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The Glauber theory of multiple scattering is extended so as to include the contributions of
N* production and is applied to the elastic scattering of a nucleon from various nuclei for in-
cident momenta in the range from 1.7 to 30 GeV/c. The momentum dependence of the nucleon-
nucleus total cross sections is discussed. The influences of the inclusion of N* effects on the
structure of the second maximum in the differential cross section is also investigated.

I. INTRODUCTION

There is a great deal of interest in high-energy
hadron-nucleus scattering. It is hoped that hadron-
nucleus scattering experiments provide new infor-
mation on the elementary particle interactions, as
well as on the structure of nuclei. More precise-
ly, first from the point of nuclear physics, we ex-
pect to obtain information on nuclear wave func-
tions in general and particularly correlations
which cannot be obtained from the electron scatter-
ing data. For light nucleus, the electromagnetic
interaction is reasonably well described by the
first Born approximation which depends only on
the charge distribution in the nucleus, i.e., ona
proton density function.’ If we use hadron-nucleus
scattering experiments, we may obtain some know-
ledge about a neutron distribution in a nucleus.
Moreover, hadronic interactions — or strong inter-
action — are so intense that multiple collisions are
quite a strong influence on the cross sections we
observe. An incident particle has a large probabil-
ity of interacting more than once as it passes
through the nucleus, and thus it is possible to ob-
tain information on nucleon-nucleon correlations
in the nucleus, although this approach is still in a
very preliminary state. Second, from the point of
particle physics a nucleus is a convenient system

in which rescattering of short-lived particles, or
resonances, can be studied. Namely, if a reso-
nance is produced inside a nucleus, then it has a
chance to strike nucleons on its way out of the nu-
cleus. Then, if we have a good theory of particle-
nucleus interactions, we are able to extract the
resonance-nucleon scattering amplitude from the
nuclear production amplitude. Further, if the
cross section for a particular process of particle-
hydrogen collision is oy, then the cross section
for that of particle-nucleus with mass number A
may be o, =0yA", where n>0. Thus if we want to
examine rare production modes, we look at the
production from a nucleus, and then using the theo-
ry, we may extract the production from a single
nucleon.

In the hope of discovering more about the struc-
ture of nuclei, the Brookhaven group performed
a series of experiments with a beam of 1.7-GeV/c
protons and the elastic differential and total cross
sections in H, D, *He, 2C, '°0, were measured
with high precision.>3 As to nucleon-nucleus total
cross sections some data have been accumulated
lately in nuclei such as Be, C, Al, Cu, Cd, W,
and Pb bombarded by neutron beams in the mo-
mentum range 10 to 30 GeV/c.4™®

The theoretical work on this problem has been
carried out on the basis of the multiple-scattering
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model proposed many years ago by Glauber.” Such
calculations have been mostly carried out for a
simple model in which nuclei are described by a
Gaussian density distribution.®”** Although the ex-
pression for the total cross section reproduces the
experimental data fairly well in the multi-GeV/c
momentum region, the total cross section does

not depend on momentum in an expected way.'?-14
The experimental results show that the nucleon-
nucleus total cross section falls smoothly and
monotonically with increasing momentum.*™® As
for the angular distribution of nucleons elastically
scattered from the nucleus, the theoretical curve
has the same general shape as that observed in
the experimental data,® but is too low by a factor
about 2-4 around the second maximum of the dis-
tribution.® ™!

There is a certain probability that the incident
particle is excited to one of its resonance states
by the collision with one of the nucleons in the nu-
cleus and finally returns to the initial state of the
particle through the process of multiple scatter-
ing.'® This means that the Glauber theory has to
be extended to include the intermediate inelastic
effects.’® ™ There has been an interesting paper
by Harrington about these effects using the com-
posite model for a hadron.?’ He assumed the quark-
nucleon scattering amplitudes and the elastic and
inelastic pion form factors. In the present paper
we discuss inelastic intermediate N* effects on
the nucleon-nucleus elastic scattering, making use
of the experimental information about the nucleon-
nucleon elastic scattering and N* productions.

