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An inverse kinematics Coulomb excitation experiment was performed to obtain absolute E2 and M1
transition strengths in 134Xe. The measured transition strengths indicate that the 2+

3 state of 134Xe is the
dominant fragment of the one-phonon 2+

1,ms mixed-symmetry state. Comparing the energy of the 2+
1,ms

mixed-symmetry state in 134Xe to that of the 2+
1,ms levels in the N = 80 isotonic chain indicates that the

separation in energy between the fully-symmetric 2+
1 state and the 2+

1,ms level increases as a function of
the number of proton pairs outside the Z = 50 shell closure. This behavior can be understood as resulting
from the mixing of the basic components of a two-fluid quantum system. A phenomenological fit based
on this concept was performed. It provides the first experimental estimate of the strength of the proton–
neutron quadrupole interaction derived from nuclear collective states with symmetric and antisymmetric
nature.

© 2009 Elsevier B.V. All rights reserved.
The evolution of nuclear collectivity depends critically on the
proton–neutron interaction in the valence shell. This fact is evident
from the scaling of collective observables, such as the E2 excitation
strength of the 2+

1 state of even–even nuclei, with the product of
valence nucleon numbers, N p Nn [1]. Despite its fundamental role,
measurements of the size of the proton–neutron interaction in the
valence shell [2] are rare and indirect. This is because the N p Nn

dependence was studied mostly for the low-lying collective states
whose properties are experimentally known best. In the frame-
work of the interacting boson model [3], these states are described
by boson wave functions that are symmetric with respect to the
pairwise exchange of proton–neutron boson labels quantified by
a maximum F -spin quantum number. Proton–neutron symmetric
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states are insensitive to certain parts of the proton–neutron inter-
action, e.g., to the Majorana term in the Interacting Boson Model-2
(IBM-2) Hamiltonian, and information on the proton–neutron in-
teraction requires systematic studies over a specific nuclear region.

It has previously been pointed out [4] that local information
on the proton–neutron quadrupole interaction in the valence shell
can be deduced from the separation between symmetric and so-
called mixed-symmetry states (MSSs) [5]. However, due to the lack
of experimental data this expectation is still lacking verification.

Mixed-symmetry states are defined in the IBM-2 [3] and con-
stitute a class of collective states that contain anti-symmetric parts
with respect to the pairwise exchange of proton and neutron
bosons. This symmetry between the two types of bosons can be
quantified by the F spin [6], which is analogous to the concept of
isospin for nucleons. Vibrational nuclei exhibit a one-quadrupole
phonon excitation as the lowest state of mixed proton–neutron
symmetry. This 2+

1,ms state has the F spin quantum number F =
Fmax − 1, where Fmax is the maximal value of F . The unique sig-

http://www.ScienceDirect.com/
http://www.elsevier.com/locate/physletb
mailto:tan.ahn@yale.edu
http://dx.doi.org/10.1016/j.physletb.2009.06.066


20 T. Ahn et al. / Physics Letters B 679 (2009) 19–24
nature for MSSs is the occurrence of strong M1 transitions to low-
energy symmetric collective states. The evolution of the 2+

1,ms state
in vibrational nuclei can provide direct information on the strength
of the local proton–neutron quadrupole interaction in the valence
shell [4].

A number of mixed-symmetry states have been identified in
the mass A = 140 region [7–14]. A review of the experimental
status for multi-phonon states with mixed proton–neutron sym-
metry is given in Ref. [15]. Among these are the ones found in
136Ba [8] and 138Ce [9], both of which are N = 80 isotones. The
latter experiment gave evidence for the concept of shell stabi-
lization of single, isolated MSSs [9], predicting the existence of
comparable, unperturbed MSSs in vibrational nuclei away from
sub-shell closures. Using this concept, a well-developed 2+

1,ms state

should be expected in the N = 80 isotone 134Xe, as this is a nu-
cleus with four valence protons filling half of the π1g7/2 sub-
shell. Therefore, an experiment was carried out to investigate the
one-phonon 2+

1,ms state of 134Xe by measuring absolute electro-
magnetic transition strengths using the method of Coulomb exci-
tation with inverse kinematics. Furthermore, knowledge about the
properties of the 2+

1,ms state of 134Xe should shed light on the evo-
lution of these states in the N = 80 isotonic chain towards the
Z = 50 proton shell closure. As we will demonstrate below, that
information allows for the extraction of the local proton–neutron
quadrupole interaction from the properties of both symmetric and
MSSs [4].

