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We have calculated the momentum distributions of the three fragments emitted in the breakup reac-
tion (''Li,°Li+n +n), induced by the Coulomb field from a heavy target, and made comparisons to re-
cent three-body coincidence measurements. Our three-body model for !'Li provides a good description
of the measured relative momentum distribution for the two emitted neutrons, and also for the single-
neutron momentum distribution. The predicted distribution for the °Li recoil is much narrower than ob-

served; a plausible explanation is presented.

PACS number(s): 24.10.—1, 25.70.—z

I. INTRODUCTION

A large experimental and theoretical effort has been
devoted to the study of the structure and breakup reac-
tions of ''Li. Some of the main objectives have been to
measure the low-lying dipole-strength distribution and
possible angular correlations between the two neutrons
emitted in (!'Li, °Li+n +n) reactions, induced by in-
teractions with a heavy target. The first complete three-
body coincidence measurements have now been per-
formed [1-3]. The data form a very important supple-
ment to previous measurements of (!'Li, °Li) reactions,
which include cross sections [4], angular distributions of
single neutrons [5,6], and the longitudinal and transverse
momentum distributions of °Li fragments [7,8].

In this paper, we apply the three-body model for ''Li
that we had developed earlier [9,10]. Correlations be-
tween the two valence neutrons play a crucial role for the
weak binding [9] ('°Li is unbound), and they enhance the
dipole strength at very low excitations by almost 50%
[10]. This enhancement has a very significant effect on
the calculated (1'Li, °Li) cross section for a heavy target,
since Coulomb dipole excitation is the dominant reaction
mechanism. Thus, our model has been rather successful
[11] in reproducing the fragmentation cross sections mea-
sured at 800 MeV/nucleon [8], where Coulomb dissocia-
tion is responsible for almost 60% of the cross section for
a lead target. At intermediate energies, Coulomb dipole
excitations are expected to be responsible for an even
larger fraction of the cross section. This reaction mecha-
nism also explains [12] the shape of the forward-angle,
single-neutron angular distributions that have been mea-
sured by Anne et al. [5]. Moreover, the model has pre-
dicted quite accurately the width of the °Li longitudinal
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momentum distribution measured by Orr et al. [7]. We
shall therefore analyze the recent coincidence data ob-
tained for a lead target by Sackett et al. [2] in terms of
Coulomb dipole excitations followed by dissociation.

The recent data [1,2] show that the average velocity of
°Li fragments is larger than that of the emitted neutrons.
This has been ascribed to post Coulomb acceleration of
the °Li fragment, when it is liberated in the vicinity of the
target nucleus, and it has been interpreted in terms of a
lifetime that is much a smaller than what one would ex-
pect from the width of the low-lying dipole response of
11j [2]. In the calculations we present, we do not incorp-
orate the effect of post-acceleration (or finite lifetime).
We use first-order perturbation theory and assume, for
simplicity, as we did in Ref. [10], that the incoming ''Li
nucleus follows a straight-line trajectory. We can there-
fore anticipate some discrepancy upon comparison to the
measured recoil momentum distribution of the °Li frag-
ments. The relative momentum distribution for the two
emitted neutrons, on the other hand, is insensitive to the
post-acceleration effect. We therefore expect that mea-
surements of this distribution will provide a better test of
our model.

We also make predictions for the energy dependence of
the longitudinal momentum distribution for the °Li frag-
ment and investigate possible signatures of an angular
correlation between the two emitted neutrons.

II. BASIC FEATURES OF THREE-BODY MODELS

Let us first summarize some of the main features of our
three-body model that are relevant to the calculation of
momentum distributions. A simplifying approximation,
which we had to make in order to use the two-particle
Green’s-function technique to calculate the ground state
[9] and the dipole response [10] of !!Li, was to ignore the
kinetic-energy operator associated with the core motion.
The excitation energy is therefore determined by the
final-state momenta of the two neutrons in the rest frame
of 'Li as follows,
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2
AE=?ﬁn7(k%+k§)+S2n . (1)

Our model predicts the two-neutron separation energy
S,,=0.2 MeV. This is somewhat smaller than the re-
cently measured value of 0.341+0.05 MeV [13]. Let us
also mention at this point that our neutron-core Hamil-
tonian was adjusted to produce a p,,, resonance at 0.8
MeV, which is somewhat larger than the value obtained
in recent measurements [14,15], which is about 0.65
MeV.

