ Iγ BRγ B(E2) Iγ BRγ B(E2)
[keV] ref. [10] [keV] [W.u.] ref. [11] ref. [10] [W.u.] [10]

4+
11 → 4+

1 1536.1(4) 0.0069(12) 7.9(14)
4+
11 → 2+

1 2586.57(21) 0.087(5) 100(6) 0.096(6) 100
3838.33(16) 4+

12 → 2+
6 934.7(3) 0.00085(15) 1.06(20)

4+
12 → 4+

3 1104.5(3) 0.0030(12) 3.8(15)
4+
12 → 4+

2 1350.2(4) 0.0081(16) 10.2(21)
4+
12 → 4+

1 1558.0(3) 0.0144(24) 18(3)
4+
12 → 2+

1 2608.96(21) 0.080(4) 100(5) 0.086(6) 100

aListed as (4,5,6+) in [10] but suggested to be 5− in Ref. [12, 23]. A 5− assignment also fits with the logft value in Table II.
bObserved by Raman et al. but not placed in level scheme.

TABLE II. β-feeding intensity was measured to calculate
logft values [24]. Conversion electron coefficients were taken
into account and were calculated using BrIcc [21]. The 2+ lev-
els with non-zero beta intensities are discussed in Section III.

5+ → Jπ Energy Iβ−% logft Iβ−% logft
[keV] This work Ref. [10]

4+ 2280.21 19.7(24) 5.92(6) 22(3) 5.83(6)
4+ 2488.59 10.24(20) 6.033(18) 8.5(4) 6.058(23)
4+ 2733.53 0.17(6) 7.58(16) 0.67(7) 6.90(4)

(5−) 2878.4 0.065(6) 7.9(5) 0.066(11) 7.78(8)
2+ 2903.53 0.027(3) 10.08(6) - -
4+ 2963.04 66.2(8) 4.752(8) 62(3) 4.712(24)
6+ 2999.12 0.178(10) 7.28(4) 0.198(24) 7.17(6)
2+ 3056.88 0.0021(11) 10.84(22) - -
4+ 3159.28 - - 0.104(18) 7.25(8)
4+ 3374.10 1.17(3) 5.98(3) 1.51(8) 5.78(3)
4+ 3397.46 0.207(8) 6.70(3) - -
4+ 3460.21 0.98(3) 5.93(3) 0.90(8) 5.87(5)
4+ 3592.15 0.733(14) 5.83(4) 0.63(4) 5.79(4)
4+ 3704.34 0.398(10) 5.89(4) 0.294(16) 5.89(3)
4+ 3753.74 0.325(9) 5.88(4) 0.302(15) 5.77(3)
4+ 3816.19 0.117(6) 6.19(6) 0.092(7) 6.14(4)
4+ 3838.33 0.102(5) 6.19(5) 0.083(7) 6.13(5)

B. 285 keV triplet

A triplet of 284.5-keV, 285.3-keV and 286.0-keV tran-
sitions was resolved using γ-γ coincidences and gating on
transitions in their respective cascades as shown in Fig-
ure 1. In the study by Raman et al. [11], γ-γ coincidences
were not made and the 285.2 keV γ ray which they ob-
served was placed to the 2+3 , 2328-keV level. In another
study by Mikhailov et al. [12], γ-γ coincidences were mea-
sured and a 284.66-keV transition was placed to the 2+2 ,
2043-keV level. They did not observe the 285.2-keV tran-
sition, despite populating the 2+3 , 2328-keV level. We
observed 284.5-keV and 285.3-keV γ rays directly in co-
incidence with each other making them difficult to sepa-
rate. The 284.5-keV transition was determined by gating
from above on 446 keV and the relative branching ratio
of 284.5 keV was determined, from the same gate, to be
1.33(6) compared to the previously adopted 2.5(2) [10].

This reduces the B(E2; 2+2 → 0+2 ) from 39(7) W.u. to
21(4) W.u., indicating a less collective transition than
the previous value suggests.

