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Low-lying intruder and tensor-driven structures in %*As revealed by f decay at a new
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The 8 decay of *Ge was re-investigated using the newly commissioned tape station BEDO at the electron-
driven ISOL (isotope separation on line) facility ALTO operated by the Institut de Physique Nucléaire, Orsay.
The original motivation of this work was focused on the sudden occurrence in the light N = 49 odd-odd isotonic
chain of a large number of J < 1 states (positive or negative parity) in *°Ga by providing a reliable intermediate
example, viz., *As. The extension of the **As level scheme towards higher energies from the present work has
revealed three potential 17 states above the already known one at 1092 keV. In addition our data allow ruling out
the hypothesis that the 843 keV level could be a 17 state. A detailed analysis of the level scheme using both an
empirical core-particle coupling model and a fully microscopic treatment within a Skyrme-QRPA (quasiparticle
random-phase approximation) approach using the finite-rank separable approximation was performed. From this
analysis two conclusions can be drawn: (i) the presence of a large number of low-lying low-spin negative parity
states is due to intruder states stemming from above the N = 50 shell closure, and (ii) the sudden increase, from
82As to %Ga, of the number of low-lying 1+ states and the corresponding Gamow-Teller fragmentation are

naturally reproduced by the inclusion of tensor correlations and couplings to 2p-2h excitations.
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I. INTRODUCTION

The N =49 isotonic line, from stability towards 7INi,
provides a wealth of intriguing structure phenomena, the first
of which being the relative evolutions of normal one-hole (1h)
and very low lying (positive parity) one-particle, two-hole
(1p-2h) intruder states in the N = 49 odd isotones, originally
noticed some three decades ago by Hoff and Fogelberg in their
seminal work of Ref. [1]. From §iSe49 to §£G649 the nature of
the first excited (and isomeric) state changes for the first time,
switching from 1/2~ to 1/27; thatis, supposedly from a v2 pf/lz

toa \z(lgg_/223s1l /2) nature [1]. Consistent systematics of these
1h and 1p-2h states have been proposed in Refs. [1,2] (see
Fig. 10 in Ref. [1] and Fig. 2 in Ref. [2]; see also Fig. 3.25 in
Ref. [3]). In Ref. [2], the energy minimum found at Z = 34 for
the intruder states was ascribed to a natural mid proton (28-40)
shell effect' in analogy to similar behavior of intruder states
observed along the Z = 49 line. However the significantly
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steeper increase of the energy of the v2 pl_/l2 state from Z = 34
to 32 has not yet found any satisfactory explanation (actually
no explanation at all, to our knowledge). In general the problem
of the intruder configurations in the region N ~ 50,Z < 40,
has not been addressed experimentally for more than three
decades, as pointed out in the recent review on the subject [4].

The second intriguing phenomenon in this mass region is
the considerable amount of very low spin states populated in
B decay which seem to appear suddenly for $/Gayo in the
sequence of the light odd-odd N =49 isotones. The study
of the B decay of %Zn had attracted considerable interest as
soon as it became available as a beam at early ISOL (isotope
separator on line) facilities such as OSIRIS or TRISTAN,
because this nucleus was considered to be an r-process waiting
point [5-7] and has been re-investigated very recently [8]. It is
useful torecall that it is in trying to theoretically account for the
observed number of states populated in *°Ga from the decay of
897n (using a random-phase approximation model) that Kratz
et al. first introduced the concept of “a rapid weakening of
the shell strength far from S stability above BN;{” [9]. It was
indeed only by employing a quadrupole deformation parameter
€, of 0.26—a considerable value for a nucleus situated next
to a closed shell—that 1% states could appear in the level
scheme of %Ga as low as ~600 keV (it was visibly assumed
in Ref. [9], though not clearly stated, that a 1" assignment
was made to all the experimental levels). The knowledge of
spectral distribution of the 1% states in odd-odd nuclei and the
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understanding of their structure are of primary importance as
these two features determinate the half-life of the decaying
even-even mother nuclei.

It is from the above considerations, and in particular,
noting the large difference in number of observed low-spin
states between %?As and 80Ga, that one may wonder if an
important structure effect is at play along the N = 49 line
from stable to proton-deficient nuclei. 3°As constitutes an
interesting intermediate case that should hold the fingerprints
of these supposed evolutions. By the course of the preparation
of this article new data on the %’Ge decay were released
by the Oak Ridge group [10]. However, when we chose
to undertake this study, spectroscopic information on %?As
was still scarce. Population of excited levels of 52As has
indeed been reported only twice before the year 2014: in the
82Se(t, 3He) reaction [11] and in the 8 decay of 82Ge [1]. We
felt that re-investigation of the structure of %*As via g-decay
spectroscopy at ALTO could be in order.

We have seized the opportunity of a test run at the ALTO
ISOL facility dedicated to the commissioning of the new
movable tape based B-decay experimental setup BEDO (BEta
Decay studies at Orsay) for that purpose. Because the present
paper reports on the first 8-decay results ever obtained at the
on-line mass separator PARRNe with a setup different from the
“historical” one used so far, the BEDO setup will be briefly
introduced in Sec. II. A new level scheme for %?As will be
proposed in Sec. III and the structure of this nucleus discussed
in Sec. IV in relation with the questions mentioned above.

II. EXPERIMENTAL ARRANGEMENT

A. %Ge source preparation

82Ge nuclei were obtained as mass separated fission
fragments at the PARRNe mass separator operating on line at
the electron-driven ALTO ISOL installation of the Institut de
Physique Nucléaire, Orsay [12,13]. A target of 63 g of *®U
in the form of 85 UC, pellets (*13.5 mm diameter, 1 mm
thickness), with about 1 weight percent of graphite in excess,
arranged into a graphite container placed into a Ta oven heated
up to >2000 °C was exposed to the primary 50 MeV electron
beam delivered by the ALTO linear accelerator. The average
electron beam current on the target was >~7 uA. For this BEDO
commissioning run, the oven was connected to a homemade,
hot plasma ion source which was chosen for its poor elemental
selectivity because we wanted to test the selectivity of the
detection setup in the most penalizing situation of mixed
sources.

The PARRNe mass-separator magnetic field was set for
selection of 17 charge state ions with mass number 82. The
sources were constituted by the interception of the 30 keV
A = 82 radioactive ion beam by an Al-coated Mylar movable
tape at the exact geometrical center of the BEDO detector
assembly. In order to enhance shorter lived activities the tape
was moved every 4 s after a 2 s build-in followed by a 2 s decay
time. The A/Q = 82 beam was essentially dominated by the
activity from ¥*Ga and quite unexpectedly by that of '*Sn.
No evidence was found for activities shorter than the period
of Ga (T}, = 599 £ 2 ms [14]). The time spectrum of the
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FIG. 1. (Color online) Time evolution of the 1348 keV line from
the 32Ga activity. The fit of the decay part of the curve gives T} pn=
592 £ 9 ms (in good agreement with the adopted value Ty, = 599 &+
2 ms [14]).

1348 keV y line from the %2 Ga activity (transition 27 — Ogs

in %2 Ge) is shown in Fig. 1 as a typical example.

