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Abstract

Alternative methods to calculate neutron capture cross sections on radioactive nuclei are reported using the theory of
inclusive non-elastic breakup (INEB) developed by Hussein and McVoy (Nucl. Phys. A. 445, p. 124, 1985). The statistical
coupled-channels theory proposed in Bertulani et al. (Eur. Phys. J. Web Conf. 69, 00020, 2014) is further extended in the
realm of random matrices. The case of reactions with the projectile and the target being two-cluster nuclei is also analyzed
and applications are made for scattering from a deuteron target (Hussein et al. 2020). An extension of the theory to a three-
cluster projectile incident on a two-cluster target is also discussed. The theoretical developments described here should open
new possibilities to obtain information on the neutron capture cross sections of radioactive nuclei using indirect methods.

Keywords Neutron capture - Radioactive nuclei - Inclusive reactions

1 Introduction

Research on reactions involving radioactive nuclei has
provided invaluable information about the properties of
nuclei close to the drip line [4, 5, 7]. Furthermore,
indirect methods with rare isotopes yield cross sections
of neutron capture and of other fusion reactions needed
to fill the knowledge gaps in reaction chains such as the
r- and s-processes of interest for astrophysics [8]. The
experimental information on neutron capture reactions is
mostly constrained by capture on stable nuclei. The neutron
captures on radioactive nuclei, in particular those near the
drip nuclei, are difficult to obtain and are not available
or have to be inferred indirectly [5, 6]. Another way to
obtain neutron capture cross sections on radioactive nuclei
is by means of indirect hybrid reactions. Among others, a
few methods used frequently by experimentalists are the
surrogate method [9—11], the Trojan horse method [12-16],
and the ANC method [17-19]. The surrogate method is
most often used to infer neutron capture cross sections for
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fast neutrons on actinide nuclei with the purpose to study
fast breeder reactors. In the Trojan horse method, one is
interested to extract information on the reaction x + A —
y + B by studying a reaction of the forma + A — b +
y + B. The ANC method uses transfer reactions to extract
asymptotic normalization coefficients useful to calculate
radiative capture reactions of the foorm A +a — B + y.
All these indirect methods have one thing in common: the
many-cluster feature of nuclear reactions.

The method employed in this article is the inclusive
nonelastic breakup (INEB) reaction theory initially devel-
oped in Refs. [1, 20-22] and widely popularized by Hussein
and collaborators (see, e.g., Ref. [23]). In this article, we
also discuss the use of the INEB theory to study the case of
breakup reactions of a radioactive projectile on a deuteron
target, including a further extension of the method employed
in Ref. [24]. The INEB theory can be easily applied to the
case of a long-lived radioactive target, such as '>Xe. The
theory is also adaptable to study transfer in reactions involv-
ing multi-clusters both in the projectile and the target, start-
ing with the simpler (d,p) case (a modern example is Ref.
[25]). This is often the case in transfer reactions with rare
nuclear isotopes. For the simpler cases of a weakly bound
projectile or for the coupling to compound nucleus states,
too many channels might be involved, with computations
costing prohibitive large CPU times. A statistical theory to
tackle these cases has been proposed in Ref. [2]. In this arti-
cle, we show that another path to simplify the theoretical
description of the reaction mechanism can be achieved by
using statistical concepts involving random matrices. The
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INEB theory is relatively simple since reaction mechanisms
can be quite difficult to describe theoretically. It is inter-
esting to note that one of the first publications concerning
reactions involving unstable targets was done by Chew and
Low back in 1959 [26]. Nowadays, with the construction
of radioactive beam facilities, the most intense experimental
studies involve radioactive projectiles reacting with stable
nuclear targets.

For the extension of the INEB theory to multi-cluster
reaction cases, we consider first the case of a three-body
non-cluster radioactive projectile reacting with a two-body
cluster target, using the deuteron as a surrogate. The reaction
in this case is a neutron pickup reaction. The main idea
of the surrogate method is that a measurement of the
inclusive proton recoil spectrum allows the extraction of
quantities involved in neutron capture reactions [9—11]. But,
the capture reaction is not the free neutron capture. Different
reaction mechanisms are involved in the surrogate reaction
owing to the fact that the neutron within the deuteron is
bound and carries the details of its internal wave function.
We also consider a second case in which a four-body
reaction involves a two-fragment projectile and a two-
fragment target. As examples of these reactions, we mention
the one-proton halo nucleus 8B, involved in the reactions
8B+d — p+ ?Borp+ ("Be + d). Thus, two features
will be exhibited in the inclusive proton spectrum: (a) at low
proton energies the incomplete fusion of "Be + d will play a
role and (b) the capture neutron reaction will be influenced
by higher proton energies. The case of one-neutron halo
nuclei is then considered. !'Be and '°C are good projectile
examples. As an example of an outcome of such studies, we
anticipate that the inclusive proton spectrum would show a
low-energy peak at 2.22 MeV, and a weaker peak at a higher
energy of ~ 5.00 MeV [3].

