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Abstract

In an experimental study of *He+p and *H-+p collisions at ~70 A MeV, the elastic scattering
angular distributions were measured and the known excited state °He} s was observed. Comparative
analysis of existing experimental data on proton elastic scattering by *He, ®He, ®Li, *He, °Li, and
"Li was performed. Effects of valence neutrons were investigated using the eikonal approach. A
difference between ''Li and %*He was found. (©) 1997 Elsevier Science B.V.
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1. Introduction

One of the most exciting events in nuclear physics of recent years was the discovery of
extended neutron distributions in exotic neutron-rich nuclei like, e.g. ''Li, !'Be, ®He, *He
[1]. Such nuclei were experimentally studied mainly by cross sections measurements and
fragmentation experiments [1,2]. Here we report on measurements of elastic scattering
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Fig. 1. The experimental setup.

of SHe+p, which were performed together with a study of proton scattering by the
radioactive nucleus 3H. Another study of scattering of SHe+p as well as ®He+p was
recently carried out in Ref. [3]; data analysis is in progress.

The extended neutron distributions sometimes are classified into two groups, neutron
skins and neutron halos, reflecting the expectation of their different properties due to
peculiar shapes of density profiles [1,4,5]. Below we perform a comparative analysis of
all existing data on the proton elastic scattering by *He, 8He, and !'Li. It turns out that
the proton does feel the valence neutrons in *He, ®He and does not feel them in !'Li,
reflecting different properties of the neutron skin in °He, 8He and the neutron halo in
ML

2. Experimental method

The experiment was carried out in RIKEN (Japan). We used radioactive beams of SHe
and 3H and studied SHe+p and *H+p collisions under inverse kinematical conditions.
We applied the missing mass method based on the detection of recoil protons both in
an inclusive way and in coincidences with other emitted particles. The secondary beams
were produced by the fragment separator RIPS from fragmentation of the 'O primary
beam at E = 100 AMeV on a *Be target with thickness 1.1 g/cm?. The ®He beam had
an energy of E'® =71 AMeV with an energy spread 4 = +3.0 AMeV. The energy of
the 3H beam was E2® =73.5 AMeV (4 = +4.5 AMeV).

The experimental setup is shown in Fig. 1. Two plastic scintillators and MWPCs
were used for projectile identification, tracking, and measurement of the beam energy.
The secondary beam hit CH, and C targets with thicknesses of 11.75 and 9.5 mg/cm?,
respectively. Note that all experimental distributions presented in this paper correspond
to a pure proton target (negligible background from the C target was subtracted).

To detect protons, we used two telescopes of solid state detectors with large area.
Every telescope consisted of two strip detectors and three silicon detectors. The centers
of the telescopes were located at 69°, i.e. in the range of small center-of-mass angles
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Fig. 2. Proton spectra from the processes indicated in the figure. Arrows show the position of the known excited
stale GHBT.x(2+)- Curves show: (1) the phase space p+n+n+°*He; (2) the n+n final state interaction; (3)
the n+*He final state interaction via the resonance 5He(3/2‘).

in the scattering ®*He+p and *H+p. The telescopes measured energies and angles of
every proton, which allowed us to determine the energy in the residual *He- or H-like
system. The resolution in the excitation energy of ®He and *H (FWHM ~ 1.5 MeV)
was mainly due to the angular resolution of the setup and the target thickness.

In addition to the recoil protons, we detected other emitted particles. Charged particles
were bent in the dipole magnet and measured by the drift chamber and the plastic scin-
tillators” hodoscope. The hodoscope allowed us to determine the charge of the detected
particle, while the drift chamber was used for isotope identification. Neutrons from the
decay of SHe were detected by layers of plastic scintillators. This part of the detection
system allowed us to study exclusive spectra of protons detected in coincidences with
particles from the projectile breakup.

