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The energy spectra of deuterons from the C'2(a,d)N* reaction have been studied up to an excitation of
21 MeV. The reaction was induced by 53-MeV alpha particles from the Berkeley 88-in. spiral-ridge cyclotron,
and the reaction products were distinguished by a new type of particle identifier. The observed selectivity of
final state population is correlated with the predicted configurations for many N* levels and several new

assignments are made.

1. INTRODUCTION

HE two-nucleon (a,d) transfer reaction leading to

states of N* is especially interesting for two
reasons. (A) A detailed investigation may provide the
basis for an understanding of the observed selectivity
of final-state population in (e,d) [or (He?p)] reactions
in general, since extensive theoretical studies of this
nucleus, most recently by True,! provide the wave
functions necessary for cross-section predictions. The
preceding paper by Glendenning? delineates and tests
this possibility. (B) High resolution studies of the
C2(a,d)N* reaction, continuing to high excitation
(>15 MeV), can extend our knowledge of the N
levels, particularly exploring states of two excited
nucleons around the target “core” that are inaccessible
in single-nucleon transfer experiments.,

2. EXPERIMENTAL

The C2(a,d)N™ reaction was induced by a beam of
53-MeV alpha particles from the Berkeley 88-in. spiral
ridge cyclotron. The general beam optical system has
been described previously®; measurements were made
in a 36-in. scattering chamber. In the present experi-
ment, no beam collimation was used after the second
quadrupole doublet. Removal of the collimator did not
affect the resolution but the background decreased.

A block diagram of the counting equipment is
presented in Fig. 1. Particles were detected by a counter
telescope that consisted of two Li-drifted surface barrier
counters: a 14-mil transmission counter backed by a
120-mil stopping counter. To increase the effective
counter thickness, the counter telescope was rotated
40° with respect to a radial line from the center of the
scatter chamber. Deuterons of up to 37.5 MeV could be
stopped by this system. The counters were positioned
so that the two surface barriers faced each other to
lessen the dead layer between the counters, since there
was an approximately 3-mil dead layer on the mesa side
of the transmission counter.

* This work was done under the auspices of the U. S. Atomic
Energy Commission.

1 Now at the University of Montreal, Montreal, Quebec.

1'W. W. True, Phys. Rev. 130, 1530 (1963).
(lgé\i.) K. Glendenning, preceding paper, Phys. Rev. 137, B102

3B. G. Harvey, E. Rivet, A. Springer, J. R. Meriwether, W. B.
Jones, J. H. Elliott, and P. Darriulat, Nucl. Phys. 52, 465 (1964).

The reaction products were distinguished by a new
type of particle identifier* that employs the empirical
relationship

Range=aFE"",

where a depends on the type of particle, and E is the
incident energy. A typical particle-identifier spectrum

TasLE I. Comparison of the N levels observed at excitations
less than 11 MeV with those previously reported.® Shell-model
configurations and integrated cross sections are also included.

Levels Cross Previously reported levels
identified section Energy Dominant
(MeV)  (mb) (MeV) Jr T configuration®
0 0.98 0 14+ 0 (pr12)?
2.31 04 1 1/2)*
395 031 3.945 1+ 0 (p3/2) 1 (pa2) 2
491 1.58¢ 4914 - 0 P12 12
5.10 : 5.104 2— 0 D12 ds)2
5.69 1.64¢ 5.694 1— 0 P12 S1/2
5.83 : 5.834 3— 0 D12 dsj2
6.05 ?
6.21 1.69° 6.21 14- 0 (s1/2)?
6.44 . g.%" 34+ 0 S1/2 ds)2
7.03 0.32 7.034 24 0 (p3r2)L(pry2)?
7.40 ?
7.60 ?
7.97 0.31 7.97 2— 0 P1/2 dsj2
8.06 1- 1 P12 S1/2
8.47 1.08 8.47 o) ?
8.63 04 1 (s1/2)?
8.71 0— 1 Pise S1/2
8.91 3— 1 P1/2 @s)2
8.99 i+ (0} ?
9.00 5.67 9.00f 5+ 0 (ds)2)?
9.17 2+ 1 (s,d)+ (pas2) 2 (pry2)*
941 081 9.41 1— 13 predse (2
9.51 2— 1 p1/2 dsj2
9.71 0.37 9.71 1+ k (ds12)?
10.02 049 10.09 a+) o s1/2 ds/28
10.22 1— ?
10.43 24 1 S1/2 ds/2
10.55 1—
10.71 0.97 b