Fig. 1. Doppler-corrected and background-subtracted γ -ray spectrum for the sum of

all detectors in Gammasphere. New γ -ray transitions are indicated in oblique type.
An inverse kinematics Coulomb excitation experiment was car-
ried out at Argonne National Laboratory using a 134Xe beam im-
pinging on a natural carbon target with an effective thickness
of 1.2 mg/cm2. The reaction 12C(134Xe, 134Xe∗) was studied. The
beam was provided by the superconducting ATLAS linear accel-
erator with an energy of 435 MeV, which corresponds to 82% of
the Coulomb barrier. The beam had an intensity of approximately
1 pnA. Emitted γ -rays from the reaction were detected with the
Gammasphere array [16,17], which consisted of 101 Compton-
suppressed, high-purity germanium detectors. The condition defin-
ing an event was a 1-fold or higher prompt multiplicity. The ex-
periment ran for approximately 38 hours and a total of 8.4 × 108

events were recorded. In the offline analysis, the time spectra were
used to select prompt γ -rays corresponding to the beam pulses
hitting the target. Time gates on the background were also used
to subtract peaks from room background. A Doppler-corrected and
background-subtracted energy spectrum for the sum of all detec-
tors in Gammasphere is provided in Fig. 1. Four new γ -ray transi-
tions were observed. Though the area of the 847-keV peak, which
corresponds to the intensity of the 2+

1 → 0+
1 transition, is a few

orders of magnitude larger than the transition intensities from the
higher-lying states, the peaks for these transitions can clearly be
seen in the higher energy part of the spectrum. A low-Z target
and a beam energy about 20% below the Coulomb barrier were
chosen to maximize contributions from one-step excitations.

A total of 2.6 × 106 events with multiplicity 2 and higher were
sorted into a Eγ –Eγ coincidence matrix, where the γ -ray ener-
gies were corrected for Doppler shifts. The subsequent coincidence
analysis of this matrix was used to verify the low-energy level
scheme of 134Xe and to identify weak γ -ray transitions. Two out of
the four newly observed γ -ray transitions were placed in the level
scheme from the analysis. All transitions observed in the experi-
ment are shown in Fig. 2. A 921-keV γ -ray was determined to be
in coincidence with the 847-keV and 1100-keV transitions which
suggests that the 921-keV transition is connecting the 2867-keV
and 1947-keV states. The second new transition is the 1254-keV
γ -ray connecting the 2867-keV and 1614-keV levels. It is close in
energy to the 1269-keV transition and both peaks overlap in the
observed singles spectrum, as can be seen in Fig. 1, but it can be
inferred from the relatively large peak width that it corresponds
to a doublet. Furthermore, by gating on the 767-keV or 1614-keV
transition, the 1254-keV peak can be clearly isolated in the coinci-
dence spectrum. It is possible that the 2867-keV level observed is
the hitherto unobserved 3−

1 state [18] due to the relatively strong
transitions to 2+ states. Its excitation energy lies between the 3−
Fig. 2. A level scheme of 134Xe. The transitions observed in the experiment and their corresponding levels are shown.
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Table 1
Energy of the state E level , spin and parity Jπ , lifetime τ , energy of the γ -ray transition Eγ , spin and parity of the final state Jπfinal , relative γ -ray intensity Iγ , normalized
angular distribution coefficients A2/A0 and A4/A0, multipole mixing ratio δ, and transition strengths B(E2) and B(M1) for all transitions in 134Xe measured in the present
work.

