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Lifetimes of low-lying yrast states in '?Er are measured using the electronic y-y fast-timing technique.
Excited states were populated in a **Sm('2C, 4n) '**Er fusion-evaporation reaction and y rays were detected in
a combined setup of high purity germanium and LaBr;(Ce) scintillation detectors. The lifetimes of the 4, and
6/ states are determined for the first time and the lifetimes of the 2} and 7~ states are remeasured with higher
precision. Reduced transition probabilities are extracted and well reproduced by theoretical calculations in the
framework of the confined 8 soft model and the interacting boson model.
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I. INTRODUCTION

The study of deformed nuclei in the rare-earth midshell
region (Z = 66, N = 104) is important in understanding the
complete picture of the quantum many-body system. It is well
established that the observables for the degree of quadrupole
collectivity in even-even nuclei, e.g., B(E2; ZIL — OT) values,
scales with the product of valence protons, N, and valence
neutrons, N, [1]. Throughout the transition from spherical to
axially deformed shape, the nature of low-lying excitations
changes from vibrational to rotational, with accompanying
changes in the 2 level energy and changes in reduced E2
transition probabilities [2].

Critical-point symmetries in nuclear structure provide an
analytic description of nuclear structure properties of nu-
clei in the transitional region [3-20]. Starting from the Bohr
Hamiltonian [21], Pietralla and Gorbachenko introduced the
confined beta soft (CBS) model [11] for prolate axially sym-
metric (y ~ 0°) solutions between X(5) [4] and SU(3). With a
focus on the § degree of freedom, the potential v(8) is consid-
ered an infinite square well with dynamic boundaries from S,
to By, where 0 < B, < By. The ratio rg = B,,/Bu € [0, 1)
uniquely specifies the stiffness of the potential and, thus, the
structural evolution from the transitional region (rg = 0) to
the rigid rotor (rg — 1).

The nucleus '?Er (N = 94) is bordering the transitional
N = 90 region and one of the first nuclei in the erbium chain
of isotopes to exhibit well-deformed rotational structure but
expected to show signs of S-softness [22]. The half-life of the
2T state in '®>Er has been measured previously. It was directly
measured using B-y timing following the electron-capture
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decay of 1627 [23,24] and deduced within a Coulomb ex-
citation study [25]. The evolution of the B(E2;2] — 0])
values in the chain of Er isotopes suggest a rather smooth
development of collectivity as a function of neutron num-
ber, as it is expected from the NN, scheme. No lifetimes
in the ground-state band with J > 2 are known in '®’Er. To
describe the details of the nuclear structure of this nucleus an
experiment to measure lifetimes up to the 8;’ state has been
performed and will be discussed in this work.

A multitude of K isomers [26], where K is the projection
of angular momentum on the symmetry axis of the deformed
nuclear shape, is known in the rare-earth region. Transitions
where the change in K quantum number exceeds the mul-
tipole order A are called K forbidden and have a hindered
decay rate. The degree of forbiddenness is described by the
reduced hindrance factor f, [27], where v = AK — A. In
192Er, a K™ = 7~ isomer decaying to the ground-state band
exists with a reduced hindrance of f, = 33.1(13) [28]. This
state was interpreted as a two-quasiparticle isomer with a
7 7/27[523]7 7/2%[404] configuration. A dominant K mix-
ing in this isomer was suggested due to the near constancy of
the reduced hindrance over the full moment-of-inertia range.
The lifetime of the isomer is remeasured in this work, signifi-
cantly reducing its uncertainty.

