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We consider (d,p) and (d, n) reactions on light nuclei at low energies. A simple estimate using the
second-order distorted-wave Born approximation shows that Coulomb-induced predissociation of
the deuteron influences the relative rate by less than 10%. This disagrees with a previous explana-
tion of experiments involving °Li targets and invalidates speculations about such effects in “cold

fusion” experiments.

I. INTRODUCTION

The influence of the Coulomb field is a familiar and
dominant feature in many nuclear reactions. Apart from
the usual Gamow penetration through the barrier, one of
the earliest phenomenon considered was the disruption of
the deuteron by the Coulomb field of the target. This was
used by Oppenheimer and Phillips' to deduce the binding
energy of the deuteron from (d,n) excitation functions
measured by Lawrence et al.?

Oppenheimer and Phillips (OP) noted that the
Coulomb field of the target nucleus acts only on the pro-
ton in the deuteron, not on the deuteron’s center of mass.
This leads to an effective polarization of the deuteron or,
more precisely, a p-wave component in the deuteron’s
internal wave function. The degree of polarization de-
pends sensitively on the deuteron binding energy and, OP
concluded, enhances the (d,n) cross sections beyond the
simple Gamow form.

Simple arguments might suggest that the OP process
should also modify the relative rates of the (d,n) and
(d,p) reactions on isospin zero targets. Following
Coulomb disruption of the deuteron, the neutron need
not penetrate the Coulomb barrier to reach the nucleus,
while the proton must. Hence, one might expect that

= <
r Uld,n)/a(d,p)“l .

There are, however, many other factors that could cause
I" to differ from unity, including differing Q values, opti-
cal potentials, and Coulomb distortion of the final-state
proton wave function; isospin mixing in complex nuclei is
also a consideration. Such effects are expected to be
smaller for lighter targets and can, in any event, be ac-
counted for accurately through conventional distorted-
wave Born approximation (DWBA) calculations.

Cecil et al.> measured the relative rates of the
®Li(d,n,) and °Li(d,p,) reactions and claimed to have
demonstrated the influence of the OP process on I'. They
found that their data agreed with conventional DWBA
calculations at high bombarding energies (E,; > 500 keV),
but became systematically smaller than predictions as the
bombarding energy was lowered; at E; =60 keV, the
shortfall was some 20%. The OP process has also been of
interest in connection with recent ‘“‘cold fusion” experi-
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ments as a mechanism for suppressing d +d —>He+n
relative to d +d —> H+p (Ref. 4), as required by the ex-
perimental claims.’® Crucial here is the magnitude of the
OP effect and its variation with energy, particularly at en-
ergies below those accessible experimentally.

In this paper we estimate the influence of the OP pro-
cess on the branching ratio. Apart from the calculations
of Ref. 3, with which we take serious issue in the follow-
ing, this has not been done quantitatively before. We find
that for deuteron and °Li targets, the OP corrections to I'
are small ( <10%) and are largely independent of energy.
Thus, we are left without a simple explanation of the data
in Ref. 3 and believe that the OP process is irrelevant to
low-energy d +d reactions.

Our presentation is organized as follows. We begin in
Sec. II by developing a simple zero-range approximation
for the second-order DWBA expression for a (d,p) or
(d,n) reaction. In Sec. III, we discuss the calculations of
Ref. 3 in light of these expressions. In Sec. IV, we
present some schematic calculations of I" for d, 5Li, and
heavy targets. Throughout, our emphasis is not on doing
the most sophisticated calculation possible, but rather on
rough estimates of the OP correction to I'.

