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Identification of excited states in g}Gag,o: Mirror nuclei in the upper fp shell
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In the fusion-evaporation reaction *’Ca + >*Mg at 104 MeV beam energy, excited states have been observed
for the first time in the isotope §} Gasy. The experimental setup comprised the Ge array CLARION, a recoil mass
spectrometer and, in its focal plane, an ionization chamber. Five transitions in 1Ga are identified, out of which
a cascade of three transitions has been established by means of recoil-y y coincidences. The strong transitions
at 271 keV in ®'Ga and 124 keV in ®'Zn are viewed as the “mirror” 5/2~ — 3/2~ ground-state transitions.
The rather large energy difference of 150 keV is suggested to arise from Coulomb monopole contributions.

Shell-model calculations support this interpretation.
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The proton and the neutron can be viewed as two states
of the nucleon, characterized by an isospin quantum number
[1]. Assuming isospin symmetry, mirror nuclei, i.e., pairs of
nuclei where the number of protons and neutrons are inter-
changed, would reveal identical level schemes. However, the
electromagnetic interaction between protons obviously breaks
this symmetry, which leads to small differences between
level energies of analog states in pairs of mirror nuclei—the
so-called mirror energy differences (MED).

During the past decade the experimental knowledge of 7' =
1/2 and T = 1 mirror nuclei in the 1 f7,> shell has increased
substantially (see, e.g., Refs. [2-8]). This continuing progress
has been accompanied with detailed theoretical studies and
refinements, for example, in Refs. [4,6,7,9]. The observed
MED values, typically 10-100 keV, are readily explained by
Coulomb monopole effects—e.g., slightly different shapes or
radii—and Coulomb multipole effects, which are sensitive to
the alignment of pairs of protons.

In nuclei close to the center of the 1f7,, shell, Coulomb
monopole effects arise from significant 2p3,, admixtures into
the ground state wave functions, which decrease gradually
towards terminating states. In nuclei below and above the
rather well isolated 1 f7,> shell, differences in configurations
of adjacent states may cause significant changes in Coulomb
monopole contributions manifested as sudden changes in
observed MED diagrams. One such example is the ~300 keV
drop in MED between the 11/27 and 13/27 states in the
A =35and A = 39 mirror systems, which can be explained by
radial effects as well as a hitherto overlooked electromagnetic
spin-orbit contribution [10]. The latter is sensitive to single-
particle excitations between orbits of opposite spin-orbit
couplings and may hence reoccur in the upper fp shell, i.e.,
in the 7, = +1/2, A = 57,59, 61 mirror pairs. While some
basic knowledge of the neutron-deficient nuclei >’Cu [11]
and ¥Zn [12] exists, only ground-state half-life measurements
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based on fragmentation reactions [13,14] and recent B-decay
studies [15,16] are available for ®!Ga.

In the present paper we report on the observation of excited
states in ®'Ga and compare its excitation scheme to the
rather well known mirror nucleus ®'Zn [17-19]. Interestingly,
Ref. [16] showed that the 3/2~ ground state of ®' Ga is bound by
only 190(50) keV, which can imply particle-decaying excited
states as well.

The experiment was conducted at the Holifield Radioactive
Ton Beam Facility at Oak Ridge National Laboratory. In fusion-
evaporation reactions of a “’Cabeam at 104 MeV, impinging on
a 99.92% isotropically enriched **Mg target foil of thickness
0.3 mg/cm?,%*Ge compound nuclei are formed. The §Gas,
nuclei are then produced via the evaporation of one proton and
two neutrons.

The Ge detector array CLARION [21] was used to detect the
y radiation at the target position. At the time of the experiment
CLARION comprised ten clover detectors. These detectors
were placed in a three-ring construction at 90°, 132°, and
154° with respect to the beam axis. The rings consisted of
five, three, and two clover detectors, respectively. Each clover
contains four Ge crystals, each of which is electrically twofold
segmented. This construction allows for add-back and high
accuracy event-by-event Doppler corrections.

