PHYSICAL REVIEW C 72, 044602 (2005)

Investigation of scattering between mirror nuclei ’Be and "Li
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Angular distribution for "Be + 7Li elastic scattering has been measured using a "Be radioactive beam at the
Nuclear Science Center, New Delhi, at E., = 9.87 and 8.87 MeV. A compact and highly efficient detector
system in kinematic coincidence mode and an in-vacuum target transfer system have been developed to minimize
contributions from unwanted channels. The angular ranges covered were 6., = 42°-66° and 6., = 114°-138°.
At the backward angles at both energies, the experimental angular distribution shows higher cross sections than
the theoretical predictions for the direct elastic channel alone. The experimental data could be fitted with an
isospin-dependent complex potential that is analogous to the Lane potential. A coupled-channel calculation with

ground-state reorientation could also fit the data.
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I. INTRODUCTION

Study of scattering of mirror nuclei provides some unique
information. Since the odd-A mirror nuclei have similar inner
structure, being different only in their valence nucleons, a
direct scattering measurement may yield information on the
interactions among the valence nucleons. For example, the
exchange interaction between the valence nucleons may be
estimated from this kind of measurement.

Exchange of valence nucleons in scattering between neigh-
boring nuclei with similar cores had been predicted [1] and
also experimentally verified [2]. The “elastic exchange” of
nucleons or clusters of nucleons between two colliding nuclei
differing by a single nucleon or a cluster (e.g., ('>C,!3C) [3] and
(12C,'%0) [4]) has been observed experimentally. Imanishi and
von Oertzen [5] explained these “elastic exchanges” in terms
of dynamic molecular orbital theory, which was successfully
employed for the explanation of the exchange reactions in
the atomic domain. They also pointed out the possibility of
exchange of valence nucleon(s) between two identical cores.
For this kind of elastic transfer, the weaker the particle is
bound to the core and the smaller is its mass, the stronger is
the exchange interaction [2].

It has been predicted that at low energy, when it is
energetically less probable to excite accessible, nonelastic
channels, the interaction between the mirror pair may lead
to resonant charge exchange [6]. Resonant charge exchange
between a nucleon and a nucleus is an experimentally
established phenomenon [7-9]. From the study of (p, n) and
(®He,?H) reactions it was found that as the mass of the
projectile increases, the effect of charge exchange decreases
and becomes difficult to measure. However, no systematic
study of the charge exchange reaction for higher mass
projectiles has been done.

The charge exchange reaction between mirror nuclei is
an interesting phenomenon because in the final state, the
target and the projectile simply interchange their identity.
Also, it is experimentally challenging because final products
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are indistinguishable from the elastically scattered particles.
Because of the antisymmetry effect, the charge exchange
reaction cross section is symmetric around 90°. This property
ensures that, at least at the backward angles in the c.m., the
effect of the charge exchange reaction can be observed in the
elastic angular distribution as the elastic cross section is low
there.

Measurement of scattering between mirror nuclei is ex-
perimentally difficult as it involves radioactive ion beams. To
our knowledge, the only scattering of mirror nuclei studied so
far is in the systems 3H + 3He [10] and *N + BC [11]. The
intermediate-mass mirror system 'Be 4+ "Li between these two
systems has been also investigated [12] to check the predicted
resonant charge exchange reaction [6]. However, no definite
conclusions could be drawn from that experiment. In >N + 13C
scattering it was observed that the cross section showed arising
and oscillating behavior at backward angles at an incident
energy of twice the Coulomb barrier. The normalized cross
section rises almost up to the Rutherford cross section value.
The theoretical calculation for the 3N + *C system including
charge exchange and direct elastic scattering by Kruppa et al.
[13] also predicted the rise and strong oscillation at backward
angles owing to the strong interaction between the valence
proton and neutron.

The "Be and ’Li ground states have been fairly well
described by cluster wave functions [14]. "Be and ’Li are
considered as “He + 3He and “He + *H clusters. The binding
energy of the clusters to the core is comparable to the binding
energy of the last nucleons in these nuclei. However, the
probability of cluster exchange (*He,>H) should be smaller
than for (p,n) exchange because the exchange probability
decreases with mass of the exchanging particles [2].

7w + N scattering at low energy also showed backward
peaking in angular distribution [15]. But in the nuclear medium
such features may be less prominent owing to Pauli blocking
and absorption. The energy dependence of the charge exchange
reaction at low energy for w + "Li scattering was studied by
Irom et al. [16].
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FIG. 1. (Color online) Schematic of the experimental setup; the focal plane arrangement with details of the detector system is shown on

right side.