The developments reported here will be useful to test the
applicability of the INEB theory to large neutron capture
cross sections such as n+'3Xe where the '*3Xe has a
lifetime of 9.8 h. '3Xe is a notorious nuclear reactor
poison and it is widely known that its thermal neutron
capture cross section is incredibly large, of the order of
2.5 x 10° barns. One of the goals of this theoretical
exercise is to use ' Xe as a benchmark to assess how the
proton spectrum emerges in, e.g., a reaction of the type
d + ¥Xe — p + ¥Xe. Furthermore, our multi-cluster
discussion should constitute an important extension of the
four-body formulation involving a three-fragment projectile
on a “structureless” target developed recently in Refs. [24,
27] to two-fragment on two-fragment nuclear reactions [3].
It would be more convenient to use '°B as a target as
it is stable. The thermal neutron capture in this case is
about 4000.00 barns, very large considering the size of
this nucleus and the fact that other nuclei in its vicinity
have much smaller cross sections. This nucleus is used in

radiotherapy under the name boron neutron capture therapy.
It would be interesting to extract the modified capture cross
section 6(n + '9B) and check whether it is feasible to use
the inclusive proton spectrum in the breakup reaction d +
1B — p + (n + '°B) to obtain the capture cross section.
This would supply a check on the consistency of the theory.
The surrogate method has also been benchmarked using the
INEB theory in Refs. [28-33].

2 Inclusive Non-Elastic Breakup Reactions
of Radioactive Projectiles with Two-Cluster
Targets

2.1 Radioactive Projectiles and Neutron Poisons

Let us take a radioactive nuclear poison projectile, e.g.,
135Xe incident on a two-cluster target such as the deuteron.
The lifetime of >*Xe is very long, about 9.6 h, easily
allowing the production of a radioactive beam with present
techniques. We would like to describe a reaction of the
type '$Xe + d — p + 3Xe, which is known as a
pickup reaction. We will also assume that the proton energy
spectrum is possible to be measured. We give a short
summary of the theoretical equations developed in Refs. [1,
20-22] which are pertinent to the present discussion. These
theories would be appropriate to extract the neutron capture
cross section n + 133Xe — 13Xe from the experimental
analysis of the 13>Xe + d — p + 3Xe reaction. This is a
general reaction of the type a + A — p + (n + A) and the
INEB formulation of Ref. [1] yields for the differential cross
section:
4o II)NEB .
m =0p pp(Ep, 2p), (1
where pp(E,, 2)) is the density of states of the spectator
fragment, p, as measured in the experiment and where 6
is the total reaction cross section of the process n + A
including medium corrections, 65 = Ggr(n + A).

Therefore, in this theory, the breakup cross section
is directly proportional to the reaction cross section G
obtained from:

. kn | A

O = _E_n</0n(rn) Wy (X)) on (Xn)), (2)
n

where a complex optical potential U, = V, + iW, is

assumed for the interaction between the neutron and the
target A. Note that we avoid the practical discussion of
how to theoretically obtain a consistent optical potential
from first principles. Recent work based on the concept of
self-energy [34] has recently been the focus of reaching a
self-content theory for optical potentials including modern
approaches of nuclear forces, such as chiral effective field
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theories [35]. For a recent work in this direction, see Ref.
[36].

The most difficult part of the reaction formalism is to
calculate the “source” function g, (r,) which is the overlap
of the neutron distorted wave and the total wave function of
the surrogate nucleus d in the incident channel. Equation (2)
is exact, but readily amenable to approximations. Using the
DWBA limit and the post-form of the interaction, V,, one
can show that [1]:

pn(rn) = XSG @a > @), 3)

where ®4(r,, r,) is the internal wave function of the d =
p + n system. In Ref. [20], a different approach was taken,
based on the post form of the interaction V). In their case,
the source function includes Green’s function accounting
for the neutron propagator, namely,

fn(Xn) = S WVaplx S ®a). “

E,—U,+ic

As shown in Ref. [24], if one additionally assumes
that the three-body distorted waves x; depend only on the
relative coordinates between the fragment and the target, the
cross section in (2) can be further decomposed into:

d*o E .
dE,,_dZZ,, =% dry| Sy () PW @) Pl ()
where

P(rn) = l'p(Xp |Xp )(I'p) d(rp’rn)- (6)

This formalism was the starting point of an analysis
performed in Ref. [24]. To study reactions involving the
deuteron as a projectile and neutron poisons, such as '3 Xe
as a target or vice versa. In any case, this surrogate reaction
will certainly yield useful information on the total reaction
cross section for n + '3Xe, as displayed in the equations
above. To obtain the capture cross section, one needs to
take the difference between the reaction cross section and
the other direct reaction contributions, as for example the
inelastic excitation of '3°Xe.

