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Measurement of Delbruck Scattering and Observation of Photon Splitting at High Energies
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The differential cross section for Delbruck scattering has been measured at photon energies between 1 and
7 GeV and scattering angles between 1 and 3 mrad on copper, silver, gold, and uranium targets. The results
confirm the predictions of quantum electrodynamics, if the exchange of a very large number of photons with
the nucleus (Coulomb correction) is taken into account. At momentum transfers of a few MeV/c, the
Coulomb correction for uranium results in a reduction of the cross section by a factor between 3 and 5 as
compared to the prediction of lowest-order relativistic perturbation theory. The photon-splitting process has

been experimentally detected at the same energies and angles. Estimates of the cross section are given.

INTRODUCTION

Delbruck scattering' is the elastic scattering of
photons in the Coulomb field of nuclei via virtual
electron-positron pairs. It is one of the nonlinear
processes in quantum electrodynamics which are
a direct consequence of vacuum polarization. They
are characterized by closed fermion loops in the
corresponding Feynman diagram. These effects
are forbidden within the framework of Maxwell's
classical electrodynamics as a result of the linear
form of its field equations and the principle of
superposition. Besides Delbruck scattering there
are some other processes, which are related to
vacuum polarization; of these we only mention the
scattering of light by light and the splitting of one
photon into two by interaction with external fields.
Their relationship becomes clear by looking at
the corresponding Feynman diagrams in Fig. 1.

The scattering of light by light has been of par-
ticular interest for a long time, being a new pro-
cess brought up by quantum electrodynamics. But
up to now an experimental detection of scattering
of light by light has not been possible because of
the extremely small cross section and the diffi-
culty of producing dense targets. Delbruck scatter-
ing is a first approximation to the scattering of
light by light, in that one ingoing and one outgoing
photon are replaced by virtual photons originating
from the Coulomb field of a nucleus. This process
is easier to measure, since one can use solid
targets of high-Z material.

Delbruck scattering is of rather high order in
the electromagnetic coupling constant. There are
at least two photons exchanged with the nucleus
due to the Furry theorem, ' according to which
diagrams containing fermion loops with an odd
number of corners do not contribute to cross

sections. This means that one -photon exchange
does not contribute to Delbruck scattering. Thus
the lowest-order nonvanishing Feynman diagram
is of sixth order, which is fairly high compared
to more common processes like bremsstrahlung
and pair production which are of third order only.
Thus it is possible to test the reliability of per-
turbation theory at higher orders by a measure-
ment of Delbruck scattering.

Early approximate calculations of the Delbruck
cross section'4 were based on the fact that
Delbruck scattering is actually the shadow scat-
tering of photons on nuclei which is due to photon
absorption by electromagnetic pair production.
The imaginary part of the forward Delbruck am-
plitude is related to the total pair-production
cross section by the optical theorem. Starting
from the known pair-production cross section
Bethe and Rohrlich4 in 1952 calculated the imagi-
nary part of the Delbruck amplitude from the
optical theorem and the real part via dispersion
relations. These calculations gave results for
small momentum transfers and high energies.

It was only recently that Cheng and Wu' (called
CW I in the following) published calculations of
the Delbruck cross section obtained via conven-
tional perturbation theory. This calculation is
valid for asymptotically high energies and not too
small momentum transfers. At a momentum
transfer of 0.5 MeV/c the cross section of CW I is
a factor of two larger than the result of Bethe
and Rohrlich. The cross section of C% I in Fig. 2
shows a strong forward maximum for the Delbruck
cross section. Due to the two virtual photons ex-
changed with the nucleus the cross section is ex-
pected to be proportional to Z' and dominates over
all competing elastic scattering processes for
large Z and small angles.
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FIG. 1. Feynman diagrams for (a) Delbriick scattering,
(b) the scattering of light by light, and (c) the photon-
splitting process.

Although the existence of the Delbruck effect
has already been predicted 40 years ago, there
are very few clear observations and measurements
of differential cross sections. "Most of these
experiments had been performed in the energy
range of nuclear physics, where it is difficult to
separate the Delbruck effect from Rayleigh scat-
tering which is not very well known quantitatively.
Working at higher photon energies has the advan-
tage that one is free from this complication. How-

ever, one has the difficulty of measuring at very
small angles, where the Delbruck cross section
is large enough to dominate over competing pro-
cesses, mainly Compton scattering from electrons.
At photon energies of a few GeV one has to mea-
sure scattered photons at a few milliradians to
the primary beam (see Fig. 2].

