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135
The half-life of the 15/2+
I has been measured to be
1 state of the 3-valence-proton nucleus
1.74(8) ns using the EXILL-FATIMA mixed array of Ge and LaBr3 detectors. The nuclei were
produced following the cold neutron-induced fission of a 235 U target at the PF1B beam line of the
Institut Laue-Langevin. The extracted B(E2; 15/2+ → 11/2+ ) value enabled a test of seniority
relations, for the first time between E2 transition rates. Large-scale shell-model calculations were
performed for 134 Te and 135 I, and re-interpreted in a single-orbit approach. The results show that
the two-body component of the E2 operator can be large whereas energy shifts due to the three-body
component of the eﬀective interaction are small.

PACS numbers: 21.10.Ky, 21.60.Cs, 27.60.+j

Detailed predictions of the structure of an atomic nucleus are nowadays routinely obtained by means of the
nuclear shell model [1]. By virtue of the concept of closed
shells, the description of this complex quantal system
with often more than one hundred interacting nucleons
can be transformed into a tractable problem that considers interactions between valence nucleons only. A shellmodel calculation for a medium-mass or heavy nucleus
then inevitably proceeds with the choice of a truncated
Hilbert space, requiring the use of eﬀective operators tailored specifically for that space. It is by now well understood that this leads to higher-order terms in the operators, for example, to an eﬀective three-body component
of the nuclear interaction, not to be confused with its
genuine three-body component [2]. While higher-order
eﬀective interactions are frequently considered, for transition operators the usual approach is to introduce eﬀective charges at the one-body level, see e.g. Refs. [3, 4].
Only exceptionally a two-body piece is evaluated from

perturbation theory; an example is Ref. [5] where it is
done for the M 1 operator. Here we investigate the twobody part of the E2 operator.
As an alternative to the above numerical approach
to the shell model, powerful symmetry techniques exist,
leading to analytic solutions of the many-body problem
in the case of specific forms of the interaction [6]. In
semi-magic nuclei with only one type of valence nucleon
occupying a single orbit, this gives rise to a classification
of nuclear states in terms of a ‘seniority’ quantum number [7], which counts the number of nucleons not in pairs
coupled to angular momentum J = 0. One particular
result of the seniority scheme is that the properties of
a nucleus can be written in terms of those of its neighbor with one fewer valence nucleon [8, 9]. This simple
approach has given rise to elegant relations between excitation spectra of neighboring nuclei but its validity has
yet to be examined for other nuclear-structure properties,
such as electromagnetic decay rates.
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With its first-excited state above 4 MeV in energy,
Sn is arguably the most robust heavy, doubly-magic
nucleus. The single-valence-proton nucleus 133 Sb has a
well-isolated 7/2+ ground state and its first-excited level
is situated at almost 1 MeV in excitation energy. The
low-lying states of the respective 2- and 3-valence-proton
nuclei 134 Te and 135 I are therefore comprised almost entirely of configurations involving the πg7/2 orbit only [10–
12] and hence provide an ideal testing ground of the seniority scheme, especially as seniority is conserved for all
interactions in an orbit with j ≤ 7/2 [8, 9]. Since all
B(E2) values in the 6+ → 4+ → 2+ → 0+ cascade in
134
Te are known experimentally [10], we have a unique
opportunity to apply for the first time seniority relations
to electromagnetic decay rates. With this in mind we
have measured the half-life of the 15/2+ state of 135 I,
from which the B(E2; 15/2+ → 11/2+ ) value can be extracted. As the πg7/2 orbit is isolated, the eﬀects of other
orbits can be treated in perturbation theory, enabling a
transparent analysis of higher-order terms in the Hamiltonian and E2 operators.
The nucleus 135 I is situated 8 neutrons beyond the last
stable iodine isotope. A limited number of reactions are
available to produce this nucleus, which has mostly been
studied in the past following β decay [13] or via prompt γray spectroscopy of secondary fission fragments [11]. The
latter reaction has been used in the present experiment
to populate excited states in 135 I and the half-life of the
15/2+ state has been measured using a mixed array of Ge
and LaBr3 (Ce) detectors. This is the first time a mixed
Ge–LaBr3 array has been used to measure half-lives of
excited states in fission fragments.
The experiment was performed at the PF1B coldneutron guide of the high-flux reactor of the Institut
Laue-Langevin [14] within the framework of the EXILL–
FATIMA campaign [15]. The beam was collimated down
to ∼1 cm2 in area [16] and used to induce fission in an
0.8 mg, 235 UO2 (0.675 mg 235 U) target. The target was
sandwiched between two 15-µm thick Be backings, in order to stop the fission fragments in a time of just a few
ps, minimizing the Doppler broadening of any emitted
prompt γ rays. The target was then placed at the center
of the EXILL–FATIMA γ-detector array, which consisted
of 8 EXOGAM Clover Ge and 16 LaBr3 detectors [15].
The data were acquired during a two-week measurement
and sorted oﬄine into γ(Ge)–γ(LaBr3 )–γ(LaBr3 ) coincidence events, occurring within a 120 ns time window.
The good energy resolution of the Ge detectors meant
that gates set on their energy signals could be used to
partially select the γ cascade of interest. The energy
signals from the LaBr3 detectors then provided further
discrimination whilst their ∼200 ps time resolution allowed the half-lives of excited states in the time range
∼10 ps–10 ns to be measured directly. Timing signals
of the LaBr3 detectors were recorded in analog time-toamplitude converters (TAC) with a 50 ns range. More
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FIG. 1. (Color online) (a) A Ge–γ(Ge)–γ(LaBr3 ) coincidence spectrum gated on the 572.4- and 1133.4-keV transitions of 135 I. (b) A LaBr3 –γ(Ge)–γ(LaBr3 ) coincidence spectrum gated on the 572.4- and 1133.4-keV γ decays. Transitions from the most strongly produced fission-fragment partner, 99 Y are indicated in red.

