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Abstract. The Trojan-horse method has been proposed to extract S-matrix
elements of a two-body reaction at astrophysical energies from a related reaction
with three particles in the final state. This should be useful in cases where the
direct measurement of the two-body reaction at the necessary low energies is
experimentally difficult. The formalism of the Trojan-horse method for nuclear
reactions is developed in detail from basic scattering theory including spin
degrees of freedom of the nuclei and we specify the necessary approximations.
The energy dependence of the three-body reaction is determined by charac-
teristic functions that represent the theoretical ingredients for the method. In a
plane-wave Born approximation of the T-matrix the differential cross section
assumes a simple structure.

1 Introduction

The Trojan-horse method (THM) [1] has been suggested as an indirect method in
order to determine cross sections of charged-particle reactions relevant to nuclear
astrophysics. Ideally, reaction cross sections which serve as an input to various
astrophysical models, as primordial nucleosynthesis or stellar evolution, should be
measured directly in the laboratory. However, for the relevant low energies reaction
rates become very small because of Coulomb repulsion of the interacting particles,
and an experimental determination is very difficult or impossible. In order to cir-
cumvent this problem alternative methods have been proposed, where the considered
reaction is not studied directly, but a closely related process is investigated which
can be measured experimentally. An example is the Coulomb dissociation method
for the determination of radiative capture cross sections which has been successfully
used for several reactions in recent years [2—4]. In general, the relation to the
astrophysical reaction is established with the help of nuclear reaction theories,
however, approximations are necessary. These may depend on the reaction
investigated giving the possibility to select the appropriate method. Because of
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these approximations one cannot expect to extract absolute cross sections for
reactions of astrophysical interest, however, the Trojan-horse method will give
reliable information on their energy dependence. This is important, because at
higher energies the absolute cross section is usually well known from direct
experiments and with the information from the Trojan-horse method it can be
reliably extrapolated to the relevant energies. In particular, direct measurements can
suffer from the effect of electron screening at very small energies, which is not
understood sufficiently well theoretically. In contrast, electron screening does not
affect cross sections extracted in the Trojan-horse method. The method is thus also
of interest in understanding the electron screening effect.
Let us consider a nuclear reaction

A+x—C+c (1.1)

with given Q-value. At low relative energies in the initial channel the Coulomb
repulsion of the charged nuclei A and x will lead to a strong reduction of the cross
section. In the Trojan-horse method the nuclear cluster x is hidden inside a pro-
jectile a = b+ x by attaching it to a nucleus b — therefore the name of the
method — and the reaction

A+a—CHc+b (1.2)

with three particles in the final channel is studied (Fig. 1). The relative energy in the
A + a channel is chosen above the Coulomb barrier, thus there is no Coulomb
reduction of the three-body cross section. However, reactions between A and x can
still be induced at small relative energies due to the Fermi motion of x inside a
which can compensate, at least partially, the large relative momentum in the A 4 a
system. The nucleus b is thus assumed to be a mere spectator to the relevant
process. The method, in principle, is very flexible, since one is not restricted to
inelastic processes but also the elastic A + x — A + x scattering can be investigated.
The method can also be employed where the particle ¢ is a photon and C is a bound
state of the A 4 x system.

In general, various reaction mechanisms can lead to a final state with particles
b, c, and C. Besides the process, where nucleus b is emitted and only x and A
interact, one could also consider the formation of a compound nucleus D from
A + a and a subsequent decay with some flux into the C + ¢ + b channel. In case of
elastic A + x scattering the final A 4 x 4 b state can be reached by a breakup of
a into x + b in the nuclear plus Coulomb field of A. These other mechanisms
have to be distinguished experimentally from the process where the reaction
A +x — C + c is not affected by the presence of particle b.

Fig. 1. Diagram for the three-body breakup reaction in the
A C quasi-free mechanism
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The THM has already been applied in some cases [5—8] in order to identify the
quasi-free reaction mechanism and to test the method. The experimental results
were analyzed essentially within the plane-wave-impulse approximation (PWIA),
where nucleus b is assumed to be unaffected by the collision. The PWIA was
originally developed for the description of a-particle knockout reactions in order to
deduce momentum distributions of the a-cluster inside nuclei like °Li or "Li [9]. In
PWIA the breakup cross section is written as [9]

o do™
o = KBk~
Cc Cc Bb Ax—Cc
It is a product of three factors: (i) a kinematical factor KF, (ii) a momentum
distribution of the nucleus a at the B final momentum, and (iii) an off-shell two-
body A + x — C + ¢ cross section, which is replaced in the quasi-free approxima-
tion by an appropriate on-shell two-body cross section. In the THM one is interested
in the latter quantity. Although this factorization is quite appealing some questions
remain about the approximations involved. This concerns the replacement of the
complete three-body T-operator by the two-body T-operator, i.e., the impulse
approximation [9], and the relation between the off-shell and the on-shell two-body
cross section. In the application of Eq. (1.3) do®'/d) has been interpreted as the
nuclear cross section without Coulomb barrier effects and the astrophysically
relevant two-body cross section do/d) has been written as
do _ o

ds2 dQ2
where G is supposed to account for the penetration factor for the dominant partial
wave through the Coulomb barrier, which was taken in a simple semiclassical

approximation. Such empirical procedures also have to be justified.

