VERTEX FUNCTIONS IN K-MESON-
NUCLEON SCATTERING

APPROVED:

LT E ot

Ma jor Professor

; P
, ‘ .
A B

o 7 3 A
Y A i | R v

~ MinoF Professor

Dean of the Graduate School



VERTEX FUNCTIONS IN K-MESON-
NUCLEON SCATTERING

THESIS

Presented to the Graduate Council of the
North Texas State University in Partial
Fulfillment of the Requirements

For the Degree of

MASTER OF SCIENCE

By

Hsu Hsiung Kang, B. S.
Denton, Texas

August, 1966



TABLE OF CONTENTS

Page

LIST OP’TABLES.."..........'..‘..‘..........‘Q..Ol...'..’iv

IJIST OFI ILL‘USTRATIONSQOC...Q‘I0'0.0"QOOOOQOOOOCO0.0QOOOOQVi

Chapter
I.
IT.
ITI.
Iv.
V.

INTRODUCTION. s e v eeeesnseceesoconoscsscsocasnasnee 1
DIRECT INTERACTION. .evveeneoasesonasasanananoasss U
THE RESULTS OF DIRECT INTERACTION....veeeeeenvees 30
EXCHANGE INTERACTION. . vvueeervorennasnanonsneansss 33

ANALYSIS OF RESULTS OF EXCHANGE INTERACTION...... L&

APP‘EN—DIXQC0'00....0.."‘00‘00l.‘...l...!l...l...‘lll..l.. 5u

BIBLIOGRAPHY'.QO..IOOQ.'."Ol...l'.."‘.l.‘...."...’...l. 93

1ii



Table
T.

II.

ITT.

IV.

VI.

VII .

VITI.

XII

XII.

XTII.

XIV.

LIST OF TABLES

Differential Scattering Cross Section at

2500 Mevibb.til.til.l‘ CCCCCCC LR N B 2R B B BN B BN BN Y
Differential Scattering Cross Section at

w=600 Mev'.........‘.‘l.. lllll L I I I N N R K B R N IR N
Differential Scattering Cross Section at

‘N=7SOM6V....O ..... ® 6 & & B 9 B e 5 S s e RSB SS s s
Differential Scattering Cross Section at

W‘:looo Mev..l..'Q..‘..... .......... .- s ¢ & s e
Differential Scattering Cross Section at

W=1250 Mev.. ........ ® 2 s 080 0w * 4 868 0 0 88 0 0 . e
Differential Scattering Cross Section at

w=1500 Mev."...'. ............. 6 & & 0 & " S P e D

Total Scattering Cross Section for Direct
InteraCtion.l..ob..O.'C....O..Q.'.‘.‘...l"

Differential Scattering Cross Section at
w“—‘: SOO Mev.......l..‘l........‘....000..0.-

Differential Scattering Cross Section at
w= 600 Mev.'.lo'l.'.‘OOOO.l.l.“l.l"..“o.

Differential Scattering Cross Section at
W= 750 MBVOQOOQOUCOOGOCOOOOCOQ0.0.......0.‘

Differential Scattering Cross Section at
14-:1000 Mev‘......l‘QQQIl'l..‘..l.'.l..ll.’l

Differential Scattering Cross Section at
w=1250 MeV...'......".....I.'Q..l".'.‘...

Differential Scattering Cross Section at
w=lsoo I&ev. * B 2 9 & & 0 8 4 8B S P e * & s 0 » . 0 0 0 L

Differential Scattering Cross Section at
w=l750 Mevﬂl....l...... ................. ¢ o 8

iv

Page

56

57

58

59

60

61

62

65

66

67

68

69

70

71



Table

XV,

XVI.

XVIT.

XVIII.

XIX.

XXI.
XXII.
XXTII.
XXIV.
XXV,
XXVI.
XXVII.
XXVIITI.
XXIX.

Page
Differential Scattering Cross Section at
W=2000 MeVeessooeossssnssasescesnossssnssncessns 72
Differential Scattering Cross Section at
W=2250 MoVeeeeoveanonnennnns teteseneensean . 713
Differential Scattering Cross Section at
W=2500 MeVeueeuooensonoennannsonnsnenaneses U
Total Scattering Cross Sections for
Exchange Interactlon..eeescecesesescesesess 15
Relativistic Kinematic Function S and /§7§_/16ﬁg 77
Relatlvistic Kinematlc Function S and J/G/F /16WS 78
Relativistic Kinematic Function S and J/G/F /16T 79
Relativistic Kinematic Function Teveevvrewenaans 81
Relativistic Kinematic Function T.v.ov... S < 2
Relativistic Kinematic Function ceceneeoaes . 83
Relativistic Kinematic Function e re s 8l
Relativistic Kinematic Function Tueweeeveeesosons 85
Relativistic Kinematic Function Teeeeiieroeeonn 36
Relativistic Kinematic Punction S o ¥
Relativistic Kinematic Function T..... . . . &8
Relativistic Kinematic Funetion T....c..... N § 1Y)



LIST OF ILLUSTRATIONS

Figurse Page

1. Feynman Diagrams of Non-charge-ixchange
and. Char‘ge—EXChaﬂge SCdttGI’an. P B B NN S B A A ) )-I..

2. Angular Distribution for Non-charge-Exchange
Pseudoscalar couplingeeeeeseccereneocevsoesnes 21

3., Angular Distribution for Non-charge-Exchange
Pseudovector Coupling.ceeeessececeoscssscceesss 22

I. Angular Distribution for Charge-Exchange r=0.1l..... 23
5. Angular Distribution for Charge-Exchange r=l....... 2l
6., Angular Distribution for Charge-Exchange r=10...... 25

7. Total Cross~-Section for Non-charge-Exchange
Pseudoscalar Coupling Scattering..eeeeeeeeons . 26

8. Total Cross-~Section for Non-charge-Exchange
Pseudovector Coupling Scattering..ceeeceeeeses 27

9., Total Cross-Section for Charge-Exchange Scattering. 28

10. Charge-Exchange and Non-charge-Exchange Diagrams
fOI’ Kaon—NuC].eOn Scattel’ing........o..-. cccccc 33

11l. Angular Distribution for Charge-Exchange
Scattering kT + n kb 4 Peeessessnnaeneas Ul

12. Angular Distribution for Non—charve-ﬂxchange
Scattel‘ingk + p'—-’k + po.ooao-o.oc.o-.o Ll-g

13. Angular Distribution for Non—charge-Exchange
Scatteringk + n—-"‘)k + Nasesassessssssos L‘.B

1. Total Cross-Section for Charge-Exchange
Scatteringk_‘-*' n—?ko"” n-.-.--.o-....-.. }'l'h‘

15, Total Cross- Sectlon for Non-charve—Exchange
Scattering k¥ + p —» kt + p.eveienvecennne.. L5