The effects of N*(1470), N*(1518), N*(1688), and
N*(2190) become large with increasing momen-
tum and lead to a reduction in the total cross sec-
tion which amounts to 8% for nucleon-heavy nucle-
us scattering at 30 GeV/c. The presence of the in-
termediate N*(1236) state gives rise to a maximum
at a momentum in the region 2-3 GeV/c. The in-
clusion of N* states has remarkable effects around
the second maximum, because it means to intro-
duce further terms into the double scattering pro-
cess.

P

FIG. 1. Schematic picture of nucleon-nucleus scattering.
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II. EXTENSION OF THE GLAUBER THEORY

For convenience of later development, the for-
malism of the Glauber theory is presented briefly.

At sufficiently high energies the elastic scatter-
ing amplitude is approximated in the form of inte-
grals over impact vector B,

7

F@ =12 [ & (1= xP)a, ()

where k is incident momentum, 4=k -k’ is the
momentum transfer, and d2p is an element of area
in the impact-vector plane. This form is asymp-
totically correct in the near forward direction.

The scattering amplitude f(q) is the two-dimen-
sional Fourier transform of the function

r®)=1-ex® (2)

and by means of the inverse transformation we
obtain

r®) =2ﬂ+.k f e8P £(@) a?q, (3)

where the integration is over a plane perpendicu-
lar to k.

Equation (1) can be generalized to deal with high-
energy particle-nucleus scattering. The phase-
shift function for the nuclear scattering will de-
pend on b and the coordinates §1, “es ,§A, which
are the projections of position vectors on the plane
perpendicular to the incident momentum P; (Fig. 1)

->

r®,5,...,8,)=1-® 550 (4)

The scattering amplitude for a process in which
the nucleus goes from an initial state |y;) to a

N N N
7\ Vg Ul
\ 9 \ 9
(a)
N N* N
7\ Vo W

(b)

FIG. 2. The double scattering diagrams: (a) with N
intermediate state, (b) with N* intermediate state.
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final state |y,) is given by
- iP igeD cr - 2
F;((Q)=2_ﬂ e (¢f|r(b,sl,---,s,4)|¢4>d b,

(5)

where P is the magnitude of the incident momen-
tum in the projectile-nucleon laboratory system.
The basic assumption of the Glauber theory is
that the phase shift brought about by a particle
passing through the nucleus can be written as

X(B,gl,...,iq):; x;®-8,), )
and consequently Eq. (4) becomes
r®,S,...,5,
=1 _Heax,(ﬁ-§,)
=1-TI[1-1,(6-5)]
i
:JZ} r;(6-5;) —Z_"," F,(B—§l)rm(ﬁ_§m)+, ..

M

Now let us restrict our discussion to the case
where the incident particle is a nucleon and the
resonances are nucleon resonances N*. In order
to extend the Glauber theory so as to include the
effects due to diffraction production channels, it
is convenient to write scattering processes of two-

N N N N
N\ e VN
\ 9, U U
(a)
N N N* N
N N N
O\ \J/ N
(b)
N N* N N
Y o e
\O o \ 9, \ U
(c)
N N* N* N
Wan N )\ N\
—\UJ \ \ Y

(d)

FIG. 3. Possible triple scattering diagrams.

]
particle systems in the following matrix form:
( N+N;~N+N, N+N,—N*+N,) ®)
N*+N;~N+N; N*+N;~N*+N;/’

where N, represents the jth nucleon in the nucleus.

In the reaction of N* production there is a mini-
mum longitudinal momentum transfer which is a
complex value because of the width of the reso-
nance mass, given by

Amz———(M*'i%z)z_mz , 9)

where the resonance has mass M* with width n
and the incident nucleon has the laboratory mo-
mentum P. This momentum transfer makes the
N* contribution incoherent with elastic scattering
for not too high energy. Taking this extra phase
A,, into account, we introduce the following func-
tions associated with the resonance production and
its inverse processes by the jth nucleon'’:

r?(b-8§,,2,) = eon% ot H(b-%) (10)

and
f?(g_g] , Z!) = o~1BmZ; eiSj(b-sj) , (11)

where Z, is the component of the jth nucleon’s po-
sition vector along the axis, and &f, &’ are the
phase shifts associated with transverse momentum
transfer and they are related to small angle scat-
tering amplitudes, g(q) and g(q), for NN~ N*N
and N*N - NN processes through the following
equations:

* \ 1/2 - > -
2@ 55 (5 )" [ TS an, (12)
- k(RN =% 3
E(Q)=2—m.<7e:> fe”‘ b tF (D) g2p (13)

where k and k* are momenta in the NN and N*N
center-of-mass systems.

