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The /,=1 assignment is in agreement with the assumed
spin and parity of the ground state of N'3.” The zeros
of the theoretical curve are in good agreement with the
minima of the experimental curve and the amplitude
of the strong forward peak is accounted for reasonably
well.

In Fig. 11 these data are compared with the data of
Wegner and Hall* at 21.0 and 24.0 Mev. As seen, the
angular distributions do not change radically in this
energy interval and the minima show a systematic shift
toward smaller angles as the bombarding energy is in-
creased. If, as is true for most simple direct-interaction
theories, the angular dependence is contained in some
function of Qr, then, assuming that 7o is constant, the
value of Q for a given minimum should be independent
of energy. Inspection of Table I shows that the values
of Q for a given minimum are nearly independent of
energy in this energy range. This leads one to believe
that the reaction does indeed proceed by a simple
direct process and that the angular distributions will
be explained in more detail by a more sophisticated
expression.

SUMMARY

Using a crude theory for the C*?(He?,p;)N" reaction,
theangular distributions were fitted by simple [ 72.(Qr0) J?
functions. In fitting these dala an effort was made to
correlate the minima in the experimental angular distri-
butions with the zeros of 7.,(Qr0) and to keep the inter-

AND C!2(He3,d)N1t3 1301
action radius reasonably constant. This was done with
good success using interaction radii of 6.0, 5.7, and 5.7
fermis and L=2, 0, and O for the p,, p1, and p, angular
distributions, respectively. The theoretical curves, how-
ever, grossly underestimate the experimental intensity
in the forward angles of the p1 and p, angular distri-
butions. If more freedom is allowed for the value of the
interaction radius, the forward part of these experi-
mental curves can be accounted for, but the over-all
agreement is vastly reduced.

The C2(He?,do)N*® data were compared with Butler’s
theory® for the stripping of a proton from the He?
nucleus. Good agreement between the zeros of the theo-
retical curve and the minima of the experimental curve
was obtained, though the latter were not always well
defined, and the shape of the experimental curve was
accounted for reasonably well.

It is expected that just as for (d,p) and (d,n) stripping
reactions, more detailed analyses, especially the dis-
torted wave calculations, will remedy some of the de-
ficiencies of the simple stripping theories used here.
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Angular distributions have been measured for the reactions
C2(q,p) N* and F¥(a,p)Ne? using the cyclotron 19-Mev alpha-
particle beam. The C2(e,po)N'® data at 18.0, 17.1, and 16.1 Mev
differ markedly from the 19.0-, 18.7-, and 18.3-Mev data; the
latter three are very similar to each other. The differential excita-
tion function at 31.8° (lab) shows a resonance at 17.5 Mev
with a width at half-maximum of ~2 Mev. Steep backward
peaking is observed in the 16.1-Mev data. Some of the features
of the 17.1- and 18.0-Mev data can be represented by Butler’s
formula for (a,p) reactions using /=1 and r,=>5.9 and 5.5f, re-
spectively. For the F9(a,p)Ne? data the cross sections for the

INTRODUCTION

HE proton angular distributions to be reported
here are the first of a series of measurements

* This work was supported in part by the U. S. Atomic Energy
Commission. This article is based on a portion of a doctoral thesis
submitted by J. R. Priest to the faculty of Purdue University. A

transition to the ground state of Ne? are factors of 10 to 20 less
than the cross sections for the transition to the first excited state
of Ne2, This inhibition, together with the F19(»,d)O'8 data, may
be explained by assuming that the two last neutrons of % are not
disturbed in the direct interactions and that they are in a (ds/2%)o
configuration in Ne2, in a (ds2?)2 or (51220 configuration in F.
Using 79=>35.1f, Butler’s formula accounts reasonably well for the
forward peak and the location of the minima of all three angular
distributions for the region of angles less than 90°. The angular
distributions are all peaked in the backward angles.

using low and medium Z target nuclei and the 19-Mev

alpha-particle beam from the Purdue cyclotron in which

an endeavor is being made to determine the magnitude

;()reliniinary report has been given in Bull. Am. Phys. Soc. 4, 17
1959).