Figure Page

16, Total Cross-Section for Non—charge-Exchange
Scatteringk.‘-'*‘ n""‘)k + n".l...‘......‘. Ll..6

17. The Relat1v1stic Wunctlon S for the Reaction
k + pﬁk + p.......lll".l.'..l'l"...l 90

18. The Function of General Equation of Differential
Scdttering Crgss ~Section for the Reaction
k + p-ak + p‘l'..'.'.l.".....‘.‘.Q..O. 91

19. The Relativistic Function T for the Reaction
k + p'—"k + puu..ooooooo--ocoooo-oo--o-c 92

vii



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
Feynman's viewpoint, that the proper or most useful approach
is to try to calculate the probability amplitudes directly
from some space-time dlagrams 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 followlng, 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 thls approach only elastic scattering



of pecsitive k-mesons by neutrons is considered. The possible
Feynman diagrams, the associated matrix elements, and the
gcattering cross-~sections are the subject of chapters II and
III. 1In 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 three of the followlng processes have been considered:

kt o+ p——>k++ P

Kkt + n — k& + n

kt o+ n-——)ko-l- P
An isotopic spin analysis relates the probability amplitudes
of these threse 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 %o a particular graph is built up
by associating factors with the elements of the graph. Those
factors independent of specific detalls 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



ad joint spinor wave function.
3, PFor each intermediate fermion line with momentum g
a factor, 1/(g-M), the propagator, where M is the mass of the
intermediate state particle,
Lh. For each intermediate meson line of spin zero with
momentum q a factor, 1/(q?=M2), the propagator.,
5. For each direct interaction vertex a coupling
factor:
a. 9for scalar interactions.
b. :f%ﬂk for vector interactions.
C. 97% for pseudoscalar interactions.
d. ¢§%93gk 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 1s considered to be a direct
Interaction. It 1s analogous to Compton scattering in quantum
electrodynamics, The differential scattering cross-section
is calculated using the familiar field theoretic methods of

the S-matrix., The possible Feynman diagrams for the processes

are the following:

k+}. n
\\‘ n
Tl
ks €
Nf“~
n n
(a) (b)
for non-charge-exchange scattering
p / k°
N p
7
. f§~k+
k ~f~‘s
h
n ‘\k3 n

(¢) (d)
and for charge-exchange scattering.
Fig. 1
i



The charge, z-component of isotoplc spin (I,), and
strangeness (S) conservation laws will yield the properties of
the intermediate-state particle for each type of interaction.

Pirst consider the diagram of Fig.l(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=1+0=1. Likewise the z-component of isotople
spin.Iz,for the intermediate particle 1s IZ=%-%=O. Therefore
a positively charged particle with S=1 and I30 1is indicated.
As is known, there is no such elementary particle.

A similar analysis of Fig. 1l{b) requires a negatively
charged intermediate particle with Iz=-l and S=-1. Of the
known elementary particles, only the negative sigma hyperon,X),
has these properties. Thus the non-charge-exchange reaction
1s assumed to have a¥ as the intermediate-state particle.

Fig. 1l(c) requires a positive intermediate particle with
IZ=O and S=«1, As before, no such particle is known, so this
diagram cannot represent charge-exchange scattering.

Fig. 1(d) requires a neutral intermediate particle with
Iz=0 and S=-1. Of the known elementary particles, there are
two which fulfill these requirements: the $°and A‘hyperons.

An interesting consequence of this interaction is that
two intermediate particle states contributeto the charge-
exchange interaction while only one intermediate particle

state 1is involved in the non-charge-exchange interaction.



The differential cross-section in the center-of-mass
gsystem for these two cases may now be calculated and the
values will be compared with the experimental values,

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

of four-momentum Py and spin s emits a real kt-meson of
momentum k2, and then propagates as a virtual intermediate
fermion until it absorbs an incoming k+-meson, of momentum

kl, to become a real neutron of momentum Py and spin one~half.
For charge-exchange scattering Fig. 1(d) represents the initial
neutron emitting a ko-meson, with the uncharged virtual inter-
mediate particle later absorbing a k*-meson and going off as

a proton of momentum Po with spin one-half,

The k-meson 1s assumed $o be a pseudoscalar particle, which
means that the wave function representing the k-meson is a
pseudoscalar under Lorentz transformation, i.e. ka —-—--r,(f/k
for proper Lorentz transformation, but(?k —> =y 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 1s

- -1
Mo = Ty (A1) " (41 ),

F T V5 (B K1) "y 0y
- 92 JAY§(/H’/%1+M)3’S'-M|
(’P’ “‘/ﬁ M) C’Pﬂ-’ﬁiﬂv’)

= 4 mw—»f(ﬁmma,
(P/ fs) (P~ 1) Y Vo - M

L




2 :ﬁ;}ﬁs(-ﬁ1+k2+}1) U4
Zn2nce2(p,, ky, )] - M2

2 mﬁgyes(-ﬁ1+Kp+M) U,
me+ 2-2(p1k2)~M2

=2

=1

=~___?2 i 725(,¥;l+)&2+M) Uy
2(p1k2)+(M2-m25u?)

_ 2 Up(=g1-Ko+M)Uy
¢ 2(p.k,)+C?
pl 2 2

where 02=M2-m2=42

Ye=-1.

The Dirac equation can be written,
mf=( YOE-B'?)
BY=n¢ .

Therefore,

- %2 To(-me}otM) Uy
2
2(p1ké) +C
- 2
2(plk2) +C

with dA=HM - m.
Now from the conservation of four-momenta:
Bitky = Botks

T (B4 )0y = To(d+Ko) 0y
-ﬁz(m +K1)Ul Ez(m +}€2)U1
Uy Uy = Ukl (1)



‘go that M, becomes

@R DA,
Mo == 2 (P ka)F C*

The complex-conjugate matrix element 1is

% ‘f”f* (&.*4”() EL:_*
W =" 2(pk)+”

Since ﬁ'—"U'x'ﬁ , Ub =U*, T = @ U= @U
> \# 3>
kl_::('nwk_7-kl) :{O(Dk-i-yckl y

s gr K L (HWg+ 7B +A)0ds
An=¢ 2(Pk)+C?

_ ?2 H/(yg%‘rv,:?‘ Z*O()(/(‘l
B aA(pk.)+e?

