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Proton and neutron transfer reactions resulting from the bombardment of C and 60 tar-
gets by N beams and 1 C, 1 N, and 60 targets by B beams have been studied with counter
telescopes and particle identification techniques. The incident energies were far above the
Coulomb barrier for these systems: 155 MeV for N ions and 100 MeV for B ions. Axigu-
lar distributions have been measured for transitions to the ground states and several excited
states in the residual nuclei produced. Ejectile excitations were also observed in some in-
stances. Exact finite range distorted-wave-Born-approximation calculations have been per-
formed for these states which are mostly in the 1P and 2s-1d shells. The extracted spec™
troscopic factors are generally in good agreement with theoretical predictions and other
previously obtained results. However, there are some conspicuous but isolated instances
where they are not, pointing towards a need for more sophisticated approaches including
core excitations for those cases. Generally the quality of spectroscopic studies with
heavy-ion-induced transfer reactions is comparable if not superior to that from the cor-
responding light-ion-induced reactions.

NUCLEAR REACTIONS ' C(' N,
'

N)
' C('4N '3C), &=155 MeV; ' 0( N N)

16O(14N 13C) 16O(14N 15N) Z 155 MeV. 12C(10B 11B) 12C(10B 11C) @ 100
14N(10B iiB) 14N(10B 11C) 14N(10B SBe) Q 100 MeV. 16O(10B 11B)

1 O(10B,11C}, 60(i B,~Be), E=100 MeV; measured 0'(0); EFB DWBA analyses;
extracted spectroscopic factors.

I. INTRODUCTION

The present study was undertaken to test the
validity of the exact finite range (EFR) distorted-
wave-Born-approximation (DWBA) theory in ana-
lyzing data on one-nucleon transfer reactions in
light nuclei at energies far above the Coulomb
barrier. Therefore, the emphasis here is not on
discovering new levels or making new spin-parity
assignments but rather on applying the theory to
a number of fairly mell-known transitions in light
nuclei. The credibility of these results is enhanced
because of the possibility of cross checking from
the number of different reactions studied.

Studies similar to the present one have been con-
ducted by Tamura and I ow, ' Ford et al. ,

' and
Becchetti et a3.' in medium-heavy and heavy ele-
ments. Anyas-Weiss et a/. 4 have conducted exten-
sive investigations on heavy-ion reactions in light
nuclei, but their analyses have been mostly based
on semiclassical recipes. However, the latter
authors emphasize the selectivity of heavy-ion re-
actions and have presented a variety of very useful
systematics. Previous experimental studies of the
"C("N "N)"C and "C("N "C)"N reactions have
been performed by von Gertzen et al. ' at 78 MeV.
DeVries et af.' have investigated the "C("N,"N)"C
reaction at an incident energy of 100 MeV.

In Secs. II and III we summarize the experimen-

tal procedures and results, respectively. Section
IV deals with the details of the EFR DWBA analy-
sis, and Sec. V concerns the application of theory
to the experimental angular distributions. We pre-
sent a. discussion of the extracted spectroscopic
factors in Sec. VI and the concluding remarks in
Sec. VII.

II. EXPERIMENTAL PROCEDURES

The incident '~N ~' and 'oB" ions were accelerated
by the Texas A @M variable energy cyclotron. The
analyzed beam had an estimated energy uncertainty
of +0.5%, but this uncertainty should not affect the
present results due to the expected slow variation
of cross sections with incident energy. Typical
currents were approximately 200 nA on target.
The "C targets used for these experiments were
430 pg/cm' natural carbon foils. For the '~N and
"0 targets, a gas cell operating at a pressure of
180 Torr was used. The beam entrance and exit
windows were l.l mg/cm' nickel and 2.1 mg/cm'
Hava. r foils, respectively. Reaction products
were detected after they passed through a 450
p, g/cm' Mylar window in the cell. The detected
particles were identified in a counter telescope
consisting of three solid-state surface barrier de-
tectors of typical thicknesses 50, 50, and 2000
p, m for AE1, AE2, and E signals, respectively.
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Particle identification (PID) functions of the form

PID = 0 E(E+khE+ Eo)

were electronically generated by hardware from
the F. and AE pulses. The constants k and F, were
suitably adjusted so that the PID function depends
essentially only on the particle type and not its en-
ergy. A typical particle identification spectrum
thus obtained in the "N+"0 experiment is shown
in Fig. 1. Two such functions were generated from
the combinations

PID1 = EEIf(Z+ AZ2)+kEZ1+Eo],

PID2 = AE2 fE+ kn. E2+E,].
The pulses corresponding to PID2 were then used

to gate the PID1 pulses. The final gated PID spec-
trum wa, s then used to select the outgoing particles
of interest. One of the advantages of this setup is
that data on several outgoing channels (typically
ten) could be collected simultaneously. This tech-
nique was also used by Scott et aE.'

