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Momentum Distributions of Li Fragments following the Breakup of "Li
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Using a fragment separator as an energy-loss spectrometer the parallel momentum distributions of Li
nuclei produced in the breakup of ''Li at 66 MeV/nucleon have been measured. Distributions with

Gaussian widths of og = 19 MeV/c were observed for Be, 'Nb, and ' 'Ta targets —the first time such a
narrow structure has been observed for high mass targets. From the weak dependence of width on

breakup target it appears that the parallel momentum distributions are relatively insensitive to the in-

teraction governing the breakup and reflect an extended neutron distribution for "Li.

PACS numbers: 25.70.Mn, 21.10.6v, 27.20.+n

The ability to produce beams of nuclei at the proton or
neutron drip lines ofl'ers a unique opportunity to investi-

gate systems in which the proton-to-neutron composition
of the nucleus is at the very limits allowed by nuclear
binding. Experiments have indicated that the very weak
binding of the last few nucleons leads to systems with

qualitatively new structures and surface densities. As
such, the properties of these nuclei provide a stringent
test of nuclear models which have for the most part been
developed to describe properties close to or on the line of
stability.

Of the light neutron-rich nuclei, the drip-line nucleus
' Li exhibits some of the most intriguing characteristics.
It is very weakly bound (S2„=0.34~0.05 MeV [I]),
while the nucleus with one less neutron, ' Li, is unbound.

Clearly the interaction between the valence neutrons is

important to the stability of ''Li and it appears that a
strong correlation may exist between the two outermost
neutrons, perhaps even in the form of a dineutron [2]. It
is generally agreed that the very weak binding of these
last two neutrons leads to a neutron density distribution
which extends well beyond the matter radius expected
from systematics [3]—the so-called "halo." Such a
description is in qualitative accord with the experimental
observations of abnormally large total reaction [4] and
Coulomb dissociation cross sections [5,6], very sharply
forward peaked angular distributions for neutrons ob-
served in coincidence with Li fragments from the break-
up of ''Li [7-91, and a narrow structure in the transverse
momentum distribution for the Li fragments [10]. In
this Letter we present the first measurements of the
parallel momentum distributions of Li fragments follow-

ing the breakup of ' 'Li. In order to investigate any possi-
ble target-dependent effects, reactions on Be, Nb„and
' 'Ta targets were studied.

The measurement of the transverse momentum distri-
bution (i.e., perpendicular to the beam direction) of Li

fragments from the breakup on a carbon target of a "Li
beam at 800 MeV/nucleon [10] was interpreted as con-

sisting of two Gaussian components of diA'erent widths
—one very narrow (cri =21 ~ 3 MeV/c) and a second
much broader (o&=80~4 MeV/c). Distributions from

fragmentation of more normally bound nuclei typically
display widths of the order of 100 MeV/c (see, for exam-

ple, [111). In simple terms the narrow component can be

interpreted as reAecting, via the uncertainty principle, the
extended distribution of the very weakly bound valence
neutrons stripped from "Li.

It should be noted, however, that other experimental
data for ''Li are not completely consistent with these re-

sults and interpretations. In particular, measurements of
the narrow angular distributions of neutrons resulting
from the breakup of ''Li at 29 MeV/nucleon are more

compatible with a momentum width of cz~ = 10 MeY/t
for the Li fragments [7,81. A more general related issue

is whether the momentum distributions only reflect the

structure of "Li or are also dependent on the interaction

governing the breakup process. One means of answering
this question is to perform measurements on heavy nuclei

in order to compare results for Coulomb-induced breakup
to data for low-Z targets, where the breakup is presum-

ably mediated by the nuclear interaction. However, for
reactions on heavy nuclei, transverse momenta are strong-

ly aff'ected by Coulomb deflection [12] and multiple

scattering in the (relatively thick) breakup targets. The
effects precluded any possible observation of a narrow

structure in the transverse momentum distributions when

a lead target was used [10], where a width of a~ =71
+ 15 MeV/c was measured. Furthermore, transverse

momentum distributions measured in the breakup OI
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weakly bound nuclei have been shown to be sensitive to
diffractive broadening [13].

