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The ""Li Neutron Halo Radius from Pion Double Charge Exchange

A.C. Hayes

Theoretical Division, Los Alamos National Laboratorv, Los Alamos, NA 87545

Abstract

\WVe have analyzed the pion double charge exchange data for the direct
population of the ground state of ''Li by the ''B(x~, #*)!' Li reaction and
find that the measured cross section determines tlie rms radius of the last
two neutrons in "' Li to be 5.173'8 fni. It is shown that the pion cross-section
falls off as the sixth power of the assumed neutron halo radius, so that a
radius greater than about 6 fin is ruled out. Indeed, pion double charge is
found to act as an unusually sensitive probe of the properties of this exotic
ncutron rich nucleus,

Recently, there have been a number of experiments strongly suggesting that
the neutron-rich nucleus !'Li exhibits a ‘neutron halo’, in which the radius of the
last two neutrons is several fermi larger than the radius of the °Li core. The
existence of the halo has been inferred from the anomalous total reaction cross-
section on various light targets!, which is usually interpreted as arising from an
anomalously large matter radius for the system. Furthermore, very narrow mo-
mentum distributions of the outgoing *Li? and neutron® fragments in (' Li,"Li)
dissociation experiments confirm the large neutron radius and support the idea
that it is indeed the last two neutrons which are largely responsible for the halo.
However,the necessary model dependence involved in extracting the size of the
halo from these experiments leaves a large uncertainty as to its magnitude, and
results for "Li range from an total neutron rms radius! of 3.211+0.17 fm to a
neutron halo with a radius®of 12 fm. In this paper [ report on calculations of
the DCX cross-section for the "B(r= x*) reaction which show that the recent
LAMPFE data? ean be used to make a very aceurate determination of the radius
of the neatron halo in "'Li.

The DCX cross-section is determined by the wave functions of the exchanged
neutrons and protons, and thus acts as a direct probe of the neutron halo. In
particular, the cross-section for the "B(r=, x ¥)"Li reaction will be significant (or
measurable) only if the transition density, obtained from the overlap of the wave
functions for the initial protons and final neutrons, is sizeable. There v a very
large difference in the binding energies of the last two (exchanged) protons of "'
and the exchanged neutrons of "'Li, and the resulting difference in the shape of



the radial wave functions in the two cases causes the DCX cross-section to be
quite sensitive to size of the neutron halo.

At a pion energy of T,=164 MeV, the DCX reaction is dominated by two se-
quential single charge exchanges. We have performed calculations of the DCX re-
action using finite range distorted waves and a closure approximation for the inter-
mediate states. The calculational technique has already been described elsewl.ere®.
The nuclear structure input was expressed in term of shell model two-body density
matrix elements derived from a p-shell calculation®. In a p-shell model ULig,. is
described as a single py/; proton with the neutrons forming a closed shell. The
magnetic moment is then just the Schmidt py/, value, 3.79 un, which is in rea-
sonable agreement with the measured value of 3.667yu,. The wave function for
'R, ,., obtained by diagonalizing the Cohen-Kurath (8-16)2BME effective inter-
action, reproduces the ground state maguetic and quadrupole moments reasonably
well.

In calculating the DCX reaction the rms radius of the last two neutrons in "' Li
(R2,) was varied in order to determine the value giving the best representation of
the data'. This was done by adjusting the size of the Woods-Saxon well userd to
obtain the single particle wave tunctions, while keeping the binding energy of the
"Li neutrons fixed at 200 keV. The rms radius of the two protons on which the
reaction proceeds was Leld fixed at 2.65 fin, a value suggested by the difference in
charge radius between "B and "Li. The ''B protons were bound by 11 MeV.

As the volume in which the exchanged neutrons are io be found increases the
cross section deceases since the rraction only has significant strength when the
overlap of the wave function of the final neutrons with the initial protons is large.
In the limit as the radius of the two final neutrons becomes very large, it is the
initial wave function alone which controls the volume over which the reaction takes
place. When this limiting situation is reached the shape of the transition density
no longer changes and the cross section scales as the inverse volume squared or
as 1/RY,,. The results of the caleulation are shown in Figure 1 for a range of rins
radii covering those that have heen suggested in the literature. We note that a
racius of 12 fm, as suggested by Aune ot al?, would imply a cross section 3 orders
of magnitude smaller than that observed.

