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CHAPTER 1

AN EVALUATION OF THE THEORIES OF ILIRECT
ELECTROY PAIR PRODUCTION (DPP) BY MUOKS

Intreduetion

Direet produstion of electron palre by high energy charged
particles in oollision with other charged partielo- {(atomic
nuoleus or eleoctrona) oontinues to be a subjeot of interest
and importance in high energy physzica. Monoenergetic aooe-
lsrator muons and v§r7 high energy cosmio ray nuons frowm
greatly inclined directions or at great depths underground
are the suitable particles for the investigation of the
direct pair producsion (DPP) process at high energy transfer.

The early theoretical treatmenta of the process as given
by Pury and Oarlson, Landsu snd Lifachits(1934), Heitler
and Wordneim(1934), Nordheim(1935), Bhabha(1935), Nishins
et a1(193%) and Eaoan(1937) 40 not show closs agreemant at
lesst among a few of these. Shabha's treatuent is the most
faniliar one and the theoretical results for the case of
asuon=-nucleus collision have been presented in Rossi's

High Bnergy Particles(1952). Nurota, Ueda and Tanska(MNUT)
(1956) were the “irst to give & quantum electrodynamie(QRD)
treatment of the DFP prooess using the Peynman-Dyson (¥D)
method. Bubsequent work in the FD method of Tarnovakii(1960),
Zapoleky{1962), Kel' ner(1967), Kel' ner and Kotov(1968) and
Kokoulin Petyrukhin (KP) (1970) 1ia baiicved to give an exact
description of the process at both qnnll and large energy



transfer. Probably, there ig m need for a oritioal
anelysis of the more ‘amiliar treatment of Bhabha and
the recent refined caloulationa in order to plaoce in the
proper context the state of the theory of the process of

direet production of electron pailrs.

Theory of DFF process

An electron pair oreation in the coulomd field of a
nucleus oan be cauged by the impact of a high energy
charged particle or through absorption of g gamme-ray
photon with the threshold value of energy equsl to rest
mass energy of two electrons., The fhreshold value for
produeing a pair in the “ield of a free electron is equal
t0 four times the electron rest mass energy. Ascor:diing to
Dirac's theory, the process is interpreted as a transi-
tion of an ordinary eleotron from & state of negativs
energy to s state of positive energy under the perturbing
influsnoce 0of two o00lliding particles. The differential
eross section for the oreation of a pnif by the ocllision
of fast charged particles was derived in the clasasical
and QED ecaloulations. Among the classichl treatment the
calculation of Bhabhs went farther than other calcule~
tions in considering the effect of soreening end in ino-
luding certain other aspeots. We will discuss and present
the theoretical results of Bhabha's calculation and eaoh
of QED caloulations.



The notation and units used in the various treatments are
not the sume, Yor convenience of reference, wa used sane
notations and unita. The cane considered here is the DPP
interaction between an incident muon (gpﬁ.c) and an atomio
nucleus (N,Ze). The relativistic energy, momentusm and ve-
loeoity of the inocident muon defore and after the oollision
are denoted by E, p, v and E*, p*', v' respectively. The
energy and momentum of the oreated electron and positron
are denoted by c_, p_, and €,, p, respectively. The total
energy of the pair is C = C _ +<_, The rest mass of the
electron is m. The veloeity is expressed, in unit of ve-
locity ¢ of light, as [Sw ¥ . The relativistioc energy
in unit of rest mass energy ls expressed by = (y—&ﬁf*@ .
Other physical constants that recur are fine atruscture constant
x= f457snd classical radius of the electron r, ( m2.82 x

10"1’cm). Two ad:itional symbols used are
U= &s+€ € y3_ €€,
E _591'9.“ €E_+ €,

The relativistio oconiitions used in all the derivations

are , 2, 2

€£,E >>M,e7) €_,€,>>mac
Thene conditions require the rangea of v and u given by
ol << 1~ ML an E VO N T

E
with n 1.

The oaloulation of Bhabha

The procedure adopted by Bhabha concists in caloulating
the probability of tranasition of an electron from initial

atate of negative energy to a final state of positive



energy by impaot of the inoident partiole passing through
the ocouloamb field of the nucleus at rest at a definite
impact parameter. The calculation was done under Born
approximation, Two processes, Imown as the firat order
process and sesocond order process are considered for the
transition from inttial t0 final state. In the first
order process, the eleatron in the negetive energy etats
may either interaoct with one of the 00lliding particles
and jump at onee-to its final state, the colliding parti-
ole going over to an intermediante state. This colliding
particle then interacts with the other oc0lliding particle
and bdoth jump to their final state. This proceas involves
only one matyrix element of intersction of the electron of

the produced paly of the colliding particles.

In the seoond oxrder process the electron in the negative
energy state nmay interact with one of the oolliding par-
tiole and jump to an intermediate state, after which its
interaction with the other colliding particle causes it

%0 1ts final state. Bhabha treated the two 00lliding pmrx-
ticles classically and neghested the firs§ order process
at high energy of the inoident particle. Using Born appro-
Ximation method, he oaloulated the dif“erential DFP oross
asction under the relativistic conditions stated above,

He derived cross seotions for three regions of energy
transfer as speciiied below

Region I=-A Very low energy pair of kinetio energy glven by

p-' p+ << mo



2 2
The kinetiec energy of the pair € = g-—Tan_.Ha).
fegion I.B Interme:iiate energy palr with energy transfer
2,
given by mc << C_,€, <& dmc
Total energy of the palyr ¢ - €, +¢<_
In the caloulation, the terms of the order of
( 2 2 24 2 2 4 2
€ € me mec
(?t)7 _'?))( €, )p( € -

were neglected,

Begion I1 High energy pair with electron energies in the

rangs given by ) << e, € << E
2

In the calculation, the terms of the order of mo" were

neglected compared to €4/ and €./o)

and in eacgh case the effact 0f scresning of the ooulomb
field of the nuoclear charge by the atomic electron has
been calculated on the basis of Thomas-Fermi model of the
atom. This soreening ef’ect was ta enm into account by
introducing in the differential cross section a' factor

[1-? (q?)] where the atowic form factor 4is defined by
~Z(E
F=4{pe&®™ Mgy ay

where P(x) is the density of elcctrons in the atom of

nuclear chiarge Ze and x 18 measured in unit of distanoce.
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where 7, is the ef"ective radius of the atom according

t0 Thomas-''ermi(TF) model., The form factor F (qz) is de~
termined from the TF model (fi). It therefors follows from
equation (1.1) that the screening ef ect of the slectrons
is appreciable when ¥(4%) is non-zero in the region deter-
mined by %" +» In Bhabha's paper, the lowest value 5
of q for each of three energy trans<er region IA, 18, IX
was :ierived., When ST;L >h the form faotor F << 1 and
soresning effeoct of the slectrons is negligidble. On the
otheyr hand their affeot becomes appreciable if 67&%’71.

In the very low pair enexgy region (p_, p << l),%: 2me
is greater than h/m; ant so the screening has no effeot.
For other two regione the conditions for screening sre

sumnarised below Tor convenience of refesrence.
3 No Seneeningd @S)

..1./
S8 & m €<k P Pme

PaLr enerdy Tange
2
md < €,,6_<Vmé= Mo

S L€ ) 2,
e’ 3
f?mcz<€_.,€_<|:‘_ v %%—z - U 2Kz me

In the following we present the differential cross seotion
expressions for the gecond order procesa for the cases
considered above.