The experimental energy resolution was in the
range of 600-900 keg and was mainly due to kine-
matic broadening. The uncertainties in energy
calibration were about 100 keV at low excitation
energies. Despite the uncertainties in the incident
beam energies and significant pulse height defects
for different particles in the detectors, this ac-
curacy was attained in the excitation energies be-
cause the calibrations were always made in the
relative energy scales between peaks of known
transitions. The estimated errors in absolute
cross sections were about 20% due to the uncertain-
ties in target thickness measurements, charge
collection in the Faraday cup, etc.

III. EXPERIMENTAL RESULTS
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A. Spectra from '4N induced reactions

Figure 2 shows typical spectra for the ("N, "N)
and ("N, "C) reactions on "C. The insets repre-
sent some of the low-lying levels of interest in
the appropriate residual nuclei and are not neces-
sarily drawn to scale. In principle, many of the
peaks at higher excitation energies shown in the
("N, "C) spectra, can correspond to a number of
combinations of excited states in the ejectile and
residual nuclei. Of course this ambiguity is re-
moved in the ("N, "N) spectra since all the excited
states of "N are unbound and cannot be detected
by our system. The peaks are numbered in the
figures for convenience.

Denoting each channel configuration by 5+8
where b represents the ejectile nucleus and B the
residual nucleus, peak 1 corresponds to
"N(g.s. , —,

' )+"C(g.s. , —,
'

) and peak 2 to "N(g.s. , —,
'

)
+ "C(3.85, —,") in Fig. 2(a). Similarly, in Fig. 2(b),
peak 1 is due to "C(g.s. , —,'-)+ "N(g.s. , —,'-) and peak
2 to the possible combination of "C(g.s. , —,

'
)

+ "N(3.51, —,
'

) and "C(g.s., —,
' )+"N(3.56, —,"). How-
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FIG. 3.. Typical particle identification spectrum. The
legends in the figure are self-explanatory. Note: this
is a single PID spectrum.

F IG. 2. Energy spectra of (a) '2C(~4N, ~3N)~3C and (b)
2C( N, ~ C)~3N reactions at Q,b =10'. Insert (c) is an

improved resolution spectrum, showing ~3N(2.37, & )
state.
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ever, since the 2 hole state in "N is only weakly
excited in a stripping reaction onto "C, peak 2 is
essentially due to the 3.56 MeV (-,") state in "N.
The measured reduced widths" for the 3.51 MeV

(—,
'

) and 3.56 MeV (-,") are 0.031 and 0.21, respec-
tively.

Other peaks which are evident from our spectra
correspond to excitation energies of 7.5 MeV (peak
3), 9.5 MeV (peak 4), and 11.9 MeV (peak 5) in
Fig. 2(a) and 7.2 MeV (peak 3) and 9.5 MeV (peak
4) in Fig. 2(b), respectively. However, within the
errors of our energy calibration and resolution it
was considered hazardous to identify these peaks
with known peaks in this relatively high excitation
region. Perhaps it is worthwhile to point out that
they appear to be single levels rather than groups
of unresolved levels since their widths are com-
parable to the well resolved peaks such as those
corresponding to the ground state transitions. The
observations of these high-lying states are certain-
ly interesting and will be the subject of future
studies.

It is evident from Figs. 2(a) and 2(b) that the
first excited states in the mass-13 system
["C(3.09, ~ '), "N(2.37, —,")junder consideration here
are not resolved and that their intensities are low.
Since considerable interest has developed recently
in the spectroscopy and reaction mechanisms
leading to these states, '"we have tried to im-
prove the resolution at the cost of counting rate
and repeated the measurements. Even though some
success was achieved in the measurements of the
"C("N,"C)"N(2.37, —,") reaction, the analog chan-
nel reaction did not yield presentable data at this
stage. An energy spectrum for the former transi-
tion from the improved measurement is shown in
the insert Fig. 2(c).

