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Reaction mechanism for (p, t) and (p, He) reactions on ' C
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Differential cross sections and analyzing powers of the ' C(p, t)"C and ' C(p, He)"B
reactions to the ground and the first excited states were measured at E~ =65 MeV. They
were analyzed by means of distorted-wave Born approximation calculations including
both one- and two-step processes of p-d-t or - He. Attention was paid to an isospin sym-

metry of the reaction process consisting of both isospin 0 and 1 channels, which were im-

portant in a comparable order. As intermediate states of ' C in the sequential process,
five states of either isospin 0 or 1, which were strongly excited by the ' C(p, d)' C reac-
tion, were taken into account. A good fit between the data and the theoretical values was
obtained, especially for the (p, t) reactions, concerning both differential cross sections and
analyzing powers. The calculations including one-step and sequential processes induced,
in some cases, remarkable differences from the one-step calculation for backward angles.

NUCLEAR REACTIONS ' C(p, t)"C, ' C(p, He)"B, E=65 MeV;
measured 0.(L9) and analyzing powers for 4 transitions. One-step and

sequential processes DWBA analysis.

I. INTRODUCTION

Much attention has been given to simultaneous
observations of (p, t) and (p, He) reactions to ana-

log final states having the same isospin as that of
the target nucleus. ' These specific reactions are
closely related with each other through an isospin

symmetry involved in both reaction processes as
well as a nuclear structure. Hence, a measurement
of the differential cross sections and the analyzing
powers in these two reactions will provide an im-

portant clue to elucidate the reaction mechanism
including two-step process.

In this work, we present results of simultaneous

observation of the reactions ' C(p, t)"C and
'3C(p, 3He)"B using a 65 MeV polarized proton
beam. Both differential cross sections and analyz-

ing powers have been measured. The same set of
the reactions was reported at E=49.6 MeV, ' and

at several energies between 26.9 and 43.1 MeV.
The present measurement combined with the previ-

ous ones will provide further information on the
energy dependence of the two-nucleon transfer re-

action. We concentrate our attention on the transi-

tions to the ground —, state and the first excited

state of A =11 nuclei. These states have an

isospin —, and then the analog final states here

mean the mirror final states.
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A breaking of isospin symmetry in the differen-
tial cross section due to a Coulomb interaction is
small in light nuclei. It is at most a few percent in
the target nuclei of ' C.' Aside from this small
correction, a distorted wave Born approximation
(DWBA) calculation predicts' that an angular dis-
tribution of the (p, t) reaction would show the same
shape as that of the (p, He), and that the cross sec-
tion ratio of the two reactions R would amount to
4 unless there is transferred spin S =1 which is al-
lowed in the (p, He) reaction, and unless there is a
D state in the triton and He wave functions.
Hereafter we designate the angular momentum
quantum numbers of the transferred pair as
(S,L,J,T). In this case, both initial and final states
are specified by the same spin and parity —, , and

the S =0 and 1 transfers are characterized by
(S,L,J)=(0,0,0) and (1,0,1), respectively. These
two transfers are incoherent in the framework of
DWBA and should be added in strength, irrespec-
tive of an L.S force in any optical potential. It
implies that the cross section ratio should not
exceed the value of 4 in this special case. A simi-
lar situation is expected in actual cases, since the
interference of S =0 and 1 transfers due to L S
force will not be so strong. Harris pointed out that
the ratio R could be modified by a Lane term in
the optical potential in the DWBA calculation.
Its effect was, however, found to be very small. It
is not seldom, however, that the ratio R deduced
from observed cross sections integrated over the
angular region of several tens of degrees exceeds
the limit of 4.' A typical example of the puz-
zling cases is the set of reactions ' C(p, t)"C and
' C(p, He) "8 at 49.6 MeV. ' Another example
has recently been found in the reactions

Si(p, t) Si and Si(p, He) Al at 40 MeV. 4 The
fact that the cross section ratio R exceeds the value

of 4 claims reaction mechanism not included in the
conventional DWBA calculation.

Importance of the sequential processes p-d-I, for
(p, t) and p-d- He for (p, He) reactions on medium

or heavy weight nuclei has been studied by Yagi
et a1.6 In Ref. 6, analyzing powers of the (p, t) re-

actions on Pd isotopes were interpreted as an in-

terference between the one-step and the sequential
processes. It is then natural to add sequential pro-
cess for the two nucleon transfers on light nuclei to
the one step process.

