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An earlier suggestion by the authors that the unexpected features of angular distributions in heavy-ion
transfer reactions at energies above the Coulomb barrier may be explained by including recoil and finite-
range effects in a direct-reaction theory; is examined in detail. It is shown that the finite mass of the trans-
ferred particle may be taken into account approximately by the inclusion of a recoil phase factor in the
transfer function of the usual distorted-wave Born amplitude. The implications of modifying the transfer
function are worked out with the help of a sharp-cutoff diffraction model for the scattering of the strongly
absorbing nuclear cores. Simple, closed expressions for the transfer differential cross sections are obtained.
Unlike the earlier work, these expressions are valid for arbitrary angular momentum transfers, and intrinsic
spins are included. When the zero-range limit is used or the mass of the transferred particle is neglected, the
model predicts extreme diffraction oscillations in the angular distributions. However, if finite-range and
recoil terms are retained, then, at sufficiently high energies and large angular momentum transfers, the
theory gives strong damping of the diffraction oscillations. The resulting structureless angular distributions
fall off with a 1/¢3 dependence on the linear momentum transfer ¢, in excellent agreement with experiment.
The theory is applied to the recent experimental results of Birnbaum, Overley, and Bromley for the

20 APRIL 1969

C12(N1, NB8) C18 reaction. Substantial damping of the angular distributions is predicted.

I. INTRODUCTION

N recent experimental studies'™ of reactions in-

duced by heavy ions at energies well above the
Coulomb barrier, angular distributions for both single
nucleon and cluster transfer have shown an almost
complete absence of structure. The angular distribu-
tions are monotonic decreasing functions of the linear
momentum transfer’ in remarkable contrast to the
oscillatory distributions found in elastic heavy-ion
scattering and in transfer reactions initiated by protons
and deuterons. The smoothness of the.angular distri-
butions is also unexpected from previous theoretical
considerations of the reaction mechanism. At incident
energies well above the Coulomb barrier, the strong
nuclear interaction is expected to dominate the
Coulomb repulsion between the heavy nuclear cores.
Phenomenological diffraction models,>® which take
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account of the strong absorption in the entrance and
exit channels, predict large oscillations in the transfer
angular distributions when Coulomb damping becomes
negligible. The disagreement with experiment is rather
striking in view of the successful application of strong
absorption models to both elastic scattering and
transfer reactions at lower energies™® as well as to
reactions induced by lighter projectiles.’*-1

Two different explanations for the smoothness of
the transfer distributions have been proposed. Both
include strong absorption and both rely on the inter-
ference of amplitudes corresponding to angular mo-
mentum transfers of different parity to wash out
diffraction oscillations, but the mechanisms responsible
for this interference are quite different in the two
explanations. Dar and Kozlowsky point out" that if
there is strong configuration mixing in the bound states
of the transferred particle or if core excitation takes
place during transfer, both odd and even angular
momentum transfers contribute to the reaction,
resulting in a smoothing of the oscillations predicted
by the theory of Ref. 9. On the other hand, in a previous
publication!® the present authors proposed that the
mixing of odd and even angular momentum transfers
is kinematical in origin and is independent of any
specific assumptions about the structure of the nuclei
involved.
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It was suggested in Ref. 15 that if terms of order p,
where p is the ratio of the mass of the transferred
particle (or cluster) to the mass of one of the heavy
cores, were retained in the usual distorted-wave Born
amplitude, that damping of the transfer angular distri-
butions results. The consequences of retaining such
“recoil” terms were evaluated in a particular sharp-
cutoff diffraction model in which harmonic-oscillator
wave functions were used for the bound states of the
transferred particle to the cores, and intrinsic spins were
ignored. The chief limitation of this earlier work, which
prevented a detailed comparison of the model with
experiment, was that the transferred particle was taken
to have zero angular momentum with respect to the
donor core in the entrance channel.

The purpose of this paper is to remove these limita-
tions so that a quantitative test of the model with the
recent experimental results of Birnbaum, Overley, and
Bromley*is possible. In particular, the diffraction model
is extended to include arbitrary angular momentum
transfers and intrinsic spins.

In Sec. II it is shown within the context of the dis-
torted-wave Born approximation that the finite mass
of the transferred particle may be taken into account
approximately by the inclusion of a “recoil” phase
factor in the usual transfer function which contains
the nuclear structure information.

With the assumption that the bound states of the
transferred particle are adequately described by
harmonic-oscillator states, simple expressions for the
modified transfer function are obtained in Sec. IIL. The
modified transfer function is split into two parts, one
containing a Weyl operator which includes the recoil
factor, and the other containing the finite-range
potential responsible for the transfer. This decompo-
sition shows that the recoil factor produces a relative
displacement of the bound-state wave functions in
momentum space as well as the displacement in con-
figuration space which is customary in direct reaction
amplitudes. The details of the evaluation of the matrix
element of the Weyl operator are given in the Ap-
pendix,

In Sec. IV the expression for the modified transfer
function found in Sec. ITI, together with the ring-locus
diffraction model'®2 for the scattering wave functions,
is used to obtain analytic expressions for the transfer
differential cross section.

