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Abstract: The reaction ‘^B)^*A1(5*, 3^) has been studied using a beam of 102 MeV of '^C.
Shell-model, microscopic direct model and fmite-range coupled reaction channel (CRC) calcu- 
lations including recoil effects, have been performed, for comparison with the experimental data. 
DWBA calculations were performed for the intermedíate states of interest in the " B  +  ^’A! and in 
the ‘^C +  ^*Mg channels and these results were also compared with the experimental ones. The 
dom inant reaction mechanism for ^®Mg(‘^C, ‘^B)^^A1(5^, 3^) appears to be the sequential mode.

NUCLEAR REACTIONS ^*Mg(‘^C, *^B), E = 102 M eV; measured <r(0); deduced reaction 
mechanism. Microscopic direct, DWBA, coupled reaction channel models.

1. Introduction

Reactions resulting in charge exchange between heavy ions have been observed 
for a num ber of projectiles and targets. M ost authors have adopted a model based 
on direct excitation and some others have also performed a coupled reaction 
channel (CRC) approach It is an open question which picture m ost accurately 
describes the reaction mechanism and this work was performed in order to  assess 
the com petition between the two processes.

We report in this paper a study of the ^®Mg(^^C, *^B)^®A1 reaction using a beam 
of 102 MeV of ^^C. The measured cross sections have been com pared with 
theoretical predictions of the microscopic direct model and the CRC approach. 
The dom inant reaction for ^®Mg(‘^C, ^^B)^®A1(5'^, 3"^) seems to  be the sequential 
m ode in which a p ro ion  (or neutrón) is transferred from  ‘^C (or ^^Mg) to  ^^Mg
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(or to form states of (or ^^Mg) and th l  .s follov/ed by r v u t r . ' ; o- 
proton) transfer from ^"'Al (or ‘^C) to  form ^®A1(5^,3^) and >

O ne-step DWBA analyses for one-particle transfer leading to p;- . íbie •) n -  
m ediate states of the sequential process have been pcrformed. The b\vr- ol A ' nc 
calculations is to test both the optical potential and the form factor , a'-in'.;'i"rs 
and also to estimate the effects of deform ations on the one-particle t r ín j  c. ‘o-m  
factors and the potential role of inelastic (CCBA) couphngs.

The analyses of one- and two-particle transfer reactions have b t -r» calcu;;ive!l ' 
the fmite-range formalism, including recoil effe^s. A lthough zero-ra-,^ - cak íiL'ii = 
have been carried out successfully for light ion reactions, the ap p .c  ’ M tion r  ;>t 
appropriate for heavy ions. The Computer codes used to ca lcu la t. t v>ne parfi'.'le 
transfer reactions are SA TU R N ^) which generates the fmite-r > ge ' >i n i'actor 
(with recoil) and M A R S ’ ) which is a standard!,DW BA code. T >r ; i , .a  c; ica- 
lations a Computer code SESIME®), developed by P roudf'io t f i d  B e l-orii 
SATURN-M ARS has been used. It is a standard  CRC p ro jr a r  . sí "  .ne 
formalism developed by U dagaw a et al.''). It solves the gerf c' - ¿ v,;»' í 
equations presented in the above m entioned reference using ¡he fo'"- ' ■
rated by SATURN and the distorted waves generated b M A ' ' ":;i
function is calculated by a program  developed by the authors.

The com putational work performed to evalúate the microscopic í ., e - r 'i  .r. 
direct model cross section was carried out with a recently develop í com 
code nam ed BERI®). The zero-range approxim ation was avoided b e c ; ise it or iy 
appropriate with hghter projectiles. To our knowledge, all previous ca^^alations 
w ithin the framework of this model, have been performed using an expansior ■ 
coeñicients of fractional parentage (C FP) of the multinucleon transition  densities 
ra ther than the one-body transition density (OBTD) approach chosen for this 
w ork (more details will be given in sect. 5). The O BTD  formalism is p ro b i 'y  
m ore convenient because only wave functions in the initial and final systems n-:'/fl 
be calculated to obtain the structure information. O n the contrary, the C U ' 
expansión requires wave functions for all the relevant interm edíate states®). The 
O B T D  were evaluated with the aid of the Oxford shell model code ”̂). This code is 
a  standard  m-scheme program . It projects the m-scheme basis onto  states of good 
to tal angular m om entum  and isospin before calculating the ham ilton',-' f 
elements and thus greatly reducing the m atrix dimensión.

