PHYSICAL REVIEW C 106, 044302 (2022)

Lifetime measurements of 0% states in !**Er with the Doppler-shift attenuation method

S.R. Lesher®,"2" A. Aprahamian®,”> K. Lee ®,” B. Alemayehu,® L. M. Clark,! X. James,' J. C. T. Lowrie,> M. Meier,'
L. McEwan®,* S. Mukhopadhyay ®,> E. E. Peters,® A. P. D. Ramirez,> M. Ryan,' B. G. Rice,” A. Stratman,’

E. Temanson,' J. R. Vanhoy,” and S. W. Yates>¢
' Department of Physics, University of Wisconsin-La Crosse, La Crosse, Wisconsin 54601, USA
2Department of Physics, University of Notre Dame, Notre Dame, Indiana 46556, USA
3Department of Physics, University of Dallas, Dallas, Texas 75062, USA

*Wright Laboratory, Department of Physics, Yale University, New Haven, Connecticut 06520, USA

SDepartment of Physics and Astronomy, University of Kentucky, Lexington, Kentucky 40506, USA
$Department of Chemistry, University of Kentucky, Lexington, Kentucky 40506, USA

"Department of Physics, United States Naval Academy, Annapolis, Maryland 21402, USA

® (Received 21 July 2022; accepted 30 August 2022; published 7 October 2022)

Background: The lowest-lying shape oscillations of deformed nuclei have been described as quadrupole in
nature (A = 2), resulting in two types of vibrations or oscillations: 8 vibrations with oscillations along the
symmetry axis (K™ = 0%) and y vibrations breaking axial symmetry with a projection of K™ = 2% on the
symmetry axis. The y vibration seems to be well characterized as the first K™ = 27 (or 2;) band in deformed
nuclei and exhibits a systematic behavior across the region. The nature of the K* = 0% excitations, however, has
remained poorly understood and has been open to debate for some decades.

Purpose: The goal of this work is to understand the nature of 0" states observed in '**Er through measurements
of the lifetimes of these states and to determine if they are consistent with oscillations built on a deformed ground
state, the minima of other coexisting shapes, single-particle states, or a mixture of effects.

Method: Lifetimes of excited states in the '®*Er nucleus were measured with the Doppler shift attenuation
method (DSAM) and the inelastic neutron scattering reaction, (n, n’'y ), at the University of Kentucky Accelerator
Laboratory.

Results: Numerous 0" states had been observed by the (p, 1) reaction [D. Bucurescu e al., Phys. Rev. C 73,
064309 (2006).]. We confirm the 0 states at 1217.2, 1421.5, 1833.6, 2364.9, 2392.1, and 2643.0 keV in
18Er. We could not, however, support the previous assignments of 0t levels at 2114.1, 2200.6, 2572.5, and
2617.4 keV. We report measured lifetimes for six confirmed 0" excitations and additional members of 0" bands.
Conclusions: The results for '*Er show that it is the third excited K* = 0F (0F) excitation that carries the
collective strength and, therefore, the potential to be an oscillation on the ground state. This result is similar to
the case in '®Er, where it was also the 0; state that exhibited greater collectivity than the first excited K™ = 0"
band. The Delaroche er al. [J.-P Delaroche et al., Phys. Rev. C 81, 014303 (2010).] prediction for a collective

K™ = 07 band is at Er = 1.818 MeV, which corresponds the third excited K* = 0 band.

DOI: 10.1103/PhysRevC.106.044302

I. INTRODUCTION

In 1975, Bohr and Mottelson provided a description of
emergent collective motion in nuclei based on geometrical
shapes with superimposed oscillations around that shape [1].
The lowest lying shape oscillations are quadrupole in nature
(A = 2), resulting in two types of vibrations built on a de-
formed ground state: B vibration with oscillations along the
symmetry axis (K™ = 0%) and y vibrations breaking axial
symmetry with a projection of K™ = 2% on the symmetry
axis. The y vibration seems to be well characterized as
the first K™ = 2T (or 2;) band and exhibits a systematic
behavior across the region of deformed nuclei with typical
B(E2: 2;” — O;) values of a few Weisskopf units (W.u.)
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[2]. The nature of the K* = 0" excitations, however, has
remained poorly understood and open to debate for decades.
In measurements with the high-precision Q3D spectrograph in
Munich many 0" states were identified in various deformed
rare-earth nuclei. For example, the discovery of thirteen 0
states in the 8Gd nucleus [3] pioneered searches in many
deformed rare-earth nuclei. This discovery itself led to a huge
investment of theoretical and experimental effort and an on-
slaught of results pointing to large numbers of 0% states in
nuclei spanning the entire deformed rare-earth region [4-6].
Today, in spite of the advances and developments in nuclear
theory, we still do not have a universal description of nu-
clear structure that can explain the nature of the lowest lying
K™ = 07" excitations. A review of 0" states by Heyde and
Wood [7] summarizes the difficulties that have emerged in
understanding these states from both the experimental and
theoretical viewpoints.