The relation between the cross section of two-body reaction (1.1) and the cross
section of three-body reaction (1.2) can be clarified within the theory of direct
nuclear reactions as will be shown in the following. In the original suggestion of the
Trojan-horse method [1] the relation was established more or less qualitatively with
emphasis on the energy dependence of the cross sections. The employed approx-
imations were not specified in detail. Here, they will be stated more explicitly. They
can be tested experimentally as well as theoretically. Besides the full formulation
for the three-body cross section in distorted-wave Born approximation (DWBA) we
deduce a plane-wave Born approximation (PWBA) which resembles in structure the
result of the PWIA, but is more general. We treat both elastic and inelastic processes
for the two-body reaction.

Our work is organized as follows: In Sect. 2 we will introduce the relevant
quantities for the description of reaction (1.2) and express the cross section with
three particles in the final state with the help of the 7-matrix of the process. The
following section is devoted to the approximations for the 7-matrix in the post-form
distorted wave description. In Sect. 4 the relation of the cross sections for reaction
(1.1) and reaction (1.2) is deduced with the help of the asymptotic form of the two-
body scattering wave function. In Sect. 5 the T-matrix for the three-body breakup
is calculated in plane-wave Born approximation (PWBA) and compared to the
PWIA. Finally, we close with a summary. For transparency we develop the

(1.3)

(1.4)
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formalism-disregarding spin. The general expressions including spin are given in an
Appendix.

2 The Three-Body Breakup Reaction A +a — C+c¢ +b

We will denote the mass, the spatial coordinate and the momentum of a nucleus i
by m;, r;, and p, = hk; = m;r;, respectively. Furthermore we introduce relative
coordinates

Fj =1 —1T; (2.1)
between nuclei i and j, and the conjugated momenta
mip; —mip;

2.2
m; + I’I’lj < )

pj = hkij = p;ry =

where ji;; = (m;m;)/(m; + my;) is the corresponding reduced mass. For a three-body
system with particles b, ¢, and C we have the total energy

P2
Eiot = mc +me +my + Ece + Ecep + M (2.3)
with the total momentum P = ). p; and total mass M = ), m;.
2
P..
E; =" (2.4)
T 2uy

is the kinetic energy of relative motion between particles i and j. The relative
motion of the three particles is completely specified by the two Jacobi momenta
Pce and p(c.)- In case of the two-body system A + a we have

P2

Eot = my +my + Exq + o, (2.5)

with only one relevant kinetic energy E,,. For simplicity we will assume P = 0 in
the following.
In general, the cross section for reaction (1.2) is given by [10, 11]

2w dple dppy
h ph, 2nh)’ (27h)?

where B stands for the system C + c. Quantities in the initial and final channels are
given superscripts i and f, respectively. The é-function with the Q-value

| Tyi(klo Ky K )P S(EL, + Ef, — Eiy — Q),  (2.6)

Q =mg +mg —mc—me—my (2.7)

of the reaction guarantees energy conservation in the scattering process. The 7-
matrix contains all information about the dynamics and its calculation is the
principle problem for the description of the reaction. With pécdp{;c = ,ucchgC we
find the triple differential cross section

d30' _ HAaLBb L Ce kgbké
dEéc dQCC dQBb (27T)5h6 kzl4a

Ty (kL ks )1, (2.8)
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which depends on the final relative energy Egc in system B and the directions of
both relative momenta [JJCCC and p gb for the given initial momentum p’, .. Here and in
the following we have neglected possible spins of the participating nuclei in order
to simplify the equations. The relevant formulas with inclusion of spin degrees of
freedom will be given in the Appendix.

3 Approximations to the Three-Body 7-Matrix

The exact T-matrix is given in terms of the interaction between the particles and
the exact solution of the scattering problem for the total wave function. Of course,
this is not known in the general case and we have to employ approximations which
should retain the relevant physics of the reaction process. We assume that the total
interaction in our system is given by a sum of two-body potentials V3. Then the
potential between two nuclei

Vi=> Vag (3.1)

ac€i
Bej

depends not only on the relative coordinate r;; but also on the internal coordinates
of the nucleons inside the nuclei i and j, respectively. On the other hand, we can
write the kinetic energy operator for the relative motion as

%)
2:u’ij
with the momentum operator of the relevant Jacobi momentum p;;. We define the
internal Hamiltonian of a nucleus i to be A; (including the rest mass) which depends
only on internal coordinates with the solution ¢; of the corresponding Schrodinger

equation. Considering the different partitions into nuclei in the initial and final
channels we have for the total Hamiltonian the expressions in the initial state

T, (3.2)

H:hA+ha+TAa+VAaa ha:hx+hb+Txb+be (33)
and in the final state
H = hg + hy + Tpp + Vpy, hg = hc + he + Tee + Vee- (3.4)
The exact T-matrix element is now given in the post formulation by [10, 11]
Tyi(kie iy Kha) = (03 (Bb) dpdn| Vi | V) (Aa)), (33)

where W(*)(Aq) is the full solution of the scattering problem with a plane wave in
the initial channel A 4 a and outgoing spherical waves in all channels with or
without rearrangement. The outgoing plane wave

¢4 (Bb) = exp(ik, - 1) (3.6)

appears on the left-hand side. The wave function ¢p for the system C + ¢ will be
specified in Sect. 4, depending on whether one considers a bound state or a
scattering state.

