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Abstract. We investigated two isotones (N = 74) – 129 Cs and 127 I
in the mass region 130 – both with moderate deformation, exhibiting
signature splitting in their positive-parity bands based on the πg7/2 configuration. Interestingly, signature inversion occurs in 127 I at low spin
(19/2+ ), while no inversion has been observed for 129 Cs. Here we
present some new results on the reduced transition probability B(E2)
for states belonging to 127 I. The lifetimes in picoseconds were measured
using the Doppler Shift Attenuation Method (DSAM). We utilized the
single quasi-particle rotor model to theoretically describe our results,
which suggest higher deformation and triaxiality (ε2 = 0.23, γ = 28◦
in Lund convention) for 127 I than for 129 Cs (ε2 = 0.15, γ = 18◦ ).
K EY WORDS : Doppler Shift Attenuation Method, mass region 130, particle
rotor model, reduced transition probability, signature splitting.

1

Introduction

Various nuclear shapes such as prolate, oblate or triaxial – with underlying symmetries and associated conserved quantities – have drawn considerable interest
during recent years. In the mass region ∼ 130, nuclei exhibit various nuclear
phenomena such as signature splitting and inversion, backbending, decoupled
band, chirality [1–4]. Signature splitting has been studied extensively [5], but
there is no unique mechanism for signature inversion which is well established
and conclusive. Two distinct signature partner bands with ∆I = 2 appear in
the decay scheme, and are energetically favored and unfavored. Favored energy
states have less energy than unfavored ones, leading to “normal” signature splitting. However, in some cases, the phenomenon is reversed, known as “anomalous” signature splitting. Anomalous (normal) signature splitting gets flipped to
normal (anomalous) splitting at a critical spin, known as signature inversion. It
has been our interest to observe which way the flipping occurs and to understand
the underlying physics.
The reduced transition probabilities B(M1) and B(E2) are the critical observables, obtained from the measured lifetimes, to describe the nuclear wavefunc1310–0157 c 2021 Heron Press Ltd.
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tion accurately. Doppler Shift Attenuation Method (DSAM) is a sophisticated
and accurate technique to measure lifetimes in ps-fs range. In an earlier work,
we investigated the odd-odd nucleus 126 I [6, 7] – a triaxial nucleus with changing shape and axis of rotation when excited to high angular momentum states –
which exhibited both signature splitting and inversion. Among the odd-even isotones (N=74), we recently studied 129 Cs [8] and 127 I nuclei, both showing signature splitting. Interestingly, signature inversion happens at a low spin 19/2+ for
127
I, but not observed for 129 Cs till the observed high spins [8]. We compared
their signature splitting, inversion and B(E2) values with the theoretical particle
rotor model (PRM) estimates, and extracted the nuclear deformation parameters
(ε2 , γ in Lund convention). Here our focus is to investigate the observed behavior in 127 I for the positive-parity band in the light of new results on B(E2).
We confirmed this band to be based on the valence proton configuration πg7/2 ,
with a larger shape asymmetry (ε2 = 0.23, γ = 28◦ ) than for 129 Cs (ε2 = 0.15,
γ = 18◦ ) [8].
2

Material and Methods

2.1

Doppler shift attenuation method

The Doppler shift in γ-rays emitted from recoiling nuclei, as observed in the laboratory frame, within the first-order approximation for β  1, can be expressed
as [9]:
Eγ = Eγ0 (1 + β cos θ),
(1)
where Eγ is the shifted γ-ray energy, Eγ0 is its actual energy, β = v/c is the
recoil velocity, and θ is the angle between the detector and beam axis. The
continuous deceleration of recoil nuclei in the stopping medium leads to a statistically skewed Gaussian profile in the low (high)-energy side of the actual γ-ray
peak depending on the obtuse (acute) value of θ. From these skewed Gaussian
profiles (lineshapes), the lifetime values are determined using the DSAM.
Figure 1, part (i) presents the position and shape of the measured γ-peak, when
the lifetime of a decaying state is compared with the stopping time of the recoils in a given medium. The part (ii) of the figure gives a typical arrangement of detectors in the forward, backward, and normal to the beam direction.
Three different scenarios for measuring lifetimes exist. (a) For the states with
very short lifetimes and feeding times, the velocity distribution of nuclei is narrow, and all γ-rays associated with these levels are emitted before the complete
stopping of the nuclei. The resulting spectrum shows a complete shift of the
peak energy (fully Doppler-shifted transitions). (b) The lifetimes and feeding
times are within the range of the stopping time scale of the recoiling nuclei
in the backing (or stopper) – and the associated peaks in the spectrum show
distinct Doppler-shifted peaks (lineshapes) – corresponding to the gamma-ray
intensity distribution between energies corresponding to the stopped and full ve646
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Figure 1. (Color online) (i) Position and shape of the γ-ray peak decaying from a nuclear state with lifetime in three different ranges, when compared with the stopping time
of moving recoils in a medium. (ii) A typical arrangement of detectors in the DSAM
measurement.

