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Abstract: The diñerential cross sections for the reactions ®Li)®“'®^'®*Ni leading to
the ground O"'’ and the flrst 2* excited states o f the residual nuclei are measured at 27.25 MeV. 
A  DWBA analysis is performed using both phenomenological and microscopic form factors. 
The latter are calculated on the basis o f the BCS plus RPA description of the initial and final 
nuclear states.

NUCLEAR REACTIONS «“•®6-«*Zn(d, «Li), £  =  27.25 MeV; measured <t(0). 
60 . 62. 6+ivj¡ igygij dejiuced relative S. Enriched targets.

1. Introduction

Several papers ^"'®) on the (d, ®Li) reaction in light nuclei have emphasized the 
direct character of the a-particle transfer. In this paper we discuss the (d, ®L¡) reac­
tions induced by 27.25 MeV deuterons in the isotopes ®*Zn. In these médium 
mass nuclei the results also suggest a direct mechanism and, on this basis, we under- 
take an analysis of the data.

In sect. 2, we describe the experimental set-up. In sect. 3 we carry out a study of a 
typical spectrum showing the main features of the experimental results. In sect. 4 a 
DWBA analysis of the angular distributions of the cross sections is performed using 
a phenomenological form factor. In sect. 5, we apply the formalism of Dragún et al. ’ ) 
to the microscopic calculation of the form factors. We include four-particle structure 
factors calculated on the basis of a BCS plus RPA description of the initial and final 
nuclei. Finally, in sect. 6, we present our conclusions on four-particle transfer reac­
tions in the médium mass región.

2. Experimental method

The (d, ®Li) reactions were investigated by bombarding self-supporting metallic 
foils with the external 27.25 MeV deuteron beam of the Buenos Aires 180 cm Synchro- 
cyclotron. In order to reduce the neutrón background in the experimental area, two
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carbón collimators are located at about 7 m from the target, at the exit of the vacuum 
tank built for the modified regenerative system ®). At the second defining slit, the 
beam has an emittance of 50 mrad • mm both in the horizontal and vertical planes, 
with an energy spread of 300 keV for an intensity ranging from 1 nA to 20 nA. The 
beam passes through a first double quadrupole focusing lens, is bent by a 37° magnet 
and, finally, a second doublet allows a correct centering in the scattering chamber. 
The zero direction is determined to an accuracy of the order of 0.1°. The beam spot 
on the target is 10x4 mm^.

Two independent E-ÁE detector telescopes, operating simultaneously and placed 
in a symmetrical arrangement off the azimuthal plañe, are mounted on a moving píate 
whose position can be determined to within 0.05° relative to the zero direction. The 
telescopes consist of two sets of (100-50) /im and (90-55) ^m fully depleted surface- 
barrier Si detectors, with an energy resolution of 30 keV for 5.4 MeV a-particles. They 
allow the ®Li particles to be completely stopped, whereas the lighter products of the 
reaction and the involved pile-up are well identified or do not interfere significantly 
with the levels studied. The overall energy resolution is 400 keV FWHM.

The electronic set-up consists of two conventional chains functionally identical. 
The events are registered in a 4096-channel Intertechnique analyzer working in a 
64 X 64 bidimensional moda.

The targets used in this experiment were self-supporting foils of ®*Zn (98.5 %), 
®®Zn (96.8 %) and (99.1 %) with thicknesses of 1.1 mg • cm“ ,̂ 1.1 mg • cm”  ̂
and 0.78 mg • cm“ ,̂ respectively.

3. Experimental results

As a typical example, fig. 1 shows the spectrum of ®Li ions produced in the 
(d, ®Li)®°Ni reaction at 30° in the lab system. The O"'' ground State level and the 1.33 
MeV 2^ level of the residual nucleus are clearly resolved. Because of the g-value the 
^®Ni states populated in the ®“''Zn(d, ^Li)^®Ni reaction are at least 4.13 MeV below 
the 0"̂  ground state of ®°Ni. Similar kinematic effects occur in almost all nuclei in 
the médium mass región, allowing the separation of the lowest states of the corre- 
sponding isotopes.

Figs. 2 and 3 show the differential cross sections corresponding to the 0^ ground 
states and the lowest states of the residual nuclei for the reactions 6 6.
(d, ®Li)®°’ ^‘̂ Ni. The data are given in the c.m. system.

