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Some (d,a) Reactions on Be9, F19, and Al27 at 27.5 MeV*
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The angular distributions of absolute cross sections were measured for (d,a) reactions at 27.5 MeV leading 
to the following final states : 4.63 and 7.47 MeV in Li7; ground and 0.872 MeV in O17; ground, 1.61 and 3.399 
plus 3.408 MeV in Mg25. Measurements were carried out in the angular range from IS to 120 lab deg, in 
S-deg intervals for the forward, and 10-deg intervals for the backward hemisphere. A solid-state detecting 
system with a resolution in energy of about 1% was used. The angular distributions show pronounced for­
ward peaking. Comparison is made with cross sections computed, in plane-wave Born approximation, for 
double pickup and knockout mechanisms.
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1. INTRODUCTION

AM O N G  the deuteron induced reactions, the (d,a) 
reaction belongs to the category which still re­

quires extensive experim ental and  theoretical work be­
fore definite conclusions as to its reaction m echanism 
can be draw n. A lthough considerable progress has been 
m ade in the in te rp re ta tion  of (d,a) d a ta , m any ques­
tions such as clustering of deuterons in the nuclear 
surface region, and  the in terp lay  of the different possible 
modes of reaction, rem ain unansw ered. A detailed com­
prehension of the reaction  m echanism  and  its depend­
ence on energy is required to in te rp re t fully the results 
of a num ber of experim ents perform ed bo th  a t  low and 
in term ediate  energies on ligh t and  heavy elem ents.1

T he presen t repo rt describes a partia l extension to 
higher energies of earlier work1 perform ed on light 
nuclei. T he angular d istributions are fitted  w ith plane- 
wave B orn approxim ation (PW BA) curves resulting 
from  el N ad i’s double stripping form alism  which as­
sum es the deuteron and  the alpha as structureless p a r­
ticles.2 A com parison w ith  B utler-type curves3 shows 
th a t  fits sim ilar to those m entioned above result bo th  
for pickup or a knockout process.

2. EXPERIMENTAL PROCEDURE
T he 27.5=b0.1-MeV m agnetically collim ated deuteron 

beam  from  the 180-cm Buenos Aires synchrocyclotron 
has been used to bom bard  th in  foils of beryllium , Teflon, 
and  alum inum . T he beam  was shaped by  two pairs of 
m agnetic quadrupoles to a spot 4 m m  in diam eter and 
abou t 0.02 juA in in tensity  on the target, located about
7 m aw ay from  the accelerator. T he beam  collecting 
F arad ay  cup, m aintained a t  a vacuum  b e tte r  than  
10-5 m m  H g, included a perm anen t m agnet to avoid the 
leakage of secondary electrons from  the beam  stopper. 
T he collected beam  was electronically in teg ra ted  to a

prefixed am ount, after which the counting was au to ­
m atically  stopped. T he whole integrating  system  was 
checked by an  array  of tested  leakage-free polystyrene 
capacitors charged to a calibrated  voltage. T he error 
in the charge collection was below 1.5% .4

T he targets were m ounted on a fram e a t  4 5 ± 0 .5  deg 
to the beam  direction. T arg e t thicknesses were deter­
m ined by weight and area m easurem ent, resulting in the 
following figures: beryllium  target, 2 .25± 0.10  m g/cm 2; 
Teflon target, 1 .13± 0.04  m g/cm 2; alum inum  target 
0 .28± 0.03  m g/cm 2. Beryllium  and  alum inum  targets 
were of commercial grade, 99.5%  pure. T he alum inum  
target was evaporated  on a p lastic film which was subse­
quently  dissolved away. M easurem ents were done on 
several targets for each elem ent, especially in the case 
of the Teflon target, which is know n to m elt under 
bom bardm ent a t  lower energies. T he 27-MeV deuteron 
beam  loses less than  0.1 M eV in the target, and  no 
change in yield was observed even after long exposures.
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* Work performed under the auspices of Consejo Nacional de Investigaciones Científicas y Técnicas, Argentina.
f On leave from the Department of Physics and Astronomy, University of Rochester, Rochester, New York.
1 K. Takamatsu, J. Phys. Soc. Japan 17, 896 (1962), and refer-
2 M. el Nadi, Phys. Rev. 119, 242 (1960).3 S. T. Butler, Phys. Rev. 106, 272 (1957).
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Fig. 1. Typical pulse-height spectrum of a particles from the reaction F19(<Z,a)017 at 50° in the laboratory system (56° center- 
of-mass). The alpha groups leading to the ground and first ex­
cited state of O17 are labeled. The corresponding angular distribu­
tions are shown in Fig. 3.

