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We evaluate in detail the differential cross sections for arbitrary processes ad —bpp and
ad —O'Pn in the impulse approximation, with spin and isospin effects and the deuteron D
state properly included. Approximations valid when a single term of the free-nucleon ampli-
tude dominates are given.

I. INTRODUCTION

The only way to study inelastic scattering from
neutrons is by observing the corresponding inelas-
tic processes on deuterium targets. A method of
relating the scattering from a nucleon bound in the
deuteron and that from a free nucleon is provided
by the impulse and closure approximations. The
form of the result depends crucially upon proper
evaluation of matrix elements between appropriate
states symmetrized in spin and isospin. This is a
formidable task, which heretofore has been car-
ried through only in a few special cases. ' In this
paper we shall evaluate the impulse approxima-
tion for arbitrary deuteron breakup reactions
ad —bpp and ad- b'pn with spin and isospin prop-
erly included.

II ~ CALCULATION OF DIFFERENTIAL
CROSS SECTION

We write the final-state wave function in the lab-
oratory system as the direct product of the scat-
tered particle state and a two-nucleon state decom-
posed into spatial and spin-isospin parts,

14~&
= If) I v f& IXf&.

Neglecting final-state interactions, ' we shall take
the spatial state as simple plane waves,

I y~, &
=2 '"(lp ) lp & + lp. & lp &) (2)

describing the symmetrized combinations of states
with three-momenta p, and p, . The spin-isospin
wave function IXf) is correspondingly symmetrized
so that

I cpz) IX&& is antisymmetric. The initial state
is

14;& =
In& I v~& I x~&,

le &
=& "' I&'&'vs&li&&1-5&,

where qr(p) is the momentum-space deuteron wave
function and IX,) is the S =1, I =0 SU(4) wave func-
tion. '

The impulse approximation relates the transi-
tion matrix T for the deuteron process to free-
nucleon scattering via

&yg I T I q;) =&)»14+ ta I &I;& (4)

where t, describes the corresponding free process
taking place on the ith nucleon. A similar equality
holds between the scattering amplitudes F and f
obtained from T and t. Carrying out the spatial
integration, we find that the amplitude for scatter-
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ing to the final state involving (2) is

F,(p» p, ) = 2[y(p, )+ p(pQ)lf. (p(+p2) I

where

(5)

= ~[1+s(&)lg If,l'+ l[I —s((l()]g lf I' (I)dQ i.f

In (7) the summations indicate averaging over ini-
tial spin states and summing over final spin states,
and S(Z) is the deuteron form factor.

We shall now evaluate the summations of lf, l'
appearing in (7) and compare them with the cor-
responding sums for free-nucleon scattering. The
f, , as spin-isospin operators, can be written in
the general form

f,(b) =(x lf, (b)*f.(~) lx,), (6)

f, (Z} being the scattering amplitude for the corre-
sponding free process with momentum transfer b, ,
considered as an operator in the nucleon spin-iso-
spin space. The closure approximation can be ap-
plied to (5} to obtain the net differential cross sec-
tion, summed over all final two-nucleon states, as

&If,l'=, ID I'

for the pn final state, the analogous result is

2 If+ I

' =
3 (12

I
A I'+ 2

I
B

I
'+

4 I D~ I') (12)
f,f

For the antisymmetric states we must study cor-
respondingly

(12)

plf I'=-,'Ic I'+,-', ID I', (14)

for pp final states, and

g If I'=4
I
BI'+ Ic, l'+-,' ID, I', (15)

for pn final states.
The full results are therefore

f =B (a, -a, )+C (~, -~,)

+D((g(V(((T(~ 82((T2X)&

which is a more complicated operator; it connects
the deuteron to the symmetric 10 representation
of SU(4). The result, obtained after some labor,
is

f, =A+B a(+C v(+D~(o(~7(„, (8)

(an- bp) = -,
'

I C
I
'+,

I D (9)

where C =C, -iC, and D„=D,-iD „and ID

where o, and w,. are the spin and isospin operators
of nucleoni. The coefficients A, B, C, and D z
must be constructed appropriately from the avail-
able momenta and the operators describing