In the neutron stripping reaction "0("N,"N)"0,
transitions were identified to the ground state
(-,") and the 5.08 MeV (—,") state. In addition, there
were peaks observed at 7.5, 11.2, and 14.7 MeV
excitation in "O. The first excited state at 0.871
MeV (—,') was weakly excited and could not be
clearly distinguished above the tail of the ground-
state peak. In the analog channel "0("N,"C)"F
the ground state (—,") and the 5.10 MeV (~') were
identified together with several peaks at higher
excitation energies as in the neutron stripping
spectrum. There was also a peak at 3.68 MeV
corresponding to the ejectile excitation in "C(2 )
with "F in the ground state.

The energy spectrum of the "0('~N, "N)"0 reac-
tion showed similar features to those mentioned
above, but no effort was made to identify states
beyond the ground-state transition because of the
ambiguity associated with resolving them in this
case.

B. Spectra from ' B induced reactions

In the energy spectrum of the reaction
"C('oB,"B)"C, the ground-state transition
["B(g.s. , —,

' )+"C(g.s., —, )] was the strongest peak.
The second peak observed at about 2 MeV excita-
tion included two possible channels, i.e. ,
"B(g.s. , 2 ) +"C(1.99, —,

'
), and "B(2.14, —,

'
)

+ "C(g.s. , —, ) because of our finite energy resolu-
tion. However, the ejectile excitation,
~'B(2.14, —,

' ), was expected to play only a minor
part since transitions from ' B to the 2 first ex-
cited state of "8 can only proceed through transfer
of a 1f neutron or more likely through second-or-
der processes. " The spectroscopic factor for the
"B(2.14) ='oB+n state is found to be very small
from (d, P) reaction studies. "" Hence in the pres-
ent calculations we have assumed that the process
proceeds mainly through residual nuclear excita-
tion. Several more peaks were strongly populated.
However, they constitute complex transitions. For
instance, a peak at about 4 MeV excitation can in-
clude "B(2.14, —,

' )+"C(1.99, —,
' ), "B(g.s., —,

'
)

"B(4.46, —,
'

) + "C(g.s. , —,
'

), and "B(5.02, -', )
+ "C(g.s. , —,

' ). Thus we have not attempted any
analysis for these high-lying peaks. In the ener-
gy spectrum of the reaction ~C("B,"C)"B, the
features were almost identical, which is a natural
consequence of their being analog channels.

In the reaction "N("B,"B)"N, the ground state
and 3.51 MeV (

—', ) level in "N were identified.
Peaks were also observed at 7.4, 8.9, 11.9, and
14.7 MeV in the exit channel. Shell model calcu-
lations of True" indicate that the s-d shell admix-
ture into the ground-state wave function of '4N is
only about 7%. Thus low-lying positive-parity
states of "N are not expected to be excited in this
reaction by a simple direct reaction mechanism.
Thus the likely assignment for the 7.4 MeV state
is that of the known level at 7.38 MeV (—, ). These
assignments are consistent with the light-ion study
of Hinterberger et al."on the "N(d, t)"N reaction.
A similar situation prevails for the analog spec-
trum in the reaction "N('0B, "C)"C. The ground
state 3.68 MeV (—', ) and 7.55 MeV (

—', ) states in
"C were identified.

The energy spectra of the "N('OB, 'Be)"0 reac-
tion showed similar features, but since the excited
states of Be are particle-unbound, the level iden-
tification here is relatively simple. The ground
state (—,

'
) of "0 and a peak at about 5.2 MeV,

which has possible contributions from both the
5.18 MeV (—,") and 5.24 MeV (—,") states in "0were
seen. A strong peak at 6.8 MeV was observed for
which contributions from the 6.79 MeV (—,") and
6.86 MeV (-,") states in "0 cannot be resolved.
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Two additional peaks were populated at the excita-
tion energies of 8.74 and 10.91 MeV in "O. In the
reaction "0("B,'Be)"F, three peaks were ob-
served which correspond to the unresolved ground

(—,") and 0.6 MeV (—,") first excited states in "F, and
excitation energies of 5.1 and 8.1 MeV.

