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In-beam y-ray spectroscopy of the N = 85 isotones '¥W and ''Re
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Excited states have been identified in the isotones '33W and

1%Re, which were produced in fusion-evaporation

reactions of a beam of 310-MeV *Ni ions with an isotopically enriched !°°Cd target. The strongest y-ray
transitions in "W and 'Re are interpreted as continuing the regular sequence of states identified in lighter N =
85 isotones that are built upon 9/2~ and 107 states, respectively. The half-life of '> Hf, the S-decaying daughter
of the & decay of **W, was measured with improved precision to be 840 & 30 ms.

DOI: 10.1103/PhysRevC.84.054303

I. INTRODUCTION

The properties of proton-rich N = 85 isotones have
received considerable attention recently with the discoveries of
the o decay of 1610g[1] and a y-decaying isomer in 160Re [2].
The structure of low-lying states in these nuclei is governed by
protons in the s/, d3/2, and hyy,, orbitals, which are nearly
degenerate in energy [3], and neutrons in the f7,, and ho/»
orbitals. Much of the focus of these studies has concentrated
on the decreasing energy of states involving the vhg,, orbital
relative to those from the v f7/, orbital as the occupancy of the
mhyy orbital increases.

Excited states in the N = 85 isotones '¥Yb and °Lu
were studied by Ding et al. [4], who discussed the regular
sequence of excited states built upon the (v f7/2)2(vh9/2)9/27
states (even-Z isotones) or (nhl1/2)(vf7/2)2(vh9/2)10+ states
(odd-Z isotones). The excitation energy of these states above
the IOWGSt-lyil‘lg (l)f7/2)37/2— or (7Th11/2)(1)f7/2)39+ states was
found to decrease with increasing Z. In the present work,
excited states have been identified in W and '°Re through
in-beam y-ray spectroscopy.

II. EXPERIMENTAL DETAILS

The experiment was performed at the Accelerator Labora-
tory of the University of Jyviskyla. The W and '*Re nuclei
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were produced in fusion-evaporation reactions induced by **Ni
ions impinging on a 1.1-mg/cm?-thick, self-supporting '°°Cd
target foil of 96.5% isotopic enrichment. An average beam
current of 3 pnA was delivered for 100 hours at a beam energy
of 310 MeV. The average cross sections for producing '*W
and '®°Re nuclei under these conditions were estimated from
the measured yields of their radioactive decays to be ~10 and
~1 ub, respectively.

Prompt y rays were detected at the target position using
the JUROGAM y-ray spectrometer [5] consisting of 43
EUROGAM Phase I escape-suppressed germanium spectrom-
eters [6]. Fusion reaction products were separated in flight
from other reaction products and scattered beam particles by
the recoil ion transport unit (RITU) gas-filled separator [7],
then implanted into the double-sided silicon strip detectors
(DSSDs) of the Gamma Recoil Electron Alpha Tagging
(GREAT) spectrometer [8]. Each of the DSSDs had an active
area of 60 mm x 40 mm, a thickness of 300 um, and a
strip pitch of 1 mm on both faces, giving a total of 4800
independent pixels. A multiwire proportional counter provided
discrimination between evaporation residues, scattered beam,
and decay particles. An array of twenty-eight 500-um-thick
Si PIN diodes was mounted in a box arrangement around
the perimeter of the DSSDs in order to measure the residual
energies of o particles escaping from the DSSDs in the
backward direction. These allowed the full energy of the «
particles to be reconstructed, thereby increasing the prompt
y-ray tagging efficiency. A planar double-sided germanium-
strip detector was mounted inside the vacuum enclosure a
few millimeters behind the DSSDs to measure the energies of
low-energy y rays.

Detector signals were passed to the GREAT triggerless To-
tal Data Readout data acquisition system [9], where they were
time stamped with a precision of 10 ns to allow flexible offline
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data analysis using the GRAIN software package [10]. Sixteen
of the JUROGAM detectors were read out using TNT2 digital
electronics modules [11] and incorporated into the data stream.