The experimental data of the present work were

previously analyzed by means of finite-range
DWBA including both one- and two-step process-
es. The fit to the experimental data was not so

good and the contribution of the sequential process
to the cross section was larger by several times
than that of the one step process in a wide angular
region including forward angles. In the analysis of
Ref. 7, only the ground and the first excited states
of ' C were taken into account as intermediate
states in the sequential process. This prescription
seemed at first to be natural, since the same ap-
proximation has been applied to the case in the
(p, t) or (p, He) reactions on medium and heavy nu-
clei. The contribution of isospin 1 channels in
sequential process in which the d+' C channel
was contained was neglected in the calculation. It
is crucial to include both isospin 0 and 1 states of
' C as intermediate states because, in the case of
light target nuclei, the strength of the isospin 1

channel is the same order as that of isospin 0
channels.

Paying attention to the above remark, one of the
present authors attempted to fit the theoretical cal-
culation to the experimental data of both
'3C (p, t) "C and '3C(p, He) "8 reactions at 49.6
MeV. In the calculation, one step and sequential
processes were taken into account with zero range
interaction. In addition to the conventional
analysis, specification of the reaction channel by a
definite isospin was done in order to take fully into
account the isospin symmetry involved in the reac-
tion process and nuclear structure. The observed
cross section ratio R exceeding the value of 4 at
E=49.6 MeV was reproduced as a result of strong
interference of isospin 0 and 1 channels. The in-
terference is really associated with interference of
one- and two-step processes. It will be better to
say that the interference results from coexistence of
T =0 and 1 channels. The interference arises
mainly from the fact that the large energy differ-
ence of isospin upper (=1) and lower ( =0) states
of 2+ in ' C in the sequential process makes the
deuteron coupled to the isospin lower state move
faster than the deuteron coupled to the isospin
upper state. The situation is analogous to that of a
photon going through double slits: one slip is
specified by a channel of isospin zero and the other

by a channel of isospin one.
In the present measurement of ' C(p, t)"C and

' C(p, He)"8 reactions at E=65 MeV, suppression
of the (p, He) cross section relative to (p, t) one was
not so remarkable as at E=49.6 MeV. We ana-

lyzed both measured differential cross sections and
analyzing powers using the same prescription as
used in Ref. 9 and studied the contribution of the
sequential process in the reactions.
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II. EXPERIMENTAL PROCEDURE
AND RESULTS

The experiments were performed using a 2.3 m
cyclotron of the Research Center for Nuclear
Physics, Osaka University. Polarized protons from
an atomic beam type ion source were axially inject-
ed into the cyclotron. The direction of the beam

polarization was altered at every 0.2 pC of beam

charge by reversing the magnetic field of the ioniz-
er in the polarized ion source. ' The details of the
experimental arrangement and procedures have
been given elsewhere. " The beam spot on the tar-

get was about 2 mm &( 2 mm. After passing
through the target, the beam was focused again
onto a carbon polarimeter. " The beam polariza-
tion was monitored continuously in whole meas-
urements. A beam polarization of 60—70% was

routinely obtained with a beam current between 20
and 30 nA on the target.

A ' C target whose isotopical enrichment was
99% was made by a thermal cracking method
from enriched methane gas. The thickness was 1.5
mg/cm, which was measured by the energy loss of

an cz particle emitted from 'Am. Emitted parti-
cles from the target were detected by two counter
telescopes consisting of a bE (700 pm Si SSD) and
an E (15 mm high purity Ge SSD) detectors placed
at equal angle of both sides of the incident beam. '

The high purity Ge detectors were cooled to liquid
nitrogen temperature. A cross sectional side view
of the scattering chamber and the detectors is illus-
trated in Fig. 1. The dectector slit was 6 mm in
diameter and was located at 20 cm from the target.
The p, d, t, and He particle spectra were simul-
taneously obtained using a particle identification
circuit. For deduction of the analyzing powers,
asymmetries were determined by a geometrical
mean method using four counts NL, U, Nl D, N~U,
and NzD, where I. or R refers to left or right side
of the beam axis, and U or D refers to up or down
of the spin direction of the incident beam, respec-
tively. ' Deuteron data were valuable to select
strongly excited levels and examine the validity of
intermediate (p,d) channels in the sequential pro-
cess calculations.

Representatives of triton and He energy spectra
are shown in Fig. 2. A typical example of the
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FIG. 1. Cross sectional side view of the scattering chamber and the b,E-E counter telescope.
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FIG. 2. Energy spectra for "C(p, t)"C and
"C(p, He)"B reactions at 45'. The symbol LU means
spectra taken at left side of the incident beam with up
direction of incident beam polarization.

deuteron spectrum is illustrated in Fig. 3. Meas-
ured angular distributions of the cross sections and
the analyzing powers are shown in Figs. 5 and
7—9 with theoretical curves. The errors cited in
the figures are overall ones which mainly come
from statistical uncertainty.