T Present address:

IBM Research Laboratory, Yorktown
Heights, New York.
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of direct-interaction contributions at this energy. Efforts
are being made to establish some systematics over a
fairly wide range of target nuclei and to analyze the
angular distributions in the light of current direct-
interaction theories. Attempts are also being made to
correlate the data with the predictions of the shell
model for the configurations of the nuclei involved.

The angular distributions of the ground-state proton
group (po) from the reaction C2(a,p)N'® for alpha-
particle energies between 30 and 40 Mev'~ (Fig. 4)
have given strong evidence for the direct-interaction
mechanism. For energies between 25 and 30 Mev!
(Fig. 4) some of the direct-interaction character seen
at the higher energies is still present but the angular
distributions become more energy dependent. The most
significant departure from the simple direct-interaction
mechanism as visualized, for example, by Butler,* is the
steep backward peaking which is observed from about
25 to 31 Mev. In order to study the trend of the angular
distributions and the direct-interaction contribution at
lower energies, we have measured the angular distribu-
tion for alpha-particle energies of 19.0, 18.7, 18.3, 18.0,
17.1, and 16.1 Mev.

The F¥(a,p)Ne? reaction has been studied by Pieper
and Heydenburg® for five alpha-particle energies be-
tween 6.0 and 6.55 Mev. The angular distributions of
the po and p; groups, the latter leaving Ne? in its first
excited state, were found to be very energy dependent.
At some energies the angular distributions showed
striking agreement with predictions based on simple
direct-interaction mechanisms, whereas there was no
resemblance at certain other energies. For a higher
bombarding energy one might expect that the direct-
interaction character which was observed by Pieper
and Heydenburg at selected energies would be better
represented. Thus we have measured the angular dis-
tributions of the po, 1, and p. groups for an energy of
18.9 Mev.

Where feasible, the theory of (@,p) reactions as
derived by Butler* has been applied to the data pre-
sented here. The theoretical curves are calculated from
Eq. (40) of reference 4. The form of the Wronskian
function used is that given by Butler.®

EXPERIMENTAL METHODS

The ex‘perimental setup and proton detection tech-
nique have been described previously.” The rms energy

11. Nonaka, H. Yamaguchi, T. Mikumo, I. Umeda, T. Tabata,
and S. Hitaka, J. Phys. Soc. (Japan) 14, 1260 (1959).

2 C. E. Hunting and N. S. Wall, Bull. Am. Phys. Soc. 2, 181
(1957).

3R. Sherr and M. Rickey, Bull. Am. Phys. Soc. 2, 29
(1957); Annual Progress Report, Washington University, 1957
(unpublished).

4+S. T. Butler, Phys. Rev. 106, 272 (1957).

5G. F. Pieper and N. P. Heydenburg, Phys. Rev. 111, 264
(1958).

6S. T. Butler and O. H. Hittmair, Nuclear Stripping Reactions
(John Wiley & Sons, Inc., 1957), p. 30.

7J. R. Priest, D. J. Tendam, and E. Bleuler, preceding paper
[Phys. Rev. 119, 1295 (1960)].
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deviation from the nominal alpha-particle energy due
to finite geometry and imperfect focusing was 50 kev.
Commercial targets of Teflon?® (CFj),, 2.7 mg/cm?
thick and polyethylene® [ (CH,) (CH,)]J,, 1.3 mg/cm?
thick were used as the F'* and C® targets, respectively.
The Teflon and polyethylene targets were, respectively,
0.73 Mev and 0.48 Mev thick for 19-Mev alpha
particles.

The proton groups for the transitions studied were,
in general, clearly resolved. There were two exceptions.
1. For the F(a,p;)Ne? reaction it was difficult to re-
solve the po group because of its very weak intensity
and the fact that the first excited state of Ne? is only
1.275 Mev above the ground state. 2. For the C2(a, po) N8
reaction, a gamma-ray background which comes from
the very intense gamma-ray flux near the collimator
interfered with the low-energy protons which emerge
in the backward angles. For each measurement where
it was necessary to correct for the gamma-ray back-
ground, a run was made with sufficient aluminum in
front of the crystal to absorb out all reaction products.
The gamma-ray background recorded was then sub-
tracted from the proton spectrum.