II. OP CORRECTIONS TO DWBA

A. Formulation

We consider (d,p) and (d,n) reactions on an infinitely
massive, structureless target nucleus of charge Z. The
coordinates describing this system are the target-proton
and target-neutron separations (r,,r,) or, equivalently,
the internucleon distance r=r, —r, and center-of-mass
position R=(r, +r,)/2. We take the Hamiltonian to be
(Ai=1)

H=T,+T,+V,(r,)+V,(r,)+V, (1) . )

p.n )
(M is the nucleon mass), Vp‘,, describe the interactions of
the nucleons with the target, and Vpn is the internucleon

Here, T, ,= —V2 /2M are the nucleon kinetic energies
Do

potential. An alternative representation of the Hamil-
tonian is
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H=T,+V, +Tx +U(R)+(V,+V,—U;), (2a)
=H,+Hy+W, (2b)
where T,=—V2/M is the relative kinetic energy of the

nucleons, Tx =—V%/4M is the center-of-mass kinetic
energy of the deuteron, and U,(R) is a distorting poten-
tial that we have added and subtracted. Clearly H, and
Hy describe the internal and center-of-mass motion of
the deuteron, while W, which induces the nontrivial dy-
namics, can be made small by a judicious choice of U,.

B. Second-order DWBA

The T-matrix element describing a (d,p) reaction can
be written in the “post” representation as®

Tigp=Cbp(r,)xi (r,)IV,, |w‘+’ , (3)

where ¢ is the bound-state wave function of the neu-
tron, which solves

(T, +V,)pp=—¢€,¢p,

with €, the neutron binding energy. The distorted wave
X5 ’(rp ) is the solution to the one-body problem
P

(T, +V, X '=Exi @)

. ik, - . .
that asymptotically approaches e 4 “incoming
spherical wave,” and ‘I/‘k:' is the exact outgoing-wave

solution to the full Schrodinger equation

(E—HV¥, =0, (5)
d

where E=E;—¢€; and €;,=2.22 MeV is the deuteron
binding energy.
In the DWBA, we rewrite (5) as
(E—Hp—H)¥ =Wy’ (6)

r

so that to first order in W,

1 +)
¢(+)~¢ Xk (R)+ d,dX‘

d E*—Hy—H

r

(7N

Here, ¢, is the internal wave function of the deuteron
solving

(T, 4V, )$4(r)=—e€4b4(r) , (8)

i "AR) is the distorted deuteron wave solving

Xk,
(TR+Ud))(§(:)(R) de‘“(R) 9)

with outgoing-wave boundary conditions, and E* indi-
cates lim, o, (E +i7n). The amplitude (3) then becomes

T(dp :nglp)—{'_T(dp) ) (10a)

T = <¢3Xk Vo 1¢[1X;(:)> , (10b)
_ 1

ap ={daxi. 'V, 5 Wigaxit (10c)

—HR —H
Here, T'? is the usual DWBA amplitude and T'"' is the
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first-order correction. Clearly, analogous expressions can
be written down for the (d,n) cross section.

We will be interested in the difference between the
(d,p) and (d,n) cross sections. These will be due to both
“static” effects’ (different Q values, V,#V,) and dynamic
effects associated with W. The relevant part of W is that
due to the Coulomb interaction. In particular,

W=V,+V,~U;~UJ(R—1/2)—U,R) ,
~r/2-VU,(R),

(11a)
(11b)

where U, is the Coulomb potential generated by the tar-
get. This term is odd under isospin symmetry (i.e., under
r— —r) so that, in the absence of static effects, we may
put

(0) — 7710)
T(dp'r - T‘d,n) s

(12)
T =—"T
where T dp) is given by Eq. (10b) as
T\, = dedan R—r/2)x " (R+r1/2)
)é4(r)xy,(R) (13)
and
T}, =+ [drdRdr dR'¢3(R—r/2)

Xx‘{' (R+1/2)V,,(1)
X Gg(RGR'T) VU (R4 (r )} (R)

(14)
with the Green’s function

1

G.(Rr;R'T') —_—
E E*—Hg—H,

=(Rr| IR'r') . (15)

More generally, 7%, # T3, and | T| dp)liTi,li’),,)l be-
cause of static effects. As the cross section is proportion-
al to k|T|?, where k is the wave number of the outgoing
nucleon, we have for the ratio of cross sections

(1) ]2
Odn {T(d n) T( n)l

r= — = TR
Oup Ky |po>+T p)l

where the approximation is valid in the absence of static
effects. The magnitude and energy dependence of I" will
be the focus of our study.