details on the experiment can be found in Ref. [15].
The yrast 17/2+ , 15/2+ , 11/2+ , and 7/2+ states of 135 I
are connected by a cascade of three coincident γ decays
with energies of 572.4-, 288.1-, and 1133.4-keV, respectively [11, 12]. To verify that these transitions were not
contaminated by other γ decays from any of the over
one hundred fission fragments produced in the reaction,
γ(Ge)–γ(Ge)–γ(LaBr3 ) events were sorted. A Ge spectrum was produced by setting a gate on the 1133.4-keV
γ-ray signals in the Ge detectors and the 572.4-keV transition in the LaBr3 detectors, as shown in Fig. 1(a). Here
peaks are seen from the 15/2+ → 11/2+ , 288.1-keV transition emitted by 135 I along with several others from its
most likely fission-fragment partner in the 235 U(n,F) reaction, 99 Y. The spectrum presented in Fig. 1(a) shows
that the 288.1-keV γ ray is well isolated from any possible
contaminant transitions, and can be used as a gate in the
LaBr3 detectors to determine the half-life of the 15/2+
state, via a 1133.4(Ge)–572.4(LaBr3 )–288.1(LaBr3 )-keV
triple coincidence.
In order to extract timing information, a gate was set
on the 1133.4-keV transition in the Ge detectors and on
the 572.4-keV γ decay in the LaBr3 detectors and the
events satisfying these conditions sorted into two LaBr3 –
LaBr3 energy–time matrices. In one of these the 572.4keV γ ray started a TAC and in the other it provided
the stop signal. The projection of the energy axis of one
of these matrices is shown in Fig. 1(b) and its features
are identical to those of the equivalent Ge spectrum in
Fig. 1(a), showing that the LaBr3 –LaBr3 time signals are
suitable for half-life measurements to be performed. Setting gates on the 288.1-keV γ ray in the LaBr3 –LaBr3
energy–time matrices, and subtracting an appropriate
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FIG. 2. (Color online) Background-subtracted time spectra
obtained from the LaBr3 detectors when gated on the 1133.4(Ge), 288.1- (LaBr3 ), and 572.4-keV (LaBr3 ) transitions.

