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Ap mass number of projectile nucleus

Ar mass number of target nucleus

B slope parameter

b impact parameter vector

Clq+dq) correlation function

Cr target form-factor parameter

F projectile ¢-particle form factor

E; projectile double-scattering structure function
} nucleus-nucleus scattering operator

InN nucleon-nucleon scattering amplitude

¢ target i-particle form factor

G; target double-scattering structure function
K(b,b) correlation term for single scattering

k initial wave vector of projectile

kp final wave vector of projectile

kNN two-body relative wave number

o correlation length

My Glauber first-order matrix element

Inp > projectile state vector

|Op > projectile initial state vector

|Or > target initial state vector

q momentum transfer vector

Rp projectile matter radius

Ry target matter radius

r internal nuclear coordinate vector

S projection of internal coordinate onto impact parameter plane
Tp double inelastic scattering term

Tg single inelastic scattering term

t four-momentum transfer to projectile

a projectile constituent index

r nucleus-nucleus profile function

Yr target form-factor parameter

Ur,vr target states

PP projectile ground-state single-particle density
oT target ground-state single-particle density
b target one-body density
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target two-body density

cross section

differential cross section in angle
complete inelastic eikonal phase
eikonal phase matrix

first-order elastic eikonal phase

first-order cikonal phase operator

ST - L
(™)

inelastic eikonal phase
Qc inelastic correlation eikonal phase

Subscripts and superscripts:

C correlation
P projectile
T target

Barred quantities represent matrices.

iv



Summary

Calculations of inclusive inelastic scattering distributions for heavy-ion collisions are con-
sidered within the high-energy optical model. Using ground-state sum rules, the inclusive
projectile and complete projectile-target inelastic angular distributions are treated in both
independent particle and correlated nuclear models. Comparisons between the models intro-
duced are made for “He particles colliding with 4He, 12C, and 160 targets and for protons
colliding with 180 targets. Results indicate that correlations contribute significantly, at small
momentum transfers, to the inelastic sum. Correlation effects are hidden, however, when total
scattering distributions are considered because of the dominance of clastic scattering at small
momentum transfers.

Introduction

Research efforts that consider the effects of high-energy nuclei, such as cosmic rays, on
physical systems require a large nuclear cross-section data base as input. The importance
of the accuracy of this data base for space-radiation transport calculations has recently been
discussed by Townsend and Wilson (refs. 1 and 2). The energy dependence and normalization
of nuclear fragmentation parameters were shown to have a large effect on the prediction of
particle differential flux and absorbed dose in tissue and aluminum shielding. An accurate
fragmentation data base is therefore essential in order to assess the effects on astronauts from
these radiations.

For high-energy, charged-particle transport, the straight ahead approximation is seen to
be accurate (refs. 3 and 4), and the fragmentation inputs reduce to energy distributions for
the scattered primaries and projectile/target fragments. The large number of nuclei and the
extended energy range of importance in these transport studies require theoretical predictions
of these distributions that are accurate and comprehensive. The high-energy optical model, as
derived from Watson’s multiple-scattering series (refs. 5 and 6) or the Glauber approximation
(refs. 7 and B), gives reliable predictions for both total and absorption cross sections (ref. 9)
and includes the energy dependence explicitly in the optical potential. In this report, we
extend that work by evaluating angular distributions for inelastically scattered primaries using
the high-energy optical model. We also consider the effects of nuclear correlations on these
distributions.

The Glauber model has been used to study inclusive scattering for “elementary” projectiles
(refs. 8 and 10) and for heavy-ion scattering in the rigid-projectile approximation (refs. 11
and 12). Semiclassical cascade equations have also been derived with the Glauber formalism
(refs. 13-15). We generalize the Glauber result for inclusive inelastic scattering in the
independent particle model to the heavy-ion case. The eikonal-coupled channel (ECC)
amplitude (refs. 5 and 6) can be considered a matrix representation of the Glauber amplitude
(refs. 16 and 17) when correct or equivalent kinematics are assumed. Using the ECC, the
inclusion of correlated nuclear basis functions for evaluation of inelastic sums is handled in a
straightforward manner. Correlation effects will contribute to leading order in the inelastic
sum rule and therefore may become important for small momentum transfers. We consider a
nonperturbative approach for including the effects of two-particle correlations in the inclusive
sum. Comparisons between the models introduced will be made for protons (p) and alphas (a)
scattering on *He, 12C, and 160 targets at several energies.