However, scattering involving nuclei with large quadruple
moments also shows backward peaking. ’Li has a large
ground-state quadrupole moment of 22.5 e fm? [17] and
thus ground-state reorientation may also contribute toward
backward scattering.

With improved experimental conditions the "Be + "Li
scattering experiment was carried out with the objective of
obtaining information about the charge-exchange process.
In this paper we report the results of our experiment. The
preliminary report may be found in Ref. [18].

The experimental setup and the experimental procedure are
described in the next section. Data analysis is presented in
Sec. III. In Sec. IV the theoretical background is briefly
described. The results are discussed in Sec. V.

II. EXPERIMENT

The experiment was carried out at the radioactive ion
beam facility [19] at the Nuclear Science Center, New Delhi.
A 25.0-MeV, pulsed 7Li beam from a 15UD Pelletron [20]
was made to interact with polypropylene foil to produce a "Be
beam through the inverse kinematic reaction p(’Li, 'Be)n. The
production foil was mounted on a rotating target system to
avoid burning by the beam [21]. A pair of AE-E (Si) detectors
was mounted in the production chamber to monitor recoil
protons. The "Be beam of energy 20.25 MeV was separated
at 0° using the recoil mass spectrometer HIRA (Heavy Ion
Reaction Analyzer) [22] operated in new ion optics mode [19].
(The energy chosen was constrained by the capacity of electric
dipoles of HIRA.) The intensity of the "Be beam was 10*
particles/s and the intrinsic energy spread caused by the energy

straggling in the production target was 0.5 MeV. The intrinsic
angular spread of the beam was £1°. The purity of the beam
was 99%.

The “Li target was prepared by evaporation of 'Li material
(99.9% pure) on a thin (10 pg/cm?) carbon backing. Special
care was taken in preparing the target as "Li is highly hygro-
scopic. An in-vacuum target transfer system was fabricated for
this purpose [23]. The thickness of the target was measured by
the energy loss of « particles from an 2*! Am source and was
found to be 628 pg/cm?. A CD2 (deuterated polypropylene)
target of thickness 1 mg/cm? was put on one slot of the target
ladder and this was used to measure the 'Be + d elastic
cross section during the same beam time. While evaporating
"Li on the carbon backing a mask was put in front of the
CD2 target. Despite this, some "Li got deposited on the CD2.
The thickness of the "Li deposited on CD2 was found to be
421 pg/cm?. This "Li target was later used to extract the data
for "Be + "Li elastic scattering at lower energy.

The scattering events were detected in a compact and
efficient AE(gas)-E(Si) telescope detector system [18,24] in
the secondary scattering chamber. This detector system was
designed to compensate for the low intensity of the "Be beam
and was operated in kinematic coincidence mode to eliminate
the effect of beam halo and other sources of contamination. As
shown in Fig. 1, the detector system consisted of two identical
position-sensitive Si annular detectors, Al and A2 (44 x 96 —
500). The front side of the annular detector had 16 rings
divided into four quadrants, which gave position (angular)
information. The back side of the annular detector was divided
into 16 sectors, which provided energy information. The first
detector (A1) was placed near the target, at a distance of 17 mm
(from the target). The other one (A2) was placed behind a gas
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ionization chamber (IC), at a distance of 66 mm from the
target. The IC consisted of three parallel grid electrodes with
9 mm separation between them and perpendicular to the beam
direction. The first and third grids were grounded, the middle
one was kept at positive potential. The angles covered by Al
and A2 were 6j,, = 54°-70° and 0j,, = 20°-36°, respectively,
and these were in kinematic coincidence mode for scattering of
the "Be + ’Li system. Detector A2 was also used for particle
identification as it formed a telescopic system with the IC.
The corresponding particle identification with A1 was possible
through kinematic coincidence.

A position-sensitive, large-area (50 mm x 50 mm) Si
detector (PSSD) was used to cover forward angles up to 20°.
A Ta beam stop of 8 mm diameter was placed in front of
the PSSD, in the center, which cast a shadow of 3° about the
beam direction on the PSSD and protected it from radiation
damage. The performance of the detector system for particle
identification and position readout was tested with « particles
as well as with a beam using the "Li 4 '>C system in an earlier
experiment [24]. A charge division technique was employed
for position readout of the annular detectors to minimize the
requirement of electronics.