background allowed the time distribution of the 288.1–
572.4-keV coincidence, and its inverse, to be obtained, as
shown in Fig. 2. A clear exponential decay component
is also seen on one side of each time distribution, arbitrarily centered at a time of ∼24 ns. Fits to these slopes
allow half-life values of 1.81(18) and 1.85(14) ns to be
measured. One notes that the direction of both slopes
confirms that the 572.4-keV transition feeds the 15/2+
level and the 288.1-keV one decays out of it, as placed in
the level schemes of Refs. [11, 12].
The half-life of the 1133.4-keV state is expected to
be ∼1 ps. Analysis of the 1133.4(LaBr3 )–572.4(LaBr3 )–
288.1(Ge)-keV triple coincidences therefore allows a
further independent measurement of the half-life of
the 1421.5-keV, 15/2+ level. Values of 1.67(14) and
1.65(14) ns were determined following an analogous procedure to that described above. Combining all four measurements gives a weighted average of T1/2 = 1.74(8) ns
for the 1421.5-keV, 15/2+ state of 135 I, which, once
corrected for internal conversion (α = 0.0458), gives
B(E2; 15/2+ → 11/2+ ) = 3.81(17) W.u.
Large-scale shell-model calculations for low-lying
states in the nuclei 134 Te and 135 I are reported by Goodin
et al. [12]. These are performed using a state-of-the-art
eﬀective interaction constructed from a CD-Bonn bare
nucleon-nucleon potential and renormalized following a
Vlow−k approach. A 132 Sn closed core is employed and
valence protons are allowed to occupy the g7/2 , d5/2 , d3/2 ,
s1/2 , and h11/2 orbits, without further truncation. The
single-particle energies are taken from the experimental
spectrum of 133 Sb and an eﬀective charge of eπ = 1.55e
was used. These calculations reproduce well the known
energies, transition rates and magnetic moments of states
in 134 Te and 135 I [12]. In particular the energies of

FIG. 3. Partial experimental and calculated decay schemes of
134
Te and 135 I. The theoretical values for 135 I are calculated
from 134 Te, as explained in the text. B(E2) values (in W.u.)
are labeled on the arrows, where known or calculated.

all states in 134 Te and 135 I, relevant to this work, are
reproduced with a precision better than 110 keV. A
B(E2; 15/2+ → 11/2+ ) = 3.67 W.u. is calculated, in
agreement with our measured value of 3.81(17) W.u.
The calculated wave functions of all levels shown in
2
Fig. 3 are dominated (more than 90 %) by the g7/2
3
and g7/2
configurations in 134 Te and 135 I, respectively,
with the exceptions of the ground states (80 %) and the
2
17/2+ state of 135 I (g7/2
d15/2 ). This high purity is in
line with the qualitative arguments presented above and
allows the interpretation of properties of 135 I in terms
of those of 134 Te. Seniority relations between two- and
three-nucleon spectra are well known for excitation energies [8, 9]. They can be extended to E2 properties.
For example, the measured B(E2) value in 135 I can be
written as
#2
!
"
"
419 2B6
307 B4
+
+
+
,
B(E2; 15/2 → 11/2 ) =
242 11
231
11
where BR ≡ B(E2; R → R − 2) refers to a transition in
Te. Relations of this type are applied to obtain the
calculated energies and B(E2) values for 135 I shown in
Fig. 3.
2
3
The purity of the g7/2
and g7/2
configurations also allows the treatment of the other orbits in perturbation
theory. The excluded orbits lead to eﬀective operators in
the single-j space that are of higher order, in particular
three-body eﬀective interactions and two-body eﬀective
transition operators [17]. In f7/2 nuclei, eﬀective interactions with a three-body component have been shown
to occur, both in a phenomenological analysis of spectra [18] as well as in a perturbation treatment of excluded
orbits of the full pf shell [19]. We perform here a similar
134

4
TABLE I. Energies in 134 Te and 135 I, calculated in perturbation theory of the first order (1) and of the second order with
eﬀective two- and three-body interactions (2-V2 and 2-V3 ),
compared with those obtained in the full space (Full).
Nucleus
134

Te

135

a

I

1
−738
−37
182
307
405

Energya (keV)
2-V2 2-V3
1+2
−597
— −1335
−65
—
−102
−28
—
154
−12
—
295
−107
12
310

268
−100
571
560
836

−135
−508
−83
−89
−46

Jπ
0+
2+
4+
6+
3/2+
5/2+
1
5/2+
2
7/2+
9/2+
11/2+
15/2+

6
14
12
6
−3

138
−594
500
478
787

TABLE II. B(E2) values in 134 Te and 135 I, calculated with an
E2 operator with a one-body term (1) or with up to two-body
terms (1 + 2), compared with those obtained in the full space
(Full) and with the measured values (Exp).
Nucleus

Full
−1466
−130
145
290
281
−42
106
−755
484
453
772

In the single-j space the single-particle energy is set to zero; in
the full space the single-particle energies are shifted such that
ϵg7/2 = 0.

perturbation analysis for the g7/2 shell—that is further
extended to E2 transitions.
The relevant formulas for the eﬀective interaction in
a single nℓj shell are derived in Refs. [17, 19]. Simi(λ)
larly, the electric-transition one-body operator T1µ ≡
$ λ
k rk Yλµ (θk ) acquires an eﬀective two-body part of the
form
(λ)