Inclusive Inelastic Scattering

We consider nucleus-nucleus scattering at high energies for the case where an inclusive
measurement of the projectile final state is made,

P+T—>P+X (1)



with P and T denoting the projectile and target, respectively, and X denoting some final state
of the target that is not measured. In equation (1) the projectile scatters elastically, and meson
production is not considered. In the overall center-of-mass (CM) frame, with the projectile and
target states denoted by |np > and lvr >, respectively, the angular distribution for equation (1)
is found by summing (TOT) the nuclear-scattering operator over all final states of the target,

UP ~
dd—Q)TOT =Y _| <vrOp|f(a)lOrOp > ? (2)

where f is the scattering operator and q is the momentum transfer to the projectile defined by
q=k - kg (3)

In equation (3) k and kp are the initial and final projectile wave vectors, respectively. In
equation (2) the phase space is approximated by a two-body phase space that is expected to be
accurate at high encrgies. Equation (2) can be separated into elastic (EL) and inelastic (IN)

contributions given by

d ~
a%)EL = | < 0pOr|}(@)|OPOT > I (4)
and
dof v, 2
) = > 1< Oprrlf(@)|lOpOT > | (5)
IN  ur#0

respectively. The summation in equation (5) includes all excited states, bound and continuum,
of the target. This infinite summation can be reduced to a single matrix element through the

use of closure on the target states:

Z ll/T >< VTI =1- ‘OT >< OT] (6)
vr#0

Inserting equation (6) into equation (5), gives
do? do? do '
E)’) = —d‘n“) -3 ()
IN TOT EL
where |
dGP “ ) V"+
—a =< Or| < Op|f(q)|Op >< Op|f(q)|Op > |Or > (8)
- a2 TOT R

The great advantage of equation (7) over equation (5) is that only the ground-state wave

function of the target is needed. - 7 ] ,
A second reaction that we consider is complete inelastic scattering

P+T > X+Y (9)

where the projectile and target are both left in excited states (denoted by PT). The angular

distribution for equation (9) is given by

do T . 2
- ) =3 > I <vrnplf(q)|OpOT > | (10)
IN VT#O np#()
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which is written, using closure on both the target and projectile states, as

d) AT A ﬁ) _ 101) a1
d? [ d/tor dUEL  dQ tor % )ror
where J
ud Fla)l2

= = 2

%) =< 0s01|(IF(@F) (0pOr > (12)
Equation (11) may be written as

d) S AN AT ﬂ) _ daT) (19)
@ ) dJror dQ/pL  dQ [ dQ IN

The distributions considered above are evaluated when models for the nuclear-scattering
operator and ground-state wave functions are introduced.

Glauber Independent Particle Model

The Glauber scattering operator (ref. 8) is defined in terms of the nucleus-nucleus profile
function as

. ik , =
Ja) = 5 [ explia—b) F(b) % (14
where b is the impact parameter, and the profile function is given by
Ap,Ar
F(b)=1- J[ [1-Taj(b-sa—s;)] (15)
aj

where 'y, is the two-body profile function, « and j label the projectile and target constituents,
respectively, and s is the projection of the internal nuclear coordinate onto the impact parameter
plane.

In the independent particle model (IPM), the nuclear transition density is approximated by
the product of single-particle densities,

Ar
pup0p(ri- -t ar) = [ popop(ry) (16)
j=1
with
[ rror@idr = b0, (17)

The ground-state single-particle densities pgy of the projectile and target are denoted by pp
and pp, respectively.

We now consider the evaluation of the distributions introduced in the preceding section
using the Glauber IPM. For elastic scattering, we have from equation (14),

. ik = .
< 0p0rlf(@)I0FOr >= 3~ [ &% < 0pOrEB)I0pOr > explia-b)  (18)
Then, we find from equation (4},

%)EL _ Q/exp [iq- (b~ b')] &2 d2b’{1 —TI 11 = Mq;(b)] }{1 - IT[1 - m5000)] }

aj aj
(19)

ik
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where

Moy(0) = [ dra de; pp(ra) pr(rs) Tas(b—sa =) (20)
For inelastic scattering, we insert equations (14) and (15) into equation (8) to find

do?

