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Abstract

A study of the reaction *8Ca(*°Ne,'°Ne n) at 48 A.MeV has been performed
at the GANIL facility. The inclusive excitation spectrum above 12 MeV exci-
tation is dominated by a broad structureless bump. Calculations performed
in the framework of the Bonaccorso-Brink model predict that the absorption
process (transfer+inelastic breakup) dominates over the elastic breakup pro-
cess. Comparison of the neutron multiplicity calculated in a statistical model
with the measured one confirms a significant contribution of the direct pro-
cesses (elastic and inelastic breakup). The neutron yield to the ground state
of the 48Ca is maximal in the forward direction. Comparisons with calculated
neutron angular distributions show the effect of the final state interaction.

I. INTRODUCTION

In inclusive spectra of transfer reactions at intermediate energies broad structures appear
at high excitation energies embedded in a large structureless background due either to the
excitation of non-resonant states or to the contribution of direct processes such as elastic
breakup (EBU) or inelastic breakup (IBU). The giant states correspond to excitation of high-
spin single particle states far from the Fermi sea [1-3]. The extraction of data on such states
is hampered by the underlying background which is usually subtracted empirically. Thus a
better understanding of the role played by different processes could make this background
subtraction more realistic and might lead to a better understanding of the damping of high-
lying excitation in nuclei.

The “8Ca(*°Ne,!°Ne n) reaction, at 48 A.MeV, has been studied at the GANIL facility.
In inclusive experiments, the transfer and the breakup processes cannot be disentangled,
but in exclusive experiments, both the measurement of the neutron energy and angular
distributions should allow us to distinguish them. Breakup neutrons are expected to be
forward peaked in the laboratory frame while the decay neutrons from the transfer reaction
exhibit a backward/forward symmetry with respect to the recoil direction. Thus coincidence
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measurements with backward emitted particles select the target excitations and correspond
to the transfer processes.

Bonaccorso and Brink (B-B) [4,5] have developed a unified model for the one neutron
transfer to the continuum in heavy ion reactions. The model treats, in a similar framework,
both the absorption into unbound states of the target and the breakup of the projectile in
the field of the target nucleus. The difference between the two processes results from the
final-state interaction. In the latter case there is no interaction in the final-state. This is
the elastic breakup (EBU), or shape elastic breakup in optical model terminology. In the
former case, the neutron is absorbed by the target nucleus field. In the B-B model the final-
state interaction of the neutron with the target is represented by an optical potential. The
absorption can result either in the formation of a compound state (transfer) or in inelastic
breakup (IBU) which corresponds to the direct part of the neutron-target optical model
absorption. The optical model cannot disentangle the transfer from the IBU in the inclusive
cross section calculation while the exclusive experiment does.

However, Bonaccorso and Brink [6] have derived an approximate estimate of the con-
tribution of the IBU to the absorption. They generalize the result obtained for the elastic
breakup to the case where the target is excited from the ground state to some final excited
state. Assuming that in the final-state interaction, inelastic scattering is a surface effect due
mainly to the shape oscillation of the target, they show that the contribution of absorption
is limited to a region of space where the surface of the target potential overlaps with the
initial state wave function. The complete calculation of the IBU includes the contributions
to all the excited states of the target. Nevertheless, they have shown that the sum over all
the excited states can be replaced by the imaginary part of the phenomenological optical
potential. Using the result of this calculation, the transfer cross section can be extracted
from the absorption cross section.

The relative magnitude of the different processes depends strongly on the conditions of
the reaction. Single particle state excitations are favoured by the existence of relatively sharp
single particle states with appropriate angular momentum matching conditions. On the
other hand, the breakup process is favoured by low neutron binding energy in the projectile.
In the case of the *8Ca(?°Ne,'°Ne n) reaction the neutron binding energy is quite large in
20Ne (S,=16.87 MeV) and the breakup should not be favoured. However, calculations of
reference [7] predict that single particle states are relatively weakly excited at 48 A.MeV
and are spread over quite a large energy range (figure 1).

II. EXPERIMENTAL SET-UP

The experiment was performed at the GANIL facility by bombarding a lmg/cm?® **Ca
target with a 48 A.MeV **Ne beam. The 19Ne ejectiles were measured in the focal plane of
the SPEG spectrometer [9] in coincidence with neutrons detected in the multidetector array
EDEN [10]. SPEG was set at 2.5° from the beam and the detected ejectile angles ranged
from 0.5° to 4.5°. Unambiguous identification of 'Ne'®* was obtained from the Bp, the
time of flight and the energy loss measurements. The energy resolution for the '?Ne ejectiles
was about 800 keV.

