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One- and two-step processes in single-nucleon pickup*
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The reaction "C(p,d)"C at high momentum transfers (q & 200 MeV/c) has been examined with respect to
single- and two-step processes. Our coupled-channel Born-approximation analysis of the reaction at 185 MeV
shows that peculiarities observed in experimental angular distributions can be explained with the two-step
process or the interference between the single-step and two-step processes. The analysis requires the presence
of small 1d and 1f,(2 admixtures in the "C ground state along with the basic 1s'1p' configuration. The
diferent energy dependence in the single-step and two-step processes is discussed and illustrated by data at
185 and 700 MeV.

[NUCLEAR REACTIONS t2C(P, d), E& =185 Mev; calculated c(8); CCBA analysis]

I. INTRODUCTION

The analysis and interpretation of pickup mea-
surements such as (p, d) depend on a knowledge of
the reaction mechanism. The direct single-step
(SS) process is usually the prevailing one for pick-
up reactions at intermediate incident energies
leading to the prominently excited states of the
residual nucleus; these reactions are conventionally
treated within the distorted-wave Born approxima-
tion. The SS process may be retarded if there is
a lack of appropriate single-particle amplitudes in
the ground-state wave function of the target nucle-
us, i.e., if the single-particle wave function has a
small amplitude or is lacking in the momentum
components that the reaction is sensitive to. One
can still encounter sizable pickup cross sections
for these cases due to two-step (TS) processes.
The TS process' usually considered consists of a
nucleon transfer followed or preceded by an in-
elastic excitation which can be treated in the cou-
pled-channel Born-approximation (CCBA) calcula-
tion. One may anticipate that such a TS pickup re-
action would manifest itself in the data. First, the
TS process would give rise to differential cross
sections whose angular distributions differ in shape
from thee of the SS process. Second, one expects
a particular reaction dependence in the absolute
cross section of the TS process, viz. a dependence
upon projectile energy. In this paper we shall con-
sider these two aspects of the TS process with re-
spect to the (P, d) reaction on "C. For this reac-
tion, data exist at E~ =185 (Ref. 2) and 700 MeV
(Ref. 3) which lend themselves to demonstrate the
role of the TS process in single nucleon reactions
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FIG. 1. The level diagrams {Ref.4) of i C and C;
only the low-energy parts are shown leaving out the C
states which were not observed {Ref. 2) in C{p,d) C
at 185 MeV {the J = &+, 2+ doublet was unresolved).

carrying large momentum transfers.
In the (P, d) reaction on "C one finds' that the

low-lying a and —,
' states in "C (see Fig. 1) are

the predominantly excited ones. These excitations
are naturally ascribed to 1P neutron removal from
the basic 1s'1P' configuration of the "C ground
state. Many of the other states in "C below E„
=8.7 MeV are also populated although their J' val-
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ues prohibit access by neutron removal from the
basic 1s 1P' configuration. The excitation of these
states requires either that the "C ground state
contains a small admixture of higher-lying shells,
such as neutrons in the Id, 1f, and lg shell-mod-
el orbits, or that the (P, d) reaction is not of the
SS type. In principle, most of the "C states under
consideration could be reached by the TS process
since the J' values of these states can be furnished
by coupling a 1P,&, state to a monopole, quadru-
pole, or octupole excitation either in "C or "C.
An indicative estimate of the cross sections for the
TS process "C-"C*-"C maybeobtainedfrom
the cross sectionfor the inelastic scattering step
l2C(p, p')l2C* and that of the succeeding pickup
step "C*(P',d )"C*; and similarly for the process
"C-"C-"C*(Fig. 2). It is plausible to assume
that the (P, d) step involves the removal of a 1P,&,
neutron and that the intermediate state in the latter
reaction is the "C ground state (the prominent 1P '
state in "C). A study of the cross sections for the

partial reactions may then suggest which states
are likely candidates for access by the TS process.
This will be discussed later in the context of the
reaction dependent effects. When both TS and SS
processes feed a state they contribute coherently
to the (p, d) cross section and the interference be-
tween the two will affect both the cross section
magnitude and the shape of the angular distribution.
One finds in the 185-MeV (P, d) data' several ex-
amples of angular distribution shapes which are
anomalous to the direct SS pickup process; such
examples are the excitation of the 4.33- (Q ) 6 48-
( —', ), and 6.91- (—,")MeV states (Figs. 3-5). As
will be seen, these anomalous shapes are caused
by contributions from the TS process. The angular
distributions obtained at 700 MeV will not be con-
sidered here since the TS signature is less obvious
at higher energies and the CCBA analysis is harder
to perform. It should be mentioned, however, that
the 700 MeV data have been analyzed' taking into
account inelastic scattering in the entrance chan-
nel only; the TS process proved to be important
in improving the relative intensity between dif-
ferent excitations (this is further discussed be-
low).