Finally, spectra for "0("B,"B)"0and
"0("B,"C)"N were measured; each showed two

strong peaks. They were the ground- state transi-
tions and the transitions to the 2 states in the
residual nuclei, 6.18 MeV in "0 and 6.32 MeV in
"N. Absence of other states, which are positive-
parity states, is understandable since the "Q
ground state is not expected to have large s-d shell
components.

IV. DWBA ANALYSIS

We have assumed that all the single-nucleon
transfer reactions discussed here proceed through
a one-step direct process and that the distorted-
wave-Born-approximation theory which fully takes
into account the effects due to finite range and re-
coil (otherwise known as EFR DWBA) could be
used to analyze the data. In order to do this, we
have adopted the formulation of this theory due to
Tamul a.

The program used for this purpose was
SATURN-MARS. '" This code was suitably adapted
to fit an IBM 7094 computer in our laboratory with
the relatively small word length (36 bits) and memory
size 32 000. Test calculations and comparisons
with the original version which is primarily written
for the large CDC 6600 computer showed agree-
ment to within 0.1%.

The post representation of DWBA without the in-
clusion of Coulomb terms in the form factor"'"
was used throughout. A radial mesh size of 0.1
fm was found to be adequate for most of the calcu-
lations since a simple recipe is that the mesh size
be less than 0.2 (II/O), where k is the asymptotic
wave number in the incident and exit channels.
Typically, 4 is in the range 4-5 fm ' for the pres-
ent reactions. A technique to limit the calculations
of the form factor to a narrow region of (x„—x,)
space as discussed by Tamura" was employed.
Care was taken to see that sufficient radial points
have been included in the rather narrow band of
values of the form factor defined around the line
x, =(A/B)r, and that in the rejected region of
(I,—x,) space the values of the form factor are
negligibly small. The maximum number of partial
waves included in the calculations was typically
100. For the integration of the nonlocal kernel
G,(x„x,) (Ref. :16) over the angle between the rela-
tive radial vectors in the incident and exit channels
by Gaussian quadrature, the number of integration

As usual in all DWBA analyses, it is important
to determine the optical parameters to be used in
the calculation of the distorted waves. According-
ly, elastic angular distributions were measured
for all the incident channels. These are shown in
Fig. 3. The statistical errors in the measurements
are smaller than the size of the data points in these
figures. The continuous lines are the results of
six parameter optical model fits generated by a
modified version of the code JIB6." The corre-
sponding values of the parameters are given in
Table I. The form of the nuclear potential chosen
was that of the usual Woods-Saxon type:

—i W (1 + exp[(t —BII,)/aN ]],
(A ~ +A~~) R =/ (A ~ +A ~}

The Coulomb potential inside the nucleus was
chosen to be that because of a uniformly charged
sphere of radius R, =x„(A,'~'+A, ' ') where the
Coulomb radius parameter was chosen to be the
same as that of the real radius parameter.

A well-known feature of optical model fitting to
elastic data for strongly absorbed particles is the
considerable ambiguities involved in such a pro-
cedure; many sets and often continuous distribu-
tions of parameters will give equally good fits."
Satchler" has illustrated the dangers of choosing
best fit (i.e., minimum y') results as opposed to

Io'
ering = Elastic Scattering

IOO MeV

'N) I'C==

(n I02

JD
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FlG. 3. Experimental elastic angular distributions
and corresponding optical model fits.

points was optimized. Typical values in the vicin-
ity of 24 were used for this number. Interpolation
and other techniques'" were used in the program
to speed up the calculations and to do them more
efficiently.

A. Optical parameters
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TABLE I. Optical parameters.

System &„b (MeV) V (MeV) +" (MeV) &0& (fm) &0~ (fm) Q„(fm) Q~ (fm)

N+ 12C

N+ 0
ipB+ 12C

10B+14@

IOB+, 16P

155
155
100
100
100

100.0
100.0
81.1
28.9
14.5

38.2
39.5
66.0
14.0
6.5

0.930
0.970
1.020
1.280
1.300

1.290
1.290
1.190
1.315
1.315

0.77
0.97
0.68
0.45
0.80

0.32
0.40
0.38
0.55
0.55

reasonable fits, where by "reasonable" it is meant
that the corresponding fits yield parameters which
give a fair description of the inelastic and trans-
fer processes as well. We have adopted such a
point of view and have chosen only those parame-
ters which gave reasonable descriptions in trans-
fer channels as well at the expense of searching
for the best fit in the elastic channel only. The
parameters in Table I were the one used for all
nucleon transfer calculations. In addition, we
have made the fairly standard and simple assump-
tion thai the optical parameters to be used to de-
scribe the outgoing distorted waves are the same
as the ones generated from incident channel fits.
The uncertainties resulting from this assumption
are unknown as usual (even though they are expec-
ted to be small) and are possible sources of error
in the final results.

