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Angular distributions were measured for particle groups populating low-lying levels in
the reactions 12C (1N, d)%Mg, 1>C (N, p)¥Mg, and 12C(}4N,)%Na at E ;=20 and 25 MeV.
Excitation functions were also measured for low-lying y-ray transitions in #Mg, »Mg,
2Na, 2'Ne, %'Na, and 8F produced by !2C bombardment of !N at E ;,=14-33 MeV. The
excellent agreement of Hauser-Feshbach statistical model predictions with these results
indicates that the light particle production from the 12C + 14N interaction reflects a domi-
nant compound nuclear interaction mechanism.

NUCLEAR REACTIONS !2C +14N compound reactions, light particle emission
and subsequent y-ray decay, statistical model calculations. 12C(1N,d), (1N, p),
(N, a), Ep»=20, 25 MeV, measured 0(0); 1N(1C, y), Ej,=14-33 MeV,

measured Ey, o(E

I. INTRODUCTION

An interesting aspect of the study of any nuclear
interaction has been the determination of the rela-
tive importance of direct and compound nuclear
processes. This has been particularly true of
heavy ion interactions. Some of these, such as
2¢(180, a)**Mg are now believed to proceed pri-
marily by compound nucleus formation and decay,
and experimental results are often well reproduced
using a statistical model.!'? Other reaction data,
such as those from the 2C(*N, **C)*N and *C-
(**N, C)™N reactions have been successfully ana-
lyzed in terms of direct one- and two-nucleon
transfer.® However, for reactions which might
be interpreted as proceeding via the transfer of
large numbers of nucleons (e.g. 8- and 12-nucleon
transfer), only the most qualitative types of anal-
ysis have been possible.*™®

An example of the difficulties encountered in
such analyses is provided by previous investiga-
tions? of the 'C + N interaction. The experimen-
tal data from these studies, spanning a wide range
of bombarding energies and involving a variety of
exit channels, have led to a number of conflicting
interpretations. One of the first investigations was
that of Almqvist, Bromley, and Kuehner® of y-radia-
tion yields from the bombardment of *N by 20 MeV
2C jons. The most prominent lines in their spec-
tra [obtained with a NaI(T1) detector] correspond
to the deexcitation of the first 2* and 4* levels in
24Mg. y rays from states in *Na, ?*Mg, and ?°Al,
which could be reached by the energetically al-
lowed emission of a particles, protons, and neu-
trons, respectively, as shown in Fig. 1, were ei-
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ther not observed or very weak. These results
led the authors to speculate that an intense deu-
teron yield might be responsible for the observed
v-ray transitions, and that this explanation in turn
could imply a strong direct component for the
.transfer of a *C cluster in the ¥C(**N,d)**Mg re-
action.

A subsequent measurement was made by Nomura,
Morinaga, and Povh® using a Ge(Li) detector to ob-
serve y rays emitted when 25 MeV N ions were
incident on a '2C target. In contrast to Ref. 8,
these results were interpreted in terms of the
evaporation of one or two particles from the com-
pound nucleus. Based on the observed y-ray yields,
the authors concluded that the compound nuclear
decay channels were distributed as follows: two a,
45%; two proton, 30%; proton plus neutron and/or
deuteron, 21%; and single a-particle emission,
4%.

It is clear from the reaction thresholds shown
in Fig. 1 that a statistical compound nuclear reac-
tion mechanism would favor proton emission over
deuteron emission for these low bombarding ener-
gies. Once ?*Mg is thus formed, however, neutron
emission to states in Mg would be the dominant
mode of decay for the numerous low spin levels
above the neutron threshold in 2*Mg. Thus, suc-
cessive p-n emission would be expected to domi-
nate deuteron emission if compound nucleus forma-
tion predominates.

