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The present paper is a brief review of the experimental results on 

the direct rea ctions induced by heavy ions obtained at the Laboratory 

o f Nuclear Reactions, JINR. 

These reactions have some peculiar features as compared with 

those induced by light particles. These features are due to a complex 

s tructure of the incident particle, la rge angular rrnmentum, greater con­

tribution of the Coulomb effect as compared with the nuclear one, strong 

a bsorption in the nuclear matterl 1- 6 / • A small length of the heavy ion 

de Broglie wave ( >. "' 0.1 fermi) makes it possible in many cases to 

use a semiclassical description of the heavy ion motion and more vividly 

des cribe the picture of the interaction of two colliding nuclei. 

With respect to the angular momentum £ of the incident particle 

three regions with peculiar features of the nuclear reactions could be 

distinguished. The first region includes the reactions with the formation 

of the compound nucleus. The values of £ in this region lie between 

zero a nd some e crit. The values of e of the third region correspond 

to the peripheral surface collisions. This is the region of quasi- elastic 

processes " classical" single and few- nucleon transfers. The second 

reg ion lies between these two. The intensity of the nuclear interaction 

of this region is of a considerable value, however, the compound nucleus 

is n o t formed due to a large value of the angular momentum ( f > £ .t ) • 
cr1. 

This i s the r egion of inelastic processes. Here one can observe the de-

x/ S ee reviews of experimental and theoretical works in/ l- 6 / • 
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sintegration of the incident particle in the lighter fragment, the knock- out 

of nucleons or nucleon groups from the target nucleus, the capture of a 

large number o f nucleons from the target- nucleus by an incident particle. 

The s tudy of the transfer reactions in the surface collision region can 

give, in principle, a valuable information on the nucleus surface s tructure, 

in particular, on the possible formation of alpha particle clusters. 

We have experimentally s tudied single and few nucleon trans fers, 

predominantly with heavy nuclei, Two methods have been used to deter­

m ine the rea ction channel: the r a dioactive reaction product detection or 

the measurem ent of its energy a nd s pecific ionization ~ x E . In the lat-
<l• 

ter case a two- dimensional analysis on a multi- channel analyzer h a s 

been made, 

'l'he neutron transfer h as been studied in the reaction ( N
16 

• N 
16 

) 

using Ta iBI' Aui9T' Th~82 u 288 target, The differential cross s ection for 

the reactio ns with 102 and 93 MeV N 16 ions have been obtained, The to­

tal cross sections w ithin the incident energy range 70-95 MeV and the 

N 16 energy spectra at 99 a nd 89 MeV have been measured, Besides, 

the total cross sections have been measured for the isotopes C 
1 ~ 

2T 68,66 108 
AI , Cu , Rh 

The p rincipa l conclusions are as follows: The a ngula r distributions 

o f N t6 show characteristic single- nucleon tra nsfer maxima at an a n g le 

corresponding to the s urface collision of two nuclei, ( Fig, 1). A notable 

rise in the small angle region h as not been observed, The half-width 

of the geometrical a rea of the neutron transfer is 1.2 fermi and corres­

ponds to ten partial waves with different a ngular momenta, 

The value of 'n often used in calculations by the formula 
t/a t/a 

ll= r
0

(A
1 

+ A 2 ) where R is the distance of the closes t approach, 

A 1 a nd A 2 are the colliding nuclei masses, is equal to 1,60.!_0.04 f, 

If the neutron tra nsfer does not considerable change the particle trajec­

tory, then at the moment of the closest approach of the nuclei the density 

o f the nuclear matter in the overlapping a rea is 1- 2 per cent o f the den-

sity in the center of the nucleus, 

The a n g ular distributions for the strongly deformed Ta 
18 1 

nucleus 

a nd the Au 
197 nucleus close to the spherical o ne, are practically of the 
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same shape, The excitation functions of these nuclei 9lso · coincide 

in shape. 