A preliminary proton energy scale was determined by
calculating the mean energy of the proton groups using
the Q values for the reaction as taken from Ajzenberg-

Ep, = 14.7

Counts

s?°(a,m) P
Qo= - 1.920Mev
Eq = 18.5Mev

OLop=18.5°

N AT

27

p3

EP,= 16.7

Counts

70 75
F'(a,P;) N
Qo =+1.698 Mev
Eq = 18.3 Mev
8qp=18.5°

a5 50 55 60 65 70 75
€ =153 EDeIG.S Alv(ﬂ,Pi)Si”
P23 Qo =+2.376 Mev
Ep* 18.5Mev
sor- 6Lqp"18.5°
Lob -

Counts

P PR B o
45 50 55 60 65
Channel

Ep:19.3

70 75

Ne??

Fic. 1. Energy calibration for the reaction F¥(x,p)Ne22.

8 Purchased from the Dielectrix Corporation, Farmingdale,

Long Island, New York.

? Kindly supplied by the Bakelite Corporation, Division of

Union Carbide, Bound Brook, New Jersey.
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Selove and Lauritsen® and then comparing these ener-
gies with the mean pulse heights for the groups. The
energy scale was cross-checked by comparing these
proton energies with calculated proton energies from
other (a,p) reactions with known Q values.’® For the
F(a,p)Ne? calibration, the protons from the reactions
Al?7(a,p)Si* and Si*®(a,p)P*! were used for the cross-
check. These results are shown in Fig. 1. The p, group
from the reaction C*?(a,p)N'® was identified by com-
paring its pulse height with the knock-on proton pulse
height.

RESULTS AND DISCUSSION
Ccr ((!,PO)NM

The angular distributions of the po group from the
C%(a,p)N* reaction measured for alpha-particle ener-
gies of 19.0, 18.7, 18.3, 18.0, 17.1, and 16.1 Mev (lab)
are shown in Figs. 2 and 3. For illustration purposes,
these data along with the data at 25 to 39 Mev! are
shown in Fig. 4. The energies of 19.0 and 18.7 Mev
were those for which maximum beam intensities were
available for two different operating conditions of the
cyclotron. The 18.3-Mev energy was obtained by
selecting an energy somewhat lower than the maximum-
beam energy. To obtain energies of 18.0, 17.1, and
16.1 Mev, the beam energy was degraded by using

g

Clz(ﬂ ,po) Nl5
| Eq =19.0 Mev (Lab)

= O(CM)mblyg, ¢

8
7

.O(CMImbye,

8
T

4
8
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o

OlcM) mbyyy
§

8
T
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FiG. 2. Angular distributions of the p, group from the reaction
C2(a,p)N' at 19.0, 18.7, and 18.3 Mev.

0 ¥, Ajzenberg-Selove and T. Lauritsen, Nuclear Phys. 11, 1
(1959).
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T16. 3. Angular distributions of the po group from the reaction
C¥(e,p)N* at 18.0, 17.1, and 16.1 Mev.

combinations of 0.0005-inch and 0.001-inch beryllium
foils placed in front of the entrance slit to the analyzing
magnet. 16.1 Mev represents the lower limit that could
be used while still retaining reasonable beam intensity.
For the three higher energies the counting statistics
are better than 6%, For the three lower energies,
where the beam intensity was low, the counting sta-
tistics are usually better than 87%,. Because of the high
intensity of the knock-on protons from the hydrogenic
content of the targets used, it was impossible to obtain
any data for angles less than about 25°.

The angular distributions are seen to be very energy
dependent, especially in the region of angles less than
about 50° and greater than about 130°. The cross
section at around 130°, where a pronounced maximum
occurs at all energies except 16.1 Mev, is fairly constant
except at 17.1 Mev where it is a factor ol two larger.
In all cases there is a minimum at around 80°, as there
is at higher energies.! The sharp rise beyond 130° at
16.1 Mev is a characteristic which has been observed
elsewhere!™ at higher energies. Similar effects have
been recorded in this laboratory for the reactions
F9(a,p)Ne? (to be presented later) and Si?8(a,p)P3L,M
and at other laboratories for the reactions A7 (p,a) Mg, 12
F19(p,a)01“,13 and O'8(p,a)NB,14

11'W. D. Ploughe, Purdue University (private communication).