locity components. (c) For states with long lifetimes or long feeding times, all
associated gamma-rays show no Doppler shift, as the emission of these transitions occurs after the nucleus has come to rest in the stopping material. It is
noteworthy that the stopping material can be the target itself, as in our present
and earlier studies [7, 8]. It can also be a different high-Z material like gold. In
case (a), the lifetime of the states is obtained by the centroid shift method [9]. In
case (b), the lifetime can be obtained by comparing the gamma-ray lineshapes
at various angles other than 90◦ , with theoretically calculated lineshapes. This
was the case of DSAM employed in our study.
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2.2

Experimental details

We performed two experiments with (i) 7 Li (Ebeam = 50 MeV) on 124 Sn target, and (ii) 11 B (Ebeam = 70 MeV) on 124 Sn target, using the 14 MV Pelletron
accelerators at the Inter University accelerator center (New Delhi, India) and
the Tata Institute of Fundamental Research (Mumbai, India), respectively. The
INGA set-ups [10, 11] consisting of 15-18 Compton suppressed HPGe clover
detectors, were utilized for the detection of γ-rays. The details of the two experimental set-ups are very similar. So, we only describe the first experiment as it
produced the high spin states of 127 I via a 4n channel, providing the new lifetime
results. With the second reaction, we studied 129 Cs [8] and some of those results
are also presented and discussed here.
We utilized an enriched (99.4%) 124 Sn self-supporting target of thickness ∼ 2.7
(±0.1) mg/cm2 [7], that acted additionally as the stopper. The target foil of
uniform thickness was carefully prepared by rolling method, and its thickness
was determined by weighing and finding its area accurately. At 50 MeV of
beam energy, the residues acquired the average recoil velocity of 0.67% of speed
of light. The list mode data were collected for two- and higher-fold gamma
coincidences. The data were calibrated 0.5 keV/Channel using the radioactive
sources 152 Eu and 133 Ba. Further details of the experiments and data sorting can
be found in our earlier works [7, 8].
2.3

Data analysis

We analyzed the Doppler lineshapes using three asymmetric matrices: 32◦ vs
all detectors to observe forward Doppler shift, 148◦ vs all detectors to observe
backward shift, and 90◦ (normal) vs all detectors to examine the nearby gammapeaks as contaminants. We employed two gating procedures, Gating on Transition Above (GTA) and Gating on Transition Below (GTB) [7, 8, 12]. The GTB
analysis has the advantage of good statistics of data, which yields a good accuracy of the results; GTA data is less contaminated and free from parameters
due to side-feedings, but typically suffers poor statistics. In both gating techniques, we included the gates on the shifted and unshifted components of the
γ-transition. Finding lifetimes in two independent ways (GTA and GTB) improves the certainty of results. A symmetric Eγ - Eγ matrix was utilized to find
the gamma-ray intensities for the branching ratios and side-feeding contribution.
Figure 2 presents the partial decay scheme of 127 I. We present here the lifetimes
of three levels (in blue) marked with “∗”.
Figure 3 presents an example of the experimental spectra fitted using the LINESHAPE program of J.C. Wells [13]. In DSAM, the Monte Carlo technique is
utilized to generate lineshapes. There are two computer programs – DECHIST
and HISTAVER. The program DECHIST simulates the time-dependent velocity
profile in the target/backing medium corresponding to the given time step for
648
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Figure 2. (Color online) Partial decay scheme of 127 I showing the yrast positive-parity
band with levels (in blue) and starred (∗) for new measured lifetimes using DSAM.

all the simulated recoils. The HISTAVER program uses this time-dependent velocity profile convoluted with the detector angle. Apart from the detector angle,
the program needs the detector size and its distance from the target to estimate