The present work is directed toward an under-
standing of the problems raised by the foregoing
experimental results. We have investigated the
y-ray and charged particle yields in the N +*C
system at low center-of-mass energies, and as a
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part of our analysis, Hauser-Feshbach™ statisti-
cal-model calculations have been performed and
compared with our data. It is found that our ex-
perimental results are well explained by this sta-
tistical model.

II. EXPERIMENTAL PROCEDURE

Separate measurements of ¥ rays and of parti-
cles from the 2C +*N interaction were made at a
variety of entrance channel energies. Absolute y-
ray yields were measured using a **C beam and
nitrogen gas target over a range of 2C energies,
14 <E,, <33 MeV. Charged particle angular dis-
tributions for the population of low-lying states in
22Na, 2*Mg, and **Mg were measured using 20 and
25 MeV beams of *N incident on a 40 pg/cm?® nat-
ural carbon foil.

The target for the y-ray measurements consisted
of a nitrogen-filled gas cell, 1.4 cm long, with a
0.51 mg/cm?® nickel entrance window. The gas
pressure was typically 174 Torr, corresponding
to a thickness of 0.40 mg/cm?. The beam was
stopped by a tantalum insert within the electrically
isolated gas cell, and in-beam measurements of
background were made by evacuating the cell. The
number of incident *C ions was determined both
from the integrated beam current and from the
number of 2C ions backscattered from the nickel
foil entrance window into a silicon surface barrier

EXCITATION ENERGY
(MeV)
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detector fixed at 154°. A 36 cm® Ge(Li) detector
was placed at 0° with respect to the beam and 6.3
cm from the center of the gas cell. A subsequent
measurement with calibrated y-ray sources, posi-
tioned at the center of the target volume, deter-
mined the absolute photopeak efficiency of tiais
Ge(Li) detector.

The charged particle measurements were made
simultaneously at two angles with two AE-E sili-
con surface barrier detector telescopes. The AE
detector was 100 um thick, while the E detector
was 4000 pm thick and actually consisted of two
2000 um detectors, one behind the other. The AE
detector thickness was chosen for optimum identifi-

cation and separation of the protons and deuterons,
which were the particles of major interest in this
work. As a result, low energy « particles were
stopped in the AE detector and the a particles
could be identified at forward angles only. The
laboratory energy resolution, typically 350 keV,
was determined mainly by target thickness and
kinematic broadening. The normalizations for the
measurements at different angles were based on
the elastic scattering observed in a silicon surface-
barrier detector fixed at 30°. The data were ac-
cumulated using an IBM 360 /44 computer and
stored event by event on magnetic tape. These
data were subsequently processed off line, and the
various particle species were identified and sepa-
rated.

14N+12C  Reaction Products
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FIG. 1. Reaction channels which are energetically available for the decay of the 26A] compound nucleus. Indicated

y-ray transitions were observed in the present experiment.
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TABLE L. y-ray transitions from C +¥N interaction.

Light reaction E;r RAN  Mean  Doppler broadened E;)BS b

Transition ? products (MeV) lifetime and shifted ? MeV)
BF[1.122(5%) = 0.937(3*)] 20 0.185 218ns No 0.185
“Na[0.332(2") ~g.5.")] n+a 0.332  14ps Yes 0.340
%Ne[0.350(3") ~g.5.3")] p+a 0.350 20 ps Yes 0.360
25Mg[o,ms(g*)» 0.585(3”)] ? 0.390 14 ps Yes 0.403
%Na[0.473(1*) —~g.s.(4%)] 2p 0.473 29 ns No 0.471
2Na[0.583(1*)—~g.s.(3")] 0.583°¢ 352 ns No 0.583
BMgl0.585(1") ~g.5.(3")] » 0.585¢  4.9ns No 0.585
BF[0.937(3%)—~g.s.(1*)] 20 0.937 68 ps No ¢ 0.937
“Mg[1.369(2%) —g.5.(0%)] (p+n;d) 1.369 1.8 ps Yes 1.413
YNe[1.746(]")—~0.350")] p+a 1.396 230 fs Yes 1.442
“Mgl4.123(4%) —1.369(2*)] (p +n;d) 2.754 55 fs Yes 2.836
“Mg[4.239(2%) —1.369(2")] (p+n;d) 2.870 100 fs Yes 2.964

2 Energies, spins, parities, and lifetimes are from F. Ajzenberg-Selove, Nucl. Phys.
A190, 1 (1972) and P, M. Endt and C. van der Leun, Nucl. Phys. A214, 1 (1973).
Observed y-ray energies from spectrum for E12c=30 MeV.

