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CHAPTER I 

INTRODUCTION 

The purpose of this study was to investigate some theo-

retical approaches to the scattering of positive k-mesons by 

nucleons in an attempt to explain the experimental data. 

There are several methods for making field theoretical calcu-

lations such as the weak-coupling approximation, dispersion 

relations, expansion in inverse coupling constants, and the 

method of functional averaging. In this work the problem has 

been investigated by the technique of the weak coupling 

approximation. In order to carry out such a study one uses 

Peynman's viewpoint, that the proper or most useful approach 

is to try to calculate the probability amplitudes directly 

from some space-time diagrams rather than to start from some 

Schroedinger-like differential equation and try to solve it 

by some approximate technique. With this viewpoint one makes 

certain basic assumptions about the type of interaction 

involved and then proceeds to calculate physically meaningful 

quantities which describe the processes. 

In the following, two approaches have been taken. In 

one it has been assumed that scattering takes place through 

a "direct interaction" analogous to Compton scattering of 

photons by electrons. For this approach only elastic scattering 



of positive k-raesons by neutrons is considered. The possible 

Feynman diagrams, the associated matrix elements, and the 

scattering cross-sections are the subject of chapters II and 

III. In the second approach the scattering process is assumed, 

to occur by an "exchange interaction", analogous to Yukawa's 

original hypothesis of an exchange meson. In this treatment 

all thr$e of the following processes have been considered: 

k + + p — > k + + p 

k + + xx > k + + n 

k + + n —-> k° + p 

An isotopic spin analysis relates the probability amplitudes 

of these three processes and in this treatment this idea has 

been used to calculate one of these from the other two. This 

analysis and its results are the subject of chapters IV and V. 

An appendix includes a computer program for several useful 

relativistic kinematic expressions and the quantities evaluated 

in this thesis. 

The S-matrix element, the probablity amplitude, for 

the process can be written from the rules for Feynman graphs. 

The amplitude corresponding to a particular graph is built up 

by associating factors with the elements of the graph. Those 

factors independent of specific details of the interaction 

are 

1. For an incoming fermion line in the graph a factor, 

U(p,s), the spinor wave function. 

2. For an outgoing fermion line a factor, U(p,s), the 



adjoint spinor wave function. 

3, For each intermediate fermion line with momentum q 

a factor, the propagator, where M is the mass of the 

intermediate state particle. 

if. For each intermediate meson line of spin zero with 

momentum q a factor, l/(q^-M^), the propagator. 

S>. For each direct interaction vertex a coupling 

factor: 

a. Qfor scalar interactions. 
a 

b. +(£))* for vector interactions. 

c. for pseudoscalar interactions. 

+(;!r) for pseudovector interactions. 

6. For each strongly interacting vertex some functions 

(in general unknown) of the scattering parameters. 

Part of the effort in the second approach in this work 

was in trying different vertex functions to obtain a good 

qualitative description of the scattering. 



CHAPTER II 

DIRECT INTERACTION 

In this section the mechanism of scattering between the 

positive k-meson and neutron is considered to be a direct 

interaction. It is analogous to Corapton scattering in quantum 

electrodynamics. The differential scattering cross-section 

is calculated using the familiar field theoretic methods of 

the S-raatrix. The possible Feynman diagrams for the processes 

are the following: 

(a) 

for non-charge-exchange scattering 

k+ 

(c) 

and for charge-exchange scattering. 

Pig. 1 

4 



The charge, z—component of isotopic spin. ( Ig), and. 

strangeness (S) conservation laws will yield the properties of 

the intermediate-state particle for each type of interaction. 

First consider the diagram of Pig.1(a); the conservation 

laws require that the sum of the strangeness numbers of both 

incoming particles give the strangeness of the intermediate 

particle * so S=l+0=1. Likewise the z-component of isotopic 

spin, Iz» for the intermediate particle is I7=lr-2=0. Therefore 

a positively charged particle with S=1 and 1=0 is indicated. 

As is known, there is no such elementary particle. 

A similar analysis of Pig. 1(b) requires a negatively 

charged intermediate particle with an<^ S=-l. Of the 

known elementary particles, only the negative sigma hyperon,£^ 

has these properties. Thus the non-charge-exchange reaction 

is assumed to have &T"&a the intermediate-state particle. 

Pig. 1(c) requires a positive intermediate particle with 

I :=0 and S=-l. As before, no such particle is known, so this 
z 

diagram cannot represent charge-exchange scattering. 

Pig. 1(d) requires a neutral intermediate particle with 

I =0 and S=-l. Of the known elementary particles, there are 
2J 

two which fulfill these requirements: the S'and A'hyperons. 

An interesting consequence of this interaction is that 

two intermediate particle states contribute to the charge-

exchange interaction while only one intermediate particle 

state is involved in the non-charge-exchange interaction. 



The differential cross-section in the center-of-mass 

system for these two cases may now be calculated and the 

values will be compared with the experimental values. 

Pig. 1(b) represents the following process: a real neutron 

of four-momentum p^ and spin s emits a real k+-meson of 

momentum k^, and then propagates as a virtual intermediate 

fermion until it absorbs an incoming k+-meson, of momentum 

k-j_» to become a real neutron of momentum Pg and spin one-half. 

For charge-exchange scattering Pig. 1(d) represents the initial 

neutron emitting a k°-meson, with the uncharged virtual inter-

mediate particle later absorbing a k^-meson and going off as 

a proton of momentum p£ with spin one-half. 

The k-meson is assumed $o be a pseudoscalar particle, which 

means that the wave function representing the k-meson is a 

pseudoscalar under Lorentz transformation, 

for proper Lorentz transformation, but > for 

improper Lorentz transformation. There are two possible 

types of coupling, either by pseudoscalar or by pseudovector 

interaction. Both will be considered in this work# 

Considering non-charge-exchange scattering first, the 

pseudoscalar coupling matrix element is 

"nt «= 5)ai 

- f%r5u 

- 4* Yf Cfr-fa-t-M) tea, 
( Pi" &*) (p» ~ •&>) X<A. Yi> - M* 



= .2 0 3 
^CBl+1^-2(P,AkA«'J - 1,2 

= * 2 gi 

ra2+ 2-2(P;Lk2)-M
2 

2 « ar
2s(-^fe*M) Ux 

2 (p-jkg) + (M2-®2-^2) 

2 P2(-^i-^2+M)UI 

® 2(p1k2)+C
2 , 

where G2=M2-m2-/#^ 

r|=-i. 

The Dirac equation can be written, 

rnflM Y0E-p*^) 

Therefore, 

=*2 U2(-aH-fe+M)ul 

2(p1lc2) +C
2 

U 2^2
+^ ) U1 

-f 2(p1k2) +0^ 

with «( = M - m. 