As for N*N - N*N elastic scattering we write
the amplitude as 4(§) and its phase-shift function
as T*(b) =1 - &¥*®  which can be expressed in
terms of the amplitude as

*(b) =27;k* f e~ P p(@) a?q . (14)

Then using Ty, T}, I“?, and '}, we can con-
struct the following matrix of the phase-shift func-
tions associated with the matrix in Eq. (8):

r;(b-5))

_ i r?(ﬁ—é,*,z,)>
¥b-5,,2,) '

(b -5,
(15)

rf(B-é,,z,):(
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If we substitute I"f(f)—gj , Z;) into I",(f)—§,) in Eq.
(7), we get the matrix of nuclear phase-shift func-
tions which include the effects due to intermediate
N* production:

FE(_B,-ép er e y§A’ ZA)
=N ri®-5;,2)
i

-2 FIE(B-gj ’ Zf) rﬁ({)"gmi Zm)

<m

E EE
+ 3 TETETE—....
i<m<k

(16)

The (1, 1) element of the matrix

FE(By-én Zp s y§A’ ZA)

corresponds to the nuclear phase-shift function of
nucleon-nucleus elastic scattering and the (1, 2)
element corresponds to that of coherent N* produc-
tion process. It is worth noting that

FE(-By-él: Zl’ e ’§A’ ZA)

depends upon the order of the longitudinal coordin-
ates of nucleons which the incident nucleon encoun-
ters successively in the nucleus. In other words
we cannot change the order of I"f and there is the
constraint Z,<Z, <Zg+-- in Eq. (16).

The extended amplitude of the nucleon-nucleus
elastic scattering is given by

F@=5 [« (u 0,0

xT=(b,§,, Zl,...,§A,ZA)<(1)>'w,>d2b.

(17

For convenience we write the amplitude FE(§) as
FE(Q) = Fo(@) + F (@), (18)

where F,(q) is the amplitude calculated according
to the ordinary Glauber theory, i.e., Eq. (5) and
Fyx(Q) represents the contribution to the elastic
scattering via intermediate N* states. Similarly
we can divide the (1, 1) element of the matrix
r%(®,$,,2,,...,8,, Z,) into two parts as

(1’ O)FE(B’ §].’ Zl’ .. ’§A’ ZA)(;)

=ro(6:§v o ’§A)+rn*(6)§1, Zyo. )§A) Z,)),

(19)

where T,(b,8,,...,5,) is just r(®,5,,...,5,) in
Eq. (17) and T'y4(0,5,, 2,,...,8,, Z,) which repre-
sents the intermediate N* effect, is given by the

following equation:
Tyx(®,8,2,...,8,,2,)
==y *®-5,,z,)¥®-5,,2,

j<m
+ % (CPTar,+I,TeTe + T3TATE) - -
Jem<k (20)

together with the constraint Z,<Z_,<Z,--+. The
diagrams of the double-scattering terms and the
triple-scattering terms are shown in Fig. 2 and

Fig. 3.

We use a simple model of the nucleus that nucle-
ons in the nucleus are completely uncorrelated and
the density distribution of the nuclear ground state
is Gaussian:

(&) fre
‘p( - \/;R =1 € N
The single parameter R is determined by the rela-
tion

R*=3(r%), (22)

where (7%)'/2 is the root-mean-square (rms)
radius of the nucleus. In the present calculations,
the rms radii determined from the electron
scatterings are used except in the case of a heavy
nucleus where the large neutron excess may make
the actual radius of the nucleus slightly larger than
the electromagnetic radius. The nuclear radius
of a heavy nucleus is deduced from results of Ref.
21.