The Compton edge of the 446-keV full-energy peak,
occuring at ∼284 keV, made it difficult to isolate the
285.3-keV transition when gating from below on 2043 keV
and on 813 keV. A gate was instead placed from above
on 635 keV to isolate the 285.3-keV transition. The
small contribution from the 284.4 keV transition in co-
incidence with 285.3 keV was taken into account. It was
assumed there was no β-feeding to the 2+2 and 2+3 , based
on the β-decay selection rules, such that the relative in-
tensities could be determined from gating from above.
The relative intensity of 285.3 keV was determined to be
0.038(14), half of the previous value of 0.081(10) [11].

The newly observed 286.0 keV γ-ray transition from
the 2963.141 keV level is in a separate cascade and was
far easier to decouple from the other two. A gate was
placed below on the 2677.18 keV transition to isolate the
286.0 keV transition. Figure 2 shows an overlap of all
three transitions and the subtle shifts of the peak cen-
troids.

C. Gamma-gamma angular correlations

The geometry of GRIFFIN allows γ-γ angular corre-
lations to be performed, using 51 correlation angles be-
tween detector pairs. The statistics for γ-γ angular cor-
relations were not sufficient to assign spins to the levels
with no definite spin assignment.

Angular correlations for cascades with sufficient statis-
tics were made to obtain δ values. Table III summarizes
the χ2 of the angular correlation fit and the δ which was
determined through χ2 minimization. The form of the
angular correlation fit is

W (θ) = A00[1 + a2P2(cosθ) + a4P4(cosθ)] (1)

where a2 and a4 are coefficients which depend on the γ-
ray multipolarities and their mixing ratios, θ is the angle
between the successive γ rays in a cascade, and Pi(cosθ)
are Legendre polynomials.

Due to the finite size of the GRIFFIN detectors, the a2
and a4 coefficients are attenuated and energy-dependent
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FIG. 2. Overlap of the transitions making up the 285-keV
triplet. The individual spectra have been scaled to better
show the energy differences. The corresponding coincidental
transitions gated on to observe these energy shifts can be seen
in Figure 1 (represented by color).

attenuation factors need to be applied when fitting the
angular correlations with Eq. 1. Attenuation factors
which have previously been determined in Method 4 of
Ref. [25] were applied to these coefficients. However,
these attenuation factors were obtained with a setup
which did not include the Delrin shield. Therefore, simu-
lations have been performed for several energy pairs with
the inclusion of the Delrin shield. It was determined
that the attenuation factors differentiated by at most 1%
which is within the uncertainty of our angular correla-
tion fits. An example of the angular correlation for the
2+2 → 2+1 → 0+1 cascade is shown with the corresponding
χ2 minimization in Figure 3. .

The largest discrepancy which could impact future cal-
culations, such as B(E2) values, is the mixing ratio ob-
tained for the 683-keV transition. The newly measured
value of 0.224(3) would increase the B(E2) by nearly a
factor of six from the previous value of 0.09(5). In ad-
dition, the sign of the δ of the 1098-1230-keV transition
differs from the one previously reported [10].

IV. sd IBM-2 CALCULATIONS WITH MIXING

As in previous studies on the mixing between the nor-
mal and intruder configuration in 114Sn [5] and 116Sn [8],
an sd IBM-2 calculation with mixing was performed

TABLE III. The angular correlations made in this study are
summarized by the transition gated on, Eγ1, and the corre-
sponding transition, Eγ2, used to make the angular correla-
tion (eg. Figure 3a).

Eγ1 Eγ2 J2 → J1 → J0 χ2
ν δ δ [10]

[keV] [keV]

1230 813 2+
2 → 2+

1 → 0+
1 1.39 -2.28(7) -2.34(16)

1098 2+
3 → 2+

1 → 0+
1 0.86 -14(4) 56(31)a

1173 2+
4 → 2+

1 → 0+
1 1.21 0.85(3) 1.07(9)

1050 208 4+
2 → 4+

1 → 2+
1 1.36 -0.19(4) -0.17(4)

683 4+
4 → 4+

1 → 2+
1 1.15 0.224(3) 0.09(5)

a Listed as 1/δ = 0.018(10) [10]

FIG. 3. Angular correlation (a) of the 2+
2 → 2+

1 → 0+
1

(813 keV-1230 keV coincidence) and its corresponding χ2 min-
imization plot (b) to determine the mixing ratio. In (b), the
dashed line respresents the 3σ limit to identify the mixing
ratio for a given spin assignment. In this case, the 2+