Several neutron poisons exist, even stable nuclei such
as 19B and 137Gd, for which the cross sections for capture
of epithermal neutrons with £, < 0.4 eV are 3.80 x 103
barns and 2.54 x 107 barns, respectively. A very large
(8.61 x 10° barns) thermal neutron absorption cross section
was also observed for 8Zr [37]. Medical applications, such
as the the gadolinium neutron capture therapy (GNCT)
[38] and boron neutron capture therapy (BNCT) [39],
are also based on large neutron absorption by the nuclei.
Other examples of neutron poisons are °3Cd with neutron
absorption cross section of 2 x 10* barns and '3>Xe with
3 x 10° barns, the largest known cross section for neutron-
induced reactions. 113Cd, a cadmium isotope, is often used

@ Springer

in reactors as a neutron absorber-moderator. The neutron
absorption on '33Xe has a cross section reaching atomic
values, but for other neighboring isotopes the cross sections
are inexplicably much smaller. A list of empirical neutron
capture cross sections on several nuclei is shown in Table 1,
with data extracted from Refs. [40-42].

No satisfactory explanation for the very large cross
sections in some of the isotopes is available [43]. In Ref.
[44], it was suggested that the reaction proceeds via the
population of a single 1p-2h doorway in the compound
nucleus, connected with an intermediate structure [46—48].
But a detailed calculation is still missing in the literature.
The phenomenon is most likely of statistical nature, based
on a fortuitous isolated compound nucleus resonance. The

Table 1 Neutron absorption cross sections in several nuclei for
epithermal neutrons (E, < 0.4¢eV)

Nucleus Cross section (barn)
9Be [8.7740.35] x 1073
10 0.540.0.1

4N [79.8+1.4] x 1073
BN [0.02440.008] x 1073
160 [0.1940.019] x 1073
20Ne [37+4] x 1073
2INe 0.666+0.110

28si [17745] x 1073
AOAr 0.660+0.01

40Ca 0.414 0.02

S6Fe 2.59 +0.14

MCo 37.18 £ 0.06

S8Ni 4.540.2

63Cu 4.524 0.02

84Ky 0.11140.015

887y [8.61£0.69]x 103
103Rp 14542

3¢g [2.06+0.04]x 10*
4cq 0.3440.02

135Xe 2.65 x 10° [40]
136xe ~1x 1073 [42]
1499 m [4.01440.06]x 10*
157Gd [2.5440.008] x 107
1597 23.340.4

208py, [0.234£0.03]x 1073
209B; 0.03384-0.0007
2T 7.3540.03

B8y 2.68+ 0.019

We have chosen adjacent nuclei across different mass regions to
display the very different values of their neutron absorption cross
sections. The compiled data of experimental results were taken from
Refs. [37, 40-42]



Braz J Phys (2021) 51:212-222

215

problem with this idea is that such a resonance requires
very narrow conditions on its position and strength, which
are seldom met. The probability that the reaction hits this
resonance is given by [44]:

1 1
P = — , 7
(no) 27 1470 7
with n9 = I'p /Ty, as a measure of the enhancement

due to the doorway state, where I'p, is the doorway
width and I'y ,, is the compound neutron width. But, while
I'p, is in the keV region, Iy, is in the eV region.
Therefore, no > 1, P(no) < 1, and the probability for the
occurrence of the doorway enhancement is very small. Since
most of the neutron capture cross sections are inhibited
by statistical fluctuations, the probable cause for the large
neutron poison cross sections remains within the domain of
random phenomena.

