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Abstract

Interaction cross Séctions(a,) for all the kﬁown Li isotopes (5Li -'Li) and "Be, °Be, and
10Be on targets Be, C, and Al have been measured at 790 MeV /nucleon. Root-mean-square radii
of these isotopes as well as He isotopes have been deduced from >the o; using a Glauber-type
calculation. Appreciable differences of radii among isobars (SHe-®Li, ®He-3Li, and -gLi-gBe) have
been observed for the first time. The nucleus nLi‘ showed a remarkably large radius Suggesting a

large deformation or a long tail in the matter distribution.

PACS Numbers: 21.10.Gv, 25.70.-z, 27.20.+n



Recently, exotic-isotope beams, produced through the projectile-fragmentation process in
high-energy heavy-ion reactions, were used to measure the interaction cross sections(o; ) for all
the known He isotopes.! This novel technique of using exotic nuclear beams makes it possible to
study systematically properties of unstable nuclei. In the present paper, we report the o for all
the known Li isotopes (°Li, "Li, ®Li, 9Li, and "Li) and “Be, °Be, and '°Be on target nuclei Be, C,
~and Al at 790 MeV/nucleon. A firm basis has been empirically established by using a

Glauber-type calculation to extract root-mean-square(rms ) nuclear radii from the o;.

The secondary beam of 'Li was produced through projectile fragmentation of t:he 800-
MeV /nucleon Ne primary beam. The other Li isotopes and Be isotopes were produced from a
1B primary. The primary beams were accelerated by the Bevalac at the Lawrence Berkeley
Laboratory. The secondary isotopes were produced in a production target of Be and were
separated by rigidity using the beam-line magnet system as described in previous papers.!? The
rigidity separated isotopes were further identified before incidence on a reaction target.‘ by velo-
city (time-of-flight(TOF)) and by charge (pulse height in scintillation counters). No contamina-

tion more than 1072 was observed in any selected isotope beams.

The o; was measured by a transmission experiment.using the large acceptance spectrome-
ter as shown in the measurement of He-isotopes.! Here the o; is defined as the total reaction
cross section for the change of proton and/or neutron number in the incident nucleus. The
obtained o; are listed in Table I. The largest systematic error on o; up to about 0.3 % came’
from uncertainties in estimating the scattering-out probability of the non-interacting nuclei.

All other systematic errors were estimated to be less than 0.2 % of the o;.

The interaction nuclear radius R; is defined as

or(p,t)=n[R(p)+ R (t)] , - (1)
where R (p ) is the projectile radius and R;(t) is the target radius. The separability of projec-
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the difference between the charge and the nuclear distributions.

tile and target radii assumed in the equation.was examined using o; of various projectile-target
combiﬂatioﬁé. Flgure 1 shows R, of Li and Be isotopes obtained f fom diﬂ'er.ent targets. Here
flhe .a;bsolute scale of the radius was determined from a least squares fitting of o; of ‘He+*He,
°l§e+gBe, 120+12C, ‘He+12C, and Be+1%C reactions.1¥4 It is clearly seen that a prquctile radius
is in fé.ci; independent of target variation. As the result the assumption of the separability of
projectile and target radii was demonstrated to be valid within ;};0.02 1"m. This separability
iﬂdicates tha{: R, is an expei‘imentally well definéd size parameter of a nucleué. Average values
of kl deduéed'fro;rl éhe‘Be,‘ C,. é.n‘d’Al‘ targets are, therefore, used for further discussion.

Iﬁ Ta,ble; Ii ghe obtained ‘:’R,..(column'vl) are‘.liste.d together with the root-méan—sq‘uare(rms) |
ra,.dyii R,.f,,, of the ché,rg:é .di‘stri.b.l.ltio.ﬁ (ééluxﬁn 2) determined by electron scattering experimefn‘t;s.v5
The dependence of R; on the ma,ss-number(A.) and that of R, show a noticeable difference,
le,Rl increases with A \;vhereas R}, stays almost constant for A >6. We will now show
that the differences are due to the different definitions of the two kinds of radii and not due to