⟨j 2 Jf ∥T2eﬀ ∥j 2 Ji ⟩
% & j λ jk '
√
λ
ȷ̂k
Inℓn
= 2(−)j+1/2+λ ȷ̂λ̂Jˆi Jˆf
k ℓk
− 21 0 12
k
% ⟨j 2 J|V2 |jjk J⟩ ( j jk λ )
×
,
(1)
J J′ j
ϵ j − ϵ jk
′
JJ

in terms
√ of Wigner 3j- and Racah 6j-symbols [8, 9], with
x̂ ≡ 2x + 1. The index k runs over the excluded orbits
and JJ ′ take on the values Ji Jf and Jf Ji . Furthermore,
λ
2
Inℓn
′ ℓ′ is a radial integral, and ϵjk and ⟨j J|V2 |jjk J⟩ are
single-particle energies and two-body interaction matrix
elements, which in the following are taken from Ref. [12].
Once the two-body part of the eﬀective transition operator is determined from Eq. (1), its matrix elements
between many-nucleon states in the single-j shell can be
obtained recursively [9]. This method therefore provides
analytic, albeit approximate, expressions for the various
properties calculated in the full shell-model space.
Table I shows energies calculated in the various approximations. Following the nomenclature of Ref. [19],
first-order perturbation theory corresponds to taking the
2
2
matrix elements ⟨g7/2
; J|V2 |g7/2
; J⟩ of the full space. It
is seen that this leads to missing correlation energy, in

134

Te

135

I

Jiπ

Jfπ

2+
4+
6+
11/2+
15/2+
5/2+
1
5/2+
2
9/2+
9/2+

0+
2+
4+
7/2+
11/2+
7/2+
7/2+
7/2+
11/2+

B(E2; Jiπ → Jfπ ) (W.u.)
1 1+2
Full
Exp
3.78
4.25
4.27 5.08(20)
3.78
4.08
4.27 4.30(39)
1.72
1.77
1.89
2.04(5)
4.18
4.72
4.47
—
3.08
3.40
3.67 3.81(17)
0.083
—
9.21 10.40
9.72
—
1.56
1.77
1.77
—
3.21
2.63
2.29
—

particular in the paired states, J π = 0+ with seniority
υ = 0 in 134 Te and J π = 7/2+ with seniority υ = 1 in
135
I. The eﬀective interaction calculated to second order
largely corrects for this, although some ∼150 keV is still
missing in the paired states. Two close-lying J π = 5/2+
levels are obtained in the full-space calculation for 135 I,
3
with 5/2+
2 having the dominant g7/2 configuration, which
is therefore compared to the single-j state. Second-order
perturbation theory gives rise to an eﬀective interaction
of two-body and three-body character. It is seen, however, that the latter eﬀect is small, seldom exceeding 10 %
of the former.
Table II shows the B(E2) values calculated with the
one-body E2 operator or with an eﬀective E2 operator with up to two-body terms, always with an eﬀective
charge of eπ = 1.55e. Agreement is found between the
measured and calculated B(E2; 15/2+ → 11/2+ ) of 135 I
when the full space is used. One notes that when up to
two-body terms are used the resulting B(E2) value depends in a delicate fashion on the phases of the diﬀerent
terms that enter Eq. (1). Nevertheless, it is seen that
for most transitions the value calculated with an E2 operator with up to two-body terms in a single-j shell is
closer to the full calculation. It is also seen that for some
transitions the eﬀect of the two-body terms can be important. This calls for caution in currently fashionable
studies that include three-body terms in the Hamiltonian
but neglect a consistent treatment of eﬀective transition
operators.
The half-life of the 15/2+ state of the 3-valence-proton
nucleus 135 I was measured using a direct-timing method.
The nuclei of interest were populated following the cold
neutron-induced fission of a thick 235 U target at the
PF1B facility of the ILL. Prompt γ rays emitted by secondary fission fragments were measured using a mixed
array of Ge and LaBr3 detectors and the timing signals
between the latter detectors used to extract a half-life

5
of T1/2 = 1.74(8) ns for the 15/2+ state of 135 I. This
measurement enabled for the first time a test of seniority relations between B(E2) values in neighboring nuclei.
Large-scale shell-model calculations were performed for
134
Te and 135 I, and re-interpreted in a single-orbit g7/2
approach, leading to the conclusion that energy shifts due
to the three-body component of the eﬀective interaction
are small and that the eﬀect of the two-body component
of the E2 operator can be large.
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