21. Kumabe, C. L. Wang, M. Kawashima, M. Yada, and H.
Ogata, J. Phys. Soc. (Japan) 14, 713 (1959).

13 H. Ogata, J. Phys. Soc. (Japan) 14, 707 (1959).

1 D. R. Maxson, Palmer Physical Laboratory, Princeton Uni-
versity (private communication).
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Because of the rapid changes in the cross section in
the forward angles, the differential excitation function
was measured at 31.8° (lab). The energy was varied in
steps which were consistent with the energy spread of
the incident beam before striking the target. The re-
sults (Fig. 5) show a pronounced resonance at about
17.5 Mev. The width of the resonance is about 2 Mev
at half-maximum. Similar resonances have also been
observed for this reaction at 27 and 34 Mev.! At the
higher bombarding energies,! attempts were made to
correlate these resonances with resonances in the total
cross section. However, the total cross section varies
quite smoothly and increases as the energy is de-
creased. Only slight bumps, if at all, appear in the total
cross section versus energy curve at 27 and 34 Mev

B op= 3!-8°
C%(a,poIN'® Qo= —4.965 Mev

Denotes statistical error in O and rms energy spread in
incident beam

o
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O (™ster)
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F16. 5. Differential excitation function for the
reaction C2(a,p)N15 at O1.,=31.8°.
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Fic. 4. Comparison of the
Purdue data at 16.1-19.0 Mev
105 with the data 'of the University of
N Tokyo at 25-39 Mev.
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where the resonances in the differential cross section
are in the forward angles. The data at 16.1 to 19.0 Mev
were integrated over solid angle from 20° to 170°. The
results are shown in Table I. To within the errors
involved in excluding the contributions from angles
less than 20° and greater than 170° and uncertainties
in the measured differential cross sections, the sys-
tematics observed in the higher energy data are also
true for this energy region. The integrated cross sec-
tion increases with decreasing energy and there is a
small increase at 17.1 Mev, which is near the energy
for the resonance in the differential excitation function
at f1,,=31.8°. It seems difficult to attribute these reso-
nances to compound-nucleus formation if large reso-
nances do not occur in the total cross section. Reso-
nances in the differential cross section in the forward
angles have also been noted for (d,p) reactions where
the stripping-type character of the angular distribu-
tions was well represented.!>!6 The resonant structure
for the Si?®(d,p)Si® data'® has been interpreted as “re-
flecting direct interaction-compound nucleus interfer-
ence effects with a dominant direct reaction amplitude.”
Although the direct-interaction character, as visualized
in the simple theories,* is not as well represented in
(a,p) reactions as in (d,p) reactions, the resonant
structure observed in the differential cross section in
the forward angles for C2(a,po)N'5 may also be due to
direct interaction-compound nucleus interference or to
unknown resonant processes within the direct-interac-
tion formalism.

Butler’s formula? for the direct knock-out of the
least bound proton has been applied to the data at

TaBLE 1. Integrated C2(a,po)N*® differential cross sections.
The range of integration was from 20° to 170°.

17.1
13.3

16.1

E. Mev) 190 18
7. 11.3

o (mb) 7.0

NS §

18.3 18.0
5.5 9.3

15T, W. Bonner, J. T. Eisinger, A. A. Kraus, Jr., and J. B.
Marion, Phys. Rev. 101, 209 (1956).