II. ANGULAR DISTRIBUTIONS

The CCBA calculations were performed with the
computer code CHUCK written by Kunz. ' The proton
and deuteron optical potentials and the bound neu-
tron potential of Ref. 2 were used which gave a
"best" fit to the angular distribution of the reac-
tion "C(P,(f)"C(g.s.). The first derivative of the
real part of the optical potential was used for in-
elastic scattering form factors. The deformation

5/2—

3/2
C

FIG. 2. Reaction channels considered in the descrip-
tion of ~2C(P, d) ~~C. Nucleon transfer amplitudes are
indicated by n and inelastic scattering amplitudes by P
(the nuclear deformation parameter); e = (122.5) ~ v S
(apart from a phase factor) where S is the spectroscopic
factor.

parameters p for the 2' and 3 states in "C were
chosen so that the (P, P') cross sections' were re-
produced; this gave P, =0.62 and P, =0.44 (ignoring
signs here) which are close to the results from
other analyses (see Ref. 7). For deuteron scatter-
ing from "C (or "B) no appropriate data are avail-
able to fix the P's so reasonable estimates had to
be relied on. For the —, and —,'states the P's were
assumed to be proportional to the square root of
the corresponding (P, P') cross section, ' o("B), so
the adopted P, 's for (d, d') in "C were

g/llB ll 2

To obtain P, for the —,' state, the weak-coupling
model was applied, giving

The P,("C) and P,("C) values were taken as aver-
ages of the values given in Ref. 7 which gave P,
=0.30, P, =0.22, and P, =0.16 for deuteron scatter-
ing from the 2, —,', and —,

"states, respectively.
The nucleon transfer amplitudes were fixed in a
similar way; a" was fixed to reproduce the mea-
sured cross section "C(p, d )"C(g.s.) and to de-
termine the a"s the full 1P,&, amplitude was as-
sumed (D,MS = 122.5 ~ 2= 245 where D, is the zero-
range deuteron strength and S is the spectroscopic
factor) and was distributed on the "C states ac-
cording to the weak-coupling model. Values of a"
= 146 and a' = 108, 155, 91 were then obtained for
the —,', 2, -', , and —,"states, respectively. Once
determined, all the amplitudes were kept fixed in
the calculations except for the SS amplitude a and
the phase between the n'P', o("P", and o. channels.

Besides the uncertainties in the P's for the (d, d')
scattering, the ca,lculations are affected by am-
biguities in the deuteron optical potential. In order
to provide a check on the latter uncertainty, dis-
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torted-wave Born-approximation calculations were
performed for deuteron scattering from the 2' and
3 states in "C using the above-mentioned poten-
tials and the deuteron potential of Ref. 8 obtained
from a fit to elastic scattering data (potential II in
Table IV of Ref. 8 with volume absorption). Cal-
culations using the latter potential gave cross sec-
tions which were a factor of 2 lower, while the
angular distributions remained essentially un-
changed in shape. It should also be mentioned that
the (d, d') cross sections are a factor of 5 to 10
larger than those of (p, p'), rendering a greater
importance to the "C- "C- "C*portion of the TS
process as compared with that of "C-"C*-"C*
(cf. Fig. 3).

