The first term in (5) has a trivial meaning. The second term depends on the
frequency w as a parameter. Obviously, the time of establishment of the stimu-
lated scattering is obtained by taking the value of the second term at the point
W= W, where the gain g¢(w) has a maximum. As a result we obtain for the es-

tablishment time the expression

. L jmdm[l- g(w)}(w-w )-2. (6)

m - o0 g(w,)

Substitution of the Lorentz line shape (1) in (6) gives the well-known result

(2).

The foregoing lucid considerations can be confirmed by a calculation of
the Green's function

+ oo

1
Clz,1) = 5= [ dw expl —iot +ilk,(0) +8ka)lz] (7

with the aid of the saddle-point method, used 1in the asymptotic limit gmaxz
>> 1.

By way of a concrete example, we present an expression for Tast in the
case when the gain line contour is given by

glw) = const (w; ~w) expl - (w-w,)2/AY (8)
(such a gain-line shape corresponds to the Doppler or Gaussian spontaneous-
scattering line contour, see, for example, [4]). In this case, C
(A/V2), and formula (6) yields
1 /e
rest T Imax ® A _ (9)

We have thus shown that the time of establishment of stimulated scattering
can be treated as the group-delay time of a pulse signal propagating in a
medium in which the group velocity is altered by the reactive component
(Re 6k(w)) of the effective dielectric constant, due to the action of the pump
field.
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The problem of calculating the asymptotic total cross section for the pro-
duction of ete™ pairs in collisions of fast charged particles was first
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Fig. 1
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considered by Landau and Lifshitz in 1934 [1]. It was shown that at ultrah1§h
energies, Vs = 2E, the cross section increases like (a?re%/m)(28/27)1n? (s/m

A recently developed mathematical formalism [2] permifs a more accurate calcula—
tion of the total and differential cross sections at high energies. The deriva-
tion of more exact expressions is of interest for colliding-beam experiments.

A number of workers (see 23, M]), have recently obtained corrections
Nazrozlnz(s/m ) and a?r, In(s/m, 2) to the total cross section. In the present

k k
P ] 2} P2

paper we present the calculated contributlon to the total cross section, ac-
curate to terms va®r,? , from the diagram of Fig. 1 for e te- Ealr productlon,
and the contribution from all the diagrams for the case of u 'y~ pair production.

The calculations were performed by a Sudakov technique [5] recently de-
veloped in connection with the search for the principal logarithmic asymptotic
expressions for various processes in quantum electrodynamics [2].

We break up the region of integration with respect to the perpendicular
components of the momentum transfers k; and k, (see Fig. la) into four regions,

lkl’ 2|<g and |kT 22|>0, where ¢ is a quantity much smaller than the square of
the’mass of the Produced partlcles, and its smallness 1is not connected with the
energy. Each of the regions k > 0 is broken up into two subregions, vE < Bi

<1 and ve > B , Where B, is the fraction of the energy transferred by the cor-
i i

responding initial particle to the palir, and € is a number much smaller than
d/mez. The cross section calculated by us in each of these regions is of in-

dependent interest and can be separated in principle experimentally by measur-
ing the energies and the scattering angles of the 1nitial particles. TFor lack
of space, we cannot present these partial cross sections here.

By comparlng the expression obtained by summing all the partial cross sec-
tions with kz; < 0 with the expression obtained for the cross section by the
Weizsacker-Williams method and the Borsellino formula [6] for the cross sections
GB(sl) for pair production on an electron, we obtain the following sum rules

for the Borsellino formula:

A
ds, 14 A 218 A n’ 418 m? (1)
8'{2—08(51) = ar, [——-Inz—2 - 57 ln’—'zh 3 ] d
A dsl s
1 28 . A 109 A 1
[,— ogls)In — :arf[—‘"’“‘ m D 2
ami s, e 27 ’"i 27 mi 24
503 72 61 n? 22714 m? (2)
S o, o),
36 6 6 6 4.243 A
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where sy = 2kp, k and p are the mo-

menta of the initial ghotons and of

the electron, A >> m.*, and £(3) = i = § } + ;]
I,n73.