- L) al(’ﬁ"’l)“ﬂ-
T alpkoter

and 196/= MM = (2 Pk, ) +C2JU; (g +A) U J(ULK, +A) U, T

The average over initial and sum over final spins is
2 4, - - -
14:':‘1 V9 =392 (p11c,) +02 ] LT Gy + A UEL TE( + 0]
The projection operator is (1, p. 33)

22: IfS)ch) —> _Fo + .
t') S st ——————

rs=1 2 2m .

Further, the sum over r may be extended from 1 to L provided
the projection operator is inserted, 1.e.

2
w5 (pyiep) 02~ ‘%1“]@)141*"‘) AP, ) Oy A (B)07

r8=1

Wi
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WLF— X J+02J ZzLL U® [ (B Jél+o()(1£l+m)Uff)

HS"

—L EZ(p1k2)+CZJ Tr (f o) (Fy+m) ( + A (Fy+m)

where the fact élﬂ " QuT = Tr q has been used (2, p. 195).
To evaluate the trace:
I fy+ed) (Bstm) (f1+A) (B +m)
Tr fy b B0 K B ey B ok M A 5 +Klzflm+.,t2m2
one uses the following results of the trace theorems:
Tr (kB K B )= (kpp ) (epg )= (e kg ) (B g )+ (o, ) (p k)
Tr(m2K1k1)=um2(klkl)
Tr (¥q B pim) =l dn (k)
Tr(klﬁlmx)=hAm(klpl)
Tr (g ¥, An) =bdm(p Kk, )
Tr(ﬁ2ﬁ1A2)=u&2(p2pl)
Tr ( ¥1874m) =hdn(k,p4 )
Tr( A2 mf)=l mePAZ

The only problem left is to evaluate the above traces,
However, it is necessary %o examine first some properties of
particle scattering in the center-of-mass coordinate system,
which is the one chosen for this work. In this system, the
scattering particles have equal and opposite momenta making
an angle 6 with the initial momenta., Consider Fig., 1 where
Py kl’ P, and k2 represent the four-momenta of the incident

and scattered particles, respectively. In this system
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before collision:

2 -9'

- > 2
pl"'(Ep, pl)“'( p1+m

2

- 5 -
sﬁp)=([2-p)2+m2)“,-p) [P +m%]2
~> ey L = -4
kp=( W, B)=((R+nl?, P)=([3%+n2)%, T)
after collision:
— L - - P 5! L =t
p,=(E), Bp)=((35m2IE, 3)=(UF )+n2)E, 8" )=([F 2rud)%,5")
T =3 t - L
k=W s ¥ )=([5+81%, BH43"23%, 3.
Since the conservation-of-momentum law holds, one obtains
Py + kl =P, + k2
Py -~k =Py -0
p&+15-2(p1ky)= pE+k§-2(p k)
mgtu?-2(p1k2)= m2+A€-2(p2kl)
(pyk,)=(p k)
Assuming that the collision between the k*t-meson and neutron

- 1
is elastic, then p =‘3 in the center-of-mass system.

Since the conservation-olf-energy law holds,

E +Ld = Eé +L0'
W'=( B'2-0)=( $2-n2)=20
u) a
a
bp- Ep
so that

(k1P2)=(P1k2)=E1;W-32?1=E1;w+lgtl-lglcos e =Epu>+]'§f3 cos ©
(klpl)=wﬁ:p-'121-i>} Epw+‘5.3= Epu* 1512
= /12 2
(yky )= 02 -y Ky = 0P 2
- L I
(popp )= prp-pZ'pl= ExEp4plipl cos € = ES-,B? cos ©

Ep=(§2+m2)%=(aﬁ—ﬂg+m2)%.
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Evaluating [mf2, the square of the invariant amplitude,
in the center~of-mass system one has
35 = F o, 16046232 (o) (k,py )=y ) (2 By )+ gy ) (ke )
B 2(1:,1{, )+ dm( K, pa )+lm(p, Y, J+d2 (D, o) +AR(K, by ) +dCm 2]
=.§[2(Epaxfp; cos ©)+C3]fo(Byd+ (Bleos ©) (Egd (D1 -l By~ (P cos6)
+r94,\:-2o(m(Epu)+ ﬁ)’l’oos e)+2,lm(Ep+{a’)+,(th;-{E{"’cos 8)+,(zmﬂ
="'2t;[2(EP(O+ Pcos 9)+Cz]~'2{(ZM:Afb&’)E;+[me+2w( l+cos ©) [?(ﬂEp
+(2c0s 6(pIMcos B+2hmeos 8-2dn-deos ©) [Bf +muAn "}
- Z [ w0hdad Fs (whdoos eJ+0F
(zcd;uiiﬂ(uf;aim’)+[y4m +2uxuf¥dh(l+coseﬂ (uf;a:mz)%
il [(200 i 2dn-RIcos e+24n] (W o™}

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

65 _—2_-“.—.-65 ‘.......o (2)
Jlnc{ nS= l'mq ~T 7jn ’
where

&::the density of final states per unlt energy range

= the density of incident particles times the

J
1 velocity of incident particles,

ne
The four terms at the end come from the normalization
chosen. With this normalization the density of incident
particles 1s one, and the velocity cna be obtained from the
followlng:
(ﬁﬂ = __MV1

./l-vl2

=>.2 = 2
(Bye- (E)2vE = 2 v
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> 2
v Jk1]
T
> (R (] ;

V.l =
'l w /kld.-}-Md
therefore,

¥ Py,
Ep

The density of particles is unity; thus the velocity is
numerically equal to the current, Jinc’ or for the center~of-

mass system,

> -
-5
P
- 1 1
= — e e
P (35 Ep)‘

The density of states per unit energy can be obtained from

the number of states being equal to
-3 = 2 =
FdEp =(2W) ~(ky| “d[k,| a4l

-3, ,2 alk
=(2M 1% %'-E-%'- aa
P

and ABEZ‘ can be evaluated as follows:
B

1 1

By =W+Ep= W'+Ep
H A
= 0 +( ‘5% + m2)%

1 — X
= 0 +( k_g + mf)E

- - - -
Since Pyt kl Py ¥ k2

|

-’
-34-; =p2+32=0,and

- - )
therefore Py = -k2 . So thatv
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Bp =W + ([BP + m?)%

2BF. 3W L1(1Rq2 + m2)-F
2R 4E) UK + m)7E

- 1
aa-%)-l +‘k2[( |k2|2 + me)"3

_ [%2l (sp+u) )

W'E,

Since w'2 =1B4% +u?

