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The excited states of the proton emitter ! Lu were reinvestigated in a recoil-decay tagging experiment at the
Accelerator Laboratory of the University of Jyviskyld (JYFL). The level scheme built on the ground state of
'5'Lu was updated with five new y-ray transitions. Large-scale shell model calculations were carried out in the
model space consisting of the neutron and proton orbitals 0g7/2, 1ds)2, 1ds )2, 2512, and Ohy, ;, with the optimized
monopole interaction in order to interpret the experimental level scheme of '3'Lu. It is found that the excitation
energies of states above the 27/2~ and 23/2* isomeric levels in '>'Lu can be sensitive to excitations from g1
and ds, to single-particle orbitals above N = Z = 64.

DOI: 10.1103/PhysRevC.96.064307

I. INTRODUCTION

Investigations of proton-emitting nuclei can provide invalu-
able information on nuclear structure beyond the proton drip
line [1-3], such as masses and single particle orbitals. The ex-
perimental studies of proton emitters, however, are extremely
difficult due to very low production cross sections as well as
the presence of very strong contamination from other reaction
products. This is witnessed by the existence of a limited
number of y-spectroscopy studies on proton-emitting nuclei.

By is the first case known to have ground state
(g.s.) proton decay. It was observed in the fusion reaction
%Ru(®®Ni, 1p2n)"'Lu at the velocity filter at SHIP/GSI [4],
with the proton energy and half-life measured to be 1233 keV
and 85(10) ms, respectively. It was interpreted as hyj/, g.s.
proton decay. Later, a 1310(10) keV proton decay with a much
shorter half-life of 16(1) us was found in '>!'Lu and assigned
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as proton decay from the d3/, isomer, the experimental spec-
troscopic factor for which was found to be much reduced [5].
More recent work [6,7], with the refined proton-decay data for
the d3/ isomer in 151y, has resolved the discrepancy in spec-
troscopic factors and the extracted proton formation factor in-
dicates no significant hindrance for this isomeric proton decay.

The excited states of '>'Lu were studied in different
laboratories using the very selective recoil decay tagging
(RDT) technique [7—10]. The level scheme of '>!'Lu was much
extended in the recent experiment at JYFL [7,10]. The lifetimes
of a few excited states including 15/27, the first excited state
feeding the proton-emitting g.s., were measured using the
recoil-distance Doppler-shift method [7,10]. The comparison
between the measured lifetimes and theoretical calculations
using the non-adiabatic strong-coupling model suggested a
mild oblate deformation for the g.s. of BILu[10]. A tentative
level scheme built on the proton decaying ds;, isomer was
proposed in Ref. [7], but not all of the transitions could be
confirmed in our recent work [6].

In this article, we report the updated level scheme of
51y on top of the 11/2~ ground state from the same RDT
experiment performed at JYFL as in Ref. [6]. The results are

©2017 American Physical Society
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FIG. 1. Schematic view of the recoil-decay tagging setup in the
experiment.

interpreted in term of large-scale shell model calculations. The
paper is organized as follows. The experimental setup and the
results are presented in Sec. II. In Sec. III, the results are
discussed by examining the systematics of the high-spin states
in N = 80 isotones, and also by comparison with large-scale
shell model calculations. A summary is given in Sec. IV.

II. EXPERIMENT AND RESULTS

A schematic view of the experimental setup is shown in
Fig. 1. It consists of the JUROGAM array [11] at the target
position, the gas-filled recoil separator RITU [12,13] and the
GREAT spectrometer at the focal plane of RITU.

