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A model for deuteron stnpping or pick up reaction is proposed which treats the contn
butions of deuteron break up in a straightforward way. The model has been applied for 
(p, d) reaction on 208Pb and 40Ca for 22 MeV and 30.5 ::\1e V incident proton energy, 
respectively and (d, p) reactwn on "Fe for 23 MeV incident deuteron energy. VVe find 
that the adiabatic potential of Johnson et al. and chmce of the energy for relative motion 
of the neutron and the proton of the 'broken deuteron', the same as that in its bound state 
are poor approximations in our theory. The radial integrals w1th the wavefunctions of the 
elastically scattered deuteron and the corresponding ones with the 'broken deuteron' are 
opposite in sign for low partial waves leading to a new p1cture of reaction mechanism. 

§ I. Introduction 

Johnson et al." proposed an approximate treatment of the contribution of deu 

teron breakup channels to the deuteron stripping or pickup reactions, with a zero 

radius of cut-off. It constitutes a significant improvement of the earlier version' 

of DvVBA theory vvhich uses a finite cut-off radius. Johnson et al.'s "adiabatic 

theory" was tested with a good degree of success over a wide range of nuclei,3J,n 

and it proved to be more successful than DvVBA. In the present paper we propose a 

theory of (d, p) or (p, d) reaction also with zero cut-off radius, ·which treats break

up channels more accurately and giYes a physical picture of reaction mechanism 

different from that of adiabatic theory of .Johnson et al.'l In § 2, the formalism 

is developed for (d, jJ) and (p, d) reactions. In § :-3 we discuss the application of 

our theory, under suitable approximations, for (P, d) or (d, j;) reactions on 208Pb 

'·'Fe and 4°Ca. 

§ 2. Formalism 

The transition amplitude of (d, P) reaction may be written as 21 ''') 

)\ 
/ . (2·1) 

vvhere If/ ' is the total wavefunction of the initial state with energy E and outgo

mg ·wave boundary condition. It is an eigenfunction of the total Hamiltonian }] 

which we write as 

(2 · 2a) 
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A _Hodel .for ( d, jJ) or (jJ, d) Reactions 483 

(2·2b) 

where 

(2 · 2c) 

and 

(2. 2d) 

In Eqs. (2·1) and (2·2), Hr is the target Hamiltonian; Tn, TP, Tnp and TRare, 
respectively, the kinetic energy operators of the neutron, proton and those for 

their relative- and centre-of-mass motion; V1 = L:;;Vpi and V2 = L:;;Vni where Vpi and 

vni are the two-body interactions between a target nucleon "i" and proton and 

neutron of deuteron, respectively, the summations in V 1 and V, being over target 

nucleons; vnp is the two-body interaction between neutron and proton of deuteron; 

r and R are the relative and centre-of-mass co-ordinates of neutron at rn and proton 

at rp; V 0 (rp) is the Coulomb force between outgoing proton and residual nucleus, 

while Vc (R) is that between target and unit charge at R, with :f'Vc = Vc (rp) 

~ \10 (R). The state vectors 1¢;) and I rDr) are the eigenfunctions of H; and Hh 
with energy E; E=Eo+fo+h2kd 2/4m=ER+h2k//2m, where E 0 , fo and ER are, 

respectively, the ground state energy of target, deuteron and residual nucleus; hkP 

and hkd are momenta of outgoing proton and incident deuteron, respectively, and 

m is the mass of a proton. vV e may write 

(2 · 3a) 

(2·3b) 

where 1110), I¢R), lxo), l77c<+l) and ICc(-)) are, respectively, the state vectors for 

target ground state, residual nucleus, deuteron ground state, Coulomb-distorted 

wave of the centre-of-mass of deuteron with outgoing wa,·e boundary condition and 

Coulomb-distorted wave of outgoing proton with incoming boundary condition. 

Let lx/ 1\ be the state vector at energy E generated from [¢1) by the distort

ing potential Z/, with incoming wave boundary condition. Then the transition 

amplitude of Eq. (2 ·1) may be written as61 

Tr; = T1 + T, , ( 2 · 4a) 

\\"here 

(2·4b) 

and 

(2 · 4c) 

If \Ve define [x/- 1) as tbe state generated from [¢;)by the distorting potential 

Z;, 1.e., 

I x/ = [1 + ( E -- H; -- Z; + ic.) _, · Z;] i ¢;), (2. 5) 
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J84 

then'" 

where 

S. J\iukheJjce, S. Ray and S. K. Samaddar 

I IF/ ') = [H- c<cl (\ ·, + v, _!_ JFc) J I r;6;) 

= [1 + c<+J ( 1T, _L ~F, + J\'c- Z;) J I z/~ '), 

G'''.c[E-H+icj 1 . 

