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We present a novel technique for studying the quenching of shell gaps in exotic isotopes. The
method is based on extracting Gamow-Teller (AL=0, AS=1) transition strengths [B(GT)] to low-
lying states from charge-exchange reactions at intermediate beam energies. These Gamow-Teller
strengths are very sensitive to configuration mixing between cross-shell orbitals, and this technique
thus provides an important complement to other tools currently used to study cross-shell mixing.
This work focuses on the N = 8 shell gap. We populated the ground and 2.24 MeV 07 states in
2Be using the *B(17)("Li,"Be) reaction at 80 MeV /u in inverse kinematics. Using the ground-
state B(GT) value from [-decay measurements (0.184+0.007) as a calibration, the B(GT) for the
transition to the second 07 state was determined to be 0.214+0.051. Comparing the extracted
Gamow-Teller strengths with shell-model calculations, it was determined that the wave functions of
the first and second 0T states in *?Be are composed of 25+5% and 6045% (0s)*(0p)® configurations,
respectively.

PACS numbers: 21.60.Cs, 23.20.Lv, 25.60.Lg, 25.70.Kk,

Light unstable isotopes provide fertile testing grounds
for studying the evolution of nuclear structure away from
the valley of stability, as exotic phenomena such as halos,
Borromean systems, parity inversions of low-lying states,
and the disappearance of conventional magic numbers
can be found in isotopes with only a few neutrons more
than stable species. The disappearance of the magic
numbers is associated with a quenching of a shell gap
between single-particle orbitals that are well-separated
in stable isotopes. In this Letter, we introduce a new
method for quantifying the degree of quenching by mea-
suring the configuration mixing between orbitals on ei-
ther side of the gap. This is done by extracting the
Gamow-Teller (GT) transition strengths [B(GT)] to low-
lying states of the exotic nucleus using a charge-exchange
(CE) reaction at intermediate energy. The method pro-
vides a valuable addition to the other techniques used
to study shell quenching, since the magnitudes of the
extracted GT strengths are strongly correlated with the
extent of the configuration mixing, but the analysis pro-
cedures used to extract GT strengths from the data are
insensitive to a—priori assumptions on the mixing. Here,
we employ the ("Li,"Be) CE reaction at 80 MeV/u on
12B to study the quenching of the N = 8 gap in '?Be.

The case of ?Be has already been the subject of exten-
sive experimental and theoretical work. Low-lying states
with spin-parity 21 (E,=2.11 MeV), 05 (E,=2.24 MeV,
7=331 ns), and 1] (E,;=2.68 MeV) provide strong sig-
natures of shell quenching [1-7], yet the level of mixing
between p and sd shell configurations remains the subject

of intense debate. This is despite the large body of data
available from (¢,p) [1, 3], neutron knockout [8, 9], in-
elastic scattering [4, 5], and (d,p) [10] experiments. The
current study addresses a particularly controversial as-
pect of the discussion [11-15], the relative contributions
of (05)*(0p)® “Ohw” and (0s)*(0p)®(1s0d)? “2hw” config-
urations to the 07 states of '?Be.

Most calculations performed prior to 2010 agree that
the ground state of ?Be is dominated by 2%iw configu-
rations. The shell-model calculations of Barker [11, 13]
predict that 2fiw components make up 69% of the ground
state wavefunction. These results are consistent with
the predictions produced by a model developed by For-
tune and Sherr based on Coulomb shifts (68% 2hw)
[12, 14, 15]. (°Be+n+n) three-body calculations per-
formed by Romero-Redondo et al.[16] predict an even
stronger 2hw component (71-87%). Overall, these pre-
dictions are in good agreement with results from neu-
tron knockout measurements performed in 2000 and 2006
[8, 9], in which 68% of the ground state wavefunction
was estimated to consist of 2hw configurations. Re-
cently, however, particle-particle random-phase approx-
imation (pp-RPA) [17] and microscopic No-Core Shell-
Model (NCSM) calculations [18] have predicted ground
state wavefunctions dominated by Ohw configurations
(75% and 59%, respectively), in conflict with the earlier
predictions and the knockout measurements. In addition,
the pp-RPA calculations and Barker’s shell-model calcu-
lations [11, 13] predict that the 2.24 0 state in ?Be
is primarily made up of 2hw configurations. This is in



agreement with a 2010 ''Be(d,p) measurement [10], but
conflicts with the aforementioned calculations of Fortune
and Sherr [14, 15] and Romero-Redondo et al.[16], which
predict Ohw dominance for the 2.24 MeV 0T state. In
Ref. [15] the validity of the results of the recent 1'Be(d,p)
experiment [10], in which a s—wave spectroscopic factor
of 0.2875:03 (0.73%037) for the 0 (0F) was extracted,
are questioned. Clearly, more information is needed to
precisely quantify configuration mixing in the 07 states
of 12Be and to resolve the inconsistencies between the
existing data and various theoretical models.

