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Pair Production in Photon-Photon Collisions*
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General formulas for the absorption probability from the process y+p' —+ e++e are given for high-energy
photons traversing isotropic photon gases having various spectra. Asymptotic formulas are derived and
general results are given in graphical form for photon spectra having blackbody and power-law form. The
results are applied in a following paper to calculate the absorption probability for high-energy photons
traversing cosmic distances.

I. INTRODUCTIO5'

'HE process 7+7~ e++e, pair production in
photon-photon collisions, has been shown' re-

cently to be of considerable importance for the absorp-
tion of high-energy photons traversing cosmic distances.
The fundamental process is well understood and its
amplitude can be calculated accurately by the general
perturbation methods developed for quantum electro-
dynamics. ' The existence of the process cannot be ques-
tioned, since all detailed predictions of quantum elec-
trodynamics have been veriGed; moreover the reverse
reaction, two-photon electron-positron annihilation is
observed. Of course, pair production by photons passing
near atomic nuclei and interacting with the virtual
photons of the nuclear Coluomb Geld is also observed.
Here we shall be interested in the interaction of a high-
energy photon with a "free" (not virtual) photon gas
by means of the above process. The process has a
threshold, since in the center-of-mass or -momentum
(c.m.) frame the total photon energy must be greater
than 2mc', where m is the electron mass.

In this paper we shall compute the absorption proba-
bility per unit path length for photons traversing photon
gases having different-type spectra. The essential results
for absorption by a blackbody photon gas have already
been published. ' Here we attempt to derive some useful
formulas and present some results graphically which are
useful for the calculation of high-energy photon absorp-
tion by various cosmic low-energy photon spectra. The
results and discussion of these atsrophysical applica-
tions will be given in a following paper.

II. ABSORPTION PROBABILITY-
GEHERAL FORMULAS

Consider the collision between a high-energy photon
(energy E) and a low-energy photon (energy e) in the
"lab" system in which the high-energy photon is moving
along, say, the x axis in the positive direction and the
low-energy photon is moving in a direction making an

~ Work. supported in part by the National Science Foundation
and in part by NASA through Grant No. NsG-357.' R. J. Gould and G. P. Schreder Phys. Rev. Letters 16, 252
(1966), see also J. V. Jelley, ibid 16, 479 (1966). .

'Cf. J. M. Jauch and F. Rohrlich, Theory of Photons end
Electons (Addison-Wesley Publishing Company, Inc., Reading,
Massachusetts, 1955).

a,ngle 0 with the x axis. We are interested in the process
y+y' ~ e++e, for which the total cross section is'

1
a=ssrps(1 —Ps) (3—P') In

where re e'/——mes is the classical electron radius and Pc
is the electron (and positron) velocity in the center-of-
mass system. The relationship between P and E, e, and
8 is easily obtained, since the (squared) magnitude of
the total energy-momentum four vector for the two
photons is an invariant; then

2eE(1 cos8—) =4E s, (2)

where E, is the electron (also the positron) total energy
in the c.m. frame. Following Nikishov' we define

s= (E,/mc')'= (eE/2mso4) (1—cos8),
so that

p=
I p„c/E, = (1—1/s)'t'.

Further, we write

(3)

(4)

S=SOS q

sp ——eE/m'c4, s= —',(1—cos8) .

Clearly, for pair production to occur, s&1.The thresh-
old condition for a, head-on (8= sr, s= 1) photon collision
is eE= sg2c4.

It is desired to calculate the absorption probability
per unit time or path length dry /dx, where r,b, is the
absorption "optical depth" for photons of energy E
traversing an isotropic photon gas with an energy spec-
trum n(c). Here n(e) is the number of photons perunit
volume per unit of energy interval. For an isotropic dis-
tribution the fraction of these photons moving in the
differential cone at an angle 8 and within 8 and 8+d8
is —,sin8de. Then the diGerential photon density at en-

ergy e and angle 8 is

dn= ,'n(e) sin8ded8-

The relative velocity of the high-energy and the low-

energy photons along the direction of the former is
c(1—cos8). Then the absorption probability per unit

A. I. Nikishov, Zh. Eksperim. i Teor. Fiz. 41, 549 (1961)
t English transL: Soviet Phys. —JETP 14, 393 (1962)g.
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~~@bs
&os ~ 1—cos8 s1I18ded8.