The excited states of '>!Lu were populated with the
%Ru(**Ni, 1p2n)">'Lu fusion-evaporation reaction in an ex-
periment performed at JYFL. Part of the experimental results
was reported in Ref. [6]. Prompt y rays emitted in the
fusion-evaporation reactions were detected by the JUROGAM
array comprising 43 HPGe detectors. After a time of flight
of about 0.6 us in the gas-filled recoil separator RITU, the
evaporation residues were implanted into a pair of 300-pum
thick double-sided silicon-strip detectors (DSSSDs), which
can record signals of recoils implanted and the energies of
protons, « particles, 8 rays, and conversion electrons that
were emitted. The triggerless data acquisition system, total
data readout (TDR), was used in our experiment. In the TDR,
each channel was running independently and the registered
signal was time-stamped with a global 100 MHz clock. This
allows one to correlate the prompt y ray with implantation
and subsequent decays (proton decays in the present work)
within a given pixel of DSSSDs. The data were analyzed with
GRAIN [14]. More details of the experimental setup and data
acquisition system can be found in Refs. [6,12,15,16].

A total yield of 2 x 10° for the 'S'Lu g.s. protons was
recorded. These protons were then used to tag prompt y rays
emitted at the target position. A y-y matrix was constructed
from the y rays correlated with the g.s. protons decaying within
250 ms (A3T} ) after implantation. The total projection of this
y-y matrix is shown Fig. 2.
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FIG. 2. Background-subtracted total projection of y-y matrix
tagged within 250 ms with proton decays from the ground state of
5Ly, The y-ray peaks indicated with an asterisk are y transitions
observed for the first time in this work. y rays from the main
contaminants ">°Er and '3'Tm are also indicated in the spectrum.

All the y rays in coincidence with the g.s. proton decay
of 'Lu observed previously [7,10] are present in Fig. 2. In
addition, new y-ray transitions (labelled with asterisks) are
observed at energies of 170, 242, 445, 525, and 704 keV. The
energies, relative intensities of the y-ray transitions identified
are summarized in Table I, together with the tentative spin and
parity assignments in brackets for the levels. The new level
scheme of 3! Lu, shown in Fig. 3, is proposed based on the y -y
coincidence relationships, energy sums, relative intensities,

TABLE 1. Energies and relative intensities for y transitions
assigned to '*'Lu. The relative intensity of the 612-keV transition
is normalized to 100%.

E, (keV) Jr 7 1,(%)
170 (33/2—-) (31/2-) 10(3)
242 (33/2-) (31/2—-) 8(4)
302 (23/2+) (19/2+) 44(2)
322 (27/2-) (23/2—-) 352)
402 (19/2+) (17/2-) 39(2)
432 (19/2+) (15/2—) 302)
445 (39/2+) (35/2+) 9(5)
525 (37/2-) (33/2+) 10(3)
612 (15/2—) 11/2— 100(2)
625 (35/2+) (31/2+) 29(2)
643 (27/2+) (23/2+) 32(2)
662 (13/2-) 11/2— 29(2)
634 (31/2+4) (27/2+) 39(3)
704 (33/2+) (31/2+) 15(3)
840 (17/2-) (13/2-) 35(4)
848 (31/2-) (27/2-) 33(4)
860 (19/2—) (15/2—) 87(3)
890 (17/2-) (15/2—) 20(3)
931 (35/2—) (31/2-) 14(5)
950 (23/2-) (19/2—) 44(3)
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FIG. 3. Level scheme based on the g.s. of '*'Lu established in this work. Tentative spin-parity assignments in the four level sequences
(Seq.) are indicted in brackets. Theoretical calculations are done in the large-scale shell model. The half-lives for the (15/27), (27/27), and

(23/2") states are from Ref. [10].

and intensity balance. Due to the low statistics it is not possible
to assign the multipolarity from angular distributions.

The part of the level scheme built on the g.s. of *!'Lu
established in Ref. [10] is confirmed in the present work. The
low-lying level pattern in 3!'Lu is expected to be similar to
that of the neighboring odd-Z N = 80 isotones '¥Tb [17]
and '“"Ho [18], where the most strongly populated yrast
levels are 15/27, 19/27, and 23/2~ in order of increasing
excitation energy. The level sequence formed by the 612-,
860-, and 950-keV y-ray transitions is assigned tentatively as
the corresponding cascade in 3! Lu.