2 Reference 6.

b References 1, 7, 8. )

¢ Members of the doublet were not resolved but careful analysis of peak
position and shape strongly indicates that the transition proceeds primarily
to the higher spin component.

d The parity assignments for these levels were taken from Ref. 5.

e The parity assignment for this level was taken from Ref, 9.

f Reference 5. . .

& The assigned configuration is wrong if the spin of this level is 1+ as
recently reported, instead of 2+ as previously thought (Ref. 10).

b The observation of this level indicates (confirms) a T =0 assighment.

i The previous suggestion (Ref. 11) of a T =0 assignment to this level
should be disregarded.

4F. S. Goulding, D. A. Landis, J. Cerny, and R. H. Pehl,
IEEE Trans. Nucl. Sci. 11, 388 (1964).
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is shown in Fig. 2. The asymmetry of the proton peak
was caused by high-energy protons that were not
stopped in the counter telescope. Total-energy pulses
were fed into a Nuclear Data Corp. pulse-height
analyzer which was appropriately gated so that the
deuteron and triton spectra were recorded simultane-
ously, each spectrum in a 1024-channel group. The
proton-deuteron valley was also recorded in the analyzer
to measure any small but possible loss of deuterons. No
loss was observed with the gates set as shown in Fig. 2.
The average energy resolution for the deuterons was
170 keV. (Optimum resolution was 145 keV.) The
particle identifier output was observed continuously on
another pulse-height analyzer. Since no variation of
peak or valley position occurred, the gate settings were
not changed during the experiment.

The beam intensity, which ranged from 15 to 200
mpA depending on the angle of observation, was
measured by means of a Faraday cup and integrating
electrometer. An additional Li-drifted surface barrier
counter, placed at a fixed angle (=20 deg), detected the
alpha particles scattered from the target. Measuring
the ratio of the inelastic peak heights to the general
background was useful in determining the “quality” of
the beam. Thus, the effect of changes in the beam
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FiG. 2. Particle identifier spectrum at a scattering angle of 15
deg (lab) from bombardment of C!? with 53-MeV alpha particles.
The discriminator settings are represented by lines 1, 2, and 3.

optical system could be quickly ascertained. In addi-
tion, monitoring the elastic peak provided a continuous
check of the target thickness and/or the beam position
and angle. Very little variation was observed.

Carbon targets were prepared by diluting a “Dag”
solution (colloidal graphite in isopropyl alcohol and
acetone) with ethanol and acetone. This solution was
poured on a glass mirror and allowed to dry. When the
mirror was submerged in water the carbon film would
rise to the surface. The film was then collected on
cellophane and the water allowed to evaporate. When
dry, self-supporting films about 0.3 mg/cm? thick and
as large as 4 by 4 in. could be peeled from the cello-
phane. Most of the oxygen impurity was removed by
heating the targets to 1400°C in a vacuum for several
hours and then allowing them to cool to below 200°C
before exposure to air. However, as noted in Figs. 3 and
4, a small oxygen impurity is present. [The 1.1 MeV
level of F'® made by the O'%(a,d)F'8 reaction is a “giant
peak,”s and therefore even a very small impurity is
observable.]
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F16. 3. Deuteron energy spectrum from the
C2(ar,d)N™ reaction at 30°(lab).

5 B. G. Harvey, J. Cerny, R. H. Pehl, and E. Rivet, Nucl. Phys.
39, 160 (1962). The results of a more extensive investigation will
be published.
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F1G. 4. Deuteron energy spectrum from the
C2(q,d) N reaction at 60°(lab).

