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ABSTRACT 

We review theoretical descriptins of hadron-deuteron scattering 

at high energis. All 	the specific models have in common the Glauber 

approximation as their principal ingredient. We devote cOnsiderable 

effort to a discussion of forward elastic scattering, forwhch the theories 

have reached the highest degree of refinement. We detail the modifica-

tions to the simple theory which have emerged from fine structure in 
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experimental cross sections. The relation betweeh.the Glauber picture 

and Regge theory is analyzed, and the present incompleteness of both 

approaches is exposed. Brief remarks are made on the anomalous 

thresholds in enerr variables which occur for loosely bound systems, 

such as the deuteron Finally we discuss more basic generalizations 

of the Glauber, method to include inelastic scattering of the projectile 

or of one of the constituent ,nucleons within the deuterori. A few 

specific experimental tests are listed. By formulating diffractive 

excitation of the projectile in terms of. the multiple scattering 

series we.show how unstable hadron-nucleon elastic scattering may be 

explored.. . 	 . 	 . 
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Introducl4on 

A long-standing problem of great importance, hadron deuteron 

scattering at high energies has recently attracted considerable interest, 

both theoretical and experimental. Its sources of appeal are manifold 

and range from the practica1--determination•sof- neutron cross sections--

to the esoteric--investigations of the properties of Regge cuts. The 

potential, and by now partially realized, utility of deuteron targets 

has bena stimulus for the development of techniques for extracting 

hadron-nucleon scattering amplitudes from hadron-deuteron data. Such 

techniques.have reached a high level of sophistication for forward 

elastic scattering, for which experimentshave been the .most.numerous and 

detailed. Lying on the borderline between elementary particle physics 

and nuclear physics, ha&ron-deuteron scattering has been a locus of 

fruitful interaction between the two fields. 

In this review we consider hadron-deuteron scattering from two 

points of view. The first of these, namely the high-energy diffraction 

theory pioneered by Glauber, is discussed in the first part of the 

article. We begin in Sec. 1.1 with a -summary of the eikonal approxima-

tion,first for two-body collisions and then, by analogy with the two-

body eae,for hadron-nucleus scattering. The approximations which 

enter into the derivation of Glauber theory are discussed in detail. 

14 	

Section 1.2 is devoted to the application of Glauber's iiigh • energy. 

diffraction theory to hadron-deuteron coLlisions. Particular emphasis 

is given to elastic scsttering, fOr which a- comprehensive comparison of 

recent theoretical and experimental work is made. Various generaliza- 

tions of the Glauber formalism are discussed in Sec. 1,3. 



• 	
-2- 	 UCRL-19851 

::Inthe second pert we discuss hadron-deuteron collisions from 

the point of view of Regge theory. Section 2.1 deals with the angular 

momentum structure of Glauber theory. Beginning.with. a study' of the 

connection between diffraction scattering and .Regge po1e, we go on 

to investigate the Rege cut contained, in  the Glauber eclipse term in 

the light of existing knowledge about Regge cuts. In Sec. 2.2 we deal 

very briefly with anomalous singularities in the dnp vertex function. 

Our. discussion then turns to phenonienological application and in 

See. 2.3 we propose some experiments which will be of value in learning 

how to generalize the theoretical description to inelastic collisions. 
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1. Hadron-Deuteron Scattering in the Glauber Formalism 

In this first part we discuss: hadron-deUteron collisions 

in the framework of the high-energy diffraction theory. The basic 

contribution is due to Glauber (1953, 1955, 1959, 1960, 1967, 1969) who 

generalized the classical Fraunhoferdiffractiontheory (see, for example, 

Born and Wolf, 1964) and the eikonal approximation of Molire (19 47) 

to deal with high-energy hadron-nucleus processes. 

1.1. The Eikonal Approximation 

(a) Two-body scattering 

As. an introduction to the techniques used in high-energy 

diffraction theory, let us first consider the case of two-body 

scattering. For high-energy, small angle collisions, it is particularly 

convenient to discuss the scattering in the eikonal approximation 

(Molir.e, 197;  Glauber, 1953, 1955 1  1959; Schwinger, 195; Malenka 

195; Schiff, 1956; Saxon and Schiff, 1957). Let.r be the relative 

coordinate of the two particles, whereas k. and kf  are the initial 

and final relative momenta. If the z axis ist chosen along the incident 

direction, the elastic scattering amplitude f(Q,Ø). may be expanded in 

spherical harmonics as 

f,Ø) =21 
	 (22 + 1)(S2m - m0 Y2(Q)  

where the transmission coefficients S2m are the .S-matrix elements in 

the angtilar momentum representation. We now decompose the vector r 

as 



where b is the impact parameter vector,, of length. b 	(2 ± 

perpendicular to the incident direction. Since manypartial waves 

contribute to the scattering at high energies, the summation over £ 

in Eq. (1.1) may be transformed into an integral over b. Th additional 

small angle condition then allows one t q2,neglebt the longitudinal momentum 

transfer, and to obtain the elkonal representation of the scattering 

amplitude as (Franco and Glauber, 1966) 

1k. 	i(k.-k ).b 
f(k.,kf) = e 	 [l -  

where x(b) is the phase-shift function. For potentials which enjoy 

azimuthal symmetry so that S2m = 3m0 exp(2i ö), one readily obtains 

from Eq. (1.3) the Fourier-Bessel representatiori of the scattering 

amplitude . 	. 	..•. 	'.. 	. 	. 	 . 

= ik f db b J0(qb)1 - e], 	 (1.4) 

where q is the magnitude of the momentum transfer vector q = Ic - 

Defining the quantity  

(1.5) 

which will frequently, be used below, we may rewrite Eq.. (1.3) as 

ik. 	i(k. _k). 	:  fd 	e 	 r(b). 	 . 	(1.6) 
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It is important to note that the derivation of Eq (1.3) does 

not require the existence of a potential to describe the collision 

process, although an "optical" potential can always be found to describe 

the scattering in the eikonál approximation (G1&uber, 1959; Omns, 1965). 

Given such a potential V(r), one can easily derive the eikonalscafteriflg 

amplitude (1.3) by using the fact that the classical trajectories are 

almost straight lines In the incident, direction. Stationary-phase 

arguments (Schiff,. 1956) or the fact that the incoming wave is modulated 

by a function which varies slowly over the d.e Brogue wavelength of the 

incident hadron (Glauber, 1939) then yield Eq. (1.3) with a phase 

shift Thxiction given by 

	

V(b,z) dz, 	 (1.7) 

where v is the relative initial velocity. For a detailed discussion 

see Glauber (1959). Another interesting way, of deriving the eikonal 

result (1.3) is to examine the free propagatbr G 0 (r,r') appearing in 

the Lippmann-Schwinger equation for scattering by a potential V(r). 