2 → 2+
1

has a δ = −2.28(7) which agrees with the literature value of
-2.34(16).

using the computer code NPBOS [26]. Following the
adopted approach for 114,116Sn [5, 8], the intruder states
in 118Sn are described using the corresponding Pd iso-
tone, 114Pd, and the parameters determined in Ref. [27].
The cρ4 parameter of the residual nucleon-nucleon inter-
action in the Hamiltonian was slightly adjusted from
0.10 [27] to 0.05 to bring the intruder 4+2 state closer in
energy to the normal 4+1 state. The sd IBM-2 Hamil-
tonian H has been described in detail in Ref. [27, 28]
and the mixing Hamiltonian Hmix in, e.g., Ref [29]. For
completeness, they are presented here.
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H = επndπ + ενndν + κQπ ·Qν +Mπν + Vππ + Vνν , (2)

where

Qρ = (d† × s+ s† × d̃)(2)ρ + χρ(d
† × d̃)(2)ρ , (3)

is the sd IBM-2 quadrupole operator for ρ = protons
π and neutrons ν,

Mπν =
1

2
ξ2

[(
s†ν × d†π − d†ν × s†π

)(2)
·
(
sν × d̃π − d̃ν × sπ

)(2)](0)
(4)

+
∑
k=1,3

ξk

[(
d†ν × d†π

)(k) · (d̃π × d̃ν)(k)](0)
is the Majorana operator, and the residual nucleon-

nucleon interaction is given by

Vρρ =
∑

L=0,2,4

1

2
cρL

[(
d†ρ × d†ρ

)(L) · (d̃ρ × d̃ρ)(L)](0)
+

1

2
vρ0

{[(
d†ρd
†
ρ

)(0)
(sρsρ)

(0)
](0)

+ h.c.

}
(5)

+

√
5

2
vρ2

{[(
d†ρd
†
ρ

)(2) (
d̃ρsρ

)(2)](0)
+ h.c.

}
+ κρρ (Qρ ·Qρ)(0) .

To reduce the number of parameters, Kim et al. chose
cπL = cνL = cL and κρρ = vρ0 = vρ2 = 0 for the
Pd isotopes [27]. For the normal states in 118Sn, we
found the following parameters: eν = 1.26 MeV, κνν =
−0.0002 MeV, χν = −0.005 MeV, cν0 = −0.45 MeV,
cν2 = 0 MeV, and cν4 = −0.11 MeV. All other parameters
were set to 0. This parameter choice is, in fact, similar to
the one used for 114,116Sn [5, 8]. The normal and intruder
states were calculated separately and were then admixed
using the mixing Hamiltonian Hmix with α = 0.25 and
β = 0:

Hmix = α
(
s†πs
†
π + sπsπ

)(0)
+ β

(
d†πd
†
π + d̃πd̃π

)(0)
. (6)

The energy gap ∆ between the two configurations was
set to 2.45 MeV, which is the same value as the one pre-
viously reported for 116Sn [8].

After mixing, E2 transitions between the excited states
were calculated using the T (E2) operator following the
consistent-Q formalism:

T (E2) = e0 (eπ0
Qπ + eν0Qν)+e2 (eπ2

Qπ + eν2Qν) . (7)

These parameters were used to obtain the results dis-
cussed in the following section: e0 = 1, eν0 = 0.07 eb2,
eπ0 = 0 eb2, e2 = 1.43, eν2 = 0.10 eb2, and eπ2 =
0.042 eb2.

V. DISCUSSION OF THE RESULTS

Recent, detailed experimental studies by Garrett et
al. [30] showed that, in addition to the often discussed
proton 2p-2h structure, multiple structures with proton
multiparticle-multihole character coexist at comparably
low excitation energies in 110,112Cd (Z = 48). The ex-
perimental results were supported by Beyond-Mean-Field
(BMF) calculations, which predicted 2p-2h character for
both deformed band structures built on the 0+2 and 0+3
states in 112Cd (N = 64). In the previous IBM stud-
ies [5, 8], it was assumed that the intruder band struc-
ture in 114,116Sn (N = 64, 66) was caused by proton 2p-
2h excitations across the Z = 50 shell closure and that
it should resemble the yrast structure of the 0p-4h Pd
isotopes. As pointed out by Garrett et al., their results
also suggest that the ground-state structure of Pd nuclei
is more complex than the simple, spherical π(4h) config-
uration [30]. This cannot be accounted for in coventional
sd IBM-2 calculations with mixing. However, as pointed
out by Kim et al. [27], the more neutron-rich Pd isotopes
(N ≥ 64) are clearly non-vibrational nuclei and closer to
the γ-soft, O(6), limit of the IBM. It is worth noting that
the recent measurement of the lifetimes of the yrast 4+

and 6+ states in 114Pd [31] are consistent with a rigid
triaxial structure.