3. RESULTS

Figures 3 and 4 illustrate deuteron energy spectra at
laboratory scattering angles of 30 and 60 deg, respec-
tively. The angular range studied covered from 12 to
80 deg (lab), and the observable excitation in N
extended up to 21 MeV at small angles. Lists of the N*
levels identified are presented in Tables I and II. Table
I also includes®™ the integrated cross sections and
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F16. 5. Angular distributions of deuterons from formation of
the ground state and 6.44-MeV levels of N4, The latter includesa
small contribution from the 6.23-MeV level.

6 T. Lauritsen and F. Ajzenberg-Selove, Nuclear Data Sheets,
compiled by K. Way ef al. (Printing and Publishing Office,
National Academy of Sciences—National Research Council,
Washington 25, D. C., 1962), NRC 61-5, 6.

(1;6%) K. Warburton and W. T. Pinkston, Phys. Rev. 118, 733

81, Talmi and I. Unna, Ann. Rev. Nucl. Sci. 10, 353 (1960).

9 E. K. Warburton, J. W. Olness, D. E. Alburger, D. J. Bredin,
and L. F. Chase, Jr., Phys. Rev. 134, B338 (1964).

10 E, Kashy, R. R. Perry, R. L. Steele, and J. R. Risser, Phys.
Rev. 122, 884 (1961).

1 B, G. Harvey and J. Cerny, Phys. Rev. 120, 2162 (1960).
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F16. 6. Angular distributions of deuterons from formation of the
the 5.10- and 5.83-MeV levels of N*, Small contributions from the
4.91- and 5.69-MeV levels, respectively, are included.

dominant shell-model configurations for many of the
levels. The absolute cross-section values were obtained
by normalizing to the earlier (poor resolution) data at
48 MeV taken at the Crocker Laboratory 60-in.
cyclotron.! Although such a normalization would not
be expected to introduce a significant error, the un-
certainty of these absolute values may be as great as
+309,; however, the uncertainty in the relative cross
sections of the different levels is less than 109%,. The
angular distributions of the deuterons corresponding to
formation of the N* ground state, 3.93-, 5.10-, 5.83-,
6.44-, 7.03-, 7.97-, 8.47-, 9.00-, and 9.41-MeV levels are
shown in Figs. 5 through 9.
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Fi6. 7. Angular distributions of deuterons from formation of the
3.95- and 7.03-MeV levels of N,
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TaBLE II. Comparison of the N levels observed at excitations
greater than 11 MeV with those previously reported.2

Levels Previously reported levels
identified Energy
(MeV) (MeV) Jr T Intensity®
11.06(?) 11.06 14 0 Very weak
11.23 3— 1
11.29 2— 0 Very small, broad
11.40 11.39 a+) 0 peak arises at
(11.51 3+ this excitation
11.66
1. 1
11.75(?) {%1;3 (Zi) } Very weak
1197  (2-)
12.05
(12.21 3—
12.30 12.29 Weak
12.41 4—
12.52
12.61 3+ ]
12.69 3— | Large (2.74 mb),
12.76 12.80 4+ broad peak arises
|12.83 4— at this excitation
(12.95 4+)
13.17 0—
13.23
13.30
13.45(?) Very weak
13.72 3
14.22
144
14.7 14.84 Small, broad peak
14.91
15.1 15.00 Large, sharp peak
15.5 15.5 Weak
16.0 Weak
16.3 Medium
171 Medium
17.7 Medium

» Reference 6.
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Fic. 8. Angular distributions of deuterons from formation of the
7.97-, 8.47-, and 9.41-MeV levels of N*,

shell-model assignments for most of the levels in N
up to 10.50 MeV. True! has arrived at very similar
results from a conventional two-particle shell-model
calculation of the energies of the various possible con-
figurations, assuming that C!? was an inert core with
a (1s1/2)*(1ps,2)® configuration.