Angular distributions of the cross sections and
analyzing powers leading to the mirror levels are
different from each other in almost all cases. For
ground state transitions, the cross sections of the
(p, t) and (p, He) reactions are similar in shape,
while the analyzing powers are very different. The
shape of the analyzing power of the (p, t) reaction
has a peak at 60' and the signs are positive in all
angular ranges measured, whereas the analyzing
powers of the (p, He) reaction turn to negative
beyond 50'. For the excited states, an angular dis-
tribution of the cross section of the (p, t) reaction
has sharp minima at 20' and 50'. However, that of
the (p, He) reaction varies smoothly. The same
situation exists in analyzing powers for the transi-
tion to the excited states. The angular shape of the
analyzing power of the (p, t) reaction leading to the
ground and excited states are similar to each other
and the resemblance is also observed in the (p, He)
reactions. The cross section ratio 8 of the (p, t) re-
action to the (p, He) reaction was obtained by in-

tegrating the data from 18' to 79'. The ratio S's
for the ground and excited states are 3.8 and 3.5,
respectively. The values of R at this energy are
smaller than those at 49.6 MeV and also smaller
than 4.
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FIG. 3. Energy spectrum for ' C(p, d)' C reaction at
30'. The symbol RD means spectrum taken at right
side of the incident beam with down direction of in-

cident beam polarization.

III. OUTLINE OF THE CALCULATION

The prescription for analyzing the data is along
the line of the work done by one of the present au-
thors. In the following, we briefly describe the
parameters which were used in the present analy-
sis. Five intermediate states of ' C shown in Fig. 4
were taken into account for the sequential process,
as was the choice in Ref. 9. The number of chan-
nels interfering with each other amounts (for ex-
ample, 9 and 14 for transferred angular momenta
J=0 and 2, respectively), in the (p, He) reaction,
to the lowest —, state of "B. Adopted channels

responsible to the sequential process are listed in
Tables I and II for the state. Spectroscopic ampli-
tudes necessary for (p,d) and (d,t or He) were de-
duced from Cohen-Kurath wave functions using
the interaction "(8—16) POT" in Ref. 14 or 15.
Some of them were really tabulated in Refs. 14 and
15, but the spectroscopic amplitudes between excit-
ed states were not shown in Refs. 14 and 15.

The Cohen-Kurath wave functions recalculated
by Otsuka' were used to accomplish spectroscopic
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FIG. 4. Levels adopted in the calculation including
the sequential process.

amplitudes. Attention was paid to consistence of
the phase convention among one particle coeffi-
cient of fractional parentage (cfp) associated with

(p, d) and (p, t or He) and two particle cfp for (p, t

or He), because the phase convention of Ref.
14 seemed different from that of Ref. 15. A com-
puter program TwoSTp, made by Toyama and
Igarashi, ' was fully used to calculate both one step
and sequential processes. A correction due to
nonorthogonal terms which were characteristic to
the sequential process was neglected.

The separation energy method was adopted to
calculate the radial shape of the form factor for a
transferred nucleon. The values of VLs ——6.0 MeV,
r =1.25 fm, and a =0.65 fm were used. In the
case that the separation energy was negative, a
weakly bound state was assumed. The two-nucleon
transfer form factors were calculated by means of
the method of Bayman and Kallio' and with the
same parameters as above. The range parameter k
for triton was taken to be 0.24 fm ', then the
value of the rms radius of the triton was

6=1/(v 6k ) =1.7 fm. The zero-range approxi-
mation was used for both the one step and the
sequential processes. The normalization constants
of the zero-range approximation were taken to be
the conventional values'

Do (p,d)=1.53, Do (d, t)=3.33,

Do (d, He)=2. 95,

TABLE I. Adopted channels with transferred angular momentum J=0 associated with

"C(p, t)"C and "C(p, He) "Breactions yielding spin —, and isospin —, states are shown. T'

and J are the isospin and spin of the intermediate nuclear levels, I&j& and l2j2 represent the
shell occupied by the transferred nucleons, respectively. S& or S2S3 is the spectroscopic am-

plitudes for one- or two-nucleon transfer.

