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We discuss the electroproduction of m mesons via the Primakoff process
(e + nucleus) (e + nucleus+ m ) where an off-mass-shell photon interacts with the Coulomb field of
the nucleus to produce a m meson. Unlike the Dalitz pair decay of the m, e.g., m e+e y, here
the exchanged photon can have a comparatively large four-momentum square (k') and can be
controlled by the electron energy and the scattering angle. This process can thus be a direct means for
measuring the momentum dependence of the m yy coupling when the photons are off-mass-shell.
We have plotted the differential Primakoff electroproduction cross section for different values of k' for
the case when the momentum dependence of the moyy coupling is neglected, i.e., we have used the
value for the couphng constant obtained from the vr yy decay. We have considered two
representative target materials corresponding roughly to hydrogen and lead. The dependence of the
cross section on the angles made by the outgoing pion (e„and $v ) and on the electromagnetic form
factor is also discussed in some detail. The Primakoff electroproduction peak occurs at an angle 8E
= (k ~+ m „)/2E „with respect to the virtual-photon direction and the cross section has a unique

dependence of the form C,(C~+ sin'$v ). Finally, the contributions of the background processes
are discussed. Important among these are coherent electro-nuclear and bremsstrahlung production of m

mesons. We have estimated the coherent background by using the Weizsacker-Williams approximation
procedure and found its contribution at the position of the Primakoff electroproduction peak to be
small as long as ~k'PE„'is small. The main bremsstrahlung e' peak (Primakoff peak) would be in the
very forward direction and would not interfere with the Primakoff electroproduction peak. Also the
coherent bremsstrahlung background contribution can be resolved by a suitable choice of the kinematics.

I. INTRODUCTION

The production of m' mesons in the Coulomb field
of a nucleus, originally suggested by Primakoff, '
has been studied extensively during the past ten
years. ' ' This has furnished information on the
two-photon coupling constant of the pion when one
of the photons is real and the other virtual (space-
like}. This in turn produces the lifetime of the w'

meson. The object of this paper is to investigate
the ele ctroproduc tlon of p me sons via the Prima-
koff effect; that is, we shall discuss the possibili-
ty of performing s' (ri}-production experiments
with electron beams and study the observations to
be expected. In this case we note that both the
photons are spacelike and hence this will give us
more insight into the nature of the off-shell two-
photon-pion coupling. Our calculations will also
give some estimates of the Coulomb production
background for the inelastic lepton-nucleon scat-

tering experiments. This is important to know in
the present context of the inelastic experiments
being planned at higher and higher energies. Fur-
thermore, since in this electroproduction process
we can calculate exactly the matrix element, it
would also be interesting to see how good the
Weizsacker-Williams approximation, which was
invented to obtain results for fast-moving parti-
cles, works in practice. From an experimental
point of view this will have some advantages over
7i' photoproduction via the Primakoff effect in the
sense that it is possible to measure accurately
both the incoming and outgoing momentum and en-
ergy of the electron, and hence it would enable us
to understand the spacelike character of the photon
in more detail. Our final comment is that this ex-
periment should be performed at least to confirm
and increase our understanding of the production
processes via Coulomb interactions.

The plan of the paper is as follows. In Sec. II
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we discuss the kinematics and derive formulas
necessary for the evaluation of the cross section.
We note in advance that in this case, since we have
two outgoing particles, we shall have an extra az-
imuthal angle to measure between the outgoing
electron and the pion planes. This may be an in-
teresting aspect of investigation for n' electropro-
duction via the Primakoff effect. We shall also de-
rive here expressions for the Primakoff electro-
production effect in terms of the Primakoff photo-
production effect in the Weizsacker-Williams ap-
proximation. In Sec. III we shall make some
small-angle approximations and discuss the exper-
imental feasibility of the Primakoff electroproduc-
tion process. We present graphs showing the be-
havior of the cross section as a function of the ob-
served variables in Sec. IV. We also discuss
there the effect of the nuclear form factor on the
cross section. In Sec. V the general background
processes, which can affect this experiment will
be studied. Notable of these is the nuclear electro-
production of the m' mesons. This part of the
analysis will be similar to that of the Primakoff
photoproduction effect. However, we have to esti-
mate these electroproduction results from the cor-
responding photoproduction results using some ap-
proximation procedure since the data for electro-
production of ~' mesons are not presently avail-
able. We shall also make some comments on the
bremsstrahlung effect.