Now from the conservation of four-momenta: 

^1+^1 = ^2+^2 

U 2(4^i)UI = U 2 ( ^ X 2 )Ul 

U2(ra +^1)U1 = U2(m +^2)U1 

u2^1u1 = u2^2u1 (1) 
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so that % becomes 

% 
fa, ( M m 

The complex-conjugate matrix element is 

~ ;z(p,«»;+c4 

Since U=U^, U£=U*, tf= (2 U*= (3 U 

qa "= fi* lAitrC&bk* Y &+tQYA* 

^ V ucflfcj+c4 

RCrM-CtttAlti* 

A C f M + c , % 

jx (A,c&+A)I(* 
o J( [>,%*) fc* f 

and 1*1,1 = W U = f4(2 ( P l k 2 ) +C
2)(ui (^+*0 U ^ U ^ M ) U.J # 

The average over Initial and sum over final spins is 

The projection operator is (1, p. 33) 

r,s=l ^ d * 2m , 

Further, the sum over r may be extended from 1 to I), provided 

the projection operator is inserted, i.e. 

2 

I =1 f+[2(p][k2)+C
2J"2 A(p 2H#i

+ ,0A(p 1)tf^ 
r,s=l r i 



i Z 2 l « f = 4 ^ - C 2 ( P 1
k p ) + a 2 ) " 2 ^ ' 0 f ( i f j + m ) ^ 

IJS=1 R = L 

C2(p 1 k 2 )+c^" ' 2 Tr (>^+<0 (^2+tn) (l^+m) 

4-
where the f a c t Z I U r Q U r = T r Q has been used (2 , p . 195) . 

r = l 
To e v a l u a t e the t r a c e : 

TrCj^+^O (^2+ m ) (^-j+m) 

=Tr 1+ra2^1^1+^1^2^+^1^2^ni+^2^1^ni+^2^1 <A2+^1^1m+^2Hi2 

one uses the following results of the trace theorems? 

T r ( ^ 2 ^ 1 ) ( k i P 2 ) ( k i P i ) ~ ( k i k i ) ( F 2 P 1 ) + ( k 1 P 1 ) ( p
2 k 1 ) 

Tr (m 2 ^ 1 ^ 1 ) =lj.m2 ( k 1 k 1 ) 

Tr (fijjtgJLm) =kM( k-j^pg) 

Tr (J^jz^mX) - k M ( ) 

Tr ( = U X m ( P 2 k x ) 

T r ( ^ 1 A 2 ) = ^ ^ 2 ( P 2 P 1 ) 

Tr () 1̂̂ 1«<ni)=^<7(m( k-^p-^) 

Tr( A 2 m2)=i| m2cA2 

The only problem l e f t i s t o e v a l u a t e t h e above t r a c e s . 

However, i t i s n e c e s s a r y t o examine f i r s t some p r o p e r t i e s of 

p a r t i c l e s c a t t e r i n g i n the c e n t e r - o f - m a s s c o o r d i n a t e sys tem, 

which i s t h e one chosen f o r t h i s work. In t h i s sys tem, the 

s c a t t e r i n g p a r t i c l e s have equa l and o p p o s i t e momenta making 

an angle © wi th the i n i t i a l momenta. Consider P i g . 1 where 

p ^ , k^ , p 2 and k 2 r e p r e s e n t the four-momenta of the i n c i d e n t 

and s c a t t e r e d p a r t i c l e s , r e s p e c t i v e l y . I n t h i s system 
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before collision: 

pl=(Ep, p1) = ( p
2+m2 ^,-p) = ( jJ-p}2+m2/)^,-p)=(tp

2+m2J[^, -p) 

ki=( oO, p)=(Lp2+m2^®, p") ; 

after collision: 

P2=(Ep, ? 2) = (Cp|+ra
2)®, -p' )=( G-p")+m2)^,-p' M ( p ,2+m2J^,-p') 

k2=(cA}', lc )=(£3|+/^)®, p* )=(fp,2-W2J®, ?'). 

Since the conservation-of-momenturn law holds, one obtains 

Pl + kx = p 2 + k 2 

Pl - k 2 = p 2 - kx 

Pl+k2""2(plk2)= Pi+kl~2^2kl^ 

ra2-i^?-2(pik2)= m.
2+^§-2(p2k]_) 

(plk2)=(
p
2
ki) 

Assuming that the collision between the k+-meson and neutron 

is elastic, then p = p in the center-of-mass system. 

Since the conservation-of-energy law holds, 

EP + (A) = EP + U) 

U)'=( jp'2-ta2)=( "^2-m2)= dJ 
i 

00 - Aj 

E > E p 

so that 

(kip2)=(pik2):=Ep^P2^L=Ep^+fp"i*l c°s 0 =EpO)+|pp cos © 

(k1p1) = COEp-'^i*^= EpC0+p'*p= Epd> t-pl
2 

(k^k^)= 2 ,-^L= ̂ Z-P2j=v<A.2 

(p2
pl)= EpE^-p'g.p^ SpEp-jpf|pi cos © = E|_ jpj2 cos © 

Ep= (f^2+m2) » = ) a. 
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Evaluating the square of the invariant amplitude, 

in the center-of-mass system one has 

i T |0fl(2= ̂ (2(p,k;J)+C^"
2((k,pA)(klpl Mk,k, )(pap, ) + (k,Pf )(pAk,) + 

jmrnt 

m2(k, k, )+̂ ra(k( pa )+^m(pzk, )+^
2(p, p2 )+</tn(kfpr ) +/?m

2J 

=^/2(EJJ&ipl cos e)+C
5Ĵ f2(EIfO+(pi[

abos ©) (E^f fpb-^Ep-fpfcos©) 

+nĵ +̂ (m(EpU)f |p|acos ©)+2>(Ep+ fph+4^-fpfcos ©)+<{*ra5 

=-jf[2(EpU)+ (pfcos ©)+G2)"^[(2^A+-^Ep+£WrattA-2^(l+cos 6) l?(^Ep 

+ (2cos 0(iM*+Acos ©+2^mcos Q-2M-^POQ ©) {pj^-m/^+^ra^ 
= <0-9^+ni)s+(^V^)GOS +Ĝ "'2• 

(2 CtJy*+«$ ( * ) + [l|̂ra. +2<0(U) -t«̂) (1+cos©)/ (kJ-A+m2-)® 

+m/i+oirâ  {(2Ct) 2Ai-<0 cos 0+ 2/raJ ((0 -^Oj 

The differential cross-section is given by (1, p. 285) 

where 

the density of final states per unit energy range 

Jino= the density of incident particles times the 
velocity of incident particles. 

