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Differential cross sections fop-°He andp-*He elastic scattering have been measured in inverse
kinematics at small momentum transfers up|tb= 0.05 (GeV/c)> and projectile energies of about
700 MeV/nucleon. Nuclear matter densities deduced from the data are consistent with the concept
that ®°He and ®He nuclei have anx-like core and a significant neutron skin. The rms radii of
the nuclear matter distributions were determined toRhe(°He) = 2.30 + 0.07 fm andR,, (®He) =
2.45 = 0.07 fm.  [S0031-9007(97)02737-3]

PACS numbers: 21.10.Gv, 25.40.Cm, 25.60.Dz, 27.20.+n

After the discovery of light neutron rich nuclei which The helium projectiles interacted with protons inside the
exhibit an extended neutron distribution surrounding ehydrogen filled ionization chamber IKAR which served
nuclear core (e.g.!'Li, '“Be), various methods were simultaneously as gas target and recoil detector. It was
applied to study this new type of nuclear structure [1].developed at the PNPI and was previously used for study-
The radii of such nuclei, in particular, were deduced froming small-angle hadron elastic scattering [8,9]. IKAR en-
measured total reaction cross sections [2]. However, asures a sufficiently highH, target thickness (abot X
known from studies of stable nuclei [3], the most accuratel 0>> protong'cn?), and has &7 acceptance in azimuthal
and detailed information on the nuclear matter distribution@ngle for recoil proton registration. It operates at a pres-
is obtained from proton elastic scattering at intermediatesure of 10 bars and consists of six identical modules [9].
energies of about 1 GeV. This method can be applied alsBach module contains an anode plate, a cathode plate,
to study unstable exotic nuclei by measuring elastic crosand a grid, all electrodes being arranged perpendicular to
sections in inverse kinematics, using radioactive beamthe beam direction. The signals from the electrodes, reg-
and a hydrogen target. As theoretical considerations havistered by flash analog-to-digital converters, provide the
shown [4], proton scattering at small momentum transfeenergy of the recoil proton, or its energy loss in case it
is sensitive to the halo- or skin-like structures of nuclei,leaves the active volume, the scattering angle of the re-
and from differential cross sections measured with higtcoil proton, and the coordinate of the interaction point
accuracy at small scattering angles the overall nuclear sida the grid-cathode space. The four momentum trans-
can be determined precisely, and information on the shaper squared was determined with the IKAR chamber in
of the radial distribution of nuclear matter may be obtainedhe rangd:| = 0.01 (GeV/c)?, with a resolution of about
as well. The first experiment on the elastic scattering 0f).0001 (GeV/c)>. Between 0.01 and.05 (GeV/c)?, |t
light exotic nuclei on protons at intermediate energies wasvas determined from the projectile scattering an@le
recently performed at the GSI, Darmstadt. Here we presentith a resolution 00.002P+/|z|, whereP is the projectile
the results of this experimental study on the neutron richmomentum. The angl® was measured by the tracking
nuclei®He and®He. Thep-*He elastic cross section was detector consisting of four two-dimensional multiwire pro-
also measured as a consistency check of the method. Tipertional chambers (see Fig. 1). The scintillation counters
experimental procedure and some preliminary results were
reported elsewhere [5,6].

Differential cross sectiongo /dt for proton elastic scat-

tering were measured at the heavy-ion synchrotron (SIS) PC1
using secondary*8He beams with incident kinetic en- B “||_§|
ergies of 699, 717, and 674 MéXWucleon, respectively. St Szm

These beams were produced by fragmentatio©@fions

from the SIS impinging on a berylium target and were IG. 1. Schematic view of the experimental setup. IKAR:
isotopically separated by the fragment separator FRS [7 ultiple ionization chamber [9]; PC1-PC4: multiwire propor-

The intensity of the secondary beams was athotits ™' in  tional chambers; S1-S3, VETO: scintillation counters. Tracks
all cases. The experimental setup is displayed in Fig. Ifor a typical scattering event are shown by dot-dashed line.
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S1, S2, S3, and Veto were used for triggering and foamplitude was taken into account, which was described
selecting projectiles that entered IKAR along its centralby the standard high-energy parametrization with an ex-
axis within an area of 2 cm in diameter, defined by theponentials dependence [3]. The relevant quantities used
Veto detector. Furthermore, the scintillation counters weras an input are: the total proton-protoppf and proton-
used for beam particle identification via time-of-flight and neutron fn) cross sections, the ratios of the real to the
dE /dx measurements. imaginary parts of th@p and pn amplitudes (these val-