B. Bound state parameters

ber be bound with the known experimental separa-
tion energy.

C. Unbound states

In some instances we have done calculations on
certain unbound residual nuclear states by assum-
ing a small (0.5 MeV) binding for these states.
The validity for such a weak bound state assump-
tion in light-ion-induced reaction studies has been
shown by Coker." In spite of questions" about
the validity of the same approximation in heavy-ion
reactions, we proceeded to use the same recipe
for the sake of simplicity with the understanding
that in such cases the extracted spectroscopic
factors may have larger uncertainties.

V. ANGULAR DISTRIBUTIONS

Figures 4-10 depict the experimental angular
distributions and EFR DWBA calculations. All the

The correct choice of the bound state parameters
to generate the wave functions of the transferred
particle in the projectile and target is important

have been pointed out by many authors. '

Recipes have been suggested to reduce this depen-
dence essentially to one parameter, that is, the
mean square radius (x') oi nuclei. However, am-
biguities in the determination of (r') values, and
possible variations" of the potential from orbit to
orbit, make determination of the proper choice
of bound state parameters for a given situation a
tedious and often ambiguous task. Thus we have
adopted a, fairly conventional set of bound state pa-
rameters without digging deeper into the fine
points.

In our calculations, for both neutron and proton
potentials, we have used the popular set xp 1 25
fm and ap = 0.65 fm to describe the Woods-Saxon
well geometry with the spin orbit potential taken
to be V„=6 MeV and with the same geometry.
These quantities were kept constant throughout.
This choice was consistent with the sizes of lp
shell nuclei. '"4 The depth of the binding potential
was then fixed in the usual manner by requiring
that the nucleon with the appropriate quantum num-

20 50 40 50 20 30 40 50
8 (deg}

FIG. 4. Experimental and theoretical angular distribu-
tions for transfer to states of 3C and13N. Solid curves
are the EPR DWBA fits.
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experimental angular distributions exhibit the
characteristic behavior of heavy-ion reactions at
very high energies i.e. , extreme forward peaking
and near exponential falloff. This can be under-
stood in simple terms. For example, the grazing
angle assuming undistorted Coulomb orbits (which
is not valid for our case) for the specific case of
155 MeV "N ions on "C is about 7 corresponding
to a grazing angular momentum of 34L Since nu-
clear distortion is certainly important for our
case, the effect of it will be to reduce the grazing
angle even more. The larger partial waves are
Coulomb scattered and we hardly see their effects
while the smaller partial waves are increasingly
absorbed by the nucleus. Thus the near exponential
falloff of the present angular distributions is
nothing but the manifestation of the absorptive part
of the nuclear optical potential.

Figures 4-6 show the single-nucleon transfer
angular distributions induced by 155 MeV '4N

beams. The transition to the ground states of "C
(Fig. 4), "N (Fig. 4), and "0 (Fig. 5) are well re-
produced by theoretical calculations with transfer
between 1p, &, shells. Similarly, the experimental
angular distribution for the —,"states in both "N
and "C are very well reproduced by theory. For
the "0 target, the proton and neutron transfers to
the ground and first excited states of both "0 and
"F are shown in Fig. 5. The contribution of the

2s», first excited state to the calculated cross
section was small even after assuming full single
particle strength for this orbital and did not in-

IO'
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l55 Mev

10

2.~7 ( lr,')