II. KINEMATICS AND CROSS-SECTION CALCULATION

The kinematics and the notation for electropro-
duction via the Primakoff effect are shown in Fig.
1, which represents the process

e(P;) +nucleus- e(p&) +nleucus+ (wp„) .

p; and pz are the initial and final momenta of the
electrons, k is the momentum transfer to the pho-
ton from the electrons, q=(0, q) is the momentum
of the Coulomb photon, and p, is the momentum of
the neutral pion produced. k and q are both
spacelike, i.e., negative in our metric, and p„'
= m „'. Ze is the total charge of the nucleus, our
Coulomb source.

First let us recapitulate the Primakoff effect,
where k' =0. Let the real two-photon decay of the
m
' meson be described by a Lagrangian

L(x) =';A.e„,p~F"'(x)F~ (x)y„(x),

where Q „and F„,=9 „A, —B„A„represent the w'

and the photon fields, respectively, and e„,~q is
the totally antisymmetric tensor. To conform with
the usual notations in terms of the electric and
magnetic fields E andH, we note that L(x) can al-
so be written as

FIG. 1. Diagram showing the kinematics of electro-
production of 7t mesons via the Primakoff process.

The lifetime of the n' meson is then given in terms
of the coupling constant A.:

For the Coulomb case, we have'

Suppose that the w'-2y coupling constant when
one photon is real and the other virtual is same as
the coupling constant of the r' meson decaying in-
to two real photons. This is not a bad approxima-
tion since the squared four-momentum of the vir-
tual photon is very small in the kinematic region
which is important for the Primakoff process. The
Primakoff cross section for an unpolarized photon
beam can then be easily calculated from Eqs. (1)
and (4) in terms of the pion lifetime.

P 3do 8Z (X

~

(~2)~2 p~ E~
7l' ~ Ã 'lf

$7I' P

where n =1/137, H~„ is the angle made by the w'

momentum p„with the incoming photon momentum
k, and F, (q') is the nuclear electromagnetic form
factor, corrected for absorption of the outgoing
pion.

The phenomenological ~'-2y vertex is, strictly
speaking, a function of the two-photon momenta.
Let us denote this by A.(q', k'). Since for the
Primakoff process the incoming photon is real (k'
=0), and ~q'~ =q'= m „'j2E,'&0.01 (GeV/c)' at the
forward peak of the cross section, we can neglect
the momentum dependence of the coupling constant

i.e. , A.(q', 0)=A.(0, 0) =A..
However, for electroproduction via the Prima-

koff effect k' can be quite large and, therefore, a
study of this process should reveal the momentum
dependence, if any, of the n -2y coupling constant.

The calculation of the cross section for electro-
production via, the Primakoff effect is straightfor-
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~' = -r' = -(E,' —k')p„' sin'8~, ,

(8)

(~)

q' = 2E, ' —lP —m, ' —2
I p, l(E,' —m, ')"' cos 8~, ,

(10)

&'=2m. ' —2E Ey+2lp~ I le lcos8, .

ward and can be expressed as

EP

dE dn dn
=

8 '
f f m

+ ~i

xl. 2(p; r)(p& r)+-'~'~'11'.-(q') I',

(6)

where we have defined a new spacelike vector

~ =(0, kxp, );
v; is the velocity of the incoming electron, and E;
and Ef are the energies of the initial and final
electrons, respectively. A comparison with the
photoproduction effect immediately tells us that
the Primakoff effect in electroproduction will be
important only when o.jk' is not too small, and
consequently the scattering angle of the electron,
6l„should be small.

For electroproduction via the Primakoff effect
it is convenient to define the angle made by the
outgoing pion momentum with respect to the virtu-
al-photon momentum. This is also the angle mea-
sured in the Primakoff effect. The coordinate sys-
tem that we shall employ here is shown in Fig. 2.
The Z axis is taken along the photon momentum k
and the X axis is in the plane defined by p;, pf,
and k vectors. The direction of p„ is defined by
the angles 8~, and Q~, as shown in Fig. 2. We
shall approximate lp, I

and Ill by E,. and Ez
whenever appropriate. Then we obtain

(p; r)(p& r) = E& 'E& ' p„' sin'8&„sin'Q&„sin'8, ,

FIG. 2. The coordinate system used in studying 7t.

electroproduction via the Primakoff effect. The outgoing
pion makes an angle (0& ~, Q&~) with respect to this
system, where the Z axis is taken along the virtual-
photon momentum k and Y axis is perpendicular to the
plane defined by p&, pf, and k.