Noting Table I, in general our results are in excellent
agreement with the shell-model assignments. The
3.95-and 7.03-MeV hole states, which cannot be formed
by the addition of two nucleons to C?in a (s1/2)* (p3/2)®
configuration, are formed with relatively small cross
sections. These levels could, however, be formed through
the (ps;2)® (p1/2)? minor component of the C? ground
state.’® The only level that was not populated approxi-

b Level classified weak corresponds roughly to a cross section slightly less
than the cross section to the 3.95-, 7.03-, and 7.97-MeV-levels, whereas
medium indicates an equal or slightly larger cross section.

4. DISCUSSION

Transitions involving high-energy incident and out-
going particles are expected to go predominantly by a
direct reaction mechanism. The C2(a,d)N™ reaction
should preferentially populate those N* levels whose
configurations are an unchanged C'? core coupled to a
neutron-proton pair, since direct-stripping transitions
involving excitation of the core are relatively unlikely.!?
Further selectivity of the (a,d) reaction arises from the
fact that the wave function of the neutron-proton pair
in the captured state must have a high degree of overlap
with the wave function of that neutron-proton pair in
the a particle.?

Extensive theoretical studies of the N* nucleus have
been made. For example, Warburton and Pinkston,” by
a careful analysis of experimental data, have given

( 12 %) Cerny, B. G. Harvey, and R. H. Pehl, Nucl. Phys. 29, 120
1962).
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13 D. Kurath, Phys. Rev. 101, 216 (1956).
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mately to the extent expected was the (P12 ds/2)2—,r—0
state at 7.97 MeV; in addition the unassigned level at
8.47 MeV was highly populated. It has been speculated
that this pi/2ds2 configuration possibly should be
assigned to the 8.47-MeV level.* However, a more
tenable assignment of the 8.47-MeV level which is also
in agreement with its large population can be made. If
C® is pictured as a p;;2 neutron moving around a C®2
core, the resonance states in the C¥(p,y)N* and
CB(p,p)C" reactions that should be observed are those
having some p;/2 component. Only two of the estab-
lished states between 7.97- and 10.42-MeV excitation
have not been observed in the resonance experiments:
the states at 8.47 and 9.00 MeV.% (Midget resonances
for these two levels were recently found'®). In this region
of excitation only two of True’s configurations have no
p1/2 component: the (ds;2)%4,7—0 state predicted to lie
at 9.32 MeV and associated with the level at 9.00 MeV ;
and the (si2 ds;2)2+,7—0 state predicted to lie at 9.45
MeV and associated with the level at 10.09 MeV.!
However, the latter assignment is incorrect if the spin
of the 10.09-MeV level is 14 as Kashy et al.?® report.
Furthermore, a resonance corresponding to this level
was clearly observed in the C8(p,p)C® reaction.® Thus
the (s1/2 dsj2)2r,7—0 configuration probably should be
associated .with the 8.47-MeV level. Determination of
the parity of this state would be most valuable in
clarifying the assignment. Glendenning’s relative cross
section predictions for the (a,d) transitions agree
qualitatively with the suggested assignment.

At no angle was a deuteron group observed that
corresponded to formation of the 04-, T'=1 level at
2.31 MeV. This transition is forbidden on the basis of
angular momentum and parity conservation in addition
to isospin conservation.!! None of the known 7'=1
levels that could be experimentally observed were
populated above the general background. However,
several of the 7'=1 levels lie so close to 7'=0 levels that
any population would have been obscured. The failure
to populate many of the levels whose isospin is unknown
cannot necessarily be considered strong evidence for a
T=1 assignment since the (a,d) transition probability
to states involving extreme core excitation is also very
small.?

