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1. Introduction 

In surface collisions of the complex nuclei one, or several nucleons can 

transfer from target to projecille or vice versa, These transfer reactions are, 

usually. the typical direct interaction processes. 

The theoretical discription of the single neutron transfer reactions, for 

energies below the Coulomb barrier, was developed by Breit and coworkersx). 

Information concerning the neutron reduced widths in the bound states of initial 

and final nuclei may be obtained by comparing the experimental data with pre

dictions of this tunneling theory, 

At energies above the Coulomb barrier, the presence of nuclear interaction 

makes the theoretical description of the transfer process more difficult and one 

is compelled, for the present, to the use of rather phenomenological model94 The 

transfer reaction models for energies above the Coulomb barrier were proposed 

by KammurJ 2/, Kalinkin and Grabowskj 3 /, Greidej 4/, Strutinsk) sf, Frahn 

and Ventej 6/, and Daj 7/. 

Most of the available ·data on transfer reactions have been obtained by in

vestigating the neutron transfer, Experiments have been performed on many tar-

gets and in relatively wide energy range. On the contrary, the data on the proton 

transfer are scanty and they contain only the results obtained on light nuclef ~ 13/ 

The present work has been undertaken to get information concerning the ge

neral behaviour of the proton transfer reactions, and in particular, about the influ

ence of the Coulomb interaction on the proton transfer process. 

Our earlier experiments showed that this influence is of great importance, 

When the 
• 12 18 ~09 191 • . 

reacbons ( · C, N) on Bi and Au nuclel were mvestigated 
II 

82 MeV), no N products were observed above the background level. E • lab. 
The upper limit of the cross secti6n, obtained in these experiments had been 

hand, our results concerning the same reaction 

nucleJ 14/ showed that in the region of light nuc

lei the corss sections become significantly larger, of the order of 10-
27 

cm
2

. More-

about 0,005 mb, On the other 
u u ·n u 

( C , N) on AI and C 

over, a comparison of these results with the neutron transfer data shows distinct 

differences in the general behaviour of the excitation functions, 

~See re/. 1/, and earlier papers cited there, 
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These facts have encouraged us to perform experiments in the region of 

the intermediate nuqei. In the present work the angular distributions of the proton 

-transfer reaction ( 
12

C • 
18 

N l were investigated for several targets, covering a 

wide range of Z . The experiments were performed at dlfferent energies of the 
12 

C ions, 

In order to see what is the influence of the proton binding energy in the 

final nucleus on the cross section of the transfer process, the angular distribu-
181 14 15 ISO 

tion in the reaction Ta ( N, 0 ) HI was also measured, 

The experiments were performed with the external beam of the 150 ern cyc

lotron of the Laboratory of Nuclear Reactions, JINR, The maximum energy of the 
1 ~ C ions was 82 MeV, and the 14 N ions energy was 108,5 MeV, 

A method of the radioactive products detection was used. The particles, 

coming from the target were collected on the aluminium catcher foils at different 
18 15 + 

angles, The N and 0 reaction products are the {3 emitters with 10 min 

and 2 min half-life, respectively. The {3 + actMty of the catchers was 

measured by registration of the annihilation gammas in two scintillation counters, 

connected to the coincidence circuit. A more complete description of the exped

menta.l procedure has been published previoust) 
14

/. 

181 14 15 ISO • 
When the Ta ( N, 0) HI reaction was investigated, a reaction 

chamber with the ring Mylar window was used • This made it possible to col-

la 
lect the 0 reaction products outside the chamber and pass the catchers 

quickly to the detector after irradiation, 

The energy distributions of the reaction products were not analysed in de

tall. The measured activities of the ·catchers corresponded to the total reaction 

yields, ln the ( u C , 
18 

N ) reactions the final products were registered in the 
18 

ground state only, because all the N excited states are unstable with respect 

to particle decay. Therefore, the measured reaction yield corTesponded to the 
181 14 15 180 

au possible excitations of the final target nucleus, In the Ta ( N , 0) HI 

reaction both the 
180

HI and 
11 

0 could be detected in the excited states, 
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2, Results and Discussion 

The e8
C, 

18
N) 

II U 5I 88 lOT ,108 
reaction on the c , AI , V , Nb , Ag lSI 

and Ta 

nuclei was investigated, Targets with natural content of isotopes were used, The 

proton transfer u C ( n C , 
18 

N) 
11 

B and 
87 

AI ( 
11 c , 11 

N ) 
20 

Mg data 

were published in our previous papej 
14

/, in which the diffraction effects in the 

transfer reactions were discussed, These results are used here in the discussion 

of the total cross section magnitudes, 

( 
12 18 • 51 98 

The angular distributions in the C , N) reacbon on the v, Nb, Ag 
Ul 

Ta nuclei are shown in figs, 1,213 and 4 1 respectively, Fig, 5 presents the 
tal 14 15 ISO 