E level
(keV)

Jπ τ
(ps)

Eγ

(keV)
Jπfinal Iγ A2/A0 A4/A0 δ B(E2)

(W.u.)
B(M1)

(μ2
N )

847 2+
1 3.0(2)a 847 0+

1 1000(9) 0.119(7) −0.006(9) 15.3(11)a

1614 2+
2 1.9(1) 767 2+

1 4.70(5) −0.262(8) −0.01(1) −1.5(2) 20(2) 0.015(1)

1614 0+
1 4.93(8) 0.28(1) −0.06(2) 0.74(5)

1731 4+
1 3.2(2)a 884 2+

1 1.79(2) 11.6(8)a

1920 3+
1 1073 2+

1 0.355(5) 0.16(2)a

1947 2+
3 0.23(2) 1100 2+

1 3.44(4) 0.27(1) 0.01(1) 0.08(2) 0.56(4) 0.30(2)

1947 0+
1 0.515(9) 0.306b −0.074b 0.72(7)

2116 (4) 1269 2+
1

2263 2+
4 0.54(4) 1415 2+

1 0.73(1) 0.33(2) 0.07(2) 0.14(2) 0.14(1)c 0.041(3)c

1.6(1) 5.6(4)d 0.012(1)d

2263 0+
1 0.63(1) 0.322b −0.091b 0.63(6)

2867 (0–4) 921 2+
3 0.25(4)

1254 2+
2 0.35(6)

2020 2+
1 0.38(6)

a Value from Ref. [19].
b Calculated from theory of Coulomb excitation.
c Derived using value of δ = 0.14(2).
d Derived using value of δ = 1.6(1).
Fig. 3. Measured angular distribution for the 2+
3 → 2+

1 transition along with the
best fit curve using the calculated values for the statistical tensors for this state.
A corresponding value of δ = 0.08(2) was obtained.

states found in the neighboring even–even Xe isotopes, namely
the 2469-keV state in 132Xe and the 3275-keV level in 136Xe [18].
The spectroscopic information for all the levels and transitions ob-
served in the present experiment is summarized in Table 1.

The spins of the levels were assigned on the basis of an angular
distribution analysis [20]. The intensities of the γ -rays were mea-
sured over the 16 rings of Gammasphere, corrected for the Lorentz
boost [21] and fitted with the angular distribution function [20].
The data and the fitted curve for the 2+

3 → 2+
1 transition are pre-

sented in Fig. 3. The experimental A2/A0 and A4/A0 coefficients
for the 2+ → 0+ transitions, which have a pure E2 multipolar-
ity, can unambiguously determine the orientation of the 2+ states,
which is quantified by statistical tensors [20]. The statistical ten-
sors of the 2+ states can then be used to determine the multipole
mixing ratios for the mixed transitions between excited 2+ states.
Unfortunately, this procedure for determination of the multipole
mixing ratio was applicable only for the 2+

2 → 2+
1 transition. For

the 2+ → 0+ and 2+ → 0+ transitions, a precise fit for the an-
3 1 4 1
gular distribution coefficients, and hence the 2+ state orientations,
could not be made due to background contamination. This contam-
ination is possibly from fusion reactions, which result from carbon
ions scattering from the target and hitting the target chamber. The
ions scattered in the forward angles would have sufficient energy
for this to happen. The γ rays resulting from the fusion reaction
are then correlated with the beam pulses. Such background can-
not be subtracted using time gates alone as there is no way to
differentiate in time between good events and beam-related back-
ground events. Since angular distributions could not be measured
for the 2+

3 → 0+
1 and 2+

4 → 0+
1 transitions, the statistical tensors

of the 2+
3 and 2+

4 states were calculated from the semi-classical
theory of Coulomb excitation using first-order perturbation theory
as outlined in Ref. [22] and the multiple step Coulomb excitation
program CLX [23,24], based on the program by Winther and de
Boer [25]. The calculations were done for a beam energy of 435
MeV. For the calculation using the semi-classical theory, it assumes
that the states were populated with direct, one-step Coulomb ex-
citation without any second order effects. The second calculation
for the statistical tensors was done using CLX, which is not re-
stricted to one-step excitations. To verify using the calculated sta-
tistical tensors for the 2+

3 and 2+
4 states, we have calculated the

statistical tensors for the 2+
2 state using both methods mentioned

above. The resulting statistical tensors were within the uncertain-
ties of the ones determined experimentally from the measured
angular distribution of the 2+