In the following we consistently use the two-neutron
separation energy that our model predicts. The ground-
state rms distance between the two valence neutrons is
6.24 fm, and the rms distance between the core and the
center of mass of the two valence neutrons is 4.93 fm. It
is useful at this point to compare to the results obtained
from Faddeev calculations [16,17], which are based on a
stronger neutron-core interaction, with a p,,, resonance
close to 0.5 MeV, and a more realistic finite-range
neutron-neutron interaction. These calculations predict a
two-neutron separation energy of 0.21 MeV and a rms
distance of 6.32 fm between two neutrons, in good agree-
ment with our results. The rms distance between the
core and the two valence neutrons is 4.48 fm, which is
smaller than our result—as one would expect for a
stronger neutron-core interaction.

III. MOMENTUM DISTRIBUTIONS

We have previously studied the angular correlation of
the two neutrons emitted in (!'Li, °Li) reactions [10].
One can express the cross section generated by Coulomb
dipole excitations as a differential in the momenta of the
two neutrons in the rest frame of !'Li as follows,

d%c d°BL (E1) d’BY(E1)
dk,dk, =8(é) dk,dk, terl&) "oy dk,

cf. Eq. (5.12) of Ref. [10]. This cross section has two
components, a longitudinal (L) one and a transverse (7)
one, which are generated by the Coulomb force from the
target nucleus, acting along the beam direction and per-
pendicular to the beam direction, respectively. The mag-
nitudes of the two components are determined by the
functions

(2)

2
4nZ re
gL (6)= |~ | 21K —K3E][1—(w/cP] ,
RY )
(3a)
4nZre |
grl€)= WT £ |K2(E)—K2(E)+ EKO EK, (&) |,

(3b)

where £ is the adiabaticity parameter, which depends on
the excitation energy AE, £=R AE /(#yv), and R is re-
lated to the distance of closest approach for which strong
nuclear absorption sets in, Eq. (5.10) of Ref. [10].

We have introduced two dipole-strength distributions
in Eq. (2), a longitudinal and a transverse component,

that depend on the directions of the two momenta. They
are identical to the usual dipole-strength distribution
when one integrates over all orientations. The longitudi-
nal distribution is defined by

d°BX(E1) 3 2
= > (ky,ky)|%, (4)
dkdk, k3% 5, i, (ko)

where the sum is over the helicities of the two neutrons.
The expression for the f amplitudes in terms of dipole
matrix elements, phase shifts, and two-particle D-
functions is given in Ref. [10]. The calculated dipole ma-
trix elements include the effect of the neutron-core in-
teraction as well as that of the neutron-neutron interac-
tion in the final state. These final-state interactions have
a dramatic effect on the dipole response. This is dis-
cussed in detail in Ref. [10].

We also illustrated in Ref. [10] the angular dependence
of the distribution (4) for selected values of the energies of
the two emitted neutrons. The distribution is invariant
under rotations around the beam direction. The symme-
try axis for the transverse component is perpendicular to
the beam direction and falls in the scattering plane deter-
mined by the incident projectile and the target nucleus.
Otherwise, the two distributions are identical, i.e., they
are related by a simple rotation of 90°. We shall make use
of this fact in the following.

A. Comparisons to three-body events

Let us first consider the spherical part of the momen-
tum distributions associated with the °Li recoil and with
the relative motion of the two neutrons. Using the fact
that the transverse dipole-strength distribution can be ob-
tained from the longitudinal dipole-strength distribution
by a simple rotation of 90°, we obtain the following ex-
pression for the two momentum distributions,

do
—_— dk,dk (&)+g(
dpitp,| f 1dk;[g, (8)+gr(8)]
d°BME1) _

which is expressed in terms of the longitudinal dipole dis-
tribution. The numerical calculations were performed by
accumulating and storing the dipole strength for fixed ex-
citation energy and fixed |p,;£p,|. This makes it easy to
repeat the calculation of the momentum distributions for
different targets and beam energies. The calculation of
the single-neutron momentum distribution is much
simpler, since the angle integration over the orientations
of the momenta of the two neutrons becomes trivial.
Thus we obtain

d*BL(E1)

dk,dk, 8(pn—F1) -

d
i: [ dk,dk,[g, (&) +gr(£)]

(6)

When comparing our calculations to the data from Ref.
[2], we shall also always include the detection efficiency.
It has been parametrized as a simple function of the de-
cay energy, Fig. 11 in Ref. [2], and it can therefore easily
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be included in the calculations.