and 

results obtained for the Ta ( N , 0) HI reaction, The angular distribution 

are generally similar to the neutron transfer data. Most of the reaction products 

are emitted in a relatively narrow angular interval, forming a typical peak. ln all 

cases the position of the maximum corTesponds approximately to the surface col-

lision trajectory, 

A distinct dlfference between the neutron and proton transfer occurs in the cross 

section magnitudes and in their dependence on energy. The excitation functions for 

the investigated proton transfer reactions are shown in fig, 6, The experimental 

points are obtained by an integration of the angular distributions. The cross see-
r 

tfons are plotted versus ( E a.m. - E 8 + "Q) /A 1 , where Ea.m. is the initial cent-

re- of- mass energy, E 8 .is the height of the Coulomb barrier and A 1 is the 

mass number of the incident ion, Therefore, the data are referTed to the same 

relative velocities at the moment of the transfer process. The Coulomb barrier 

heights were taken for the interaction radius values, obtained ·from analysis of 

the angular distributions by means of the Frahn- Venter mode/ 6/ ( Table 1). 

The results, shown in Fig. 6, lead to the following conclusions: ( 1) 'llie 

cross section of the proton transfer reaction ( u C , 18 
N ) falls down quickly 

with increasing Z of the target, Passing from aluminium to tantalum, the cross 

section decreases to about 1~0 of the initial value (for equivalent energies). 

This effect does not occur in the neutron transfer reactions, in which the cross 
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section slowly grows large, when the value Z Increases, ( 2) When the Inci-

dent energy decreases, the cross section of the proton transfer reaction reduces 

more rapidly than· In the neutron transfer case. This effect will be shown more 
18 Ia 14 distinctly later on, ( 3) A comparison of the reactions ( C , N ) and ( N 

u 181 
0 ) on Ta seem to show that the change In the proton bihd!ng energy In the 

final nucleus ( 1,943 MeV In 
18 

N. 7,291 MeV In 11 0 ) has a great effect on 

the cross section of the transfer, One must remember however that In the reac

tion ( 
14 

N , 
16 

0 ) the excited states of the 
11 

0 nuclei contribute to the reac-

tion yield, and this may account largely for the Increase of the cross section, 
Ia 

N nuclei, produced In the neutron stripping A high background due to the 
14 II 

reaction ( N , N ) , made .it impossible to make a fair estimate of the contri-

bution from the excited state of 11
0 reaction channels. 

For a more detalled analysis of the obtained results we have used the 

Frahn- Venter mode/ 
6

/ • The angular distributions of the slngle nucleon transfer 

reactions can be analysed In the framework of this model by means of three 

phenomenologi•cal parameters: T' , ~ ', and r • The parameter T' is the value 

of the variable 1 • f + ~ , for which the amplitudes distribution of the partial 

waves has p. maximum, The value T' is connected with the Interaction radius 
1/a 1la 

R '• r ~ (A 1 + A a ) and is determined by the position of maximum In the angu-

lar distribution- 8; and by the value of the Coulomb parameter 11 • m Z 
1 
Z 

8 
e a lh a k, 

where m is the reduced mass, z 1 and Za the atimic numbers of projec-

tile and target, respectively, and k is the wave number, The parameter ~' 

determines the width of the amplitudes distribution In f space, This parameter 

is related to the surface width d' of the Interaction region, The relative 

strength of the transfer Interaction is determined by the parameter • The 

maximum value of the amplitudes distribution is equal rl 4~' , and should not 

depend upon the kinematic conditions, Fra.hn and Venter had analysed the neu

tron transfer reactions data/ 
1
5- 17/ and showed, that lhe value r I 4~ ' does ·not 

depend significantly upon energy and is practically constant for different targets; 

In all analysed cases these values lay In the Interval 0.1- 0,2, 

The angular distributions presented In figs, 1- 4 and 5 were analysed by 

means of the Frahn- Venter model, The solid lines are calculated on the basis 

of this model, under the assumption that the diffraction oscillations, Inessential 

12 

In this. analysis, are completely damped, The obtained values of the parameters 

are presented In Table 1. The results of analysis for the reactions ( 
18c, 11

N ) 

on the 
18 

C and n AI nucle/ 14/ are also Included, 

The values of the parameters T' and ~' , giving the "geometry" of a 

proton transfer process, appear close to those which have been obtained In case 

of the neutron transfer reactions for equal kinematic conditions. One can therefo

re conclude that the proton- and neutron transfer processes do not differ In the 

effective Interaction radius and In a surface width of the Interaction region, 

A significant difference between these two reactions appears In the pro

babilities of the transfer process, expressed by the rl4~' values, The depen -

dence of the value rl4~' for the Investigated proton transfer reactions upon 

the target Z number and upon the kinetic energy at the moment of collision 
18 18 

is shown In fig. 7, The probability of the proton transfer In the reaction ( C, N) 

rapidly reduces with the increasing of z . For the fixed Z • the value r I 4~ ' 
4,000 