Much of the information obtained to date regarding
configuration mixing in ?Be is based on methods that
are sensitive to the 2w component of the wavefunction.
As first suggested in Ref. [19], a measurement of GT
strengths from the ground state of 2B to states in 2Be
would provide complementary information on the Ohw
component of each state. This provides valuable insight,
a check on the previous measurements, and an additional
observable with which to test theoretical models.

Here, we report on the first measurement of the
Gamow-Teller strength for the 2.24 MeV 0] state in
12Be using the 12B("Li, "Be)'?Be CE reaction in inverse
kinematics. Since the 2B(17) ground state is predom-
inantly made up of 0hw configurations (83%, based on
calculations discussed below), the Gamow-Teller (AL=0,
AS=1) strength to the 0T states in ?>Be is a reflection
of the 0hw component in their wavefunctions. Using a
well-known proportionality between the CE cross section
(at zero momentum transfer ¢) and B(GT) [20],

do

i, = 9BET), (1)

one can calibrate the unit cross section &, as the
12Be(g.s.)—'?B(g.s.) B(GT) is known from S-decay [21].
The unit cross section can then be applied to extract the
B(GT) for the 05 state. By comparing the measured
strengths to shell model predictions one can determine
the 0hw component of the 0T states’ wavefunctions.
The experiment was performed at the NSCL Coupled
Cyclotron Facility. A 120 MeV/u beam of 08t was
impinged upon a 1904 mg/cm? thick ?Be target. An 80
MeV /u 2B secondary beam (with purity exceeding 99%)
was separated from other fragmentation products using
a 405 mg/cm? thick aluminum wedge placed at the inter-
mediate image of the A1900 fragment separator [22]. The
momentum acceptance of the separator was +0.25%, re-
sulting in a secondary 2B beam intensity of 3x10° s~1.
The experimental setup was similar to that described
in Ref. [23]. A 5.5 mg/cm? "%Li target was placed at
the pivot point of the S800 spectrograph [24]. Dispersion-
matched optics were employed in order to achieve optimal
energy resolution for 1?Be nuclei detected in the spectro-
graph. Reaction products were identified and measured
on an event-by-event basis using a suite of detectors in
the S800 focal plane [25]. Angles and positions in the
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FIG. 1. (a) Excitation-energy spectrum of *Be, excited via
the >B("Li,"Be) reaction at 80 MeV/u and gated on ?Be
particles detected in the spectrograph. (b) Laboratory ~-
energy spectrum gated on ?Be particles detected in the spec-
trograph. (c) Same as (a), but also gated on 429 keV ~ rays in
(b). (d) Doppler-reconstructed y-ray energy spectrum, gated
on region Il in (a).

dispersive and non-dispersive planes were measured us-
ing two Cathode Readout Drift Counters (CRDCs). Par-
ticle identification was performed by combining the rela-
tive time-of-flight (between a 3-mm thick plastic scin-
tillator located in the S800 focal plane and the CCF
radio-frequency signal), and the energy-loss signal from
a 5-mm thick plastic scintillator also placed in the focal
plane. A 5%"-order raytrace matrix was used to recon-
struct the center-of-mass scattering angle and, after a
missing-mass calculation, the excitation energy of 2Be.
The '2B** charge state, produced when '?B®* ions pick
up an electron in the target, was used to estimate the
intrinsic kinetic energy resolution of 900 keV (FWHM)
and the angular resolutions in the the dispersive and non-
dispersive planes of 12 and 9 mrad, respectively.
Photons emitted from excited states populated in
the reaction were detected in the Segmented Germanium
Array (SeGA) [26]. Fifteen, 32-fold segmented high-
purity Ge detectors were arranged in a closely-packed
configuration around the target, with crystal axes par-
allel to the beam axis and at a distance of 13.2 cm,
covering laboratory polar angles between 40° and 140°.
The ~-ray photopeak detection efficiency, determined
with standard sources, ranged from 17% at E, = 250
keV to 3.5% at E, = 2.5 MeV. The segmentation of
SeGA is aimed at minimizing the uncertainty in the
~ emission angle, improving the energy resolution of
the Doppler-reconstructed ~y-energy spectrum (the de-
caying nuclei travel at § = 0.39c). However, because
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FIG. 2.
12B("Li,"Be) reaction populating (a) the 07 and (b) 03 states
of ?Be. The results of the MDA are also shown in the fig-
ures, together with the quality of the fit, expressed in terms
of the x? per degree of freedom (n). The A.J, = 0 component
corresponds to the GT contribution to the excitation.