Equation (6) supplemented with Eqs. (8) to (11),
which expresses all the variables in terms of mea-
surable quantities, is our basic expression for
electroproduction via the Primakoff effect.

For later use we shall now employ the Weiz-
sacker-Williams" approximation procedure to
write down the result for the electroproduction
process in terms of the photoproduction process.
We remind the reader that this is a useful tech-
nique for obtaining leading high-energy behavior
of electroproduction cross section only if the elec-
tron is scattered into a small forward angle. Fur-
ther it is to be understood that this approximation"
will be correct only when the azimuthal angle of
the electron is integrated over. We then find (see
Appendix A for derivation and discussion) that

(
o' n EE, i, 2E E' dg—

4 -k + 2 sin g +''' (12)

III. SMALL-ANGLE APPROXIMATION AND COMPARISON WITH PRIMAKOFF EFFECT

For the Primakoff effect, when 8~, is small we can write

~2~ 2 2 X
~y~ +4E 4 )

and hence we have from Eq. (5)

d ~ 8Z' 0 '
dn, ' m, 'r, (8y, '+8~' '

where we have defined

(14)
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(15)

Thus for the Primakoff effect, the cross section is peaked at an angle 0&„=0~ near the forward direction.
This enables the Primakoff effect to be distinguished from the background processes.

For a similar analysis of electroproduction via the Primakoff effect, it is convenient to rewrite the
cross section in terms of the five independent variables E;, E&, 8„8&„, and P&, . As mentioned earlier
0, roust be small; we then obtain

k'= -[(m, Z, /Z)'+(Ze, )'],
where we have defined E' =E; Ez and have neglected terms of order 8, 'm, ', '

m, '/E', and 8, 'E' which are
indeed small. As in the Primakoff effect we also expect here a peaking behavior of the cross section in
the forward direction. For small 0&„we can write

2(p; ~ r)(p~ r)+2t'k'=p, '8~„P'[2E'8, 'sin'P~„+2(E„'+E'8, ')(m, 'E„'/E'+E'8, ')].
We further find that when E,'» -k' and E„'» rn,

q'= z„'(e,.'+ e,'),
where

-k'+ m. '
E 2E 2

Using (17) and (18) in (6), we obtain

(1S)

x[2E'8, 'sin'p~, + ,'(E„'+F'8,-')(m, 'E„'/F. '+E'8, ')]. (20)

we obtain

~'= ~& E. IP. l(8,."e.'),
where

~2z, -lp.[,v 2 -1
(m~z„lp, l)'

'
2/~

(21)

In this case the Primakoff electroproduction peak
would be very broad and would occur at a region
where the dominant contribution to the 7T' produc-
tion cross section would come from the background
processes. Hence we would restrict ourselves to
the case E,'» -k'.

To obtain some numerical estimates of the
Primakoff electroproduction cross section let us
assume that we can approximate A(q', k') by the w'

decay coupling constant. With the small-angle ap-
proximation written above, and assuming a similar
kinematic region, we can relate the electroprodue-
tion Primakoff process to the photoproduetion
Primakoff process in a simple way. We shall also

Thus the Primakoff electroproduction differential
cross section would peak at an angle 0&„—-0~.
Since k' is negative, comparing (15) and (1S) we

note that the "peak" angle 8~ is greater than the
corresponding angle 0~ for the Primakoff process.

If

-O'=E '»nz '
7r

In this case

-k'= m '(E '/Z')«E '

Then comparing (20) with (14) we get
2 0 2 0 2 2

,E
f

In this case k' could be large. However, for rea-
sons discussed already [see after Eg. (21)], we
would restrict ourselves to E„'» -O'. We then ob-
tain

Ep n Ey eye +8~ 2E sin Qq„+2 E,

x Zg (ZE~/E„)~@~. (24)

assume here that the nuclear form factor effect is
same for both the processes. I et us write

d3 EP

&Ef &Qf ~Q„.
dEf dQf dQ„

We discuss separately two cases depending on the
value of 8, compared with m, E„/(E; E~).