The T-matrix element is transformed with the help of the Gell-Mann—
Goldberger relation into a sum of two contributions. For this we split the total



80 S. Typel and H. H. Wolter

Hamiltonian H into two parts
H = H; + (Vaa — Uaa), H; = hg + hg + Tyg + Usa, (3.7)

introducing an (optical) potential Uy, depending only on the relative coordinate ry,.
The scattering problem for the Hamiltonian H; can be solved exactly as the potential
U4, only allows elastic Aa scattering without any excitation of internal degrees of
freedom of the colliding nuclei. The relative motion is given by a distorted wave

(Taa + Una)x'"(Aa) = Ex X (Aa). (3.8)
Similarly, in case of the final state we have the decomposition
H = Hy + (Vg — Upyp), Hy = hg + hy + Tpy, + Upp (3.9)
and the distorted wave
(Tan + U)X (Bb) = Egy X" (BD). (3.10)

The Gell-Mann-Goldberger relation [10] now leads to the result

Trilke kgyiki,) = (X7 (Bb) b Vaa — (Vi — Usp)|do(Aa)gacha)

+ <X(_)(Bb)¢3¢b‘VBb — UBb’\I’(-H (Aa)), (311)
which is still exact. Note that in the final channel we have to insert the wave
function x(~)(Bb) which is the time-reversed of x(*)(Bb). The original Gell-Mann—
Goldberger relation [12] was derived for identical partitions of the Hamiltonian in
the initial and final channels whereas here we apply the more general result for
different partitions [10, 11].

Next we observe that the first contribution to the 7-matrix element vanishes
exactly. By using Egs. (3.3) and (3.4) we find
Vaa — Ve, — Upp)
= (H—ha —hyg—Taa) — (H—hg — hy — Tgp — Ugyp)
= hg +hy + Tgp + Upp — (ha + ha + Taa). (3.12)
Since the wave functions in the matrix element are solutions of the Schrodinger
equations
(e + hy + Tay + Up, )X\ (Bb) dns = Eix' ™) (Bb)dmgy  (3.13)
and

[ha + ha + Taa)po(Aa)pada = Eioipo(Aa)dada (3.14)

with total energy E\ the first matrix element vanishes. Then the 7-matrix relevant
for our calculation is still exactly given only by the second contribution

Tyi(kl, ki K) = (X (BD) by Vs — Usp| T (Aa)). (3.15)

This expression still contains the full solution of the scattering problem on the right
side of the T-matrix. As a first approximation, we apply the distorted-wave Born
approximation by replacing the full solution W(*) (Aa) by the distorted wave

X(+) <Aa> ¢A gba
TRVBA (kL ki K) = (X7 (BD) b | Vs — Upslx ) (Aa)gada).  (3.16)
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The next approximation is introduced as usual by replacing the potential

Vo — Upp = Ve + Voo — Upy = Vap + Vo — Upp = Vi, (3.17)
where we assume that the transferred nucleus x is small and that the optical potential
Ugp,, fits elastic scattering of b by nucleus B. Neglecting the difference V4, — Upy is
expected to be of the same order as the uncertainties of DWBA. This approximation
for the interaction potential has been extensively discussed, e.g., in ref. [13] where it
was applied to deuteron stripping. In a plane-wave approximation of the 7-matrix
the potential Up,, is not introduced and the above approximation means to neglect
the interaction between nucleus A and the spectator b. This just corresponds to the
impulse approximation for the three-body reaction. Finally the relevant T-matrix of
the three-body breakup reaction assumes the form

TRVEA (kL. Kehyi ) = (X7 (BB)ddn| Vo[ X ) (Aa) daba) - (3.18)

4 Relation Between the Two-Body and the Three-Body Cross Sections

We now formulate the relation between the cross section for the two-body reaction
(1.1) and the three-body breakup reaction (1.2). The T-matrix element (3.18) for the
three-body reaction is calculated with the wave function ¢p for the system B in the
final state. In our case, this is the full scattering wave function of the unbound
B = C + ¢ system, and thus the three-body 7-matrix element also contains the
information on the C +c¢ — A + x reaction, therefore giving the connection
between the two-body and three-body cross sections. In the following formulae we
will neglect effects of antisymmetrization.

