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1, Introduction

Nuclear reactions with heavy ions represent, as was shown
in our previous papers/ 1-3/ y an effective way of producing neut-
ron-rich isotopes of hght elements. Large variety of the multi-nucle=
on transfer reactions of the following three types: (i) protons
stripping (projectile -x protons), (ii) neutrons pick-up (projectile+y
neutrons), (iii) nucleon exchange reactions (projectile —x protons
+y neutron.s) leads to the production of these isotopes.

In a search for new neutron-rich isotopes it is very 1mpor-‘
tant to have some mformatlon about the cross sections for the )
reactions in which these isotopes "are produced,’'Systematic experi-
mental data on cross sections for multi-nucleon transfer reactions -
were. obfainéd"previouély/ 4,5/ with the radio-chemical method, The
cross sections for pro’oi;tétion of many radicactive nuclei into which’
the target nucleus may be transformed after the collision have
been measured in this way. However, these data give no unam-
biguous information about the cross sections production of nuclei
into which the projectilé is transformed, ' . o -

For - the detection of the projectile transformation pf'oducts
-in multi-nucleon transfer reactions we used a .heavy‘-ion-identification

method which combines a magnetic spectrometer with the dE/ dx,



‘E techmque. ‘The method allows' an unambxguous 1dent1f1cat10n
of all the 1sotopes of light elements (up to neon) ermtted from the
target with energies higher than 2 - 3 MeV. per. nucleon. In compa- :
rison with the standard dE/dx, E technique our method, gives
much better separation of neighbouring isotopes. Moreover,' the A'
method allows to remove the elastically scattered particles from '
the react1on product beam before it gets 1nto the telescope. This
glves the p0551b1hty to detect the reaction products formed w1th
very small cross sections. B

In the work reported here a systematic data on cross sec-
tions for multi-nucleon transfer reactions, especially those leading
to the: formation of neutron-rich isotopes of light elements were
obtalned

The resulis obtained earher/ /, as well as the data from
some additional expenments show that the cross sections for
the reactions: (prolectlle -x protons), (p:-o_lectxle +y neutrons) and
(pro]ectﬂe —X protons +y neutrons) leading to the produchon
of neutron-rich isotopes of light elements are large when heavy
elements are used .as targets., The targets of 23‘2’1'.11 find'}”Aq were
therefore used in the present experiment. They were bombarded
with 137 MeV. 'O ions.

Expemment was performed w1th the 310-cm heavy ion cyclo-

tron of Nuclear Reaction Laboratory, JINR at Dubna.

2. Experimental Procedure

CA colhmated 169 peam of energy 137 MeV and of inten-
sity 1-2 pA was directed at the target which was placed in the
centre of the reaction chamber, The reaction products emitted :

from the target at 40_0 with respect_“to the incident beam passed .




the magnetic spectrometer and were detected in a counter telescope-
placed in the focal plane of the spectrometer, The telescope consis-
ted of two semiconductor detectors: a 46,6 um thick AE detector .
(16 mm in diameter) and a 600 um thick E~AE.  detector, The pulses
from 'both detectors; after amplification, were sent to a tvtro—dimen—" '
sional, 64. x 64 channel pulse-height analyser, Since only the
reaction products with discrete energy values E= const. szon /M
‘could pass the magnetic spectrometer, the magnitudes of AE and
E—~AE . pulses were also discrete, and therefore, the unambiguous
identification of each’ iSotepe in tvvo;dimensional spectrum AE, E_AE
wasg possible, For more detailed information concerning the experi-
mental technique we refer to our previous paperj 7/.‘ '

Energy spectra of the reaction products were obtained by
measuring the vields at different values of magnetic rigidity BR‘ .
The yields were normalized to the counts of the monitor—seniiconduc-
tor detector placed in the reactio.n chamber at 30? _Mth respect
to the incident beé.tn. , - | ‘hv‘ o

Themeasurements were pe'rformed at the angle ¢ = 400 onlin
However, the expemmental data on the angular dlst;:bbuhors in the *
multi-nucleon transfer reactions (see for example refs./ ! /) suggest
that in the case of the reactions 1rtveshgated by us the angular
distributions should have a wide maxirunum' near the angle giab = 40°,
One can therefore expect that the values of (d6/dQ),,0 , repor-
ted here, reﬂeet‘ relations between the total cross sections,

The values of the differen‘tial cross sections (da/ Q) ,,
were obtained by mtegratmg the energy spectra (a® 0/ deE)wo
over the whole measured energy range, The energy specira were
well peaked in the energy region ‘correspo»ndmg to the exmtaher;s

of final reaction products of about 10-25 MeV. Absolute values of
’ / ) ‘ e :



the differential cross sections were estimated by normalization
to the known values of (d0/dQ)00 for the elastic scattering in
'°0 + ***Th and'®0+'"" ,
197 2
The targets used were 2.3 mg/cm of . Au and 20 mg/cm

i

Au systems.

of 232Th, The use of a so thick thorium target (the 0 jons deposi-
ted 34 MeV of their energy in the target) resulted in a s1gruficant
increase of the reaction product 1nterlslty, and consequently, allo--

wed to extend the class of investigated reactions.’

