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The (d, ) reaction is highly selective, favoring final states in which the removed neutron and
proton are completely aligned in a J = 2j configuration. We have studied the *'°C(d, a)'*'*B
reactions in inverse kinematics using HELIOS at Argonne National Laboratory. In 2B, the reaction
strongly favors the population of a known 37 state at 5.61 MeV, and for '*B, we observe a possible
unreported doublet of states at high excitation energy, probably corresponding to the 12B(SJF) state
coupled to the 1s;,, neutron from the 15C ground state. In contrast to single-nucleon transfer,
deuteron-transfer reactions have not been widely studied with exotic nuclei.
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It has been known for many years that the (d,«) and
(cr, d) reactions are highly selective [1-6]. This selectiv-
ity emerges from a combination of nuclear structure and
kinematic considerations and favors the removal or addi-
tion of two nucleons in the same shell-model orbit with
their angular momenta completely aligned in the J=2j
state. Unlike the (p,> He) or (*He,p) process, where the
transferred proton-neutron pair can be either S=0 or 1,
in the (d, ) or (o, d) process the pair must be deuteron-
like, coupled to S=1 and T'=0. Such transitions may
be approximated as a single-step transfer of a deuteron
and the relatively high values of ¢ also tend to be fa-
vored by the momentum mismatch between the alpha
particle and deuteron. The systematic enhancement of
such transitions emerges naturally from the treatment
of two-nucleon transfer amplitudes presented by Glen-
denning [7, 8], as well as from coefficients of fractional
parentage for two-nucleon transfer as described, e.g., by
Cohen and Kurath [9]. This enhancement was used in
the study of high-spin states with the («,d) reaction,
where a large momentum transfer also favors transitions
to states with large J and “stretched” nuclear configu-
rations. For example, Rivet et al. [2] and Lu et al. [3]
made assignments for (Od§/2)5+ and (0f72/2)7+ states in

nuclei from N to 42Sc populated in the («,d) reaction,
clearly demonstrating this effect. In the p shell, Van der
Woude and de Meijer compared (d,a) and (a,d) reac-
tions on 12C, N, and 160 targets, identifying candidates
for aligned (Op3/2)_2 and (Op3/2)2 configurations in the
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residual nuclei [6].

While extremely useful, these properties of deuteron-
transfer reactions have not yet been utilized with the
more exotic nuclei accessible with rare-isotope beams.
Aligned configurations of proton-neutron or proton-
neutron-hole pairs are even more interesting when there
exists a large imbalance between N and Z. In nuclei
near stability, the proton and neutron Fermi surfaces are
close to each other, and the aligned states may be at
rather low excitation energy. If N > Z then the neutron
may be more deeply bound while the proton is at the
Fermi surface, and the corresponding state may appear
at significantly higher excitation energy, though the re-
action Q values for the stretched excitations for N > Z
may be more similar to those for N ~ Z. Even if the
state is well above the neutron-decay threshold, it may re-
main relatively narrow due to the small overlap between
its wave function and a final state that has appreciable
proton p3/5 hole excitations. The excitations for which
deuteron transfer is selective may be inaccessible to the
single-nucleon transfer reactions that have been the focus
of much recent work done with exotic nuclei.

Here we present new data on the 1*15C(d, )1213B re-
actions studied in inverse kinematics using the HELIcal
Orbit Spectrometer (HELIOS) [10, 11] at the ATLAS
accelerator facility at Argonne National Laboratory. In
12B, the data reveal the strong population of a known
state formed from an aligned configuration of Ops /5 pro-
ton and neutron holes with spins coupled to J™ = 37,
In the less-understood !B nucleus, we observe a pro-
nounced structure that could correspond to a doublet of
states at high excitation energy whose neutron configura-
tion likely corresponds to the 3% state in 2B coupled to
the valence 1s /5 neutron from the ground state of 15,