20\)!"2%"‘ Z(fz?l ’

ARLE) 2
dw’  _ X2
therefore é(ﬁé] —(0'

Substitution of these relations into the differential cross-

section, equation (2), gives:

d6 _ _ 21 (2m-3 % 2 (,OEF ___._{ 3 %‘}Eﬂ.ﬂ,;ﬁr.ﬂ_
o '?'('alrﬂ'l%') 2 (Ep* n§=l’ | p Bp W @

_ Ep | me 1 2
RS (E1§+w’)Ep {'” xé:]_’%,}

=(uﬁiﬂa { nsl ’}

fie - s £ o]

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

exchange pseudoscalar coupling 1is

ag _ m® . )2 2
T BJ+Qf%u?+m2)?]2 Zma{é@da)ﬂﬁt+m +(w?ﬂh)00m QJ+C }

{(2(‘)2../,\_&,{2)(@27(& me)+ Ldm +2Mw2-,(@)(l+cose):[ (0212 2) 3
Rt Jom =+ ]:( 2R Rt 2l-A2) cos e+2dm] ((F-4~ )}



1l

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

2
pseudovector coupling is the IMbl in the differential

X
= ns=1

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:

O = Fip (752 () -0 7H s Ehuy

_ Eg(YEKg)(ﬁrK2+M)(Y§K1)U1
e ($1-¥o-10) (B1-KorM)
_ @? ﬁg(-Kg)(7§) (-Pp+¥otM) Kyuy
~ M2 42;1:/ (Pl'kz) (pl_kz)&)‘// -Me
__ 3% _mako(f1-Ke-Mkia1

ME

meAE-2 (p k) 1P
= ﬂ? woko (F1 K -KoK1-M ¥1)uy

S

- %2 -5:2 ( léglgllél—lég)ézél—i"ﬂézél) uy (L#-)
A ¢e+2(p,k,) ’

where 02=M2—m2- 2,
Now the terms #lkl’ Kekg and KZKI must be evaluated.
Considering Kz}ézfirst ,

2 2 2

Koko=E kol = 2o Vu = Z g =4 (5)
Similarly,' g{l;él + }élp’1=2(plkl)
or B1¥; = 2(pyk;)-K ¥ . (6)

From the conservation of the momentum, it then follows that

Tp(By+¥y )2y = To(BotKp) (Br+ky)uy

32[m2+/1'€+2(p1k1)] uy] = Eg[m2+m(}€1+142)+}€2}€1] uj .
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Using equation (1) Ezklulia2 ouy
- -
then u K Kjuq = uz[k(+2(plkl)—2mkl]ul . (7

Combining these three (5), (6) and (7) in (4) gives

e “2{K2[2(P1k1 -¥181] - ,wkl"Mléﬂél} uy

/a2 k,)+C?
_ _ﬁ__ uzf[Z(Plkl)- "Jil‘ (sm)[ € +2(pyley ) -2upy ] wg
2(plk2)+C
- ?2 tof{ 2(pyky)-2m = 2 ¥1-LLa2*2(p1kg )]} g
e 2(p k,)+C .
Now let
,L'z M+m

A = 2(p k) -2md'

2(Bp +[p12)-2m '- 2
= 2(0Potfrn?) B +2(@P=u8) ~2nk ~ul
= 20+ ) 5D +24F -2’ =348
B = o [ul+2(pyky)]
= &'Qﬁrz(a)z-,o(‘?mz)%a) +2(4P-02)]
= A'[2(P- 2 +m2)5 +20P- 2]

and

_ 7"2 ag(A}él-B) ujy
AAE 2(p k,)+C2

Then the complex-conjugate matrix element is

o= 42 up*(ajy -Blup
Ae 2(pyky)HCE

- zg__ uy (4 -B) up
M 2(plk2)+02

_ 1;_ Ty (A¥1-B)uo
M 2(p,k,)+Ce
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Therefors:

35 Jenl=
A

'S

4’ —
b (a5 LT AR U Y ]

LM

T T EX RN D

- B AT Ty (Rt AD AR ()
M Ak -AB NPt 1B - APt BT}

. where the terms containing odd numbersof daggers have been
dropped. As before one has

Tr (K36 2% 1, )=1yi [(%, pa ) (X, p, )=(k, k%) (p.p, )+ {k,p, ) (p. Kk )]

Tr(ABm A py )=UABu(k,p,)

Tr (A*m*X; X V=LA m* (k, k)

Tr(ABnk, 2} )=4ABn(k, p, )

Tr(B" 2z, )=4iB*(p, p, )

Pr{B*m*)=4B*n* .

Combining all of these in eqguation (8) gilves:

2 1 a%
%’zlcﬂwz%[&(ﬁ ';@,)’f‘(:’jq {A ;( &1}7&) (ﬁl ﬂ)‘A ’Zﬁ’lﬁc)mﬁ) ’f’/i;(&o Pl) (Bﬁl)
Z "2 ABMGP) AP (e )TRABM (B P+ BIRP)B M}

- @F - . N }
",1,0(4;;/1*{9* (o(w=m>+m )£+(00—M”*)caog+¢t_}:f L
§ 28 (£pw +IPI ca0 ) (g0 + [F")-A (Tp~(Pleows ) fim sk
~2ABm (B0 +(PP)+B>(EF = [Plecvs) 1B m= f
f”‘c-,,z ,:;m {.2 [W(W-p )5+ (@=aA*)Ce0] +c=}"{(,¢zo.,s;,(;5*)z;
+(2p Pliocaos+2 A [P T-4ABMS W)Ept (24°(Plesve +AMEs0S
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2
This is the 3 Qg;f%ﬁa for non-charge-exchange scattering
. 5=
assuning a pseudovector interaction. The differential scat-

tering cross-section is given by

dL ﬁU+(uﬁ7M?+m2)§j2 5s=1 ,

and the total cross-section is given by

w
= d6_ sin o a6
v} Zﬂti T sin

The form of the charge-exchange scattering is a conse-
~quence of the fact that there exlst two known particles which
may be the intermidiate-state particle. In the following it
1s 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/\d through'the pseudovector
interaction.