-
s

3. Experimental Results and Discussion

The differential cross sections (do/dQ )0 for a formation
of all observed isotopes of Be , B C , N , 0 , F and
Ne in 160 4 233 T} 1nteract1on are presented in table 1, The num-
ber of neutrons and/or protons transferred into the prolectﬂe is
indicated in the first row and the first column respectively, Since
" the '°0 ions deposited 34 MeV in the target, the valt;leS of
(do/ d9)4o° must be treated as'ave’re.ged ones, corresponding
to the 1nterv‘al of 1nc1dent beam energy from 137 MeV to 103 MeV,
‘The analys1s of these results show a systemahc dependenceV
of the measured ylelds on the Q -values, calculated for the ground
state masses of the reaction products. This dependence,demonstrated
in fig.’ 1,A"is approximetely‘ exponential for all reactions in which
the. protons are transferred out of the projectile. The ‘Q“—values'
for reactions in which the nuclides with the masses yet unknown
are formed (!*B, 159, 1TC) were calculated lusmg the theoretical
eshmates of Garvey and Kelson/ . / The relation log (do/ dﬂ) —conle“
is fulfilled separately for isotopes of given element, fﬁs it can be

seen from fig, 1 the deviations from this fenomenologically found -



relation do not exceed a factor of 2, whereas the cross.section
values var'y ‘by 'a factor of 102 - 105;

The same regularity was fourid for reactions in 041" Au
system (fig. 2). A comparison of the results obtained on?? Th and
19T Ay targets show a close relation between the cross‘ sections
and ihe Q.. -values, For example, the relative yields of riitr‘pgen
isotopes: 13y , 14 N\ " 15 N '~ 18 N ’- TN and N are ;:omple—
tely different in reactions on 282 Th and 7 Au (2 :31 :216 : 114:
61 :5and 1 : 14 : 87 : 9 : 2 : 0,06, respectively), However,
these differences are closely correlated with the differences in.

Qu -values, and in both cases the experimental points lay close
to the Zog(da’/d Q )400 = const Q cx lines, ‘

Figs. 1 and 2 show that the lines along which the experimen-
tal points lay, shift systematically with incredsing the: numberx
of stripped protons. This suggests that together with Q,, ~value
also the change of the Coulomb interaction energy AE_ .=(Z’1Z; -
»—Z:Z-;) e%/R strongly affects the reaction Cross sectiph. In case
when Z ' of the target nucleus is larger than = 7 of the projec-
tile,” the' Coulomb interaction energy prefers the reactions. in v;rhiclq‘
the protons are transferred out of the projectile,

Similar conclusions on the Coulomb energy effects have been

11/

of ratio of the yield for the projectiles picking up a single proton .

drown by Diamond et al, , who noticed. a systemati¢' dependence
: to that for the projectiles losing a single proton on the difference
in = Q -values for the two reactions plus the difference in Coulomb |
interaction energies,

‘Experimental results showing the strong Coulomb ’interaction

_effects in the proton transfer reactions were also reported in
. /12_14{ :
refs, ; . : ' .



‘In case of the reactions 1nvest1gatec1 by us, the inclusion

of the changes of the Coulomb 1nteractlon energyun the form::

Zog (dtr/dQ) =consl(Q._gg\ +.AE0 ),

does not give a common descr1pt10n for the yields of 1sotopes of
d1fferent elements. The AE_ values, calculated for two spheres in
close proximity, come out too large.

Correct estimation of AE, as well as e:stimation of all. other
effects which may influence the cross sections is not simple; One
of the obvious questions is the effect of excitation of- both inte—
racting nuc1e1; The largest cross sections correspond to the for-
mation of final nuclei with 51gn1f1cant exc1tatlon energies, In case
of reactions investigated by us the detected nuclei are formed In
the ground state or in & bound: excited state, Therefore, the number
- of the bound states, as well as thek neight of the partiCte—decay
threshold for the observed nuclide may affect the measured
‘cross sections. The data on the energy spectra ot the observed
reaction products suggest that the ndclides .formed in the protons
‘stripping reactions are less excited than the nuclides formed in
the protons pick-up reactions.', Perhaps, this fact explains the
lack of correlation between the cross sections and Qgg ~values
in case’ of fiuorine and neon isotopes. v

The exponential dependence of the cross section on the
‘Qgg ~value observed in case. of the nucleons exchange reactlons
(pro;ectlle -x" protons +y neutrons) is of great pract1ca1 1mpor-
tance. Extrapolation of these relations may be used to estimate
the yields for the reactions in which the nuclides yet unknown
(e.g.’® He ,'* Be ) should be produced. This, in turn, gives possibi-
ity of solving experimentally the problem “of particle stability of -

yet unknown nuclides,



Another hopefull conclusion, which seems to follow from
the data'obtained so far, conSists in the poséibility of understan-
dmg the transfer reactions in terms of simple potential energy
considerations, For a better understanding of the problem, further
experiments will' be necessary, first of all, the experiments in which
thé energy spectra of .final reaction . products will be precisely
' measured, A ' '

The authors are much indebted to Academician G.N, Flerov
for his permanent interest in -our work, Thanks are also due to
B.A., Zager and the cyclotron crew for their cooperation and V.l Va-

katov for help .with the pulse-height analyser,
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