The measurement was done using '*'*C beams from
the ATLAS accelerator at Argonne National Laboratory
at energies of 17.1 and 15.7 MeV /nucleon, respectively .
The 'C beam was produced directly using enriched ma-



terial in a negative-ion sputter source. The >C beam was
produced using the ATLAS In-Flight production facility
[12, 13] with the 2H(**C,'5C)p reaction, where an intense
(= 50 — 100 pnA) **C primary beam bombarded a cryo-
genic deuterium gas cell. For the measurements with '4C,
the beam passed through the gas cell and was limited to
an intensity of between 107 and 10® particles per second
on target. The peak intensity of the secondary '°C beam
was approximately 5x10° particles per second on tar-
get, as measured using a silicon surface-barrier telescope
placed on the axis of the HELIOS device. For the '*C-
beam measurements, the rate in the zero-degree counter
was limited by a fine tantalum mesh which attenuated
the count rate to a manageable level but made the abso-
lute measurement of the '*C intensity unreliable. The
beams passed through a collimation tube with a 5x5
mm? square collimator at the end, before reaching the
target. The targets consisted of deuterated polyethelene
foils (CDg),, of areal density 145 ug/cm?, as well as Au
foils for recoil detector calibration, and natural C targets
to evaluate the backgrounds produced by interactions of
the beam with the carbon in the (CD3),,.

In HELIOS, light-charged particles are transported in
helical orbits from the target to an array of position-
sensitive silicon detectors surrounding the beam axis by
a uniform magnetic field oriented parallel to the beam
direction. Prior measurements with HELIOS [11, 14-17]
on (d, p) reactions utilized a configuration where the pro-
tons were detected at backward laboratory angles. For
the measurements described here the a-particles of inter-
est are emitted at forward angles in the center of mass
system and also travel forward in the laboratory. The
magnetic field strength was 2.5 T. The silicon-detector
array was positioned in the forward hemisphere, cover-
ing distances between 942 to 1292 mm downstream of the
target. With this experimental arrangement, both *He
and *He ions were transported to the silicon-detector ar-
ray; results for the (d,>He) reaction will be presented
elsewhere. The silicon-detector array was calibrated us-
ing data from a mixed *6Gd-24*Cm alpha source, as well
as data for known transitions in the (d,>*He) reactions
with the '*C beam.

To detect and identify the recoiling boron ions, a set
of silicon-detector telescopes similar to those used in [14-
17] was placed on the solenoid axis between the target
and the light-charged-particle detector array. The recoil
telescopes subtended laboratory polar angles between 1.0
and 5.6 degrees, and 92% of the azimuthal angle range.
The detector geometry and magnetic field were chosen so
that the alpha particles go around the telescope, and be
detected in the HELIOS silicon-detector array. The max-
imum excursion of the alpha-particle orbits was limited
to 25 cm from the solenoid axis by a ring that supported
the recoil detector array. The energy-loss and residual-
energy resolutions of the recoil telescope detectors were
sufficient to distinguish recoiling boron ions with A=10
to 14. This isolation was necessary for the identifica-
tion of transitions to bound states from those to states

unbound against the emission of one or two neutrons.
The recoil-detectors also shielded the downstream detec-
tor array from particles scattered from upstream colli-
mation slits in the entrance beam-line of HELIOS. The
silicon surface-barrier monitor telescope used to monitor
the beam intensity was mounted on the recoil-detector
assembly, on the downstream side. Figure 1 illustrates
the experimental arrangement.

Figure 2 shows the kinematic relationship between the
alpha-particle energy and position measured for events
from 1C (a) and '°C (b) beams. Here, the kinematic
group for each transition is an approximately straight
line in the energy-versus-position plane. In Fig. 2(a) the
groups corresponding to known 17, 27, and 3% levels
in 2B are indicated by the arrows. The data for the
particle-bound 17 and 2% states, and those for the un-
bound 31 excitation, were obtained in coincidence with
identified 2B and ''B nuclei, respectively. The few
events for ''B coincidences near z=1100 mm correspond
to very shallow trajectories in the magnet whose energy-
position correlations do not follow the diagonal lines for
the strong excitations.

