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Parallel Momentum Distributions as a Probe of Halo Wave Functions
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Distributions of the parallel momentum of 'OBe fragments from the breakup of 63A MeV "Be have
been measured for Be, Nb, '~'Ta, and "U targets. The distributions have similar narrow widths with
a mean value of 43.6 ~ 1.1 MeV/c FWHM, and agree with a theoretical momentum distribution for
the valence neutron in ''Be. The breakup mechanisms do not appear to distort the parallel momentum
distribution of the ' Be core. These findings support the existence of a one-neutron halo in "Be and the
use of the parallel momenta of the heavy breakup products as a reliable probe of halo neutron momenta.

PACS numbers: 21.10.Gv, 25.70.Mn, 27.20.+n

Recently, the availability of radioactive nuclear beams
for the study of nuclei near the drip lines [1] has led
to the discovery that some weakly bound, neutron-rich
nuclei exhibit an extended valence neutron distribution
[2,3], the neutron halo. Understanding these nuclei is
important, both for their intrinsic interest and to refine
structure models so they can predict better the properties
of nuclei far from stability.

Early evidence for halo structures was found in the
enhanced interaction cross sections measured for nuclei
such as ''Li, "Be, and ' Be [4,5]. These large cross
sections were interpreted as reflecting an extended neutron
halo surrounding a normal sized core. For example,
the heaviest particle-stable lithium isotope "Li has been
described as a Li core surrounded by two neutrons
(see, for example, [6,7]). The halo results from quantum
mechanical penetration of the wave function of weakly
bound valence neutron(s) outside the potential well of
the core [8]. Measurements of the energy dependence
of the interaction cross sections of "Be and "Li [9,10]
confirmed the existence of long neutron tails in the
density distributions. While the cross section data were
consistent with Hartree-Fock calculations, they were not
very sensitive to the details of the nuclear wave functions
[10] and thus do not provide a rigorous test of the
theoretical models.

In principle it is possible to probe the wave function of
halo neutron(s) more directly, by measuring the momen-
tum distribution of the fragments resulting from breakup
of the halo nucleus. In the Serber model (developed origi-
nally for the deuteron) [11],the momentum distribution of
the halo neutrons is mirrored directly in the momenta of
the core following direct breakup. This Letter describes
high resolution measurements of the momenta of 'oBe
fragments from the breakup of "Be, made in an attempt
to assess the accuracy with which halo neutron momen-
tum distributions can be determined with this approach.
Breakup targets ranging from Be to U were studied to
determine whether the observed distributions depend on

the breakup mechanism; nuclear (Coulomb) interactions
dominate the breakup for light (heavy) targets.

Studies of the distribution of p~ (momentum perpen-
dicular to the beam) gave results that depend on the
breakup target [12] due to, for example, initial and fi-

nal state interactions such as defIection in the Coulomb
field [13]. The angular distribution of neutrons showed
the presence of the halo in "Be and "Li clearly, but it
was difficult to disentangle the halo effects from the ef-
fects of the reaction mechanisms and final state interac-
tions [14—18].

It has been suggested theoretically that the distribution
of p~~ (momentum parallel to the beam direction) is less
perturbed than p& by absorption and other reaction mech-
anism effects [13]. In a peripheral direct reaction model
[19] the p~~ distribution of the core fragment is identical
to the halo neutron momentum distribution, except in the
far tails of the distribution. A first measurement of the

pI~ distribution of Li fragments following the breakup of
"I.i using this technique [20] gave results in good agree-
ment with a theoretical prediction for a '8'Ta breakup tar-
get [21]. However, there was a weak dependence on the
breakup target: The p~~ distribution width decreased by
(17 ~ 6)% as the target mass increased from 98e to ~3sU

[22]. Even such a small target dependence casts doubt
on the use of p~~ distributions to measure the intrinsic mo-
mentum distribution of halo neutrons.

However, there is a complication in studies of the
breakup of "Li that may explain the findings of
Refs. [20,22]. Because 'o L i is not particle stable,
the two neutron breakup of "L i can follow two
routes: "Li ~ Li + 2n or "Li ~ ' Li + n followed
by ' Li ~ Li + n, which may lead to different p~~

distributions. If both processes are important for "Li, as
has been suggested [23], the relative probability of the
two routes could depend on the nature of the reaction
mechanism. This might account for the dependence
of the observed width on target and hence the slight
inconsistency with the Serber assumptions. The narrow
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widths observed in fragment momentum distributions
from halo nuclei are about one-fifth of the widths
observed in the fragmentation of normal tightly bound
nuclei (see, for example, [24] and references therein),
and therefore may be more strongly affected by these or
other reaction details.