The proper alignment of the detector system along with the
target with respect to the beam direction was very important
for the extraction of angular information. A special mechanical
arrangement was used to align the detector system. The
detector system and the target were aligned in the beam
direction using a theodolite. Since ’Li is highly hygroscopic
and could not be exposed to air, the target ladder associated
with the in-vacuum target transfer system was aligned before
evaporation and then doweled.

An experimental run was taken to verify the alignment
of the detector setup for kinematic coincidence using "Be +
d elastic scattering. In this run, forward-scattered 'Be ions
were detected in the PSSD alone while the recoiling deuterons
were detected in A1. It was found that counts in each quadrant
about the beam axis (as constructed in software) of PSSD were
equal when gated by deuteron events in A1, hence establishing
mutual axis alignment of the detector setup. From the shadow
cast by the Ta beam stop on the position spectrum of the PSSD
the alignment could be monitored on-line.

The magnetic and electric fields of the HIRA spectrometer
were tuned to center the 20.25-MeV ’Be beam on the Ta
stopper. This was monitored from the position spectrum of the
PSSD. A 5-mm-diameter collimator was put in front of the
target to cut down the beam halo and improve the intrinsic
angular spread. The target frame was set to 15 mm in diameter
to avoid scattering from the frame. Intermittent runs with
241Am as were also taken to check the consistency of the
detector resolution, electronic gain, etc. during the experiment.
The « source was mounted on a shaft attached to a linear drive
through one of the ports of the focal plane scattering chamber,
was put in the beam path when the o runs were taken, and
pulled out and kept behind a mask at other times. The pressure
of the isobutane gas in the ionization chamber was maintained
at 95 % 0.5 mbar throughout the experiment.

For normalization, a Si surface-barrier detector was
mounted on a precision linear drive near the "Li target position.
This detector was periodically brought on the beam axis to
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count the incident "Be particles. Recoil proton signals in
the monitor detector were also recorded in the event mode.
The ratio of recoil protons to 'Be counts was found to be
constant indicating that "Be trajectory remained undisturbed
throughout the experiment. Time-of-flight (TOF) spectrum
was generated using the timing signal from E(Si) detector
as the start and the RF (radio frequency) output signal of the
Pelletron beam pulsing system as the stop. This spectrum was
used for rejecting unwanted events during off-line analysis.
Conventional electronics were used for signal processing and
data acquisition was done through CAMAC with indigenous
software FREEDOM [25]. The off-line analysis was carried out
with CANDLE, a recent version of FREEDOM.

III. DATA ANALYSIS

The data analysis was done carefully with a TOF gate
and kinematic coincidence gate to eliminate unwanted back-
ground. The 7Li band forming at the two-dimensional spec-
trum of the IC-A2 corresponds to the "Be counts in the Al
detector. Measuring both these correlated events in the two
detectors makes the measurements more reliable. A Monte
Carlo simulation was also done to check the efficiency of the
kinematic coincidence between Al and A2 and it was found
that only the inner ring of the back annular detector recorded
less than 100% of the scattered and recoiled events. This is
because a few particles that were kinematically coincident
went beyond the coverage of the first annular detector.
The other rings detected the particles with 100% kinematic
coincidence efficiency. Since the inner ring of the back annular
detector detects the scattered “Be and the recoil "Li (which
corresponds to the scattered 'Be at 90°), the cross section will
increase slightly at the first and last measured angles of the
angular distribution of the scattered "Be.

For an experiment with radioactive ion beams (RIB),
because of the intrinsic spread of the beam in energy and
angle, the systematic error in the data is more than that with
a normal beam. In addition, the statistical error is also more
as the beam intensity and hence the reaction yield is low.
Moreover, to get the data of our interest in a reasonable period
of time we have used relatively thick ’Li target of thickness 628
ug/cm?, which also contributes toward energy and angular
spread. The uncertainty in target thickness determination is
4%. The uncertainty in beam current determination is also
about 4%. The uncertainty in solid angle determination is 8§%.
Total uncertainty is around 16%, but this may be more because
of the uncertainty in energy and angle.

IV. THEORETICAL FORMALISM

The theoretical framework adopted for the analysis is briefly
mentioned here. The details of the formalism can be found in
Ref. [26]. The optical model (OM) analysis was done with
an OM potential whose real and imaginary parts depend on
the isospin of the interacting nuclei. If two nuclei, A and B
with isospin +1/2 and —1/2 (mirror nuclei), respectively, are
allowed to interact, the final product may be from direct elastic
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scattering or from the charge-exchange reaction between
the two. For mirror nuclei such as "Be + ’Li, the charge-
exchange reaction basically happens between the valence
proton and the neutron, respectively. It resembles a (p, n)
reaction with the interacting nucleons bound to some nucleus
(core). If #, and T4 are the isospin of the projectile and the
target, respectively, there are two possible values of the total
isospinT : T, =Ty +t, Tupperstate)yand T, = Ty —t, (T
lower state).