(2. 6) 

(2·7) 

(2. 8) 

Our aim is to choose the distorting potentials Z; and Z, so that \Vtl get a \Yorkablc 

(d,p) theory and calculate the contribution of the breakup channel as well. Al

though we intend to apply our theory for (d.jJ) or (jJ, d) reaction at present, 

we present it in a form so that it can be applied to other transfer reactions as 

well. We define projection operators P and Q. ~which commute with Fl;, such that 

P'=P and Q 1--P. (2. 9) 

Then, following Feshbach, 71 we can write the equations for Pllf', 1 ')and QI 1P" 
and have 

(2·10) 

where 

(2·11) 

Next, it is to be noted that it is possible to choose the distorting potential Z; such 

that the second term on the right-hand side of Eq. (2 ·7) giYes zero contribution 

in Eqs. (2·10) and (2-.:b). One such (non-triYial) choice is (see Appendix I) 

where 

and this gn·es 

\\"here 

PG'-'(1",-i-\',+JI"u ZJizr' '> 0, 

P}Jf;' ·'>=PIx/+'> 
-- [1 +GfQfPMP] Plrp;)+ [1 +G~fPMQJQI0r). 

G~~f = P[E- P 1-IJ'- PJll-'-':- iE] '· P. 

(2 · 12a) 

(2·12h) 

c :2.. 1 :n 
(2·14) 

(2 ·15) 

(2-Hi) 

Equation (2·15) is obtained from Eqs. (2·5) ami (2·7), using the algebra discuss

ed in Ref. 8). Using Eqs. (2·14) and (2·10) in Eq. (2·4) \Ve get 

(2·17) 

where 

(2·18) 
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A. llfodel for (d, jJ) or (p, d) Reactions 485 

e!lld 

(2 ·19) 

with similar expressions for 7'2• These equations can be simplified further by 

proper choice of P and Q. If, for example, we choose 

P=PoPo, (2 · 20a) 

>vhere 

(2·20b) 

and 

(2 · 20c) 

then 

(2·20cl) 

so that the last t\vo terms on the right-hand side of Eq. (2 ·15) drops out. With 

this choice of P in Eq. (2 · 20), we get, from Eq. (2 ·15), 

(2·21) 

where if:<' J) IS the state vector for the elastic scattering of deuteron from target, 

the deuteron optical potential being given by 

(2. 22) 

Equation (2 · 22) is the operator form of Eq. (2 ·12) of Ref. 8) (without the 

Coulomb potentials). The choice of Zi and P, given by Eqs. (2 ·12), (2 · 20) and 

(2·21) gives the usual DWBA matrix element for (d,p) reaction, given by Eq. 

(2 ·18). For the comparative study made later in the paper, we write it in the 

form 

where 

vsF(rn) =(¢oi¢R). 

g= S Vnp(r)xo(r)d 3r, 

- 1 1 
DF(lc) = 1-- (32 2 kr-kl' 

(2. 23) 

(2. 24) 

(2. 25) 

( 2. 26) 

and F" (r,J is the orbital of bound neutron with spectroscopic factor S; (3 is the 
range parameter of two-body potentiall),g) and x/-) (R) is the distorted Wa\•e of 

elastically scattered outgoing wave of proton. The standard DWBA uses a finite 

cut-off radius Rc in the integration of Eq. (2 · 23) for good fit to experimental data, 

which indirectly relates it to the deuteron and proton absorption in the initial and 
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486 S. lvfukherjee, S. Ray and S. l\.. Samaddar 

final channels, respectively. 