The transfer angular distribution is the sum of two
terms, one of which falls off smoothly with a 1/¢®
dependence on the linear momentum transfer g, the
other has oscillations characteristic of a diffraction
theory. In Sec. V, we define a damping parameter as the
ratio of the magnitudes of the oscillatory and monotonic
parts of the angular distribution. In general, the degree
of damping predicted by the theory, as measured by the
damping parameter, increases as the magnitude of the
maximum angular momentum transfer which is possible
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in the reaction increases, and also as the incident
energy increases.

In Sec. V A we note that if either recoil is neglected
or if the zero-range approximation is made, there is no
damping of the angular distributions. In Sec. V B the
results for the special case discussed in Ref. 15 are
recovered, the damping parameter taking a particu-
larly simple form. The effects of intrinsic spin are
considered in Sec. V C.

Finally, in Sec. V D the results of calculations of the
damping parameter for the reaction C2(N%, N)C#
are compared with the experimental results of Ref. 4.

II. GENERAL FORMULATION
We consider rearrangement process of the type
(a+c) +b—a+ (b+¢), (1)

where the transferred particle or cluster ¢, which is
initially bound to the core @ in the nucleus (a+4c¢) and
is bound in the final state to the nucleus &, has mass
m, much smaller than the masses m, and m; of ¢ and b.
It is assumed that the internal degrees of freedom of the
three nuclear systems @, b, and ¢ are undisturbed by the
transfer and that the many-body interactions between
them may be simulated by effective two-body po-
tentials Vg, Ve, and V.

The amplitude for rearrangement scattering which
includes distorting potentials in the initial and final
channels is

Tyi= (8,7 | VitV (E— H+ie)V; | &:D). (2)

The initial state ;" describes the scattering of the
systems (a+c) and b interacting by a potential W,

l <I>,-(+)>= E1+ (E+'i€—Hi— Wi)—IW,':] | CI%). (3)
The operator H; is expressed in terms of the complete
Hamiltonian of the system H by H;=H—Vga—Vy,
and ®; is the energy eigenstate of H; in which (a4c)
has definite momentum k; relative to b. Similarly, the
final state is distorted by a potential Wy,

| &) =[1+ (E—ie—H,—W;)"'W;]| &). (4)

The residual interactions V; and V; in the incident and
final channels, respectively, are defined by

Vi=Vat+VeemW;
()

and
Vj'= Vab+ Vac—va.

It is shown in Ref. 16, for example, that in order for
Eq. (2) to be an exact expression for the amplitude,
the potential W; must be chosen such that the state

18 K, R. Greider and L. R. Dodd, Phys. Rev. 146, 671 (1966).
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| #;4) has no component in the final channel. This
condition is satisfied in a natural way, which is well
suited to the heavy-ion transfer problem, by taking
W ;and W; in the coordinate representation as functions
of the vectors r; and r;, respectively, which join the
centers of mass of the two systems in the incident and
final channels, as shown in Fig. 1. The final and initial
states are then each simply products of a wave function
of relative motion and a wave function describing the
internal structure, i.e.,

(tiy Too | DD )=i(T0c) x: P (K, 15)
and

(6)
(Ts, Toe | B/ )=y (Too) X, (Ky, 1)

Here y:(1..) is the single-particle wave function of ¢
with respect to the core @, and ¥(s.) is the final bound
state of ¢ and b. In the limiting case where the masses
m, and m of the cores ¢ and b are infinite, the vectors
—r; and r; coincide with the vector r=r; and the
potentials W; and W, may be used to remove completely
the core-core interaction Ve from the residual inter-
actions without violating the restriction imposed on
the interaction W; in the last paragraph. With the
further assumption that the term in Eq. (2) involving
the full Green’s function is small, the usual distorted-
wave Born amplitude is obtained:

Tpo= [ %"y, DX (i, DG, (1)

with the transfer function G;°(r), which contains the
nuclear-structure information, taking the form

6= [VAE—DVuleW@)ar.  (®)

If the masses m, and m; are finite but much larger
than the mass of the transferred particle m., we may
still write the amplitude in the simple form (7), but
with some important modifications to the transfer
function, which lead to significant changes in the pre-
dicted cross sections.