3. Experimental results

To obtain the resulting spectra of protons presented in Fig. 2, we converted the
measured distributions d*N/dEd Q2 into dZN/dE;"He(de.QI‘,"b and integrated them
over angles within the acceptance of proton telescopes (01];‘ ~ 60-80°). The inclusive
spectrum of protons, in p(°He, p), is presented in Fig. 2A. A strong peak corresponding
to the ground state of ®He is seen. The arrow corresponds to the known excited state
of SHe at E* = 1.8 MeV (J™ = 2*). This state is clearly seen in Fig. 2B, where we
show the exclusive spectrum of protons detected in coincidences with “He. The observed
width of the state is close to the experimental resolution, in agreement with the known
narrow intrinsic width I” = 113 keV. The proton spectrum detected in coincidences with
“He and neutron also shows this state. In Figs. 2A and 2B, typical physical backgrounds
are illustrated by curves which are smooth and follow the general trend in the high
energy part of spectrum (detection acceptances and resolutions were taken into account
in the calculations). Curve 1 corresponds to the phase space of p+n+n-+*He, curves
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Fig. 3. Angular distributions as the ratio to the Rutherford cross section for the elastic of scattering *H+p at
74 AMeV, ®He4p at 71 AMeV, 8He+p at 66 AMeV (6], and p+*He at 72 MeV [7]. Curves | and 2 show
the optical model calculations for the scattering of *He+p and ®He+p, respectively, using the same optical
potential parameters found in Ref. 8] by a fit to the *He+-p data from Ref. [9]. Curve 3 presents the optical
model calculation for the scattering of *H-+p using the potential parameters for the p+>He scattering [10].

2 and 3 show calculations for the final state interactions of n+n (virtual state) and of
n+*He (the resonance He(3 /27)), respectively. Fig. 2C shows the inclusive spectrum
of protons from the process p(*H, p). The elastic scattering peak is clearly seen.

The obtained angular distributions for the elastic scattering of ®He+p and of *H-+p
are presented in Fig. 3 as a ratio to the Rutherford cross section. It is seen that the exper-
imental points correspond predominantly to nuclear scattering (ratio to the Rutherford
cross section is much larger than unity). In Fig. 3 we also show previously measured
data for ®He+p [6] and the data for “He+p [7] at center-of-mass energies close to
that for the scattering of SHe+p. It is seen that the results for He+p and for ®He+p
are very similar to each other and differ essentially from the distribution for *He+p. To
illustrate the resemblance of the results for ®He and ®He, we show in Fig. 3 the optical
model calculations with identical potential parameters found in Ref. [8] for the elastic
scattering of ®He-+p measured in Ref. [9] at a slightly higher energy of 73 AMeV.
Curves 1 and 2 (for ®He+p and ¥He+p, respectively) describe the experimental data
well, reflecting a likeness of gross properties of SHe and 8He.

The cross sections do-/df)., for the elastic scattering of *He+p, *He+p and “He+p
are shown in the middle of Fig. 4A. It is seen that the similarity between the results
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Fig. 4. (A) Cross sections for elastic scattering of p+°H at 74 MeV, p+He at 85 MeV [10], p+*He at
72 MeV [7], p+SHe at 71 MeV, p+®He at 66 MeV [6], and p+°Li at 72 MeV [11]. Curves present the
optical model calculations: (1) for the scattering p+SHe using potential parameters for p+SLi [11]; (2) for
p+%He using potential parameters found for scattering p+3He at 72.5 MeV [81; (3) for p+SLi | 11]; (4)
for p+*H using potential parameters for p+3He [10]; (5) for p+>He [10]. (B) Cross sections for elastic
scattering of p+3He at 32, 66, and 72.5 MeV [12,6,9]. Curves show the eikonal calculations (see the text).
(C) Cross sections for elastic scattering of p+C®He at 71 MeV, p+0Li at 72 MeV [11], p+''Li at 62 MeV
[13], p+°Li at 60 MeV [13], and p+!ILi at 75 MeV [6]. Curves show the eikonal calculations (see the

text).

for He, ®He and their difference from ‘He+p scattering are manifested via the slopes
of angular distributions. In the case of predominance of nuclear scattering (see Fig. 3),
the slopes of the angular distributions usually are determined mainly by the matter radii.
Thus the observed specific features of the experimental data show, on the one hand,
that the radii of ®He and 8He are close to each other and, on the other hand, that the
radii of ®*He and ®He are larger than that of an a-particle. This is in agreement with the
experimental values of the radii, Ry (®He) = 2.48 4 0.03 fm or 2.57 + 0.1 fm [14,15],
Rma(®He) =2.52 + 0.03 fm [14], Rumat(*He) ~ 1.48 fm [16].