©2022 American Physical Society
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In this work, we report lifetimes of levels in the '®*Er
nucleus, which has one of the most developed level schemes.
The recent expansion of information for this well deformed
nucleus included the reported observation of fifteen 0" states
below 3 MeV [6]. The goal of the current work is to un-
derstand the nature of these excited states by measurements
of level lifetimes and, therefore, the matrix elements [B(E )]
values to determine if they are oscillations built on a deformed
ground state, the minima of other coexisting shapes, single-
particle states, or a combination of several effects. Measured
lifetimes for several K = 0" bands are known in deformed
nuclei such as *°Gd [8], 1**'%°Gd [9,10], and '*°Er [11,12].
In the "°Gd case, the first excited K™ = 0" was shown to
be collective and has been described as a 8 vibration built
on the ground state [13], while lifetimes in 16Er indicate
enhanced decays from the third excited K™ = 0% band [12] to
the ground state. Studies of the 'Er nucleus also indicate that
the first excited 0" excitation is most likely a B vibration [14].
Here we report new measurements of lifetimes of 0" states
in '%8Er using the Doppler shift attenuation method (DSAM).
Lifetimes of K™ = 0" excitations in '®*Er have until now
been limited only to the 27 state of the first excited K™ = 0F
excitation.

In this study of ' Er, we confirm the OF states ob-
served with the (p,t) reaction at 1217.2, 1421.5, 1833.6,
2364.9, 2392.1, and 2643.0 keV, but we could not support the
assignments of 0% levels at 2114.1, 2200.6, 2572.5, and
2617.4 keV. We report lifetimes for the six 01 excitations
and several additional band members of these states. The new
results are presented along with data for the even '9*'70Er
isotopes. We show a global picture of the Er isotopes as a func-
tion of the neutron and proton pairing gaps and the predicted
energies of the collective 0T excitations as calculated by De-
laroche et al. [15] using the Hartree Fock-Bogoliubov theory
extended by the generator coordinate method and mapped
onto a five-dimensional collective quadrupole Hamiltonian.
This theory predicts the collective K™ = 0% oscillation to
lie at Er = 1.818 MeV in excitation energy for this '* Er
nucleus.

II. EXPERIMENT

The '8 Er nucleus was probed using the (n, n’y) reaction at
the University of Kentucky Accelerator Laboratory. Neutrons
were produced by the *H(p, n) reaction. The target sample
was 34.30 g of 95.47% enriched '®®Er, O3 contained in a
thin-walled polyethylene cylinder 4.0 cm in height and 2.2 cm
in diameter. A ~50% high-purity germanium(HPGe) detector
with time-of-flight gating for background reduction and an
annular bismuth germanate (BGO) shield for active Compton
suppression [16] were used to detect the emitted y rays.

An excitation function was performed using neutrons from
E, =12 to 3.0 MeV in 0.1-MeV steps with the detector
at 90° with respect to the incident beam. This provided y
ray yields as a function of neutron energy and allowed the
placement of y rays to energy levels based on thresholds
(an example is shown in Fig. 1). y-ray angular distribution
measurements were performed at incident neutron energies of
1.3,1.6,2.0,and 2.7 MeV and at ten angles over a range of 40°
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FIG. 1. Excitation functions for the 1431.4 keV level in '®Er:
plots of y ray yields as a function of neutron energy. These plots
show that two y rays from the same level will demonstrate the same
shape and energy threshold in the excitation function.

to 150° at each neutron energy. These energies were chosen to
minimize the effect of feeding of the desired levels and yield
accurate level lifetimes. The yields of the y rays, W(0), were
fitted with even-order Legendre polynomials,

W(0) = A,[1 + ayP>(cos 6),) + asPs(cos 6,,)], (1)

where a; and a4 depend on the multipolarities and mixing
amplitudes of the transition. These results can also be com-
pared with a statistical model calculation [17] to deduce the
multipole mixing ratio (§ values) for some levels. Examples of
angular distributions are found in Fig. 2. Lifetimes of excited
states in the fs to ps range were also extracted from the angular
distribution measurements using the Doppler-shift attenuation
method (DSAM) [18]. The y-ray peaks have angular depen-
dent energies,

Vo
E,(6,) = Ep[ 1+ 2 F(x)cos6, | @

where £, is the unshifted y -ray energy, vy is the recoil veloc-
ity in the laboratory frame, 6, is the angle of observation, and
F () is the experimental attenuation factor [18]. A theoretical
F (1) curve is calculated using the Winterbon formalism [19]
and compared to the extracted F(tr) value determined by
examining the energy of the y ray as a function of angle. The
lifetimes determined from each y ray depopulating a level
must agree within experimental uncertainties, aiding in the
assignment of y rays to specific levels.
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FIG. 2. Angular distribution examples: two different types of
decay for '®Er(n, n'y) with a neutron energy of 2.0 MeV. The top
figure is an E2 from Ej, = 821.0 keV, 2;; — 0;. The bottom
figure is a different distribution corresponding to a possible M1
transition from Ej, = 1848.2 keV, 27 — 27T,

In all measurements, 22°Ra and ""?Eu standard sources
were used out-of-beam for energy and efficiency calibrations.
To check for gain shifts during angular distribution measure-
ments, standard sources of ®*Co, 137Cs, or 2°’Bi were placed
near the detector. At higher neutron energies, an additional
24Na source, produced by placing NaCl rings near a >>>Cf
source and irradiating with neutrons, was placed in beam to
provide accurate energy identification at high y-ray energies.
24Na emits 1368.63- and 2764.03 keV y rays. Previous pub-
lications describe these methods and techniques in greater
detail [16,20,21].