(Maleika, 19511; Schiff )  1956). Let us write this propagator in 

momentum space as ( 	c 1), 

G0(r,r') = -(2) 	2E J - 2 	 , 	 (1.8) 

where. 'B is the total (relativistic) energy in the center-of-mass 

system. Let us change the variable of integration in Eq. (1.8) to 

(1.9) 

'I 



-6- 	 -. 	UCRL-19851 

If we take into account the fact that the momentum.ltransfers are small 

in a high-energy small-angle collision we may "linearize" the denomina-

tor of the integrand--i.e., neglect the Q term--and write 

ik.(r-r') 	iQ.(r-r') 
G0 (r,r') 	-(2) 	2E e 	

: 	
d3Q 	(1.10) 

Using the decomposition (1 2) of r and a similar one for r', we then 

obtain the approximate formula 

ik..(r-r') 2 
J-iE k 	 5(b-b'), z>z' 

G(r,r')  
zsz', 

which clearly exhibits forward propagation between successive inter-

actions with the potential This linearized propagator leads directly 

to the eikonal scattering amplitude (i.) with a phase-shift function 

given by Eq (1.7).  Incidentally let us remark that the importance of the 

four-dimensional version of the linearized propagator in treating 

field theoretical problems was recognized by Schwinger (1954) and used 

recently by several authors (chang and Ma, 1969;  Abarbanel and 

Itzykson, 1969; Lv-y and Sucher, 1970; Englert, Nicoletopoulos, Brout, 

and Truffin, 1969)  to sum the series of Feynman amplitudes corresponding 

to large classes of ladder.  diagrams. 

The basic Eq. (i.3)has been derived in the c.m. system of the 

two colliding particles. However, because of the simple kinematics of 

high-energy small-angle scattering, the expression (1.3) retains its 

validity in the laboratory system The only modification is that 

and 	now represent the initial and final momenta of the projectile 
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in the laboratory frame.. Of coirse, the magnitude of kf  is now 

smaller than that of k because of recoil effects, but these effects 

are small for scattering near the forward direction and can be minimized 

by interpreting the quantity (-q) as the Mandelstam variable t, 

namely the square of the four-momentum transfer of the collision. In 

what follows, we shall mainly use the laboratory frame, since we want 

the tar.etnuclei to remain nonrelativistic. 

• . 	 (b) Hadron-nucleus collisions 

Consider now a hadron X of initial laboratOry energy E 

and momentum kj incident on a nucleus of mass number A. Assuming 

that the high-energy small-angle conditions are satisfied, the eikonal 

method can be generalized in the following way (Glauber, 1953, 1955, 

1959). SInce the incident hadron travels much faster than the charac-

teristic nuclear frequencies, it is reasonable to suppose that the 

target nucleons are "frozen" during the passage of the projectile 

through the nucleus. In addition, if one assumes that the incident 

particle interacts with the target nucleons via two-body spin-

independent* interactio:s, the transition amplitude from an initial 

nuclear state i to a. final nuclear,  stat 	i) is given by the 

overlap integral 	 • 

fi =2 (! fd2 

* 
The generalization to spin-dependent .interations will be discussed 

below. 
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where 

= ij+z.  

is the coordinate of the incoming hadron, 

r. = b. + z. k. 	 (l.i) 
31 

are the coordinates of the target nucleons, and 

x O (b;rl,...,rA) = 	x(b 	b - 

is the sum of the phase shifts contributed by each of the target 

nucleons. 

The crucial property of phase-shift additivity, expressed by 

Eq. (1.15),is clearly a direct consequence of the one-dimensional nature 

of the relative motion, together with the neglect of three-body forces, 

target nucleon motior and longitudinal momentum transfer. 

Another important remark concerning Eq. (1.12) is that it 

applies only to collisions for which the energy transfer AE is very 

small compared with the incident energy E.. This is true for elastic 

collisions and "mildly" inelastic ones in which the nucleus is excited 

or perhaps breaks up. It is not true for "deeply" inelastic colli-

sions, in which the nat.ure of the incident or target hadrons is 

modified or the number of particles undergoing.the collision is altered. 

Leaving aside such inelastic processes, we return to Eq. (1.12) and define 

the quantity 
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ix 	 (b;r1 . .r 

r0t(b;ri,. 'A 	
= i - e 	o 	 (1.16) 

so that we obtain the fc.ru1a 

• 	 .ik 	 i(k-k).b 

Ffiif) 	 r1 	e 

• 	
(1.17) 

in close analogy with the to-body ecpesion (1.6). Introducing the 

quantities 

iX.(b-b ) 

	

r(b-b) 	1 - e 	 , 	 (1.18) 

Glauber now writes 

tot 
= 1 	- 	- 	 (1 19) 

or 

tot = 	•r - 	r r + •.. + (_)A1r 	. 	(1.20) 

This last equation, when substituted into Eq. (1.17), leads 

directly to an interesting interpretation, of the collision in terms of 

a multiple scattering expansion. The terms linear in r on the right-

hand side of Eq (1.20) account for the "single scattering" (impulse) 

* 
approximation to the scattering amplitude, whereas.the next, terms provide 

* It is worth pointing out that the terms "single scattering" and "impulse 

approximation" are sometimes defined differently in the literature. 
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double, tripie. .scatterirg corrections. We note that the order of 

multiple sattering can at most be A in high-energy diffraction theory, 

reflecting the fact that the scattering is focused in the forward 

direction. 

Before discussing in detail the case of hadron-deuteron scattering, 

let us mention an important application of Eq. (1.12) to the coherent 

scattering of high-energy hadrons by nuclei (Stodolky, 1966; Goldhaber 

and Joachain, 1968). In this case it is convenient to define an 

"optical" phase shift function opt 	such that (Glauber, 1959) 

	

(b) 	iEx.(b-b) 
e. 	

t 	
= 	(ile j1 
	1) 	. 	( 1.21) 

and therefore--compare with Eq. (1.3)- 

ik. 	 i(k. -k ).b 	ix 	(b) 
F 1  = 
	

f db e 	 [1 - e opt 
	 (1.22) 

If we. consider a  sufficiently large nucleus for.which the 

concept of nucle.r density is meaningful, and assume that the target 

nucleons are uncorrelated, a si1e expression may be obtained for 

X at  ,opt 	 . 	 .: 

i 
 fof

+00  

p(b,z) dz,  

where X 	2v k. 	is the de Brogue wavelength of the incident 

particle, f0  is the forward hadron-nucleon scattering amplitude 

averaged, over the spins and isospins of the target nucleons,and p(r) 
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is the nuclear density normalized to A, the number of nucleons in the 

target. It is interesting to note that Eqs. (1.22) and (1.23) are 

identical to those obtained by computing first the optical potential in 

the "single scattering" approximation of Watson's multiple scattering 

formalism (Goldberger and Watson, 196) and then "eikonalizing" the 

resulting potential. The formalism outlined here, together with 

additional corrections for Coulomb and target correlation effects, has 

been used by Goidhaber and Joachain (1968) to analyze the experimental 

data of Belletini et al. (1966) on high-energy hadron scattering by a 

variety of nuclei. 

We shall not pursue further hadron scattering by nuclei other 

than deuterium. The interested reader will find additional information 

and references in recent work (Formnek nd Trefil, 1967; Margolis, 

1968; Klbig and Margolis, 1968; Trefil, 1969; Feshbach and Hifner, 

1970) as well as in the review articles of Glauber (1967, 1969), 

Wilkin (1968), and Czyz (1970). 

1.2. Hadron-deuteron Collisions 

Let us now concentrate on hadron-deuteron collisions, which 

have bee 	tudied etensively by using Glauber's generalization of the 

eikonal approximation outlinedabove. We fol1ow here the analysis of 

Franco and Glauber (1966). The basic formula for elastic and "mildly" 

inelastic collisions is Eq. (1.17), namely 

ik.  
Ff 	= 	(ft fd2b e 	 r0ti.) 	 (1.24) 



where 

i[y. (b- s)+Xp (b4t s)j 

rtot = l-e 	 . 	 (1.25) 

The quantities X and Y, are the phase shifts contributed respec-

tively by the neutron and the proton, while the vector s is the 

projection of the internal relative vector 	of the deuteron in the 

plane of impact parameters. If we define, the quantities 

iX(b) 
r(b) 	l-'e n 
	 (1.26) 

and 

iX(b) 
1 - 	 (1.27) 

we may write Eq. (1.25) as 

= r(b - 	s) + r(b + 	s) - r(b - 	s) r(b + 	s) 	(1.28) 
Ftot

leading to the physical interpretation in terms of single and double 

scattering, as we expect from the discussion following Eq. (i.o). To 

analyze this situation in more detail, we note that the functions rn  

and 	can be expressed in terms of hadron-nucleon scattering amplitudes 

1'Xn and f 
	by an approximate two-dimensional Fourier inversion. 
XP 

[See Eq. (l.),] Thus 

I 

d2q e" 	, 	 (1.29) 
Xn 	2ik. 

f  
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where q is themomentum transfer vector introducd in Eq. (i.). A 

similar formula holds for Returning to Eq. (1.24),we now have 

.1 
i—q•s 	-i-qs 

F. = (f 	f() + e 2. f() 

+ 2k fd2q 

	
e ' 	f(q + 	q) f(-q' + 	)} I 	(1.30) 

a formula which clearly justifies the interpretation of the collision 

in terms of single and double scattering processes. The two types of 

diagrams which contribute to the scattering are shown in Fig. 1-1. 

Evidently, these diagrams do not, at this point, have any more content 

than the formula (1.30). We shall return to the analysis of diagrams 

later in dealing with analytic properties of scattering amplitudes. 

Let us now apply the optical theorem 

0 

Xd 	
Im F 	 (1.31) 

using Eq. (1.30) for F... This yields for the total hadron-deuteron 

cross section 

tot 	tot 	tot 
Xd 	= 	fl + 	p - 
	 (1.32) 

where 5cr, the "cross section defect," is given by 

= - 	1 0(q) 	 d2q. 	 (i.) 

Here 	(q) is the form factor of the deteron ground state, namely 
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d3r , 	 (1.3) 

where 1(r) is the ground-state deuteron wave function. If the average 

neutron-proton interaction has much larger range than the.hadron-

nucleon interaction, one readily, obtains the approximate formula 

- 	Re[f(0) f(0)2) 	 (1.35) 

where (2) is.the inverse square of the neutron-proton distance 

averaged over the deuteron., ground state. • Further, if the amplitudes 

fX(0) and 	are purely imaginary (Ttbl ack nuc1eons?), one obtains 
XP 

the very simple result (Glauber, 1959) 

tot tot  
a 	a 	(r Xn  x . 	

). 	 •' 	 . 	 . 	

(1.36) 

A variety of angular distributions can be derived from Eq (1.24).  

The ela8tic differential cross section is given by 

OLD 	IF, (q) 1. 	 (1.37). 

The total scattered intensity is obtained from 

().= 	
1 Ffj ()I 2 ,, 	 (1.38) 

and can be evaluated by using the .closuie relation on the deuteron final 

states. Inelastic prOcesses in which the d.euteron is dissociated into 

two free nucleons are calculated from 
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dcr 
dO) 	E) - U_Q 

in 	( 

The corresponding total cross sections a , a , and 
e2 	Sc 

0in 	sc 	
CY  e.9 are directly obtained by integrating Eqs. (1.37)-(1.39) 

over the angles, while the "absorption" cross section 

tot 	 / 
a 	= a 	- a 
abs 	Xd 	sc 

corresponds to all processes where the incident hadron disappears during 

the collision or reappears with one or several produced particles. 

The generalization of these considerations to include the spin 

and isospin degrees of freedom of the incident particle and the target 

nucleons has been carried out by several authors (Franco and Glauber, 

1966; Wilkin, 1966; Glauber and Franco, 1967; Alberi and Bertocchi, 

1968, 1969b). For example, collision processes contributing to charge-

exchange scattering by the deuteron in the case of an incident hadron 

of isotopic spin 1/2 are represented in Fig. 1-2, whereas in Fig. 1-3 the 

double charge-exchange process leading to no net transfer of charge is 

shown. This last effect, first pointed out by Wilkin (1966), is small 

relative to the other cross-section corrections. Indeed, if 

is the charge-exchange amplitude, one obtains now for the cross-section 

defect, intead of Eq. (1.33)(Glauber and Franco, 1967), 

= - 	Re f) 	f(-) •.+
XP 

- c() c9) dq, 
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or 

 
6CT = 	Re  f (q) [2f(q) f() - 	f 2() - 	f 2 	I d2q 

(1.t2) 

If the hadron-nucleon force range is small compared with the average• 

neutron-proton interaction, one may again approximate. 

- 	Re[f(0) 	- - fX (0)] 2]rd 2 ) 	(1.43) 

which under the assumption of purely imaginary amplitudes 	and 

fXp 	reduces to [cpmpare with Eq. (1,36)] 

• 	1 	tot tot 	1 tot 	tot 2 	-2 
ixn °Xp - 	0Xn 	'Xp 	]Krd 	. 	

(1.14) 

Franco and Glauber (1966) have applied the theory outlined 

above to a detailed investigation of antiproton-deuteron collisions in 

the (lab) energy range 0.13 to 17.1Gev, using various ground-state 

deutëron wave functions. They assume that at high energies the antiproton-

nucleon, amplitudes are such that 

f 	() 	= ±'••() 	f. (s), 	. 	(1.45) 
in 	pp 	pN 

and can be parameterized as 

• 	 .122 
• 	 . 

f 	= i(k.a /L)  e 	. • 	 (1.46) 
pN 	pN 	• 	• 

Using as input the measured experimental data (Elioff et al., 1962; 

Galbraith et al., 1965; Czyzewski et al., 1965; Coombes et al., 1958; 

Armenteros et al., 1960; Foley et al., 1963; Ferbel et al,, 1965) on 
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antiproton-proton co11ision, they obtained total and absorption anti-

proton-deuteron cross sections in good agreement with experiment 

(Elioff et al., 1962; Gaibraith et al., 1965; Chamberlain et al., 

1957) and showing an appeciable double scatteripgëffect (see Fig. i-),i-). 

They also investigated spi.ndependent effects and concluded that their 

influence on the cross-sêctin defectshould.be small.. Franco (1966) 

has also analyzed the antproton-deuteron elastic angular distribution 

for small momentum transfers in the region of incident momenta between 

2.78 and 10.9 GeV/c. In a subsequent work, Glauber and Franco (1967) 

studied the reaction 

0 K + d -K + p+ p; 	 (1. 1 7) 

which, together with (±). collisio•n, is useato extract information 

about the K + n charge-exchange reaction (Butterworth et al., 1965) 

+ 	0 K +n-K +p (1.48) 

They show that the effect of the charge-exchange correction on the 

values of the (pn), (pn),and (K
+ 
 n) total cross sections which are 

obtained indirectly through deuteron measurements is very small for,  

incident hadron momenta above 2 GeV/c. 

We now turn to a more detailed analysis of the angular distribu-

tion of elastic hadron-deuteron scattering.. We start with proton-

deuteron elastic scattering, which has been studied in the GeV range 

by various authors. (Harrington, 1964; 1968 a,.b; 	Franco, 1966, 

1968; Franóo and Coleman, 1966; Kujawski, Sachs, and Trefil, 1968; 

Franco and Glauber, 1969.). To understand qualitatively the main 
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features of the angular distribution, let us return to Eq. (1.30),which 

for f a i reduces to 

F(q)'XI1 	 + 	 & 

+ f (q1 	
Xn2 

 q + q') 	q -) d2 ' 	 (149) 

where 	(q) is the deuteron form factor defined in Eq. (1.4) and 

X is the incoming proton. We first note from the alternation of 

sign in Eq. (1.28) that. the double scattering term has opposite sign 

to the single scattering term. In fact, if the amplitudes f Xn
and 

f 	were purely imaginary, as in Eq. (1.42), the double scattering 

term would completely cancel the contribution of the single scattering 

amplitude at -t 0.5 (GeV/c)2 . The contribution of the single and 

double scattering terms for such a parametrization of the amplitudes 

f 	is displayed in Fig 175, which also shows that the single scatterang XN 
term dominates near the forward directon. At larger momentum transfers 

the double scattering term, which decreases much more slowly with 

increasing . q, becomes the dominant contribution to the scattering 

amplitude. 

Let us now analyze more closely the intermediate region of 

momentum transfers where the single and double scattering.terms 

interfere destructively. Since the proton-neutron and proton-proton 

scattering amplitudes both have small real parts we do not expect the 

differential cross section to exhibit a zero,but instead to show a 

sharp dip in the interference region. This region is therefore of 

* 
This was first noticed by Franco and Glauber (1966). 
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special interest, since it depends delicately upon the phases of the 

hadron-nucleon amplitudes. 

The.first experimental data on p-d elastic scattering 

(Kirillova et al., 1964; Belletini et al., 1965; Zolin et al., 1966;. 

Coleman et al., 1966, 1967) gave encouraging agreement with Glauber's 

theory. For example., the large-angle measurements at 2.0 GeV/c 

(Coleman ét al.,1966) confirmed the importanceof the double scattering 

term in the region of four-momentum transfers. 

0.7 (GeV/c) 2  < -t < 1.7 (GeV/c) 2 , 	 (1.50) 

and were in excellent agreement with, the theoretical calculations of 

Franco and'Coleman (1966). However,, these larger-angle data did not 

fully cover the important intermediate region. It remained for Bennett 

et al. (1967) to perform a crucial p d experiment at 1 GeV, which 

showed agreement with the theory in the small and larger momentum 

transfer ranges, but displayed only a shoulder (no dip) in the interference 

region (see Fig. 1-6). This result was confirmed by measurements at 582 

MeV (Boschitz, quoted in Glauber 1969). A similar feature was observed 

in 	1 d .elastic scattering experiments . (Bradamante et al., 1968).. 

Several suggestions were proposed to understand this apparent 

paradox: momentum-transfer dependence of the phases of the proton-

neutron and proton-proton amplitudes (Bennett et al,, 19.67), spin 

effects (Kujawski, Sachs, and Trefil, 1968; Franco, 1968), influence 

of three-body forces (Harrin.gton, 1968a) or of inelastic intermediate 

states (Pumplin and Ross, 1968; Alberi and Bertocchi, 1969a; Harrington, 

1970).' As in any good thriller, though., there is one crucial fact which 
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leads to the solution of the difficulty, namely that interference 

minima are observed in the elastic scattering of protons by the spin-

zero nuclei He n , C12 , and 0 6 . ( Palevsky et al., 1967; Boschitz et al. 

1968) It is therefore tempting to associate the abènce of the dip 

with the quadrupole deformation Of the 	deuteron, because 

this 	nucleus has spin one (Harrington, 1968a). Detailed calculations 

taking into account the D-state of the deuteron have been done for 

(p,d) s.cattering by Franco and Glauber (1969) and are in good agreement 

with the experimental data. Figure 1-7 shows the comparison of the 

theoretical calculations (Franco and Glauber, 1969) and the experimental 

data at 1 and 2 GeV. Recent elastic p d experiments at 12.8 GeV,/c 

(Bradamante et al., 1969b;  Fidecaro et al., quoted in Glauber, 1969) 

and at higher energies (Allaby et al., 1969a,b) 	are also in excellent 

agreement with the improved version of the theory. 

Similar considerations apply to pion-deuteron elastic scattering. 

Alberi and Dertocchi (1969b)  have re-analyzed the data of Bradamante 

et al. (1968) by taking into account the D state of the deuteron. Their 

results are shown in Fig. 1-8, which exhibits impressive agreement between 

theory and experiment. Analogous calculations by Michael  and Wilkin 

(1969) also agree very ie1l with the 	d elastic differential cross 

sections of Fellinger et al. (1969) and Bradamante et al. (1968, 1969a, 

1970) for incident pion momenta between 2 and 1.2 GeV/c (Fig. .1-9). 

Since the scattering amplitude for elastic hadron-deuteron 

scattering in the intermediate momentum transfer region is dominated 

by quadrupole transitions between the deuteron S and D states, it is 
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strongly dependent on the relative orientations of the momentum transfer 

and the deuteron spin. Thus, as Franco and Glauber (1969) have pointed 

out, interesting effects could appear in experiments involving 

polarized deuteron targets. Indeed, with such a target, the interference 

dip can appear or not depending on the particular experimental arrangement, 

namely on the orientation of the polarization axis. Another interesting 

experiment using the spin-dependence arising from the D-wave component 

of the deuteron to produce high-energy aligned d.euterons has been 

proposed by Harrington (1969a). It cOnsists in 1ettirig high-energy 

incident deuterons collide with protons, so that the scattered deuterons 

will be strongly polarized. 

Finally let us mention the experiments of Carter et al. (1968), 

who measured 	-d cross sections, and of Chase et al. (1969) on 

inelastic pion-deuteron scattering at 5.53 GeV/c, leading to at outgoing 

pion plus anything in the final state (missing-mass experiment). The 

inelastic intensity, calculated from Eq. (1.39),  was found to be in 

good agreement with the data. See also Hsiung et al, (1968). 

1.3. Extensions of the Glauber Method 

The Glauber formalism which we have reviewed so far leads to 

remarkably simple formulae which can easily be interpreted physically. 

Let us recapitulate the basic ingredients of Glauber's method: 

Use of the eikonal approximation valid for high-energy and 

small angles and neglect. of the longitudinal momentum transfer. 

Neglect of the "reaction" of target hucleons. 

Phase additivity, i.e., the total phase-shift function is 

the sum of the phase shifts for each individual hadron-nucleon scattering. 
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(J) Neglect of three-body forces. 

As we have emphasized above,this method is at its best for 

collisions in which the inelasticity is small, in particular for elastic 

scattering, for which the results in the high-energy small-angle limits 

are in excellent agreement with the data. . Even in that case, however, 

one should keep in mind that several correction terms, trpified by the 

contribution of inelastic intermediate states (see Fig. 1-10) should be 

included in the scattering amplitude. There is no.simple way to take into 

account the contrIbution of such inelastic intermediate states within 

the framework of Glauber's method. Fortunately,.because of the mass 

difference, the reaction 

p+p - p± N*  

has a minimum momentum transfer greater than zero, so that two relatively 

iarge angle scatterings of this type, leaving the deuteron in its bound 

state, are not likely to occur with high probability compared with the 

single and double scattering terms discussed before. Such "truly 

inelastic" corrections have been considered for proton-nucleon scattering 

by Pumplin and Ross (1968) and for pion-deuteron scattering by Alberi 

and Bertocchi (1969a) and Harrington (1970 ). 

The excellent agreeènt beteen conventional Glauber theory and 

the 19.1 .GeV/c pd data of Allaby, e al. (1969) indicates that inelastic 

corrections are negligible at that momefltum. 

More serious problems arise when one wants to study coherent 

productiOn reactions such as 

jr + d -A1  + d 
	

(1.52) 

or 	

p + He 	He, etcc'  
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Goidhaber and Joachain (1968) have proposed a simple, DVBA-trpe method 

to deal with such reactions when the target nucleus is "large." This 

formalism has been applied to extract the A1-nucleon cross section 

from the analysis of coherent A1  production in •freon. (Goidhaber, 

Joachain, Lubatti, and Veillet, 1969).  Similar ideas could possibly 

be applied to analyze reactions like (i.52)-(l.53).. 

• A more ambitious attempt at improving Glauber's method is to 

proceed in a systematic way from a more general formalism. Leaving 

aside the methods based on analytic properties of the scattering 

amplitudes, to which we shall, return later, we start here from the 

multiple scattering formalism (Goldberger and Watson, 196 14; Kerman, 

McManus, and Thaler, 1959). Analyses along these lines have been made 

recently .by Czyz and Maximon (1968, 1969) and by Remler (1968). Since 

we are particularly :interested in hadron-deuteron scattering, it is 

convenient to start from the Faddeev equations (Faddeev 1960, 1961,. 

1962) 	. which correctly describe three-body collisiOns, at least 

in the '.nonrelativistic limit.,* 

Let us label the incoming hadron as particle 1 1  and the proton 

and neutron of the deuteron as particles 2 and 3, respectively. The 

total scattering operator can be written as 

T 	 T(2) + 	 (l51 ) 

* 
Generalizations of the Faddeev equations to include relativistic 

kinematics have been proposed by several authors (Freedman, Lovelace,' 

and Namylowski, 1966; Alessandrini and Omns, 1965; Blankenbecler 

and Sugar, 1966). 	, 
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where T(1) is the sum of all diagrams which contributeto T in which 

particles2 and 3 interact last. The Faddeev equations then read 

70 T 

Tl  

7T( 1 ) 

( 	
T(2) 

 ) 	= 	( T 
	

+ ( 	
T 	0 	T2 . 	G0( 	T(2) 

T3/ 	T3  T 

(1.55) 

where G0  is the free Greti's functionof the system and T1  

are the two-body T matrices corresponding to two-particle scattering 

with the third particle i free. It should benoted that the Faddeev 

equations are essentially equivalent to Watson's multiple scattering 

equations (Goldberger and Watson, 196 14; Watson and Nuttall, 1967). 

Application of the appropriate boundary conditions then leads to 

multiple scattering expressions for various three-body collision 

processes. For example, in the case of elastic scattering, we have 

T = T2  + T3  + T2G0T3 + T3GOTP + •.. . 	 (1.6) 

Bhain(i967):.hasr.dea.detai1ed study of this:. 

equation. As expected, the two first terms on the .right reduce to 

Glauber's single scattering terms if one ignores the dependence of T 2  

or T3  on the energy of the third particle and also assumes the two-

body off-the-energy-shell amplitudes to be functions only of the 

momentum transfer. With these assumptions and the additional require- 

	

ment that k. 	the double scattering terms T2GQT3  and T 3 
G 0  T  2 

also reduce to the Glauber "eclipse" correction. Pumplin (1968) and 
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Bhasin and Varma (1969)  have investigated the importanc'e of the off-

shell corrections on the double scattering terms. They find that the 

corresponding effect for proton-deuterOn scattering is largest in the 

interference region between single and double scattering. However, 

Harrington (1969b) has recently shown that in a potential model the 

off-energy-shell effects in the double. scattering term must cancel the 

contributIon of the rethining part of the multiple scattering series 

in the high-energy l.niIt*  It should be noted here that only in high- 

energy diffraction thery does the multiple .scatte.ii,g er.ies terminate 

after A terms. In the deuteron case considered .hee the triple, 

quadrupie,'" termS are ma1], since th 	 l ey contain at east one (unlikely) 

backward scattering. Their sum could well annihilate the off-energy-

shell contribution to the double scattering term, if the mechanism 

described by Harrington also works for  IrIteractions. hich cannot be 

described by potentials. 	 . 

While we are still discussing the multiple scattering series, 

it is worth mentioninga r.eent paper by Kooed-Hannen (1969), who has 

pointed out that truncated versions of the Gluber series (1.20) could 

rodiucé misleading. results, since the Series is slowly converging in 

terms of multiplicity. This remark, evidently., does not apply to the 

deuteron case--where the multiplicity is two--üt . is relevant in 

cases such as nucleus-nucleus collisions (Franca, 1967, 1970) as well 

as in quark model or mIti1e scattering tbeories of hth'on-hadron 

scattering (Harrington and Pagnamenta, 1967, 1968, 1969; Deloff, 1967; 
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Barnhill, 1967; Schrauner, Benofr, and Cho, 1967; Chou andYang, 1968; 

Frautschi and Margolis, 1968; Durand and Lipes, 1968). 

We now return to the question of re1xing some of the basic 

assum:ptionsof Glauber's theory. A simple approachto the problem of 

extending the eikonal method to scattering angles which, although 

geometrically small (9 << 1) could be djnaically large 9 

where d is the characteristic "eikonal distance' t  (Glauber, 1959) 

has been recently suggested by Schiff (1968). The procedure followed 

by Schiff,  consists in interpolating between two expressions, valid 

respectively in the small and large angle 1imit 	(Schiff, 1976; Saxon 

and Schiff, 1957) He writes the scattering amplitude as 

f( 

fd 	

i[q.b+f K1,ztdz 1 -FT(Q)fi(b,z')dz'] 
ic. 	aI 	 )-ô 	 Jz 

 r 	dz (b,z) e

'. "'J (1.57)  
00 

where t(r) is the wave-number shift and y(Q) is some unknown 

function; of 9, such that 

y(9) = 0 	in the small-angle limit 

(1.58) 

y(G) = I 	in the 1arge-an1e limit. 

Performing the z integration in Eq. (1.57) leads to 

2Ei 1k 
	fdb e 1 	eu1(9 ) -e&] 	(1.59) 

where 

X(b) 

= f-. 	(b,z') dz 	. 	 (1.60) 
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Clearly, the Eq. (1.57) reduces to the eikonal expression (i.) for 

1(Q) = 0 and leads to 

k. 
f(q) = 	fd 	e 	X(b) 	 (1.61) 

in the large-angle limit. It is interesting to note that Eq. (1.61) 

has been proposed in another context by Byers and Yang (1966). Ross 

(1968) has used this method to study proton-He 1  scattering at larger 

angles and compae it with the G1auber-trpe calculations of Bassel and 

Wilkin (1967,  1968), and Czyz and Leniak (1967). An important drawback 

of Schiffts method, however, is that r(Q) is an arbitrary, possibly 

complex function subject only to theinstruction(1.58), so that too 

much freedom is left in the paraetrizati.on of it. 

Finally, let us consider briefly the effect of three-body forces 

in hadron-deuteron collisions. Harrington (1968i) has studied correc-

tions to the Glauber expansion due to the scattering of the incident 

hadron from a pion being exchanged by the two target nucleons. 

Numerical estimates indicate that such an effect on the total cross 

section is quite small (<1% at very high energies), but could 

possibly influence the differential cross section at large momentum 

transfers. 
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2. Hadron-Deuteron Scattering and Regge Theory 

2.1. Glauber Theory in the J Plane 

How to calculate Regge cut (branch cuts in the, angular 

momentum plane) is one of the challenging theoretical problems of the 

• present day, for which no solution seems close at hand. We therefore 

choose an historical approach to the relation between the Glauber 

formalism and. Regge theory. In this way we shall encounter some of 

the false steps which have been taken in the past, and try to convey the 

theoretical atmosphere of the present. Some insight is gained into the 

connection between diffraction and Regge poles if, following Udgaonkar 

and Gell-Mann (1962), we understand the shrinkage of the diffraction 

peak by an optical analogue.. 

At high energies hadron-hadron scattering is apparently dominated 

by Pomeranchuk exchange. The X-Y elastic scattering invariant 

amplitude, which we represent in Fig. 2-1 has the form for small angles 

a(t) 

A(s,t) = 	(i - cot[ta(t)/21) rx(t) 	(t) S,( s , 	(2.1) 
so  

where s = - (Px 	) 2  is the square of the total ä.m. energy, 

= 	- p) 2  is the square of the four-momentum transfer, S0  is 

the Regge scale energy-squared, and a(t) is the Pomeranchuk trajec- 

tory function: cz(0) 	1. The total cross section is given in terms 

of this amplitude by the optical theorem 

total 	im[A(s,O)1 = r(0) r(0) . 	' 	(22) 
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Here we haveexplicitly exposed the factorization property of the pole 

residues. Let us rewrite (2.1) as 

a(t) 
A(s,t) = [i - cot[na(t)/21) 	 atotai() 

	

[r(t) ry(t)/rx 	r( (o) 	o)] 	. 	( 2.3) 

Now assume that the Pomeranhuk trajeátory is linear, a(t) = 1 + 

and. that the residue functions are slowly varying, so we may set the 

factorin square brackets equal to 1. Then for small t, we have 

S ctlog(—) 
A(s,t) 	i s attai(s)  e 	

S0 	 (2.4) 

which exhibits, for e >0, the shrinkage of the diffraction peak.. 

We write the partial-wave series for A(s,t), 

2iö 
A(s,t) = 81T 	(22 + 1) P2 (cos @)(i - e 	) . 	(2.5) 

We turn the sum over £ into an integral, introduce the impact 

parameter b = 22 s2,  and use P2 (cos 9 ) 	P2(i + 2t/s) 

We then calculate f(s,t), an amplitude such that 	= If(s,t)1 2 , 

which for 	scattering at high energies is f(s,t). 	[Ls(t)2)  A(s,.t), 

so that 

00 

f(s,t) = 	1 2bdb[1 -. S(b,$)] J [b(-t) 2 ] 
2()2j0 	 . 	0 

(2.6) 

=fdb[1 - s()] 	 . . 
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2i8 	2 
where the transmission coefficient S(b,$) = e 	and q 	-t. In 

the exponential approximation (2. 1 ) Fourier inversion gives the absorp- 

tibn coeffjcient [now a 	a 	(s'] total 

1 - S(bs) 	[€ log()] 	exp-b2/[€. 1og()]). 	 (2.7) 

Evidently the effective radius-squared (the value of b for which the 

absorptioncoefficieritis l/e times its value at b = 0) is 

4 log(-), which increases logarithmically with s. Likewise the 
0 

transparency, which we define as [1 - S(b = 0,$)] 1, is logarithmically 

increasing with s because of the factor E log(—). Finally we find 
so 

that the elastic cross section, 	. 	. 

fdbll'_ S"(bs)I2 	
.i 	., . 	 (28) 

32 Tt 

tends to zero as s —oo. 

Let us describe a nucleus approximately as a composite system 

specified by a wave function referring to the individual coordinates of 

the constituent nucleons. Assuming that high-energy NN scattering, is 

controlled by Regge poles,, we compute the amplitude for high-energy 

N-d scattering. The probability distribution 1*12 of the nucleon 

positions is integrated over the beam direction (z coordinates) to 

give a probability distribution ' P(b 1,b) of two-dimensional.vectors 

b. Then the transmission coefficient for the deut,eron, Sd(b,$),  is 

just the averaged product of the transmission coefficients for the 

constituent nucleons: 
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sd(b,$) 
= 

fd% fd2b ( 1 , 2 ) s(b - b1 ,$) s(b - 

(2.9) 

Now we take the deuteron c.m. as the origin so that b1  = 1 	and 

= - 	, where p  is the two-dimensional relative coordinate. Let 

the wave function--ignoring spin-- be r(,z) and define 

2 G(p 2 

) = f dz1d 2 2I,z)I e
ip- P 

	

. 	 (2.10) 

Then. we get for the scattering amplitude and total cross section 

G(-t/) 
0 

2  fdP 	- G(p2 ) B 	- 	B 	
+ )2) 

(2.11) J 
and 

atOt = 2a - 
	

ReJd2p G(p2)  {B(P2)]2(5)( 	 (2l2) 

where B(t) = fi + i cot[ita(t)/21) s0 r(t) Y'(t)/r(o) r(o) is the 

Regge residue function. 	 . 

In addition to the Pomeranchuk pole term, with a coefficient 

twice as large in the forward direction as in the NN case, there is 

an eclipse term which corresponds to a continuous "smear" of Begge 

poles, i.e. to a Regge cut, with branch point at 
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a 	= 
C 	

2a(t/4) - 	 . 	 . 	. 	. 	(2.13) 

This is the result of Tjdgaonkar. and Gell-Mann (1962.). At very high 

energies, .the eclipse term at t = 0 vanishes like 1/log(s/s 0 ) and 

tot 
ICY 

	
- 2a.. 	This is sensible because, as we saw above, the nucleons Xd 

become very transparent at high energies. For intermediate energies, 

the eclipse term can be identified with Glauber' s. 

Abers et al (1966) observed that from the point of view of 

Feynman graphs the double scattering term contains no Regge cut, so 

the validity of the result of Lldgaonkar  and Sell-Mann and, by extension, 

of Glaubertheory at high energies is questionable. To compress this 

discussiOn somewhat we draw from a recent lecture. by Wilkin (1969). We 

may represent the Glauber terms graphically as the impuse (or single 

scattering) terms of Figs. 2-2a,b and the eclipse (or double scattering) 

term of Fig. 2-2cm Regarded as a Feynman diagram, the double scattering 

graph has no Regge cut, because the off-mass-shell part of.the loop 

integral cancels the Regge cut from the onmass-shell contribution which 

is obtained by replacing the propagator by a delta function. Thus it 

contributes asymptotically only as s 3 , not as s/log s, which is 

given by the Glauber formula. A general Feynman diagram as in Fig. 2-3 

has a i-plane branch cut on the physical sheet only if both the left 

hand and the right-hand blobs have nonzero third double spectral 

functions •p 5 (s,t)T in the t-channel sense. In other words, crossed 

lines are required on both sides of the graph; the simplest diagram 

with a Regge cut appears in Fig. 2_4a {cf. Mandelstam (1963), Wilkin 

.(1964)]. Such a result must be a source of embarrassment either for 
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Glauber theory as embodied in the calculation of Udgaonkar and Gell-Mann 

or for Feynman graphs, if not for both. On the one hand Feynman diagrams 

are "fundamental" and therefore to be believed. On, the other, Glauber 

theory has been checked experimentally for energies up to .  a few GeV. 

One may try to circumvent the difficulty by imputing to the 

projectile hadron an internal structure whi.ch  includes a cross (e.g., 

Fig. 2-4b) and claiming that the compositeness of hath'ons restores the 

Regge cut. Such a calculation was performed by Ahers et al. (1966), who 

thereby proposed to replace the Glauber eclipse term with a complicated 

expression dependent upon the internal structure of the projectile. 

Assigning a particular internal structure to the. p'ojectile seems 

artificial, especially when the imputed structure may be absent. As 

Quigg (1970)  emphasizes, the statement p 	0 'is equivalent to 

the statement that the projectile has definite (s-channel.) signature. 

To the extent that exchange degeneracy is exact ... 	' hadrons do 

not have definite signature and the cross, artificial or not, simply 

does not correspond to physics. This phenomenological argument provides 

strong circumstantial evidence against the imputed structure Feynman 

graph approach. 

Lañdshoff (1969) has estimated the energy at which the Glauber 

theory result (the Regg.e cut of Udgaonkar and Gefl-Mann) ceases to be 

valid numerically under the assumption that the relevant amplitude is 

given by the Feynman.graph of..Fig. 2-2c,, without assigning any structure 

to the projectile. As the deuteron is very lightly bound, the critical 

laboratory energy at which, the Glauber theory should break down is 

very large, 
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I 

	

E m. 	(M 	/Deuteron Binding Enerr) 2 . 
critical 	.. projectile nucleon. 

(2.l) 

For incident nucleons this is about 20 GeV. Thus while the Feynman 

diagramcori±dered has no cut in the j plane its numerical properties 

are quite similar over a wide range of enerr to those of the Glauber 

eclipse term. 	. 	 . . 

Further doubt has been cast upon the simple diagram approach 

by a potential theory calculation of Harrington 	 In Glauber 

theory the amplitude for scattering from a potential V is 

= f d 	ei 	 [ei 	- 1], 	 (1 3) 

where 	. 

 fdz V(b,z) 	 (1 7) 

We let 	Ic.. -. kf  and invert the Fourier integral (1-3). Thus with 

	

we get 	 . 

) = 
1  fd2q 	f(q).  

In momentum space we have 	. 	 . . 

(2 

 f d 	

. 	. 	. 	

(2.16) 

and the phase shift expressed in terms of V is 
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x(b = 	2Tt fd2 	e 	 (2.17) 

We expand the integrand of (1.3) in powers of iX(b), 

f 	fd2b e1 	 (2.18) 

and substitute (2.17) into (2.18) to obtain. 

CO 

f = -2i k. 	f d2 	•. rd2i 	
)fl 

X 	() 	2-1 	 •). 	 (2.19) 

This represents an infinite sum of ladder graphs in which the Feynman 

loop integrals are intpgtated-only over transverse momentum components. 

We can reexpress (1.3) in term$ of the Born amplitude 

22 	
. . 	 . 	

(2.20): 

CO 

f = -2i k. 	fd21... fd21  qn 

x 	1f1) 	 (221) 
VY 

• Thus we have aprescripton for cl1t1ng. the "absorptive corrections" 

to any Born term fB. Wilkin next applies these rules to Tcd scatter-

ing to give some intuitive background to Harringtons result. First 
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notice that the vertex d -np is merely a deuteron wav ftnction which 

we write: in momentum space as Ø(). If the Ttp amplitude of Fig. 2-2b 

is the Born term B(&  we get 

fd3 t 
Ø(l 

- s ) Ø( 	+ ') f), 	 (2.22) 

which is the expected result. It is straightforward to verify that 

the right answer is obtained for Fig. 2-2c. 

Now consider the graphs in Fig. 2-5. Remarkably, both of 

these give the same answer, 

fd3  fd 2ql Ø() Ø( + ) Bl - qJ2) 

x fd 2 	P,B 	f1(/2  + l 	' 	
(2.23) 

which is recognizable as part of the Glauber multiple scattering term 

expanded in a Born series. Thus the Glauber theory includes ILLple 

scattering terms such as those in Fig. 2-5., Notice that the ordering 

of the Trp and i-rn potential interactions does not affect the 

contribution of the graph. This is true for any complicated graph, as 

can be proved from the rules obtained above. It is then a basic 

property of Glauber theory that the order in which the interactions 

take place does not matter. A picturesque explanation of this fact 

[Wilkin (1969)]  is that in deriving Glauber theory it is always 

assumed that the incident energy is large and any changes are very 

small. Complementary to this certainty in energy is an uncertainty 
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in time: it is impossible to tell which interaction takes plaoe first 

and hence there is a commutativity among the severaiscatterings.. Glauber 

theory exploits this independence of time order by lumping all the ip 

interactions together at one end of the (Glauber, not Feynman) diagram 

and pushing all the Itn interactions to the other end. 

Harrington's calculation goes further. Employing the Faddeev 

multiple scattering series (of. Sec. 1,3 of this review) he proves that 

in the high energy limit and in the.Glauber approximation the off-shell 

contribution to the double scattering term is canceled by the higher 

order terms in the series. The proof consists in observing that in 

the high-energy limit the scattering amplitude is given by the Glauber 

approximation 

T 	T 	- 	T(n) 
iatiber 	L Glauber'. 	. 	 (2.2k) 

n 

where T 	 is 	after the Glauber approximations have been Glauber 

made. If we break the linearized propagator into its s-function [] 

and principal value [p] (off-mass-shell) parts and correspondingly 

separate T(2) 	as Glaub e r 

T(2) 	- T(2 ) 	+ T(2) 	 (2.25)  Glauber 	Glauber,5 	Glauber,P' 

then 

TG1b 	= 	 + T(2).. 	 . 	(2.26) Glauber 	Glauber, 

Thereby it follows that in the high-energy limit the off-shell cdntribu-. 

tion to T(2) must be canceled by the higher-order terms :  in the multiple 

scattering series 
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T ( 2 ) + 	T 	TiUber,P + 
	

= 0 	(2.27)
Glauber 

It is not known.whether this exact cancellation carries over to 

the relètivistic domain, but the likelihood that more complicated 

diagrams will continue to be im'ortant means that the use of a few 

Feynman graphs to debunk (or derive) Glauber is a very dubious 

procedure.. There is a lesson here for Rgge cut calculations in 

nonnuclear hadron-hadron scattering as well. [We do not pursue non-

deuteron scattering any further here, but recommend a sampling of 

opinion. For the connection between multiple scattering and Regge cuts 

see the discussion b.Jackson (1970). The case.against imputed structure 

is developed at more length by Quigg (1970), but for an opposing view, 

the rejection of exchange degeneracy, see Risk ( 1970.1 

2.2. Sjgu1axites in the Mandeistam Plane 

We shall not dwell on the anaiytictructure of the hadron-

deuteron scattering amplitude in the momentum variables, for we are 

able to refer the reader to the elegant review by Ericson and Locher 

(1969) on hadron-nucleus forward dispersion relatithis. In the language 

of S-matrix theory, the ligi!rtlybound structure of the deuteron is 

evidenced, through the eistence of anomalous threshold singularities 

(so called because they cannot be discerned in straightforward fashion 

from unitarity) in d —ab Regge re4ue functions. [Icarplus et al. 

(1958)3. A rather complete discussion of the singularities of the dpn 

Regge residue function has recently been given by Lee (1968). Here we 
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content ourselves with recalling for the reader what anomalous singu-

larities are, by giving an intuitive discussion due to Bohr (1960). 

Consider the virtual process d np. The deuteron is stable 

in the usual sense because M < M + M . For states below threshold, d 	p 	n 

with energies IWiI K M1 , a virtual decay can take place if all the 

particles have positive imaginary momenta (+jK) . in the z direction, 

say. The four-momentum vector of a particle with imaginary three-

momentum is Euclidean: M
2 
 = 2 
	2 

+ K .. The energy momentum conservation 

equation can be represented geometrically by a triangle in the w-K 

plane as in Fig. 2-6. For the virtual decay to occur all the energies 

w and pseudomomenta K must be positive, which means the triangle will 

2 	2 	2 close if Md. > M + M . Hence an anomalous singularitywill occur 

for the deuteron because the deuteron mass satisfies 

(M + M )2 > M 2 > M 2 + M 2 
p. 	n 	d 	p 	n 

(2.28) 

For the deuteron this anomalous threshold lies very near the physical 

region, at 

(M 2 .-M 2 -M 2 ) 2  
d 

t 	
n 

0  - M 	 p

- 	M2 d 
(2.29) 

0.03(GeV/c) 2 . 

In most phenomenological studies the full complications of 

kinematics (in particular, of the anomalous hresho1d) have been 

ignored. As an example we cite the analysis of coherent K(89 0 ) 

production Kd 4K*d  at 4.5 GeV/c of Eisner et al. (1968),in which the 
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deuteron is treated as a structureless spin-i object. Typically 

statistics have been so low that more sophisticated analysis would be 
* 

unwarranted. For example, see Buchner et al. (1969) for coherent K 

production at 5 GeV/c. Alberi and Bertbcchi (1969a) estimated the 

contribution of inelastic intermediate meson states in Ttd - d. Again 

the subtleties of kinematics were ignored as the Regge pole parametriza-

tion was used to give the Phragmn-Lindel6ff theorem connection between 

asymptotic energy dependence and the phase of an.amplitude. Given the 

success of theories for Trd -> rrd which.,  take proper, account of spin 

[cf. Sec. 1,51,the corrections due to inelastic intermediate states 

are 1ikey to be small. 

An exception to the general rule is the paper by Barger and 

Michael (1969) in which the full gore of Le&s kinematics is applied to 

pp 	+d, despite the relative absence of data.. An exercise which seems 

useful for the future is the construction of kinematically correct 

Regge pole amplitudes for the inipule and eclipse terms for coherent 

production off deuterons. 

2.3, Someerimenta1 Tests 

As we have indicated in the first part of.t.his review,Glauber 

theory has been tested and refined extensively for elastic hadron-

deuteronsáattering. Such detailed comparison of theory with experiment 

has not yet been made in the inelastic cases, and we therefore wish to 

close by making some simple remarks about inelastic scattering. Little 

is known about the catastrophic case in which the deuteron is broken 

up and one of the constituent nucleons is transformed into a nucleon 
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* 
resonance or a hyperon. A purely experimental investigation which we 

can recommend is the comparison of N 	próductior cross sections off 

deuteronswith the corresponding cross sections of.f protons. For 

example, examination of 

+ 	o++ 	 + 
Kd•- K 	fl 5 	vsKp -   K 

will reveal whether the neutron is truly a spectator or not. If not, 

the rescatterings An 
_++fl etc. may be important effects. This 

kind of information is needed for one critically to assess the evidence 

for I = 2 exchange reported in a comparison of, yp - 	with 

id -tsN5 . [ See the discussion by Diebold(1969).] 

Backward hadron-.deuteron scattering is a case in which the 

Glauber approximation restricted'to small angles. would presumably break 

down. Themost straightforward reaction is pd-dp, for which 

Bertocchi and Capefla (1967) proposed a double scattering mechanism 

with nucleon exchange. to. obtain satisfactory agreement with the data 

of Coleman et al. (1966). No single (known) particle exchange is allowed 

in 7td - d,, so any explanation of this reaction will suffer all the 

ambiguities of exotic box graphs for hadron-hadron scattering. 

Coherent excitation of the projectile is a more tractable 

problem theoretically, and several expei'iments seem feasible. Of these 

we mention in particular 

* 
We thank Dr. G. C. Fox for reminding us of this state of affairs. 
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• 	 (i)• 	 TtdA1d, 

pd _N*(1688)d, 

(iii) Kd -Qd. 

All of the final states may be Obtined.by vacuum excharge from the 

initialstates. Using the multiple scattering formalism, we can 

formulate the problem to show explicitly what is to be learned from 

this class of experiments. 

For.a general coherent production 

X + dX*+d 

we generalize the multiple scattering ecpansion (1. 56) in an obvious 

way to write 

T 	+ T + E 	G T + E 	 + T 	Ex + T Gx Ex + 

(2.30) 

where E, j  describes the elastic scattering of particles i and j 

and Tk  is the amplitude corresponding to the process Xk 
	For 

applications we wish to assume in the spirit of Harrington (1969b) that 

the infinite series implied by (2.30) can be rep1aed by the on-shell 

contributions to the terms we have written explicitly. Then for the 

reactions (i)-(iii) above everything is known(or otherwise measurable) 

except the X*_nucleon elastic scattering amplitude. Thus diffractive 

excitation of hadron resonances off deuterons becomes a means for 

studying unstable hadron-nucleon scattering. 
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FIGTJPE CAPTIONS 

Fig. 1-1. The two types of diagrams which contribute to elastic hadron-

deuteron scattering in the high-energy diffraction theory. 

[See Eq. (1.30).] (a) Single scattering diagram; (b) double 

scattering diagram. Another single scattering diagram with 

proton and neutron interchanged also contributes to the 

scattering. 

Fig. 1-2. The various processes which contribute to charge-exchange 

• •scattering by the deuteron in the case of a positively 

charged incident hadron of isotopic spin 1/2. 

Fig. 1-3. The double charge-exchange process. 

Fig. l--. The total and absorption cross sections for antiproton- 

deuteron scattering. From Franco and Glauber (1966). 

Fig. 1-5.. The contributions to proton-deuteron elastic scattering from 

the single and double. scattering terms in the region 15 to 

20 GeV/c. From Glauber (1969). 

Fig. 1-6. . The elastic proton-deuteron data of Bennett et al. (1967), 

showing the absence of a dip in the Tnintermediate  region of 

momentum transfers. 

Fig. 1-7. Comparison of the theoretical calculations of Franco and 

Glauber (1968) with the proton.-deuteron elastic scattering 

• experiments (a) at 1 GeV by Bennett et al. (1967); (b) at 

2 GeV by Coleman et al. (1966). 

Fig. 1-8. Comparison of the theoretical calculations by Alberi and 

Bertocchi ( 1969b) with the TT-deuteron elastic scattering 
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data at 895 MeV/c of Bradamente et al..(1968). The dashed 

curve corresponds to a pure S-wave deuteron wave functiOn. 

The solid curve takes .the D wave into account. 

Fig. 1-9. 	Comparison of the theoretical calculations of Michael and 

• Wilkin (1969)---solid  curves--with the data of Fellinger 

et al. (1969)--upper three curves--and Bradamente et al. 

(1970). 

Fig 1-10 Diagrath corresponding to the contribution of an inelastic 

intermediate state for elastic scattering. 

Fig. 2-1, Reggeon exchange diagram for X-Y elastic scattering, which 

is governed by Pomeranchuk (P) exchange. 

Fig 2-2 	Graphical representation of the Glauber series for hadron 

(dashed line) -deuteron scattering: . (a) and (b) 	impulse 

terms; (c) eclipse term. The wavy lines are Regge poles, 

the solid line the proton and the dotted line the neutron. 

Fig. 2-3.. General Feynman graph for two-Reggeon exchange in (quasi) 

two-body scattering. The blobs may have complicated 

structure. 

Fig. 	(a) The simplest Feynmari graph which has a Regge cut; (b) 

• redrawn for hadron-deuteron scattering. 

Fig. 2-5.. Triple scattering Feynman graphs which appear in the Born 

series for the Glauber eclipse term. 

Fig. 2-6.. 	The virtual dissociation d np for imaginary momenta of 

the three particles. The length of a vector is proportional 

to the mass of the corresponding particle. 
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This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or 
Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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