(color online) Differential cross sections for the

dispersion-matched optics were used in this experiment,
the beamspot at the target was 5 cm wide in the dis-
persive plane. Since the hit position on the target in
this plane cannot be reconstructed in the raytrace proce-
dure, the large beamspot resulted in a large uncertainty
in the y-ray emission angle, and the energy resolution for
Doppler-reconstructed v rays was limited to 7%.

The ?Be singles (spectrograph only) excitation-energy
spectrum is shown in Fig. 1(a). Clearly visible are the
12Be ground state peak (region I), another peak centered
at ~2 MeV (region II), and a broad feature at higher
excitation energy (region III). Since this spectrum is not
gated on v rays, it contains events associated with various
transitions in the “Li-"Be and '2B-'2Be systems. Con-
sidering first the "Li-"Be system: only the "Li—"Beg(3 ",
ground state) and "Li—"Be;(3 , 429 keV) transitions
can contribute to the '2Be excitation-energy spectrum
below 3.5 MeV (regions I and II) since the second ex-
cited state in "Be lies at 4.57 MeV. Considering the 2B
12Be system, any '2Be excitations beyond the neutron
separation threshold of 3.69 MeV would not be associ-
ated with '2Be events in the spectrograph. Therefore,
events observed in region IIT of Fig. 1(a) must origi-
nate from reactions producing ?Be but in which nei-
ther the "Beg (ground state) nor "Be; (429 keV) lev-
els were populated. To confirm this, we gated the 2Be
excitation-energy spectrum on the 429 keV v-ray emit-
ted in the "Be; —7Beg de-excitation [shown in Fig. 1(b)].
This y-gated excitation-energy spectrum is shown in Fig.
1(c), and virtually no events were observed in region
II1, despite the similarities observed for regions I and II.
Thereby convinced that region IIT events are not relevant
to the 07 states in '2Be under investigation here, we ex-
cluded them from further consideration.

12Be has three states that can contribute to the ~ 2
MeV peak seen in region II of Fig. 1(a): 27 (2.11 MeV),
05 (2.24 MeV), and 17 (2.68 MeV). The 2] and 17 lev-

els de-excite to the ground state by y-ray emission. The
~-ray yields associated with these transitions were only
weakly visible in the Doppler-corrected y-energy spec-
trum gated on region II, as shown in Figure 1(d). By
counting the number of events possibly associated with
the photopeaks due to the decay of the 2{ and the 17
levels in this spectrum (events within +20,¢soiution Were
used) upper limits to region II were determined. Since
the spectrum of Fig. 1(d) is not free of background, a
correction to these limits was made by subtracting the
number of events in the same photopeak windows but
gated on region I of Fig. 1(a). After correcting for the
photopeak efficiencies, upper limits for the contributions
to region IT of Fig. 1(a) of 74+2% and 4 £ 1% due to the
excitation of the 21 and the 1] states were established.

The widths of the peaks in regions I and II of Fig. 1(a)
are both 1.6 +£ 0.1 MeV (FWHM). This is broader than
the intrinsic kinetic energy resolution due to difference
in energy loss of the projectile and ejectile in the target,
the uncertainty in the scattering angle which contributes
to the uncertainty of the missing mass calculation and
because "Beg and "Be; final states both contribute. The
short lifetimes of the 2f and 17 levels ensure a prompt y
decay near the target and the associated momentum kick
broadens the width of the ~2 MeV peak in Fig. 1(a). If
this peak were solely due to the 2% or 1~ state, its width
would be ~2.3 MeV. Such a broadening will not occur for
the excitation of the isomeric 05 level since it has a life-
time of 331 + 12 ns [6] and the associated 2Be ions are
unlikely to decay before reaching the S800 focal plane.
Because the contribution of the 2 and the 17 states to
region II are small, and the peak widths are sensitive to
several other parameters that carry uncertainties, quan-
tifying the level of contamination from these levels was
not meaningful compared to the the extraction from the
v-spectrum. Nevertheless, the fact that the widths of
peaks I and II are equal provides further support for O;r
dominance of the ~2 MeV peak.