II. EXPERIMENTAL DETAILS

The experiment was performed at the 10 MV FN-Tandem
accelerator of the Institute for Nuclear Physics at the Univer-
sity of Cologne. Excited states in '®*Er were populated in the
154Sm('2C, 4n) 1%Er fusion-evaporation reaction at a beam
energy of 62 MeV. The enriched '*Sm target with a thickness
of 0.9 mg/cm? was supported by a 2.2 mg/cm? thick tantalum
backing. The de-excitation via y rays was measured with the
HORUS spectrometer [29] equipped with eight high-purity
germanium (hereafter denoted as ‘HPGe’) detectors and eight
1.51in. x 1.5in. LaBr3(Ce) scintillation detectors (hereafter

©2020 American Physical Society
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FIG. 1. Projections of threefold yy y-coincidence spectra mea-
sured during this experiment. The HPGe spectrum is generated using
Ge-LaBr-Ge events and the LaBr spectrum is generated using Ge-
LaBr-LaBr events. The dominant transitions in '%2Er are labeled.

denoted as ‘LaBr’). In this setup the HPGe detectors were
used to select a y-ray cascade of interest and the LaBr de-
tectors were used to precisely measure the time difference
between the populating and depopulating transitions of an
excited state.

The full projection of HPGe and LaBr threefold coinci-
dences measured during this experiment is shown in Fig. 1
and the strongest transitions in '’Er are labeled. The 4n
evaporation channel dominates the spectrum with a clean
identification of transitions in '>Er up to high spins. To op-
timize efficiency, the LaBr detectors were moved as close as
possible to the target position, without obstructing the HPGe
detectors. Six out of eight LaBr detectors were surrounded
by bismuth germanate scintillators to suppress the Compton
background. The front windows of the HPGe detectors were
equipped with absorber material consisting of a layer of lead
and copper to reduce the count rate of low energetic y rays
and especially x rays. In effect, this also strongly reduces the
detection of the ZT — OT (102 keV) transition which is only
visible in the LaBr energy projection (see Fig. 1).

The anode output of the LaBr detectors is connected to
a constant-fraction discriminator (CFD) to provide a timing
signal, while the energy information is delivered by the pulse
height of the dynode signal. The CFD outputs are connected
to time-to-amplitude converters (TAC) and deliver the start
or stop signal for time difference measurements. LaBr and
HPGe energy signals, as well as the TACs output signals
are connected to digital gamma finder (DGF) modules. An
in-depth description of the electronic circuit and its modules
is discussed in Ref. [30].

III. LIFETIME ANALYSIS

Lifetimes of excited states in 'Er are determined using
the well-established generalized centroid difference (GCD)
method [31]. The method relies on the direct measurement
of the time difference between y rays populating and depop-
ulating a given state.

Considering a feeder-decay cascade with respect to a state
of interest, the setup generates two independent time distri-
butions. If a detector connected to the start-input of a TAC
observes the y ray feeding the state of interest and a stop de-
tector detects the decaying transition, a so-called delayed time
distribution is generated. If the populating and depopulating
y rays are detected in reverse, the so-called antidelayed time
distribution is generated.

Under the assumption of no background contributions, the
delayed time distribution is defined as the convolution of the
prompt-response function (PRF) of the system and an expo-
nential decay:

A=1/7,
(D

where 7 is the number of coincidences in the time distribution,
n, 1s the number of random counts, and 7 is the mean lifetime
of the state connected by the feeder-decay cascade. For further
details on the definition and characteristics of the independent
time distributions see Refs. [30,31].

If the lifetime of a given state is larger than the width
of the PRF, a slope can be seen in time spectrum which is
attributed to the decay constant A. However, if the lifetime is
shorter, no exponential decay is visible and the centroid of
the time distribution is shifted by the mean lifetime from the
centroid of the PRF [32]. With the GCD method the lifetime
of the state of interest can be extracted from the centroid
difference between the independent delayed and antidelayed
time distribution while correcting for the time response of the
system [31]:

2t = AC(Efeederv Edecay) - PRD(Efeeder’ Edecay)- (2)

t
D(t) = nh / PRF(t' — t)e *~"dt’ + n,,

—0Q

The centroid difference AC(Efeeders Eqgecay) i defined as the
difference between the centroid of the delayed and antidelayed
time distribution and can be directly determined from sorted
experimental data. The prompt response difference (PRD)
is the difference between the centroids of the PRF for the
delayed and antidelayed time distribution. The PRD describes
the combined y-y time response of the system and has to be
calibrated and determined experimentally for a given setup.
This is done using a '>>Eu source and selecting y-ray cascades
with known lifetimes. For a detailed description of the PRD
calibration procedure the reader is referred to Ref. [30]. The
final calibrated PRD curve is shown in Fig. 2 and is fitted
using the following function [30]:

PRD(E,) = +cE, +d. 3)

a
VE, +b
The uncertainty was determined from the statistical fluctua-
tion of the fit residuals and amounts to 5 ps corresponding to
20.

Equation (2) only holds if no background is influencing
the measured time distributions. This is seldom the case, as
Compton background from coincident y rays cannot be fully
eliminated. These Compton scattered y rays originate from
other transitions and show different, energy-dependent time
response. This makes the correction for the time correlated
background, influencing the measured centroid difference
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FIG. 2. Calibrated PRD curve relative to the reference energy
of E.s = 344keV. The data points obtained from other reference
energies are shifted in parallel. The standard deviation is calculated
and results in a PRD uncertainty of 5 ps.

ACcp, a necessity. It has been shown that a precise correction
of background time influence can be performed by applying
an analytic correction term (z.) without subtracting any time
correlated data [33]:

ACerp — AC,
p/b '

In Eq. (4), the centroid difference of the full energy peak
ACrgp is obtained by correcting the measured centroid differ-
ence ACey,, for the background time responses AC,, weighted
by the peak-to-background ratio p/b. The background time
response at position of the FEP is interpolated from measured
background time response around the peak of interest.

As both peaks of interest are influenced by background, the
background related timing influence from both peaks needs to
be corrected for [34]

ACFEP = ACexp +1. = ACexp + (4)

P/DEDt(Er) + p/b(Ef)t(Eq)
p/b(Eq) + p/b(Ey)

The feeding and decaying transitions are denoted by the sub-
scripts f and d, respectively. Equation (5) takes into account
possibly large differences in peak-to-background ratios be-
tween both peaks of interest and corresponds to a weighted
average. To calculate the background corrected centroid dif-
ference ACpgp, t. is replaced by 7.(Es, E4) in Eq. (4). The
final uncertainty of the lifetime is calculated from Gaussian
error propagation.

(&)

T.(Ef, Eq) =

IV. RESULTS
A. Remeasurement of the 2] lifetime

Previous lifetime measurements of the 2?’ state either
have a large uncertainty (v = 2200(400) ps [24]) or barely lie
within a 20 interval (v = 1690(140) ps [23], T = 1980(30) ps
[25], T = 2036(104) ps [35]) motivating a remeasurement of
this lifetime.

Due to the long lifetime, the measured time spectrum
shows the exponential decay expressed as a slope to one side
of the spectrum. Fitting an exponential function to the slope,
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FIG. 3. Time distribution obtained after applying LaBr gates on
the 47 — 2] (227 keV) and 2} — O} (102 keV) transitions. The
fit to determine the lifetime of the 2 is shown in red.

taking a constant background into account, yields the lifetime
according to Eq. (1).

The time spectrum shown in Fig. 3 is generated by ap-
plying narrow LaBr gates on the 47 — 2] (227 keV) and
27 — 07 (102 keV) transitions. Additionally, the indepen-
dent antidelayed time spectrum has been mirrored and added
to the delayed time spectrum to increase statistics. The inte-
gral of the summed time distribution amounts to about 10°
counts. The fit interval is restricted to the area where the
decay of the 2;” state dominates to minimize the influence of
slow background components. The lifetime is determined by
varying the fit interval and taking the median of multiple fits.
The uncertainty is calculated from 1o standard deviation.

The final lifetime following this analysis amounts to
2040(30) ps. Note that the lifetime does not match the
weighted average [t = 1974(28) ps] of the lifetimes from
Refs. [23-25,35] due to the measurement reported in
Ref. [23]. The result is consistent with the measurements from
Refs. [24,25,35].