C. Zero-range approximation

We begin our analysis of Egs. (13) and (14) by noting
that V,, is likely the shortest-range function in the in-
tegrand. Thus, to evaluate (13) we make the usual zero-
range approximation

(D) (r)~Dyd(r) ,

fdr o (r),

(17a)
(17b)
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so that

T, = Dode¢§(R>xL;><R)ij‘(R> . (18)

To similarly reduce T{},, note that (14) can be written
as

T\), = [dRdR dre} —r/2))(k *(R+1/2)

D, (R,R;0)x| (R'), (19a)

D,(R,R’;r)

=1VU,(R")- [dr' V,,(r)G(RGR'T)I',(r') . (19b)
From the rotational invariance of G, the r’ integral must
be proportional to T and ¥V (r) makes D, short range in r.

Thus, we can put

D,(R,R’;r)=—2A(R,R")R"-V5(r) , (20)
with

AR,R)=LU/R) [ drdr'V,, (NG (RGRTIC 1,(r)

21)

Here, U/(R')=dU,/dR’'. Upon inserting (20) into (19a)

and performing the r integral by parts, we have
=dedR'[¢;(R)ka;>*(R)
-XL;"(R)V¢§<R>]-A(R,R')ﬁ'x*kj’(R'). (22)

As we are interested in the OP process at the very
lowest energies, we assume that )(;(:) is pure s wave. (The

contribution from p waves is estimated in Sec. IID.)
Then the rotational invariance of A implies that the R’

'2 A A
=2~ [aRaR'BRR)
R"? d C/(R) A A A~
==_U/(R)Z- 1 dR4R'R-R’
a7 VR )70 "R [dR4R'RR’ [drdry,

The required r,r’ integrals are best handled in momen-
tum space, if we make the reasonable assumption that
V,» vanishes in p waves (pure Serber force). Thus,

fdrdr’Vp,,(r)GE(Rr;R’r’)r’~r¢d(r
=f-ﬂ— (@G . (RR) . (29)
where
V,.(q) V,.(r)
pn R pn
— —iqr
b4l Jaremam )y )
V,.(r)
_ 4T singr qS:(r) rdr, (30)

integral in (22) is proportional to R, and we can write

i 1—)*(

= [dRdR’ |$3(R) ar Yk,

R)

_ )

( )* 9

Xk, )aR #5(R)
XAR,RHR-R 'y R (23)

A more transparent form of (23) that can compare direct-
ly to (18) is
T}, = [dRdR'¢}(R

‘”) (R )B(R,R')XQ(R’) ,

(24)
(— )*( R)
~ A 3 Xk,
B(R,R")=R-R'A(R,R')— |[In——
dR ¢5(R)
D. Reduction to radial integrals
A reduction to radial form follows by putting
¢B(R)=fB(R)Y,m(ﬁ)/R ;Xi(;’(R)=C,(R )Y,’f,,(ﬁ)/R R
(25)
so that
T{9p=Do [ "dRf5(RIC/ RN} (R) , 26)
and

Ty = [ "dR [ "dR'f5(RIC/(RIBR,R X} (R").

(27)
where
L (PG (RGR' T r'd, (1) . (28)
Vinl@)=dV,,(q)/dq ,
¢'(qg)=dd(q)/dg ,
and the center-of-mass Green’s function is
G'P(R;R")=(R]| ! IR") . (31)

w _HR

The rotational invariance of G'®’ allows the expansion

GN(RR)= S (21 +1)

arr1) i , A./\I i 32
3 Rr g.(R,R")P(R-R") (32)

so that
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1 | R d Gi(R)
N—_ UI R')— |1
B(R,R=— | G |U'R 50 In— s
x [ a’dqV;(@)64(@) ;20 (RRT)

(33)

In terms of the solutions to the radial equation for the
R motion,
, M
glw(R’R ):_-EFI(Q(R<)HM)(R>) ’ (34)
where K= —4Mw. Here, F is the solution that is regu-
lar at the origin and H is the solution that decays ex-
ponentially at large R when o is negative (i.e., E; is less
than €;) and approaches a pure outgoing wave when o is
positive. The solutions are normalized so that their R-
independent Wronskian is F'H —H'F =K. Thus, finally,

M | R’ P C,/(R)
R,R')=——— U'(R")=>-
B ) o | R o )aR nfB(R)
g2
xfo il—(diV )8, (q)F,,(R . )H, (R ).