The coupled equations formed explicitly for elastic and
charge-exchange channels are

d? Id+1 2 . 2
{ - ( )+ _'u [Ep - U[l)](r)]} = h_l;LUpn(r) i’}'(r)v

dr? r? n?

()
2
{% R U,;‘f<r>]} = LU 0
(2)
with
UJ(r) = aU(r) + BU-(r) + Vo (r)a’
+ Veou(Na, —1/2), 3
U,/ (r) = BU(r) + aU=(r) + Vso.(r)a”
+ Veou(Na — 1, 1/2), 4)
Upn(r) = Uyp(r) = (@B)(U>) — (Uo), (5
where
To+ N
- ((ZATA + f))’ ©
(Ta —Na+1)
SRRNCEST v
a’ =1/2[j(j + 1) =1 + 1) — 3/4]. 8)

Here, N4 is the Z component of isospin of the target. The
U.(r) and U_(r) are defined as

T

U.(r) = Uy (T-) f-(r) + ﬁwn)gqr), ©9)
T 1

U_(r) = Up(T2) f-(r) + %Ul(n)gm (10)

where fr(r) and g7 (r) are the radial form factors. Similar forms
of the potentials for the imaginary part are used. However,
|[W-| > |W.| according to isospin conservation. Again from
the symmetry energy and Pauli exclusion principle, |U.|>
|[U-|. Solving Eq. (3) one can get the charge-exchange
reaction cross section along with the elastic scattering
cross section. Since the final products are indistinguish-
able with respect to exit reaction channel, the total cross
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FIG. 2. (Color online) The experimental data and the elastic
calculation with Snoopy.

section for the final products is obtained by the coherent
addition of the scattering amplitudes from both channels;
that is,

f0,0) = fa0,¢) + feelm — 0,7 + &), an

where f(6, ¢) is the total scattering amplitude, f;(6, ¢) is the
direct elastic scattering amplitude, and f..(mr — 0, 7 + ¢) is
the charge-exchange scattering amplitude.

V. RESULTS AND DISCUSSION

A. Isospin-dependent potential

A fit to the experimental elastic cross sections was first
tried with the OM potential without isospin dependence with
the help of the OM code Snoopy [27]. The forward-angle data
were fitted well with this, but the code failed to fit the data
at backward angles (in c.m.). The backward-angle data were
higher than values from the theoretical calculation. Figure 2
shows the pure elastic calculation with Snoopy.

The isospin-dependent terms were then included in the
OM potential and both the forward- and backward-angle cross
sections were reasonably well fitted as shown in Fig. 3. The
best-fit OM parameters are given in Table I.

Here a spin-orbit term was also included with U, =
7.0MeV, rgo., = 1.211 fm, and a5, = 0.621 fm. However, the
spin term is not treated exactly here. The spin of "Be and ’Li
is 3/2, but in the analysis, spins were set to 1/2 because of the
limitation in the program. The effect of this on the cross-section
data is expected to be small. The initial parameters were
taken from Ref. [28], from the system ’Li 4+ "Li at 17 MeV.
In Fig. 4 the dashed double-dotted curve is for charge exchange

TABLE I. The best-fit OM parameters obtained in the isospin coupled approach. (In W, d

stands for surface potential.)

Uy

ro

ap

Wd <

Wa-

Ty

Ay

U,

r

a

110

1.211

0.621

47.0

14.0

1.402

0.219

30.0

1.211

0.621

044602-4



INVESTIGATION OF SCATTERING BETWEEN MIRROR . . .

10 - T - T '

— total el+ce
« expt data
4 r=cee DR
10 clastic in absence of ce.

dG/dQ (mbf/sr)

0o 50 100 150
Ocm. (deg)

FIG. 3. (Color online) The experimental angular distribution
data (filled circles) and isospin coupled (solid curve) and isospin
noncoupled (dashed curve) theoretical fits. The dashed double-dotted
curve is the charge-exchange contribution in the isospin coupled
analysis.

and the solid line is the total (elastic plus charge exchange)
cross section. The dashed curve is the elastic scattering cross
section in the absence of charge exchange.

In Fig. 4, the normalized cross section in terms of ratio
to Rutherford cross section is shown for both at E., =
9.87 and 8.87 MeV. Here solid curves are from the isospin
coupled calculation and the dashed curves are from the
nonisospin coupled calculation. At E ;,,, = 8.87 MeV, the data
at backward angles were well fitted, but not at the forward
angles.

