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D excitation in inelastic scattering of nucleons on nuclei

G. Ramachandran and M. S. Vidya
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~Received 17 March 1997!

We outline an elegant way of deducing the spin structure of any reactionA(a,b)B with arbitrary spins
sA ,sa ,sb ,sB and apply the same toNN→ND, taking into consideration the Pauli exclusion principle. This
method, based on irreducible tensor techniques is then extended toD excitation inA(N,N8p)B by considering
the target excitation process~TDP! as A(N,N8)BD* followed by BD*→B1p and the projectile excitation
process~PDP! asA(N,D)B followed byD→N8p. Expressions for the double differential cross section and
inelastic nucleon spin observables are given, which are of current experimental interest.
@S0556-2813~97!50206-8#
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The inelastic scattering of nucleons on nuclei at interm
diate energies is currently a subject of considerable inte
both experimentally and theoretically. Apart from measu
ments of differential cross section and spin observables
asymmetries and spin transfers, simultaneous measurem
@1# of (p,p8) and (p,p8g) observables have been report
recently on 12C. The motivation for such measurements
provided by theoretical work@2–4# based purely on invari-
ance considerations wherein, theT matrix is expressed in
terms of invariants constructed out of the initial and fin
c.m. momentapi ,pf and the relevant operators in the sp
space. Of particular interest in the context of inelas
nucleon scattering is theD excitation which has often bee
discussed@5–8# using models inspired byp andr exchange
mechanisms and DWBA formalisms. Using invariance ar
ments Silbar, Lombard, and Kloet@9# have shown that the
NN→ND transition matrix contains as many as 16 amp
tudes of which 10 are associated with second rank spin
sors. Ray@10# has drawn attention to the importance of t
tensor amplitudes based on a partial wave expansion m
wherein he says, ‘‘The total and differential cross sectio
were reduced by about one-half, the structure in the ana
ing powers increased dramatically, the predictions forDNN
became much too negative, while that forDLL became much
too positive, and the spin correlation predictions were mu
too small’’ when all ‘‘ten of the rank 2 tensor amplitude
were set to zero, while the remaining six amplitudes w
unchanged.’’ The 16 amplitudes of Silbaret al. have been
employed in several recent studies@11# onD excitation. Dis-
cussing inelastic nucleon scattering viaD excitation in nu-
clei, Jain and Kundu@12# have emphasized that it is nece
sary to develop a formalism which incorporates the unsta
nature ofD, since such a formalism is relevant to discuss
(N,N8p) experiments. Jo and Lee@13# have recently drawn
attention to the need for taking into consideration the proj
tile D excitation process which is usually ignored since
differential cross section at forward angles is dominated
contributions coming from targetD excitation process.

The purpose of this paper is to develop a general form
ism based on invariance considerations to discuss reac
involving particles/nuclei with arbitrary spins and to app
the same to the case of inelastic nucleon scattering on nu
560556-2813/97/56~1!/12~4!/$10.00
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involving D excitation and decay wherein the PDP is ful
taken into consideration along with the TDP.

First of all we note that the matrixM in the spin space for
any reactionA(a,b)B with arbitrary spinssA ,sa ,sb ,sB and
isospinsI A ,I a ,I b ,I B may be defined in terms of its elemen

MmbmB ;mamA
5A2pD2

v
^ f uTu i &, ~1!

where the initial and final states, with momentapi ,pf in the
c.m. system are given by

u i &5upi ;sama ;I ana ;sAmA ;I AnA&, ~2!

u f &5upf ;sbmb ;I bnb ;sBmB ;I BnB&. ~3!

The magnitude of the relative velocity in the initial state
denoted byv, the two particle density of final states is d
noted byD2, and the on-energy shellT matrix may be ex-
pressed in the form

T5(
I
C~ I bI BI ;nbnBn!TIC~ I aI AI ;nanAn!, ~4!

if isospin I is conserved. EachTI , characterized by channe
isospin I , has matrix elements in terms of initial and fin
channel spin statesusim i&,usfm f&, and the matrix elements
have the form@14#

^sfm f ;pf uTI upi ;sim i&

5 (
l f ,l i , j ,l

~21! l i1si1 l f2 j~21!mTl fsf ; l i si
I j ~E!@ j #2@l#

3@sf #
21W~si l isf l f ; jl!C~silsf ;m imm f !

3„Yl f
~ p̂f ! ^Yl i

~ p̂i !…2m
l , ~5!

where Tl fsf ; l i si
I j (E) denote partial wave amplitudes@15# at

c.m. energyE. In the particular case of elastic scattering
spins particles on spin 0 targets, i.e.,si5sf5s, the Clebsh-
Gordan coefficientC(sls;m imm f) may be replaced@16# by
R12 © 1997 The American Physical Society
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an irreducible tensor operator@l#21tm
l (S) constructed out of

spin operatorsS. We use the shorthand@k#5A2k11 and

~Ak1^Bk2!q
k5(

q1
C~k1k2k,q1q2q!Aq1

k1Bq2

k2 ~6!

to denote an irreducible tensor of rankk constructed out of a
pair of irreducible tensorsAq1

k1 of rank k1 andBq2

k2 of rank

k2. The rest of the notations follow Rose@17#. We may then
express

M5 (
sf ,m f ,si ,m i

usfm f&^sfm f ;pf uMupi ;sim i&^sim i u ~7!

and note@18# that
ni-
Km f

sf 5usfm f&, B
2m i

si 5~2 i !2m i^sim i u ~8!

are irreducible tensors of ranksf , si , respectively, so that

usfm f&^sim i u5(
l

C~sfsil;m f2m im!~ i !2m i~Ksf ^Bsi !m
l .

