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The excitation curves and angular distributions of protons from the ct? (¢, pO)N15 reaction
have been studied experimentally in the range of a-particle energies from 16 to 26 MeV.
The excitation curves have a resonance structure which apparently is related to the mech-
anism of compound nucleus formation. The angular distributions depend strongly on the «-
particle energies. At almost all energies a peak is observed in the differential cross sec-
tion at large angles. The shape of the angular distributions indicates that direct processes
make an appreciable contribution to the reaction mechanism. However, the present theory
of direct reactions cannot explain the observed energy dependence of the angular distribu-

tions.

IN the last few years a considerable number of
investigations have been carried out 84-T on the re-
action C!? (o, pO)N15 with formation of the final
nucleus in the ground state. In these studies angu-
lar distributions of the protons have been meas-
ured at the following a-particle energies: 144,
16-19 21, 202234 25 38.6%, and 42 MeV 1.

The angular distributions agree qualitatively
with the stripping and replacement (knock-out)
theories [ only at energies above 33 MeV. At
lower energies the reaction is characterized by
presence of a sharply expressed peak in the dif-
ferential cross section at large angles and also by
a strong dependence of the proton angular distri-
butions on the a-particle energy. This fact makes
it necessary to obtain systematic data on the pro-
ton angular distributions from the reaction
C12(0z, pO)N15 at different a-particle energies.

In the present work we have carried out a de-

tailed study of the excitation functions and angular
distributions of protons formed in the ct? (@, pg )N15
reaction for a-particle energies from 16 to 26
MeV.?

EXPERIMENTAL TECHNIQUE

The experiments were performed with an ex-
ternal focused beam of « particles accelerated to
26 MeV in the 120 ¢cm cyclotron of the Nuclear
Physics Institute at Moscow State University.
Variation of the bomharding particle energy was
achieved by slowing down the « particles in
aluminum foils whose thickness could be changed
in steps of 5.65 u. This corresponds to energy
changes of 0.29, 0.35, and 0.41 MeV for « parti-
cles of 26, 20, and 15 MeV, respectively. To in-

Dpreliminary results of the study of this reaction have

been published previously.[’]
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crease the intensity of the beam of particles inci-
dent on the target, short-focal-length magnetic
lenses were placed between the foils and the
target to focus onto the target particles scattered
in the aluminum foils. The energy of the initial
particles was determined from the secondary
proton range with an accuracy of £0.2 MeV (the
function Rp(E) was taken from Sternheimer Ce] ).
The accuracy of the determination of the relative
energy of the particles bombarding the target was
roughly 0.05 MeV.

The protons produced in the reaction were
counted by a telescope of four proportional
counters.'” In the angular distribution and exci-
tation function measurements the background
usually did not exceed 1—2%. The regions where
the differential cross section is less than 0.1 mb/sr
are an exception. In these regions the background
was as high as 20—40%.

The target was a lavsan (mylar) polyester
film (C,(HgO,) of thickness 10u. If we take into
account that the target was placed at an angle of
45° to the beam, this thickness corresponds to
energy losses of 0.4 and 0.6 MeV for a particles
of 26 and 15 MeV, respectively. The a-particle
energy spread due to slowing down in the foils did
not exceed the energy loss in the target.

Absolute cross section values were not specif-
ically determined in this work but were obtained
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by comparison of the angular distributions with
the data of other authors.2:4:%

EXPERIMENTAL RESULTS

The excitation functions of the reaction
ct? (o, pO)le with formation of the final nucleus
in the ground state were measured for eleven dif-
ferent proton emission angles (Fig. 1). The meas-
urements were made in the «a-particle energy
region from 15.5 to 26.3 MeV for all the angles
except 0o m. = 19° and 30°, for which measure-
ments were made down to energies of 21.5 and
18.5 MeV. At lower energies it was impossible
to separate the group of protons being studied
from the recoil protons produced in the polyester
target.

Figure 2 shows the dependence of the differen-
tial cross section on the proton emission angle
for different «-particle energies, as obtained
from the measured excitation functions. To de-
termine the total cross sections we integrated the
angular distributions for 31 values of a-particle
energy. For energies below 21.5 MeV in the
small-angle region at which measurements were
not made, we used the data of other authors.[2’3]
Figure 3 shows the dependence of the total cross
section on the a-particle energy, and also the
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FIG. 1. Excitation functions for the reaction C'?*(a, p,)N*®
for different angles O.n (in the center-of-mass system).
The statistical errors and the errors associated with the
background do not exceed the size of the points.

JSr

Rl
iy

a6/d82, mb /sr

20

15
10V 1857
5

L L i AWy
1593
L

ecm, deg

Ocm, deg

L L 1 A 1 A il 1 ] L 1 J
g J0 60 90 120 150 180 O 20 60 90 120 150 180 0 0 60 90 120 150 180

Ocm, deg

FIG. 2. Variation of the differential cross section with
angle Ocm for different energies E, (in the laboratory sys-
tem) indicated near the corresponding curves.
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FIG. 3. Total cross section (solid curve) and cross sec-

tions for the forward (dot-dash curve) and backward (dashed
curve) hemisphere, as a function of energy Eq.

cross sections calculated separately for the for-
ward and backward hemispheres.