Confident that the ground state (07) and 2.24 MeV
(0F) states in ?Be dominate the peaks of region I and
II, the high-statistics singles data of Fig 1(a) was used
to extract GT strengths. A similar analysis with the v—
coincident data of Fig. 2(c) was also performed, yielding
consistent results, but with large statistical uncertainties.

The differential cross sections extracted from the sin-
gles data for the excitation of the 0f and 05 states in
12Be are plotted in Fig. 2(a) and (b), respectively. Eq.
(1) for the extraction of B(GT) is only valid if applied to
the AL=0, AS=1, AJ=1 (GT) component of the cross
section. Due to the internal structure of both the pro-
jectile and the target, and the fact that the cross section
is integrated over the "Li—"Bey and "Li—7Be; excita-
tions, contributions with relative total angular momen-
tum transfer (AJ, = AJ,+ AJp) up to 4 can contribute,
where AJ¢(AJ)) is the total angular momentum transfer
in the target (projectile). Only the AJ, =0 (AJ; =1



and AJ, = 1) is relevant for extracting GT strengths.

To extract the AJ,. = 0 component from the data, a
multipole decomposition analysis (MDA) was performed,
using differential cross sections calculated in the Dis-
torted Wave Born Approximation (DWBA) with the
FOLD code [27]. Transition densities were calculated
using the shell-model code OXBASH [28]. The CKII
interaction [29] was used in the p-shell model space to
calculate the transition densities for the "Li-"Be system,
and the WBP interaction [30] was used in the spsdpf-
shell model space to calculate the transition densities for
the 1?B-12Be system. It is important to note that the an-
gular distributions associated with different units of total
angular momentum transfer do not depend significantly
on the choice of the shell-model interaction or model-
space, but predominantly on the value of AJ,..

The effective nucleon-nucleon interaction of Ref. [31]
was double-folded over the transition densities to produce
separate form factors for each multipole. In the DWBA
calculation, optical potentials from Ref. [32] were used.
The DWBA cross sections were smeared with the exper-
imental angular resolution and re-binned to match the
binning of the experimental angular distributions. The
experimental angular distributions were then fit with a
linear combination of DWBA multipole components to
determine the AJ,=0 cross section at zero degrees, as
shown in Fig. 2. Contributions from AJ, = 1 and
AJ,. = 3 components (they peak just below 2° and at
3.5°, respectively and have a relatively deep minimum
at 0°), which are associated with the excitation of the
1~ state, were found to be consistent with zero and are
not shown in Fig. 2(b). However, within uncertainties, a
contribution of the 1~ state at the level of the upper limit
deduced from the y-ray spectrum of Fig. 1(d) was not
excluded. To ensure that a small contamination of the
05 state from the 2] state did not strongly bias the re-
sults (both excitations have a A.J, = 0 contribution), the
ratio of events in region II to events additionally gated
on the 2.11 MeV photopeak in spectrum Fig. 1(d) was
determined, separately for 6. ,, < 2.4° and 0., > 2.4°.
Since these ratios in the two angular regions were consis-
tent with each other, a strong bias was excluded.

The zero-degree AJ,. = 0 cross sections extracted
from the MDA were extrapolated to ¢ = 0 based on
the DWBA calculations, following the procedure de-
scribed e.g. in Ref. [33]. The unit cross section in Eq.
(1) was calibrated using the 2B(g.s.)—'2Be(0]) transi-
tion, since the corresponding B(GT) is known from (-
decay data (B(GT)=0.18440.008 [21]). We found that
6 = 3.7240.34 mb/sr. Applying this unit cross section
to the AJ, = 0 cross section at ¢ = 0 for the excita-
tion of the 0 state results in a B(GT) of 0.21440.051.
The error cited for the 0F state includes: statistical and
MDA fitting errors (8% error for the 0f state, 9% for
the 03' state, after propogation through the ¢=0 extrap-
olation and conversion to B(GT)); and systematic errors
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FIG. 3. (color online) Ratio of 0F to 0} B(GT) values, plot-
ted as a function of the percentage of the (a) 0 and (b) 0F
state wavefunction that consist of 0fw configurations. The
red line indicates the B(GT) ratio found in the current work;
the shaded area is the error associated with this experimental
ratio. The vertical bands correspond to the extracted per-
centages of 0hiw content (see text).