ds

Changing variables to an integration over s instead of
8by(3) and(5), wehave

So-t 2—

(msc4)'
e '»(e)whoso(e)j«(8)

E E ) -'g'/8
S0

FIO. 1. Graph of the function /see Eq. (9)] &p'sop/(so —1).

so(l} 2o(s)
pLs, (e)j= su(s)ds, u(s)=

%f0

This result is identical to Nikishov's, except that we
have de6ned thc dimcnslonlcss function p and dimen-
sionless cross section 0.. Knowledge of the function p
allows calculation of the absorption probability (8) as
a function of energy for photons traversing any isotropic
radiation 6eld n(e). In the following sections we shall
calculate the probability for absorption by several
classes of photon spectra.

The function p[soj was computed by Nikishov and
presented in rough graphical form for j.&so&10. Here
we give a more accurate representation and also give
some asymptotic expansions for p when so—1&&1 and
sp»1. Integrating the function (9) using the cross sec-
tion (1) one Gnds

1+Po' 4Po
Pkspf= lnwo —Pos lnwo —ln'wo ——

j.—02 I—02

useful asymptotic formulas are'.

pfsoj=2sp(ln4sp —2)+ln4sp(ln4sp —2)—(ms —9)/3
+so '(ln4so+9/8)+" (so»1). (1»)

PCspl=(2/3)(sp —1)"'+(5/3)(»—1)"'
—(1507/420)(s, —1)"is+" (sp—1«1). (13b)

Tile function (ppspf/(sp —1) is plotted in Fig. 1 for
j.iso& 10; for larger so it has essentially a logarithmic
dependence on so.

Here

N(e) =(hc) s(e/n. )s(c'(sr —1)-1. (14)

Then, by (8), writing rp nA, "here o=——1/137 and
A(=&/me=3. 86X1~" cm) is the (rationalized) elec-
tron Compton wavelcr gth,

drabs cK fmc) (c'"'—1) 'wL»(e) j«. (15)
dS A.~HEI

+2Pp+41nwpln(wo+1) —L(wo),

Po'=1 1/so wo=—(1+Po)/(1 —Po)
(11) e=e/kT, v=msc4/EAT. (16)

TheII so= a/v, and the absorptton probabihty (15) can
be written in a form convenient for the ca1culation of
the absorption as a function of energy by a blackbody
photon gas at any temperature:

w '1n(w+1)dw.

The last integral can be written, since

(10)
This expression can be written in convenient form by
dcGQing tbc nondimensional energies

(w+1) =w(1+1/w), L(wo) =-,'Inswo+L'(wo), '(kT'
Ch ~h. kmcsj

(17)

l06

L'(wp) = w 'ln 1+—idw,
wi

(12)
00 The function f(v) as calculated from (18) is plotted in=—g (-1)" 'n 'n)p--

e-1 An expression of form similar to (13a} given by Nikishov is
apparently accurate only near so=10.

5 Here we plot the transcendental function in a form whereby it
Th-e ~xac~ expressions allow ready calc"latio" of pLsp] 1s slowlg oarp4$g /we have ad. opted this procedllre of plot ting

"modified" functions throughout this paper so that the graphs
tO CSSentlally any aCCuraCy fOr any Value Of So. Some contain the maximum anIount of information.
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0
where C and n are constants. Then, writing (8) as an
integration over sp (= pE/m'c'), we have

where

dr.b, m'c')' J (1), E&Ep
=n.rp'C

~
X

dx E 9 J (op), E&Ep,

op= E/Ep= epE/m'c',

(21)

F (o p) = sp t~+'& p(sp7dsp.
C'Q

(23)

I

—3
I

-2 -l 0
log v

FIG. 2. Graph of the function LEq. (18}$f(F ).

Fig. 2; it has a maximum value =1 at v=1. Useful
asymptotic forms for f(v) may be derived by employing
the asymptotic forms (13a) and (13b) for Io:

f(v) ~ (n'/3) v ln(0. 117/v), v&&1 (19a)

f(v) ~ (7rv/4)'~'e "(1+75/8v+ ) v&&1. (19b)

Clearly the absorption probability is a maximum for
E m'c4/kT corresponding to v 1. Because of the ex-
ponential photon spectral distribution and the existence
of a threshold energy for the absorption process, for
E«mac'/kT (v«1) the absorption probability is small;
for E»m'c4/kT (v«1) the absorption probability goes
as 1/E.