4.1 The Two-Body Scattering Cross Section

The two-body differential cross section is given as

do vl

pro (Ax — Cc) = i |f(Ax — Cc)|? (4.1)
with the appropriate scattering amplitude f. The velocities are determined from the
corresponding momenta pg,. = ,uccfugc and pi, = pa,v', . The scattering amplitude
is derived from the full scattering wave function W(*)(Ax, k' ) with the system
A + x in the initial channel. Its asymptotic form is given by (we only consider two-
body final states)

(+) 4m §I(+)(O‘3kwra) N . % 70
T (Ax, kpy) — gza: %:Tl Yim(Fo) oY, (kL) (4.2)

The sum runs over all possible final channels «, where ¢, is the corresponding
wave function which depends on all internal variables of the two particles in the
final state. The radial wave function

). _explioy(ny,)] vl
gl (aakara)— 21 UC{

X [SI(AX — Oé)u§+) (na; kara) - 6anu§7)(77a; kara>] (43)
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can be expressed by the (nuclear) S-matrix element S;(Ax — «) and linear com-
binations of the regular and irregular Coulomb wave functions (F; and Gj), where
we have introduced the notation

uEi)(na;kara) = Gl(na§kara) + iFl("?a§kara>

S S I

The Coulomb phase shift o;(n,) for the partial wave ! depends on the Sommerfeld
parameter

 ZoZo,€

4.5
hv, ( )

Mo

with the charge numbers Z, of the two nuclei i in channel o and their relative
velocity v,. The asymptotic form of the radial wave function (4.3) will be of
importance for establishing the relation between the cross sections for the two- and
three-body reactions. Assuming that the initial momentum p’,  is directed along the
z-axis we have

. 20+ 1

and for the total scattering amplitude (including Coulomb scattering)

f(Ax — Cc) = —iﬁ ”%Z V214 1Y (Fee)
Vee 1

i
kAx

x lexp{iloi(ry,) + o1(nfe)]} SilAx — Ce) — bcens].  (4.7)

Finally, the total reaction cross section for an inelastic reaction (Cc # Ax)

o(Ax — Cc) = ki” 5 > (214 1)[Si(Ax — Ce)? (4.8)

Ax I

is obtained by integrating Eq. (4.1) over all possible directions 7¢.. It is obvious
that the S-matrix contains all the essential information of the scattering process. At
very small energies E', in the initial state the energy dependence of the S-matrix is
dominated by the Coulomb barrier and decreases like exp(—77,,). In astrophysical
applications one therefore defines the S-factor

S(Ey,) = o(Ax — Cc)Ey, exp(2mj,) (4.9)
which shows a much weaker variation with energy as compared to the cross
section.

4.2 The Three-Body Scattering Cross Section

In case of the three-body breakup the triple differential cross section is given by
Eq. (2.8).
We now use the approximation (3.18) for the 7-matrix. Assuming that the optical
potentials Uy, and Up;, depend only on ra, and rgy, respectively, we write
Tyi(ke Ky Kia)

= (X7 (Bb, kg, )W) (Ce, k) ol Vi X (Aa, Kl ) dada). (4.10)
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We have replaced the wave function ¢p in Eq. (3.18) by the exact two-body
scattering wave function \I/(‘)(Cc,kéc) which asymptotically behaves as a plane
wave in the Cc channel and ingoing spherical waves in all other channels. It can be
obtained from Eq. (4.2) by applying the time-inversion operator and replacing Ax by
Cc. Then, its asymptotic form is given by

; (xr()z . ~ s f
9r) py, GYERL)  (411)

A )
v (Ce,kf,) — Tﬂ Zw
kCc [T Fe

with radial wave functions

i f f
& ko) = i SR Ve
Vo

X [SI*(CC - a>u(7)(77(1; karf!) - 6(1Ccu§+) (77(1; kar(y)] (412>

for all possible partitions .

The expression (4.10) can be calculated in DWBA by replacing the exact
scattering wave () (Cc, kL) by a distorted wave. But then we do not obtain an
explicit relation to the two-body cross section. We therefore introduce the essential,
so-called surface approximation [14]. From the form of the 7T-matrix element (4.10)
we can deduce which channel o gives the most important contribution. The
potential V,;, only acts on the bound-state wave function ¢, of the b + x system and
does not depend on r4,. The distorted wave XH) (Aa, kim) will become very small
for small ry, since the optical potential Uy, is strongly absorptive there. For small
momenta p',, the Coulomb barrier in the initial channel will additionally reduce the
amplitude of the wave function at small r4,. On the other hand, asymptotically,
the channels A + a and C + ¢ become orthogonal. Therefore, there will be a sub-
stantial contribution to the T-matrix element only in the surface region of nucleus
A, i.e., for ry, close to the radius of A. Thus we can expect that the product
VX' (Aa, k), )pada projects onto contributions mainly from the A + (b + x)
structure and only little onto the C + (b + ¢) and other partitions. We conclude that
in the wave function W(-) (Cc,kéc) the channel o with the A + x fragmentation is
selected in the matrix element and further, that we can use the asymptotic form
(4.11) of the wave function, since the substantial contributions to the matrix element
arise from not too small r4,. Using this surface approximation [14] we replace the
full wave function by its asymptotic form (in the A — x channel)

v (Ce,kl, — Ax)

4m . vfc , . .
- k_fzexp[_lo-l(néc)] U? llYlm(rAx)qugbelTn(kéc)
Cc Im Ax

Cl(i) (AX, kAfxrAx) . 6A e C1(+) (AX, k[{xrAx)

