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A recoil-distance Doppler shift experiment has been performed using the '©Pd('°F, p2n) reaction at a beam
energy of 73 MeV to measure the lifetime of excited states in !'*Xe. The differential decay-curve method using
yy coincidences and a gating procedure that allows to extract the lifetime without feeding assumptions has
been employed. The lifetimes obtained for the yrast states up to spin-parity 8% are compared with interacting
boson model calculations and ''®Xe can be classified as a transitional nucleus between the spherical and a
deformed shape. Systematics of the B(E2) values for the 27 — 0% and 4™ — 27 transitions in the isotopic
chains of tin, tellurium and xenon are presented. It is proposed that a “critical point” exists at which the
B(E2;4" — 27)/B(E2;2% — 0%) ratio drops to unity for lower neutron numbers within the isotopic chain.
The position of the “critical point” varies with proton number, i.e., it is presumed to be located at the same mass

number A = 114 in the Sn, Te, and Xe isotopes.
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I. INTRODUCTION

The reduced transition probabilities of proton-rich nuclei
northeast of '°°Sn show two interesting trends, which are not
fully understood. For an isotopic (isotonic) chain of even-even
nuclei the B(E2;2% — 01) value is expected to increase in
first order linearly towards neutron (proton) midshell. Cas-
ten introduced a so-called NN, scheme that in many cases
correlates the increase in B(E2) with the number of va-
lence proton N, (valence neutrons N,) remarkably well [1].
This correlation is also true for the Sn isotopes between
neutron number N = 70 and the N = 82 shell gap as well
as for the chain of the neighboring even-even nuclides of
tellurium. For the lighter Sn isotopes, close to neutron mid-
shell (N = 66) contradictory data exist showing a saturation
or even a dip in the trend of the transition strengths. Be-
low neutron midshell and until 'Sn is reached the B(E2)
value as a function of N remains to be near constant, i.e.,
it does not mirror the down slope on the more neutron-rich
side. The data on tellurium isotopes below neutron midshell
show a similar behavior. The second observation is that the
By = B(E2;4T — 2%)/B(E2;2% — 07) ratio is close to or
even below unity for Sn and Te nuclei below neutron midshell,
again in contrast to the above-midshell behavior. In the former
case, a significant drop in B(E2;4" — 21) values causes the
decrease of the By, ratio. A summary of transition strengths
in even Sn and Te isotopes is given in Fig. 1.

Seniority is a good quantum number for magic nuclei and
together with shell effects it could give an explanation of these
trends, which remain puzzling though. Indeed the authors
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of Ref. [2] have proposed an explanation for By, <1 in a
chain of semimagic nuclei based on an opposite behavior for
B(E2;2" — 0™) and B(E2;4" — 2%) values near midshell.
Recently, Togashi et al. [3] and Siciliano et al. [4] published
different interpretations of the Sn isotopes both based on the
shell model. Hitherto, the experimental data especially for
higher lying states or/and for neighboring nuclei with Z > 50
are scarce. As for the latter aspect, there seems to be a strong
demand for new data—in these nuclei with a more collective
behavior the systematic trend of B(E2;4% — 27) strengths
below neutron midshell is unclear. In this work it is examined
if the above effects in the Sn isotopic chain extend also to
the even xenon isotopes. As a starting point ''®Xe is chosen,
where the reduction of transition strength seems to be shifted
to the 6™ state [5]. Older experimental data [6,7] would be
also consistent with a By, ratio around unity. All of these
experiments were recoil-distance Doppler shift (RDDS) mea-
surements employing y-ray singles with feeding assumptions.
The present analysis employed the differential decay-curve
method (DDCM) [8] with gates on feeding transitions cir-
cumventing the feeding problem. So far y y-coincidence data
existed for the xenon isotopes with A > 120 and ''*Xe en-
abling an analysis without assumptions. The main goal of
the present study is to clarify the spin-dependent evolution of
transition strengths in ''®Xe. Since the nucleus is an isotone
of the critical point nucleus ''*Sn [9], the properties of the
former provide an additional test for IBM-type calculations
[10].