As already mentioned we discovered that our y spectra
were significantly contaminated by an activity from '**Sn (see
Fig. 5 in Sec III). Systematic yield evaluations using the
observed y intensities, tabulated branching ratios, and after
correction for cycle efficiencies are reported in Table I. We
must conclude that activities from heavy Sn and Sb isotopes
at A/Q = 82 originate from the presence of molecular
components in the beam, of the type XS** or XO%’L. The
fact that we did not detect any activity from '*!'Sn decay
favors the hypothesis of sulfide ions. In addition, crystallogens
such as Sn are well known to easily form sulfide molecules in
ISOL conditions, a property apparently relatively independent
from the form and choice of the sulfide-forming agent;
see [15,16] and Refs. therein. It is possible then that the
presence of S in the form of traces in some component of
the target-ion-source system has been sufficient to lead to
the formation of SnS molecules. However, to our knowledge,
observation of multiple charged sulfide ions has never been
reported before. The question will deserve further investigation
as such serendipity may help in considering alternatives for
the production at ALTO of beams of heavy Sn isotopes at
mass-separator Bp values where their usual strong isobaric
contaminants could be absent. As seen in Table I, we note also
the possible presence of Sb in molecular form in the beam. In

TABLE I. Beam composition as observed in this experiment.

Nucleus Yield (pps) A/Q Note
82Ga ~3 x 102 82/1 atomic
82Ge ~7 x 10? 82/1 atomic
1328n ~2.8 x 10° 164/2 (128n328)2+
130gn ~9 x 102 164/2 (1308n**8)2+
1325b ~2.7 x 10° 164/2 molecular: ?
130gp 164/2 possible traces
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FIG. 2. (Color online) Location of BEDO after the new sec-
ondary beam lines in the mass-separator room (hall 110) of the ALTO
facility. Other possible future beam lines are represented by white
doted lines.

principle, the formation of Sb sulfides is not favored [15,16].
However the numbers for Sb in Table I are to be taken with
caution: 3%132Sb have very long half-lives with respect to the
tape cycle periods and the decay chains are complicated by the
presence of isomers. In addition the activity of *°Sb was only
revealed by very small peaks in the spectra.

B. Detection setup: BEDO
1. The BEDO concept

For a decade or so, 8-decay spectroscopy experiments (our
previous works from [17] to [18] and Refs. therein) have been
performed at the “historical” tape station (see Fig. 2). It was
originally built for identification and yield measurements only
and could not accommodate more than two small Ge detectors.
The opportunity to build a more complex detection system was
offered by the completion of a new set of secondary beam line
sections within the ALTO project; see Fig. 2 (to be compared to
Fig. 2 in Ref. [19], for instance). To enter this new set, the beam
is deviated at the approximate mass-separator focal plane by a
45° electrostatic dipole, then directed towards a three-branch
kicker-bender via a second, 60° electrostatic dipole. The new
movable tape collector was installed after the left arm of the
kicker-bender. These two subsequent deviations, 45° + 60°,
were made necessary by the cake-like shape of the hall of the
former Tandem line 110, to maximize as much as possible the
number of potential sites for semi permanent installations of
detection setups (six in total, including the “historical” tape
station, see Fig. 2).

The trajectory of the tape in BEDO was chosen to maximize
the space available around the beam collection point, ideally
4, allowing the closest positioning of different types of
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HPGe detectors

FIG. 3. (Color online) A schematic view of the BEDO detector
assembly. FC stands for (retractable) Faraday cup.

detectors and maximal efficiency. The mechanical support was
also designed to host various detector assemblies (from small
scintillators [20] to a 47 SHe long-counter [21,22]).

For this test run we used the decay spectroscopy configu-
ration as shown in Fig. 3. In this geometry the arrangement
consists, in principle (as it was originally designed to be), of
the four small EXOGAM clover detectors from the prototype
series, positioned in cross geometry in the plan orthogonal
to the beam axis which intercepts this axis at the collection
point, plus a fifth position in the beam axis for a Ge detector
of another type. The closest point of approach between end
cap and collection point is ~50 mm. In order to maximize the
selectivity, a set of homemade auxiliary and guard detectors
are added:

(1) The collection point is surrounded by a 3 mm thick,
98 mm long, 51 mm diameter cylindrical plastic
(BC408) scintillator for the g trigger.

(i) Four guard detectors were designed to fit the small
EXOGAM clovers’ geometry: each unit is composed
of four independent 100 x 130 x 20 mm? BGO (bis-
muth germanate) crystals wrapped into teflon, each
of the crystals being optically connected to two 1”
photomultiplier tubes (Hamamatsu R7899-01).

(iii) Five plastic scintillators, made of a 3 mm thick BC408
rectangle wrapped into a 30 pum thick Al foil are
positioned in front of each of the five Ge detector end
caps. They can be used for Bremsstrahlung vetoing.

2. BEDO configuration for the commissioning experiment

However, by the time of this commissioning run, among
these auxiliary detectors, only the 8 detector and one of the
BGO shields were installed or operational. In addition, two
of the small EXOGAM clover prototypes were replaced by
coaxial detectors. The actual temporary Ge configuration for
the present experiment then included

(i) two EXOGAM prototypes, with a resolution of
2.4 keV at 1 MeV;

(i1) two tapered Ge detector of the EUROGAM-1 type,
2.6 keV at 1 MeV;,
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(iii)) one large volume coaxial Ge detector, 2.7 keV at
1 MeV.

This offered a global efficiency of 3.7% at 1 MeV. The
efficiency of the 47 8 detector was measured to be ~55% with
no energy dependence. The detector positioned in the BGO
shield was a tapered Ge detector of the EUROGAM-1 type.
The global performance of the system in nominal (four clovers,
all auxiliary detectors active) configuration will be given in a
forthcoming paper, however we will comment here the effect
of the active shielding on B-gated y spectra in the specific
context of build-up followed by decay of cyclically evacuated
mixed sources in ISOL conditions (as the subject has been
unfortunately only rarely covered) in the BEDO geometry.

3. BGO guard detectors for Compton suppression

The use of active shielding becomes of primary importance
for the detection of very weak activities onto the tape in a
relatively hostile y environment. As can be seen on Fig. 2
the mass separator is not far from the detection setup and we
have observed in the past (e.g., Fig. 1 in Ref. [23]) strong
activities from the region of the focal plane (located between
the mass separator shielding wall and the 45° dipole). Although
the BGO guard detectors were originally meant for shielding
purposes only, opportunity was taken to assess their usefulness
in Compton suppression mode.

It is commonly admitted that Compton suppression is of
secondary importance in 8-delayed y spectroscopy, probably
because sensitivity concepts emanating from high-spin physics
are generally, erroneously, directly imported. As can be seen in
Fig. 4, though not optimized for it, these simple shields seem
to also provide an interesting, non-negligible contribution to
the background reduction when used for Compton rejection. In
the lower panel of Fig. 4 is reported the average background
level reduction BS =1 — Bs/By (Bs and By: the average
background levels in the suppressed and unsuppressed spectra
respectively—all quantities with subscript S and U have
the same meaning in the following): around 40% of the
background is rejected in the expected region of efficiency.
But to qualitatively assess the impact of Compton rejection on
the specific case of build-up followed by decay of cyclically
evacuated mixed sources, one should rather rely on more
adequate quantities derived from the notion of detection limit,
like the minimum detectable activity (MDA).

The detection limit is by definition [24] the number
of counts above which detection is certain within a given
confidence limit. One can conveniently use the working
expression given in Table 2 of Ref. [24] for the “well known
blank,” which applies for peak evaluations [25]. The detection
limit (95% confidence limit) then reads

Lp =2.71 + 3.290¢ counts,

where oy is the standard deviation of the count distribution
for a mean net count equal to zero above the background.
In practice we had oy ~ +/2B, where B is the estimate of
background beneath the peak. Following [24] one can define
a MDA, ap, as

LDIK(JD.
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FIG. 4. (Color online) Upper panel (a): B-gated y spectrum
obtained at A/Q = 82 in this experiment with a tapered Ge detector
of type EUROGAM-1 surrounded by one of the BEDO BGO shields.
The total spectrum and Compton-suppressed spectrum are in blue
an red respectively. Lower panel (b): The segmented line represents
the average background suppression factor (left vertical scale), black
circles and red triangles represent the gain in detection limit (L p) and
gain in minimum detectable yield (yp), respectively (right vertical
scale). See text for all definitions.