The four terms at the end come from the normalization 

chosen. With this normalization the density of incident 

particles is one, and the velocity cna be obtained from the 

following: 

i«J = ; * Z V 
/ 1 - v ^ 

(%\2- i^ii2^2 =/*2 
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-» 2 
v2= l̂ ll 
V l {Tc-jj 2 +/t\.2 

— 
1 u) / k-^ ̂  +/(AZ 

therefore, 

l̂ 2l BU- EP . 

The density of particles is unity; thus the velocity is 

numerically equal to the current, Jj_nc» or for the center-of-

mass system, 
4 4 -• -4 kl (pi | 

current = |vx - v2| = (v-j/ -|v2|- ̂  

The density of states per unit energy can be obtained from 

the number of states being equal to 

pdEp =(2TT)"3 (k2(
 2d]t2\ diL 

:(2TT)"3[fP|
2 4 (| 2- d I L 

1 Ep 

*1^2 and ™ can be evaluated as follows: 
* eF 

E p =cO+Ep= Cj'+Ê j 

= U)' + ( p| + m2)^ 

= id+( k§ + m2)* 

Since p^+ = p2 + k 2 

-p + p" = ? 2 + p"2
 = 0 > a n d 

therefore p 2 = -k2 . So that 
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ef -ui + ((icgl2 + m2)^ 

' # ^ + 4 ( , t 2 , 2 + m 2 r i 

" jfgy + ' k# 1̂ 21 2 + m2^"3 

_ , 1̂ 2) 

|"fe>l (Ep+fc/) 
a)fBp 

Since u/2 = |lĉ 2 +/A2 

2 ^ W = 2 , i r 2 1 ' 
AuJ/ ^2 

therefore _i , =—r-~ 

Substitution of these relations into the differential cross-

section, equation (2), gives: 

• . 2 —«. (2TT)"3 k 2 —rr'fs' X 
dJ2- |^| k2 (%>+ ) L r,s=l J%> Ep ^ ^ 

5 > — P , m 2„ fi t iwlH 
I r.s=l J (U) +Bp) (Ê +U)')Sp 1 rjS 

w - ( » i . n ' 1 

=^^0f( 2_ 2+m2)g^2j.|'i £ J" 
.2 

r,s= 

Therefore,- the differential cross-section for non-charge-

exchange pseudoscalar coupling is 

+C' 2J-2 

{(2qZ-/£+ <*2) ( + 2 0 X ^ - J & ) (l+cos©)J (C02r^m2) « 

+tt^+A2m2+(i 2($--/£+2Jm-<£?) cos 6+2̂ mj[ (6t?->*£)} 



1^ 

The only term that needs to be changed for the case of 

pseudovector coupling is the § in the differential 

cross-section. All the rest is good for all the other terms 

that will be done. Consequently, the matrix element for 

pseudovector coupling will now be written down and evaluated. 

<f- U2 (y^2) t ̂ 2 + 1 4 ) 1) ui 

" S A T £ (p^-kg) 

U2^2(^1-^2-m)^1u1 

ra2+A
2-2(Plk2)-M^ 

- #-2 x r 2 f e ^ i ^ r ^ i - M fa)"i 
~~ /c& -G^-2(Plk2) 

U2 ( ^ 2 ^ 1 ^ 1 - ^ 2 ^ 2 ^ 1 " M ^ 2 ^ 1 ) U 1 f l , ) 
02+2(Plk2) ' 

where C^M 2-^ 2- 2. 

Now the terras # 2# 2 and must be evaluated. 

Considering ^2^2first, 

Similarly, 

or 

Prom the conservation of the momentum, it then follows that 

U2( 1^1+^1 )
2U1 = u2(^2

+^2^^1+^1^u1 

U2Cm2"!^+2(Plki)) U1 = "^2Cm2+m^l+^2^+^2^l} ul* 

-jf. 



15 

Using equation (l) u?^iu]_=u2^2Ul 

then u2^2^1u1 = u2 fa +2(p-^k^) . (7) 

Combining these three (5), (6) and (7) in (k) gives 

_ _f£_ $z(2 (PI^I ) -ftiii} U1 

~ ^ 2 2(p]_k2)+C
2 

# 2 2(Pi^i) ~a£(M+m)fx<f+2() -2m^J } 

/«-2 2(p1k2)+C
2 

- f 2 H2fr2(piki)-.2rn 2 fo-^A2+2(Plkl)]}ul 
~ ^ 2 2(p1k2)+c5 

Now let 
r 

«^= M+m 

A = 2(pj kj ) -2m^' - 2 

= 2(Ep +|p|2)-2m 2 

= 2(6^2->t^+ra2)®^J+2(^2-y/<(
2)-2raX-/^ 

= 2^J»27«
2+m2)^+2^-2ra^,-3/c§ 

B = <^i^+2(Pik1)) 

= 0̂ ' ( ^ 2 (^-/<2+m2) i(t) +2({£-p?j) 

= A' [Z{(J^~ yvt?- +m2)« +2£fi~yO(2) 

and 
- f 2 U2(A^I-B) ux 
_ 2(p]k2)+C

2
 # 

Then the complex-conjugate matrix element is 

fo-j£r _ 2 ( P l k 2 ) ^ 

~ ^ ~1 (A^1 -B) u2 
~ /*T 2(p1k"pTc2 

= ^ UI(A^I-B)U2 
2(p1k2)+G^ 



16 

Therefore: 

a — 
r,i*i 
£|aji J i r a C ^ O tc-T* 
/,w *.<<** 1 y<*-i 

--^r[AtP&ytc*]'1 T r H k t f + t m f f i (8) 

where the terms containing odd numbers of daggers have been 

dropped. As before one has 

TrU^e^^c^, )=l|ila{(k, pk ) (k, p, )-(k,k, ) (pfcp, ) + (k,p, )(p«k, }] 

Tr(ABm .kjpi ) =l+ABm(k,pa ) 

Tr (A* mMc; Jkj (k, k. ) 

Tr(ABnok^X )=M-Bm(k, p, ) 

T r O ^ t f )=l4.B*(plp, ) 

Tr(B'm>)=ij3a'raa . 

Combining all of these in equation (8) gives: 

~v* 

* 1* 
S JmU1'f*' 

{ A/j^ep ^ + i f I *)~A G f - i V f a t f + f f n M ? 

cfyo tifrjH-^c v - r ? / ^ &)tp 3-

"AM**? f 2 & ( ° ° % + 

^ A x l f f o c & G + J f a l f r - W ^ ) EptiM^flceve 

-AABw o&&-i A frtn-&*£<*»&) | ? r + / ) V C / C + 0 % ^ } 

{oXooQ/)-^ * & + (uf-Aytrt&J+c,*}? 

fed 
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2 

This is the for non-charge-exchange scattering 

assuming a pseudovector interaction. The differential scat-

tering cross-section is given by 

rf=i!a|2}( 

and the total cross-section is given by 

(.IT 

sin 9 d@ 
rv 

6 =271*) ~ ^ L 
Jo dA 

The form of the charge-exchange scattering is a conse-

quence of the fact that there exist two known particles which 

may be the intermidiate-state particle. In the following it 

is assumed that one is coupled through the pseudoscalar inter-

action and the other by the pseudovector interaction. The 

sigma hyperon£° is assumed to couple through the pseudoscalar 

interaction, and the lambda hyperon A 0 through the pseudovector 

interaction. 