2 → 0+
1 γ ray. This shows that two-

step processes are not significant for determining the orientation
of the two-phonon 2+

2 state and the same should be true for
the 2+

3 and 2+
4 states. Therefore, the statistical tensors for the 2+

3
and 2+

4 states should be well described by their calculated val-
ues. For the 2+

4 → 2+
1 transition, two possible values of δ were

deduced. The small range of possible values for A4/A0, and the
limited precision achieved in measuring them, lead to this am-
biguity. In either case, the B(M1;2+

4 → 2+
1 ) value is below 0.05

μ2
N . For the 2+

3 → 2+
1 transition the E2/M1 multipole mixing ra-

tio δ = 0.08(2) is favored by our value of A4/A0 by about three
standard deviations (compare with Fig. 2d of Ref. [9]). Further-
more, the less likely alternative δ = 1.86(5) leads to a value for the
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Fig. 4. The values for B(M1;2+
i → 2+

1 ), B(E2;2+
i → 2+

1 ), and B(E2;2+
i → 0+

1 )

strengths deduced in the present measurement are shown on the top, middle, and
bottom plots, respectively. The transitions from the 2+

4 state were deduced using
the smaller values of δ. See text for details.

B(E2;2+
3 → 2+

1 ) = 57(5) W.u., which is unreasonably large for an
E2 transition forbidden by phonon selection rules for vibrational
nuclei. We adopt the value δ = 0.08(2) as shown in Table 1. The
convention of Krane, Steffen, and Wheeler [26,27] was used for the
multipole mixing ratios.

The relative population of all the states excited in the Coulomb
excitation experiment was deduced from the total γ -ray transition
intensities. The relative γ -ray yields with respect to the 2+

1 state
measure the relative Coulomb excitation cross-sections. These data
were fit with the multiple-step Coulomb excitation program CLX
to determine transition matrix elements. This was done by finding
the values of the input matrix elements which best reproduce the
relative populations of all the states measured in the experiment.
Branching ratios, multipole mixing ratios and the known value of
the B(E2;2+

1 → 0+
1 ) transition probability [19] were used to con-

strain the number of independent matrix elements involved in the
decay or excitation of a specific state. An assumption was made
where the electric quadrupole moments have been set to zero,
since their contribution to Coulomb excitation cross sections is a
second order effect and should be small for spherical nuclei and
for Coulomb excitation reactions with a light-ion reaction partner.
The CLX program uses the RPT phase convention [28], which re-
sults in the matrix elements taking on real values. In the program
input, there is an ambiguity in the phase of the matrix element,
which can either be +1 or −1. This may affect the final values
of the matrix elements, but it was not feasible to try all possi-
ble phase combinations for the given set of matrix elements. It
is assumed that, for the case of 134Xe, which is close to being
a spherical nucleus, the phase of the matrix elements will only
affect the final transition strengths within the magnitude of the
uncertainties. The absolute M1 transition strengths for transitions
of mixed multipolarity were obtained from the measured values
of the transitions’ multipole mixing ratios. All of the determined
transition strengths are tabulated in Table 1. It should be noted
that for the transitions from the 2+

4 state, due to the ambiguity
in the value for δ discussed above, two different sets of transition
strengths were deduced. The transition strength obtained for the
smaller values of δ is plotted in Fig. 4. The resulting ground state
transition strength for the 2+

4 state depends slightly on the choice
of the multipole mixing ratio for the 2+

4 → 2+
1 transition because

of a possible two-step contribution to the total Coulomb excitation
cross section. This effect is, however smaller than the given error
bars and is neglected.
Fig. 5. Fit of the experimental energies of the 2+
1,ms and 2+

1 levels in the N = 80
isotones shown as filled circles and squares, respectively. The lines labeled επ and
εν represent the unperturbed energy of the proton and neutron state, respectively.
The energies of the 2+

1 states in the corresponding N = 82 isotones are given as
diamonds. Tentative 2+ states in 132Te are shown as asterisks.

