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MaHbKo B.H. a ap. E7 - 10789 
40 411.. 208 Ynpyroe paccesaae aoaoe Ca a ,;a aa HApax Pb 

B pa6oTe H3MepHnHCb OTHoweaas ceqeaal yupyroro pacceaaas x 
ceqeHHJO peaepljlopaoecxoro pacceSUIHH aoaoa 40, Uca aa HApax 208pb 

npa aaeprasx 302 H 252 MaB cooTB&TCTBeaao. HapHAy c aJtcnepaMeHTa­
MH no paccesHIJO 

40
' 
48 Ca 15blno H3M8PfdJ.O T8JtJK8 ynpyroe paccesaae 

aoaoe 'lO Ar H 
4 Ti Ha TOI JK& MIIW8HII Pb • 'ITO noaeonseT onpeaenaTb 

HX OTHOCHTenbHbl8 xapaKT8pHCTHKH p8CC8HH~ C BbiCOJtOI CT8D8Hbl0 TO'I­
HOCTH, TaX KaK ycnOBHH ycxopeHHH HOHOB 4 C& H 40 Ar 1p8BHO K8Jt H 
HOHOB 48 Ca a 48 Ti o' CTporo HA&RTH'IRbl, nony'I&RRbl& 3JtCD8pHM8HT8nbHbl8 
AaHH&Ie aaanaaapoeanacb B paMxax nonyxnacca'I&CKoA Moaena ynpyroro 
pacceSIHHS, Pa3ROCTb paAHYCOB B3aHMOA&ICTBHH HOHOB 4°Ca H HOHOB 48 Ca 
c MpaMH 

208
Pb oKaaanacb paeaoA (0.19±0,03)<11epMB, 'ITO cornacyeTCH 

co cTaHJiapTHbiM npapaweaaeM paaayca, onpeaenseMoro aaeacaMOCTbJO 
R-r A 1 

0 • 

Pa6oTa BblnonHeHa B nal5opaTOPBH HAepHb!X peaJtUHA, OIHIH. 

fipeupuT 061.e.uaeaaoro aacTBTYT& •Jl•pDia acc.DeJloa&lllll. Jly6u 1977 

Manko V.I. et al. E7 • 10789 
Elastic Ion Scattering of 4°Ca and 48 ca 
by 208

Pb Nuclei 

The elastic ion scattering of 40ca and 40 Ar at 
302 MeV and of 48 ca and 48 Ti at 252 MeV by 208

Pb nuc­
lei has been investigated. The data obtained have been 
analyzed in terms of the classical model for elastic 
scattering. The distances of closest approach for clas­
sical Rutherford trajectories have been measured for 
'
40ca and 48ca to differ by 0.19 fm, which corresponds ~0 

the normal radius growth defined by the function R-raA1•3 

The investigations has been performed at the 
Laboratory of Nuclear Reactions, JINR. 
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The neutron and proton spatial distribu­
tions are known to be the main nuclear cha­
racteristics which have been the subject of 
numerous experimental and theoretical stu­
dies. It is also known that the scattering 
experiments may provide rather precise in­
formation on the nuclear chargedistribution 
These data essentially underly the pre­
sent-day concepts of nuclear size and shape. 

It is important to obtain an independent 
information on nucleon radii, which are 
used in plotting one or another nuclear po­
tential employed to describe different pro­
cesses of nuclear interaction. From this 
point of view it is interesting to study 
the ca isotopes, the lightest and heaviest 
ones of which are doubly magic ( z =20, N =20 
and 28) and differ from each other by 8 
neutrons. 

According to ref / 11 the rms charge radii 
of the 40 ca and 48 ca nucle_i are practically 
equal within 0.01 fm. However, the results 
of various experiments performed to deter­
mine nucleon radii for these nuclei differ 
substantially. 

The principal data on neutron distribu­
tion radii have been obtained in the proton, 
deuteron and a-particle scatterinf, experi­
ments at energies up to 100 MeV 12

-
1 

• In 
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those experiments the nuclear radius was 
determined as one of the optical potential 
parameters. In this case the value of the 
nucleon radius is unlikely to have been de­
termined with the desired accuracy. 

The most complete data seem to have been 
obtained recently in the proton elastic 
scattering experiments from 40 ca and 48 ca at 
1 GeV 161 

, where the nucleon radius was de­
termined in the framework of the Glauber 
model of the proton-proton scattering. 171 

According to the data obtained, the diffe­
rence between the rms radii of neutron dis-
tributions, !\n , in the 4Bca and 40ca iso-
topes was found to be equal to 

2 IL 2 ~ 
!1 =<r >72 I -<r > I = 0.14 fm. 

n n 48 n 40 
Ca Ca 

(Note that the value of the normal radius 
growth, defined by the relation R = r oA 113 , 

is equal to 0.22 fm). Naturally, this dif­
ference has been found with the accuracy 
with which the Glauber theory reproduces 
the true spatial nucleon distribution in 
the nucleus. 