¢ These states were unresolved.

dThis state is fed predominantly by the long lived 5* state at 1.22 MeV.

III. EXPERIMENTAL RESULTS

The energies and assignments of observed y-ray
transitions which originated in the 2C +!*N inter-
action are listed in Table I. Listed are only those
transitions whose photopeaks were sufficiently
large and free of background to permit the extrac-
tion of a peak area. Several peaks in the y-ray
spectrum are Doppler-shifted and Doppler-broad-
ened. For those transitions proceeding from states
having lifetimes of less than a nanosecond, the ob-
served y-ray energies are larger by an amount
consistent with the Doppler shift expected on the
basis of the reaction kinematics, the length of the
gas cell, and the long stopping times of ions mov-
ing in a gas.

Excitation functions for y-ray transitions in a
number of residual nuclei are shown in Figs. 2 and
3. The data points are plotted at the energy of the
beam at the center of the gas cell, which was de-
termined using the stopping power tables of North-
cliffe and Schilling.!! The horizontal bars indicate,
for each bombarding energy, the range of energy
available in the entrance channel as the projectile
traverses and loses energy in the gas cell. The
vertical error bars include contributions from un-
certainties in detector efficiency, the number of
incident ions, and background subtraction. The
measured excitation function shown in Fig. 3(a) is
for the sum of the 0.583 and 0.585 MeV y-ray tran-
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FIG. 2. Measured excitation functions for y-ray
transitions in Mg, ®Mg, and ?Na. The solid lines are
Hauser-Feshbach predictions.
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FIG. 3. Measured excitations functions for y-ray
transitions in %Na, 8F, 2Na, and ?!Ne. The solid lines
are Hauser-Feshbach predictions.

sitions in *®Na and Mg, respectively.

The absolute y-ray yields have been computed
on the assumption of isotropic angular distribu-
tions. The error introduced by this assumption
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is probably not significant for the present purpose.
Assuming that the nuclear spin of the residual nu-
cleus is completely aligned perpendicular to the
beam axis, maximum corrections of +250% and
—-18% would need to be applied to the cross sec-
tions for the 2*~ 0* and 4"~ 2* transitions in **Mg,
respectively. However, the fact that these mea-
surements are done at relatively low bombarding
energies (for which a maximum of 10 units of angu-
lar momentum are brought in) and that these states
are reached by either successive evaporation of
two particles or emission of a deuteron suggest
that any such alignment of the residual nucleus
will be strongly attenuated. If the coefficients for
the P, and P, terms in the expression for the angu-
lar correlation were attenuated by 60 and 80%, re-
spectively, the above corrections are altered to
—-14 and -22%. Such corrections are sufficiently
small that they may be neglected for the present
work. The effects of cascade summing, which re-
moves events from the photopeaks, have been esti-
mated and found to be less than ten percent.
Angular distributions for charged particles pop-
ulating low-lying states of 2*Mg and Mg at the two
14N bombarding energies are shown in Figs. 4 and
5. Measurements were made at eight laboratory
angles from 25° to 140°. An over-all error of +30%
is estimated for the absolute normalization; the er-
rors shown in the figures reflect only the uncer-
tainties in determining the peak areas. Significant-
ly, all of the angular distributions show an approx-
imate symmetry about 90° in the center of mass,
suggesting that the reaction mechanism is predom-
inantly compound nuclear in origin.

