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The Coulomb dissociation of neutron halo nuclei is studied as an excitation process into the continuum. This way we proved that the dissociation of the halo nuclei
in high energy collisions on heavy targets is a powerful way to extract structure informations. The results presented can be used to compare the theoretical differential cross
sections for different models of the two-neutron halo with the experimental data.

1. INTRODUCTION

Fragmentation reactions are powerful tools to investigate halo nuclei [1]. Different models for one-neutron halo breakup [2–4] as well as for two-neutron halo
[5–7] have been discussed in the literature. In general the breakup of weakly bound
nuclear systems is governed both by the short range nuclear attraction and the long
range Coulomb repulsion. We will focus in what follows on the processes governed
by the Coulomb repulsion.
The basic features of heavy ion reactions can be understood in terms of an interaction potential between the centers of mass of the two colliding nuclei consisting of
a Coulomb repulsion and a short-range nuclear attraction. The interaction potential
displays a maximum (the Coulomb barrier) and the two colliding nuclei must have
an energy of relative motion which exceeds this barrier in order to form a composite
system. The Coulomb barrier increases with the atomic number of the two colliding nuclei. If two heavy ions scatter with an energy of relative motion below the
Coulomb barrier the main interaction between them is the point Coulomb interaction
which gives rise to a hyperbolic (Rutherford) trajectory of relative motion. Due to
the finite extensions of the interacting nuclei, the electric field may cause excitations
in both systems. Because of the simplicity of the Coulomb interaction, the experimental results from Coulomb excitation can be analyzed in a model independent way
with great accuracy, providing unambiguous information about the electromagnetic
properties of nuclear states.
During the last forty years this process has been extensively studied with lighter
ions and has played a crucial role in establishing the properties of collective (vibrational and/or rotational) low-lying states of nuclei throughout the mass table [8].
Because of the slow variation of the Coulomb field in space, it can only excite
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modes of low multipolarity. Because of the slow variation of the Coulomb field in
time, it is impossible to excite states of high energy, since the process in this limit
becomes adiabatic.
Even below the Coulomb barrier the elastic scattering deviates strongly from
the Rutherford cross section; this strong deviation does not imply any significant
change in the trajectory of relative motion from the classical hyperbolic orbit, but is
solely due to the depopulation of the ground state through Coulomb excitation.
With the weakly bound nuclear systems which becomes available recently in
the experimental facilities around the world we expect that the Coulomb interaction
may excite the system into continuum as the necessary energy is small and moreover
there is no excited bound states available in the system.
In the following we will study the general properties of the Coulomb dissociation of the neutron halo nuclear systems.
2. MULTIPOLE EXPANSION OF COULOMB INTERACTION FOR NEUTRON HALO
PROJECTILE

The Coulomb potential acts only on the charged core and one has in the target
frame of reference
e 2 ZT ZP
VC =
,
4π0 |~
ρ + ~r|
where ρ
~ is the projectile center of mass position vector, ~r is the core position in the
projectile center of mass frame and ZT and ZP are the atomic numbers of the target
and projectile, respectively. One can expand the Coulomb potential in power series
in ~r and in the first order (dipole approximation) one obtains
VC '

e 2 ZT ZP
e2 ZT ZP
−
ρ
~~r.
4π0 ρ
4π0 ρ3

The first term acts on the position ρ
~ of the projectile center of mass and leads to an
overall scattering of the halo nucleus. As we are only interested in the part that acts
on the relative position of the core and valence neutrons and cause dissociation we
have to consider only the second term and denote it by Vdip .
The dipolar potential can be expressed alternatively in terms of the valence
neutron position using the properties of the center of mass. We have the core position
in the center of mass frame, ~r, for one-neutron halo
~rn
ρ
~n
~r = −
=−
,
AP − 1
AP
where AP is the projectile mass number, ~rn is the neutron position in the projectile
center of mass frame and ρ
~n is the neutron position in the core frame of reference.
For a two-neutron halo nucleus the core position in the projectile center of mass
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frame, ~r, is given by
~rn1 + ~rn2
ρ
~n1 + ρ
~n2
,
=−
AP − 2
AP
where ~rn1 and ~rn2 are the two valence neutrons positions in the projectile center of
mass frame and ρ
~n1 and ρ
~n2 are the positions in the core frame of reference.
One has to remark that the projectile position in the target frame of reference,
ρ
~, is given in terms of the projectile position in the center of mass of the projectile
~ by the relation
plus target system, R,