.W-e relate the o t§ tl;e rms t@dius‘by a Glauber-type calculation using Karol’s prescrip-
ti.onvs. and Show th;t the rms radius of nuclear-matter distribution can be determined indepen-
‘dently‘ Iv‘ruom assumed mod‘elidensity flliﬁct'idns. To examine the. functional dependencé, we
éﬁployed three types of nucle;r dehsity distributions; a Gaussian®, a shell-model harmonic oscil-

lator,” and a droplet model® with Yukawa folding function (—’l_—e'.'/b ). The Gaussian and the

harmonic-oscil_ié.tof distributiQns have énly one size parameter a‘G and a;, , respectively. On the
other h_apd, thé droplet~mode‘l' disﬁril;utior; ha,s two parameters; a size parameter rg and a
diﬁuseﬁ.ess parameter .b . In the; following we discuss how “the. rms radius can be deduced ﬁsing
the Gaussian. and the harmonic-oscillator distribution a;ld.show that the rms radii obtained

from these two distributions are equal. We also show that the droplet-model distribution gives



. equivalent results.

 In a Glauber-type calculation nucleon-nucleon(NN) cross sections have to be given. The

free NN cross sections are, however, inappropriate because the effective values may differ from "
the free nucleon values due to nuclear-matter effects. In fact, it has been reported that the mean

free path of the 800-MeV protons inside the nuclear matter was longer than expected from the

free NN cross sections® and also that the effective values of NN cross sections were smaller in

uranium reactions at 900 MeV/ nucle‘on.10 To determine the effective values of. NN cross sections

for the present analysis, the calculations were first made for collisions of idgntica.l stable iso-
topes, i.e., *He+*He, ®Li+5Li, 7Li—i—'l']..i, 9Be+°Be, and 12C-i-.mC. The width parameter ag ( or

a5, ) and a scaling factor of NN cross sections were _taken as the fitting parameters in order to

fit both of the R,,, and the 0.

It was found that the effective values of NN cross sections which were 80 % of that of free
nucleons gave a good fit in the present mass range. In Fig. 2, the rms radii RS, "obtained aftér
fitting the o; using the Gaussian distribution with the effective NN cross sectiéﬁé are shown by
the dashed line. The solid line in the figure indicates the charge rms radii R, obtained in the
same way using the harmonic-oscillator distribution. It is seen that the R,,, are well reproduced
with the fixed Yalqes of effective NN cross sections. It is also noted that the difference between
the R, of ®Li and “Li is reproduced by the harmonic oscillator distribution because of the -

occupation number difference between protons and neutrons.

Having established that the rms radius derived from o; agrees with R,;,,, we now extend 4
the calculations t.o unstable nuclei using the effective NN cross sections. Column 4 in Table II {
shows the déduced RS, and columns 5-7 show rms radii (ieduced using the harrﬁonic—oscillator
distribution (R,y,,, matter radius; R,,, charge radius; and R,;,,, neutron matter radius). The

RS, and the R,", agree well for each nucleus.
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“were insensitive to the selection of the model density distribution. Figure 3 shows the R7T, ¥od

Calculations using the droplet model gave further evidence that different distributions can
give essentially the same values for-rms radii. In this model we have two parameters, a size

parameter (r ) and a diffuseness parameter (b ), and a given o; can giye a locus in the r b

-plane instead of a unique determination of two parameters. A constant R,j, also gives another

locué. ‘It -was found that these two loci lay almost in parallel over a wide range. For example in

9Be, a change of b .from 0.4 to 0.8 fm affects B, only by 0.025 fm under the fixed o;. Conse-

- quently the R, was determined rather independently of the selected value of b (or ry). The

rme :

R}, werecalculated, using the value of b from 0.4 to 0.8 fm'?, for *He, SLi, °Be, and '*C and

were found to be equal within 0.04 fm to those obtained using the harmonic oscillator. This

situation:can be understood intuitively because both o; and R,},, are sensitive to the surface P

iregion of the nuclear density.

" From the preceding discussion we concluded that the nuclear matter radii deduced from o,

determmedusmg the harmonic oscillator distribution. For the first time, we observed ‘appreci-

able differences of radii between pairs of isobars with different isospin, SHe-8Li, 8He-3Li, and °Li-

-®Be. The larger radii of the neutron rich isotopes *He and ®He, which have only two protons,

‘suggest the existence of thick neutron skins. - The large neutron skins are also seen as a .

differences between R, and R}, in Table II.  On the other hand, a pair of mirror nuclei ’Li -

"Be show the same matter radius.-

It is interesting to note that the nucleus 'Li, with the neutron number of p-shell closure in

the naive shell inéhel,'s’hdws a c'oﬁSideré,bly larger radius than neighbvoring nuclei. It suggests

- the existence of a large deformation or of a long tail in the matter distribution due to the

weakly-bound nucleons. A weakly-bound nucleon may enhance the o; because it could be

kicked out from the nucleus with a small momentum transfer. A rough estimation of the



excitation-energy distribution of nucleons after a nucleon-nucleon collision, however, showed
that the change in separation energy from 10 MeV to zero affect the o; by only about 3 %.