The distorted wave x;*(k;, r;) may be written
formally as an amplitude function B;(k;, r;) modulat-
ing a plane wave e%:*i, This representation is always
possible but is most useful when the phase of the
modulating factor B; is more slowly varying than the
phase of the plane wave. For our purpose, we require
that the phase of the distorted wave at the nuclear
surface be given locally by the phase of the correspond-
ing plane wave. That is, B;*P(k;, r;) should be a
smooth function of r;. Then, since the coordinate
space integrations in (2) are limited by the ranges of
the bound states, the amplitude functions B, (k;, r;)
and B, (k;, r;) may be approximated by B:® (k;, —r)
and B/ (ky, r), and the wave functions x;? and
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Fic. 1. Coordinate system.

x; replaced in the matrix element (2) by
xiP (ki, 1)~ B, (k;, —1)

XeXP{'iki' [l‘ (I‘baﬂca'— 1) _#car”]}
and

xs7 (K&, 17) B (ky, 1)

Xexp{iky [1(1—paa) —pat” 1}, (9)
where po=m./ (m.+m.), etc.

It is seen from Eqgs. (6) and (9) that the approxima-
tion Eq. (9) is valid if in the neighborhood of the
nuclear surface the amplitude functions satisfy the
conditions

a| VB |/| B [Kpes™?
and (10)

b| VB |/| B [Kua,

with ¢ and b the ranges of the initial and final bound
states. The conditions (10) are satisfied by typical
optical-model wave functions describing elastic scatter-
ing at medium energies accompanied by strong absorp-
tion” and may be expected to hold for heavy-ion
scattering. For Coulomb waves, the condition (10)
becomes

kia/n+1>>kiauc, (11)
where 7 is the usual Sommerfeld parameter, Thus, the
above approximation is valid for n>1 as well as small
n provided that the incident energy is sufficiently
great. For the reactions considered in Sec. V D, the
condition (11) is satisfied, and we shall ignore Coulomb
distortion in the scattering states entirely.

When m, and m; are finite, there is incomplete can-
cellation of the core-core potential Vg in the residual
potentials V; and V, in the matrix element (2) in
addition to the mixed coordinate dependence of the
scattering states. But on expansion in powers of uc, and
ue of all functions appearing in the amplitude (2),
except the rapidly varying phases of the distorted
waves, we have, to zero order in pc and pe from Egs.

7K. A. Amos, Nucl. Phys. 77, 225 (1966) ; I. E. McCarthy
and D. L. Pursey, Phys. Rev. 122, 578 (1961).



1190
(2), (6), and (9),
Ti= /Bf(—)*(kf, 1) B (ki, —r)e"Gyi(r)dr, (12)

where the new transfer function, which is to be com-
pared with G, of Eq. (8),

Gﬁ(py l')
=exp(—ip-um) [ 68 YA =) Vael ()
(13)

includes a “recoil” factor e®'™ with the recoil mo-
mentum,

p=i‘caki"‘ﬂcbkf- (14)

The momentum q is very nearly the momentum
transfer,

q=Ki(upattca—1) + ks (satstr—1). (15)

Clearly, when 1/p is of the order of the range of bound
states ¥; and ¢y, there may be either constructive or
destructive interference between the phase factor and
the wave functions ¥; and ;. For example, for wave
functions corresponding to small values of angular
momentum and, hence, having few nodes, the mag-
nitude of the transfer function is reduced. It will become
clear from the following that, in general, the transfer
functions Gy; differs considerably from the unmodified
transfer function Gy° in which all terms of order pca
and ue are neglected.

It is important to note that a potential V. of finite
range is essential if recoil effects are to be taken into
account. If the zero-range approximation fdr V. is
made in evaluating the transfer function (13), the recoil
factor is unity and the damping effects to be discussed
are lost.

For completeness, we also remark that an alternative
definition from the transition amplitude may be used
in place of Eq. (2):

T3P =(2 | V' +VMNE—HA+ie) 'V | 2:P). (2)

The argument of this section carries through for (2),
leading to an expression for the transition amplitude
identical with Eq. (12), except that Gy; of Eq. (13) is
replaced by

Gﬁ(+)=exp(ip.r“ub) /eip~rl'l,j*(rl) Vbc(r’)xbi(r-*-rl)dr,'
(13)

III. EVALUATION OF THE TRANSFER FUNCTION

In general, the transfer function of Eq. (13) which
includes recoil may be computed numerically, but
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with the aim of understanding the effects of the
modified transfer function on the cross section, it is
valuable to adopt some simplifying assumptions to
obtain analytic expressions for the transfer function.
We assume that the initial state of particle ¢ with
respect to @ in the nucleus (a+4¢) may be described by
a single-particle state |nlm) of a three-dimensional
isotropic harmonic oscillator of strength ». After
transfer, particle ¢ is assumed to be bound to the
nucleus b in a state | #''m’) of an oscillator of strength
v'. Furthermore, the interaction V, is taken to be local
and central. For the present, we neglect spin, which,
however, is included in Sec. V C.