All the differential cross section angular distributions present a quite similar pattern 
for the three isotopes. They show the diffraction structure and forward peaking char- 
acteristics of a direct reaction mechanism. This fact may be simply expected by the 
small probability of ®Li emission in a compound nucleus reaction.

The magnitudes of the measured cross sections range approximately between 1 jub 
and 20 jub for the 0"̂  state, the higher valúes corresponding to the lower massnumber. 
They are consistent with the results reported for lighter nuclei, and in particular with
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those obtained on Ca targets at 19.5 MeV. A DWBA calculation indicates that the 
Zn(d, ®Li)Ni cross sections are about the same for an incident energy of 19.5 MeV, in 
spite of the fact that the Li ions are emitted with an energy corresponding to about the 
Coulomb barrier height.

The ratios between the intensities of the O'*' and 2"̂  levels are roughly conserved in 
the ®*Zn isotopes.

Fig. 1. The spectrum of Li ions obtaiaed in reactions on ®*Zn induced by 27.25 MeV deuterons, 
as observed in one of the detector systems at Oui, =  30°.

4. DWBA analysis

Calculations based on DWBA are carried out in order to verify the direct character 
of the reaction and to check the parentage between the target and final nuclei. It is 
assumed that the transferred a-particle is a point {m = 4) mass. Thus, we may con- 
struct a phenomenological form factor using the wave function of an a-particle 
moving in a Woods-Saxon potential of radius, diíTuseness and depth such that the 
a-particle has the correct binding energy (see table 1). In the analysis described in this 
section we have used the radial quantum numbers N  = 5 and = 4 for L =  O and 
L  = 2 respectively, as suggested in ref. ’ ), and in the more exact calculation of sect. 5. 
The optical parameters for the deuteron channel are taken from ref. ®). The Li param- 
eters are chosen within reasonable ranges in order to yieid good agreement with ex­
perimental data. Both sets of optical parameters are shown in table 1. Only the real 
potential V presents some variation with the mass of the target. The Coulomb radius 
is large in the outgoing channel, as a consequence of the finite size of the Li ions.

In order to check the validity of the structure factors extracted from the experimen­
tal data, an extensive survey of the influence of the diflferent Li optical parameters
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Fig. 2. The differential cross sections of the re- 
actions leading to
the 0+ ground state at =  27.25 MeV. The solid 
lines represent the DWBA calculations. A unique 
overall normalization factor is used both for these 

reactions and the ones shown in fig. 3.

Fig. 3. The diflerential cross sections o f the re­
actions ®Li)*®’®̂ ’®*Ni, leading to 
the 2+ first excited state at =  27.25 MeV. Solid 
lines represent the DWBA calculations. A unique 
overall normalization factor is used both for these 

reactions and the ones shown in flg. 2.

has been performed. Changes of about 20 % in the dispersive potential V, in the deriv- 
ative absorptive potential W, in the radius and the diffuseness of
the imaginary potential, and in the Coulomb radius h^ve relatively
little effect on the magnitudes of the differential cross sections, in spite of important 
changes in their shapes. On the other hand, variations of the same order of magnitude 
in the radius Hy = rgy A* and in the diffuseness Uy of the real potential, affect the 
absolute magnitude of the cross sections. However, the relative strengths of the 0"̂  
and 2'  ̂ levels are conserved.

The dependence of the shapes of the diíTerential cross sections on the number of 
nodes N  was also investigated. No substantial changes are observed in the range from
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N  = Oto N  — 6, neither in the shape of the differential cross sections ñor in the rela- 
tive magnitude.