II. EXPERIMENTAL DETAILS

Excited states of ''"8Xe were populated in a heavy-
ion induced fusion-evaporation reaction at the FN tandem

©2020 American Physical Society
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FIG. 1. Evolution of B(E2;2%t — 0%) and B(E2;4" — 27) values for the even tin and tellurium isotopes between the shell closures at
N =50 and N = 82. Different records for the same neutron number have been shifted slightly horizontally to sustain readability. The legend
for all panels is given below, symbols are assigned to the facilities where the data was recorded. Note the different scale for the chains of
isotopes. Evidently, the Sn isotopes exhibit an excess of transition strength for the 2+ — 07 transition and a drop for the 4% — 2% transition
below neutron midshell. Experimental data taken from [4,9,11-28] and [29-39]. See text for details.

accelerator of the University of Cologne, where lifetimes of
excited states were measured with the Cologne Coincidence
Plunger [40]. The reaction '?Pd('°F, p2n) '"®Xe at a beam
energy of 73 MeV provided an average recoil velocity of
v/c = 1.091(14)%, with a target of 1.0 mg/cm? thickness
and 69% enrichment. The typical beam current was 1-2 pnA,
limited by heating of the stretched plunger target and stopper
foils and the maximum counting rate of 18 kHz per high-
purity germanium (HPGe) detector. The HPGe-detector array
consisted of eleven single crystals with relative efficiencies
of 55-100% arranged in two rings at 45° (five detectors) and
142.3° (six detectors) with respect to the beam direction. The
plunger device was installed housing the moving target as well
as a 3.7 mg/cm? Au stopper foil in the focal point of the
detectors and parallel to the target. The stopper foil thickness
ensured to stop all recoiling fusion-evaporation residues. Two
22Na sources were attached to the plunger chamber introduc-
ing around 300 Hz count rate per detector. The decays were

used for shift tracking of the whole data acquisition system
(DAQ) together with the Coulomb-excitation lines of ' Au. A
226Ra source at the stopper-foil position was used for energy
and efficiency calibration, but only the former was used in
the analysis. As a digital DAQ five 80 MHz XIA DGF-4C
Rev. F modules were used in a triggerless mode to record
also the low-multiplicity events from the sources and from
Coulomb excitation. Within about 100 h 15 different relative
target-to-stopper distances were measured ranging from elec-
trical contact to 500 um. The data were sorted ringwise in
y y-coincidence matrices with a binning of 0.5 keV /channel
after applying a random-background subtraction and requiring
a prompt-coincidence window of 125 ns.

III. LIFETIME ANALYSIS

The lifetime analysis was performed applying the DDCM
[8] with gates on Doppler-shifted components of direct
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FIG. 2. Spectrum of the detectors in the ring at backward angles
gated by the 2t — 0T transition for all distances. Marked are the
yrast transitions up to the 14" state and the line from electron-
positron annihilation. The unshifted and shifted (lower energy) peaks
are clearly visible up to the 8% — 6™ transition, and these initial
states are analysed. See text for details.

feeding transitions only. This approach requires only relative
target-to-stopper distances and eliminates any feeding contri-
bution to the lifetime. Care was taken that the gates are clean,
i.e., did not contain other transitions in the same nucleus or
contaminant lines with similar energy. In the simplest case of
a gate on the shifted (flight) component of a direct feeder the
lifetime is calculated with the formula

L,(x)
vl

T(x) = (D

Here, I, (I;) is the normalized intensity of the unshifted
(shifted) component of the depopulating transition, v is the
recoil velocity, T is the lifetime of the state, and x is the
nominal target-to-stopper distance. The multiplication of v
serves as a transformation that (relative) distances can be used
instead of time of flight. Absolute distances are not needed in
the analysis, the lifetime can be calculated for any distance
x and should be independent of x. The relative distance is
needed to calculate the derivative of the shifted component.
A normalization of the y-ray intensities for the different dis-
tances is done to compensate, e.g., for the different measuring
times per distance and the beam current. In the best case the
number of reactions of interest is used for the normalization,
like it was done in this analysis. The derivation of formula (1)
for y-ray coincidences can be found in Ref. [8].