As an alternative to Eq. (2 · 20), one may choose 

P=P0 ; Q=Qo (2·27) 

and Zi as m Eq. (2 ·12). In this case, we a !so get 

(2·28) 

and 

(2. 29) 

Here lx/+l) or lfo) is now generated from l¢i) by a new optical potential PMP 
of Eq. (2 -16), which becomes for P =Po , 

PoMPo=Po(rPoi(V~+ V,+.dVc) + (V1+ V,+.1Vc)GQ,Q, 

(2 · 30a) 

(2. 30b) 

The wavefunction fo of Eq. (2·29) and v of (2·30) are fo(rn,rp) and v(rn,rp) of 
Ref. 8) (without the Coulomb potentials). Starting from Eq. (2 · 6) or (2 ·10) 
and (2 · 27) and using the techniques of Ref. 8), it is straightforward to obtain 
the equations for lfo), and its projections Polfo) and q0lfo). These may be put in 
the form 

(2·31) 

Polfo)=lxo)[l+-E E-·· T ~ (R) TTCdl(R_)_ ,.Vo<:l(R)]l'iJc(+l) (2·32a) 
- o-fo- R- c - Vop +zf 

(2·32b) 

or 

where 

(2 -33) 

nnd 

~ ~ 1 r = v + v---------- ------------ --------- -r . 
E-Eo-TR- Vc(R) -Tnp·-Vnp+iE 

(2. 34) 

The double-bracket notation in Eq. (2 · 33) implies the integration only over the 
relative co-ordinate r of neutron-proton system. Equations (2 · 33) and (2 · 34) give 
Eq. (2 ·15) of Ref. 8), where the equality between Yo<:) (R) of Eqs. (2 · 33) and 

(2 · 22) is proved. In co-ordinate representation, we may write 

(2-:35) 
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A "~1odel for ( d, p) or (p, d) Reactions 487 

where B(r, R) stands for the waYefunction for the break-up part q0l/o). Since 

v,P(r) is short-ranged, for the matrix element of T 1 of Eq. (2·17), one needs 

j 0 (rn, rP) for small values of r. Therefore, it may be a good approximation to 

replace j 0(r,, rP) by its weighted average f(R), 

(2. 36) 

where p(r) is some suitable short-ranged function of r. In that case the integra

tion of r in Eq. (2 ·18) may be done using the standard approximation, 91 and the 

matrix element looks like that in Eq. (2·23) with ;(R) replaced by [(R). Now, 

if T, is negligible, and I ¢R) contains I ¢0) only as parent, then identically T12 = 0, 

because of Eq. (2 · 27) and we have T 1; = T 1 = T1 ~o which is given by Eq. (2 · 23) 

with z0 (r);(R) essentially replaced by fo(rn, rP) of Eq. (2·35) (before finite range 

corrections91 are made). Since deuteron absorption is directly included, in the present 

case, in the break-up wavefunction B(r, R) one should not need the artificial cut-off 

radius Rc to take care of it. In other words, the use of v, instead of VaC:) as a 

distorting potential of the initial state, reduces cut-off radius Rc to zero, provided 

proton absorption has very little effect on Rc and is essentially taken care of by 

the assumption T, = 0. Johnson et al. 11 use the definition 

- 1 
f(R) =-((k=Oivnplfo)), (2·37) 

g 

where g 1s given by Eq. (2 · 25). Then one gets 

f(R) =;<+1 (R) +B(R). (2·38) 

Using the definition, Eq. (2·37), for the averaged function, the equation for B(R) 
from Eq. (2 · 31) becomes 

B(R) =-1__ __ J (K=Oit,vlq)d3q(zqlrlxo~<+l) 
(2nYg E=E~-(rt"cl/m)-Ta-- v-;(R) +i(. 

(2. 39) 

In Eq. (2 · 39), I /.q) is the continuum wavefunctions of neutron-proton system, with 

momentum f:tq and energy f:t 2q 2/m, i.e., 

where tnp is the two-body scattering matrix. Since off-shell matrix elements are 

small, it is expected that the main contribution to the integral in Eq. (2 · 39) comes 

from low values of q. Hence .one may use the approximation of replacing f:t 2q2/m 
by an average number E in the energy denominator (as also used by Johnson), 

and the momentum integral in Eq. (2 · 39) can he performed and one gets 

B (R) = --- - -~ - ---- - -.-- [V (R) -- VoC:) (R)] ;c+l (R), 
E-Eo-E-Ta- Vc(R) +zt 

(2 -40) 
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488 S. Aiukhcrjec, S. Ray and S. K. Samaddar 

where 

(2. 41) 

Johnson's11 theory is obtained by making his series of approximation in Eq. (2 · 39) 

leading to an equation for his B (R) which is Yery different from ours in Eq. 