However, in the particular ISOL context, one is usually
interested in the smallest production yields of the shortest
lived nuclei in presence of larger long-lived activities from the
beam and/or from decay daughters. In general the half-lives
of the shortest lived activities reachable (<300 ms) would
be small compared to the counting period, so that in first
approximation one can consider saturation with the beam
of the activity of the most interesting species onto the tape.
Hence, one may consider an alternative, approximate quantity,
a minimum detectable yield (MDY), yp:

LDO(KyD
with
K=exP,

where € is the full-energy peak efficiency and P, the emission
probability of the gamma per decay.

The gain in detection limit 1 — Lpg/Lpy was evaluated
for the peaks corresponding to the shortest observed activity,
in our case %°Ga decay, and the corresponding values are
represented by black dots in the lower panel of Fig. 4. This
gain is the maximum achievable gain in MDY since

yos _ Lps _ €u
— « Y
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FIG. 5. (Color online) Experimental §-gated y spectrum obtained at A/Q = 82.

and 2—Z > 1 because of possible full-energy suppression.
Values of MDY gain are also plotted (red triangles) in the
lower panel of Fig. 4 and one can indeed see that, in some
cases, the effect of the gain in detection limit on MDY gain (or
identically MDA gain) is reduced to zero (but not negative).
Full-energy suppression varies from one peak to the other
because the associated transition may or may not belong to an
important y cascade, which leads to varying probabilities of
direct Ge-BGO y-y coincidences. This is typically the case
for the transitions at 415, 985, and 1365 keV which are in
coincidence with the 2% — OV transition at 1348 keV in ¥*Ge,
or for the 1348 keV transition itself, which is in coincidence
with many others. Hence Fig. 4 informs us that, given its
geometry and size, this shield, once properly protected from
direct exposure to the source, could improve the MDY by
~21% (as is already the case in some occurrence) on the
average. This means that the expected potential improvement
is a gain of ~21% in beam time to achieve identification of the
decay of the weakest produced nuclei. Or, put in another way,
for a given yield and given beam time, the minimum detectable
y intensity P;“i“ is lowered by ~21% which may help in
improving completeness of the deduced level scheme. The
usual statements of the little usefulness of Compton rejection in
B-delayed y spectroscopy must be measured in terms of these
numbers.

III. RESULTS
A. y transitions observed in $2Ge decay

The total S-gated y spectrum obtained in this commis-
sioning run is shown in Fig. 5 and was accumulated over
11 800 iterations of the tape motion (6.56 hours of beam onto
the tape only). All the observed activity can be attributed
to A = 82 isobars decays, with the notable exception of a
contaminating '**Sn (and daughters) activity, as explained
earlier. We focused our attention on the B decay of *2Ge:
y transitions were attributed to 3*As based on half-life
measurements of the corresponding y lines and the y-y
coincidence measurements, Table II. We confirm the existence
of the 249, 843, and 1092 keV transitions initially proposed
by Hoff and Fogelberg [1]. They also reported indication
only of a 952 keV transition which on the contrary is clearly
present in our case. However, similarly to [10], we found no
evidence of a 140 keV transition which appears only in [1]
as a representation by a dashed line in the level scheme
according to which it should be seen in coincidence with the
952 keV transition. The gate around 952 keV on the contrary
clearly reveals coincidence with the most intense 1092 keV
transition, ruling out the existence of a level at 952 keV. We
also confirm all the transitions reported in Ref. [10] except for
the one at 421 keV which is attributed to a doublet resolved
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TABLE II. y transitions attributed to the ssz decay. Half-live values in the last column were determined from the decay curves of the
corresponding lines; the deduced average value T';), (see also Fig. 6) is reported at the bottom of the Table, as well as the evaluated value

Ty p(lit).

E, (keV) I, (%) Y-¥ Ty (s)
92.6(4) 1.0(5) 329.3; 420.4; 426.6; 447.4; 2196.6 3.9+0.6
249.1(5) 3.6(4) 843.4

329.33) 0.5(1) 92.6; 426.6 41+1.1
420.4(5) 0.27(9) 92.6; 447.4 3.1+£0.8
426.6(2) 0.87(9) 92.6; 329.3; 553.1; 1063.9; 1311.3; 1462.4 48+ 1.1
447.4(3) 0.5(1) 92.6; 420.4 49+13
516.5(2) 1.25(9) 575.3 45+ 1.6
526.3(3) 0.22(4) 843.4

553.1(4) 0.20(4) 426.7; 1063.9; 1462.4

575.3(2) L1(1) 516.5 40+ 1.1
843.4(2) 8.0(3) 249.1; 526.3; 1201.1; 1600.1 3.5+0.7
951.8(3) 1.4(4) 1092.0 3.9+1.2
1063.9(3) 0.16(4) 329.3; 426.6; 553.1

1092.0(2) 100(6) 951.8; 1199.1 5.0+0.7
1199.1(6) 0.5(2) 1092.0 34+13
1201.1(2) 0.6(2) 843.4 3.9+23
1311.3(3) 0.34(7) 329.3; 426.6 4.6+23
1462.4(5) 0.31(7) 329.3;426.6

1600.1(4) 0.09(2) 843.4

2196.6(2) 0.12(2) 92.6

71/2 =4.04+0.27s
Ty p(lit.) = 4.56 = 0.26 s [26]

by coincidence data only. With respect to [10] we identify
three new y lines: at 526.3(3) and 2196.6(2) keV, in addition
the line reported in Ref. [10] at 1200.1(3) keV appears in our
case as a doublet 1199.1(6)-1201.1(2) keV resolved by the
coincidence analysis. The 526.3 keV appears in coincidence
with 843.4 keV transition which is the second most intense of
the decay scheme with 1, = 8.0(3)% and allows establishing
a new level at 1369.6 keV. The 2196.6 keV line is weak but
is visible in a region of the spectrum where the background is
low. A coincidence with the 92.6 keV line is clearly established
which indicates the existence of anotherlevel at 2420.8 keV not
previously reported.

At last we note that the half-life measurement of 13 y-line
decay curves, reported in the last column of Table II and in
Fig. 6, amounts to 13 independent measurements of the %>Ge
half-life. This allows for a new determination of the %*Ge half-
life of T/, = 4.04 4= 0.27 s with a better accuracy than each
of the three previous values available in the literature which
have been used so far by the evaluators for the recommended
value T p(lit.) = 4.56 £ 0.26 s [14,26].

B. %2Ge decay scheme

Coincidence relationships of Table II allowed building the
82Ge decay scheme of Fig. 7. The absolute branching ratio
Ig to the levels was obtained taking the absolute intensity
of the 1092 keV transition [, = 80 4= 20%/decay reported
in Ref. [27]. They are also reported in Table III along with
the corresponding log ft values calculated with the evaluated
mass values of [28]. As can be seen, and already noted by Hoff
and Fogelberg, the decay of 3°Ge is quite selective. Though

somewhat augmented, the decay scheme apparently remains
still incomplete. As will be discussed in Sec. IV, one could
suspect the presence of some other 17 states in the Qg window
that could decay by undetected high-energy transitions directly
to the ground state, as is the case for the 1092 keV state. For
that reason we consider our log ft values as bottom limits
only.