S*(Ce — A
l( < X) FAx FAx

(4.13)

with the radial wave functions

i

Cl(i) (AX; kgxrAx) - @(rAx - RAx) 2 ul(i) (77/{)5; kIZxrAx)a (414>



84 S. Typel and H. H. Wolter

where we introduced a cut-off at a suitable radius R4, in the radial wave functions
C ; to eliminate contributions from the interior including the divergence from the
irregular Coulomb functlon at small 74,. The momentum in the Ax channel and the
corresponding velocity v! . are determined by

my + my + —(pAX) =mc + m, + L)CC) , (4.15)

2,UAx 2/’1‘CC
i.e., the Cc — Ax S-matrix is taken on-shell. The surface approximation can be
tested in an actual calculation, e.g., by a comparison of the results obtained with a
distorted wave approximation for the radial wave function without the radial cut-off
and with the asymptotic wave function with proper radial cut-off. In case of inclusive
deuterium breakup reactions the results of a full calculation and of the surface
approximation were compared and found to be in satisfactory agreement [15].
For an inelastic process with Cc # Ax the T-matrix finally assumes the form

1 HAx X
/’LCC‘C( C

x 3" explioi(nf,)ISi(Ce — Ax) Y (L)t (k] Ky K,
Im

l

(4.16)
with the reduced 7T-matrix element
() f
- ‘ B Ax; k
™ e ek, ) = i () (B, ) LX)
AxTAx
X Ylm(rAx)¢A¢x¢b|be|X (Ad kAa)¢A¢a> (417)

In case of the elastic process with Cc = Ax we find
Y}i(k/{x’ kIJ;b’ klAa) = Z exp[igl(n,{x)] Y;rkn (k,{x)
im

—\im i Im i
% [Si(Ax — A" (] ey k) — 07" (L Ky k)]
(4.18)
(£)

The reduced T-matrix elements i Eq. (4.17), are the essential ingredients in the
THM, since they are needed to extract the two-body S-matrix S;(Cc — Ax) from the
measured three-body cross section. They have the form of a DWBA T-matrix for
the transfer reaction A + (bx), — (AX),bound + 0> 1 e., for the transfer of x to an
unbound state in A 4 x w1th relative momentum p? 1 EQ. (4.15), mediated by the
interaction V,;. Here p . 1S the momentum for the astrophysical energy E! -
which the A + x — C + ¢ cross section is to be investigated. Thus the reduced T—
matrix is the amplitude for preparing the (Ax)-system at the corresponding energy.
Its structure will become clearer in the PWBA in the next section.

As seen in Egs. (4.16) and (4.18) there is no simple relationship between the
two-body and three-body cross sections in general. The S-matrix elements in Eq.
(4.16) are for the inverse process C + ¢ — A + x, but both are related by unitarity.
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In general, one has interference between different partial waves in the triple
differential cross section (2.8), and one has to perform angular correlations
between the different fragments to extract the partial-wave S-matrix elements. The
reduced T-matrix elements, depending on three momenta, have to be supplied from
theoretical calculations to the THM. In principle they can be evaluated in DWBA,
even though they involve six-dimensional integration, i.e., are of the exact finite-
range type.

The reduced 7T-matrix elements t(f) are not model-independent. They depend
on assumptions on the distorted waves, the radial cut-offs, the bound-state wave
function ¢,, and the V), residual interaction. Thus the THM will not allow to
determine the two-body S-matrix absolutely. However, it will give reliably the
energy dependence, which is just the important information in the extrapolation to
astrophysical energies.

5 Plane-Wave Approximation

In order to see the structure of the above expressions and also for a comparison to
the literature, we now use the plane-wave approximation. The calculation of the
reduced T-matrix elements (4.17) simplifies considerably, when we replace the
distorted waves X(_)(Bb,kgb) and x'*)(Aa,k',,) by plane waves exp(—ikf;b - Ipp)
and exp(ik,, - ra.), respectively. Notice that in this approximation the wave
function for the system B still contains the full effect of the Coulomb potential.

We Fourier transform the product of the potential V,;, and the bound-state wave
function ¢, both depending on r,,

3

be(rxb)(,ba(rxb) - J(quf W(q) eXP(“I : rxb) ¢x¢b, (51)

where we have introduced the momentum amplitude W(q). A zero-range approx-

imation for the product V,;¢, would correspond to a constant W. For the reduced
T-matrix element we find

+)im i
t)gi : (kgwk{;b;kAa)

d3
= 47TJ q3 W(q)Jd3erJd3rAx

(2m)
E* Ax k] 7 ;
SRS e ) exp(ilkl a4 — Ky <)), (52)
kAxrAx
Using
my
=T ——A 5.3
Fap = Tgp =T (53)
my, mM

Fag = rpp + FAx, 54
A e+ my P (ma + my) (mg 4 my) 54)

we can write for the exponential

exp(ilkty,  Taa + 4 1o — kg, - ro]) = exp(ildpy - Poo + qac - Tas)) (5.5)
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with the momenta

my i f
=—k —k; 5.6
9 e+ my A +4q Bb> (5.6)
m,M ; mgy
= k', — . 5.7
qAx (mA i mx)(mx 4 mb) Aa ma + qu < )

Integrating over rg;, yields a o-function and the ¢ integration becomes trivial. We
obtain

+)im ° ° i
t}i : (kéc? kl];b; ky.)