Add-back is used to reconstruct the energy of Compton
scattered y rays. It is performed if (i) two y rays are detected
within the same clover with a time separation of 30 ns or less
and (ii) if the individual energy deposited exceeds a chosen
add-back threshold of 20 keV. For a y -ray energy of ~1 MeV
these corrections resulted in a 25% increase in statistics.

As the recoiling nuclei are moving at some 4.3% of
the speed of light, the y-ray energies have to be corrected
to account for the Doppler shift and broadening. These
corrections require a determination of the emission angles of
the y rays with respect to the velocity vectors of the recoiling
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nuclei. The latter are well defined for the residues of interest,
as the recoils have to lie in a narrow cone around the beam
axis to enter the recoil mass spectrometer (see details in the
next paragraph). Due to the physical size of the Ge detectors,
the angle at which a y ray is detected usually differs slightly
from the nominal angle at which the detector is placed. Using
the side channel information of the segmented crystals, more
precise emission angles can be derived [20], which results in
a more precise determination of the emitted y-ray energy.
Since the velocity of a recoiling nucleus depends on its
kinetic energy, which is measured in the ionization chamber
(see below), an event-by-event velocity correction can be
performed to further improve the energy resolution of the y
rays. The combination of y -detection angle and recoil velocity
corrections leads to a ~30% (~10%) improvement of the full
width at half maximum (FWHM) of the peaks in the y-ray
spectra in a single crystal at 90° (154°).

After the particle evaporation and prompt y-decay pro-
cesses, the reaction products are recoiling from the thin target
into a recoil mass spectrometer (RMS) before finally being
stopped in an ionization chamber (IC). The RMS [21] separates
the recoiling nuclei in mass-to-charge ratio A/Q, where Q
represents anominal charge state of the ions. The RMS was run
in converging mode and tuned to center recoils of mass A = 62
with charge state Q = 18.1 and recoil energy £ = 58.2 MeV.
The noninteger value of Q implies that the A = 62 recoils
reach the focal plane slightly to the right of the center. Since
the RMS has an A/Q acceptance greater than +4% this
setting also allowed recoils of mass A = 61 to impinge on
the left-hand side of the A/ Q dispersed focal plane.

The horizontal position (the A/ Q value) is determined by a
position-sensitive grid placed inside the IC [21]. The recoiling
A = 61 nuclei are well separated from scattered beam and
other recoiling nuclei using a two-dimensional gate in a plot
showing the position of the recoils in the IC versus the total
energy deposited in the left-hand side of the IC.

The anode of the position-sensitive IC is split into three
segments along the beam direction. The IC was filled with
isobutane gas at a pressure of 16.5 torr to put the recoils to
a complete stop and to let the energy loss in the three parts
of the IC be approximately equal. According to the Bethe-
Bloch formula, the fractional energy loss in the three parts
of the anode in the IC is proportional to the Z value, and
inversely proportional to the total kinetic energy of the recoils.
The latter dependence can easily be removed by mathematical
procedures, which are described in detail in Ref. [22].

In the next step the modified energy-loss signals, or
combinations of these, have been correlated with y rays
detected in CLARION. A number of energy-loss spectra have
been studied in coincidence with the known, intense, and
clean A = 61 transitions at 970 keV (°'Cu) and 124 keV
(®'Zn) [17,18]. A comparison of these spectra resulted in an
approach using the ratio between the energy loss in the first
and the third part, R;3, which improved the Z separation with
respect to the traditional usage of the sum of the energy losses
in the first and the second part of the IC [21,22].

There are three isotopes of mass A = 61 produced in
the present fusion-evaporation reaction; %CU32, g’(l)an 1, and
g{Gam. Each of these will peak at slightly different values of
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FIG. 1. Normalized y-ray spectra containing transitions from
%Ga and ®'Zn (gray) and only ®'Zn (black). The three panels show
different energy regions. Energy labels are in keV.