from the peak-fitting procedure used to generate exper-
imental angular distributions (4%), the smearing proce-
dure of DWBA differential cross sections (1%), the uncer-
tainty in the extrapolation to ¢=0 (1%), and the effects
of the tensor interaction in the charge-exchange reaction
mechanism (11%). The last contribution was estimated
by comparing the calculated cross sections with ones in
which the tensor component of the Love-Franey interac-
tion was switched off, following the procedure discussed
in e.g. Ref. [34]. Since the upper limit for the contami-
nation of the 0] state from the excitation of the 21 state
is small compared to the combination of the other uncer-
tainties, it did not significantly affect the results.

Information regarding the microscopic structure of the
Of and 03' states in 2Be can be extracted by comparing
the ratio of the experimental GT strengths, Rpgr) =
B(GT)(0],2.24 MeV)

B(GT)(0} ,g.5.)
rating different assumptions for the mixing between 0fiw
and 2hw configurations. This is shown in Fig. 3 - each
point represents a shell-model calculation using the WBP
interaction [30] in the spsdpf model space, where the en-
ergies of all 2hw configurations have been augmented by
an amount AE to adjust the amount of configuration
mixing between 0hw and 2w configurations. The AE
values used for calculating the points shown in Figure 3
varied from -2.0 MeV to -5.0 MeV, in steps of -0.1 MeV.
The calculations are presented as the percentage of the
wavefunction made up of Ohw configurations - as AE be-
comes more negative, the 0w fraction of the 0] state
wavefunction becomes smaller [Fig. 3(a)], and that of 05
state [Fig. 3(b)] wavefunction becomes larger.

The value of Rpgr) extracted from the data was
1.16240.283, as indicated by shaded bars in Figs. 3(a,b).
Note that since ¢ is divided out in the calculation of
Rp(ar), errors associated with the absolute value of 6 do

, to the theoretical ratio and incorpo-



not contribute to the error of Rp(gr). The shell-model
calculations reproducing this ratio yield wavefunctions in
which the 07 (03) state is comprised of 254+5%(60+5%)
0hw configurations. The 0hw contributions do not sum to
100% since there is also a small amount of mixing with
higher 07 states. In terms of orbital occupancies it is
customary to use the 27w component of 754+5%(40+5%)
to provide the neutron sd-shell occupancy of < vgq > =
1.50430 (0.80+16) for the 07 (0F) states.

Recently a new Hamiltonian for the full p — sd model
space has been developed by Utsuno and Chiba [35].
The B(GT) values obtained with this Hamiltonian give
Rpery = 2.91 and a neutron sd shell occupancy of
< Veq > = 1.88 (0.67) for the 07 (0]) states. Agreement
with experiment can be obtained by increasing the p — sd
shell gap by 1 MeV in the Utsuno-Chiba Hamiltonian to
give Rp(gry = 1.18 and < vyq > = 1.52 (0.82).

We conclude that the spectroscopic properties ob-
tained by combining these experimental results with
shell-model calculations, independent of whether the
older (042)hw basis with the WBP interaction or the full
p — sd basis with the Utsuno-Chiba Hamiltonian is used,
agree within 20 with previous neutron knockout mea-
surements [8, 9], but the 05 wavefunction conflicts with
the conclusions of the recent (d,p) transfer measurement
of Ref. [10], confirming the reservations of that result
expressed in Ref. [15].

To summarize: the B(GT) for the transition from 2B
to the 05 state at 2.24 MeV in 2Be has been extracted
using the 12B("Li,"Be) reaction in inverse kinematics. By
combining this results with the known B(GT) for the
transition to the 0 (ground state) in 12Be, the 0hw
fractions of the wavefunctions of these 0" states were
determined by comparison with shell-model calculations.
It has been demonstrated that GT strengths extracted
via charge-exchange reactions at intermediate energies,
and in particular the ("Li,”Be) reaction, provide valuable
tools for quantifying shell evolution in unstable nuclei,
providing complementary information to that obtained
with other techniques.
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