Our results are in good agreement with the
angular distributions obtained by Priest et al.,m
Yamazaki et al.,m and Nonaka et al.l¥ and with
the excitation function measured by Priest et al.
for 61ap = 31.8° (in comparison with the curve for
6c.m. = 45°). In those energy regions where a
comparison can be made, the behavior of the total
cross section as a function of energy also is in
satisfactory agreement with the data of other
authors.?:4
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DISCUSSION OF RESULTS

Our results together with those of Nonaka et
al.l” and Lieber et al.m permit tracing the energy
dependence of the proton angular distributions
from the C?(a, po)N15 reaction from 16 to 42
MeV. In analyzing these results our attention is
drawn to the diffraction nature of the angular dis-
tributions and the resonance structure of the ex-
citation functions.

Let us discuss in more detail the angular dis-
tributions obtained and their variation with «-
particle energy (Fig. 2). First of all we must
mention the presence of the rise in the differential
cross section at small angles for Eg < 18 MeV
and at large angles for E, > 18 MeV. The loca-
tion of the peaks for other bombarding particle
energy values from 16 to 42 MeV is shown in Fig.
4. The peak at about 45° is observed at prac-
tically all energies above 18 MeV. The peak at
100—110° present in the angular distributions for
Ey from 19.5 to 26 MeV splits at an energy of
26—27 MeV into two peaks located at about 90°
and 140°, whose position does not change up to 42
MeV.

The regularity in the location of the peaks in
the angular distributions indicates that direct
processes make an important contribution to the
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FIG. 4. Position of the peaks in the proton angular distribu-
tions as a function of a-particle energy: O —present work,
+_data of Priest et al.,[*?] e_data of Kondo et al.,[3]

X —data of Yamazaki et al.,[*] A_data of Nonaka et al.,[*]
O—data of Lieber et al.[*] The solid lines correspond to the
peak locations calculated from the stripping theory for R=6.5F.

reaction mechanism. However, the theory of
direct nuclear interactions with plane waves (8]
cannot explain the behavior of the differential
cross section even at small angles. Figure 4 also
shows the position of the peaks calculated on the
basis of stripping theory for R= 6.5 F. It is ob-
vious that for a constant value of the parameter
R the position of the peaks over a wide energy
range cannot be reconciled with experiment. For
example, for the peak to remain at 45°, the
parameter must be increased from 5.6 to 8.2 F
as E, is decreased from 42 to 19 MeV.

For wa-particle energies greater than 28 MeV
the height of the peaks in the angular distribution
decreases with increasing angle,[5’6] in agreement
with both the stripping and knock-out theories. At
lower energies this regularity disappears, and in
a number of cases an increase in the height of the
peaks is even observed with increasing angle (for
example, in the region E, = 24—26 MeV). This
angular distribution shape cannot be explained by
the stripping or replacement theories with plane
waves.

As we have already pointed out, a peak in the
differential cross section in the neighborhood of
180° is characteristic of the C¥(a, pO)N15 reac-
tion. Of the direct processes usually considered,
only heavy-particle stripping in the plane-wave
approximation leads to a rise of the differential
cross section in the large-angle region, and this
only to a curve flatter than that found experi-
mentally. Honda et al.t'’:®2] have made detailed
calculations of this process for the ct (e, pO)N15
reaction and concluded that the behavior of the
differential cross section in the large-angle
region for various energies can be explained by
heavy-particle stripping. However, the systematic
experimental data obtained in the present work do
not confirm this conclusion. In fact, the excitation
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FIG. 5. Excitation functions measured experimentally and

calculated from the heavy-particle stripping theory[”] for the
reaction C'*(a, p,)N** for O.m = 163.5°, The calculation was
made for g =2, [ =1, Rqg =5.2 F, Rp=4.0F,
{ezpjpoa@la}z = 2.1 (notations of Honda and Ui['!]).

functions for 60, y,. = 163.5° measured by us and
calculated from the formulas of Honda et al. with
parameters taken from their work do not agree,
even if we disregard the narrow peaks in the ex-
citation function (Fig. 5). To explain the experi-
mental angular distributions it is necessary to
assume that the parameters Ry, Ry, Rp, and the
relative contributions of stripping and heavy-
particle stripping depend on energy.

In addition to heavy-particle stripping, there
are other possible explanations for the rise in the
differential cross section in the large-angle re-
gion. We may take into account the distortions in
stripping 131 and heavy-particle stripping,[m use
p and d phases in ap scattering in the replace-
ment theory,[”’] or consider more complex direct
processes described by Feynman diagrams.[m
As an example we can cite the direct process with
a local interaction,mj which is described by a
four-vertex Feynman diagram.