Observation of the 8.47-, 9.41-, and 9.71-MeV states
indicates that these levels have T'=0. Further evidence
for the T'=0 nature of these levels comes from a recent
study of the O'%(d,a)N™ reaction in which these levels
were populated relatively strongly.* A previously un-
reported level at 10.71+0.10 MeV was populated fairly
strongly and thus should be assigned 7'=0. The possi-
bility that the peak associated with 10.71 MeV excita-
tion actually corresponds to the unobserved level at

1 R, H. Pehl, Ph.D.: thesis, University of California Radiation
Laboratory Report. UCRL-10993, 1963 (unpublished).

15 J. C. Armstrong, R. W. Detenbeck, and J. B. Marion, Bull.
Am. Phys. Soc. 9, 418 (1964).
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10.55 MeV is not considered likely. Such a discrepancy
would correspond to a consistent error of about four
channels in the energy calibration.

As previously noted® the peak at 9.0 MeV excitation
dominates the energy spectra. In the earlier C*?(a,d)N*
investigation!! this peak was associated with the 1+
level at 8.99 MeV and because of the large population
it was suggested that this was a 7'=0 level. This peak
is now associated with the (ds;2)%y,7r—0 level that is
calculated to lie at about 9.32 MeV! since such a con-
figuration will be preferentially populated!® and the
statistical factor 271 favors the formation of a high-
spin state. Obviously no information concerning the
nature of the 8.99-MeV level can be obtained since it is
completely obscured by the giant peak. A comparison
of the angular distributions demonstrates that the
transition to the 9.00-MeV level has a distinctive shape.
Further, the angular distributions of very highly
populated states observed in other (a,d) reactions
exhibit a similar nonoscillatory shape. A complete
discussion of these giant levels and their spectroscopic
configuration is available elsewhere (Refs. 5 and 17).

The other angular distributions presented are oscilla-
tory and fairly similar in appearance with no apparent
characteristics that would enable one to distinguish one
type of level from another.

Above 11 MeV excitation (Table IT) a number of
levels are populated fairly strongly. In this region
deuterons could be produced via the break up of
N#— C24-d(Q= —10.272 MeV) but the general back-
ground was not appreciably higher. Any increase in the
“background” could probably be accounted for by the
higher level density. When considering levels in this
region of excitation, fq/ states should be included.
Though True’s published results' do not include such
states, a recent representative calculation including
them has been made available to us.!8

The large, broad peak centered at 12.76£0.10 MeV
probably corresponds to the same level (or levels since
the peak appears to be a doublet or triplet) that Sachs

16 The (ds/2)%. configuration is strongly favored by the kine-
matics of the reaction. For 53-MeV incident alpha particles, the
angular-momentum transferred in a surface interaction is about
4 to 67 when the deuteron escapes at 0 degrees. Consequently,
transitions to levels formed by capturing both of the stripped
nucleons into shells having orbital angular momentum values of
2 or 3% should be enhanced. Formation of a (ds/2)? level requires
that /, and 7, both be equal to 27%. A value of 4% for the sum of /,
and /, permits the maximum overlap between the radial wave
functions of the two nucleons so that their final state is as similar
as possible to their initial state. Ignoring spin-flipping interactions,
the captured nucleons will retain their initial triplet configuration.
Thus, states with a strong 3G amplitude will be favored at small
angles. Likewise, states whose configurations have large 34 and
3] amplitudes should also be preferentially populated. That this is
a necessary-——but not always a sufficient—requirement to guaran-
tee preferential population is demonstrated in the preceding
paper (Ref. 2).

17 E. Rivet, Ph.D. thesis, University of California Radiation
Laboratory Report. UCRL-11341, 1964 (unpublished).

18W. W. True, University of California at Davis (private
communication).
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et al.V? identified at 13 MeV from an investigation of the
C2(B,Be’)N" reaction (Es'=115 MeV). However,
their tentative assignment, (ds;s)%s+,7=1, appears doubt-
ful since the (a,d) reaction also populates this level.
Nagatani and Bromley? have also observed a strong
population to a state at 13 MeV in the C?(a,d)N*
reaction (E,=42 MeV). A more likely assignment is
a 4+, T=0 state of strongly mixed (dssds;2) and
(p1/2 fr72) configurations, which is calculated to fall in

19 M. W. Sachs, C. Chasman, and D. A. Bromley, Proceedings
of the Asilomar Conference on Reactions Between Complex Nucles,
edited by A. Ghiorso, H. Conzett, and R. Diamond (University of
California Press, Berkeley 1963) ; and Phys. Rev. (to be published).