The paper is organized as foliows. After the presentation of the dat;i, ; • im m ?.y  
of the direct model and the analysis of the da ta  within this model are given. nfiL, 
the one-step DW BA analysis is performed for the one-particle transfers lc& ^ir : -.o 
interm edíate states of a possible sequential process and finally, the CR C  calcu v  
is presented.
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70) f. : ji iü i ^i?.^Experimental procedure

"lh,T .íxpc'ji.raent was perform ed using a beam of 102 MeV ions from the 
Sírkc-Íey, S,8 >nch cyclotron. The target was a self-supporting foil of thickness
25(¿^yí/c:ji;q Reaction producís were m om entum  analysed in the Berkeley magnetic 
spív.troií'.^tíT  ̂̂ ) and identified on the basis of time of flight, magnetic rigidity and 

, >kLísolute cross sections were com puted from the yields using the known 
ta.'.gr.t thi-Kness jde te rm ined  after the experiment by weighing), spectrom eter sohd 
ai.j-.le (0A7 m ^í/ and the m easured beam charge. The yield of elastically scattered 
loi;^ .was m 'í i i / ;  red continuously as a check against target deterioration. The 
sys;c.nra;ic in the cross sections should be less than  25 %. Fig. 1 shows the 
" t í ,  ,‘ |C  fi 'i ; j^^;,;.pectra at 11°; the total FW H M  resolution is approxim ately 200 
keV i.
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. J liO . . .  V
■ ■j !': i ;  ̂ . íiiri I 3. Qualitatíve analysís o f the results

-■Si). , : o r j < . .  ¡ r  • ■
.V'?*) m th^ introduction, the analysis of the “ B and spectra and 

lii-,' i:': ;,".’l,jiion oi‘ the relevant one-particle transfer cross sections were carried out 
l5<ftlie of a potential interm ediate State of the sequential process. The aim  of
'.Ifji. V ork assess the relative im portance of the one- and two-step processes for 
tiij,CMitrge exiíhange reaction.

The ^ '3  and spectra show tha t the reactions selectively popúlate the states 
iínown to^have large single-particle spectroscopic factors. These are the ground 
State (d^) and the 0.84 MeV (s^), the 2.981 MeV (d^) and the 6.48 MeV (f,) states 
in ^^Al. The populated states in ^^Mg are the ground State (d^) and the 0.5851 
M “ State. There could be two doublets in formed by the 0.84 MeV)
aníi the ^'^Al(f^, 1.014 MeV) states and  by the “ B(y“ , 2.12 MeV) and the 
2:210 MeV) states. The (2Jf+ l )C^S  factors for the two peaks in the first doublet 
sre given in ref. ^^). Their valúes are 0.81 and 0.32, respectiVely. DW BA calcu- 
iations using these factors show that the peak is mainly com posed of the 

State The State in the o ther doublet can be discarded because such a State 
rtíi.;, n-ít populated by a direct process. The spectrum  presents a broad  peak 
at apt ro ríiijately 3.5 MeV. The candidatos are: the ^^Mgd"^, 3.90 MeV), the 
\-C(i\A*(.i^,S,M eV), the 3.68 MeV) and the 3.85 MeV) states. The
s;m>Toscopic factor for the ^’ M g candidate is 15 times smaller than  tha t for its 
grt. t nci State and therefore, it can be inferred that the contribution  of this excited 
^fiifeiis negligible. I t can also be added that the experim ental da ta  for the 

’'^C)^^Mg re a c tio n ‘^) show tha t the ^*Mg ground state is the only 
s ta ti  populated with any reasonable strength. G lover et al. ‘"̂ ) extracted spectro- 
sc'spH- íactors of 0.9, 0.26 and  0.8 for the f “ and f ''' states resp>ectively. 

di se o i  the relatively large spectroscopic factor and  the high-spin selectivity of this
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reaction , the State is expected  to be the p redom inant con trib u tion  to  this broad  
peak in  the spcctrum .

The states at 0.97 MeV and 2.80 MeV are alm ost unpopulated because of 
very low spectroscopic am plitudes: 0.06 and 0.17 respectively.

The spectrum  presents only three peaks. It is interesting to  notice tha t the 
^®A1(0’̂ , 0.23 MeV) state is no t populated to any significant extent. The direct 
O’̂  -► 0^ íransition is forbidden, but the reaction could take place in a sequential 
m anner. D uhm  et al.*) populated this State in the ^®Mg(®Li, ®He)^®Al reaction at 
£(®Li) =  32 MeV and  reproduced the angular distribution by a two-step 
calculation.

A CRC calculation has been performed for this level including four interm edíate 
routes

"®Mg(0+) ^  " = A l( r , i+ )  2«A1(0+)

and

“ Mg(O^) ^  2 ^ M g ( |M ^ )  ^  “ A1(0+),

together with the corresponding lighter system routes

i 2 C ( 0 + ) ^ ‘^ C ( r ) - P í - ^ '" B ( l  + );

th a t is, the two routes in each mass partition  tha t m ost strongly contribute to  the 
^^AlíS’̂ , 3"*̂ ) cross sections. The parentage am plitudes for ^®A1(0'^,T= 1, 0.23 
MeV) are the same as for ^^MgíO"^, T  = l, g.s.) and they are shown in tables 6 and 

The cross section obtained is m ore than  two orders of m agnitude smaller than 
the ^®A1(3' ,̂ 3 ”̂ ) cross sections, as expected from the analysis of the data.
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4. Distorted-wave theory

Foliow ing ref. ^) we write the transition am plitude for a reaction between an 
inciden! channel “a” and final channel “P" as

= (1)

Here, is the sim ultaneous am plitude, is the sequential am plitude and 
is the non-orthogonality  correction arising from the selection of the basis 

State jet.
I h is  last contribution depends on the representation used for the interaction 

m atrix elements. If the prior-post form is used (as in this paper), actually
vanishes.