The matrix element for the charge-exchange scat';;ring is 

% v i % (-y^~) )-1 < ux 

where and M refer to the sigma hyper on, 

and and M* refer to the lambda hyperon. 

Making the same manipulations on this as on the previous ones 

gives: 

U2Yg(tfl-fe+K)y!;ui r . u2(-VqX?) ' ) (%&) Uil 

*• ^ -M' ) (/ +K' ) J 

f 2 
where r= r / f - So that 
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M _ n J & Tja6flTt4;tM)m i . f 

'^-} I r^ ' * H * + s * * - l ( f l & ) - / < / ' t - * 
_,̂ r T k M - M , - M ) U , _J1, ( X ^ i r f r A ' - H O - k ^ X 
~ 7 l -*CP,&)-CX * * -AL?,&)-<** > 
_n*f Tkx{-%n+tk)u, _ _ T _ — I 
" ^ L A C P t Q t C * s C f i f y t c " - J , 

with 0is=M-m 

C=-m*-X'+M* 

c ' W - ^ + M 1 * 

A'=2(p,k, )-2m(K !+m)-^ i 

=2 («?-x-f+m *") ̂  +2 CO-Zm. ( m + M ' ) - 3 > < 31 

B1=(M,+m)[xA+2(p< k, )} 

= (M' +m) f 2 ( u O - / A ^ ) ̂(AJ + 2 ^ - ^ ] 

. The complex-conjugate matrix element is 

% ~ o [ z C p M + c ALP, &>)+&" J 

V C <r g p r A ' t r - s ' t e a * ? 
~'i. A LP,&)*£•• ^ ALP^+C"- J 
= * * ( &,Uti •+**.) Pit. T oli (A£ft 1 

« *• aCft&J+c* >«* ALP.&Jtc'" J . 
Then 

x f l w f l j t y < Z r ' C f t + t i u V x F M v ) " , ™ 

T*; uF>LM.-tf)f£oif'(/tei:-eOuP v v f W - O & t i f l k - P ' h T ' 
^ Ca CP,«+<•'"J* /tt' C»cp,<.><3f*fBfc)+«'3 

r 5/-Y m-e')u?ui uc6;u)u, w ? 

[ i Q f & J t c ' J C A C f i i J f c y ) 
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££ |#kj = - | C2(Pi +'<)( î+m)(& +.0 (jf, +m)J 

'5" +(2(P) ki)+C
/zJ!?Tr [U& -30(&+m)(A% -b6(^ +ta)J-Js 

- (2(p, kJ+C^gCp, kj.)+(f[-Tr|(̂ (+̂ ) (^+m) (a'̂ b') (̂ ,+m)};£. 

- J2(p, k1)+C'5|(p( k̂ +Ĉ .TifU'̂ Ef') (̂ a+m) (̂ +*0 

The first two terms in the above are of the same type that 

were evaluated previously. The only thing new to do is to 

calculate the trace of the "interference terms". This will 

now be done. This part can be written as, 

-j2 (p(kj) +Cjj2 ( ^ +C/^[Tr((^) {y+m) (C^+mjJ+Tr ((Â B') ) {%+£) [tf+m jj 

221 
s* 
JL. 

=-§ (Jjkj) +cf | ( B'jjgtf- Bm^-^A'^- Bm>̂ Û rr̂ -A'rok̂ - B̂ m j} 

=-2gr+C^|(P,k>-C'2jfrr(BW)mJtgff UA-B)m^Arr^-BWj}- ; 

where the terms containing an odd number of daggers have been 

dropped. Now using the theorems of trace the terms of trace 

become: 

Tr (A' XttfvK ) =̂ a' £(k, pt )(k,p, )-(k, k, ) (Pj_P, ) + (k,p, )(pxk, ) 

Tr(B^^p^ (p»p, ) 

Tr {(3" +̂A') m)efifi}=L\. (B' + /A') m (k, p, ) 
Tr WA-3)m ^Wa'-B) (p4k, ) 

Tr(Bi<ml)=^BVraz . 

So that the above can be written as 

= ~{*[00 CP [u)£p+l?lc<r*»J-f ^ * {̂ /4/CEfcO+ 

-A'/*XC*£- (?rc*v&) -pUCEp-j?)xc*»$>)-



20 

?~i 

%I{W<J'-/FA *-PK )(U>-M VW)+£'Z/\'OO(CO-A YC+COTS)-* B'TXO})-

(^-/0('+7K^I-[(3A'^-FIM'T8U+'I/FA-#*.'^/4NJ(^A') 

-A'ONSF-'-B'KM.'} . 

The re fo re , 

-KIT M>FFP^FC^ Z-AZU%)(U) %M?+YW-)+{4-JTINM 

(CO-M^W YX T( (ZLO-M M TM 7*}] (V\A*)+R[(M+£)} 

+£• 0"*{ UTFOO-A^+B') (&-/**+T[IALO(TO-^(TF-&O&)-4M5^J 
STR** % k 
(U)*-M*+VRJ% BJCIOG-JIA&RTFCCO-AY+A^WITFRTY 

.1 

where D=2^u>*-M*'+M9 ') :S+(of-yu^)oo3&] + {M 1 ' -m* ' -^) 

Dt2j£iXTIF-YT/?+m* )~ + ( U)L-SI£) COS&J + (¥I/ -RN3'-YC*?) 
M 

The d i f f e r e n t i a l c r o s s - s e c t i o n i s g i v e n by 

^ NL'} 

and the t o t a l c r o s s - s e c t i o n i s 

SILT 
<T=2 44- SIN&CK& 

J0 AN-
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Pig. 2—Angular distribution for non-charge-exchange 
pseudoscalar coupling. ° 
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Pig. 3-~Angular distribution for non-charge-exchange 
pseudovector coupling. 
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Pig. Ij.—Angular distribution for charge-exchange r=0.1 
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Pig. 5—Angular distribution for char™ 
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Pig. 6—Angular distribution for c h a n -ge-exchange r=10 



26 

400 500 Boo" 
KINETIC ENERGY(MeV) 

1000 

Pig. 7—Total cross-section for non-charge-exchange 
pseudoscalar coupling scattering. 
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Pig. 8—Total cross-section for non-charge-exchange 
pseudovector coupling scattering. 
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Pig. 9-~Total cross-section for charge-exchange scattering 



CHAPTER BIBLIOGRAPHY 

1. Bjorken, J. D. and S. D. Drell, Relativlstic Quantum 
Mechanics, New York, McGraw-Hill, Inc., 19&1+T 

2. Mandl, P., Introduction to Quantum Field Theoryt New York, 
Interscience Publishers, Inc., 1959. 

29 



CHAPTER III 

THE RESULTS OP DIRECT INTERACTION 

An examination of the calculated value of the total 

cross-section (Pigs. 7-9) shows that it is roughly constant 

for all cases except for the non-charge-exchange pseudoscalar 

coupling case, for which it is slightly decreasing with energy. 

