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Elastic scattering ' B('"N, ' N)' B angular distributions were measured at four bombarding ener-

gies: 38.1, 42.0, 46.0, and 50.0 MeV. By detecting the recoiling target nuclei complete angular dis-

tributions ranging from 0, =14' to 176' were obtained. Normalized cross sections, o/o. & were

found to be larger than 0.1 for angles greater than 160'. The anomalous behavior at the backward
angles is interpreted as partially due to an elastic a-transfer process. The deduced spectroscopic
factor for the configuration of an alpha particle coupled to a ' B core in the ' N ground state is

S4 ——0.65+0. 10. The compound elastic contribution is about 20% of the calculated transfer cross
section at 0= 176' and accounts for 3% of the experimental cross section at this angle.

I. INTRODUCTION

Enhancement of the elastic scattering cross section at
backward angles has previously been observed in systems
where both projectile and target nuclei belong to the 1p
and/or s-d shells. ' This effect has been found to be
more pronounced when the mass difFerence between tar-
get and projectile is small (one or two nucleons) or when
both nuclei are an integer multiple of an alpha particle,
e.g., ' C or ' O. Pronounced structures in both angular
distribution and excitation functions, for example, have
been measured in systems such as ' 0+ Si (Ref. 1) and
' 0+' 0 (Ref. 2). Traditional optical model calculations
have failed to reproduce the experimental data unless un-
physical optical model parameters are introduced, but in
several cases, ' the observed structures in the cross sec-
tion curves could be reproduced by the inclusion of single
nucleon or cluster transfer amplitudes in the total scatter-
ing amplitude.

Exchange of nucleons or alpha particles between the
scattering partners has been found to play a major role in
many cases, especially if two na-type nuclei are present.
The back-angle elastic cross section for ' 0+' 0 and
' 0+ ' C, for instance, has been attributed to a neutron
and an alpha-particle exchange, respectively. In general,
the observation of backward angle elastic cross section
enhancement is favored for 1p-shell systems if the projec-
tile and target nuclei exhibit large spectroscopic ampli-
tudes for cluster or single nucleon configurations. How-
ever, such enhancement is also observed in other cases
such as ' C+' F (Ref. 4) and ' B+' 0 (Ref. 6), where the
mass asymmetry is larger than an a particle. In these
cases mechanisms different from nucleon or cluster ex-
change could be involved.

To investigate the presence of such phenomena for
non-na nuclei and mass differences larger than one or

two nucleons, the elastic scattering of ' N by ' B was
studied. Neither nucleus has an na structure, although it
is known that the spectroscopic amplitude for ' N in its
ground state, described as a core of ' B coupled to an a
particle, is quite large. Alpha-transfer experiments ' and
theoretical results have shown a spectroscopic amplitude
for the ' N ground state comparable to most n a nuclei in
the lp shell, e.g., ' C + a. The excitation function for the
elastic scattering at 8, m

=172' for the ' B+' N reaction
has been previously investigated by Marquardt and colla-
borators. ' The results derived from their study show the
presence of broad structures as compared to other cases
such as ' 0+ Si. Furthermore, resonancelike struc-
tures have been observed in the excitation functions of
the B( N C) C and C( C, B) N reactions
These resonances were tentatively assigned as being
molecular rotational states of Mg formed in an inter-
mediate step of the reaction.

The bombarding energies chosen for the present exper-
iment were based on the results of the above-mentioned
reactions. The lower two, 38.1 and 42.0 MeV, were
chosen to be on the excitation function structure tenta-
tively associated' with a J"=16+ state in Mg. The
other two bombarding energies, 46.0 and 50.0 MeV, were
chosen to be out of any other "resonance" peak.

In Sec. II we present the experimental techniques em-
ployed to obtain a complete angular distribution from
0, =16' up to 0, =176. In Sec. III we describe the
analysis of the experimental data. The discussion of our
results and some of the conclusions obtained are present-
ed in Sec. IV.

II. EXPERIMENTAI. METHODS

Beams of ' N ions produced by the electrostatic ac-
celerator at the University of Sao Paulo were used to
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bombard thin self-supported ' B (=50 JMg/cm ) targets.
The targets were surrounded by a cryogenic trap (77 K)
and the vacuum in the scattering chamber was kept
around 1&(10 Torr in order to avoid significant carbon
buildup.