TABLE II. Comparison of charged particle cross sections and statistical-model predic-
tions.
¢ (4N, 4y Mg* 120 (14N, p)25Mg*
oToT 90T
Ey Ecx Expt Theor Eex Expt Theor
MeV) (MeV) (mb) (mb) MeV) (mb) (mb)

20 g.s. 0.33 0.34 g.s. 0.30 0.58
1.369 1.07 1.31 0.585 0.11  0.20
4,123 +4.239 2.04 2.58 0.975 0.28 0.38
5.236 0.93 1.09 1.612 + 1.965 0.78 1.21
6.010 0.76 1.22 2.564 —2.801 0.88 1.16
6.432 0.26 0.17 3.405+ 3.414 0.74 1.05

3.901 —4.354 1.42 2.22

25 g.s. 0.15 0.24 g.s. 0.16 0.33
1.369 1.01 1.04 0.585 0.06 0.09
4,123+ 4.239 1.94 2.36 0.975 0.15 0.19
5.236 0.86 0.94 1.612+1.965 0.49 0.73
6.010 0.97 1.25 2.564 —2.801 0.52 0.66
6.432 0.19 0.11 3.405+ 3.414 0.48 0.74

3.901 —4.354 0.94 1.43
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IV. COMPARISON OF STATISTICAL MODEL
CALCULATIONS WITH THE EXPERIMENTAL RESULTS

The Hauser-Feshbach expression® for the angle-
integrated and differential cross sections has been
evaluated as described in Ref. 12. The optical
model and level density parameters were unchanged
from those used in Ref. 12 in a study of 2C +*N re-
action data obtained at higher energies, and were
generally taken from the literature. While no pa-
rameter changes were required in the present
work, the lower bombarding energies used do lead
to important differences in the dependence of the

ERB, SACHS, AND BROMLEY 10

calculated cross sections on several of the input
parameters. For example, at the lower energies
the angular momenta involved in the *C + N inter-
action are considerably reduced from the values of
interest in Ref. 12. As a consequence, the cross
sections predicted at the present energies are
much less sensitive to both the limiting angular
momentum for fusion in the entrance channel®® and
the value of the spin cutoff parameter used in de-
termining the angular momentum dependence of the
level density in the residual nuclei. On the other
hand, the calculations become more sensitive to
the optical parameters for the 2C +!*N entrance
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FIG. 4. Angular distributions for observed excited states in 2Mg from the 2C(4N, d)?*Mg reaction at bombardinge
ergies of 20 and 25 MeV. The solid lines are Hauser-Feshbach predictions.
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channel.

Figures 4 and 5 and Table II compare the re-
sults of the statistical-model predictions to the
charged particle data obtained at E, =9.2 and
11.5 MeV. Good agreement is obtained for both
the shapes and absolute magnitudes of the deuter-
on angular distributions. The predicted cross sec-
tions for low-lying levels in **Mg exceed the mea-
sured values by a factor of, typically, 1.5. Calcu-
lations of the a-particle yields agree with the lim-
ited experimental data to within ~10%. The fluctua-
tions in the angular distributions relative to the

-RAY PRODUCTION IN !2C+...
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smooth Hauser-Feshbach predictions may be at-
tributed to the fact that the experimental data are
not averaged over bombarding energy.

The measured y-ray yields are perhaps better
suited to a comparison with the statistical model
since a much thicker target (typically 2 MeV) could
be used, thus providing an energy averaged cross
section. However, the calculation of the observed
v-ray intensities is not as simple as in the calcu-
lation of the charged particle yields because y-ray
feeding from higher excited states, and successive
evaporation of protons, neutrons, and a particles
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FIG. 5. Angular distributions for observed excited states in Mg from the 2C(*N, p)**Mg reaction at bombarding en-
ergies of 20 and 25 MeV. The solid lines are Hauser-Feshbach predictions.
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contribute to the yield of a given y-ray transition.
The successive evaporation of particles was calcu-
lated without additional approximations, i.e., the
population distribution of the intermediate com-
pound nucleus was calculated as a function of ex-
citation energy, angular momentum and parity,
and these quantities were then considered explicit-
ly in the statistical model calculation of the decay
of the intermediate system. Theoretical cross
sections for the intensity of a y-ray transition in,
e.g., **Mg were obtained by first calculating the
separate cross sections for the population of indi-
vidual states by proton-neutron, neutron-proton,
and deuteron emission. Known or estimated y-ray
branching ratios were then folded with the sums of
these separate cross sections to obtain the total y-
ray intensity for a given transition.