The transfer function (13) may be written with the
aid of displacement operators in momentum and
coordinate space'® as

Gn'tvm! mim (p) l') = eXP( - ‘Lp ¢ rl‘ba)

X(®'Um' | e Fev RV, | nim), (16)
P and R denoting momentum and position operators,
whereas p and r are ¢ numbers. A convenient form for
the transfer function which separates the potential
and recoil operators is obtained by introducing a
complete set of final oscillator states in the matrix
element (16), so that

G trm im (P, ) = P *—#5a) Z Unrtmt arrim(Py 1) Vareniy
nt

17

with
Unrtrm? mim (P, 1) = (W'U'm’ | exp(ir-P+ip-R) | nim)
(18)

and
Vn’n.l= <nll,m’ l Vuc I nh”). (19)
The Baker-Hausdorff identity has been used to
combine the position and momentum displacement
operators into the Weyl operator of Eq. (18). We see
from Eq. (18) that the transfer function which includes
recoil depends on the overlap of oscillator states which
are displaced in both momentum space and con-
figuration space. A similar expression holds for the
prior form of the transfer function Eq. (13),

Gurvrm ,nlm(+) (p, l‘) = eXPDP * r(%"‘l‘ba) :l
X ; Vn'n’l’lU”l'llm"”lm(p, r). (20)

The post form (17) and the prior form (20) of the

8K, Gottfried, Quantum Mechanics (W. A. Benjamin, Inc.,
New York, 1966), p. 260.

87, Klauder and E. Sudarshan, Fundamentals of Quantum
Optics (W. A. Benjamin, Inc., New York, 1968), Chap. 7.
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transfer function are equivalent only when either the
initial and final single-particle states are identical or
when the range of the potential V' is much greater than
the range of the bound state.?

The form of Egs. (17) and (20) is useful since the
recoil effects are isolated in the matrix element of the
Weyl operator. In the Appendix the following explicit
expression for the matrix elements (18) of the Weyl
operator between oscillator states in the {nim} repre-
sentation is derived:

—2 2
Un'l’m',nlm(p, r) <P Me—q &

> LI TRY i (8) Vigm(d)

L1l2lgmimamg

V L \/! L L\/! h &
X

m my mz) \m ma mg/\O0 O O

!l Iy
X wm atats(S, £),  (21)
0 0 O

where the complex vectors s and t are defined by

s=r+ip, t=r—1p, (22)
and the notation for the angular momentum algebra,
which is explained further in the Appendix, is that of
Edmonds.? The functions Dyrn, 1,155 are defined in terms
of spherical Bessel functions by

o o
Dy 1oy (s, £) = [ dur on 11.1.711(“3).712(“’0]1:(27'““)]

u=u'=0. (23)
The parameter differentiations are carried out in the
Appendix, resulting in simple expressions for the D
functions. For small values of # or #’, the sums over
I, by, and I3 are limited to a few terms, making the ex-
pression (21) for U quite tractable for practical cal-
culations.

The matrix elements of V, Eq. (19), are easily cal-
culated. They are given for a Gaussian potential in the
Appendix.

It is useful to define a transfer function Gra a/imi

2 This ambiguity is, of course, not peculiar to the present model
but is inherent in all distorted-wave Born theories. It is particu-
larly difficult to decide on the most appropriate form in this case
since, unlike stripping theories, there is symmetry between the
final and initial cEa.nnels and a choice cannot be made on the
grounds of physical or mathematical simplicity. However, the
angular distributions for the post and prior forms have the same
qualitative features, and for definiteness we use the post form as
the basis of our discussion.

21 A, R. Edmonds, Angular M. tum in Q Mechanics
(Princeton University Press, Princeton, N, J 1957)
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for transfer of definite angular momentum L and
component M:

4 ! L
Gn'l’m'.nlm= Z L('— 1)m/ LM ,n'Unl.
LM —m' m M

(24)

The differential cross section for the transfer from a
state n, / to a state #/, I' is

don v kf( 1 ) 1
) = Wikky E: \2nh2 = E l Tﬂ'l’m',nlm‘ ’ (25)

where p; and uy are reduced masses in the initial and
final channels. Defining T7a,nr1n1 in terms of Torim nim
in the manner of Eq. (24), we have from Eq. (12),

Tisnrvm= f B;*®) (k;, —r) BfO*

X (ky, 1) 9 "Gry mrvmr(p, T)dr.  (26)

Summation over the magnetic substates in Eq. (25)
yields the differential cross section in the form

dUn'l',nl kf
o MMy (2 h’)l —1 LEL | Tratmemi(ki, k) 2

(27)

IV. DIFFRACTION MODEL

We turn to the evaluation of the amplitude (26).
The transfer function (17) could be used in present
distorted-wave Born computations, where the scatter-
ing states x;" and x; of Eq. (9) are derived from
optical potentials. However, here we shall use a dif-
fraction model for the distorted waves which avoids
partial-wave expansions, leading to simple results in
closed form for the differential cross section (27)
which clearly exhibit the effects of the recoil factor.

