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Abstract 

Measurements of the breakup reactions: 1 1 Be-> 1 0 Be+n and 8B—>-7Be-)-p 
are analyzed in a single-particle description. The signature of various 
structure properties associated with the valence nucleon are discussed, 
as well as the significance of the different reaction mechanisms, namely 
Coulomb dissociation, stripping and nuclear induced diffraction. 

1 Introduction 
The structure of light nuclei close to the proton and neutron drip lines has 
been studied over the past five to ten years using breakup reactions. The 
early studies focussed on the two-neutron halo in 1 1 L i , with a three-body final 
state. In recent years there have been several measurements of the n B e and 
8 B breakup into a single nucleon and a core-Uke fragment. The simpler nature 
of a two-body final state should allow us to get a better understanding of the 
breakup mechanisms. In addition, the structure of these two nuclei is also 
uncertain, and breakup reactions may provide new insight. 

The ground state of n B e is a l / 2 + state, and not a 1 / 2 - state as one 
naively would expect if the 1 0 B e core were an inert, spherical nucleus. The 
ground state wave function of the valence neutron is dominated by an s-wave 
but it also contains a d-wave component, which is coupled to the 2 + excited 
state of the core to form the l / 2 + s tate [1]. An interesting question is how the 
composite nature of the ground state will affect breakup reactions. 

The structure of 8 B is of particular interest to solar neutrino physics, and 
a challenging question has been if one can make an accurate extraction the E l 
strength from Coulomb dissociation measurements on a heavy target [2], and 
thereby predict the radiative proton capture rate on 7 B e from detailed balance. 
One difficulty is the presence of E2 transitions in the Coulomb dissociation 
which has to be considered before one can isolate the necessary E l strength. 
Another problem is the influence of higher-order dynamical processes. These 
problems, and possible solutions, will be discussed. 
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Information about the ground state of halo nuclei has been obtained from 
momentum distributions of the core-like fragment, produced in breakup re
actions on light targets. Most measurements have focussed on the narrow, 
longitudinal momentum distribution (LMD), which was assumed to reflect the 
ground state momentum distribution of the valence nucleon. This is the re
sult one obtains in the transparent limit of the Serber model [3]. This model 
gave quite reasonable results for the LMD of 1 0 B e fragments produced in the 
breakup of n B e [4], but it failed dramatically for 7 B e fragments, produced in 
the breakup of 8 B [5]. The observed width is about a factor of two smaller 
than expected from a single-particle description. 

Momentum distributions of core-like fragments are discussed in the follow
ing. Results are presented for breakup reactions which are dominated either 
by the nuclear or the Coulomb interaction, with a light or a heavy target nu
cleus, respectively. Both the ground state and the final, continuum states of 
the valence nucleon are described in a single-particle model. 

2 Nuclear induced breakup reactions 
In nuclear induced breakup reactions of a single-nucleon halo nucleus, a —* 
c + x, the production of the core-like fragment c has two components: one due 
to stripping, where the valence nucleon x is absorbed by the target, and one 
due to diffraction, where the valence nucleon x is emitted into the continuum. 

Stripping reactions were considered by Serber in his study of the neutron 
production from the breakup of deuterons [3]. His approach has more recently 
been adopted in the description of the breakup of halo nuclei [6-10]. In this 
approach, the basic expression for the momentum distribution of the core-like 
fragment is 

The two-dimensional integration is over all impact parameters bx of the valence 
nucleon x with respect to the target. The function Sxt is the so-called profile 
function (or S-matrix) for the scattering of nucleon x on the target nucleus t. 

The last factor in Eq. (1) is the momentum distribution of the core-like 
fragment at a fixed value of bx, 

Here rj_ is the transverse component of the relative distance r between x and 
c. This expression contains the matrix element of a similar profile function, 



Sd, for the interaction of the core fragment c with the target nucleus t. The 
ground state wave function of the valence nucleon is denoted by ^ | ^ , and Eq. 
(2) includes an average sum over its m-substates. The final state of the core 
fragment is assumed to be a simple plane wave, and Eq. (2) also includes a 
sum over the two spin projections, ms = ± 1 / 2 , of the absorbed nucleon. 