The data for the 1C(d, «)'3B appear in Fig. 2(b). The
statistics are far reduced, however kinematic groups cor-
responding to bound and unbound excitations in 3B are
readily discerned. The star symbols represent events for
transitions to particle-bound states in 3B, and the red
filled circles and green squares correspond to 1-n and 2-
n unbound states, respectively. Events from the ground
state and particle-bound excitations near 3.6 MeV can
be seen. For alpha particles in coincidence with 2B,
several states are populated. For example, groups corre-
sponding to excitation energies near 10.0 and 12 MeV are
indicated by the dashed lines in Fig. 2(b). Note that for
the excitations near 12 MeV both one- and two-neutron
decays are present.

The same data are shown as Q-value spectra for the
1415C(d, a)1212B reactions in Fig.3. The particle-bound
excitations are shown in solid blue, and the events where
the recoiling nucleus was unbound with respect to decay
to either one, or two neutrons appear as the cross-hatched
red, and green histograms, respectively. For 14C(d, a)!?B
(Fig. 2(a)), transitions to the 1t and 2% ground and first-
excited states are present, and weak evidence is found
for the 2+(3.782 MeV) and 17 (5.00 MeV) excitations.
The resolution in excitation energy is approximately 240
keV FWHM, chiefly from a combination of target thick-
ness and detector response. States at low excitation en-
ergy in 2B with J™ = 1% or 2 can be formed from
the 7(0ps/2) ' v/(0p1/2) or m(0p32)~'v(0p32) " configu-
rations; the ground and first-excited states are predom-
inantly the former, while the excited 17 and 2% states
are mostly of the latter configuration. If the second 2%
state is present, it must be through configuration mixing
as here, S =1, T = 0 pickup for pn pairs from the same
orbital to even-spin states is forbidden. By far, the most
strongly populated level is the known 37 (' = 110 4 40
keV) state at 5.61 MeV excitation, whose yield exceeds
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FIG. 1. (Color online) Schematic illustration of the HELIOS detector setup used to study ***°C(d, a)****B.
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FIG. 2. (Color online) Kinematic relationship between

alpha-particle energy and position in HELIOS, for the (a)
C(d, @)*®B and (b) '*C(d, a)'*B reactions. In (a), the data
in blue represent events obtained in coincidence with 2B
(blue) and B (red). In (b), the (blue) stars, (red) filled
circles and (green) filled squares represent alpha particles de-
tected in coincidence with B, 2B, and ' B, respectively. See
text for details.

the combined yields of the ground and first-excited states
by a factor of approximately 4, consistent with the favor-
ing of the aligned configuration with J = j, + j,. The
observed width of the state is I' ~ 350 keV, presumably
reflecting some contribution from the natural width of
the state.

Data for the !°C(d,a)'®B reaction appear in
Fig. 3(b,c). In the present geometry, the *B ground
state is only barely on the edge of the acceptance as seen
in Fig. 2(b). The ¥B 3/2~ ground state requires the
removal of a Ops/, proton and 1s; /o neutron and should
not be populated strongly in this reaction. Weak tran-
sitions to bound states in 3B near 3.6 MeV are also
observed; J™ = 1/2% (3.48 MeV) and 5/2% (3.68 MeV)
have been found to be strongly populated by ¢ = 0 and
2 transitions in the (d, p) reaction [14], 3/27 (3.53 MeV)
was identified in "Li("Li,p) [18], and 1/2~ (3.71 MeV)
from 4C(d,*He) [19]. A number of states of unknown
spin and parity are reported [20] in 3B between Ex=5
to 11 MeV, however statistics and resolution preclude
any firm association of these excitations to strength in
this region in the present data. Given the reaction mech-
anism and the expected structures of the positive- and
negative-parity states, it is likely that the most strongly
populated states in the present work will be positive-
parity W(Op;/12)u(0p1_/1273/2151/2) excitations. These con-
figurations correspond to the same ones populated in
140(d, a)?B, with the additional 1s1/2 neutron acting
as a spectator.