~9!

Introducing irreducible spin tensorsSm
l (s2 ,s1) of rank l

connecting the spin spaces ofs1 ands2 through

Sm
l ~s2 ,s1!5~ i !2s1@s2#~K

s2^Bs1!m
l , ~10!

we may note that
„Sl9~s3 ,s2! ^Sl8~s2 ,s1!…m
l 5~21!l81l92l@l8#@l9#@s2#W~s1l8s3l9;s2l!Sm

l ~s3 ,s1!. ~11!

Using Eq. ~10! in Eq. ~9! and expressingSm
l (sf ,si) in terms ofSm1

l1(sb ,sa) and Sm2

l2(sB ,sA), we obtain the general spin

structure forA(a,b)B in the elegant form

M5(
l1

(
l2

(
l5ul12l2u

l11l2

@„Sl1~sb ,sa! ^Sl2~sB ,sA!…l•T l~l1 ,l2!#, ~12!

where the amplitudesTm
l(l1 ,l2) are given explicitly by

Tm
l~l1 ,l2!5 (

l i ,l f ,si ,sf , j
GMl f sf ; l i si

j ~E!„Yl f
~ p̂f ! ^Yl i

~ p̂i !…m
l ~13!

in terms of

Ml f sf ; l i si
j ~E!5A2pD2

v (
I
Tl fsf ; l i si
I j ~E!C~ I bI BI ;nbnBn!C~ I aI AI ;nanAn!, ~14!

which completely determine the energy dependence, while the angular dependence is contained in„Yl f
(p̂f)^Yl i

(p̂i)…m
l . The

geometrical factors are

G5~21! l i1 l f2 j1sa1sAH sbsBsf

sasAsi

l1l2l
J @ j #2@l#@sf #@si #@l1#@l2#

@sb#@sB#
W~si l isf l f ; jl!, ~15!
t
es
where $ % denotes Wigner 9-j symbol. IfA(a,b)B is parity
conserving, the summations overl i ,l f in Eq. ~13! are re-
stricted to

~21! l fpbpB5~21! l ipapA , ~16!

wherep i5a,A,b,B denote the respective intrinsic parities.
Considering in particularNN→ND, we note that the

channel isospin can take only one valueI51 and the Pauli
principle can be taken into consideration by writing the i
tial stateu i & as

u i &5
1

A2
@ upi ;

1
2 mP ;

1
2 mT&2u2pi ;

1
2 mT ;

1
2mP&], ~17!
where the suffixesP andT refer to the projectile and targe
nucleon, respectively. Noting that the Pauli principle impli
also

215~21! l i1si1I , ~18!

the matrixM for NN→ND takes the form

M5
1

A2 (
l150

1

(
l251

2

(
l5ul12l2u

l11l2

„Sl~l1 ,l2!•T l~l1 ,l2!…,

~19!

where
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Sm
l ~l1 ,l2!5„sP

l1^ST
l2~ 3

2 ,
1
2 !…m

l 1„sT
l1^SP

l2~ 3
2 ,

1
2 !…m

l

~20!

in terms of the unit matrixs0
0 and the spherical component

s0
15sz , s61

1 57
1

A2
~sx6 isy! ~21!

of Pauli spin matricess of the projectile/target nucleon. I
may be noted that the first and second terms in Eq.~20!
correspond, respectively, to TDP and PDP, while the am
tudesTm

l(l1 ,l2) have the same form Eq.~13! with the ad-
ditional constraint Eq.~18! on the summation, apart from th
parity constraint Eq.~16!.

If we choose a right-handed transverse frame with thz
axis alongpi3pf andx axis alongpi , it is clear that

„Yl f
~ p̂f ! ^Yl i

~ p̂i !…m
l

5(
mf

C~ l f l il;mfmim!Yl fmfS p

2
,u DYl imiS p

2
,0D , ~22!

whereu denotes the scattering angle cosu5p̂i•p̂f . The prop-
erty @19# that,Ylm(p/2,f)50 if l2m is odd together with
Eq. ~16! shows that

Tm
l~l1 ,l2!TF50, ~23!

if m is odd and TF stands for transverse frame. On the o
hand, if we choose the right-handed frame recommende
the Madison convention@20# viz., z axis alongpi andy axis
alongpi3pf , we have

„Yl f
~ p̂f ! ^Yl i

~ p̂i !…m
l 5C~ l f l il,m0m!@ l i #~4p!21/2Yl fm

~u,0!.
~24!