The neutrons were detected in the 40 elements of the multidetector array positioned at
1.75 meters from the target and covering the in-plane angular range [75°— 160°, -130°—



-150°, -65°— -95°] and the out-of-plane domain of [-9°— 9°]. Positive in-plane angles refer to
the same side of the beam as the ejectile. In the following, the detectors in the [75°— 1607]
angular range will be referred as "backward detectors” since they are set at angles larger
than 90° with respect to the “°Ca recoil direction. The neutron energies were obtained by
a time of flight measurement. The liquid scintillator of the EDEN detectors allowed the
neutron/gamma-ray pulse shape discrimination.

A Germanium ~-ray detector was set at 55° from the beam and at 25 cm from the target.
The efficiency of this detector for 1.33 MeV v-ray was 80% of a 3”x3” Nal crystal.

III. EXPERIMENTAL RESULTS

Figure 2a displays the *°Ca inclusive spectrum from the 48Ca(?°Ne,'"Ne) reaction. It is
worth noting that for the breakup process the “excitation energy” just means the energy
available in the center of mass of the **Ca+n frame. The detailed analysis of the low
excitation energy data being beyond the scope of this paper, only the main features of this
part of the excitation energy spectrum are presented. The strong peak (labeled 2) at 4 MeV
corresponds to the excitation of the 3.99 MeV (1f5/;) and 4.01 MeV (1gg/;) states which are
strongly excited in the “®Ca(d,p) reaction at 56 MeV [11]. The peak around 6.8 MeV (4)
corresponds to the excitation of (1go/;) states [11]. The peak (3) at 5.5 MeV corresponds to
the transfer of a (1ds/;) neutron from 2°Ne to the (1f5/2,1g0/2) states at 4 MeV in “*Ca. This
has been confirmed by the Germanium detector data which exhibit a Doppler broadened
and shifted gamma peak corresponding to the 1.30 MeV transition of the 1.54 MeV (3/2%)
state to the 0.24 MeV (5/2%) state in '°Ne.

The contribution of the 2°Ne (1d3/;) orbital to the transfer to the 4 and 6.8 MeV states
in °Ca has been estimated. For the 4 MeV states the comparison of the intensities in the
inclusive spectrum of the 4 MeV and 5.5 MeV peaks give a 10+1% contribution. For the
6.8 MeV states the contribution has been extracted from the exclusive data. Final energy
spectra are defined as follows: for each coincident event the final energy, Ey, is calculated
according to the expression

Mg, + M,

E, = E, — E,
d Mg,

— Sa (1)
where E, is the 4°Ca excitation energy, E, the neutron energy in the **Ca center of mass
frame and S, the separation energy of the neutron in **Ca, Misc, and M, are the masses
of the 8Ca and neutron respectively. The data are corrected for the neutron efficiency. An
energy bin around E;=0 defines the transfer from the (1sy/2, 1ds/> and 1p, /2) unresolved
orbitals in 2°Ne. An energy bin around E;=1.5 MeV defines the transfer from the (1ds/2)
orbital in 2°Ne. By summing the peak at 6.8 MeV in coincidence with the E;=0 bin and the
8.3 MeV peak in coincidence with the E;=1.5 MeV bin, a contribution of 21.7+1% from the
(d3/;) orbital was obtained. Using the same method we have calculated, in the 8-11 MeV
excitation range, the (dz/;) contribution which amounts to 24+1% . The peak (6) around
11.4 MeV has not been previously identified.

Above 12 MeV excitation energy in “°Ca the spectrum is dominated by a broad and
structureless bump. The shape of this spectrum is reasonably well reproduced (continuous



line) by the Bonaccorso-Brink (B-B) model [7]. The calculated cross section has been nor-
malized to the experimental data in the high excitation energy region. In the 16-30 MeV
excitation energy range the calculation underestimates the cross section by about 10 to 15%.
The calculation predicts that the reaction is dominated by the absorption process (dashed
line).