Case 2. 0, &
m

1 f
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To obtain a rough estimate of the cross section
let us assume that E; -Eq -E -E„, and b,E» /E,

For very small electron scattering angle
(Case 1), we take 0& 8,E & m, . I.et us further as-
sume that 8~= 8~, and replace b, Qf by 2m8, '
= 2v(m, /E)'.

Then from (23} we obtain

aa" -4x10-'ag . (25a)

We next consider the case 8, & m, E,/E, E». . We
shall take m, /E & 8, & m, /E, and assume that (8»,'
+8~2)2/(8», 2+8s2)2--,'. We further take (sin2$») =-,',
6,O, =2m8, d8, , and integrate (24) over 8, for m. , /E
to m, /E. This gives

0.8

CL

t) v) 0.6
Q 0

O
0

04

0.2
EP 10- (25b)

For the Primakoff effect Z 'ho" is of the order of
10 ' pb (we assumed b, Q, = 2w8~'), so thatZ-2bo
-1.0 '

p,b. A more exact evaluation of the Prima-
koff electroproduction cross section [Eq. (28)] for
E, =10 GeV, and Ef =8 GeV and 4 GeV, as a func-
tion of k' is shown in Fig. 4 (below). These esti-
mates show that with a reasonable incident elec-
tron flux (say, of the order of 10"electrons/sec)
and moderately good detection efficiency (-0.1) the
electroproduction via Primakoff effect should be
within the range of experimental measurement.

dg EP
= f,(E ~Ef~~ 8e ~ 8»e)

x[ i s$n2„»f,+(E, , Ez, 8,)], (26)

IV. CROSS SECTION FOR m ELECTROPRODUCTION
VIA THE PRIMAKOFF EFFECT

In this section we shall study the cross section
for n electroproduction via the Primakoff process
as a function of the different observed vari~. bles
and shall make numerical estimates. If w~. keep
the initial and final energies of the electron fixed
we have only three variables left, namely, the pion
production angle 8»„ the azimuthal angl
and the electron scattering angle 8, (which essen-
tially defines k'}. In the following we shall keep
the initial electron energy fixed and consider two
values for the final electron energy. The kine-
matic region that we shall be interested in is E,
-QeV, and E,'» -O'. We shall also discuss here
the dependence of the cross section on the nuclear
form factor.

(i) Q», dependence: Since we have two outgoing
particles (the electron and the pion), we can mea-
sure the azimuthal angular dependence of the out-
going pion with respect to the electron scattering
plane. Here we have a unique prediction for the
p», dependence of the cross section, namely,

I I

2
I I I I

6 8 IO

FIG. 3. The shape of da /d{eos9&~) {arbitrary units)
as a function of 8»e/8z when Iie~ (q2) =1 2nd k, E;, E~,
and Q

&
„are kept fixed.

(E, -E,)'
f2(Eii Ey i 8e}=

i f
(27)

EP 2

Z 'IE;(q')
I

' d„"(8 .",'8 2). , (28)

where 8~ depends only on k' and E„' as given in
Eq. (19). If we take IF(q')I'=1.0, i.e., neglect the
electromagnetic form factor qffect, the peaking
behavior of Z 2dosp /dQ, will be the same for all
targets. This is shown in Fig. 3, where we have
plotted Z 2dosp /d(cos8», ) as a function of 8»„/8s.

(iii) k' dependence: We note that in the kine-
matic region of our interest the momentum trans-
fer to the target nucleus is given by q'= E,'0&,'
+(m, ' —k')'/4E, '. Now, if the momentum depen-
dence of the electromagnetic form factor is in-
cluded, the cross section will fall off faster with
increase in Ik' I. The exact expression for the
form factor is not known. Here we shall param-
etrize it in the form

If we take Ez&E; /2, then f, &0.13. Thus if we set
8»„at the peak (8», = 8s), and E~ a E; /2, it should
be quite easy to observe the sin2$»„dependence of
the Primakoff electroproduction cross section.