The transition sequence of 612, 860, 950, 322, 643, and
931 keV has been reported in Refs. [7,10] and can be clearly
seen in the sum spectrum gated on 950, 322, and 643 keV y
rays as shown in Fig. 4(a). In addition, three weak peaks at 170,
242, 525 keV are present. These three y rays can be seen in
the spectrum gated on the 643-keV transition [see Fig. 4(b)],
but are not visible in the spectrum gated on the 931-keV y
ray [see Fig. 4(c)]. This suggests that they are in parallel with
the 931-keV transition. The 170- and 525-keV transitions are
found in coincidence with each other, but not with the 242-keV
y ray [see Fig. 4(d), 4(e)].

As shown in Fig. 5(a), 5(b), two new y rays at 445 and
704 keV are observed in the spectra gated on the 684- and
848-keV transitions of sequence 4 in the level scheme. The

704 y rays can be seen in the 848-keV gated spectrum but
not the 625-keV gated spectrum [see Fig. 5(c)]. In addition,
the 625-keV transition is not present in the 704-keV gated
spectrum [see Fig. 5(e)], indicating that these two transitions
are in parallel. All the y rays except 704 keV of sequence 4
can be seen in the spectrum gated on 445 keV [see Fig. 5(d)].
The 445-keV transition is placed on the top of sequence 4
according to the relative intensity compared with the 625-keV
transition in the spectrum gated on the 684-keV transition. By
gating the 432-keV transition, the 848-keV transition can be
well resolved from that of 840 keV since 432 keV is not in
coincidence with that of 840-keV transition, shown in Fig. 6.
The 684-keV intensity, 39(3)%, is slightly larger than that of
848 keV, 33(4)%, in one standard deviation. The order of the
848- and 684-keV transitions is proposed on the basis of their
relative intensities from the 432 keV gated spectrum, which is
in agreement with Ref. [10] but opposite to that in Ref. [7].

III. DISCUSSION

A. Systematics of the high-spin states in N = 80 isotones

The systematics of the yrast states of the three odd-Z, N =
80 isotones ¥ Tb, '“"Ho, and "*'Lu are shown in Fig. 7. No
experimental information on '*°Tm is available yet. It is noted

064307-3



F. WANG et al.

120 71— L AL
[ (a) Gate: 322 612
90 -322.643.950 keV
60
30
r . 322 1
40F (b) Gate: 612 3
[ 643 keV 931
- 242+ .
20F 170" 505+ 860 \950—_
: / ]
> F ‘
© 20} (c) Gate: 322 ]
(—fl [ 931 keV 612 ]
N oF 643 860 g
(7)) [ ]
-— L
£ W%MWWMMMMMWM
S 0 :
o L L L D A L
O 20 N (d) Gate: 612 .
[ 525 keV 322 ]
10 F 170*
of
20 oty . :
: (e) Gate: ]
10F 242 keV 322 612 ]
of
0 200 400 600 800 1000
Energy (keV)

FIG. 4. Background-subtracted prompt y-y spectra: (a) 322-643-
950 keV gated sum spectrum, (b) 643 keV gated spectrum, (c)
931 keV gated spectrum, (d) 525 keV gated spectrum, (e) 242 keV
gated spectrum. The y-ray peaks indicated with an asterisk are y
transitions observed for the first time in this work.

that the excitation energies of the yrast levels of 15/27,19/27,
and 23/2~ decrease with proton number Z. The energy gaps
between the 15/27 and 13/27, 19/27 and 17/27, and 23/2~
and 21/27 levels decrease with increasing Z, implying that
the 21/27 level could be very close to the 23/2~ level in
ISILu. By taking this into consideration, the level fed by the
302-keV transition and depopulated by the 402- and 432-keV
transitions, may not be the 21 /2~ state as suggested in Ref. [7].
Also it can be seen that the 19/2% and 23/27" levels have a
decreasing trend with the proton number. The level fed by
the 302-keV transition is now assigned as (19/2%) while the
290-ps isomeric state as (23/2%).

