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1)

In the recent observations of Cocconi, Diddens, ILillethun and Wetherell
on the spectra of inelastically scattered protons from proton-nucleus collisions
in the 10-25 GeV/c range of incident momenta, three features are especially

noteworthy :

1) There appear, in the laboratory system spectra of protons scattered at
small angles to the incident beam, two well-defined peaks. One has all
the_characteristics of elastic nucleonénucleon scattering, while the
other, exhibiting a larger €nergy loss, corresponds to an inelastic

scattering process.

2) The inelastic peak is separated from the elastic peak by a constant
momentum difference of 0.8-1 BeV/c, irrespective of the projectile
momentum and of the scattering angle (in the range 20-60 milliradians,

at least).

3) Both the elastic and inelastic peaks decrease in intensity with
increasing scattering angle, roughly as would be anticipated for
the diffraction (shadow) elastic scattering characteristic of

‘absorption within a sphere of radius 'ﬁ[/Ac, where S is the

T ~meson massS.

As was pointed out by Wefherell 2), the first two of the above-mentioned
features can be understood in terms of a process in which the target nucleon is
excited into a definite "isobar" state. The difficulties with this explanation
lie, first, in the fact that the observed inelastic peak appears to correspond,
at best, to the excitation of only one among the poésible "igobars" (and not
too well, at that, as far as its position is concern(d)und, Second, in under-
standing the diffraction angular distribution of the inelastic scattering process.
Other explanations, which concentrate more on understandlng the third of the
above-mentioned features, account for the inelastic peak as resulting from the
diffraction scattering of the projectile nucleon by a pion in the "cloud" of the
“target 3); or invoke the process of "diffraction dissociation", previously
discussed by a number of authors in other connections.4).
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However, on the basis of a number of physical arguments as well as the
published data from CERN ! and, at lower projectile énergies, from Brookhavan5),
Feld and Iso 6) have concluded that the isobar excitation hypothesis provides the
most likely explanation of the observations  Adopting a relatively simple model
for the excitation mechanism, they have concluded that both peaks observed by
Cocconi et al. should, with improved experimental resolution, split into two;
the first (elastic) peak was expected to contain both the true elastic peak and
one cofresponding to excitation of the lowest (t=3/2, j=3/2+) or (5,3+)
isobar; the inelastic pesk was conjectured to be a superposition of peaks

- *
corresponding to the next two, the (1,3 ) and the (1,5+), isobars .

7)

(and especially as a result of their utilisation of a CH2—C difference

technique to isolate the protons scattered from free nucleons) have borne out

More recent observations of Cocconi et al., with improved resolution

these predictions, thereby definitely establishing the applicability of the
isobar excitation model. It is the purpose of this note to derive, from a
phenomenological point of view, the angular distributions of the inelastic peaks,
in a manner completely analogous fo fhe usual "optical” derivations of the angular
distribution of diffraction elastic scattering. Thus, on the one hand, we shall
be able to account for the similarity in behaviour of the two peaks at the
(relatively large) angles at which they have been observed. Cn the other hand,

our model leads to some significant differences at small scattering angles.

For demonstration purposes, we consider the scattering of spinless
particles. (The complications introduced by the nucleon spins will be considered
later). To begin with, we‘review briefly the derivation of ‘the angular distribu-
tion of diffraction elastic scattering in the usual foptical approximation.

Thus, the differential elastic scattering cross-section is given by

%)

Arguments, presented in the afore-mentioned paper 6), indicated that only

the (3,3) disobar should have been strongly excited in the Brookhaven

5)

first three, but not appreciably the fourth, a (3,5?) disobar.

experiments while the higher energy CERN experiments should excite the
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in which the scattering amplitudes
24 '
’)Zz - a/f € * (2)

are determined by the details of the scattering process. In particular, on the
assumption of strong absorption within a sphere of radius R, all. ea/nz<<1 for
£ < kR and all a’Z'zv 1, o ~ 0 for £ > kR. With these approximations,
Eq. (1) becomes

AR | 2
do ~ O Lo >/ -
gl bbb o

where a is the average value of /’l— 121/ , assumed to vary slowly with /Z

in the region Z < kR. Assuming kR >>1 , the scattering is confined to small

9)

angles, ©£<kR, for which we may use the approximation

EZ (cos ) = T, (LB) (4)

Then
4R 5 ,
Z(2£+/ = fo T le) d = o (kR6) J;( RQ)(5)

o

jﬁﬁ AR [NX(TJ , (Z=ARE).
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Bq. (6) is the well-known expression for "shadow" clastic scattering., It takes

on the large value a2k2R4 for ©=0 and falls off rapidly to zero at 9:5.8/kR.