In contrast, the parallel momentum distributions are
not perturbed by these eA'ects. Indeed, in simple frag-
mentation models such as that of Friedman [14], the

width of the parallel momentum distribution reflects only

the binding of the stripped cluster within the projectile.
More recent calculations [13] have demonstrated that
both the nuclear and Coulomb interactions induce paral-

lel momentum distributions which depend essentially on

the Fourier transform of the ground-state wave function

of the projectile. Consequently, measurements of the

parallel momentum distributions of the breakup products

from "Li (and other weakly bound "halo" nuclei) pro-

vide an important test for models of its structure and the

breakup process.
A severe limitation in making measurements using

secondary beams is their inherently large energy spread

as they are produced by the fragmentation of a primary
beam in a thick target. To obtain the necessary final

resolution despite the large spread in the energies of the
"Li ions, the A1200 fragment separator [15) was em-

ployed in the present work as a zero-degree energy-loss

spectrometer operated in a dispersion-matched mode

[16]. Such operation allowed the full 3% momentum ac-

ceptance [hp(''Li) = 120 MeV/c] of the device to be uti-

lized while retaining a final resolution of 0.1%. Although

the total momenta of the fragments were measured, this

eA'ectively represented a determination of the parallel
momenta since the two are identical under the present ex-

perimental conditions to within 0.02%.
The "Li secondary beam was produced via bombard-

ment of a 790-mg/cm Be target by a beam of 80-
MeV/nucleon ' 0 ions (-30 particlenA) provided by
the K1200 cyclotron. The fragments were separated by
the first section of the A1200 using two different optical
modes —the so-called medium (AQ =0.8 msr) and high

(d, Q = 4.3 msr) acceptance modes [15]. Breakup targets
of approximately equal energy loss of 9Be, sNb, and
' 'Ta were located at the second dispersive image plane.
The mean energy of the incident "Li ions was -66

MeV/nucleon (Table I) with intensities of —10 and -50
(particles/s)/(particlenA) for the two acceptance modes.

The final section of the A1200 was set to a rigidity to

sample the central region of the momentum distribution

of Li ions from the breakup reaction. Particles arriving

at the final image plane were identified by measurement

of energy loss in an ion chamber, residual energy deposit-

ed in a thick plastic stop detector, and time-of-fiight (stop
detector versus cyclotron rf). The momenta were deter-
mined from a measurement of position using a parallel-

plate avalanche counter. The momentum calibration was

obtained by stepping a secondary beam of Li ions of
known rigidity across the image plane. A direct measure-

ment of the breakup target thickness was performed by

measuring the energy lost in the target by the same Li
beam. In addition, the width of this Li momentum dis-

tribution provided a measure of the resolution of the spec-
trometer, detector system, and target straggling effects
combined, labeled cr„, in Table I.

As noted in Table I, measurements were made for Be
and ' 'Ta breakup targets using the two different optical
modes of the A1200. The acceptances for the collection

of the Li ions from the breakup reaction which corre-
sponded to the medium and high acceptance modes were

58=40 mrad, d,&=20 mrad and 58=30 mrad,

h&=10 mrad, respectively. The Nb target measure-

ment was performed using only the high acceptance
mode. In each case the central 2% of the momentum dis-

tributions was sampled and single Gaussian functions

were fitted to each of the spectra [Figs. 1(a)-1(c)). The
results are presented in Table I. Data were also taken en-

compassing a range of breakup Li momenta from 5%
below the mean momentum to 5% above. Figure l(d)
shows the data for the Be breakup target. Additionally,
the centroids of the individual momentum distributions
were used, after accounting for target thickness effects, to
compare the outgoing Li energy to that of the incoming
11Li

In the present work the finite acceptance of the spec-
trometer limited the measurements to zero-degree double
differential cross sections. For distributions characterized

TABLE I. Summary of experimental results.

Spectrometer
mode

Medium
Medium

High
High
High
High

Beam energy
(MeV/nucleon)

65.25
65.25
66.24
66.24
66.15
66.15

Target
(mg/cm')

Be (202)
Ta (298)
Be (202)
Ta (298)
Nb (256)
Ta (296)

a
~res

(Me V/c)

4. 1

4.4
5.9
6.3
4.6
5. 1

e(+ )b

(Me V/c)

20.5(1.4)
15.9(1.2)
19.2(1.0)
16.8 (0.9)
20.0(0.9)
17.2(O.9)

~(+ )'
(MeV/nucleon)

0.19(0.18)
0.06(0.18)

—0.09(0.18)
—0.1S(0.18)
-o.os(o. 18)
—0.08(0.18)

