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Some dynamical aspects of pickup reactions studied in ' C(p,d)'2C at 200-500 Mev
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DifFerential cross sections at 22.5 are reported for "C(p,d)"C to the ground state and first excited state
which are characterized as 1p«, ' and 1p3/2 states. These results on the energy variation and pre~ious ones
on angular distributions show a prevailing momentum transfer (Q) dependence as has been observed earlier
for 'He(p, d)'He. ~e discuss this apparent scaling of the (p,d) cross section in the variable Q and its
implication on the question of the reaction mechanism in comparison with analogous information from
other nucleon removal reactions.

NUCLEAR REACTIONS 3C(p, d) 2C, T&
——200-500 MeV, 8&

——22.5'; measured
o(T&), discussed momentum transfer dependence and reaction mechanisms.

I. INTRODUCTION

The pickup reaction A(p, d)A —1 is characterized
by a large momentum transfer Q= ~p, —p, ~

which
at high incident energies can reach high values
even for colinear reactions; for instance, the mo-
mentum difference &p= ~p~

—p~~ reaches values of
W.5 GeV/c at T~= 800 MeV. Momenta at the order
of &p must be provided by the dynamics of bound
nuclear states, but it is not known precisely how

these are utilized. Certain reaction mechanisms' '
have been proposed in order to formulate the ques-
tions pertinent to the dynamics of large Q and high
incident energies and to provide interpretations to
some particular reaction features observed. Other
efforts have gone into using the DWBA approach'
which has a proven record of success at lower en-
ergies. There are presently problems connected
with quantitative evaluations of the various reac-
tion mechanisms, and we are far from a compre-
hensive reaction theory, which is a problem per-
tinent to the (p, d) reaction as well as to other
analogous reactions such as (w, N), (y, p), etc.
Common to these reactions is that a single nucleon
is removed from the target nucleus at large mo-
mentum transfer. A comparison of these reactions
is therefore motivated to learn about the basic
reaction mechanisms involved and their depen-
dence on the interaction and kinematics charac-
teristics of the incident and exit reaction chan-
nels; the rest mass of the projectile/ejectile is
one interesting parameter in such a comparison
as is the difference between the electromagnetic
and hadronic forces with consequences for the in-

itial and final state interactions. Information on
the energy dependence of these reactions is cru-
cial for unraveling the reaction mechanism, but
such data are very scarce for (p, d) at higher
energies. One study' was recently done for a very
light nucleus, 4He, and here we present results
for "C(p, d)"C. Besides the question of the reac-
tion mechanism, we examine these results on the
(p, d) reaction with respect to the much discussed
topic of scaling variables for nuclear reactions at
large momentum transfer such as for" inclusive
proton back scattering A(p, p')X. A good scaling
variable will provide a universal" representation
of the data, and the interesting question is to what
extent this can be used as an inference criterion
for the prevailing reaction mechanism.

II. EXPERIMENT AND RESULTS

This study of the reaction "C(p, d)"C was done
with the new 1.5-GeV/c magnetic spectrometer
using the variable energy proton beam of the
TRIUMF cyclotron. The energy of the incident
protons was varied in steps of 50 MeV between
200 and 500 MeV, and the particles emitted from
the target were detected in the spectrometer at
the fixed angle of 22.5' (see Ref. 1 for more in-
formation and references). The relative beam in-
tensity was measured with an ion chamber down-
stream from the target, which was calibrated at a
few energies by measuring the p+ p scattering
yield from a CH, target and normalizing to the
known p+ p cross section. '

The ground state and the first excited state of
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FIG. 1. Spectrum for the reaction C(p, d) at T&
—-200

MeV and 8=22.5'; known states in C contributing to the
prominent peaks have been marked.
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"C were clearly separated in the recorded "C-
(p, d) spectra, an example of which is shown in

Fig. 1. The excitation of known 1pz/z and 1p3/Q
states dominate the spectrum up to F„=17 MeV.
Two broad peaks appear at E„=20.3 and 28.7 MeV.
Since they seem to appear at larger angles only
(they were not seen' at E~= 185 MeV and 0=2.5'),
we suspect that two-step processes' might be re-
sponsible for these excitations.