This agrees with the experimental fact that the total cross-

section is roughly constant. The calculated angular distri-

bution exhibits back peaking for both charge-exchange and non-

charge-exchange cases (Pigs. 2-7). 

According to an early paper by Ceolin (2, p. 82$), the 

angular distribution for charge exchange is peaked backwards 

in the range 200 to 305 MeV, However, the recent experiments 

by Cook (1+, P. 271+3), Hirsch (5, p. B191), Stenger (7, p. Bllll), 

Chinowsky (3» p. Bll+11) and Butterworth (1, p. 731+) showed that 

the charge-exchange distribution is peaked forward with zero 

value for the differential cross-section at zero degrees. The 

non-charge-exchange distribution is also peaked forward. It 

is clear that the calculated values are in disagreement with 

the expeiimental data, indicating that the assumption of a 

direct pseudoscalar and pseudovector interaction in this 

analysis is incorrect. Hooper (6) assumed that the kaon-

neutron scattering is a direct scalar interaction and it 

30 



31 

gave forward peaking for charge-exchange scattering, and 

backward peaking for non-charge-exchange. Although it was 

shown that the calculated values for charge-exchange have 

the property of forward peaking, these results were not in 

good agreement with experimental values, and were in dis-

agreement with the non-charge-exchange scattering. 

Thus some additional investigation is necessary to 

provide a clearer picture of kaon-neutron scattering. 

Whether other kinds of interactions should be assumed or 

higher order processes should be included, will be discussed 

in the next chapter. 
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CHAPTER IV 

EXCHANGE INTERACTION 

In 1935» Yukawa make a model of nuclear forces that was 

based on a virtual particle being exchanged between nucleons. 

For a particle of spin zero and mass M one may use the Klein-

Gordon propagator in writing the first-order scattering 

amplitude corresponding to Pig. 10: 

1 
(q2 - M2) 

This expression does not include any factors that corre-

spond to the vertices at which the particle, represented by 

the dashed line, is absorbed or emitted. The nucleon and 

kaon, drawn as solid lines, have initial and final momenta 

pl* P2 a n d ^1' ^2 resP®c*bivel3r* T!le invariant momentum 

transfer is q = (p-̂  - p£) • 

k^Vk° P2/P k^k + i W p 

(4s,t) Y 6 " 3 > t ) 

kx/k + pj^n k1( 

(a) Charge-exchange (b) Non-charge-exchange 

Fig. 10—Charge-exchange and non-charge-exchange diagrams 
for kaon-nucleon scattering. 
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One does not know the form factors corresponding to the 

vertices, so it will be assumed that for the charge-exchange 

reaction the vertex function is unity, i.e. f(A2)=l. This is 

the simplest possible assumption and its usefulness will be 

determined by the results. The matrix element for this process 

is 

« i - " 2 ( ^ 1 r 5 ) u 1 _ T _ s O _ ? J _ uMfz) 

=~ u 2 ^ u l > 

so that its complex-conjuate matrix element is 

" x = ~ u ! r ? ^ 

=" U l /5 u2 " 

Therefore, the probability sumed over the final spin states 

(r) and averaged over the initial spin states (s) is 

1 ^ ^ : 8 (q^ ^ % r E (u2ySul'(ul>5lli' us: 

- i f=1 us 

A 
^Tq 

* ( q2 - *te) 

8 JZ \%\j 
r,s=l' 

2 
$ 
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w h e r e t h e t r a c e s o f a n o d d n u m b e r o f 1 s h a v e b e e b d r o p p e d . 

T h e r e f o r e 

T r ( y i m y r , i n ) = T r ( V ^ i n ^ ) = -1+ra 2 , s o t h a t 

5 5 5 

2 m 2 £ 2 m 2 - 2 ( p 1 . r ^ - M 2 J 

I n t h e c e n t e r - o f - m a s s s y s t e m , o n e h a s 

( p 1 . p 2 ) = E p - ( p i 2 . c o s % 

- 0 0 3 0 » 

s o t h a t i ^ = 1 i n I * b e c o m e s > 

i i/wi, 1 2
= i J { c f i + « i 2 - s £ ) - ( ( £ - ; { £ ) c o a e - m 2 7 

S i $ s = l ' x ' s m 2 £ 2 m 2 - 2 ( o £ ^ 2 + n i 2 ) - 2 ( & £ - , ^ ) c o s 0 + M 2 ) 

— 2 
i { ( £ - / ( & ) ( 1 - c o s e ) 

^ 2 f I ( ^ - ^ ) ( l - c o s 6 ) + M 2 J . 

T h e d i f f e r e n t i a l c r o s s - s e c t i o n i s 

d < T \ * f i i~? 

' - a j r ' r 
C W + ( o > ! - ^ + m a ) i ) 2 { * „ £ 1

I < W * 1 } 

1 - C Q S 6 ) 

^ 0 + ( c 3 z ^ + t a 2 ) ® } 2 C 2 ( ^ - / ^ ) ( l • c o s $ ) + M 2 } 2 

T h i s i s t h e d i f f e r e n t i a l c r o s s - s e c t i o n f o r c h a r g e - e x c h a n g e 
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scattering. 

For non-charge-exchange scattering it is necessary to 

assume some different type of vertex function, otherwise the 

differential scattering cross-section will be essentially 

the same form as that above. All other factors in the matrix 

element corresponding to the Peynman diagram will be the same. 