Lifetime and angular distribution measurements were com-
pared with published values [22]. Many of the lower excitation
energy lifetime values are outside the range of our technique
but, for example, the literature lifetime of 5 = 1 fs [22] for
the 1~ level at 1786.2 keV was measured as 5.4 £ 0.5 fs in
the current measurements and the 2022.5 keV (3)~ level’s
literature lifetime of 1501“28 fs is within range of our measured
lifetime of 110 £ 10 fs. An example of our lifetime measure-
ments are shown in Fig. 3 for the 1342.0 and 1786.2 keV
transitions which depopulate levels at 1421.5 and 1786.2 keV,
respectively.
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FIG. 3. Lifetime examples for '*Er(n, n'y) with a neutron en-
ergy of 2.0 MeV. The top figure is an example of the Ejye =
1421.5 keV, 07 decay to 2;, giving a new lifetime in this work. The
bottom figure shows the lifetime of Ej.y) = 1786.2 keV, 1~ decay to
the ground state, which is in good agreement to the literature value
of 5+ 1fs.

III. RESULTS

The lifetime results for levels observed in '*®Er are sum-
marized in Table I and are compared to previous literature
and the Nuclear Data Sheets (NDS) compilations [22]. In this
experiment we did not attempt to identify new levels but to
confirm previously reported states, to identify y rays from the
levels of interest, and to obtain level lifetimes. The excitation
functions were used to support y-ray placement. Additional
y-ray decays were identified or confirmed by matching energy
and excitation shapes and/or thresholds. Angular distributions
were used to extract lifetimes and multipole mixing ratios.

In the most recent high-resolution (p,?) study of '®®Er
[6], twelve O states under 2.7 MeV were identified. This
experiment set out to study the nature of these levels. Since
the (n, n'y) reaction takes place via the compound nuclear
reaction, it leads to an alignment of the excited nuclei, and
the decay from the excited levels are anisotropic. To confirm
the 0" assignment of a level, the angular distribution of the y
decay is measured and shown to be isotropic, i.e., a; = 0 in
Eq. (1). The distributions for transitions depopulating a 0% to
27 state is due to the single angular magnetic substate of the
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TABLE I. Levels in '®Er as observed in this (n, n'y) experiment. Level lifetimes from previous literature values are denoted tj; and
adopted from Ref. [22]; if levels do not match within 20, these discrepancies are discussed in the text. Lifetimes are determined by DSAM.
Multipole mixing ratios (§ values) are noted when deduced. If there are two solutions for the mixing ratio of the x> vs § plot, both values
are presented. Parentheses are used to denote tentative assignments and unresolved multiplets are noted and not used in calculating the level
lifetime. Band assignments are taken from Ref. [22] and denoted by a numeric subscript when needed to distinguish them for reference in
either the table or discussions.

EL K™ J* E, Ef KrJt 1, 8 F(1) T B(E2) B(E1)  Notes
(keV) (keV)  (keV) (%) (fs) (W) (mW.u.)
79.75(10) 0F 2F  79.80 0 0F 0" 100