(a) oreation of elow pairs

The kinetic energy <, of the created pair is small com~
rared with the electron reet mass energy €K<,<.' ™mc” .

The differential oross seotion for the creation of such



& pair with kinetic energy between €, amd €, + 3¢, i@
given by

do= 4 (zem) {In(5)- 265 ve} S35 - 09

b)l‘le:r’e. 5,

2
1 _ 4 1
e = 22 nk -3“?+6w’

This 1is the equation (30) in Dhabha's paper after neglect
of two small faotors at high incident energy (¥ >10,E>1GeV).
The poaition and the electron emerge at angles independent
of one another and the probability is greatest for their
being emitted perpendiocular to the path of the incident
particle. (»)-Creation

(b) Sreation of intermedinte energy pairs (mc,z'<<€+,€_<<f~)mcz)

The diffarential coroes ssction as derived by Bhabha

equation (32) in his paper ia

2 2
2 4 +L €€ Ln KE, € n KTI"LQ
dg = _(zoc"f‘ + e ey (c,+ yme? V(e e )

- (1-3)

where k, k'_are two numbers of the order of unity arlsing
from some out off jintroduced in the oanloculations. In terms
of varlables u,v this expression beocomes

Kue(1—- u)

do(uymr= A (z0n) 232 (r)n (8 T~ g

4 2, .
2 7B m’ . NS
(w2 E)



the variable v takes into socount the assymetry in the
distridbution of energy tranafer ¢ between the two paired
electrons. There is a tendency for one particle to gst
nore energy than the other and this increases with the
inoreasing energy transfer < . At low energy tranafer

€ (<2md), v 1s negligidle. Bhabha, under thia assusp-
tion, integrated the equation {1.3) over all €. for
the sage € and obtained the following oross section

equation (34) in his paper.

do = 36 (zawo)bn oz ln {;)e de (1.5)
2% ) (N9

It is necessary, however, to integrate the equation{1.4)

2
numerically over its sppropriate limits {w{ <1 - TS ,ned,
The orogs seotion formulam thus derived for the screened

nuclegr coulomd Tleld for energy limited by the condition
€ < 2/’ 2 Y5 me*

is

do = = (z.ow') d"“d" Ln( (1+ 2)[;}'1 Z7) 4.9

(>

(e) Crestion of high uitrsy peirs Qfmé‘ Ke, ,€*<<'v"mp°2')
The condition of no screening in the case of high imorg
) m o

T

7, mc) L Smeenimg(s)

palr is w>S 2z |
and the differential oross section valld under this ocondition

is

do = 2 (zo) Uy (T2 )1n(ZE) 1




For the case of effective screening the cross section is
(2 Y
_ 4 1Y dudy (m ( z’% m)
do = —ﬁ—-(Zo(“r;) EZ L8 (‘m,u) n{kZo v m (179
The soreening effect replaces only the expression under

the logerithm in equation (1.7). For larger energy tra-
nsfer the difference bYetween the two expressions is very

small,

The relativiatic energy ranges of validity for each of
the croess seotion formulae do not allow us to integrate
the diflerential croes sections over U in the limits -%

to +1 as was done by Davisson (1952) (High Bnergy ?if*i“
c¢les by Rossl)., The limits of U have been fixed in the
present work by assigning a minimum value of 4 ncz for
€+ or €~ in socorusnce with the relativistic-requiraments
of the calculations as specified by Bhabha. As already
mentioned Bhabha's calculations are based on Born approxi-

mation. The coniitions of applicibility of Born approximesd

tion are
fZe? 2&5
T‘| v_ 2 __,h \j-t-. << 1
X7 <z
or, <KL1

R A
in the relativistic energy regions é:’é =1,
So the condition for the validity becomes o(Z<<1
This conditiong is satisfied if Z 1s small. For lead(Z=82),
, Z =0.6 and for aluminium (Z=13), oZ = 0,09. The

oroes section formulae are also applicable when the primary
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particle is an electron. In this case the eneryy range
unier the ocase (c) does not exist. The effect of the ex-
cuange of the primaxry electron on the electron of the ore-
ated pair was neglected in the procedure adopted by Bhabha.
Its effect, however, is small for small ppir energy and

large initial energy of the electron.

Bhabha's formulal32) equation {1.3) has an extra logari-
themic term than that in the first LPP oross section for-
mula given by Fury and Carlmon, 1%, however, agrecs with

the formuls obtained by Landau{ 1934},
1.4 The treatment of Nurota, Ueda ané Tanaka (MUT)

The euthors calculated DTP croes sections by using the FD
vethod. In thls method incident charged particle is treated
quantum elsctrodynamicslly, but n target particle is rega-
réed as a fixed coulomdb field.

The FD interactinn diagrams for the QPI‘ process ars ahown
in Tig.1.1. The calculations were :ione unier tie usual
relativigtic condition ani the aprroximation of emall angles
between the incident and target partiel.us.:{.‘rhoy deternined
separately the contributions from (i) the om when spin

of the inoident particle does not flip and péilariution

of virtual photons is tranaverse (i1i) tht spi!n f1ips anl
polarigation of virtual photons is tra&gvera. and {111) the
srin does not flip and polarisetion of vlrttml Eho*ons is
longltudional, The spin flips ans tho_long;tu\diom rola~

%
N
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risation cese was neglected in their calculations. In order
t0 caloulate the differeantial oross section irrespective
of angles at which the created electrons appenrs the usual
angular integration was done under the nﬁall angle appro-
ximation mentioned above. In this process an arbitrary
number o{ of the order of unity was introduced as a cut

off paraneter for angular integration.

As in Bhadha's treatment the screening effect was taken

into aecount by introdpoing the factor. [1-F (q2)] in the
differential cross seotion and by making the similar con-
slderation about the relation between romentum trenafer q
and the effective TF radius of the atom 13 . The minimum

vaiue of q in their traatment is givnn by

Vemin™ - U?j(mc)/E (1+>)

u)he'v’c

) u_(l U)

The Jifferential oross section for the gecond ordeyr
process (diasgram a) in variables u and U in the N8B oase

as obtained from equation (23) of MUT is given by

dou,) = \__,)ﬂ(Zo( r') d“‘dv[{((znhu) +x(:5+vﬁ) (n=== 1*-"
__( }'i+(i_9g - (1 13;)4_ g:{$+x'

2 + 1+x

+ (g_;_wz) x(3 +\9) l.:n( +x)}:| L, (1.9
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where
P T AN S
X 3 N | LK “me )
:Ln[?Z (1 +:I.) ] 'EDPCUmEm _

withC s 2,718,

For the first order process {diagram b) the differential
croes section as squation 42 of MUT in terms of u and Vv

is
do(un) = he(z=) (B dude ({1 +a-uf}
(3 + 2)ln(1r0-2p- -+ Hn@D

—2}] (14 )) @9

where
2% £(1-V) for > zPme (N )
L.= [’"W i 1)
- d % -ﬂ for «man(@
=2 270+4) Vi e @

Following an analyaeis of MUT formulation by Ueda {one of
the authors of MUT formulation), Kobayakawa gave a semi-

egpperical orcss section formula in the following form
do (£.¢)= b, (£) W .19

with
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13

2
In€/me — 279 |, (18 +2 )

- N m V4 T 1 G
bp( E) — .._.1;!.._9_2"—?—- —P\— ‘WI;L(ZO( T;) Lﬂ E/mcz__o'4sg z./3 (23

1T

and

DW= Sp(1+8)/ulurbp) |
where ép - 5.1 x 107 (Bugsev et al,1970)., The first
term t%:(p)a. the energy loss expression for the palr
procfuction by muons and the second term gives the varias
tion of oross section with energy transfer. This cross
pection expression has been used in the regent inveati-

gation.
Treatment of Ternovekii

Ternovekii conasidered both the diagrams a and b in Fig.t.1
to calculate the differential crose section with an accu~
raoy better than the calculation of MUT, The condition

for oalculation was pame as those in the MUT calculation.
The integration ovai- anglea of eniasion of the eleatron
and the positron was done sxactly without introdusing eny
aprroximation. The result for the second order process can

be written,using unitet » 0 = 1, in terms of variables u

and v as
dd(u_)l_?) oo %—((Zo(frs)z cluiu L[{,{ +(1—u2)}{(2‘+\72)+(3+£)x
24 _—
In (1 "“'ii) + _“g,ﬁ(ai_—%’%%ému.) _— L’LZ{E:TL —xIn(+x)

(3~ U?') + (2 Uz)}] (1.143)

As in the other treatment, the form of the expression is
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determined by the conditions of screening and no

screeing
2
E (1—1}) -
L., = LA forqy >z (s
a Lﬂ( 41’!’\(1-1-1)1/2 Iu C’Jm Q )
SNSRI € R L),
-1/5 i/ s 1/ :
= Ln(j,' (1+1)9 ,Eorcbméqz'm (%)
with
_ 2 m (143
q-lm'm” u(i-lﬂz) E
when L <L ’m/mr* {low energy transter), * <1
the differential crose section is
L & dud G 2
C}g’(u,,ﬁ) = —-;ﬁ (’Z.c(—,?)) dLILLv La[(t +1 )]L'n wm (145)

Yor the firat order proceas {dlagram b) the cross section

1a
2 2 2 2 2
_ 4 / 4 CJE__Cl€+ E +(_E.—€) €.+€_
do, = 57-(-(29(1;) "M e? e =
X L (1.16)
mMme, s
tn .--—-i-——E(E_e) \n R
where R is The nuclear radius ond
4
cm 247
H?‘".‘-"" = _E—L(_é:_g) for C“m'm>°( %7m
/4 Ry
= ‘:(Z:Vm for cU‘mi."n<o<Z m

1.6 Trentments of Kel'ner(1967), KeXner Kotov{1768)

A more exact oalculation of IPP croes section in the

energy transfer range extending over —elativiatic region
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was done by kel ner. Unier relativistic energy condition
for all the participeting particles the nmain oross seo-
tion resulte waing the unite N = ¢ = m = 1 for both K8

and regions are written in the following form

A de,de. E' . 1
do‘: fﬁz'-‘d c E L¢a+ ?n;ﬁ_@b}

where the functions (O and @, are given by

(1:17)

- i
@oub - L_m)l:' Ban T 2 Aa,b
The functions O, and (h ~ are different to NS and 8
region. For @a ¢« N8 and 8 region are distinguished by

1

: z’3

CU,mm_._ e = (1+x) « For NS region VUnin >> 55
and (I) is given by

-{0. Lﬂ(i"' x) b, — 1+x

C
= - f(&g) + byx n(1+ %)+ Tax

AN
N wEW-YY) _ 4
L, = Ln > (i +x)i’(‘°'

i3
For S 1 z
JeERm  Ymin < o7
and ¢) is given by
B = B

1 i 2 €,¢€
Ac::.'- a’if(1+1) d tn (H )__3- 1+x+'§_:é‘?-"-
s -1
L= Ln(i&B‘Z s l 1+:r_)
In the above expressions a,b,c,d are given by |

245i:6
12 APRI9TT
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o =S} (Eafy 2 Casl _ s
AcE) (e & < or & - )

2
: 1 i €+ & _ i €
Q FTLIs\E -E)te e

o () + (S + & S

d bx+j‘ € (E +._...)+~—:x:(i+

E./

2 €.€
=m ==
% E e’

N
For the first orier process /diagram b) O

for the
=z
no soresening condition (j. + —ija) & T35

is given by

N

€ =
B, = a,lna+x) + b.o._'tgz‘ + CTx

CpX
€4 € -
A‘:; :-Olzf(”]j‘a&-x') — b, 3 bn+20- T5%

Fa
<
= -_L‘n AE E.Cat "i

€% (1+4%)
and for the screening condition bs
(1+ _:I.'—) 2 < << __Z_—-
S /™M Ee 137

@b ie given by

€ En

2
A - Q. {(_.‘-L.f) +d \m(ﬁ@’\‘ 3 1+1+_9' c?

_ &
L Ln[m‘i%s Z-i/:‘-’ @"'%—fl) }
L‘b -
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The expressiona for a,, b,, 6, 9, Are given by

Oy (E +__f_ )(1 €++<—:_ _Es+€. 1

sz 5m2

€ €t )
c= 4 e,_ 6Eh( + s

AR

In the N8 caae and in terms of the varianbles defined above

2
do(wy= Z(z«y) %{(I):L + i d::} (1.18)
where
N N N ;L.sz
@h,b — L‘akaE%xb'Aq 2 o,b
2

§

Ba [{(2’“”)@* 2(1- u)> + X (3 +V )}\m(u H
- () + R )

- [ Fhmm)+x G}k

# (20 ) xbn (1 ) (ees™ ) x|

v =[S - ]
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L

B: - 3[{-(_%:{1_‘_(1_“)_%}%{(14—02)“ 1__:)?;12 }_‘%—Tﬂa

Un(1029+[ 3 (1-DC, + -w-3%)}
+[(1 U)_“%: EEyy 2,(1+0)+ m] T4

L= -3 reow - B lando Y g
F() -5 [{ s mw- 5} 452t

)
[ -5 ZH @D+ =) ox

I:Ln E (t- u)(i 1L)) —ij

1+:x.)

In the S-omse the cross section

2
do(u,9)= 3’1( &) < u{@ m"ép (+-19)

s

$ = Li,b Bcib + g Das

N

B = B,
= [+ + 70 u))+1(3+“)1£(1+x

--[(2+U)x+ 12@ U)(T“*U‘L’D)*“ s((-57)]
(15 0 3 (e i 409
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- i
L2 = n (18327 (1+207)

g®:- B}
ab-z{{ G+ G-w=5}5 (0 U)-(*'*"’-” - 3%
() H (Fur -w-3) L)
Sz (L Ly L ]Lno+39+z[——--nzl (+9)

L‘)

...._-..

1i X 2
el T T T A
. |
<z

Ly = tn(miss =G 5))

Por low energy tranafer l,L<§-%ﬁ , Wwe fina oxX<<1 |
the differential croes section under this situation ie
given by (28) and (40a) of Ke)l' ner for @a and O

.= s@r O {(n(ue (=)= 5 donyy 18
~{ln(uE (-~}

3 - o SHE- D)2 1]

The differential cross section given is only the sum of
the oroas section for the second orier process (disgrem a)
and the first order process (dimgram d). The contridutiol
to the oroes section for interference between the two ie

nothing for muons in coemic rays.