In Fig. 4A, curve 1 presents the calculation for the elastic scattering of *He-+p with
the optical potential obtained in Ref. [11] for the elastic scattering of p+SLi at almost
the same energy of 72 MeV (note that we studied the ®He+p scattering at 71 AMeV).
This curve agrees well with the experimental data. The experimental data for ®*He+p
and SLi+p measured at almost the same energy are compared in the bottom of Fig. 4A.
It is seen that these angular distributions are almost identical. This fact reveals a close
similarity between gross characteristics of density distributions in $He and SLi. Note that
the radii of ®He and SLi are really close to each other, Rinac(PLi) =2.44 £ 0.1 fm [16]
and Ry (°He) = 2.48+0.03 fm or 2.57+0.1 fm [14,15], while a close analogy between
the geometrical structures of *He and 6Li is seen in three-body calculations [17,18] (in
spite of different spin-parities and other particularities of these ground states).
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The measured cross section for the elastic scattering of *H+p at 74 AMeV is com-
pared with data for elastic scattering of p+>He at 85 MeV [10] on the top of Fig. 4A.
Curve 4 shows the optical model calculation for *H+p using the potential parameters
found in Ref. [10] for the p+>He data; the latter calculation for p+>He is presented by
curve 5 in Fig. 4A (the calculation for *H+p is also shown by curve 3 in Fig. 3). Again,
the results for the scattering of *H+p and *He-+p are in close agreement in consistency
with 3H and *He belonging to the same isospin doublet.

4. Effects of extended neutron distributions in *He, ®*He and ''Li

The performed measurement of elastic scattering of ®He+p has enlarged the bank of
experimental data on proton scattering by nuclei with neutron skin or halo. Fig. 4B and
4C show all existing data for the elastic scattering ®He+p at 73, 66, and 32 AMeV,
®He+p at 71 AMeV, "Li+p at 62 and 75 AMeV (present experiment and Refs.
[6,9,12,13]). In Fig. 4C we also show data for the elastic scattering of p+°Li at 72 MeV
[11]. The ®Li nucleus was included in our analysis because it can be considered as an a-
core and an extended neutron+proton distribution. Below we analyze the data presented
in Figs. 4B and 4C using the eikonal approach, which attracts attention because it has
no fitting parameters and provides a straightforward connection with the densities of
nuclei. A satisfactory application of the eikonal approach in the energy range under
consideration was established in several papers. For example, in Ref. [19] it was found
that this approximation works well up to the second maximum in the angular distributions
for light nuclei. Note also that the energies under consideration correspond to the limit
of applicability of the eikonal approximation, and development of a precise theory for
elastic scattering in this energy domain is strongly needed.

We used the following amplitude for proton-nucleus elastic scattering [20]:

oo
f=ik / Jo (¢ — XX hdb + fe,
0

XN<b)=-hlfdzvN(\/b2+12), 1)
vV

where k% = 2uEcm/h?, fc is the standard Coulomb amplitude [20] and yc is the
Coulomb phase for a uniform charged sphere with R, = rocA'/? (ro = 1.33 fm for °Li
and 1.1 fm for “He [21]). The nuclear phase yn is determined by the optical potential
W = (ton)pn + (tpp)pp With {tpn) = —Fwdpn(apn + i) /2 [20]. Here pp and p, are
proton and neutron densities of nucleus, respectively. They will be discussed below. The
Pauli-corrected proton-nucleon total cross section, opn = opNP (€NE /€), was derived in
Ref. [22]. The correction term P depends on the Fermi energy, eng, of the struck target
nucleon, which was calculated for the proton and neutron densities, py(n); to evaluate the
energy € of the incident proton at the interaction point we used the Coulomb potential
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and the real part of potential W (an analogous procedure was used in Ref. [23]; see
also Ref. [22]).