(35)

The incoming deuteron and outgoing wave functions are
given by Coulomb wave functions. For low energies, the
incoming wave function is s wave, and the outgoing nu-
cleon has | =1lg:

Xa(R")=Fy(kyR")/(k4R")
and
C/(R)=Fk,,R)/k,,
where kd:\/m, Kpn \/ZEP «M the wave vector

of the outgoing nucleon, p or n, and E, , is its energy,

E pon = E,+0.
E. P-wave contributions

To estimate OP effects on the p-wave cross section, we
take the incoming deuteron wave function to be a
Coulomb-distorted plane wave, whose partial wave ex-
pansion is
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If we take the quantization axis to be along k,; (so that
only m =0 terms are nonvanishing) and keep only the s-
and p-wave parts of the expansion, we can use the identi-
ty

0,=0,+tan Iy (37
to find, within irrelevant common factors,

l'_

(1+7

T :T(d,p)s +

d,p),mp 2)1/2 T(d,p)p,mB ’ (38)
where mp is the magnetic quantum number of the bound
neutron. The total cross section is found by summing the
cross sections for different mpy. Here, the first term
comprises the s-wave contributions already calculated in
Egs. (13), and (14),

Tigps =T+ T, s (39)
and the second is the subject of the present discussion,
— 0
Tld,p)p,mB - Tl(d.p)p,m + T(dp)p mp (40)

For the zeroth-order p-wave contribution, we find,
after doing the angular integrals,

T ppmy, =5V 21+ DI +1)
X (151'00[10)(Igl'my —mg|10)
X [ “dR f3(RIC/(R)F (kgR)/kyR ,  (41)
0
where /'=Ig+1 is the angular momentum of the outgo-
ing proton. We find the OP correction by using the ex-
pansion (36) in Eq. (22) and considering the p-wave con-

tribution. The ] R’ integral now yields terms proportional
to both R and kd, so we expand the gradient as

V=R—+0-—-—. (42)
The vector 8 can be written as
§=cot6ﬁ—cosec9ﬁd s (43)

of which only the fcd part is needed since 0-R=0. The
components of the Green’s function expansion of Eq. (32)

o, FilkgRY) O o - that tained d We thus find th
=4 1 I Y* k.Y R . 36 at are retained are now g, an 820" € us nn €
Xkd 772 kR’ im (k) ¥y (R ) (36) p-wave OP correction to the (d,p) reaction to be
Tappm, = \/213+1 21"+ 1)(151'00[10)(IgI'm g —mg[10)
dR G Cr S L Fi(k4R")
xf—R—chpg; n—~| [ 4%dqV"(@)8(q) [ R' dRUL(R)— —7—[80, + 281,
M dr F,(k,R")
+— | = f3C,/ | R"dR'UR’ 2dqV'(q)dy(q) ————7—
P 1) L [ (R [ q%dqV'(q)dy(q) R
A a a 5 jr——————— A
X de[ ) v 30 Y ., — Y5, 30 Y, mg JeosecO[gq, + V4T /5Y(R)g,, 1] - (44)
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Our schematic calculations presented below show that
the zeroth-order p-wave amplitude is significant (=20%
of the s-wave amplitude for °Li when /' =2, although less
than 10% for other partial waves), but that the OP
correction to it is still small, =102,

III. CRITIQUE OF PREVIOUS CALCULATIONS

Reference 3 presents two different estimates of the OP
effect on T in °Li+d reactions. One of these is based on
a shift in the effective energy at which the transfer occurs
due to Coulomb polarization of the deuteron. The other,
more microscopic, approach is an attempt to correct the
DWBA. The first method significantly overestimated the
OP effect relative to what would be required to explain
the data, while the second was very small and so could
not reproduce the decrease of I' with decreasing bom-
barding energy. We believe that both of these estimates
are flawed, independent of whether or not they explain
the experiment. Our reasoning is given in the following
paragraphs.