Of course, the probability of absorption by a diluted
blackbody photon gas could be computed from (17) by
simply multiplying by the dilution factor of the radia-
tion 6eld. Thus, if the energy density of the radiation
field is p„and its blackbody spectral shape is charac-
terized by a temperature T„, the dilution factor is
W= p,/aT„', where a= 7.57X10 "cgs units.

Jl (o,) —+ 2u—'op—(ln4op+rr
—'—2), op»1 (24a)

F (o.p) v F (1)—(4/15)(o.p
—1)P~P+L2(2n —1)/217

(o.p—1)'~'+ o p
—1&&1. (24b)

F (1) has the values 1.579, 0.6373, 03275, and 0.1932
for n=1.0, 1.5, 2.0, and 2.5, respectively. nopE (o p) is
plotted in Fig. 3 for these values of n.

(b) Photon Spectrum with a High-Energy CutofF

Consider now a spectrum of the form

n(e)=Des, c&e„, P~&0

&+ &m ~

For this spectrum we have

dr.b. t'm'c4 '+s 0,= err pPD~ X
dx ro(o„), E&E,

where
o, =E/E„=e E/m'c',

(25)

(26)

(27)

~s(o-) = spa Iopsp7dsp. (28)

With the help of the asymptotic forms (13a), (13b) for
Iopsp7 one readily obtains the following asymptotic
forms for F (op):

IV. ABSORPTION BY A POWER-LAW
PHOTON SPECTRUM

Cosmic photon spectra of the form e(p) ~ e" are
common; for example, the spectra of radio sources and
the radio background spectrum are of this type. Here
we consider the absorption by such spectra with the fol-
lowing characteristics: (a) a low-energy cutoff and m&0,
(b) a high-energy cutoff and m&0, (c) a low- and a
high-energy cutoff and m&~0. Again we shall assume
isotroPi c spectra.

b 3
~a

CI O

Cl

(a) Photon Spectrum with a.Low-Energy CutofF

We assume a spectrum of the form
.I l I

2
I

8

e(p) =0, c& ep

=CO
~ 6) 6O cLQOy

Op

FIG. 3. Graph of the function t Eq. (23)g aopF (crp)
for various values of a.



AgM11 by (13a)~ (13b)~ olle obtMIls tile asyI11ptotlc

forms

P=O: Fp(tr )-+Ap+in'0„—4 lng +
P/0: Fp(o„)~Ap+2P '0 P(ln4o.„—P-I—2)

+ ~, 0 )10 (29a)

allP Fp(o ) ~(4/15)(0„—1)'I'

+L2(2P+1)/»g(~, —1)I12+ ".
0 —1((1. (29b)

0 PFp(0 ) is plotted' in Fig. 4 for P=0, 0.5, 1.0, 1.5,
2.0, 2.5, and 3.0. A p essentialIy represents the contribu-
tion in the integral of the region (1,10), where the use
of the asymptotic form for pLsoj is not legitimate. It
has values 2p= 8.1j.1, 13.53, 9.489, 15.675, 34.54, 85.29,
and 222.9 for P=O, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0,
respective1y.

&m

Flt.:.4. Graph of the function LEq. (28)$ 0. ~Fp(g )
for various values of p.

Then one finds

n(p) =0, e(eo
=Cc or De~, cog e4 e

=0, e&e .
(30)

(c) Photon Spectrum with Two Cutofh

%e consider two cases corresponding to a spectrum
vrith a negative and positive index:

(dr,b./dx) =~r02C(m'c'/E) '
0

&&& LF-(1)-F-(~-)j,
LF-(«)—F-(~-)l,

(dr.b,/dx) p
=vrro'D(m'c4/E~) '+P

t0
&&I, Fp(~„)

.LFp(-.)-Fp(-.)j,

jvQ jv

E &E(Eo (31a)
jv) jvo.

E &E&EO (31b)
g) jvo

6 To include the case P =0 it was necessary to plot the function
in this form instead of with the factor p.

Asymptotic formulas for this case may be found from
the formulas for F and Fp.