We show in Fig. 1 the two calculated distributions (5)
and the single-neutron spectrum (6), together with the
data [2] obtained at 28 MeV/nucleon on a lead target.
The distributions have been normalized to 100, and the
data points were normalized to minimize the y2. The two
sets of neutron data are in good agreement with our cal-
culations, whereas the measured recoil momentum distri-
bution is shifted to higher momenta and has a
significantly larger width. These discrepancies may be re-
lated to the post-acceleration effect mentioned earlier.

An interesting question is whether the angular correla-
tion between the two neutrons has any effect on the dis-
tributions with respect to the two momenta, |p;tp,|.
The total spread of these two momenta are almost identi-
cal in our model (within 6-8 %, the spread of p; —p, be-
ing the larger), and the data suggest a similar result [2].
There is, however, a more significant effect at small mo-
menta. In order to make it more visible, we show in Fig.
2 the spherical parts of the three-dimensional distribu-
tions,

d3o
d(p,£p,)

_ 1 do
47TIP1iP2|2 dlplipzf ’

N

sph

calculated without the efficiency correction. The two dis-
tributions would be identical if there were no correlations
between the momenta of the two neutrons. There is
clearly a suppression of recoil events at small momenta
(dashed curve), whereas the distribution for the relative
motion of the two neutrons (solid curve) has a maximum
at small momenta. We study the different components of
the recoil momentum distributions in more detail in the
next section.

The calculated decay-energy spectrum is shown in Fig.
3 together with the data [2]. The measured spectrum is
seen to be shifted towards higher excitations when com-
pared to the model prediction. We saw a similar shift in
the recoil momentum distribution, shown Fig. 1(a). In
fact, the discrepancies in the two figures may be related.
To illustrate this point, we recall the expressions that
were used in the data analysis to determine the decay en-
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FIG. 1. Momentum distributions for (a) the °Li recoil, (b) the
relative motion of the two neutrons, and (c) for single neutrons
in the rest frame of the 'Li—°Li+n +n breakup reaction on a
lead target at 28 MeV/nucleon. The data are from Ref. [2].
The calculated curves (normalized to 100) include the detection
efficiency.

0.05 T | I I I

0.04 = / —

0.03}—

(do /dP) g (b (MeV/)°)

]
0 10 20 30 40 50 60
P (MeV/c)

FIG. 2. Three-dimensional momentum distributions, Eq. (7),
for the °Li recoil (dashed curve) and the relative motion of the
two neutrons (solid curve) in the rest frame of the
ULi—°Li+n +n breakup reaction on a lead target at 28
MeV/nucleon.

ergy and the °Li recoil momentum, Eq. (13) of Ref. [2],
Egee=itm(v;—=v))*+2mvi,, , (8)
P9=%m\'9,2n N (9)

where v, and v, are the velocities of the two neutrons and
Vg 2 18 the relative velocity of the fragment and the two-
neutron system. The data shown in Figs. 1 and 3 were
corrected for the average shift, (v ,,), observed in the
original measurement (see Fig. 14 of Ref. [2]), which was
ascribed to the post-acceleration effect. There may also
be fluctuations in this velocity, caused by the same mech-
anisms that generated the average velocity shift, namely
the post-acceleration effect, energy loss in the target, or
whatever may change the velocity of the fragment on its
way to detection. This will cause fluctuations in the de-
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FIG. 3. Decay-energy spectrum for (''Li,’Li) reactions on a
lead target at 28 MeV/nucleon. The data points are from Ref.
[2]. The calculated curve (normalized to 100) includes the
detection efficiency.
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cay energy and in the recoil momentum, and from Egs.
(8) and (9) we obtain the following relation,

(BE ey == (85 0, ) =3 ——((8P5)) . (10)
If the fluctuations in velocity are of the same order of
magnitude as the observed shift, of 0.009¢, one obtains
from Eq. (10) a fluctuation in the decay energy of 0.076
MeV and one in the recoil momentum of 14 MeV/c.
This is the order of magnitude that is needed to explain
the discrepancies between the data and our calculations.
A more detailed study and modeling of these fluctuations
is clearly needed.