The matrix element for the charge-exchange scat’.ring is

o =?2_‘52Y5(F{1“X2‘M)~1Y5u1+?'232(’75~——-ﬁ2 )(ﬁl—XZ-T'I')'l(Ygé%)ul

where $and M refer to the sigma hyperon,
and 3' and M refer to the lambda hyperon.
Making the same manipulations on this as on the previous ones

gives:

b

C‘ﬂ'{' ::?2{ Egy;(%l-}éz‘ﬂff) Y:_)"U.l

p(-Ye¥o) (B1-Korit') (gh)uy
(ﬁl-}éz—m) (yfl-yfzm) }

X
A2 (ﬁl-}ég-M )(;{l-}tzﬁ-& )

where r=?12/?_2. So that
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e =97 LV Tl M, T R WA R A,
=F U g - T e =2 ()1
of_Ta(f-fe~M, 2. Kl (-f-MMU

~A(pta)-c* A2 Q(pfa)-C*
_‘?‘2{ a;%*o@b{, 7\ JH-C_A/{% B/>U(l j
RN A

—
-—

’
with J =M-m
Cem® M *
¢ e e a
A'=2(p ky)-2n(M +m) - M*
=2( W= 4(+m ™) %00 +2 0-2a(m+M' ) -3 >
B =(M"+m)[M¥2(p, k, )]
= +m) [2(0 - 4n™)’ B2t ]

. The complex-conjugate matrix element 1is

¥ oaf WG M)ljj‘ 7. M/%(A%,%’—Bl)ﬁz%
%"%{ gl A AlpR)rC” 5

_ar _LBEHA)bdy . T L BARF-B)BU ),
f{ -’2(%)%‘ /“’ a(Pk) ™ )

”?{ &?(/a,+o<)az_i_, A (A, ~B)Ux D,
2ph)tc M A(p ) 1™

Then -
2 g 2 ¢ JOCRHA)UL T Gt Ut
;?;,]%( Zs ‘ { L2 (pR.)te¥]” *
GOAE-BIUE U NE-BIR® v WD (pt-B) U
M‘* (2(phs)+ /2T T A La(p I e (0h) ¢

Y. a9 (B “3@/_,;,4)“(0}
A [2(pt) eI [R (P A) )
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2 a & o
25 o — Tt [20p, 10046 00 [, +4) (o ) (, +4) 4, ]
+(2(p, 12 )46 (8K, -3) (s +) (4 =B (4 +n)] - him
- L2, 1) 4B p, 1ea) +CT e[l () (45 ) ()
—f
- [2(p, k2 )+C R (p, 1) +C el A%-E) (girm) (ored) zf,+mﬂ',w}.

The first two terms in the above are of the same type that
were evaluated previously. The only thing new to do 1s to
calculate the trace of the "interference terms". This will

now be done. Thils part can be wrltten as,

L (px) +cﬂ[é sz)wji{'ﬁ'[@ﬁ.( Ax(.-ﬁ’ (,p’+mﬂ+Tr[ (=) Cegrm) (KEA) Q,p’+m]}
~Etga+d ?(p@w‘ﬁfr@xmf gt Sty BmmAAW-Anﬂdﬁ-BmJ}
=)+ iy e [t Stz (B k) michp (Able 5) mper K- B}k
where the terms containing an odd number of daggers have been |
dropped. Now using the theorems of trace the terms of trace
become:
T (& )¢, 2, X o7 ) =U& [(, p, ) (k, p, )= (%, Xk ) (o, p, )+(%,p, ) (p X, )
Tr (B 2, 7} )=L8% (p.p, )
Tr {(8" +d&) e ei=l (B’ + &) n(k, p, )
Tr (A£-B)m 2,3 =4(LAB) (p,k,)
r(Bim*) =B m* .
So that the above can be written as
....{g[(,oef,-f»{mm@:[-f-C} {.z[wEf—i- |Plesss]+c3 L. 8- {_‘LA'(EPOJ*(P?Iz)(EPQﬁﬁZ&D&)
=AM (Ep - (P Lew00) - BU(ES - [P) 'cavs)- 5’-{—,(,49%(6,wf(P/j*W‘ﬁ)”‘CE,obO'HF{’Zevs)
~Amiuiog QM}
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:-{i[w(w%’wﬂ’)){-k(wi,w)ms -{-c‘}"'{;z (Wi 1Yot @) cod T

(AP~ plu= BL) (W2t 5+ H oA (0> M) 14 Lot =2 B
(W o+ 4 [(2A AR B Y +A AT~ B ) v~ Bt - ] ((52)
WP A
Therefore,
'Lf fitof= 3% L2 {0 {2 s ) WU MV O+ 200 8]
(W= a Y+ (2WRA 24 ML) oo +2A W] (W) #r (U FA)
+/§§‘D"‘{(zA’w‘"-*—A’m‘+B’)Cw‘ﬂ#w)n*[_”z/]z:(w‘:uﬂ(fm@ 4,45»1@]
(Lo +DYE +[(2 A =AU ~24B- B)cao8 -2 ABM] (W=aK) A+
- 2L b7 DU A pu=pR) MM)HJM(w~x«<)@+@@)*254mﬂ(w+ﬂ+"ﬁg
+[<-mA AU Bt ) Comd~Bm-AN ) (A= BTy

where D= JQXu)144+m’) 4+ ( 31407005@]+(M’—m”-Af7
DR 60’ iht+m* ) * 4 0 0036] + (1 et i)
The differential cross-section i1s given by

5{9"_ il 2
LA ———

and the total cross-section is

m
S=2| A€sinode
ZOdnsne .
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CHAPTER IIT
THE RESULTS OF DIRECT INTERACTION

An examination of the calculated value of the total
cross-section (Figs. 7-G) 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 (Figs. 2-T7).

According to an early paper by Ceolin (2, p. 825), the
angular distribution for charge exchange is peaked backwards
in the range 200 to 305 MeV, However, the recent experiments
by Cook (l, p. 2743), Hirsch (5, p. B191), Stenger (7, p. B1l1lll),
Chinowsky (3, p. BlL4ll) and Butterworth (1, p. 73L) 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
1s clear that the calculated values are in disagreement with
the experimental 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
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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 1s necessary %o
provide a clearser 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
bagsed 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 ﬁriting the first-order scattering

amplitude corresponding to Fig. 10:

1
(g2 - 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
Pys Po and kl, kz respectively. The invariant momentum

transfer is q = (pl - pg).

