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The reaction 2C(1°B,?Be) I*N is investigated at 100 MeV with special emphasis on the
transition to the first excited state in !3N at 2,37 MeV. An anomaly in the angular dis-
tribution for the latter transition is observed similar to the one reported earlier by De-

Vries ef al. in a study of the reaction 2C(*N, *N)13C(3.09,3%).

Recently, an anomalous angular distribution
populating the first excited state at 3.09 MeV
(/™=3") in *C has been reported by DeVries et
al.! in a study of the reaction 2C (N, ¥N)!3C at
100 MeV. Since this transition is expected to oc-
cur between a 1p,,, orbit and a 2s,,, orbit, the
angular momentum transfer (/=1) is unique. Thus
the experimental angular distribution should show
a characteristic oscillatory pattern, if one as-
sumes a direct one-step reaction mechanism,
One then hopes that an exact distorted-wave Born-
approximation (DWBA) calculation should fit the
results well. However, it was found® that even
though there were oscillations in the data, the !
=1 theoretical fit was completely out of phase
with the observed experimental angular distribu-
tion. Curiously, the latter had a strong resem-
blance to an ! =0 angular distribution.

One reaction which could provide additional in-
formation in this connection is the proton trans-
fer reaction 2C(!°B, °Be)**N populating the corre-
sponding analog state in >N, Consequently, we
performed such an experiment at an incident en-
ergy of 100 MeV. Since °B is unstable, the ana-
log reaction **C(*°B, °B)**C populating the states
in C could not be investigated. Here we present
the experimental angular distributions of the re-
action '2C(*°B, °Be)*®N leading to the various
states of *N and the corresponding exact finite-
range DWBA fits with special emphasis on the
results pertaining to the first excited state.

Natural carbon targets of thickness 600 ug/cm?
were bombarded by 100-MeV !°B beams from the
Texas A& M variable-energy cyclotron. All out-
going heavy ions were detected by using a three-
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detector telescope and particle-identification
technique. The details of the experimental setup
and data-collection methods will be published
elsewhere.? A typical energy spectrum of the de-
tected °Be nuclei at 6;,,=10° is shown in Fig. 1.
The energy resolution is approximately 600 keV,
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FIG. 1. Energy spectra of the detected °Be nuclei at
612 =10°, The low-lying levels of !N are shown in the
inset. '
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FIG. 2. Experimental elastic and transfer angular
distributions. The continuous lines signify exact finite-
range DWBA calculations. The dotted line connecting
the experimental points for the state 1°N(2.37, J" =3
is intended only to guide the eye. The continuous and
dash-dotted lines correspond to theoretical calculations
with 0.1 MeV and 0.5 MeV binding, respectively, for
this state.

mainly because of kinematic broadening. The
states clearly identifiable from this energy spec-
trum are ®*N(g.s., J"=3"), ¥N(2.37, J"=3"),

and the unresolved states *N(3.51, J"=3") and
13N(3.56, J"=3*). The two prominent peaks at
higher excitation are tentatively identified as the
7.2-MeV and 8.9-MeV states in *N. The corre-
sponding experimental angular distributions as
well as the elastic angular distribution are shown
in Fig. 2.

Calculations were performed on these transfer
angular distributions using the exact finite-range
(EFR) DWBA theory including recoil as described
by Tamura.® We have used the program SATURN-
MARS,* suitably adapted to fit an IBM-7094 com-
puter with the relatively small word length (36
bits) and memory size (32K) in our laboratory,
for this purpose. Test calculations and compari-
sons with the original version, which is primar-
ily written for a CDC 6600 computer, showed

agreement to within 0.1%,

Optical-model fits to the elastic data yielded
several six-parameter sets. We have used the
set V=30.57 MeV, W=17.18 MeV, 7,,=1.129 fm,
VYow=1.181 fm, @,=0.651 fm, a,=0.520 fm, and
70c=1.03 fm (the continuous line for the elastic
data in Fig. 2 corresponds to this set) for all of
the transfer calculations with the specific as-
sumption that the entrance- and exit-channel op-
tical parameters are the same. The bound-state
geometry was v,=1.26 fm, @,=0.6 fm, and v,
=6.0 MeV. The central depth of the binding Woods-
Saxon potential was searched for in the usual
manner by assuming the physical binding energy
for the ground state of ®N. Since all the excited
states of ¥N are unbound, we made the assump-
tion that they are bound by the small binding en-
ergy of 0.1 MeV. This assumption is expected
to be quite reasonable (the first excited state at
2.37 MeV, for example, is unbound by only 430
keV; further arguments in favor of similar reci-
pes are given by Fortune ef al.?). In fact, we
did investigate the effects of this artificial bind-
ing energy on the cross sections; for example,
in Fig. 2, the continuous and dash-dotted lines
correspond to calculations with E,=0.1 MeV and
0.5 MeV, respectively, for the first excited state.
It is clear that the phase of the oscillations did
not change noticeably even for such ‘é\relatively
large change in binding energies, while the mag-
nitude of the cross section was affected only
slightly. -