Q Cy
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2s )/
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FIG. 6. Experimental and theoretica1 angular dis-
tributions for transfer to the N(2.37, ~+) state through
the C( N, ~ C)~3N reactjon.
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FIG. 5. Experimental and theoretical a"~ar dis-
tributions for transfers to states of 50, YF, and O.
The ejectjle excitation C(3.68, 2 ) is also shown.
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FIG. 7. Experimental and theoretical ~.~gular dis-
tributions for transfers to states of ~~C and 33.
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fluence the extracted value for the ground-state
1d», spectroscopic factor appreciably. In Fig. 5
is also shown the experimental angular distribution
and corresponding theoretical calculation for
ejectile excitation "C(3.68, —', ) leaving the "F nu-
cleus in its ground state. All the fits shown in
Figs. 4 and 5 are quite good. The only conspicuous
exception in this series of reactions seems to be
the transfer to the first excited state in "N, i.e. ,
the "C("N,"C)"N(2.37, —', ') reaction. Anomalous
angular distributions quite similar to Fig. 6 have
been reported elsewhere. "'" As has been
agreed in these references, the calculated angular
distribution is completely out of phase with the
experimental result. The solution to this puzzle
is still not known and more theoretical effort would
be useful. The nearly identical spectroscopic fac-
tors extracted for the "C(3.85, —,")which is bound
and the analog state "N(3.56, ~") which is unbound,
but for which we made the weak bound state as-
sumption coupled with the excellent fits shown in
Fig. 4 for these states, bolster our confidence in
the reliability of the simple procedure we have
adopted for some of these unbound cases.

The experimental angular distributions and cor-
responding EFR DWBA calculations for the ' B-
induced reactions are shown in Figs. '7-10. Due
to the particular geometry chosen for the reactions
on the "C target in making comparisons with data,
the theoretical angular distributions had to be cor-
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FIG. 9. Experimental aud theoretical angular dis-
tribution for transfers to states of ~N and O. Ejectile
excitation corresponding to the "B*(2.14, 2 ") state and

O(g.s., & ) residual state is indicated by the triangle.

rected to include angular acceptances according
to particular experimental setups. The fits to the
ground-state transfers to "C and "B(Fig. '7) are
excellent assuming transfer between 1p», nucle-
ons. As discussed in Sec. IQ, the first excited
state angular distributions are expected to be pre-
dominantly those due to "C("B,"B[g.s.])-
"C(1.99, —,

'
) (Fig. 7) and "C("B,"C[g.s.])-
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FIG. 8. Experimental and theoretical angular dis-
tributions for transfers to states of ~3N and ~3C. The
experimental angular distributions for the peaks around
7.4 and 11.9 MeV excitation are also shown.

FIG. 10. Experimental and theoretical angular dis-
tributions for transfers to states of ~~0 and ~~V via
one-proton stripping reactions. The experimental
angular distribution for the peak at 8.1 MeV excitation
in ~~F is also shown.
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"8(2.14, —,
'

) (Fig. 7), respectively. The angular
distributions for these states again show reasonable
correspondence with theoretical predictions.

Figure 8 depicts the angular distribution result-
ing from the ("8,"8),("8,"C) analog reactions
on ' N. Theoretical calculations for the pickup of
a 1p, &, nucleon from "N leading to "N(g.s.) and
"C as well as for the pickup of a lp, t, nucleon
leading to "N(3.51) and "C(3.68) are indicated by
continuous lines in Fig. 8. Due to the ambiguities
in the exit channel level identifications a,t higher
energies, we have not done calculations on these
states.

Figure 9 shows the angular distributions to the
residual nuclear states through the ("8,"C),
('OB, "8) analog reactions on "O. The differential
cross section at 20' obtained in a good resolution
study for the ejectile excitation corresponding to
the reaction "0("8,"8*[2.14, 2 j)"O(g.s.) is also
shown in Fig. 9 (triangle with error bar).

Angular distributions to states in "0 and "Fvia
the proton stripping reaction ("8,'Be) are shown
in Fig. 10. The fit to the ground state of "0 is
good. For the unresolved states at 5.18(—,") and
5.24(—,"), the contribution from the —,"state was
found to be quite small (about 5%) even assuming
full strength for this state. Thus the spectroscopic
factor extracted is relatively reliable and can be
considered entirely due to the 5.24(-,") state within
errors. For the theoretical calculation shown for

the unresolved states at 6.79 MeV (-, ') and 6.86
MeV (—,"), the spectroscopic factors were assumed
to be those given by Halbert and French" (i.e. ,
0.4t for the —,"state and 0.63 for the —,"state) with
an over-all normalization of 0.8.