" -
d—Q> - 1%;12/d2b d% exp [iq - (b — b')] < Or| < Op|T'(b)|Op >
TOT

x < 0p[I*(b)|0p > |Or > (21)

After completing some algebraic steps, we find

dof ik o 2, 2,1 . / + 1/
FQ—) =‘2—7r| /d b d°b exp[zq-(b—b)] {I”H[l_Maj(b)] _H[I—Maj(b)]
TOT

oj aj

+ TT [ - Maj(B) = M, (6) + aj (b, b)] } , (22)
aj |

where

Qaj(b,b’) = /dr] pT(l‘j) /dl‘app(ra) Faj(b—sa —SJ‘) XH /dr;/p;(rg,) I‘:,j(b'_sa/ —-Sj)
o

, (23)
Using equations (19) and (22) in equation (7) gives the inclusive inelastic distribution as

)
d§? IN

ik
27
~ L1 - Mo (0] (1= M, (v)] } (24)
aj

i / d%b d%¥ exp [iq - (b — b')] { 11 [1 — Myj(b) — M (1) + Qqj(b, b')]

aj

Thus, the form for the inclusive nucleus-nucleus distribution, as given by equation (24), is
identical to the nucleon-nucleus case found in reference 8 with the exception of the form for
§,; given by equation (23). Similar to the nucleon-nucleus case (ref. 8), equation (24) can be
approximated in the large mass number and large momentum transfer limits by

%))m = %% 2 / &b a2 exp [iq - (b —b)] exp {i [x(b) = x* (6] } {exp [2(b,b)] — 1}
(25)
where
ix(b) = - Z M;(b) (26)
aj
and
Q(b,b) = Y _ (b, b’) (27)
g S

Next, we consider the evaluation of the total angular distribution (eq. (12)). Thus,

4




ik |2
27

)
asl /ror

/d% d® exp [iq- (b - b')] < opoT‘ {1 ~JI[-Taj (b~sa- sj)]}

aj

x {1 -1I [1 ~Th (b - —sj)]}|opoT > (28)

aj

which reduces to

Z—S)TOT = l%f/d% d® exp [iq - (b — b)) {1 =TT - Mg 0)] - T [1 - M)

aj aj
+11 [1 — Maj(b) - M (b') + Taj(b,b’)] } (29)
aj
where
Toj(b, b’) = /dra dr; pp(re)pr (rj) Tqj(b — s, —s;) I‘;j(b' — 8¢ — §;) (30)

Combining the first two terms on the right-hand side of equation (13) gives

Mv-@)wﬂ)_ﬁ) (31)
@ ) 4/ dQ MO .
which, using equations (19) and (20), yields
E) i s 2/d2b @ exp [iq- (b - b)]q [] [1 — Myj(b) - MY(b') + Yo (b b’)]
dQ) IN 2r oi aj aj az\b,

=TI - Mo;0)] [1 - a5 07 } (32)
aj
Equation (32) may be approximated by

Z_S)IN 3 }_’7% 2 /dzb a2 exp [iq (b - b')] exp {Z [X(b) _ X+(bl)]} {exp [T(b,b,)] _ 1}

(33)
We can introduce momentum space representations into equations (20), (23), and (30) to find
A
x(b) = S [ 2qexp (ia - b) F(-a) 60 (@) un(a) (34)
no_ APAT / 2. 42 1 ’
Q(b,b") = k)2 d“q d°q exp(iq-b) exp(iq - b)
x fNN<q) Rin(=a) FO(-qFN(-q)6V(a +q) (35)
and
Y(b,b’) = (2Ai1;4T /d2q dq 'exp(iq - b) exp(iq’ - ' b’)

x fan(@) fin(-d") FOa+q) 6W(q+q) (36)
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where F(1) and G are the projectile and target one-body form factors, respectively. Equa-
tions (34)-(36) may be more convenient for the evaluation of these phases than previous

expressions.

