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1. Introduction 

In a nunber of experi.rrents on elastic and inelastic heavy ions scattering
1

-
4

/ 

the diffraction oscillations in angular distributio ns were observed when the values 

of the Coulomb parameter n•mZ 1 Z2e
2 /1i2 lr. were small. This indicates that in the 

interaction of heavy ions with nuclei the wave properties of particles are of im

portance. 

One of the characteristic features of the interaction between complex 

nuclei is a strong absorption, connected with the compound nucleus channels. 

Therefore, the nuclear scattering radius is a well defined quantity, and thus 

one can compare the elastic scattering to the Fraunhofer diffraction by the 

"black disk" • This analogy is rather good
1 

provided that Coulomb distortions 

are small. 

Another inte resting case is single - or multi- nucleon transfer in the sur

face reactions. in contrast to elastic scattering, in transfer reactions no partial 

waves with large angular momentum are present in the final reaction chan-

nel. This is due to the fact that as the distance between nuclei increases the 

probability of the transfer reaction is rapidly reduced. Thus, only several par-

tial waves with angular momenta close to a certain value of f 0 , correspo nding 

to a surface collision contribute to the reaction. This process is s imilar ( from• 

the viewpoint of the optical analogy) to the Fraunhofer diffraction by an a nnular 

aperture in a black screen • Therefore the diffraction effects in transfer reac

tions may also be expected. 

The diffraction models of the transfer reactions have . been recently develo

ped by Frahn and Venter 5 /,, and Dar6 /. Occurence of diffraction structure in 

angular distributions w o uld be very essential for testing the validity of these 

models. 

Our experiments were performed with the external c 12 
ion beam at the 

C12
0 

N13) maximal energy of 82 MeV. The proton pick- up reaction on two 

lig ht nuclei c 12 and AI
27 

was studied. As the value Z of the target nucle us 

is increased the conditions for detecting diffraction become worse due to the 

reduced oscillation period and the increase of the Coulomb interaction effe ct. 

The advantage of the chosen. reaction ( c 12
, N 13 ) is that the reaction pro duc t 

~3 has no bound excited states, therefore it is possible to get informatio n o n 

the final targe~ nucleus excitation froll1 the data on the N
13 

energ y spe ctrum. 
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Besides, in pick- up reactions the final reaction channel is well defined, _ while 

in stripping reactions, besides the transfer mechanlsm, the mechanlsm of knocking 

free nucleons out of the projectile is also possible. 

The N
13 

nucleus is a f3 + emitter with a 10 minute half-llfe. This proper

ty makes it very convenlent for detecting. 

2. EXPERIMENTAL PROCEDURE 

2.1. Performance of Experiment 

The experiments were performed at the 150 em cyclotron of the Laboratory 

of Nuclear Reactions, JINR. The external c12 
ion beam after being focused with 

two pairs of quadrupole lenses passed through a col.l.imo.tor and entered the reacr 

tion chamber ( fig.l). The target was placed in the centre of the chanber or on the 

front waJJ. depending. upon the angle region and the necessary angular resolution. 

The radioactive products of transfer reactions emitted from the target were 

collected on the aluminlum catcher foils placed on the internal surface of the 

chamber. After a 10 minute bombardment of the target the back flange of the 

reaction chamber was quickly removed, the catchers with activity were taken 

out, cut into circular rings corresponding to different angles of emission 

and put to the detector. 

Besides N
13 

nuclei. other radioactive products were produced during the 

irradiation, causing a perturbing background. The main part of the background 

was due to c 11 
( f3 + , T ~ " 20 nin), produced in the neutron stripping reac

tion. In order to achieve the best conditions for detection of N
13

, the difference 

between the N
13 

and c 11 
ranges was utilized. Due to smaller stopping power, 

the c 11 
ranges were larger and therefore one could find a layer in the catcher 

where mostly N
13 

nuclei stoppect, while the c 11 
contribution was smaller. For 

each c 12 
incident energy such optimal layer was found experimentally by mea

suring the activity distribution in the aluminium foil stacks placed at different 

angles. To decrease the variation with the angle of the effective thickness of the 

catcher, a conic insert was used in the chamber which made it possible to place 

catchers in such a way that they were approximately perpendicular to the direc

tion of the reaction product emission. For neasuring the energy spectrum of N
13 

the foil stacks of aluminium foil, 0.4 mg/ cm
2 

thick were used. 