B. Lifetime measurement of low-lying yrast states

The lifetime analysis of the low-lying yrast states is
performed using the GCD method. For this analysis triple
HPGe-LaBr-LaBr coincidences are used. Applying a HPGe
gate to a y ray coincident to the cascade of interest cleans
up and simplifies the LaBr spectra while reducing the back-
ground significantly. Applying LaBr gates on the feeding and
decaying transition of the state of interest then generates the
delayed and antidelayed time spectra. To confirm that the
timing gates are not contaminated by coincident y rays, triple
HPGe-LaBr-HPGe coincidences are used, utilizing the reso-
Iution of the HPGe detectors to investigate the energy spectra.

To measure the lifetime of the 4] state, the 6] — 4 —
2;” (337-227 keV) cascade is used with an additional HPGe
gate placed on the 8 — 6 (430 keV) transition. The
situation after applying a HPGe and a LaBr gate on the feeding
(decaying) transition, respectively, is shown in Fig. 4(a) and
4(b). The gated spectra show no contamination close to the
peaks corresponding to the feeding and decaying transition.
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FIG. 4. Analysis of the 4* state. (a,b) Double gated HPGe and LaBr energy spectrum with HPGe gate on the 87 — 6] (430 keV)
transition and LaBr gate on (a) 47 — 2] (227 keV) or (b) 67 — 4 (337 keV). The peaks of interest are well separated from any disturbing
transitions. The second LaBr gate to generate the time difference spectra is indicated by dashed lines. (c,d) Measured centroid difference (red)
and PRD curve (black) shifted to the energy of the applied LaBr gate. The measured background time response and corresponding interpolation
is also shown (blue). (c,d) The PRD curve is mirror symmetric with respect to a start-stop inversion of a -y cascade [30].

After applying the second LaBr gate the delayed and antide-
layed time distributions are generated [see Fig. 6(a)]. These
time distributions are directly influenced by time correlated
background affecting both peaks of interest. The interpolation
of the background time response is performed separately for
each peak and is shown in Fig. 4(c) and 4(d). After perform-
ing the analytic background correction according to Eq. (4),

GOOF () "HPGe ]
LaBr
8+—>6+ .
gates: i
HPGe: 4T —2F

LaBr: 6T —4*

-25¢ PRD ——
Background ——
-50r ACE:L‘p 1
360 380 400 420 440 460 480
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the lifetime of the 4T state is calculated from Eq. (2). With
a PRD(337, 227) = —12(5) ps the lifetime of the 41+ state
amounts to 7(4]) = 87(6) ps.

The lifetime of the 6 state is measured via the 8/ —
6T — 4T (430-337 keV) cascade with an additional HPGe
gate applied to the 47 — 2] (227 keV) transition. The
gated spectra, background correction and PRD are shown in

400f ) HPGe 1
; LaBr
3000 gates: |
=2 6+*>4+ HPGe: 4+—>2+
g LaBr: 87 —6*
2 200
O
100
0 : e : RD :
5ot (d) Background ——
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ACy, =-17(21) ps
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!

FIG. 5. Same as Fig. 4 but for the 6] state. The double gate spectra in (a,b) are generated by applying a HPGe gate on the 47 — 27 (227
keV) transition and a LaBr gate on (a) 67 — 4} (337 keV) or (b) 87 — 6} (430 keV).
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FIG. 6. Delayed (green) and antidelayed (red) time distribution
as well as the centroid difference AC, for the lifetime measurement
of the (a) 47 and (b) 6] state. The applied gates are discussed in the
text.

Fig. 5 and the delayed and antidelayed time spectra are shown
in Fig. 6(b). With a PRD(430, 337) = 5(5) ps this analysis
yields r(6f) = 9(6) ps. The lifetime of the 87 state is below
the limit of the sensitivity of the GCD method. While the
state of interest can be accessed via the 10] — 8/ — 6]
(506-430 keV) cascade, trying to determine a centroid differ-
ence shows no centroid shift distinguishable from the PRD.
Under these circumstances only an upper limit of 5 ps can be
estimated based on the uncertainty of the PRD curve.