III. RESULTS

Gamma-ray transitions in "W were identified using the
recoil-decay tagging technique [12,13]. The a-particle emitter
159W has a short half-life and an a-decay branching ratio close
to 100% and would therefore appear to be ideally suited for
this method; see Fig. 1. However, the a-decay energy and
half-life are similar to those of the 11/2~ state in '®'Re and
the corresponding state in its daughter '>'Ta that were also
produced in this reaction; see Fig. 2(a). Correlations were
therefore also required with the  decays of its daughter '>>Lu
in order to identify y rays from W unambiguously. The
resulting y -ray energy spectrum is shown in Fig. 3(a), in which
a number of peaks can be identified that are assigned to '°W.
Although this spectrum does not appear to have significant
levels of background from '®'Re or "Ta y rays, the level of
statistics is rather low. This is a consequence of the a-decay
branching ratios of the states in '*Lu [14], the comparatively
long half-life of the intervening 8 decay of '>>Hf [15], and the
average ion implantation rate of 840 Hz in the DSSDs.

In order to increase the level of statistics in the YW
y-ray energy spectrum while suppressing the background from
161Re, W « decays were selected with the requirement
that no subsequent decay was observed in the following
20 ms. This is equivalent to 4.6 '3’ Ta half-lives. The resulting
spectrum is shown in Fig. 3(b), in which it can be seen that
the peaks assigned to W are significantly more intense.
The energies and intensities of these y rays are summarized
in Table I. The y-ray transitions previously assigned to
feed the 11/2~ state in '®'Re [16] have been suppressed
by this procedure, although some peaks are still visible. As
can be seen in Fig. 2(a), this procedure also affects the intensity

7/2-
159\ oL (a)
t,,=8.2 7/2- B
E =6292 ISSHF =
t,,,=840 5655
11/2-
161Re o E =5584
t,,=14 11/2-
Ea:6265 157Ta o (b)
t,,=4.3
E =6213

FIG. 1. Schematic decay chains of (a) '**W and (b) the mhy)
isomerin '%'Re. Note that the 8 decays of > Hf may populate the 1/2+
and 11/2~ a-decaying isomers in '**Lu via intermediate states. Half-
lives (in ms) and w-decay energies (in ke V) are taken from [14] except
for the B-decay half-life of > Hf, which is from the present work.
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FIG. 2. (Color online) (a) Energy spectrum of « decays observed
within 40 ms of the implantation of an ion into the same DSSD pixel.
The peak between 6.2 and 6.3 MeV is an unresolved mixture of W
and '%'Re o decays, with a contribution from the high-energy tail of
the "Ta a-decay peak. The energy spectrum of these decays that
were not followed within a further 20 ms by any other signal in the
same DSSD pixel is shown in red (gray). This requirement suppresses
161Re o decays. (b) Energy spectrum of o decays that follow the W
a decays in the same DSSD pixel between 20 ms and 4 s later. Both
of the low-energy a-decay lines of 'Lu [14] are visible, as well as
157Ta o decays that occur more than 20 ms after a '°'Re « decay.

of the '*W ¢-decay peak, which is followed by the « decay of
its daughter 'S°Hf (¢, = 23 ms [14]). However, o decays of
157Ta nuclei that are produced directly in the reaction cannot
be eliminated in this way, and the y -ray transitions previously
assigned to this nuclide [17] are also visible in Fig. 3(b).

A y-y coincidence matrix was constructed for *W. In
order to increase the statistics still further in this matrix, o
particles that escaped from the DSSDs and were detected
in the PIN diodes were included in the analysis. Figure 3(c)
shows the energy spectrum of y rays observed in prompt
coincidence with the 885-keV y-ray transition in '*W. From
this spectrum it is clear that this transition is in coincidence
with many of the y rays that are assigned to '>W. Analysis of
the y-y coincidence matrix established that the 196-, 662-, and
885-keV y rays were mutually coincident. As will be discussed
in Sec. IV, these y rays are interpreted as the cascade of
stretched E2 transitions built on the lowest 9/2 state in 'PW.

From the y-ray spectraitis not possible to establish whether
the 9/2~ state is the ground state or whether W has a
7/2~ ground state like its lighter even-Z N = 85 isotones.
However, the radioactive decay properties of W and its
daughter >Hf can shed light on this question. Figure 2(b)
shows the energy spectrum of « decays that follow the W «

054303-2



IN-BEAM y-RAY SPECTROSCOPY OF THE N =85 ...