The ground-state calculation assuming-the-an- .
gular momentum transfers /=1 and 2 fits the da-
ta very well. However, the corresponding pro-
duct spectroscopic factor C,25,C,%S, (where C,
and C, are the appropriate isospin Clebsch-Gor-
dan coefficients) is 0.15, which is considerably
smaller than the value 0.37 predicted by Cohen
and Kurath,® but is closer to the value 0.21 pre-
dicted by Varma and Goldhammer.” For the sec-
ond excited group, the contribution from the 1p,,,
hole state at 3.51 MeV is expected to be very
small.® Hence the DWBA calculation indicated
by the continuous line for this group in Fig. 2
corresponds to the assumption that it is purely
the 3.56 MeV (J"=3") state in 3N. The angular
momentum transfers here are I=1, 2, and 3.
Again the fit is quite good and the product spec-
troscopic factor extracted is C,%S,C,%S, =0.14.
Assuming the values 0.6 or 0.38 for the value of
C,2S, for '°B="Be +p predicted by Cohen and
Kurath or Varma and Goldhammer, respectively,
we get values of C,2S, for the 1d,,, state of 0.23
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TABLE I. Spectroscopic factors. The columns a and
b signify the values based on the predictions of values
of C,8, for "B="Be +p by Cohen and Kurath (Ref. 6)
and Varma and Goldhammer (Ref. 7), respectively.
The value quoted for the 2s,,, state is obviously not
derived from a fit and clearly depends on the rather
arbitrary normalization as shown in Fig. 2.

Gy,
C,%8,C,%s, (Absolute)

State Orbit  Absolute Relative?® a b
N(g.s.) 1bi/4 0.15 0.42 0.25 0.40
3N(2.37) 284/, 0.23 0.64 0.38 0.61
BN(3.56)  1dg), 0.14 0.39 0.23 0.37

2The relative product spectroscopic factors with the
normalization assuming the Cohen-Kurath value for the
ground state.

or 0.37. The higher excited states show experi-
mental angular distributions with progressively
washed-out structures, a feature noted by For-
tune et al.® in their study of the reaction '2C (He,
d)®N. We have made no attempt to fit these data
with theory.

In contrast to the other fits, the EFR DWBA
calculation for the first excited state in *N at
2.37 MeV (J"=3") shows the same puzzling dis-
crepancy as noted by DeVries ef al.! in their
study of the transition to the analog state in *C
at 3.09 MeV (J"=3"%). The continuous line is the
EFR DWBA calculation corresponding to /=1
(the dotted line through the experimental points
is drawn only to guide the eye) in Fig. 2. The ex-
perimental angular distribution is clearly out of
phase with the theoretical calculations as well as
with the elastic angular distribution. The extract-
ed product spectroscopic factor with the assump-
tion of the normalization shown in the figure is
C,%S,C,%S,=0.23. Again C,2S,=0.38 or 0.61 de-
pending on the value of C,2S, as noted before.
This result has to be compared with the full sin-
gle-particle strength reported by Rolfs and Azu-
ma® who report a value C25=1.02+0.15 extract-
ed from a study of the reaction *C(p,y). For
the first excited analog state in *C, DeVries
et al.! report a value of 0.25. A summary of the
extracted spectroscopic factors for the present
case is given in Table I. For comparison, the
relative product spectroscopic factors normal-
ized to the ground-state calculation with the
Cohen-Kurath value of 0.42 for C25,C,%S, are al-
so given in Table I. Although there is scope for
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improvement in our extracted absolute spectro-
scopic factors, our major conclusion regarding
the lack of fit of the 2s,,, angular distribution is
not affected by this as was verified by calcula-
tions with different values for the various param-
eters.

Preliminary measurements of the reaction
120 (N, ®C)N(2.37, J"=3") were performed at
this laboratory at 155 MeV and the measured
cross section was found to be about 0.6 mb/sr at
forward angles (8, =4°). An EFR DWBA calcula-
tion yielded the rough estimate for the spectro-
scopic factor for this state of 0.28, consistent
with the results of DeVries et al. for its analog
state.

The present results clearly support the belief
that a single-step direction-reaction theory, even
with the inclusion of finite range and recoil, is
not capable of satisfactorily explaining heavy-
ion-induced one-nucleon transfer to the first ex-
cited 2s,,, states in the mass-13 system. This
fully corroborates the point of view of DeVries
et al.® Tt would be instructive to perform addi-
tional experiments and make extensive calcula-
tions including multistep processes for the 2s,,,
states in this mass and energy region.
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tions.

*Research supported in part by the National Science
Foundation.

TPermanent address: Physikalisches Institut der
Universitit Erlangen-Niirnberg, Erlangen, Germany;
Max Kade Foundation Fellow.

IR, M. DeVries, M. S. Zisman, J. G. Cramer, K. L,
Liu, F. D. Becchetti, B. G. Harvey, H. Homeyer,

D. G. Kovar, J. Mahoney, and W, von Oertzen, Phys.
Rev. Lett. 32, 680 (1974).

’K. G. Nair, M. Hamm, H. Voit, J. D. Bronson, and
K. Nagatani, to be published.

3T, Tamura, to be published.

4T, Tamura and K, S. Low, to be published.

SH. T. Fortune, T. J. Gray, W. Trost, and N. R.
Fletcher, Phys. Rev. 179, 1033 (1969).

6. Cohen and D. Kurath, Nucl. Phys. A101, 1 (1967).

’S. Varma and P. Goldhammer, Nucl. Phys. A125,
193 (1969).

8C. Rolfs and R. E. Azuma, Nucl. Phys, A227, 291
(1974).