C. Half-life of the 7~ isomer

An isomer with a K™ = 7~ assignment at 2027 keV has
been observed to decay into the ground state band via 1360
keV and 930 keV transitions [28]. The half-life of the isomer
is remeasured by analyzing the HPGe time-stamp distribution
of the 1360 keV y ray decaying into the 6?’ state. The 930
keV transition is not used because of its lower intensity and
a contaminant 929 keV transition. The non-subtracted time
distribution can be seen in Fig. 7. It is fitted with a sum
of a time-dependent background and an exponential decay
according to the method described in Ref. [36]. The exponen-
tial background accounts for contributions such as Compton
scattered events that may enter the HPGe gate and influence
the time distribution. The resulting half-life amounts to 76(4)
ns which is in accordance to the previously reported value
of 88(16) ns while significantly reducing its uncertainty. The
uncertainty is determined by systematically varying the fit re-
gion and background components of the fit. The new lifetime
with lower uncertainty changes the reduced hindrance factor
for this K isomer from f, = 33.1(13) [28] to f, = 32.1(3).
Compared to the previous result this indicates a slightly in-
creased degree of Coriolis K mixing of the isomer within the
ground-state band [37].

V. DISCUSSION

A. Systematics of B(E2) values and quadrupole deformation

Table I summarizes the results from the lifetime mea-
surements of low-lying yrast states. Reduced transition

Sum
» Peak ——
Li 10° ¢ Background ———
X
~
£
=
8 T1/2 = 76(4) ns
102 ‘ ‘ ‘ ‘ ‘

150 250 350 450 550
Time [ns]

FIG. 7. DGF time-stamp distribution for the 1360 keV transition
measured by the HPGe detectors. The spectrum is fitted with a sum
(red) of an exponential peak component (blue) and an exponential
plus constant background component (black). The time-dependent
background is shown additionally as a black histogram from gates
around the 1360 keV transition.

probabilities are deduced and compared to different theoret-
ical calculations which will be discussed in the following
sections.

Figure 8(a) shows the B(E2) values for low-lying yrast
transitions up to J = 8§ as a function of neutron number for
156-170Er From the N, N, scheme an increase of B(E2; ZT —
07) transition strength accompanied by a lowering of 2]
energies up to neutron mid shell at N = 104 is expected.
Instead, the B(E2;2] — 0]) values reach their maximum
around N = 98 and start to slightly decrease afterwards while
the E(2]) continuously decrease with a minimum at neutron
mid shell (see Table II). A similar phenomenon was observed
in the %Dy isotopic chain where a minimum of 2] ener-
gies suggested a maximum of collectivity at N = 98 but the
evolution of collectivity was shown to follow the predicted
saturation [44,45]. No B(E2;2} — 0f) value for '"?Er is
known, that would put this trend of the erbium isotopes in the
context of a saturation effect up to midshell [46]. To further
shed light on this phenomenon the quadrupole deformation is
determined from the B(E?2) values. The quadrupole moment
O, can be obtained from the B(E?2) via [47]:

B(E2) | = —Q,|<1K20|(1—2)K)| (6)

TABLE I. Lifetimes of excited states measured in this work. For
A =162, 1 W.u. corresponds to 52.5 e*fm*. The last two columns
denote results from theoretical calculations within the CBS and IBM-
1 framework. See text for details.

Ex T E, B(E2) [W.u.]