263.93(10) 0F 4% 18424(5 80 07 2© 100 0.029(64) >400
Tit = 160(4) X 105
548.66(11) 0F 6 284.66(5 264 0F 4% 100 T = 1.7(7) x 10*
821.01(10) 2} 2+ 74136(9) 80 0F 2% 100(2) T = 4000 £ 130 8.440.3
821.14(5) 0 0F 0 952) 47402
895.73(10) 2 3% 631.72(5) 264 07 47 18(1) 0.031(22) 1200+27% 4.6103
815.95(5) 80 07 2* 100(1) Tie = 460075000 7.4797
994.62(10) 2} 4%  730.65(9) 264 0] 47 100(2) 0.016(6) 250071500 8.6+ 1.8
914.92(5) 80 0] 2" 61(2) Tji = 5000 = 1000 1.7 £ 0.4
1217.17(14) 05 0 1137415 80 0F 2* 100 0.011(8) >2000 <3.9
1276.20(10) 05 27 380.45(6) 896 2f 3% 2.4(2) T = 290073500 773
455.10(5) 821 2f 2% 48(2) —0.1670% 0.14018
1012.16(5) 264 0 4% 100(2) 2.2+98
1196.56(5) 80 0f 2+ 522) —6.27}9 0.49%017 a
—0.61 £ 0.04 0.14799%
1276.27(5) 0 0f 0% 58(2) 0.40703
1358.88(10) 17 17 1279.05(5) 80 07 2% 100(1) 0.034(7) 1060*250 0.11730%2
1358.89(5) 0 0f 0F 27(1) 0.02 £ 0.01
1403.52(10) 17 (2)~ 582.60(5) 821 27 2% 30(1)
1323.92(5) 80 0 2* 100(1)
1411.07(10) 05 4% 862.24(5) 549 0 6° 82(2) Ty > 1200 <85
1146.98(6) 264 0 4+ 69(2) <17
1331.26(5) 80 0F 2* 100(2) <12
1421.49(14) 07 0 1341.96(5) 80 0; 2* 100 0.027(6) 135043 2.5%02
1431.41(11) 1= 37 1167.43(5) 264 0 4* 100(1) 0.160(12) 200 + 20 0.52+£005 °
1351.69(5) 80 0 2+ 93(2) T = 6.0 x 10* 0.31 £0.03
1493.07(10) 07 2% 1229.07(5) 264 0; 4% 96(1) 0.069(18) 490717 4871
1413.31(5) 80 07 2% 100(1) 1.48+0.10 0.17+55%
1493.12(5) 0 07 0* 19(1) 0.3670%
1569.32(12) 2 (2)~ 673.58(6) 896 2 3* 42(1) 0.122(8) 310739 1L.0£01 ¢
748.31(5) 821 2f 2% 100(1) T = 6201150 1.7%9)
1633.43(12) 27 37 638.77(5) 995 2 4% 73(2) 0.064(18) 3 = 50015 0.69103%
737.74(5) 896 2 3% 88(2) 0.5410-13
811.48(50) 821 27 2 <100 <0.46 f
1656.23(12) 0] 4% 1107.66(5) 549 0; 6% 35(1) 0.031(9) 1200135 1.9704
1392.19(5) 264 07 47 100(1)  0.52*03% 0377938
1786.15(10) 0; 1~ 1706.35(5) 80 0F 2* 100(1) 0.886(9) 54405 74+£0.7
1786.18(5) 0 07 07 62(1) Tw=5=+1 40+04
1833.59(16) 0f 0 1753.83(6) 80 0; 2* 100 0.179(38) 190%% 47119
1848.24(10) 2§ 2+ 952.56(5) 896 2 3* 19(1) —1.24%)%  0.019(10) 19007250 0.53%01
1768.106) 80 0 2* 100(2) 0.2+
1848.44(5) 0 0f 0% 96(2) 0.2079%
1892.80(19) 3; (4)~ 798.86(5) 1094 4~ 4~ 100 0.168(24) 190759
Ty = 26073
1892.95(11) 0f 2 616.62(6) 1276 0 2+ 23(1) —0.01%00¢ 0.039(9) 10007339 0.01 £0.01
1813.28(5) 80 0 2* 100(1) —0.0610%; 0.01 +0.01
1913.73(12) 07 3~ 1649.96(6) 264 0, 4% 80(3) 0.900(31) 4.671S 6.9727 e
1833.80(6) 80 0, 2% 100(3) T < 16 6.3129
1930.40(10) 2§ 2 1850.68(5) 80 0F 2" 100(2) —0.92*32* 0.044(17) 820135 0.23799¢
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TABLE 1. (Continued.)

Ep K7 JT E, Ef K7 JT 1, 8 F(7) T B(E2) B(E1) Notes
(keV) (keV)  (keV) (%) (fs) (W)  (mWu.)
~282) 0447015
1930.355) 0 0 07 69(2) 028759
1936.53(13) 1; 1= 1936.52(5) 0 0F 0" 100 0.093(13) 37078 0.12 £0.02
Tit =350 + 40
1972.34(10) 1; ()~ 1076.60(5) 896 2F 3* 43(1) 0.068(9) 560*%) 0.124£0.02 ¢
1151.24(5) 821 2 2% 25(1) Ty = 1907420 0.06 & 0.01
1892.65(5) 80 07 2% 100(1) 0.05 £ 0.01
2002.10(11) 27 4% 1738.35(6) 264 0] 4% 2.14£0.2 0.029(18)  13507%% 0317013 ¢
1922.20(50) 80 0 2* 0.1970:9% f
2022.49(17) 1;  (3)~  1758.55(6) 264 0 4* 100 0.278(22) 110+ 10 0.54 £ 0.05
480.62 1541 3= 3- T = 150730 e
2031.58(13) 0  (H* 620.05(6) 1411 0Ff 4+ 23(1) 021798 0.102(72) 34019% 3.8754
1768.10(6) 264 0 4* 100(3) —0.22 +0.14 0.10%0-12
1950.97(6) 80 0 2* ¢
2055.74(12) 47 (4T 962.05 1094 4= 4- 0.207(21) 160139 0.867012 eh
1159.96(6) 896 2F 3% 51(2) T = 460 £230  7.7717
123476(5) 821 2} 2% 100(4) 1142
2080.44(17) 2 (4" 1259.27 821 2f 2F 0.138(20) 250739 e
1816.50(6) 264 0f 4 100 —4.8738 29406
2114.1 (0 620.05 1492 07 2+ :
2129.21(17) 1865.27(6) 264 0F 4% 100 0.753(27) 1442
2136.90(10) (2)F  2057.20(6) 80 0F 2+ 62(2) 0.313(11) 9073
2136.84(5) 0 0f 0F 100(2) 0.22 £0.1
2193.13(12) 2+ 2+ 789.98(6) 1404 1~ (2)~ 27(1) 0.308(19)  90+£10  1.5+02
1371.86(5) 821 27 2% 1003) 23403 2243
2200.6 0 j
2230.26(17) 2, (2)~  1409.24(6) 821 2f 2% 100 0.426(53) 56111 2.0%04
224337(11) 17 (3" 1979.49(5) 264 0 47 52(1) —0.507(17 0.356(10) 7543 0.44702
-1.5+03 1.5+£02
2163.54(5) 80 0F 2+ 100(2) 0.18+0.03 0.09 £ 0.03
225450(14)  (2%).(3)" 1259.95(5) 995 2} 4 87(5) 0.146(29) 240770
1433.23(9) 821 27 2F 100(6)
2263.5 () b
2311.06(15) (4t 2047.11(5) 264 0 4t 100 —0.07+)(; 0.428(12) 56+3 0.04+004
2321.84(10) 2t 1045.62(6) 1276 0y 2* 62(3) 0.032(14) 12007355 2.7199
224231(5) 80 0F 27 100(4)  4.37}% 0.0975:0
2321.506) 0 0 0T 63(3) 0.05%00%
2323.04(10) 33 3~ 1328.57 994 2% 4+ 0.204(14) 160120 e
1426.80(6) 896 27 3% 62(2) 0.19 £0.02
1502.43(6) 821 27 2+ 73(2) 0.20 £ 0.02
2059.20(6) 264 0F 4% 100(4) 0.10 £ 0.01
2336.88(10) 3, 37 1441.39(6) 896 27 3t 29(1) 0.256(10)  120£5 0.15 £ 0.01
1515.84(6) 821 2% 2+ 41(1) 0.18 £ 0.01
2256.95(5) 80 0f 2* 100(2) 0.14 £ 0.01
2341.86(11) 1 22620006) 80 0f 2° 82(2) 0.318(15) 90+ 10
2341.93(6) 0 0F 0% 100(3) Tji = 160 £ 40
2345.25(17) 1524.23(6) 821 27 2% 100(2) 0.774(14) 1241
2350.15(10) (991.12(9)) 1359 1= 1= 11(3) 0.319(13) 90+5
1074.02(6) 1276 0 0* 13(1)
2270.37(5) 80 0 2* 100(4)
2361.48(13) 1 236146(5) 0 0 0T 100 0.255(15) 120+ 10
T = 160 £ 30
2364.89(14) 07 0*  2285.12(5) 80 OF 2" 100(1) 0.103(17) 35075 0.687512
2373.29(17) 23 155227(6) 821 27 2+ 100 0.448(16) 5043
2392.07(17) 0 0F  2312.306) 80 0f 2" 100 0.149(18) 230*30 0.60759%
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TABLE 1. (Continued.)