The events corresponding to elastic scattering were setes being evaluated from experimental data and phase shift
lected by using the correlation of the proton recoil energiegnalyses for fre@p and pn scattering), and the slope pa-
measured in IKAR with the corresponding values evalurametersg,, and 8,,. The latter ones were chosen to
ated from the projectile scattering angl@s[6]. Back- be 8,, = B,, = 0.17 fm>. This particular value gives
ground events were observed to be randomly distributethe best description of the*He differential cross section
outside this correlation and could be subtracted straightdFig. 2), with a matter radius dHe of 1.49 fm which cor-
forward. The subtracted background amounts to 1.5%+esponds (after taking into account the charge form factors
7% for differents bins. The resulting cross sections areof the proton and the neutron) to the experimentally de-
displayed in Fig. 2, with plotted error bars denoting sta-termined*He charge radius of 1.67 fm [11]. Also, this
tistical uncertainties only. The absolute normalizationvalue for 8 is close to those used in the literature for the
obtained is accurate withirt3%. This number includes analysis of proton-nucleus scattering at these energies [3].
the uncertainties in beam monitoring, in the evaluationThe ground-state many-body nuclear densities were taken
of the effective target thickness, and in the determinatioras products of one-body densities. Center-of-mass corre-
of the absolute value of the momentum transfer. The lations were taken into account according to Eq. (4.12) of
scale was calibrated according to Ref. [9], with signalsRef. [3].
from2*! Am « sources which were deposited on each cath- In the present analysis, four different model descrip-
ode plate of IKAR. An alternative procedure which usestions of nuclear density distributions were used, the free
the measured projectile scattering an@legave a consis- parameters of which were deduced by least-square fit of
tent result. The uncertainty in thescale calibration is the calculated to the measured cross sections. All nucleon
estimated to be-1.5%. The measureg@-*He cross sec- distributions obtained, as well as the resulting root mean
tion (Fig. 2) is in close agreement with previous data [10],square radii of the distributions of proton®,(), neutrons
obtained in direct kinematics. (R,), core nucleonskK,), valence nucleonsR(,), and total

For deducing information on the nuclear density distri-nuclear matterk,,), refer to point nucleon distributions.
butions in®He and®He from the measured cross sections,It should be noted that, since the difference between the
the Glauber multiple scattering theory was applied. Calcuelementarypp and pn cross sections is relatively small,
lations were performed using the basic Glauber formula fothe sensitivity of the calculatgotnucleus cross section to
proton-nucleus elastic scattering (see, e.g., Ref. [3]). Onlyhe difference between the proton and neutron density dis-
the scalar part of the elementary proton-nucleon scatteringibutions p, () and p,(r) is rather weak. Therefore, we
did not make any difference between the one-body pro-
ton and neutron densities in the first part of our analysis.
Here, we have used for the matter distributiop(r) a
symmetrized Fermi (SF) distribution [12] (with the “half
density radius"’R, and the diffuseness parameter and
a Gaussian with a “halo” (GH). Both parametrizations
allow for the description of an extended matter distribu-
tion as suspected fdHe and®He. The GH distribution
is defined by the form factos(z) = (1 + az?)expz),
with z = tR2 /6, and0 = « = 0.4. Fora = 0, the GH
distribution becomes a Gaussian one, while dorclose
to 0.4 this distribution has a pronounced halo compo-
nent. We note that the paramet®y, in the form factor
is closely connected with the slope of the measured dif-
ferential cross section, while the parameteis related to
the curvature of the dependence of the cross section.

In the second part of the analysis we assumed‘Hat
FIG. 2. Absolute differential cross sectiods /dt versus the and 8He nuclei consist of core nucleons (2 protons and
four momentum transfer squared, for'He, p-He, andp-*He i neutrons) and valence nucleons (2 neutron$Hiar, and

elastic scattering measured in the present experiment (full dots . .
Open dots show the data of Ref. [10]. Full lines are the results", N€utrons fofHe), described by the corresponding den-

of the fits assuming the GH parametrization for the nucleaity distributionsp.(r) andp,(r). A Gaussian (G) distri-
density distribution. bution for the core nucleon density and either a Gaussian
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TABLE I. Summary of parameters obtained for various parametrizations of the model
nuclear density distributions (for notations, see text; only statistical errors are given).