J*  [keV] [ps] Jr _>J}r [keV] exp CBS IBM

2F 1020 2040(30)
45 3296  87(6)
67 6667  9(6)
8F 10967 <5

2f —>0f 102
4F > 2F 228
67 — 47 338
8F — 6 430

185(3) 185 185
250720 272 266
340H2%0 315 295

>206 349 308
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FIG. 8. Systematic plot of (a) B(E2;J — J —2) transition
probabilities for the 156170 isotopes and (b) By, = B(E 2;4?’ —
21)/B(E2;2F — 07) ratio. Results for N = 94 are obtained from
this work and other data points are taken from Refs. [38—43].
Only a lower limit for the B(E2;8 — 6]) value in '®*Er is given.
Data points for N = 94 are slightly moved horizontally to improve
readability.

where (IK20|(I — 2)K) is the Clebsch-Gordan coefficient for
an initial spin /, a projection of intrinsic angular momentum
on the symmetry axis K coupled to a nuclear spin of I — 2.
Equation (6) is suited for transitions within a rotational band
with Q; in units of eb. For the yrast band of an even-even
nucleus K = 0 can be assumed [48]. The intrinsic quadrupole
moment is further connected to the quadrupole deformation

TABLE II. Summary of B(E2;2] — 0;) values in the Er iso-
topes with 90 < N < 102, deduced quadrupole moments Q, and
deformation parameters f8,. Nuclear data for 138160164170 are taken
from Refs. [39—43,51]. Theoretical calculations based on a relativis-
tic mean-field (RMF) are taken from Ref. [49].

E.2]) B(E2) 0 B2
N Nucleus  [keV] [W.u.] [eb] exp RMF
90 IS8Er 1922 1299) 5.7(2)  027(1)  0.229
92 160y 125.8 166(7)  6.6(1)  0.311(5) 0.266
94 102Ey 102.0 185(3)  6.98(6) 0.327(3) 0.289
96 164Er 914  206(5) 7.43(8) 0.345(4) 0.305
98 166y 80.6 217(5)  7.70(5) 0.354(2) 0.319
100  '%gr 78.8  213(4) 7.68(5) 0.351(2) 0.333
102 gy 78.6  208(4)  7.68(5) 0.348(2) 0.339

parameter 8, according to [21]

/16w 3 ZoR2 7
0 = TE eRBa. @)
In Eq. (7), Ze is the nuclear charge and R, the nuclear radius
calculated via Ry = 1.2A4'/3 fm. The uncertainties of Q, and 5,
are calculated by error propagation through the uncertainties
on the B(E?2) strengths given in Table I. The results of the
calculation for '*3'70Er are shown in Table II. A quadrupole
moment of Q, = 6.98(6) eb for '**Er was calculated from the
B(E2;2] — 07) value determined in the present work that
corresponds to a deformation of B, = 0.327(3). Following
the same trend as the B(E2;2] — 0) the B, deformation
reaches its maximum deformation at N = 98 and saturates,
within uncertainty, around N = 100. Relativistic mean-field
(RMF) calculations performed by Lalazissis et al. [49] show
a similar evolution of B, in the chain of erbium isotopes,
although slightly underestimating the magnitude of the de-
formation parameter. More recent calculations by Bonatsos
et al. [50] in the proxy-SU(3) model also predict a smooth
development of collectivity and a maximum of 8 deformation
around neutron number 100, 102 with 8, =~ 0.32.

Figure  8(b) shows  the By = B(E2;4] —
27)/B(E2;2{ — 0} ) ratios as a function of neutron number
for the Er isotopic chain. With Ry = E(4])/E(2]) =3.23,
162Er is considered a statically deformed nucleus close the
rigid rotor limit. The value for the lifetime of the 4] state
allows to obtain the B4/, which is about 1.35 and fits well
into systematic trend. A smooth trend with values around the
rigid rotor limit (B4, = 1.43) for 90 < N < 100 is observed
with a small deviation for '®*Er as can also be seen in the
dip of the B(E2;4] — 2]) value in Fig. 8(a). Extending
this information towards the midshell nucleus '"?Er is of
high interest to gain a complete picture on the evolution of
deformation of the Er isotopic chain.