Correlations and Inclusive Scattering

The effects of short-range dynamical correlations and Pauli blocking in the nuclear wave
function will be most pronounced in the inelastic distribution at small and medium momentum
transfers. In order to include these effects in the inelastic scattering distributions, we consider
the ECC model. Assuming correct or equivalent kinematics, the ECC can be considered
the matrix representation of the Glauber amplitude. In the ECC the matrix of scattering
amplitudes for all possible projectile-target transitions is given by (ref. 17)

fl@)= 5 [ explia-b) {explix(®)] - 1) (37)

where barred quantities represent matrices and the elements of X are written as

1
2nkNN

< mpur k()| nprr >= 57— 3" [ d%q explia- B)Fihny(~a) Gl (@) fvn(a)  (39)
aj

Assuming that the off-diagonal terms in X are small compared with the diagonal terms, we
separate Y into diagonal (Xp) and off-diagonal (Xp) terms as

X(b) = Xp(b) +Xo(b) (39)

We further assume that the nuclear density in the excited states is approximately the same as
the ground state, such that the elements of the diagonal matrix Xp are all taken as the elastic
element,

ApA ,
x(b) = 25— / d?q FD(~q) GM(q) fun(a)exp(ia- b) (40)
TAENN
To treat off-diagonal scattering, we expand f in powers of Xg,
Fa) = 52 [ @ explia-w) eplixp) Y XoP (a1)
m=1 ’

The inclusive distribution for the projectile then follows as

of ik |2
d_dh—> = 5’:; /dzb d?b’ exp [iq- (b —b")] exp {z [x(b) - X"'(b')]}
IN
x Y [Ts(b,b’) + Tp(b,b') + .. ] (42)
vr#0

where the single inelastic scattering terms are
Ts(b,b') = < 0pOr [(b)| Opvr >< vrOp [ (V)| OpOT > (43)
and the double inelastic scatteriﬁg terms are

1 ~ ~
Tp(b,b') = 1 > Y. <0pOr|x(b)lurnp >< prnp |x(b)| Opvy >
pr#F0np=0
x 3 Y < VTOPI§(+(b')|u'Tn'p >< ppnlp |x+(b')|opoT > (44)
i #0 =0

o

[T I



Each term in the inelastic scattering expansion of equation (42) can be reduced through the
use of closure to terms involving matrix elements of one-, two-, ..., etc., body operators over
the ground state and thus includes the effects of two or more particle correlations. The single
inelastic scattering terms may be reduced to

S Ts(b,b) = < O |< Op|X(b)|0p >< Op [*(b)| Op > [OF >

vr#0
— < 0pOr|%(b)|0pO7 >< 0pOr|x* (B)0pOF > (45)
which becomes (ref. 16)
A% A
3 Ts(b,b) = Loty [ dPq i explia-b) explia b))
vp#0 (2mknN)

x fan(@) fin(-a) FO@) FO (q)
« [6V(a+d) + (Ar - 1) 6P(a,q) - 47 V(@) GV(@)]  (46)

where G(?) is the two-particle form factor of the target. A common approximation (ref. 18)
is to neglect the renormalization of the one-body density to be consistent with the two-body
density such that

¢ (q,q') = ¢W(q) ¢V(q) [1- Cla+d)] (47)

where C(q + ') is a correlation factor. We then find

S Ty(b,b) = (b, b) - ALT x(b) x*(b') + K(b, b) (48)
vr#0

where Q is defined in equation (35) and K represents the correlation term. The second and
third terms on the right-hand side of equation (48) represent corrections to the model given
by equation (25). We note that the second term in equation (48) persists even if the IPM is
assumed for the nuclear wave function.

