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I.lul ti-channel aspects in the A(dp)B reaction, 

connected with a parting in stripping of the low-lyine 

collective states of the A and D nuclei can be analysed 

in the framework of the so-called generali~ed distorted 

wave Born approximation(!] which, using the zero-range 

approximation, gives us the following amplitude. 

'/ (-} /,\(tf 
l.tp = < 3,,~; lfl,,.B I T«_.,.lf 'jrl 6.t >. 

Here 'J!(t) are the multi-channel entrance and e~:i t wave 

functions. They may be calculated-with the help of the 

coupled channel methodf2 J, which finds out the~ as an 

expansion 

/1! (+) Cr) 

Tt.t+4 = ~ lf... (rtJ / 01 > • 
0( 

where /o< > denote nuclear state wave functions. 'l'hus, 

the stripping cross section is 

( l) 

(2) 

cr c~J = 2 JB +f /2 o "'f3 t ""~'(o) ;~ o> 
.2J4 -rf '/""12 n. 'Z- ' 

where i~ are the kinematical amplitudes, The correspon-

ding spectroscopic amplitudes o'Z-"1> are given by 

relation 

o;z_"i'= <f3 I a;; /o< > 

It is found out from eq. (J) that the strippinr; 

mechanism can be interpreted as a multi-step one, where 

there exist additional indirect transitions through the 

collective states / 0(> and / j3> • OtherVIise, the 

result of the standard DWBA-method follows from eq. ( J) 

neglecting all the intermediate transitions, and gives us 

) 

(4) 



the only one-step description of stripping: 

()(J) = ,,2J~r/ ,SA/3 jt_A8/X 
:o;-rl l't n . 

(5) 

Here ~48 
0~ is the usual spectroscopic factor. 

Unfortunately, the result (J) is in a rather abstract 

and non-obvious form. Thus, it is not possible to estimate 

the order of higher stripping steps, while the numerical 

calculations on the basis af eq. (J) are very complicated. 

Therefore, to simplify the problem we use later a so-called 

double-adiabatic approach. It consists ;f an approximate 

expansion of the multi-channel wave functions in the follo­

wing set of partial waves: 

/Jt {t-) -.;:; ~~ ... I 
TdrA = j; 4.:11 J';jr; f?.t) ~0 (7) OOA) 1 

(6) 

41 (-); :o 2_{-1) fp !It, (~ R;,J };( m ( i') >: A~Jt-( Jl) (' J8 11'
8 

Bj, 
pr t;,m "" :P "~" 

( 7) 

where 

. o(8 
/}81>113 13)= ~- Oz,;:e (l:JHY/J8N8 )/fr)'J.2Jts,.m,_6,j/Y)( (i!)js,s;,}

8
) 

<>( Ijt/lly "' 6". 't'ht,. 
" ,_ . /I#cx>, 

lfere the initial ground state /004 > and final state 

l~fi18B> wave functions are included obviously, while the 

radial functions take into account an additional dependen­

ce on internal nuclear variables considered as paraaeters. 

Hamely, 

lfet"'R)=eJ<jJ[4(r-~Jfl~~J y;r"'!(). (9) 

where Ye are the radial functions in a central optical 

potential with the radius parameter R ' and 

4 
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L1(r-"'>) = 2 J' V;t-
Af' /:,1'1 I ,Yt ( ;;') 

depends on the nuclear collective variables ]/y~ 

It was shown[J~ that expansions given br eqs. (6) and ( 

satisfied within the smallnest of 0 ( f/fkR)Y:J)H the cond 

tions lfR>:>f and E» Ec<,f-> are fulfilled. 
e" 

Substituting eqs. (6) - (8) into the amplitude (1) 

and using the relation 
r-----, /1 

< IN4e"?[LJfr-/(~~.,.;e;jli')JjoOA)==Jff;~ /i;{o!A) r;;(~) 

it is possible to obtain the multistep cross section 

,:::::. -fJBt-1- I - B"' Lnz j£ v(fJ) = ;?r I 2.. ;C 2_ /!'8t" (J>} • 
./AT ,lJn /? j -, 