Lel' ner 'otov(1968) presented the differential oross seotion
equation (1) in iis paper in three variables € . ,€_. amd

t (=19%) valid for relativietic coniition(2). They
introduced the e¢ffect of soreening by the atomic slectrons
and made sone aimplifications wihioh: result in an error of
about 3%, The final oroes nection for the second order

process (diagram a) is

e &
do, = 2 (z=™) &R Ew 29

The expression for F. (E,u) for low and high range of u is
given for both NS and 8 regions.

Lower energy transfer region <L -,ri:ﬁ

FE,w= w{?l:n (?,Eu)Lﬂm + 12 L’n(ZEuL)

o 8 AT - (Y

,_1
AL (ndar B)niss 22 B 9

Por higher energy tranafer range (UL > :‘}—ﬁ) s the
expression for F, (E,u) is given for two limiting omses

(a) tmi:n<<1 ™ Tmin>> 1 for esch of N8

and 3 regions.

For the first order process (diagranm b) the oross section
is

s/ ’
- d()"b: -%-%—- (ZO(TE) X I‘;(E,LQ i-21
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where 2'2 2
F(E u)_lzml'_(_“ﬁ_u+u)<l4ﬂ _3)
_1/3
AmZ
+1—~-3“(‘+L92:|L“{ (A Ie/a. z"sm“u) *‘"1}

A :189, e—=2.7189

For ULD> 27

do= & (Zd{v;)z d& D{’ (E,w+F (& ,uJ] (122)

This can be calculated from a single expression for each

of the first and second order processes.

Following Kobayskawa's semi-empérical form equation(1.12)
Wright used Kel' ner Kotov{1968) results to obtaln

T8 = bp(e) $ W

b]:s@_) = (0.3‘?Ln ﬁﬂ-o.‘as)xiﬁa%z E {100 GeV

_g£.2 4
n E/TYIP_-S.A‘:’) x\0 G"{é_"m iUU(E £ 5rI0GeY

= 2\ Tne /M- 4.3

and D (W) same as Kobayakawa.
1.7 Treatment of Kokoulin and Petrukhin (1969)

Kokiulin Peprukin (KP) (1969) have given a combined

expression of L which gives a smooth transition from
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NS region to 8 region and aleo givea Kel' ner's expression
L3 and > in their appropriete ranges of validity. A pa-
ranster 7 was defined as
= 189/ 21/3
and for NS and § regions we have
T > 1 no soreening (N8)

T &1 complete soreening (S)

Using this parameter the combined single expression for

in . 1
189 273 (1+x)7

1+t e¥2

Lo =1ln

with € = 2,718

Teking the correction term [\, into secount, this gives

— (n 288 z5 OHO/"”Q “"uD'a

8imilerly for the firet order process (diagram b)

_ 1
Ly = Un 189 W\Z/3 (1+ _1:_‘_)/2 (A+Yy)
® 1+ Te”(1+Y,)

where
2 2
_ 5-1 +4B(1+V)
o= TR apln (1 r k) wt 2p (9
_ 4+u2+3ﬁ(i+ez)
b~ (1+0%)(3Z +.o_|3)l,n@'+x)+i 3 9>
with

f?) = Lf/g (1- W
The final result is

Cdo(u)= &Ex T ety e RJduds 23
with
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" e = ([ Q"E’fz—_a))'*x@ cu ) n (1 50

{~o u - % L
TIEx T Za-w0ar o Q3+w)} *

@ {[(1""3)(1"" 2 2 G- L,L))" x(“' z zo u.))C'U)}
2
In(+0+ "":x‘;‘ig?{_‘”‘%)" 2LG-ug 1+x+(1+ Fa—u )U-U)}Lb
These expressions for © , $,  are valid for muon energy

greatsr than about 5 Ge¥ @and are positive for [Lmn= 4/E

ond Umax = (E-Tn)/[-'_
1.8 Consideration of some other sffects

(a) Bffeot of DPP process in the coulomb field of atomic

electrons.

In considering the passage o0f a primary muon through an
atom one nuast also take into account the DFP process in

the coulomb field of atomic electrons. Ae in the case of
bremgstrahlung, eontribution of atomic electrons to the °
DPP process can be taken into account by replacing 22 in
the differential cross section formula by § (Z+a) where

the value of a in the case 0of bremsetrahlung is taken to

be close to 1. In the case of DFP process the values of O
as oaloulated by Kel' ner and Kotov (1968) are the following

a w1 for No soreening

-2
aw Ln14agz 75 foxr total screening
LNn1gs =z %>

It ie therefore evident that in the case of low 2 stoms

the effect 1s not negligible.
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Rozental{1968) discumsed the correctiocns arising frdnrfho
DPP contribution of orbital electrons and from the radis~

tive processes he gave the correotion term as 0.95 Z{(Z+a).
(b) Effect of multiple scattering in the target medium

The oroes section of bremestrahlung and palr production
processes are influenced by multiple scattering in the
target medium, Landuuand Pomeranchuk(1953), Migdale(1957),
Ternovekii(1960) censidered the effect on the DPP process
and found that as in the case of 9leotron bremsstrahlung
and photon induced pair production prosesses{Dovshenki

and Pomanaki,1965) the effect is not negligible for energy
transfers small compared to primary muon energy (above

10° Gev).
(e} The sffect of nuclear foru-factor

The size of the nucleus of the ator limits the maximum
value of momentum transfer to 1/R whers Rw(,56 A’ﬁ.

the radius of the mucleus (A,2Z). The nuclear formfactor
has appreciable effect only if the actual momentum tra-

mafer is c:U > i/R

In the theory, maximum value of q is

2
= Loz
U= FE7 1+X == x , where x> 1

S0, nuclear Ioruractor should be taken into account when

E" €‘ >> /(mR)
The oross aeotion 1n thia case is obtained from
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o= 1+ 255+ S (SR - g

Other DPP theoriesn

The treatments discussed above are useful from the view
point of practical use. Other calculations include the work
of Bjorken and Drell,(19%9), Bjorken and Chen,(1967),
Jhoneon Jr,,(1965), Brodsky and Teng,(1967), Henry(1967)
and Homma et al(1971). Theae caloulations are based on
eight ¥D diagrané and give conpletar‘expreanionn for diff-
erential cross sections. Most 0f these ars not available
in a form for numerical evaluation and use in experimente,
although they represent considersble improvement in the
theory of DPP process.

Numerical oalculations

In order to‘bring out the differences, if any, among the
various theoritical calculations, we have carried out nu-
merical compulations of the differential oross sections
for all the formulae discussed above. A selection of the
various computed diffsrential oross #actiona are shown in

fis’. 1.2 tO 1.’5!

In each case,computed cross sections have been corrected
for the contribution of the DFP process between the incident

muons and the atomic electsons using the formula of Kelner

Kotov (1968) equation (1.25).
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The physioal constants used in this ocompulations are those
recommended by the 1973 committee of the Intermaticnal

Council of Scientific Union (I C 8 U).

In each graph the differential energy transfer spectrum
according to KP is displayed along with only one of the
remaining theom tical formulation undey the present con-
slderation. This procedure has brought out the degres of
disagreenent among the various theoretical proposals. A
set of tables of differential oross section are also in-

cluded to serve the purpose of numerical comparison.

