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A excitation in inelastic scattering of nucleons on nuclei
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We outline an elegant way of deducing the spin structure of any reaéffarb)B with arbitrary spins
Sa,Sa,Sp,Sg and apply the same tNN— NA, taking into consideration the Pauli exclusion principle. This
method, based on irreducible tensor techniques is then extendedxaitation inA(N,N’ 7) B by considering
the target excitation proces3DP) as A(N,N’)B} followed by BX—B+# and the projectile excitation
process(PDP asA(N,A)B followed by A— N’ . Expressions for the double differential cross section and
inelastic nucleon spin observables are given, which are of current experimental interest.
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PACS numbeps): 25.40.Ep, 25.40.Fq, 24.70s, 14.20.Gk

The inelastic scattering of nucleons on nuclei at intermeinvolving A excitation and decay wherein the PDP is fully
diate energies is currently a subject of considerable interegaken into consideration along with the TDP.
both experimentally and theoretically. Apart from measure- First of all we note that the matri®1 in the spin space for
ments of differential cross section and spin observables likany reactiorA(a,b)B with arbitrary spinss, ,s,,sy,,Sg and
asymmetries and spin transfers, simultaneous measuremefespinsl .14,y ,1g may be defined in terms of its elements
[1] of (p,p’) and (o,p’y) observables have been reported
recently on!2C. The motivation for such measurements is M _[27D, e !
provided by theoretical work2—4] based purely on invari- HpiBikata v (1710, @)
ance considerations wherein, tliematrix is expressed in
terms of invariants constructed out of the initial and finalwhere the initial and final states, with momemtap; in the
c.m. momentap; ,p; and the relevant operators in the spin C.m. system are given by
space. Of particular interest in the context of inelastic

nucleon scattering is th& excitation which has often been i)=1Pi;Satta:lava;Sasa:lava), 2
discussed5-8] using models inspired by andp exchange
mechanisms and DWBA formalisms. Using invariance argu- |T)=1pPt:Somo:lovb:Seme;lsVe)- )

ments Silbar, Lombard, and Klog®] have shown that the ) ) o o _
NN—NA transition matrix contains as many as 16 ampli—The magnitude of the relative velocity in the initial state is

tudes of which 10 are associated with second rank spin terfl€noted by, the two particle density of final states is de-
sors. Ray[10] has drawn attention to the importance of the "0t€d byD,, and the on-energy shell matrix may be ex-
tensor amplitudes based on a partial wave expansion modB[€ssed in the form

wherein he says, “The total and differential cross sections

were reduced by about one-half, the structure in the analyz- T=> Cllylgl;vprer)T'CUI 4l Al vavar), (4
ing powers increased dramatically, the predictionsDqy [

became much too negative, while that for, became much

too positive, and the spin correlation predictions were muclif isospin| is conserved. Eacli', characterized by channel
too small” when all “ten of the rank 2 tensor amplitudes isospinl, has matrix elements in terms of initial and final
were set to zero, while the remaining six amplitudes werechannel spin statels;u;),|S;u¢), and the matrix elements
unchanged.” The 16 amplitudes of Silbat al. have been have the forn{14]

employed in several recent stud[d4] on A excitation. Dis-

cussing inelastic nucleon scattering \iaexcitation in nu- (Stus ¢ T'Ipi PSiMi)

clei, Jain and Kund{i12] have emphasized that it is neces-

sary to develop a formalism which incorporates the unstable - 2 (_1)|i+si+|f—j(_ 1)”T|”s 'I-s-(E)[j]Z[)\]
nature ofA, since such a formalism is relevant to discuss the PPN Fof i

(N,N’ ) experiments. Jo and Lg¢&3] have recently drawn
attention to the need for taking into consideration the projec-
tile A excitation process which is usually ignored since the - SRV
differential crosspsection at forward angl):esgis dominated by X(Y'f(pf)®Y'i(p'))’“’ ©
contributions coming from target excitation process. I . )
The purpose of this paper is to develop a general formal¥here Tiis s (E) denote partial wave amplitudgd5] at
ism based on invariance considerations to discuss reactioigsm. energyE. In the particular case of elastic scattering of
involving particles/nuclei with arbitrary spins and to apply spins particles on spin 0 targets, i.e;=s;=s, the Clebsh-
the same to the case of inelastic nucleon scattering on nucl&ordan coefficienC(sAs; uju ) may be replacefl16] by