!!ere the weight- and kinematical factors of the corresp 

stripping steps are the following 

"'t - :('"XB ( ,}T;/-/8 ~ -1 ;J 
Be = 2 __ uiJt -1; ; f (iitXJ/LiJ) W{./)8 tL, T.s,)Jt7~(PI';Ij, «I; 

·- e7 • •.t A;111
=='lJ., _Lfr) ;,Je~ (t;,f:1i>IC'j~m)(t),i',(I)[>/J.o)'r;A'- (i') f-<,1,.. ~ Jit ~ . r t;.f,( '1':71 4 c,.,m Jt;. & 

'!'his latter is in a. form very similar to the one given 

DWllA-method which therefore can be used here very well 

rather simple numerical method [f] • Our notions are 

d =li;;-;; j 
,.. . . .If I. I 

" ll 0 h~t !!/:_ ,-, 
( '~ = (~!ff fr.f)l:' ,;d _r;,,i 

Now we analyze the results (12) - (14) in some de 

1. First of o.ll, the following momentum and parity 

tion rules for the momentum transfer £ 
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LJ(r..,) = 2J" V.:t-
A/' ';,/11 I ,Yt (;::') (10) 

depends on the nuclear collective variables j,~ 

It was shown[J~ that expansions given by eqs. (6) and (7) 

satisfied within the smallnest of 0 ( f/flrR)~)H the condi-

are 

tions IIR » f and E» E"',f-> are fulfilled. ex 

Substituting eqs. (6) - (8) into the amplitude (1) 

and using the relation 
~.., 

< Il'tor/e,p[.dfr-/(~4t-~~)Jju011)==-l{~~~ /i;~A) y;;(~) Cn) 

it is possible to obtain the multistep cross section 

f)(}9) = zz~1r! ;z_ jc:?:.. B/!8j"'(JJ/£. 
./A r .lin /? j -, (12) 

Here the weight- and kinematical factors of the corresponding 

stripping steps are the following 

"'t - ,r-xB( ,,.r;;·-;a 4 _., ;J 
Be = 2._ ;; IJ t -I; J f! (n tJLJ/J.iJ) W(;' .;8' t"; Ts,) ..liz- ("' "'.), c<Ij (lJ ) 

j3jnJ='lJ0 ;i.(-r/·:!J,~,t(t;,t,_.m(>j,<_m)(t;.l'.tiJC>flo)'t*' (kJ J..zt:~r-~ ~ ~ . 
.· t;,f',( 1:JJ 4_ .i Cp"' ~ td 

(14 ) 

'l'his latter is in a form very similar to the one given by 

DWHA-method which therefore can be used here very well as a 

rather simple numerical method LLf] • Our notions are 

d~li;;-;; ,,e- !!z.>+- h~("' ± -1-, 
) (_ - ~-~:,?' t,.f)t "" .f,/ (15 ) 

Uow we analyze the results (12) - (14) in some details. 

1. l''irst of all, the following momentum and parity selec-

tion rules for the momentum transfer l 
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-+ ~ --+ ;_ =e-rz 
t r ,( r I= eve~t-

(16) 

(17) 

hold. 

Therefore, for the even intermediate excitationmmentum 

I the t and L are the same parity, otherwise 

( I-odd) they are in opposite parities. 

2. When I=O ( there are not included intermediate 
excitations) the transferred momentum ~ coincides 

with a captured neutron orbital momentum t , and eq. 

is simplified to the ordinary one-step result 

ff(fJ)= RJBrl :z../rAB /12. c/9/"'(JP)/2 . 
L--?4 d ~ 0TsL ,.,_ ) A. 

