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Effective spin dependent interactions for reactions: The case ofNN˜ND
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A general formalism to discuss the role of noncentral forces in reactions with arbitrary spins is outlined. The
formalism is applied to the particular case ofD excitation in inelastic nucleon-nucleon scattering.
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The role of noncentral forces in elastic scattering of p
ticles with arbitrary spin,s on spin zero targets was discuss
by Johnson@1# in terms of irreducible tensor operatorstq

k(S)
of rankk constructed out of the spin operatorS of the spins
particle. The formalism was extended recently@2# to elastic
scatterings11s2→s11s2 of particles/nuclei with arbitrary
spinss1 and s2 . The purpose of the present paper is to
troduce the notion of an effective interaction for reacti
processess11s2→s31s4 which is expressible in terms o
irreducible tensor operatorstq

k(Si), i 51,•••,4 in the spin
spaces. In particular we consider the case ofNN→ND,
which is of topical interest, and make explicit the form of t
effective interaction which is expected to be of use in d
cussingD excitation in nuclei.

Using the same notations as in@3#, we first of all note that
Sm

l (s2 ,s1) defined therein reduces totm
l (S) when s15s2

5s. Moreover, one can define a projection operator

P ls j~s1 ,s2!

5 (
k150

2s1

(
k250

2s2

(
k50

2s

Gk1k2k~ l ,s, j !„Sk~ l ,l !•t~k1k2!k~S1 ,S2!…,

~1!

which selects the channel spins, and the total angular mo
mentumj , from two-particle states with spinss1 ,s2 and hav-
ing relative angular momentuml . The geometrical factors
are given by

Gk1k2k~ l ,s, j !5~21! l 2s2 j@ j #2@s#2@ l #21@s1#21@s2#21

3W~ l lss;k j !~21!k11k21k@k1#@k2#

3H s1 s2 s

s1 s2 s

k1 k2 k
J . ~2!

The scattering matrix in spin space for any reactions11s2
→s31s4 may be expressed, using Eq.~1!, in the form
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M5 (
l 8,s8, j ,l ,s

(
l

~21! l 81s2 jW~s8l 8sl; j l!

3@ j #2@ l 8#21@s8#21P l 8s8 j~s3 ,s4!

3M l 8s8; ls
j

~E!„Sl~ l 8,l !•Sl~s8,s!…P ls j~s1 ,s2!, ~3!

whereM l 8s8; ls
j (E) denote partial wave reaction amplitude

@3# at c.m. energyE. We rewrite Eq.~3! in the form

M5 (
l 8,s8, j ,l ,s

(
$a%,K

G$a%~ l 8s8; j ; ls!

3M l 8s8; ls
j

~E!„S $a%K
•SK~ l 8,l !…, ~4!

where $a% denotesk3k4k8;lL;k1k2k, the geometrical fac-
tors are

G$a%~ l 8s8; j ; ls!5Gk3k4k8~ l 8,s8, j !Gk1k2k~ l ,s, j !

3@ j #2@s8#21@ l #@k8#@k#@l#@L#

3~21! l 81s2 jW~s8l 8sl; j l!

3W~ ll l 8k8; l 8L!W~ lkl 8L; lK !, ~5!

and the irreducible tensors of rankK in spin space are given
by

SQ
$a%K5@„t~k3k4!k8~S3 ,S4! ^ Sl~s8,s!…L ^ t~k1k2!k~S1 ,S2!#Q

K .

~6!

The effective noncentral interaction for reactions is no
readily given by taking the Fourier transform of Eq.~4! and
is expressed in the elegant form

^r 8uVeffur &5 (
$a%,K

~S $a%K
•V$a%K!. ~7!

The irreducible tensorsVQ
$a%K of rank K in configuration

space are given by
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VQ
$a%K5 (

l 8,s8, j ,l ,s

G$a%~ l 8s8; j ; ls!^r 8uVl 8s8; j ; lsur &

3^ r̂ 8uSQ
K~ l 8,l !u r̂ &, ~8!

in terms of relative coordinatesr5r12r2 and r 85r32r4 ,
respectively, in the initial and final states of the reaction. T
radial terms in Eq.~8! are given by

^r 8uVl 8s8; j ; lsur &5
2

p
~ i ! l 82 l

3E E2dEp8p j l 8~p8r 8!M l 8s8; ls
j

~E! j l~pr !,

~9!

in terms of spherical Bessel functionsj l , j l 8 and c.m. mo-
mentap and p8, respectively, in the initial and final state
The result, Eq.~7!, is quite general and is applicable to an
reaction process with spinss11s2→s31s4 . It may be used
to identify the effective spin-dependent nonlocal interact
in each case.