In the calculations for "F states, the contribu-
tion to the calculation from the first excited state
at 0.5 MeV (—,")was again found to be very small
even assuming maximum strength for this state.
The general shape of the 5.1 MeV (-, ') angular dis-
tribution fits the data, reasonably well with the un-
bound state recipe mentioned before.

VI. SPECTROSCOPIC FACTORS

Tables II and III summarize the product spectro-
scopic factors C,'S,C,'S, extracted from the present
analyses and other relevant information for the
transitions observed in the 1p and 2s-ld shells,
respectively. Similarly Figs. 11 and 12 represent
the C'S values for the residual nuclei obtained for
the 1p and 2s-1d shells. It should be emphasized
that in extracting these values for the residual
nuclei, the spectroscopic factors for the projec-
tile-ejectile system (always in the 1p shell) were
assumed to be the same as those predicted by
Cohen and Kurath. '9

As is evident from Fig. 11 and Table II, the
spectroscopic factors extracted for the 1p shell
from the present study are in good agreement

TABLE II. Spectroscopic factors in the lP-shell.

Reaction

12C(14' 13')13C

12C (14' 13C)13'
"p("N, "N)"p
14'(10B liB)13N

N(i B, C) C

14N(10B 8Be)15P
12C(10B iiB)iiC

C('0B 11C)'18

160(108 iiB)150
16P(10B 11C)15N

(MeV)

0.00

0.00
0.00
O. 00
3.51
0.00
3.68
0.00
0.00
1.99
0.00
2.14
0.00
0.00

lPi/2 lpi/

1P1/2

Pi/2
1P3/
1P3/2

1P3/2

1P3/

1P3/2

P3/2
1P3/

1P3/
lP3/2
1P3/2

1Pi/2

1Pi/2
lPit2
P3/2

lPi ~o

lP3/2
1Pi/2

lP3/2

Pi/2
1P3/2

1P i/2

lPit2

Single-particle
orbitals

(a, b) (A, B) l transfer

0, 1

0, 1
0, 1
1 2

0, 1, 2
1j 2

0, 1, 2
1 2

0, 1, 2
1, 2

0, 1, 2

lj2
1 2

1, 2

Ci SiC2 82

Present

0.50

0.43
2.90
0.79
0.21
0.68
0.24
0.65
2.85
0.60
2.58
0.48
1.27
1.65

C2S~
2 2

Present

0.72

0.62
2.00
0.72
0.19
0.62
0.22
1.08
2.61
0.55
2.36
0.44
1.17
1.51

C22$2

Other

0 61 0.8
0,58 d, 0.81'
O.61', O. 53'
1.8-3.2 ', 2.2 3'

O.69'
O.14'
0.8, 0.88, 0.69
0.14

2.85, 2.86 '
0.75, 0.28 '

298&
O.75', O. 78 '
1.8-3.2 ~, 2.2 3'

2.14

' Assuming C12~1
(Ref. 29).

See Ref. 29.
See Ref. 31.
See Ref. 33.
See Ref. 34.

~ See Ref. 35.

given by Cohen and Kurath ~ See Ref. 36.
Unbound.

' Average of values quoted by Ref. 44 for energy
independent ~.

' See Ref. 30.
k See Ref. 15.
~ See Ref. 32.
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TABLE III. Spectroscopic factors in the 2s-1d shell.

Reaction (MeV)

Single-particle
orbitals

(0, b) (A, B) l transfer
Ci hiC2 S2
Present

2$
2 2

Present
C2 S2
Other

12C (14N 13+)13C

"c("N "c)"N

16O(14' 13')17O
O('4N '3C)'7F

16O(14@ 13Cw)17F

'4N(10B, 'Be)"O

O( OB &Be)17F

3.85
2.37'
3.56'
0.00
0.00
3.68
5.24

0.00
5.10

1Pi/
lpi/2
lpi/2
lP1/
lpi/2
lP 3/2

lP 3/2

1P3/
1P3/

ld y2
2s
1d 5/2

ld 5/2

ld g/2

ld 5/2

ld 5/2

ld 5/2

d3/2

2 3
1
2 3
2 3
2 3
123
1,2, 3

123
123

0.39
0.06
0.34
0.48
p 41c
0.15
0.025

O.25'
0,13

0.57
0.09
0.49
0.69
0.59
0.59'
0.04

0.42
0.22

0.8, 0.37

0.81,0.8-1.0 8

0.9 h

o.o6 ~, o.o4-o.o6 '
0.05
P.9",0.85 1.05m

Assuming Ci Si given by Cohen and Kurath
(Bef. 29).