I a)
and

I b). The differential cross sections resulting
from (8) for free-nucleon processes are

d„'(u- bpp) =-,'[1 —s(~)]lc I'+,-',[1 —xs(F)]ID I',
(16)

(ad - b 'Pn) = 2[1+ S(Z) ] I
A

I

' + —,
' [1 + —', $(Z) ]

+-'[1 —s(a)llc, l'+-.'[1--,'s(~}]ID,
I

.
These expressions can be compared with (9) and
(10) to relate the deuteron process to the free pro-
cess. The differential cross sections are identical
when S(Z}=0, as we would expect since this cor-
responds to a "non-overlapping" deuteron, i.e. ,
essentially two free nucleons. Thus we write

dQ dQ
(aP- O'P) + (an- b'n) =2IA I'+ llBI'

+ 2 lc, I'+8 ID, I'.
(10)

To obtain the deuteron cross sections one must
study the matrix elements of f, and f . The for-
mer involves a sum of spin and isospin operators
which was studied intensively for pion scattering
by Dean and Friar, ' and the results of that work
can be generalized immediately. It follows that

f, =2A+B ~ S+C ~ T+ 2D~qS~V'~, (11)
i=1, 2

where S and T are the spin and isospin operators
of the two-nucleon state and 8 v'z denotes a "multi-
plet-changing operator" within the SU(4) supermul-
tiplet. (For further details, see Ref. 4. ) Only the
final term of (11) contributes to the two-proton fi-
nal state, yielding

da' do'

dQ
(u- bPP) = (an- bP) —S(~)R(an- bP),dQ

(ad-b'Pn) = (aP- b'P)+ (an- b'n)
dg I do', do'

—S(a)R(aP - O'P),

to isolate the correction terms

R(an-bP}= ~ IC I +s(ID

R(ap- b p) =-2IA I'- —.
'

I BI'+-.' Ic.im+AID. I'.
For the charge-exchange process it is possible to
identify the C and D terms as spin-nonf lip and
spin-flip, respectively (although for the general
case, it must be realized that D, need not vanish,
so the latter term is not necessarily zero in the
forward direction). Then one obtains

(ad-bpp) =[1-S(~)]gg'+[I —-'S(b)]dg

(18}
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which is simply a generalization of the result
found originally for K'd- R'pP by Lee. ' For the
non-charge-exchange reaction, however, no such
simple result follows.

It should be noted, finally, that the ratio of If, l'
and

If I' terms determines both the relative mag-
nitude of the deuteron corrections and the spin
state of the final two-nucleon system. For exam-
ple, if the spin-nonf lip term C dominates the
charge-exchange reaction, one has

dQ
"' (W- bpp} = [1-s(i)1 (an- bp),dQ

III. INCLUSION OF D-STATE EFFECTS

The importance of the deuteron's D-state admix-
ture in considering the detailed structure of deu-
teron reactions is well established. ' We shall
therefore now extend the calculations of Sec. II
to include those effects for the case of charge-
exchange reactions, which are of the most inter-
est experimentally. To do this, we must replace
the simple deuteron wave function in (3) by

]'&]"&=' "'J"'p("(p&,(')"'p (p)p„(p)]

and also finds the two protons predominantly in a
triplet spin state. If the spin-flip amplitude D
dominates instead, one finds

where

x lp& I
—P& lxs&

dv dG

dQ
(ad —bPP) = [1 ——,'S(A)]—(an- bP),dQ

and the triplet spin state has probability -'„ the
singlet 3. The importance of the spin-state ratio
is that it determines the nature of interference
effects in the two-proton distribution; in a sepa-
rate paper, ' we have shown how experimental mea-
surement of these effects can determine which of
the above equations is appropriate in a given re-
action.

s,.(p) =2[3(p s)'-21
Then (5) is replaced by

Fp(pl) p2) =F, (pl) p2) +(2) Fp(pit p2) p

with

Fp(pl) P2) 2[% S(P1} 9 S(P2)]fs(pl+P2)

as in (6), and

(20)

(21)

(22)

F'(Pl 52) = ~2(xy I (fl +f2)[vD(pl)s~(pl} + 9 ~(P2)S12(P2}l I xs&. (23)

We consider first the symmetric term E, . Since the only nonvanishing contributions here arise when

IX&& is a spin singlet, the commutation relation [6,Ss] =i& ]]&S& can be used to show that

(X~ID. 6~&+(P s} IX&& =[5.s Pnp(]]D]]-(xflg. &+Ix.&.