Because of the strong nuclear absorption for scatter-
ing of complex nuclei well above the Coulomb barrier,
the distorted wave x;" is represented in configuration
space by a plane wave which vanishes inside a sphere of
radius 7o, given by the sum of the radii of the colliding
nuclei, and also in the shadow region.*? Thus the
factor B;" (k;, r) in Eq. (9) is zero when the vector r
lies within a semi-infinite cylinder of radius 7o which is
aligned in the direction of ki, capped by a half-sphere,
and is unity elsewhere. A similar representation holds
for x,7. If we confine our attention to scattering at
forward angles, the product B;¥B,* in the integrand
of Eq. (26) vanishes inside a cylinder of infinite length,
aligned along the beam direction. Also, GLM,,,;V,,Z is
rapidly diminishing in magnitude with increasing 7,
so that the principal contribution to the amplitude
comes from annular region which lies in the plane
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perpendicular to the momentum vector k;. The pre-
ceding discussion indicates that the amplitude (26) is
approximately

‘o0 27
Timwrm= / r’dr / d[ e GLy mrymi(T, D) J0=13m,
0

r0

(28)

where the z axis is taken in the beam direction £;, and
we use spherical polar coordinates.

The generalized adiabatic conditions that are as-
sumed here,

k;’ﬁ-—kf, (29)

imply with Egs. (14) and (15) that the recoil mo-
mentum p is in the direction of the 2 axis and that the
momentum transfer q lies in the annulus. Conse-
quently, in evaluating the transfer function on the
annulus in Eq. (28), the vectors t and s of Eq. (22)
have spherical polar coordinates

s= (s, cos™!(ip/s), ¢)
t= (4, cos™(—ip/?), ¢),

s=t=(r—p)ih,

Mea™Zfich,

and

with
(30)

We note that s and ¢ are real for p<r and equal on
the annulus, and that the angular dependence of the
transfer function contained in Eq. (21) takes the
simple form

[T3m*(8) Yim( Z) TJon annutus < Py (i) Py, (ix)
Xexp['i (m2_m1) ¢]’

with the arguments of the associated Legendre poly-
nomials being pure imaginary, x=p(r*—p?)~12, Thus
the ¢ dependence of the integrand in Eq. (28) is simply
exp[4(gr cosp—M¢) ], and the integration over the
azimuthal angle ¢ is readily performed, yielding

(=]
o 2 2
Trut novm=2miMeP /“f e 4Ty (gr) grm mrvmi
)

X (r, p)r*dr, (31)

with
8LM l’nl(?; ’) = [eiM¢ep2/4er2l4GLM ,n't'nl(p, l') ]on annulus,
(32)

which from Egs. (20), (21), and (24) is a polynomial
in 7 and p.

If the product of the momentum transfer ¢ and dif-
fraction radius 7o is greater than the order of the cylin-
drical Bessel function,

qgro>M, (33)
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we may use the asymptotic form
T (gr)~cos(gr—3Mr—3ix) (gr)~1

in Eq. (31). For heavy-ion reactions at energies above
the Coulomb barrier, this approximation is valid for a
range of scattering angles in the forward direction, and
thus does not conflict with our earlier assumption of
forward scattering. Since the polynomial gruarimi is
a slowly varying function of  compared with the other
factors in the integrand, it may be taken outside the
integration. Finally, by integrating by parts, we obtain
an asymptotic expansion in powers of the inverse
momentum transfer ¢!, and thée amplitude (31) be-
comes

T 10t o vmy= 22" 18e=7"14 (gro) ~327 3 g1 11 o vrmi (B, o)
(34)

Substitution of Eq. (34) into Eq. (27) gives our final
result for the differential cross section

donym (kf)(’°2)3 —4 -3
aq MM ki/\ v Fteir gro)

i LZM L | geatmvm®) P[1—(—1)¥ sin(2gr) ]. (35)

Xsin(gro—3Mn—3%w).

The explicit form of the transfer polynomial g is found
from Eqgs. (32), (17), (21), and (24):

g mrm(P)= 2 ursmvni(p) Varmgy,  (36)
nlt
where
st e vni(P) =4m2Ch 10 i

% Z fartl—ls(—1) lI+M[lll2l3:|[z2']1/2

L1lalgmimy

l1 lz L l l:l la ’ l2 la
X

-—mlsz‘lll213000000

o) G N g
X(<zl+ml>! (o) s) Pu (so)” u

V1 L

x(fff)v(s 5. (37)
0.

The polynomial D is defined by Eq. (23), and
so= (ro?— p*) V%

The scattering angle 6 is related to p and ¢ by Eqgs.
(14), (15), and (29),

PRI 2ueak; cos(30), g2k sin (30). (38)
Whereas the evaluation of the transfer function in

Sec. III was quite general under the conditions listed
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there, this relatively simple expression for differential
cross section has been obtained with the diffraction
model by making the additional restriction to forward
angles and the assumptions of general adiabatic con-
ditions Eq. (29) and large momentum transfer Eq.
(33). We stress that the formulation of Sec. IT is of
greater generality than the particular diffraction model
of this section.