As for the elastic nucleon-nucleon scattering
amplitude we take the form

f(q)=4L;T(i+oz)ae""'2’2 , (23)

where ¢ is the total nucleon-nucleon cross sec-
tion, and a is the ratio of the real to imaginary
parts of the amplitude, which we assume to be in-
dependent of momentum transfer q. For the sake
of simplicity we disregard the difference between
protons and neutrons hereafter. Thus the param-
eters o, a, and g8 are taken to be the average of
those for neutrons and protons.

For the angular dependence of the N* production
amplitude we use a similar approximation as for
the elastic case,

2(q)=goe ™2 . (29)
Because of the principle of detailed balance, the
following relation between |g(q)|? and | (g)|? holds:

(25, + 1)2K%| g (@) 2= (2Syx + 1)(2Sy + 1)B*2| 7 (g) |7,

(25)
where S, and Sy« are the spin of N and N*, re-
spectively.
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Under these assumptions Eqs. (21) to (25), the amplitude F, becomes just*

Folq)=4iP XA (R? +20) 3~

j=1

j J

and the amplitude Fy« is given by

(1) (s

j
) o~ (R?+28)a/4) , (26)

» .. . R
Fyx(q) =5 ¥e/24 f etard f |97 DIPTyx(®,8,, Zy, ..., Sp, ZO ] drmd®

22,44 ! 42,8 m/2
-1 R%q“/4A —35050
Spetns 3 ()

j=2 m=2,4,..

m

<3 ()62 (26 (s

with

B . m . k +j—k—m
jom,k _R2+2')/ R2+2/3 R2+2B*

j=k=m 2
) e™? ,4va"‘,klz(j5m: k)’ (27)

[if B=» =p*, then B, ,=j/(R*+2B)], where the term I, represents the effect of the integration over the nu-
clear z coordinates. We take into account only I,(j, 2, k) in the present calculation, which is, under a plau-
sible approximation explained in the Appendix, given by

(7,2, k)~ L™ on'R %2

1—i<;2r->1/2A,,,R [1+3(AR)+H(A,R) ++ ] 2 (1_‘/:_52” )"(_\7_3%_)1-;@-2 . o)

The total cross section obtained from F, through the optical theorem is given by

A
A\ (-1Y* /ol —ia) )'
T_ 2 9
ol =2n(R +23)Re2<j> ; (B2 28)) (29)
i=1
while the effects of the N* state to the total cross section take the following form:
A A i _4g g— m/2
= —1)i+1 ———5050
ov=amreds (F)0 5 ()
i=2 m=2,4,...
j-m . . - b=
1 o(l -ia) )” o*(1 —ia*) >’ k=m )
30
XZ Bj,m,k <21T(R2+2B) <2W(R2+26*) Iz(]’ m’ k)y ( )
k=0

where Re means the real part. Then the total cross section of the nucleon-nucleus scattering including the

effects of the N* state is

ol =0] +oyx .

III. COMPARISON WITH EXPERIMENTS
AND DISCUSSION

Let us now discuss in detail the contributions
first from the N*(1236) and second from the I=}
resonances.

(1) The N*(1236) contribution is important in the
relatively low momentum region (a few GeV/c),
since the N*(1236) production cross section rapid-
ly decreases with the increasing momentum. Up
to about 3 GeV/c the effects of other resonances
may be justifiably neglected because of the large
mass difference, namely the large A, value, so

(31)

T

that it is sufficient to take account of only the
N*(1236) contribution. From the experimental
data the dependence of the N*(1236) production
cross section on the incident momentum is approx-
imately given by??~2°

lgol* = 5 -
On the other hand, the suppression due to the mass
difference which is mainly brought about by the
factor

CA2p2
e-Am*R% /2
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TABLE I. The two-body parameters o, «, and 8.

TABLE II. Nuclear radii for various nuclei.