5. The one-step contributíun

The one-step contribution has been analysed within the fram*»'.vork < f rr»; m;- 
croscopic one-step direct-charge-exchange model. In this model both  thc .frqiectüe 
and ejectile are given the same spatial coordinates, therefore the m atrix wil! be 
similar in form to the zero-range T-matrix.

Closely following ref. we write, for an A (a,b)B  reaction,
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X^->*(f?)<Bb|FJAa>X<^>(R)dR, (2)

where X^, Xp  are the distorted waves in the incident and exit channels :,rid

F{R) = <Bb|KJAa> =  <Ij,T^sM \ I a TaSJ .}  (3)

is the form factor. is the m icroscopic nucleon-nucleon in teraction between t ' e 
target and the projectile. This m atrix comprises all the interesting physical featu*> : 
the selection rules, the nuclear structure (in the corresponding wave functions) x 
the type of reaction. X^  and Xp  depict only two elastic scattering states.

The projectile-target interaction is assum ed to  be of the fo rm :

íeA
Je a

with

^ij =  Aj) ,  T(i))

=  v ( \ r , j \ ) { V o o  +  V ^ , z ( j ) - z { i ) + V , o < r U ) - < T ( i ) +  < f Ü ) M j ) - r ' : ) ) í .  Cv‘

Here, a  and t  are the spin and isospin Pauli operators and is the diitducc 
between the two interacting nucleons.

The spatial coordínate system is displayed in fig. 2.
Defming the quantum  num bers j  (¡2, s) as the angular m om entum  ai^l i ' \ , 

to tal angular m om entum  transferred to the intrinsic m otion of the ta rg ít j- 
jectile) system, r^(r2 ) as the coordinate for the interacting nucleón in the larg t 
(projectile), and / as the to tal angular m om entum  transferred between t/ie inií al 
and final systems, the usual result of the decomposition of the form factor ;nto 
partial waves as shown in ref. is:

F^^^(R) = Y j ^  ‘ Í6)
hhso
tono
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Fig. 2. Coordínate system for the microscopic direct-charge-exchange form factor.

where Sq and íq are either O or 1 for the four terms in equation (5); Hq is the
f,, projection valué, and 

»f.

¿jl.:'nhsoto-o =  + WijliSl^lSol)
■̂ a

/.<aso.o(R) =  ^  y * ,{R )  X  á ,^ , , , ,H ^ ( / iA Ü '; / c / 2 )/?</iA0 0 |/c0 > < /c;/0 0 |/0 >
*  X X’k

[%

X ár,árA^^r^'^\(r,R)gl^(r2)g^ir’'°(rx)- ( 8 )

Here, gxB '̂‘° is the heavier system multinucleon transition density:

=  < /bTbII| E  t‘o(í)T '‘̂ oJ(¿)|||/aTa>. (9)
ieA  ' 'i

The d tim ition  for the reduced m atrix element is that given by Brink and 
Saictiier''). ^ab(''2) is the inversión of g'¿¿«̂ ’‘o(r2 )', {^ 2  =  »' +  »‘i);

'1

, . gíb{r,ri) =
^' [1  D i.:

^w ;<o(|^ +  ^ j) |y  +  ^ j-i.p ^ (co s0 )d (co s0 ); (10)
- 1

7anu  also, Vi(r,R) comes from the inversión

Vi{r,R)= v(r,R)Pi(cos6)á{cos6).  (11)
J - 1

‘ The transition density matrices will now be decomposed in one-body transition 
densitv matrices in the usual manner.



A one-body operator acting on a system of Af-active partióles can be expressed 
as:

O,,  =  z  0 ^ { j ) ,  (12)
j = i

where 0^g{j) is the one-body operator acting on particle j. The correspor:'i¡!g  form 
in the second quantization formalism^^) is:
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O,,  =  Z  { - f ‘̂ {2p,+ l H P i \ \ \ 0 3 p j y { a : A M 2 k  + V r ^ .  (13)
PiPi

The sum m ation runs over all possible single-particle states p¡ = |n¡/j¡í¡>.
We now use (13) in the expression of the transition density (9) for the operator

Y,(S{r,-r,)/rf)z 'o{i)r '^oJ(iy^
ieA

^ ab“"’'“(^i ) = Z  (2(27; +  1
pipj

Í14)

We shall now consider the special case Sq =  to =  1- As it will be shcw n later, it 
is the only term  in the nucleon-nucleon forcé tha t contributes to  the p resert 
reac tio n ;

=  ^ 6  Z  {2j,+ l ) H f M T ‘^'^\ \ l j j j>OBTD(ABp,pyJ)
P i P j

^  <t>najÁ>-l)^njljJjiri'r, (l->)

where the one-body transition density is defined a s :

OBTD(ABp,.p,.;;) =  (2/c +  l)-*</BTB|||{a;^a,J^‘ ll|/A7;>. (16)

An analytical expression for the m atrix elements can be found in rcX ^®). 
Eq. (15) can be w ritten in a more com pact way by defming the C^.p. coef icieats 

in the following w ay :

Pipj

The expression for the lighter system transition density m atrix i» obviously 
similar to  (17).