+
kXX P2 K2RE "o
"'/“’Z + "'"-E?-"' L;lysf(Az,S,t) ""/a?z --'WG- ,C?/l)’sf(Afs,t)
ky PAD ky At PINP

(a) Charge-exchangs (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. £(A2)=1, This is
the simplest possible assumption and its usefulness will be
determined by the results. The matrix element for this process

is
Laud,)

W= Tyl ey L
_ F F -
%

B (q2 - M2) 4o

43

)

so that its complex-conjuate matrix element 1is

N /X W %Y ;
(P abr s e XA

_ 7%

- o2 - 12) ulyg Us o

Therefore, the probability sumed over the final spin states
(r) and averaged over the initial spin states (s) is

2% 2

i1
0]+

A P’Sz__ (Uy25up) (@7ga;)

252 2 2 _
(ﬁ‘.ﬁz/{;z) =, us g (M)% pP)

g=

Wwj

|
Wi

zz'& 2 Iy m -
G h A £ ) (),
3 2/1»?2) T“D/s(ﬁ ey Vgﬁﬁzmﬂ

N ?,Z;z a2
= <q2 —ey T e vemygm)

s

I%h ’

Wi

i

ns=1



35

where the traces of an odd number of 's have beeb dropped.

Therefore

Tr (BB, = Tr(-YE6 B,)= Tr(h£,)= bipy p,)
Tr(YSmYSm)r- Tr(Y2m2)= -4m2, so that

* g —1 —%ﬂpl-pg o]

32 fnl[(p1-0p)-0"]
2m2[ 2m2-2(p4 -p)-¥< ]

In the centsr-of-mass system, one has

(py +Py )= Bp-[B12-cos ©
= (@P=4f+m?)-((P-02) cos O ,

2 2
so that % r,zs=l WIDI] becomes,

FPPoC [(a?+m2-,&t2)-(a?-/,€)cos 0-m=]

me [2m2=2((foc@+m2) =2 (cP-4€) cos 6+M2]

R (WP=2)(1-c0s8)
me] 2(gF=-¢2 ) (1-cos 0)+Mc |

Nl!-'

P S -

Wj-

The differential cross-section is

d
df) T 2 (%Ij}

( I o+ (wd.M2+ m2)2)2 Bs=1

?2324(2 (@P=iC) (1-cos © )
—Zw-l-(ag-/&*-mz)?’]z EZ(MQ‘/"@)(I"CC’S 6)+142] 2

This is the differential cross-section for charge-exchange
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scattering.

For non-charge-exchange scattering 1%t 1s 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 Feynman diagram will be the same.
Before different possible vertex functions are discussed, it
should be polnted out that the Feynman 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—pxt+ n

"'+ p — ¥t + 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 —» x° + p and k* + p —» k¥ + p one can calculate
the matrix element for k* + n —» k¥ + n. To relate these
matrixelements write them as

{xo,pl§ it ,nd (1) |

G ,pl8 kT, pd (11) <x*,nl88k*,n) (III)
and now these three reactions can be written in terms of the

two total isotopic spin amplitudes, S(1) and S(0). That is,
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since both the nucleon and kaon are isotopic spin doublets,
s = &, the total possible isotopic spin is +1 or 0. Let
k(%,%), 5‘2) v(%,2), v($,-5) be 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
elgenvector for total spin +1 and z-component +1 is

5(1,1) = k(5,5)v(5,3).
To obtain other resultant isotoplc spin eigenvectors one uses
the step-up or step-down operators f_ = %_ (1) + T (2) which
acting on t(1,1) give (1, p. 33)

T $(1,1) = yI(IF1) = (=10 +(1,0)
= yE(E+1)-3(3-1) k(%,-3)v(%,%)
+ VEGFD) 551 k($,3)v(%,-3)
L {e(2,-2)v(5,3) + k(3,3)v(3,-3 3}
Similarly, t(l,—l) = k(z, z)v(%,%), and
8(00) = —=—{k(},3)v(E,-3) - K(d,-})v(E,B)

Solving the above for the k v's gives

or, t(1,0) =

k(%,8)v(%,3) = t(1,1), the kx*, p state
k(%,%)V(%,-%)=-Jégz-{t(l,o) + £(0,0)} the ¥*; n state
( )%)= -'gaft(l,O) - t(0,0)}, the ko, p State
k(

zop-'

v

-z)v(
L) v (

W= zoiv
wj- N

20]'—‘

f
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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 ilsotopilc spin. Forming
the three scattering matrix elements I, II, ITI and using the
orthogonality of the t's gilves

% =06, 01 811%, 0= {<t(1,0) 1816(1,0)> -<t(0,0) 181 60,0 D}

=3{s(1)-5(0)}

A =4, p) 81K, =45 (1, 1)1 816(1,1 )= 8(1)

Y, =¢k*,n 181 K, =3¢t (1,0)1816(1,0)> + ££(0,0))8) (0,0}
=3{s(1)+s(0)} .
These three equations gilve the desired relations between the
scattering matrix elements. In particular it is clear that

"2

S(0)

gso that

%

i

Pt - %
% -
Therefore, knowing 4&& and Qk%: one can calculate ?h%m'

The problem is now to choose a vertex function appropriate

to reaction II., In reaction 1 it was assumed that the vertices
were simple points (i.e., not "blobs") and contributed only

coupling constants, masses and Dirac ?’'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 TablesVII-XVE. The vertex functions that
gave the best cross section for the K+ p——}k++ p reaction
were A%Ys £(A%,s,t)=A%//B for the pion-nucleon vertex and
AQ%?E for the kaon-nucleon vertex. In particular this vertex
function removed the zeroc value of the cross section in the
forward direction. So for the calculation of m%: it will be
assumed that

H=NE
where A= -ﬁ't—s/é(wl-Mz)(l-cos o) .

The matrix element for non-charge-exchange scattering

k'+ p—sk'+ p 1s then

= - %?z/“ 1 T.7.u
T (q° -M°)  /&F 2°571
So the differential cross-section is
Ay 1 3} mM

(zwm)
AT [ (P2 ) EPL 2 (0P 8) (1ocos 6 ) 42)2

From the previous isotopic spin analysis of kaonenucleon
scattering, one has that

(1) <k°,pl§|k+,n> = ;?5{3(1)--8(0)}=‘mI

(11) <plshet,p> =s(1)=an

(111) <x,nlSl*,n)> = 3{s(1)+5(0)) =0
where the matrix elements of § are esqual to the matrix elements,qn,
of each scattering. Therefore, for non-charge-exchange scat-

tering k*+ n—»k*+ n the matrix can be evaluated as follows:

3 s(0)= 2M - =- ?:?:/Az) (;??z) 5,70,
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so that

_ 1 _ oI . (1-/A2) =
o = % S(1)43(0) =~ e s ) = uz),g uy

and the differential cross-section is equal to

% = 1 ?12 322/“‘ 2
) =
(‘% gins 5[1«0+(a>2- 2rm2 )2 [2(¢F=4l) (1-cos e)+2)




A4S L1
AL

600 MeV

1000 MeV

1250 MeV

1500 MeV

1750 MeV
i
-l.o

Fig; l1l-<Angular distribution for charge-exchange scat-
tering k' + n-—9k°+ P



|

I et abycy
T 2 e o

PV

1

&eV

750 MeV

600 MeV

l
|
\

1

U
Ccos ©

-lelJ

Fig. l2-=Angular distribution for non-charge-sxchange

scattering k*+ p—kt+ p.