After passing throug h the target the ion beam entered the Faraday cup 

connected with the electronic current integrator. To take into account the beam 

intensity fluctuations during the irradiation, the data from the integrator were 
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>m the integrator were 

taken every minute. 'To avoid distortions due t o e lectrons knocked by the beam o ut of 

the Faraday cup, of the target and of the edges of the diaphragms, electric magnets 

were placed in front and in the middle o f the Faraday cup. The measurements 

showed tha t the influence of the knocked o ut e l ectro n s upon the current measu

rements was insig nificant. The current measurements with the magnets switched 

on and o ff d;.{fered only by about 3%. 

It turned out in practice that distortion s in the current measur e ments could 

be due to the gas ionization by the beam if the vacuum near the Faraday cup 

is poor, Small size of diaphragm opening s did not allow to reach the necessary 

vacuum in the chamber by diffusion pumping through the c ollima tor, Therefore 

the tube of the F a r aday cup was provided with an additional diffusion pump and 

a vacuum gauge to check the p r essure. 

The c 12 
energy was varied by inserting aluminium absorbers into the 

beam in front of the collimator, The energy l osses a nd the effective ion c harge 

after passing throug h the absorber were dete nnined by using the d ata o f Nor

thcli!f7/. 

2,2. Angular Resolution 

Since the expected oscillation period e quals only to several d eg rees, 

good angular resolution is a n ecessary condition for o b serving diffraction. In 

our experiment the angular resolution was detennined by the distance from the 

target to the catchers, the width o f the catcher rings, the diameter of the col

limated beam and angula r spread o f particles in the beam. The cylindrical 

reaction chamber was 20 em in diameter a nd 20 em leng th. The catcher rings 

were usually 3 mm wide which corr esponded to the angle r a nge o f a bout 0,8 
• 

degrees. The collimator diaphragm openings w ere 4 mm in diameter and were 

placed at 23 em from each other. The a n gular spread of particles in the b eam 

after collimating could b e e stimated by the diameter of a spot made on a s h eet 

of paper which was placed on the back flange inside the chamber. 

The average angular r e solution was about one degree. 

The reciprocal loca tio n of the chamber axis and the ion beam axis was 

of great importance, 'To provide their coincidence the sheet of p aper fixed on 

the back flang e inside the chamber was b omb a rded fo r a short time b efore each 

experiment. After obtaining the "picture" of the beam it was possible to adju st 

the position of the chamber with r espect to the beam axis. The ex actness of 

this adjustment was about 1 mm. 
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SmaJ..l errors in determining IJ.() were due to the procedure of c u tting the 

catcher foils into narrow rings. The c atch e r s were weighed after 

to correct these e rro r s . 

2 .3 . Detectin.o Arrangement 

measurements 

The reaction produc ts - N
13 

nuclei - were detected by counting the a n

nihila tion gammas produced from N
13 f3 + decay. The schematic drawing of the 

arrangement is shown in fig . 2 . The detector consists of a system of two scin

tilla tion counters close to each other with Nal ( 'I'l) crystals SOx 80 mm in 

size, connected to the coincidence circuit. After b o mbardment the alurrinium cat

chers were put into copper molds 20x20x3 mm which were inserted into a slot 

between the crystals. The N
13 

decay positons s topped in the mold waJ..ls produ

ced pairs of annih~ation gammas detected by the c irc uit. 

Pre-amplifiers, amplifiers and single- channel analyzers with a variable 

width of the gate were included in every bra nch of the c irc uit. 

UsuaJ..ly, the a mplifica tion coefficient and the a nalyzer gate width were so 

chosen tha t they let throug h only the pulses associated with a "photopeak". 'I'o 

provide the simultaneity of the pulses applied to the coincidence circuit variable 

delayed lines were used. 'I'o reduce the background the detectors were shie lded 

with l ead , and a l ead separator 8 mm thick was inserted betwee n the crystals . 

There was a c hannel in the separator to place the molds with the catc hers. 

Th ff
. . 22 

e e 1c1ency of the arrangement was determined by u s e of the Na source. For 

this purpose the total efficiencies of the crystals for 511 keV gammas, for 1276 keV 

g ammas and for coincidences of annihila tion gammas were calcula ted. The beta

plus.- intensity of the N a 
22 

s ource was determined by measurements in o peration 

conditions when the full gamma spectra were detected ( single- channel analyzers 

were open). 