Ri3. By incrementing y -ray spectra containing recoils with R 3
restricted around the known peak positions for ' Cu and ®'Zn
and performing a careful fractional subtraction, it is possible
to obtain clean °'Cu and %'Zn y-ray spectra. The black y-ray
spectra in Fig. 1(a—c) show parts of the clean ®'Zn spectrum.
The overlaid gray spectrum in Fig. 1 is correlated with a
range of R;3 values expected for ®' Ga. Even for this spectrum,
small “contaminations” from %' Cu have been subtracted, and
any difference between the gray and the black spectrum will
hence indicate the candidates for y-ray transitions from ' Ga.
Figure 1(a) comprises the most prominent candidate at
271 keV. Similarly, four weak transitions can be distinguished
at 220, 1126, 1231, and 1506 keV.

Figure 2 proves that the peak at 271 keV indeed belongs to
1Ga. The energy loss ratio R;3 is shown for the 271 keV line
and compared to those of the previously mentioned transitions
from %' Cu and ®'Zn. It reaches its maximum at a value of R3
expected for Z = 31, i.e., Ga. Table I provides the energies
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FIG. 2. Normalized spectra of the energy-loss ratio R;3 from the
three A = 61 isotopes. The dark gray spectrum is in coincidence with
the 970 keV line (*' Cu, Z = 29); the black spectrum is in coincidence
with the 124 keV line (*'Zn, Z = 30); and the light gray spectrum is
in coincidence with the 271 keV line, which is associated with ¢'Ga
(Z = 31).

and relative intensities of the transitions belonging to the ®'Ga
nucleus.

To investigate possible coincidences between the transi-
tions, a recoil gated yy matrix was created. The recoil gate
allows only y rays detected in coincidence with an A = 61
recoil in the IC to be included in the matrix, and the recoils
must furthermore have a R;3 value compatible with 61Ga. The
matrix will, however, be “contaminated” with ®'Zn due to
their close placement in the yield versus Rz plot (cf. Fig. 2).
The 271 keV transition is found to be in coincidence with
the transitions at 1126 and 1506 keV. Due to low statistics, no
coincidence between the 1126 and the 1506 keV transitions can

TABLEI. Excitation energies, y -ray energies, relative intensities,
and angular distribution ratios for transitions identified in ®Ga and a
set of reference transitions in the mirror nucleus ®'Zn [17-19].

E, (keV) E, (keV) I,(%) Rissoo 7 —I7
220(1) 220(1) 15(7) (1/27 — 3/27)
271(1) 271(1) 100(10)  1.15(16) 5/2~ — 3/2-
1397(1)  1126(1)  64(16) (9/27) — 5/2-
1231(1)  22(12)
2903(2)  1506(1)  39(14) (13/2- — 9/27)
88.6(3)  88.6(3)  4(1) 0.84(6)  1/2- — 3/2-
123.7(3)  1237(3) 15020)° 0.96(4)  5/2- — 3/2"
996.4(4)  872.8(5) 69(2) 0.59(2)  7/27 — 5/2°
996.4(5)  28(2) 1497y  7/27 — 3/2°
1265(1)  1141(1)  1003)  1.60(7)  9/2~ — 5/2~
2270(1)  1006(1)  13(1) 035(2)  11/2 — 9/2-
1274(1)  34(1) 1.708)  11/2- — 7/2-
2399(1)  1403(1)  47(2) 0.85(4)  9/2F — 7/2-
2275(2)  2(1) 9/2+ — 5/2-
2796(1)  1532(1)  38(5) 1.66(7)  13/2~ — 9/2-
3336(1)  936.9(5) 49(2) 1.70(8)  13/2+ — 9/2*
1067(1)  8(1) 0.77(6)  13/2+ — 11/2-

“Corrected for internal conversion with §(E2/M 1) ~ 0.0.
®Corrected for internal conversion with |§(E2/M1)| ~ 1.0.
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FIG. 3. The proposed level scheme of *' Ga and parts of the known
level scheme of the mirror nucleus ®'Zn [17-19]. Energy labels are
in keV; tentative transitions and levels are dashed; and the widths of
the arrows correspond to the relative intensities of the transitions.

be established, but mirror symmetry arguments suggest that the
three transitions form the 13/27 — 9/27 — 5/27 — 3/2°
cascade in ®!Ga. The mirror transitions in ®' Zn have energies
of 124, 1141, and 1532 keV, respectively [18].