V. DIFFERENTIAL CROSS SECTIONS

The differential transfer cross section (35) falls off
sharply with increasing momentum transfer ¢ or
scattering angle with a ¢~ dependence characteristic
of a diffraction theory. Apart from the over-all ¢=3
dependence, the angular distribution is the sum of two
components, one of which is monotonic in the scattering
angle and the other of which has characteristic diffrac-
tion oscillations of period (2gr).

It is useful to define a damping parameter \, which is
the ratio of the magnitude of the oscillating part to the
smoothly varying part of the angular distribution, as

)\n’l',nl= ("" 1) v=i
XL (=D)L | grarmimt P/ 20 L | grstmrvm *]. (39)
534 3

This parameter provides a measure of the washing out
of the angular distribution of the diffraction model
when recoil is included.

A. Angular Distribution without Recoil

The cross section with the modified transfer function
(8) is simply obtained by putting the recoil momentum
equal to zero in the final result (37). In this case the
factors P;™(0) and P;,2(0) imply that lj+m; and
lo+ms, and hence h+m—lo—mo=5L—Il,+M, are even
for a nonvanishing contribution to the sum in Eq.
(37), but then the 3-j symbols in Eq. (37) require
that 441415 and '+05+4 be even. Hence, there is a
contribution to the cross section for a given M com-
ponent of the angular momentum transfer only if
M—I+V is even, resulting in the selection rule®
that if

Lnin=|1—1'|1is even, then M is even,
and if

Luin=|1-1|is odd, then M is odd. (40)

Thus, only odd or even M, but not both, contribute to
the cross section:

Aoy

) o« Lz: f/2 I ELM n' Ul |2 [1:|: sin(2qro) :], (41)
M

the positive sign being taken when Lnin is odd, the
negative sign when L, is even. We note that in both
cases Ayr,ni=1 and the angular distribution exhibits
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extreme diffraction oscﬂlatlons, the minima going to
zero. Furthermore, there is a phase rule®: Diffraction
maxima for even Lmin, or parity preserving transitions,
correspond to diffraction minima for odd Lumin, or parity
changing transitions.

B. Angular Distributions for /0 Transitions

For nonvanishing p both odd and even M terms
contribute to the sum in Eq. (36), resulting in a partial
cancellation of the diffraction oscillations. The de-
pendence of this effect on the angular momentum
transfer is most easily seen in the special case where the
final single-particle state is the 1s state. Then, since
li+2w<min{x’, n} and #'=0 in the expression for the
D function, the sum on w reduces to a single term and
I3 is zero. Also, from the properties of the 65 symbol
in Eq. (37), =0, h=V, and L=/ for a nonvanishing
contribution to the transfer function. With these
simplifications in the transfer function (37), the dif-
ferential cross section (35) reduces to

da'OO,nl

e P2 (gro)=? | Z, Dot ,100C00,n1Vrm, 2
n

()

X[1— (—1)™sin(2gr) ].

With the help of the addition theorem for the Legendre
polynomials,? written in the form

(I—m)!
E (+m)

(I—m)!
1 (I+m)!
X[Pi(2) I cos(my),

Py(22— (22—1) cosy)= Pz“’()+22

and the relation
P;'"*(wc) = le(“x) = le(ix) ("- 1) l+m,

the summation over m yields

p2
I:Pl(1+ )—-(—l)lsin(quo)] ’
and the damping parameter is simply

Noo.ar= P (492 / (ré—p*) . (42)

The damping increases strongly with increasing
angular momentum transfer and recoil momentum.
The case of zero angular momentum transfer is ex-
ceptional; since Py(x) =1, there is no damping for any
value of the recoil momentum.

da'OO,nl

C. General Transfers with Spin

In the general transfer nl—n'l’, the angular distribu-
tion consists of a sum of terms, one for each possible

22 E.T. Whittaker and G. N. Watson, Course of Modern Analysis
(Cambridge University Press, New York, 1963), 4th ed., p. 326.
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Fic. 2. Dependence of the damping on the recoil momentum
for transfer between various single-particle states. Note that the
dimensionless quantity (p?/re%?) is plotted along the abscissa.
The curve @ shows the damping parameter for 1sy2—1s1/; transi-
tions; b, 1pya—1pwe; ¢, 1sip—1p1pan; d, 1512—1dsp 5025 €, 11—
1dspe; f, 1p12—1d5p2.