The analysis of the activity balances in the A = 82 chain
from our data suggests that a direct branch towards the %2 As
ground state is unlikely, which is in agreement with the

7

6

Ty (8)

|\||\|\||\||§\\I\‘I\II‘II\I'\
N
N
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VL A e Vs Y, Zde Y. L e s L

—_

2 3 4 5 6 7 8 9 10 11 12 13

FIG. 6. (Color online) Graphical representation of the last col-
umn of Table II. The half-life measurements are numbered on the
x axis in the order in which they appear in Table II. The resulting
(new) %Ge half-life determination and associated uncertainty are
materialized by the horizontal line and hatched region around
71/2 = 4.04 £ 0.27 s, to be compared to the evaluated value of 4.56 +
0.26 s [26].
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FIG. 7. %2Ge B-decay scheme. Spin-parity assignments to the ground and isomeric (8 decaying) states are from Refs. [1,27]. Others are

proposed after the discussion in Sec. III B.

original hypothesis of [1] and the recent results of [10]. We
will adopt for the rest of the discussion the proposition of
J™ = (27) from [1] for the ground state (and not the 1%
still present in the evaluation [14]), a proposition further
argued in Ref. [27]. The same reference provides convincing
arguments for a J* = (57) assignment to the isomeric state.
In agreement with [10] we suggest that this isomeric state
is the same as the one located at 131.6 keV in our level
scheme essentially because the recent high-precision mass
measurements of 52As and 5™As [29] lead to an energy
location of the %2As isomeric state at 128 =6 keV and
because no y line is observed at 131.6 keV. At this point
some comments are in order on the possible connections
between our level scheme and the one obtained from the
(t,He) reaction studies of Ajzenberg-Selove et al. [11]. The
floating of the latter in the evaluation is a longstanding problem
which, in the final analysis, originally stems from the poor
agreement found by Ajzenberg-Selove et al. between their
(already quite precise) Q value for the formation of the 3?As
ground state of —7500 % 25 keV and the (poorly determined)
Qp value available at that time. The integration of recent
high-precision mass measurements of 82Se, 82As, and 82mAs,

especially from [29], in the mass evaluation [28] leads to
Q5(®?As) = 7491(5) keV, in remarkable agreement with the

TABLEIII. 32As levels populated in the 8 decay of Ge.

Energy J I (%) log ft
(keV)

0 (27)[1,27] 0

131.6(15) 67 [27] 0

224.2(10) 4°) 0

516.5(2) 0-,17,27) 0.11(3) 7.3(2)
553.1(4) (37,47) 0

671.6(7) 27) 0.17(4) 7.1(2)
843.4(2) ©,1)” 2.7(7) 5.8(2)
979.7(6) ) 0.05(1) 7.5(1)
1092.0(2) It 80(20) [27] 4.2(2)
1369.7(5) 0.17(4) 6.7(2)
2043.8(5) (U] 1.7(4) 5.25(10)
2291.1(8) (0,1 0.6(2) 5.5(2)
2420.8(12) 0.10(3) 6.2(1)
2443.5(6) (U] 0.31(8) 5.7(2)
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O value obtained by Ajzenberg-Selove et al.. We note that
the latter was not used for the 2012 mass evaluation and there
is no possible biasing. According to this, the group labeled 0
in the spectrum of Fig. 3 in Ref. [11] is almost certainly due
to the ®*As ground state. Apparently the isomeric state was
in fact also well populated in the (¢,3He) reaction and would
correspond to the group labeled 1, at 124 £ 15 keV excitation
energy, in the *He spectrum of [11]. Further discussion on the
complementarity of the two level schemes from radioactivity
and transfer reactions will be found in Sec. IV.

The 1092 keV level clearly attracts most of the 8 strength
and cannot be anything else than a 17 state as initially proposed
in Ref. [1]. If the (27) assignment to the ground state is correct,
the direct transition from this 1% state to the ground state
must have an E1 nature. Below 1 MeV only the level at
843 keV is distinguished by a sizable direct 8 population.
However, the branching ratio is much lower than in the case
of the 1092 keV level, and the lower limit of log fr > 5.8 we
obtain clearly excludes the usual range for allowed transitions.
Should the 843 keV level correspond to a first excited 17 state
as proposed by Hoff and Fogelberg, it would attract much
more B population as the Qg window is even larger than for
the 1092 keV level. In addition, the relative intensities of the
249 and 1092 keV transitions depopulating the 171 state at
1092 keV have a ratio 1(249)/1(1092) ~ 4%. It is compatible
with the ratio of the Weisskopf estimates of two E'1 249 and
1092 keV transitions. Assuming that the 1092 keV transition
is E'1 as explained above, the probability of a M1 transition
of 249 keV would have been four orders magnitude lower and
would have not been detected. This argument is also in favor
of a negative parity for the 843 keV level. We propose then to
assign to it J* = (0,1)7; a positive parity seems to us totally
excluded.

Apart from the 1092 keV level, the only log ft values which
could indicate allowed B transitions concern the three levels
at 2044, 2291, and 2443 keV. As they lie higher in the level
scheme they might be less subject to Pandemonium population.
Then we consider them as reasonable candidates fora J* = 17
assignment, though 0~ or 1~ cannot be excluded definitively
(a 0" — 0% transition is obviously excluded as the very high
degree of forbiddenness to which it corresponds lies far beyond
our detection limits and statistics).

The 224 keV level apparently receives no direct population.
It decays to the isomeric state with proposed J™ = (57) [27]
by a low energy, 93 keV transition and not to the (27) ground
state. Only E'1 or M 1 transitions at such energy would prevent
this 224 keV state from becoming isomeric. There are no
proton and neutron orbits close to the Fermi level which could
generate 4T to 67 states at this energy hence an E1 transition
seems excluded and the 93 keV transition is most likely of M1
nature. In agreement with [10] we propose J* = (47) for the
224 keV level.

Tentative spin-parity assignments to the rest of the level
scheme are more difficult. The 516 keV level receives
population from the well established 17 state at 1092 keV
and decays solely to the (27) ground state. It receives very
weak apparent direct S population, if it receives any. In the
hypothesis that this direct population is real one must assume
that it comes through a first-forbidden nonunique, or even
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unique, B transition. We propose then J”* = (07,17,27) for
this level.

According to our intensity balance, the level at 553 keV has
no direct feeding at all; actually our balance is negative and
this state must decay by a supplementary transition we did not
observe. Miernik et al. report the existence of a component in
the peak at 420 keV which could correspond to an additional
transition deexciting this state towards the (57) state at 132 keV
of which we find no evidence in our spectra. We then adopt
for the following their spin-parity proposition for this level,
(37,47).

The 672 keV level corresponds to a very tiny 8 branch and
the actual log ft could be considerably higher than the lower
limit of 7.1 we determined. It receives population from the
well established 17 state at 1092 keV and decays towards the
previously proposed J” = (47) level at224 keV. A J* = (27)
assignment seems then reasonable.

At last we comment the state located at 980 keV excitation
energy: interestingly it is the only state of the level scheme
which attracts population from the three high-lying (1)
states simultaneously. The direct 8 population is practically
negligible and a first-forbidden non-nique transition seems
unlikely, otherwise one would have observed a B branch of
intensity similar to the one feeding the close lying 843 keV
level. In addition it is the only level in the group from 516 to
1092 keV which is connected to none of the lower lying triplet
of states. This suggests a different structure for this state,
maybe a different parity. We hence very tentatively propose
J7 = (21) for the 980 keV level.