A numerical verification of re- b
lations (1) and (2) with the aid of a
the Maksimov reduction formulas [7] :
. X Fig. 2
confirms our calculations. Analogous
sum rules were obtalned for the case
of muon pair production. By taking
the diagram of Fig. 2 into account we were able to write down relations of the

type (1), in which the total cross section for muon pair production is under
the integral sign.

The dependence of the parameters € and ¢ drops out when the contributions
of all the regions are calculated. We present expressions for the contribution
made to the total cross sections for ete~ pair production

4

a . 2 490
SN LRI (CEAE RN N
nmi 27 ’"2 27 mi 9 6 27 m: (3)
571 2 1045 =2 70515
2 e s B2y, OB,
9 3 6 108 6 486

and muon pair production

o, = o -
2

" mio 2 omp tar o3 g/ m

4128 1 2
a2 _.ln3i—.~78 lnz_s -5_35+'14">In:
mul 27

2 2 2 2
B Sy me, My e me 562 s e
2 2 2 2 2 2
9 m" m, 9 m, m, 27 m, m
64 2 56 52 5 2
B P +(_6_’L - 855)1n-'1' -115¢ (3) -
9 m"L2 9 6 162 mz

(4)

accurate to terms wvm?/s, mez/s, and mez/mz.

For the case of electron pair production (3) we estimated, using the
Welzsacker-Williams method, the contribution of the diagrams of Fig. 2 and of
the diagrams that result from interference of the Bethe~Heitler mechanism (Fig.
1) and the bremsstrahlung mechanism (Fig. 2). To this end we used the results
of Motz [7], who found the correction to the Borsellino formula resulting from
all the other diagrams for the total pair production cross section in y-% col-
lisions. Allowance for all other diagrams changes the coefficient of ln(s/mez)

in (3) by 2% and the constant in (3) by 1%. We hope to present in our next
paper the results of an exact calculation of the contribution of these diagrams.

For the case of muon pair production, the total ‘cross section 1s deter-
mined only by the contribution of the diagrams of Figs. 1 and 2. The result
of our calculation of the contribution of the diagram of Fig. 2 coincide with

161



the calculation of Baier and Fadin [8]. Thus, the total cross section for muon
production in ee and ete~ collisions is

o =0y + 20y,

4 1 2 3 1 (5)
oy _ 4’ (_EE_)n_j_+,__Jn2"5 L 89, L 3087
2725 m 90 m? 450 m 45 6  250-27).

Calculation in accordance with this formula for the energies s <1 GeV? leads
to a negative value for the total cross sectlon, thus ev1den01ng the need for
taking into account correction terms vm?/s at these energies. It is therefore
of interest to obtain an expression for the cross section in the region E v m
>> m. In this energy region, the cross section contains only two "large"

logarithms, ln(mz/mez) N 1n(s/me2) [9]. The calculation of the diagram of Fig.

1 at kfz, k?z <o < mﬁ gives the following results for the total cross section

s d
0o e.##,,( a)‘f __s o (sl)[ln —gz () + ln—-— I(e)+ 1 3(e),

T S:h 5 '".
where € = Vs,/s
I (e) =~ (2+£)21ﬂ6—(1—€2)(3+€2),

T)e) =22 + e)?ln2 + 42— 5)lne + 2(1 = &) (c + 3),

~ 2
Ii(e) = - _3ln3e -8(1 +€)In%e + (16¢%+ 60c + 8) lne + (1 = ¢)(34e + 50)

GY(sl) is the cross section for the production of a muon palr by two photons

[10]. Formula (6) is valid also for the case of hadron production. To esti-

mate the order of magnitude of the cross section, we can put in (6) o ~ m? (or
E), and then the first term in (6) colncides with the result of Brodsky et al.
[91.

In conclusion we note that the radiative corrections to the total cross
section for pair production turn out to be of the order of (a"/mzﬂ)1n3(s/me2),

which is comparable with the contribution of the constant term in (3) or (4)
for ln(s/mez) v 20,

We are grateful to G.V. Frolov and V.G. Gorshkov for useful discussions
and to V.T. Lazurik for verifying our calculations with a computer.
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