Figure 3. (Color online) Lineshapes of the 763.3 keV γ-transition decaying from the state
15/2+ for the Gating on transition above (GTA) and Gating on transition below (GTB)
analyses in DSAM. The fitting in red is the DSAM lineshape, in blue (dashed) is the
contaminant peak, and in black is the overall profile.
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the solid angle. The efficiency of the detector was also required. Two crucial
inputs to the program are the branching ratios and side-feeding intensities, determined from the measured γ-transitions. We also incorporated the Doppler
broadening [7, 8] for the γ-peaks in finding the accurate intensities.
Another important parameter is the side-feeding lifetimes (τsf ), and its initial
value was estimated using the computer program COMPA [14]. An empirical
relation (Eq. 2) depends on the entry state energy (Eentry (MeV)) and the level
energy (Elev ) for each spin (Ilev ), and on the maximum angular momentum attained Imax = 36} for our studied reaction [7]).
τsf (Elev , Ilev ) ∼ 0.007(Eentry (Ilev ) − Elev ) + 0.007(Imax − Ilev ).

(2)

At first, we carried out the analysis by gating on below transition (GTB) of
interest. We tried to obtain consistent results using two different models of sidefeeding for the GTB analysis. The first model was a rotational model of a fivelevel cascade of constant dynamic moment of inertia and the second was a twolevel model. For the latter, we fixed the lifetime for one level during fitting to the
value estimated from the empirical relation (Eq. 2), while varying the lifetime
of other level. Both models provide a sound understanding of the side-feeding
lifetimes. However, it is often desirable to avoid side-feeding contributions to
minimize the error in results. Hence, we adopted the procedure of gating on
the above transitions (GTA) also. The major limitation of GTA was the low
intensities of γ-peaks as compared to those observed in GTB. To improve γ-ray
intensities, we used summed gated spectra to get the Doppler-shifted profiles.
Finally, we carried out simultaneous three-angle and cascade fitting starting from
the top to bottom levels. So far, we have found the confirmed results for three
states 17/2+ , 15/2+ , and 11/2+ .
2.4

Theoretical calculation

We utilized the single quasi-particle rotor model (PRM) [15] – a hydrodynamical
model, also called the irrotational flow (IRF) model – to study nuclear behavior
in 127 I. The computer code was procured from I. Ragnarsson [16]. Although
theoretical results for the odd-mass iodine isotopes existed in the literature [17],
our interest was to reproduce simultaneously the signature splitting and its inversion along with the new experimental results on reduced transition probabilities. The important inputs to the program were the single-particle orbits for
the quasi-particle, the deformation parameters of the core (ε2 , ε4 , γ), and the
moment of inertia parameters. The variable moment of inertia parameters were
defined as A00 [≡ 1/(2J0 )] and Stiff [≡ 1/(2J1 )] in the Harris expansion,
=0 = J0 + J1 ω 2 , where ω is the rotational frequency. We used the values
for the neighboring even-even nucleus 128 Xe [18] (J0 = 17.0 MeV−1 }2 and
J1 = 25.0 MeV−3 }4 ).
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3

Results and Discussion

A detailed spectroscopic investigation was carried out by Ding et al. [19], but
without any lifetime measurement. We have determined the level lifetimes by
fitting the Doppler lineshapes as described earlier. Our initial results for the
states 17/2+ , 15/2+ and 11/2+ decaying via the intense transitions, 610.0 keV,
+0.06
+0.10
763.3 keV and 659.0 keV are 1.34+0.17
−0.20 ps, 0.79−0.09 ps, and 1.42−0.11 ps, respectively. The error in the lifetime values was estimated by finding how the χ2
got affected by changing the lifetime values using the MINOS subroutine of the
LINESHAPE software package [13]. Finally, we arrived at the error value when
the χ2 increased by 1. This way, the error could be symmetric or asymmetric
around the lifetime value depending upon the neck of the parabola. The total
systematic error – including the uncertainties in target thickness (5%), stopping
power values (5%) [20], continuous production and stopping of the recoils in the
target (< 5%), and estimation of recoils flying in vacuum (< 5%) – could at the
most be 15% which is not included in the quoted error values.
The B(E2) values were estimated [7] using Eq. (3)
B(E2) =

0.0816fγ (E2)
[(eb)2 ],
+ αt (E2)]τ

Eγ5 (E2)[1

(3)

where fγ , αt are the branching ratio, total internal coefficient, respectively; τ is
the measured lifetime in ps, and Eγ is the γ-ray energy in MeV. The values of
αt were considered zero because of reasonably high energies of the γ-transitions
(Eγ ≥ 100 keV). Moreover, the mixing from higher multipole is negligible for
the stretched E2 transitions. The error in B(E2) was determined by the error
propagation method. Figure 4 presents the results for the mentioned positiveparity states, in comparison with the theoretical values estimated using the PRM
calculation. The theoretical estimates were within the range of experimental
values.