Figure 4 shows the *B data with one- and two-neutron
unbound transitions combined, as well as the particle-
bound states. The 2B data are shown for compari-
son. The most prominent feature of the 3B data is a
possible doublet near Ex(®*B)=12 MeV. The strength
of this feature in comparison to any other structure in
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FIG. 3. (Color online) Q-value spectra for **C(d, a)'*B (a)
and '°C(d, a)"®B (b,c) reactions. The solid blue histograms
represent transitions to particle bound states. The red and
green cross-hatched histograms represent transitions to one-,
and two-neutron unbound states, respectively.
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FIG. 4. (Color online) Q-value spectra for (a) '*B from the
C(d, @)'?B reaction, (b) *B from the *C(d, a)'*B reaction.
The solid histograms represent transitions to particle bound
states. The red, cross-hatched histograms represent transi-
tions to (a) neutron-unbound states in >B and (b) one- and
two-neutron unbound states in 3B,

the spectrum suggests that it arises from the coupling
of the [(0p3/2) |3+ state in ?B to a valence 1s; /> neu-
tron, leading to excitations with J™ = 5/2% and 7/27.
The shift in Q-value for these states compared to the
12B(3%) level is qualitatively consistent with an expected
monopole shift induced by the s;,, neutron interacting
with the p3/o holes. Despite the fact that these states are
nearly 4 MeV above the 3B two-neutron decay thresh-
old at S9,=8.248 MeV, they appear to be relatively nar-
row and possess significant one-neutron decay branches
as seen in Fig. 3(b). This observation is reasonable, since
the favored decay of such excitations would be not only to
the 31 state in 2B, which is unbound to the emission of
a second neutron, but also to the bound negative-parity
doublet in 2B at 1.67 and 2.62 MeV excitation energy
that would not permit further neutron decay.

Further information about the nature of the strongly
excited levels in the 3B data may be found by exam-
ining the angular distributions, and comparing them to
those obtained for transitions in the *C(d, a)'?B reac-
tion. Figure 5 shows angular distributions for the three
strongest transitions in the 4C(d, a)'?B reaction, and
the angular dependence of the summed yield for the two
peaks of the structure at high excitation energy in '*B.
The angular distributions have been constructed from
the measured yields, corrected for spectrometer accep-
tance and for the effects of recoil-coincidence efficiency.
These effects have been analyzed using Monte-Carlo sim-
ulations of the transport properties of the spectrome-
ter that include realistic detector geometries and the
measured magnetic field (see Ref. [11] for more details).
Where appropriate, the simulations treated the one- or
two-neutron decay of the recoiling nuclei. Here, the angu-
lar distribution(s) of the emitted neutron(s) are assumed
to be isotropic in the center-of-mass frame of the decay-
ing nucleus. This assumption is not justified, however
due to the strong focusing of the forward-going recoils
and the acceptance of the recoil detector, neglect of any
angular correlation does not affect the calculated detec-
tion efficiency.

In this case the 12B(17) ground-state transition is ex-
pected to be dominantly /=0, while the 2% and 37 states
can only be populated with ¢=2. The angular distri-
butions for the three transitions are quite different from
each other, as can be seen in Fig. 5. For the 1T (Fig. 5(a))
and 2% (Fig. 5(b)) states, the angular distributions show
pronounced maxima, whereas the data for the 3T transi-
tion (Fig. 5(c), filled circles)are relatively featureless.