Discussion

KP crose section with Bhabha cross section (figeil1.2 and
1.3, tables 1,1 - 1,6)

It can be secn that at the lower primary energy 10 GeV,
the agreement i excellent over the snergy transfer range
from 5 MeV to 80 MeV both for Al and Pb, With increasing
primary energy, the Bhabha orose section in the medium
energy transfer range slowly inoreasses over XP oross sed0-
tion. In the higher ensrgy transfer range and lower energy
trans ‘er range below 5 MeV,the Bhabha prediction 48 lower
than the KP prediction.
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TABLE 1.1
>
pIT ENENTIAL ©HOBABILITIES FOR MUOR T TCTATED D™i URUCESS OP ALUKINIUN AT Ee10 GeV MUON ENERGY
(en? /gm MeV)
------- ’““*“ﬂ-“._ﬂ“"““-’-‘-““““-“-"““"rﬂﬂn-_“r“*-““-'““_u““-.-“““““- = amie
v ' 'Kobggacmwa ' « Wright orose,
Tranafered KP - . Mur _gron_g gection _ _ ‘cross section, Ternovekii , Kel'ner .Kol‘ncr Kotovy , section v Bhabi
Energy s QTOSE uo*ion ‘derived from , crosn mection cross gection croes secotion derived from, orosa se«
1} '06’2.' n .4 N 06.1’ Ne ‘ : (m * ' Y ' 1 K'O}.'ﬂcr KOtOV.

3,16 MeV 6.75x10~8 5.25:10'*5 6.75x107¢  5.75%107C  6.02x10°5  1.32x107¢
5 MV 1.012107%  1,57x1077 1.04x107%  3.08x10°3  1,02x1073 1.01x10™2 9,4 x10%  3.35x107%  9,77x10~
J 10 HeV 7.94x10"% 1,08x107% 2,97x107%  1.33x10"° 8.2 x107° 8.35x10"%  7.862107%  1.43x107%  a.17x1076
20  MeV 4.32210"0  4.89x10"6 4.43x10~%  5.06x10"%  4.67x1070 4.54210"%  4.23x107%  5.23x107®  4.45x10°6
0 Hev 1.62x107%  2,07x10"6 1.71x10™6 1.74x10"8  1.83x10°8 1.70x10™8 1.60x10~%  1,59x10"8 1.62x10~0
80 eV 4.89x10"7  6,70x10"7 5.61x1077  4.86x1077  5.54x1077 5,13x1077  4.85x1077  3.86x107  4.58x10"7
100 MeV 3.10x10°7  4.26x10~7 3,92x1077  2,08x1077  3.67x10"7 3.18x1077T  3,08x1077  2.40x1077  2.43x1077
200 MaV 5.80x10~°  g,08x10™% 6.96x10~% 5.65x10"%  7.01x1078 5.85x10"" 6.02x10~% 4, 26x10™8 2,70x10™8

400 NeV 3.42x10"7  1,29x1078 1.12x1078 9.80x107%  1.14x10"% 9,15x10™° 9.25x10"%  6.50x10™°

) 800 MeV 1.27x10"%  1.69x10™° 1.45x10"2 143107 1,51010™7 1.21x10™7 1.43x10°°  g,28x10~1°

1 Gev 6.55x10~ %0 B, 26x10~10 7.10210~1°  7.84210"1  7,42x10~1° 5.40x10°10  6.10x10~"0  4,36x10" 17

2 Gev 6.75x10~" g.1ex10"  g.78x10”!! 10021071 7.09x107" qaasxi07?! elesatom!) T 6u3smio”!

4 GeV 6.75x10"'? 6.89x1071? 5.20x10"'2  1.31210"12  6.02x10"'2  s5.12x10"'%  6.67x10°'?  g,y7x10712
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TABLE 1,2
:CR RUGK (3ITIAT:D: IYY IPFOCESS OF ALUMIRIUE AT E u 100 CeV XBUCK ENERGY
(cmz/gm MeV)

DIFYECERTIAL FROBABILITIES

. EL e e o e r---———w--——-t—-;-—-p-“-t‘ ﬂﬂﬂﬂﬂﬂ - e - - b Thandib o R BT T e e e am g en me e e
i ‘ * Kobayskawa ° * ' ‘Wright ocross '
Transfered ° 6 ' WUT orose section ‘eross secuon' Ternovekii ' FKel' ner 'Kel' ner Kotov' seotion ' Bhabh,
Energy ‘Oro8s SECILiOoN ‘= = o e = e e o e 'ierived from ' .orose aection cross section’ ,cross section' derived from' oross sect!
¢ ‘' w2, n w4 |, oc' =1, n =4 °' MUT ‘KeYner Kotov '
—“ﬂﬂ-“*.H-““-“" o e e e G e G oy TS e e e -ﬁ.p-“u-&“ﬂ-u—ﬂ—-‘—p--ﬂ--d-ﬂ- ““““““ . s w wt oam] v e ws am e W
3.16 XeV 1.35x30"> 8.36x10™2 1.35%10~5 1.30x10~5 1.50x10~4 2.43x10~8
5 MV 1.99x10™%  2,76x10~°  1.88x10™°  5,00x1077  2,01x10™>  1,99x107°  1.89x107%  9.04x10"°  1,97x10~%
10 Mev 1.882107%  2.12x107%  1,57x107°  2,49x107%  1.60x107°  1.89x107°  1.71x107%  au3sx10”®  2.02x107%
20 MV 1.23x10"%  t.42x107% 10021075 1200075 10001077 129x107% 1L14x107% 2,0021073  1.37x1075
0 MoV 6.75x1076  8.17x1076  6.65%107¢  5.7x1070  7.02x10™®  7.38x10®  6.20x106  9.70x107®  4.92x1076
80 Mev  3.21x1076  4.21x07®  3.48x107%  2.5x1070  3.aex107®  3.73x1078 2.962107%  4.21x1076  3.50x1076
100 MoV 2.42x10~6 3.43x10™% 2.57x10-8%  1.97x10~8 2.%7%10~0° 2.72x10~6 2.30x10~6 3,16x10~6 2. 75x10~6
200 XeV 9.32x10~7 1.13x10™° 9.50x10~7  7.76x10™7 9.80x10~ 1 1.08x10-5 9.10x10™7 1.16x10™5 1.10x10~8
400 MeV 3,24x10" 7 3.,76x10™7 3,10x10"7  2.56x10™7 3.10x10™7 3.68x10™7 3.15x10™7 3. 54x10™ 7 3,62%10™ 7
800 MeV 8.70x10"%  9.63x107  g.08x10™®  7.00x10™®  8.08x10"%  9.40210™®  s.50x107®  s.60x1078  5,10x1078
1 Gev 5.42x10~8 5,96x10~8 5.02x10~%  4.40x10"8 5.02x10™° 5.80x10™8 5.15x10"8 5.15x10~8 2.%0x10™8
2 Gev 1.05x10™8 1.16x10™8 9.80x10~%  8.60x10™2 9.80x10™7 1.13x10~8 1.00x10~8 9.34x10~?
4 Qev 1.78x10™3 2.02x10"3 1.73x10%  1.45x10"2 1.73x107 1.94x10~2? 1.72x10"9 1.45x10™3