Following this form ulation, and with the definition of the radial form factor 
pi ' ^R )  a s ‘-^)

Fi^iR) = Y* , (R )P ‘\ R ) ,  (18)

che finai .^pre^sion  for the cross section is tha t presented in ref. *).

6. One-step reaction numerical caiculatíons

6.1. EVALUATION O F THE TRANSITION DENSITIES

In order to perform the one-step reaction numerical calculation, a code nam ed 
B ER I*) has been written. This code uses the one-body transition densities pro- 
duced by the Oxford shell model code to obtain the Cp.pXoefTicients defined in 
eq. (17). ít then calculates the radial form factor as defined in (6) and (18) using the 
bound-state wave functions generated by the code SA TU R N ^) and finishes the 
calculation by coupling to the code M A R S ’ ).

The link between the Oxford shell model code and the form factor calculation 
was performed so as to  try to have as accurate C^.^. coefficients as possible. It is 
reasonable to  think tha t the relative phases and magnitudes of these coefficients are 
as ia ip c rtan t to  the one-step calculation as those of the spectroscopic amplitudes 
are for the two-step one. W harton et al. ^) pointed out tha t the here-called C^.^. 
coefTicients are the main uncertainty in charge-exchange calculations. Kim et al. ^) 
found tha t in the ^®Si(‘* 0 , **F)^*A1 reaction the m agnitude of the ¡2 = 0 form 
factor dom inates both  the 3'^ and the 2"̂  cross sections because the single-particle 
charge-sxchange com ponents interfere constructively while in the ¡2  = 2 form fac­
to r they interfere destructively. G aarde et aí.^'^) found that the 
"^®Ca(®Li,’He)'^*Sc(l‘̂ ) cross section decreases by a factor of 7 due to configu- 
ration  niixing. This strong dependence was found by just increasing the num ber of 
configuraiions from one to  two. The other im portant aspect to be considered in the 
one-step model are the radial wave functions that appear in (17). The shape of 
these wave functions may not alter significantly the shape of the angular distri­
buí ion provided tha t the wave functions decay with the binding energy of the 
bound particle. However, the m agnitude of the cross section depends strongly on 
these functions. As these reactions are surface reactions owing to  the short range of 
thé lítyclear forcé and the strongly absorbent feature of the im aginary part of the 
opticai potential, the valué of the cross section will be roughly proportional to  the 
square of the transition density at the surface región. As stated and shown for 
stripping reactions^*), wave functions that decay with wrong tails, can produce 
drastic etíects in the cross section. In the present paper, the bound-state wave 
functions have been generated by varying the depth of a Saxon-W oods potential so 
í!s to  bind the particle a t the correct binding energy.
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The Cp.p, coefficients for the lighter system were obtained by assúm ing p-shell 
wave functions. The two-body interaction used was the Cohén and K u ia th  one. 
F or the heavier system a Chung and W ildenthal ham iltonian was assun <-1 and 
the calculation was restricted to  the d^-s^ «hells. The d^ shell was not inchi<!ed 
because such a large calculation can not be performed at present. The effect ine 
d^ shell should be small for the ground state and 3"̂  state wave functions beci..'.se 
it lies very high in energy: the first state in lies at 5.08 MeV of excitaiion 
energy. Neither does it contribute to  the ground-state wave function as an  aci've 
shell: a spin transfer of 5 with only two particles can only be perfo 'm ed with 
transfers to  or from the d^ shell.

6.2. EVALUATION O F THE FORM  FACTOR

The “ M g(J = 0 ^ , T  = 1 ) - “ A1(J =  5 + ,3  + ,T  =  0) has to  be produce.: . y a 
sim ultaneous “spin and isospin flip”. Only the <r • <tt • t  term in the núcleo; i-  ̂ jcieon 
forcé can accomplish this: the conservation of the heavier system parity  a;íows 
only an even angular m om entum  transfer to  the intrinsic m otion, /j, and  m order 
to popúlate an odd total angular m om entum  in the residual nucleus, the intrins'c 
spin transfer should be one. It is also immediately seen that the selectior: rule 
z1(Ta, Tb, T) can only hold when T =  1.

Three different nucleon-nucleon forces were u sed :
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a Yukawa type,

a gaussian type,

=  l^iiexp
' / I

k ü l

and the effective nucleon-nucleon interaction introduced by Bertsch et 

_ . , 0 M  . , , 3 .  . U

In the present calculation was set to 1.0 fm and to 1.8 fm.
F or the Yukawa and gaussian interactions the strength of the forcé V^,  

only free param eter to  be fixed so as to  normalize the com puted cross scct 
the experimental one,

i ^ d í 2  y  j j p  l ^ d í 3  / c o m p u t e d

whereas, the Bertsch interaction has no free parameters.