P(GeV/c) 1.7 2.85 4.55 10 20 30

o (mb) 44.0 440 419 393 38,5 393
B (GeV/c)™® 5.5 6.30 8.00 9.62 10.58 10.68
[¢] -0.3 -0.17 -0.25 —-0.3 -0.3 =-0.2

loses its effect as the incident momentum is in-
creased since A, becomes small. Therefore the
contribution of N*(1236) is expected to have its

maximum effect at an incident beam momentum,
which becomes larger with the nuclear radius R.

As to the phases of g(q) and g (q) for the N*(1236)
resonance, if the N* production is mediated by one-
pion exchange between the colliding nucleons, g,
and g, should be real.®~*° In the present calcula-
tion we shall take g, and g, to be real.

From the charge independence property of strong
interactions, the average N*(1236) production
cross section for nucleon-nucleon scattering is
related to the N** production cross section for
proton-proton scattering®®;

Ao yy s yxy _ o0 pps yxtp
a7 at (32)

Since the experimental data for pp—~N*"p process
exist at several momenta,?~2° we get the cross
section for NN - N*N process at those momenta
from Eq. (32).

At 1.7 GeV/c we estimate the N*(1236) produc-
tion amplitude by assuming that the pion produc-
tion amplitude in proton-nucleon collision pro-
ceeds mainly through the N*(1236) resonance.?®
Then using the pion production at 970 MeV,?? the
N***(1236) production cross section in proton-pro-
ton collisions in the forward semisphere is esti-
mated to be approximately equal to one third of

c'2
- —-o—---without N*
x—with N*

380 °gef. 4 sRef. 38
> °Ref. 5 vRef 36
= \} cRef. &  <Ref. 3
= oy
-
b

No. §
~ R §
340t \EL--L‘I}—:-{;_O

1 1 1
10 20 30
P (GeV/c)

FIG. 4. Calculated and measured values of nucleon-12C
total cross sections.

Nucleus Radius (F)
He! 1.37
Be 1.80
C 1.93
Al 2.45
Cu 3.20
cd 3.75
w 4.28
Pb 4.63
the elastic one,*®
O pp N *+(1238)n 50 ppos pp * (33)

Then the charge-independence property makes the
average N*(1236) production cross section to be

ONNN*N 50 pps pp - (34)

Although the angular dependence of the N*(1236)
production amplitude at 1.7 GeV/c is not so appar-
ent, there is a very marked decrease in magnitude
as t increases.?"?® Tt has been shown by an experi-
ment performed at 1.35 GeV incident energy that
the angular distribution of the inelastic cross sec-
tion at the N*(1236) peak is similar to that of elas-
tic scattering.?®

(2) At 10 to 30 GeV/c we make calculations tak-
ing into account the contribution of the isospin-3
resonances N*(1470), N*(1518), N*(1688), and
N*(2190). The forward scattering amplitude for
these processes needed in the calculations are tak-
en from Refs. 23-25. Though in the missing mass
spectrum the peak exists at about 1400 MeV, our
calculations are made under the assumption that
we can identify this 1400-MeV effect with the Ro-
per P, resonance found in phase-shift analysis at
about 1470 MeV. Further we shall assume the

Cu64
---o--- without N*
x— with N*
soot |
= e °
£ 1300} Y e—
g £ P
> 1200}
1 1 L
10 20 30
P (GeV/c)

FIG. 5. Nucleon-%Cu total cross sections.
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Pb207 0.10 T T
--=o==- without N* I /C\o ’
. * R J
3500¢ with N O 30 GeV/c i
= } x—i\x T - s 3 i
E % ¥ . \}x :‘ 005 / -
~ 3000t & L J
b o
i / 10 GeV/c 7
o] o~
L o— Qb 4
10 20 30 o )
| 10 100
P (GeV/c) A

FIG. 6. Nucleon-29"Pb total cross sections.

phases of g, and g, for I =3 resonances to be pure-
ly imaginary.3% 32

Since the production cross sections of these
N*(I=1) resonances are observed to be kept al-
most constant with increasing momentum, we ex-
pect that the N*(I=13) contributions increase with

¢ Ref. 34
= Ref. 35
v Ref. 3
v Ref. 36

1500} o + Ref. 37
i i X 1 Cu s Ref. 38
1300} o Ref. 6

S

700}
} ° x

——t

° $
S 660
3 i
-
" {
1 c'2
360} i )SI X !
[+)
[} 3
320F 3
481 N
aal average
40 L A

5 10
P (GeV/c)

FIG. 7. Total cross sections for N, 12C, 2'Al, and %cCu.