8 eV 2.4310 10 2.04x10770  2.53x10""0  2,12x10%0  2.48x107"0  2.74x1070  2.30x107%  2,04x10710

10 GeV $.24x10"70  1.56x10"10 13710710 4.12x10""7 431210710 143210710 1.19x1070 2, 34x10~10

20 GeV 1.32x10~77  1.76x10”'Y  1.68x10°'! 1.1 L sixio~'l taixto”!Y tusexio'Y 1.a0x10-M

40 GeV 1.38210°12  1.57x10"72  1.42x10°12  1.98x10"12  1.67x10"7°%  1.98x10°'?  1.40x10°'%  1.79x10~12

W e A GrE Emh T o Wy e

w EE AR Sy e
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TASLE 1,3 i
TI1:0E ENTTAL  COBABILITIES O BUCY (17 I87ED Ldb 10QCrus ¢k ALURINIUN AT E = 1000 Gp‘ WUOH ENENGY
(cm?/gm MeV)

-"ﬂ—_-—“-“ﬂﬂhuﬁm““““_-nﬁ-”—ﬂ““_—.um”-ﬂ*““ﬂ-.—cn-—-ﬂ-““h“"ﬁ-

! ! * Fobaynkawa ° ' ’ . * Wright crosa'
Traneered ' Ky ' HUT eroas section ‘erons anction ' Ternovekii ' kel ner “elner kotov ' gection °* Bhabha
Energy ' , oross pectiof= = = = = = o o = = @ = - djerived “rom ‘cross see’ion 'omaa section croaq section ' derived from' oross section
) VEmZynmbdiLml, noed Myt ' X ; *el' ner Kotov '
3.16 MeV 2.08x10™> 9,75¢10™° 2,08x10™2 2,00x10™3 2,36x10™4 3.54x1076
5 MoV 3.18x10™° 3.46x10™ 2.69x10°2  6,00x10™2 3,0:x1072 3,18x107° 2.99x10™3 1.24x10~4 2.97x103
10 MeV 3.00x10™> 3.26210"° 2.54x10"°  2,08x1073 2.,70x10™2 3,08x10™> 2,98x10™7 6.95x10™2 3,24x10~2
20 MeV 2.05x107° ?.26x107° 1.72x107%  1,51x107 2.05x107 2. 241072 2.,05x10™2 3.48x10° 2,25x10™°
0 ueV 1.22x1077 1.53x10™2 19721073 7,.26x108 1.26x1079 1,36x10™2 1.30%10~> 1,84x10"° 1.34x1072
80 MeV  6.53x107%  8,60x1076  6.94x10"%  3.50x1076  G.0ax107®  7.64x1076 6.50x10™8 8.79x10™8 7.30x10~8
190 eV 5.23x107%  6.85x10"6 5.61x10°%  2.86x10"8  5.61x10™%  6.13x10"®  5,19x1076 6.72x10"%  5,97x1076
200 meV  2.43x107%  3,01x1070  2,48x107%  1.30x1978  2,48x1070 2.71x10°0  2.45x107®  3.00x10°  2.91x1076
400 eV 1.08x107%  1.31x107®  1.05x107®  6.5ux1077  1.05x107®  1.18x107®  1,10x107¢  1.50x1076  1.34x1078
800 MeV 4.45x10°7  5,00x10°7 a.31x10"7  o,97x10°7 4.31x1077 4.64x10~7 4.40x1077 6.50x10~7  8,48x10"7
1 Gev 3.35%1077 3.72x10™ 3.08x1077  2.20x1077 3.08x10™ " 5.48x10™7 3.28x1077 4.88x10"7 3.,98x10™ 7
- 2 GeV  1.19x10™7 1.27x10™7 1.06x10"7  8,92x10%7 +.06x10"7 1.19x10™7 1.17x1077 1.80x10™7 1.19x10~7
4 Gev 3.78x10"0 3.94x10"8 3,29x10°°  2,94x10"8 3,23x10~0 3,76x10™8 3.75x10™C 5.42x1078 1.95x10™0
8 GeV 1.00x10™3 1.02x10~" 8.59x100  8,07x10~7 5.59x10~2 9,70x10™" 1.10x10~8 1.32x10"8
10 Gev  6.31x10™° 6.36x10~7 5.37210"°  5,06x10~" 5.37x10™7 6.13x10™7 6.22x10™" 7.96x10™?
20 GeV 1.22x10~? 1.21x10™9 1.04x10"7  1,00x10™° 1.04x10"9 14821072 1,26x107° 1.44x10~°
© gev  2,00x10°"0  2.00x10"""  1.74x10"%  1.67x10°"0  1,72x10°10  1Laax107"?  2.05x1010  2.33x107"°
80 Gev  2,97x10°'"  3.02x10”"  2.62x10""7  2.44x10”"Y  201ox10°" 2.97x10°%  z.00xi0”?! 3L13x10-W!
100 Gev  1.59x107"7  tleaxto”'! 1lesx10”" 12907t alssx0”!! eexion!! alesxiom!! 1lesxiot!
200 GV 1.89x107'2  2.08x107'%  1.78x107'2  1.72x10"% 2 1ax10”%? 2,08x107%7  2.05x107'2  2,16x10"1?
00 Gev 197210777 2.64x107"%  asaxtom14 23310713 o 74310713 2ieax10”'? 2017073 2l7sxi0mt3

-“““u_-"-‘“--ﬂﬁ-“m“—ﬂﬂﬁﬂ_—_...-—n.-“._“-.-“”—.-.—__-—----—"-————--u—m—_—ﬂﬂ“"“.~“—
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Transfered ' (33
Energy

-_— A e S G ot AN amh dEe SR TER GRE e B

3.16 BeV  2,56x10™0
5  MeV  3.75x107
10 Me¥  2,94x107°
¥eV 1 .60:10"5

MeV 6,00x10~8

Me¥  1.81x1076

HeV 1.1 5:10"5

MoV 2.15x10™7
NeV 3.49%10™°
KoV 4.70x10™2

GeV 2.35x10™2

e v - 38883 s 3

GeV 2e "50::10""1 1

'croea ncctioa‘-
06-2. n =4 sod-s‘l. nu4

ce¥  2.%0x10~'°

LIZFEPENTIAL FPPOBABILITIES

HyY orou section

5.81x10™>

3.95x10~°
2.01x10™7
7.68x10~8
2.84x10~6
1,58x10~6
2.99x10™7
4.78x10™8
6.25x10™7
3.06x10"7

3.03x10™ 10

2e 55110-1 1

Kobayakawa °' ¥right orosd
‘aroen section' Ternoverli KeXner ‘Kefner Kotov * section
- -kierivegr'ron ‘eroce aec*ion oroass secti srl eross seotiord gglmved
JXelner Kotov
1.96x10~4 2. 56:19"'5 2. 35:'10"5 2.19x10™4
3.95x10™ 1.15x10"4 3,80%10™ 2 3,75x10™2 3,55x10™° 1.12x104
2.73x10™° 4.93x10™> %,03x1072  3.09x10™7 2,92x10™2 5.28510™°
1.59x10"> 1.75%10~2 1.75%10™° 1.68x10™7 1.53x10™7 1.95x10~>
6.36x107%  6.43x10°8  6.78x10~%  6.30x107%  6.00x10"®  s.03x10°8
2.08x10™% 1.76x10™0 2.05x10~8 1.90x10~6 1.80x10~8 1.43x10™8
1.38x10~8 1.10x10-6 1.36x10~% 1.15x10-° 1120108 8.73x200"7
2.58x10™ 7 2.19x10~7 0.60x10"7 2.17x10™7 2.23x10™ 7 1.58x10™"7
4.15x10™2 3.64x10™8 4.22x10~8 3,30x10™0 3.50x10~8 2,45x10~5
5.38x10™7 5,30%10™ 2 5.59x10™°2 4.47x10~°2 6.25x10™7 3,45x10™7
2.63x10™2 2.80x10™2 2.75x10™7 2.00x10~7 3.06x10™2 1.81x10™°
2.50x10°%0  3.78x10"""  5.70x10"1°7  1.65x10"10  3.03x10°'0  2,37x10=%0
1.93x10°""  assxo”"' 2.23x0°'! a.roxi0”'! alssxiom’t 3.03xi0”V?