30
51 (@) 196 159
20
15
10

150

100

50

6 273 411
196 620 825
4 gate

885

Counts / keV

(d) 177 626 160Re

207X rays

15 511
135 326

837

s Th

00 100 200 300 400 500 600 700 800 900
v-ray energy (keV)

FIG. 3. (a) Energy spectrum of y rays obtained by tagging on
W o decays occurring within 40 ms of an ion implantation and
followed within 4 s by an o decay from either decay peak of '3 Lu
shown in Fig. 2(b). (b) Energy spectrum of y rays obtained by tagging
on W o decays that are not followed within 20 ms by any other
decay in the same DSSD pixel. Transitions previously assigned to
161Re and *"Ta are indicated by the solid triangles and diamonds,
respectively. (c) Energy spectrum of prompt y rays observed in
coincidence with the 885-keV y-ray transition in **W. (d) Energy
spectrum of prompt y rays obtained when tagging on the proton- and
a-decay branches of '““Re. The '“Re decays were required to occur
within 4 ms of an ion being implanted into the same DSSD pixel,
while the proton decays were required to be followed within a further
40 ms by a W « decay. The strongest y-ray transitions assigned to
159W and '®°Re are labeled with their energies in keV.

decays between 20 ms and 4 s later. A peak arising from '3’ Ta
« decays that occur beyond 20 ms is visible. The daughter of
159W « decays is > Hf, which B decays to '>°Lu; see Fig. 1.
The observation of the « decays from both low-lying states in
55Lu in Fig. 2(c) confirms that ' Hf has a 7/2~ ground state:
if the 'SHf ground state were instead 9/27, then the 8 decay
would preferentially populate the 11/2~ state in '3 Lu through
a favored Gamow-Teller decay [18], and only the 5655 keV
a-decay peak of ' Lu would have been observed. The reduced
a-decay width of °W is compatible with an s-wave decay [1],
indicating that the ground state of W is also a 7/2~ state.
The time differences between the o decays of W and those
of the 5655-keV line in '>Lu were used to deduce the half-life
of the unobserved B decay of >>Hf. The resulting value of

PHYSICAL REVIEW C 84, 054303 (2011)

TABLE 1. Properties of y-ray transitions measured using
JUROGAM and assigned to '**W. Intensities have been corrected for
the JUROGAM detection efficiency and normalized to the intensity
of the 885-keV transition.

y-ray energy (keV) Intensity (%)
77.0(3) 9(3)
81.1(2) 19(3)
98.0(4) 9(2)
196.2(1) 44(4)
201.0(2) 13(2)
205.8(4) 8(2)
212.6(7) 3(2)
273.2(1) 22(2)
293.9(3)* 18(2)
411.1(3) 26(3)
416.6(1) 6(2)
424.4(4) 12(3)
509.6(6) 11(3)
517.5(4) 19(3)
567.2(4) 16(3)
573.5(5) 12(3)
620.1(7) 10(3)
661.8(2)* 86(6)
718.1(3)* 48(6)
783.6(6) 28(4)
824.5(6) 29(3)
885.2(2) 100(5)

aThese peaks are very close in energy to published '*’Ta and '°'Re
transitions. The corresponding intensity measurements in this table
are corrected for contamination.

840 £ 30 ms is consistent with the value of 890 £+ 120 ms
from Ref. [15] but is more precise.

The matrix was searched for evidence of a y-ray transition
from the 9/27 state to the ground state, but no statistically
significant peak could be identified. This is consistent with
the systematics [4,19] that indicate that this M1 transition is
likely to be of low energy and therefore highly converted.
Figure 4(a) shows the low-energy part of the y-ray energy
spectrum obtained by selecting only « decays with full energy
deposition in the DSSDs and the veto to suppress '°'Re y rays
applied. In addition to the K x-ray peaks, there are possible
peaks at energies of 77, 81, and 98 keV. Since these transitions
are observed at the target position, their short lifetimes are only
compatible with an E1 or M 1 multipolarity assignment. After
allowing for the y -ray detection efficiency and internal conver-
sion assuming an M 1 transition [20], only the 77- and 81-keV
transitions have sufficient intensity to be consistent with that
of the 885-keV y ray that would feed it. The 98-keV transition
is therefore excluded as a candidate for the lowest transition
in the prompt level scheme. However, the possibility that the
9/2~ to 7/2~ transition is of even lower energy and that the
77- and 81-keV transitions should be placed higher in the level
scheme cannot be excluded on the basis of the present data.