The cross sections for the reactions increase with energies and 

show at large energies the tendency to saturation, ( Fig, 1b), The value 

of the cross section notably increases with the Q 

tion, 
value of the reao-

It is interesting to note that in contrast to stripping, the pick- up 

of the neutron by N 
16 

does not lead to a considerable excitation of 

the target- nucleus, That means that the heavy target nuclei transfer their 

most weakly bound neutrons, 

Comparing the transfer reaction area -24 2) 
"' 10 em with the cross 

section one can estimate the probability of the neutron transfer, In the 

case of heavy elements and the ion energy of 6- 7 MeV per nucleon it 

is about 1 per cent, 

The behaviour of the excitation functions for lighter elements in­

dicates that this value can increase by a factor of 3 - 4 with increasing 

energy, 

Then by means of the reaction ( N 14 

, NIT ) the data on the two- and three neutron pick-up reaction 

N IT ) 

18 I 19T 

Ta and Au have been obtained ( Fig, 2), The angular distribu-

tions of au the three reactions show a characteristic maximum correspond­

ing to the surface collisions of the nuclei, The position of the cross sec­

tion maxima for the transfer of one, two and three neutrons coincide, 

However, the width of the angular distribution in ( N 14 , N 16 ) and 

( N 
14 

, N IT ) reactions is larger than in the case of the one- neutron 

transfer, This effect may be due to the decrease in the number of par­

tial waves mostly contributing to the reaction and a considerably wider 

energy spectrum of the reaction products, Note that for the differential 
da cross section d8 where () is the emission angle no increase has 

been found at small angles, although the measurements of NIT have been 

performed up to the angle 4 °, 

N 14 

232 
Th 

The excitation functions of the two neutron transfer reactions 

have been measured for c 12 Cu 68,66 103 
Rh 

, The cross section for two neutron pick- up for the 
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same nucle i h as bee n by a n o rder smaller tha n the c ross s ectio n fo r the 

s ing le- n eutro n pick- up. 

The proton tra nsfe r has been studied i n the reactions ( c 12 
, N 13 

) 

u s ing C 
12 

' Al27 v 5 1 Nb 98 Ag 
100

""
107

, Ta 
18 1

, IJ i
209 

targets. The d a ta o n 

a n g ula r dis tributio n s , e xcita tio n functions a nd p a rtly o n energy spectra 

o f N 
13 

h ave b e en o btained. The a n g ula r distributions s how characteris­

t i c s ing le- nucleon tra n s fer m a xima correspo nding to the surface collis ion 

of two nuc lei. The most inte resting peculia rity of the pro ton transfer con­

s i s t s in the s h a rp d ependence o f the r eaction cross section upo n Z o f 

the tar get- nucle u s . As is s h own in Fig . 3 C, in the tra nsitio n from Al
2 7 

to Ta 
18 1 the r eactio n cross sectio n dec r eases by two orders (for the 

e q u ival e nt e n ergy F.* = E - E whe r e E is the i o n energ y in the 
C M co c .m . 

c .,m. system a nd ~~CA is the height o f the Coulomb b a rrier in the same 

syst e m). Taking into a cco unt the s ma ll value o f the p roton binding e n e r gy 

in N13 
( L 8 M e V) one c a n believe tha t the obs erved peculiarity is due 

to the " pola riza tion" of the proton w a ve function in the Coulomb field 

o f the target- nuc l e u s . In Fig . 3d this effec t is exp res sed in terms of the 

Fra hn-- W e ntej ?/ p a r ameter r/4~' cha r acterizing the nucleon transfer 

p r o bability. It i s shown in this figure tha t this p arameter is · dependent 

n o t o nly on z of the target, but also on the incident energy ( num­

bers a t the experimental points). In the c a se o f the neutron transfer this 

par ameter i s n o t a ctua lly dependent either o n z or on the ion energy 

( the h a tched a r ea) • 

U sing a good a ngula r res olution one has o b s erved the diffra ctional 

s tructure in the a n g ula r distribution in the rea ctio ns ( C 
12 

, N 
18 

) w hile 

b ombarding Al
2 7 

a nd C 12 with hig~ e nergy C 12 ions . ( Fig. 3a, b). Simi­

l a rly , the d iffractio n disappe ars w ith decreasing i o n e ner-gy. The diffra c­

tion mq.xima h a ve not b een obse rved in the c<:~.s~ of the rea ction ( C 12 
• 

c 
11 

) wher e process loses i ts quasi- e l a s tic char acter d ue to l a r g e C11 

C?n e r gy spr ead, 

l n order t o del e t mine the e ffe ct of the nuc l e u s s l r u <... ture on the 

l t a n s f e r reac t ivn p a r a "'"'te r s the pick- up of two n eutro n s ( N 
1

' t ' 17 ' , 
w ith the s epura t e d :Lir c o 11ium isotope s: Zr 

90
, Zr

92 
, Zr

94 
a s targ e t '=> h.) s 

b~en s tuLiied. Tl .. ~ i , o to pe z .. ~u h a.s a. clos ed n e •tt r o n. s heU ( N • 50), 

b 

:J 
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the other isotopes have two and four exceeding neutrons, respectively. 