0

TABLE 1.4

3633 EUGI‘izI?!I'EIA"é EL It F FXOCESS OF LEAY
(cm®/gm MeV)

-1--—-1-!--‘

N TR Sy mee MER W WA Gy e AR TR AN SR S AL AR AR
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AT E = 10 GeV XUON ENERCY

Bhabha

' erosg section
]

4.88x10™8
3.62x10"°
3.03x10"
1.68x10">
6.01x10™8
1 .'?(3310"'6
9.0x10"7

9.50x10™°
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TABLE 1.5

DIFYERERTIAL PROBABILITIES "“0OF NUOR IWITTADED IFE PROCESS OF LEAD AT E » 100 GeV MUQ ENERG!
(cmz/gm MeV)

Transferes RE « MU cross section :O;g::y:t:::on Ternovekii ' Kel' ner 'kel’ ner kotov .Wriﬁt::t::!olu .. Bhabha
Bnergy Lroes section ;= = « v w = - e - =derived from ,0roes aeotion croes section cromss mection derived from, oross seotion
. .,,o 2y nm4 =ty ne4, wuT . ' ' Kel' ner Kotov,

3,16  MeV 5.00x10™ 2.97x10™* 5.00x10™> 5.20x10"3  5.24x10™* 9.01x10~°
5 eV 7.45x10~2 1.01xt0™4 7.00x102  1.85x10™4 7.60x10™> 7.45x10™> 7.30x10"7  3.35x10"% 7.31210~2
10 Mev 6.95x107°  7.90x10~7  5.88x107°  4.21x1077  6,50x1077  7,00x10"° 6.55x10~5  1.61x10™%  7.452107>
20 MeV 4.55x10™> 5.28x10"7  4.00x10°7  4.48x10"7 4.45x107> 4.78x10~> 4.15x107%  7,75x1072 5.08x107>
O HeV 2.50x10™2 3. 2021072 2.46x10"7  2.12x10™ ?.60x10™2 2. 732107 2.30x10"%  3,60x1072 2,80x10™°
80 MeV 1.,19310™7 1.56x107> 1.29x10"%  9.56x10"F 1.29x10™2 1.38x10™3 1.12x10°7  1.56x10"° 1,33x10"7
100 MoV 8.96x107%  1.16x10"%  9.50x10"6  7.o7x1076  o.s0x10"6  1.01x1075 8.50x10"%  1.17x10°3  1.02x107
200 MeV 3.452107%  4,172107®  3,50x107®  2.88x10"6  3.50x10°  3,90x10~6 3.37x10~6  4.32x1076  4.00x10"6
400  MeV 1.20x10°%  1,392107%  1.50x10"®  9.50x10°7  1.50x10™®  1.36x10~5 1.10x10°8  1,31x107%  1.34x10"6
800 MeV 3.22210™7 3.57x10~7 2.99x10"7  2,60x10™7 2,99x10™7 3.48x10™7 3,00x10°7  3,18x1077 1.80x1077