16 J. A. Kuehner, E. Almquist, and D. A. Bromley, Bull. Am.
Phys. Soc. 5, 56 (1960).
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17.1 and 18.0 Mev. The theoretical curves (Figs. 6
and 7) were calculated from Eq. (40) of reference 4.
The interaction radii of 5.9f for the 17.1-Mev data and
5.5f for the 18.0-Mev data compare favorably with a
radius of 5.5f which was used in the analysis of the
C2(a,a")C?*, Q=—4.43 Mev (2*) data at 18.0' and
31.5 Mev.!® As seen, the theoretical curves for both
energies have minima in the forward angles while the
experimental curves have maxima. However, the bumps
in the experimental curves at ~45° coincide with the
first peaks of the theoretical curves and the positions
of the second experimental and theoretical peaks co-
incide. If the theoretical curves are normalized to the
experimental curves at ~45° the heights of the second
theoretical peaks fall below the experimental peaks. If
the theoretical curves are normalized to the experi-
mental curves at ~120° an excellent fit is obtained
beyond 90° but the theoretical curves are much too
high in the forward angles. Qualitatively, the peaks
which appear in both cases at ~120° and the bumps
at ~45° can be accounted for by the simple knock-out
process. However, the formula does not explain at all
the forward parts of the angular distributions. The
distinct difference in the theoretical and experimental
curves in the very forward angles that was observed

A C%a,pI N® Qo= —~4 %6 Mev

Eqo =171 Mev (Lab)
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F16. 6. Theoretical fit to the angular distribution of the po group
from the reaction C2(x,p)N15 at 17.1 Mev.

177, C. Corelli, E. Bleuler, and D. J. Tendam, Phys. Rev. 116,

1184 (1959).
18H, J. Watters, Phys. Rev. 103, 1763 (1956).
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F16. 7. Theoretical fit to the angular distribution of the py group
- from the reaction C2(c,p)N?5 at 18.0 Mev.

here at 17.1 and 18.0 Mev is very similar to that which
was observed in this laboratory for C2(a,e’)C2*, Q
=—4.43 Mev (2%) at 18.0 Mev.1"

The sharp rise in the cross section beyond ~130°
for the 16.1-Mev data (Fig. 3) is reminiscent of the
heavy-particle stripping process as proposed by Mad-
ansky and Owen.*~? However, the steepness of the
peaking cannot be accounted for in a simple manner.

F!*(a,p)Ne>

The angular distributions of the po,p1, and p, groups
from the reaction F¥(a,p;)Ne? are shown in Figs. 8, 9,
and 10. The mean alpha-particle energy was 18.9 Mev.
Representative errors, which include those due to
counting statistics and an estimation of errors due to
unfolding the peaks, are indicated on each angular
distribution.
| With the exception of the extreme backward angles,
the transition to the O ground state is easily a factor
of ten and at some angles a factor of twenty less
probable than the transition to the 2+ first excited
state of Ne?. Even though the statistical factor can
account for a factor of five, the ground-state transition
is still weak. A similar inhibition of the ground-state
transition was observed in the F°(d,n)Ne® stripping

L. Madansky and G. E. Owen, Phys. Rev. 99, 1608 (1955).
2 G. E. Owen and L. Madansky, Phys. Rev. 105, 1766 (1957).
2T, Fulton and G. E. Owen, Phys. Rev. 108, 789 (1957).
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F16. 8. Angular distribution of the po group from the reaction
F¥(a,p)Ne? at 18.9 Mev. The broken curve is drawn to emphasize
the trend in the extreme backward angles.

reaction.?? In the F'(7,d)O'® pickup process, however,
the reduced widths for the transitions to the ground
state and the first excited state were found to be about
equal.?* In Table II, an attempt is made to gain infor-
mation on the structure of F' from these reactions by

TABLE II. Possible direct transitions between some shell-model
configurations of the initial and final nuclei for the reactions
F1(n,d)0%, F9(a,p)Ne?2, and F¥(d,n)Ne®. Experimentally in-
hibited transitions are shown in brackets.

I (d3?)ads (d5*)osy (552)osy
d:2 1.=0 cee
o {{he i £Z0
O (dg2), I,=2
i 1.=0 ...
Ne {{Gh 0 (t,=0)
Ne2*  (dy?)e l,=2
f(diz)o (diz)a e
Ne® { (dg)o(s33)o l,=0) e
1(512)0(8}2)0 B (I,=0)
Ne*  (dg)2(ds?)o l,=2

2], M. Calvert, A. A. Jaffe, and E. E. Maslin, Proc. Phys.
Soc. (London) A68, 1017 (1955).