Before different possible vertex functions are discussed, it 

should be pointed out that the Peynman diagram for k++ p-^k++ p 

will also give a matrix element that leads to essentially the 

same differential cross-section as that for non-charge-exchange 

scattering. Consequently, it at first appears necessary to 

assume vertex functions for both reactions 

k+ + n 1 ' • k+ + n 

k+ + p •' y k+ + p , 

but an isotopic spin analysis enables one to choose a vertex 

function to obtain the proper cross-section for one reaction 

and then calculate the matrix element for the other reaction 

from the one chosen. In particular, having the matrix elements 

for k + + n — > k° + p and k + + p — * k+ + p one can calculate 

the matrix element for k+ + n — » k + + n. To relate these 

matrix elements write them as 

<k°,pl§|k+,n> (I) 

<k+,p|§|k+,p> (II) <k+,nls|k+,n> (III) 

and now these three reactions can be written In terms of the 

two total isotopic spin amplitudes, S(l) and S(0). That is, 
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since both the nucleon and kaon are isotopic spin doublets, 

s = If, the total possible isotopic spin is +1 or 0. Let 

k(|-»|-)> k(i-a), v(k>-s) the isotopic spin eigen-

vectors of the total and z-component isotopic spin for the 

proton, neutron, positive kaon, and neutral kaon respectively. 

What follows is analogous to calculating Clebsch-Gordon 

coefficients for ordinary angular momentum. The isotopic spin 

eigenvector for total spin +1 and z-component +1 is 

t(l,l) = k(|-,i)v(|,i). 

To obtain other resultant isotopic spin eigenvectors one uses 
* A A 

the step-up or step-down operators T„ = T_ (1) + T„ (2) which 

acting on t(l,l) give (1, p. 33) 

T t(l,l) = /Kl+l) - 1(1-1) t(l,0) 

= /^(s+D-Kt-l) k(£,-!) v(|,£) 

+ V*(*+U-*(*-D k(|,|)v(i,-i) 

or, t(l,0) = {k(^,-|)v(|,|) + k(|,|)v(|,-i)j. 

Similarly, t(l,-l) = k(|,-|)v(|,§), and 
t ( o o ) = -L--^k(i,|)v(|,-|) - k(i,-|)v(|,|)). 

Solving the above for the k v's gives 

k(i-,ir)v(-ir,i-) = t(l,l), the k+, p state 
/r—~ ̂  

k(i,^)v(i,-^)= -*-|—(t(l,0) + t(0,0)j-, the k+, n state 

k(|-,-4-)v(f,̂ )= |t (1,0) - t(0,0)}, the k°, p state 

k(|-,-i)v(4-,-4-) = t(l,-l), the k°, n state. 
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The concept of charge independence of the strong forces 

means that the interactions are independent of the z-component 

of isotopic spin, but not of the total isotopic spin. Forming 

the three scattering matrix elements I, II, III and using the 

orthogonality of the t's gives 

^ <k°,p(S|k+,n>=i{<t(l,0) (Slt(l,0)>-<t(0,0) |S|t(0,0)>} 

=!{s(i)-s(o)} 

^ =<;k+,pJ§|k+,n>=<t(l,l)|Slt(l,l)>= S(l) 

=<k+,n|Sjk+,i^=ij<:t(l,0)|S|t(l,0)> + ̂ t(0,0)|S|t(0,0)>} 

=|{S(1)+S(0)} . 

These three equations give the desired relations between the 

scattering matrix elements. In particular it is clear that 

S(0) = 

so that 

Therefore, knowing and % one can calculate % • 

The problem is now to choose a vertex function appropriate 

to reaction II* In reaction I it was assumed that the vertices 

were simple points (i.e., not "blobs") and contributed only 

coupling constants, masses and Dirac jK* s to the matrix element. 

In the present work several different types of vertex functions 

were considered and their different effects on the cross-sections 
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have been tabulated in TablesVUI-XVI. The vertex functions that 

gave the best cross section for the k++ p—->k++ p reaction 

were for the pion-nucleon vertex and 

for the kaon-nucleon vertex. In particular this vertex 

function removed the zero value of the cross section in the 

forward direction. So for the calculation of it will be 

assumed that 

f(A2)=l /v/S37 , 

where v/Z?= — - / A z ) (1-cos 9 ) . 
M 

The matrix element for non-charge-exchange scattering 

k++ p—^k ++ p is then 

<wu= — i — u . r x 
I (q2 -M2) 2 ^ 1 . 

So the differential cross-section is 

( 4 £ , = i r i M - M ' 

II juM-(uf -/^+m2)sJ2t 2(c^2-/l2) (1-cos 0 )+M2J2 

Prora the previous isotopic spin analysis of kaon-nucleon 

scattering, one has that 

(I) <k°,p|S|k+,n> = |{S(1)-S(0 )>=%[ 

(II) <k+,p|s|k+,p> =S(1)= 

(III) <k+,n|s|k+,n> = i{S(l)+S(O)}=0fttn; 

where the matrix elements of § are equal to the matrix elements,*111, 

of each scattering. Therefore, for non-charge-exchange scat-

tering k++ n—*k ++ n the matrix can be evaluated as follows: 
i s(o)= £41 - 0 % = j i j 

® (q - M ) 2/4? 2 3 1 



^0 

so that 

= i s(i)+s<o) =— f < ^ *2rs ux 

IH (q2 - M2) * > x» 

and the differential cross-section is equal to 
2 a 2 „ 2 

td<£) = x f\ $2. 
d a ' m - ("2(^-^1 (1-cos 9)+m2) 
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Pig. 11—Angular distribution for charge-exchange scat-
R k + n—^k°+ p. 
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Pig. 12—Angular distribution for non-charge-exchange 
scattering k++ p-—*k++ p. 
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Pig. 13--Angular distribution for non-charge-exchange 
scattering k + n—>k + n. 
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Pig. llj.—Total cross-section for charge-exchange scat-
tering k+ + n—?"k° + n. 
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Pig. l6--Total cross-section for non-charge-<exchange 
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CHAPTER V 

ANALYSIS OP RESULTS OP EXCHANGE INTERACTION 

The scattering data available for the three reactions 

considered here have recently been reviewed (2, p. 168; 1, 

p. $k9l p. 7» p. B1113). The data on k+ + p — > k+ + p 

are probably the best because of the difficulty in interpreting 

kaon-neutron results from kaon-deuterium (or heavier elements) 

scattering. The primary facts to be explained are 

(1) a nearly isotropic angular distribution for 

k+ + p > k+ + p at energies below an energy value corre-

sponding to lab momentum of about 800 MeV/c, i.e., at a lab 

momentum of 810 MeV/c some anisotropy is observed (ij., p. 27k3) i 

(2) a slightly varying, but roughly constant total cross-

section for k+ + p —-> k+ + p in the lab kinetic energy range 

20 MeV to 20 BeV (6, p. 2kl)', 

(3) a differential cross-section for k + + n » k° + p 

that is peaked forward, that decreases strongly at very small 

angles, and has a peak that moves toward smaller angles with 

increasing energy (7, p. 1113); 

(Ij.) a total cross-section for k+ + n > k° + p that 

increases fairly strongly with lab kinetic energy from 50 MeV 

to 500 MeV (6, p. 2lj.9); 

(5) a roughly constant total cross-section for the 



k-9 

combined processes k^+ n——>k°+ p and k ++n—>k ++ n (6, p. 2l).9). 