The higher-order terms in equation (42) quickly become intractable as we go past the
single-scattering term. Particle production multiplicities are generally small (< 3) for light-
to-medium nuclei, suggesting that a perturbative approach would be useful, especially with the
reasonableness of the distorted wave Born approximation (DWBA). A more fruitful approach
is to look for a summation of the higher-order terms in a simplified, although approximate,
manner. In order to make such a summation, we consider the double-scattering terms in
equation (42). From equation (44) we have

> Tp(b,b) = % > {[< OpOr [X(b) X(b) | Opvr >
vy #0 vr#0

_ < 0pOr [X(b)| Or >< Or |R(b)| Oprr >]
X [ <vrOp ‘)?+(b') >?+(b')‘ OpOr >

— <vrOplx* (b')|Or >< Or I)?’L(b')! OpOr > ]} (49)



which becomes
, 1 ~ ~ PN NPy

>_ Tp(b,b') = 3 < OpOr|{X(b) X(b)|Op >< Op[x* (b') X (b')

vr#0
~%(b) X(b)|OpOr >< OpOr|x* (V') X (b')
— %(b) X(b)|Op >< Op|X*(b")|Or >< O7|x* (V)
+%(b) X(b)|0pO7 >< OpOr|X* (b")|O7 >< O7|x* (V')
~ X(b)|Or >< Or|x(b)|0p >< Op|x*(b) X7 (b)
+X(b)|Or >< Or|X(b)|0pOr >< OpOriIx™ (b') X* (V)

+%(b)|Or >< Or|X(b)|0Op >< Op|X* (b')|0Or >< Or|x™ (b')

— %(b)|Or >< O7|x(b)|0pOT >< OpOr|X* (b)|Or >

< 0TI5<+(b')}|0POT > (50)
~ To further reduce these terms, we write

8
> Tp(b,b') = H Y Tp,(b,b) (51)
4 4 1
vr#0 i=1

and write the gengfé;i term as

4 .

To,(bb) = (5r—) [ dian P
x exp[i(a1 + a2) - b] exp [i(as +a4) - ']
x fun(a1) fan(az) fyn(as) fyn(as)

x Fi(a, a2, 93, a4) Gia, @2, a3, q4) (52)

where F; and G; are functions of the projéétile and ta:rget internal structure, respectively.
The projectile function F; is identical in each term of equation (50) and is given by

Fi(aqi, a2, 93,94) = »_, < Oplexp(ia: - sa,) exp(iqz - 845)|0p >

aj,02,03,04
x < Op|exp(iq3 - Saz) exp(iqq -Say)|Op > (53)
which is written
Fi(ar...as) = [Ap FO(a1 + @) + Ap(4p — 1) FD(ay, @)
x [Ap FO(a3 +as) + Ap(Ap — 1) FP (a3, q4)] (54)
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We note that in the IPM we have

Fi(ar--as) = [4p FO(a1 + a2) + Ap(4p — 1) F (@) (@)
x [A4p FD(a3 +ag) + Ap(Ap - 1) F(a3) FV(a)] (55)

If the coherent approximation is made for the elastically scattered projectile, the summation
over all projectile states in equation (44) is not considered, and then we have

Fi(qy..-q4) = A FO(q1) FY(qz) FV(qs) FM(qs) (56)

Next, we list the target structure terms:

Gi(a -

Ga(qy ...

Gs(ay .-

Gs(ai ...

Ge(ar - -

Gr(qp ..

Gg(q - -

..qq) =— Z < Or|exp(iqy 'Sjl) exp(iqg - 8j,) exp(iq3 - Sj;) exp(iqy - 8;,)|0 >

J1---J4
(57a)

q1) = Y. < Orlexp(iqr -s;,) exp(iqq - s;,)|Or >
Ji---34
x < Or|exp(iqs - sj;) exp(iqq - 8; )01 > (57b)

.Qq) = Z < Or|exp(iq; - s;,) exp(iqa “8j,) exp(iq3 - 84,)|Or >

J1-eJ4
x < Or|exp(iqs - s,)|O1 > (587¢)

..as)= Y <Orlexp(iqi -s;) exp(iqq - s;,)|Or >

J1---Ja
x < Or|exp(iqs - sj,)|0Or >< Op| exp(iqq -s;,)|Or > (57d)

qs) = Y < Orlexp(iq; - s;,)|0r >
J1---34
x < Or|exp(iqs - s;,) exp(iqs - sj,) exp(iqq - s;,)|Or > (57e)

q4) = Z < Or|exp(iq; - 85,)|07 >< Or|expliqs - sj,) |Or >
Ji--J4
x < Op|exp(iqz -sj,) exp(iqq -s;,)|0Or > (571)

qQq) = E < Or|exp(iqi - s4)|Or >< Op|exp(iqz - sj,) exp(iqs - sj;) |Or >

J1.--J4
x < Or|exp(iqq - s;,)|Or > (57g)

qs) = > < Orl|exp(iq: -s;)|Or >< Or|exp(iqz - s5) [Or >
J1--Ja
X < OTl exp(iqg . Sj3)|OT >< OTI exp(z'q4 . Sj4)|OT > (571’1)