The non-vanishing one-step transition ( J., =t; f~~a 0_2 # 0) 
may be called by allowed one and the corresponding 

part of the whole amplitude is the principal compoment. 

In the case of f;_ •0 the one-step transfer L =-t 

(12) 

(18) 

becomes forbidden and stripping is going through intermedia-

te collective states ( r ~ 0 ) ' so that the first and the 

next non-vanished ste~s are called :1e two-ste~ and higher 

ones. 

Generally speaking the multi-step cross section 
• 

depends on the all spectroscopic amplitudes rf • They 

denote ( see eq. ( 4) ) the ( quasi-) particle ( 0';
1
"'1) 

( quasi-)particle + one phonon ( or "roton" ) (r._"'f>) and z;t 
the other higher components in the whole odd nucleus 

wave function (a) • 

J. It is possible to obtain the two-step components 

6 
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of the stripping amplitude, which characterizes 

transition through the one-phonon ( one-roton) 1 

state. For these we retain only the first term c 

in a perturbation expansion of eQ. (11). It give 

/1 0 0 ) Jl = ar (;~vR f Ra'C)R.t ' 
I' 

where the value ar is connected with a mass 
.-1 

tion I- multipolarity operator fniM 

a = I 1?./i (Ioll tn /!OO> 
I 34 Rr If I r ' 

r 
_., t4 I 

mrM = ~ 'i Y..,J ~.; 
~=1 .J.t•f 

Introducing a dimensionless effective charge ~ 

and an effective nucleon number tjef we obtail 

( CJ. J I ~ I Qr= M.-filr - • ee; 3-ri A 

where .hj. is the B (£I) - transition proba· 
.r~o 

in the single particle units. 

It is important that the magnitude of a£ 
be obtained independently ~inelastic scatteri: 

or calculated with the help of the experimental 

babilities using ( 1-et/eet) ~ A/z . 
In a particular case, neglecting the opera 

in eq. (19) and putting the generalized form -

() 
instead of dR into the radial integral 

one obtains the~result of previous works[6 ,7] v. 

7 
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of the stripping amplitude, which characterizes a virtual 

transition through the one-phonon ( one-roton) intermediate 

state. For these we retain only the first term on ~ 

in a perturbation expansion of eq. (11). It gives us 

.-1 0 0 ) Jl = Clz (It;. vR,. f R,.. oR"' ' 

where the value ~I is connected with a mass transi­
..., 

tion I- multipolarity operator !Jizi/11 

a = ili.ii <~o111iz. uoo> 
I 3//R.I II zll ' 

I" 

(19) 

( 20) 

.., -4 I mrM = :Z. ~- >-; (~) (21) 
.t.• i=-t -<M ' 

Introducing a dimensionless effective charge e~ 

and an effective nucleon number tjef 

-(1.') i % ( Q.I- ~--fr -' ee; 3-ri A 

we obtain 

where ~ is the B (FI) - transition probability 
.r~o 

in the single particle units. 

It is important that the magnitude of a£ can 

(22) 

be obtained independently :ltalinelastic scattering data[ 5 ] 

or calculated with the help of the experimental D( BI)-pro­

babilities using ( 'tet/eet)::: A/z . 
J In a particular case, neglecting the operator R.,.~lfi'ot 

in eq. (19) and putting the generalized form ·· ~ lr (;!Vt'c'u) 
~I" .P ' q_,-

instead of ,(R. into the radial integral of eq. (14), 
<. ,. 

one obtains the result of previous works[6, 7J where the 
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so-called " core-excitation strippinG model" was treated 

in the first order in the exit channel only. 