This binding effect, therefore, can not explain the bulk of the observed deviation.

In summary, we have measured the interaction cross sectioris a; of nucleus-nucleus colli-
sions using the secondary beams of unstable and stable Li and Be isotopes. The interaction -
nuclear radii R; of these nuclei have been determined from the ;. The observed separability
of R; between projectile and target indiéated that the R; is a well defined size parameter of a
nucleus. The matter rms radii was deduced using three model density distributions: a Gaus-
sian, a shell-model harmonic oscillator, and the droplet model; as a result three distributions
gave essentially the same rms radii. This meth?)dof radius measurement has been shown to
agree with electron scattering for stable nuclei. It has been observed that the radius of Ui is ‘
much larger than other neighboring nuclei presented here. It suggests the existence of a large
deformation or a lbng tail in the matter distribution. The differences between the matter rms
radii R,™, for isobars of different isospins, SHe-%Li, He-8Li, °Li-°Be, have been observed for the

first time. A pair of mirror nuclei "Li - "Be have been found to have equal R,™,.
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Table I. Interaction cross sections(s;)

o; in mb
target
beam . Be C Al
6i 651+ 6 688+10 1010+11
i 686+ 4 736+ 6 1071+ 7
8. 727+ 6 768+ 9  1147+14
9Li 739+ 5 796+ 6 1135+ 7
117 5 1040460
"Be 682+6 738+9  1050+17
Be 755+ 6 806+9  1174+11
10Be 755+ 7 813410 1153416

Table II. The interaction nuclear radii and the rms radii (fm)

2.4310.02

e-scat. Gaussian harmonic oscillator
RI Rj:ema Rrgs Rrga i Rrgna ' Ez'ém
‘He 1.4140.03 1.674+001 1.7240.06 1.724+0.06 1.72+0.06 1.72+0.06
SHe  2.1840.02 2754004 2.73+0.04 2.46+0.04 2.87+0.04
8He  2.48+0.03 2.70+0.03 2.69+0.03 2.33+0.03 2.81+0.03
6li  2.094002 2.56+0.10 2.54+0.03 2.54+0.03 2.54+0.03 2.54+0.03
" 7Li . 2.2340.02 2.4140.10 2.50+0.03 2.50+0.03 2.43+0.03 2.54+0.03
81i  2.36+0.02 251+0.03 2.51+0.03 2.4140.03 2.57+0.03
i  2.41+40.02 2434002 2.4340.02 2.30+0.02  2.5040.02
H1;  3.1440.16 3274024 3274024 3.03+0.24 3.36+0.24
‘Be  2.2240.02" 2.48+0.03 2.48+40.03 2.52+0.03  2.41+0.03
Be 2454001 2.52+0.01 2.49+0.01 2.50+0.01 2.47+0.01 2.5340.01
1B  2.46+0.03 o 2.38+0.02 2.39+0.02 2.3440.02 2.43+0.02
2C 2.61+40.02 2.45+001 2.40+0.02 2.43+40.02 2.43+0.02

tron matter distributions, respectively.

*Superscripts m ,¢, and n indicate the nuclear matter, the charge, and the neu-



Figure Captions

Fig.1 The R; are plotted for Li and Be isotopes. The values obtained by three different
a targets agree with each other showing the separability of projectile and target R;.
K] Fig.2 The charge rms radii are plotted. Circles indicate the radii R,%,, determined by

electron scatterings. The dashed line shows the result obtained by fitting the o,
using a Glauber-type calculation employing the Gaussian density distribution. The
solid line shows the result obtained using a shell-model harmonic-oscillator distribu-
tion. ' |
Fié.3 The maltter rms radius R, . Lines connecting isotopes are only guides for eyes.

Differences in radius are seen in isobars with A =6,8, and 9. The radius of *Li is

much larger than that of other nuclei.
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