The efficiency o f the arrangement was 11 o/o when o nly photopeak coinci

den ces were r egiste red, while the backg r o und was a bout 1 pulse per minute. 

The e fficiency of the a rra ngement could be increased, when besides the photo

p eak the Compton p a rt o f the spectrum was also d e te cted, although the back

g r ound of the a rra n gement was thus increased. 
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3 . RESULTS AND DISCUSSION 

3.1. Energy Spectra of Reaction Products 

The energy d is tribution of N
13 

products from the reactions 

Al27 ( c12
1 

N13) Mg26 and c12 ( c12
1 

N13) 8 11 are shown in figs. 3 and 4. 

These distributions were measured for the angle region where diffraction was 

observed and at energies close to those at which angular distributions were 

studied. The schemes of Mg
26 

and s 11 
levels are shown above the spectra. 

Insufficient resolution due to the energy spread in the beam and the limitations 

of the catcher foil method does not permit to distinguish the transitions to sepa

ra te levels, however, the general picture of the spectrum, especially its half

width, are very significant for the analysis of diffraction structure. 

Fig.3 shows that as aluminium is bombarded, in the Mg
26 

residual nucleus 

several levels, approximately up to 5.5 MeV are excited. The region o f the ob

served excitations does not significa ntly change with energy, although the JTfl.Xi

mum of the distribution is displaced to the region of higher excitation with the 

increase of c
12 

energy. 

. 12 12 13 11 11 In the reaction C ( C 1 N ) B the residual nucleus B remains main-

ly in the ground state or in the first excited state at 2.14 MeV. Similarly to the 

reaction on aluminium, the incident energy increase leads to the increase of the 

excited state contribution. 

3.2. Angular Distributions 

The angular distributions of N13 in the reactions AI
27 

( c
12

, N
13

) Mg 
26 

and c
12 

( c 12, N13 ) s 11 obtained at several c
12 

energies are shown in figs. 5, 

6 and 7. Experimental points referring to different sets ,.f measurements are 

denoted by different sings. Errorrs due to statistical spread, uncertainty in 

decay curve analysis and uncertainty in the determination of angular widths of 

the catchers are less than 5%. 

The results show tha t in the studied transfer reactions diffraction oscilla

tions are rathe r distinct, especially in the low angle region. As the ion energy 

decreases and the Coulomb parameter n gets larger, oscillations are dam-

peel and the angular distribution is gradually transformed into the characteristic 

curve with the rraxi.mum corresponding to a surface collision of two nuclei. 

Recently an a ttempt was made by Birnbaum 
8

/ to detect diffraction in a 
12 

s ingle- nucleon transfer r eactions when C target was bombarded with 148 MeV 
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ions, The r esult appeared to be neg ative, n o diffraction oscilla tio n s w e r e 

fo und in the a ng ula r d~stributions, We bel ieve that the: negative r esult i s due to 

l imita tions o f the (dE/ d x ) x E me thod u sed i n that wor k , By using this me thod it 

was very d ifficul t to observe reaction pro duc ts a t l o w a ng l es ( the m easuremen ts 

were per formed o nly a t II > 19° ), h owever the d iffractio n s truc ture i s esp ecial

ly distinct a t l ow a n .t:>,Ies, 

We lrieu to a nalys e e xpe r imental data obtained in o ur work by m ean s o f 

the Frahn- Ve nte r d iffr actio n model. It s h o uld b e n oted tha t the present work w as 

s tim ula ted to a certain e x te nt by the pred ictions of this m odel, 

The diffractio n m odelS/ con s iders the nucleon tra n s fe r r eaction s in quas i-

c l asti c a pp roxima tio n , Fra hn a nd Ve nte r, con s idering tra n s fer r eactio n s a s sur

face r eactions a n d introdu cing a r a ther g e n e r al d ependen ce of the partial w ave 

a mpli tu des upo n the a'!g ula r mom entum e , obtained a compa r a tivel y s imple 

a nalytica l exp r essi o n for the descrip tio n o f the r eaction d iffe r e ntial cross s e c 

tio n , This expressi o n in c l udes e quivalen ts f o r three quasi- c lassica l p a r a m e te r s: 

R' i s the i n te r a ction r a d i u s , d' i s the e ffective w i d th o f the r eactio n r egion 

a n d is the par amete r associa te d w ith the s tre n g th of the tra n s fer pro c ess. 