4. 'l.'o account the all orders in Ll in intermediate 

transitions one needs to use concremnuclear models. For 

instance, basing on the results af ref.[5~ _the operator 

can be written in the framework of the surface phonon 

vibration and rotational models: 

a) one-phonon transition ( o~ I= 2 ~ 3-) 

;] v:6 ' 'd 'd .. r 
J1 r (~o) = b._J;~JR,-rfi'dMa-) r(R) 

b) two-phonon transition (o-?f=f,-rf., ~-l- =2~3-) 

/}v.6 ( )-~ ,J/. 'd ;:, )2 r 
J1I (2 0)=/, b ft-o;L (l,.lz 00/LO/In;,;w rf?:J~J:). ·r(R) ) '7,. lL f2 'P ''<( 

c) rotational trasJI.tions ( 0-+ I =2.;. 4-.-6 '" ) 

~ t (f "p fl;" = j Jctx /?rx) e 8 .,Jx), 
0 L 

Jrvt f "i 
Jt. = lr -o +-·. 

.., Nt: f ,, / I " f "'£ ) Jl =-cS'r(t--8+-d'+-· 
Z (5' ' 1 If-o fo 

nere 
-. . -1 .2 ( ~d ~-)£ 

1-(R) = e,K;a i fet ,fl"~l" t- Re~<>R,.,. • 

b = ( .:tFrf __ f_ ) fz 
r 4.97 -i8rQT. 

_, ;-y / ·o 2_ ) 
cf = v iJT J [ !{/' ()f?_ f- Rt ;)R .... 

/" 

8 

etc 

(2J) 

(24) 

( 25) 

( 26) 

( 27) 

(28) 

( 29) 

where f3et = /< o /JA! 10 >/ ~ is an effective deformati 
1 o )n 11o" parameter and the relation cR'JR = R 'V,q"-

must be fulfilled. It was shown[8]that in the case of 

rotational model the all steps in entrance ( na) and 

exit ( Dp) channels can be written separately, so that 

the cross section assumes a more. obvious form 

6 rot({)l.:: 2JB+ I ;z_,s:r•l: 2. I;?_ ail (LJAZ/J~)c 2 B nl'n.tll p/·l>f. I JR. 
' ar-t .n. .r~ "' 1 tA eA "' J..tA ; - t rlfl); , 

.., 1-114/z-

where the weight and spectroscopic factors have the form 

< II .fM 1Z _, ~ 2 A "•t .-f t-B ,t~A = ll.Pn,dll,.ll-too/M) (nl..oAj~A)(nt'ooko)_!l. ':fl.,... 
'?o ll-t 

rrot ) .iJ.+f 1 /. J-2 
-:> = (1t-li0 +'1v ~ c.JAJK.4.Q. Jak.e . 

T,_Q ~ '18 ""~ tf 

Note that ~he well known perturbation result of ref 

is obtained from eq~ (JO) in a particular case, when onl 
.... 

np,d== 0,2 are accounted and the first terms in S 

in eq. (26) are kept. 

5. Now we estimate the order of higher step oontribu 

( with Ql ) to the allowed transfer ( with Q"L ) • 

For this we represent qualitatively the kinematical part 

an amplitude as follows[lo J 
A .l.m -o{~ re ~ e CM UR9 t- B~..) 

Then, with the help ofeqs. (12) - (22) the ratio of the 

second to the first stripping steps becomes 

9 



where 1-'et = /<O /J.J! 10 >/ J2 is an effective deformation 
/ o )IZ 11v" parameter and the relation cR'dR = R t:Jit"'-

must be fulfilled. It was shown[8]that in the case of 

rotational model the all steps in entrance ( na) and 

exit ( Dp) channels can be written separately, so that 

the cross section asswnes a more· obvious form 

6'•t(f)l=2JB+f :£.$_~&2. 1z.a1l (L.JA.z/J.R)c:f. B n~"n"'IZ,p/-~>t 'j2 (JO) 
/ 0. r-1 .TI.. .T.£ ;., IRA fA ,. .1.. tA /-t (Jf?); I 

-r 1--n.en.. 

where the weight and spectroscopic factors have the forms 

• n l'l~tiZ ~ 1 2 A "•t -",..t-8 J.~A = IZ,on,.:(llt>I1-!0o/no) (12./,0A)t_..t)[nt'oo/Lo)_!l. Jl CJl) 
~ IZ.t 

sro~ (1r&' +5.. ) 2J4+1 /J.JI{. fl/.' v )2 (J2) 
T.4 0~ o..y8 $JBt-f 1·',4 '4 v8 n8 . 