In addition to the densities pn(p), the input for the calculations includes parameters
of the pN amplitude, opn and apn. The pp and pn total cross sections, OpN, are known
at energies under consideration, E < 100 MeV (see, e.g. Ref. [24]); we approximated
them by app[mb] = 1/(~1.4 x 1072 +4.45 x 10~*E — 7.37 x 10~7E2) and gpy[mb] =
1/(=2.5x 107"+ 1.15x 107E + 1.73 x 1077E?) (E in MeV). The parameters apy
are known at £ > 100 MeV [25]. We used interpolations, app =2.55-6.8 x 10-3E
and ap, = 1.08-8.0 x 10~*E, from the values of apn [25] at the two lowest energies.

To investigate the sensitivity of the elastic scattering to the neutron skin or halo, we
performed calculations for every nucleus considering three kinds of densities pn(p):

(i) The “realistic” densities, which contain the extended distribution of valence nu-
cleons and correspond to the experimental matter radius of ®He, He, SLi, or ''Li.

These densities were derived in the cluster-orbital shell-model approximation
(COSMA) [26] based on the approach from Ref. [27]. For !'Li, we used the fol-
lowing neutron and proton densities from Ref. [26] obtained in the °Li+2n model:

2] 2 22 2
pi(r) = NSRS |y 2exp(—r/b) [Ar2+3<r2_%b2) ] (2)

w3243 33/2p5
i=n,p,

where Ngp =3, Nep = 6, Ny =0, Ny =2,a=1.89fm, b =3.68 fm, A =0.81, B =0.19.
These densities contain the neutron halo, yielding Ry ('Li) = 3.2 fm in agreement with
the experimental value [1,14], and corresponding to a mixture of 1p and 2s orbitals
for the valence neutrons. This mixture allows one to reproduce experimental data on
transverse momentum distributions of °Li from fragmentation of 'Li [26]. Different
orbitals for the valence neutrons were investigated in Ref. [6] and were found to give
results close to the solid curves for !'Li in Fig. 4C, which represent calculations using
Eq. (3).

The densities of 3He were derived in the a+4n model of Ref. [28] and can be written
as Eq. (3) with Nyy =4, Ny, =0, Np = Nep =2, a =138 fm, b =199 fm, A =1,
B = 0. These densities reproduce the experimental radius of ®He, Ry (3He) =2.52 fm
[14], and contain an extended neutron distribution. In this case in Eq. (3) a Gaussian
density of “He was used which was then folded with a Gaussian form for motion of the
“He core in ®He. We also tried a more sophisticated wave function of “He, which was
obtained in the resonating group method [29]. The result shown in Fig. 4B, with an
example of the scattering of 8He-+p at 73 AMeV by dot-dashed curve, is close to the
solid curve calculated using Eq. (3).

The densities of ®He and °Li, which we obtained in the a +2N model, can be written
in the form of Eq. (3) with A =1, B =0, Nop = Ney = 2; Nyn = Nyp = 1 for SLi
and Ny, = 2, Ny, = 0 for SHe; a = 1.55 fm corresponds to a Gaussian density for
“He(Rpa(*He) = 1.48 fm) folded with a Gaussian form of motion of the *He-core in
SHe or °Li, which is characterized by R = 1.2 fm for both $He and SLi [18,26].
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The parameter b was chosen to reproduce the experimental radius of ®He and SLi: b =
2.07 fm for Rpa(°Li) =2.45 fm and b = 2.24 fm for Rpa(°He) =2.57 fm [15]. (The
calculation with b= 2.12 fm for Ry (®He) =2.48 fm [14], which is shown in Fig. 4C
by the dot-dashed curve, is very close to the solid curve for Ruat (PHe) = 2.57 fm.)

(ii) The second group of calculations was performed using the “ron-halo” densities
which neglect the difference between the proton and neutron radii, but correspond to
the experimental matter radius of ®He, ®He, ®Li, or ''Li. We used the Gaussian proton
and neutron densities with identical radii equal to Ry (3He) = 2.52 fm, Rua(®He) =
2.57 fm, Rma(®Li) =2.45 fm or Rpg(''Li) = 3.2 fm.

(ii1) The third group of calculations corresponds to the “core-like” densities. In this
case we neglected the neutron skin or halo and replaced the real matter radius of the
nucleus by the radius of the core (*He or °Li). Namely, we used the Gaussian proton
and neutron densities with identical radii equal to Rpe(*He) = 1.48 fm for He, ®He,
®Li and Rpa(°Li) =2.32 fm [14] for ''Li.