(2·40). From Eqs. (2·32), (2·40) and (2·38), the equation for .f(R) is obtained 

as 

The equation obtained by Johnson et al. for .f(R) is homogeneous while our 

equation (2 · 42) for .f(R) is inhomogeneous. Again, the adiabatic potential of 

Johnson et al., called FJ(R) here, is obtained by making the following approxima

tions: 

-:==V, (2. 43) 

(2. 44) 

111 Eqs. (2·41) and (2·34), where ~Fop(rn) and ~-op(rp) are the optical potentials 

o( elastic scattering of neutron and proton from the target at half the incident 

energy of deuteron. It is shown in Refs. 8) and 10) that the approximation in 

Eq. (2 · 43) is probably valid, but that in Eq. (2 · 44) is poor, and v is better 

represented as 

(2. 45) 

where 1i, is the total energy and the correction term C, is of the same order as 

the neutron or proton optical potential and it gives substantial contribution to the 

deuteron optical potential of Eq. (2 · 33). From general arguments, the situation 1s 

expected to be similar for V(R). That is, if V(R) is written as 

V(R) ~--' Y,,(R) + F,(R), 

VJ(R) = _l_<l<= Ojv,P {Vop (r,,) -T l'up (rp)} lzo), 
g 

(2 · 46a) 

(2·46b) 

then one expects ~~' (R) to introduce sizable correction to VJ(R). To compare 

with the adiabatic theory of Johnson et al.,n we revnite Eq. (2 · 42), using Eq. 

(2 · 46), in the form 

[E-E0 -E0 -Tll- ~Vc(R) -- \TJ(R) J/(R) 

= Y, (R) ~<' 1 (R) - [ FJ(R) -Ho--E] B (R). (2·47) 

Tbe homogeneous equation of Johnson et a1. 11 for .f(R) results if the right-hand 

side of Eq. (2·47) is identically zero. It is yery unlikely that this will happen at 

all energy E and for all values of R, e1'ell if Eo= c. So one expects important 

corrections to the theory o£ Johnson et al. 11 arising from the inhomogeneous term 
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cl Jlodcl for (d. p) or (jJ, d) Rcac tion s 489 

(i.e., the right-hand side) of Eq. (2 · 47). 

§ 3. Computational methods, results and discussion 

It is noted that there are t\vo important differences between our theory and 

that of Johnson et al.n Firstly, the differential equation for j(R) is different, by 

the presence of the inhomogeneous term, the right-hand side of Eq. (2 · 47). Seconcl

lr. the potential V(R) is different from the adiabatic potential of Johnson et al. 

It is conjectured that these extra terms would contribute significantly in stripping 

ancl pick up reactions. It is worth while verifying these conjectures in view of 

the fact that our theory is derived in a straightfonvard way, using only two of 

many approximations (i.e., those defining f(R) and E) used in the adiabatic theory 

of Johnson et al.n 

Our method of computation consists of first calculating c;<' l (R) for a given 

l'o<;;)(R) at energy Ed=ft2ka2/4moc~E-E0 -(0 , and then use them in Eqs. (2·40) 

;mel (2·38) to calculate B(R) and j(R), respectively. The £of Eq. (2·40) 1s 

related to the 1vave number of the asy·mptotically outgoing wave part of B(R) as 

(3 ·1) 

The i' is unknown as yet in our theory. but one could parhaps start \\'ith the 

approximation £= f 0, as Johnson et al. 1J did and change it later if found necessary. 

The potential Y(R) can be computed in a number of vvays, as follows: 

Jlethod I: 

V (R) can be computed directly from Eq. (2 · 41) when -: is known. The -: 

IS obtainable from the solution of the integral equation (2 · 34). References 8) and 

10) discuss at length such solutions of -: towards the determination of deuteron 

optical potential through Eq. (2 · 33). 

Jlot/zod 11: 

From Eqs. (2. 33) and (2. n) v\'e have 

(3. 2) 

\\'hich shows that V (R) is known if the diagonal and noncliagonal matrix clements 

of -: between the ground states lxo) and the continuum states lxq) of deuteron arc 

knovvll. Of these, because of Eq. (2 · 33), the diagonal matrix elements arc knmvn 

from the elastic scattering data. The nondiagonal matrix elements can be obtained 

from the analysis of (d,jm) reactions. If il.J(q, R) =«xql-:lx)), then (see Appendix II) 

the reaction amplitude T(d, pn) of (d, pn) reaction, without any approximation 

JS gJYCll by 

(3 · 3a) 
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490 S. J1ukherjee, S. Ray and S. K. Samaddar 

(3. 3b) 

where 1Jc <-l (k, R) is the Coulomb distorted wave of the centre-of-mass motion. 