One experiment has been performed 3t higher
energies by Moffat and Stringfellow, ' who used a
87-MeV bremsstrahlung beam. They clearly
detected the Delbruck effect. However, the cross
section measured by them cannot be used to dis-
criminate between the predictions by Bethe and
Rohrlich' and Cheng and Wu, '" since in this ex-
periment the contribution of degraded photons
from showers developing in the target was not
completely clear. Therefore it seemed worth-
while to perform another measurement in the GeV
region, where the competing processes are well
known.

Photon splitting, which is an inelastic scattering
process of photons on nuclei, could possibly inter-
fere with a measurement of the Delbruck effect.
Like Delbruek scattering it is a high-order non-
linear effect in quantum electrodynamics, as is
demonstrated by its Feynman diagram in Fig. 1.
The primary photon is split into two outgoing ones
by the interaction with the static Coulomb field of
the target nuclei. Since there is only one photon
exchanged with the nucleus, the cross section is
proportional to Z'. The energy of the primary
photon is distributed between the two outgoing
photons according to a distribution function, the
form of which is not known for high primary
energies. However, it has been shown' that the
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FIG. 2. Differential cross section do/d Q for Delbruck
scattering~ and Compton scattering on uranium.

cross section for photon splitting goes linearly to
zero as the energy of one of the outgoing photons
approaches the primary energy. There is no
infrared divergency in this ease, since photon
splitting is not a radiative correction, the corre-
sponding elastic process being forbidden by
Furry's theorem. It is this property which allows
one to separate experimentally elastic Delbruek
scattering from the inelastic photon-splitting
contribution.

Estimates on the total cross section for photon
splitting have been given by Bolsterli' and
Bukhvostov. ' The results of these authors differ
by about an order of magnitude. Formulas for
the differential cross section. have been published
by Shima" and Constantini et al. , "but have not
been evaluated numerically or integrated for high
energies because of their complicated structure.

Experimental data on photon splitting have been
very scarce thus far. There is only one published
experiment, by Adler and Cohen, "which was
performed at 1.1-MeV photon energy. Their cross
section comes out to be a factor of 5 larger than
predicted by the theory. The need for more de-
tailed measurements is obvious.
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MEASURING METHOD
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FIG. 3. Experimental setup. Legend:

Sy.T. = synchrotron target;
Kp K3 =collimators;
MC, MR, QA = sweeping magnets;
S.T. = scattering target;
C.T. = converter target;
Sc.= scintillation counters;
M.W.P.C. = multiwire proportional chambers;
Qu = quantameter.

The experiment we report on was designed to
measure small-angle elastic scattering of high-
energy photons on heavy nuclei. The energy of
the photons varied from 1 to 7.3 GeV. Scattered
photons were detected in the angular range from
1 to 3 mrad. For target materials we used copper,
silver, gold, and uranium.

The experimental setup is shown in Fig. 3. We

used a well-collimated bremsstrahlung beam from
the DESY electron synchrotron. The beam hit the
scattering target, then passed without interaction
through a magnetic pair spectrometer, and was
finally buried in a quantameter serving as a mon-
itor. There were several collimators and sweep-
ing magnets cleaning charged particles from the
beam. The scattered photons were converted into
electron-positron pairs by a ring-shaped converter
in front of the pair spectrometer which measured
the photon energy and the coordinates of the con-
version point of the photon.

The ability to measure scattered photons from
the target at a few mrad relative to the primary
beam places severe conditions on the quality of
the photon beam as to beam divergence, beam
spot size, and beam halo. We used a beam spot
size at the scattering target of 6&6 mm', corre-
sponding to a geometrical primary-beam diver-

gence of +0.15 mrad. The distance between target
and pair converter was 20 m. A photon scattered
by 1 mrad was 2 cm off the beam axis at the posi-
tion of the converter, and the beam spot at this
point was 8&8 mm'. For the detection of scattered
photons at the rate predicted for Delbruck scat-
tering, the photon density of the primary beam
had to be lowered by at least eight orders of mag-
nitude when going from the beam axis to the inner
radius of the converter ring.