We now specialize the above considerations to discuss
particular case ofNN→ND. In the case of targetD excita-
tion process, wherein the spin spaces of the projectile
ejectile are identical, the irreducible tensors in Eq.~6! may
be recoupled to express the spin tensorsSQ

$a%K in the much
simpler form

SQ
$a%K5 (

j150

1

(
j251

2

GXsP
j1^ ST

j2S 3

2
,
1

2D C
Q

K

, ~10!

where

G5 (
l1 ,l2 ,h1 ,h2

~21!s1l11l21k31k45
1

2

3

2
s8

1

2

1

2
s

l1 l2 l
6

3H k3 k4 k8

l1 l2 l

h1 h2 L
J H h1 h2 L

k1 k2 k

j1 j2 K
J

3WS 1

2
l1

1

2
k3 ;

1

2
h1DWS 1

2

1

2
j1h1 ;k1

1

2D
3WS 1

2
l2

3

2
k4 ;

3

2
h2DWS 1

2

1

2
j2h2 ;k2

3

2D
3@k8#@k#@k1#@k2#@k3#@k4#@l1#2@l2#2@l#

3@j1#@j2#@h1#2@h2#2@s8#2@s#, ~11!

while the indicesP andT have to be interchanged in Eq.~10!
to discuss the case of projectileD excitation process. Ob
serving that
e

n

he

d

^ r̂ 8uSQ
K~ l 8,l !u r̂ &5~21! l@ l 8#„Yl 8~ r̂ 8! ^ Yl~ r̂ !…Q

K ~12!

and defining

VQ
K~j1 ,j2!5(

$a%
GVQ

$a%K , ~13!

we may rewrite Eq.~7! for NN→ND in the form

^r 8uVeffur &5 (
j150

1

(
j251

2

(
K50

3

@„sP
j1^ ST

j2~ 3
2 , 1

2 !…K•VK~j1 ,j2!#

~14!

5^r 8u(
i 5I

VIII

Vi ur &, ~15!

which enables us to identify the different forms of the effe
tive spin-dependent interaction forNN→ND, which are
listed in Table I.

The meson exchange models extensively used in the
cussion ofD excitation in nuclear processes@4# draw uponp
and r exchange mechanisms to provide, respectively,
spin longitudinal~LO! and spin transverse~TR! components
of the basicNN→ND interaction@5#. However, on express
ing the LO and TR components in the form

~s•q!~S1
•q!5

1

3
~s•S1!q21~s^ S1!2

•~q^ q!2, ~16!

~s3q!•~S13q!5
2

3
~s•S1!q22~s^ S1!2

•~q^ q!2, ~17!

we note that only two, viz.VIII andVV listed in Table I come
into play in these simple models, requiring more complica
mechanisms to generate noncentral interactions involv
other spin tensors. It is interesting to look for empirical e
dence for the existence of the other~which are as many as
six! different forms inNN→ND through appropriate spin
measurements.

G.R. acknowledges with thanks the support of the CS
~India!.

TABLE I. Effective spin-dependent interactions forNN→ND.

Vi j1 j2 K

VI 0 1 1 @S1( 3
2 , 1

2 )•V1(0,1)#

VII 0 2 2 @S2( 3
2 , 1

2 )•V2(0,2)#

VIII 1 1 0 @„s•S1( 3
2 , 1

2 )…V0(1,1)#

VIV 1 1 1 @„s^ S1~
3
2 , 1

2 !…1•V1~1,1!#

VV 1 1 2 @„s^ S1( 3
2 , 1

2 )…2•V2(1,1)#

VVI 1 2 1 @„s^ S2~
3
2 , 1

2 !…1•V1~1,2!#

VVII 1 2 2 @„s^ S2( 3
2 , 1

2 )…2•V2(1,2)#

VVIII 1 2 3 @„s^ S2( 3
2 , 1

2 )…3•V3(1,2)#
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