T able  1

Optical potentials for ^*M g+ “ B, £ (“ B) =  114 MeV
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-----------

' V
ÔR «R =  fls W , ''ov “  ''os Ov K

A! •" 57 1.072 0.65 25 1.15 0.8 0 1.0
A2 35 1.066 0.80 25 1.22 0.62 0 1.1
A 3 . , 106 1.10 0.49 13 1.20 1.0 0 0.75
A4 '. :i 150 0.946 0.65 70 1.15 0.2 9 1.1

The radial wave functions were generated from a Saxon-W oods potential with 
gfcoiT'etnc param eters = 1.25 fm, Uq = a, „ =  0.65 fm and K, „ =  7 MeV.
The l e p t i ,  of the potential was obtained from the experimental binding energies on 

kñá  on “ B.
Thg óptical potential used was extracted from ref This potential was ob- 

tainéü by tltting the elastic scattering data of ” B colhding on ^®Mg at 104 MeV. 
The param eters are listed as set Al in table 1.

I

6.?'.’ lH E  2'‘Mg(‘^C ,‘^B)“ Al{5 + ) REACTION

'.i hc obtained C^.p. coeñicients for this reaction are listed in table 2. The three 
two-body interactions gave similar shapes for both the radial form factor and the 
cross section. These two results, for the gaussian interactions are displayed in figs. 3

T able  2 

Lighter system coefficients

State
Initial
State

Transference

OBTD

L w L 2J 2s 2̂< 2̂>

1
1

1 1 
1 3 
1 1 
1 3

2
2
2
2

0 2 
0 2 
0 2 
0 2

0.0194
0.2301
0.1131
0.0255

0.1629
-0.4607

0.3257
-0.3642

-0.4607
-0.1629
0.1152
0.1030

0.0109
-0.3671

0.1805
-0 .0454

-0.0309
-0.1298

0.0638
0.0128

:;íl ... /■ 

)• r>oi. ,c
Heavier system coefficients 

(i) ^‘ M g('^C ,‘^B)^''Al(5+) State

F in d  ■late Initial State Transference
OBTD r ' . ' j

L 2 / L 2J 2j í.

2 5 2 5 10 4 -0.1662 0.6456 -0 .6440



T able  2 (c o n tin u e d )

(ii) ^"Mg(‘^C ,‘^B) '̂>Al(3 + ) State
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F in a l In it ia l T ran sfe ren ce  
S tate  State

2J L 2J 2j / i ,  / i.

2 5 2 5 6 2 4 -  0.1407 0.4046 -  0.0779 -  0.3415 <;.0657 
2 5 0 1 6 2 4 0.0463 0.4309 0.0000 0.1196 0.0000 
0 1 2 5 6 2 4 0.0839 -0 .7464  0.0000 -0 .2169  0.0000

and 4, respectively. It can be seen that the shape of the cross section is ieproduced 
by the calculation. The form factor is seen to be peaked inside the surface región, 
partly because the bound-state wave functions are so. This result has already been 
observed in '‘®Ti(^He, ^H) data^^). In the present reaction the form factor is 
peaked at 5.3 fm whereas the channel radius a t grazing c o n ta d  is 6.5 fm. At this 
latter distance the form factor has already diminished by m ore than  30 % ana  the 
final cross section would therefore be 70 % lower in m agnitude than  it would lave 
been, had it been surface peaked. At the experimental m easured angles, no signif- 
icant difference in the cross sections was found when a lower cut-off of 6.J ,.n  was 
made. At m ore backw ard angles, for which the projectile and the target havs to 
collide at closer distances, the two cross sections were significantly different, be íh  
in m agnitude and in shape.

6.4. THE “ M g(‘^C, ‘^B)^«A1(3 + ) REACTION

The Cp.pj coefiicients for this reaction are listed in table 2.
Figs. 5 and 6 display the gaussian form factor and the cross section for the 3"̂  

excited State. Again, no difference in shape was encountered am ong the three different 
interactions used. The calculation shows again (fig. 5) a clear selectivity for the 
lower /-transfer valué. This is inspite of the kinem atic selectivity for high '-t.üosfers 
and thus reflects the strong /-dependence of the form factors. These two o p ’josing  
(kinematic and structure) selectivities are partly responsible for the low cross 
sections.

The valúes obtained for and the norm alization for the effective interaction 
are listed in table 3 and are com pared to those obtained elsewhere.

Two other contributions could be taken into account as relevant to  the one-stto  
m'ode: one arising from the nucleon-nucleon tensor forcé and one arising from 
exchange effects.

The tensor forcé is known not to contribute significantly to the cross section 
In their study about this forcé G aarde et found tha t it makes no contri-
bution  to transitions to  natural-parity  states but affects transitions to  unnatural-
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ü

5

2.5 5.0 7.5 10.0 
R (Channel Radius)

F ig  j3. R ad ia l fo rm  fac to rs  fo r a
g a u 's ia t j  in te ra c tio n  o f  ra n g e  P 2 =  1-8 fm  for 

. ^ 4 i e  “ M g ( '^ C , '^ B )^ ^ A l(5  + ) reac tio n .

Fig. 4. ̂ '’Mg( ‘ Al(5 ) microscopic direct-
charge-exchange cross section and partial cross 
sections for angular momentum transfers of 4 
and 6. A gaussian two-body interaction of range 

" I ^  parameter j?2 =  1-8 fm has been used.
.:í . It
parity  high-sp in  states. Even so , this con trib u tion  is sm all: for the 5^ State in the 

®He)'^®Sc reaction , the valué decreases 11 % w hen the tensor forcé is
i.icluded .