From Eqs. (3·3) and (3·2), one notes that iVI(q, R) of (d,pn) reaction and 

I r,c;;l ( R) determine V ( R). 

Jfethod III: 

V (R) can be determined indirectly by method of parametrization. For ex

ample, :- can be parametrized and its parameters determined by requiring it to 

produce a simultaneous fit to (d, d), (d, p) or (p, d) and, perhaps, (d, pn) data as 

well, as demanded by Eqs. (2 · 33), (2 · 41) and ( 3 · 3), for each energy . 

. 1Ietlwd IV: 

Finally, Y(R) coulditselfbe put 

in a parametric form and its parameters 

determined by (d, p) or (P, d) data. 

In the present paper we discuss 

the results of our calculations on (iJ, 

d) and (d, p) reactions using Methods 

,J,---------------------------------, 

I and IV and compare them with those 10 

obtained1'' 3' by using adiabatic theory 

o£ Johnson et al. n Results of Methods 

II and III will be reported else

where. Ill Experimental data used were 

of (P, d) reaction on 208Pb and 1°Ca for 

22 MeV and 30.5 MeV proton, respect

ively and ( d, P) reaction on 54F e for 

23 MeV deuteron. Our observations 

from the calculation using Method I 

may be summarized as follows: 

It was found that the approxima

tion of Johnson et al.,n i.e., Y(R) 

= FJ(R) and (=c0 , used in our theory, 

does not produce the angular distribu-

tion for (d, p) reaction from any state 

of 54Fe. It does not produce all the 

maxima and minima at smaller angles 

and gives too large cross-sections at 

backward angles. The inclusion of C1 

of Eq. (2 · 45) improves the situation in 

forward angles, but not at backward 

angles. The results are much better 

at forward angles if larger values 

·~ 

Q.l 

25 

\ 

' 
' 

' 
' 

100 125 

', 

Fig. 1. Results of Method l for (d, p) on "Fe 
with 23 MeV deuteron. The solid curve is 
for C1 =0, i'=Eo=-2.2MeV. The dashed 
curve is for l' =Eo but non zero C, as demandecl 
by the fit to deuteron elastic scattering discus
sed in Refs. 8) and 10). The dot-dashed curve 
is for £= 10 MeV and non zero C, given by 
Refs. 8) and 10). Circles are expenmental 
points. 
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A 1\1odel for (d, p) or (p, d) Reactions 491 

of E>fo are used but not so at backward angles. The pattern of the result is 

similar for pick-up from 208Pb and 4°Ca. A typical result for (d, p) reaction on 

54Fe for 23 MeV deuteron is shown in Fig. 1. This investigation with Method I 

was particularly confined to the form of cl and r obtained under approximations 

used in Refs. 8) and 10) for analysis of elastic scattering of deuteron. From the 

quality of fit to the stripping or pick up angular distributions, it was concluded 

that (a) the r of the form in Eq. (2 · 45), which produces elastic scattring data, 

does not produce (d,p) or (p, d) data well, (b) the approximation of Johnson et al.,n 

i.e., V(R) =VJ(R) and f=fo in our theory is very poor and that (c) finally, there 

are significant differences between the predictions of our theory and those of John

son et al. 1> This is perhaps apparent from Eq. (2 · 47), the right-hand side of 

which becomes - VJ(R)B(R) under the approximation E=fo and Y(R) =VJ(R) 

used by Johnson et al.n So, our results would be different from those of Johnson 

et al., until B (R) is negligibly small, when homogeneous equation of /(R) results. 