To assess the reliability of p~~ distributions for prob-
ing the halo, it is necessary to study a simple, well-
characterized nucleus. In particular, it is important to
avoid the three-body effects and sequential processes that
play a role in the case of "L i. The "Be nucleus,
whose well-understood ground state is dominated by a
Isty2 neutron state [25], meets these requirements. It is
weakly bound (5„=504 ~ 6 keV), has a large reaction
cross section, and sequential processes do not contribute
to its breakup into ' Be + n. Furthermore, the excita-
tion energy spectrum from the breakup of "Be on a
Pb target has been measured [26] and is dominated by
direct Coulomb breakup into continuum states; low ly-
ing excited states make no significant contribution to the
breakup cross section.

In the present experiment the K1200 cyclotron at the
National Superconducting Cyclotron Laboratory provided
a 13 particle nA beam of 80A MeV ' 0, and a "Be
beam was produced by fragmentation in a 790 mg/cm2
Be target located at the first object point of the the A1200
fragment separator [27]. The resulting "Be beam had an
intensity of 4300 sec ' and a mean energy of 63.0A MeV
(AE/E = 2%). The momentum distribution of 'oBe
fragments from the breakup of "Be was measured with
the A1200 operated as a 0' energy-loss spectrometer, in
the same manner as in Ref. [20]. The total momentum p
of fragments was measured. Since the angular acceptance
for breakup fragments limits p& to less than 100 MeV/c,
p~~ equals p within 0.05%.

The focal plane detectors comprised a pair of two-
dimensional position sensitive parallel plate avalanche
counters (PPACs), an ion chamber for measuring energy
loss (AE), and a thick plastic stopping detector for timing
information and total energy (E). Momentum distributions
were determined from positions measured by the PPACs
at the focal plane. Although the "Be secondary beam
component (2.4%) was less intense than the s Li, 'OBe, '3B,
and '6C contaminants, the ' Be breakup fragments from
"Be could be uniquely identified by the combination of
4F. and time of flight through the A1200.

The momentum calibration was obtained by scanning
a 'oBe beam of known rigidity (determined by the first
half of the A1200) across the focal plane, and, at the
same time, the efficiency for transmission as a function of
position at the focal plane was measured. Breakup targets
of 9Be, Nb, '8'Ta, and U were located at the second
dispersive image plane of the A1200 and were chosen to
have nearly equal energy losses. The target thicknesses
were determined from the change in position (momentum)
of the ' Be beam at the focal plane when a target was

inserted. The '"Be fragment momentum resolution at the
focal plane of the A1200 was 0.2% FWHM; straggling in
the breakup targets increased this to 0.3%.

Figure 1 shows the pI~ distributions of '"Be fragments
from ''Be breakup. The distributions are very similar
for all targets. A low momentum tail is observed in the
distribution for the '~'Ta target, which was measured for a
larger range of momentum (5%). Dissipative mechanisms
common in fragmentation of normal nuclei at intermediate
energies [24] seem the likely cause of the low momentum
tail, but we have also examined the possible role of beam
contarninants. Only '4B, whose intensity is 25% that of
' ' Be, could produce ' Be fragments that satisfy the time-
of-flight constraints used to generate the spectra in Fig. 1.
These fragments would have a mean momenta of approxi-
mately 3340 Me V/c (i.e., in the low momentum tail
of the distribution) and would be expected to have a
broad distribution [28] that would not perturb the narrow
distribution associated with the removal of the halo
neutron from ''Be.

The widths of the distributions were extracted as
follows: The height of the distribution was taken as the
average of fits of Gaussian and Lorentzian line shapes
to the data. Linear fits were made to the sides of the
distributions around the half-height, and the width at
half-height was determined from the separation of the
lines. Systematic uncertainties, reflecting a dependence
on the choice of gates selecting 'OBe reaction products,
and statistical uncertainties from the fits contribute nearly
equally to the uncertainty in width. Small corrections to
the data for the system resolution and the transformation
into the ''Be rest frame are detailed in Table I, and the
resulting widths are summarized in Fig. 2. The results
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FIG. 1. The p~~ distributions of '"Be fragments from the
breakup of ' Be on various targets. The data are corrected
for efficiency of transmission to the focal plane. Additional
corrections for the system resolution and the transformation
to the ' Be frame are essential to obtain the momentum
distribution and are detailed in Table I. The momentum
distribution of a 1si/& orbital neutron bound by 500 keV in a
Woods-Saxon potential, folded with the experimental effects
of resolution and acceptance, and evaluated in the laboratory
frame, is compared with the data (solid line).
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TABLE I. Widths (uncertainties) of parallel momentum distributions of 'OBe fragments following the breakup of "Be on various
targets. All widths are FWHM and the corresponding uncertainties are in parentheses.

Target

'Be
93Nb
l81Ta
238 U

Uncorrected
(MeV/c)

44.5(2.0)
48.3(1.9)
48.2(1.9)
45.8(2.1)

Efficiency corrected'
(MeV/c)

45.3(2.0)
50.1(1.9)
50.3(2.0)
46.3(2.1)

System resolution
(MeV/c)

9.3(1.0)
11.6(1.0)
14.7(1.0)
13.5(1.0)

Resolution correctedb
(MeV/c)

44.3(2.3)
48.7(2.2)
48.1(2.2)
44.3(2.3)

"Be rest frame'
(MeV/c)

41.6(2.1)
45.7(2.0)
45.2(2.1)
41.6(2.2)

'These correspond to the data displayed in Fig. 1.
b Correction made by subtracting in quadrature the system resolution (column 4) from the efficiency corrected widths (column 3).
'Results of column 5 expressed in the rest frame of "Be.

are essentially independent of target and have a weighted
average in the "Be frame of 43.6 4- 1.1 MeV/c FWHM
with g2 = 1.1.