Results on the differential cross sections for the
first two states in "C are shown in Fig. 2. In ad-
dition to the statistical uncertainties shown in this
figure, there is an overall uncertainty of +15% in
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FIG. 3. The differential cross section at 8=22.5' for
C(p, d) C to the 4.44-MeV state of C (large black

dots) plotted versus the momentum transfer Q. The
point at Q =757 MeV/g is taken from the data (Ref. 13) at
800 MeV. The solid lines represent the experimental
angular distributions (Refs. 10-12) for C(p, d)"C at
100, 185, and 700 MeV with the open circles marking
the point 8=22.5'.

the absolute cross section scale. Figure 3 shows
the results for the 4.4-MeV state of "C plotted
versus the momentum transfer Q =

~ p~ —p~~ in the
laboratory frame. For comparison we show angu-
lar distributions plotted versus Q using "C(p, d) "C
data available at T~= 100, 185, and 700 MeV" ";
the "C and "C final states populated in these reac-
tions are of the same single particle character,
namely 1p, /, '.
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FIG. 2. The differential cross section at 8=22.5' for
C(P, d) C to the ground state and first excited state in

~~C as a function of the laboratory bombarding energy.

III. DISCUSSION

Characteristic of the measured "C(p, d)"C cross
section is the rapid falloff with momentum trans-
fer (Fig. 3) with an average slope of Q, ~47 MeV/c
in the parametrization der/dO = C exp(- Q/Qo).
There is little difference between the excitation
of the two final states in this respect (Fig. 2)
which is a nontrivial result since the ground state
and first excited states of '~C are different in char-
acter; i.e., ip, /,

' and 1p,/, ' neutron hole states
based on the "C ground state. There is a differ-
ence in cross section magnitude, but the ratio re-
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mains mainly constant with increasing energy or
momentum transfer which persists up to an inci-
dent energy of 800 MeV." This can be compared
to the situation for the 1p,&,

' and 1p,&,
' states in

"0at 0 and 6.2 MeV which have been seen in "O-
(w', p)"O at 66 MeV" but with a surprisingly large
ratio of about 1:10, i.e. , five times larger than
the expected ratio of about 1:2 which is seen in
"O(p, d)"Ofor T. &200MeV.""Inthisexperi-
rnent we checked this ratio at T~=400 MeV and

0=22.5' and found it to be 1:2.2. The momentum
transfer of this (p, d) reaction is 520 MeV/c as
compared to Q =500-700 MeV/c for the angular
range 8=20'-120' in (s', p}. However, with re-
spect to the parameter ~p the value for (p, d) is
substantially smaller (~p=

i p, —p, ~

=310 MeV/c)
than for (s, p} (Ep =460 MeV/c) ~ The value of this
parameter may be crucial for how the nuclear dy-
namics is utilized, while a directional change of
momentum can always be obtained through on-
shell multiple scattering. It is quite obvious that
information on the energy dependence is needed
for evaluating the spectroscopic implications of

(p, d) data where any detailed conclusions must
rest on a firm knowledge of the reaction mecha-
nism.

To continue the discussion of the gross features
of the (p, d) cross section, we note that the ex-
ponential falloff with Q is very much the same
(QO=47 MeV/c) for the Ip, ~,

' and Ip» ' states
populated in "C(p, d)"C as for the ls, ~,

' state of
the previously studied' reaction 'He(p, d)'He. It
seems to indicate that the slope function is not
very sensitive to the kind of final state populated
or the mass of the target nucleus, at least for
light nuclei.

In the study of 'He(p, d)'He it was observed that
the cross sections do/d A(T., e) (angular distribu-
tions at different incident energies) are very close
to a function of the single variable Q. This is ap-
proximately true also for (p, d) in carbon, as
demonstrated by the excitation function of "C-
(p, d)"C to the 4.4-MeV state and the "C(p, d)"C
angular distributions at 100, 185, and 700 MeV
(cf. Ref. 9). These (p, d) cross sections show

largely a simple Q dependence with some excur-
sions from the general trend for the larger angles
at the lowest incident energy. The low energy an-
gular distributions can be fairly well reproduced
by D%BA calculations, '0 "which show that the an-
gular dependence, i.e., the dependence on the
transverse component of momentum transfer Q„
is in part determined by multiple scattering.
These effects are quite weak for (p, d) in helium
as compared to carbon as evidenced by only small
excursions of the 'He(p, d)'He cross section from
the average Q dependence.

The formal motivation for introducing the vari-
able Q rests on the assumption of a simple pickup
reaction mechanism for A(p, d)A —1, where Q
= ip~ —p~~, the momentum with which the residual
nucleus recoils in the laboratory frame. This is
pictorially shown in the reaction diagram [Fig.
4(a)] with the A(p, d)A —1cross section given by
(see Ref ~ 1)

' (u- ')')g(q, )~'~g(Q)t'
g Ippl

A A-1
(0)

k)

A-1
(bl

FIG. 4. Reaction mechanisms for the A(p, d)A —1 re-
action discussed in the text; (a) the neutron pickup and

(b) the d-p triangle diagram.