For comparison, the angular distribution measured for
the 12 MeV structure in 3B also appears in Fig. 5(c)
(filled squares). The relative normalization here is arbi-
trary. The shape of the angular distribution is very sim-
ilar to that of the 3T transition, as might be expected
if these states were populated by the same pickup mech-
anism as that leading to the formation of the 37 state
in '2B. This similarity lends further support to the con-
tention that this structure represents a doublet formed
from the coupling of a 1sy/; neutron to the aligned
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FIG. 5. (Color online) Angular-distribution data for different
transitions to states in '>'3B with the (d, ) reaction. The
filled circles in (c) are data for the *B(3T) excitation, and
the filled squares for the suggested *B(5/2%,7/2") doublet.
The curves are qualitative indications of shapes that may be
expected for single £ values: =0, 2, and 2 in (a), (b), and (c).
The sample DWBA calculations are for transitions on **C at
the appropriate Q values.

[(Opg/g)_2]3+ configuration in '2B.

The curves in Fig. 5 represent a calculation assum-
ing a single-step direct pair transfer reaction performed
using the code PTOLEMY. The deuteron optical-model
parameters are the same as those used in [14, 15], and
the alpha-particle parameters are from [6]. It is known
that the angular distributions for two-nucleon transfer
can be difficult to reproduce with distorted-wave Born
approximation (DWBA) calculations [4, 6, 21]. These
calculations are intended only to display qualitative in-
dications of the approximate shapes to be expected from
direct deuteron transfer with a single £ value. A 17 state
can be populated by both /=0 and 2 transitions and 37
by 2 and 4, while 2+ must be /=2. No attempt was
made to obtain mixed transitions to better fit the data,
nor to search optical-model parameters to obtain better
fits. The ¢=2 curves in Figs. 5 (b) and (c) are both for
14C at the appropriate Q-values.

The angular distributions from the present data may
be compared with those from the 16O(d, a)**N reaction
measured by van der Woude and de Meijer at E;=20
MeV /nucleon [6]. In that case, the angular distribution
for the 17 state at 3.95 MeV, which would correspond to
the transition to the 2B ground state, was fit dominantly
by ¢=0 transfer with a secondary maximum at an angle
very similar to that for the peak in the 4C(d, a)?B(1%)

angular distribution here. The 3% angular distributions
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FIG. 6. (Color online) Dependence of the (d,a) Q value for
the aligned 3% configuration on the number of nucleons be-
yond the Ops /o orbital (“N(pi,25d)”). Points with error bars
indicate that the strength is fragmented. The open symbols
are the present results for **'*C. The line is to guide the eye.

for 14N and 2B are also very similar for similar angle
ranges. The quality of the fits to the (d, o) data in Ref. [6]
are no better in matching the data than the curves in
Fig. 5, and indicate limitations of the models used for
the reaction.

It is interesting to consider the dependence of the (d, )
reaction Q value for the 3™ aligned state in p-shell nu-
clei on the number of nucleons beyond the Ops /o orbital.
Figure 6 illustrates this dependence for '2:13C, 14N, and
160 targets (filled symbols), as well as the results from
the current measurement for '41°C (open symbols). For
the nuclei with these nucleons in the Op,,, orbital, the
Q value steadily decreases with increasing N(Op; /2). The
result for '°C departs from that systematic trend, likely
due to the increased binding from the monopole inter-
action with the additional 1s;/, neutron, as suggested
above.

In summary, the observations of the strong 3% excita-
tion in 2B and a possible (5/2%-7/2%) doublet in *B
populated by the (d, &) reaction are consistent with pre-
vious studies that showed the enhancement of aligned
states populated with deuteron-transfer reactions. Due
to the T' = 0 nature of the transferred pair, the proper-
ties of such states, for example their binding energies in
more neutron-rich systems, can help inform our under-
standing of T = 0 pairing and the monopole interaction
in exotic nuclei. More systematic studies for such nu-
clei can provide additional data to guide shell-model and
other calculations for such nuclei, and suggest that quasi-
deuteron transfer with the (o, d) and (d, ) reactions can
be useful tools, complementary to those currently used
to study the structure of exotic nuclei.
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