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&sing a distorted-wave Born-approximation treatment which exactly includes recoil for
the data from the reaction C( N, ' C)' N at E(' N}=78 Mev, we demonstrate the neces-
sity for including recoil effects in calculations for single-nucleon-transfer reactions
with heavy ions.

At sufficiently low energies ( ZZ,e' /R v& 10),
heavy-ion reactions appear to behave semiclas-
sically. ' Angular distributions for single-nu-
cleon-transfer reactions seem to be well de-
scribed" using formalisms which neglect "re-
coil effects." In Fig. 1 the vector diagram is
shown which is relevant to the distorted-wave
Born-approximation (DWBA) amplitude used in
theoretical calculations for such reactions. The
vectors r, and r~, which must be integrated over,
can be expressed as'

r, =r —(x/a)r~„, r~=(A/B)r+(x/B)r~„.

Since this involves a six-dimensional integral,
the "no-recoil" approximation is introduced which
neglects the r~„ terms, with obvious simplifica-
tions. The dangers of this approximation were
pointed out long ago. '

Recently measurements of heavy-ion single-
nucleon-transfer reactions at higher energies' '
produced structureless angular distributions in
disagreement with recoilless DWBA calculations
and semiclassical predictions. The purpose of
this paper is to show how the exact inclusion of
recoil is necessary to obtain quantitative and
qualitative agreement with the data of Ref. 6 for
the reaction "C("N, "C)"N at 78 MeV.

For a reaction A(a, b)B, where B (a) consists
of a core A (b) with a particle x bound with an-
gular momentum l, (l,), the selection rules are"

aj =J —J„zl =l, —l„
4s=S,—S„4j=41 +4s.

If we assume that the directions of J~ and S„do
not change (inert core) in the reaction, then

FIG. 1. Vector diagram for the reaction A(a, b)B,
where B=A+x and @=5+x.

where j y ly+ S„, and

bs=j2

where j, = l, + S„. Note that if l, = 0, the rules be-
come the familiar values of (d, p) etc. reactions.
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If l, and l, are nonzero then, as has been not-
ed, "there are go parity selection rules to limit
the possible Al values, but if l, = 0 or l, = 0 then
(- 1) ' = Am (change of parity in the reaction). In
nonrecoil DWBA theories, however, the (-1)
= b,~ rule always holds, '"which is a consequence
of the symmetry properties of the nonrecoil
DWBA integral. In the case of "C("N, "C)"N,
l&ll= I1 —11=0, 1, 2; however, bj=4s= —,', there-
fore only Al = 0, 1 are physically possible. Since
there is no total change in parity in the reaction
we have

Al =0, 1 with recoil,

4l = 0 without recoil.

The ~ffeets of including recoil, therefore, are
twofold: The radial integral is more complicated,
and additional angular-momentum transfers are
possible. Even if recoil is approximately treat-
ed, '" the additional l transfers are still forbid-
den. It should be noted that there has been no
clear demonstration of the violation of this non-
recoil parity rule.

The program LOLA" is written in a formalism"
which exactly includes recoil to calculate both
4l = 0 and 4l = 1 cross sections for the above
reaction, which, in the absence of spin-orbit
coupling, are added incoherently. " The nucleon
is bound to the core in a Woods-Saxon potential
with r = 1.25 fm and a = 0.65 fm in both bound
states. The same optical-potential parameters
were used in the incoming and outgoing channels;
the values were those which gave a good fit to
the elastic scattering in the incident channel. "
Typical computing time for the program on the
Saclay IBM 360/91 was about 4 min for 55 par-
tial waves.

The results are shown in Fig. 2. As was found
in the original study, ' the Al =0 nonrecoil DWBA
cross section oscillates rapidly, in complete dis-
agreement with the experimental data, even
though this theory seems to work at lower en-
ergies. "' The exact recoil DWBA is in good
agreement with the data, There are two reasons
why: Note that the oscillations of the 6,/=0 exact
recoil DWBA are less those than for the nonre-
coil DWBA, in agreement with approximate re-
coil calculations in Ref. 7. More importantly,
the bl = 1 component is of the same order of mag-
nitude as, and oscillates out of Phase with, the
4l =0 component. The product of the two spectro-
scopic factors is found to be 0.52, in good agree-
ment with the theoretical prediction of Cohen
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FIG. 2. DWBA calculations for the experimental data
from Ref. 6. The exact-recoil DWBA represents the
sum of the two contributions shown in the lower part of
the figure. The nonrecoil DWBA curve is from Ref. 6.

and Kurath ' of 0.42.
Very similar results are found for the data for

the reaction '2C('4N, "N)"C shown in Fig. 3.
Since the two reactions contribute at comple-
mentary angles, one should coherently add them.
However, the predictions for both reactions are
very small at large angles; therefore we have
neglected the interf erence.