X[st]*W(silisl ;)N ) C(SiNSe; mipmpms)
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an irreducible tensor operatpx ] ~* x(S) constructed out of Kif =|stus), Bs_iﬂ_=(—i)2“i(siui| (8)
spin operators. We use the shorthar[dk]— v2k+1 and ' '

. are irreducible tensors of rargk, s;, respectively, so that
(A99B4=2 Clkikok.01020)AGBy,  (6)
1

s siui|=2D, Clsesih:ps— i) (i)2Hi(KS(@BSH)N |
to denote an irreducible tensor of raklk:onstructed out of a IStee)(sip ; (eI g = i) (D7 )“
pair of irreducible tensors ! kL of rank k, and By k2 of rank 9

k,. The rest of the notatlons follow Ro§&7]. We may then Introducing irreducible spin tensorSi‘L(sz,sl) of rank \

express connecting the spin spaces &f ands, through
M= ES |seree)(seme s MIpisimi)(siml - (7) S)(S2,81) = (1)*1s,](K2©B%) ), (10)
o Si s M
and notg[18] that we may note that

(SV(53,52)®S" (55,50, = (= 1)M "N AN TN S]WISIN S50 38,0 ) S (S3,51). (12)

Using Eqg.(10) in Eqg. (9) and expressingﬁlﬁ(sf,si) in terms ofSle(sb,sa) and Si‘fz(sB,SA), we obtain the general spin
structure forA(a,b)B in the elegant form

N1+Ap

M= > [(SM(sy,S)®SM2(s5,50)) - TM(N 1, \)], (12)

A Ay A=[ApTAg

where the amplitude’fﬁ()\l,)\z) are given explicitly by

77;()\11)\2): E GM{

Ii 0§ ,Si,8f.]

1,5 (E)Y1 (PO ® Y1, (P))}s (13)

5S¢

in terms of

M, 1.5(E)= \/ ETlfsf S(E)YC(plgl;vprer)C1 4l Al vavav), (14)

which completely determine the energy dependence, while the angular dependence is coni(a(ﬂéﬁf)m Y|i(f)i))i). The
geometrical factors are

% NI AT TN
G=(— 1)t i st sal 58,8 1 e 2 Wsilisil M), (15)
N EYEY

where{} denotes Wigner 9-j symbol. lA(a,b)B is parity = where the suffixe® andT refer to the projectile and target
conserving, the summations ovkrl; in Eqg. (13) are re- nucleon, respectively. Noting that the Pauli principle implies
stricted to also

(—D)imymg=(—1)imma, (16) —1=(—1)litsi+! (18

wherem;_, A p,s denote the respective intrinsic parities.
Considering in particulaNN—NA, we note that the
channel isospin can take only one valuel and the Pauli

principle can be taken into consideration by writing the ini- 1
tial state|i) as M= N > 2 CMALA) T (A NY),

)\1:0 )\2:1 )\:‘)\l—)\z‘
(19)

the matrix M for NN— NA takes the form

1
i) \/§[|p| smps s pr)—| =Rz prispe], (A7) where
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A N o ohar3 L Mo ch2r 3 1yyA TABLE I. The irreducible tensor amplitud@™ (x;,\,) for
= 2 2 + 2 2 n
2/‘()\1’)\2) (UP ®$ (2’2))“ (UT ®S}'; (2’2))“ NN—NA. The u of nonzero amplitudes in transverse and Madison

(20 frames together with the numbarof independent amplitudes are
in terms of the unit matrixs3 and the spherical components, 9"V€":
1 TF MF
o5=03, Ultlziﬁ(a'xiiay) 21) M Ay A e n M n
0 1 1 0 1 *1 1
of Pauli spin matricesr of the projectile/target nucleon. It 0 2 2 0+x2 3 0+1,*+2 3
may be noted that the first and second terms in @€) 1 1 0 0 1 0 1
correspond, respectively, to TDP and PDP, while the ampli4 1 1 0 1 +1 1
tudesT\ﬂ()\l,)\Z) have the same form E@13) with the ad- 1 1 2 0+x2 3 0+1,x2 3
ditional constraint Eq(18) on the summation, apart from the 1 2 1 0 1 +1 1
parity constraint Eq(16). 1 2 2 0+2 3 0+1,+2 3
If we choose a right-handed transverse frame withzhe 1 2 3 0+2 3 +1+2+3 3
axis alongp; X p; andx axis alongp;, it is clear that Total number of
R R independent amplitudes 16 16
(Y1,(P) @Y. (P))},
=3 cldnimmm)Yim| =, 0Yiml=0], (22 T (v Aoue=(— 1 AT (hg \) 26)
< FLiAS T L) Vg emg 2 m 2 —u\M1A2)MF w N1 A2)MF

whered denotes the scattering angle 8es;-p;. The prop-  in the Madison FraméMF). The nonzero amplitudes for
erty [19] that, Y,,(7/2,¢) =0 if | —m is odd together with  NN— NA in TF and MF are as shown in Table I, from which
Eq. (16) shows that it is clear that there are 16 independent amplitudes, which
7 may be related to those [®,10]. Moreover, the amplitudes
n(MoA2)Te=0, (23 Tﬁ in any frame may readily be expressed in terms of either