The derivation 6f the an'gular di’stribution‘for_ the Mquasi-elastic™ scattering
proceeds in a similar fashion. Consider a process in which one of the spin zero
particles is excited to a state of internal angular momentum 1 without change
of parity (this corresponds, in the case of sﬁin—-independent scattering, to the
excitation of the (3,3+) isobar, especially in the limit kR>>1). In this case,
the differential cross-section for the inelastically scattered projectile particles

has the form

oo | | 2
Jo __“lli &y, -\/fl
e ;(JH) “Z; I, (6,9) . (7)
=0

In the optical approximation, the inelastic scattering amplitudes
y .
7 =) eV, (8)
2 , |

are assumed to be slowly varying with Z , in which casc they may be extracted

from the sw?mation and replaced by an average value, / WL/’Z / = b. - Using the
9

relations
| 2 1
~v1 o 2/ +/’_J
L, = E/FZ(ZH) P/@ (9)

1 : 6’- ~ '
B {605 9) = € d (cos 6) E{éas &) = _/Z Ju/(ﬁg) ) (10)

*)

Yfél ‘is the associated Legendre polynomial.
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and again,.in accordance with the optical approximation, cutting off the summation
at ,g = kR, Eq. (7) becomes ’
L hE »
do o bt [ T dx
40 &6
o
vbz- X 5
:%LQV[X J;(X) ‘f J;(x) &{z]
>

2

(11)

co

:Lzﬁle X_L/[X J;{X) y 2 J;vu (X—)]Z )

Vo

The angular distribution corresponding to Eq. (11) is compared to that for
diffraction elastic scattering, Eq. (6), in TMgure 1. We note that the CTross—
section, for the case corresponding to the spin change, starts off at zero for

0=0,

2
(o =UBR(ZL) o

but becomes comparable to the elastic cross-section (provided b2 is not too
small) at angles QZ1/%R showing, thereafter, a characteristic diffraction

pattern which is "out of phase" with that corresponding to the elastic scattering.

The effect of nucleon spin is to introduce, into the angular distributions
characteristic of the excitation process, terms whose angular distribution is
similar to that of the elastic scattering but reduced in'mégnitude by the factor
(kRj_% an effect which could be anticipated for large kR on the basis of
correspondence principle arguments. To illustrate the effect of nucleon spin,
but in a)somewhat simpler‘situation that applies in the cexperiment of Cocconi
et al. !

in this case, the problem is simplified by having a spin-zero projectile. As

, we consider the case of diffraction excitation of nucleons by pions;
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a first example, we consider the excitation of a ,j:%-‘ isobar. (This does not
correspond to any of the known low-lying isobars, but if prgﬁides é simple illus=—
tration of the above-mentioned effect). Herc, owing to the parity change (the
nucleon ground state is j=t"), the projectile must éhénge its orbital angular
momentum by one unit to effect the excitation. Assuming, as ih the préceding,
that the reaction amplitudes are slowly varying, and may be replaced by an
average value, and that the summations may be terminated at )g =kR, the

expression for the angular distribution of the scattered pions is

4R

RACTE
45 . (19)

=0

JE AR

L _5_ PYs )|+

b* 4N y |
g=0

The first term leads to the previously derived Eg. (11). The sccond is

approximated by use of Eq. (4)

—

kR e
;‘)Pj—? D\ww 4! =@— J () /x-—— Z T () (14)

and gives, as its contribution to dcr/djl at ©=0, 4b2R2 While this is

the dominant term at ©=0, it is smaller than the elastic scattering term by

the afore-mentioned factor (kR)_z, as. anticipated.

A more interesting cxample is the casc of excitation of the ‘(3,3+)

isobar. Here, the differential cross-section contains threc terms

S | £e
S AR A R e

(15)

of whlch the first two are the same as have been dlscussed prev1ously. The third
term, whlch arises from the fact that in this case, the progectlle can glve up
two units of angular momentum in ex01t1ng the target, may be evaluated by usc of

9)

the recursion relation
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52 =2clgn 6 321 - Al+) 5 (16)

Adopting the small angle approximation
Z/@—ZP(C,%&} = ——”gj F o + “]—0("‘)] dx
e 2 e (J, X

L2 J(x) | (17)
{ LR \) (ﬂ

A

[

0

The two terms in Eqg. (17) cancel up to order X2, for small x, and give risec,

in the 1limit of x —» O, to a contribution to the cross-section of

AO‘ P 2
T2 pA
d—#ﬂm '““9"“%“ bR (X /ZH> (18)
Af=2 '
which, in addition to the reduction by the factor (kR)—2 from that of the

clastic scattering, exhibits the slow rise characteristic of a change in angular

momentum by two units.