B. CBS calculations

A suited description of the quadrupole collectivity of even-
even nuclei in the rare-earth region can be reached using the
Bohr Hamiltonian [21]:

Hp = Tyip + Trot + V (B, ¥). ©))
Here, the kinetic energy term T is separated into vibrational
and rotational part and 8 and y are the quadrupole deforma-
tion parameters. By choosing a separable potential V such that
V(B,y) = v(B)+ u(y), spherically and statically deformed
nuclei can be described as analytic solutions of Eq. (8). The
potential depending on the B degree of freedom can be de-
scribed as an infinite square well with moving boundaries 0 <
Bm < Bu [11]. Due to the properties of the potential, the wave
function separates into W(B, y,6;) = SL(,B)nK(y)D@’K(@i),
where D represents the Wigner functions and 6; being the
Euler angles. ng is defined in Ref. [4] and &, is obtained by
applying Eq. (8) and governed by the following differential
equation:

AT1 9 ,0 1
_E[E% 35~ gkt v(ﬁ)]&(ﬂ)
= E£,.(B). ®)
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TABLE III. Summary of the model parameters of the CBS cal-
culation (top) and IBM calculation (bottom) for 12Er, Details see
text.

CBS g BBZ Bu
0.323 0.024 6.054

IBM ¢ X c e [€°b?]
0.73 —0.55 1.55 0.18

In Eq. (8), B describes the moment of inertia, L the orbital
angular momentum, and E the eigenvalues of the eigenfunc-

tions &;. Introducing a new variable z = /E /(i*/2B)/ 8, the

eigenvalues of Eq. (9) can be written as

B — " (& )2 (10)
Ls = 23,3]%4 ZL,s .

The energy scale is defined by the parameter Bﬂfw. A phe-
nomenon known as the centrifugal stretching results from
the properties of the wave functions &, (). With increasing
orbital angular momentum L, the density of the wave function
is pushed to higher quadrupole deformation . Despite the fact
that '2Er has R, 2 = 3.23 which is very close to the rotational
limit of 3.33, a significant centrifugal stretching in the order
of 15% is observed for the L = 10 wave function.

For 'Er, rg = 0.323 is obtained in order to reproduce
the excitation energies. A summary of the different model
parameters is shown in the first part of Table III. The value for
rg is significantly larger than the one obtained for 160 (rg =
0.233). This is in agreement with the assumption, that '*Er is
the first nucleus in the erbium chain of isotopes to show well-
deformed rotational structure. Towards the midshell nucleus
172Er the ratio increases to rg &~ 0.47. A comparison between
experimental and theoretical excitation energies in shown in
Fig. 9 for Er isotopes with 92 < N < 104. The deviations
from the experimental values are below or around 1 keV for
spins up to J = 10. Despite a slight deviation in the 12;r
states, the systematic evolution of excitation energies is very
well reproduced by the CBS calculations. In Fig. 9(b), the
excitation energies are plotted as a function of spin for '**Er.
The predictions by the SU(3) (rigid rotor) and X(5) solutions

are also shown for comparison. From this plot it is evident
that '9Er can be seen as intermediate nucleus between X(5)
and SU(3), thus, justifying the applicability of the CBS model.
Furthermore, the effect of the centrifugal stretching is also
visible from this trend. With increasing spin, the difference
between the experimental energies and SU(3) limit become
smaller compared to the X(5) limit.

Reduced transition probabilities in the framework of the
CBS model can be calculated via [11]

T = e, (11
where e, represents the effective charge. The results are nor-
malized to the B(E?2; 2fr — 01*) value and are given in Table I.
The transition rates for the higher-lying yrast states are well
reproduced by the CBS calculations within uncertainties. The
experimental B(E2;4] — 2) value has a small uncertainty
and the results of the CBS calculation is at the upper limits of
the experimental value. For the B(E2; 6] — 4]) strength, the
experimental uncertainty is too high to draw any conclusions.
This is due to the fact that the value is at the lower limit of
the fast-timing technique and motivates further studies using
different lifetime measurement techniques.