IV. DISCUSSION

As explained in the Introduction, our study was originally
focused on the sudden occurrence in the light N = 49 odd-odd
isotonic chain of a large number of low lying 1+ states in %°Ga
by providing a reliable intermediate example, viz., *As. The
improved knowledge of the higher energy part of the 82 As level
scheme from the present work allows suspecting the existence
of (only) three additional, potential 1" states above the already
known one at 1092 keV. In addition our data allow ruling out
the hypothesis that the 843 keV level could be a 17 state. The
question now is to understand this new level scheme and also
try and understand the differences between it and the one from
transfer reaction data.

A. Regional considerations and zero-order couplings

A first step towards a real understanding of the %’As
structure would be to look at the approximate location of the
unperturbed proton-neutron multiplet centroids. For that pur-
pose one needs to identify in the experimental level schemes
of the odd-proton N = 50 and odd-neutron N = 49 nuclei the
levels which can correspond to the proton quasiparticle (QP)
states and the 1h and 1p-2h neutron states respectively. For
neutron states we simply adopt the systematics proposed in
Refs. [1-3]. In 3!'Ge one looses track of the exact position
of the 2p3;, and 15/, 1h states as there is an ambiguity on
the possible nature of the 3/2~ and 5/2~ states at 1724 and
1832 keV since they could also originate from the core-coupled
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TABLEIV. Proton QP energies Eqp and occupation probabilities
v? for the N =50 odd isotones. Values were obtained with BCS
equations resolved to reproduce the experimental paring gap as
indicated in the second line. E., are the energies of the corresponding
states in the experimental level schemes. All energies are in MeV.

Nucleus 87Rb 85Br 83As 81Ga

(A)) (0.996) (1.031) (1.012) (0.904)

QP EQP Eexp EQP Eexp EQP Eexp EQP Eexp
v? v? v? v?

2p3p 0.0 0.0 0.0 0.0 0.280 0.306 (0.810) 0.351
0.81 0.40 0.19 (0.08)

1fsp 0.376 0.402 0.361 0.345 0.0 0.0 0.0 0.0
0.90 0.84 0.66 (0.43)

2pi)2 0.802 0.845 1.357 1.191 1.474 1.257 (2.119)
0.06 0.05 0.03 (0.02)

189/2 1.658 1.578 1.958 1.859 2.883 2.776 (3.542)
0.03 0.03 0.02 (0.01)

2;“ ® 2p1» configuration. We hence use these values as lower
limits only. For proton states one can use the single particle
energies obtained from transfer reaction in Ref. [30] and
calculate the corresponding QP state using BCS equations
and the pairing gap extracted from experimental mass data
to help in the identification in the most likely candidates in
the level schemes. The results are summarized in Table IV.
For 8!Ga, information is too scarce for a proper identification.
81Ga is also too far from the reference measurements of
Ref. [30] to securely extrapolate the single-particle energies,
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hence the BCS values are given in Table IV in parentheses as
an indication only. We will use only the first known excited
state as candidate for the 2 p3» QP state as already suggested in
Ref. [31]. The zeroth-order coupling energies of the relevant
proton-neutron configurations are represented in Fig. 8 for
31 < Z < 37. The experimental energy of the first firmly
identified 1] state in those odd-odd nuclei is also reported
for comparison. One sees a remarkable agreement between
the energy evolution of this IT state and that of the proton
QP 2p3;» —neutron 1h 2p,/, (considered thereafter as a 2QP
state noted 72p3/» ® V2 p,2) zeroth-order coupling centroid.
The second very interesting feature is that 5?As is the first
of the N =49 odd-odd nuclei series (going down in Z) for
which zeroth-order centroids of negative parity configurations
involving neutron orbitals stemming from above the N =
50 shell closure & ® ¥{2ds/2,351/2,2d3/2} (thereafter called
“intruder” configuration, in that sense that they do not belong
to the natural valence space) come lower in energy than the
natural positive parity configurations. This comes essentially
from the fact that while the energies of all the neutron 1h states
systematically increase for Z < 34, all neutron 1p-2h states
have minimal energies at mid proton (28-40) shell, Z ~ 34.
These intruder configurations will generate J™ < 17 states
which are very likely to be populated by first-forbidden B
transitions. These (still) crude arguments provide a first hint
for the possible origin of an increase of the occurrence of
a large number of low-lying low-spin states populated in S
decay starting from ®?As and increasing in 3'Ga. As will be
seen in the next subsection the ubiquitous presence of these
intruder states impedes any effort to describe %?As (and even

4000 —1——~ I I 1 | I I ]
- positive parity q pnegative parity ]
3500 | P ®VP;)) ap B
- @*%\W 1 -
3000 — égoq\” o I p, ,®vd; 7
C K 1 ]
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FIG. 8. (Color online) Unperturbed energy positions of the QP proton and neutron 1h (left panel) and 1p-2h (right panel) zeroth-order

coupling centroids in the N = 49 odd-odd nuclei with 31 < Z < 37.
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more 3°Ga) with shell model calculations restricted to the
5Ni natural valence space, whatever the sophistication of the
interaction used.

B. %2As within the shell model

In first approximation the low energy structure of 3’As
should belong to the natural valence space of *°Ni spanned by
the proton and neutron 1f5/5,2p3/2,2p1,> and 1g9,» orbitals.
The structure of the light odd-odd N = 49 isotones, from 3%y
to %°Ga, has been discussed in detail by Honma et al. [32] in
the framework of shell model calculations performed precisely
in this valence space. However, even on the question restricted
to the number and energy reproduction of the low-lying 17
states one is quickly disappointed. As pointed out by Honma
et al., already for the experimentally extensively studied %y
the correct description of the 17 state is a long identified
problem in the shell model (see [32] and references therein)
that, surprisingly enough, the net improvement for the global
description of this mass region that constitutes the introduction
of the JUN4S5 interaction does not help solve completely. An
interesting way out, suggested by these authors, would be the
inclusion of intruder 1p-2h (across the N = 50 gap) states in
the calculations. Such large-scale shell model calculations are
becoming available but are still limited to the inclusion of the
v2ds,, orbital (see, e.g., [33]). The systematic presence and
energy evolution of positive parity (1/2%,3/2%,5/2%) 1p-2h
states pointed out in [1] and [2] already a long time ago and
the results of the previous subsection strongly suggest the
necessity to include also the v3s;,, and 2d3,, orbitals for a
proper description of the N = 49 isotones. Miernik et al. [10]
present a systematic comparison of the *>As experimental
level scheme with several shell model calculations, using very
different interactions, but all performed in the fpg valence
space: the systematically (very) poor agreement with the 32As
experimental level scheme obtained also points towards the
absence of essential parts of the %2As structure in the °Ni
natural valence space.

For that reason and (i) in order to keep a physical image
close at hand (a necessity when dealing with the complex
spectroscopy of odd-odd nuclei) and (ii) to be able to pin down
the proton-neutron configurations of major influence, we have
decided to apply the core-coupling model to the description of
the N = 49 odd-odd nuclei. In this approach, the inclusion of
several intruder configurations can be done conveniently at low
computational cost. This last-resort solution allows waiting for
possible ambitious large scale shell model calculations.

C. Core-coupling approach

Our work was encouraged and somewhat facilitated by the
three following facts:

(i) the study of the coupling of 1h and 1p-2h neutron
states to N = 50 even-even cores for the description
of N =49 odd nuclei is already available down to
$Kr [34,35];

(i) Hoffmann-Pinther and Adams [36] have already
treated successfully the case of an odd-odd nucleus in
this region, viz., Y, within a core-coupling approach
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using the Thankappan-True schematic core-particle
interaction [37];

(iii) The proton-neutron multiplets have been identified
in the N =49 nucleus *Rb with reasonable cer-
tainty [38,39], providing a reference point for the
calculations.