B. Shell model interpretation

The nuclear shell model is a fundamental approach to study
the microscopic structure of, in principle, any nuclei of any
shape. But in practice, due to the limit of computing capacity,
shell model is successful only in medium and heavy nuclei
with or close to spherical shape. With N = 80 and small

PHYSICAL REVIEW C 96, 064307 (2017)
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FIG. 5. Same as Fig. 4 but for (a) 684 keV gated spectrum,
(b) 848 keV gated spectrum, (c) 625 keV gated spectrum, (d) 445
keV gated spectrum, (e) 704 keV gated spectrum. The y-ray peaks
indicated with an asterisk are y transitions observed for the first time
in this work.

deformation, 'Lu is now within the reach of large-scale
shell model study. To understand the structure of the observed
excited states of °'Lu, large-scale shell model configuration
interaction calculations have been carried out in the model

60 [ T T T T T T T T T T
> Gate: 432 keV ]
2 sl 612 ]
o~ 860 1
(%) L
2 20l
S I
o I
O I

0

n 1 " 1 n 1 1 1 " 1 " 1 " 1 n 1 " 1 1
0 100 200 300 400 500 600 700 800 900 1000
Energy (keV)

FIG. 6. Background-subtracted 432 keV gated spectrum, in
which the 840-keV can be isolated from the 848-keV since 432-keV
is not in coincidence with that of 840-keV transition.
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FIG. 7. Level schemes of '*'Lu and its lighter N = 80, odd-Z
isotones. Data for ' Tb and '“"Ho are taken from Refs. [17,18],
respectively. The dashed line implies the level with a tentative spin-
parity assignment.

space consisting of the neutron and proton orbitals 0g7 2, 1ds /2,
lds2, 2512, and Ohyy/o (denoted as gdsh hereafter). That
is, "'Lu is described as the coupling of two neutron holes
and 11 proton holes (or 21 valence protons and 30 valence
neutrons in the particle-particle channel). The calculations
are done with a realistic nucleon-nucleon interaction with
the monopole-interaction channel optimized as described in
Ref. [19]. That interaction has been shown to reproduce very
well the spectroscopic properties of Sn and heavier Sb, Te,
I isotopes close to Z = 50. However, it has not been tested
in nuclei heavier than Z = 64, which can be quite sensitive
to the nondiagonal neutron-proton interaction matrix elements
involving protons and neutron holes across the Z = N = 64
subshell closures. Therefore, two sets of calculations are
presented for the excited states as shown in Fig. 3. In the first
case, the calculations were carried out in the full gdsh model
space by considering all possible particle excitations and the
results are denoted as “large-space” in Fig. 3. Calculations
in a relatively smaller model space were also performed, by
restricting the maximal number of particle-hole excitations
across the N = Z = 64 subshell closures (i.e., neutron/proton
particle excitations from the ds;, and g7,, orbitals to sy,
d32, and hyyp, or vice verse in terms of hole excitations) to
two. This is feasible due to the fact that the low-lying states
are dominated by the coupling of valence neutron holes and
proton holes in the d3/2, s1/2, and hyy;; shells, which are
close to each other. The restriction also makes it easier to
evaluate the nonyrast states. We have calculated the lowest
three states for each spin/parity up to J = 37. Part of the
results are shown in Fig. 3 and are labeled as “small-space”.
However, even in this case the dimension of the bases is still
quite large, at the order of 107. The results between these
two calculations are close to each other for the lowest-lying
states, and are in good agreement with the experimental
data. However, noticeable deviations start from 27/2~ and

PHYSICAL REVIEW C 96, 064307 (2017)

31/2" states, which indicates that the large-space calculation
seems to overestimate the particle/hole excitations across the
N = Z = 64 subshell for those states. Taking the first 27/2~
state as an example, the average numbers of protons that are
excited to above the Z = 64 subshell closure are calculated to
be 0.491 and 1.856 in the small- and large-space calculations,
respectively. Therefore, in the shell-model calculations those
states are sensitive to the particle-hole excitations from the ds ,
and g7, orbitals to 51,2, d3/2, and hy, orbitals, and can serve
as a good test ground for the crossing subshell interactions
mentioned above.