In order to determine a complete angular distribution
from t9, =16' up to 0, =176', two different experi-
mental arrangements were used. In both cases, the cross
sections at backward angles (8, &100') were deter-
mined by detecting the recoiling target nuclei at forward
angles. To detect the reaction products corresponding to
intermediate angles, 60'&0, &120', a 60 cm diameter
scattering chamber was used. A bE(18 pm)-E(100 JMm)

silicon telescope, mounted in the chamber, allowed the
detection and identification of ions of ' N, elastically
scattered from the target, as well as the recoiling ' B nu-
clei and other reaction products.

For the detection of particles at forward angles
(8«b & 25') an Enge split-pole magnetic spectrograph was
employed. Two diferent gas-filled position-sensitive
detectors were used to detect the particles in the focal
plane of the instrument. The first detector, ' a drift
chamber with a delay line readout, was employed to ob-
tain the data for E& b =38.1 and 42.0 MeV bombarding
energies. The second detector, ' a hybrid E b,E-
position-sensitive detector, with a delay line readout, be-
came available later and was mainly used to extract data
for E&,b ——46.0 and 50 MeV bombarding energies.

The magnetic spectrograph setup could be used to
detect the elastic scattered particles down to O~,b

——7' due
to the instrument resolving power. The magnetic spec-
trograph was also employed to detect the recoiling target
nuclei. In this case, the detectors were covered with
aluminum absorbers of thicknesses chosen so as to avoid
the intense elastic flux and to allow for the detection of
recoiling ' B ions at forward angles. Typical experimen-
tal spectra obtained with the magnetic spectrograph are
shown in Figs. 1(a) and 1(b) for ' N and ' B detected at
forward angles, respectively. The spectrum in Fig. 1(a)
shows, among other characteristics, a low yield for ions
scattered from both "Band ' C contaminants. The posi-
tion resolution for ions scattered off ' B is typically 2.5
mm which corresponds to an energy resolution of ap-
proximately 140 keV. Such resolution allowed for a clear
identification of the several peaks in the spectrum. Simi-
larly, the recoil spectrum in Fig. 1(b) shows a clear sepa-
ration between different reaction products. The energy
resolution for recoiling ions is about 250 keV, mostly due
to multiple scattering in the aluminum absorber. Carbon
groups from the reaction ' B(' N, ' C)' C are indicated in
the spectrum of Fig. 1(b).

In both experimental setups two silicon detectors
symmetrically placed at fixed angles with respect to the
beam direction allowed the normalization of the cross
sections and the monitoring of the beam direction. A
Faraday cup was also used to integrate the total incident
current on target. The data at each angle were normal-
ized with respect to the monitor counts, and quantities
proportional to o. /oz were derived. Proper solid angle
corrections were applied to the data obtained by detect-
ing ' 8 ions in recoil. The experimental points obtained

with the magnetic spectrograph were also corrected for
the ion charge state by using experimental charge distri-
butions measured at frequent intervals during the data
taking periods. The data from different experimental set-
ups were normalized with respect to each other at a
minimum of five different angles. The quantities propor-
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FIG. 1. (a) Spectrum of ' N ions scattered by a ' B target as
observed in a position-sensitive detector at the focal plane of an

Enge split-pole magnetic spectrograph. Two ' N charge states,

q =7 and 6, are present. Ions scattered from contaminants are
also seen. Resolution for the peak labeled ' B is approximately
140 keV. The group labeled ' 'Au corresponds to scattering
from a thin gold layer in the target and is considerably
broadened due to being focused at a focal plane different from
the light target nuclei. The ' Au peak for the charge state 6+
falls out of the limits of the detection system. (b) Typical spec-
trum for the recoil of ' B at forward angles. The peak corre-
sponding to the recoiling target nuclei in its ground state is indi-
cated. A peak that corresponds to the projectile excitation (3.95
MeV) is also indicated. The energy resolution for the ' B peaks
is typically 250 keV. The carbon peaks originate from the reac-
tion 10B(14N 12C )12C
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TABLE I. Optical model parameters from fits to elastic scattering excitation functions at
0, =48.6' and 74.4'. The parameters are from Ref. 11.