The Hamiltonian used for the description of the odd-odd
N =49 nuclei is the one described in Ref. [36] (which we
reproduce here for the sake of convenience):

H=H.+H,+ H, + Hy. + Hyc + H,p,

H =H.+ H, + H,
—&pJeJp —1pQe - Qp — Ede - Jn — 1 Qe - Qn
+Wol(1 — @) +alo, - 0,)18(r, —1,), )]

with the extension to quasiparticle representation introduced
in Ref. [40]. In Eq. (1), H., H,, and H, are the Hamiltonians
of the core, the odd proton QP, and the odd neutron QP
respectively. J. and j, (j,) correspond to the angular momenta
of the core and the neutron QP (the proton QP). Q,,, are the
quadrupole operators for the proton QP and the neutron QP.

82As was taken to be a %2Ge core plus one neutron
and one proton QP. Proton {1f5/5,2p3/2,2p1/2,189,2} and
neutron {2p1,2,189/2,2ds/2,351,2,2d3/2} QP states were taken
into account in the calculation. The core states were restricted
to the ground 0" and first excited 27" states only in order to
keep a reasonable number of core coupling parameters. In such
a condition and following the approach of Thankappan and
True [37] it is convenient to further parametrize the reduced
matrix elements of the quadrupole operator Q. in the following
form:

x1 = n{0"1Qc1127%),
X2 =n(27Qc)27).

Hence the coupling strength is described by six parameters:
&ps X1p» X2p for protons and &,, x1,, X2, for neutrons. These
parameters were first adjusted to reproduce the experimental
level schemes of **As and ®'Ge respectively. The proton-
neutron delta interaction parameters were taken from [38]
as they were shown to reproduce the 27-7~ energy splitting
of the w1 f5,, ® vl gg_/l2 configuration. Before going to the

82 As case we have checked that the 3°Rb level scheme could
be reproduced by this core4+2QP approach considering this
nucleus as a %°Kr core plus one neutron and one proton QP.
The coupling strength parameters were adjusted to reproduce
mainly the splitting of the first 27 ® jiowest multiplet in the two
odd nuclei, namely, in the case of 8Rb: Kr and ¥ Rb. The
results of these adjustments are displayed in Fig. 9, and the
corresponding parameters summarized in Table V. The final
result for 36Rb is shown graphically in Fig. 10.

One of the main underlying hypotheses of the model is that
the core state contains sufficiently fragmented components of
the particle states to which it is coupled so that blocking or
polarization effects remain limited. This condition is approx-
imately fulfilled when core states wave functions correspond
to a closed shell configuration mainly. In the case of interest
for us here, the core neutron shell is closed while the core
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FIG. 9. Comparison between experimental and calculated level
schemes for the odd neutron (%°Kr, left-hand part) and odd proton
(¥Rb, right-hand part) neighbors of 6Rb. Positive and negative
parity levels are separated in two distinct columns (noted “+” and
“_”) in the case of ®Kr for the sake of clarity. The theoretical
level schemes are obtained after adjustment of the core-QP strength
parameters and QP energies. The fitted parameters are then used
directly for the core42QP calculation.

proton shell is fully opened. In Ref. [36] blocking effects were
absorbed by core and single-particle energies modifications
in the case of the odd-odd nucleus with respect to the values
determined for the two neighboring odd nuclei. From our study
of 3Rb as 86Kr + 2QP it is seen that these effects can be
absorbed somehow by letting the occupation coefficient v? of
the proton orbital closest to the Fermi level vary slightly from
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FIG. 10. (Color online) Experimental and calculated level
schemes for ®Rb sorted as a function of spin and parity. Experimental
data are taken from [39]. In case of experimental uncertainty
in the spin determination dashed dotted lines spanning over the
corresponding spin range are used to represent the level. Labels
close to the experimental levels correspond to their experimentally
assigned [38,39] proton-neutron multiplet belonging. A label such
as £5g9 stands for 71 f5,, ® Ulgg;, and so on. Experimental levels
belonging to the same proton-neutron configuration are connected by
dashed lines. The symbols superimposed are the energies obtained
from the core-coupling calculations. States having their leading
component along a given core-coupled vector |(jz j;)I ® O} .; I) are
connected by a continuous line. Corresponding labels (with the same
meaning as for the experimental levels) are given in the legend box

“calc”.

the reference value in the odd case. This is the only parameter
that was slightly adjusted when moving to the odd-odd case
once all other parameters have been adjusted for the two odd
neighbor nuclei. The results of the adjustments to the two odd

TABLE V. Summary of the core+2QP parameters used for the calculations of 3*Rb and **As nuclei.

Nucleus Quasiparticles coupling parameters
(Core) lj Elj v2 Ep Xip X2p %‘n Xin Xon
(MeV) (MeV) (MeV fm~2) (MeV fm~2) (MeV) (MeV fm~2) (MeV fm~2)

%Rb #p3p 0.0 0.72 —0.092 0.151 —0.158 —0.016 0.211 —0.135
(SGKI‘) ﬁf5/2 0.376 0.90

ﬁpl/z 0.802 0.06

ﬁgg/z 1.658 0.03

ﬁgg/z 0.0 0.91

D ps) 1.220 0.98

D fs)2 1.310 0.98

ds) 1.308 0.02

\7S1/2 2.013 0.01

s 2.978 0.01
82As 7 P32 0.280 0.40 —0.053 0.116 0.105 0.015 0.090 —0.127
(82Ge) T f5/2 0.0 0.50

ﬁpl/z 1.474 0.04

ﬁgg/z 2.883 0.02

ljgg/z 0.0 0.95

bds ) 0.743 0.20

D512 0.789 0.10

ds) 1.333 0.05
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FIG. 11. Same as Fig. 9 for the case of *?As [tentative spin-parity
assignments marked by asterisks () are from us].

proton and odd neutron neighbors of *2As are displayed in
Fig. 11 and the corresponding parameters are summarized in
Table V. The final result for **As is shown graphically in
Fig. 12.

The most important information from this figure is that
below 1 MeV, apart from the 2~ ground state, low-spin negative
parity states with J” < 27 cannot be due to normal configura-
tions and must necessarily stem from intruder ones, involving
2ds/>,35s1 /> neutron QPs. This was expected qualitatively from
the zero-order coupling energy analysis of Sec. IV A. The
only other possibilities to generate J* < 27 states are from
(71 fsp ® V1gosn)23,4y ® 28] configurations, but none of
them is sufficiently favored in energy. The core + 2QP model
predicts a large density of 2~ states but they lie higher in
energy than the experimental candidates. However, it clearly
predicts the presence of a0~ and a 1~ state around ~850 ke V.

82 - ]
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FIG. 12. (Color online) Calculated and experimental levels of
82 As; see legend of Fig. 10 for explanations. The experimental levels
with no definite J” assignment, noted “AS” are from [11]. The open
symbols correspond to states having their leading component along
a given core-coupled vector |(jz jz) jzv @ 2%,.; I). The shapes of the
open symbols are those of the corresponding (jz j;) configurations.
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The experimental level at 843 keV for which we proposed
J™ =(0,1)" (firm negative parity) most certainly belongs to
the intruder (71 f5,, ® 2ds/,) multiplet. The 516 and 672 keV
levels, proposed as J* = (0~,17,27) and (27) respectively
must also belong to an intruder configuration though the
poor agreement obtained with the calculations prevents from
proposing a definitive configuration. It is interesting to note,
consistently with Fig. 8, that close to the middle of the
f5/2, p proton subshell, just next to the N = 50 shell closure,
the first intruder configuration appears at as low an energy
as ~0.5 MeV.