To understand the difference between the two sets of
calculations, the occupancies of single-particle orbitals were
calculated for all yrast states. The average number of the
protons in the orbital /1y, is calculated to be around five.
It is noticed that for the large-space calculation, the average
number of particles (or holes) in each orbital remains roughly
the same for all states shown in Fig. 3. In relation to
this, the yrast states in the large-space calculation show a
rather collective structure with large in-band E?2 transitions,
indicating that those calculated states have similar intrinsic
structure. The calculated spectroscopic quadrupole moments
also remain practically the same for all yrast states. However,
as indicated in the figure, the large-space calculation may have
overestimated the energies of the higher lying states from
27/2~ and the crossing-subshell excitations. The crossing
subshell proton-neutron interactions need to be adjusted in
order to have a correct description of those higher-lying states.
On the other hand, the small-space calculation, in which
a weaker particle-hole excitation crossing the N = Z = 64
subshell closures is explicitly imposed, seems to reproduce
the experimental data better.

The present large-scale shell calculations are done within
the so-called M-scheme where the total magnetic quantum
number is conserved in the bases. For calculations in the
smaller space, another advantage is that it is possible to
project the wave function as a coupling of the proton group
and neutron group with good angular momenta in the form
|2 (J) ® ¢1(J,)), where J; and J, denote the angular
momenta of the protons and neutrons (see, e.g., Ref. [20]),
respectively. As expected, the '*'Lu g.s. is dominated by the
one quasiparticle configuration |¢%(J; = 11/27) ® ¢"(J, =
07)). The wave functions for other low-lying states show a
similar structure and are dominated by proton excitations. The
next most important components correspond to the coupling
of J, = 2% neutron-hole pair and proton states.

C. Negative parity band

The lifetimes of the 15/27 level and two high-lying
states were measured in Ref. [10]. Assuming pure stretched
transitions with no mixing from higher-order multipolarities,
the reduced transition probabilities can be deduced [21,22]
for the 612-, 322-, and 302-keV transitions and the results
are listed in Table II for different multipolarities. The values
are given in Weisskopf units (W.u.) as well. The B(E?2) value
for the 15/27 — 11/27 612-keV transition calculated from
the small-space shell-model (1508 2 fm*) reproduces well the
experimental one.

064307-5
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TABLEIL The reduced transition probabilities for the 302-, 322-, and 612-keV transitions in '>' Lu under different multipolarity assumptions,

the small-space shell model results for E2 transitions are also listed.

E,(keV) half-life(ps) B(M1)(u3) BMI)L(Wu) B(E2)|(*fm*) B(E2)}(Wu) B(E2meo(e2fm*) B(E1)|(e*fm®) B(E1)}(W.u.)
302 290(90)  7.1(22) x 1073 4.0(12) x 1073 1125(349) 23(7) 265 7.924) x 105 4.3(13) x 10~5
322 160(20) LO(D)x 1072 6.0(7) x 1073 1480(184) 31(34) 1712 LI x107*  6.4(8) x 1075
612 74(42)  33(19)x 1072 1.9(10)x 102 1290(732) 27(15) 1508 3721 x 1074 2.0(11) x 10~*

It is interesting to note that the pattern of the low-lying
negative parity yrast states up to 23/2~ in 'Lu is similar
to that of °Lu [23,24] with two neutrons above the N = 82
shell closure. Both are quite different from that of 153 4 [25]
with frozen neutron degree of freedom (N = 82). The three
quasiparticle 27/2~ yrast states are expected to lie slightly
higher than 23/2~ and to be isomeric in both *'Lu and
153Lu. The 23/2~ and 27/2" states are calculated to be nearly
degenerate in '>°Lu, in agreement with the experimental data.
On the other hand, the 25/2~ yrast state has been observed to
be lower than the 27/27 and even 23 /27 states in the nucleus
155Lu in relation to the enhanced antialigned neutron-proton
interaction [24].

The 27/2~ level may be of particular interest as 27/2
is the maximum spin that can be formed from three protons
in the sy, orbital. Indeed, this fully aligned configuration is
the leading component for the isomeric 27/2" state in '>!Lu,
bringing it down in excitation energy.