However we believe that the difference 
in the nucleon radii of the Ca isotopes can 
be found and determined also in experiments 
on the elastic scattering of these nuclei 
by the same target nucleui. At .about 
5-7 MeV/nucleon theca ion wavelength is 
one hundredth of the sizes of the interac­
ting nuclei. Therefore an analysis of the 
experimental data can be carried out in 
terms of the classical concepts of the tra­
jectories of heavy particles in the target 
nucleus field. In this case the distance of 
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closest approach is related to the scatte­
ring angle in the following way 

a e D =- (1 +esc - ), 
2 2 (1) 

where a=Z1Z2 e 
2
/E is the distance of closest 

approach in head-on collisions, z 1 is the 
target nucleus charge, Z2 is the projectile 
charge, and E is the c.m. energy. 

When o is equal to the sum of nuclear 
radii in lead and calcium, in the elastic 
scattering channel one will observe a sharp 
change in the cross section due to nuclear 
absorption. At a certain angle E>crit there 
will also be observed a sharp decrelse in 
the experimentally measured ratios (d~ )/C-3rf-) . 
According to ref. 171 this ratio may tn~ pre-R 
sented in the form 

113 113 
da da [d(e)-do](Al + A2 ) 

(--)/(-). -1-exp(-----------) (2) 
dO dOR L\ ' 

where d=DI(A113 +A~13 ), A 1 and A 2 are the mass 
numbers of the target and projectile nuclei, 
respectively, and !1 is a parameter charac­
terizing the_diffuseness of the nuclei. 

Thus, by experimentally determining the 
angle ecrit one can, within the framework 
of this approach, determine rather accura­
tely the distance corresponding to the gra­
zing collision of two nuclei. The character 

of the change in the ratio :aer at e > e crit 
aR 

reflects to a certain extent the nucleon 
density distribution at the nuclear edge 
since, as the nuclei approach each other 
and their surfaces begin to overlap, the 
elastic scattering cross section will dec­
rease sharply . 
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Essentially the method described permits 
the measurement of the interaction radius 
rather than the nuclear size, and the nuc­
lear radius may be related to nuclear size 
if one takes into account the contribution 
of all the inelastic channels which may 
lead to the distortion of the classical 
elastic scattering pattern. Taking into ac­
count inelastic processes in this manner 
involves singificant difficuties, and this 
in turn contributes to an uncertainty in 
the absolute values of the radii of the 
colliding nuclei. 

However it is reasonable to assume that 
the difference in the radii of the interac­
tions of 40 ca and 4Bca with 208 pb nuclei 
is due to the difference between the nucle­
on radii of the 4°ca and 4Bca nuclei to the 
extent to which the nucleon density distri­
bution at the nuclear edge influences the 
nature of the nuclear interaction. Under 
the given experimental conditions the lat-

ter depends on the change of ddae£_(8) at 
OR 

8>8 crit the more sensitively the wider the 
range of the change. In the experimental 
data given below this range is equal to 1 
to l0-3 , which has been achieved by using 
the doubly-magic 208Pb nucleus as a target 
and by reaching the required accuracy in 
the measurements of the energy and angular 
distributions of the ions scattered. For 
the nuclei 4° Ca , 48 Ca and 208 Pb the first 
excited levels lie sufficienly high at 
energies of 3.3, 3.8, and 2.6 MeV, respec­
tively, and this fact lowers substantially 
the inelastic scattering probability. On 
the other hand, at the projectile energy 

.. 
~ 

• 

.. 

~ 

resolution of 11E- 2 MeV it was possible to 
distinguish clearly the elastic scattering 

. daef lO -3 max1mum up to -d -- = · 
aR 

The experiments were carried out at the 
300-cm heavy ion cyclotron of the JINR La­
boratory of Nuclear Reactions. A 3x8 mm2 

ion beam was incident on a monoisotopic 20~b 
(enriched to 98.3 ) target 200 mg/cm 2 

thick prepared by depositing the target 
substance onto a 30 mg/cm 2 carbon backing. 
Scattered ions were detected by a silicon 
surface-barrier detector with an energy 
resolution of 30 keV for 5.1 MeV a-par­
ticles. The slit support placed at the en­
trance into the detector separated a 0.5° 
interval in the reaction plane and a 1.5° 
interval in the plane perpendicular to the 
reaction plane. The angular resolution of 
the detector was not worse than ±0.2°, 
The beam monitoring was furnished by a se­
cond detector positioned at 20° with res­
pect to the beam direction. 

Figure 1 shows the energy spectra of the 
inelastic ion seat ter ing of the 48

ca nuc­
leus by 208 Pb at three values of the scatter­
ing angle. 