From the distribution of M1 strengths, the 2+
3 state can unam-

biguously be identified as the main fragment of the 2+
1,ms state as

its B(M1) value dominates the 2+ → 2+
1 M1 strength distribution

plotted in Fig. 4. Though there is an ambiguity in the M1 transition
strength for the 2+

4 state, both possible values are small compared
to that of the 2+

3 state. The large B(M1) value for the 2+
3 state is

in agreement with recent microscopic calculations by Lo Iudice et
al. using the quasi-particle phonon model [29].

In the N = 80 isotones, it is observed that the 2+
1 state de-

creases in energy with the increasing number of proton pairs Nπ .
Here we define Nπ = Np

2 where N p is the number of protons
outside the Z = 50 shell closure. An analogous definition for the
number of neutron hole pairs Nν outside the N = 82 shell clo-
sure is used. Within the IBM-2, these pairs can be identified with
the proton and neutron bosons, respectively. In contrast to the 2+

1
state, the 2+

1,ms state increases in energy as one goes to larger val-
ues of Nπ (see Fig. 5), thus the separation between the two levels
becomes larger as a function of Nπ Nν . According to the two-state
mixing scheme outlined in Ref. [4], a fit was performed for the first
time to the energy splitting of the observed 2+

1 and 2+
1,ms states.

In this scheme, the observed 2+
1 and 2+

1,ms states arise through the
mixing of the unperturbed proton and neutron 2+ configurations
in which the proton–neutron coupling matrix element increases as
a function of the product Nπ Nν . The interaction between the two
states originates from the proton–neutron quadrupole interaction
and, thus, it was parametrized as V (Nπ ) = β

√
Nπ Nν , since the in-

teraction scales to first order as
√

Nπ Nν for low boson numbers
and large degeneracies [4]. It is interesting to note that using the
2-level model which starts from unperturbed 2+

π proton and 2+
ν

neutron excitations and includes a residual quadrupole–quadrupole
proton–neutron interaction, the atomic mass number dependence
of the energy of the first excited 2+

1 symmetric proton–neutron
combination was derived using a seniority scheme [4]. This par-
ticular mass dependence gives rise to a specific expression for the
β parameter in the V (Nπ ) expression defined above. The average
energy of the observed 2+

1 and 2+
1,ms states increases as a func-

tion of proton boson number, which for a constant value of Nν

in an isotonic sequence requires an increase in the proton bo-
son energy. Indeed, the 2+

1 states in the neighboring semi-magic
N = 82 isotones increase in energy almost linearly with valence
proton number, as can be seen in Fig. 5. Consequently, the un-
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perturbed energy of the proton state was linearly parametrized by
the expression επ (Nπ ) = a + b(Nπ − 1) as a first order approx-
imation, where a was chosen to be equal to the energy of the
2+

1 state in the neutron-closed shell nucleus 134Te. This is because
we assume that the one-phonon excitation in this nucleus is due
solely to the single proton pair outside of the Z = 50 closed shell.
Likewise, the value for εν is taken to be constant for the N = 80
isotones, and is set equal to the energy of the 2+

1 state of 130Sn
for the analogous reason that the one-phonon excitation is only
due to the single neutron hole pair outside of the N = 82 closed
shell. The values of the parameters used were a = επ (Nπ = 1) =
E2+

1
(134Te) = 1279 keV, εν = E2+

1
(130Sn) = 1221 keV. The value of

the parameters b and β were derived from a least-squares fit to
the experimentally observed evolution of the energy of the one-
phonon fully symmetric (the 2+

1 ) state in the N = 80 isotonic chain
and the one-phonon MSS of 134Xe and 136Ba (see Fig. 5). The fit
yielded the values b = 0.23(4) MeV, and β = 0.35(1) MeV. The
data point for the 2+

1,ms state of 138Ce was not included in the
fit because the lack of shell stabilization of mixed-symmetry struc-
tures at the Z = 58 sub-shell closure [9] would have biased the
numerical result for the fitted parameters.