Having thus demonstrated the applicability of the spin-independent approxi=—
mation in the limit kR>>1, wec usc it to obtain the dominant terms in the
angular distributions of thc peaks corresponding to the excitation of the (1,3_)
and (1,5+) isobars. For the first, we compute the angular distribution
corresponding to the excitation of the target from the state O+ to 1‘; the
sccond corresponds to the transition o* - 2+. In both cascs, we obtain the

somewhat surprising result ) that the leading term in the angular distribution

*)

While this result was somewhat surprising to me, it appears that it is
Well—khbwn in observations of "diffraction inelastic scattering® of

ol -particles by nuclei in the low energy range [Ef., J.S. Blair, Proccedings
of the International Confcrence on Nuclear Structure, Kingston, Canada,

1960, p.824/.
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has the form of the diffraction clastic scattering, Eq. (6). In the second casc,
that of the excitation of the (1,5+) isobar,:there is a small additional torm
which, though it is proportional: to k2R4; goéé»like X4 in the limit € - O,
and has an angular distribution characteristic of Aﬁ =2, Thc details of the

computations and the results are given in the Appendix.

Before we can apply these considérations to the experimental observations,
a number of qualifications must be noted. First, although we have assumed the
average amplitudes for isobar excitation, b, to be slowly varying with JZ ’
there is no compelling rcason to assume that they are independent of the variable

0) 5)

X = kRO, Thus, for cxample, Selove 1 has interpreted the Brookhaven results
as being primarily due to a one-pion exchange diagram, in which case the amplitude
is a strongly varying function of the invariant momentum transfor which, in tgrn,
depends strongly on ERQ{The inherent assumption of our apprgac? is that'%h

. : 1),7 v

available energies for excitation in the CERN cxperiments are so lérge as

to lead to isobar excitation with probabilitics comparable to those corrcsponding
to elastic scattering in essentially all the diagrams-which give riso to the
diffraction scattering. Under these circumstances we may be justified in applying
the same "optical" approximation in both cases. However, at the energies of the
cxperiments this extreme situation may not yet prevail, and it is still possible
that the amplitudes b may depend on thc momentum *transfer, thereby introducing

an additional dependence on the variable kR6.

Secondly, it is important to notc that the observations have so far bcen
confined to values of the variable kR in the range 2.5 — 9, which lic mostly
outside of the first maxima of the curves plotted in Figure 1. As is well kmnown,
diffraction scattering does not normally cxhibit the sharp secondary.maxima
predicted on fho basis of the "black spherc” model, presumably owing to the
"fuzzy" boundary of the absorbiﬁg sphéfe, as well as to the varyingfbﬁacity of
the meson cloud of the nucleon. These offects tend to eliminatc the sécdndary
diffraction maxima, and to yield cross—section curves which, at large X, follow
morc closely the envelopes -of the curves in Figure 1 than the detailed variations.
Consequently, those predictions of such a model which are confined within the
range of the first maximum are most reliable, and a uscful comparison of our

predictions with the observations awaits further measurements at smaller anglocs.
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" APPENDIX

Computation of the Angular Distributions

We consider the scattering processes

a+A—> a+d (a1)
in which the projectile a is assumed to have zero spin, the target A to have
spin S and the excitéd target (isobar) A* to have spin S*. The angular

distribution of the scattered projectile a is given by

2
(42)

2 4 s\ _ ) }
/g ;‘-%;(A—?A) "(zg#l} Z Z %_},}L
o
with

Y 14, n L) 4 WI(QJ )
%,f”" ’(2[ l) A C/,/é Cé,{ a{,": Y’él §p (AB)

in which ,g (n=0) is the orbital angular momentum of the incident particle,
j'(m') that of the scattered particle, the ('s are Clebsch-~Gordan coefficients
connecting the initial and final_states of the target through the possible inter-

mediate states, with the restrictioné

' /
g=8+d =5 +L (842)
m o= m* g om” (24v)

77/; (—/)f = . (-!)E , (44c)
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12.

the ?E, are the normalised associated Legendre'ﬁolynomials, and the a% ; are
’
the scattering amplitudes which we shall assume to be slowly varying with Z, 7.

We consider, first, the case . of S=O+‘

1) §'=0"
2‘_‘% (07> 07) =0 (45)
2) s =" ) p X
z p(U‘ 2 )
o (0 NVER- ’(:0 o (16)
in which b E al l.

?