The differential cross section a nd the energy spectra for two values of 

the N u energy have been measured (the excitation functions for these 

isotopes were obtained by us earlie) 
10

/ ). The angular distributions in 

all the cases ( Fig. 4) show characteristic maxima whose positions ac­

tually coincide for all the isotopes. The i<<idths of the angular distribu­

tion curves have also proved to be rather close to each other. Thus, 

the a ngular distributions of the transfer reactions represent rather weakly 

the peculia r features of the nuclea r structure. A sharp difference bet­

ween the isotopes is observed in the values of the cross sections. Thus, 

with 98 MeV N
10 

ions the cross sections for Zr 90 
, Zr 

92 
, Zr

94 
are 

related as 1 : 6 : 8 respectively . 

In terms of estimating the possible formation of alpha clusters on 

the surface of heavy nuclei the s tudy of the He 
4 transfer reaction is of 

. . t I 11,121 n-.... • p a rticular tn erest • .u.e exper1ments have been performed in which 

He 
4 tra nsfer was studied in the reactions ( N 14 

, F 
18 

) using Th 
282

and 

Au 
191 

targets. The experimental results have been negative. The He 
4 

-30 2 
tra nsfer has not been up to the cross section of 10 em • The pick- up 

of He 
4 

has not been observed by the dE/ dX x E method while bombard-

ing T~82 
and Au 197 with C 12 and N 14 ions .At the same time when AI 

27 

i s bombarded with N 
14 

ions, F 
16 

i s formed in significant quantities, though 

the Q value of the reaction with Al
27 

is much less than for heavy 

eleme nts. Probably this result is due to a great difference in alpha pa~ 

ticle binding energies in hea vy and light nuclei. In the case of Th
232 

and 

F 
16 

this diffet·ence is 8.7 MeV. 

Probably a heavy ion knocks out an alpha particle from the s~ 

face o f the heavy nucleus rather than captures it. 

In the F 18 energy spectra obtained while bombarding Al
27 

with N
14 

i o n s , a long with a grou p corresponding to the capture of He 
4 

in the F 
16 

bound states, a low- energy part within a wide energy range has been 

obsenre d. The contributio n of this pad to the formation of F 
16 

rapidly in--

c reases w i th ion ener gy a nd emi ssion a n g le. It i s assumed that this 

g r o u 1, o f F 18 nuclei is formed from the direct rea ction occured in the 

n~gion o f inelasti c proces~es. Due to a strong nuclear intera ction in this 
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region the N 
14 

nucleus "carries away" a considerably light AI 27 nucleus 

g iving it a la rge part of its kinetic energy. A bound system of two nuclei 

is formed for a s hart time and then disintegrates with a transfer of four 

nucleons to the N 
14 

nucleus. This reaction is intermediate between a 

"pure" direct rea ction and a reaction with the formation of a compound 

nucleus, 

The " spectra " of the transfer r eactio n s o btained in bombardment 

o f Ta

187 

w ith Ne
20 

a nd Ne
22 

io ns with energy 8 MeV per nucleon a re s hown 

in Fig, 5 , The type o f the reaction is determined by the r a diochemical 

separ ation of the p roduct from the irra diated target, The fo llowing pecu­

lia rities can be seen in the "spectra" j a ) the tra n sfer o f a la rge amount 

of nucleo ns from nucleus to nucleus; b) the cross section maxirm cor--

respond to the e qual amount of protons and neutrons tra nsferred, This 

feature is especia lly v ivid w hen a small a mount o f nucleons is tra nsfer­

red, 

The following workers of the Labora tory of Nuclear R e a ctions par­

ticipa ted in the experiments reviewed in this paper: A.G.Artyukh, J,Wil­

zinski, V.V,Volkov, C.F.Gridnev, P.Decows ki, G.N. Zorin, T,Kwiecinska, 

Lan Kuo Chao, E.Lozinski, J . .l'v1aly, L,Pomorski, J. Ty-s, L.K. Tarasov. 

The a uthors are g r a teful to Professor G.N.Flerov for permanent 

interest a nd valuable discu ssion, 
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