(ii) 8», dependence: We observe that the 8», de-
pendence of the Primakoff electroproduction cross
section comes only from the factors [2(p, r)(p» r)
+ar'k'] and q'. Hence, if we consider the cross
section divided by IF. (q')I' the 8», dependence
for small I9~, will always be of the type

where f, and f, are functions independent of P»„;
for 8,» m, (E; —Ez)/E;E&, f, is given by (~2)

f

2 eq2-
(29)
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and consider values of b =0, 10, and 300 (GeV/c) '.
The value 5 = 0 corresponds to neglecting the mo-
mentum dependence of the form factor, while
b =10 (GeV/c) ', and 300 (GeV/c) ' correspond
roughly to the cases for hydrogen and lead targets,
respectively. The dependence of the Primakoff
electroproduction cross section on Ik'I for the

three values of b is shown in Fig. 4. The cross
section that we have plotted is obtained by inte-
grating the differential cross section given by Eq.
(20) (scaled by a factor of Z ') over Ez, k', 8&„
and P„, in the range 0.95(E&) ~Ez ~ 1.05(E&),
o 95(Ik' I)- Ik'

I
~1.05(lk I) 0 ~ 8y, ~ 2.58, and

0 & p, &2v, respectively, i.e., we have plotted

r x.os&42&

d3 EP

dEf dEf dk2dQ „

j. .os( sf & p2m 2.seg d3 EP

Z 'b, os~ =Z '
dE& dk'

~ diaz, d8&„ (30)
o 95( g ) 0 ~ 95&y2& g 0 J of

against (Ik'I). Note that the nuclear form factor effect becomes very important for heavy target materials
as [k'I mcreases.

(iv) Form factor dependence (k' fixed): Earlier, in discussing the 8&, dependence of the differential
cross section we assumed E, (q') =1. This gave us a universal curve for Z 'dos~/dQ, for all targets.
This is no longer true when the form factor effect is taken into account. The effect of the form factor on

the cross section is shown in Fig. 5, where we have plotted

d EP 2' x.os&A) i.os&Sf&

Z ' =Z ' dP~„dk' (31)
d(COS m) 0 O. M&I& & 0.95&@»&

as a function of 8 „/8s for E, =10 GeV and Ik'I
=0.5 (GeV/c)'. Figure 5(a) shows the case for
Ez-—4 GeV and Fig. 5(b) shows that for Ez = 8 GeV.
Since the electromagnetic form factor falls off ex-
ponentially with increase in q', which depends on

8, [see Eq. (18)], the form factor effect causes
the position of the Primakoff electroproduction
peak to shift from 0&, = 8~ towards a smaller an-
gle. For large b (heavy targets) and

I k'I/E, '
large (&0.1) the shift can be appreciable. This is
shown in Fig. 6.

The m'yy coupling constant is usually paramet-
rized for small k', i.e. , k'& m„', by

X(k', 0) = A(0, 0)[ 1+a(k'/m, ') +O((k'/m, ')')] .

The theoretical values predicted for the parameter
a are small and positive, "while the experimental
value obtained from the decay mode m'- e'e y is
either negative" (bubble-chamber experiment) or
approximately zero'~'(spark-chamber experiment).
In our case I

O'
I

could be quite large and the above
parametrization for X(k', 0) cannot be used. For
lack of any definitive knowledge on the momentum
dependence of the coupling constant, we have not
considered any momentum dependence of the cou-
pling constant A.(k', q') in plotting Figs. 4 and 5,
and have used for A. the value obtained from the pi-
on decay rate.

V. BACKGROUND PROCESSES

The main problems in studying photoproduction
and eleetroproduction of ~' mesons via the Prima-
koff effect are due to the presence of other impor-
tant competitive processes. The relative impor-

tance of these background processes for the
Primakoff effect has been discussed in detail in

the literature. ' ' For eleetroproduetion via the
Primakoff effect the complications are essentially
the same except for the additional problem of
bremsstrahlung radiation followed by photoemis-
sion of the neutral pion. We shall briefly mention
here the background problems and shall make
some rough estimates of these contributions.

One can classify the background as follows:
(i) Direct nuclear electroproduction of pions by

the nucleons inside the nucleus. This can be divid-
ed into two parts —coherent cross section roughly
proportional to A' and incoherent cross section
roughly proportional to A, where A is the atomic
number of the nucleus. The incoherent contribu-
tion is expected to be small compared to the co-
herent one around the forward direction.

(ii) Neutral pion reabsorption inside the nuclear
matter. This can be taken into accourit by using
effective "absorbed form factors" for the nucleus.

(iii) Interference between the electroproduction
cross section via the Primakoff effect and the
electronuclear cross section.

(iv) Bremsstrahlung radiation producing Prima-
koff and nuclear pions.