The experimental B(E2; 2+ → 0+) reduced transi-
tion strengths for the yrast 2+ to the ground state in
Pd (“π(4h)”) and Xe (“π(4p)”) as well as from the
intruder 2+intr. to the 0+2 state in Sn are compared in
Fig. 4. In terms of absolute magnitude, the experimental
B(E2; 2+intr. → 0+2 ) strength is indeed more comparable
to the strength in the Pd isotopes than the one in the
Xe isotopes. It is likely the halflife for the yrast 2+ state
in 112Pd is too long [31]; a shorter value would yield a
smoother trend as observed in the Xe isotopes. The de-
cay of the 2+intr. to the 0+3 state has only been observed
in 116Sn. From this observation, the 0+3 was assigned as
the bandhead of the intruder structure in 116Sn [7]. Pre-
vious IBM studies supported this interpretation [8] and
pointed at a possibly similar scenario in 114Sn [5]. The
0+2 and 0+3 are, however, strongly mixed. This is also
why they share the B(E2; 0+i → 2+1 ) transition strength
in the IBM. Otherwise, the intruder state would show
no collective transition strength to the 2+1 state. Un-
like for the 2+intr. and the second excited 2+ state of the
normal configuration, the ∆L = 0 and ν = τ selection
rules do not forbid mixing between the states [32, 33]. In
116Sn, the B(E2; 2+intr. → 0+3 ) = 100(8) W.u. matches
the one observed in the yrast structure of 120Xe (see
Fig. 4). The experimentally observed B(E2; 4+i → 2+intr.)
strengths in 116Sn are, however, significantly lower than
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FIG. 4. B(E2; 2+ → 0+) reduced transition strength between
yrast states in Pd (red circles) and Xe (black squares), and be-
tween the 2+intr. and 0+i states in Sn (i = 2 (filled diamonds)).
The B(E2) values for all Xe and Pd isotopes are from [34]
except 114Pd which is from [31]. The values for 112Sn and
114Sn (upper limit) are from [5], 116Sn from [7], and 120Sn
from data in the ENSDF [35]. The B(E2; 2+intr. → 0+3 ) value
(open diamond) is currently only known in 116Sn [7, 8].

the strength predicted by the IBM and are only com-
parable to the yrast value in 120Xe when summed. At
the same time, the summed B(E2; 2+intr. → 0+i ) value
(i = 2, 3) would significantly exceed the expectations.
As pointed out in the previous studies [5, 8], strong mix-
ing between the two configurations is observed and much
more data are needed to draw more definite conclusions.
Since the B(E2) transition strength is shared between
mixed states (compare Fig. 5), if only part of the transi-
tion strength is observed experimentally, clear structure
assignments can be challenging.

5
10
15
20
25
30

B
(E
2;
2+ i

→
2+ 1

)
[W

.u
.]

112 114 116 118 120 122

ASn

112 114 116 118 120 122

intruder

normal

FIG. 5. B(E2; 2+i → 2+1 ) reduced transition strength in the
even-A Sn isotopes [5, 7, 35, 36] to illustrate how strength
originally attributed to the normal structure gets fragmented
between the low-lying 2+ states once the 2+intr. drops below
the 2+norm. in

114Sn. In 122Sn, the intruder structure moves up
energetically and the strength becomes concentrated in one
state again.

This work adds 118Sn to the study and discusses pos-
sible mixing between the normal and intruder configu-
rations based on a comparison of the new experimental

TABLE IV. sd IBM-2 calculations with mixing for low-lying
excited states in 118Sn compared to experimental data. The
lifetimes were taken from the ENSDF [10] as were mixing ra-
tios δ for any transition which we were not able to obtain a
δ value for. States predicted to originate from the intruder
structure are marked with #, states from the normal config-
uration with †. Note, however, that most of the states are
strongly mixed and often contain comparable amplitudes of
the normal and intruder configuration in their wavefunction.