The figure 2b shows the exclusive spectrum corresponding to the backward detectors and
corrected for neutron efficiencies. A broad structure shows up around 20 MeV excitation
energy. This is the excitation energy range where the L=5, 1hyq/,, single particle state
dominates, according to the results of the B-B calculation (Fig. 1). However, this excitation
energy region corresponds to an increase in the mean neutron multiplicity (see section III-
B), thus it is more likely that this bump is due to the opening of the two-neutron threshold
at about 15.1 MeV excitation energy.

The final energy spectrum (Fig. 3), corresponding to the backward detectors, shows a
strong decay component to the ground state. The peak around 5 MeV corresponds to the
decay of states in “°Ca to the 3~ states at 4.51 and 5.37 MeV and a 5~ state at 5.73 MeV in
48(a. The attribution to the 3~ final states is supported by the observation in the Germa-
nium detector of a 673 keV y-ray corresponding to the transition 4506 keV—3832 keV(2+)
and of a 1538 keV v-ray corresponding to the transition 5369 keV—3832 keV(2+) [12]. For
the 5~ states the primary transitions are not observed and the attribution is a conjecture
based on angular momentum considerations and on the statistical model calculations (see
later). For excitations energies higher than the two-neutron emission threshold ( S,,=15.09
MeV) and for final energies higher than S,, Ey is no longer the actual **Ca final energy
since we do not know which one of the two emitted neutrons was detected.

A. Angular Correlations

The neutron angular correlations have been measured in the center of mass of the ¥®Ca+n
frame. The measured angular correlation function corresponding to an excitation energy bin

AE, and a final energy bin AEy is:

N M(6cm)

W(bor) = N Rajan 2)

where N°M is the measured number of neutrons corrected event by event for the detection
efficiency and for the ratio of the cross section in the center of mass to the cross section
in the laboratory frame, N, is the number of single events corresponding to the excitation
energy bin AE, and Af} the solid angle of the neutron detector(s). Figure 4 shows some
examples of angular correlations corresponding to the decay to the ground state of **Ca for
different excitation energy ranges. At low excitation energies, the angular correlations are
symmetric with respect to 90° as expected for the decay of resonant states populated by
a transfer process. At higher energies, the increase of the cross section at forward angles
indicates the contribution of direct processes, e.g. elastic breakup or inelastic breakup.
Figure 5 shows some angular correlations at different excitation energies in **Ca for neutrons
corresponding to the "statistical bump” above 7.5 MeV in the final energy spectrum . The
angular correlations as expected for statistical decay are almost isotropic except for a slight
increase of the cross section at forward angles.
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By fitting the correlation function of equation (2) with a Legendre polynomial series the
neutron branching ratio (or the mean neutron multiplicity) can be extracted:

W(HCM) = MnZaiPi(cos GCM) (3)

where M, is the neutron multiplicity or the branching ratio in the case of neutron transitions
to bound states in *®Ca. Figure 6 shows the neutron branching ratios for the decay to
the 8Ca ground state and the excited states around 5 MeV. These branching ratios are
calculated using the data from the backward detectors only (diamonds) and correspond to
the M, coeflicient defined by Eq. (2) and (3). Figure 6b shows that the greater part of
the transition to the 5 MeV group is due to the decay of excited states between 10 and 15
MeV in “°Ca. In figure 6c the branching ratio for the sum of the ground state and the 5
MeV excitation group is plotted. In the figures the histograms represent the result of the
statistical model (CASCADE) calculation.

While the branching ratio for E; <7.5 MeV is fairly well reproduced by the calculation
up to E,=18 MeV , at higher energy a non-statistical component shows up. Between 12 and
20 MeV, the ground state branching ratio is in between 18% and 6%, which is much larger
than the CASCADE predictions and indicates a quite large direct component. In figure 6
the crosses represent the yield of the ground state transition measured in the detectors set
between 71° and 80° with respect to the beam direction and on the opposite side to the
ejectile (G4 on Fig. 7). For these forward detectors, the direct component is greater than
10% of the total neutron yield, for excitation energies up to 34 MeV.

In figure 7 are shown the final energy spectra for an excitation energy range between 15
and 40 MeV in *°Ca, corresponding to 4 different detector groups with equal solid angles,
the angular positions of which are sketched on the left hand side of the figure. For the G4
group, the closest to the recoil direction, a strong ground state component shows up while
the spectra are more isotropic for higher final energy states.