We may construct in a similar way the phenomenological form factors for the three 
isotopes. Oniy the potential well depth is varied in order to yield the correct binding 
energy in each case. In particular, using the same arbitrary normalization for the

T a b l e  1

The optícal pararaeters for the deuteron and lithíum channeis and the parameters for the bound
a-particle well

Deuteron channel Lithium channel a-particle well

y  (MeV) 71.9 335 for ®“Zn adjusted to get
317 for 66Zn the binding energy
310 for ®“Zn

fV (MeV) 56 75
rov (fm) 0.96 1.50 1.25
ay (fm) 0.99 0.65 0.65
rov (fm) 1.35 1.50

(fm) 0.75 0.65
roe (fm) 1.25 2.50 1.25
ac (fm) 0.00 0.00 0.00

T a b l e  2
The relative cross sections for the three target isotopes

0 + 2*

Target nucleus (d< r/d /3 )„p , (dflr/d í2)„,c. (d , r /d f í ) „ p . iá a lá íiU ,.
(d(7/dí3)p,„. (dcr/dfí)p„„. (dff/dfí)„fce„. (d<T/dí2)pbc„.

«♦Zn 1.00 1.00 1.00 1.00
«®Zn 0.83 0.90 1.27 1.26
®*Zn 0.79 0.71 1.38 1.40

The second and fourth columns contain the relative ratios o f the experimental cross sections and the 
cross sections obtained with the phenomenological form factors o f sect. 4. The third and fifth columns 
include analogous expressions with the experimental cross sections replaced by the microscopic ones 
o f sect. 5. The results are obtained from the best fits o f the corresponding angular distributions in 
which the oniy variable parameter is the normalization factor.

three isotopes, the ratio of the experimental to the DWBA cross sections gives a rela­
tive spectroscopic factor in which the efiects associated with the reaction mechanism 
are eliminated (see table 2). It is apparent that these relative spectroscopic factors 
decrease with A for the reactions populating the ground state and increase for the 
reactions leading to the 2'  ̂ state.



5. Microscopic construction of the form factor

We analyze the magnitudes of the cross sections for the O"*" and 2'  ̂ final states of the 
reactions ®®Zn(d, following the formahsm proposed by Dra-
gún et al.

The differential cross sections can be written as a coherent sum over the radial 
quantum number N:

— ce X (^^ + 1)1 Z  (1)dí2 L,M JV

where N, L  and M  are the radial quantum number, orbital angular momentum and 
magnetic quantum number of the transferred cluster. The kinematic factors 
represent the probability amplitude for transferring a point m = A particle into the 
orbital state labeled by N  and L of a structureless nucleus. They are computed with a 
DWUCK code 1°).

The nuclear structure factors Gnl, are related to the probability of finding, in the 
target nucleus, an a-particle with quantum numbers N  and L.

They include:
(a) Center-of-mass and angular momentum transformation coefficients.
(b) The overlap integráis between the relative wave functions of the transferred 

particles moving in the fields of the final nucleus and in the ®Li ion respectively. The 
nuclear oscillator parameter v =  0.99 A~^  fm“  ̂ and the size parameter for the ®Li 
r¡ = 0.6 fm“  ̂were used in the computation of these overlap integráis.

(c) The spectroscopic amplitudes, which are given by
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V(2Ji +  l)(2Ti +  l)
(2)

The reduced matrix elements of the four-particle operator coupled to the an­
gular momentum L  and isotopic spin T = O, are calculated between the states of the 
target and residual nuclei.

In the above formalism we do not make the approximation that the size parameters 
in the ®Li and in the target nuclei are the same, with the consequent contribution of 
only one factor. This may be valid for the analysis of (d, ®Li) reactions in light 
nuclei but, in our case, the coherent contributions of several Gjvl factors are needed 
for a more accurate calculation of the cross sections.

In order to evalúate we assume that the initial state is given by a product 
wave function where the two protons are coupled to zero angular momentum and the 
valence neutrons are represented by the same BCS ground state solution as in the 
^ ” ^Ni nucleus:

rZn,g.s.>  =  V Í X W ¿ / ) M l B C S , ' ‘-^Ni>. (3)



The coefñcients measure the distribution of the two protons among the different 
y-subshells. The symbol {bj bj denotes the couplíng of the particle creation opera- 
tors ¿lí to the angular momentum 1, with projection and isospin t, with projection 
m,.