The variables in the nuclear wave functions g, and

g are the relative one-body momenta q, and Q,
while s and e are the invariant Mandelstam vari-
ables for total energy and momentum transfer
u=(p —d)'. The scaling factor F is nearly con-
stant for Q~200MeV/c, i.e., dc/dQ is roughly a
function of Q only.

The recent interest in the scaling behavior of
nuclear reactions has arisen from the many new
results" on inclusive proton back scattering,
A(p, p')X. These cross sections show an impres-
sive universality when expressed as a function of
a scaling variable, the minimum momentum of the
recoiling system, which relates to the momentum
of the struck nucleon. The scattering is assumed
to take place from a single nucleon. The cross
section shows a general exponential falloff as a
function of this variable with a slope parameter
somewhat larger than we find for (p, d), namely
Q0=70 MeV/c. It is still possible that there is a
basic connection between the utilization of the nu-
clear dynamics for achieving the large momentum
transfer in the two reactions and that the slope
parameter reflects final state differences. The
reaction A(p, d) A- I leads to a discrete final state
as compared to the nondiscrete final states of

A(p, p')X, where the only constraint on X is the
minimum mass of the recoiling system required
by energy and momentum conservation. One could
argue that the larger Q, values observed for the

(p, p') reaction stems from few-body nuclear cor-
relations where only the correlated nucleons need
to take up recoil which might absorb the momen-
tum transfer more efficiently than if a larger con-
glomerate of nucleons have to recoil coherently.
At the elastic limit, however, the condition should
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be the same for (p, p) and (p, d), and some (p, p)
data tend to indicate' that Qo decreases with the
proximity to the elastic limit; for lower energies
where the nucleon pickup mechanism dominates
both reactions this is trivially true. '

From the observation that the (p, d) cross sec-
tion appears as a nearly universal function of Q,
one might be tempted to infer that a simple neutron
pickup is the prevailing reaction mechanism and
that the Q dependence represents the single parti-
cle momentum distribution in the nucleus. It is in
the latter inference one runs into problems since
the single particle wave functions, as we know
them for 'He at least, are difficult to reconcile
with the cross section slope functions observed, '
and the problems cannot be discarded as trivial
multiple scattering distortion effects as they are
taken into account by standard DWBA calculations. '
The pickup mechanism may be a good motivation
for introducing the Q parametrization of the (p, d)
cross section, but it may not be the true reason
for the universal" Q dependence.

A two-nucleon reaction mechanism" such as
the p-d triangle diagram [Fig. 4(b)] would also
give a prevailing Q dependence since each vertex
is a function of Q. There is, of course, an energy
dependence inherent in the pd-dp vertex (mainly
due to the onset of pion exchange for Tp ~ 300
MeV),""but this is quite weak compared to the
variation in Q for varying T~. The energy depen-
dence would thus be very much washed out in this
two-nucleon interaction, and the same would be
true for analogous multinucleon interactions. The
(y, p} reaction is similar to (p, d). Data on "0-
(y, p)"N are very nicely presented as a function
of Q when the cross section is factorized accord-
ing to the one-nucleon interaction model, i.e., the
equivalent of diagram 4(a)." There are reasons,
however, to consider two-nucleon interactions
of the type in Fig. 4(b), and such calculations"

can reproduce the data but give another meaning
to the Q dependence. A different situation is met
for the (v, N) reaction where the forward angle
cross sections indeed show a prevailing Q depen-
dence but with an energy dependent scale factor
which follows the resonance behavior of the m+ N
scattering. '" In this case it is clear that the
basic reaction mechanism involves pion interac-
tion with at least two nucleons and that the Q de-
pendence does not represent the nuclear single
particle momentum distribution.

IV. CONCLUSIONS

We have presented new results on the energy
variation of the (p, d) reaction in "C. It was
found that this cross section depends strongly on
Q. There is little or no direct energy dependence,
but comparison with previous 'He(p, d)'He indi-
cates increasing multiple scattering (affecting Q, )
with increasing A. Our results show no basic
difference in the Q dependence of the cross sec-
tion for exciting 1p, &,

' and 1p,&,
' states, which

appears to contradict the results of previous
"0(w, p)"0 measurements at the same Q values.
Before drawing conclusions on possible dynamical
differences between nuclear states described as
simple 1p, &, and 1p,&, wave functions, one must
await corroborative results from analogous reac-
tions such as (p, d), (m, p), (y, p}, etc. at the same
&p values. The meaning of Q in terms of nuclear
momenta is still an open question, and we argue
that the fact that Q is a good scaling variable for
(p, d) and other reactions does not necessarily
imply that the reaction mechanism used to define
Q is the prevailing one.
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