. )\‘ B
if u is odd and TF stands for transverse frame. On the othe?f these two sets sincg, transform under rotations as ele-

hand, if we choose the right-handed frame recommended bjents of an irreducible tensor of ramk _
the Madison conventiof20] viz., z axis alongp; andy axis The formalism outlined above can next be used to discuss

alongp; X p;, we have A excitation in A(N,N'#7)B if we picture the TDP as
A(N,N")B3} followed by B} —B+ m, whereB} denotes a
(Ylf(ﬁf)®Y|i(ﬁi))Z:C(|f|i?\,MOM)[|i](47T)_1/2YIfM( 0,0). A excited nticlear state with spin parity and isospin quantum
(24 numberssg "8l vg , while the PDP iA(N,A)B followed by
A—N'7. The matrixT” in spin space for the decay of an

The property{19] that excited state with spin parity and isospin quantum numbers
Y, (0,4)=(—1)"e2MbY, (9 &) (25) sf T * p* into a state chgrac;terizgd k1 v aftgr pion emis-
sion may be written, using invariance considerations as be-
then leads to fore, as
s*+s
T7= 2 Sme.n_1+1C0 U*50w )T (Y(G%) - S(s,5)), (27)
|=|s* -5

wherev,=+1,0,—1 denote the component of isospifior charge of the pion, whose momentum in the rest frame of the
excited system is denoted lmyf and theT:*'S* denote the decay amplitudes into a state of orbital angular momeintum

restricted by the function expressing conservation of parity to those values satisfyfng (—1)' *1. The matrix M for
A(N,N’7)B may then be written as

M=T7(BX) M[A(N,N")BX][D3/D,(TDP)]* (28)
in case of TDP, whereas the same in the case of PDP is

M=T"(A)M[A(N,A)B][D3/D,(PDP]*?, (29

whereD ; denotes the final 3 particle density of states. In either case of2Bpor Eq.(29), M may be expressed, using Eq.
(12), in the form
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1 sgtsa ko+Kkq
M= 2 ; > [(0*1®@S%(sg,50)% Ay, k). (30
k1 =0 kp=[sg—sp| k=|ky—kq]

Taking both TDP and PDP into account, tAéN,N’ 7)B amplitudes are given by

Aé(kl,kz)=l }Z)\ 8zt mg-1)1+1C(Ig1l5 ?VBVwVE)T:B B[ s ILNTK2IIA 2N TW(SAX 585l ;S5 ko) W(IN 5KKy s KoM )
Ao,

X (Y1(Gey) @ Trop(ky Ao)g + 248 2, C(315; v,y TE2H— RN M4 k)N ]
1

XW(3N131;3k) W(IN kKo ;KN (Y1(0a) © Thpe N1, Ko))E (31)
|
The unpolarized double differential cross section and in- [Aé(kl,kz)]* =(—l)qu43kq(k1,k2) (34)
elastic nucleon spin observables are given by
1 1
D, s=Tro MosMH=> > and
n=0p'=p
(n+n’)
X & (P(eP (@) B, (2 P()=Tr(0,0™) (35)
k=|n—-n’ @ !

where,58=0,X,Y, 2

the spherical components; of o being given by Eq(21)

K 1y — 2 -2 ’ ’

Bo(n.n’) =[sg]"sal ) k,Ek " [KICK" Lk ]Ckq] andog= 0o denotes the unit matrix. o
SRR The formalism outlined above makes no assumptions like

11 DWBA or DWIA. Based as it is purely on invariance con-
: 2 Kk . et : _
siderations, it may be used with advantage to analyze experi-

X[n][n"JW(kkork';kky)y 2 2 kg mental data on inelastic nucleon scattering on nucleifvia

non excitation.
K

_ k+n'—k k Tk 1,1 K
*(=1) (Ake k) @ AT (k1 k2))g, One of us(G.R) acknowledges with thanks the support of
(33 the CSIR(India).
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