The Coulomb dissociation cross section that we obtain
is 0-=4.5 b at 28 MeV/nucleon on a lead target. We
expect the nuclear part of the (''Li, °Li) cross section to
be of the order of o,,,=1+0.3 b, based on the
independent-particle-model calculations performed by
Sustich [18]. He also assumed a two-neutron separation
energy of 0.2 MeV, but spatial correlations between the
valence neutrons may reduce his estimate slightly, Ref:
[11]. Our estimated total cross section is 5.5 b, which is
slightly higher than the value, 5.1+0.3 b, obtained from
the telescope data [2]. The neutron-coincidence data
were obtained by subtracting a background from
crosstalk events and from breakup events that occurred
in the detectors. The resulting spectrum appears to be in-
sensitive to events with large excitation energies, say
larger than 1.5 MeV (see Ref. [2]). The Coulomb dissoci-
ation cross section that we obtain for this cutoff is
& ¢ =3.9 b, which can be compared to the measured cross
section of 3.610.4 b obtained from the two-neutron coin-
cidence data. The measured single-neutron cross section
is 8.3+0.5 b. This can be compared to our estimate of
26 ¢ +0,,,=8.8 b, assuming multiplicities of 2 and 1 for
Coulomb- and nuclear-induced reactions, respectively.
All of these estimated cross sections are consistent with
the measurements. They are all at the upper edge of the
experimental uncertainty; this may be related to the fact
that the experimental binding energy [13] is somewhat
larger than our model prediction.

B. Momentum distributions for the °Li recoil

It may be difficult to study the detailed energy and an-
gular correlation between the two emitted neutrons
directly from the three-body coincidence measurements
because of limited statistics. It is therefore useful to con-
sider other observables that may contain some informa-
tion, for example, about the angular correlation. In this
section we discuss the different components of the
momentum distribution for the °Li fragment. We define
the longitudinal distribution by,

do d®o

P i dkldeTldk—za(PL +ky,t+ky), (1D
where the z axis points in the beam direction. We show
in Fig. 4 the calculated longitudinal momentum distribu-
tion at 66 MeV/nucleon on a tantalum target, together
with the data obtained by Orr et al. [7]. The distribution
is actually slightly narrower than the distribution that we

0—TT T T T T T T T T T T T T T

PL (MeV /¢)

FIG. 4. Longitudinal momentum distribution for the °Li
fragment in (''Li,°Li) reactions on a tantalum target at 66
MeV/nucleon. The solid curve has been calculated from Eq.
(11). The dashed curve is the separate contribution from longi-
tudinal dipole excitations. The data are from Ref. [7].

obtained in Ref. [10], where we neglected the angular
correlation between the two emitted neutrons. The mea-
sured distribution is slightly broader than that in our new
calculation. This may be caused by the post-acceleration
effect discussed in the preceding section.

Upon inserting Eq. (2) into Eq. (11), we see that the
longitudinal momentum distribution is the sum of two
contributions: one due to longitudinal dipole excitations;
the other to transverse dipole excitations. It is con-
venient to express this momentum distribution in terms
of the transverse dipole-strength distribution alone, since
transverse dipole excitations dominate the cross section.
We can achieve this by using the facts that the two
dipole-strength distributions are invariant under rota-
tions around their respective symmetry axes, and that
they are related by a simple rotation of 90°, say, around
the y axis. Thus we obtain the expression

d°BT(E1)

do

P, = [ dk,dk,

(8(8)8(Py +kix +koy)

+er(§)8(PL +ky, k)],
(12)

where the z axis is along the beam direction and the x
axis is the symmetry axis for the transverse dipole-
strength distribution defined earlier. The two contribu-
tions are quite different, as illustrated by the dashed
curve in Fig. 4, which shows the separate contribution
from longitudinal excitations. However, it would be
difficult to observe the different character of the two dis-
tributions, since transverse excitations dominate the total
dipole cross section at intermediate energies (78% at 28
MeV /nucleon and 95% at 800 MeV /nucleon).

The energy dependence is illustrated in Fig. 5, where
we show the longitudinal momentum distribution at 28
MeV/nucleon (solid curve) and at 800 MeV/nucleon
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PL (MeV/c)

FIG. 5. Calculated longitudinal momentum distributions for
the °Li fragment in (''Li,’Li) reactions on a lead target at 28
MeV/nucleon (solid curve) and 800 MeV/nucleon (dashed
curve). The two distributions have been normalized to 100.