The final ground and excited states of the Ni isotopes are described in terms of the 
pairing-plus-quadrupole model, which are treated within the BCS and RPA approxi- 
mations

The present description of the initial and final states selects those components of 
the four-body transfer operator in which the two protons are coupled to zero 
angular momentum:

TlmU i i 2 J3 j*) =  HJ í > (4)
where

e  =  |/í i + 5 0 ^ M - ) ‘ + ^ Ü i í i ) ± M Í 2 >

+ ¿(A  j M j 2  h )  U m +  * (5) \  273 + 1/1

ís the factor required in order that ) acting in the vacuum state yields a
normalized wave function. Within these assumptions, the matrix elements correspond- 
ing to the transfer operators are:

(d,«Li) ON ®»Zn 623

<Ni, 0+|ro(A h  h  A)|Zn, 0^> =  W H . , ( - ) \ / 2 á  +1 Uj, Vj,, (6)

^Ej,+Ej^-co Ej^+Ej^ + co

where Uj and Vj are the well-known coefficients of the Bogolyubov-Valatin trans- 
formation. The factor Á is the normalization constant in the RPA formulation; the 
term is the reduced matrix element of the quadrupole operator; the
Ej are the quasiparticle energies and co is the phonon energy, which is assumed to be 
the empirical energy of the 2"̂  state.

From ref. “ ) we use the valúes = 0.78, =  0.55 and Ap =  0.31. The BCS 
problem for the different isotopes has been resolved by taking a pairing strength 
G =  0.346 MeV which is deduced from the energy gap á =  1.50 MeV as in ref. 
for ®^Ni. In the calculations we have included. the fj, p^, f̂ ., p^, g^, gj and d^ shells; 
the corresponding single-particle energies, Ej , are given in table 3. This microscopio 
calculation of the operator includes the contributions of a more detailed set of 
configurations than has been used in the analysis of similar reactions in lighter nuclei 
[ref. 0].

Solid lines in figs. 2 and 3 correspond to the results of the calculations. A unique 
overall normalization is used for the six angular distributions. As is shown in sect. 4,



the ground state cross sections corresponding to the diíferent isotopes decrease as the 
mass number increases. This effect is only partly due to the kinematics of a DWBA 
calculation; the introduction of the structure information through the coefficients 
is needed in order to obtain the quantitative agreement shown in figs. 2 and 3 and in 
table 2.

The mass dependence of the cross sections can be explained by the Progressive 
filling of the p^ shell. As it is well known the probability of a relative s-state is 
larger for a (p)^ configuration than for an (f)^ configuration and the probabihty of 
finding a particle outside the nuclear radius is somewhat larger in a state with two

T a b l e  3

The single-particle energies for the shells included in the BCS calculations
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j ej (MeV)

% -4 .0 0

P i 0.00

% 0.75

P i 1.05

S i 4.95

S i 9.57

d i 9.57

radial nodes than in a single-node state. Both effects favour the spectroscopic ampli­
tudes involving (2p^y  pairs over those corresponding to (If^)^ pairs. Therefore, the 
ground state cross section should decrease as the factor decreases and the factor 

increases, or, in other words, as the 2p^ orbit becomes completely occupied.

6. Conclusions

The yields of the (d, ®Li) reactions performed in médium mass nuclei for energies 
of the outgoing particles not too much over the Coulomb barrier are comparable with 
those obtained in the case of light nuclei *).

From the phenomenological analysis we conclude:
(a) The shapes of the cross sections are in good agreement with the calculations 

based on the hypothesis of a direct interaction mechanism. However this statement is 
influenced by the fact that we start measuring only at about 20° and therefore we are 
not able to verify the existence of the strong forward peaking expected from DWBA.

(b) The detailed shape of the form factor is not important in the present case, pro- 
vided they have the appropriate tail. In particular, the assumption of a w =  4 a- 
particle which is bound in the potential well of the residual nucleus provides a good 
form factor for the description of four-particle pick-up reactions induced by deuterons 
in this range of energies.



(c) The relative strength of the O'*' and 2''' states can be determined within an error 
of 20 %, taking into consideration the sensitivity of the present DWBA calculations 
to the optical parameters.

Finally, in order to obtain the form factor corresponding to an a-particle transfer, 
we have used the formalism that includes structure factors calculated on the basis of 
the pairing-plus-quadrupole model. These calculations give a very good and coherent 
picture of the relative magnitudes of the cross sections for the different isotopes, both 
in the 0^ ground and 2''' first excited states.

We would like to thank Drs. G. G. Dussel and R. P. J. Perazzo for many illuminat- 
ing discussions and stimulating suggestions.
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