In Ref. [24], the INEB formalism was further developed
to relate the neutron capture cross sections with (d,p)
reactions in inverse kinematics. It is readily noticed that
the zero-point motion of the neutron inside the deuteron
has a large effect in reducing the neutron absorption cross
section from the free neutron values by several orders of
magnitudes. It is also found out that the best energy for
such studies is about 30 MeV/nucleon ions incident on
deuteron targets. In Table 2, we show a numerical evaluation
for the contribution of the s and d deuteron bound states
to the neutron capture cross sections [24]. The purpose of
these calculations is to motivate experiments with neutron
poisons. In fact, for projectiles such as '*¥Xe and 37Gd,
large cross sections are also obtained for deuteron targets.
These cross sections are amenable to experimental studies
using radioactive beams of '3Xe and 1>7Gd.

Table 2 Neutron absorption cross section for (d,p) reactions for
several target nuclei

Nucleus o’ (mb) o4 (mb)
MCo 2.01 x 1072 5.08 x 1073
S8Ni 1.63 x 1073 9.26 x 1074
63Cy 241 x 1073 9.06 x 1074
87 1.54 x 102 0.37 x 102
135Xe 7.02 x 102 2.85 x 102
1499 11.3 3.48

157Gd 7.31 x 10! 17.3

1597 7.29 x 1073 1.55 x 1073
B2Th 2.76 x 1073 8.07 x 1073
B8y 461 x 1074 225 x 1074

Effective deuteron energies of 30 MeV in inverse kinematics were
considered. Note the large cross sections, within experimental reach,
for 87r, 135Xe and 157Gd

2.2 Statistical Coupled-Channels Theory

Numerical calculations for elastic and inelastic scattering of
a system involving a very large number of channels are often
a prohibitive computational task. Reactions with radioactive
beams often involve this feature, and in particular, for
weakly bound nuclei the continuum might need a special
treatment with a continuum discretization, often known as
continuum-discretized-coupled-channels (CDCC) [49-51].
For a comprehensive review of the CDCC method, see
[52]. Practical continuum discretization methods have been
discussed in Ref. [53] that can also be used in semiclassical
calculations.

A few works have pursued the challenging task to
implement a full numerical implementation of reaction
cross sections for nucleon-nucleus scattering including
the coupling of the elastic channel with a large number
of particle-hole excitations in the nucleus. The particle-
hole states are regarded as doorway states through
which the reaction flows to more complicated nuclear
configurations, followed by a flux to long-lived compound
nucleus resonances. In Ref. [54], the many channels
were microscopically obtained from a random-phase
calculation with a Skyrme force. A good agreement was
obtained for proton and neutron scattering at 10-40 MeV
incident energies. In Ref. [2], alternative statistical methods
were proposed to mitigate the problem of coupling to
an intractable large number of channels. Two relevant
theoretical approaches have been developed based on the
average of a large number of couplings to background
channels while keeping the couplings of main doorway
channels fully in the coupled-channels procedure. But,
despite the appealing feature of simplifying continuum-
discretized-coupled-channels calculations, and of many
doorway states, the statistical CDCC equations developed in
Ref. [2] have not been implemented numerically.

To complement the techniques developed in Ref. [2],
we introduce another method based on random matrices to
treat coupled channels with a very large number of states.
We will describe reactions with many couplings to breakup
channels. We take the CDCC Hamiltonian to be:

Ay Ac
H:HO+TR+V[(; R+—l‘ +th R——r ,(8)
A, A,

where Hj is the nuclear intrinsic Hamiltonian, ¢ and f are
the two fragments of the projectile. We expand the partial
wave components of the wave function as:

1 .
w/MT (R ) = EZMIJ]Z(R)Q% (r)Yljz/l (QR,Qr) , 9
IjLi
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with We can now write the scattering matrix U”7in terms of
. ; IM R'7as

v (@) =it (@) ex) @ v @]

(10)

In the equations above, ¢l]i (r) are the wave functions
describing the relative motion of the projectile fragments ¢
and f, satisfying

Hooj; = &}, ¢7;» (11)
and the u 11172 ;(R) the wave functions describing the relative

motion between the projectile center of mass and the target.
These satisfy the equation:

2 (d*>  L(L+1)
2u \dR? R2

where we have now substituted the index c for the set (I Li),
with the understanding that ¢, = 81]i~ We have divided
the interaction into a diagonal part U.(R), which contains
the monopole nuclear and Coulomb potentials, and a term
Ve (R), which describes the coupling among the channels.

To solve these equations, we expand the wave function in
the internal region (0 < R < @) in a basis ¢, (R), as

Wl (R) =Y AlTou(R),
n

>+1Mm+&—EWﬁm)

= v ®ulT(R), (12)

R <a, (13)

and match at R = a to the Coulomb wave functions of the
external wave function,

c,ext cco

Jr _ L _ Jr
2t (R) = e (1 eR) b = Oc kR UET) . (14)

where v, and k. are the relative velocity and wave number
in the channel, O, = I} are the outgoing and incoming
Coulomb waves, and UCJL 71is the scattering matrix [45].