O n the o ther hand, exchange effects may play an im portant role^®’^®). They 
could decrease the Yukawa Kn strength by a factor of two. Even this factor would 
no t be enough to  bring the theoretical valué cióse to  the experimental one [(p, p') 
and (p, n) reactions give, for a 1 fm Yukawa interaction, = 12 +  2.5 MeV, 
ref. ^^)],

The physical in terpretation of the unrealistically high valué is straightfor- 
w ard; the reaction does no t proceed through a direct one-step charge-exchange 
proc^Síí. As it will be shown later, the above conclusión is reinforced by the 
m agnitude of the sequential cross section, which seems to  be the dom inant 
contribution.

7. The two-step contribution

7 1. GENERALITIES

The coupled reaction channel formalism has been described in some detail by 
many authors and only the conclusions will be outlined here.

The second-order T-m atrix is found to be composed of the sum of two term s: 
the sequential and the non-orthogonality terms.
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Fig. 5. Radial form factors F^‘\ R )  for a gaussian 
interaction of range ^2 =  1-  ̂ fo^ *he 

‘^B)^*’A1(3 + ) reaction.

Fig. 6. ^OMg(‘^C ,‘^B)^^A1(3 + ) microscopio di- 
rect charge-exchange cross section and partial 
cross sections for angular momentum transfers 
of 2 and 4. A gaussian two-body interac'ion of 

range parameter P2 = 1-8 fm has been used.

The physical meaning of the sequential term  in charge-exchange reactions is thc 
passage of a nucleón from the projectile to the target (stripping) and  then, one 
from the target to  the projectile (pick-up). The reaction also evolves in the appa^Uc

T able  3 

Kii strength (MeV)

In te ra c tio n
ty p e

( P , n )

ref.
(^ L i,^ H e )

ref.
(■'Li, ■'Be) 

ref. 55)
2 8 s í ( 1 8 o / 8 F )

ref. " )

^ ^ M g (‘ ^C, ‘ ^B)^**A1 
(p resen t w o rk )

g ro u n d  State ex c ited  s ta te

g au ss ia n  

=  1-8

7-21 25 38 55

Y u k a w a  
P =  1.0

2 0 -3 0 0 15 76 118 167

B ertsch  “) 2 -6 " ) 5.3 6.2 ■0. 0

”) Bertsch interaction has the forcé strength already included and the numbers quoted hei . ; ro thi  ̂
needed to  multiply the theoretical forcé so as to bring the theoretical cross section te agrcc /:“h ti: 
experimental one.

*’) Single-nucleón knockout exchange effects were added.



direction viz., first pick-up and then stripping. All the im portant routes should be 
taken into account and coherently summed.

The other term, the non-orthogonality  term  has no physical meaning. It arises 
from the selection, as a m atter of convenience, of a non-orthogonal basis : the total 
wave function describing the system is expanded in term s of different mass par- 
titions (initial, final and interm edíate channels). The reason for this is that, ex- 
pressed as such, it is easily truncated by choosing only those few states of interest.
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7.2. DWBA, CALCULATIONS

Before going into details of the two-step process, the DW BA calculations for the 
importa7jt interm ediate routes will be presented. It is im portant to  have a good fit 
to  the or.p.-step processes through which the different interm edíate routes proceed, 
in order to  have confidence in the two-step result.

The niHuence of the optical potentials was studied and it was concluded that 
they do not alter the final results significantly. Four different sets extracted from 
ref. were tested. N o real dependence in neither the shape ñor the magnitude of 
the cross section was found. These test runs were performed for the m ost im portant 
rou te  leading to  tha t one through the ground states of “ B and ^''Al. The
calculations are sum m arized in table 1. Set Al was used for all the routes, for all 
the cLannels and for all the interm edíate states.

The cross sections are displayed in figs. 7 and 8. The general fit to the cross 
sections, both  in shape and  in magnitude, is good. The fit to t)ie excited
State can be seen to be out of phase. This is a long-standing problem, the so-called
l =  1 anom aly. As seen in dashed Unes the difference in phase is removed by 
Ín'l^íasing the radius of the im aginary part of the exit channel optical potential by 
23 %. O n the o ther hand the new norm alization (1.7) is worse.