1 Gev 2.01x90"7 2.21x10~7 1.86x10~7  1.63x10™7 1.86x10™7 2.15x10"7 1.91x107  1,91x1077

2 Gev 3.90x10"%  4.20x107%  3.63x10°®  3.23x10"®  3.63x107%  4.17x107B 3.81x1078  3.46x1078

4 Gev 6.60x10™2 7.46x10~2 6.41x10~%  s5.37x10™? 6.40x10™2 7.19x10~3 6.50x10~%  5.36x10~9

8 Gev 9.00x10~%% 1 ,08x10~? 9.36x10" 10 7.83x10"'%  g,18x10"1"  1.02x10"7 8.50x10~'%  7.55210 10

10 Gov 45721070 5.76210°7°  5.07x10"1"  4.14x10"10  4.84x10""0  5.30x10""0  4.41x10°70  3,96x10-"0

20 Gev 4.90x10"""  6.52x10"7'  6.97x10""!  S.63x107'Y  s.s0x10”"! 5422107 5.16x10°11"  5,19x10""?

40 Gev 5.10x10"'2  5.81x107'2  5.62x10'2  7.16x10~'?  6.17x1071? -12 5..0x10~'2  6,65x10~12
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SIF+E"E'TIAL TOBABILITIES -OR HUON mmmf;?;;zm OF LEAD AT E = 1000 GeV MUON ENEROY
______ L cua/gm MeV) :
= -y - - - - s R i ettt T —— s Bl die Rt Anfiinintindiodis Sttt -
Trans fered : KF :_ ERY {1k c;o_g_s _section __: ef-g::%:::::on{ Ternovekii : Kefner ,Kol‘ner Kotov .:iéiﬁn"m . Bhabha
Energy ©Oroes pection , cerived from .cross section ,.croes seotion ,oross section derived from ,cross section
..-.."f.'_"..;.;_._.:......_..........’..”"..."f.'..."._'_‘_'_"‘...'..‘:..'.‘.:‘.:.....f"i..;...:.._..-._.....'..._.........:......___....:":‘L“:"_".‘i"i’." ________
3,16 MeV  8,26x107° 3,45x10™4 8,26x10™° 8.30x10™> 8.19x10™4 1.31x107°
5 neV  1.27x10"% 1. e8x10™ 1,00x10"4 2, 18x1074 1.13x10~4 1.27x10™4 1.20x10"%  s.25x10™4 1.10x10"4
10 Mev  1.11x1074 1.22x10™4 8.48x107°  1,9x107¢ 1,01x10™4 t.14x10~4 11121074 2.50x10~4 1.20x10™4
20 MeV  7.60x1077 9.00x10°%  6.40x10"%  5.42x10~%  7.50x10~%  s.28x107%  7.00x10"%  1.20x107%  8.4021073
40 MeV  4.50x10~° 5.80x10~7  4.32x10~%  2.70x10~%  4.73x10°%  5.04x10%  4.a4x10™%  6.4ext0”®  s.08x107°
80 MoV  2.42x103  3.19x0°%  2.57x107%  1.33x10°%  2.57x10°%  2.83x10~%  2.370°%  3.23m107%  3.48x1070
100 MeV  1.94x10™° 2.45x10"° 2.08x10"°  1,06x10™2 2.08x10™> 2.27210"° 1.92x107> 2.49x10™> 2,212107°
200 eV  9.00x10"° 1.12x10™° 9.18x10%  5,96x10°0 9.18x10~8 1.01x10™> 9.00x10™6 1.20x10™3 1.02x10™5
400 MeV  4.00x1075 4.84x10°%  3.80x10~6  2.44x10"®  3.88x10°0  4.36x10"%  4.00x1076  s.57x107%  s.00x1078
800 MeV  1.65x10~6 1.86x10"¢  1.53x10°%  1,10x10°0  1.83x1076  1.72x1076  1.62x10"®  2.42010°¢  2.01x107¢
1 Gev  1.24xt0™8 1.36210"%  1.14x10~®  g8.38x10"7 1.14x10~6 1,29x106 1.22x10~8 1.81x10™% 1.48x10"6
2 GeV  4.40x10™7 4.7x70™7 3.92x10"7  3,32010°7 3,92x10"7 4.44x10""7 4.40x107 6.68x10™7 4.45x10"7
4 GeV  1.40x1077 1.46x1077 1.22x10°7  1,n9x10"7 1.21x10~7 1.39x10~7 1.45%1077 2.03x10"7  8.00x10"8
8 Gev  3.70xt0"5 3.77x10™° 3.18x10"%  2,99x10"8 3.26x10™8 3,59x10~° 3.73x10~8 4.90x10~8
10 Gev  2,34x70~8 2.36x10-8 1.99x10"%  1,gex10-8 1.92x10~8 2.27x10~8 2.30x10™8 2.95x10~5
20 GeV  4.50x10™? 4.50x10™7 3.8721072  3.72x10™° 3. 74x10™7 4.37x1079 4.67x10°° 5.35x10™9
© 0%  7.40x107%0  7.50x10"'0  6.44x10""0  6.19x10°10  5.36x10°1°  7.18x10"10  7.30x10"%0  g,28x10""0
80 Ge¥  1.10210°" 11221070 9.70x10""  g.02x10"""  1.0121010  1.10210°10 1,200 1.17x10%°
100 Gev  5.89xt0™"! 6.07x10"""  5,20x10°"" 4172007 s.esxi0”1! G.omxio'' 6.t0xt0”t!  6.12x0°"!
200 GeV  7,00x10™12 7.70x10~12  6.88x10~1%  6,37x10°'2  7,00x10"'2  7.70x10"'%  7.58x10"'2  g.02x10"12
00 Gev  7.30x10"'3  9.78x10"%>  g.50x10°'7  g.21x10°"7  g.61x10°"3  9,78x10°'%  s.03x10°'3  1,03x10°12
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1.11.2 KP oross section with KUT cross section (figs. 1.4 and

Compared to WUT differential cross section (< =2) the ¥

croas section are lower and oan possibly be distinguished
in careful experiments at least delow and energy transfer
of 100 MeV in medium and high Z target elements. MUT cross
section (A =1) are distinguishable from KP cross sections

at low energy tranefer for high muon energies from 100 GeV,

1.11.3 KF croas section with Kobayakawa croms section {iige.1.6
and 1:7' tables 1.1 - 1.6)

The MUT formula as modified by Kobayakawa was used in the
analyeis of some recent experirments, Compared to KP orose
sections the modified MUT oroass sections are much higher
at very low energy tranafer ( ( 10MeV) for sl) primary .

energy. The situation is game at very higher energy tra-
ng‘er region except at the intermeiiate regions where the
KP oross sections are higher, Thies trained of behavior ias

same for low and high 7 target materials,

1.11.4 KEP eross section with Fernovskii crose section (fige.t1.8
and 1.9, tables 1.1 to 1.6)

Agreement between differential orose section according to
KP and Pernovakii treatment is quite good over all energy
regions considered in the present work, It may also be

noted from table that MUT (< =1) oross section are in
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excellent agreement with Ternovekil orose section in th
'energy trans‘er range whioh widens with increasing prim

energy, starting from energy transfer of about B0 MeV.

XP oross section with Kel® ner croas seation (figs.1.%0

and 1,11, tables 1.1 ~ 1,6)

The tremd of bshavior of Kel' ner cross section with res.
peet to KP cross section is generally same as that obse:
in Ternovekii cross section relative to KP oross sectio
This beliavior is in accordance with the eimilarity in

basic approaches of the treatments.

Kel' ner Kotov cross section (fige.1.12 and 1.13, tables
1.1 = 1,6)

The Kel' ner Kotov croes section is-practiocally indistin
guishable from KI' ocross section. In comparison with MUT
(X =2) oross section Kel' ner Kotov cross section is ays-
temetically lower, the differce deoreasing with inores-
sing energy trensfer, This trend of behavior is same foi

low and high Z target atoms.

KP cross section with Fright cross section (derived fros

Kel' ner Kotov, figs.1.14 and 1,15, tebles 1.1 « 1.6)

The formula (1.23) has been used recently in many analy-
eis (ref. Kobayakawa 13th.Int.Conf. on Coswuic-rays,
Denver,1973).


http://13th.Int.0onf

1.12
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We find thay this formula predicts oross section muoh
higher than KP oross section at lower energy transfer
domain which widens graiually with increasing primary
energy. The difference gradually deoreases with ino-
reasing energy transfer, Comparei to other cross sec—
tion this croas section is also much higher at low ene-
rgy transfer and there is signifioant deviation at other
energy tranafer except for some agreement in the ocase
of NUT (£ =2) oross section over a very ssall energy
transfer range above B0 MeV,

Concluesion

After a oritical re-evaluation of various theoretical
treatments for the DFP process, we arrive at the follow-

ing concluasions

1) Above an energy transfer of 5 MeV, Bhabha's theory
of muons initiated DFP process predicte cross sections
very close to those prediotcd by the exact XP theory
over an energy tranafer domain which expands gradually
with inereasing mnuon energy. Above this domain Bnabha's
differential cross pection Aistribution falls sharply
below that of XP distribution. Thias trend of hehavior
is maintained in allltargets ranging from carbon to lead
and for all muon energies, The energy tranafer domain
of agresnent 1sg from 5 Me¥Y to about 100 Me¥Y at 10 GaoV
Primary energy, extends to 500 MeV for 100 GeV primary
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energy and to 2 GeV when the primary energy is 1000 GeV.
Below 5 MaV energy transfer Bhabha's oross section deo-

reanes very sharply with the deorsans in energy transfer,

2) NUT ( # w?2) oross section, which have been extensiinly
used in the past experiments are somewhet higher than
both XKP and Bhabha's oross section in the lntermediate
snargy transfer reglion starting from 5 MeV to s upper
value which inoreases gradually with inoreasing primary
energy. Above thierupper value, difference is maintained
which is very small and is almost constant, MUT (X =1)
oross seotion, however, is qlosar to KP croas section

at muon energies upto 100 GeV for all energy tranafer.
At high er muon energies, MUT (X =1) crose seotion upto
energy tranafer upto 20 MeV relative to XI eross section
is lower than those below 100 GeV,

3) The trend of behavior of Ternovekii coroes section is

almost the same as ghat of MUT {A£ =1) croas section,

4) The interrelation betwsen Kel' ner, Kel ner Kotov and
KP oross section 1s found to be very close throughout
the energy tranafer domain and primary energy range

oxcept for some minor differences,