It is the non-negligible B (R) that makes adiabatic theory different from DWBA 

and it makes our theory different from the adiabatic theory too, by its presence 

in the inhomogeneous term of Eq. (2 · 47); and perhaps, to counter its effect, one 

requires V (R) (and E) different from VJ(R) (and Eo). If we break up r as 

r=r1+ (2~Y J1xq>d3q((xqlr2, (3 ·4a) 

then 

«xq I r I Xo)) = «xq I r1 + r2l Xo)) (3·4b) 

and 

«xo I r I Xo)) = «xo I r1l Xo)) . (3 · 4c) 

Equations (3 · 4) show that the data on the elastic scattering of deuteron, which 

uses only the diagonal matrix element of r, determine only the r 1 part of r and 

not r 2• Our investigations with Method I show that for the study of (p, d) or 

( d, P) reaction, one is required to know r 2 as well. This requires more accurate 

solutions of the integral equation (2 · 34) for r than was required in Refs. 8) and 

10) for the analysis of elastic scattering of deuteron. Since such solutions (as 

well as results of Method II) are not readily available, direct knowledge of more 

accurate form of V (R) is not possible at present. In absence of more about the 

direct knowledge on V (R), we decided to go for indirect determination of V (R) 

with the hope of gaining more insight into our theory. We performed another 

calculation using method IV which determines V (R) indirectly. We thus took a 

parametric form of V (R), with Woods-Saxon form factor for the real part and 

surface derivative for the imaginary part, a phenomenological V.<:l (R) obtained 

from the table of Ref. 12), and starting with V(R) =VJ(R), f=f0, the parameters 

of V (R) were varied by an automatic 6-parameter search code so as to obtain a 

m1mmum X2 for the augular distribution of a given stripping or pick-up reaction. 
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Fig. 2. Angular distributwns of 208Pb (j,, dl 
207Pb for vanou:,; final states of 207Pb for 22 

MeV mcident proton. The spectroscop1c 
factors for the states [rom top are 0.91, 
0.7CJ. 0.82. 0.52, 0.50 and 0.70, respectively 
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Fig. :3. Angular distributwns for "Fe (d, j•) 

and 40 Ca(p, d) rcactwns. 

ISO 

vVe first applied this procedure to get a best iit to the angular distribution of pick

up reaction from 3P112 state of 208Pb for 22 MeV protons. Since 1-o~~l obtained 

phenomenologically is not unique 131 'w and "/minimum could depend on the starting 

Yal ue of E =Eo, the search for V (R) \Vas repeated for different values of E and 

different sets of YaC:l of the table in Ref. 12), till we got lo·west possible X2 • The 

best value of V (R) thus obtained was then used to compute the angular distribution 

of pick up reactions from other states of 208Pb, and results are displayed in Fig. 2. 

The results of similar calculation for (d. jJ) and (j;, d) reactions from 5'1Fe and 
10Ca, respectively, are shown in Fig. ::3. The cut-off radius is taken to be zero in 

;1ll cases. 

vVe list below the following obsen·ations made from our calculations usmg 

Method IV: 

(1) Effect of YTs (R): Table I gl\ es the parameters of V ( R) along 'lvith 

those of r 1(R) used in adiabatic theory of Johnson et al. It shows that VCR) 
I ~ 1 ( R) and that the effect of Vs(R) is significant, as is also shmYn in Fig. "l. 

(2) E(lrct of'(: A typical example of the dependence of angular distribution 

on ( is shown in Fig. 4. ft sho\\'S cle;Hiy thRi i- In is <1 po<>l' approximation in 
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Table I. Parameters 
potential (Vtp). 

nucleus potenttal 

'osPb V~p 

v 
V.r 

V~p 

"Fe v~p 

v 
V.r 
VP op 

'1°Ca V" op 

v 
V.r 

v~p 

!0•0 

5•0 

2·0 

1·0 . 
0·5 . : 

~ 
. .. 
\) 

~ 
0·2 

~ ' 
:;:; \ 

0·1 ' .... ~ 
o.os 

0.02 

0.001 
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for the deuteron optical potential (V~p). V, V.r and the proton optical 

Vo 

.. 

(MeV) 

97.5 

79.2 

102.0 

51.8 

93.9 

97.0 

<)7.0 

M.3 

88.0 

64.2 

90.0 

44.0 

't/2 

' ' \ 

ro 

\ 

\ 

(fm) ao (fm) Wo (MeV) r/ (fm) ao' (fm) 
-----------

1.16 0.80 15.8 1.27 0.77 

1.09:3 0.86 14.0 1.19 1.22 

1.25 0.682 1:3.5 1.25 0.7S:l 

1.25 0.65 10.0 1.25 0.7(i 

1.107 0.756 18.02 1.275 0.7:1 

0.979 1.14 27.0 1.:1:l 0.56 

1.25 0.69 20.0 1.25 0.50 

1.285 0.652 12.1 1.25 0.48 

1.24 

U9 

1.28 

1.28 

0.82 12.8 1.2:1 0./Ci 

0.73 11.4 1.21 0.54 

0.69 18.6 1.25 0.52 

0.65 11.0 1.25 0.47 

Fig. 4. The upper curve shows the effect of £on 3p,1, 

state for 208Pb (p, d) reaction. For the solid curve 
£=8.0 MeV and for the dashed curve £=Eo. The 
lower curve shows the effect of V s on 1ho;2 state 
with £=6 MeV. The solid curve is with V and the 
dashed curve is wtth V.r given in Table I. 

50 100 ISO 

eC.M,(de3 .) 

our theory. In fact, best results are obtained when ( IS about equal to half 

the centre-of-mass energy of deuteron, in all cases. It IS perhaps better th<Ji 

way for E, being a substit\\te for h2q2 / m. in range of integration in Eq. (2 <39), 
is expected to be positive (by mean value theorem) <Jnd not equal to r0 ,--, ---2.2 
MeV, :mel that the results are not insensitive to i' as assumed by Johnson et a!." 
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494 S. 111ukherjee, s. Ray and S. K. Samaddar 

Table II. Various sets of V~P (first row) and corresponding V (second row) with minimum x'. 

nucleus i set Vo (MeV) ro (fm) ao (fm) : Wo (MeV), ro' (fm) ao 1 (fm) X2mln 
------ I --- -- ---------- _I 

'"Pb 97.5 1.16 0.80 15.8 1.27 0.77 

(3p,;,) 79.2 1.093 0.86 14.0 1.19 1.22 
4.19 

II 79.8 1.336 0.796 16.6 1.470 0.598 

45.5 1.307 0.333 23.2 1.379 0.756 
56.0 

III 101.5 1.11 0.92 11.8 1.39 0.76 

94.4 1.03 1.469 18.2 1.406 0.67 
28.8 

IV 81.5 1.32 0.764 15.2 1.409 0.662 

82.9 1.442 0.798 12.0 1.440 0.37 
42.1 

"Fe 93.9 1.107 0.756 18.02 1.275 0.73 

(2pt;z) 97.0 0.979 1.14 27.0 1.33 0.56 
6.54 

II ~ 99.1 1.112 0.795 19.03 1.325 0.675 

60.3 1.264 0.651 13.9 1.430 0.542 
125 

(3) Ambiguity of YaC:) (R): Table II lists four different sets of YaC:) tried for 
208Pb along with corresponding Y(R) and x:'nin obtained and two sets for 54Fe. It 
confirms the earlier observation with conventional DWBA theories/31 that all 

\10C:) (R) are not good enough for ( d, jJ) process. The result is not surprising in 

view of the fact that the elastic scattering is dominated by a few surface partial 

waves, and that the phase shifts for lower partial waves are ill determined by 

elastic scattering, giving rise to ambiguity of 11oC:). A good (d, P) theory, which 

uses elastic scattering wavefunctions well inside the target nucleus, may be expected 

to make the distinction between different optical potentials. 

(4) Suppression of radial integrals: The most important result of the 

adiabatic theory of Johnson et al. 11 is the natural suppression of the radial integrals 

of the stripping matrix elements for lower partial waves (Lp) of proton or those 

( Ln) of deuteron and that was shown to be mainly possible because the radius of 

the real part of V (R) was found to be larger than that of 11aC:) (R). In our case, 

however, the radius of the real part of V (R) is less than that of YoC:) (R), but 

contrary to the expectation from arguments of adiabatic theory, we still continue 

to get suppression of the radial integrals for lower partial waves of proton or 

deuteron. The mechanism of suppression of the radial integrals in our case is 

different from the one suggested in Ref. 1) and it appears to be due to the following 

reasons. Firstly, the wave number KB of B (R) is different from that, Kd, of 

~C+J (R), since f.=/=E0• Thus one may expect the maximum modulation of outgoing 

·wave of the form [A(R)eiKdR+B(R)eiKBRJ coming from .f(R) to take place (unless 

illl is not very different from lEI) around R=R" where 

(3. 4) 

Fur our calculation of 208Pb, we have Kd = 1.26 fm 1 and KB = 0.79 fm _, as obtained 

from the best fit to angular distribution to the 3p,1, state, and this gives, from Eq. 
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IS 
R(fm)-