By gating on different final energy bins, excitation energy spectra have been built (Fig.
8). For the forward detectors (G4) , the ground state contribution expands up to about 40
MeV excitation energy (figure 8a) while it is restricted to a few MeV for the backward de-
tectors (G1) (figure 8b). Similar spectra, gated on final-energy bins under the two-neutrons
threshold, are shown in figures 8c-f. For the G1 detector,s after the ”peak” corresponding to
the opening of the channel to the final-energy states under consideration, the cross section
is almost negligible. These "peaks” correspond to the emission of statistical low energy
neutrons. As for the ground state transition, but to a lesser extent, there is a significant
contribution of fast energy neutrons in the G4 detectors. This is shown in Fig. 9 where the
ratio of the neutron yield in the G4 group to the one in the backward detectors is plotted
versus the neutron energy.

The asymetrical angular behaviour is emphasized in Fig. 10 where the ratio of the counts
in the G1 detectors to the counts in the G4 detectors are displayed for two different final-
energy ranges in ‘Ca. While the ratio for the ”statistical” part of the final-energy spectrum
stands around 0.7 over the whole excitation energy range, it decreases from 1 to less than
0.1 for the "ground state” transtion. Thus for the ground state transition it appears that
the EBU process contributes strongly to the neutron spectra in the forward direction, even
at angles as large as 70-80° in the laboratory frame.



The neutron angular distributions have been calculated [8] for the elastic breakup using
the plane wave approximation for the final wave function of the neutron (continuous line
in figure 11). The diamonds in figure 11 represent the experimental results for the angular
distribution of "ground state” neutrons detected in the G4 detectors. These points are
calculated according to the expression:

AN,, 1
AQ N, (4)

Y (o )es» =

where AN,, is the number of ”ground state” neutrons detected in coincidence with 19Ne
corresponding to a defined excitation energy range in **Ca and corrected event by event
for the detection efficiency. To keep only the contribution of the EBU, the counts in the
detectors symetrical to the G4 detectors with respect to 90° have been subtracted. This
correction is about 50% for E;=14 MeV, but only between 15-20% for the higher excitation
energies. N, is the number of singles in the same excitation bite.

The sum of Eq. (4) over the total solid angle is equal to the —9— ratio. N, is the
number of neutrons emitted in 47 sr. Since the contribution of the absorptlon process has
been removed, N, is the number of neutrons from the elastic breakup. As the neutron
multiplicity for the elastic breakup is one and N, is proportional to the sum of the elastic
breakup cross section and the absorption cross section then

My, oEBU
Ms Tincl

where oggy and i, are the elastic breakup cross section and the inclusive cross section
respectively.

To be consistent with the definition of the experimental angular distribution in equation
(4,) the calculated angular distribution has been normalized to the ratio of the calculated
EBU cross section over the calculated inclusive cross section:

/ Y (6}u)EBUdQ = ZEBU

Oincl

The calculated angular distribution is maximal in the beam direction and drops dramatically
beyond 20°. The calculated angular distributions are much steeper than the measured ones.
In the calculation there is no final-state interaction e.g. no distortion of the neutron wave by

the target. That might be an explanation of the discrepancy with the experimental angular
distribution.

B. Neutron Multiplicity

The mean neutron multiplicity has been extracted from the fit to angular distributions
(equations 2,3), using the backward angles only. If the excitation process was the transfer
one, then it would give the actual mean neutron multiplicity. The neutron multiplicity is
displayed (crossed bars) in figure 12a for excitation energies up to 50 MeV. On the same figure
the multiplicity calculated in the framework of the statistical model using the CASCADE
code is displayed. The cascade calculation has been performed using the same distribution




of partial cross section o, as calculated in the B-B model. Actually the multiplicity is not
very sensitive to the L distribution in the compound nucleus. The large discrepancy between
the measured and the calculated values implies that in the inclusive cross section (N, factor
in equation [2]) a large fraction arises from processes for which no corresponding neutron
is detected at backward angles (EBU or IBU). In equation (2) N, is proportional to the
inclusive cross section {oinc) 1.e. to the sum of the transfer cross section (0trans) plus the
BU (elastic and inelastic) cross section (ob,). Thus the measured multiplicity is

M, ==
Tincl
while the one calculated by CASCADE is
M ="
Otrans

If we assume that the backward neutrons only arise from the transfer process and that the
calculated multiplicity corresponds to the actual multiplicity for the transfer, then the ratio
of the measured multiplicity to the calculated ome is just the ratio of the transfer cross
section over the inclusive cross section

Mn Otrans

= (5)