1 S. Mayo and J. Testoni, Nucl. Phys. 36, 615 (1962).
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T he detector used was of a gold-silicon surface barrier 

type properly  biased to keep its sensitive region thick 
enough for the to ta l stopping of the detected  alpha 
group. I ts  m axim um  depletion dep th  was 0.5 mm. The 
detector and its collim ator, m ounted on an  arm  inside 
the evacuated  scattering  cham ber, could be ro ta ted  
from  the outside to any  scattering  angle. T he solid angle 
of detection  was 1.2X 10-3 s r ; the angular apertu re sub­
tended b y  the detecting  window was ± 1  deg.

Pulses were fed into a charge sensitive pream plifier 
having a signal to noise ratio  of abou t 600. T he pulse 
spectra were analyzed on a N uclear D a ta  Model-120 
analyzer. T he over-all energy resolution was 1.0 to 1.2%.

Because of the poor d u ty  cycle (about 5% ) of this 
machine, the beam  in tensity  during the irradiations had 
to be reduced to a low level in order to keep pileup 
pulses in the detector w ithin reasonable limits. T his is 
one of the m ost severe restrictions in the use of a syn­
chrocyclotron when m easuring very small cross sec­
tions. T his circum stance accounts for the high s ta tis ti­
cal errors (10 to 25% ) of the present experim ent. A 
beam  debunching device, contem plated  for this m a­
chine, should im prove the situation  in fu ture m easure­
m ents. T he zero angle of scattering  was checked by 
letting  the d irect collim ated beam  sta in  a thick  slab 
of glass placed on the m ovable detector arm . Scattering 
angles were know n w ith  an  accuracy of ± 1  deg. The 
energy of the deuteron beam , determ ined from  its 
range in alum inum , was 27 .5± 0 .1  MeV. I ts  value re­
m ained constan t, w ithin the indicated  error, throughout 
the experim ent.

3. RESULTS
Figure 1 shows a typical alpha spectrum  correspond­

ing to the reaction  F 19(rf,a)On a t  50 deg. T he alpha 
groups corresponding to the ground s ta te  and  the 0.87- 
MeV sta te  of the residual nucleus are indicated. These 
groups were identified bo th  by  kinem atics and by their 
energy shift when alum inum  absorbers were placed in 
fron t of the detector. W hen appropria te  detector bias

F i g . 2. Angular distribution corresponding to 4.63- and 7.47- MeV excited states in Li7. The solid line is a fit to the data using el Nadi’s formalism for the two-nucleon pickup process. The dashed lines are the contributions corresponding to the different I values.

F i g . 3. Angular distributions corresponding to the ground state and the 0.87-MeV excited state in O17.

was used, pulse heights corresponding to alpha groups 
becam e appreciably higher than  those resulting from 
deuterons or protons, so th a t the la tte r  could be sup­
pressed a t  the analyzer input.

Figures 2-4  show the angular d istributions corre­
sponding to (d,a) reactions on Be9, F 19, and  Al27 leading 
to the following final s ta tes : L i7, 4.63 and  7.47 M eV ; 
O17, ground and 0.872 M eV ; M g25, ground and 1.61 
MeV. T he angular d istribution  corresponding to the 
unresolved 3.399-3.408-M eV doublet in M g26 was also 
m easured. I t  is also forw ard peaked, w ith the combined 
cross section of the order of 0.1 m b /s r  in the 30° region 
and  0.01 m b /s r  in the 100° region. T he vertical bars on 
experim ental points indicate the absolute errors of dif­
ferential cross sections due to statistics, background 
subtraction , ta rg e t thickness, beam  curren t integration, 
solid angle, and  the instab ility  of the system . Solid lines 
in each figure are PW BA curves com puted by  following 
el N ad i’s approach to the double pickup process. Al­
lowed I values used in each case are indicated. T he 
PW BA curves are presented  only for reference. Al­
though the fits in m ost cases are satisfactory , the weight 
which can be a ttach ed  to them  is lim ited, since d isto r­
tion effects have been neglected and  the I values required 
are ra th e r high (up to 1=6).
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F i g . 4. Angular distributions corresponding to the ground state and the 1.61-MeV excited state in Mg25,
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4. DISCUSSION
M ost of the present angular d istributions show 

m arked forw ard peaking indicative of a possible direct 
in teraction  m echanism . A plane-wave analysis of these 
d a ta  was perform ed in term s of a double pickup or a 
knockout process, assum ing bo th  the deuteron and  the 
alpha partic le to be structureless. Considering first a 
double pickup reaction m echanism , cross sections were 
com puted from  el N ad i’s expression for double stripping 
reactions ,2