(dashed curve), both for a lead target. The half-width (at
half maximum) has decreased slightly at the higher beam
energy, from 17 to 16 MeV/c, whereas the tail of the dis-
tribution has become larger. In fact, the total spread has
increased from 21 to 26 MeV/c. The reduction in the
width for increasing beam energy is due to angular corre-
lations. Thus, if we ignore the angular correlation, the
half-width of the distribution increases from 20 to 22
MeV/c, going from 28 to 800 MeV/nucleon. In either
case, the energy dependence of the width is weak, and it
will be interesting to see what future measurements will
show. .

Let us finally take a look at the transverse momentum
distribution for the °Li recoil. We can, in fact, distin-
guish between two such distributions, an in-plane and an
out-of-plane distribution, where the plane in question is
the scattering plane of the incident projectile and the tar-
get nucleus. Similar to the derivation of Eq. (12), we ob-
tain the following expressions:

d°BT(E1)
dk,dk,

X[gL(8)( Ptk +ky,)
+gT(§)8(PT,in+k1x+k2x )] ’ (13)

dPT,in - f dkldkz

for the in-plane distribution, and

d°BT(E1)
dk,dk,

X8(Proytki,tky), (14)

—7—= [ dk,dk, [gL(§)+gr(§)]

for the out-of-plane distribution. The two distributions
we obtain at 28 MeV/nucleon for a lead target are shown
in Fig. 6. Here the in-plane distribution (solid curve)
shows a characteristic dip for a vanishing momentum
transfer in that direction. The dip is, of course, related to
the minimum we saw in Fig. 2 for the spherical part of
the three-dimensional recoil momentum distribution.

3.0||]||T|||l||]iT

P (MeV /)

FIG. 6. Calculated transverse momentum distributions for
the °Li fragment in (''Li,’Li) reactions on a lead target at 28
MeV/nucleon. The solid curve is the in-plane distribution
defined in Eq. (13) and the dashed curve is the out-of-plane dis-
tribution defined in Eq. (14). The two distributions (both nor-
malized to 100) do not include the effect of Coulomb deflection.

The minimum remains visible when integrated over the
longitudinal and transverse out-of-plane components.

The out-of-plane distribution (14), obtained by in-
tegrating over the longitudinal and transverse in-plane
components, is illustrated by the dashed curve in Fig. 6.
It is almost identical to the longitudinal momentum dis-
tribution shown in Fig. 5. This follows directly from
Egs. (12) and (14) since transverse dipole excitations dom-
inate the cross section (i.e., gr >>g;). The two distribu-
tions are mainly determined by the momentum com-
ponent —(k, +k,,), which is perpendicular to the sym-
metry axis for transverse dipole excitations. The trans-
verse in-plane distribution, Eq. (13), is mainly determined
by the momentum component —(k,,+k,.), which is
parallel to the transverse symmetry axis.

The fact that the longitudinal and transverse out-of-
plane distributions both have a maximum at zero,
whereas the transverse in-plane distribution has a
minimum at zero, is consistent with the angular correla-
tion discussed in Ref. [10]. There we found that the most
probable emission of the two neutrons appears when the
two neutrons are emitted on opposite sides of the symme-
try axis with an opening angle close to 90°. For this
configuration one finds that the component of the °Li
recoil momentum, which is along the symmetry axis, is
generally larger than the two perpendicular components.
It is therefore not surprising that the transverse in-plane
distribution shown in Fig. 6 is suppressed at zero.

The transverse momentum distributions we have calcu-
lated may differ significantly from measured distribu-
tions. One complication is the overall Coulomb
deflection of the projectile and the fragment. This can
have a strong effect on the transverse distributions,
whereas the longitudinal momentum distribution is much
less sensitive to this effect. In addition, it may be difficult
in an actual measurement to separate the two transverse
distributions we have discussed.
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IV. CONCLUSION

Perturbation theory and the three-body Hamiltonian
model give a rather good description of the various
momentum distribution and correlation functions mea-
sured in the ('Li, °Li+n +n) breakup reaction, except
for the °Li recoil momentum distribution and the decay-
energy spectrum. We have also presented predictions of
additional observables that can be measured and that
may give some information about the angular correlation
between the two emitted neutrons. The disagreement for
the recoil momentum distribution and the decay-energy

spectrum may be related to Coulomb acceleration effects,
which can only be treated in a higher-order reaction
theory.
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