Channels Steps l&j] =l2j2 Sl (or S2S3)

3
Pp —0.8184

0.2316

—0.9605

0.4794

0.0014

3
P2 —0.8602

3
Pg 0.7260

0.0059

3
P2 —0.3390
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TABLE II. Adopted channels with transferred angular momentum J=2 associated with

the ' C(p, He) "8 reaction yielding spin —and isospin —states. T' and J' are the isospin

and spin of the intermediate nuclear levels, I1j1 and 12j2 represent the shell occupied by the
transferred nucleons, respectively. S1 or S2S3 is the spectroscopic amplitudes for one nu-
cleon transfer.

Channels Steps 11j1 l2j2 S1 (or S2S3)

(p —,)' 0.2681

3 1 1.5690

3 1

p2p2 —0.7582

1 3
p2p2 1.8690

(p —,)' 0.2212

3 1

p2p2 —0.6887

pzp2 0.0087

(p —,)' 0.0605

10

3 1

p2p2

(p —, )'

—1.1104

0.4605

3 1

p2p2 —1.1284

12
1 3 —0.0284

13 (p —,)' —0.0631

14
3 1P—p—
2 2

—1.3028

all in units of 10 MeV fm . We take the two nu-

cleon transfer strength to have the value
' 3/2

2
Do (p, t or He)=1200,

that is, Do ——24. The calculated cross sections in-
cluding one- and two-step processes are multiplied
by the enhancement factor e which is dependent on
each final state. However, the same e has to be
used for analog final states of the same spin and
parity. For example, the enhancement factor for
' C(p, He) "B(—, ) is kept to be that for
"C(p, t)"C(—, ).

The computer program Tw'osTP does not include
the phase factor arising from antisymmetrization

of transferred particles together with core nucleons
before and after transition. Therefore, the sign of
the transition amplitude for the process p-d-t or p-
d- He had to be changed relative to the transition
amplitude for the one step process. The relative
phase of one step and sequential processes gives
rise to confusion in the actual calculation process
due to the factor mentioned above. So we recalcu-
lated some of the results obtained by Hashimoto
and Kawai to find an agreement of our result
with theirs. For the case of the (p, He) reaction,
transferred two nucleons can be coupled into either
isospin by the ratio D (S = 1, T =0)/D (0, 1) of
weight factor D(S,T) in the spectroscopic overlap
integral involving the light particles in the reac-
tion ' as an input parameter. We took its value as
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TABLE III. Optical model parameters used in this calculation.

Particle E
(Mev) (MeV) (fm) (fm)

8'v
(Mev)

O'D

(Mev)
a

(fm) (fm)
VL.s

(MeV)
al gILS

(fm) (fm) (fm)

p
d

t, He

65
49.62
60.0

44.6
97.4

165.54

1.09
1.15
1.17

0.57
0.62
0.73

7.52
0.0

32.73

6.35
12.0
0.0

1.09
1.15
1.39

0.50
0.62
0.84

5.50
3.6
1.47

1.09 0.57
1.15 0.62
1.29 0.161

1.10
1.30
1.30

0.33.
A choice of optical parameters was one of the

difficult problems in this calculation, because it is
somewhat hard to reproduce the elastic cross sec-
tions and polarizations with an optical model for
such light nuclei of concern here. The set of opti-
cal potential parameters used in the present work
are summarized in Table III. The proton optical
potential was determined by the global analysis
performed by Watson, Singh, and Segel at the be-

ginning and a slight change of the parameters V~
and 8'~ was tried. The deuteron optical potential
was difficult to choose. The parameters for the
deuteron potential were at first taken from Ref. 23
and then they were modified according to the
prescription by Johnson and Soper. Values of
V~, Vl~, and O'D for the deuteron potential were
also modified slightly, as they reproduced both
cross sections and analyzing powers on (p, d) as
well as (p, t) and (p, He) reactions discussed in the
next section. The optical potentials for t and He
were taken to be the same. The parameter set
given in Ref. 25 was adopted without any changes.
A calculation including Lane potential terms,
which would be included in p and t, He optical
potentials, was tried, but we did not find remark-
able change in the results. The Lane potential was
omitted in our calculation. Calculations of the
present work were performed using a FACOM M-
180 II computer at the Institute of Nuclear Study,
Univeristy of Tokyo.

lO 3/p
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A

I.O

lO
05-

tep
0

the analyzing power is shifted from the data by
about 0.3 over the entire angular range. It is clear-
ly indicated that the contribution from the sequen-
tial process is dominant in the region of 0 & 60',
while it is very small at forward angles. The
enhancement factor to be multiplied with the
theoretical cross section is found to be @=1.2.
This factor may come from an incompleteness of
the wave functions used. To check the adequacy
of the parameters of the {p,t) reaction in the
sequential process, the cross sections and analyzing
powers of the {p,d) reactions to the five states of
' C were calculated as curves illustrated in Fig. 6,
which shows a fair fit to the data for the cross sec-
tion.