(MeV)

28.85
14.41

a

(fm)

1.29
1.39

a
(fm)

0.56
0.54

Wo
(MeV)

13.13
17.80

Wi
(MeV)

0.74
0.63

(fm)

1.34
1.34

a
(fm)

0.30
0.32

Rc
(fm)

6.16
6.36

'The radii are calculated as R& &
——rg I( Az + Ap ) where Ap and A& are the projectile and target

mass numbers, respectively.
The depth of the imaginary potential is calculated by Wq ——Wo+ W, E,

tional to cr/oz were then normalized at forward angles
(8, & 60') to optical model predictions, using the
energy-dependent parameters of Hoppe and collabora-
tors" listed in Table I. The overall uncertainty associat-
ed with each experimental point varies from 10% to
17%%uo, depending on the number of counts in the elastic
peak at each angle.
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III. RESULTS AND DATA ANALYSIS

A. Results

The experimental angular distributions for the four
bombarding energies are shown in Fig. 2. The overall
shape of the angular distributions resembles the behavior
observed for other systems' that exhibit back-angle
cross section enhancement. The angular period of the
strong oscillating structure at forward angles decreases as
the bombarding energy is increased. As suggested by the
diffraction model, ' the angular period (b8) of oscillation
is related to the grazing angular momentum I for the
scattering by 68=m/ls. The structures present at inter-
mediate angles are characteristic of each bombarding en-
ergy, and although an interferencelike pattern is ob-
served, these structures are not as pronounced as in other
1p systems. ' At larger angles, a rise in the cross section
for all energies is observed with rr/crt &0. 1 for 8& 160'.
The structure present in this region also exhibits a depen-
dence on bombarding energy. The oscillations, however,
are characterized by a larger angular period, thus sug-
gesting a reaction mechanism originating from partial
waves with l & I in the collision.

In the angular region between 140' and 160', a local
maximum is present in all angular distributions. The po-
sition of this maxirnurn moves towards larger angles as
the bombarding energy is increased, but the overall shape
and intensity of the angular distribution at these back-
ward angles for the four bombarding energies are very
similar. This is consistent with the observation that the
strong resonancelike structures seen in the excitation
function' of the reaction ' B(' N, ' C)' C do not mani-
fest strongly in the elastic channel' at backward angles.

The very forward parts of the angular distributions,
8 & 60, are well fitted by the optical model cross sections
using the energy-dependent parameters of Hoppe and col-
laborators. " These parameters, listed in Table I, were
obtained from fits to excitation functions for the elastic
scattering at 0, =48.6' and 8, =74.4'. The use of
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FIG. 2. Experimental angular distributions for the elastic
scattering of ' N by ' B at four bombarding energies. The error
bars indicated in the figures correspond to statistical errors
only. The solid lines are the results of the elastic-transfer calcu-
lations. The dashed lines at backward angles represent the cross
sections resulting from the coherent addition of the elastic
scattering amplitude with the 1=0 alpha transfer amplitude.
The dot-dashed lines represent the incoherent sum of transfer
amplitudes for 1 ~ 0.
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any of the parameters in Table I results in similar curves
with weakly attenuated angular distributions at backward
angles. The optical model cross sections are typically
10% of the experimental data at 0, =176'. In order to
understand the nature of the elastic cross section at back-
ward and intermediate angles, the contribution of two
possible competing reaction processes, namely the
elastic-transfer process and the compound-elastic pro-
cess, were evaluated

B. Elastic transfer

The large spectroscopic amplitude for the
configuration of ' N as an a particle coupled to a ' B core
suggests that the elastic-transfer process may be a strong
component in the total elastic scattering cross sections.
The exchange of an a particle between target and projec-
tile should be favored, since the ground state of ' N ex-
hibits a larger cluster component than excited levels.
Taking the elastic-transfer process into account, the total
elastic cross section can be written as follows:

where T,~
and T„are the elastic and the alpha-particle

transfer amplitudes, respectively. This expression con-
tains two distinct terms: (a) a term with the elastic
scattering amplitude and the I =0 amplitude for alpha
transfer interfering coherently and (b) the incoherent con-
tribution of all other I transfers. The angles for the
transfer amplitudes are reversed by m. Both positive and
negative signs for the transfer amplitude in the first term
of the equation were considered in the calculations. The
elastic scattering amplitudes were evaluated within the
finite range DWBA approximation. Recoil effects were
also taken into account in the calculations. As the
ground state spin-parity of ' N is J = 1+, an alpha parti-
cle coupled to a ' B core with J =3+ can be found in
two differential orbitals with angular momentum L =4 or
L =2. The configuration with the higher angular
momentum should be favored since it locates the cluster
in a more peripheral orbit with a larger average radius.
The theoretical spectroscopic factors as derived by
Kurath are S4 ——0.70 and S2 ——0.01, respectively, for the
two above-mentioned configurations. In the calculations,
the a cluster quantum numbers for a given configuration
were obtained from the harmonic oscillator approxima-
tion

+2n;+1, =2N+L =4, ,

where n; and I, are the quantum numbers for the cluster
constituent nucleons in ' N, and 1V and L are the princi-
pal and orbital quantum numbers for the cluster which is
coupled to the ' B core. The transferred angular momen-
tum I„can range from I =0 to I =8 when an L =4 orbit-
al is assumed for the a cluster in the projectile and resid-
ual nuclei. Similarly, l„can assume any value from I =0
to 4 when L =2 is assumed. When mixed configurations
are considered, angular momentum transfers from I =0

to 6 need to be taken into account. The cluster wave
functions were generated in the present calculation by ad-
justing the depth of a Woods-Saxon well in order to
reproduce the a-particle binding energy of 11.6 MeV in
' N.

To evaluate contributions from the elastic and the I =0
transfer, the scattering amplitudes were generated by the
exact finite range (EFR) DWBA code LOLA. ' The
DWBA amplitudes weighted with a spectroscopic factor
were then coherently added to elastic amplitudes, angle
by angle, as indicated in expression (1). Due to the time
consuming numerical integration algorithm used by the
code I.OLA, this program was found to be inappropriate
for calculations where high angular momentum transfer
is involved. The contributions from I g0 were then cal-
culated using the EFR-DWBA code SATURN —MARS. '

Before obtaining the cross sections for the incoherent
sum the results of the two codes were checked up to I =4
transfers with the same input parameters. An agreement
within 10% in the cross section calculated by the two
programs was found. Since the cluster configuration with
L =4 has a theoretical spectroscopic factor much larger
than the one with L =2, only the former was taken in
consideration. The transfer cross sections for which an
L =2 orbital is involved were evaluated for E=46 MeV
and they have been verified to be of the order of 3% of
the experimental elastic transfer cross section at
8, =176'. For the evaluation of the incoherent sum
transfer amplitudes, T„ for l„as large as 8 were generat-
ed.

The results of the calculations for the four bombarding
energies are shown in Fig. 2 together with the experimen-
tal angular distributions. In this figure, the coherent and
incoherent sums are shown separately. The same spec-
troscopic factor of S4 ——0.65 was used for all energies.
This value gave the best fit to the experimental data for
all bombarding energies. An uncertainty in S4 of +0.10
accounts for a range of variation in the spectroscopic fac-
tor values for which satisfactory fits are still verified.
Due to the presence of high-valued angular momentum
transfers, the incoherent sum in Eq. (1) is the predom-
inant contribution to the elastic transfer cross section. In
all calculations, positive and negative signs for the
coherent sum in Eq. (1) were allowed, but since large an-
gular momentum transfer dominates the angular distribu-
tions at backward angles, no appreciable effect was ob-
served. The a-particle transfer process results in a "bell-
shaped" curve that quite satisfactorily reproduces both
the shape and intensity of the experimental structure
present around 0, =150' in the four angular distribu-
tions. In particular, the angular position dependence
with the energy is well described, thus suggesting that the
elastic-transfer process is responsible for the origin of this
structure.

The addition of the u elastic-transfer amplitude to the
optical potential scattering amplitudes reproduces the ex-
perimental cross sections quite well up to 160, describing
the approximate shape and intensity of the experimental
data. However, the elastic-transfer process fails to repro-
duce the sharp rise in the experimental data at the very
backward angles (160 —180 ).
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TABLE II. Optical model parameters for statistical model calculations.