(6) a differential scattering cross-section for 

k++ n—>k ++ n that possibly peaked backward (8, p.179). This 

last fact is open to some question. 

The strongest point for the present theory is the 

+ n—^k° + p reaction. The matrix element chosen for this 

reaction in the previous chapter gives a differential cross-

section in excellent agreement with the conditions set forth 

in number three above. This is to say that a single pion 

exchange model with a pion-nucleon vertex of the form 

gives the proper angular dependence for the charge-exchange 

-f -f 

scattering. Since the k + p—>k + p reaction did not show 

very small values of the differential cross-section for for-

ward scattering it was assumed that the pion-nucleon vertex 

was of the form and the corresponding differential 

cross-section calculated. The results are exhibited in Pigs. 

11-12 and Tables VIII-XVII. It will be observed that for 

increasing energy the anisotropy becomes more pronunced with 

very strongforward peaking at energies of the order of 1 BeV. 

There is, however, some anisotropy even at the lower energies 

and this must be considered a defect of the assumed model for 
4- + 

k + p—>>k + p scattering. Using the matrix elements for 
k++ p—*k ++ p and k++ n—>k°+ p, the matrix element for 

-f-

k + n-• »k + n was calculated by the isotopic spin analysis and 

these results are presented in FigjL3 and Tables VIII-XVI. If 

one takes the results of Ceolin, ai gj,. (3» P. 823) then the 
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calculated differential cross-section is correct. It should 

be noted that the increasing isotropy (with increasing energy) 

is not so great for k + + n •> k+ + n as for the k + + p — ^ k+ + p 

reaction. Even the data for k + + n — k + + n from Helmy, oj, al. 

(£, p. 179) are not at variance.with the angular distribution 

found from this model. One might construe what Helmy, et. al. 

report to mean that the non-charge-exchange cross-section is 

peaked backward. However, their actual statement is that the 

ratio of -ĵ fto -^j^is decreasing in the back direction. This 

could be a consequence of a backward peaking of but could 

also be explained by falling off move rapidly with increasing 

scattering angle than This latter is exactly what is 

observed in this case. 

Considering the total cross-sections one can see that for 

all three reactions the values decrease with increasing energy 

(Table XVIII and Figures lij.-l6). This is in agreement with 

+ 4» 
the measured values for the k + n — > k + n reaction, but in 

not good agreement with k + + p k + + p and in strong dis-
«!» 

agreement with k + n —>• k° + p (6, p. 2i|7). However, the 

numerical values are of the right order of magnitude; i.e., 

the measured total cross-sections have values that range 

between about 2 and 20 millibarns. The calculated values are, 
*7 Q 

in natural units, on the order of 10 or 10 MeV"^ for low 
_q _g _2 

energies down to 10 ° to 10 MeV for high energies, Table 

XVIII . To go from MeV (natural units) to millibarns one 
mmPP 

multiplies by a factor of I4. x 10 so that a choice 
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of the coupling constants, ̂  and ^ somewhat smaller than 

one will give qualitative agreement for the low energies. At 

the higher energies the calculated total cross-sections require 

coupling constants too small to be in agreement with the usual 

values. Thus, despite the number of sucesses of the present 

model, the decreasing total cross-sections for k+ + n — k ° + p 

and k+ + p—>k + + p, and the lack of isotropy in for low 
dA 

energy k + + p —-* k + + p scattering cause one to look for 

further modifications of the scattering matrix elements. In 

the present work two other possible types of quantities that 

might be used as part of trial vertex functions have been 

evaluated. They are s =-(pQ + p, )2 and t =-(p - p )^ , 
a d a c where p„, p, , and p are the four momenta for the reaction r a b r c 

a + b — > c + d. The numerical evaluations of these are 

presented in Tables XIX-XXX and Pigs. 17-19. Of particular 

use for further investigation is the quantity t. Since it 

has a behavior very similar to the contribution of 1 
{qd - m^) 

to the matrix element (except it is not so strongly changing 

with increasing energy), adding a term like |/t~~ to the vertex 

function for k+ + p — * k+ + p will tend to decrease the 

anisotropy at low energies. This is exactly what is desired, 

and this modification is recommended for further evaluation. 

Whether this will remove enough anisotropy, and what effect 

it will have on the total cross-section for the reaction 

k+ + p — * k+ + p, the differential cross-section for the 
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reaction k+ + n r-* k+ + n, and the total cross-section for 

the reaction k + + n —»• k+ + n only an actual evaluation can 

tell. 
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The following data In each Table were calculated and 

printed oat directly by conputor. Tables I-VTI are for 

direct interaction. Tables VIII-XVIII are for exchange 

interaction. Tables XIX-XXX are the data of relativistic 

kinematic functions, in which Tables XIX,XXII,XXIII and 

XXIV are for the reaction k+ + p—^k + + p; Tables XX, 

XXV, XXVI and XXVII are for the reaction k+ + n—•k 0 + pj 

Tables XXI, XXVIII,XXIX and XXX are for the reaction 

k+ + n-—>k+ + n. 
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A P I T FORTRAN" PROGRAM FOR 

EXCHANGE INTERACTION 

DIMENSION T O T ( 3 ) 
1 R n AC, XM, YM,ZM,WM,U,G 
2 f ORMAT ( / / / / A O X , 5HTABLE) 

5 2 F O R M A T ( / / / 1 8 X , J + 3 H D I F F E R E N T I A L SCATTERING CROSS SECTION * T W = I 5 ) 
5 FORMAT(67X,3HMEV) 
6 F O R M A T ( / / / / I p C 5 M A N G L E , 11X10HF0R CHARGE, 13X13HFQR HONCHAGRE) 
3 FORMAT(71X,13HFOR NONCHARGE) 
8 FORMAT( /2X, i | . 7H(DEGREES) EXCHANGE K + — K +P EXCHANGE) 
9 FORMAT(50X,36HK + P — K +P EXCHANGE K+ — K + / ) 

G*G#G 
DO 1 5 I W = 5 0 0 , 2 5 0 0 , 2 ^ 0 
W=IW 
Z = C O N ( 9 7 1 . 1 ) 
PRINT 2 
PRINT 5 2 , I W 

1|.' PRINT 5 
PRINT 6 
PRINT 3 
P R I N T 8 
P R I N T 9 
WW=W-i<-W 
D07 L L = 1 , 3 

7 T O T { L L ) = 0 . 
UU=U-::-U 
XMM=XM-*XM 
YMM=YM*YM 
ZMM=ZM*-ZM 
WMte=WM-»WM 
A=WW-UU 
3=SQRTF(A+YMM) 
C=YMK~UU 
S= (W+ B) ( W+B) 
Q s ( W + P ) # ( W + P ) 
ANSA= (G-::-G-:;-UU) / ( 2 . » S ) 
A.NSB= (G#G#UU 5 / ( 2 . ) 