AP ~
ρ
~ = 1+
R,
AT
~r = −

with AP and AT the mass numbers of projectile and target, respectively.
Therefore, the dipolar potential in the one-neutron halo system will be
Vdip =

e 2 ZT ZP ρ
~·ρ
~n
4π0 AP
ρ3

and for a two-neutrons halo
Vdip =

e2 ZT ZP ρ
~ · (~
ρn1 + ρ
~n2 )
.
3
4π0 AP
ρ

In general one has to deal with a coupling of the relative projectile-target mo~ or ρ
tion (given by R
~) and the evolution of the internal state of the weakly bound
projectile (described by ~r or ρ~n ). For the projectile structure one has a spectrum
which, in general, consists of both discrete and continuum part. The above dipole
interaction may produce changes of the internal structure of the projectile. For usual
stable nuclei the important part is the Coulomb excitation of higher energy bound
states. This problem was considered from the beginning of nuclear structure studies [8] and the general expressions for the Coulomb excitation amplitude has been
derived by Winther and Alder [9]. For weakly bound systems there are no other
excited bound states and the Coulomb interaction will produce transitions in the continuum, i.e. dissociation of the nuclear system.
The simplest approximation to describe the coupled relative and internal motion is to consider that the dynamics of the projectile-target motion is decoupled from
the changes of the projectile internal state; the relative dynamics is governed mainly
by the monopole part of the Coulomb interaction which results into Rutherford scattering. As we are interested only on the processes related to the Coulomb interaction
at relatively high bombarding energies (above the Coulomb barrier) one has to look
only at peripheral collisions. In this case one can safely neglect the quantum effects
on the relative motion and, moreover, adopt the straight-line approximation
ρ
~(t) = b~ex + vt~ez ,
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where b is the classical impact parameter, v is the projectile velocity in the target
frame of reference, and t is the time. This is a reasonable approximation for a wavelength small compared to the impact parameter and to the projectile dimensions. As
the impact parameter is supposed large compared to the projectile dimensions, the
dipole approximation is also justified. In this case the matrix element of the timedependent dipolar potential between the ground state |i > and an excited state which
can belong to the continuum part of the spectrum |f > becomes [10]
(
e 2 ZT ZP
vt
< f |Vdip |i >=
< f |ρzn |i > +
3/2
2
2
4π0 AP
[(vt) + b ]
)
b
x
+
< f |ρn |i >
[(vt)2 + b2 ]3/2
Therefore the problem is reformulated as a problem of transitions between the states
of the halo projectile under the action of a time dependent interaction. It is a standard
result that the amplitude to find the projectile in the state |f > after passage in the
target field, af , is given in the first-order perturbation theory by
Z
Ef −Ei
i ∞
af = −
dtei ~ t < f |Vdip (t)|i >
~ −∞
Ef −Ei
Z
i e2 ZT ZP ∞
ei ~ t
=−
{vt < f |ρzn |i > +b < f |ρxn |i >} .
dt
~ 4π0 AP
−∞
[(vt)2 + b2 ]3/2
With the changes of variables
(Ef − Ei )b
~v
v
s = t,
b

β=

this may be written
i e 2 ZT ZP
af = −
~vb 4π0 AP


<

f |ρzn |i

>

∞

seiβs
+
(1 + s2 )3/2
−∞
Z ∞
x
+ < f |ρn |i >
ds

Z

ds

−∞

eiβs
[1 + s2 ]3/2

)
.

The two integrals can be expressed using the integral representation of the modified
Hankel function [10]
Z ∞
cos βs
ds
= βK1 (β),
(1 + s2 )3/2
−∞
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and the probability amplitude is
2 e2 ZT ZP
{< f |ρzn |i >( − βK0 (β) )+i < f |ρxn |i > βK1 (β)} .
~vb 4π0 AP
For small values of β we have
af = −

βK1 (β) → 1
2
K0 (β) → C + ln ,
β
with C = 0.5772... the Euler constant. When β is small (this means high energy
collisions, i.e. large velocity v and not too large impact parameter b) the transition
amplitudes are dominated by the transverse term < f |ρxn |i >. In the following we will
study the implications of the above formulae using different models for the internal
structure.
3. COULOMB DISSOCIATION OF ONE-NEUTRON HALO NUCLEI

For one-neutron halo nuclei (e.g. 11 Be) one can consider that the continuous
spectrum is given in terms of the plane waves
~
|f >= |~k >∼ eik~ρn .

A better approximation will be to work with distorted wave functions. Nevertheless,
because there is no resonance close to the threshold in the p-wave and the halo state is
a s-state, the plane wave approximation gives a good description for the momentum
dependence of the probability of dissociation as the Coulomb interaction couples the
s-wave ground state only with the p-wave continuous spectrum in the dipolar approximation. Because the dissociation amplitude is dominated by the behavior of the
wave functions at large distance, the energy dependence will be well described, even
if the absolute values might differ by a factor two [11].
The amplitude to find the valence neutron with momentum ~k in the core rest
frame (e.g. 10Be rest frame) can be written
Z
Z
−αρn
e−αρn
d
~
~ e
a~k ∼ d3 ρn e−ik~ρn ρxn
∼
d3 ρn e−ik~ρn
.
ρn
dkx
ρn
The amplitude is related to the Fourier transform of the ground state wave function
−αρn
which is supposed to be e ρn , i.e. a Yukawa function in the core rest frame. The
Fourier transform of the Yukawa function is elementary and we get the probability
density to obtain a neutron with momentum ~k