The rest of the negative parity state structure deserves
some comment. The ground 2~ state undoubtedly belongs
to the (71 fs5/» ® P1g9/2) normal configuration multiplet. It
is the same configuration as the one of the 2~ ground state
of %Rb. This simply reflects the fact that the orientation of
the corresponding Paar parabola is not yet inverted at Z = 33.
Inversion has certainly occurred at Z = 31 as the J* =6~
member of the multiplet has become the ground state in
80Ga [8] consistently with the fact that the 7 1 f5,, occupation
coefficient must have become <0.5. Furthermore the (47)
state at 224 keV and isomeric (57) state at 132 keV cannot
belong to anything else than the ground (71 fs5,, ® $1g9/2)
configuration. The calculated order of the 4~ and 5~ states
is reversed with respect to the experimental one: any detail
in the actual proton-neutron interaction could lead to this
effect and it is clear that the simple contact interaction used
here cannot reproduce all of them. The experimental level
at 553 keV excitation energy, attributed to J” = (37,47),
lies very close to the calculated J™ =4~ member of the
(72p3/2 ® V1g9/2) normal configuration. At last, we note also
that the 32Se(¢,>He)®?As reaction should favor the population
of the two normal configurations (71 fs,» ® ¥1g9,2) and
(2p3/2 ® Vlggy») multiplets. The calculated level density
and energy range of these states match very nicely the
experimental level scheme of [11]: while Ajzenberg-Selove
et al. report the observation of 10 (or 11) levels, those two
configurations generate naturally the 10 first negative parity
states of the theoretical level scheme (see Fig. 12). However,
the agreement remains at a qualitative level only, since no
spin-parity assignments to those levels have been proposed
in Ref. [11] and one cannot expect a perfect reproduction
of all the fine details of the multiplet splittings with such a
simple proton-neutron interaction [see, e.g., the distortion of
the (72p32 ® ¥1g9,2) multiplet in *°Rb, Fig. 10].

Concerning now the positive parity state structure, the 17
state identified at 1092 keV lies very close to the calculated
1" state stemming from the (72 p3 /2 ® P2py2) configuration.
This state would then have the same nature as the first 17
state in 86Rb; this is consistent with the 11+ experimental
systematics and zeroth-order energy evolutions of Fig. 8. The
experimental level at 980 keV very tentatively assigned to
J™ = (2%) lies very close in energy to the calculated 2%
member of the (71 f5,2 ® P2p;,2) normal configuration and
could be indeed naturally attributed to this configuration. In
Fig. 12 we also show higher lying calculated 1% states. These
states originate from the couplings of the lowest positive parity
(@l fsp @ V2p12) and (A2p3/2 @ V2py/2) configurations to
the ZT core excitation. The three experimental 11 candidates
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at 2044, 2291, and 2443 keV could then be attributed to these
excited core couplings. However we remind here, as already
noted earlier, that in 3'Ge one misses experimental evidence
of the exact position of the 2p3,; and 1 f5/, 1h states. Hence
it is possible also that these three experimental states actually
reveal the approximate energy locations of these 1h states.
Consequently no firm conclusion can be drawn for those three
experimental 17 state candidates.

For that reason and for a more reliable discussion on
the origin of the 11 states in 5?As we have chosen to
study the influence of higher lying quasiparticle states and
2h-2p configurations within a fully microscopic approach as
described in the following subsection. Calculations are also
extended to the case of %°Ga to shed light on the significant
increase, from % As to 3°Ga, of the number of states directly
populated in B decay, as noted in the Introduction.

D. QRPA description

It is helpful to study the effects of the configuration space
on the low-energy spectrum of 1 excitations in %°Ga and
82 As. In this section our tool is the quasiparticle random phase
approximation (QRPA) with Skyrme interactions treated in a
finite-rank separable approximation (FRSA) [41,42]. Making
use of the FRSA [43] for the residual interaction enables one
to perform QRPA calculations in very large two-quasiparticle
(2QP) spaces. In particular, the cutoff in the discretized
single-particle (s.p.) continuum can be chosen at 100 MeV.
Using the general scheme of the quasiparticle-phonon model
(QPM) [44,45] with Skyrme-type interactions as inputs, the
Hamiltonian can be diagonalized in a space spanned by states
composed of one and two QRPA phonons [46],

W, (hp) = (Z R0,

+ Z P)f;llgl Q)»lll-lll leuzlz] p,) |O)’ )

Aiirhzia
where A denotes the total angular momentum and p is its
z projection in the laboratory system. The ground state of
the parent (even-even) nucleus is the QRPA phonon vacuum
|0). The wave functions Q;Lm|0) of the one-phonon excited
states of the daughter (odd-odd) nucleus are described as linear
combinations of 2QP configurations; Q;m- |0) is a one-phonon
electric excitation of the parent nucleus. To construct the two-
phonon excitations we build the [1F ; A+]QRpA operators with
A = 0,2. The amplitudes R;(Av) and PAA 'li' (Av) are determined
from the variational principle, which leads to a set of linear
equations [46]. The equations have the same form as the
QPM equations, but the s.p. spectrum and the parameters of
the residual interaction are obtained from the chosen Skyrme
forces without any further adjustments.

Using the same ansatz as Sec. II of Ref. [47], the excitation
energies of the 1] states with respect to the daughter ground
state are given by

EI\T ~ Ev - EZQP,lowesta (3)
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TABLE VI. Energies and dominant components of phonon
structures of the 1], states in *°Ga and *?As. The states are calculated
with inclusion the phonon-phonon coupling (2). Experimental data
of % Ga are taken from Ref. [8].

AF =17 Energy Structure
(MeV)
Expt. Theory

%Ga 17 0.708 1.0 81%I 1} Iorea

15 1.450 2.9 38%[ 17 Jorpa
+35%[17 ® 27 lorea

22As 17 1.092 0.6 76%[17 Torea
15 2.044 2.1 30%[17 ® 2 lorea

+24%[ 1§ lorea

where E, are the eigenvalues of the QRPA equations,
or of the equations taking into account the two-phonon
configurations (2), and Erqpowest denotes the lowest 2QP
energy. It is worth mentioning that the spin-parity of the
lowest 2QP state is, in general, different from 17. In the
same approximation [47], the Q- value is calculated by
the following expression:

Qﬁ‘ ~ A]un—H + un —

where AM,_y = 0.782 MeV is the mass difference between
the neutron and the hydrogen atom, 1, and 1, are the neutron
and proton chemical potentials, respectively.