The m odel pre dicts d iffractio n oscillatio n s p rop o rtional to the functio n s in ( 2 T 'II ) 1 

w h e r e T ' i s the a n g ular mome ntum p aramete r c onne cte d with the inte rac tio n 

r adius. These osc illa tions m odula te the s moo th p a rt of the d iffe r e ntial c ross sec 

tio n e x p r e ssion, The conditio n for damping o f the d iffractio n oscilla tio n s i s : 

4rrn ( d ' / R ' ) » I 

The a nalysi s o f a n g ula r dis tributio n s made in te rms of the Fra h n- Ve nte r model 

i ndi cated tha t w ith the c urves calcula ted o n the basis o f this m odel o n e cannot 

fit the experime ntal data, Tryi ng to r each agr e em e nt i n the positio n s o f the rre.

xima and mil'1ilm o n e g ets a l a r g e disag r eement between the over- all a n g ular 

dep e n d e n ces a n d vice ver sa, The compa rison b e twe e n calcula te d c urve s a n d 

exp e rime n tal data a t the maximal e n e r gy i s s h o wn in fig . 8 (A and B ), 

ln fig ,8 ( C and D) this comparison i s ma d e f o r the extrem e case in which 

the C oulo mb inte r a ctio n is n eglecte d, This case corre sponds to the K irchhoff 

f o r mula f o r Fra unho fe r diffraction b y a n a n nular ape rtur e in a black scr een: the 

a ngular d ependen ce o f the r e a c tio n amplitude i s d e t e rmined by the cylind r ical 

B e ssel func tio n o f o r der z e r o - J 0 ( T '8) • T h e main features o f th is classical 

d e pen dence a r e p r ese nt i n th e exper imen tal ang ula r distribution s . 

The dis agr eement between p r e d ictions o f the Fra hn- Vente r m o d e l and e x 

p e r imental data i s probably d u e to the fa ct tha t the a uthors take into a c count 
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-Venter model and ex

>rs take into account 

only the Coulomb distortions of the incoming and outgoing waves. This is cor-

rect when the Coulomb parameter n is sufficiently large. Indeed, for the 

27 12 13 26 . 12 AI ( C , N ) Mg reaction at the C lowest energy ( see fig. 6 ). for which 

n• 6.88, the Frahn- Venter curve fits quite well to the experimental data, giving 

a reasonable value of the r
0 

parameter ( 1.54 fm). 

Our results were also analyzed in terms of the Kalinkin- Grabowski mo

de19 •10/ in which methods of the optical model were used f~r the study of elas

tic scattering and transfer reactions. In this model the parameters connected with 

the real part of the Saxon- Wood nuclear potential and with the absorption were 

obtained from the analysis of the heavy ions elastic scattering data. '!'he proba

bility of transfer depends upon the a parameter related to the rretrix element 

of the transition. In paper11/ this model was modified with a view of the account 

of diffraction effects. In fig. 5 solid lines der)ote the results obtained by the 
. 27 12 13 26 

authors of this paper in case of the reaction AI ( C , N ) Mg • 

In the calculations the data were averaged over a certain angle interval 

associated with the angular resolution and with the energy spectrum of 

reaction products. 

It is noteworthy that the width of the energy spectrum of reaction products 

is very significant for the distinctness of diffraction oscillations. '!'he ang ular 

distribution in the neutron stripping reaction AI
27

( c 12
, c 11

) at the energy 

56.1 MeV is shown in fig. 9. '!'he angular resolution in this experiment was the 

same as in the proton pick- up reaction, however, the energy spectra of reaction 

products were significantly different. In the reaction ( c 12
, c 11

) the half-width 

of the energy spectrum is about 8 MeV. As a result, diffraction oscillations in 

the c 11 angular distribution practically disappear. '!'he curve from paper
11

/ g iven 

in this figure was calculated with the account of the ct1 
wide energy spect-

rum. 

'!'he comparison of the experimental data with · the theoretical results from 

paper11/ indicates that the approach suggested by Kalinkin et al. is sufficiently 

general and permits to consider scattering a nd transfer reactions on the same 

basis. 
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