While the 220 keV transition in °'Ga finds a natural coun-
terpart in the 89 keV 1/27 — 3/27 ground-state transition in
617n [17], no unique candidate is at hand for the 1231 keV
line. The level schemes of the mirror nuclei are shown in
Fig. 3.

To add further evidence for the mirror character of the
124 and 271 keV transitions, their multipolarities have
been investigated by means of ratios of efficiency-corrected
y-ray yields, Y, measured at two of the three CLARION
detector rings. The results are included in Table I. Ratios
for known stretched Al = 2 reference transitions amount to
Ris4-99 = Y (154°)/Y (90°) ~ 1.6—-1.7, while stretched dipole
transitions have Rys4_gp ~ 0.7-0.8. Both the 271 keV transi-
tion in ®!Ga and the 124 keV line in ®'Zn reveal intermediate
values and can thus be considered as mixed E2/M1AI =1
transitions.

The relative cross sections of the three A = 61 isotopes
61Cu, °'Zn, and °'Ga are estimated from the known or
presumed ground-state transitions to 420:110:1.

The experimental MED values of the A = 61,7, = £1/2
nuclei, i.e., the difference in excitation energy of analog states
in a mirror pair, are illustrated in Fig. 4. The most striking
feature is the 150 keV energy difference between the 5/27 —
3/2~ ground-state transitions in the two nuclei and, possibly,
the 130 keV difference between the presumed 1/27 — 3/27
transitions. In fp shell nuclei such relatively large energy
differences have so far only been observed between low-lying
single-particle states inthe A = 41 and A = 57 mirror systems
[11,23] and between core excited states in the A = 51 mirror
pair [24].

These differences originate most likely from Coulomb
monopole effects such as radial or electromagnetic spin-orbit
contributions. The latter has only recently been introduced to
explain MED values of up to 350 keV in the mass A = 35 and
A = 39 mirror pairs [10] and should come into play whenever
single-nucleon excitations occur between j = [ + 1/2 orbitals
(e.g., 2p3pp) and j =1 — 1/2 orbitals (e.g., 1 f5,2 or 2pi2).
Radial effects can play an important role when nucleon
excitations between orbits of different angular momentum
occur, since this implies a change in the spatial extent of the
charge distribution.
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FIG. 4. MED diagram of the A = 61 mirror nuclei. Open squares
indicate experimental data; filled circles indicate calculated MED
values including the V- component; and filled squares indicate MED
values including the Vi + Vs component. The error bars are smaller
than the symbols. See text for details.

Predictions from large-scale shell-model calculations using
the shell-model code ANTOINE [25,26] are included in
Fig. 4. The calculations were performed in the full fp
space containing the 1f7,, orbit below and the 2p3,,, 1 f5/2,
and 2p,, orbits above the N = Z = 28 shell closures. The
configuration space was truncated to allow up to three particle
excitations from the 1 f7/, shell into the upper fp shell. The
calculations were performed using the GXPF1 [27,28] with
Coulomb interaction, where the two-proton matrix elements
are constructed by adding harmonic oscillator Coulomb matrix
elements to the bare two-body matrix elements. The interaction
used is well adjusted not only for nuclei in the 1 f7,, shell but
also in particular for nuclei at or beyond the N = Z = 28 shell
closure, i.e., the upper fp shell.

In the first calculation identical single-particle energies for
protons and neutrons were used to estimate the Coulomb
multipole component, Vcy, which takes the effect from the
alignment of proton pairs into account. The result is shown as
filled circles in Fig. 4. It is seen that the correct sign of the MED
values is reproduced, although the predicted MED values are
typically 50 to 100 keV smaller than the experimental MED
values. These discrepancies may be the result of Coulomb
monopole effects, Vcm, which are not yet included in the
shell-model calculation.