(3 · 4), R 1 = 6.7 fm which is about equal 

to the radius of 208Pb. Use of local 

waYe numbers could change the over

simplified equation (3 · 4). Curiously 

enough, however, Eq. (3 · 4) is still 

approximately valid for our calculation 

of 54Fe and 4°Ca. Secondly, the breakup 

wavefunction B1 (R) around nuclear 

surface (R=R0) is almost out of phase 

with fz(R), for zth partial waves where 

l<lc=KdRo the classical impact param

Fig. 5. Plot of l=2 partial wave for the real part 

of ~~ (R) and {3 1 (R) of "'Pb (p, d) reaction 

eter, as shown in Fig. 5. Net effect 

is, when (d, p) matrix element, 

( XP (-l Fn I Vnp I fo) = ( /.p (-l Fn I Vnp I XoO 

+(XPHFniVnpiB), is expanded in the 

for 3PI;• state. 

partial waves of proton (Lp) and deuteron (Ln) then for each pair of (Lp, Ln) the 

contribution of break-up term (XP H FnlvnpiB) (real and imaginary part) is opposite 

in sign of the corresponding terms from DWBA matrix elements A typical ex

ample is given in Table III. However, this cancellation IS either absent or very 

poor when f =Eo and it may provide a direct justification of the earlier version of 

DWBA with finite cut-off radius. 

It was further noted that there is a consistency in the pattern of results (1) 

to ( 4) above, in all our calculation using Method IV. For example, for the sets 

II, III and IV of Table II, the results (1), (2) and ( 4) for 208Pb are repeated 

even though the X~in for these calculations are fairly large compared to the best 

possible one and the situation is similar for other nuclei. We are thus inclined to 

believe that these results are too consistent to be accidental or characteristic of 

Table iii. Radial mtegrals (in arbitrary unit) with ~ (M,) and lJ (M2) for "'Pb(p, d) in 

1h,1, state. LP and LD are the proton and the deuteron partial wave numbers, respectively. 

() 

:> 
4 

5 

G 

7 

8 

9 

5 

G 

7 

8 

9 

10 

11 

12 

13 

14 

0.062 

-0.236 

-LOG 

-0.692 

0.203 

0.365 

0.188 

0.055 

-0.035 

-0.055 

real part 1- ______ im_agin~ry Pa_r:t_ _____ _ 
M, I M, ' J-.1, 

---o:o;;---~----1.34 ---r---- -0.262-

0.185 

0.078 

0.059 

0.023 

-0.004 

-0.009 

-0.009 

-0.003 

-0.001 

-1.03 

0.731 

0.560 

-0.290 

-0.268 

0.088 

0.181 

0.112 

0.042 

0.366 

-0.077 

-0.186 

-0.014 

0.045 

0.019 

0.000 

-0.002 

-0.001 
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496 S. Mukherjee, S. Ray and S. K. Samaddar 

Method IV, rather than being the characteristic of our theory and that the results 

(1) to ( 4) will remain as predictions of our theory when stripping analysis is 

made with V(R) obtained directly. 

Appendix I 

Using the equations of Appendix I of Ref. 8), we may write Eq. (2 ·13) as 

PG<+l (P+Q) (VI+ Y2 +.LIVc-Zi)l x/+1) 

=G~3-P[(VI + V2+L1Vc) +(VI+ ~V2 +.JVc) ·GQQ 

X (VI+ V2+L1Vc) -Zi-PHQGQQZJI x/+1)=0 

for 

Zi=Pl'vf. 

Appendix II 

For deuteron breakup by a target, the amplitude of (d,pn) reaction is given 

by, using notation of this paper, 

(II ·1) 

where hKP and hKn are the momenta of the outgoing proton and neutron, whose 

relative and centre-of-mass momenta are given by hq and hK, respectively. We 

rewrite Eq. (II ·1), allowing final-state interaction generated by Vnp giving I Xq) 

and distorting the centre-of-mass motion by Vc (R) with wavefunctions r;0 <-l (K, R) 

as 

Now, usmg the definitions of P 0IP"/t1), v and r of the text, we have 

(¢oiVJ + V2+ LIVciP', <+l) 

=viPoW/.J) 

=rlxo~<' ) 

and we get, from Eqs. (II· 2) and (II· 3), 

T(d,pn) =<xqr;c<-l(K)Irlxo~<+l). 
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