™

&
=
A\WS)

v vy

. !
¢l 5
107%
500 MeV |

107!

10-8
1000 MeV .
§

125Q MeV,

‘l‘l.o

Fig. 413--Angular+~ distribution for non-charge-exchange
scattering k + n——p»k + n, '



1

EREN R

108

Py

10™9

I llll

! 1 3 (| 1
500 1000 1500 2000 2500
KINETIC ENERGY(MeV)

Flg. 1lLh--Total cross-section for charge-exchange scat-
tering k¥t + n-—k% + n,



Pl

I

108

1077

llill]

i

] } )
500 1000 1200 5500 3500
KINETIC ENERGY(MeV)

Fig, 15--Total cross-section for non-charge-exchange
scattering k¥t + p——skt + p.




L6

107 |
108
1079

1 i

1

500

!
1000 1500 2000
KINETIC ENzRGY(MeV)

scattering k* + n—k*t + n.

2500

Fig. 16--Total cross-section for non=-charge=~exchange



CHAPTER BIBLIGRAPHY

1. Williams, We 5. C., 4n Introduction %o Elementary Particles,
New York, Academic Press, 1961.

L7



CHAPTER V
ANALYSIS OF RESULTS OF EXCHANGE INTERACTION

The scattering data available for the three reactions
considered here have recently been reviewed (2, p. 168; 1,

p. 549; 6, p. 246; T, 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 isotroplic angular distribution for
¥t + p —>» kt + 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 (L, p. 2743);

(2) a slightly varying, but roughly constant total cross-
section for k¥ + P ~—— k¥ o+ p in the lab kinetic energy range
20 MeV to 20 BeV (6, p. 247);

(3) a differential cross-section for k¥ + n —p k° + p
that is peaked forward, that deecreases strongly at very small
angles, and has a peak that moves toward smaller angles with
increasing energy (7, p. 1113);

(4) a total cross-section for k' + n ——p k° + p that
increases fairly strongly with lab kinetic energy from 50 MeV
to 500 MeV (6, p. 2U49);

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

48
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combined processes kT+ n——»kO+ p and kt+n—pxt+ n (6, p. 249).
(6) a differential scattering cross-section for
kT+ n—»kT+ n that possibly peaked backward (8, pl79). This
last fact is open to some question.
The strongest point for the present theory is the
kt o+ 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
exchangé model with a pion-nucleon vertex of the form Aj;AQ
gives the proper angular dependence for the charge-exchange
scattering. Since the k't p-—)k++ p reaction did not show
very small values of the differential cross-section for for-
ward scattering 1t was assumed that the pion-nucleon vertex
was of the form i}l&Aﬂ? and the corresponding differential
cross-section calculated. The results are exhibited 1in Figs.
11-12 and Tables VIII—XVII; It will be observed that for
increasing energy the anisotropy becomes more pronunced with
very strongforward peaking at energles of the order of 1 BeV.
There is, however, some anisotropy even at the lower energiles
and this must be considered a defect of the assumed model for
kte p-—>k++ p scattering. Using the matrix elements for
k*+ p—ak¥+ p and k¥*+ n—3k%+ p, the matrix element for
k++ n—k + n was calculated by the isotopic spin analysis and
these results are presented in Figl3 and Tables VIII-XVI. If

one takes the results of Ceolin, gt al. (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 —> X7 + n as for the xt + D —— xt o+ P
reaction. Even the data for k¥ + n —3 k' + n from Helmy, gt al.
(5, pe 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, thelr actual statement 1s that the
ratio ofj@%ﬁo-&%@is decreasing in the back direction. This

could be a consequence of a backward peaking of ﬁ%ﬁ but could
also be explained by“ﬁg?f%lling of f move rapidly with lncreasing
scattering angle than-%%%@ This latter is exactly what is
observed in thils case,

Considering the total cross-sections one can see that for
all three reactions the values decrease with increasing energy
(rable XVIII  and Figures 14-16). This is in agreement with
the measured values for the k+ + N > kt +n reaction, but in
not good agreement with kt + P = kT o+ p and in strong dis-
agreement with xt + n -—>» ¥° + p (6, p. 247). However, the
numerical values are of the right order of magnitude; i.e.,
the measured total cross-sectlons have values that range
between about 2 and 20 millibarns. The calculated values are,

7

in natural units, on the ordsr of 107 or 1077 Mev-2 for low

energies down to 1078 to 10'9 MeV"2 for high energies, Table
XVIII , To go from MeV™2 (nabural uiits) to millibarns one

multiplies by a factor of I x 10-22, so that a choice
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of the coupling constants,<?l and ?é somewhat smaller than

one will give qualltative 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, desplte 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
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

)2

evaluated. They are s =-(p, + pb)2 and t =-(pa -p.)°
where Pg? Pys and pc are the four momenta for the rsaction
a+b -~y c + d. The numerical evaluations of these are
presented in Tables XIX-XXX and Figs. 17-19. Of particular
use for further investigation is the quantity t. Since it
has a behavior very similar to the contribution of 1

(qe - M<)
to the matrix element (except it is not so strongly changing

with increasing energy), adding a term like yt to the vertex
function for k¥* + p —» k¥ + p willtend to decrease the
anisotropy at low energies. Thls is exactly what is desired,
and this modification is recommended for further evaluation.
Whether this will remove enough anisotropy, and what effect

1t will have on the total cross-section for the reaction

¥t + p —» kKt + p, the differential cross-section for the
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reaction k¥ + n —» ¥t + 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 out directly by computor. Tables I-VII 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' o+ p—4>k+ + p; Tables XX,
XXV, XXVI and XXVII are for the reaction kt + n—k® + r;
Tables XXI, XXVIII,XXIX and XXX are for the reaction

k¥ + n—k" + n.
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AFIT FORTRAN PROGRAM FOR
EXCHANGE INTERACTION

DIMENSICN TOT(3)

RuAD, XM,YM, ZM, WM, U,G

FORMAT(/////LOX,5HTABLE)

FORMAT(///18X,l3HDI FFERENTIAL 3CATTRRING CROSS SECTION AT W=I5)

FORMAT (67X, 3HMEV)

FORMAT(////UXSHANGLE, 11X10H508 CHARGE,13X13BFOR NONCHAGRE)