'Experimental resolution.
Width of fitted Gaussian distribution (~ uncertainty) in the ''Li frame after accounting for

experimental resolution and detector efficiency.
'E/A( Li) —E/A("Li) (~ uncertainty).
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FIG. 1. Momentum distributions covering the central 2% of the breakup Li momenta with single Gaussian fits (solid line) for

high acceptance mode measurements using (a) Be, (b) 'Nb, and (c) ' 'Ta targets. The dashed line in (c) shows the prediction of
Esbensen and Bertsch [23]. (d) The high acceptance mode distribution for a 10% range of Li momenta using a Be target. A two-

Gaussian fit is shown (tT =20.9 ~ 0.6 MeV/c and 112 ~ 13 MeV/c).

by widths of the order of 100 MeV/c only a relatively
small fraction (-5%) of the full breakup yield could be
measured. In the case of distributions having widths of
tTii = 20 MeV/c, the subject of the present study, approxi-
mately one half of the ions were accepted. Monte Carlo
simulations have demonstrated that the finite acceptances
do not aA'ect the measured line shapes. This conclusion
was also verified empirically by the identical results ob-
tained with the two acceptances for the different optical
modes of the A1200. Furthermore, the results obtained
for the ~ 5% momentum scan taken using a Be target
[Fig. 1(d)] indicate that inclusion of a broad underlying
component does not alter significantly the determination
of the width of the narrow peak from observations of the
central 2% of the momentum spectrum.

Perhaps the most striking feature of the present results,
illustrated in Fig. 2, is the weak dependence on target of
the width of the parallel momentum distributions.
Kobayashi et al. [6] and Riisager et al. [8] have shown
that for heavy targets the dominant reaction process for
the breakup of ''Li to Li is Coulomb dissociation, while
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FIG. 2. Target Z dependence of the widths (Table I) of the
momentum distributions for the medium (squares) and high

(diamonds) acceptance mode measurements. 'The result of
Kobayashi et al [10] is indicated by the. circle.
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for light targets the reaction should proceed almost ex-
clusively by nuclear-induced breakup (an effect which ap-
pears more pronounced at low energies [8]). Thus, it ap-
pears that the nature of the interaction governing the
breakup plays only a weak role in determining the paral-
lel momentum distributions of the outgoing Li frag-
ments. It is interesting to note that the narrow neutron
angular distributions measured at 29 MeV/nucleon [7,8]
display widths that are also independent of the breakup
target.

The above results support the prediction of Bertulani
and McVoy [13] that the parallel momentum distribu-
tions provide a measure of the internal momentum distri-
bution of the "Li projectile, which in turn may be given

by the Fourier transform of the spatial wave function. If
we assume a simple Yukawa form for the two-neutron
spatial distribution with a range parameter p [i.e.,
exp( —r/p)/r], then the Li momentum distributions
should have a Lorentzian form, in accord with the data.
From our data the average width of the Lorentzian when

transformed to the frame of the "Li, I =45 MeV/c,
gives a Yukawa range parameter (p=26/I ) of 8.8 fm,
which corresponds to a rms halo radius ((r )' =p/J2)
of 6.2 fm. This value is in good agreement with that de-
rived from the two-neutron binding energy (-5.8 fm)
[17,181 and that estimated from the neutron angular dis-
tribution measurements (-7.5 fm assuming an uncorre-
lated pair of neutrons) [8].

Although there have been limited experimental data to
compare with, a large amount of theoretical work has
been undertaken to describe the structure and breakup of
"Li. Models have ranged from a shell-model approach
[19] to those embodying three-body effects [20-23] and
clustering [2,24]. Momentum distributions are predicted
by many of the models. For example, the ' 'Ta target
data are compared in Fig. 1(c) with the model proposed
by Esbensen and Bertsch [23] (shown as a dashed line).
This approach incorporates a three-body description of
"Li and dissociation proceeds via Coulomb excitation.
As noted earlier, this should be the dominant mechanism
for breakup on heavy nuclei. The agreement with the
present data is very good.

In summary, we have made the first measurements of
the parallel momentum distributions for Li fragments
following the breakup of a secondary "Li beam. Narrow
distributions having widths of at= 19 MeV/c were ob-
served for targets of 98e, 93Nb, and ' 'Ta. The weak
dependence of the distribution width on target indicates
that the parallel momentum distributions are relatively
insensitive to the interaction leading to breakup. Impor-
tantly, the present measurements are free of the problems
that plague measurements of the transverse momenta and

yield a more accurate estimate of the internal momentum
distribution of "Li which reflects an extended neutron

distribution. Finally, we note that the technique used
—dispersion matching —is a relatively simple yet power-
ful method for undertaking secondary-beam reaction
studies.
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