Channel

OB+ 14Na

12C+ 12Cb

SC+ 16Qc

+20Nec

p+»Nac
+23Mgc

'Reference 11.
Reference 26.

'Reference 27.
Reference 28.

V
(MeV)

14.4
14.0
14.0
50.0
56.0—0.55E, m

48.2 —0.30E,
88+9 Oe 33Ec

R
(fm)

6.35
6.18
6.10
4.94
3.56
3.56
3.72

a
(fm)

0.54
0.35
0.49
0.59
0.65
0.65
0.81

8'
(MeV)

17.8+0.63E,
0.40+0. 10E,
0.40+0. 15E,
2.00

13.50
11.50
14.4+0.24E,

Rr
(fm)

6.10
6.41
6.41
4.94
3.56
3.56
3.57

a
(fm)

0.32
0.56
0.49
0.46
0.47
0.47
0.68

Rc
(fm)

6.36
6.18
6.10
4.94
3.56
0.00
3.32

C. Compound-elastic channel

TABLE III. Level density parameters for the statistical mod-
el calculations (Refs. 29 and 30).

Residue

14N

12C

16Q

Ne
Na
Mg

»Na

(a/A)
(Me V ')

0.176
0.164
0.164
0.164
0.176
0.176
0.176

(MeV)

0.00
5.13
5.13
5.13
2.67
2.46
0.00

In order to investigate a possible contribution to the
backward angle cross section from the compound-elastic
channel, a statistical model calculation was performed.
The calculations were done within the Hauser-Feshbach
formulation using the code STAT —2. As listed in Table
II, a total of nine compound nucleus decay channels were
considered, including the elastic channel. The ' C(4.44
MeV) + ' C and Be(2.94 MeV) + ' 0 channels were also
included, since they are strongly populated in the
' B(' N ' C)' C and ' B(' N, sBe)' 0 reactions as ob-
served by Marquardt and collaborators. ' Table II lists
the optical model parameters for the respective channels.
The level density and pairing energy parameters are listed
in Table III. The level density and pairing parameters for
the compound nucleus, Mg, used in the calculations are
a=3.58 MeV ' and 6=5.13 MeV, respectively. These
parameters were taken from the study" of the reaction
' B(' N, a) Ne. Discrete energy levels for all channels
were used in the calculations to minimize the dependence
of the level density parameters on the results. With no
restrictions on the angular momentum of the compound
nucleus, the compound-elastic channel was verified to
contribute as much as 50% of the elastic-transfer process
at 8, = 180 . However, neither shape nor intensity of

the backward angle angular distribution was reproduced
satisfactorily.

Since the transmission coefficients given by the optical
model include the direct reaction contribution to the ab-
sorption from the elastic channel, the compound-elastic
cross section needs to be corrected. To perform a more
realistic calculation of the compound-elastic contribu-
tion, a limit on the angular momentum for the compound
nucleus was introduced. The introduction of an angular
momentum cutoff can simulate the dynamical limits of
the fusion process. A limit on the angular momentum in-
troduced in the calculations can exclude the contribution
from peripheral collisions to the compound nucleus for-
mation. Similarly, if the compound nucleus itself does
not survive at values of J~ Jc, compound nucleus cross
sections must be dependent on this limit. In either case,
the introduction of a limiting angular momentum reduces
the cross section for the formation of the compound sys-
tem.

Values for the limiting angular momentum were ex-
tracted from fusion reactions studies. ' ' Two sets of J&
as a function of the bombarding energy were considered.
The use of the parameters derived by Ortiz and collabora-
tors reduces the maximum contribution of the
compound-elastic process to the total cross section to
about 10% of the DWBA process at 180'. The second
set, derived by DeYoung and collaborators, ' makes the
compound-elastic cross sections even smaller, due to a
smaller critical angular momentum derived in their work.
With the introduction of the parameter J~ in the calcula-
tions, the total computed fusion cross section at 46 MeV
is reduced by 26 k, relative to the result obtained with no
restriction on the angular momentum, and better agree-
ment with the experimental fusion cross section is ob-
tained. While cross sections for light-particle evapora-
tion are slightly affected, the heavy residue channels
suffer a reduction of as much as 70%.