The results of the CCBA calculations are shown
in Figs. 3-5 together with experimental data. The
three angular distributions considered are well
described allowing for the couplings indicated in
Fig. 2. The —,

' state thus appears to be predomi-
nantly excited by the TS process while both pro-
cesses are obviously contributing to the excitation
of the -', and —,

"states (Figs. 4 and 5). Neither the

SS nor the TS process can alone account for the
latter angular distributions. Instead it is the de-
structive interference between the two processes
that provides the peculiar shapes. It should also
be noted that the resulting cross sections are de-
pressed as compared with the partial cross sec-
tions, particularly those of the SS process. The
shapes are extremely sensitive to small changes
in the relative TS and SS amplitudes so that a
change of 10% gives a significant alteration in
shape. For a given set of potentials no other SS
amplitude (n) gave the angular distribution shapes
shown in Figs. 4 and 5. The relative phase of the
n'P' and n"P" channels also defines the shape and,
for instance, acceptable fits to the data could not
be obtained with phases opposite to those used. It
thus seems that the angular distributions of SS and

TS processes contain interesting information on
the phase between the o."P' and o."P" channels, and
between these and the SS (n) channels. On the
other hand, the angular distributions due to the
pure TS process are essentially independent of the
o. 'P' and n"P" phase. Therefore, the shape of the
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FIG. 3. Calculated differential cross sections for
C(P, d) C at 185 MeV populating the T state at

4.33 MeV compared with the experimental data. of Ref. 2.
The ef'feet of including different channels and changing
the deuteron optical potential is shown.

FIG. 4. Calculated differential cross sections for
C(P, d) ~C at 185 MeV populating the T state of

6.48 MeV compared with the experimental data of Ref. 2.
The effect of changing the relative composition of SS and
TS processes is shown.



480 JAN KALLNE AND ANDREW W. OBST

bQD'w

l0
2

lol

l0

C ped Ce Ex 69l MeV J =5/2
exp (x I/13)

Id, a =9
5/2'

a' P'-anP", a=o
a' p'+an p", a = 0

culations. The calculated TS cross section for the
state, for instance, is low by a factor of 2.5.

Suchdiscrepancies maybe symptomatic of faulty po-
tentials, e.g. , the one used to generate the deuter-
on waves (Fig. 3 shows an example of the effect of
altering the deuteron potential). The underestimate
of the TS cross sections, however, can also origi-
nate from effects due to momentum transfer shar-
ing (discussed below) that are not fully accounted
for in CCBA. When both SS and TS amplitudes con-
tribute to a cross section, this problem could easi-
ly be magnified, which may be what we observe
for the —,

' and 2 states; the difference between
measured and calculated cross sections is here as
large as a factor of 13. Despite the quantitative
ambiguities, the present analysis has given valid
qualitative results. The TS process is present in
the excitation of the 2, —,', and &' states consi-
dered. Equally interesting is the result that the
two latter excitations contain SS amplitudes which
suggest 1f,&, and 1d, &, configurations in the "C
ground state; one would also claim some 1d, &, ad-
mixture as judged from the similarity' of angular
distributions for the &' state and the &' state at
7.51 MeV (not analyzed here)
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III. REACTION DEPENDENCE

FIG. 5. Calculated differential cross sections for
"C(P, d) C at 185 MeV populating the 5 state at
6.91 MeV compared with the experimental data of Ref.
2. The effect of changing the phase between n'P' and
0.'"P" and the relative composition of SS and TS processes
is shown.

angular distribution does not help determine the
n'P'-n "P" phase leading to the excitation of the e

state although this phase is crucial for the cross
section magnitude. If, however, the —,

' and -,
'

states are described' as a 1p, &, hole coupled to the
2' state in "C, their n'P'-n "P" phases should be
opposite, i.e. , it should be positive for the & state.
This indicates that the larger of the CCBA cross
sections is applicable for the 2 state. The TS con-
tribution to the excitation of the —,', —,', and &'

states would therefore scale as 2:5: 1 in cross-
section magnitude.

From the CCBA analysis we obtain spectroscopic
factors (S) for the —,'and —,

"states of 8=0.7 and S
=Oe4 if the value for the "C.ground state is set to
8 = 100 while for the & s tate we can state an upper
limit of S=0.1. The results for the 1f pickup
strength in "C(P,d) "C can be compared with the
calculations of Kurath' which give $ =0.023 and S
=1.3 for the & and —,

' states. Our 8 values, how-
ever, are only qualitative s ince the cross- section
magnitudes are not reproduced by the CCBA cal-