2
dP~k
d
1
k2
2
=
|a
|
∼
∼
sin2 θ cos2 φ.
~k
d3 k
dkx k 2 + α2
(k 2 + α2 )4
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Integrating over the ~k direction one obtains the neutron-core relative energy dependence of the cross section
dP~
dσ
E 3/2
dσ
k3
∼
,
∼
∼k 3k ∼ 2
dE kdk
d k
(k + α2 )4 (E + |Egs |)4
which has a maximum at 3/5 · |Egs |.
The neutron-core relative energy distribution after the Coulomb dissociation of
the 11 Be halo nucleus is well described by the above simple model [11]. In general
the Coulomb dissociation of one-neutron halo nuclei is better understood than the
two-neutron halo case. Our main goal is to study the possibility to extract structure
informations from the Coulomb dissociation in the case of two-neutron halo. In the
following section we will see which observables are sensitive to the structure of the
initial state.
4. COULOMB DISSOCIATION OF TWO-NEUTRON HALO NUCLEI

For the Coulomb dissociation of a two-neutron halo nucleus like 11 Li one can
consider that the continuum part of the spectrum is given in terms of the plane waves
~
~
|f >= |~k1 , ~k2 >∼ eik1 ρ~n1 eik2 ρ~n2 .

The amplitude to find the valence neutrons with momentum ~k1 and ~k2 in the core rest
frame can be written
Z
~
~
a~k1 ,~k2 ∼ d3 ρn1 d3 ρn2 e−ik1 ρ~n1 e−ik2 ρ~n2 (ρxn1 + ρxn2 )ϕ(~
ρn1 , ρ
~n2 )

Z
d
d
~
~
∼
+
d3 ρn1 d3 ρn2 e−ik1 ρ~n1 e−ik2 ρ~n2 ϕ(~
ρn1 , ρ
~n2 ),
dk1x dk2x
where ϕ(~
ρn1 , ρ
~n2 ) is the wave function of the two-neutron halo nuclear system. Thus,
the amplitude is given by the Fourier transform of the bound state wave function, i.e.
it is the halo state wave function in the momentum representation. If we assume that
the wave function is a product of two Yukawa functions (independent weakly bound
valence neutrons) one obtains
dP~k1 ,~k2
d3 k1 d3 k2

= |a~k1 ,~k2 |2 ∼

k12
2
(k1 + α2 )4

k22
2
(k2 + α2 )4

sin2 θ1 cos2 φ1 sin2 θ2 cos2 φ2 .

From the above expression of the double differential cross section one can derive
different relative momentum distributions measured in experiments integrating over
some momentum variables. For instance, one obtain the energy distribution of the
two neutrons in the core rest frame by integrating over the angular variables θ1 , φ1 ,
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θ2 , φ2 and the energy of one of the neutrons
Z E
3/2
dσ
E1
(E − E1 )3/2
dE1
.
(E) ∼
dE
(E1 + α2 )4 (E − E1 + α2 )4
0
One can use other bound state wave functions as well to obtain the relevant momentum distributions of the emitted neutrons after the Coulomb dissociation. Some alternative wave functions could be the wave functions obtained in terms of the scattering
lengths characterizing the zero-energy interaction in the two-body subsystems in the
hyperspherical formalism [12, 13], or using the Fermi pseudopotentials [14, 15].
In particular, using the wave function proposed in [14]
 −αρn1

e
e−αρn2
ϕ(~
ρn1 , ρ
~n2 ) ∼
+
δ(|~
ρn1 − ρ
~n2 | − R),
ρn1
ρn2
where α and R are parameters, the integrals can be done analytically and one obtains
(

)2

d
sin(k1 R) sin(k2 R)
d
1
2
|a~k1 ,~k2 | ∼
+
.
+
dk1x dk2x |~k1 + ~k2 |2 + α2
k1 R
k2 R
The above formula could be used to test the wave function of the two-neutron halo
state against the data obtained in the dissociation on a heavy target when the dominant
mechanism is governed by the Coulomb interaction. For light target we should look
only at the peripheral collision events to separate the contribution of the Coulomb
dissociation from the nuclear breakup.
5. CONCLUSIONS

We discussed the problems raised by the extraction of the structure informations on the neutron halo states from the Coulomb dissociation data. The main result
is that the Coulomb dissociation may be described similar to the old problem of
Coulomb excitation in a heavy ion collision if we consider that the excited states are
into the continuum.
We presented a detailed discussion of the simple case of the one-neutron halo
looking at the energy dependence of the emitted neutron. This energy dependence is
governed only by the large distance behavior of the wave function which is, in any
case, of the Yukawa type. The absolute value of the cross section depends also on
the wave function normalization, which is related to the small distance behavior of
the wave function. The small distance behavior depends on the details of the nuclear
interaction beyond its scattering length. It might be possible to extract the effective
range of the interaction looking at the absolute values of the Coulomb dissociation
cross section, but this point needs further study.
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For the more complicated case of a two-neutron halo nuclei we presented the
general formulae and the relevant particularization to the case in which the wave
function has the form proposed in one of our previous works on the description of
two-neutron borromean nuclei.
For neutron halo states the main contribution to the Coulomb dissociation comes
from the dipolar term. For proton weakly bound states it is possible that the higher
order multipolar terms, especially the quadrupolar term, have a significant contribution.
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