Of equal importance to the statistical model calcula-
tions are the level density parameters. In the present cal-
culation the value for the level density for the compound
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nucleus was varied over a range of +10%, but no
significant changes in the cross sections were noticed. As
a final consideration to the compound-elastic cross sec-
tions, an enhancment factor for the elastic channel
should be included. The inclusion of such a factor (of 2)
gives a more realistic value for the compound-elastic con-
tribution. In the present case, however, the results show
that the maximum contribution from this channel with
the enhancement factor taken into account is 20% of the
elastic-transfer process at 0=176' and accounts for only
3% of the experimental cross section at this angle.

IV. DISCUSSION AND CONCLUSIONS

The contributions to the backward angle cross sections
from the several different processes as evaluated for
E~,b ——46 MeV are shown in Fig. 3. Curves labeled (2)
and (3) correspond, respectively, to the incoherent and
coherent sums as defined by Eq. (1). The curve labeled (4)
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FIG. 3. A detailed comparison of the contributions for the
backward angle elastic scattering as calculated in this work.
The dashed line [curve(3)j represents the coherent sutn between
the elastic scattering amplitude and the 1=0 alpha transfer.
The incoherent sum for the alpha transfer with I & 0 is shown by
curve (2). The addition of these two processes result in curve
(1). Curves (4) and (5) represent the elastic-transfer process be-
tween L =4 and I. =2 orbitals and the contribution of the
compound-elastic process, respectively. The solid line shows
the addition of all contributions.

corresponds to the transfer of an a particie from an L =4
orbital to an L =2 orbital. The contribution from the
compound elastic process without considering the
enhancement factor is represented by curve (5). The solid
line in this figure is the result of the addition of all these
processes. Curve (1) shows how the angular distribution
is modified when a transfer between L =4 orbitals only is
taken into consideration together with elastic scattering
process. The inclusion of the process in which an a parti-
cle is transferred from an L =4 to an L =2 orbital does
not introduce significant changes in the angular distribu-
tion, although its contribution is stronger than that of the
compound elastic channel.

As shown here the a cluster exchange between projec-
tile and target is quite large for the ' B+' N system.
Over a large angular interval it explains quite satisfactori-
ly the enhancement of the elastic cross section at back-
ward angles. In the absence of data for angles beyond
8, =160' we would be lead to the conclusion that this is
the only process responsible for this effect. Both shape
and intensities are quite well reproduced with a spectro-
scopic factor of 54 ——0.65, a value which is very close to
the theoretical one derived by Kurath (S4 =0.69) and to
that measured by Wosniak and collaborators (S&——0.41)
in the reaction ' N(a, Be)' B.

Enhancement of the cross section at back angles has
also been observed for a systetn ( Be+' C) similar to
the one studied in the present work. Both systems are
not made out of na nuclei, and the colliding partners
differ by an alpha particle. The data of Jarczyk et al.
have also been interpreted as due to an alpha cluster ex-
change between target and projectile and the elastic-
transfer process describes the data satisfactorily. Their
measurements, however, extend only to 0, =160'. The
results obtained in the present work give additional evi-
dence for the importance of a-particle exchange in elastic
collisions between nuclei in the 1p shell, even in the ab-
sence of an na structure of the interacting nuclei.

The enhancement of the cross section at angles larger
than 160' in the ' N+' B system still remains to be un-
derstood. In order to improve the evaluation of the
elastic-transfer amplitude, higher order processes could
be included. Possibly, a treatment based on multiple ex-
change of an a particle between target and projectile
would be more general, although the exact mathematical
treatment is rather difficult due to the nonzero spins of
the nuclei. A possible way to guide this study would be
on the basis of more phenomenological models. Other
transfer processes such as two-step deuteron transfer,
with a ' C+' C intermediate state, could be present.
Both deuteron transfer to ' B and deuteron pickup from
' N nuclei have been observed. Experimental measure-
ments of the ' C+ ' C, ' C*+ ' C, and ' C*+ ' C* chan-
nels populated in the collision of ' 8 and ' N show high
cross sections. " As the excitation function for the elastic
scattering has been measured at 172, a close study of it
might reveal different reaction mechanisms involved.
From the experimental point of view, the study of neigh-
boring systems such as ' N+ "8 and '5N+ "8 certainly
should bring additional valuable information for the un-
derstanding of the reaction processes involved.
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