Before drawing any final conclusions we consider how
the finite acceptance of the A1200 could affect the ob-
served distribution widths. Possible effects are rooted in
the connection among the Cartesian components of the mo-
mentum density distribution [29]. A Gaussian distribu-
tion is separable in Cartesian components, and hence the
width of the p~~ distribution is unaffected by a finite ac-
ceptance. However, for a Lorentzian momentum distribu-
tion and the A1200 angular acceptance, 60 = 40 mrad and
8 P = 20 mrad, we find that the observed width (FWHM)
for a Lorentzian with I' = 50 MeV/c is reduced by 15%.
For more realistic wave functions the effects appear to be
smaller. An approximate method, which is accurate to 1%%uo

for the width from a Lorentzian distribution [30], shows
that the width of the theoretical pt~ distribution [31],dis-
cussed below, would be decreased by 6% because of ac-
ceptance effects in the present experiment.

The narrow widths correspond, via the uncertainty prin-
ciple, to an extended spatial distribution for the valence
neutron of "Be, and the independence of the widths on
the breakup mechanism supports the Serber approach. We
take these findings as an indication that the measured width
rejects the momentum distribution of the halo neutron. In
this spirit we compare the data with the wave function of a
is~/2 neutron (which dominates the "Beground state wave
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FIG. 2. Summary of the widths of the p~~ distributions in
the "Be rest frame. The average width is 43.6 ~ 1.1 MeV/c
FWHM, shown as a shaded bar. Assuming the shape of
the theoretical distribution of Ref. [31], corrections for the
acceptance will increase this width to 46.2 MeV/c.

function) in a Woods-Saxon potential whose depth was ad-
justed to reproduce the neutron binding energy [31]. When
the corresponding spherically symmetric momentum dis-
tribution is projected onto one axis the distribution width
is 45.4 MeV/c FWHM [31] in the "Be rest frame. The
acceptance correction described above decreases this width
to 42.7 MeV/c. The solid line in Fig. 1 is this projected
momentum wave function corrected for experimental ef-
fects as described in the figure caption. For breakup on
heavy targets, the reaction mechanism is expected to mod-
ify the momentum distribution at large and small momenta
in the "Be rest frame [18]. However, the distribution
shown here, which does not include any reaction mecha-
nism or final state interaction effects, is in good agreement
with the data from light and heavy breakup targets.

The same Woods-Saxon ground state wave function had
been used in a prediction for the angular distribution of
neutrons following the breakup of 41A MeV "Be in a gold
target and agrees with the data [15]. The difference in
the width of the p~~ distribution of 'OBe fragments and
the width parameter extracted from the neutron angular
distribution data (I —58 —63 MeV/c [15]) may arise
from differences in the effects of the reaction mechanism
(and in initial and final state interactions) in the p~~ and pi
directions for halo and core fragments. In contrast to the
case for angular distributions, a momentum width can be
measured directly from the p~~ distribution. As discussed
above, this determination should be insensitive to breakup
mechanisms.

The root-mean-square radius of this Woods-Saxon
wave function, which represents the rms radius for the
relative motion of the halo neutron and the core, is 7.2 fm.
In the "Be rest frame this yields a root mean square
of 6.5 fm (7.2 fm X 10/ll) for the halo neutron and is
consistent with the value of 6.4 ~ 0.7 fm that is required
to reproduce the F.1 strength observed in the Coulomb
breakup of "Be [26]. Since the observed radius of the
'OBe core is 2.30 ~ 0.02 fm [5], there is indeed strong
evidence for an extended neutron halo in "Be.

In summary, we have made high resolution measure-
ments of the p~~ distribution of ' Be fragments resulting
from the breakup of "Be for a wide range of targets
(98e to 23sU). Effects from multiple scattering, energy
straggling, and finite acceptance are expected to inAu-
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ence the observed distributions in a similar way, thus
allowing an accurate determination of any target depen-
dence. No differences in the width of the distributions
were observed, within the uncertainties for individual tar-
gets (-2 MeV/c). Since breakup on light (heavy) targets
is dominated by nuclear (Coulomb) interactions, this sug-
gests that any influences of the breakup mechanism or
Anal state interactions are small compared to the width
of the p~I distribution of ' Be fragments. Taken together
with the excellent agreement with the predicted distribu-
tion for the ground state valence neutron in "Be [31],
this work supports the existence of a one-neutron halo
surrounding a 'OBe core in "Be and the use of the par-
allel momentum distribution as a probe of the wave func-
tions of halo nuclei.
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