9



which become

Gi(ar...q4) = —AT{(AT — 1)(A7 — 2)(Ar - 3) GY (a1, a2, a3, )

+ (A7 — (AT - 2) [G(3)(Q1 +q2,93,94) + PermUtationS}
+(Ap—1) [G(Z)(QI + 492,93 +q4) + Perrnutations]

+(Ar - 1) [ (q1, q2 + a3 +qq) + Permutatlons}

+GW (@ +a+as+ q4)} (58a)
Galay ... q1) = A%{ (6@ +a) + (47 - 1) 6P (a1, a2)]

x [6M(a +au) + (Ap — 1) 6 (a3, a4)] } (58b)

Gs(qr ... q1) = A% G(l)(q4){<AT —1) (A7 - 2) G¥(a1, a2, q3)

+ (A —1) [G(Z)(Cn +q2,q93) + Permutations]

x G (qy +az + %)} ' (58¢)
Gilar - a1) = —43 GV (a3) 6V (a) [6W(ar +az) + (47 - 1) 6P (ar.a2)] (584)
Gs(qi -.-q4) = G3(as, q2.93,91) (58e)
Ge(ai ---q4) = G4(q3,q4,91,92) (58f)
G7(qi .- .q4) = Ga(q3, a2, q1,94) (58g)
Gs(ar - a1) = 4+ GV (a1) 6V (a) ¢ (a3) 6M(ay) (58h)

where G©®) and G(4) are the target three- and four-particle form factors, respectively.

The reduction of the single inelastic scattering terms as given by equation (46) contains
the two-particle form factor, whereas the double inelastic terms in equations (57) and (58)
display the two-, three-, and four-particle form factors. Thus, correlation effects may lead to
two-particle knockout for a single inelastic scattering on a target nucleon, and to three- or
four-particle knockout for double inelastic scattering. :

Upon identification of the double-scattering terms, and assuming the coherent approxima-
tion for the projectile, the approximation of equation (25) is seen to contain only a single term
in equations (58). A model that retains the dominant contributions of two—partlcle correlations
in the double and higher terms, while assummg the coherent approximation for the projectile,

is to assume

dof 2 , _ , . 7 1
m—)m == /db db’ exp [iq - (b — b')] exp{z [x(b) —xT(b )]}
x (exp [Qc(b,b")] — 1) (59)
with
Qc(b,b) = 3 Ts(b,b) (60)
vp#0
10



Upon comparison we find, within the coherent approximation,

1
EQZC(b, b') = = (Tp, + Tp, + Tp, + Tpy) (61)

b =

The approximation of equation (59) will thus treat the double and higher inelastic scattering
terms in an approximate manner but should be accurate if the inelastic scattering series
converges quickly. A similar analysis for the complete inelastic distribution as defined in
equation (13) could now be made using the coupled-channels approach, but it will be addressed
in future work.

Model Calculations

We now consider the evaluation of the inelastic distributions discussed above. Ignoring spin
effects, we use an isospin-averaged, two-body amplitude given by

_ a(a + i)kNN

o p(-Bd/2) (62)

fan(q)
where the energy-dependent parameters o, B, and « are listed in table I.

Table I. Parameters for Nucleon-Nucleon Scattering Amplitude

Reaction o, fm? B, fm? a
o — o at 642A MeV . . . . 393 | 0.13 [-0.39
a—12C at 3.64A GeV . . . . 4.2 28 | —.43
p—100 at 1A GeV . . . . . 4.3 26 | —.22
a—Arat 1A GeV . . . . . 4.3 .26 —.23

For the projectile, we use a one-body form factor
F(q) = exp(—Rpq*/4) (63)

where Rp is the matter radius of the projectile. For the target one-body form factor, we use
the harmonic-well form (ref. 19)

GW(q) = (1 - Crq?) exp(-RZq%/4) (64)

where Ry is the matter radius of the target and

2
= _77% (65)
41+ 3v7)
with values of vy from reference 19.