The profile function for a nucleon can be calculated in an eikonal approxi
mation based on the free nucleon-nucleon cross sections (ann and <r n p), 

Sxt{b) = exp(~- dzcrxnptn(r) + crxpptp(r)) , (3) 
Z J—co 

where r = yjb2 + z2, and ptn and ptp are the neutron and proton densities of 
the target nucleus, respectively. This approach has been used at high beam 
energies, and it can also be used to generate the profile function of the core 
[11, 12]. A simpler approximation that is often used is the black disc model 
[3, 7, 8, 10], 

Sit(b) = 0, b<Rit, Sit(b) = l, b>Rit. (4) 

Here i represents the valence nucleon x or the core fragment c. The absorption 
radii are parameterized as Rct = rabs(A]/3 + A\' ) and Rxt = rabsAt' + 0.8 fm 
[10], and results will be shown for rat,a=1.5 fm. 

The LMD for stripping is particularly simple. Integrating Eq. (1) over all 
transverse momenta one obtains an expression that is local in the transverse 
coordinates, 

(Jr ) j t r = /d ( 2 )b«(i - \s„(b,)\2) /d<V |s,*(|b, -r ± | ) | 2 

*M£THZ\J**^"'<X-.IV&>(r))|\ (5) 
mtm3 

This expression shows how the LMD for stripping probes the ground state: 
it probes mainly the transverse tail of ground state wave function, at larger 
values of rj_. This feature has significant consequences, as we shall see, if the 
ground state is a p-wave. 

In the transparent limit of the Serber model [3] one ignores the absorption 
of the core fragment. With Sct — 1 in Eq. 2, one obtains a distribution that 
is proportional to the ground state momentum distribution. In the opposite 
opaque or strong absorption limit, Serber used the profile function of a black 
disc. We shall see that the two limits give similar results for an s-wave, but 
the results are quite different for a p-wave. The reason is that the effect of core 
absorption depends on the orientation of the p-wave. If we choose the z-axis 



along the beam direction, then the dominant production of core fragments will 
occur when m^ = ± 1 . The valence nucleon will then stick out perpendicular 
to the trajectory of the halo nucleus and can get absorbed by the target while 
the core can stay farther away and survive the collision. If mi = 0, the valence 
nucleon is aligned with the trajectory of the halo nucleus, and if it hits the 
target, it is also quite likely that the core will hit the target and get absorbed. 
In a crude estimate one can simply neglect the contribution from rri£ = 0, and 
estimate the LMD by the contributions from m^ = ± 1 in the transparent limit 
of the Serber model. This leads to a significant reduction in the width of the 
LMD, as discussed in section 4. 

The momentum distribution generated by diffraction [8-10] is 

(tU = (27r)3(2j + 1) g/^ ) b l<^( r ) l^(^)^(^)l^(r))l 8 • (6) 
The integration is over all impact parameters b of the halo nucleus with respect 
to the target, and bxt = b + rj_Ac/A and b c t = b — r-j_Ax/A are the transverse 
distances of the valence nucleon x and the core c, respectively, from the tar
get. The calculation of this distribution is more difficult because it requires 
a realistic wave function, ^ j j , for the relative motion of the emitted nucleon 
and the core fragment in the final state. It has so far only been considered in 
cases where the ground state wave function has been approximated by a simple 
Yukawa function [8-10], which is the correct asymptotic form of an s-wave. 

Momentum distributions, generated either by stripping or by Coulomb dis
sociation, will be discussed in the following. The discussion of breakup cross 
sections will also include the contribution from diffraction, which is much easier 
to calculate than the actual momentum distribution, since it can be expressed 
in terms of bound state matrix elements. 

3 Results for n B e breakup reactions 
The interaction between the valence neutron and the core in 1 1 B e is parame
terized as a Wood-Saxon well, with a radius of 2.7 fm and a diffuseness of 0.52 
fm. The valence neutron is bound in the second s-wave, and the well depth is 
adjusted to reproduce the neutron separation energy of 0.5 MeV. 