We use the Bloch operator [46—438]:

n? d
Lo=—38R— — —B. ), 15
<= ( a)(dR c) (15)
where we will take B, = 0. Then, we define a matrix C as
chnjfc/ n' (16)

= (¢n |(Tc +Uc+éec+Le— E)deer + VCJCZT|(/)n’>
and the R-matrix as

1
J
R = §:>hW[57;]

dnd'n’

Y d'n's (17)
dn,d'n’

where

h2
Ye,dn = 2_(pn (@)éca. (18)
wa

Suppressing the indices, we can write:

! T (19)

Jo _
R =vemy
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Uit — p1/20 (1 _ RJnD>_1 (1 _ RJ;TD*) Ip—1/2’

(20
where

Pec = keadee,

O = Oc(kea)deer, (21)

Ieer = Ie(kea)dee

and

O/ (kqa) I'(kea)T*

D..=k,. ¢ S.v =k, < - / 22
cc cd 0. (koa) cc ca 1. (ket) cc (22)
‘We now write

-1
(1_RJ7TD) =1+RJ7TD
+R'"DR'™D + ...
1
=1+ycmyTD (23)
1
T T
+VCJ”J/ Dycmy D+...
=1+y v’ D
C/7 —y' Dy
Substituting, we may reduce:
J -1 J
Q-—R”D) (1—R’Uﬁ) (24)
=l+y————y" (D-D*
+ycln_yTDyy ( )

and write the scattering matrix as

Uit = 20 (1 +ymyT (D - D*)> 112,

(25)

Now, let us assume that we are only interested in a
strongly coupled subset of the states c. We can the write the
matrix as

c/m—yTp V

Jm 1 0 14 oY

c’m—y'D

4 ( vi C){ 14 Dx)/>’

(26)

where the sub-matrix containing the set of interest is
denoted by 0 and the remaining set by x. Since the matrix
elements of ¥’ Dy are diagonal in ¢ (but not in n), the
only matrix elements coupling the two sets of states are the
(weak) interaction terms v, ./, Which we denote here by
V. Its inverse is given by:
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1
1
(C({n — 7" Doy = Ve =Dy VT)

_ !
iV (G =T Doy = Vg V)

CI7—yTDyy

Up to this point, the development has been exact. To
simplify the calculation of the component of interest, we
would like to approximate the matrix:

1
— V7. 28
CxJﬂ —yTDyy @8
We would also like to approximate the term:
1 b4 1
Ve T 10, y—m———— VT,
C)'CIN_J/TD;)/V k/%p)(' X| yC)‘Cln_)/TDx)/
(29)

which enters the expression for the summed cross section of
the weakly coupled states.

2.2.1 Weak DWBA

If the coupling among the channels weakly coupled to the
entrance channel is also weak, the simplest approximation
would be to neglect the coupling term in Cy7, a type of
DWBA approximation. In that case, we would take:

(ci7) (30)
en,c'n’
= {on | Te +Ue +&c + Le— E|@y) bcer

and
(cim=v"Doy) 31
, o
— (((p,, [T, +U;.+ 6+ L — E|lgy) — mDC) See -
‘We would then have
(V ! VT> (32)
C)‘c]n - yTDXV con,con’
1
- Z Veon,cxm <C1”——yTDy> Veem! cpn’ -
comm’ X X cym,cym’

The coupling through the weakly coupled terms would
then include only their optical propagation part—the c,
submatrices would not be coupled. The R-matrix solution
would still require the solution of each ¢, channel in the
expansion set {¢,} but would not require calculation and
diagonalization of the c,n matrix.

2.2.2 Statistical CDCC

Alternatively, if the coupling among the channels weakly
coupled to the entrance channel is sufficiently strong to
mix them, we can consider using statistical hypotheses
in approximations to the cross sections. If the expansion
functions ¢/, (r) and ¢,(R) are real, the matrix C]™ is
real symmetric and the matrix C{™ — y7 D,y complex
symmetric. There is thus a unitary transformation U for
which U (CXJ” — yTny) UT is diagonal. This does not
look to be that useful an expression, since we cannot expect
special behavior of the matrix elements of UU” .