In the effective energy argument, the authors note that
polarization of the deuteron a distance R from the target
corresponds to a net energy gain of
Z%?

R*

AE=—1la

where a=0.64 fm® is the static polarizability of the
deuteron. They then assert that “the energy available for
the reaction” should be increased by |AE| for the (d,p)
reaction and decreased by |AE| for the (d,n) reaction
(when the proton is closer to the nucleus). To implement
this idea, the authors compute an average AE for a given
E, using the conventional DWBA to estimate the proba-
bility that the transfer occurs at different distances. The
respective DWBA cross sections are then evaluated at
E,£AE to compute I'. Although AE is small, the rapid
energy dependence of the cross sections means that the
effect can be large; a shift of AE =2 keV at E, =100 keV
will result in ' =0.75.

Apart from being unjustified by reaction theory, the
difficulty with this prescription is that the polarization
energy AE is independent of the orientation of the deute-
ron. Indeed, as the ground state of the deuteron has a
definite parity, it cannot by “oriented’ to bring the proton
closer or further from the target. This can only be done
by explicitly introducing odd-parity components in the
relative wave function, as we have shown in the previous
section. Although such admixtures are implicit in a, an
explicit treatment is needed to enhance the probability
that the proton is, on the average, further away from the
nucleus than is the neutron. Hence, simply ascribing
different energies to the (d,p) and (d,n) reactions does
not account for the OP effect.

The more microscopic approach to the OP process
presented in Ref. 3 is similar to that we have presented in
Sec. II. However, the authors have inexplicably substi-
tuted W for V,, in our Eq. (10c). [More precisely they
have used the dipole approximation to W, Eq. (11b), in-
stead of V,, in Eq. (14).] This error results in a term that
is second order in W, rather than first. Although in-

correct, it does allow a simple zero-range approximation:
relative p-wave motion in the deuteron is only implicit,
and the net result is just a renormalization of D, as
defined in Eq. (17). There is thus no need for the more in-
volved derivative formulation we have introduced in Eq.
(20). However, as in the polarization argument above,
isospin asymmetry must be made explicit in order to have
an OP effect at all.

1V. SCHEMATIC CALCULATIONS

Although it is clearly possible to perform sophisticated
calculations of the OP correction we have derived (suit-
ably generalized to arbitrary incident angular momenta),
our goal in the present work is to judge qualitatively
whether the OP process is large enough to account for
the measurements of Ref. 3, and whether the OP effect
plays any role at all in low-energy d +d interactions.
The schematic calculations of I" that we present in this
section are sufficient to provide a negative answer to both
of these questions. '

A. Computational details

For our estimates we take a Hulthen form for the inter-
nal wave function of the deuteron,

—ar_, —pBr

¢d(r)=¢05—r— , 45)
where
g,=2BLatB) (46)

2T

with a=v"¢,M =0.231 fm !, $=5.39a=1.247 fm !,
and p=a—B=1.102 fm~'. The corresponding internu-
clear potential is

e M
Vo (r)= Vom , 47
with
Vo=—(B>—a®)/M =62.27 MeV .

Taking the Fourier transform [Eq. (29)] and
differentiating with respect to the argument ¢, we find

1 1

"(q)=—8md, - (48)

o @ tg? (Brgy
and
hed n
V'(g)=32muV, —_— . (49)
q ©“Voq 21 PO
We take the bound-state wave function to be

falr=ki2% 8" (50)

with ky =1/2€z; M and €5 =€, +Q the wave number and
binding energy of the captured nucleon; we have omitted
here unimportant constant prefactors. The magnitude of
our results (but not their energy dependence) is somewhat
sensitive to the form we choose for f.

In the following, we will consider Deuterium, °Li, and
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27A1 targets, for which we take I, to be 0, 1, and 2, re-
spectively. We will also multiply our values of I" for °Li,
by ratio of spectroscopic factors S, /S,=1.14 (Ref. 3),
but assume that this factor is unity for the other two tar-
gets. It should be noted that our assumption of an
infinitely massive target is not unreasonable for °Li and
27Al, but is clearly invalid for Deuterium. We have
therefore used the d +d reduced mass to describe the R
motion in this latter case. Apart from this, we have made
no further simplification in our numerical evaluation of
Egs. (26), (27), (35), and (44).