I -4 i 12Cii(<2i')Hr=r0,

i

where /?2= £3.07  ex p (—_fiT2/ 4872) exp (—TsT2/ 1672)]2 is a 
form  factor to be determ ined; K  = kd—k J 2 is the in­
ternal m om entum  of a deuteron in an  alpha p ro jec tile ; 
A i are overlap coefficients. Q =  k ^ w //w i—k„ is the 
m om entum  transferred  to the residual nucleus; and 
nif are initial and  final nuclear m asses; kd, ka are 
deuteron  and alpha wave num bers. / is the angular 
m om entum  of the  transferred  p artic le ; only even I 
values are perm itted  here since no change of p a rity  
occurs in any of the studied transitions. To evaluate 
the form  factor F2 the param eter 1/ y  m ust be adjusted  
for best fit to the d a ta ; a t the same tim e I /7  m ust re­
m ain consistent with the intrinsic wave function of the 
alpha partic le and  a  binding energy. W ith  7 defined by 
G aussian ^ a~ e x p ( —72 ^  r , / ) ,  or exponential i/'a~ e x p  
[ —7 L t > / n r ) 1/2] / ( E .> y  n / ) "  wave functions,6 best 
fits were obtained in different experim ents1’6'7 w ith I/7  
ranging from 3 to 6 F. In  the present analysis a some­
w hat smaller value of 1/ 7 =  2.2 F  had  to be used to 
ob tain  satisfactory  fits. However, this value is in excel­
lent agreem ent w ith the binding energy « =  28 MeV of 
the alpha particle, as can be seen by  evaluating 72 
=  2 t m a/ 2 ¥ .

T he fits by  el N ad i’s curves to the (d,a) angular dis­
tributions, a t  the presen t energy of 27.5 M eV, are sur­
prisingly good. As has already been found for the 
Be9(i/,a)Li7 case by  Iv a n y ts ’k y i ,8 the d irect reaction 
m echanism  appears to become more im portan t as the 
bom barding energy increases.

In  com puting the presen t curves, it was found th a t 
the fits are sensitive to changes as small as 0.1 F. 
Slightly different r0 values had  to be used for the differ­
en t I com ponents. T he dependence of the fits on such 
small changes of ro m ay  reflect the circum stance th a t 
the physical m eaning of varying rQ is th a t of sensitively

6 J. C. Gunn and J. Irving, Phil. Mag. 42, 1353 (1951).6 M. el Nadi, Proc. Phys. Soc. (London) A70, 62 (1957).
7 B. B. Marsh and 0 . M. Bilaniuk, Phys. Rev. 130, 2372 (1963).8 P. G. Ivanyts’kyi, Ukr. Fiz. Zh. 7, 1160 (1962).

changing the strength  of the effective interaction  poten­
tial of the reaction.

A plane-wave analysis of the d a ta  in term s of the 
B utler W ronskian was also perform ed. T he differential 
cross section is expressed as

da/dQcc I { Q * + é ) - lW [ j i ( Q r ) M » { Í K r)-]r̂ |2,
where K = ti~1(2md*edi)112, and e¿i is the binding energy 
of the deuteron in the initial nucleus. F its were obtained 
w ith this expression using interaction  radii sim ilar to 
those needed for el N ad i’s curves.

T he a lternate  analysis in term s of a knockout reac­
tion m echanism  was also carried out, still using the 
above expression of the differential cross section. Here Q 
and k are defined as follow s:

Q =  k <¡(m.í—4 )/w ,— k 0(w /—
K = t r ' [ ( 2 m a*ea,)ll2+  (2 m a*e

f ai and id/  are binding energies of the alpha partic le in 
the initial nucleus, and of the deuteron in the final 
nucleus, respectively. T he m om entum  transfer ratio  for 
knockout to pickup processes is Q (knockout)/ Q (pickup) 
=  (m /— 2)/m f.  For Be9, F 19, and  Al27 this ratio  has the 
values 0.71, 0.88, and  0.92, respectively. The corre­
sponding ratios «(knockout)/«(pickup) are 1.20, 1.72, 
and  2.04. I t  was found th a t the difference in the m om en­
tum  transfer could be com pensated by  admissible 
changes in ro, so th a t the present d a ta  can be in te r­
preted  bo th  in term s of the pickup and  the knockout 
mechanism s. A sim ilar inference was m ade, a t  the 
bom barding energy of 13 MeV, by  Cindro, Cerineo, 
and  Strzalkowski9 for the ground-state transition  in 
F 19(</,a)017, b u t they  found the pickup process to ac­
count more adequately  for the (d,a) transition  to the 
first excited s ta te  in O17.

In  conclusion, it  should be pointed ou t th a t  a dis­
torted-w ave B orn approxim ation analysis of the d a ta  is 
required before fu rther conclusions concerning the reac­
tion m echanism  in the present cases can be made.
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