We estimated the uneertainty in the calculated cross sections from systematic
studies of nuclear structure and DCX for nucelei in this mass region. The us - ol
p-shell wave funcuions may be too resticetive, particularly in the case of the "'Li
nuclens where di-neutron clustering is important, 'Vhe deseription of a di-neutron
cluster state in a harmonic oscillator shell model basis would require a large multi-
hew caleulation, 'T'he inclusion of states of very high excitation is necessary in order
to give a realistic deseription of the relative motion wave lanction. While the
problem is mitigated by our use of Woods-Saxon single-particle wave functions,
and by the fact that our pshell neutrons me strongly correlated”, additional
correlations can be introduced by increasing the model basis to allow sd-shell or
higher excitations, and these have heen shown to give up to a factor of two in
the DCX eross section: between isobarie analog states, In the present non analog



transition these effects will be reduced by roughly v2 since two nucleon clustering
is important only in the final ("' Li) wave function.

The second source of possible error lics in the calculation of the distortions
of the pion. We can estimate the accuracy of the calculated distortions by com-
paring with the analog state transition in (. Using wave functions obtained by
diagonalizing the same Cohen-Kurath interaction we find that the data for the
HC(rt, 77)H0 reaction are correctly reproduced around 20° but are over esti-
mated by almost a factor of 2 at 5°. Thus we assign a factor of /2 error [rom
the distortion. The corrections {rom nuclear structure and pion dynamics have
approximately equal but opposite effect, with the former increasing and the latter
decreasing the calculated cross section. Combining the two we estimate that the
the uncertainty in the calculated cross sections has a one standard deviation error
of 40%. Allowing this uncertainty we conclude that the measured cross section
determines the radius of the last two neutrons in ''Li to be 5.179% fm.

We now turn to a comparison of the present extracted radius with other de-
terminations. Bertsch et al.® find a matter radius of "' Li to be 2.846 fm and that
of °Li to be 2.224 fin leading to an R, of 4.72 fim, a value consistent with the
present result. Irom the neutron radii of Tanihata et al.! determined from in-
teraction cross section measurements, assuming that the °Li core neutron radius
remains fixed at 2,39 fm, we find 11,, to be 191 fin. The dissociation experiments
tend to show a larger radius but they are not inconsistent with our result if we use
a cluster model for the last two neutrons. Consider a di-neutron bound to the *Li
core and assume that the two neutrons are produced at zero relative momentum
in the dissociation process. We implemented this model by solving for the bound
state wave function of a particle with a two-nucleon mass in a Woods-Saxon po-
tential holding the binding energy fixed at 190 keV, and varying the size of the
well to allow the choice of dilferent rms radii for the di-neutron.

If we compare the recoil distribution measured by Kobayashi et al? with the
transverse momentum obtained frem the di-neutron wave function desceribed above
the result is in basic agreement for either of the 5.4 or 6.2 fim cases shown in Figure
2a. Note that if the "Li were recoiling against two independent nentrons the width
of the peak would be narrower by l/\,/z We also show a comparison with the
results of Anne et al. ™ in fig. 2b for the angular distribution of the neatrons
arising from dissociation. Because of the di-neutron assumption used above, each
neutron carrvies half of the momentum of the "Li so that there should be a factor
of 2 bhetween the widths of the disteibutions in Ref. 2 and 3, while if the neutrons
weve uncorrelated there would be a factor of V2. The agreement is marginally
satislactory, except for the first point. Hifner and Nemes? point out that for a
reliable extraction of & momentum distribution the energy /nucleon shouid exceed
500 MeV/u, a condition met in ref 2 but not in ref. 3.

In sunimary, an analysis of the DCX reaction on "3 leading to the ground
state of "L shows that the measured cross section places a strong limit on the
sizes of the nentron halo in "Li: Ry, = 5.1 fin. For sufficiently large neatron

vadii the calenlated eross section falls off as 1/RY, . so that an vy radius for

n*



the last two neutrons greater than about 6 fm is ruled out. We emphasize that
this is not a model dependent statement, but can ve understood ia terms of
geometric arguments alone. The extracted radius is in agreement with results from
the interaction cross section measurements!, and with Hartree-Fock calculations®
which explicitly take account of the loose binding of the last neutrons. Agreement
with the dissociation experiment of Ref. 2 (and to a lesser extent of ref. 3) is
achieved if and only if we assume that the last two neutrons behave as a di-
neutron cluster.

This work was carried out in collaboration with Bill Gibbs, and was supported
by the U.S. Dept. of Energy.
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Figure |. The angular distribution of the cross section for the ° -200 -100 o 100 20
DCX reaction lor several values of R;,. The insert Pj. (Mevrc)
shows the comparison of the 5° cross se:ion (band
defined by the dotted horizontal lines) with the the- Figure 2. Comparison of the model described in the text with

oretical calculation (band defined by the solid lines). the data of Ref. 2(a) and Ref. 3th).