We shall discuss now only the two most impor-
tant backgrounds, namely the nuclear coherent and
the bremsstrahlung production of pions. The cross
section for direct electroproduction of nuclear m'

mesons from target nuclei is not known experi-
mentally. Hence to compare this background with

the main process under consideration we have to
estimate it by an indirect method. This can be
achieved by using the Weizsaeker-Williams ap-
proximation procedure applied to the corresponding
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I,O

0.8

~ 0.6

IM

0.4—

b=o

-2
b = 300(GeV/c)

imental results' have shown that for photon ener-
gies 1.5 GeV and 2 QeV, C ranges from about 0.7
to 1.6 mb/sr for target elements varying from
carbon to lead. The form factor F„(q') is a com-
plicated function that falls off rapidly with increase
in q'. If the nucleus is assumed to be a uniform
sphere of radius R, where R =r0A' ', the form fac-
tor is given bv'

+~(q') = 31: »nl q IR —(I q IR) cos
I q IR] ( I ql» '.

(33)

0.2—
E& = 4GeV

Eg = 8GeV

I I I I I I I I

0 0.2 0,4 0.6 0.8 I .0
(GeV/c)

FIG. 6. The effect of the form factor on the position of
the Primakoff electroproduction peak. 8E=-k +m„ /
2E~ gives the value of 9&~ at which the Primakoff
electroproduction peak occurs when the form factor
effect is neglected, while 8E gives the corresponding
value when the form factor effect is included in the
theory.

C sin'8&„=square of the isospin- and spin-in-
dependent part of the photoproduction
amplitude on a single nucleon.

The value of C depends on various factors including
the energy of the incident photon beam and the tar-
get element. Unfortunately there is no known the-
ory to calculate C; it has to be regarded as a pa-
rameter to be determined experimentally. Exper-

The value of r, depends on the momentum of the
incident particle and the atomic weight of the tar-
get; its approximate value is about 1 fermi. For
small q, e.g lqlR «»

I
E„(q') I' = 1-q'R'/5. (34)

vY
E7&R Wb E (35)

Notice that unlike the Primakoff electroproduction
peaking angle 8E, 8, is independent of k' but de-
pends only on the target material and the energy
of the outgoing pion. In Fig. 7 we have plotted the
coherent nuclear production cross section

We would like to remark that if we had assumed
an exponential form for the form factor, viz. ,
IE„(q')I' =e '"', and identified b with R'/5, so
that for small q we recover expression (34), we
would have obtained b =6.2 (GeV/c) ' for hydrogen
and. b = 217 (GeV/c) ' for lead (we used R =r,A"'
with r, = 1.1 fm). The coherent nuclear production
cross section would be maximum when
IF~(q')I'sin'8~, is maximum. This will occur at
an angle

C le05&& ) p le05(Ey& d 3

A ' =A 2
Il dye II

dk' ~' dEy
d(cos8y, ) J, , "J, „&$2) J o 95&@ ) de dk'dQy„

(36)

as a function of 8~„/8s for different values of Ik'I
and E„and for targets of hydrogen and lead
(dashed curves). In evaluating the right-hand side
of (36) we used Eqs. (12) and (32) and assumed C
=1 mb/sr. For comparison we have also plotted
the corresponding Primakoff electroproduction
cross section (solid curves) on the diagrams.

We next consider the bremsstrahlung radiation
problem. Here one can take advantage of the high-
ly peaked nature of the bremsstrahlung radiation
in minimizing this background. We know that for
very high-energy electrons most of the brems-
strahlung radiation is emitted into small angles
in the forward direction and the momentum trans-
fer to the Coulomb field is very small. Using an
exponentially decreasing atomic potential Bethe"

has shown that for small angles

(37)

where 8, = m, /E; and B and D are independent of
8, , the angle made by the bremsstrahlung photon
with respect to the incident electron beam. Since
the logarithm term in (37) varies rather slowly,
the angular dependence of the bremsstrahlung
cross section is essentially given (for small an-
gles) by the factor 8„/(8,'+ 8~')'. The maximum"
then occurs at 8,/M3, and the cross section falls
off steeply with increase in 8~. We note that for
10 GeV electrons 8,= 5 ~ 10 ' and at 8, = 5 ~ 10 ',
the cross section is already down by a factor of