angular momentum transfer. Each of these terms in-
cludes a monotonic and fluctuating component, which
is damped according to the magnitude of the angular
momentum transfer and the recoil momentum as in the

i 7L
Mjrw mir= (—1) ¥ Z (=ML
§A74 v

The damping parameters for various single-particle
transitions are plotted as functions of increasing recoil
momentum (which corresponds to increasing incident
energy) in Fig. 2. In our calculations we have used a
Gaussian potential V.= Ve, Since the results are
insensitive to the parameter p, provided it is not much
larger than the oscillator strength », the damping
parameters for Fig. 2 are shown for p=0. (The effects
of varying the range of the potential may be seen in
Fig. 4 for the 1pys—1p12 and 1p12—1ds transitions.)
The damping parameters for the 1pye—1p12 and
15151812 transitions are atypical since they include a
constant component for transfer of zero angular mo-
mentum, which is independent of the recoil momentum.
The other transitions shown consist of nonzero angular
momentum transfers, leading to complete damping at

p=r,. Transitions in which there is no angular mo--

mentum transfer should provide valuable experimental
tests of the assumptions of the theory, which predicts
strong oscillations in the angular distributions for these
transitions in contrast with the smooth behavior pre-
dicted for other transfers.
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simple case of /=0 transitions discussed above. For
nonzero recoil momentum, all transfer functions
gLy vt contribute to the cross section (35), and hence
the selection rule (40) is no longer valid. In a given
reaction the degree of damping predicted by the model
depends on the recoil momentum, which is determined
by the incident energy, the range p of the interaction,
and the oscillator parameters » and »’, which fix the
range of the initial and final single-particle states.

The inclusion of the spin in the model is straight-
forward. The spins of the cores ¢ and b enter the cross
section only through some over-all statistical factors
and do not change the shape of the differential cross
section. The spin of the transferred particle, which we
now take to be a nucleon of spin 1 does, however,
modify the angular distribution. The differential cross
section for transfer from the single-particle state with
total angular momentum j and orbital angular 7 to the
state with quantum numbers #’, §/, and I’ becomes
Aourjrvr mil i 7Lp
l

aQ

[ 8LM n'1'nl [2

< e—P2/2(qro)——3 Z E
LM

U

X[1—(—1)¥ sin(2gr) ].

Thus, the damping is now determined by

jgoL
| gzst mrvmi(p) 2 (43)

l/

D. Damping in the Reaction C2(N%, N18)C13

As a specific test of the damping mechanism pro-
posed here, we discuss in this section the reaction
C2(N", NB)CB, Eym.=68.5 MeV, recently examined
experimentally by Birnbaum, Overley, and Bromley.*
The final states of C! most strongly excited were
identified as the ground state 0.0 MeV (J™=1%"), and the
3.85-MeV($t), the 7.65-MeV (2*), and the 9.51-
MeV (%) states. These states are believed to have
dominant parentage [C2(ground state)-+#], support-
ing the assumption of Sec. II of single-particle transfer
without core excitation for this reaction. The transition
to the ground state is taken here as the transfer of a
1p1/2 nucleon in N* to a 1py» orbit in C® and the
transition to the 3.85-MeV level as a 1pys—1dsp
transfer. The N* angular distributions for the ground
and 3.85-MeV states are plotted in Fig. 3 together with
the over-all ¢~ dependence predicted by the present
theory, showing good agreement. The experimental
curves show negligible diffraction structure, requiring
theoretically a small value of the damping parameter of
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Eq. (43). The reciprocal of the recoil momentum at
E.n.=68.5 MeV is approximately 1.5 F, which is
comparable with the diffraction radius 7yx26 F, so that
damping is expected. Calculations with the aid of Eq.
(43) and Eq. (35) show that the degree of damping
depends quite critically on the choice of the oscillator
strength ». Figure 4 shows the damping parameter
plotted against the oscillator strength for transitions
to the ground and 3.85-MeV states, at Ecm.=68.5
MeV. In shell-model calculations,”? the oscillator
strength is taken as »=0.3 F~2 For this value, the
present theory predicts oscillations in the angular dis-
tribution for transitions to the ground state, whose
amplitude is within the experimental error. On the
other hand, for this value of », the damping parameter
for transitions to the 3.85-MeV level is about 0.6,
whereas no oscillations are discernible in the experi-
mental results. A smaller value of »~0.2 F2 yields
damping parameters for both transitions of about 0.3,
which is more consistent with experiment. A smaller
value of » in the scattering calculation is perhaps
reasonable when the obvious shortcomings of the oscil-
lator single-particle state are considered. The transfer
function is evaluated on the diffraction radius r=r,,
so that the principal contribution to the integral of Eq.
(13) comes from the overlap of the tails of the bound-
state wave functions. The oscillator wave functions fall

10 T T T T

b ch(Nlll Nl!) cn -
° E, . = 685 HeV

® (3.8 MeV)

.
-

A (gs)

DIFFERENTIAL CROSS SECTION (MB/SR)

&
T

q“\\ 7T
] L 1 L\
1.4 20

MOMENTUM TRANSFER (F-1 )

Fi16. 3. Comparison of the experimental transfer cross sections
of Ref. 4 for the reaction C12(N4, N#¥) C18 with the ¢~3 dependence
on the linear momentum transfer ¢ given by the present theory.
Angular distributions for transitions to the ground state and the
3.8-MeV level of C® are shown. The theoretical curves are arbi-
trarily normalized.
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F16. 4. Predicted damping in angular distributions for neutron
transfer to the ground state and 3.8-MeV levels of C in the
reaction C12(N¥, N©3) C18, The diffraction radius 7o is taken to have
the value 6 F. The solid curves were calculated with infinite
range (p=0) of the interaction V. For the dashed curves the
range parameter p was taken with twice the value of the oscillator
strength ». For the broken curve, p=v.

off too quickly at the nuclear surface; this may be
compensated by decreasing the oscillator strength.