Note that ~he well known perturbation result of ref.[9] 

is obtained from eq'. (JO) in a particular case, when only 

np,d== 0,2 are accounted and the first terms in § 
in eq. (26) are kept. 

5. Now we estimate the order of higher step contributions 

( With oe ) to the allowed transfer ( with OL ) . 
For this we represent qualitatively the kinematical part of 

an amplitude as follows[lo J 
A Lht. -o<f? 
;~t "'""' e Crl fkRB r- {)~.-) 

Then, with the help ofeqs. (12) - (22) the ratio of the 

seoond to the first stripping steps becomes 

9 
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L. 

where j-

~={} kif ; .A~ lot/ 
i!. 3+£ I IQZ/ ' 

is a ,,correction factor·· used here in order 

(J4') 

to account the vector additional coefficient contribution, 

etc. 

For spherical nuclei one must take into account 

the phonon intermediate excitations. Supposing kR .... (() , 

I=Z 2 =.20 , .~Vr~4-;-fo, lftl/;djj -v(-;-lo-1 

and ;}y./, 0.5 we obtain 

Xvd, ~ q 3 -;- to -.e . (J5) 

For deformed nuclei it is necessary to take into 

consideration the different assym~totical exponential 

behaviour of the bound-state Nilsson-type spherical compo­

nents. Assuming the surface character of the stripping 

reactions we account 

!J,.t ~ exp ( "a-e"' R) ) 

this fact, putting 

where Ad', = v' 2"' Fe. -(2.H?F~.,' 
o£ 1:;2 1;.2.. 

is a difference between the magnitudes of the bound-state mo­

ments of the corresponding components. Then, expressing 

the B(E2) probability as a function of the deformation 

parameter j3 

X ~ 
rot 

we obtain 

,t_lc R I tle~ 1 
(/ (fji 

1 
.~~. . e~(.t>~'- /() • 

.<. QM/ 

It is known that in the odd light-weight deformed nuclei 

(J6) 

( A~ 25) the low-lying states are formed from the closely 

displayed spherical components, i.e. A d"t?L"" 0 and fl~ot ~ 1. 

Thus, for .4R""' 10, f' ..._. O.J and /ae//;Cf~,.)~o.z -:"-1 

10 

one obtains 

:.C~.t ~ D. t>- -:-lo- f 

As to the heavy deformed nuclei it is clear from eq. 

that in different cases the ~.t - factor may int 

or relax the higher step contributions depending on 

fact which components must be necessarily taken into 

in a process. 

Thus, we find out that the higher steps can pl<J 

an important role in the allowed transitions both ir 

angular distributions and absolute cross sections. ~ 

thesis is confirmed by exact numerical calculations 

e.;;. in refs. [ll,lZ]. It is clear that :the forbiddez 

transitions are the pure two- or higher step proces: 

II 



one obtains 

:r~.t "' 0, t;- -:- ( 0 -I 
(J7) 

As to the heavy deformed nuclei it is clear from eq. (J6) 

that in different cases the ~ot - factor may intensify 

or relax the higher step contribqtions depending on the 

fact which components must be necessarily taken into account 

in a process. 

Thus, we find out that the higher steps can play 

an important role in the allowed t"ransitions both in 

angular distributions and absolute cross sections. This 

thesis is confirmed by exact numerical calculations given 

e.,;. in refs. [ll,lZ]. It is clear that the forbidden 

transitions a.re the pure two- or higher step processe::;. 

II 
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