The isotone '®“Re is known to decay by both proton- and
a-particle emission from its wd3/, ground state [2,14,21,22].
The energy spectrum of prompt y rays obtained by tagging
on both of these decay branches is shown in Fig. 3(d). The
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FIG. 4. (a) The low-energy part of the energy spectrum of W y

rays measured using JUROGAM and shown in Fig. 3(a). (b) Energy
spectrum of y rays emitted in the decay of the microsecond isomer
n 'Re [2] measured in the planar Ge strip detector of GREAT.
(c) Energy spectrum of y rays from (b) observed in coincidence with
the 177-, 626-, or 837-keV prompt y-ray transitions measured in
JUROGAM.

same y-ray transitions are seen when gating on each of the
decay branches individually, supporting their assignment as
decays from the same state in '®'Re. The energies and relative
intensities of the strongest transitions in '"Re are presented
in Table II. The level of statistics was insufficient to allow a
prompt y-y coincidence analysis to be performed.

Recently, Darby et al. reported the discovery of a
y-decaying microsecond isomer in '®Re [2]. Figure 4(b)
shows the energy spectrum of delayed y rays measured in
the planar Ge detector within 15 us of an ion being implanted
into one of the GREAT DSSDs, with the requirement that the
ion is followed by either the proton or « decay of '®'Re. The
observation of the y-ray peaks at 38 and 96 keV, as well as Re
K x rays, confirms the findings of Ref. [2]. Figure 4(c) shows
the energy spectrum of delayed y rays that were observed
also to be in delayed coincidence with the 177-, 626-, or
837-keV prompt y-ray transitions. Coincidences with the 38-
and 96-keV peaks can clearly be seen, indicating that the
837-keV transition populates the isomeric state in '®Re.

IV. DISCUSSION

Even-Z N = 85 isotones above Z = 64 have been found
to exhibit a regular sequence of 9/27, 13/27, 17/27, and
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TABLE II. Properties of y-ray transitions measured using
JUROGAM and assigned to '“Re. Intensities have been corrected for
the JUROGAM detection efficiency and normalized to the intensity
of the 837-keV transition.

y-ray energy (keV) Intensity (%)
135.1(4) 17(6)
177.2(2) 37(7)
325.9(8) 16(5)
334.1(5) 20(6)
381.9(7) 18(5)
437.7(4) 10(4)
444.6(5) 17(7)
448.7(8) 9(5)
510.5(4) 39(8)
519.8(6) 20(6)
557.1(2) 9(1)
560.6(2) 8(1)
626.1(5) 62(11)
837.4(3) 100(11)
21/2~ excited states interpreted as having (vf7 /z)z(l)hg /2)

configurations, while in odd-Z isotones the corresponding
10*, 12*, 14*, and 16™ states are formed by coupling an
h11/2 proton to these states. These systematics are presented in
Fig. 5, together with the three strongest transitions observed
in this work for W (196, 662, and 885 keV) and for '°Re
(177, 626, and 837 keV). The data from this study fit with the
established trends and are therefore tentatively assigned as the
corresponding structures in these heavier isotones.

The energies of the 7/2~ states and 9% states relative to the
9/2~ and 107 states are also plotted in Fig. 5. This suggests
that the corresponding transition in '°“Re is too low in energy
to have been observed in this work. However, the assignment of
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FIG. 5. Systematics of energy levels built upon 9/2~ and 10*
states in N = 85 isotones. The energies of the 7/2~ and 9% states
below these states, respectively, are also shown. The 7/2~ level in
W is shown by the dashed line at 81 keV, but this should be
regarded as a lower limit; see text for details. Data are taken from
Refs. [4,19,23-27] and the present work.

054303-4



IN-BEAM y-RAY SPECTROSCOPY OF THE N =85 ...

transitions to the sequence of states built upon the 107 state in
160Re is very interesting, especially given that the y-ray energy
spectrum was obtained by tagging on the decays of the wds/,
ground state. This interpretation is consistent with the scenario
proposed in Ref. [2] in which the isomer decays represent part
of a y-decay path from 7/, states to the ground state.
Whether the 77- or 81-keV y rays in W represent the
transition between the 9/27 and 7/27 states or a transition of
even lower energy is responsible, the systematics suggest that
the transition energy is lower than the value of 111 keV in '3 Hf
[19]. Determining the energy of the lowest transition in the
intermediate isotone '*Ta would clearly be of interest. In the
recent discovery of the heaviest known N = 85 isotone, 1610g,
it was argued that the ground state was also a 7/2~ state [1],
but these systematics suggest that the 9/2~ state in this exotic
isotone is probably located very close in excitation energy.
One possible way to establish this could be to measure fine
structure in the o decay of the as yet unknown nuclide '°Pt.
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