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WEAKLY BOUND FINAL s'rA'rEs*_ B |
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Lawrence Berkeley Laboratory

University of California
Berkeley, California 94720

May 1974

A simple model is suggested for the study of heavy'ion induced transfer
reactions leading.to weakly bound (or unbound) final states. The fiﬁite range
anQ:recoil effects are considered and a siﬁple exptessién ié Obgained for the
differential crOSSFSection at high energies.

The theory of nuéleon.traﬂsfer leading to unbound states in light ion
induced_reéc;ions has been formulated by Huby et al. [1l] and by others{2].

The method that has been used is either to déscribe the unbound state as a

] ’ .
quasibound state or, if_the unboundrstate is in the’viginity of a :eSonanqe,
to describe-it as.g'Gambw stéte; Both of the methods ieadvﬁo an.expression
fbr thg transitidn'amplitude which resembles the one f@f.transfer to bound
staﬁes. In light ion reactions, one further assumes a zéro range apptoximation
which simplifies-thé evaluation of the cross-section.consideraﬁly._

In the case'of heavy ion induced transfei reactiqgs, the zerq.rangé
approximation is noilapplicable. One thus has to face the problem of evaluating
iﬁtegrals which are two dimensional. In the early appiication‘of thévdistorted

wave Born approximation (D.W.B.A.) to heavy ion induced reactions, Buttle ‘and

Work performed under the auspices of the U. S, Atomic Enerqy,Commiss;on.
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. Goldfarb (3] invoked a "no-recoil" approximation, which involves eliminating
all tétms of the order of the ratio of masses of the transferred nucleon to
either of thevcoféé; “This approximation allows one to evaluate the two
dimensional integral in two parts, firsfly, the evaluaﬁidn of the férﬁ factor
and'secondly the evaluation of the distorted wave integrél. The no-recoil
approximation was eéuivalent to assuming the transfer‘of the nucleon to occur
when the two nuclei were at rest relative to one another; 'Rgcently the pfoblem
of neutron transfér to.unbound states has been studied by Baur and Trautmann (4],
who explicitly éalculated the features of Sub Couloub transfer. During recent
years, experiments [5] have indicated the nonadequacy‘of-the no-recoil approxima-
tion, and approximate [6] and exact [7] calculations of’fecoil correction§ have
been made. These calculations exhibit the importance_éf the translational motion
of the transfetted-hucleon.

In the ptesent note, we wish to extend the theory of.trgnsfer to weaklyA
bound final states incorporating the finite range and thékrecoil effects.

Foi the sake of simpliéiﬁy. we shall use the nbﬁ#;ion of Buttle and

Goldfarb {3] and répresent the reactiod as

(c,+n) + c, =+ (c_+n) + ¢
1 | 2 2 1
- a 8, _
The co-brdinate.system will be identical to that of ref. 3. The DWBA transition
amplitude of ;hé trahsfer is given by
Ty e (¥ (& n.)¢ ‘(c)x"’& M y|v b"(r y x* (k. ,r,)0 | (55
b a,a, 1 c1Y, S 4 c,n 1l | 17717 ey,
(1)
)
x Valal(Cln)

One can integrate over the internal co-ordinates of thé cores introdgcing the
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spectroscopic factors as follows:

Hi

(y (gl'n).lcbc &y ﬁiz:wa o FlE Mo y €)

a20‘2 272 272 272
1/2 AY ‘
L. L (c2Y2J2Q2]§202)<2 As 02,3 (2)
2 2 A202 4

U, ey, , teaxt s
T, T2 s e,

and a similar expression for the parentage expansion of the projectile wave

function Va v(cln). - In eq. (2), the function X: g (s) is the spin wave function
1M 272
of the nucleon in the residual nucleus, and Bj/2 is the spectroscopic factor.
' 272 o
The transition amplitude becomes
L.-8-C. 3.3 -
>
T KK ) = 91/2 o;’z z .1y P L2 0(2131221‘2:5“
: 1 l 272 X A ' ‘ s 22
LH
(3 -z - y ¢ ‘ 2 ) { 0.) (3)
x (3, (132;2|L& QIXIFM[ Clyljl la

x {e,v,3,8,la,0,

3 3 (=)* » ' '_* n
x [ a r/d r. X (X.,2.) U, (r)Y¥, , *{r)v(r,) U, (r.)Y ¢t
j 1 B e e e T

To derive eq. (3), we have assumed that the interaction V(rl) is spin independent.
If the nucléon is very weakly bound in the residual nucleus, one would expect
that, in view of the strong absorption in the elastic channels, the transfer would

occur in the asymptotic region of the nucleon wave function in the firal nucleus.

v(rz) by a.sphe:ical Hankél'function[

One could therefore approximate the function Ui

ie:
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(L= - o
Uy (rz) = N hy (ix,r,) L _ (4)

2 2

where the decay cohstént X, is defined by

h2

X2 e » : ) e : 5
m 2 : , : (5)

52 being the separation energy. One can use the addition theorem

~A A

' N -2, L&
h‘“'(ixr)v “(x) = vam Z i 2 —2 (2)\2)\ |£)\)
L \2 2/\ ?