3) S'=1" 5
§ (o) =2 bR 5 (b= 1 ZR[
RPN o
b= é(ali’ﬁ + azw) o )

p—

¢= %f (6%2f4,{ - CS;;Q,é )

(a7b)
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4) s'=o"

2 4o (pty9t) =L
X Ja(o ¥ 1

T 2L, -2[bE (0 25 |

2
HeZpt v (B-B) 2O
S DZE -0 B |
with |
bz'ajﬂ' » (482)
b=% (aefz 0! azl: L ) | e
oL L L (48¢c)
¢ = 5 (g - Ry, ) |
5) § =2 |

Az%(aw"ﬁz'}:lbzgei _ _giczﬁ-/ ]_?el ) 2

/L

5 (29)
+!cz,€"/?22 +Lv(b—zc) 2 A 52)2

where b and c¢ arec defined by equations (A7a) and (A7b), respectively.

We have also worked out some angular distributions corresponding to the

processes Jr+ N — N+ (S=1g-+).
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Cwith C e
L (-4
b=t (o, * 0 )
A sl
=3 (az,q/ / a, 1,4
7) s*:-,g+
y - | 2
/&L /jcn— (_;:+ §+) :(.O‘Z’LO'/Z ”Z@l)
rLlpmarta) 20|
+(f—,;} (a+za’) 2. 0°F,
With S
7
a = é%(ﬂél
BT
a = Q,’étzj,é
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(410)

(A10a)

(A10D)

(a11)

(a11a)

(a11p)
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. The method of evaluating the summations, as already indicated in the text,

9)

assumes the small angle approximations

) (cos®) = JO(E ) (a122)
132 (cos®) = —ﬂJ(')(ﬂ o)) (a12v)
1?; (cos®) = éPé (cose) -22 lfz(cos@) . (A12¢)

The summations over ,ﬁ may be replaced by integrals, e.g.

kR -X
Z;ﬁnzl, - 711:1" 5 5 (x) ax (41%)

© 0

with X 2 kRO. Thus, wc obtain

205
2.5

KR FO(X) (A14a)

R
(S

1 x%R° [2;71 (X)‘/X] =

R

v=0

X
kR):X_1 j JO(X)dX] - kR {2}(’1 2.0:' Tyt (X)j'—-‘- kRG, (%)
0 - T

(A14D)

M
LI
IR

X
2 [X—Q jf 7 (x)ax - XJO(X)H = KR F1 (%) (A14c)
0

g

=

UL
e

KR [ 1-J (X)}] kR G, (X) (a144)

1k¢

k2R2[2X"2 g 1-3 (%) - }g 7, (X)g KR FF2(X) (A14e)

2
?iP2_kRX—1 Xg'Z%(X)"J‘( ) ax | = 2
g2t { j X O'X§ X] = kR Gz({i) (A14§)
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16.

Fach of these exhibits its own "diffraction® behaviour, such as shown in Fig. 1

for Fg and Ff. At small X, the F, and G, behave like X'. Thus as
X = 0
1 2 1
F, > 1- 3 X (A14at)
1.2 : .
¢, = 1-735 X (a14p1)
F,o- x/6 _ (A14ct)
G, = X/4 (a144r)
2
F, = X/32 (A14c")
; ,
6, = X/ . (a14£1)

Provided that kR>>1, we may in general neglect all terms leading to
the functions Gi' Making the further approximations c=0 and b=b, the

angular distributions, Eqs. (46) - (A9) become

(MU'%—%(&%/*) ~ bt R (x) a (46")
(&) 22 (0%ar) =4 b F2 (X | o)
(kR i 'é'*-;vr) . bR oo W 6(2) | o
R rletsr) < BUENE)

while (A10) and (A11) reduce to (Aﬁ'). Thus, in the spin independent approximation,
the angular distributions for elastic scattering and for excitation of the (1,3—)
and (1,57) isobars should be similar, Eqs. (A7') and (A8'), while that for the
(3,3+) isobar is different from these, Eq. (A6').
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FIGURE CAPTION

Predictions of the optical model for the angular distributions of
the elastic and the quasi-~-elastic peaks, on the assumption of a

"plack" sphere of radius R. The curve labelled (O+ - O+) is
e plot of [27, (X)/x]?, while that labelled (0% — 1%) isa

plot of
X

(x) - (x)ax | 2/x*
[XJ’OX ,!;JO d] X

The former is expected to apply also to the excitation of the
(1,3—) and (1,5+) isobars (as well as to the clastic peak),
while the latter is cxpected to be characteristic of the (3,37)

isobar (sce text) .
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