Figure 2 shows a summed spectrum over all distances
measured with the backward-ring detectors and gated on the
2+ — O transition. The yrast transitions in !'8Xe are clearly
seen up to the 14 state and are marked in the figure. The
167 state is hardly visible in the summed spectrum and not in
the spectra at individual distances. The decays of the 14" and
127 states form a doublet at 775 keV but only shifted compo-
nents are visible in the spectra. Although a small unshifted
component seems to be there for the 107 — 8% transition
in the summed spectrum, it is not visible in the spectra for

TABLE I. Lifetimes and B(E2) values of the lowest yrast states
in 8Xe. Column 3 contains individual lifetimes for each ring-ring
combination, in column 4 the mean value is given, and column 5
indicates the literature values. y-ray energies taken from [41].

Ir E, Ti T TLit. B(E2)
[keV] [ps] [ps] [ps] [W.u.]
27 3375 67.6(7)  68.6(10) 76.8(*1;
69.6(7)
65(4) [5] 81(*9)
65(3) [6] 81(*))
69(5) [7] 76(*%)
47 4728 7.9(2) 8.46(17) 118(*2)
8.3(2)
8.51(14)
8.75(14)
7.83) [5] 127()
11(2) [6] 90(*29)
17(4) [7] 58(*)7
67 5864  2.06(14)  2.18(9) 156(*7)
2.1(2)
2.4(2)
2.5(3)
4.0(4) [5] 85(*3)
4.6(12) [6] 7039
< 51[7] > 70
87  676.4 0.8(3) 1.17(13) 14317
0.9(8)
1.0(6)
1.0(3)
1.2(3)
1.3(3)
1.4(4)
1.8(4)
3.7(5) [5] 44(*Y)
4.0(15) [6] 208

one distance and a gate from above. This can be related to
delayed feeding, which is not excluded with the gate from
below in Fig. 2. The other, minor lines are also identified and
are consistent with the recent level schemes of '*Xe [41]. For
example the line at 846 keV belongs to the 9~ — 8% decay.
These decays were not strong enough for an unambiguous
lifetime analysis especially if one wants to keep the gate from
above. The present lifetime analysis is restricted to the lowest
yrast states up to the 8% level. Earlier lifetime analyses [5-7]
were vulnerable to systematic errors mainly due to unknown
feeding. This is circumvented by the gate from above which is,
within a reasonable amount of time, only possible nowadays
with high efficiency setups and methods.

The lifetime analysis results are summarized in Table I.
The lifetimes are a weighted mean of lifetimes corresponding
to the four possible ring-ring combinations, except for the
2% state where only a gate in forward detectors was possi-
ble. Figure 3 presents a sample analysis, for the 4% state,
which is performed with the computer code NAPATAU [42].
The top graph shows the lifetime extracted with Eq. (1) for
each distance in the sensitive region. The sensitive region is
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FIG. 3. Determination of the 4™ -state lifetime analyzed with the
detectors at backward angles using a gate on the shifted component
of the 67 — 47 transition at forward angles. Top panel: Data points
are the subset of t values in the sensitive region, lower and upper
horizontal lines represent the x2 + 1 values and respective errors.
Middle and bottom panels: Normalized shifted I, and unshifted 1,
intensities, respectively, and corresponding fitted functions. See text
for details.

defined as the set of distances where the derivative of the
shifted component is larger than half of the maximum slope.
This is equivalent to the region where the unshifted compo-
nent is larger than half of the maximum [see Eq. (1) with
proportionality vt]. The middle graph shows the normalized
intensities of the shifted component together with a best fit
of second order polynomials. The bottom graph shows the
corresponding unshifted component and the resulting curve
for the lifetime. A common x? minimization is employed
for the polynomials with the shifted and the t curve with
the unshifted intensities. The (x2 + 1) limits can be seen as
horizontal lines in the top panel and are given as the error.
No systematic deviation from a constant trend can be seen
for the individual T values from the mean lifetime with the
minimum x2 value. For the 2% state no gate could be
applied for the backward detectors, because there was a '"[

contamination from the 2p2n side channel. The (1—29)‘ state

at 1485.2 keV in ''7I decays to the (£7) state at 1015.1
keV. The latter state decays via a 337.5 keV y ray forming
a doublet with the 27 — 07 transition in ''®Xe. The feeding