2 £A by |

bras - (e

e A (1)a
<9.o£2|9. o)jlc(xxzrl) Yoo, (r)hy T T lix,r)

x

x
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We now define what we refer to as weak binding. The integration over the r,
is restricted by the range of the interaction V(rl)_ One QouldJexpeCt it to be
of the order of the radius of the projectile. We use the criterion

X,R, <, | ‘ - ' (7)

where Rl is the radius of the projectile, to defihevueak‘binding. If eq. (7) is
satisfied, one can verify that in eq. (8), the sphetical.Béssel functions Satisfy the

condition

31.(1)(21' ) = 8y | g (8)

-
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D ey Yy o (2 = 1)22 hm*ux 0y, . (&) (9)
x = (- |
22 252 22A2 2 22 2 22A2v .

~h

eq. (9) implies ;hat under the weak binding condition;:eq; (7), the wave function
of the'nucleon in the final nucleus has no component in'the direction of ri, and
that in the no-recoil approximation the transfer amplitude,wéuld identically vanish
" or be extremeiy'small.. Thys is a particular case whére.the reaction proceeds
entirely through the'effecf of recoil. | |
At high energies, where one could e#pect the diffraction model. to be valid,
fhé integrals considerably simplify. We use the model of Dodd and Greider [3]'for

simplicity. The elastic scattering wave function is described by

(+) > = > @ : A .
X (ki.ri) = exp(ikicti) 0 (ri) : ; (10)

Where e(rt) vanishes in the region of overlap of the ions and in the shadow

region. With the use of eq. (9) and (10) the integral in eq. (3) becomes

-+ .
L -ik_-°r i .
R - . (li‘ *
(-;)Niz.J,-arl e l-v(tl)ull(tlijrdy et r hlz) (lxzr)Yzzl (r)

2 (11)
x 0 (r)
Where
M : . _ ,
+ -+ €2+ ' . o v ' | (12a)
= - —— : . 2a
q =k "W _kf _ , o ,
%2
g and
. - [k, Xk ' S ' : S . -
K =m{-2+-L BT ~ Q(2b
kR'- n‘<Ma-* Ma ) : : - Co ’ . ’ ( )

: . | . . -
*The integral over r. will identically vanish if the nucleon is not in a s-state
in the projectile,
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N .
It can be verifjed that kR 1s the recoil momentum, and the first integral in
eq. (11) is the pourier transform of the product of the potential and the

projectile wave function. The differential cross section becomes

do _ Hiue _ iE -(2a1+l) § (4m) o 0 )2
a . ) . .
Q (2rh?) 2 k3 (2c,*1) (25+1) (22,41) A2131>.2232 L,
: (13)
2 2
% e, (k) |° z | |
21. R A 89‘2)‘2
v _‘ : ]
Hbete
Gy (kR).f r 'drlj!. ‘thl) V(rl) U, (rl) . o (14a)
1 Yo o 1 ‘ 1 - ,
and
Be.2 'f’d r e 3 n dxnyy | @ 6 ) | (14b)

EqQ. (13) is vaild_tox transfer of particles_witﬁ intrinsic spiﬁ of 1/2 or 0.
The factorization of the cross;section into the two terms Gll(kR).ahd Bgzxz
is characteristic of a reaction of the type (p,2p). 1If the :inal binding
energy is small, the final channel behaves like a three bddy.channel and the
result in eq. (13):is not surptising.. |

The above tréatment can also be applied to reactions where the transferred
particle is in a resonant state in the final system.. An.eigmple of this type
would be one where one the two 1ona_in the finai»system is 8Be. which is composed
of two alpha particles in a s-wave tesonanée at abogt'90 kev above tﬁe threshold.

The wave function of the particle will then be of the form
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u, (rz)':.NQ . 51n(k2r2+6) ; | - ! | v (15)
2 -2 k2r2

which satisfies ah addition theorem similar to eq. (6), and the final result
would be identijcal.

" In order to obtain the simple result of Eq. (13),'we had ignored the
dependendence of.the distorted wave integral, 82 y_on xsz If the transfer
22 :
process is assumed to be peripheral, the distorted wave integral is dependant

upon X, approximately as ———$~I:T where £ is the angular momentum transfer and

: (X,R)
R is the sum of radii of the ions. The dependence of the nuclear overlap integral

. L
on X2 on the other hand can be approximated 33.(X2R1)l . Hence, the contribution
. R .

from the higher order term will be of the order of El. of the leading term

calculated in Eq. (l1). If the target is heavy in comparison with the projectile,

R .
the ratio 1 is likely to be small. The feature of factorization of the differen-

R
tial cross section expressed by Eq. (13) would result if the masses of the pro-
jectile and target are very different and if the Q of the reaction is close to

the optimum value. The latter condition is necessary if one assumes the reaction

to be peripheral.
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