Let us now consider the excitation functions.
The energy dependence of the total and differen-
tial cross sections has a clearly expressed reso-
nance nature, the total cross section decreasing
with increasing a-particle energy (Figs. 1 and 3).
It is natural to assume that the resonance struc-
ture is connected with formation of an intermediate
nucleus.

If we assume that the principal mechanism of
the reaction is the formation of a compound nu-
cleus and that a number of states correspond to
each resonance, then, according to Ericson,[183
the angular distributions averaged over a suffi-
ciently wide energy interval (considerably exceed-
ing the width of the ‘‘fluctuations’’) should be
symmetrical with respect to 90°. However, this
symmetry is not observed for the ct? (a, pO)N15
reaction (Fig. 6). In the averaged angular distri-
butions there is also a peak at large angles, which
is larger than the peak in the forward hemisphere.

In order to explain the resonance structure of
the excitation curves and the strong energy de-
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FIG. 6. Angular distributions of g

secondary protons, averaged over in-
tervals of width 2.5, 5, and 10 MeV:
1—for the interval 16.25 to

18.75 MeV; I1-18.75 to 21.5 MeV;
III - 21.5 to 23.75 MeV; IV —23.75

to 26.25 MeV. I + Il —solid curve
with points; II + III —dot-dash 7
curve; III + IV —dashed curve;
I+1II+1II+1IV =23 —solid curve.
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pendence of the angular distributions, it is suffi-
cient to assume that each peak in the excitation
function corresponds to one or two states of the
intermediate nucleus O with a different parity.
Blieden % showed that if two levels of the O
nucleus contribute to the mechanism of forming
the compound nucleus, the difference in the angu-
lar distributions obtained experimentally and pre-
dicted by the stripping theory can be explained.z)
However, since the rise of the differential cross
section on approaching 180° is characteristic of
almost the whole energy range studied in the
present work, it is improbable that this rise is due
only to interference.

Figure 7 shows the level scheme of 0'® for
excitation energies from 19 to 27 MeV, con-
structed from the data on total cross sections of
reactions in which one of the channels is C? + «.
(In such reactions levels can be excited with
quantum numbers 0%, 17, 2%, 37, etc.) The posi-
tion of the levels was determined from the as-
sumption that each peak in the excitation curve
corresponds to one level in the intermediate nu-
cleus. The level locations obtained from different
reactions are in good agreement. This indicates
that the resonance structure of the excitation
curves is related to the mechanism of intermediate
nucleus formation.

It must be noted that comparison of the level lo-
cations based on the peaks in the excitation curves
for the differential cross sections at specific pro-
ton emission angles rather than those for the total
cross section can introduce errors, since the
position of the peaks depends on the angle of ob-
servation even for a single reaction. For example,
for the reaction C' («, pO)N15 (Fig. 1), only the

2)Use of the Blieden formula for the angular distribution,
which takes into account interference of two states, is accu-
rate for (a, p) reactions if the final nucleus has quantum num-
bers %, For the reaction C'*(a, p,)N'°, where the parity of
the final state is negative, the formula will contain not three
but seven parameters.
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FIG. 7. Level scheme of the intermediate nucleus 0'¢ in
the excitation region 19 —27 MeV, obtained from total cross
section data of the present work and from other authors. The
energy regions investigated are indicated by the vertical lines;
the dashed lines indicate levels which are not clearly ex-
pressed.

position of the 21.0 and 25.6 MeV peaks (corre-
sponding to excitation energies of 22.9 and 26.4
MeV) is almost independent of angle. It is possi-
ble that the constancy in the position of these
peaks is an indication that only one level of the
intermediate nucleus contributes appreciably to
the reaction. In particular, we would expect that
the level corresponding to an a-particle energy
of 25.6 MeV has quantum numbers 0¥, since the
angular distribution changes hardly at all in the
vicinity of this state.

CONCLUSIONS

An analysis of the experimental data obtained
in the present work shows that in the «-particle
energy region investigated three processes con-
tribute appreciably to the mechanism of the
c?(a, 100)N15 reaction: 1) the stripping or knock-
out process; 2) the direct process, which is
characterized by peaks in the large-angle region;
3) the process of compound nucleus formation.
The diffraction nature of the angular distributions
can be explained by the direct processes, and the
resonance nature of the excitation function by
compound nucleus formation. It must be empha-
sized that the features noted are characteristic
not only of the C'2(a, p,)N'® reaction but are ob-
served also for other («, p) and (p, a) reac-
tions in the same energy region, for example, for
the reaction F19(p, a0)016, which has been in-
vestigated in detail by Warsh, Temmer, and
Blieden.??!

The authors are grateful to A. N. Orlov for
major assistance in carrying out this work, and
to the cyclotron crew.
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Note added in proof (December 28, 1964). Mikumo[?*] has
measured the total cross section for the reaction N**(p, a,)C*
as afunction of proton energy from 7 to 15 MeV (0'® excitation
energy from 18.5 to 26.3 MeV). These data are in good agree-
ment with the results of the present work (see Fig. 3).
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