Correlation effects are included in the two-particle density through the approximation
(ref. 18)

PP 0x,y) ~ pV(x) 6 (y) [1 —exp [-(x - y)?/263]] (66)

where {¢, an effective correlation length, is equal to 0.7 fm. With the inputs of equations (62)—
(66), the functions x(b), Qc(b,b’), and Y(b,b’) are evaluated in analytic form. For
comparison with experimental results, the inclusive invariant distribution is written as

dop) T dop) (67)
et = —e
dt N k< dQ IN
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with
t 2 —q (68)

In figure 1 we show comparisons with experimental results from reference 11 for a—a
scattering at 642A MeV. The solid line denotes the correlation model of equation (59), the
dashed line denotes the IPM of equation (24), and the dotted line denotes the IPM of
equation (25). The correlation model produces good agreement over the region of momentum
transfers studied. The IPM results overestimate the data, thus indicating the importance
of correlation effects in this reaction. Inclusion of more detailed two-body densities in the
calculation should improve the predictions.

In figure 2 we show results for inclusive inelastic a-12C scattering at 3.64A GeV. The
correlation model shows a slight decrease in magnitude in comparison with the IPM results.
Also apparent is a slight dip at small values of ¢. The increase in elastic coupling for increasing
target or projectile mass number should mask correlation effects, a result that is seen to be
true upon comparison with the data in figures 1 and 2. In figure 2 the approximation of
equation (25) is seen to adequately represent the more exact IPM results of equation (24).
Experimental results (ref. 20) for total inclusive a-12C scattering at 3.64A GeV are shown (see
data points) in figure 3. The dashed line denotes the inelastic results of equation (25); the
dotted line, the elastic contribution calculated using the coherent approximation described in
reference 17; and the solid line, the sum of inelastic and elastic contributions. Agreement with
the data is fair, where calculations underestimate the data at larger values of t. Correlation
effects in elastic scattering have been shown to increase the cross section in this region by a
substantial amount (refs. 16 and 17) so that use of a second-order elastic scattering model
should lead to improved agreement. The dominance of elastic scattering at small values of {,
as seen in figure 3, indicates that the model of equation (29) is sufficient when total scattering
distributions are considered.

In figures 4 and 5 we show results for inclusive inelastic p-160 scattering at 1A GeV.
In figure 4 the correlation model is seen to produce a substantial decrease in cross section in
comparison with the IPM results. A much smaller decrease is seen for a—1%0 results in figure 5.

In figures 6 and 7 we show results for complete inelastic scattering in oo and a-!2C
collisions at 1A GeV. The solid line denotes the exact IPM of equation (32); and the dashed
line, the approximation of equation (33). This approximate form is noted to be inadequate at
small momentum transfers. The complete inelastic distribution may provide a useful study of
correlation effects at small values of ¢ for identical projectile-target systems where the ground-
state, two-particle form factor will play a dominant role in the leading-order terms.

Finally, we note that the results of this paper require large computational times (2-3 hours
per figure on a MICRO-VAX TS 05) because of the four-dimensional integrations over the two
required impact-parameter points. Computational times will be substantially reduced when
equation (29) is accurate. Here, an approximate reduction of the two-point impact-parameter
integration may be used.

Concluding Remarks

The inclusive inelastic scattering of heavy ions is discussed in terms of the high-energy optical
model using ground-state sum rules. The multiple-scattering structure of these reactions is
developed in terms of uncorrelated and correlated nuclear wave functions. Comparisons between
the models are made and experimental data are introduced using simple models for ground-
state, one-, and two-body densities. Results indicate that correlation effects may be important
only for proton projectiles and light-ion scattering. Improved physical inputs and numerical
evaluation techniques are necessary for further applications. Approximate laboratory energy
spectra for inelastically scattered projectiles can be derived from the invariant momentum

transfer distributions discussed.

NASA Langley Reéeai‘ch Center
Hampton, VA 23665-5225
August 24, 1990
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Figure 2. Inclusive inelastic a—12C scattering at 3.64A GeV.
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