E, K* JT E, Ef K7 J 1, 5 F(1) T B(E2) B(E1) Notes
(keV) (keV) (keV) (%) (fs) (W) (mW.u.)
2402.16(17) (17) 1581.14(6) 821 2f 2% 100 0.766(25) 1342
2416.88(14) 19 2337.11(5) 80 0F 2F 100 0.569(18) 3042
Tit =30+£10
2423.35(22) (4%) 2159.40(8) 264 0f 4% 100 0.8670% 0.413(51) 58+14
2424.97(15) 2)* 2424.95(6) 0 0; 0" 100 0.097(26) 36014°
2461.71(10) 2t 1185.60(6) 1276 07 2t 64(3) 0.09701 0.227(19) 140118 0.10 + 0.03
—1.9%08 9+2
2197.66(6) 264 0F 4% 79(3) 0.67100
2381.96(6) 80 0f 27 1003) —1.2707 0.3415%
2493.77(11) 1t 1673.17(6) 821 27 2% 85(19) 0.505(17) 4043
2493.33(6) 0 0 0" 100(19) T =50+ 6
2510.52(16) 1) 2430.75(6) 80 0F 2F 100 0.526(22) 40+ 3 b
Tit =80+ 30
25725 (05) 2493.028) 80 0 2% 100 k
2617.4 (0f) 2536.44(7) 80 0F 2F 100 !
2643.04(21) 1 2643.02(8) 0 0f 0 100 0.406(44) 60+ 10 b
75 = 100 & 20
2643.91(29) 0/, 0% 2564.14(11) 80 0f 2* 100 0.377(68) 70+ 20 19405

*This § value is consistent with that reported in Ref. [25].

PRefer to text for a discussion about this level.

“The known lifetime is from GRID [39] measurements which uses models to account for level feeding. Our lifetime is assigned near level
threshold, where we obtain F(t) = 0.122 4 0.008. If we instead calculate our lifetime at the highest measured neutron energy we obtain
F(r) = 0.067 & 0.07, which corresponds to a level lifetime of 5801’28 fs, in agreement with the previously reported lifetime.

dThis lifetime does not agree with the lifetime reported in Ref. [22], which assumed extreme feeding assumptions and simulations of
y-ray cascades from Ref. [39]. Also included in Ref. [39] is a lifetime range using simulations for unknown feeding. When these additional

parameters are considered, a lifetime range of 95-570 fs is determined which agrees with our reported value.
°The intensities of all the y rays used to calculate the transition probabilities for this level are adopted from Ref. [22].

This y ray is part of an unresolved multiplet in the current work.
£The placement of this y-ray decay is unsupported in our work.

"This y ray is mixed with the 962.06 keV ®*Cu background line. The peak is observed but it cannot be separated from the background.
A 0T assignment is unsupported in this work from the Legendre polynomial fit of a, = 0.42 £ 0.11.

iA y-ray decay was not observed from this level, therefore a level at this energy is unsupported in this work.