(£)* f
Ax;ky rax N )
= 47 W(Qp,) jd G ki) e ) exp(iQy, i) (58)
kAxrAx
with
Op, = kj;b - m, + my kAa’ (5-9)
i my
Oua :kAa_mA+m k}{;b' (5-10)
X

Here Qp, is the difference between the momentum of b in the final channel and the
fraction of the initial momentum in the projectile a. Thus it is the recoil of b.
Similarly Q,, is the recoil of A. In PWBA the reduced T-matrix is the product of
the Fourier transforms of the bound (bx) wave function at Qp, with that of the Ax-
scattering state at Q,,. Introducing a partial-wave expansion of the plane wave and
performing the angular integration for r4, we obtain

my, i
m, +mb Aa

g1 (2l + 1)(21/ + 1) /| 7! I /N
— 000|170 (Iml'm’ |1
X I/E,m” lgm i \/ Il 1 1) ( 1170) (Iml'm’|I"m")

Im i 3
(G R ) = <47r>*w(k£b -

X Rin(Ax: Ky ki K ) Vi () Ve () (5.11)
with the radial integral
Rypi(Ax: Ky, Ky [,
= (k)™ joo drge ra i (kigras) JrOadkyrad G (Ax Kfra) - (5.12)
and the abbreviation

(5.13)

Due to the parity Clebsch-Gordan coefficient (/0/'0|/"0) some combinations of I”, /',
and [ will give no contribution to the reduced T-matrix elements. The radial integral
over continuum wave functions can conveniently be calculated with the methods
given in ref. [16] by passing to the complex plane for the variable 4, with a suitable
decomposition of the integrand. For small momenta p}{x the contribution of the
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irregular Coulomb wave function in g}i) will dominate and we find with ref. [17]
the very low energy behaviour of the radial integral

+ i 3
Rl(”l')l (Ax; Ky, kléb? k,{x)
. exp(mf)

\/ 270k

w n
xj draranjir (K ras) jo Oy )y /20mr Ko (2/20m7an) (5.14)

RAx
with the (constant) inverse Bohr length
ZAerzﬂAx
o
In Eq. (5.14) only the factor in front of the integral depends on kj;x. For low energies
the exponential factor increases strongly cancelling the decrease of the two-body
S-matrix elements in the three-body T-matrix element (4.16).

Finally, in case of the inelastic two-body reaction the result for the total three-
body T-matrix becomes

QAX = nf(xk/(x = (515)

f

i Paxky, _ np i

Tfi(k£c7k£b;kAa) = P xk?v W<kl§b T +mbkAa>
Celce x

x > (21 + 1) explioy(nf,.)] Si(Cc — Ax)
)

x Z Rl(’;/)l (Ax; ki&a’ kéh’ kI{x)Xll : (kém kI];h; kfﬁ&a) (5 16)
l//ll

with the angular distribution function

2 + 1
Qr+1)20+1)
s S (Il [1'm ) () Y (i) Y (R (5.17)

mm!

m

X7 (g e ) = <4w>5/2il”—”<101’0u”0>\/

In the elastic case we find

Tyi(kie: Ky )

my, i . 3 "y, S f 2
=W kl];b ————ky, Z(Zl +1) eXP[’Ul(U/{x)] szl : (k/{kazj;b?kAa)
mx + mb l l//l/

X [Si(Ax — AX)R}p)(AX; Ko ki el ) — Ry (Ax; Ky dehy, KED) (5.18)

The essential feature of the THM is the occurrence of the factor exp(my/{x) in the
low-energy approximation (5.14) of the radial integrals Rﬁ;)l which compensates the
low-energy suppression of the S-matrix element S;(Cc — Ax) from the Coulomb
barrier in the Ax channel. Therefore we have no suppression of the cross section in
the three-body reaction [1]. Of course, the energy dependence derived here in the
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PWBA also applies to the more general case with distorted waves in the T-matrix
element.
Rewriting the plane-wave approximation for the T-matrix

Ty kL) = Wk, i )Tkl k). (519
we obtain for the three-body cross section
d*c
dEL. dQc. dQp,
- taabmie ke, W(kf;b - —kza) kL ik, (5:20)
my + my

2r)°r° Ky,

a result which resembles the PWIA (1.3) in structure. We also have a product of
three factors: (i) a kinematical factor, (ii) a momentum distribution, and (iii) an
expression like a cross section. But there are clear differences as compared to
PWIA. The momentum distribution |W|* is not simply the Fourier transform of the
ground-state wave function of nucleus a but the Fourier transform of the product of
this wave function with the interaction V,;. In case of a nucleus a with an [ =0
ground-state wave function for the xb relative motion, e.g., 2 will peak at
zero momentum. This means

mp
™ o

i.e., the final momentum of the spectator b is just the corresponding mass fraction of
the initial momentum of projectile a. Therefore it remains constant during the
reaction as assumed in the impulse approximation. In the PWIA the last factor is
directly the two-body cross section of the A + x — C + ¢ reaction [9]. Here it is a
function, where the S-matrix elements of this reaction enter. This function contains
the off-shell effects for the two-body cross section and goes beyond the quasi-free
approximation. In particular it contains an explicit expression for the barrier
penetration factors through the radial integrals R(*). Although we have used the
plane-wave approximation for the Aa and Bb relative motion the Coulomb effects in
the C + c scattering are still fully included.