See Ref. 31.
See Ref. 6.
Unbound.
Contribution from nearby &1/2 state approximately

5% from theoretical calculations.
~ See Ref. 39.

g See Ref. 40.
See Ref. 41.

' This value gives Ci Si ——0.23 for N= C(3.68)+p.
' See Ref. 28.
"See Ref. 37.
~ See Ref. 38.
~See Ref. 42.

with the intermediate coupling calculations of Co-
hen and Kurath. ' The results of DeVries from
heavy-ion reaction studies and those of other
authors" "from light-ion reaction studies are
also given in Table II and Fig. 11 for comparison.
Due to the vast amount of data and analysis avail-
able in literature on spectroscopic studies with

SPECTROSCOPIC FACTORS
IN THE Ip SHELL

light ions on light nuclei in the region in which we
are interested, an exhaustive comparison, of
course, is impossible. Hence we have picked out
essentially samplings of other works for compari-
son.

Perhaps it is well worth commenting at this point
that a comparison of the spectroscopic factors ob-
tained from the present study and of those from
light-ion reactions could be clouded by differences
in bound state parameters used and the wide variety

5.0
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CL CL CL
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CL CL CL
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FIG. 11. Spectroscopic factors extracted for the 1P
shell. Open circles are the present results. The error
bars indicate the uncertainties in the extraction of S
and is an approximate estimate based on experim. ental
and theoretical uncertainties. The x's are the theoreti-
cal predictions of Cohen and Kurath (Ref. 29). The
other symbols have the following meaning:, Ref. 30;
L, Bef. 15; +, Ref. 36. The vertical lines in the last
colure represent the range of values froxn Ref. 35.
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FIG. 12. Spectroscopic factors extracted for the
2s-1d shell. Open circles and error bars represent
the present results with our estimated uncertainties.
The other symbols have the following meaning: &, Ref.6;, Bef. 31; +, Bef. 41. The vertical line represents
range of results reported in Ref. 40.
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of procedures which enter into some of the light-
ion analyses (e.g. , arbitrary normalizations, lower
radial cutoff approximations, inclusion or noninclu-
sion of finite range and nonlocal effects, etc.).
Nevertheless, we quote these results also with the
hope that an over-all agreement to within about
30% may be considered significant.

Figure 12 and Table III summarize the spectro-
scopic information obtained for states in the 2s-1d
shells. Again, the results extracted from the
present data and from those of other authors'"'37~2
are presented for comparison. It is interesting to
note that the present results indicate that there is
a consistent depletion of the single-particle
strengths of the ground states of "0 and "F as re-
flected by the spectroscopic factors in the vicinity
of 0.6, whereas the light-ion results are generally
about 0.8-1.0. Brown, Evans, and Thouless4'
predict that a depletion of the simple single-parti-
cle levels in the region by as much as 25% is pos-
sible because of the coupling of the particle with
odd-parity vibrations. The very small spectro-
scopic factors for the 2s]/2 first excited state in
"N (even in spite of the rather arbitrary normali-
zation) and its possible consequences have been
discussed elsewhere. "

the reactions must be treated correctly, e.g. , via
the use of full finite range DWBA codes including
recoil effects. However, occasional anomalies do
arise such as that connected with the transfer to
the "N(2.3't, —,") case. In such instances, possibili-
ties such as excitations in the incident and/or exit
channels should also be included in the calculations
before meaningful structure information can be
obtained. In view of the persistent anomalies re-
ported in the literature for the first —,' states in
the mass-13 nuclei "N and "C, it would be very
worthwhile to pursue the study of the first —,."states
systematically in this mass region. It is certainly
feasible and also desirable to extend the formula-
tion to include multinucleon cluster transfer in
this mass and energy region and exploit the selec-
tivity and ability to excite high angular momentum
states in relatively high excitation regions which
might give interesting insights into unusual nuclear
configurations. Such projects are of course widely
undertaken by many groups of investigators in-
cluding us. In addition, less well studied process-
es such as successive transfers4' and mutual ex-
citations might also start playing important roles
in future multinucleon transfer studies.
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