To finish the discussion on the one-particle transfer reactions some assessments 
will be draw n on possible couplings to  inelastic channels. Some reasons suggest 
tha t inelastic couplings are not im portant. (a) All the norm afization factors are 
very cióse (or even equal) to  one showing that DW BA accounts for the magnitude 
of the cross section. (b) Table 4 shows a com parison of spectroscopic factors 
obtained in this work and elsewhere and they are in good general agreement. (c) 
The obvious candidate for an inelastic coupling is 4.4391 MeV).
Nevertheless, “ B (|~ ,0 .0  MeV) has a spectroscopic factor m ore than  5 times 
smaller w 'th 4.4391 MeV) than with ‘^C (0^,0.0 MeV) and so a two-step
process ihroi'&h the 2'^ state would unlikely compete with the one-step process (as 
will be shown later the interm edíate route through (“ B f~ , 0.0 MeV is the most 
im portan t for bo th  states, and 3" ,̂ in ^®A1). It is emphasized tha t higher-order 
7 rocesstísí(i.o., a sequential transfer plus an  inelastic excitation or inelastic exci- 

plus onc-step charge exchange) can not be calculated because no com puting 
C‘<de3 are availabie a t present and tha t the great effort involved may not be 

ardmg.
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Fig. 7. DWBA fits to the ^‘ M g(‘^C, “ B) '̂'A1 
reactions. N  is the normalization factor required 
in order to bring the theoretical cross section to 

the valué of the experimental cross section.

Fig. 8. Differential cross sections for the 
26Mg(‘2 Q i3 c )  reaction leading to states in 

^*Mg.

7.3. C O U PLED  REACTION CHANNEL CALCULATIONS

N ot many calculations have been performed hitherto  in the coupled reaction 
channel scheme, due to the work involved in them. The num ber of routes through 
which the reaction can take place, could be prohibitively large even when a highly

T a ble  4

Spectroscopic factors for single-nucleón transfer reactions induced by different projeciiles on

Residual
nucleus

Ex
(MeV) r c ^ s

heavy ion exp
C^S 

light Ion exp
C^S 

present exp

^’Al 0.0 i* 0.35 “) 0.25 >’) 0.36
^’AI 0.84 i  + 2 0.46 •) 0.50 '’) 0.46
^’AI 2.98 f " 0.50 “) 0.625 ») 0.57

“ Mg 0.0 5 + 2 2.00 “) 2.50 2 46
^'M g 0.59 r 0.13 '*) 0.17 “) ÍM55

“) I. Paschopoulos, P. S. Fisher, N. A. Jelley, S. Kahana, A. A.^Pilt, W. D. ¡vi. Rae and P . íiinclair. 
Nucí. Phys. A252 (1975) 173, “ B beam.

") H. F. Lutz, D. W. Heikkinen, W. Bartolini and T. H. Curtís, Phys. Rev. C2 (19Vu) 981, "He- beam. 
')  D. Dehnhard and J. L. Yntema, Phys. Rev. 160 (1967) 964, d-beam.
“) D. Sinclair, I. Paschopoulos, H. S. Bradlow, P. S. Fisher, A. A. Pilt and W. D. M. Rae, Nucí. Phys. 

A261 (1976) 511.
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trunc ited basis is chosen. In these cases some im portant interm ediate routes, i.e. 
some im portan t single-particle configurations in the interm ediate system wave 
functions, have to be om itted. The penalty for this is that very large norm alization 
factors, N,  (da/dí2)„p =  N(do-/dí2)theor have to be introduced ad hoc in order to  fit 
the data  In  the present calculations all im portant routes are included and there
shculd be no need for large renorm alization factors.

v -iK e’ . ,

7,4. I H E  ‘^B)'"'A1{5 + ) REACTION

The above considerations led us to study the ^®Mg(^^C/^B)^®Al(5’̂ ) reaction. 
Its final .sjnn, 5, can only be reached through the states in the interm ediate 
^•^Mg and  ̂'Al nuclei. Sum rules show that the ground State in ^^Mg carries 74 % 
of the single-particle strength and in ^’Al it carries 77 % (table 5). The one nucleón 
transfer da ta  (fig. 1) confirms this.

!n the lighíer system, the and states should be included for both the 
and  the “ B nuclei. Again, sum rules (table 5) and fig. 1, indícate that only the first 
one of each spin need be included. The im portant interm ediate routes for the 
present reaction are sum m arised in fig. 9.

All the nucleon-transfer reactions were performed using the code SESIME®), in 
the prior-post representation. SESIM E was developed from the DWBA code 
SA T U R N -M A R S’ ).

The heavier system spectroscopic amplitudes, listed in table 6, were obtained 
with the O ak-Ridge shell model code^*), using the same ham iltonian as mentioned 
in the one-step exchange analysis but with a complete sd-shell. The definition used 
for the spectroscopic am plitudes is that given by Anyas-Weiss et The
generalized Talm i-M oshinsky bracket is not included in this table.

Fig. 10 displays the final CRC cross section and the experim ental one. The 
ditTerent interm ediate contributions are also plotted. In the second step of the 
reaction, the lighter system can either exchange a p^ or p^ nucleón, in any route. 
The separate results for these two modes are independently displayed because the

T able  5

•> c ^ s 2 J i+ l C^S C"S 2J,+  l C^S
2 J;+ l  G»‘(T<) G n 7 ’>) 2J¡+ \

‘ •"Mg -►

Oí

0.74
0.77

0,99
0.88

0.98
0.98

The meaning of the indexes in the strength function G is: pu(st), pick-up (stripping) reaction; p(n), 
proton (n eu fon) transfer reaction; T> (T<), final isospin is equal to
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”A( (5(2'") 

27AI(5/2%''

25M£̂ 2*)+13C(3/J-)

-6

-4

-2  

O
J^Mg(0*)*’̂ C(0»)

Fig. 9. Intermedíate routes considered in the ^*Mg(‘^C ,‘^B)^'’A1(5^) CRC calcularon

spectroscopic am plitudes differ for the p^ and p^ transfers. The p^ irai sfe;: for 
both the reaction and for the ^ ) one are ncL pr?
sented since previous calculations showed that they do not alter the final cr-so 
section. It can be noticed that the total cross section is larger than the inc< heicii' 
sum of the several interm edíate channels, showing that, for this reactior t í  !■ ,i)f 
prior-post representation, the am plitudes interfere constructively.