FORMAT( 71X, 13HFOR NONCHARGH )

FORMAT( /2X, i TH(DEGREES)  wXCHANGHE K + -=K +P EXCHANGE)

FORMAT (50X, 36HK +P=-K +P EXCHANGE K+ --K +/)

G=0#G

DO 15 IW=500,2500,250

W=IW '

Z=CON(971.1)

PRINT 2

 PRINT 52,IW

i PRINT 5
PRINT
PRINT
PRINT
PRINT
W=l W
DO7 LL=1,3

7 TOT(LL)=0,
UU=UxU
XMM=XMXM
YMM=YM:YM
ZMM=ZM%=7M
WMM=WM:: WM
A=WW-UU
B=3QRTF(A+YMM)
C=YMM~-UU
S=(W+E)#(W+B)
Q=(W+F )= (W+P)
ANSA=(G#G#TU) /(2.%8)
ANSB=(G#G#UU) /(2.%Q)

16 NA=0 :
N3=5
NG=1
DELT=NC
ND=0
D010 IT=Na,N3,NC
T=IT
T=T#.017,53293
D=1,=-CO3F(T)
DEN=2, #AsE+XMM
DEF=2, #A%D+7MM

O L OV TV

O o\ 0N\



25
26

27

6l

ANS1=(ANSA#A%D) /(DET%DEN)
TOT(1)=TOT (1)+ANS1#SIN(T)#DELT*4.293154#0,017453293
ANS2=(ANSA%ZMM) /(2 ,#DEF+DEF)
TOT(2)=TOT(2)+ANS2%SIN(T)#DELT6.29315,:0,017453293
ANS3=(AN3B) /(2 ,#DEF)
TOT(3)=TOT (3)+ANS3#SIN(T)*DELT%6.29315):0,017453293
ND=ND+1
IF(ND-6}10,26,25
I1#(ND-11)10,27,10
NA=10
NB=30
NC=5
DELT=NC
GO TO 10
NA=L5
2=160
NC=15
DELT=NC
PRINT 53,IT,ANS1,ANS2,ANS3
FORMAT ( /5XI),6XE15,7,13XE15.7,13XEL5.7)
FORMAT(//6X5HTOTAL)
FORMATé 2X1LHCROSS SECTION=E1l.7,13XEl5,7,13X15.7)
PRINT
FPRINT 55, TOT(1),TOT(2),TOT(3)
IF(wW-500,.)15,17,15
W=600
7Z=CON(971.1)
PRINT 2
MW=W
FRINTS52, MW
GO TO L
CONTINUE
GO TO 1
END
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AFTT FORTRAN PROGRAM FOR RELATIVISTIC KINEMATIC FUNCTION
S AND JG/F /16w3s

1 READ,XM,YM,ZM,WM
2 FORMAT(L0X, SHTABLE)
3 FORMAT(47X,I3)
i FORMAT(///23X, 3THRELATIVISTIC KINEMATIC FUNCTION A AND)
5 FORMAT(////20X, 1HE, 15X1HS/)
6 FORMAT(/18X, 15, E19.7, E23.7/)
PRINT
PRINT
PRINT
PRINT
DOIéS IE=500,1500,100
ANS=XMeXM+YM#YM+2 , #XY
S=ANS
X=XMs:XM
Y=YM#YM
Z=ZM#ZM
W=WM#WM
F=S#S+X#X+Y#Y w2, #3%X w2, #3%Y w2 o3¢ XscY
G=S3#S+Z#Z+WktW=2 ,%#8#Z2-2 , 3 S#W-2 , %Z3#W
ANS1=SQRTF(G/F)/(16.%3.1416%3,1,16x%3)
PRINT 6, IE,ANS,ANS1
Z=CON(971.1)
GO TO 1
END
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80
AFIT FORTRAN PROGRAM FOR RELATIVISTIC KINEMATIC FUNCTION T

DIMENSION ANS1 (3,200)
FORMAT(37Xs5HTABLE)
FORMATH{///723Xy33HRELATIVISTIC KINEMATIC FUNCTION T)
FORMAT (///7/72X3 12HANGLE E)
FORMAT (20X 515, 19X15419X15/7/)
FORMAT( /9H (DEGREES))
NA = 500
NB = 700
RE‘AD,Xf"lyvals,Z.MyWMyN
DO 15 I = 1,43
N =0
NC = NA
DO 10 IE = NA 4NBy 100
E=1IE
N = N + 1
AN S=XMAEXM +YMRYM+2 o ERY M
S=ANS
K=XM XM
Y =YMoRYM
L=LMA LM
W=WMaW M
F= S SHXRXHYHY =2 4 S5 Km 24 5 S Y= 2 R XHY
GGG +ZH L+ =2 o SR L m 2 42k S = 2 o K LW
DO 10 IT = 1s 181y 15
T=1T - 1
T=T%.,017453293
D=CUS(T)
10 ANSLINIT)=(D*SQRTF(F*G)=S%S=(X=Y)#(Z~W) +Sk (X+Y+Z+W)) /{24%S)
IE2 = NC + 100
IE3 = NC + 200
ZO=CUN{971.1)
PRINT 2
PRINT 4
PRINT 5
PRINT 6
PRINT 524 NC, IEZ2, IE3
DO 11 I7T = 1y 181y 15
ITT = IT -1
11 PRINT 544ITTy ANSL({1,1IT)y, ANSI{(241IT),y ANS1(3,41IT)
54 FORMAT(/ 3X14910XE1l4e7910XE1l%4eT7410XELG4.T/)
NA = NC + 300
NBE = NC + 500
15 CONTINUE
GO TO 1
END
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S= m§+m%+2mbElab (for the reaction & + b —» ¢ + d).

i § ) i i

1

!
1500

i
500 700 GCo 1100 1300

KINETIC ENSRGY nt8P

+ Fig. l?-;The relativistic function S for ths reaction
k + p "-”y k 4+ p.



' 3
98 = fG7F/1en3s{E | | 2}
where F = $2+(m3)2+(mg)2+28(mg)-25(mZ)~2(mg) (ng)
¢ = 8%+(nd) % (nf) +25 () -28(n5)-2(05) (n)

IL.0x10°
L 3.0x10°

2,02100 | | : |
1,0x10"7 2.0x10"9 3.0%10™7 577 /16328

Mg, 18-~The function of gzensral equatlgrn of defercntiax
scattering cross-section for the reaction k¥ + p —» kT + p.
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Fige 19--The relativistic function tcm Tfor the reaction
k¥ + p — x* o+ D.
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