A fit to the excitation energy of the 2+
1 state in the even–even

Te, Xe, Ba, Ce nuclei for neutron number 60 � N � 80 [4], gave
rise to a value of β = 0.365 MeV, a value quite close to the value
derived using nuclei with N = 80 only, considering now the ex-
citation energy of both the 2+

1 and 2+
1,ms states. Making use of

the fitted value of β = 0.35(1) MeV as derived in the present
study and using the expression of β as derived from Eq. (3.4) of
Ref. [4], a rather precise value of the strength κ of the quadrupole–
quadrupole proton–neutron residual interaction can be derived us-
ing the 50 � Z , N � 82 mass region. A value of κ = 0.15(1) MeV
results, considering the limit j → ∞, which is a good approxima-
tion for the large j values 7/2, 11/2 that are relevant in this mass
region (see Fig. 2 and Table II in Ref. [30]). This strength is very
close to that derived independently in shell-model calculations of
the energy spectra for odd–odd Sb and I nuclei [31].

The good agreement between the simple scheme presented
here and the data (see Fig. 5) supports the concept that the evolu-
tion of the one-phonon states predominantly results from a two-
state mixing between the proton and the neutron 2+ excitations
which itself is governed by the proton–neutron quadrupole in-
teraction [4]. The slight deviation of the experimental energy of
the 2+

1,ms states in 138Ce from the smooth evolution must be ex-
pected due to the lack of shell stabilization of MSSs at the π1g7/2
closure [9], a mechanism which is outside the framework of the
simple two-state mixing model considered here. Note however,
that the energy of the 2+

1 state, agrees very well with the re-
sults of the fit. The result for the relative strength of the proton–
neutron quadrupole interaction (the parameter β) in the N = 80
isotones simultaneously accounts for the properties of both sym-
metric and MSSs [4]. To our knowledge, this is the first instance
where the dominant interaction in the valence shell, the proton–
neutron quadrupole interaction, is determined locally from data on
symmetric and mixed-symmetry states.

The fit procedure and the available experimental data allows
for unambiguous determination of the free parameters, b and β

that, as discussed above, describe the evolution of the one-phonon
states with increasing proton number. This allows for a predic-
tion of the energy of the 2+

1,ms state of 132Te, where this level
remains to be identified. According to the scheme applied above,
the 2+

2 level of 132Te at 1.665 MeV can be considered as a can-
didate for the one-phonon mixed-symmetry state. Tentatively as-
signed 2+ states of 132Te are included in Fig. 5, plotted with as-
terisks. Experimental verification of a large B(M1;2+

2 → 2+
1 ) value
in 132Te would represent the first solid identification of a MSS in
a radioactive nucleus. 132Te has only one proton boson and one
neutron boson. Consequently, the absolute value of the proton–
neutron interaction matrix element is smallest for this nucleus,
resulting in a mixed-symmetry state at a lower energy than the
others in this isotonic chain. Very similar results on the relative
variation in excitation energy of the lowest symmetric 2+

1 and
mixed-symmetric 2+

1,ms states in light, even–even Cd nuclei, as a

function of the atomic mass number, i.e., 100−106Cd (52 � N � 58)
have been obtained from large-scale shell-model calculations us-
ing an effective realistic force [32]. However, experimental data on
mixed-symmetric 2+ states in this region are scarce [33].

In summary, a Coulomb excitation experiment in inverse kine-
matics was carried out to identify the 2+

1,ms state of 134Xe. Three
multipole mixing ratios and nine transition strengths were mea-
sured with good accuracy. From the M1 strength distribution, the
2+

3 state was identified as being the dominant fragment of the
2+

1,ms mixed-symmetry state. Looking at the N = 80 isotones, an

increase in the energy splitting between the 2+
1 and 2+

1,ms states
can be seen. This separation in energy was empirically fitted us-
ing a simple two-state mixing scheme where the interaction be-
tween the two states increases in strength as V (Nπ ) = β

√
Nπ Nν .

The relative strength of the proton–neutron quadrupole interac-
tion was derived for the first time from the properties of both,
symmetric and mixed-symmetric one-phonon states. The calcula-
tions also suggest that a 2+ state in 132Te at an excitation energy
around 1.7 MeV should be the dominant fragment of the 2+

1,ms
state. It is desirable to test this expectation in future experiments
with radioactive 132Te beams. These results point towards the pre-
dominance of the quadrupole component in the proton–neutron
interaction in order to explain the relative excitation energy of
the lowest symmetric and mixed-symmetric 2+ states near closed
shells.
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