In Ref. [46], this approach was applied to study the
combined influence of the coupling between one- and two-
phonon terms in the wave functions (2), and of the tensor force
effects on the Gamow-Teller (GT) strength distributions in the
Qs window of %°Zn and %Ge. Here, we briefly summarize
the details of the calculations. The pairing correlations are
generated by a zero-range volume force, fixed in Refs. [46,48].
In the particle-hole channel we use the central Skyrme inter-
action SGII [49] and the same zero-range tensor interaction
as in Ref. [50]. The SGII parametrization is known to give a
rather satisfactory description of spin-related properties. In
particular, one obtains a good description of experimental
energies of the GT resonances in *’Zr. The tensor force has
been added perturbatively to the standard parametrization SGII
in order to improve the description of the energy differences
of the 1h1,> and 1g7,, proton states in Sn isotopes and the
li13/» and lhgs, neutron states in N = 82 isotones [50,51].
A strong tensor interaction results in a rather satisfactory
agreement with the 8-decay half-lives of °Zn (0.1 s) and %*Ge
(2.4 s) [46]. Since the largest contribution in the calculated
half-lives comes from the lf’ state, it is very important to
describe the energy and phonon composition of the IT state
correctly (see Table VI). The crucial contribution in the wave
function of the first 17 states of *°Ga and ®*As comes from the
[IT]QRPA configuration, while the two-phonon contributions
are also appreciable. The second 17 states are dominated by the
two-phonon configuration [1] ® 2/ Jorpa. Thus, the extension
of the variational space from the standard QRPA to include
the two-phonon configurations has a strong effect on the ltz

structure of ¥Ga and *As.

Hp — EZQP,lowest’ (4)
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TABLE VII. Energies and structures of the QRPA dipole states
in ¥Ga and *?As. 2QP configuration contributions greater than 15%
are given.

State Energy Structure
MeV)

%Ga [IT]QRPA 1.8 53%{m2p32v2p1s2}
[II]QRPA 3.7 32%{m2p32v2pi )0}
30%{m 1 f52v1 fs5)0}

15%{mw2p3 /201 f5)2}

[17 lorea 3.9 32%{72p3av1 f52)
30%{m 1 fs52v1 f5/0}

25%{7 1 f5/2v2p3)2}

[17 lorea 3.9 28%{m 1 f5/2v2 P30}

27%{m 1 f52v1 f50}

16%{72p3/2v2p3/2}

15%{72ps2v1 f5)2}

82As [17 lorea 1.7 64%{2p32v2p1)2}

The energies and wave-function structure of all the QRPA
1 states appearing in the calculated Qg window are given in
Table VII. The QRPA results indicate a collective character for
the [IT]QRPA state with the dominance of the {m2p3,,v2p1/2}
configuration which is split between the [1t2]QRpA states. Note
that the lowest 2QP state {77 1 f5/211g9,>} has a spin and a parity
different from 17. An overestimation of the experimental 17,
energies within the QRPA calculations (see Table VI) indicates
that there is room for two-phonon effects. In other words, the
one-phonon analysis shown in Table VII is a rough estimate
only. The [1;r ® 2T]QRpA configuration is the important com-
ponent of the 1;’ wave function since the [ZT]QRPA state is
the lowest collective excitation which leads to the minimal
two-phonon energy and the maximal matrix elements coupling
one- and two-phonon configurations. The calculated energies
and the B(E2) values for up-transitions to the [ZT]QRPA states
of the parent nuclei *°Zn and #*Ge reproduce the experimental
data very well [46]. The ZT state has a collective structure with
the dominance of the proton configuration {1 f5,>,1 f5,2} whose
contribution is about 53% (39%) for the case of 80Zn (SzGe).
As aresult, the inclusion of the four-quasiparticle configuration
{m2p3oml f5om] f52v2p1 2} plays a considerable role in the
calculations of the 17, states in %9Ga and *?As.

The spectrum of the calculated 17 states populated in the 8
decay of %Zn and ¥’ Ge is shown in Fig. 13. At a qualitative
level, our results reproduce the experimental evolution of the
spectrum, i.e., we describe the sharp reduction of the level
density with increasing proton number from *°Ga to %2As.
The influence of the coupling between one- and two-phonon
terms in the 1T wave functions, as well as the tensor force
effects, are the key mechanisms in question. When the tensor
interaction is not included, the results within the one-phonon
approximation indicate only three 17 states in ®Ga and a
B-stable $2Ge [46].

For the calculated Qg values of 807Znand ¥ Ge (see Fig. 13),
the quantitative agreement with the experimental data is not
satisfactory. A possible reason might be the underestimated
symmetry energy of 26.8 MeV in the case of the SGII effective
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33 31

Energy (MeV)

0

FIG. 13. Excitation energies of the 17 states calculated with the
SGlII+tensor force. The dashed lines correspond to the calculated
energy of the Q4 window.

Skyrme interaction. Importantly, our model with the ansatz (2)
enables one to study the spectroscopy of the odd-odd neutron-
rich nuclei. Systematic calculations taking into account the
tensor interaction for the different parametrizations of Skyrme
effective interactions are now in progress.

V. SUMMARY AND CONCLUSION

The structure of %2 As has been investigated via 8 decay
of a 2 Ge beam collected for the first time in the recently
built BEDO decay station at ALTO. Data were collected
taking advantage of the BEDO commissioning beam time.
Notwithstanding the very short effective on-tape beam time
and the complex composition of the beam, the quality of the
data was sufficient to improve the level scheme with respect
the only previous decay study available by the time of this
experiment. Even with respect to the very recent concurrent
work of [10] we were able to add three new transitions and
two additional levels in the decay scheme, and our coincidence
data appear somewhat richer. In addition, the decay curve
measurements of 13 individual y lines allow proposing a
more precise determination of the **Ge half-life compared
to what has been reported in the literature so far. These results,
obtained with a still incomplete version of the detection array,
offer a glimpse into the full potentialities of BEDO in its
B-delayed y-spectroscopy mode (details on the fast-timing
and neutron-counting modes will be found in Refs. [20,22]
respectively).

The two salient features revealed from our data are (i)
several low-lying (below 1 MeV) low-spin states have a
negative parity, in particular the state populated at 843 keV
excitation energy for which J = (0,1) and negative parity is
almost certain; (ii) the extension of the ®2As level scheme
towards higher energies from the present work has revealed
only three potential additional 1* candidates above the already
known one at 1092 keV.
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Concerning point (i), it is clear that states with J* < 27
(apart from the 2~ ground state) cannot find any counterparts in
the natural valence space of *°Ni. This is simply due to the fact
that, in such restricted space, the lowest negative parity states
can only be generated from the couplings of negative parity
{ f5/2, p} proton orbits to the high angular momentum positive
parity neutron hole go,>. On the contrary, the occurrence of
these states can easily be understood both on a qualitative
level from careful zero-order coupling energy considerations
and on a more quantitative level from core + 2QP calculations
including {2ds;>,3s1/2,2d3,2} QP states located above the
N = 50 shell gap. We show then clearly for the first time
that the strong energy lowering of intruder states in N = 49
isotones at mid proton (28-40) shell, already hinted at in
the case of odd nuclei a long time ago, dominates also the
low-lying structure of the odd-odd nuclei. From that point of
view it is clear now that attempts to describe the low-energy
structure of light N = 49 isotones by shell model calculations
will remain skewed unless neutron {2ds,>,3s1/2,2d32} orbitals
are explicitly included in the valence space from the beginning.

Point (ii) above allows confirming that, in the odd-odd
N = 49 isotone series towards 'Cu, the occurrence of a large
number of 1% states at low energy, directly populated in 8
decay, is of sudden character and appears between Z = 33 and
Z = 31. This is consistent with the results of state-of-the-art
Skyrme-QRPA calculations using the finite-rank separable ap-
proximation. In particular, the {72p3,om1 f5,27 1 f52v2p1 )2}
configuration is the indispensable ingredient in the micro-
scopic analysis of the 1?2 states in °°Ga and ®’As. These
calculations provide an interpretation alternative to that of [9]
concerning the large number of low-lying 17 states in 3°Ga.
Important mechanisms which should be taken into account
in these relatively weakly deformed nuclei are the coupling
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between one- and two-phonon terms in the 11 wave functions
and the tensor force.
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