On the other hand, whether the basis functions are real or
not, the fact that C){ 7 is Hermitian implies that there exists
a U for which UC/™ U™ is diagonal. In this case, we have

1
vievu—UtvT, (33)

Vv
E—E

Jr
C)C

where &, is the diagonalized Hamiltonian in the x subspace.
Rewriting the matrix elements VU as

(VU)cgn,A = Zvcon,cgn’Uc;n’,ka (34)

/!
cn

we expect that we might find
VU !
E —E
1

=S v, (UTV*)
ZA:( )Lon’k ¢, — E Aoegn’

Ut VT> (35)
con,cyn’

~ Z ‘(VU)con A|2 ;860{:/ Sun
T ’ € — E 0

due to the fact that matrix elements with different values of
¢ and n will have different phases and will tend to average
to 0.

To perform calculations, a stronger version of this
hypothesis is needed. First, we require the number of states
N to be large in intervals A€, in which optical quantities
such as k, p, and D vary slowly and denote these intervals
by A. We then assume that

> VW (UTVT) = NAl (VU a Begeybun+ 36)
rEA o
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so that We can then approximate the S-matrix of the strongly
coupled states as
1 +
VU Ut VT> 37 Jx
( gx —E con,con UO (43)
172 1
- Z|(VU)con A| coc/ Snn’ - =f0 O <1 Ty S T TV
= 0 Ch y' Doy — Ao — il /2

However, the matrix element we want to simplify is:

1
V—VT) (38)
< C){n - yTny con,con’

UTV*) .
con,cyn’

1
=|VU
( E—E-UYIDyU

This will be easy to calculate if

FT _ $.T
(U Y nyU)AA/ - Z (U Y )A,cxn DCX (VU)C‘M/N
cynn’
~ (Y7 D7) o (39)
=ilA/26)5,

for A € A, which we will assume to be the case. We then
have

1

V—VT) (40)
( C){n _VTDXV con,con’
1 tyt

= (Vvo———now——U'V

E —il/)2—E comci’

B [ L S
~ nAl ey —iTp/2 — E 00"

If the average matrix elements vary smoothly with A, we
can write (NpA — px (€p) dep)

2 Na
ZA:|(VU)c0n,A| e —iTrA)2—E 41)
_ 2 px(en)dep
—f!(VU)COn,A| it

= Acon(E) + lrcon (E) /2

~ 2 (VU ) egnn | 0 (ea = E) .

If the statistical hypotheses are consistent with the physics
of the problem, this is equivalent to:

1 -
v—v‘> “2)
( C)‘c]n_yTDXy conc(’)n’

= (Acon(E) +il Con (E) /2) coc()Snn’ .

@ Springer

(Do — D;;)) Iopg ?

and can calculate the cross sections accordingly. Note that
these cross sections only take into account the loss of
flux to the weakly coupled states. They do not include
the fluctuation contribution due to coupling through the
weakly coupling states back to the strongly coupled ones.
The lowest order fluctuation contribution will come from
the term

12 1

UJ% = p " Oy (44)
OIS T TE dT — YT Dy — Ag —iT /2
] T
4 Jr T v
Cx _y ny
1
X

c{™ —yT Doy — Ao —iT}/2
1/2
xy! (Do — D§) Iop, 2
where the couplings V and V' must be averaged with
those of the conjugate contribution, UOJ J}}L The fluctuation
contribution is thus of fourth-order in the coupling V.
The lowest order contribution to the S-matrix elements

of the channels weakly coupled to the entrance channel are
given by

Jn 12 1 t
Usg = px Ox)/mv (45)
1
x
C{™ —yTDoy — Ao — il /2
12
Xy (Do—Do) lopy 2

with cross sections given by

‘ 2

0x0 = (46)

kx
The inclusive cross section to the weakly-coupled states can
be written as

T 2
=7 V — 0] 47
ZUxO 7T )/TD*)/V k)%px| )C| ( )
S vis
X)/ )
CI™ —yTDyy
where
1 ~12
S = yT (Do — DY) Iopy /* .

C{™ —yT Doy — Ao —iT{/2
(43)
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We write

(v ! T2 10,2 ! v"')

T Tl Y 3P Y o Iw T o

C,%,” - VTD;?V k)% e C){n - VTDXV con.cyn’

T s

Uly" 5p:10:2
X

1
VU ———
< £x+irx/2_E

X}/U%UTVT>
Ex—ily/2—E con.cyn’

. T
= S|V f—aTA2
A le

—————————8¢,¢ O (49
A—iFA/Z—E|2 cocy Onn (49)

where we have assumed that

n T 5
<UTVT QIOX |0x|2 )/U)M/ = <VT ﬂé |0X|2 )/)A SK)L’
=T /28, (50)

Transforming the sum over states to an integral, as before,
we find
- 0
2 NaT' /2

Y VU =T

A |6A—ZFA/2—E|

pr(€n)TH/2
lex —ilA/2 — E?

dep (628

- / |(VU)gnn|”

1 -
r 2

~m—Lp(ep = E) |(VU)C()n,A| .
Ia

The inclusive cross section to the channels weakly coupled
to the entrance channel can then be written as

2

S
o

FT T 2
ZUxO = nﬁpx (en =E) Z |(VU)c0n,A|2 n',con
X

i
Col’ll’l

(52)

These cross sections also have higher-order corrections
corresponding to coupling through the weakly coupled
states to the strongly coupled ones and then back to the
weakly coupled ones.