FIG. 8. “A” dependence of N* contributions.

increasing momentum, because A,, becomes
small and the suppression

e-Amznz/z

tends to unity.

The parameters ¢, a, and 8, and nuclear radius
R for various nuclei which we use in numerical
calculations are given in Table I and Table II.

The nucleon-nucleus total cross sections ob-
tained from our calculation are shown in Figs.4-6
together with experimental data. Without N* con-
tributions the total cross section is almost con-
stant in the momentum range 10 to 30 GeV/c and
there is a monotonic decrease in the 3—10-GeV/c
momentum region which comes from decrease of
the nucleon-nucleon total cross section. On the
other hand, by including the contributions of N*

TABLE III. Measured and calculated total cross sec-
tions of nucleon-nucleus scattering at 30 GeV/c. The
total cross section using a Woods-Saxon density is also
shown for Pb. The indicated uncertainty in calculated
values come from errors in nucleon-nucleon total cross
sections and «.

Calculated total
cross sections
(mb) P=30 GeV/c

Measured
total cross
sections (mb)

Nucleus A P =26.5GeV/c Without N* With N*
He 4 133+2.0 132+2.1
Be 9 266+6 269+4.5 264 +5.3
C 12 3307 3405 3326
Al 26.9 656 +11 659+12.5 635+16
Cu 63.5 1251+19 1340 +27 1271 +37
cd 112.4 1907+32 2023 +40 1884 +58
w 183.5 2720+41 287357 2634+ 94
Pb 207.2 3044x45 3302 + 66 3044 +101

3369 (Woods-Saxon)
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FIG. 9. Partial cross sections, we define ¢ and o} ;,
which are the summations over the multiple-scattering
terms up to the jth order.

state we reproduce the momentum dependence of
the total cross section fairly well.

Figure 7 shows the available total cross section
data for N, *C, *"Al, and ®Cu in the momentum
range 1.2-5 GeV/c where the effects of the

|03 T T T T T T
i He4 1
1.7 GeV/c
- --- without N*
102}~ —— with N* i
i Ref.2
&t i
£
< o'+ \ -
Q \ ]
3 \
i \ i
\ 51
|00;_ \ H} ,i —
TN
- / -
\i{/ \ &
t
-l N 1 X 1 " 1
% 0.2 04 0.6
-t(Gewc)2

FIG. 10. Elastic nucleon-*He cross section at
1.7 GeV/c.

EFFECTS OF N* PRODUCTION ON NUCLEON-NUCLETUS... 1615

N*(1236) state is expected to contribute consider-
ably.3 33737 The calculated values are indicated in
Fig. 7 by the mark O (without N*) and X (with N*).
At 4.55 GeV/c we include effects of the N*(I = 3)
resonances as well as N*(1236) effects. The sharp
peak at about 1.7 GeV/c in the proton-proton total
cross section is due to the large cross section of
the N*(1236) production. There are peaks also in
the nucleon-nucleus total cross sections for !*C,
27A1, and ®Cu. These peaks, however, are not
sufficiently reproduced from calculations without
the N*(1236) contribution. The N*(1236) contri-
bution is large in this momentum region and it
depends on the momentum of the incident particle
as the nucleon-?7Al total cross section clearly in-
dicates, although at 4.55 GeV/c there is a small
contribution due to N*(1470). Then we may say
that the peak in the nucleon-nucleus total cross
section is ascribed not only to the change in magni-
tude of the nucleon-nucleon total cross section in
this momentum region, but also to the effect of the
intermediate N* state.

Figure 8 indicates the A dependence of the N*
contributions at 10 and 30 GeV/c. There is a max-
imum in each curve in Fig. 8 whose A value be-
comes large with increasing momentum.