transition in ''7T of 470.1 keV overlaps with the shifted com-
ponent of the 4% — 27 transition at backward angles (shift
to lower energies). Ignoring this contamination reproduced
the 27 lifetime of Refs. [5,6], although this could be just by
chance. Below the shifted part of the 586.4 y ray another
contamination was found in both detector rings. It showed
up as a “self-coincidence” to a long-lived state. It cannot
originate from ''®Xe since only an unshifted component was
visible and that combination is only possible if the lower state
is long lived. The 6 state has no long lifetime and a state
below would have been seen in the Gammasphere experiment
of Ref. [41]. If the state was at higher excitation energies only
a shifted component would be visible in the spectrum, because
the decay would have to happen before. Although the y ray
was clearly seen and comparable to the 9~ — 7~ transition
in "8Xe (10% relative intensity to 2T — 0% in Ref. [41]) it
could not be identified via coincident y rays. The highest yrast
state for which shifted and unshifted components were visible
with a gate on a shifted feeding transition was the 8% state.
Here, two direct gates have been set on the 10t — 81 and
the 9~ — 8% transition. The deceleration time in the stopper
might be of the same order of magnitude as the lifetime for
this decay. Therefore Doppler-shift attenuation (DSA) effects
could possibly influence the line shape and would have to be
corrected. As no such effects have been observed, no correc-
tion was applied. Using fixed calculated widths and positions
for the two peaks (only peak areas as free parameter) the
data were reproduced and no deviation between the fit and
the spectra was found. The lineshape of the two peaks can
be reproduced with two gaussian functions. In Ref. [43] the
DSA effect is investigated in detail and a correction applied to
a comparable experimental dataset. The correction amounts
approximately the error given for the lifetime in this work.
The difference to the present work is the stopping range in
the gold stopper, which is a factor of 3.5 larger in Ref. [43]
and the peaks shown therein differ from a gaussian shape.
Figure 4 shows a typical spectrum for this transition using
forward-angle detectors. The spectrum corresponds to the sum
of distances with an unshifted component and the gate used is
the shifted component of the feeding 107 state. Regarding the
8* state the impact of the DSA effect seems to be below the
limit of sensitivity in the present dataset. No such effect would
affect the extracted lifetime noticeably for the states with a
longer lifetime.

IV. DISCUSSION

First of all it should be pointed out, that a reduction of
the B(E2;6" — 4%) and B(E2;8" — 6T) values to the level
of the B(E2;2* — 0%) value, as reported in Refs. [5-7] is
not confirmed in the present work. That reduction seems to
be related to delayed feeding, which could have biased the
previous results. Second, the present By, ratio of 1.55 is not
as close to unity as those in neighboring proton-rich Sn and
Te isotopes. Third, the low B(E2; 6" — 47) value in previous
work was attributed to a possible band crossing, but this expla-
nation is hard to understand. Such a crossing is not known in
118X e up to date at this excitation energy and spin. A band
crossing that was identified from the level scheme appears
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FIG. 4. Portion of the spectrum showing the 8 — 67 transition
at forward angles with a gate on the shifted part of the feeding tran-
sition (10T — 8¥). The histogram (red) show the experimental data
together with a fit function of two gaussian functions (blue/solid), as
well as their decomposition (green/dashed). No significant Doppler-
shift attenuation effect is seen between the two components. See text
for details.

close to the 10" state, similar to the heavier xenon isotopes.
If delayed unobserved feeding is underestimated in a y-ray
singles experiment it leads to longer extracted level lifetimes
and thus smaller B(E2) values which would explain the small
B(E2;67 — 47)and B(E2;8" — 6™) values of Refs. [5-7].

The level scheme shows a y-soft pattern similar to heavier
nuclei in this mass region. This seems to warrant a discus-
sion guided by the interacting boson model (IBM), which is
presented hereafter. In terms of the IBM a transition from
O(6) (y-soft rotor) to U(5) (spherical vibrator) is expected
for !'8Xe from the NN, scheme and comparisons to neigh-
boring nuclei. In Fig. 5 the spin-dependent evolution of the
transition strengths in the ground-state band (g.s.b.) of '¥Xe
is presented. The trends for the IBM limits O(6), U(5), and
SU(3) (axial-symmetric rotor) and an IBM calculation with
fitted parameters are shown as well. The calculation has been
carried out using the IBM1 [10] within the extended consis-
tent Q-formalism (ECQF) [44] adding terms to the minimal
ECQF Hamiltonian for compression of the T multiplets and
staggering in the quasi-y band. The chosen Hamiltonian was