2 R. E. Benenson, H. Y. Chen, and L. J. Lidofsky, Bull. Am.
Phys. Soc. 5, 56 (1960).

# T, L. Ribe, Phys. Rev. 106, 767 (1957).
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listing some shell-model configurations for the initial
and final nuclei which can be connected by a direct-
interaction process. It is assumed that the two last
neutrons in F® remain unaffected and that in the
(a,p) reaction the alpha particle captured in the final
nucleus is in an .S state. The angular momentum
transfer is then equal to the angular momentum of the
proton in I, The first symbol in each case stands for
the last two neutrons, the second for the last proton(s).

From the inhibition of the ground-state transitions
in the reactions F¥(e,p)Ne2 and F9(d,n)Ne? alone,
one would be tempted to conclude that the (ds?).ds
term is predominant in F¥. The strong ground-state
transition in the pickup reaction, however, indicates
that one of the other terms must also have a large
amplitude. A consistent picture is obtained, for ex-
ample, if one assumes that only d; states contribute in
Ne? and Ne?, whereas O'® has an (s32) term and F®
is a mixture of (ds®) and (s®) terms, with only a small
(ds®)sy part. This would be in contradiction to the
calculations by Elliott and Flowers?® and by Redlich?6
who find essentially equal (s3®) and (ds?)s; terms, with
the (ds®) intensity being smaller by about a factor 4.

The results of fitting Butler’s formula? to these data
are also shown in Figs. 8 9, and 10. An interaction
radius of 5.1f was used throughout. Pieper and Heyden-
burg,® using the same equation for the analysis of the
F(a,po)Ne* angular distribution at 6.40 Mev, used an

F®(a,pNe™" Q1703 ~1.28 Mev
Eq*18.9 Mev (Lob)

2
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F16. 9. Angular distribution of the p; group
from the reaction F(a,p)Ne? at 18.9 Mev.

25 J. P. Elliott and B. H. Flowers, Proc. Roy. Soc. (London)
A229, 536 (1955).
26 M. G. Redlich, Phys. Rev. 110, 468 (1958).
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interaction radius of 5.2f. Although the character of
the po angular distribution is poor, the zeros of the
theoretical curve are not inconsistent with the indica-
tions of minima in the experimental data. The formula
accounts well for the forward peak and the location of
the minima in the p; angular distribution. The peak at
150° is not explained at all by the formula but is
reminiscent of a heavy-particle stripping process.

Although the spin and parity of the 3.35-Mev level
of Ne? are not known for certain,'®?” the theoretical
curve for /=2 is not inconsistent with 2+, the most
probable assignment. The theoretical fit in the forward
angles is reasonable and the zeros of the theoretical
curve are consistent with the minima of the experi-
mental data.

The most significant departure from the predictions
of Butler’s theory* is the backward peaking observed in
all three angular distributions. Backward peaking,
though much more slowly rising, has been adequately
explained in certain (d,z) cases by the heavy-particle
stripping process. However, the sharp backward peak-
ing observed here and elsewhere for other (a,p)'* ! and
(p,@)* " reactions has thus far defied analysis.

SUMMARY

Direct-interaction effects of varying magnitudes have
been observed in both reactions studied. The most
prominent differences between the measured angular
distributions and the predictions of the simple direct-
interaction theories were the backward peaking, espe-
cially the steep backward peaking at selected energies,
the strong energy dependence of the C'(a,po)N'® re-
action, and the lack of definition in the minima. As
pointed out, similar behaviors have been observed
elsewhere. The interpretation is not at all clear and
certainly demands more theoretical attention. It is not
known at all whether the more realistic distorted wave
calculations will account for the (@,p) data. Perhaps

27 B. P. Foster, G. S. Stanford, and L. L. Lee, Jr., Phys. Rev.
93, 1069 (1954).
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I'16. 10. Angular distribution of the ps group from
the reaction F(«,p)Ne2 at 18.9 Mev.

these data will be better explained by the inclusion of
another direct process, presumably heavy particle
stripping, with appropriate interference between the
two.
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