103 v . - . .
i \ cl2 ]
\ 2.85 GeV/c
r ) ---without N* 7
102k A —with N*

10}

do/da(mb/sr)

I 1 1 1
o 0.10 0.20

-t (GeV/c)

FIG. 11. Calculated differential cross section around
the second maximum of elastic nucleon-12C scattering.
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103— " r
r Clz
30 GeV/c
i \ -—-without N*
|02 | \ —th N*
o
S L
3
% |o| -
Fel
B
5
~N
b =
hel
10%
-1 L " 1
10505 0.0 0.5
-t (Gev/c)?

FIG. 12. Elastic differential cross section around the
second maximum for N-12C scattering at 30 GeV/c.

102 ; . . : . .

CU64
30 GeV/e

-—--without N*
——with N* —

R
>
310° -
<
2, 4
§ B
o
o B
107! —
J
|O-2 Y L " 1 n 1
0 0.02 0.04 0.06
- 1(Gev/c)?

FIG. 13. Elastic differential cross section around the
second maximum for N-#Cu scattering at 30 GeV/c.

Table III compares our 30 GeV/c results with
the experimental data at 26.5 GeV/c. The agree-
ment between the calculations and measurements
is very good if we include the N* effects.

We also analyzed the Pb total cross section ne-
glecting the N* contribution and using the Woods-
Saxon density distribution for the nucleus.'® The
quantitative results obtained are almost equal to
the one with Gaussian model (see Table III).

In addition, we investigated the way in which the
multiple-scattering series “converges,” and this
is shown in Fig. 9 for the Pb case.

In Fig. 10, we show the results of calculation
for nucleon-*He scattering at 1.7 GeV/c. The re-
sults are different from the previous work con-
sidering N*(1236) effects on the proton-*He elastic
scattering at 1 GeV, in which I,(j,m, k) and the
width of the resonance were not taken into account.
In the present work the inclusion of the N*(1236)
state increases the differential cross section at
smaller angles by about 3%. N*(1236) production
has little influence on the second maximum. It is,
however, interesting to note that it makes the
depth of the minimum shallow, because in these
problems the theory always predicts a sharp mini-
mum in the differential cross section even when
only a change in slope is found experimentally.® 1°

103 T . .
3 Pp207 .
30 GeV/c
I ---- without N* |
102} —— withN* _
o
L - 1
>
© o'+ -
3,
3
S
L 4
100 -
|O'| 1 1 1
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FIG. 14. Elastic differential cross sectionaround the
second maximum for N-20"pp scattering at 30 GeV/c.
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The reason for the small minimum in *He may be
as follows. Since, at 1.7 GeV/c, A,R(~1.3 -0.3i)
is large for N*(1236), the term I,(j, 2, k) given by
Eq. (28) has a large imaginary part, which results
in making the real part of the nucleon-*He scatter-
ing amplitude large and the depth of the minimum
shallow. A similar result is also obtained for the
case '*C at 2.85 GeV/c.

In Figs. 11-14 we show effects of the N* states
on the elastic differential cross section around the
second maximum for '*C at 2.85 GeV/c and for 2C,
84Cu, and *"Pb at 30 GeV/c, though experimental
data do not exist yet for them. It is to be noted
that at 2.85 GeV/c the N*(1236) reduces the second
maximum and at 30 GeV/c increases the maximum.
The reason for this is that we took the phases of
£(q) and g(q) real for the N*(1236) and imaginary
for I =} resonances. We see also in Figs. 12-14
that the N*(I = 3) contributions to the maximum be-
come large as the mass of the nucleus increases
and for Pb it makes the maximum higher by the
factor 1.5.

IV. CONCLUSION

From an analysis of the numerical calculations
we see that the ordinary Glauber model which takes
only elastic intermediate states into account fails
to reproduce the momentum dependence of the nu-
cleon-nucleus total cross section, even if we in-
clude the momentum dependence of ¢%, and a. On
the other hand, the inclusion of the intermediate
N* states is important for high-energy nucleon-
nucleus scattering and well describes the energy
dependence of the total cross section, as is shown
in the figures.