1 6 NA=0 
NB=5 
NC=1 
DELT=NC 
ND=0 
D 0 1 0 I T = N a , N B , N C 
T = I T 
T = T # . 0 1 7 l | 5 3 2 9 3 
D = 1 . - C 0 S F ( T ) 
DEN=2.-::-A-;:-E+XMM 
DEF=2.*A*D+ZMM 



(>k 

ANS1= (ANSA#A*D) / (DSM.EN) 
TOT( 1) =TOT (1) +ANSl-::-SIN(T) *DELT-:c-b. 29315U*0.017453293 
A NS2=(ANSA-::-ZMM) / (2. *DEF*DEF) 
TOT (2) =TOT (2) +A N 3 2-»- SI ¥ (T) -"-DE LT-::- 6.29 3154*0 . 0171+53293 
ANS3=(AN3B)/(2.»DEF) 
TOT( 3} =TOT (3) +ANS3*SIN( T )-::-DELT*6.2931^0.017453293 
ND=ND+1 
IF(ND-6)10,26,25 

25 IF(ND-11)10,27,10 
26 NA=10 

NB=30 
NC=5 
DELT=NC 
GO TO 10 

27 NA=45 
N3=180 
NC=l5 
DELT=NC 
PRINT 53,IT,ANSI,AN32,ANS3 

53 FORMAT(6XE15.7,13*El5.7,13XE15.7) 
54 forwat(//6x5htotal) 
55 FORMAT(/2Xlij_HCR0SS SECTIOM=ElU.7,13XE15.7,13XE15.7) 

PRINT Sk 
FRINT 55, T0T(1),T0T(2),T0T(3) 
if(W~5OO.)i5,17,15 
W=600 
Z=CON(971.1) 
PRINT 2 
MW=¥ 
PRINT52,MV/ 
GO TO 4 
CONTINUE 
GO TO 1 
END 
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AFIT FORTRAN PROGRAM FOR RELATIVISTIC KINEMATIC FUNCTION 

S AND v/G7F"/16t2S 

1 READ,XM,YM,ZM,WM 
2 FORMAT {J4.OX, 5HTABLE) 
3 FORMAT (lj.7X, 13) 
k FORMAT(///23X, 37HRELATIVISTIC KINEMATIC FUNCTION A AND) 
5 FORMAT(////2OX, 1HE, l^XlHS/) 
6 FORMAT(/18X, 1$, E19.7, E23.7/) 
PRINT 2 
PRINT 3 
PRINT l\. 
PRINT 5 
DO 15 IE=500,1500.100 
E=IE 
ANS=XM*XM+YM*YM+2.*X*Y 
S=ANS 
X=XM#XM 
Y=YM*YM 
Z=ZM»ZM 
W=WM*WM 
F=S*S+X*X+Y#Y-2.*S*X~2.#S#Y-2.*X*Y 
G=SttS+Z*Z+W»W-2.*S#Z-2.*S*W-2.*Z*W 
ANS1=SQRTF (G/F) / (16. *3. Ii<.l6*3. Uj-1 6*S) 
PRINT 6, IE.ANS,ANS1 
Z=CON(971.1) 
GO TO 1 
END 
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AFIT FORTRAN PROGRAM FOR RELATIV IST IC KINEMATIC FUNCTION T 

DIMENSION ANSI ( 3 , 2 0 0 ) 
2 FORMAT(37X,5HTA8LE) 
4 FORMAT( / / / 2 3 X ,33HRELAT IV IST IC KINEMATIC FUNCTION T) 
5 FORMAT( / / / / 2X ,12HANGLE E) 

52 FORMAT(2OX,15,19X15, 1 9 X 1 5 / / ) 
6 FORMAT ( / 9 H ( DE GREES ) ) 
1 NA = 500 

NB = 700 
RE AD , XM , YM , ZM, W M, N 
DO 15 I = 1 ,3 
N = 0 
NC = NA 
DO 10 IE = MA , N 6 , 100 
E = IE 
N = N + 1 
AN S = XM * XM + YM * Y M+2. * E* Y M 
S = ANS 
X=XM*XM 
Y=YM*YM 
Z=ZM*ZM 
W=WM*WM 
F = S* S+X *X +Y* Y - 2 . * S *X - 2 . * S* Y- 2 . * X* Y 
G = S * S +Z:'C Z +W ;'!W —2 • * S * Z - 2 • * S5>c W— 2 • * Z * W 
DO 10 I T = 1, 181, 15 
T = IT - 1 
T = T * . 0 1 7 4 5 3 2 9 3 
D=COS(T) 

10 A N S I ( N , I T ) = { D * S Q R T F ( F * G ) - S * S - . { X - Y ) * ( Z - W ) + S * ( X + Y + Z + W ) ) / ( 2 . * S ) 
IE2 = NC + 100 
IE3 = NC + 200 
ZQ=CUN(971.1) 
PRINT 2 
PRINT 4 
PRINT 5 
PRINT 6 
PRINT 5 2 , NC, I E 2 , IE3 
DO 11 IT = 1, 181 , 15 
ITT = I T - 1 

11 PRINT 5 4 , I T T , A N S 1 ( 1 , I T ) , A N S 1 ( 2 , I T ) , ANSI (3 » I T ) 
54 FORMAT ( / 3X14 , 1 OX E l 4 . 7 , 1 0 X E 1 4 . 7 , 1 0 X E 1 4 . 7 / ) 

NA = NC + 300 
NB = NC + 5 00 

15 CONTINUE 
GO TO 1 
END 
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the reaction a tna+rtlb+^mb 

ii.OxlO 

3.5x10 

3.0x10 

2.5x10 

2.0x10 

1100 
KINETIC ENERGY 

k + + 
Pig. 17—The relativi stic function S for the reaction 

k" p. 
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^7r-/l6T2sfX|«t»| 2} 

s2+(ra|)^+(m.^) 2+2S (m|) -2S (ri?) -2(ra|) (râ ) 

S2+(mQ)2+(tn^)^+2S(mQ)-2S(m|)-2(raQ)(m^) 

.i+.0xl0° 

3.0x10 

2.0x10° 

1,0x10 2.0x10 3. Ox io " Js/wj¥~/\ 6'n'~s 

Fig. 18—The function of general equation of differential 
scattering cross-section for the reaction k + p > k + + p.. 
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Pig. 19—The relativistic function t n m for the reaction 
k?" + p k + + p. 
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