However, the inelastic channel, which is also open at this
energy, has not been taken into consideration. The first excited
state of "Be is at 0.429 MeV and that of "Li is at 0.477 MeV.
The beam energy spread and the energy straggling in the
target itself are greater than these values. A coupled-channel
calculation with elastic, inelastic, and charge exchange should
be done to determine the actual contribution from the coupling

4 ; : : ; : :
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2
1= =1
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2 24 su |m 1iu
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FIG. 4. (Color online) Comparison of the experimental data of
"Be + "Li at E.,, = 9.87 and 8.87 MeV and the theoretical fitting
with isospin-dependent and isospin-independent OM potentials. The
solid curves obtained are from the isospin coupled approach and the
dashed curves are obtained from the isospin-independent potentials.
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FIG. 5. (Color online) Experimental angular distributions of
"Be 4+ "Liat E.,, = 9.87 and 8.87 MeV.

of the channels. Moreover, as both "Be and "Li have high
breakup probability, with breakup thresholds of 1.47 and
2.47 MeV, respectively, breakup channels should also be taken
into account in coupled-channel formalism. At present, such a
calculation is beyond the scope of this work.

Another interesting result was obtained at E.p =
8.87 MeV. The behavior of the experimental data at the
backward angle is similar to that at E., = 9.87 MeV, but at
forward angles of around 50° in the c.m. there is a well-defined
peak (Fig. 5). At E.,, = 9.87 MeV also, around this angle,
there is an indication of a broad peak, which is not as clear as
that at E. ,, = 8.87 MeV.

Unfortunately, no data could be taken at lower energies
because of limited beam time to confirm whether or not the
peak is due to resonance scattering.

B. Ground-state reorientation

Since "Be and "Li both have large quadrupole moments,
a coupled-channel calculation with ground-state reorientation

10 7
Be +7Li at Be.m =9.87 MeV
E 104_ I\\"\ -
= ® expt. point
E 5 ecis calculation with ground state reorientation
107~ |
C
o ~
% 102_ W -._\I
\
10’ \yos, = s L
® \ FNE P . B A |
; e / N L] L
10 i e
\of \
'-_._.-’ ) ,
0 50 100 150
er..m. (deg)

FIG. 6. (Color online) Experimental angular distribution of
"Be +'Li at E.,, =9.87 MeV and a theoretical fit with couple
channels calculation (ECIS).

044602-5



S. BARUA et al.

was also performed with the code ECIS [29]. The deformation
parameter of ’Li is taken as 0.50 [30]. With slight variation
of OM parameter data, both regions could be fitted well, as
shown in Fig. 6. r, was changed to 1.311 fm from 1.211 fm
and W, was changed to 24.5 MeV from 30.5 MeV.

VI. CONCLUSION

In this paper, we have reported the measurement of angular
distribution of "Be + ’Li. The experimental difficulties
encountered in the study of mirror nuclei ("Be + ’Li)
scattering with a radioactive ’Be beam have been described and
remedial steps were taken are briefly stated. The experiment
was designed to perform the measurement as cleanly as
possible. However, because it involves a radioactive ion beam
systematic and statistical errors are much greater than the
corresponding ones with a stable beam. The experiment was
done at E., = 8.87 and 9.87 MeV. In the evaluation of
the elastic data, the kinematic coincidence and the TOF
condition helped effectively to remove irrelevant data. The
elastic scattering angular distribution for "Be + 7Li shows
a behavior different from that of an asymmetric system. The
angular distribution rises higher at backward angles (c.m.) than
predicted for any direct elastic cross section. The increase
in cross sections at backward angles is thought to be due
to contributions from charge exchange along with the direct
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elastic process. Data-fitting with isospin-dependent real and
imaginary potentials, similar to the Lane potential [31], is able
to explain this behavior the angular distribution at backward
angles. The Lane potential also implies the presence of a
charge-exchange reaction. Assuming that charge exchange is a
perturbation in the dominating elastic cross section allows one
to solve the coupled equation for elastic and charge exchange
to get the fitting. The code used for analysis was the modified
TWAVE code originally written by S. Cotanch [26,32].

A coupled-channel calculation with ground-state reorienta-
tion could also fit the data well.

Another unusual result was obtained for E.,, = 8.87 MeV.
A well-defined peak was observed in the forward angle data.
Because of lack of data for the "Be + "Li system in this energy
region, the origin of the peak could not be interpreted.
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