H= C[(l — g — &QXQX +ALL + C’z(O(S))}

A 2 .. A
G (0(5)) = g'BLL + 4,3T(3)T(3)
g = A dN, QX — [STc? + dTS](Z) + X[dT(Z](Z),
L= V10 d|™, 7O = [a7d® )

with Np = 9 the boson number, 7i; the d-boson number op-
erator, QX the quadrupole operator, st s, d¥, d the creation
and annihilation operators for s and d bosons, ¢ = 1.126
MeV a scaling parameter for the energies and ¢, x the fitting
parameters which span the space of the Hamiltonian, also

0.8 1 :
experlment ma—
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0.7 + IBM 1
Sy 0(6)
o 06 SVE) ]
& ]
= 05} 1
I
oo 04 . 1
@
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FIG. 5. Evolution of the transition strengths in the yrast band
with respect to the initial spin. The experimental values, the trend for
the three IBM limits and the result of an IBM1 calculation are shown.
The ordering of the theoretical calculations in the legend reflects the
predictions for transition strengths at the higher spins. See text for
details.

known as the Casten triangle [45]. T(E2) = egO is the E2
transition operator with ez = 0.129 eb the effective boson
charge. The experimental excitation energies are compared to
the corresponding levels of the IBM calculation with ¢ = 0.51
and x = —0.69 (A =0.009, g = —0.040) in Fig. 6. B(E2)
values in the yrast band are given in the same figure, relative
transition strengths in the quasi-y band were calculated from
the known branching ratios of Ref. [41] and are compared to
the IBM calculation in Table II. The parameter ¢ is close to the
first-order phase transition between spherical and deformed
shapes (¢, = M}&—me = 0.516 for N = 9). The overall agree-
ment between the calculation and the experimental data is
quite good, especially the spin-dependent evolution of collec-
tivity for the yrast states corroborates the classification as a
transitional nucleus.

ground-state band quasi-y band quasi-f band
8+ 8+ 6+
s —— 6
0.46(6) 0.520 5+ (40— 44
6+—Y g 4 4+
h 3+, 2+ 2+
0.54(2
(2) 0.514 - 24
4+ 4+ 0+. 0+
0.404(8) 0.444
2+ 2+
0.264(4) 0.264
O+ 0+
EXP. IBM EXP. IBM EXP. IBM

FIG. 6. Low-lying levels and B(E?2) values of the ground-state,
the quasi-8 and the quasi-y band of '"!Xe. The experimentally
known data for each band are displayed left to the results of the IBM1
calculation, using the ECQF Hamiltonian in Eq. (2). The number
next to the arrow is the B(E2) value for the corresponding transi-
tion in e’b%. The parameters for this calculation are ¢ = 0.51, x =
—0.69, 2 = 0.009, 8 = —0.040, c = 1.126 MeV, and ¢, = 0.129 eb.
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TABLE II. Relative B(E2) values of the quasi-y band in '8Xe
calculated from known y-ray energies and branching ratios of
Ref. [41] and the IBM calculation. Since no mixing ratios are known,
pure E?2 transitions are assumed for all cases.

I E, [keV] B(E2) B(E2)
I Exp. IBM
2t - 2 590.6 36(12) 4
0F 928.1 1 1
3 2 438.0 49(13) 11
2} 1028.8 1 1
4 — 2t 512.4 2.4(5) 3.8
4y 630.3 1 1
55— 3t 555.9 2709) 10
4t 11121 1 1
67 — 4 555.8 4.6(10) 12.5
6; 599.8 1 1