The m' production cross section by the
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bremsstrahlung photons (via Primakoff and nucle-
ar processes) will thus be essentially symmetrical
around the forward direction and would exhibit a
sharp peak (Primakoff peak) at an angle 8„=8~
= m, '/2E, ', and a wider peak (coherent nuclear
production peak) at 8„=8,= 1/Mb E,. (Here 8„
denotes the r' production angle with respect to the
incident electron beam. } Now the angular distri-
bution of the m' electroproduced in the Primakoff
process will be also highly peaked, but it should
be noticed that, unlike the 7t' mesons produced by
the bremsstrahlung photons, the symmetry axis
of the electroproduced Primakoff pions will be
around the direction 8, of the exchanged virtual
photon and not around the forward direction. Thus,
if the kinematics of the apparatus is so arranged
that 8, » 8, , the Primakoff electroproduction peak
will occur in a region where the bremsstrahlung
background will be small. The condition 8, » 8,
can be met by making the final electron to scatter
at an angle

8 ~ 8 ))8 E ll ~k E t

or, equivalently by having -k'»E;/(bEf) In the.
energy region of our interest this condition can be
satisfied.

where we have averaged over the photon polariza-
tions and neglected the recoil energy of the nucle-
us.

The amplitude for the corresponding electropro-
duction process can be written as

eB = —,[ u(P~, s~)y, u(P„s, )]M„, (A4)

where we have used the conventional notations for
the spinors. The conservation of electromagnetic
current requires that

kq Mq ——(p; —p~)q Mp ——0. (A5

We can thus replace M, by k ~ M/k, and express
M„ in terms of M only. To calculate the cross
section, we average over the initial electron spin
states and sum over all final spin states. Then

2+lBl = 3[lk lM +4(p( M) ],
e

(A6)

M =Mq+Mi, (AV)

where we have used the fact that P&
~ M=Pf ~ M. For

the real photon, the matrix element has only a
transverse component, i.e. , k ~ m=0, but for the
virtual photon there is a longitudinal component as
well. Let us write
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APPENDIX: WEIZSXCKER- WILLIAMS
APPROXIMATION

A = e„(k, A.)m „, (A1)

where e„(k, X) is the polarization vector of the pho-
ton with polarization A, and four-momentum k. For
the real-photon case k' =0 and the gauge condition
requires that

k„m„-0. (A2)

In analogy to the Primakoff process let us con-
sider a photoproduction reaction y+z- z'+X where
a particle X is produced by a nucleus z. The am-
plitude for this process can be written as

where k M =k. ~ Ml, and kxMi =0. Note that as k'
- o, M~- m, Mi —o and therefore M „-m „.

We shall now describe the Weizsaeker-Williams
(W-W) approximation method, which was invented
to obtain roughly the results of collisions induced
by charged particles from a knowledge of the cor-
responding photon-induced reactions. This tech-
nique is applicable only for the case of a relativis-
tic charged particle undergoing a very small de-
flection. We first note" that when the electron
scattering angle is very small, one can approxi-
mate the contribution of lp; .Mr l' in terms of
l Mr l' in the following way:

Thus if we are interested in the cross section in-
tegrated over the outgoing azimuthal angle we can
approximately replace

2~ 2

lp 'Mrl ' p sin'8, lMrl'.
e, o 2k

(A9)

2 II

lim i lp; ~ Mr l'dp,
e -o~o

e

2~ 2 2'
= lim ' Z~ sin'8, lMr l'dP, . (A8}

e, -p 2k 0

The differential cross section is given by

lp~ I

dQ~ 32m Ex
(AS)

In the W-W approximation one neglects the ML,
terms compared to the Mr terms and uses Eq. (A9)
to write the whole cross section in terms of l Mr l'.
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One then obtains the following expression for the
electroproduction cross section:

I p. I I p~ I I Mr I'
dE& dQ& dQ„(2w)' 8v; E;k'

2~ 2~ 2

x u' + ',p'-- sm'0 +
k

(A10)

In the same spirit of approximation, one now re-
places

I Mr I' by the real photon cross section giv-

en in Eq. (AS) and finally obtains the desired ex-
pression:

(
0'

de d~y ~„coact 0

fk')+ ', sin'e+ )2~' v]E;A" k

(A11)

We should now point out that in m' electroproduc-
tion via the Primakoff process the longitudinal part
of the amplitude identically vanishes, which makes
this approximation procedure more justifiable.
However, to obtain the Primakoff electroproduction
results one still has to use Eg. (A9) and replace
M~ by the amplitude for the Primakoff process.
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