In both reactions there is also the possibility of
transferring a p,t, nucleon whereby bs = 2 allows
Al =2 contributions. These cross sections also
oscillate; but, when multiplied by the very small
Cohen-Kurath spectroscopic factor, they give a
cross section 60 times smaller than the experi-
mental data and are therefore ignored.

With the use of the same parameters, the pre-
dicted cross section as a function of incident
energy is shown in Fig. 4. As the energy de-
creases, so does the relative importance of the
Al = 1 component, in qualitative agreement with
Refs. 16 and 17. This may be understood in the
semiclassical theory of Brink, "where it is sug-
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FIG. 3. Exact-recoil DWBA calculations for the data
for the reaction C( N, N) C of Ref. 6.
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gested that the transfer is most probable in the
plane defined by the motion of the cores. This
assumption leads to a suppression of the ~l = 1
component in this case. At sufficiently low bom-
barding energies, where the two cores never
touch (classically), this seems a good approxi-
mation and indeed the DWBA predicts relatively
small hl =1 cross sections. But at 78 MeV inci-
dent energy, the distance of closest approach
(classically at 8, ~ = 20') is only 4.4 fm, com-
pared with a core-core radius [R= 1.4(14' +12' )J
of 6.6 fm. Thus we would not expect any partic-
ular plane to be favored, allowing Al =1 com-
ponents.

It is important to note that, even at low relative
energies, the recoil bl =1 component, although
reduced, cannot be neglected. Buttle and Gold-
farb" have shown that recoil effects will be even
more important on heavier targets although the
effects are obscured by the featureless angular
distributions obtained at energies near the Cou-
lomb barrier. Recent measurements of ("0, "N)
reactions" seem qualitatively to bear this out.

Work in progress indicates excellent prelimi-
nary quantitative agreement with the experimen-
tal data of Ref. 7. These results indicate, there-
fore, that recoil affects the predicted angular
distributions of the "allowed" transfers and intro-
duces additional l-transfer cross sections in sin-
gle-nucleon-transfer reactions. Since recoil ef-
fects are proportional to the mass ratio x/a,
multinucleon-transfer reactions are expected to
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FIG. 4. DWBA predictions as a function of incident
energy using the same parameters as used in Figs. 1
and 2. The arbitrary units are mb/sr but should not be
taken seriously since the same 78-MeV optical potential
has been used for all the calculations.

be affected even more strongly. '
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The real part of the forward amplitude for Compton scattering on protons was mea-
sured through the interference between the Compton and Bethe-Heithler amplitudes by
detecting the zero-degree electron pairs asymmetrically. The measurement was made
at an average photon energy of (h) =2.2 GeV, and an average momentum transfer to the
recoil proton (t) =—0.027 (GeV/c) . The result confirms the prediction of the Kramers-
Kronig relation.

The Kramers-Kronig relation' was first de-
rived more than forty years ago from the cau-
sality principle. Gell-Mann, Goldberger, and
Thirring' obtained the same result from field-
theoretical considerations. It relates the real
part of the forward Compton scattering ampli-
tude, Ref„ to the total hadronic photon nucleon
cross section, o ~, via the relation

k2
Ref, (h) = +

where P denotes the Cauchy principal value of
the integral, k, is the one-pion threshold energy,
n is the fine-structure constant, and M is the
mass of the proton. The explicit evaluation of
Eq. (1) has been carried out by Damashek and
Gilman' using the known total photon-nucleon
cross section 0~. The purpose of this experi-
ment is to measure Ref, directly and to com-

pare it with the prediction of Eq. (1), and there-
by to check the validity of dispersion relations
for photons.

The classical way to study the phase of the am-
plitude of np and pp scattering is to measure the
interference between the elastic-scattering am-
plitude and the Coulomb amplitude. For Compton
scattering the scattered photon, being a neutral
particle, does not interfere with the Coulomb
field. To study the Compton amplitude we con-
sider the case where the scattered photon is "al-
most real, " i.e., we study the asymmetric pair
distribution from the reaction

y +p —p +y(virtual)

(2)

where the invariant mass of the pair is almost
zero.