B. (p, He) reaction to the ground state
of "B(— )

Figure 7 indicates a comparison between ob-
served data and the calculated results. The same

IV. DISCUSSION OF THE INDIVIDUAL
TRANSITIONS

-0.5
0

I
I i I

0 50 60 90 I/0
(9c,m.

30 60 90
ec.m.

A. (p, t) reaction to the ground state
f "C(—

As shown in Fig. 5, fits to the experimental data
are fine for the angular distribution of the cross
section and satisfactory for the angular shape of
the analyzing power, although the calculation of

FIG. 5. Differential cross section and analyzing
power of the "C(p, t) "C reaction to the ground state of3—

The solid curves are the calculated ones including

both one step and sequential processes with enhance-
ment factor @=1.2, the dotted curves are the result of
the calculations including only the one step process, and
dotted-dashed curves are the results of the calculations
including only sequential process.



S. KAYO et al. 25

IO-
C (P, d)"C

I 6. 11

2+

A

0,5-
& m 10

1.0
O, Wp

A

0.5

0.1

bg

bc',
10

0

-0.5

10
0 30 60 90

8c. ,

-0.5— I I

0 ao 60 90
Hc.m.

FIG. 6. Differential cross sections and analyzing
powers for the ' C(p, d)' C reaction leading to the 16.11
MeV level. The curves are the result of the calculations.
The (p, d) reaction is a first step of the sequential pro-
cess. In the calculation Cohen-Kurath spectroscopic
amplitudes and optical potential parameters shown in
Table III are used.
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FIG. 8. Differential cross sections and analyzing
powers of the ' C(p, He) "B reaction to the ground state
of

~
. Dotted curves and dotted-dashed curves are the

results of the calculations for J=1 and 2 transitions,
respectively, including both one step and sequential pro-
cesses. Solid curves are the incoherent sum of both
transitions. The enhancement factor e is 1.2.

enhancement factor as that of (p, t) to the ground
state of "C as mentioned before was used. Fits to
the data are not so good. The theoretical cross
sections beyond 40' are smaller compared to the
observed ones. The curve of the calculated analyz-
ing power is rather poor. As in the case of the

(p, t) reaction, the two-step process becomes pre-
dominant in backward angles. There are two pos-
sible transferred angular momenta J=1 and 2 in
the (p, He) reaction. In each case, transferred isos-

pin of two nucleons can be either 0 or 1. In Fig. 8,
the contributions from J=1 and 2 are represented

separately. The contribution to the cross section of
J=2 transfer is much larger in comparison with
J=1 transfer.

C. (p, t) reaction to the first excited state
of "C(— )

In this transition, the experimental cross section
provides two very clear peaks around 30 and 60'.
This is a characteristic pattern associated with
L =0 transition. The cross section is well repro-
duced in the present analysis, as shown in Fig. 9.
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FIG. 7. Differential cross sections and analyzing
powers of the ' C(p, He) "Breaction to the ground state

3of — . For the curves, see Fig. 5. The enhancement

factor e is 1.2.
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FIG. 9. Differential cross sections and analyzing
powers of the ' C(p, t)"C reaction to the first excited1—
state of — . For the curves, see Fig. 5. The enhance-

ment factor e is 2.2.
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tions were obtained for '
(p, t)"C reactions to both

ground and first excited states but the fits to the
analyzing power were poor. The importance of the
sequential process was remarkable in large angles
where the one step process alone could not repro-
duce the experimental angular distributions.

On the other hand, less satisfactory fits were ob-
tained for the ' C(p, He) "Breaction to both
ground and first excited states. The calculated
cross sections were smaller than the measured ones
at large angles. The analyzing power for the
ground state of "8 was rather poorly fitted. The
angular distribution of analyzing power to the first
excited state of "8was fairly well reproduced up
to large angles.

We conclude that a microscopic description of
the (p, t) and (p, He) reactions requires both one-
and two-step processes, as well as taking into ac-
count both isospin 0 and 1 levels in the intermedi-
ate states in the sequential process. %hile the

overall description of the data was less than satis-
factory, the inclusion of two-step processes did im-
prove the data representation from that obtained
with the one-step description alone.
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