The reaction dependence of the (P, d) cross sec-
tion can be expected to be specifically different
for the SS and TS reaction mechanisms. The SS
process shows a strong variation with momentum
transfer q (Fig. 6); q is the momentum transfer in
the lab system, q=lpp-pe~. From comparison of
the (P, d ) cross sections at different incident en-
ergies one may say that a general q dependence is
indicated in the data. The momentum of the
picked-up neutron and the (P, d) cross section
would then largely reflect the single particle mo-
mentum density in the nuclear wave function (apart
from a weaker q dependent factor reflecting
the deuteron momentum density). A comparison
between the (P, d) and (e, e'P) data" (Fig. 6) shows
that this is approximately true for momentum
transfers corresponding to deuterons in the ex-
treme forward direction; for larger angles there
are deviations probably due to distortion effects in

(p, d).
The cross section maximum occurs for minimum

momentum transfer (only higher energies are con-
sidered), i.e. , collinear p and d momenta, which is
fixed for each energy. In the TS process, how-
ever, this constraint is relaxed since the total mo-
mentum transfer is shared between the partial
pickup and scattering steps and the intermediate
momentum p' need be neither of the asymptotic
momenta p~ and P „where the modulus of the in-
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roughly as the phase space factor (P~') at higher
energies (one can, e.g. , compare the data'"at
185 and 1040 MeV) while its location in momentum
transfer is quite energy independent (it occurs in
the ra, nge q =200-300 MeV/c for the considered
quadrupole and octupole excitations in "C). Be-
tween 185 and 700 MeV the (P, P') cross section
would increase a factor of 4 to 5 and if the (d, d')
cross section scales accordingly (no data avail-
able) a similar difference would be transferred to
the TS (P, d) cross section at the two energies.
Increasing the incident energy would therefore
favor the TS excitation of a state nl&

' (through a
1P,&, neutron pickup) over the SS nf, neut. ron pick-
up provided the 1P,&, and nl,. momentum distribu-
tions are similar.

IV. COMPARISON OF (p,d) CROSS SECTIONS
AT 1S5 AND 700 MeV
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FIG. 6. Differential cross sections for C(P, d) 'C
leading to the C ground state plotted vs the momentum
transfer q = 1p& —p~ 1 (lab system). The data (Refs. 10,
2, and 3) obtained at E& =100, 185, and 700 MeV are
shown together with the 1P proton momentum density
determined (Ref. 11) in ~ C(e, e'P) ~B.

termediate momentum p' may differ from p (apart
from distortion effects) in the TS process; spe-
cifically, for the reaction "C- "C - "C the mo-
mentum transfer is

q=lu, -p, i=la, -p,'+p,'-p,
l

with the possibility of having I pe
-p. I&Ip. p-

The TS process thus allows lower nuclear single-
particle momenta to be probed in the reaction, en-
hancing the pickup cross section in the TS process
as compared with the SS one. If the maximum
cross sections (o) of the SS (1p,&, pickup) and TS
process are related, one would expect to encounter
an energy dependence in the relative cross sec-
tion o'(TS)/o(1P, &,) since the effect of momentum
transfer sharing will increase with increasing q,
i.e., E. The inelastic scattering in the TS pro-
cess would also introduce an energy dependence.
The maximum of the (P, p') cross section varies

The excitations of a certain state may involve
pure SS or TS amplitudes, or it may be a mixed
SS+TS transition. In the latter case, the reaction
cross section will be dominated by either of the
amplitudes, or both amplitudes may affect the
cross section where the weight of each amplitude
in the cross section is reaction dependent. For
(P, d) at 185 MeV, the excitations of the three low-
lying —,

' and 2 states are governed by the SS pro-
cess. A possible TS contribution to these excita-
tions is certainly smaller than that for the 2 state
and will not affect the maximum cross section
which we shall consider. The TS process, on the
other hand, dominates the excitation of the & state
at 185 MeV and a possible SS amplitude admixture
can be estimated to be n &5. Such a small ampli-
tude cannot account for the relatively large cross
section observed' for this state in (P, d) at 700
MeV. Therefore, the excitation of the & state can
be taken as representative of the TS process at
both 185 and 700 MeV as the ground state excita-
tion is a proper representative of the SS process. "
Below we refer to these as "typical" TS and SS
processes when comparing the relative maximum
cross sections.