The measured LMDs of 1 0 B e fragments [4], produced in breakup reactions 
on a Be and U target at 63 MeV/u, are shown in Fig. 1 together with calculated 
distributions, which have been normalized to match the maximum of the data. 
The calculations for the Be target are based on stripping (Eq. (5)); the dashed 
curve is the result obtained in the transparent limit {Sct — 1) °f the Serber 



model, and the solid curve is the result obtained in the opaque limit (Eq. (4)). 
The absorption of the core is seen to reduce the width slightly, from 46.5 to 
40.7 MeV/c (FWHM) in the u B e rest frame. The measured width is 41.6±2.1 
MeV/c. The calculation for the U target was based on Coulomb dissociation 
with a minimum impact parameter of 30 fm, which was chosen to simulate the 
experimental acceptance. The width is 40 MeV/c in the rest frame, consistent 
with the measured width of 41.6±2.2 MeV/c. 
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Fig. 1. Longitudinal momentum distributions of 1 0 Be produced in the breakup 
of n B e on a Be and U target, respectively, measured at 63 MeV/u [4]. The 
curves for the Be target are the predictions based on stripping in the trans
parent (dashed) and the opaque limit (solid) of the Serber model. The curve 
for the U target is the result of Coulomb dissociation. 

The measured decay energy spectrum for the 1 1 B e - + 1 0 B e + n breakup on a 
lead target at 72 MeV/u [13] is shown in Fig. 2 together with the prediction 
for Coulomb dissociation, with a minimum impact parameter of 12.3 fm. It 
should be noted that the calculated spectrum is insensitive to E2 transitions, 
and also to the spin-orbit splitting of p-waves. The measured cross section 
(up to 4 MeV) is 1.8 ± 0.4 b, whereas the calculated value is 1.85 b . The 
calculated peak height is about 15% higher than the measurement. Higher-
order dynamical effects may be responsible for about 1/3 of this discrepancy 
[14]. The remaining 10% deviation could be due to the fact that the ground 
state is not a pure s-wave. In fact, the analysis of positive parity states made 
in Ref. [15] predicts a spectroscopic factor of about 0.9 for the ground state. 



However, the final state p-waves, reached by E l transitions, could also be 
distorted by core-polarization. 
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Fig. 2. The n Be—» 1 0 Be+n decay energy spectrum measured at 72 MeV/u on 
a Pb target [13]. The calculated Coulomb dissociation spectrum is shown by 
the solid curve. 

Finally, Fig. 3 shows the total interaction and the one-neutron removal 
cross sections (crj and <x l n, respectively) for u B e , measured at 41 MeV/u [16] 
and at 790 MeV/u [17]. They are shown as functions of the target mass. 
The data points indicated by (x) were obtained as the difference between 
the measured interaction cross sections for n B e and 1 0 B e . This differences is 
identical to the one-neutron removal cross section in the single-particle model 
used here. It is noted that this relationship is not quite fulfilled in the actual 
measurements on the carbon target. 

The lower solid curve shows the calculated o i n , and the three dashed curves 
show the three separate contributions, namely from Coulomb dissociation, nu
clear diffraction and stripping. The calculation of the latter two was based on 
the eikonal profile function, Eq. 3. Nuclear diffraction is seen to be responsible 
for at most 20% of the total er l n at 790 MeV/u but it becomes more significant 
(up to 30%) at 41 MeV/u. In fact, the black disc model predicts that the 

T i i i T T i i i i I — i — i — I — I — i — i — i — I — i — i — i — r 

_1 I 1 I I I I I 1 1 I I I L_J I L_ L I I 



nuclear diffraction and stripping cross sections are about the same. The dis
agreement with the measurement at 41 MeV/u on a Be target indicates that 
the profile function, Eq. (3), is unrealistic at the lower beam energy. There are 
two ways to fix this. One is to increase the nuclear absorption and approach 
a black disc. The other is to include a real nucleon-target phase shift in the 
profile function. It is noted that both adjustments would enhance the nuclear 
diffraction component. 
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Fig. 3. Interaction (07) and one-neutron removal cross sections {<T\n) for n B e 
measured at 41 MeV/u [16] and 790 MeV/u [17], respectively, as functions of 
the target mass. The solid curves are the corresponding predictions described 
in the text. The dashed curves are the three contributions to <j\n due to 
Coulomb dissociation, nuclear diffraction and stripping. 

Another discrepancy in Fig. 3 is that the predicted <j\n is larger than 
the measured value on the heaviest target, at both beam energies. Reducing 
the dipole strength by 10%, as suggested in the discussion of Fig. 2, would 
eliminate this discrepancy. The total interaction cross section is shown by the 
upper solid curves in Fig. 3. It is obtained in the present model by adding 
<Tin and the interaction cross section of the core. The calculation of the latter 
included only the nuclear part; Coulomb dissociation of the core at 790 MeV/u 
may add a few percent more for the Pb target. It is also interesting to compare 
the results obtained at 790 MeV/u to the results shown in Ref. [18] for the 
n L i breakup. There the cr2n is about 30-50% larger that the cr l n for n B e but 
the total interaction cross section is only about 10% larger. 