Alongside the experiments to investigate 
the elastic ion scattering of 40

•
48 

Ca we have 
also carried out measurements of the ion elas­
tic scattering of the 40 Ar and 48 Ti nuclei 
by the same target nucleus, 208 Pb. It should 
be noted that the conditions of accele­
rating the 4

°Ca and 40Ar ions as well as of 
48

ca and 48Ti ions were strictly identical. 
This has made it possible to determine the 
relative scattering characteristics of these 
ions with a high degree of accuracy. 
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Fig.l. Energy spectra of the 48
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elastically scattered by the 208
Pb nuc­

lei at angles of 65°, 75° and 84°. 
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Fig.2. Elastic scattering angular distri-
butions for 40 Ar 4°Ca 48 Ca and 48 Ti ions 

208 ' ' seat tered by Pb • 
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The experimantally determined ratios of 
the elastic scattering cross section to the 

h . da I da Rut erford scatter1ng one, dfl ( dQ-)R .for 

four. reactions as a function of the angle 
e c.m. are presented in figure 2. As is seen 

from this figure, the experimental points 
are in good agreement with the calculated 
Rutherford scattering cross section up to 
ecrit , but a sharp decrease in the cross 
sect ion is observed at e > e crit • The errors 
given in the figure were determined from the 
statistics obtained in the elastic scatter­
ing peak measurements. For the 40

Ar and 40ca 

ions the elastic peak has been determined 
reliably up to the angles at which g~R- 10-~ 
while for 48Ti and 4!ba up to the angles 
corresponding to this ratio equal to 10-2 • 

The distributions obtained may be trans-

formed into the curves ~-=f(D) according 
da 

to eq. (1). -These curves ar~ presented in 
figure 3.0ne can see from this figure that 
the experimental points for all the four 
reactions lie within the experimentalaccuracy 
on the curves that may be described by an 
empirical relation of the following form 

da I daR = 1- P absorp .(D) 

0 at D >Do 
P (D)= I D D 

absorp. 1- exp( --=---.9) at D < D 
~ 0 

(3) 

If the nuclear radii exactly follow the 
relation R=r0 A

113 
, then all the points of 

the curves in figure 2 should be described 
by a dashed curve representing the dependen-

f h 1/3 113 ce o daldaR on d , w ere d=D/(A 1 + A 2 ) 
(fig.4). One can see that the experimental 
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Fig.3. Ratio of elastic scattering to 
Rutherford scattering as a function of 
the distance of closest approach for 
Coulomb trajectories. 

points obtained for reactions induced by 
40 Ar 40ca 48ca and 48 Ti well agree with 

' ' ' each other and with the assumptions that 
R-A 113 and the nucleon density distributions 
at the edges of these nuclei have the same 
shapes. 

The results of data handling using the 
least-square method and eq. (3) are shown in 
the table. 
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Fig.4. Elastic scattering cross sections 
for 40 Ar 40 Ca 48ca and 48Ti ions seat-

' ' V3 1/3 tered by 208
Pb plotted versus d=DI(A 1 +A 2 ). 

The cross sections are divided by the 
Rutherford cross sections. 

From this one can see that the difference 
40 48 between the Do values for the Ca and Ca 

nuclei is equal to 0.19±0.03 fm, and this 
corresponds, within the experimental accura­
cy, to the normal radius growth determined 
by the relation R-A 113 • 

The fact that the curve for 48 cain fig.4 
has practically the same dip angle as that 
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Table 

Ion Lab. Do Ll do 
energy(MeV) fm fm fm 

40 
Ar 300 14.03 ± 0.00 0.35 ±0.01 1.51 

4° Ca 300 13.98 ± 0.00 0.33±0.01 1.49 

48 ca 252 14.17 ± 0.02 0.30 ±0.01 1.48 

48 Ti 252 14.21 ± 0.02 0.34 ±0.01 1.49 

r 114 
fm 

1.45 

1.44 

1.44 

1.44 

for the 
40

Ar , 40ca, and 48 Ti nuclei indica­
tes that the nature of the nucleon density 
distribution at the edges of these nuclei 
slightly differs. The table shows that the 
difference Ll ( 4Bca) - Ll ( 40 ca) is equal to 
o.rn ±0.015. This value is somewhat smaller 
than that obtained in ref / 61 , where a ( 48 Ca)­
- a ( 40 ca) = 0.06±0.02 fm. 

Since the rms radii of the charge distri-
b . . h 4o c d 48c 1 . ut1ons 1n t e a an a nuc e1 are prac-
tically the same, and the difference observed 
between the nucleon radii is about 0.2fm, 
one can draw some conclusions concerning the 
structure of the 48 Canucleus. Similarly to 
the 40 ca nucleus, the 48ca nucleus has a 
doubly magic core ( z = 20 and N = 20) above 
which the eight extra neutrons are arranged 
in such a way that they increase the nuc­
lear size by about 0.2 fm. For 48 TI nearly 
the same situation occurs. 

The neutron excess on the surface of the 48
ca nucleus, from our point of view,deserves 

special attention for a study of neutron 
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correlations and for searches for bound 
states, which may take place in this unique 
nucleus. 

In conclusion the authors acknowledge 
with many thanks the interest of Professor 
G.N.Flerov in this work. Thanks are also due 
to R.Kalpakchieva and V.V.Tokarevsky for 
their assistance in carrying out the measure­
ments and in data handling. 
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