2 D. A. Bromley, private communication, 1964 and Proceedings
of the Conference on Nuclear Spectroscopy with Direct Reactions,
edited by F. E. Throw, Argonne National Laboratory Report,
1964 (to be published).
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this region. These configurations both possess large °G
components which should enhance the transition
probability. (See the preceding paper for a further
discussion of this state.)

Another large peak arises at 15.124-0.10 MeV. The
only T=0 high-spin configuration in this excitation
region that has not been correlated with a specific level
is the (ds;2 f1/2)s—,7—0 configuration which is calculated
to lie at about 15 MeV.!8 This configuration is pure 3H
which should also enhance the transition probability.

ACKNOWLEDGMENTS

We are indebted to Norman K. Glendenning and
William W. True for many valuable discussions. We
also wish to thank Fred Goulding and Don Landis for
invaluable assistance with the electronics.

PHYSICAL REVIEW

VOLUME 137,

NUMBER 1B 11 JANUARY 1965

Coherent =° Photoproduction from the Deuteron
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Coherent #? photoproduction from the deuteron has been measured at 180° pion angle for photon energies
from 200 to 300 MeV by detecting momentum-analyzed recoil deuterons. The observed cross sections are
compared with the results of the impulse-approximation calculation of Hadjioannou and show a large re-
duction of the cross section. Results of this and other experiments on coherent 0 photoproduction have been
compared to the theory: The impulse approximation seems most valid as transfer increases and for an in-
cident photon energy between the first and second pion-nucleon resonances. A comparison with elastic pion-
deuteron scattering is also performed in order to check the pion multiple-scattering corrections.

I. INTRODUCTION

OHERENT deuteron processes provide important
information on the deuteron structure: The theo-
retical description of the deuteron is completely sym-
metric between initial and final states while the experi-
mental study is simplified because of two-body kine-
matics. In particular, elastic photoproduction of #?
mesons

v+d— n'+d

can be very useful for general knowledge of the deuteron.

In this experiment, we have measured cross sections
for #° photoproduction as a function of energy between
200 and 300 MeV by observing the recoil deuterons at 0°
laboratory angle. Our choice of these kinematic condi-
tions was governed by the fact that the experiment of
Friedman and Kendall' has already studied extensively
the higher region between 300 and 500 MeV. A study at
lower energies is simplified at 0° where the deuteron has

* Stanford Linear Accelerator Center, Stanford University
Stanford, California.

1], I. Friedman and H. W. Kendall, Phys. Rev. 129, 2802
(1963).

its maximum energy for a given photon energy and
hence leaves the target with the minimum energy loss,
permitting observation at the lowest possible photon
energy. Additionally the Friedman and Kendall experi-
ment has shown a large difference with the theory at
300 MeV, this difference presumably being caused by
corrections that are large at resonance since they find
reasonable agreement near 500 MeV as has been con-
firmed by Erickson and Schaerf.?

Our experiment was designed to study systematically
the photoproduction process as a function of energy at
and below the first resonance to see if these large
deviations persist at lower energy. The existing data in
this energy region seem too sparse and inaccurate to
permit such a study.®—5

II. THEORY

These calculations are based on the impulse approxi-
mation: the interaction is assumed to occur on one

(1’ E.) F. Erickson and C. Schaerf, Phys. Rev. Letters 11, 432
963).
3 B. Wolfe, A. Silverman, and J. De Wire, Phys. Rev. 99, 268
(1955).

4 H. L. Davis and D. R. Corson, Phys. Rev. 99, 273 (1955).

5 J. W. Rosengren and N. Baron, Phys. Rev. 101, 410 (1956).