Jπ
i → Jπ

f Ex Ex,IBM B(E2) B(E2)IBM

[keV] [keV] [W.u.] [W.u.]

2+1 → 0+1 1230 1231† 12.1(5) 10
0+2 → 2+1 1758 1714# 19(3) 16
2+2 → 0+1 2043 2098# 0.072(10) 0.008

→ 2+1 7.2(10) 0.13
→ 0+2 21(4) 35

0+3 → 2+1 2057 2099† 10
→ 2+2 11

4+1 → 2+1 2280 2270† 17(3) 19
→ 2+2 16(3) 18

2+3 → 0+1 2328 2256# < 0.19 0.00010
→ 2+1 < 42 16
→ 0+2 < 26 0.5
→ 2+2 < 762 29

2+4 → 0+1 2403 2728† 0.0025(11) 0.0002
→ 2+1 17(7) 4
→ 0+2 12(5) 0.05
→ 2+2 < 81 26
→ 2+3 0.6

4+2 → 2+1 2489 2702# < 2.5 1.2
→ 2+2 < 764 39
→ 4+1 < 673 0.3

4+3 → 2+1 2733 2903# 4+5
−4 0.014

→ 2+2 3(3) 0.09
→ 4+1 100+120

−100 19
→ 2+3 28
→ 4+2 12

6+1 → 4+1 3000 3034# 42
→ 4+2 20

data and IBM calculations, which were introduced above.
In Sn, the intruder structure is energetically lowest in
116,118Sn (compare [8]). No microscopic calculations as
for 110,112Cd are presently available. Large-scale Monte-
Carlo-Shell-Model (MCSM) calculations did, however,
highlight the importance of proton excitations in Sn to
understand the evolution of the B(E2; 2+1 → 0+1 ) transi-
tion probabilities and showed that a second-order phase
transition appears to take place from a moderately de-
formed to a spherical ground state for the more neutron-
rich Sn isotopes when passing 116Sn [1]. The results of the
sd IBM-2 calculations with mixing and the comparison
to the corresponding experimental data are presented in
Table IV. The parameters are given in Sec. IV.

Despite a few discrepancies, whose origin was already
discussed for 116Sn [8] and attributed to the selection
rules of the O(5) symmetry present in the U(5) and O(6)
group chains of the IBM [32, 33], the agreement between
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the IBM results and the data is good both for the ener-
gies and transition probabilities (see Table IV). In con-
trast to 116Sn, only one excited 0+ state is found below
the 2+ state of the lowest-lying intruder structure. A
significant decrease of the B(E2; 2+intr. → 0+2 ) strength
by about a factor of 2 as compared to 116Sn is also ob-
served. To account for this experimental observation, the
effective proton charge has been set to eπ2 = 0.042 eb2

(eπ2 = 0.161 eb2 in 116Sn and 0.105 eb2 in 114Sn). All
other parameters in the E2 operator (compare Eq. (7))
are the same as in the studies of 114,116Sn [5, 8]. It should
be noted that eπ2 was drastically changed in 116Sn to ob-
tain two very collective B(E2; 2+intr. → 0+2,3) values [8]. It
remains to be seen if a similar effect will be observed in
114Sn. Based on all presently available experimental data
in 118Sn, a scenario, where due to mixing the 2+intr. would
drop below the 0+intr., is not favoured. With support from
the IBM calculation the 0+2 state is identified as the band-
head of the intruder structure in 118Sn and, in doing so,
can also account for the collective B(E2; 0+2 → 2+1 ) (see
Table IV) generated due to mixing between the normal
and intruder 0+ states. Furthermore, the evolution of
the excitation energy of the intruder bands in stable Sn
isotopes reveals a global minimum for the lowest 2+ in-
truder state in 118Sn. Compared to 116Sn, lower exci-
tation energies for the 4+ and 6+ intruder states are
also observed [10]. To further characterize the intruder
structure and mixing with the normal configuration in
118Sn, lifetime measurements for the 0+3 , 2+3 , 4+2 , and 6+1
states are crucial. Additionally, precise measurements of
branching ratios and of multipole mixing ratios δ in coin-
cidence experiments are needed. The revised and smaller
E2 branching ratio for the 6+1 state of 5.8(8) is now closer
to the IBM result of 2.1 but still significantly larger.