This result allows us to make a simple redefinition of D, , and it follows by comparison with (12) that

Z IF.I' =2-'. Ol c s.l'+ I c n. l*& ID- I'+~»e[q *(P,&(c.,—6 '"9 a, &1(ID- I'- 3IP, D I')

(24)+&»e[c *(p.&4 2, -6 "'c D, )](1D I'-3
I p ' D I')+A, },

9 s+ 9 s(pl) +'p (ps2) pD+ 91D(pl) '+(]2D(p, ), p D =p„D, and A, contains terms which are of second
order in the D-state wave function and vanish when 4 - 0.

As before, the antisymmetric terms are considerably more laborious, and we only give the final result

ZIF I'=(I92 I'+le, I'}(~lc I'+„'ID I')

"'&Re[9 D(p &4 —6 "'y& )](ID I'-3ip, D I')

+2« '")Re[pa(PS&(92 -6 "'cn )](ID I'-3lp2 D I')+A, (25}
with notations similar to (24}.

Combining these two results and using the closure approximation, we find that (neglecting the small A,
terms) the differential cross section of (16) is replaced by

(w- bPP} =~[I-s, (A&] Ic I'+ 2(I- ~[s.(A)+2s2(A)]}ID I'+-.'s2(&) IA D I', (26)
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where we have introduced the usual spherical and

quadrupole form factors of the deuteron,

s,(Z)=Is'sty', (i)q. (& —i) v +(i)',v(&,-p)]

dr [u'(r} +so'(r)) jo(hr)
0

S,(Z}= 2" dry (r}[u(r) —8"'m(r)] j,(nr) .
0

It may be noted that the differential cross section
(26) contains, via the quadrupole form factor, a
dependence on the direction of the momentum
transfer 6 relative to the vector D, i.e., rela-
tive to whatever vectors describing the particles

a, 5 are used to construct the amplitude .(For
example, if 5 is a vector meson, D will be pro-
portional to its polarization vector. ) If the states
of a and b are summed over, this dependence will
be replaced by an appropriately incoherent sum.

Multiple scattering corrections to the amplitudes
C and D can be calculated via the Glauber theo-
ry, although one may question whether that method
properly includes all inelastic intermediate states
for breakup scattering. If it is assumed that the
only important corrections arise from (a) elastic
scattering of a before the breakup, and (b) elastic
scattering of b after the breakup, the results will
be essentially those obtained in an earlier paper'
neglecting spin, isospin, and symmetrization ef-
fects.
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The hypercharge-exchange reactions K n x A, K p 7) A, 7t p K A, K n x Z, K p
Z+, z p K Z, and 71+p K+Z+ are studied within the framework of the new interfer-

ence model. It is found that the differential cross section and polarization can be predicted
in reasonable agreement with experiments in the intermediate momentum range.

I. INTRODUCTION

Several attempts' ' have been made to explain
the observed differential cross-section and polar-
ization data for the various hypercharge-exchange
0 —,

'' -0--,"reactions. In the Regge-model ap-
proach' the possible f-channel Regge poles K*(890)
J~ =1 and K**(1420}J =2' are taken as nonde-
generate; trajectory functions are modified, and
a cross-over term is introduced to obtain reason-
able success, with eight parameters in the cross-
section formula. Absorptive peripheral models"

have been tried with and without exchange degener-
acy. By using trajectory parameters which are
different from those determined from a Chew-
Frautschi plot acceptable fits have been obtained.

In the intermediate momentum region, it has
been shown ' that the new interference model of
Coulter et al. , which is free from double-counting
errors, gives a satisfactory explanation both for
angular distribution and polarization. In this paper
the calculations have been extended to the follow-
ing hypercharge-exchange reactions in the inter-
mediate momentum region:


