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1, - INTRODUCTION, -

Every year a number of papers devoted to the nuclear interactions at intermediate and high
energy increases very much, In these lectures we do not want to give a review of all the schemes
and models which were developed up to now, -Our main aim is to collect here the most important
results, to give their derivations (may be not finest but rather transparent), and to answer on the
question: "What do we really must know to calculate the cross-section of some nuclear reaction?"

We shall deal with particles of a short wave length kR > 1 (where k is the momentum per
particle in the lab, system, R is the radius of nucleus, 4i = ¢ = 1) and discuss two types of reactions:

i) interactions of elementary particles with nuclei

8, +A; — a,+ A (A)
where a., a, may be electrons, protons, pions, kaons, hyperons, etc,; A; and A; are nuclear
systems’;

ii) interactions of heavy ions

A, +B, = A+ B (B)

(without nucleon transfer from A to B).

General theoretical foundations of the collision theory may be found in the famous book of
M. Goldberger and K, Wa‘tson(l). Here main attention will be given to the application of the collision
theory to the description of reactions (A) and (B), When kR > 1 then usually for calculation of the
cross-sections of these reactions it is necessary to know only the elementary amplitudes (the a-N
or N-N scattering amplitudes) and wave functions of the initial and final nuclei, The main topics
which we shall discuss are : derivation of the Glauber approximation (GA) for the scattering ampli-
tude of reaction (A) and its connection with the fixed scatterer approximation (FSA) and the optical
model {OM) ; the validity of the FSA and the GA ; the GA for collision of heavy ions (reaction (B));
the comparison of the predictions of the GA with experimental data ; the inelastic screening for
hadron scattering on nuclei at high energy; peculiar polarization phenomena for knock-out reactions

(x) - From Institute for Theoretical and Experimental Physics, Moscow (USSE).
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{p, 2p) on nuclei; the interference of the electromagnetic and strong interaction ; new theorem for fi
nal state interaction in deuteron break up and reaction n"p —»pn~ for forward protons, A part of the
material is based on the lectures given by the author at the 1972 Summer School on Theoretical Nu~
clear Physics in Moscow Ingeneering Physical Institute 2} (Sects, 2 and 6).

2, - MANY-CHANNEL POTENTIAL MODEL, WATSON THEORY AND GLAUBER APPROXIMATION, «

2. 1, - Many-channel potential model, -

The scattering of the point particle a on the compound system A may be described by the
Hamiltonian (see, for example, ref, (1)),

—— e — —~ -
H(R, rl,...,rA) ka(R)+hA(r1,..,r'A]'+ ;‘?Vi(R-ri), (1)

whgge R is the coordinate of the a particle, T. are the coordinates of the nucleons in the A nucleus,
v, (R rl) is the potential of the aN; interaction, k (R) is the operator of the kinetic energy of the a
partlcle, h, is the target Hamlltoma.n :

.[hA(;'l,,.,?A) - e”] @, (Fp..aT)) = 0, (2)

where @, and g, are the eigen function and energy of the » level (the energy of the .ground state
&, is equal to 0),

Expanding the wave function of the a+A system in the series in Py
v (® T,...F

¥y)= 2w, (R) 9, F,...F,) (3)

we get the set of coupled equations for the wave functions wv(ﬁ) (see, for example, ref, (3))

[5a® -5+ 2] v, @) = - f ARCRACY (4)

where

) ey iy » -)--. N -/" s o - -y-.,-) Y . {3 }
vlJ.'U(R) \l"‘l?vi(R ri)lv/, - (pp.(rl""rA) fvi(R ri) @lv (rl’aoer) d r A. (5)

Piyeuesl

| 3 3> 3= 77 A
. - 6 .
{dl}A drl,..,d N ( A ).

(5b)

The outgoing wave function TP,E,-'_).(E) which describes the a system with the » excited state
of the target is the solution of the set of coupled equations

(+) ikrpR (+) ~5 > . -y (+) o 3>
v, = " + ol @R CRMRCRRARCIE (6)

e

-+ Ccd
where the Green function Gl(< ,u) (R) may be represented . in the form

ez KR | |
Gy (R)“LK(R)+E -e] ISfdk' g )
(27) (Ek- 8,) "‘Ek!+ ié
(where E_ 4’ w2 +mz’ ka('ﬁ)eikR g EkeikR) or
| (v)
E ik, R
@y -k = - (8)
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where By ~Ek-sv, k, = (Ek ) - m .

We can solve system (8) by the fteration procedure, After this the amplitude of the reaction
a+ Ai -2 3+ Af can be written in the form of the finite series

(v)
'l Ek @ 3> 3 ‘--il-z ﬁ - (+) » -
E.'IA - . 1 “;-n:d‘ E f"n' e -
Fip(Bpe 8) 2 n2=1 /d kg kp® ey By Gy (B = By )
(10)
(+) . > ik.R

c v (R )oev (R)G
ypo n-1

(R,D-— R PV g R)e 1
where the sum is performed over all the  repes ating indexes p, v, 0 k and kf are the momenta of

the incident and scattered particle A = k - kj is the momentum transfer

Formula (10) gives the general solution for the amplitude of the reaction

a-+ Ai.~§- a -+ Af . (11)

But it is rather difficult to use this general solution for applications because exp, (10) is dependent
not only on the wave functions of initial and final nuclear states, but also on the wave functions of
the all excited states,

It is much more convenient for applications to use approximated expressions, The most con
venient are: the fixed scattered FSA (it may be also called as adiabatic approach or closure appro-
ximation for intermediate states), the Glauber approach and the optical model, The main aim of the
all these approach is to evaluate the amplitude of reaction (11) without any information abeut inter-
mediate states,

2, 2, - Fixed scaftered approximation (FSA), Glauber approach, and optical model, DWBA, -

The FSA can be used when the incident particle is fagt and its velocity v, is much higher
than the mean velocity of nucleons in nucleus Vo2 LVid 4). In the framework of the FSA we neglect
the: excitation energy &, in exp.(7) for the Green function as compared with the energy difference
Ey - Exr. We shall see latter why these two inequalities Vo <VN> and ¢ <<lEk Ek,\ are equi-
valent, If the value of &, in exp.(7) can be neglec ted, we need not information about the wave func-
tions @,,,(r s+vs B, ) for calculation Fis(E, ,A). Indeed, in this case the Green function (7)-(8) is
not drnpendent on tf} v index and we can p<>r1 orm the summation over all the intermediate states in
exp, (11) ‘with the help of the completeness condition for the wave functions

TLY= 8 -TY) .., 0F, ~TF1) . (12)

PRCABTEE ’r)q’(v” A 17 AT A

After this summation the scattering amplitude (10) may be written in the form

]
~ik¢Ry & - s -
, =_,_<_ 2 f fBn & = ,
F (B ) d R e Be(Fron s ¥ VR LT o007 ))
(+) > hecg > i - - (+) -—) ;
3 w F s, o e - ' 13
G (R =R VR sT5.07 ) V(R T H Gy (By- R (13)

- - 11.;.* - - 3
© Vv (Rl:?ls cod rA) e lRl ¢]‘:l{r]t, .o I>‘A) ‘{d I'}A

~ where V(R I‘], vosT A) = Zv; (R-T, ;)3 the O-function takes into account a center-off~mass motion
and the wave iunct1ons¢ and ¢f depend only on the relative coordinates of the nucleons,



In the FSA we consider nucleons in a nucleus to be "frozent during the passage of the fast
particle thorugh a nucleus,

Further transition from the FSA to the Glauber approximation
of the eikonal approximation for the Green function

eik, > =, _ 1 ik(zy-z)) I
Gk (Rz-Rl)- - e O(zz-zl)d(pz-pl) (14)

(5) can be performed by using

i
v
k

where —51 are the transverse components of the vectors ﬁi (,S’i are in the plane normal o the momen
tum k); z; T

i are the longitudinal components &f the vectors R;.

After substitution of exp, (14) for the Green function into exp, (13) we find

Fo (B, &) =t %_o F(n)(Ek,Z)'i> (152)
n=1
e %) - - ;‘i i (" / a3 e:ijigdgl...dgzn VEE R ,.F)
© oz -z )V zn_l;;?l, ..,?A). .. v(p, zz;}"l, . ,,'?A) O(z,-2,) (15b)
\ - 00
C VBzgE LTy = Eﬂ:T "j,-—ié;”/dz’?eizg |,j V(H’Z;?r“’?A)]n
Tk -0

3 =) -y >
Where <f)F(n)‘i> = ‘/{d r A ¢:(]?1: ey rA.) F(n) ¢i(r14» . &

A)
where r ? ‘
3 3, 8- o T1°TCTA
= g f———
{d r}A Tpeendry 8=y ) (15¢)

To transform exp, (15) to a more convenient form let us introduce the phase shifts

0
. - ' 2
8.G-8)= - -1 [ w(V@F-3%+ 2% az. (16)
i i Zvk i
-co
We have
e} o
- o s 2,
- / dzv(f)’,z;rl,..,-r)A) = - / dz f Vi( |/(p~ Ei)z +(z - £ =
-®© e (17)
= 2 iZ(Si(p' -si)= 26(p,s1,,,,sA)
where _s)

-
i and . are respectively the transverse and longitudinal components of the vectors T,
Performing in (15) the summation over n' we get

- 3 2.5 iAp [ 2id (3& g]_: e :“é
- r) [dPe _ :
FoELE) = =X l/ 1-e l |1>. (18)

Exp, (18) is the Glauber approximation for the scattering amplitude(5) .



As the diagonal matrix elements ¥ are usually much bigger then the nondiagonal ones
v 'u<< v it is also useful the perturbat}:tve solution of system (4)., For the amplitude of elastic
scMattering the first approximation is equivalent to the neglection in (10) by all the excited states

pt - 3 P / 3~ 3= -ﬂ;'ﬁ . =3 3
Fy; (B.4)= -~ n2=1 d'R;...d'R e D, (E o) G, (R -R )
(19)
= (+) = L KRy
© VR ey (R )G (R -R )Vii(Rl)e
or in the symbolic form
ot
Foom v, 4V, Gv., ¥V, Gv,, GV, +... (20)
11 11 11 11 11 11 11
The amplitude of inelastic scattering has the following form in the first approximation
Fp0f~ v.+v (}v GV . .+v . Gv.. +tv. Gv. GV Gy Gy, +. (21)
fi fi fi Ver g1 fi7iii ffff1111 fffffffl

In the eikonal approximation for the Green function exps,(19-21) can be transformed to the following
very known forms

-
M =, _ ik iAp 9= 2i0(p)
(Ek,.A) = o \/e d%p (1 - e ) (22)
1 @ - -
where ¢ (p) - S Vll(p’ z)dz ,
ko
@
- -i / ‘vﬁ.(p, z') dz!
FDWBA(E ‘Z) R igp d2.,, z
£i K’ ar | © ee
z - (23)
i [ v (b2 dz!
-y o 1l
vﬁ(p, z )e - dz -

The former expression corresponds to the optical model, the latter to the result of DWBA,
in which it was neglected by a small contribution coming from non zero difference & £ 8 and non
zero value of the longitudinal component AZ of momentum transfer,

It is important to note that exps, (18) and (22) contain the phase shifts but not the potential
which was introduced only on intermediate steps. The phases 0. (p 8, ;) and 0(3) may be expressed

through the a-N; scattering amplitude £ alNi (@). The relation between the a-N; scattering amplitude
and the phase shift 6 (P -5;) is given by
>
- ik [ 2 iAp 216,(p) ,
faNi(Ek.’A) = orJdee (1 -e ). (24)

It is useful to introduce the nucleon profile function

L) = 1- (P04 (25)

which is related with the scattering amplitude :IfaN by the expression
i



(26)

1

>
L) = i
Then the scattering amplitude Fgy in the GA may be expressed through the nucleon profile functions
(27)

LD - A
) N jk lAp 2,;, . = "’—l N
Ff.(Ek,A) = 5 <fl/e dp L1 - iljl (1 - Fi(p~si)‘ M1> )

L
~lAp 2> ->
A (B , A
/e d A 'EaNi{‘Ek’ ).

The phase ¢ (3) in the exp, (22) and the potentials Vi ¥, and v, may also be expressed

through the amplitude faNi(a). Usually we may neglect by the radius of the aN;-interaction as com-
pared with the radius of the nucleus, Then the optical potential may be written in the form
(28)

D) = o 2T , P
vﬁ(r) = -5 faNiw)Asﬁ(x),

where Sﬁ(?) is the single particle density matrix, which is connected with the form factor Sﬁ(a) :
(29a)

a3
3
d?’}
“Sa

= ' -ia; .
Sﬁ(r) / e sﬁ(q) om)
{29b)

‘.' * - - I —
J ; v (1 ]
)wf(rl,.,,rA) wi(l 1 .,rA)

S

>
igr
e

U M
[y

s - l
Sgia) - K/(.
j
A o
1 s .
.<fl 5 equ,i> .
j=1

1
> =

4

If we assume that the densities of initial and final nuclei are not very different sii(“f') y sff(?) then
(30)

exp. (27) can be written in the form!6
(0) fs (@) - — /dz’“‘s @) F ("’-"'il
aNg | Py omki J ¢ @ Py Fytd - d

DWBA. .
¢ (q) = Af

P,
i
Exp. (30) determines the amplitude of the transgition i -»f through the transition form factor Sif(fi)

and the amplitude of elastic scattering Fy;(d).

2,3, - Watson theory, ~
It is also possible from the beginning in exps, (6) and (10) to introduce two-body scattering
amplitudes faN; instead of two-body potentials V., In operator form exp,(6) may be written as
(31)

v o g4 quet?

o> >

where U = ZVi., f=e Y, Two-body scattering matrix is related to two~body potential by the
(32)

. 1
integral equation (the Lippman-Schwinger equation);
T; = V;+V,GT;.
Here it is also some problem with the off-shell effects, because interaction of an incident particle

with free and bound nucleon may be different, We neglect for a moment this problem assuming that
these interactions are equal (this corresponds to the impulse approximation of ref, (1)). The validity



of this approximation we shall discuss in Sect, 2, 4.
The solution of eq, (31) may be written in the form (see refs, (7, 1))
A
pt= 2+ 3 QT+ 3 GT.GT X+ 32 GT.GT.GTX + ... (33)
; i satagay L i 1e g SR
i=1 ij(i#3) ijl(ifi#e)

and the scattering amplitude is given by the series with contains A terms

F.(E,8)= {t|sT,+ I TGT + 3 T.GT,GT_+...|1D (34)
b 55 e 1 g T

or in a more detail form

e P T
3o -ikeR £i » kR : > ~ik, R
P (B L) = /d Re I I1{@e & +/d Ra’R, I o TrV@®)
] iUGFY !
23 28
2r (+),= = vi= li1j[3-> g 32 “iKphg
2w - . 3
By, Gy (Ry-Ry) Ty (R,)e + [d"Ryd°Ryd R e (35)
e
£ X + kR
. b T, (R) (J( )(R )T (R,) ()(R -R)T (R)e ' 1+,,
. : '3 Ek 3" L e Gy
lm(j#2#m) Eyo
where
o, =/ % > - ”"‘.'_"'\ - > { 3 }
T, (R) Wp(rl,...,rA)Ti(R £) @y (rs..,r )qdry, (36)
N = d 3
~> igR - d
T @ = [ My @S (37)
i i 3
(27)

Exps. (33) and (35) are the Watson multiple scattering series, In the GA (see exps. (26),(27)) it was
neglected by the longitudinal components of the momentum transfer A,, In exp,(37) this dependence

on q, is taken into account but is necessary to be careful with inclusion of this dependence, because
it ig not Lorenz invariant and exp, (37) may be written only in definite system, We suggest that this
expression is good in the center of mass system, The profile function I’ 1(3) is related to the two-
-body scattering matrix by the expression

ne = 2 [ 132 P (38)

In the FSA the Watson multiple scattering series (35) may be represented in the form

g

-
iksR

FroME,, A /d r i}, 050, 7 ){fd 5. zT(R-r)e s
KR, il R
[R5 i@, 2 R R @ Tl L
UG : i
(39)
> 2> 3 ~iipR. -
+ /d3Rld3R2d3§3 s TR @ )~— G( )(R -R,)
jLm(jf tfm) : e
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This formula may be regarded as the most suitable for the description of the interaction of
elementary particles with nuclei at intermediate energies. But it is a more complicated than the
Glauber formula (27). The transition from exp,(39) to exp. (27) can be done by using the eikonal ap~
proximation for the Green functlon Gk+ (see exp__(}_4)) This approximation can be used for scatte
ring on small angles for k\ R -R. \>>1 where Ri-E \ is the effective distance between two nucleons
in nucleus, If the cor _rglatlons between the nucleons in nucleus are not important (this is usually
realized), then \ f{i-ﬁj \N R and the eikonal approximation for the Green function Gk+) is appliable
for

kR > 1, (40)

It is very important to note that we can derive the Glauber expression (27) from (19) using
only the eikonal approximation for the Green function (which is appliable for kR »>> 1) without the
assumption on the validity of this approximation for two-body amplitude T (R) (which is appliable
for ka >>1, where a is the radius of the a-N interaction),

2, 4, - Applicability of the fixed scatterer approximation and the Glauber approximation, -

Let us estimate the order of magnitude of the corrections to the FSA, These corrections are
connected with the term ¢, in exp, (7) for the Green function and also with the off-shell effects, We,
shall start from the estimation of the former corr cgmn For small momentum transfer \k'-k"iz(z lf“
the Green function may be represented in the form

+) . E expli(k -~ &,/v)r E kr ¢
()()'“"’% [r — ]x-'gf- < (1—-i;i~r) (41)

where v, = k/E, (we use the system of units % = ¢ = 1),

If we put r » R then the correction in the Green function will be of the order of
Inl~ %, R/Vk (42)

where "5,,‘, is the average value of the excitation energy, For estimation we may pul &€, ~ p>2 [2m,
where < pdyw~ R-! is the mean momentum in the framework of the independent particle model, Then
we have .

£ VN>
N (43)

mRvk Vk

fn] ~

where {v,.> = {py/m, Therefore the parameter |n| is of the order of the ratio {vy> /v which
was stated above,

The value of 1 may increase with the transfer momentum A. Por example, 1n the double
scattering term every nucleon receives the momentum A /2 -and the kinetic energy A / 8m, This
additional energy leads to the correction

jnz(Z)l ~ A*R/8m Vi . (44)

It is also important to note that the phase of 7 is different on w/2 from the phase of the main term,
So this correction is real if the main term is imaginary, This means that the correction in the diffe .
rential and total cross-sections (when spin effects are not detected) will be of the order of n
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In the case of hadron scattering the estimations (42) and (44) are rather upper values for 7,
because it is more reasonable to put r ~ £, where % is the mean free part of hadron in nucléus,
Then only for electron we shall have the estimations (42) and (44), For nuclei with R» L the corre~
sponding correcti ons will be much smaller,

-
To demonstrate why we can put the value <p>2 /2m or (A/2)2/2m for &y let us consider
the double scattering term for the amplitude (35), In the momentum representation we have

2 Vi 3
. s £'@0 @9
o’ g I *

3 I > A - i
(2_“,) Evk E‘k-q‘ erv’*' 16

2(2)

x ~

(45)

The value of &, is equal to the difference between the energies of the excited v -state and the
ground state:

= 7 i i
sw—\v'VAfi-TA - <1lvA+TAI1> (46)

where v, and T, are the operators of the potential and kinetic energies of the A system. If the
main paréx of the elementary amplitude f] Y(q) does not depend on spins (as usually for high energy),
this amplitude commutes with vy and we have

L5, | ¥l

vy - i iy) . (47)

f,
J

fyvi |,
N , .
f i fj fk K_arij TA

4T
VA A

After collision some of nucleons in nucleus began to move with different velocities as com-
pared with their movement before collision, But nuclear forces are not dependent very much on the
velocity of nucleons, Therefore, we can put

<t I‘vAlf > ,-%(ilvA!i>

and &, will be equal to the difference between the kinetic energies of the nucleons before and after
collision

sy = (v | T, - SIENE R (48)

In the double scattering term (45) only one nucleon in the intermediate state receives the re-
coil._g’If its momentum befortthe collision is 1"’1 then after the collision it has the momentum
31 + Ai 2. 'f)’i +(A[f2), where A is the total momentum transfer, So we have

ey~ <(B; * —§L")2> [2m - <piz> [2m (49)

which is in agreement with the previous estimations,

What may we say about the off-shell effects, which describe the difference between interac-
tions of an incident particle with free and bound nucleon? If we have in mind that the nucleus consists
from nucleons this means that properties of the nucleons inside the nucleus are not very different
from properties of free nucleons, Really a nucleon inside nucleus can be deformed or polarized and
it will be a superposition of the states | N>, | NuD, | N27>> and so on. In the first approximation the
excitation spectrum of nucleon in nucleus may be represented by the nucleon resonances N*, But due
to weak boundness of nucleons in nucleus the probability of finding a nucleon resonance in nucleus is
rather small (see, for example, ref, (9) and (10)), It is of the order of magnitude k = BN/&n* - m),
where By is the binding energy per nucleon, m* is the mass of the resonance N*, m is the nucleon
mass, This ratio is of the order of 1%. So we may think that the off-shell effects connected with
the difference interactions of free and bound nucleons can not be big,
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The transition from the F'SA to the Glauber approximation is connected with the validity of the
eikonal approximation for the Green function, The corrections arising from the deviationfrom geo-
metrical optics (from eikonal) are usually called as Fresnel corrections, These corrections were
discussed in many papers (see, for example, refs, (11) and (8)),

For forward scattering these corrections are of the order of 1/kR, If the momentum
transfer is not equal to zero thay have -an additional contribution proportional to A% / 8k (for deu-
teron AzR/ 8k). The Fresnel corrections are real if the main term is Amaginary, so for many cases
the contribution of these corrections is much smaller than 1/kR or A2 @/Sk (A2R/8k for deuteron)
due to small value of the ratio Rgfan/ I;mfaN‘ This will take place, for example, for differential and
total cross-sections, But for polarization phenomena we may expect corrections of the order of 1/kR
or RZ% /8k (A2R/8k for deuteron).

For high-energy scattering of hadrons on nueclei there exist corrections to the GA connected
with the possibility of the excitation of the projectile hadron, This inelastic screening effect appear
for energy(12'16)

E z mR, (50)

We shall discuss these effects in the following sections,

It is also necessary to remember about r2elativ:is:tic corrections to nuclear wave function,
These corrections may be important for A2/8m Z 1,

3. - COLLISIONS OF HEAVY IONS, -

The formalism described in the previous sections may be easily generalyzed on the collisions
of two nuclei, This generalization have been done in the framework of Glauber theory in papers (17)-
(20). The Watson's form of multiple scattering series was investigated in paper (21). The scattering
amplitude for the reaction (ii) may be derived from the solution of Schr8dinger equation with the
hamiltonian

H = HA(Ra) +H _(rj) + 3 va_j(Ra - rj) (51)

B

where H, and Hp are the free projectile and target hamiltonians, Vaj (ﬁa -»?-) is the potential of the
interaction between the N, nucleon from projectile and the Nj nuclcon from %arge.t_

The matrix describing the N - Nj scattering is defined by the expression

Taj = vaj+vajG'1ch . (52)

The final answer for the scattering amplitude is very similar to exp, (34)

BA_ ».
Fo (B,X)=<elz 1, + = TGt

T GT. GT +...]i> (53)
aj 1 ajfpr

ym

-+ 2
Bt ajf Bl#ym @y Bt

In the eikonal approximation for the Green function we have the following representation (of
the Glauber type) for the scattering amplitude in the c.m. system

AB~, _ ik [ 2> #HAB -
Fp (A) = -5%/ d“Be ZEIrBIiLY , (54)
\ R + +R T+, 41
Y -, _ 3> 3.~ 3‘_> 3.5 o . . B
e Ir@iy = Jd R d R, 7. 45y (e o (LB
W E T VR BYTE) vy F LB v R LR
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where the profile function is given by

FB)=1- IT(-T,.),
B)=1- M-Iy

B 2 &
" ~i(B-5,+5; . 2.

. ¢ (@a
T ‘/e fa,j(q) q .

_ B ~ _
l’a‘j = [(;j(B-Saij) =

If the atomic numbers A and B are big then it is convenient to use instead of the generalyzed
Glauber model (54) the optical model, In the optical model the amplitude of the reaction A; +B; —
- A.f + Bf may be written as

- . =
- ik 2> +iAB 210 Ap(B)
Fou(E L A) = ;/d Be (1-e ) (56)
where
i @ =Tt (T (B
A.B(B) = Kk aj AB( )‘: (57)
; .0 I
. ~» - . 2.> > > - d
'IAB(B) AB/d S /w dz‘A '/_/w dzB SA(B S, ZA) SB(S, ZB) R

s A(;) and SB(?r'y) are the single particle density functions (compare (57) with (22) and (27)),

4, - COMPARISON WITH EXPERIMENTAL DATA, -

In Figs, 1-7 we illustrate the agreement of the theoretical predictions based on the GA with
experimental data,

. In Fig, 1 the theoretical predictions of Glauber
" ' i ' ' ' and Matthiae(23) on the reaction p+12C —> p+anything
¢ at 21,5 GeV/c are com}(aared with the experimental

’ ) data of Bellettini et al, 2_3)0 The scattering cross-sec

21.5 GeV/c protons ) tion do/dQ = 2|Fy(E,,A )12 was calculated in the
\ 5 - framework of tﬁle GA with the factorized nuclear den-
— Best fit

E ' : sity
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-

p(rﬁi) , (58)

Y . 2.
" ps@) = (1/n %2l exp (-r2/2D),
0

\
A\
\ = > 3/2 2,.2 ,
%_ pp(r) = (2r2‘/31r / ag’)exp(-r /ao ), a, = 1, 6 fm,
\

i ; The nucleon-nucleon scattering amplitude was para-
\ \ . metrized in the form

T 1Tlllli

. 2 2
o] @ = f{; atot(l-ia)e"ﬂ 1/, (59)

\ | FIG. 1 - The results of Glauber and Matthiae(23)

i \ on the scattering cross-section of the reaction
0 : 5 ' ,10 . ,IS . p+12¢C ~» p+ anything in comparison with expe-
¢ lmrad) rimental data of Bellettini et al.(22) at 21,5 GeV/e.




12,

where 04, is the total cross-section of the N-N interaction, @ = Re fy(0)/Im fyp(0). The experi-
mental data are fitted very well,
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FIG, 2 ~ The results of theoretical calculations based on the GA in com-
parison with experimental data of ITEP gsroup(z‘-") on the reaction p+ 126
— p+anything at 2,1 GeV/c,

In Fig, 2 similar calc-ula’cions(M) -are compared with the experimental data of the ITEP gro-
up(24) on the same reaction at 2, 1 GeV/c, The experimental data as in the former case are descri-
bed very well, Some discrepancy (of about £ 10%) for 62100 mrad may be comnected with an uncer-
tainty of the slope parameter B¢ for the p-n scattering amplitude,

In Fig, 3 the theoretical predictions(zs) of the optical model on the elastic p«-40Ca scattering
at Tp = 1 GeV are compared with the experimental data of the LIYaP group(25). The nuclear density
was parametrized in two different forms :

r-R -1
- )

. 2
a) plr) = po(l +W—§2—)(1+exp

with R = 3,725 fm, a= 0,591 fm, W = 0,169 (curve 1) ;

r -~ R)"'1
a

b) o(¥) = po(l + exp

with R=3,6fm, a=0,576fm (curve 2),

Almost everywhere the agreement is very good, Only near diffraction minima there are some di-
Screpancy which may be connected with neglection of the angular resolution of the spectrometey as
well as the spin effects and the Fresnel corrections, Every small effect may be essential in the re-
gion of the minimum,

In Fig., 4 it is shown the comparison of the theoretical predictions(%) on the reaction
p+ 12¢ > p+ 12¢x (4.43 MeV) at = 1-GeV with the data of the Brookhaven group(27) and the
LIYaP group(28), A good description of the data for angles 0 = 109 is achieved due to the inclusion
of the nuclear deformation effect, The density distribution of the deformed 12C nucleus was para-
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FIG. 3 - The experimental results of LIYaP group(%) on the elastic p - 40(? a scattering at
Tp = 1'GeV in comparison with the theoretical predictions based on the G

metrized in the form:
-1
P = pg E. + exp {_(r - R)/a}] (60)

where R =R oIl +BP, {cos 9)] in the target rest frame. The parameter of deformation B was put
equal to -0, 44,

IZC(ISO ISO‘)RC
E no = 168 MeV

In Fig, 5 it is plotted the cross-section of the
elastic 12¢-160 scattering at Ey,ap = 168 MeV, The
theoretical calculations performed in ref, (18) in the
framework of the optical model (see, exps.(56) and (57)
in these lectures) with the inclusion of the Coulomb in-
teraction (this inclusion we shall discuss in followin,
sections) agree very well with the experimental data 29) .

In Figs, 6-7 there are presented some resulis
of Alberi, Bertocchi and Gregorio 30) who calculated o1 ] L I
differential cross-section and polarization for p-d
elastic scattering at E, = 582 MeV, They used the
Glauber approximation andpok:.into account spin
structure of the N-N scaitering amplitude. As we can the reaction 120(1 6o, 160)12C (ref. (18))

see, the data 31-32) are not fitted very well by the and experimental data at Ey ap= 168 MeV
solid curves for momentum transfer squared |t} X {ref. (29)).

2 0.3 (GeV/c)2, To reach a better fit the authors.in
cluded {ad hoc) in all ten N-N amplitudes the phase factor

eXP‘r I4!,..exp (- %'(2)' (t - 130/4)2) - exp(- 10/16;]] |
-— o] s

(the dashed curves), ty = 0.5 (GeV/c)z_

FIG. 5 - The theoretical description of
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FIG. 6 - The results of Alberi et al. (39) on the FIG. 7 - The results of Alberi et al, (30)
differential cross-section of the reaction pd - on the polarization in the elastic p-d
—>pd at 582 MeV in comparison with experi- scattering at 582 MeV in comparison
mental data(31-82 . with experimental data,

This may be done because the absolute phase of the N-N amplitude may be strictly determined only
for t=0 (through the optical theorem).

But let us remember the Fresnel corrections, For 22 0,3 (GeV/c)2 the parameter
A%R/8k (see Section 2,4) for k~ 0.6 GeV is of the order of 1, So we may expect that the de-

viatio:g)of the results of ref, (31) from the data is also connected with neglection of the Fresnel correc
tions\9/,

Therefore it may be seen that when the conditions mentioned in Section 2.4, are satisfied

the Glauber approximation works very well, and when these conditions are not satisfied there may
appear noticeable corrections,

It is also useful to do some remarks concerning terminology. Usually in papers both express
ions (22) and (27) are called as the Glauber approximations, It means that for both these expressions
the particle-nucleus scattering phase is equal to the sum of the individual particle-nucleon phases,
And the Glauber approximation is usually identified with the additive prescription for scat-
tering phases, Here we connect termin "the GA" with the detail form of exp. (27), using for exp. (22)
termin "the OM", For scattering on small angles AR ~ 1 when kR >>1 the GA and the OM give

practically equivalent results (with accuracy ~ 1/A), Butfor A~1 (deuteron, helium) it is neces=
sary to use the GA (exp, (27)). ' '

5.= INELASTIC SCREENING, -

As it was mentioned in Sect, 2,4, for high energy EX m2R it may be noticeable the inelastic
‘shadow correction comnected with the possibility of the excitation of the. incident hadrons(lz"m). Let
us discuss the scattering of high~energy proton on nucleus

P+A; > ptA . (61)
The incident proton may produce some hadronic state on one nucleon in the nucleus

p+ Ny — z+N, (62)

and after this 2 system may disappear after collision with another nucleon

X+ Ny > p+N,, (63)
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The cross-section of the reaction (61) is rather big, but for high-energg E >»m it is dominated by
the contributions of big masses of the X system M2~ S, S =2mE+m#*, For scattering on small
angles AR S 1 the coherence condition implies the following limitation on the masses M which may
contribute into the cross-section of reaction (61)

M2/2E < R™L, (64)

For big masses M2 J2E > R~ the cross-section will be small due to big value of the longitudinal
component of the momentum transfer from the initial to the intermediate state and from the inter-
mediate to the final state,

So we see that the problem of the 1ne1.1 stic shadow correction is related to the dynamlcs of
the inclusive reaction (61) in the region of M2/2E S R-1, i.e, in the triple-Regge limit M /S <
= 1/mR << 1.

In refs. (15a~15b) the inelastic shadow correction for scattering on deuteron was analyzed in
the framework of the triple~-Regge model, As it was shown in refs, (15a-—15b) for calculations of the
inelastic shadow corrections in nuclei for small momentum transfer AZR < 1 it is necessary to
take into account only the part of the inclusive amplitude for reaction (61), which is connected with
the diffraction dissociation (DD), The DD part of the cross-section for inelusive reaction p+p —>
—~> X+p inthe region M: % 2 GeV has a resonance form (see exp. (15a}), In the region M > 2 GeV,
E>>m the DD cross-section is well approximated by the expression

2 DD

g% "(t=0) . _C (65)

where C =2,4%0.5 mb/(}eV2 is not dependent on E and M -t = Az

The contribution of the inelastic shadow correction Ac¢ to the total N-nucleus cross-section
was calculated in ref, (16):

= 2
S o
5 e g a%6 " (t=0) 02
/ [ o ¢ =
Ao = -4av [d%b | dM® S5 exp [- —1-aT(b)MF(q . )| (66)
dt dM 2 L
2 i
(mtm,)
00
where T(b)= A f p(b, 2)dz, p is the nuclear density function, qy, is the longitudinal component of
«00
the momentum transfeér in the reaction (62):
: 1\/[2 mz
qL» = g the form-«factor
* igy 2
F(qL" b) = / olb, z) e L 4y (67)
MZ
gives the restriction of the integration over the mass M: —é‘—mR <1,
The numerical estimation of the correction Ae are presen‘ced in 21‘5‘1g 8, These estimations
were performed in ref, (16) for the Gaussian density plr) = "3/2 R-3 R=07 A1/3 for

12¢ and 16O and in- the model of the black sphere with the radius R =1,1 A] /3 tm for heavier
nuclei,

The correction A¢ gives the contribution ~ 2-3 % into the total N-nucleus cross-section
Oyt and leads to the decreasing of ¢y, with energy. The value and the energy dependence of Ag
given by exp, (65) are in agreement with the experimental data on the neutron-nucleus scattering
received by ITEP-Moscow University group at Serpukhov and University of Maryland group at Bata-
via,
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6. - COULOMB~NUCLEAR INTERFERENCE, ~

8, 1, ~ Additivity of nuclear and Coulomb phase shifts, -

To include the Coulomb interaction into the Glauber formula (18) it is necessary to change
the nuclear phase shifts of the a-N scattering on the sums of the nuclear and Coulomb phase shifts(”)

- e

0(7: 8y,..8)

o i A
(0P(F-8y) + 0@ -5+ 3 6%@-F) (68)
=1 ) j=ztl

4 N

-
where 6P(F-8.) and 67 - §j) are the phase shifts of the a-p and a-n scatterings, 6°(F - 8;) is
the Coulomb phase shift

9, 7
LCr®y _g_ —— . "j- ‘...; - "
0%(p) = - 5~ = 3 eylay) Pp(ql) e (69)
q + 2

where a = 1/137, pa(ﬁl) and p (oﬁ_) are the charge form-factors of the particles a and p, 4 is the
photon mass. Introduction of 4 corresponds to the choice of the Coulomb potential in the form

V(¥) = ey , @=e2/4n, Inthe observable quantities A must be put equal to 0, The method

4wy
of elimination of this infrared divergency depends on experimental conditions, We shall discuss some

examples here,

The principle of the additivity of the nuclear and Coulomb phase shifts follows from the addi-
tivity of the potentials - strong and Coulomb, If we introduce into Exp, (16) the potential

stron N
v, = V; g) . ViCoulor_ab)

then we get
(strong (Coulomb)
‘ )

0, () = o, (B0 @ . (70)

i i

This may be done only in the eikonal approximation for the a-N scattering amplitude, In the Watson
multiple scattering theory we must add the amplitudes - strong and Coulomb
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) B L
faNi(q) fany @ + aNl(q) (71)

For the Coulomb interaction the eikonal approximation is valid also at low energy. So we may write
for example
Cr=>
c) - - ig 210 °(p)
(CI) / d p e (1 -e ) (72)

where 6°(7) is given by Exp, (69),

Exps, {(71)~(72) may also be used in the description of heavy ions collisions, The proton pro-
file function (55) in this case must be calculated with the help of Exp.{71), To include the Coulomb
interaction into the optical model (56) we must add to the phase ¢ AB(B) (See Exp, (57)) the term

2
- z, 2.0 d”q -i3q,
c B = A‘ B__. .-._._.:‘_._.. ")_ ~>' £ . 73
GAB( ) o 53 pA(qJ_)pB(qL)e (73)
W q, + A

Note that for high energy the strong phase shift (5 (s) is practically imaginary and has a small
real part, But the Coulomb phase shift € is pure real, oo in the first order in a the nuclear-Cou~
lomb interference is proportional to the real part of the strong amplitude, This is the reason why the
nuclear-Coulomb interference is used for the determination of the ratio Refp/ Imf,, at small scat-
tering angles,

6.2, - Bethe formula, -

Let us discuss the nuclear-Coulomb interference for the w-p scattering, Using the additivity
principle for nuclear and Coulomb phase shifts we can write the following expression for the nwt-p
scattering amplitude in the eikonal approximation

1453'—
f+(EA) lk/dzl l»_

2 [sP(3) + 6°(',3”ﬂ1

(74)
where 6P(7) is the nuclear phase shift and ¢%(F) is the Coulomb phase shift
a*3
q e
- o L -1
6°(p)=~§/ 79(61 )p(q“e P (75)
ql + A
The amplitude (74) may be represented in the form
g (c}
fw_,_p(E,A) = f (E, /_\.)+f (B, A) (76)
where
Kar el N
- ili/ 9.5 idp 216 (p)
fc(E,A) o d“ e (1 -e
is the pure Coulomb amplitude, and the amplitude
P N IR . P>
: idp 2i0 216 (o)
£, %) - %-i/dzpe PO ) ) (77)

-»
is equal to the pure strong amplitude fS(E, A) in the absence of the Coulomb interaction

- -3b,
; - i3 216 P(7
fs(E,z) = 21—1‘; /de el P (1 -e (p)) . (78)
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For a point charge

T T
d q oD e
- o 4, “lpq
0%(p) = ~ == /;‘5“"5 e L= ~aK (pk) (79)
where Ko(p A) is the modified Bessel function and when A >> 1 the amplitude fc(E,z:) is e(iua.‘l to

- > i5° ~ -92i @
fc(E,A) = ik:/p dp I (Ap) (1~ «3216 (p)) = ik{{[{l-e 21“K°(p“) %p Il(Ap;] -
. - - 0

. )
, -2iaK (pA)
- 2ia / L pdp I (Ap)e P K'(p},)dp .
0 A 1 o
X
In this expression the first term is equal 1o zero because Ko(x) —> \,51:; e for x ~» o, The in-

tegration of the second term may easily be performed for A>> } » When the main contribution to the
integral gives the region p ~A~1 and pA <<1, For small value of pA we have Ko(pl) =-Inply
(where Invy = e = 0,58 is the Euler's constant) and

[00]

=1 2ia ) 2k |, 24y .2ia I'(l+ia)
fc(E,_A)——&kb(A/ (1) “T(Bp)ap = - o 25 (B)HE LA (80)
0
Exp, (80) may be written in the form
. 2k 21(6_+4 )
‘ 'fC(E,A) = . Z\-z— e ¢ o {81)
where r )
A 1tia
= e o Sl dY A
Oc = =@ e * %8 T a) (82)
and
= Ay
60 aln = . (83‘)

From standard expressiong which can be found in text books (see, for example ref, (34)) Exp,

(80) differs by the phase factor e“*%0, Thig phase factor is important when we have to imply the op-
tical theorem,

. . : s (c)m 7 ,(35)

Bethe proposed the following expression for the amplitude {"(E,4)

ff.:) 2035+ 8,)

(B,A) = t (5,4)e (84)

where

‘a) v

Jy P9 350) - 0,1 8%00)
6 = 2= ) (85)
B (0 0]

2
pdp 6 {p)
0

The difference between the Bethe's and the Coulomb phase shifts is approximately equal to

; 1
oc - 6B = oclnAa (86)

where a is the radius of the strong interactions,

The differential cross-section of the elastic w-p scattering with the Coulomb~nuclear inter-
ference term may be written in the form
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do 2k 20, - dp) 1’ (87)
a0 -a[}\z +f(E_A)

Exp. (87) is used for determination of the ratio Ref (0)/Imf_(0) from data on the w-p elastic scat-
tering at small angles, This formula may be used 1n the region Aa << 1 where it is possible to
distinguish between the long range coulomb interaction and the short range strong interaction,

The Bethe formula {87) does not take into account the contribution of hadronic excitation spec
trum in intermediate states, This contribution was analyzed in Refs, (36-37) where it was shown that
for elastic scattering it is not big. So the real part of the w-p scattering amplitude determined with
the help of Exp, (87) may be considered as pure strong up to the terms of the order of alImiyy.

. 3. ~ Elimination of the infrared divergency, -

The Coulomb phase shift (69) contains the photon mass A, All the electric charges of nuclei
in our world are screened by electrons, and A4”* is equal in the order of magnitude to the atomic
radius. Obvious 1y in experiments with beams of high energy particles the atomic energy scale can
not be involved, So in the final expressions the value of A must be changed on the experimental re-
solution over energy or momentum transfer, or the final expression must not be dependent on 4.,

The differential cross-section as we can see from Exp, (85) is not dependent on A, because
the A~-dependence of the amplitude may be extracted in the form of the phase factor e?l- o which
has no influence on a value of differential cross-seetion,

The different situation appears when we want to calculate the imaginary part of the forward
scattering amplitude which is related through the optical theorem to the total cross-section, In this
case all the phase factors in the amplitude are essential, and in the final answer the value of 4 must
he changed on the experimental resolution over the momentum transfer. I‘gg‘ example, if.in an ex-
periment the minimal value of the momentum transfer squared is equal to A2 min = "tmin’ it means
that the value

m]n
/ _‘L?_aé dt (88)
max

is measured,

The optical theorem now may be represented in the form

0 toin d

K / daab gt < k. min _G.%]Q_

4y of dt 4 dt
min tmax

Imf,(0) - dt | (89)

If the integral (88) has a singularity at ty,jn—> 0, the same singularity is also in Imf, (0) At fixed
value of t,,;, the wright and left hand part of Exp. (89) have not singularity and for ~t n>> A
photon mass A may be put equal to 0,

6. 4, - Coulomb-nuclear interference in w-nucleus scattering, -

The differences of the total and differential cross-sections for the scattering of =~ and wt

mesons on nuclei with zero isospin are dominated by the contribution of the Coulomb-nuclear inter-
ference., Because the strong interactions are charge independent these differences are equal to zero
when the electromagnetic interaction is neglected,

The w'-difference for total cross-sections was analyzed in paper (38). The difference may be
written in the form

tot tot —
g bl 4 +
= A T A ~ 4 2
r =2 TA TA . ooumlc, n=st— +C.In +C (90)
A T bt ot LR Y S

O A w A L min min
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(0) + f_"_p(o)/Im (f,rr+p(0) + f“-p(O))ﬂ. R is the radius of the nucleus, Cy ~1,

C3/C1 = 0.1,

where 7= Re(f
The main interesting feature of Exp, (90) is the energy dependence of rp. Because the coeffi

cients Cy, Cz, Cg are determined by nuclear parameters, this dependence is mainly connected with
the energy dependence of 19,

ntp

The contribution of the Coulomb-nuclear interference to the differential cross-sections, was
considered in Refs,. (22, 39, 40). As it was shown in paper (40) this contribution for AR = 1 is equi-

valent to the addition ~ 0.1 to the ratio Re fap/Imiyp,.

The general properties of the Coulomb-nuclear interference in hadron-nucleus scattering are
following :

a) The correction to the imaginary part of the elastic scattering amplitude is proportional to z
and is small at high energy where 7% is small;

b) A more appreciable contribution from the electromagnetic corrections is to the real part of the
amplitude, For AR 21 the relative coniribution is of the cérder of za/n;

c) In differential cross section do/dQ =|ReF, 5| % +|ImF, ,|¢ the contribution of the Coulomb cor
rection is mostly important in the regions of the diffraction minima, where ImF p is close to 0,

7. - PECULIAR POLARIZATION PHENOMENA FOR KNOCK~OUT REACTIONS (p, 2p) AND (p, p)
ON NUCLEL, -

7.1, ~ Target fragments in the backward hemisphere in the lab, system. -

In previous sections we discussed the processes in which the fragments of nuclei were not
detected, Detection of nuclear fragments may also give interesting information about nuclear struce
ture and reaction mechanism, As examples, there may be the well known reactions (e, e'p) and
(ps 2p) on nuclei, Detection of two particles on the final state leads to a very low cross-section,
Interesting information about nuclear structure may also be received from the reactions (p, p) on
nuclei, It is of great interest the spectrum and polarization of the final protons emitted into the back
ward hemisphere in the lab, system, This emission of protons into the backward hemisphere is re-
lated to the Fermi motion of nucleus inside a nucleus and can not be realyzed for the scattering of
protons on free protons, The ITEP group(41) when analyzed the backward proton spectra in reaction

Py + 12C —» p, + anything (91)

has found the presence of high~momentum component in the spectrum and a rather big polarization
of the final protons, Both this phenomena - the significant deviation of spectrum from the prediction
of the indipendent particle model and big polarization - were qualitatively explaine in paper (42) in
the framework of the DWBA,

Following to the results of Ref. (42) let us consider final-protons Py in reaction (91) which
are emitted into sector 2 of the backward hemisphere (see Fig. 9a), The momentum of the incident

1 )

FIG, 9 - Illustration of kinematics for the reaction (p, 2p) on 120.
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and final protons are Py, and py, The polarization of outgoing protons py appears as a result (a) or
bital motion of nucleons inside a nucleus.and presence of the spin-orbit interaction ; {b) absorptlon
of outgoing protons in nuclear matter, Protons emitted into the backward hemlsphere before the
collision were moving against the incoming proton, On the other hand due to absorption, the protons
coming from the nuclear side faced the detector give the dominant contribution to the cross-section
(see Fig, 9b), It means that the p-shell protons which come to sector 2 Fig, 9a were moving clock=
wise before the collision, i, e. thay had the definite projection of angular momentum (on Fig, 9a, the
z-axis is directed on a reader and the projection is equal to m = - 1), Due to the spin-orbit coupling
the nucleon with definite projection of angular momentum has the definite polarization, For the j=3/2
state and m = -1 this polarization is equal to Py = 0, 5,

At high energy the spin dependent part of the N-N scattering matrix is small, So after colli-
sion the outgoing proton has practically the same polarization which it had before the collision, The
contribution of the s-shell protons and protons coming from the opposite side of nucleus is small and
may decrease the polarization only on 10~20%,

The  ITEP group(41) found a large left-wright assymetry ~0,3 -0, 4 in the secondary scatte
ring of protons emitted from 12¢ on angle 137° for energy of incident protons 2 and 3, 66 GeV, The
outgoing protons had the momenta 550 and 645 MeV /c and their polarization was estimated to be not
less than 0,5, The effective polarization of protons inside a nucleus for the reaction (p, 2p) was also
discussed in Ref, (45), where for detection of this effect it was proposed to measure the left-wright
assymetry in the quasi elastic scattering of polarized protons with selection of definite quantum num
bers of residual nuclei, This asymetry would be absent for the scattering of unpolarized protons,
The JINR group 44) found the assymetry of this type in the quasi elastic scattering of polarized 653
MeV protons on \6Li.

Note that for bad resolution on the excitation energy of the recoil nucleus it is more prefer-
able for the detection of this effect to use nuclei with not complete p-shell, For the complete L
and Py /o shells, as for the 160 nucleus which was discussed in Ref. (43), the effective polarlzatlons
of P3/2_ and P]L/Z" protons.are compensated,

7.2, - The reaction (p, 2p) in the framework of the DWBA, -

Let us discuss the quasi elastic p-p scattering on protons in nuclei

Py *+ 126 Py + Py + anything (92)

- - e -
in the lab, system, The momentum transfer is 4 = Eo - Py ‘X \ << po\' We shall imply the condi~
tion

A2 -2 (93)

when it is possible to distinguish between the know-out protons and evaporating protons which have
the momenta of the order of R~1, In this case it is also reasonable to use the DWBA for the descrip
tion of the absorption of outgomg protons, For estimationswe choose lpol 20 GeV/ec, \p I =540
MeV/c (Tz = 155 MeV) and the simplest shell model for the ground state of 12¢ with completely
occupied S 1/2 and P3/2 shells,

Inthe DWBA the differential cross-section of reaction (92) and the normal to the scattering
plane polarization of the knock-out protons po are given by the expressions

X a?q ¢ )
3 = gn GX-B)), (94)
d"Ad 52 a“A
-1,2, 2 2 -1,
R R PA AL LR PR AL iR (95)

where
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oy - 12 ‘ 1 2 -1 2 Y
Go@y) = 2lg 1"+ 3lgy Gl + g (:33)" +\g;(p’3)‘ ), (96)

g 3 p, . m

Dy = A - By. Due to the condition (93) we have P2 <<A%. The functions g™(3,) can be expressed
2. " K 3 e W3

through the single particle wave functions

. =
m,-» 1 ipgr { = 3
fe (p3) ) (2“.)3; 2 /e Do(x’ ¥s2) we, m(r) dr {97)
where the absorption factor is

© ( ©
- o (1-i9) 0 9 2 o,(1-in,) .
D (x,7,2) = exp )l— "9"—2"‘"‘— p(XI'l'y +z )dXI - “2"2_"“‘“ P(‘Xz'l‘]Y]'lz"‘Zz)dyl (98)

-0 -0
-3
Here the x-axis is directed along 'f):), the y-axis along the momentum transfer A, which is conside
red to be normal fo ﬁo-

For the description of the nucleon absorption in (98) the optical model is used, The factors

"o(l‘i”o) 02(1..1,,2) y
exp { - {o p(x4,7, Z)dxl}and e:xp{' R o(%, ¥4, z)dyl} takes into account the abw
- s}

sorption (and reflection) of the fast and slow protons respectively, For Zz>> 332 the trajectory of
the slow proton is approximately parallel to the y-axis,

The nuclear density is given by

27,2 2/.2
rfa -4
43v(1+a 120 o713 (99)
11'3/'2ao

p(¥) =

where & =(A-4)/6. For 2¢ 4= 4/fs, a5 = 1,8 fm, The optical model with nuclear density (99)
describes very well the elastic and inelastic p-12c: scatterting, For idcident protons with energy

20 GeV 0 = % ( ogp + o(l)on) = 39 mbarn, 7,% 0, For outgoing protons with energy 155 MeV

Oy = %—( o§P+ o%on) = 35 mbarn, 7,%0,7- 0,8 The wave functions of s- and p-states have the

forms:
2 2
> ~3/4 -3/2 -r¢[2a
"l’s(l‘) =7 a, e o,
3/ -5/2 8w 1/2 r?/2a] (100)
= o - ow L (o)
Y (r)== a (37 vl (#,9)e .

The dependences of lg;n(%)lz and P, on pg are presented in Fig, 10 for Pg, = 0, P3y™ 0
(for p3, =0, gé’ = 0). The region pga, ~ 1 is of main interest, At high energy the longitudinal
c%mponent of the momentum transier A is small, a.ncl we may put po, R Paye Really, A_~~
A7 /2p, and for Py % 20 GeV/c, A ~ 0.5 GeV/c we'have Ox =~ 6 MeV/c. If we choose the inter-
val 60 MeV/c < Py £ 200 MeV/c, then for overtaking (or contrary-moving) kinematics will corres-

pond the position of P3 in sectors 1 and 4 (or 2 and 3) in Fig, 9a, Positive values of Pg in Fig, 10
correspond to overtaking kinematics, negative ones - to contrary - moving, Therefore in corrispon-
dence with Fig, 10 protons in Sectors 1 and 3 have positive polarization, and in Sectors 2 and 4 nega
tive one (let us remember, that the z~axis is directed on the reader),
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FIG. 10 - Longitudinal spectra (a) and polarization (b) of recoil protons in the reaction
(p, 2p) on 12c,

23.
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7. 3. - The reaction (p, p) with proton fragments in the backward hemisphere, =

If the fast proton p,y in reaction (92) is not detected and only the proton Py going into the back
ward hemisphere is measured (reaction (91)), then in Exps. (94)-(98) it is necessary to exclude the
absorption of the fast proton in the final state, This is equivalent to change of the absorption factor

Do(x,y,2) — D(x,y,2),

where
o (1-in ) * og(l-in,) 7 :
D(x,y,2) = eXP{- -'9—2—-—0—/ p(xy, ¥, z)dx, - ~——2—~——/ p(x, ¥4, z)d'yl}. (101)
~00 -

Now the cross-section of the reaction (91) may be written in the form

2 el
3 (o) 2 d" o
d“a ~> ) > > 9 .
3 = /d A ::;RE— G{(a - pz) ) 3 (102)
d°p, d“a

where in the region 0 % pg < 200 MeV/c the function G can be parametrized as

> 92
-2,
GE2) = Go)e 3 (103)
G(0) = 100 GeV™3, 220 GevV™2 .,
N . . ae®! -b32
After substitution of the p-p elastic cross-section " 5 = Ae into Exp, (102) we get
d
3 (0) -h?! 2 - 2
d i ﬁf]go) e Par” oy (104)
d P,

ai]; s Pgy and Py, are the perpendicular and parallel to pg(’) components of the momen

where b' =

tum ?2. The polarization of outgoing protons P, is not changed practically after the exchange

Do(x, ¥, 2) > D(x,y,2) in the region 60 MeV/c = Py = 200 MeV/c. At the same time the differential
cross-~section increases by 3 times.

Note two interesting features of the cross-section (14): i) different dependence on the Py
and Pgy ; the P, 1 -dependence is mainly determined by the slope of the elastic p-p scattering b' =

= b(l+ T ), because the ratio 5—!19-_15 is small; the Doy - dependence is determined by the paraw

meters of nucleus; 1ii) the slope of the Poy ~dependence is approximately 3 times less than it would
be in the independent particle model without taking into account the absorption of the outgoing protor.,

In the cross-section (14) is not taken into account the contribution from the inelastic elemen-
tary reaction

P, + "py" > X, + Py - (105)

It is possible to distinguish two mechanisms of the inclusive reaction (105) : diffraction dissotiation
apd multiperipheral, In the former the cross-section is dominated at energies <100 GeV by small
masses M, = 2 GeV. The contribution of the diffraction dissotiations is very similar to the coniri-
bution of the elastic scattering, The main difference is the appearence in the kinematical relations
of the additional longitudinal component of the momentum transfer Ax(M) = (1\/[02 - m2)/ 2p,. Butin
the energy region B o> mzao this term in Ax may be neglected, In result we may expect the in-
creasing of proton yield on 15-20% due to the contribution of the diffraction dissociation,

The multi peripheral mechanism gives a flat distribution on the variable 1Vli02 /0o where p =

= 2mE  + mzl\/[ For Mg, / 2py >> ag“ all the recoil protons will go due to the longitudinal momentum
transfer A¥M) ~ Moz/ 2p, into the forward hemisphere, Into the backward hemisphere there will be
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contribution from the mass region

lV[2 2

= Im

N (106)
2pg

where a is determined by Exp, (103), Due to a flat distribution of inelastic cross-section over the
variable Mg /s, theinclusion of the events satisfying to the condition (106) will increase the yield of
protons into the backward hemisphere by the ratio

1/2
(1/ma*/“) @, + g
R = inel el N 2. (107)

el

Therefore, the cross~section of reaction (91) for backward protons with the inclusion of the
inelastic p-p collisions is equal

=2
a% (p,¢ 0) b By - Py >2 -2
—. N A pl 3 1
3> ~o20, oy @0)e Py >>2,") (108)
d’p
2
-

Here it was assumed that the A -dependence of the inelastic cross-section in the mass region
.o -
Mo < 2p,a 1/2 is the same as for the elastic scattering,

It may also be expected that the spin-flip in inelastic collisions (105) will not be big and the
inclusion of the inelastic contribution will not change appreciably the polarization, The cross<sec-
tion (108) is in a qualitative agreement with the results of the ITEP group(41).

7.4, ~ Sensitivity to nuclear models, -

The presented calculations of the cross-section and the final proton polarization in reaction
(91) are leaned essentially against two points: 1) the simplest shell-model for the nuclear wave func
tion; 2)the DWBA which was used for the calculation of the probability of the proton to be emitied
from nucleus with the given magnitude of momentum, The polarization is very sensitive to model of
nuclear wave function, If, for example, the wave function of the 12¢ ground state model contain
(apart from s-shell) the admixture of the pg/o and pq g shells, then the polarization could be appre
ciably less in the considered here experimental conditions when the final state of nucleus is not iden
tified, This is because the contribution of the pq/q shell gives the polarization with the opposite sign,
than the contribution of the pg/g shell, As it was mentioned above the complete cancellation of pola=-
rization can take place for 16(4, which has the completely occupied pg /2 and py /2 shells,

Concerning the point about the use of the DWBA we may note that outside ci this approxima-
tion is the contribution of elastic (noncoherent) scattering which transfer the nucleons produced ini-
tially in different momentum interval into the given interval, This contribution may slightly change
the cross-section, But it is very unlikely that the polarization may be changed very much, because
the depolarization is mainly connected with the contribution of protons coming from the nuclear side
opposite to the detector, This contribution is not big because for medium nuclei the mean free path
of nucleon on nuclear matter is at least two times less than the nuclear diameter,

The depolarization connected with the presence of spin-slip in the scattering matrix when the
nucleons is passing through nuclear matter can not be big because the spin dependent part of the op-
tical potential for residual nucleus is small ~ 1/A,

8, - NEW THEOREM FOR FINAL STATE INTERACTION IN DEUTRON BREAK UP, -

Deutron target is very often used for determination of neutron cross-sections, Let us discuss
the m°-photoproduction on deutron

Y{(Bp) + d — 7 + n(Fy) + p(F,) . (109)
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This reaction is used for determination of the yn — w%n amplitude (see for example Ref. (45)), The
problem is how to take into account the final state interaction of pions. Let us now neglect for a
moment by charge-exchange and consider only the elastic w-N rescattering,

Using the method developed in . Set I it is easily to write the following expression for the
amplitude of the reaction (109) when apart from =° the proton-spectator is detected

(p)

¥ = fl +1:‘2 (110}

where f; is the single scattering term
- = > o .
£,(PoiPosk) = F (P k) 2(p,) (111}

where Fy is the yn —» 7°n amplitude and @ (53) is the deutron wave function in the momentum space,
The term f, which describes the final state interaction may be represented in the form

p e D ""i.‘ ? 2 bicar
£y = - Fplp, %) Ja®F e T2 9@ B o(a), (112)

where the z-axis is directed along the ° momentum. i?, F(B,) can be expressed through the #%-p
elastic scattering amplitude

P(b) = ——-ﬂ; /d de fwon(q) » {113)
1 220

0 z<«<0
side the deutron, i.e, the pion must be produced before rescattering,

0 function 0(z) -‘”{ takes into account the ordering along z-axis of neutron and proton in-

In Exp, (112) it is taken into account that the dominant contribution to the final state interace
tion is due to the small angle 7%-n rescattering, It is also neglected by the radius of 79-n interac-
iclon as Tompared with the radius of deutron, The protonmay be identified as spectator -if

Py - k> Py

The sum of two terms (111) and (112) may be written as

£+, = F (5% f 437 e-iP2¥ 9)(?)[1 - 8(z) 1’(8)] i (114)
The differential cross~-section of the reaction (109) with proton spectator is given by
4 (,((ip) ,
—— = |, 5] (115)
c'l.O.wd Py

It may be seen from Exps, (114)-(115) that the final state interaction leads to the change of the spec-
tator spectrum, Let us perform the integration over the spectator momenta Py we get

2 5, _/3..>| wlzi - ~a|2
flf1+f2| d Py =, d r]®(r) Fn(po’k)

(116)
{1 - 8(z)(T'(b) + T'*(B)) + 0%(z) I'(B) r‘h(ﬁ)}.
Due to the two-body unitarity condition
I'®) + I%®) = @) r*b) (117)
the two last terms in curly brackets of (116) are compensated because 02(z) = 0(z), We have
free
/lf +f‘ a®p, /|f1| 33 n;b'z,l?)f: fi_%f.lﬁ._ (118)
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where duiree/ d.f)  1is the cross-section of the reaction yn->w

rescattering does not change the value of the cross-section

On, Exp, (118) means that the elastic

a° a(f') ; doiree
iy n :
2Py , (119)
da d°g 2 o,
T 2

The relation (119) has the simple physical meaning: the total number of the produced m°-mesons
¢an not be changed by elastic rescattering,

When we include charge-exchange of pions-the proton spectator can be transformed to the
neutron spectator and vice versa, Now it can be formulated the following theorem :

The sum of the cross-sections of the reaction (109) with the proton-spectator and the neutron-
~gpectator is. equal to the sum of the cross-sections for w9-photoproduction on free neutron
target and free proton-target,

(p)»> = n » free,» -, . free s .y
adP@ B g adeE g alE g
d + d - n o " P (120)
do dd, dfL d§fx *
™ w w T

~ Therefore contrary to the usual belief that in determination of do,flree near the first resonan
ce through the ratio

£ doc(ip) £

aoiree . 4 free o,

o ) dap (121)
dad,

the final state interaction correction is compensated, we see that it is much better to determine
darfl‘ree from the difference

aoi¥ee o ¢ da(p),‘tdo(n)) . ggiree (122)
n d d D

which is not influenced by rescattering, The term (‘doép)y+ do én))« determines the total counting rate
of m%-mesons on deutron target.

Introducing isespin indexes we may write the amplitude of reaction (109) in the form

L . . - - » : - -b ) r» -
e Ny Elrgs @ = Ko Ny |8y v, 6> = D gy N P, By, N5 9 (5))

B (123)
- Bro(De “2 aly T - T IFE 2y ,
Nt i. B I)H"v'fd T girle o(z) <:“'a.’ N’vlF(b) g N'v"> <wﬁ7" NH"F(pOwk)\'yﬂ "Np'>
he £ E
where N, j2 P N_, j25 M Ty T o« 3" T, T = ™, D , describes the vertex d _’)NP-N"’ s
and has the properties
*
D =-D_, 5D, D, T 8, . (124)
By vy y B pty o

The sum. of the cross-sections with free proton and neutron target is

a free d afree 9
s + n = s{¢n,,N lF(g ’E) '17 N > ‘ (r25)
d-Qﬂ' d_Q.“_ },l, 3 o F’L 3 O ’Y’ P’ .
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The unitarity condition has the form

-> . - b
s N | To) g, +‘<_wa,Nvlr(b)lwﬂ,N,v,>l -

(126)
s -, %
= 3 (M@, N 1N, TE) oNo S E
B""’" B i B
Now with the help of the unitarity condition (126) it may be easily verified that
2 3> 1,_ 2 .3 N
/5 \'("a'Nv‘f\7'v’d>] d Pg = /‘5 \<"a’qu‘f1\.'Yg’d>l d pz : (127)

From Exp. (127) and (125) it follows the theorem (120).

Similar theorems may also be derived for different processes with deutron break up, ‘Among
of the most interesting are the processes of pd-annihilations (see, for example, the experimental
data of Ref, (46))

pd — p + pions ,

- 128
pd —> n + pions , (128)
when the P momentum is equal to a few hundred MeV [c the pions in the final state have the momenta
peaked around 300 MeV/c. So in the rescattering of pions it is necessary to take into account the
elastic scattering and charge-exchange, It is also necessary to take into account the rescattering of
P in the initial state which may be done by the expression similar to Exp, (112), So the corresponding
theorem for the processes (128) can be formulated in a following way

or(p)+ o(n) = o +TO_ -3 (129)

pd pd op pn

where the shadow correction ¢ is given by
inel inel

6 = _EL__‘IS_I_I_* R (130)

4ma

inel -
0. being the pN annihilatior;zcross-sections and a corresponds to the choice of the deutron form
f88tor in the form Sd@) =¢e~29% If we use a movre suitable parametrization of the deutron formfac.
tor
-y 2 a2
8@ = ¢ e 4 o2 (131)
2 -2 1 . % S .
where C, =0.4, C,=0,6, v4 =4.6fm"4, ~_ =0,88fm °, then = = —= 4 —= | With these
1 2 > T3 2 a Y Yo

parameters the cross-sections o 5p° U'f)n and the shadow correction at 60 %/[eV are equal to

. _tot tot
0. =240 mbarn, o. =197 mbarn ,
pp pn

inel ine - - .
6‘15p = 133 mbarn, o_ﬁn = 106 mbarn, ¢ = 88 mbarp, Here the p~p and p~-d cross-sections are

tot
taken from Refs. (46, 48-50), the cross-section Uﬁn is calculated using the Glauber formula

tot _tot

. G s O
tot _ stot | stot _ “Pn "Pp (132)

o
pd op pn 8ma
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. . ‘ "
and it was assumed that U%I;el/ glmel _ gtot ot

- o foo .
pp pn' o pp

9, ~ THE REACTION =w"d —> p__A" FOR FORWARD PROTONS AND THE PROBLEM OF AN
~-ADMIXTURE IN DEUTRON, -~

As we could gee in Sect, 4 the scattering of the fast particles on nuclei at small angles may
very well be described by the Glauber approximation, It is much less understood the scattering on
large angles when to the target nucleon it may be transfer a rather big momentum. Here it may be
appeared the alternative: (a) the dominance of a few step mechanism. with essential contribution of
high momentum component of nuclear wave function, i.e. with behaviour of nuclear wave functions
at small sepatations of nucleons; (b) the dominance of multistep mechanism when the most impor-
tant contribution is given by normal separations of nucleons inside a nucleus and nucleon resonances
are produced as a result of final state interaction,

The mechanism (a) is directly connected with the admixture of the nucleon resonances in the
nuclear wave functions, As it was shown in Ref, (51) the N¥-admixture don nuclear wave functions may
be of a rather appreciable magnitude ~ 10% (the probability of about 1-2 %), In Refs, (51-53) it was
demonstrated that the contributions of N¥~admixture lead to a better theoretical fit of the magnetic
moments of d, SH, 3He; the e-d scattering data for large momentum transfer and p-d backward
scattering data,

For verification of the hypothesis about a big magnitude of the A -admixture in the deuteron
wave function it was proposed in Ref. (54) to measure the cross-section of the reaction

a"d ~> pA” (133)
for forward protons,

If the n-channel A-exchange were dominated the cross-section of this reaction then it would
be possible to determine the d—> AtTTA™ vertex using this cross-section. The estimates of Ref, (54)
gave the cross-section of 10-100 microbarns at energy of 1 GeV and the probability of Ab-admix-
ture of about 1%,

In Ref, (55) the cross-section of reaction (133) was described in the framework of mechanism
(b), when the initial w-meson is scattered on proton on large angle and after produced the- A ~isobar
through the final state interaction with neutron, In this model the differential cross-section of reac-
tion (133) is given by

de (S, n) do _ ~-(S1,n)
a~d->pa” "’ - Tp -» pw 134
T F(n) o (134)
do_~ . -(S]_.'v n)
where u pd: au is the w~-p backward scattering cross-section, S = (pd+p1T)2 N
P
Sq =« _2‘1 + p1T)2 , = (p,rr - pp)z, The function is dependent on a model of @d and is present in Fig,

11 for three different models :

Fiow | oy
o,¢
(S .
L 0.4
\. oA, FIG. 11 - The function F(u) for three models of
2 \\ Gevte) the deuteron wave function:
n ¢ J .
— - 1- Hillthen ;
it e R 2 - Moravesik;
X0 ° ~ef 0.8, =03

3 - Gaussian,
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N
H ~0.232r  -1,202r
1 - HHlthen : wd(r) = —I,l (e -e ) (135)
N —' |' - —1
9 - Moravesik . <pg/[(r) - __;g_ (1-e 1, -JQJF)(e 0.232r _ o .59r) ; (136)
2,02
3 - Gaussian : (pc?(r) = Ny et /2R . R=255fm . {137)

In Fig, 12 there are given the differential cross-sections

(134) for different incident momenta p. =

=1,03;1,50; 2,38 and 3.0 GeV/c (The curves 1-4 respectively). For the T~ -p backward scat%re;.
ring cross-sections the data of Refs, (56~58) were used, For comparison the crosgs~section of Ref,
(54) at p, = 1 GeV/c is given by dashed line,

10 1

AT L e
‘7(1' (l\ ({‘ﬁpﬁ) @'Q\’,/C)l

PIG, 12 - The differential cross~section of the reaction w~d —> pA” (‘Eor
P, = 1.03 GeV/c (1); 1.50 GeV/c (2); 2.38 GeV/c (3); 3,0 GeV/c (4)55),
The dashed line is the prediction of Ref, (54) for 1 GeV/e,

The main difference between two models is the energy dependence of the cross-section, In
the model of Ref, (54) the cross-section of reaction (133) does not decrease with energy (moreover it
increase), In the model of Ref, (55) the energy dependence of the cross-section is determined by the
energy dependence of the w™-p backward scattering cross-section, The experimental data of the ITEP
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grroup(59) at energy 1,7 GeV are in agreement with the medel of Ref. (55) It means that in reactlon :
(133) the dominamnt role is playlng by not sma].l n-p separaions in deutron,

Note that the. cross-section of the. reactlon ”p ~> pr”~ can not be described by the A-isobar =
exchange in n-chanriel, : '

This exchange may be Wriften as

,, 2 k' T (q) Up)K
M(;A)(n) O T v (138)
2 L9 &
S g - my

where p is the pion mass, 4 'is the coupling. constant A —> ¢,

= A+i‘.’1; { -.‘ + l ..... - 2 S
,pr(q) (q"+m,) Wt 3 T A(o_w Yl T T a9, (139)

-

,\\

is the A -propagator, For u=0 the corresponding differential cross-sectionis equal to

{A)]
a0 .
—TEZPT_ . ggop —DoRAIL (140)

(GeV/c)z

where -E in GeV This CI‘CMS-SGC"AO‘H is in a-contradiction with experimental data, At E = 1 GeV

(do ip = pr- _/du . 20 mbarn/t(GeV/c)" and decreases fastly with energy, This fact demonstra

tes impossibility to extract the v:artex d~=> AA from the data on reaction (133).

It is"also necessary to dlscuss the problem with off-shell effects, If even the A -exchange we
re dominated in the =”-p backward cross-section, all the same it would be difficult to compare the
magnitude of the d-> a ™A~ vertex determined from the reaction m™p —> pA~ with the magnitude of
the AA-admixture in nuclear wave function which gives the correction to the magnetic. moment or to
the e-d scattering. As a matter of fact the vertex d D4 is strongly dependent on the departure of
A ~isobar from the mass-shell n = mi In reaction (133} the difference between u and m$, is
large n - m% » m% . But for the isobar bound inside deuteron this difference is much smaller

2 bound 2 2
my - (my )~ m oA

2
- m

T
The dependence of the d —» AA vertex squaredon u may be descmbed by the u-dependence of F(u)
(see Fig. 11). For example, if u changes from 0 to 0, 2 (Gev/c) the function I‘(u; changes on the
order of magmtude Thos means that un ambigous extrapolation of the d ~ATTA~ vertex from
u=0touw~ mN would.-be strongly dependent on the model of A4A—>NN interaction, For the deter-
mination of thos vertex the reaction ©~d -» w~aTTA= is a more sultable

But experimental investigation of reaction w~d = pA~ is very interesting for understanding
the mechanism of large angle scattering of fast particles on nuclei, The backward hadron-hadron
ncattermg is sa’clsfactorlly described by the reggeon exchanges in u~-channel. In the reactions w™p >
~» pn” and w~d ~» pA~ the dominant contribution is glven by the A -reggeon exchange, For the mo-
del of Ref, (55) the coupling d - A" +Al*{'+ (where /A * s reggeon) is given by

2 2
g - A ++A" = F(u) g =4 ++___ (141)
d Kk T Ak > p

where gz - A 4+ A 18 the residue of A -trajectory for the reaction w™p - pr_~,

Exps; (134) (141) may be useful for predictions of double-charge exchange cross-sections on
deuteron targets., For example, similar expressiens may be wrltten or reactions

k"p - 3ty and kd—ézA,etc.
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