C. IBM calculations

The CBS calculations are limited to y = 0° and the path
between the X(5) and SU(3) points in the symmetry triangle.
To gain a more complete picture, calculations are performed
in the framework of the sd-IBM-1 [53], where no distinction
between protons and neutrons is made. The following Hamil-
tonian is used:

e =c[a=on -0 a2

known as the extepded consistent Q formalism [54]. In
Eq. (12), iy =d" - d is the d-boson number operator, Nz =
13 the boson number and Q* the quadrupole operator defined
as

Or =(s"d+d's)+ x(d'd)®. (13)

The quadrupole operator defined in Eq. (13) is related to the
E?2 transition probability T (E2) via the effective boson charge

= 2.5 — ‘ ‘ ‘

= 5 A

S [ (@) | cps (b)

5 107 SUE?; fffffff .

SIREN X(5)

=2 1 | -

N T

L e ——————— R ‘ ‘ ‘
92 94 96 98 100 102 104 2 4 6 8 10

N J[n)

FIG. 9. (a) Excitation energies of yrast states up to J™ = 12* as a function of neutron number for Er isotopes. Data for

158,160, 164—72Er

are taken from Refs. [39—43,51,52]. The points represent experimental values and the data points connected by solid lines to guide the eye
correspond to the results from the CBS calculation. (b) Excitation energy of yrast states as a function of spin J for '®*Er. The dashed lines
represent theoretical calculations in the CBS model (black), SU(3) limit (red), and X(5) limit (blue).
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12+ 2165 2135
303
+
10 1603 1555
310
+
8 1097 1055
6" 667 642
34013730 205
4t 330 321
250729 266
2t 102 102
o+ 185(3) 0 185 0
Exp. IBM

FIG. 10. Experimental (left) and theoretical (right) level scheme
of yrast states in '*Er up to J = 12. Energies are given in keV and
B(E?2) values in W.u. are labeled in red. Theoretical energies and
B(E?2) values are calculated in the framework of the sd-IBM-1, see
text for details.

ep according to
T(E2) = eg0Q. 14)

The Hamiltonian in Eq. (12) involves two parameters { and
x plus a scaling factor. The SU(3) limit is given by ¢ = 1 and
x = —+/7/2. The calculations were performed using the com-
puter code ARBMODEL [55]. The Ry4» value close to the SU(3)

limit suggests a ¢ value close to one. A full parameter scan to
reproduce excited states and transition probabilities in '®’Er
showed that the parameters ¢ = 0.73 and x = —0.55 yield
a good agreement with the experimental excitation energies.
The scaling parameter was adjusted to reproduce Ex(2fL) =
102keV. A summary of the IBM-1 parameters are given in
the second part of Table IIl. The obtained parameters are
consistent with the overall systematic of ¢ and y in this region
[56]. The ¢ = 0.73 is consistent with the rg value obtained in
the CBS calculation but y > —+/7/2 shows a small degree of
y softness that cannot be accounted for in the CBS model.
The results are shown in Fig. 10 together with the exper-
imental values. The values show an overall consistency with
the measured energies. A deviation below or around 50 keV is
achieved for all the states with a maximum deviation of about
50 keV for the 10 state. The effective boson charge in units
of ¢*b? was chosen to be ez = 0.18 ¢*b? in order to match
the experimental B(E2; 2fr — Of) value. The calculated tran-
sition probabilities are given in Table I. The resulting B(E?2)
values match the experimental ones within uncertainties.

VI. SUMMARY

Lifetimes of low-lying excited states in '®*Er were mea-
sured using the y-y fast-timing technique. The half-life of
the 2f state was remeasured and is consistent with previous
measurements while improving its uncertainty. The lifetimes
of the 4] and 6] state were measured for the first time and
fit well into the systematic trend of the isotopic chain. Experi-
mental results are well described using the CBS and the IBM.
CBS calculations account for the varying degree of centrifugal
stretching along the Er isotopic chain. sd-IBM-1 calculations
support the description of '>Er as a deformed rotor with a
small degree of y softness. Furthermore, the half-life of the
K™ = (77) isomer is remeasured with higher precision.
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