6 Summary

We specified approximations involved in the Trojan-horse method in order to
determine the cross section of a two-body reaction from a related process with three
bodies in the final state. The full expression for the triple differential cross section of
a three-body breakup reaction has been derived in a post-form distorted-wave Born
description. The relation to the two-body cross section of interest can be established
via the S-matrix elements if the surface approximation is applied. In a further plane-
wave Born approximation of the 7-matrix element the three-body cross section
assumes a form similar to the plane-wave impulse approximation. In our formu-
lation the full effect of Coulomb penetration in the relevant two-body process is
included as well as off-shell effects in the breakup. The Trojan-horse method has
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already been shown to be useful in the application with the simplified, semi-
empirical PWIA expressions of Eq. (1.3) [6-8]. For an application of the Trojan-
horse method to a specific reaction of astrophysical interest various combinations of
spectator nucleus and projectile energy with different three-body final states can be
selected. The actual choice depends strongly on the experimental possibilities for
the detection of the particles in the final state. In particular, the range in relative
energy of the two-body reaction which is accessible in the experiment is connected
to projectile energy and the momentum of the spectator in the final state. It should
be chosen to be close to the maximum of the momentum distribution so that the
quasi-free reaction mechanism dominates. Thus, the application of the method
depends strongly on the experimental realization. A Trojan-horse experiment under
suitably chosen conditions should be performed and the more detailed formulation
of the THM given here should be applied and discussed in that context. A
comparison of the extracted cross section for a two-body reaction with data from a
direct measurement would be useful to assess the applicability of the Trojan-horse
method for nuclear astrophysics.
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Appendix

Considering particles with spin leads to more complex expressions for the cross sections, wave
functions, and matrix elements. In the following we give the most important formulae, where we
denote the spin of a nucleus j by s; and sj is the channel spin of the system j + k with projection vj.
For cross sections we usually have to sum over all final states and over all initial states in a reaction.
In case of a two-body reaction we calculate the differential cross section

do
dQCc

(Ax — Cc)

1 Ufc 5
= G )t 1) > jf | f(Ax, sax, vax — Ce,sces vee)| (A1)
SaxVAx SceVee AX

from the scattering amplitude f which can be derived from the full scattering wave function
T (Ax, k', Sax, Vay) with the system A + x in the initial channel. Its asymptotic form reads

ql<+> (Ax7 kA)m SAxs VAX)
J
l,f::[)AXXA( (O‘; kara)

4r 5 ) ~ \ gplaxsacy, 7i
oy Y S el T e ) 2 i (k) (A2)

AX as, M ol Ta

with the functions

Yyl ) = (Imsv|IM)i'Y i (F) o (sv)) (A3)
and

24 (k) =" (Imsv|JM) Yy (k), (A4)

m
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which describe the angular dependence. The radial wave function
J(+
gl(fvﬁl)mx,qx (a; kara)
2\

XS] s, (A% = Q)" (05 KaFa) = Baabi, i 650t (105 Kara)] (A.5)

contains the (nuclear) S-matrix element S,HS“ Iusy, (AX — ) which depends on the total angular
momentum J and on the orbital angular momenta and spins in the initial and final channels. The total

scattering amplitude (including Coulomb scattering) is now given by

f(Axa SAx; VAx — CC, Sce, VCC)

VTV,

= iy

k}“ véc
X Z Z V2 + 1Y, (Fee Z(lCcchchVCc|JM)(IAXOSAJCVAX‘JM)
leemee lax

X [exp{l[alA.r (n/lL\x) + Ole, (nCc)}} Slc(.s(‘. LaxSax (Ax - CC) - 6C6Ax61C<-[Ax 6~YC(-SAx:|7 (A6)

and the total reaction cross section for an inelastic reaction (Cc # Ax) reads

_ 1 T o)l
o(Ax = C¢) = GG T (k;y;(z” DY D IS s (Ax = Co)>. (A7)

saxsce laxlee

In case of the three-body breakup the triple differential cross section including spin degrees of
freedom is given by

o
dE[, dQc. dQp,
_ MaaltBppce kykl,
Qn)’rn® Ky,
1 o, ;
BT D O Tkl son v Ko vaa) (A8)
a

SAaVAa SBbVBb

where the T-matrix depends on the spins and their projections

T}l(kakB[ﬂ SBbs VBb; kAaa SAas VAa)

= Z Z Z SCCVCchVb|SBbVBb)(SAVASaVa|SAaVAa)

SCe VCcVp VAVa
x (X7 (Bb, k) U (Ce, k., scevee) du(sovn) Vo X ) (Aa, K ) da (sava) Ga(sava)).  (A9)
The asymptotic scattering wave function in the C + ¢ channel can be written

\D(_>(Cc,kéc, SCes Vee — AX)

f
v N leeScev ~
TS explion nccm/ Ce @/ (Ax,Fae) 2 o (L)

Cc Sax  JIM alee

¢ (Ax; kAxrm ¢ (Ax kL ra)