Since excitations from the 2p3/, orbit to the 1fs5, and
2pi» orbits are present in the formation of the observed states,
the electromagnetic spin-orbit effect, V5, comes naturally to
mind as a possible explanation. The contribution from the
electromagnetic spin-orbit interaction to the single-particle
energies can be written as [29]

r dr S)s M

where g, = 5.586 (—3.828) and g; = 1 (0) are the free
gyromagnetic factors for the proton (neutron) and my is
the nucleon mass. In the present work, Vi3 was calculated
using harmonic oscillator single-particle wave functions and

1 1dVe)\ - -
Veais = (gs - gl)szzcz <_ ><l :
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TABLE II. Contribution to the single-particle energies
in keV arising from the electromagnetic spin-orbit effect
[cf. Eq. (1)].

1f7/2 2173/2 1f5/2 2171/2
Protons —49 —16 66 32
Neutrons 41 13 —55 —26

assuming a charge distribution given by a Fermi distribution
with a surface diffuseness parameter and radius equal to 0.5 fm
and 1.2 - A'3 fm, respectively. The contributions are given
in Table II, and the result from a shell-model calculation,
where the original single-particle energies have been modified
according to Eq. (1), is shown in Fig. 4 as filled squares.

Obviously, the agreement with the experimental MED
values has improved considerably. Other Coulomb monopole
contributions such as radial effects—for example, differences
in radii between ground states and excited states—appear at
first glance to be less important when describing the MED
diagram of the A = 61 mirror pair. Nevertheless, these effects
can be present and large, though they would have to, at least,
partially cancel out each other. Naively, one would expect a
positive contribution from radial effects for the 5/27 states
in both the A =57 and A = 61 mirror systems, since these
states are formed by exciting a proton (neutron) from a low
I =1 (2p3,2) orbit to a high [ =3 (1 f5,,) orbit in the T, =
—1/2(+1/2) member. Indeed, the MED value of 260 keV for
the 5/27 states in the A = 57 mirror nuclei could indicate
that such effects are present, because only some 160 keV are
accounted for in shell-model calculations including Vey and
Veis, which contribute with ~25% and ~75%, respectively.
The fact that the 5/2 states in >’ Cu and ®! Ga are unbound with
333(19) keV and 79(54) keV, respectively, further complicates
the situation. One could finally add that in the A = 59 mirror
pair all Coulomb monopole effects are suppressed because of a
high degree of configuration mixing of both proton and neutron
excitations in both **Zn and *°Cu [12]. A full assessment of
radial Coulomb monopole contributions to MED diagrams in
the upper fp shell thus requires a forthcoming detailed and
thorough theoretical investigation.

Last but not least, it is intriguing to take a closer look
at the level schemes in Fig. 3. There is no apparent hint of
the 9/2F — 7/2= — 5/27 (1403-873 keV in °'Zn) or the
9/2+ — 7/27 — 3/27 (1403-996 keV in %'Zn) sequence in
%Ga in the present data set, even though the branch through
the 2399 keV 9/2* state in ®'Zn has about the same intensity as
the 13/27 — 9/27 — 5/27 cascade. A possible explanation
for the nonobservation of y-rays decaying from a 9/27 state
in ®'Ga is a 1g9)» proton decay of that level into the ground
state of %°Zn. Using E,(9/2%) ~ 2.4 MeV, together with the
known binding energy, one can estimate Q, ~ 2.2 MeV for
such a decay, which is very similar to the energetics of 1g9,,
prompt proton decays from deformed to near spherical states
in the mass region [30]. In the present case, however, no
significant shape change should be associated with the decay,
which further enhances its likelihood.

To summarize, we have observed excited states in °'Ga
via recoil-y coincidences. Three transitions were found to
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be in coincidence. Pronounced energy differences in A =
61 analog states can to a large extent be explained by a
combination of the multipole Coulomb term and the electro-
magnetic spin-orbit contribution. This interpretation is based
on truncated shell-model calculations in the full fp space.
The magnitude, sign, and hence significance of other Coulomb
monopole terms in explaining the observed MED differences
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remains to be investigated, preferably through a dedicated
theoretical study of mirror nuclei in the upper fp shell.
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