B. Results and discussion

Figure 1 shows the ratios T2, /7%, and
TE},}‘,,/TES’)I,) for *D, °Li, and ?’Al for deuteron energies
up to 5 MeV. The ratios are small (=~1072) in all three
cases and roughly proportional to the charge of the target
nucleus.

Figure 2 shows the ratio of cross sections I' [see Eq.
(16)] for the three targets. The solid lines show this ratio
without the OP correction (i.e., that due to purely static
effects), while the dashed lines show the ratio with OP
correction. The ratio is ~1 for 2D and ®Li but ~0.3 for
27A1. This last is because, in contrast to *D and °Li, the
Q value for the ’Al(d,n)*®Si reaction (Q =9.36 MeV) is
larger than that for the 2’Al(d,p)*®Al reaction (Q =5.50
MeV). However, in all cases the OP correction is re-
markably constant with energy and simply reduces I'
slightly without changing its shape. In particular, there
is no “turnover” at low energies as claimed for *D (Ref.
4) and observed for °Li (Ref. 3).

In support of the small OP correction indicated by our
calculation, we note that the branching ratio for the
d +d reaction has been measured down to E;=3 keV
(Ref. 8) with no obvious anomalies in the energy depen-
dence. These data imply a zero-energy value of
'=0.941+0.12. Muon catalyzed d +d fusion (Ref. 9),
which probes a similar energy range, is also consistent
with T=1. We are not able to explain the °Li data

. #7Al(d.n) i —
- 2>7A17(djp)r 7 E
= ) R E
= " ‘L(dn) -3
=
[3Y]
=
Hdp) - - - = -
R
— " *H(dn) =
e el L.
1 15 2
Ey (MeV)
FIG. 1. T'"V/T'” for D(d,p)/D(d,n), °Li(d,p)/°Li(d,n), and

Alld,p) /Y Ald, n).

0.6 |~ ———-- without O-P correction
E _ with O-P correction

A

E—"- -
SE- L P
—_
Q: 1.7
z : E
5 %\; E
~ EoT - T 6Li E
a E- -~ — -3
- E I - \ 3
=z = e E
5 .- N B R S i B
Il 1.30 ¢ 1
e E E
e 2H =
F - ]
E | [
1.10 A—
0 05 1 15 2

FIG.2. =04, /04, for ’H, °Li, and *°Al targets.

presented in Ref. 3, but note that static violations of iso-
spin symmetry at the 15% level are not uncommon in
light nuclei, and, in any event, the observed values of '
are far too large to be relevant in discussions of ‘“cold
fusion.”

Given the small OP corrections we find, one might well
ask how OP were able to extract the deuteron binding en-
ergy from the data of Ref. 2. To answer this question, we
show in Fig. 3 our calculated (but unnormalized and un-
corrected) 2’Al(d,p)*8Al excitation function for €, =2.4,
2.2, and 2.0 MeV; these correspond to the original OP
curves contained in Fig. 2 of Ref. 2. While the curves are
distinct from each other, the differences are solely kine-
matic in origin (e.g., the wave numbers of the outgoing
nucleons) and are unrelated to the Coulomb polarization
of the deuteron,; i.e., to the OP effect itself.

In summary, we have derived expressions for the
corrections to DWBA amplitudes for low-energy (d,p)
and (d,n) reactions associated with the Coulomb disrup-
tion of the deuteron. These are at variance with previous

"Al(d,p)

50 |—
40 |—
30 —

20 —

o(d,p) (arbitrary units)

Ed (MeV)

FIG. 3. Al(d,p) excitation function for €,=2.4, 2.2, and 2.0
MeV.
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work presented by Cecil et al. in Ref. 3. Schematic cal-
culations show that the OP effect modifies the relative
cross sections for (d,p) and (d,n) reactions at the few per-
cent level in an energy-independent manner. These re-
sults are in agreement with data on d +d interactions at
low energies, but disagree with experimental results for
®Li targets.
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