We note that the loss terms also have higher-order
corrections coming from averages over different pairs of
interactions, such as the following one, in which the middle
two instances and the outer two instances of the interaction
are averaged:

| 1 1
1% yi %4 Vi,
Cim —y™Dyy  Cj™ —yTDoy C{™ —yTDyy

(53)

When the coupling is weak, this term can usually be
neglected in comparison to the term:

1

Ve V7, 54
Cim —yTDyy oY

for which it would serve as a correction in the development
above. (The average over the first pair of V’s and the second
pair of V’s furnishes the second-order iteration of the latter
term in the expansion rather than a correction to it.) When
the number of weakly coupled states is large, it can be
shown that the other possible combination of averages—
the first and third instances and the second and fourth
instances of V—is much smaller than the other two. This
method has not been implemented numerically, but work in
this direction is in progress. It will simplify calculations of
reaction cross sections involving too many states, beyond
the reach of present computing capabilities.

3 Inclusive Non-Elastic Breakup Reactions
of Two-Fragment Projectile
on a Two-Fragment Target

We now consider a four-body breakup problem for the
reaction of a two-fragment projectile with a two-fragment
target. Both projectile and target can dissociate into their
two clusters, forming a genuine four-body system. The
formalism of Ref. [3] can be applied by describing the target
as a = b + xp cluster, and the projectile as another A = x
+ B cluster. Therefore, the inclusive measurement of b will
include the breakup of the projectile with x| reacting with
the target a = x| + d, and also the breakup of the target
with x, reacting with the projectile, formed by the x» +
A cluster. This reaction is a complicated high-energy four-
body problem. To simplify it to a manageable problem, we
treat the reaction as a two three-body process. The breakup
of the projectile is assumed to proceed without affecting
the target, and the breakup of the target is also assumed to
proceed without affecting the projectile. One then obtains
two separate groups of detected spectator fragments, one
belonging to the target and the other belonging to the
projectile. This approach can become valuable to treat
reactions involving a neutron or proton-rich projectile with
targets such as the deuteron.

Let us consider the reaction 8B + d, yielding p + (n + B)
— p+7B, orp+ (’Be + d). Note that ®B is a one-proton halo
with proton separation energy of 0.137 MeV. The reaction
p + (n + ®B) leads to a neutron capture by a one-proton
halo nucleus, whereas the reaction p + ("Be + d) yields an
incomplete fusion of the core of the halo nucleus with the
deuteron target. Denoting the proton originating from the
radioactive projectile by p; and that from the deuteron target
breakup by p», we can write the inclusive non-elastic proton
spectrum as

2
d-o,

— P = p(E,)é 8B 55
dE,ds, p(Ep,)or(n + 8B) (35)

+0(Ep)6r(d+TBe) + - --
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The first term on the right-hand side contains the neutron
capture cross section of the halo nucleus and is peaked
at the higher proton energy since the proton separation
energy in the deuteron is 2.22 MeV. In contrast, the
second term corresponds to the incomplete fusion in the
form of "Be + d which leads to the emission of the
halo proton in 8B first, followed by the collision of its
core, 'Be, with the deuteron. The last reaction mechanism
will dominate the low-energy part of the inclusive proton
spectrum.

For a one-neutron halo projectile such as !'Be or °C, the
same type of reaction yields an inclusive proton spectrum
that will exhibit a low-energy peak associated with the
deuteron breakup at 2.22 MeV, and a weaker higher energy
peak related to the removal of a proton from the tightly
bound cores, °Be, 18C. That is:

do) (Ep,)6r(n+'" Be) (56)
_ = n c
dE,de, ok
+0(Ep)dr(d+'""Be) + -
do) (Ep)6r(n+"C) (57)
_— = or(n
dE,dg, PR