The property@19# that

Yl2m~u,f!5~21!2me22imfYlm~u,f! ~25!

then leads to
i-

er
by

T2m
l ~l1 ,l2!MF5~21!l2mTm

l~l1 ,l2!MF ~26!

in the Madison Frame~MF!. The nonzero amplitudes fo
NN→ND in TF and MF are as shown in Table I, from whic
it is clear that there are 16 independent amplitudes, wh
may be related to those in@9,10#. Moreover, the amplitudes
Tm

l in any frame may readily be expressed in terms of eit
of these two sets sinceTm

l transform under rotations as ele
ments of an irreducible tensor of rankl.

The formalism outlined above can next be used to disc
D excitation in A(N,N8p)B if we picture the TDP as
A(N,N8)BD* followed by BD*→B1p, whereBD* denotes a
D excited nuclear state with spin parity and isospin quant

numberssB*
pB* I B* nB* , while the PDP isA(N,D)B followed by

D→N8p. The matrixTp in spin space for the decay of a
excited state with spin parity and isospin quantum numb
s* p* I * n* into a state characterized byspIn after pion emis-
sion may be written, using invariance considerations as
fore, as

TABLE I. The irreducible tensor amplitudeT m
l (l1 ,l2) for

NN→ND. Them of nonzero amplitudes in transverse and Madis
frames together with the numbern of independent amplitudes ar
given.

TF MF
l1 l2 l m n m n

0 1 1 0 1 61 1
0 2 2 0,62 3 0,61,62 3
1 1 0 0 1 0 1
1 1 1 0 1 61 1
1 1 2 0,62 3 0,61,62 3
1 2 1 0 1 61 1
1 2 2 0,62 3 0,61,62 3
1 2 3 0,62 3 61,62,63 3
Total number of
independent amplitudes 16 16
he

um

q.
Tp5 (
l5us*2su

s*1s

dp* ,p~21! l11C~ I 1I * ;nnpn* !Tl
I* ,s*

„Yl~ q̂* !•Sl~s,s* !…, ~27!

wherenp511,0,21 denote thez component of isospin~or charge! of the pion, whose momentum in the rest frame of t

excited system is denoted byq* and theTl
I* ,s* denote the decay amplitudes into a state of orbital angular momentl

restricted by thed function expressing conservation of parity to those values satisfyingp*5p(21)l11. The matrixM for
A(N,N8p)B may then be written as

M5Tp~BD* !M@A~N,N8!BD* #@D3 /D2~TDP!#1/2 ~28!

in case of TDP, whereas the same in the case of PDP is

M5Tp~D!M@A~N,D!B#@D3 /D2~PDP!#
1/2, ~29!

whereD3 denotes the final 3 particle density of states. In either case of Eq.~28! or Eq. ~29!,M may be expressed, using E
~11!, in the form
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M5 (
k150

1

(
k25usB2sAu

sB1sA

(
k5uk22k1u

k21k1

@„sk1^Sk2~sB,sA!…k•Ak~k1,k2!#. ~30!

Taking both TDP and PDP into account, theA(N,N8p)B amplitudes are given by

Aq
k~k1 ,k2!5 (

l ,l2 ,l
dp

B* ,pB~21! l11C~ I B1I B* ;nBnpnB* !Tl
IB* ,sB* @sB* #@ l #@k2#@l2#@l#W~sAl2sBl ;sB* k2!W~ ll2kk1 ;k2l!

3„Yl~ q̂B
D
* ! ^T TDPl ~k1 ,l2!…q

k12A3(
l1 ,l

C~ 1
2 1

3
2 ;nN8npnD!T1

3/2,3/2~21!k2l1l12k1@l1#@k1#@l#

3W~ 1
2l1

1
2 1;

3
2k1!W~1l1kk2 ;k1l!„Y1~ q̂D! ^T PDPl ~l1 ,k2!…q

k . ~31!
in

like
-
eri-

of
The unpolarized double differential cross section and
elastic nucleon spin observables are given by

Da,b5Tr~saMsbM†!5 (
n50

1

(
n850

1

3 (
k5un2n8u

~n1n8!

„~Pn~a! ^Pn8~b!!k
•Bk~n,n8!…, ~32!

wherea,b50,x, y, z

BQ
k ~n,n8!5@sB#2@sA#22 (

k1 ,k18 ,k2 ,k,k8
@k#@k8#@k1#@k18#

3@n#@n8#W~k1k2kk8;kk18!H 1
2

1
2 k1

1
2

1
2 k18

n n8 k
J

3~21!k1n82k
„Ak~k1 ,k2! ^A†k8~k18 ,k2!…Q

k ,

~33!
od

hy

s.
- @Aq
k~k1 ,k2!#*5~21!qA2q

†k ~k1 ,k2! ~34!

and

Pm
n ~a!5Tr~sasm

n !, ~35!

the spherical componentssm
1 of s being given by Eq.~21!

ands0
05s0 denotes the unit matrix.

The formalism outlined above makes no assumptions
DWBA or DWIA. Based as it is purely on invariance con
siderations, it may be used with advantage to analyze exp
mental data on inelastic nucleon scattering on nuclei viaD
excitation.

One of us~G.R.! acknowledges with thanks the support
the CSIR~India!.
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