The shape of the final differential cross section is similar to  thal, cbt<.r .;d j. the 
one-step process and both are in accordance with the experimenta, cne

The norm alization factor N  was found to be 2.65.

T able  6

Spectroscopic amplitudes used for the ^^Mg(’^C,

‘̂'Mg:O^O.OMeV
^■'Al:|+,O.OMeV
’̂Mg:|+,O.OMeV

‘^C ;0^,0.0M eV
‘^C;i-,O.OMeV
“ B :|-,O .O M eV

'^C : r ,  3.68 MeV 
‘ 'B :i ',2 .1 2 M e V

27 Al 25 Mg « A l
5",

11B ‘^C '*B
r ,  r ,  5^ r ,  r ,  r ,

0.0 MeV 0.0 MeV 0.0 MeV 0.0 MeV 0.0 MeV 2.12 MeV 1

-0 .6 8  1.65
1.09
1.07

2.39 0.78 1.23 V '.

We have the heavy system spectroscopic factors by courtesy of B. A. Brow.: ativ. 
The phases were obtained with the Oxford Shell Model Code.

■'Üiví-V)

ipj/2 _ \yii2

1.34
0.>4O, 4

- ! i i '7  (./.2 
- í.',.-4

H ./ildei.íha!.
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Fi ’ 10. f .r.C fit to the experimental ^*Mg('^C,‘^B)^*AI(5 )̂ cross section. The contribution of the 
caA' ĵatcÜ ¡¡ termediate routes are labelled as follows:

’ (1) (2) ‘^C(i-)P3,„ (3) “ B(|-)P3,2,
_ (4) ” C{r)p.,2, (5) “ B(r)P3/2, (6) ‘^C (f-)P3,„

'br^^xample: lpj 2̂ labels the intermedíate route through evolving to ‘^B by a
lpi,2 particle transfer.

lo i i' i
I,-

'l.\ THb "“Mf(‘-'C,‘^B)̂ ^A1(3+) REACTION

M:i,av nu 're  intermedíate routes are necessary for this State. The complete sd- 
sh.il is /ií 'v  -in active one.

Fig í ’ shcw s' the interm edíate routes considered ín this work and fig. 12 
displ^i,ys’ tT)o"'.'rcss section. The spectroscopíc am plitudes listed in table 7 were 
obt»í.i?d w :';'r‘í he Oak-Ridge code  ̂̂ ), unless otherwise stated.

Tht nor/io^u, ation factor was found to be 2.85.
T am u ra  cv/^mention in their review article^^) that the CRC theory often 

uü'iorei.timaiv; ihe m agnitude of the cross section by one or two and sometimos 
even th ;v í o u . :  , of magnitude. The present norm alization factors are near to one 
probably be^a^se no severe truncation was done pn the num ber of interm edíate 
routes.

8. Conclusión
:.ir- ' . S í ' . ;

In this pape’- we have presented data  on the ^®Mg(‘^C, “ B)^''A1,
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Spectroscopic amplitudes for the ^*Mg('^C, '^B)^“A1(3^) reaction

2’Al ” AI “ Mg
i*  0.84 MeV i*  2.98 MeV 0.59 MeV 3+ 0.42 MeV
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=^Mg(0", 0.0 MeV) -0 .7 6  -0 .834  “) 0 .347“)
^■'Alfl", 0.0 MeV)

d .,-  -  0.10 
s , - 0. 387 

ctO MeV).
d :,'^  ~ 0.23

-0 .7 4
^’Á1(I*,'C.S4 MeV) -0 .9 6
'='’Al{-i+, 2.98 MeV)

d ^ ; /  0.69
d^a -0-18

=’ M g (jí ,  0.59 MeV) -0 .4 6

“) Valúes taken from D. Sinclair et a i. Nucí. Phys. A261 (1976) 522. See footnote under table 6.

and ^®Mg(^^C, reactions at incident energy of
102 MeV. The aim of this work was to  decide oti the reaction mechanism of the 
chÁrge exchange reaction leading to  the and state in ^®A1. The one-step 
process was analysed in term s of the microscopic direct charge exchange model 
and the two-step process in terms of the finite range CRC model. The correspond- 
’ng cross se;lions were found to  be similar in shape, leaving the absolute magni- 
íxides a.s the solé way to  decide on the mechanism. The one-step process was found 
not to contribivte significantly whereas the sequential m ode cross-section magni- 
tude was found to be much larger and cióse to the experim ental valué. The 
dominarit reacticn mechanism appears to  be the sequential mode.
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