The levels in sequence 3 are assigned as (27/27), (31/27),
and (35/27). Their excitation energies are well reproduced
by the small-space shell-model calculations. As expected the
neutron hole pairs occupy mainly the d3,, and s/, orbitals.
The B(E?2) value for the 322-keV transition is extracted to be
1480 ¢*fm*, in good agreement with the value of 1712 ¢*fm*
predicted by the small space shell model.

The level depopulated by the newly observed 242-keV
transition is assigned as (31/27) by comparing with the
nonyrast results of small-space calculation. The intensities
of the 525- and 170-keV transitions in Table I have similar
intensities within statistical uncertainties, whereas the order
of the two transitions as well as the assignments are mainly
determined by referring to the small-space calculation.

D. Positive parity band

The B(E2) value extracted for the 302-keV transition is
1125 ¢*fm*, while it is 265 ¢*fm* in the small-space shell-
model calculation. The levels above the 290-ps isomeric state
agree very well with the small-space calculation, thus the spin
and parity of the states in the positive-parity band are assigned
by mainly referring to the theoretical small-space calculation.
InRefs. [7,10], these levels were assigned as (25/21), (29/21),
(33/2"7) by comparing with the nonadiabatic quasiparticle
calculation. Our recent measurements [6] suggest that the
proton-decay properties of 1*!Lu can be well explained without
introducing deformation. It is thus expected that the low-
lying spectrum of the nucleus can be well explained within
the shell model framework without introducing cross-shell
quadrupole-quadrupole correlations. The levels depopulated
by the 445-keV and 704-keV transitions are tentatively as-

signed as (37/2%) and (35/2%), respectively. The shell-model
calculation predicts strong E?2 transitions between the 35/ 2T’2

and 31 /2?' state with B(E2) around 860 e¢*fm* for both cases.
The E2 transitions from 37/2} to 35/2{ , states are calculated
to be much weaker than above transitions, for which the
calculated B(E?2) are 88 and 194 ¢*fm*, respectively.

The positive-parity states are dominated by the excitation
of one proton and one neutron-hole to s> and d3/, orbitals.
The E2 transitions within the yrast bands are calculated to
be pretty strong (1000-2000 e?fm*) except the transition
23/2% — 19/2%, which is five times weaker than 27/27 —
23/2%. The leading component for the 19/2% level corre-
sponds to |pL(J, = 19/2%)), particularly the configuration
rr(d33 /2h‘1‘1 /2), coupled to the J = 0 neutron hole pair. However,
the wave functions for the other positive-parity states given by
the two calculations are quite different: The orbital vhy
remains inactive in the large-space calculation, whereas the
neutron-hole configurations sl_/l2 ® hl_ll/2 and d{/lz ® hl_ll/2 play
important roles in the small-space calculation. As a result,
the B(E?2) values for the 23/2% — 19/2% transition predicted
by the two calculations are significantly different: the B(E2)
value predicted by the small-space calculation is much smaller
than the 4706 ¢*fm* predicted by the large-space calculation.

IV. SUMMARY

In the present work, the excited states of the proton
emitter 3'Lu were reinvestigated in a RDT experiment. The
level scheme built on the g.s. of '>'Lu has been extended
and compared with large-scale shell model calculations in
the full gdsh model space (“large-space”) and a truncated
model space with limited particle/hole excitations across the
presumed N = Z = 64 subshell closures (‘“small-space”). It
is found that the low-lying states including the isomeric
27/2~ state are dominated by proton excitations with some
contribution from the coupling of proton excitations to the
Jy, = 27 neutron-hole pair. The excitation energies of levels
above the isomeric 27/2~ and 23/2% states are found to
fit well with the small-space calculation. This indicated that
the particle/hole excitations across the N = Z = 64 subshell
closures tend to be overestimated in the large-space calculation
for states above the isomeric 23/2~ and 31/27" states. Further
experimental results in the mass region are called for to
constrain the crossing subshell neutron-proton interaction in
the shell model calculations.
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