Results of calculations with the “realistic” densities, which correspond to the experi-
mental matter radius of ®He, %He, SLi, or !'Li and contain the extended distribution of
valence nucleons, are shown in Figs. 4B and 4C by solid curves. They are in reasonable
agreement with all experimental data. Calculations with the “non-halo” densities, which
correspond to the experimental matter radius of ®He, ®He, SLi or ''Li, but neglect a
difference between proton and neutron radii, are shown by dotted curves in Figs. 4B
and 4C. It is seen that for 8He, He, °Li (but not for ''Li) these curves are close to the
solid curves being in reasonable agreement with the experimental points. At the same
time the dashed curves, which correspond to the “core-like” densities (the neutron skin
or halo is neglected, and the real matter radius of the nucleus is replaced by the radius
of the core), differ drastically from the experimental data, solid and dotted curves for
8He, ®He and SLi. These results indicate that the proton elastic scattering is sensitive to
the matter extension in 8He, ®He and °Li in comparison with the a-particle and it is
insensitive to the difference between proton and neutron radii in ®He and SHe.

Such observations are different for the scattering of ''Li+p. As seen in Fig. 4C,
the solid curves are more similar to the dashed curves than to the dotted ones. A big
similarity between the solid curve (“realistic” density) and the dashed curve (“core-
like” density) show that the !'Li+p scattering is determined to a large extent by the
proton scattering on the °Li core, reflecting a low-density in the neutron halo. Since the
density of valence neutrons is lower in the ''Li halo than in ®He, the transparency of
the halo for the incoming proton is larger in ''Li than in ®®*He. As a result, the proton
penetrates through the halo in !'Li and scatters on the °Li core unlike the case of ®®He.
Note, that essentially different transparencies of the ''Li halo and of the °He neutron
skin can be understood from a simple consideration of the mean free path of the proton
in the matter of the halo/skin. The mean free path depends on the proton-neutron cross
section, which is the same for cases of '"Li and °He (proton energies are close to each
other), and on the density, that is on the volume of halo/skin, where the two valence
neutrons are distributed. If the halo in ''Li and the skin in ®He would have the same
thickness (actually the ''Li halo is even thicker), the volume of the !'Li halo would be
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Fig. 5. Eikonal calculations (sce the text) of cross sections for elastic scattering of (A) ''Li+p, (B) He+p.
and (C) 3He+p all three at 800 AMeV. Inserts in (B) and (C) show the angular distributions in a wider
angular range corresponding to the four momentum transfer squared, |¢| < 0.5 (GeV/c)?.

already essentially larger than that in ®He, just because in ''Li the halo is located on
the top of the core with a larger radius (Ror; > R,). Finally, the mean free path, which
strongly depends on the density (the density appears in an exponent), is essentially
larger for ''Li than for °He.

The difference between ''Li and 6®He is also seen directly from the experimental data.
In Fig. 4C, the ''Li data at 62 AMeV is compared with the data for "Li+p scattering
[13] shown by triangles (the dashed-dotted curve shows the eikonal calculation for
%Li+p and describes the data well). These !'Li and °Li distributions have very similar
slopes and shapes unlike the case of He isotopes in the middle of Fig. 4A, where the
slope of the angular distribution for *He differs essentially from that for ®He. Note
that the similarity of the angular distributions for ''Li+p and °Li+p was also discussed
in Refs. [30,31], where the fragile 11, halo was found to be responsible for additional
absorption and a lower cross section in comparison with that for °Li. If a proton hits the
9Li core after penetrating through the halo, it is easy to shake off the valence neutrons,
which are loosely bound.

Such a distinction of !'Li from 8He, ®He, °Li remains at high energy proton scattering.
Fig. 5A shows calculations for the elastic scattering of !'Li+p at 800 AMeV (the Np
amplitude parameters were taken from [25]). It is seen that the solid curve for the
“realistic” density is close in a wide angular range to the dashed curve for the “core-
like” density (the result that ''Li and °Li theoretically give rise to a very similar angular
distributions was also obtained in Ref. [32]). At the same time, both curves differ from