KA 0* assignment is unsupported in this work from the Legendre polynomial fit of @, = —0.24 £ 0.05.

'A 0% assignment is unsupported in this work from the Legendre polynomial fit of a, = 0.33 £ 0.09.

0" state. Identification of in-band transitions in the observed
K™ = 0" bands was not possible due to the absorption in the
thick scattering sample and internal conversion which gener-
ally renders it difficult to observe < 100 keV y rays.

Table I lists the levels observed in this experiment includ-
ing their y ray decays and lifetimes. The B(E2) and B(E1)
values of interest were also calculated and are reported. In this
experiment, we did not observe internal conversion electrons
and, therefore, the EO decays to the ground states are not
taken into account. For consistency, we adopted the O state
numbering convention used in Ref. [6]. A detailed discussion
of each proposed 0" assignment is highlighted below along
with selected additional levels in Table 1.

A. K™ = 0} band at 1217.2 keV

A 1137.3 keV y ray deexciting this level was identified in
an '’Er(n, y) reaction [23] then labeled as a 0" state in trans-
fer reactions [6,24]. Our work confirms the placement of the y
ray but does not allow the placement of any additional y rays.

The F(t) value allows only a lifetime limit of > 2000 fs
and a transition probability B(E2 : 0 — 2;) <39 Wau

The accepted band structure includes the 1276.2 keV J* =
27" state. Our experiment did not yield any additional lifetime
information but can contribute information on the E2/M1
mixing ratio § for the 27 — 2; transition, which indicates
a strong M1 component. In general, when two § values are
possible, the one with the smaller x? is reported. In the case
of the 1196.6 keV transition, another delta value within 2o
is possible and is in agreement with the adopted value [22].
Therefore, both values are reported.

The 4T member of the band at 1411.1 keV was observed

but no new information was obtained.

B. K™ = 0f band at 1421.5 keV

The 1421.5 keV 03+ level was identified in (p, ¢) and (¢, p)
reactions in Ref. [24]. Using the (n, n’y) reaction, Berendakov
et al. [25] observe an isotropic E, = 1342.0 keV y ray, which
our data confirms with a, = 0.01 £ 0.03. From this y ray
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we found a level lifetime of 7 = 1350’:‘2128 fs and calculate
aB(E2: 0§ — 2) =2.5703 W

Our data support three deexciting y rays of 1229.1, 1413.3,
and 1493.1 keV from the 2% level in this band (E; =
1493.1 keV). The level lifetime is found to be 490770 fs
with calculated transition probabilities. The 4T member of this
band was found to have T = 12003(7)8 fsand B(E2) < 2 W.u.
for all transitions.

C. K™ = 0] band at 1833.6 keV

First reported in (p,t) and (¢, p) experiments [24] and
verified with high-precision (p,f) measurements [6], the
1833.6 keV level is a spin-0 excitation with a lifetime of
T = 1901“28 fs as determined in this work. The excitation func-
tion, lifetime measurement, and angular distributions confirm
the placement of the 1753.8 keV y ray as depopulating the
0y — 2; excitation with a calculated value for the B(E?2 :
05 — 2;) =4.7W..

Our data also support the 2% and 4™ level assignments to
this K™ = OI band at 1893.0 and 2031.6 keV, respectively.
The 2 member of this band shows weak decays to the 2+
states of the 0; band and the ground-state band (2;), while
the 47 member of this band shows strong decay to the 4™
member (E, = 1411.1 keV) of the K™ = 05 band.

D. K™ = (0%) band at 2114.1 keV

Identified in (p, ¢) [6] with a small cross section and low
relative strength, our work was unable to confirm this 07 level
with y-ray decay. There was no decay to the 2; state ob-
served and the only possible deexciting y ray was identified at
620.0 keV which had been previously assigned to the 2031.6
keV 41 level [26]. Using the excitation function threshold and
the nonisotropic angular distribution of the 620.0 keV y ray,
our work supports the 2031.6 — 1411.1 keV placement.

E. K™ = (0F) band at 2200.6 keV

Bucurescu et al. [6] identified this level with a small cross
section and low relative strength. The y-ray decay to the
ground-state band is not observed and the decay to the 2;
state is on a laboratory background line. Another analysis of
the (p, t) data was unable to find the peak in the 5° spectrum
where it should be the largest for the L = O states [4]. For
these reasons, we regard this level as questionable; additional
experiments are needed to investigate the nature of this level.

F. K™ = (0*) band at 2263.5 keV

This level is identified as a (OT) in the NDS [22] as assigned
in Burke e al. via the (¢, p) experiment. In reviewing this
publication, a level at 2265(4) keV is observed but is not
marked as a 0" state, instead it is listed as corresponding to the
2262.7 keV J,K™ = 3,37 level. An additional literature
search does not reveal the source of the 0% identification. In
the most recent (p, t) experiment using a high resolution spec-
trograph [6] this level was not observed. For these reasons, this
state is removed from 0" consideration.

G. K™ = 0f band at 2364.9 keV

Identified with a large cross section in Ref. [6] we sup-
port the placement of this state with the observation of a
2285.1 keV y ray to the 2; level and assign a life-

time of 350f28 fs for the level. We are able to
confirm that this is not the previously identified (1)
level at 2365.3 keV as we do not observe the ground
state y ray, 2364.7 keV, used to calculate the lifetime
[27]. The angular distribution of the decaying y ray at
2285.1 keV is also isotropic as shown by a, = —0.06 £ 0.05.

H. K™ = 0] band at 2392.1 keV

This level was identified in Ref. [6] where the authors note
the angular distribution could be affected by the known 2+
state at 2393.6 keV; however, y rays from this 2% state were
not observed in our data. Nor is this level the 2392.9 keV
(37,4%) level in the NDS [22] as the known y-ray decay
is not observed. We did detect a y ray from the Og level,
E, = 2312.3 keV, which shows an isotropic angular distribu-
tion consistent with a spin-0 assignment (a, = 0.03 & 0.03).
A lifetime of 230750 fs is found for this level.

An additional y ray at 580.1 keV was observed as a pos-
sible decay to the 1812.2 keV (2%) level. We are unable to
confirm the 1812.2 keV level since the y-ray decay energies
are at the same energies as more intensive decays in our
spectrum. For this reason, the 580.1 keV y ray is not assigned
to the 2392.1 keV level.

I. K™ = (05) band at 2572.5 keV and K™ = (0},) band at
2617.4 keV

These two levels were identified in Ref. [6] with large
cross-sections at the 5° spectrograph setting indicating L = 0.
With the (n, n'y) data, we were able to identify y-ray decays
from each level to the 2: state; however, the angular distribu-
tions are not isotropic and the a, values are reported in Table 1.
No other y rays were identified for these O states. Therefore,
we consider them as tentative.

J. K™ = 07, band at 2643.0 keV

We were able to place a y-ray decay to the 2; state, and
confirm the 0% level at 2643.0 keV in Ref. [4], and assign a
lifetime of 70 4 20 fs. This translates into a B(E2) value of
1.9 Wu. as shown for '®*Er in Fig. 4 and Table 1.

K. Other levels

Collective excitations have been extensively studied in
168Er including octupole [23,27-29] and two-phonon y-
vibrational states [30—34]. Our work has resulted in a lifetime
of 4.61"]‘:2 fs for the 1913.7 keV 3~ level where only an upper
limit of 16 fs previously existed, and we have narrowed the
uncertainty on the lifetime of the 2055.7 keV level.

Our direct lifetime measurement for the 3~ level at
1431.2 keV is in conflict with the 59 ps reported in Ref. [29]
and adopted in the NDS [22]. Upon further inspection, Meyer
et al. did not observe y-ray decay from this level but de-
termined the lifetime through a reevaluation of existing data
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FIG. 4. Partial level scheme for the 0" bands identified and discussed in this work. The solid arrows represent E£2 transitions. The upper
limits of the transition probabilities are given in Table I. The band labels are according to the (p, #) experiment labels [6]. The dotted horizontal
lines are the two-neutron and two-proton pairing gaps for '®*Er calculated using the formulas in Ref. [40] and masses from Ref. [41].

and private communications, which subsequently were never
published and, therefore, cannot be reproduced. In our mea-
surement, two y rays are observed depopulating this level,
1167.4 and 1351.7 keV with excitation functions shown in
Fig. 1. The extracted F(t) = 0.160 £ 0.012 corresponding to
a1t =200 %20 fs.

IV. DISCUSSION

The erbium nuclei have been a testing ground for nuclear
structure models, including the 8, y, and octupole vibrational
states, as well as higher lying vibrations such as y -y structures
[11,14,30,32-39]. Despite extensive studies, questions regard-
ing the nature of the 0] bands as oscillations on the ground
state or states of a completely different nature have persisted.
The new level lifetimes and transition rates observed in our
work for the levels in '®*Er contribute to this discussion.

Figure 4 shows the measured B(E2) values. The B(E2 :
0t — 2;) values are <3.9, 2.5, 4.7, 0.68, 0.60, 1.9 W.u.
for the decays to the 2™ member of the ground state band
from the levels at 1217.2, 1421.5, 1833.6, 2364.9, 2392.1, and
2643.0 keV, respectively. The largest B(E2) value of 4.7 W.u.
corresponds to 0; — 0 or 1833.6 — 80 keV. Two other
states (07 and 0)) also exhibit possible collective behavior
with <3.9 and 2.5 W.u.

To understand how these values compare with the deexci-
tations of the first excited K™ = 2" and the known K™ = 0%
bands in the nearby Er isotopes, even '>17°Er isotopes were
plotted along with the evolution of the two-neutron and two-

proton pairing gaps using the formulas in Ref. [40] and masses
from Ref. [41] and shown in Fig. 5. In the 168Er nucleus, two
of the six excited K™ = 0" excitations observed are below
the pairing gaps. Higher excitation energy pairing gaps have
the impact of pushing down wave function components that
can contribute to the observed collectivity to the ground state
while the lower pairing gap allows closer mixing of single-
particle states and can have the potential impact of reducing
the B(E2) transition values connecting to the low lying bands.
The 0% state combinations are easier or more likely to form
from the various combinations of single-particle states. This
reason may be justification for the variability of the collec-
tive strength of the first excited K™ = 0" excitations in the
entire deformed rare-earth region of nuclei. In the case of the
168-170Er nuclei which have a relatively lower two-neutron and
two-proton pairing gaps, we can expect that single-particle
states can form the dominating components mixing with the
states below.