The question raised in the introduction was if the unex-
pected behavior of transition strengths in even-even Sn and
Te nuclei can be seen in the chain of the xenon isotopes. In
Fig. 7 the evolution of B(E2;2" — 0%) and B(E2;4" — 2%)
values for the even xenon isotopes between the shell closures
at N =50 and N = 82 is shown (cf. Fig. 1). At first glance
no dip can be seen in the B(E2;2" — 0%) values around
120Xe at midshell. The B(E2) values from Ref. [55] are in
this case most reliable, because other references (not shown)
included feeding assumptions in their analyzes as pointed out
in Ref. [56]. Within the error bars a linear slope between
neutron midshell and the N = 82 shell closure is unambigu-
ously present and follows the predictions of the N, N, scheme.
Therefore the reduction of B(E2;2" — 0%) values at mid-
shell seems to disappear in the xenon isotopes. The data on the
proton-rich side is too scarce to draw a clear conclusion. The
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few data points below N = 64 hint for a symmetric slope with
respect to midshell. So also the second hump of B(E2;2" —
0™) values that is noticeable in Sn isotopes around N = 60
turns out to vanish in the xenon isotopes. Nevertheless the By />
ratio appears to be around unity for '*Xe while for !'®Xe and
heavier isotopes it remains at ratios expected from collective
models. The drop of the B(E2;4T — 2%) value would be
accordingly shifted from N = 64 in Sn to N = 60 in Xe (cf.
Figs. 1, 7). In the tellurium isotopes the important data point at
16Te is missing and one can only state that the critical point
is either at N = 62 or N = 64. Unfortunately the transitions
from the 2+ and 47 states in ''®Te form a doublet and there
exists even contradictory information about the sequence of
y rays, which makes an analysis very difficult. From the
data in this work the idea that the reduction of B(E2) values
would be shifted to higher spins can be clearly ruled out. The
lifetimes of the yrast 67 and 8% states have been corrected
to lower values and the trend of transition strengths shows
normal collective behavior. No unobserved band crossing at
the 67 state is needed anymore to explain the spin-dependent
evolution. Especially a low By, ratio as in the isotone 145n
is out of the question.

V. SUMMARY AND CONCLUSIONS

A RDDS experiment on ''®Xe has been conducted using
a fusion-evaporation reaction. The data have been analyzed
employing the DDCM using y y coincidences and thus avoid-
ing issues with a possible delayed sidefeeding of the levels of
interest. The lifetimes of the 2 and 4% states are consistent
with the most recent publication [5], but the new results have
smaller uncertainties. The lifetimes of the 67 and 87 states
are significantly shorter than the previous values removing
the postulate of a band crossing close to the 6 state that
was needed before to explain the spin-dependent trend of
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FIG. 7. Evolution of B(E2;2%t — 0%) and B(E2;4% — 2%) values for the even xenon isotopes between the shell closures at N = 50 and
N = 82. Different records for the same neutron number have been shifted slightly horizontally to sustain readability. The legend for both
panels is given below, symbols are assigned to the facilities where the data was recorded. Compare Fig. 1 for the corresponding data on tin and
tellurium isotopes. Experimental data taken from [5-7,46-55]. See text for details.
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transition strengths. An IBM1 calculation has been performed
classifying ''®Xe a transitional nucleus between spherical and
deformed shapes. The sets of experimental data on Sn, Te, and
Xe isotopes have been compared. Unlike in the B(E2;2" —
0™) systematics of the even-mass tin and tellurium isotopes,
no dip at N &~ 66 and no second hump is seen in the corre-
sponding data set for the most proton-rich xenon nuclei. The
By, ratio in 'Sn drops to unity staying low for lighter even
Sn isotopes. The same effect is known for !'*Te while the data
for the isotone (N = 64) ''°Te is missing. The same isotone
118Xe discussed here shows a clearly collective behavior with
a By ratio of 1.55. The drop to unity is not seen before
114X e, which is also the lightest isotope with known transition
strengths. It has to be mentioned that the transition strengths
in "*Xe have been measured employing the DDCM and yy
coincidences in Ref. [47], whereas the published B(E2) values

in 1Xe stem from a y-ray singles experiment [46]. The low
By; ratios cannot be explained with collective models. An in-
teresting result is the shift of the critical point with drastically
lowered B(E2;4" — 2%) strength. It seems to be displaced
by two neutrons to lighter isotopes when adding two protons,
instead of a direct connection to the N = 64 subshell closure.
This hypothesis should be tested not only by experimental
data on the most proton-rich nuclei in this mass region, but
also with measurements of '°Te and perhaps ''®Xe.
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