Sl{\zkvmlc{ SC‘_(CC - A.X) P — Oaxce 61AxlCc 65AXSCC A (AIO)
with the radial wave functions
+ i +
G (A k) = O(rar = Ran) 3 (i kira). (A11)
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In an inelastic process with Cc # Ax the T-matrix element assumes the form

Tfl (kCNkaV SBb VB}nkAm SAas VAa)

/-‘LAX Ax
E E E explioy, 77a] osdocse, (CC — Ax) E (SceVeeSpVp|SBoVap)

o
MCCkCc J  sc YAr]Avl(,c VeeVp
2 : dleescevee f =M (1 f A
'ZC cevee k (kA;kab?levsAxvVbakAavsA(HVAa) (A'lz)

with the reduced T-matrix element

(£)IM

tfi (k/{x7k[];b7le;SAx7Vb;klA(uSAaaVAa)

=47 Z(SA VaASaVa|SaaVAa)
VAV,
+
G (eskfira)

f
AxTAx

X Ga(Sav4)Pa(SaVa))- (A.13)

In case of the elastic process with Cc = Ax we find

x (X7 (Bb, k) Y (Ax, Fax) dw (sp0) | Vi | X ) (Aa, Ky, )

Tri(k) Ky S8os Vi Ky Saas VAa)

=3 X 3 el 0] Xkl 3 2 kL)

xSy, Il ViV
J )My f ;
X [S7, s s, (Ax — Ax)tf(i (k,fx,kgb,lAX7SAx7l/h;k,’4mSAa, Vaa)
+)IM i
( ) (kAfpkalexasAxvVb;k,lqaasAa»VAa)}- (A14)

In the plane-wave appr0x1mation we introduce the Fourier transform of the product
be (rxb)d)a (Sa Va, rxb)

3
= J% W (k) exp(ik - ryp) Z(sxyxs;,uz|saya)qﬁx(sxyx)qﬁb(shl/,/?) (A.15)

J
227

and obtain for the reduced 7-matrix
(£)IM

f f A
tfl (kccakaalAmSAxvlCmshavak,imasAmVAa)

S S S
_ (4’/T)3(—1)S*+SA+SA”+S[' mm{ X A Ax }
SAa Sp Sa
my i
X Z (lemAxSAxVAx ‘ JM) (SAx VAxSb Vb ‘ SAa VAa) w (kgb - m kjm)

MAxVAx

QL+ DRI+ 1
x ;,,le ’\/ (2l + 1)( ) (L, 00010) (L I'm | Im)

4m(21+1)
+ i i 7
X Rigo) (Ax: Ky iy KL ) Vi (R Vs ) (A.16)
after performing the angular algebra. Finally, in case of the inelastic two-body reaction the result for
the total three-body 7-matrix becomes
T_fi(k&, kgf;ﬂ SBhs Vphi Kl SAas Vaa)

] m ,
ey (g )
peck, my + mp

X Z 27+ 1) Z Z explioy, (N, NS, oytese, (Ce — Ax)

laxlce SceSax

- i 7 7i
X Z Rll’le (Ax; ‘IAaa qu? qA’C)XIA} saxlcesce (kém kgba SBbs V8D Ky s SAas Vaa) (A.17)
w
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with the angular distribution function
Ji
XIA»YA,JG-SG (kCC7ka7 SBbs VBb; kAaa SAa, VAa)

— (47T)5/2 -1 (ZAXOI 0|lo) (_ ) SyF+Sa+Saa+SpHax+Sax—lce—Sce

21 + (2s )(2spp + 1
X /284 + 1/ 254 + \/2l+1\/ A"zlc B+ 1)

Sh SAx  SAa

5 { Sy SA Sax } Z(2K+ DS sece I e

SAa Sh Sa K SEb lA K
x

XYY (smpvabKllamar) (saavacK Kllcemee)

mamee K
X Z (lAXmAxl/ml | lm) Ylt‘l, (i(‘l‘\a ) Y]’m’ (icl;h) Yltt Mmee (i(éL) . (A 18)

In the elastic case we have

Tfi(k,{,w k[j;b7 SBbs VBb; k‘i‘ma SAa, VAa)

= W(kgb — #kga) Z 27+1 Z Z exp| iy nAY

Iaxl), saxsy,
X Z ZIAZZSAXIAYSAA k[);b7st7 VBb7kAa7SAa’ VAa)
1w
J - ) . + ) .
X [S] ot (Ax = AORY,) (Ax; g, iy ad) = Rip) (AXi G iy 0] (AL19)

The plane-wave approximation for the full 7-matrix can again be factorized
Tyi(kes Ky S5, Vs K gs Saas Vaa)

= W<kl);b mk2u> Tfl(kC¢7k3b7SBb7VBb7kAa7sAa7VAa) (A20)

my :
( Bb my + my Aa)

2
(Q,Sa 1) Z Z |Tfl(kC57ka7st7VBbakAav YAmVAa)| (Azl)

SAaVAa SBbVBD

with the result

o _ MAaltBbiice kl';f;,ké :

dEL dQccdQy  (27)R0 K,
1
(ZSA + 1)

for the cross section.
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