Figure 4. (Color online) The B(E2) values obtained from the measured lifetimes of states
belonging to the yrast positive-parity band in 127 I.
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Figure 5. (Color online) A comparison of the signature splitting behavior for the yrast
positive parity bands in (a) 127 I , and (b) 129 Cs, with the estimates from the particle rotor
model.

Figure 5 shows a comparison of signature splitting for the two N=74 isotones,
129
Cs [8] and 127 I, for their positive-parity bands. There is a similarity in both
plots that the energy for 11/2+ is lower than that for the 13/2+ state, i.e. the same
signature bands are favored near just above the bandhead. A stark difference is
also noticeable that there is signature inversion for 127 I at around 19/2+ , but
129
Cs same splitting continues without inversion till the highest spin observed.
We utilized different set of values of deformation parameters ε2 and γ to simultaneously match the signature splitting and B(E2) values. The best agreement
was obtained for ε2 = 0.23 and γ = 28◦ (Figures 4 and 5(a)). In fact, the
splitting was sensitively dependent on the γ value, and B(E2) on ε2 values. So,
fixing their values uniquely was possible. On the other hand, 129 Cs is comparatively much less deformed (Figure 5(b)). To describe the inversion in 127 I with
an increase in the value of B(E2) at 17/2+ (Figure 4), we would need to further
increase the value of γ keeping the same ε2 value. For the valence particle configuration near the bandhead, the estimated probabilities from PRM for various
orbitals are – 75% for g7/2 , 5% for d5/2 , and 20% for others (s1/2 and d3/2 ).
In the Cranking model picture, the favored states corresponds to signature α=1/2 with j=7/2 – for the valence single quasi-particle πg7/2 as predominant configuration – considering the definition of α = (1/2)(−1)(j−1/2) . We indeed
observed normal signature splitting in 129 Cs (Figure 5(b)), because states 11/2,
15/2, 19/2 ... are lower in energy than the other signature (α=+1/2) states 9/2,
13/2, 17/2 ... However, for 127 I the sequence starts with normal splitting, but
inverts to anomalous splitting at 19/2+ (Figure 5(a)). Since the Cranking picture
is more accurate at very high spins than low spin states, we conjecture that another inversion may occur in 127 I at an higher spin than observed ones, so that
the normal splitting is restored. Another feature we can infer from the observed
652
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decay scheme of 127 I (Figure 2) is that a significant amount of decoupling [21]
happens. The decoupling parameter is likely to be within 0.5 <| a |< 1 as apparent from the closeness of the energy states 9/2+ and 11/2+ . But the spins are
still in the increasing order, so the possibility of | a |> 1 is ruled out.
4

Conclusions

We have investigated the behavior of signature splitting for the yrast positiveparity band belonging to 127 I in comparison to another N = 74 isotone 129 Cs.
The B(E2) values derived from the lifetime measurement lie between 0.15 to 0.6
(eb)2 . This report presents the new lifetime results for three states in the range of
0.8 to 1.4 ps. For 127 I, the deformation parameters (ε2 = 0.23, γ = 28◦ inferred
– by simultaneously matching the signature splitting behavior and B(E2) using
the particle rotor model – was much higher than that for 129 Cs (ε2 = 0.15,
γ = 18◦ ). We also observed a sudden increase in the B(E2) value at the inversion
point which could be attributed to bandcrossing phenomenon, thereby changing
the configuration from single quasi-particle to three-quasi particle. Further, a
higher value of triaxiality parameter (γ) is expected above the bandcrossing. The
decay scheme of 127 I indicates a decoupling behavior, much pronounced than
in 129 Cs. In the Cranking model picture, 127 I inverts from normal splitting to
anomalous splitting at spin 19/2+ . In future, it will be interesting and worthwhile
to populate the highest possible spin states in 127 I, to observe a possible flip from
anomalous splitting to normal again due to another signature inversion.
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