Nucleus Parametrization Paramefers R, R,"
4He¢ SF Ro = 1.26(36), a = 0.31(7) 1.49(3)
GH R, = 1.49(3), @ = 0.006(88) 1.49(3)
SHe SF Ro = 1.23(54), a = 0.57(7) 2.31(6)
GH R, = 2.29(5), a = 0.08(5) 2.29(5)
GG R. = 1.95(10), R, = 2.88(27) 2.30(6) 2.46(12)
GO R. = 1.81(9), R, = 3.05(21) 2.30(5) 2.50(10)
8He SF Ro = 0.03(75), a = 0.66(2) 2.46(3)
GH R, =2474), a = 0.16(3) 2.47(4)
GG R. = 1.68(7), R, = 3.04(9) 2.46(4) 2.67(6)
GO R. = 1.42(7), R, = 3.12(7) 2.42(3) 2.67(5)

2 is dimensionless, all other parameters and radii are in fm.
Under the assumption d@t, equal tor,.
‘The parameterg,, and 3,, were chosen to obtaiR,, = 1.49 fm.

(G), or a P-shell harmonic oscillator-type density (O) for  For “He the diffuseness parametenf the SF distribu-
the valence nucleon density were used. We refer to thegd®n was found to be small, and the parameiesf the GH
two versions of the analysis as GG and GO. distribution occurred to be zero within errors (see Table ).
The experimental data are equally well described withFor the neutron-rich isotopé&ble and®He, we note that the
the density parametrizations used, with a reduged diffuseness parametersare about twice as large as that
around unity. Solid lines in Fig. 2 show the GH case as arfor “He, and that the parameter is larger than zero for
example. Fop-*He scattering, the present data and thoséoth isotopes (most significantly in the cas€Bg). The
of Ref. [10], measured in a wider interval, were ana- nuclear matter density distributions obtained with the GG
lyzed together. The results of our analysis are presenteghd GO parametrizations are rather similar to those ob-
in Tables | and Il, and the resulting nucleon distributionstained with the SF and GH parametrizations (see Figs. 3
are depicted in Figs. 3 and 4. Both parametrizations (Snd 4). This fact tells us that all versions of the present
and GH) applied for*He have yielded identical values analysis agree in reproducing a rather extended matter dis-
for the matter radius. In the case tfle and®He, the tribution for °He and®He, the matter density decreasing
values obtained for the matter radtj, by applying the with the radius much slower than in the caséldé. This
four parametrizations mutually agree within small errorsresult is a clear evidence for the existence of a significant
This demonstrates that the results on the radii are quiteeutron skin in both nuclei.
independent on the model assumptions considered. If we However, from our experiment alone we can deduce
account also for systematical uncertainties in the experithe information on neutron distributions only by making
mental data and in the analysis we finally obt&p =  some assumption on the proton distributions, as it is done,
2.30 = 0.07 fm for ®He, andR,, = 2.45 = 0.07 fm for  for example, in our parametrizations GG and GO which
8He. In Table Il these rms matter radii are compared withsuppose that protons are contained only in the core. The
other experimental and theoretical results. The presersverage values of the core radij for the GG and GO
values are in close agreement with those of Ref. [2]parametrizations are88 + 0.12 fm for °He, and1.55 +
However, other analyses [13,14] of the data on the totad.15 fm for 8He. The different values oR. for He
reaction cross sections from [2] have yielded noticeablyand ®He may be explained by a different contribution
higher values for th€He rms matter radius. We suspect of the valence neutrons to the center-of-mass motion of
that this disagreement is due to the relatively large systhe cores in both nuclei. If we assume ti#t is equal
tematical uncertainty of such an analysis. to R., we obtain values 02.48 + 0.11 fm for °He, and

TABLE Il. Nuclear matter radiirR,, (in fm) for °He and®He deduced from the present
experiment, compared with other experimental and theoretical results.

SHe 2.30(7} 2.33(4) [2P 2.57(10) [13P 2.71(4) [14P 2.46 [I5F 2.40 [16F
SHe  2.45(7¢  2.49(4) [2] 2.40 [15} 2.73 [17F

aThis work; averaged values with total errors.

*These values were deduced from the same experimental data on the total reaction cross sec-
tions [2].

‘Theoretical results.
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FIG. 3. Nuclear core and total nuclear matter density distribufIG. 4. Nuclear core and total nuclear matter density distribu-
tions for ®He (normalized to the number of nucleons), for the tions for®He (notations are as in Fig. 3).
different models applied (for notations see text).
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