7: 
Jjj{ 

Fig. 7. 

o.wo 

O.OiO 

o.oot 

44.~ 
• 37./f 

.33.4 • 2Q. 1 • 47.3 
2o.l •3S.S 

·~2.7 

w 20 

•a1.~ 

• 9.3 

30 

!:/; '!11!1!111/!ll/!lll/!/11///11////;il'/,1 
!!neutr-on transfer: 

'/1/!/111/l!l!!l!!ll/!/1!/1//1!///, ~ 

•37.9 
•35.3 

•25.8 

• 42..7 

4o 50 60 

('''*N,iSO) 
·32.8 

• i8.2 

70 80 z 
Values of the parameter rl4~' plotted against the target atomic 
number Z • The kinetic energies at the moment of collision, 
E o.m. - E 8 , are noted at the corresponding experimental points. 
The dashed area denotes the region, within which lay all the eJfperi
mental points, corresponding to the neutron transfer data/16- 18/ • 
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decreases when energy becomes smaller, The effect is more distinct at low 

energies, These results are different from those for neutron transfer reactions, 

for which the parameter r/44' shows no systematic dependence on the ato-

mic number and on the energy, The dashed area in f ig, 7 indicates the region 

of change of r/44' for neutron transfer reactions, 

A relatively large value of the parameter r/ 44' in the case of the 
Ill u 11 110 

reaction Ta ( N, 0) Hf shows, perhaps, that the change of the pro-

ton binding energy in the final transfer product influences the cross section 

magnitude, However, as it was pointed out before, these data cannot be treated 

as conclusive. 

12 u The experimental results for the reaction ( C , N ) 5I .. 
on the V and Nb 

were analysed by Gareyev and Kalinkin in the framework of the KalinkJ.n.... Gra -

bowski mode/ 
3

/ , An analysis of the angular distributions for the reaction 
51 12 II 10 

V ( C , N) Tl at energies 65,6, 55.4, and 43,2 MeV and the reaction 
u 12 un 

Nb ( C, N) Zr at energies 71.0 and 59,7 MeV gives the value of the a 

parameter equal to 0,8 fm -1, for all cases ( a is a parameter related to the 

matrix element of the transition). This value is close to those which one obtains 

in the analysis of the neutron transfer data / !5- 17/. However, a large disagree

ment appears between the calculated excitation functions (normalized to the ex

perimental data for the highest energy) and our results, The cross section in 

the proton transfer reactions reduces more rapidly with the descreasing energy 

than one can expect on the basis of the KalinkJ.n.... Grabowdki model, This fact 

and the good agreement with the model predictions the case of the neutron 

transfer reactions show that in the proton transfer new effects occur, which are 

not taken into account by this model, 

The observed specific behaviour of the proton transfer reactions may be 

caused by the Coulomb interaction in the proton transfer process, In reactions 

with the heavy nuclei, a relatively large " polarization" of the proton wave func

u,~n in the final r14cleus is possible, especially, when the proton binding energy 

in this nucleus is small. The "polarization" of the proton wave function would 

reduce the value of the matrix element of the transiti.on. This effect should in -

crease with the target Z number, At the higher energies the conditions of the 

transfer process become more adiabatic and then the polarization effect decreases, 

This fact may be the cause of the differences in the shapes of the excitation 

functions in the proton and neutron transfer reactions, 

The authors are much indepted to Prof, G,N,Flerov, Corresponding MembE-r 

of USSR Academy of Sciences for permanent interest and useful discussions, 

We wish to thank 8, Zager and all members of the cyclotron group for incessant 

14 
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-(!) 

Reaction 

12 12 13 II 
C ( C , S) B 

2T 12 IS 28 
AI( C, N) Mg 

Q value 
(G.G.) 

(Mev) 

Table 1 

Frahn- Venter Model Parameters for Proton Transfer Reactions 

n 
(}' 

0 

d' 
T' 

(MeV) ( deg.) (tm) ( tm) 

a 
tot 

-I4.0I3 40,5 2.I8 II,O 22,6 I,59 I,76 0,5I 0,227 0,0322 
34.I 2.38 I5.0 I8.I I.44 I.OI 0.32 O.I2I 0,0305 

670 
270 

-6,329 55.4 4.76 !3.0 4I.8 I.88 2.57 0.54 0.424 0,04!3 I720 
48.7 5.07 I5.0 38.5 !.88 2.3! 0.52 0.378 0.04!0 I550 
40.8 5.54 !9.2 32.8 I.8I 2.!3 0.52 0.295 0.0346 880 
26.4 6.88 40.7 I8.4 !.54 I.75 0.50 O.I22 0.0!74 !54 
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