It is also pointed out that the details of the sec-
ond maximum in the differential cross section are
extremely sensitive to the phase and the magnitude
of the N* production amplitudes. Then, without
taking N* contribution into account, we cannot ex-
pect to get new information about the nuclear
structure which is considered to have remarkable
effects on the second maximum.

Harrington suggested that inelastic contributions
in 7-d scattering are negligible near the forward
direction but are important at large angles.?® He
ignored mass differences of the intermediate
states, whereas mass differences cause a suppres-
sion of the contributions from the inelastic inter-

mediate states as shown in the present calculations.

This suppression is large especially in the case of
the deuteron because of the large average distance
between a neutron and a proton, and at the ener-
gies we considered the inelastic effects may be
small even at large angles.

The main usefulness of the Gaussian form is that

it allows a simple calculation of the high-energy
cross section on the basis of the Glauber theory.
Such wave functions, however, are somewhat un-
realistic. In considering the second maximum in
the differential cross section it is quite necessary
to take a more complicated expression than a sim-
ple Gaussian.'® It seems that quantitative results
for total cross section, however, are not very
sensitive to the nuclear model and our predictions
for N* contributions could serve as a rather se-
vere test of the multiple-scattering theory.
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APPENDIX

In this Appendix the detailed derivation of the
function I,(j,m, k) is given. As the first step let
us restrict our attention to 1,(2, 2, 0):

2 o w0
S
x e~ %" /*" dz,dz, .
(A1)

Making the coordinate transformations according
to z2=2,- 2z, and 2’ =2, + 3 z and integrating over
the z’ coordinate, we get

1 1 _ © 2.2, 2
12,2, 0)=ﬁm'e A"'zﬂz’zfo e~ (#+bm RO 2R g7

(A2)

Under the transformation w =z +iA,R?, the inte-
gral becomes

: 2
1 - 2 2 ©o+iAmR .2 2
1,2,2,0)= e™om R “f e v 2R qu,
0o

1
V2 VR +{Ap R2

(a3)

where integration is performed along the line
which begins from the point w,=iA,R? in the com-
plex plane and is parallel to the real axis. Since
the function exp(-w?/2R?) is analytic and vanishes
for Rew — =, then the integration along the above
line is equal to the integration along the positive
real axis with the additional integration along the



1618 MIYO IKEDA 6

line from w, to 0:

o 0
10,20 o et [t gy o [ e g 89

0
The second integral can be approximately obtained by using the power-series expansion of the exponential
function and we finally obtain
12,2,00= om0 {1 i3 o R (14 4RI +h(anR) ) (45)
T

Similarly we can calculate I,(3, 2, 1) given by

13,2, 1)=2 X(‘/Tlr_R)?' f f f e-(;12+ 2,2+ 2,2)/R? et Bl 2 -2) dz,dz,dz, , (A6)
e TE Y&

and the result of the integral is approximately written by

103,2,1)=1,(2,2,0) -7 e-Am2n2/z<1 _% AR+ )
2 172 2 172
=1,(2,2,0)31-7?—§;+i7_§ [(-’é) -(;) ]A,,,R—---%
2
z]z(z,z,())(l—"]'—s—"), (A7)

since A, R is small at high energy, we take only 1 - 2/V37 and neglect other terms. On the other hand,
1,(3,2,0) is related to 7,(3, 2, 1) by the equation 1,(3, 2,0)=1,(2, 2, 0) -1,(3, 2, 1), so that we get approximately

1,3,2,0)~ JZ_T" 1(2,2,0). (A8)

As for the higher-order terms, I (z+#k, 2, k) and I,(z+k, 2,0), we put them roughly equal to

2 13
I1(2+F, 2, k)~ <1—E) 1,(2,2,0) (A9)
and
2 R
I(2+F,2,0)~ (f‘T,;) 1,2, 2,0) (A10)

for simplicity and neglect other dependence on k. Since the number % corresponding to the multiple scat-
tering which appreciably contributes to the nucleon-nucleus scattering is no more than 6 even if the nu-
cleus is as heavy as Pb, the results of our calculation may be hardly changed by more precise calculations
of I,(z+ %, 2,k) and I (z+k, 2, 0).
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