The experimental and predicted results are com-
pared in Figs. 2 and 3. Here, again, the over-all
agreement is excellent over a range of bombarding
energies. At the lower energies, where the cross
sections change rapidly, the effective energy at
which theory and experiment should be compared
no longer corresponds to the center of the gas cell.
Rather, this effective energy moves closer to the
initial energy at the center of the gas cell. The
discrepancy between the predicted values and some
of the data at the higher energies [Figs. 2(d) and
3(c)] very probably arises from uncertainties in
the branching ratios for states at high excitation
energy in the residual nuclei or from angular cor-
relation effects.

The ability to predict absolute cross sections for
individual y-ray transitions, as demonstrated in
Figs. 2 and 3, suggests that the procedure we have
followed could be reversed in other reactions, i.e.,
total reaction cross sections could be deduced from
the combination of measured photopeak intensities
and statistical model calculations of the fraction
of the total reaction cross section which yields the
observed y ray.

Finally, Fig. 6 shows the predicted intensity of
the various exit channels for the decay of the 26Al
compound nucleus as a function of bombarding en-
ergy. Also shown in the figure is the sum of all
these processes, the total cross section for com-
pound nucleus formation, and the total reaction
cross section measured by Kuehner and Almqvis
It may be seen that the calculation underestimates
the total reaction cross section by about 20-30%
in the energy region where the present measure-
ments were made. This implies that all predicted
cross sections in Figs. 2-5 and Table II should
be raised by this amount. As may be seen by in-
spection of these figures, the conclusions regard-
ing the good overall agreement of the predicted
and experimental cross sections are not affected.

t.14
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V. CONCLUSION

The angular distributions for the 2C(*N, p)**Mg
and ¥C(**N,d)**Mg reactions to low-lying states
were found to be approximately symmetric about
90° in the center of mass. Moreover, statistical
model calculations based on independently derived
transmission coefficients and level density param-
eters are able to reproduce both the absolute mag-
nitudes and the general shapes of these angular
distributions. The statistical calculations also re-
produce the observed y-ray yields which result
from combined single and successive particle
emission. Since the statistical model can account
for the weak deuteron yields, as well as the in-
tense y-ray transitions observed in 2*Mg, we con-
clude that statistical p,n evaporation from the
26A1* compound nucleus is the main process pop-
ulating these low-lying states in ?*Mg.

In summary, the general agreement of a statis-
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FIG. 6. The excitation function for the total reaction
cross section as calculated using the Hauser-Feshbach
theory. The individual contributions from the various
exit channels are also shown. The dots indicate the
total reaction cross section as measured by Kuehner and
Almqvist (Ref. 14).
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tical model with the observed charged particle and
y-ray yields at the energies considered here, leads
to the conclusion that the reaction mechanism for
light particle production from the 2C + N interac-
tion contains a dominant compound nuclear compo-
nent. This result adds to the growing body of in-
formation which indicates that heavy ion reactions
at low and moderate energies generally proceed
via a compound nuclear mechanism when the
amount of mass transferred as a result of the re-
action is more than 4 amu.'®* Moreover, the suc-
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cess of the Hauser-Feshbach formalism in repro-
ducing the average compound nuclear contributions
to such reactions should assist in identifying those
exceptional reactions which contain a significant
direct component.
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