VI. CONCLUSION

The study of the β-decay of 118In to low-lying excited
states in 118Sn was performed using the GRIFFIN spec-
trometer at the TRIUMF-ISAC facility. We were able

to identify 99 γ-ray transitions from 23 levels, of which
43 transitions and one level are newly observed. Using
GRIFFIN’s full array of 16 HPGe clover detectors al-
lowed us to resolve three transitions near 285 keV which
led to the reduction of the intensities previously assigned
to 284.5 keV and 285.3 keV by half. This ultimately re-
duced the B(E2; 2+intr. → 0+intr.) value from 39(7) W.u.
to 21(4) W.u.. Less collectivity in the 2+intr. state is not
entirely supported by the present calculations, although
it is possible that the B(E2) strength is fragmented be-
tween the 2+intr. and 2+3,4 states.

The experimental results were in reasonably good
agreement with the predictions of sd IBM-2 calcula-
tions with mixing, similar to previous comparisons for
114,116Sn. The 0+3 state in 114,116Sn had previously been
suggested to be the bandhead of the π 2p-2h intruder
band. However, this isn’t the case in 118Sn. Despite
strong mixing with the 0+3 state, the 0+2 is still considered
the bandhead and is supported by the IBM. Given the
strong configuration mixing of many of the other states,
it is difficult to conclusively assign structure. In future
campaigns, lifetime measurements of excited states in
even-even stable Sn isotopes would provide a better un-
derstanding of configuration mixing and the evolution of
the structure of these nuclei.

ACKNOWLEDGMENTS

The infrastructure of GRIFFIN has been funded
through contributions from the Canada Foundation for
Innovation, TRIUMF, University of Guelph, British
Columbia Knowledge Development Fund and the Ontario
Ministry of Research and Innovation. TRIUMF receives
funding through a contribution agreement through the
National Research Council Canada. This work was sup-
ported by the Natural Sciences and Engineering Research
Council of Canada. Mark Spieker acknowledges support
by the National Science Foundation under contract No.
PHY-1565546 (NSCL).

[1] T. Togashi, Y. Tsunoda, T. Otsuka, N. Shimizu, and
M. Honma, Phys. Rev. Lett. 121, 062501 (2018).

[2] J. Bron, W. H. A.Hesselink, A. V. Poelgeest, J. J. A.
Zalmstra, M. J. Uitzinger, H. Verheul, K. Heyde,
M. Waroquier, H. Vincx, and P. V. Isacker, Nucl. Phys.
A 318, 335 (1979).

[3] K. Heyde and J. L. Wood, Rev. Mod. Phys. 83, 1467
(2011).

[4] P. E. Garrett, Journal of Physics G: Nuclear and Particle
Physics 43, 084002 (2016).

[5] M. Spieker, P. Petkov, E. Litvinova, C. Müller-
Gatermann, S. G. Pickstone, S. Prill, P. Scholz, and
A. Zilges, Phys. Rev. C 97, 054319 (2018).

[6] H. Fielding, R. Anderson, P. Kunz, D. Lind, C. Zafiratos,
and W. Alford, Nuclear Physics A 304, 520 (1978).

[7] J. L. Pore, D. S. Cross, C. Andreoiu, R. Ashley, G. C.
Ball, P. C. Bender, A. S. Chester, A. Diaz Varela, G. A.
Demand, R. Dunlop, A. B. Garnsworthy, P. E. Garrett,
G. Hackman, B. Hadinia, B. Jigmeddorj, A. T. Laffo-
ley, A. Liblong, R. Kanungo, B. Noakes, C. M. Petrache,
M. M. Rajabali, K. Starosta, C. E. Svensson, P. J. Voss,
Z. M. Wang, J. L. Wood, and S. W. Yates, The European
Physical Journal A 53, 27 (2017).

[8] C. M. Petrache, J.-M. Régis, C. Andreoiu, M. Spieker,
C. Michelagnoli, P. E. Garrett, A. Astier, E. Dupont,
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