In addition, it must be emphasized that our model
for the scattering wave functions is extreme, the sharp
nuclear surface leading to complete diffraction oscil-
lations in the absence of recoil. In a more realistic
calculation, a diffuse nuclear surface should lead to
some damping apart from recoil effects.

In view of the simplifications of the model and the
more general limitations of the distorted-wave Born
approximation, including the post-prior discrepancy
mentioned previously, it cannot be concluded from the
limited agreement with experiment demonstrated in
this section that the mechanism of recoil damping
provides a complete explanation for the absence of
structure in'the angular distributions of transfer re-
actions at energies above the Coulomb barrier. This
work does show, however, that a simple distorted-wave
direct-reaction model can, when recoil is included, give
substantial damping of angular distributions. The
question of whether the recoil mechanism alone is
sufficient to explain the experimental phenomena
is open, but the present model suggests that recoil must
play a major role in a more realistic theoretical treat-
ment of the transfer mechanism, and that the picture
of the transfer reaction as a direct transfer between
strongly absorbing cores is not in disagreement with
experiment.

APPENDIX

In this appendix the derivation of Eq. (21) for the
matrix elements of the Weyl operator U(p, r) in the
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{n, I, m} representation is outlined. It should be
mentioned that an expression for U(p, 1) in terms of
ladder operators in the {#,, #,, .} representation is
well known?%:2 and that explicit forms for U(p, r)
in the {nlm} representation may be found from this
expression with the help of the transformation brackets
{n, I, m | n, ny, n.). Alternatively, as shown here, Eq.
(21) may be derived from an integral representation of
the oscillator wave functions.
In configuration space,

Un' Um’ .nlm(p’ r)
={wUm' | U(p, 1) | nim)

=exp(—3ip°r) /:p,,,,,,,,,*(r’—r)eip""[/,.;m(r’)dr’. (A1)

The evaluation of this integral rests on the following
integral representation of the oscillator wave functions:

Wnlm(r) =Cnl('_' l)me—T2/2 [21 eu2 / e“”'“"Y{"(ﬂ) dd] ,
dur u=0
(A2)
where
Cor=[3 (n—30) IT (3t 3143) T2/ 2t

and r is dimensionless, since we measure p and 7 in
terms of the oscillator strength ».

The equivalence of Eq. (A2) with the usual definition
of the oscillator wave functions,?

Vatn(¥) = (= )" (hn—30) YD G 14 P
X L3t () Y (7),

Duvn (s, ) =it 3 i =ttt (it
w

X {srtr-tegpi=to—son !/ [T (St -+ Sh— ) T Gl -+ —Fh—w) T},
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is easily demonstrated by expanding the exponential
et of Eq. (A2) in partial waves,?

e T =4 Z 1}]1(2%7’) Ylm*(ﬁ) Yz’”@) ’

im

(A3)

performing the parameter integrations, and using the
fact that the spherical Bessel function is a generating
function for the Laguerre polynominals,?

(2/+/7) e j,(2ur)
= 2 [T (p+145) L1 (0) .
p=0
After substitution of Eq. (A2) in Eq. (A1), the in-
tegration with respect to 1’ is easily performed, yielding
Un'l’m’.nlm(p; r)
an’ o
u'™ dur

=CriCrr1*(2m)¥2(— 1)m+m'g—1‘2/4e—7'2/4|:

X / dﬁ dﬂ'eiu-sez'u’-te—2u~u'y1m(ﬂ) Ylm*('ﬂ,)] ,
u=0,u/=0
(A4)

with s=r+4p and t=r—1p.

On expansion in the partial-wave series (A3) of each
of the exponentials involving the parameters u and
u’, the parameter integrations in Eq. (A4) may be
carried out, resulting in Eq. (21) given in Sec. III.

An explicit expression for the D function of Eq. (23)
is obtained by substituting the series expansions of the
spherical Bessel functions and carrying out the param-
eter differentiations,

(A5)

where the sum is over non-negative integers w which satisfy both 2w<n—h—1I and 2w<n—1L—1I.
The matrix elements of the Gaussian potential used in the calculations of Sec. V are also easily found with the
aid of Eq. (A2) for the oscillator wave functions. The result is

(w'im | e® | nlm)=[(3n—31) (30’ — 31 T Gn+-314+5) T (G’ +304-5) T2
X (1/14€)¥2(e/14-¢) tort) 3 e=t-20/[ % (n—1) —w]\[3(#'—1) —w] koD (+34w), (A6)

where the sum is over non-negative integers w which satisfy both 2w<n—1 and 2w<#'—I, and e is defined by

e=p/2v.
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