Cincl

The ratio on the left hand side of Eq. 5 is plotted on Fig. 12b. The ratio on the right hand
side of Eq. 5 can be extracted from the B-B model. The transfer cross section is not calcu-
lated directly in the optical model. It is deduced from the difference between the absorption
cross section and the IBU cross section calculated as indicated in the references [6,8]. In the
approximate calculation of the IBU, the exact sum over the different intermediate-states is
replaced by the imaginary part of the optical potential [6]. In Fig. 12b, the two different
curves represent two different assumptions. The dashed line is just the ratio of the absorp-
tion cross section over the inclusive one, and represents the extreme and unrealistic case
of negligible IBU cross section. The solid line corresponds to the transfer cross section as
deduced from the calculated IBU cross section. The calculation overestimates the transfer
cross section by about 15 to 30%.

IV. CONCLUSION

The “8Ca(*°Ne,'°Ne n) reaction has been studied at 48 A.MeV. At excitation energies
above 12 MeV the inclusive excitation spectrum is dominated by a structureless bump. The
B-B model predicts that the absorption is the dominant process and reproduces fairly well
the experimental spectrum.

The measured mean neutron multiplicity accounts for about 67% to 45% of the multi-
plicity calculated within a stastistical model (CASCADE), for excitation energies ranging
from 15 MeV to 50 MeV respectively. It implies that only roughly 50% of the inclusive cross
section comes from the transfer process. Comparison with the B-B model shows that the

model overestimates the contribution of the transfer to the inclusive cross section by about
15 to 30%.




The neutron branching ratios for the “°Ca*—*Ca(GS) transitions extracted using the
data of the backward detectors and compared to the statistical calculation, indicate a sizable
direct component. For the forward neutron detectors this component is even stronger (more
than 10% over a wide excitation range). This is another argument for the large contribution
of direct process like EBU.

Finally the neutron angular distributions calculated in the B-B model framework for the
elastic breakup are much steeper than the experimental ones. It is probably because of the
lack of final-state interaction in the calculation of the neutron angular distribution.
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FIGURES

FIG. 1. Transfer cross section to states of different angular momentum in the
48Ca(2°Ne,!?Ne)*°Ca reaction at 48 A.MeV (reference [7]). The labels in the figure correspond
to the transfered orbital angular momentum. For each energy the sum over L is normalized to the
unity.

FIG. 2. Excitation spectra in the 48Ca(?°Ne,!°Ne)*?Ca reaction at 48 A.MeV. a) Inclusive
spectrum. b) Neutron coincident spectrum corrected for the neutron efficiencies and summed over
the backward detectors (see text).

FIG. 3. *8Ca final energy spectrum, corrected for the neutron efficiencies and corresponding to
the backward detectors.

FIG. 4. Angular correlations in the frame of the 48Ca+n system for neutron transitions to the
480a
G.S-

FIG. 5. Same as figure 4 for final energies E; >7.5 MeV.

FIG. 6. Neutron branching ratio. a) to the ground state of 48Ca. b) to excited states around
5 MeV. c) sum a)+b). Diamonds: experimental data from the backward detectors. Crosses:
experimental data from forward detectors.

FIG. 7. Final energy spectra for different detector groups. The angular position of the groups
are sketched on the left hand side of the figure. The corresponding 49Ca excitation energy range
is 15-40 MeV.

FIG. 8. Excitation energy spectra in coincidence with neutrons and gated on different fi-
nal-energy bins.

FIG. 9. Ratio of neutron yield in G1 detectors to the yield in G4 detectors. a) 8Ca final energy
> 7.5 MeV. b) ground state transition.

FIG. 10. (Forward detectors)/(backward detectors) neutron yield ratio versus the neutron en-
ergies.

FIG. 11. Angular distribution in the laboratory frame for neutron transitions to the *®Ca
ground state (see text).
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FIG. 12. a) Mean neutron multiplicity versus excitation energy in “°Ca. Continuous line,
statistical model prediction. Crosses, experimental results using the data of the backward detectors.
b) Crosses: ratio of the measured multiplicity to the multiplicity calculated in the statistical model.
The dashed and solid lines are the ratio of the transfer cross section to the inclusive cross section as
calculated in the B-B model. The dashed line corresponds to the extreme hypothesis of a transfer
cross section equal to the absorption cross section (no IBU). The solid line corresponds to the
transfer cross section deduced from the IBU cross section calculated in the B-B model (see text)
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