4 Results for 8 B breakup reactions 
The interaction between the valence proton and the 7 B e core in 8 B includes 
the Coulomb potential and the Wood-Saxon plus spin-orbit interaction given 
in Ref. [19]. The ground state of the valence proton is a p3/2 orbit, and the 
well depth is adjusted to reproduce the 0.137 MeV separation energy. 
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Fig. 4. Calculated longitudinal momentum distributions of 7 Be fragments, 
produced in the breakup of 8 B on a C and Pb target. The results for the C 
target are based on stripping in the transparent (dashed) and opaque (solid) 
limits of the Serber model; the dotted curve is the contribution from m^ = ±1 
in the transparent limit. The result for the Pb target is based on Coulomb 
dissociation at 1471 MeV/u, with a minimum impact parameter of 20 fm. 

The LMD of 7 B e fragments, produced in breakup reactions of 8 B , has re
cently been measured at 1471 MeV/u on C, Al and Pb targets [5], and the 
width was found to be 81 ± 6 MeV/c (FWHM), independent of the target. 
Calculated LMDs for stripping reactions on a C target and for Coulomb disso
ciation on a Pb target are shown in Fig. 4. The dashed curve for the C target 
is the average LMD of the p 3 / 2 ground state. It represents the transparent limit 
of the Serber model and has a width of 166 MeV/c. As explained in section 
2, it is expected that the contribution from the orbital angular momentum 
projection, me — 0, is strongly suppressed in the breakup due to the absorp
tion of the core fragment. This effect reduces the width as illustrated by the 
dotted curve, which shows the contribution from me = ± 1 in the transparent 



limit; it has a width of 104 MeV/c. Finally, the solid curve in Fig. 4 for the 
C target shows the result obtained in the opaque limit of the Serber model, 
using the profile function of Eq. (4). It has a width of 82 MeV/c, in good 
agreement with the measured value, and one finds indeed that the contribution 
from mt = 0 is strongly suppressed. The dotted and dashed curves have been 
scaled to match the maximum obtained in the opaque limit. 

The LMD obtained from Coulomb dissociation on a Pb target at 1471 
MeV/u is also shown in Fig. 4. It has a width of 82.6 MeV/c (FWHM), 
consistent with the observation that the width is independent of the target at 
this particular beam energy. The calculation included both E l and E2 transi
tions, and the interference between the two is seen to produce an asymmetry 
in the LMD. The asymmetry becomes larger at lower beam energies, and by 
measuring it, it should be possible to extract the actual E2 strength. 

5 Conclusions 
It appears that measurements of breakup reactions of n B e and 8 B can be 
explained reasonably well within a single-particle description of the valence 
nucleon. There are uncertainties, both in structure and reaction mechanisms. 

The largest uncertainty in the reaction mechanisms is nuclear induced 
diffraction. This component is small at high beam energies but the analy
sis of the n B e data indicated that it must become more important at lower 
beam energies. A bet ter understanding of this component can be obtained by 
analysing transverse momentum distributions or multiplicity measurements of 
the emitted valence nucleon. It is also puzzling that measured one-nucleon 
removal cross sections differ significantly from the difference between the in
teraction cross sections of the halo and the core nucleus. Moreover systematic 
measurements, in particular of the 8 B breakup, are clearly needed. 

The most critical uncertainties in the structure of S B are the E l and E2 
strength functions. The latter can be constrained by measuring the asym
metry in the longitudinal momentum distribution of 7 Be fragments, due to 
the interference between E l and E2 amplitudes in Coulomb dissociation. The 
asymmetry could be reduced by higher-order Coulomb processes but this effect 
can be diminished by choosing a lighter target [20]. A discussion of the effect 
of E2 transitions on the decay energy spectrum can be found in Ref. [20]. 

The most critical feature of u B e is the composite nature of the ground 
state wave function of the valence neutron. It appears that one can explain 
Coulomb dissociation data reasonably well simply by scaling the calculation 
with a spectroscopic factor of about 0.9. However, one should clearly make a 



careful study, based on a more realistic description of the valence neutron. 
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