In addition, Table II summarizes the B(E2) values normal-
ized to the Clebsch-Gordon coefficients (CG?) for the decay of
the 27 state of the first excited K™ = 0T band for the various
isotopes of Er. If the excitation is built on the ground state,
the matrix elements should be the same except for angular
momentum aspects. The '®*Er case is in fairly good agreement
as is '%Er, although the B(E2) values represent upper limits.
The '%¢170Er cases do not support assigning the first excited
K™ = 07" band as a collective excitation. The K™ = 0% results
for '8Er are not clearly conclusive. The extracted lifetime
of >2000 fs leading to a B(E2 : 03 — 2;) <3.9Wu, is at
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from Ref. [41].

the edge of the DSAM capability. The higher excited K™ =
OZ state in the ' Er nucleus at E.x = 1833.59 keV yields a
B(E2 : Oj{ — 2;) = 4.7“:%:(5) W.u. and is within uncertainties
of the the 05 value.

Delaroche et al. [15] have developed a methodology that
could explain the evolution of structure across the entire
chart of nuclides. They use Hartree Fock-Bogoliubov theory
extended by the generator coordinate method, and mapped
onto a five-dimensional collective quadrupole Hamiltonian.
This theory shows that, where explicit deformation is ex-
pected, a significant percentage of deformed nuclei should
exhibit states with collective character for the first excited
K™ = 07 excitation as an oscillation built on the ground-state
band, while there are also entire regions of nuclei where the
oscillations are predicted to occur at much higher excitation
energies than the observed low-lying K™ = 0" excitations.

This is the case for '®Er. where the predicted collective
0" excitation is at Er = 1.818 MeV and the experimentally
collective Oj( excitation is observed at E.; = 1.833 MeV.
Figure 5 shows the theoretically calculated [15] collective
excitations or oscillations of the ground state in green. For
the 162164196Er nuclei, the predicted, collective 0F level is
at the excitation energy range of the first excited 0" state
corresponding to an oscillation built on the ground state. This
is in spite of our full awareness of the experimental results in
the '°Er nucleus.

The Delaroche theory predicts that the third excited K* =
0% state in '%3Er should be a collective excitation build on the
ground state. Experimentally, we show that the K™ = 07 state
that shows somewhat greater collectivity to the ground state
is the level at E.x = 1833.59 keV, acknowledging that the
B(E?2) value upper limit is, within error bars, the same value.

TABLEII. A comparison of the B(E2) values for the depopulation of the 2% of the first excited K™ = 05 band to the ground state band in
19219%Er isotopes in comparison to the Clebsch-Gordon values (CG?) of the same transitions. All values are normalized to the 27 o 0F
transition. All data from ENSDF with the exception of the results presented here. The errors for 'Er are large but still exclude agreement w1th
CG?. The '®Er errors are too large to be conclusive in any way, although the "°Er values are clear and in disagreement.

CGZ 162Er 164Er 166Er 168Er 170Er
B(E2:2], ot — 0}) 1.0 1.0+04 <1.0 1.0+0.2 1.0793 1.0£0.2
B(E2:2], ot —25) 1.4 1.54+0.6 <2.6 43443 1.279¢ 02402
B(E2:2], ot — 45) 2.6 3.0+1.2 <1.7 60+ 12 55728 514009
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Influenced by the prediction of Delaroche et al., we dare to
conclude that is not the first excited K™ = 07 excitation that is
an oscillation on the ground state. Instead, pointing to a higher
excited 0% state as the collective oscillation in this nucleus
supporting the higher B(E2) value from the Er = 1818 keV
level. Most likely, it is this excited O state that is the B
excitation, similar to the previous observation of a similarly
highly excited 0" state in '*Er [12].

V. CONCLUSION

In this work we have confirmed the existence of several ex-
cited 0" states reported in a (p, 1) experiment [6]. We confirm
that the levels at 1217.2, 1421.5, 1833.6, 2364.9, 2392.1, and
2643.0 keV are 0% states. We cannot confirm 01 assignments
for the levels at 2114.1, 2200.6, 2572.5, and 2617.4 keV, re-
ducing the number of confirmed 0" states in '%®Er to six below
3.0 MeV. In this work, we have measured level lifetimes for
eleven 0" state bandhead states and members. The transition
probability from the K™ = 0] state at E.x = 1833.6 keV to
the ground-state band indicates somewhat larger collectivity
than the first excited K™ = 01 excitation, although the up-
per limit and the measured value are within error bars. This
implies that perhaps the first excited 0T band in '%®Er is
not the oscillation built on the deformed ground state. The
calculations of Delaroche et al. [15] predict the 8 vibration
to be at Er = 1818.4 keV, as shown in Fig. 5. The 0" state

at E.x = 1833.6 keV shows the relatively larger collectivity
to the ground state band. This nucleus is similar to 166p,
where it is the third excited 0" state exhibiting the largest
B(E2) values in transitions to the ground-state band and not
the first excited 0 band, while the theory predictions for '*Er
indicate that it should be the first excited K™ = 0" that is
the oscillation on the ground state. In order to explore the
structure of these 01 states further, additional information
is required which includes experimental EO and conversion
coefficient measurements.
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