As can be seen from Fig. 7, the low-lying ~ and
states appear with the same relative cross sec-

tions at 185 and 700 MeV which is what is expected
for predominant SS processes. The TS process
manifests itself in a conspicuous difference in re-
lative cross section, i.e., it is 25 times larger at
700 MeV than at 185 MeV for the & state. Similar
differences are observed for the states at 6.48 (—', )
8.11 (a ), and around 8.5 MeV indicating significant
TS amplitudes in the respective excitations (i.e.,
it is true for at least one of the unresolved &, —", ,
and —,"states around 8.5 MeV). This is consistent
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while the relative maximum cross section would
increase with increasing energy for the TS pro-
cess. The same behavior would be observed for a
mixed SS+TS process as long as one process is
dictating the cross section. In the energy interval
where the SS and TS contributions are comparable,
interference effects are important. The construc-
tive interference will depress the cross section
and may give an energy variation showing a mini-
mum where the cancellation is maximum.

Finally, we observe that the energy dependence
of the TS cross section is very strong; the relative
cross section increases a factor of about 25 be-
tween 185 and 700 MeV. This seems to be in ex-
cess of what can be attributed to the energy varia-
tion in the inelastic scattering cross section alone
since the free (P, P') cross section varies only a
factor of 5. The sharing of the momentum transfer
may very well make up the missing factor of 5 in
the cross section ratio.

I

4
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IO

V. CONCLUSIONS

FIG. 7. Comparison of relative maximum cross sec-
tions for the excitation of various states in 'C in the
(P, d) reactions at 185 and 700 MeV; the data from Refs.
2 and 3 have been used. The 700-MeV cross sections
for the higher-lying states (E„&6.7 MeV) are only rough
estimates from the spectra given in Ref. 3 and represent
lower limits. The cross section at E„=8.5 MeV com-
prises the excitation of the unresolved states at 8.43

(& ), 8.66 (2 ), and 8.70 (&) MeV.

with the observation made in Ref. 2 that these
states are at least partly reached by TS processes
through quadrupole (the —,

' state), monopole (the —,

state), and octupole (the —,
"and/or —,

"states) ex-
citations in (P, d) at 185 MeV (the monopole exci-
tation is, of course, a higher order one). How-

ever, some of these are mixed SS+TS excitations
for which the ratio of the cross sections at 185 and
700 MeV may vary, such as for the —,

' and —,
'

states. From the CUBA analysis of the 185-MeV
data the TS cross sections are in the ratio 2:5: 1
for the 2, —,', and —,"states. These ratios are also
reflected in the corresponding cross sections at
700 MeV which indicate that the TS process domi-
nates these excitations at 700 MeV. It therefore
seems that the SSamplitude in the 2' excitation affects
the 185-MeV cross sections sufficiently to wash out
the specific TS signature of the energy dependence of
the relative cross section, while that is not the case
for the —,

' state. These observations may be extended
to a general comment about the energy variation of
the relative cross section. For the SSprocess, one
would expect little variation with bombarding energy

In this paper it has been shown that the TS pro-
cess is important in the (p, d ) reaction at inter-
mediate energies. The TS process can allow ex-
citations which are prohibited in the SS process and
it can enhance the cross section of mixed SS+TSpro-
cesses. The relative importance of the TS process
is reaction dependent. The comparison of the

(P, d) reactions at 185 and 700 MeV suggests that
the TS process becomes increasingly important
with increasing incident energy and momentum
transfer. Some plausible reasons for this have
been pointed out. In related single-nucleon re-
moval reactions such as (y, n) and (m', P) or for
proton remova. l, (y, P) and (v, n), the TS process
should in general be less favored-than in (P, d) for
comparable momentum transfer; the reason being
generally smaller inelastic cross sections. A pri-
mary need in the a,nalysis of (p, d ) and other rela-
ted reactions is a knowledge of the reaction me-
chanism and here the different dependences of the
SS and TS processes can be exploited as demon-
strated in this paper. The TS process is a com-
plex one, carrying a corresponding richness in in-
formation relating the involved partial reactions
and the involved nuclear states. It has been shown
tha, t some peculiar features in "C(P,d )"C data at
185 MeV can be qualitatively accounted for within
CCBA. The analysis requires the "C ground-state
configuration to be a mixed one, (1 —a')'~'1s'1pe
+als'1P'(1d, 1f,&,)' where a is in the range 0.1—
0.2; SS pickup from the small 1d and 1f,&, admix-
tures competes with the TS 1p pickup through octu-
pole and quadrupole excitations.
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