+p(Ep)6r(d+"8B) + - -

The cross sections, 6z (n+''Be), 6g (n+'°C), 6z (d+'"Be),
6r(d+18B), are obtained from expressions similar to (5).
One needs the S-matrix elements, S’pl (rp,) and 3'1,2 (rp,)
to evaluate the cross sections. The matrix elements can be
calculated once the optical potentials appropriate for the
scattering of protons on deuterons and on the different halo
projectiles are known. Optical potentials for the projectile
and target systems are also needed, as well as those to
obtain distorted waves of the participant fragments. These
are n+'"Be, n+1°C, d+'%Be, and d+!8B. In the case of
the proton halo nucleus 8B, we need similar ingredients:
S'pl(rpl) for p + d elastic scattering and S‘pz (rp,) for p
+ ®B. Similarly, one needs the optical potentials for d
+ 8B, n + 8B, and d + "Be. These potentials could be
extracted for a phenomenological fit to elastic scattering
data.

Once the incomplete fusion cross sections are calculated
from fusion theory [56], the neutron capture cross sections
can be obtained from the general form of the breakup
cross sections: (55), (56), (57). Thus, the inclusive non-
elastic breakup is a potentially powerful method to extract
the neutron capture cross section of short-lived radioactive
nuclei.

@ Springer

4 Inclusive Non-Elastic Breakup Reactions
of Three-Cluster Projectiles with Two-Cluster
Targets

Let us consider three-cluster projectiles, a = b + x1 + x2,
such as ?Be = “He + “He + n and Borromean nuclei such
as "Li = °Li + n + n. The cross section for the four-body
process, b + x1 + x2 + A, where b is the observed spectator
fragment and x; and x, are the interacting participants
fragments, is given by [55]:

dZO_INEB

—b = py(Ep)op?, (58)

dEpdQy

oiB — k_a |:Exlax1 +&UX2+ ECM(XI,X2)U3B]

BT E Lk Bk B Gy k) L

(59)

where,

X1 kx1 A~ A

O = E_(pxl,xz|wx1|pxhx2>, (60)
X1

X2 kx2 A ~

ogp = E_(pxl,xz|Wx2|pX|,x2)a 61)
X2

and,

3 (key + ki) .

GR = m <pxl,X2|W3B|pX1,X2>7 (62)

is a three-body, x1 + x + A, reaction cross section. The
different energies of the fragments are determined by the
beam energy for weakly bound projectiles with the binding
energy being marginally relevant for the energies of the
three outgoing fragments. In this case, we can use, e.g.,
Ex . Lab = Eapap(My, /M), with M, and M,, being the
mass numbers of the projectile and of the fragment xi,
respectively. The three-body source function, py, x,, is a
generalization of the two-body source function defined in
(3), (4), i.e.,

ﬁX] 3 X2 (rxl ’ rxz) (63)

= (X[Ei) (rb)|ng+) (rp, Fyp, ) @g(p, Ty, rx2)>‘

The cross sections agl and 0;2 are the reaction cross
sections of x; + A and of x, + A whereas the other clusters,
x2 and x1, are scattered and not observed. In analogy with
the developments presented in the previous section, one gets
[55]:

E a 2
KXI]O'? = /drxldrxz|5b(l‘x1’rm)| ©4)

x| () PW ) xS () 1,
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Ex
X2
2

(65)
ky, K

_ / by, s, |85 (T, 1)

x| x5 ) PW ) xS ()12,

The three-body reaction cross section 05" corresponds to
a new type of absorption where both fragments interact with
the target simultaneously (x; + x> + A). To our knowledge,
the formulation for such a process has not yet been explored
in the literature for the calculation of reaction cross sections.

3B
R

5 Conclusions

We summarized a few works aimed at extending the
formalism developed by Hussein and McVoy [1] on
inclusive non-elastic breakup (INEB) reactions. The main
application of the formalism is to obtain neutron absorption
cross sections by radioactive nuclei in inverse kinematics.
First, we have considered the case of a radioactive projectile
incident on a two-cluster target, such as the deuteron.
Applications have been done to extract neutron capture
cross sections on neutron poisons based on the results of
Ref. [24]. Furthermore, an assessment of the statistical
CDCC theory developed in Ref. [2] has led to an additional
method using random matrix theory.

The case of INEB reactions two-projectile cluster (or
fragment) reacting with a two-target cluster has also been
discussed [3]. A schematic formulation was also introduced
for the case of INEB reactions of three-cluster projectiles
with two-cluster targets. All these ideas and theoretical
methods have been elaborated in collaboration with M.S.
Hussein along many years and decades. His enthusiasm and
openness to solve problems in physics was a motivation for
many of his collaborators, including ourselves.
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