This reduction of the beam halo was achieved by
a special system of collimators and sweeping
magnets. Position and width of the collimators
are given by the following consideration. The
defining collimator in the beam line was the first
one. All the following collimators were placed
there to strip off the beam halo. They were not
allowed to touch the primary beam again. Thus
the edges of the second collimator were not to
see the beam spot on the synchrotron target. The
third collimator was not to touch the secondary
beams emerging from the edges of the first colli-
mator. The scattering target was placed immedi-
ately behind the third collimator. The inner edge
of the conversion ring in front of the pair spec-
trometer was positioned so that it could not see
either the synchrotron target or any edges of
collimators except the last ones. Behind each
collimator and the scattering target there were
strong sweeping magnets which bent charged
particles from the beam onto concrete shielding
blocks. From the scattering target to the quanta-
meter the photon beam was conducted in a vacuum
tube to further reduce background and suppress
spurious pair production. With this beam the
empty-target background in our measurements
was typically 30%%uo of the total rate (see Tables f
to IV for details}.

Special attention was paid to the layout of the
scattering target as a possible source of serious
background of secondary photons. These second-
ary photons originated from bremsstrahlung pro-
duced by electron-positron pairs generated in the
target by the primary beam. Their number rose
as the square of the target thickness, since they
were produced in a two-step process. In order to
reduce this effect the target was split into several
thin slices, each about 2 X10 ' radiation length,
which were placed one behind the other inside a
sweeping magnet, with equal distances in between.
The electron pairs created in one foil were de-
flected by the magnetic field on their path to the
next foil, so that bremsstrahlung emitted in the
following foils fell outside the angular acceptance
of the pair spectrometer. Subdividing of the target
into ten slices improved our signal-to-background
ratio by an order of magnitude. The effect of this
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TABLE III. Copper data for Delbruck scattering.

do'

k e dt

(GeV) (mrad) (MeV/c) (b/GeV2)

Number of
detected

events
Target

Background Sec. phot. Compton Delbriick (g/cm ) peff/10

1.92
1.92

1.69
2.23

3.24 0.61+0.31
4.28 0.36 + 0.20

117
78

45.7
10.0

1.5
1.0

36.6
68.4

16.2
20.6

1.98
1.98

3.74
3.74

target system on the counting rate in a given mo-
mentum acceptance of the pair spectrometer is
demonstrated in Fig. 4.

Scattered photons were detected with the pair
spectrometer. The photons hit a ring made of
2-mm aluminum, through the central hole of which
the primary beam passed. The ring converted a
definite fraction of the scattered photons into
electron-positron pairs, which were bent by the
magnetic field of the pair spectrometer and de-
tected by scintillation counters and Charpak cham-
bers. There was one telescope consisting of two
scintillation counters and two Charpak chambers
on the electron side of the spectrometer, and an
identical one on the positron side placed symmet-
rically to the beam line behind the magnet. Each
telescope accepted charged particles with momen-
ta roughly between 35% and 70% of the maximum
beam energy with the magnet setting used.

Coincidence of all four scintillation counters
defined a trigger. The Charpak chambers were
used for a complete reconstruction of the event
that produced the trigger. In each Charpak cham-
ber position there were two crossed wire planes
installed to measure both coordinates of the
charged particles passing through. A total of
1000 wires was used with a wire spacing of 2 mm,
giving a space resolution of +1 mm. The detection
efficiency of the chambers was measured to be
better than 99.5% at a time resolution of 120 nsec.
The gas filling consisted of argon with 5/g propane
admixture. Signals from the proportional wires
were amplified individually and strobed into flip-
flops by the trigger pulse. The stored informa-
tion was then automatically read into a small on-
line computer, which served as data buffer and
link to a large computer doing the final analysis.

Details of the experimental apparatus will be
published elsewhere.

Each particle track w'as defined by two points
in space as measured by the Charpak chambers
behind the pair -spectrometer magnet. Assuming
the particle track to point to the center of the
scattering target before entering the magnet, we
were able to determine its bending angle as well
as the coordinates of its conversion point. The
momentum resolution came out to be 1%, the
space resolution on the pair converter was + 3 mm.

Both electron and positron of a pair must start
from the same point on the conversion target
within reconstruction errors. Applying this con-
straint we were able to eliminate spurious tracks
and accidentals from the data. Reconstruction of
the starting points of pairs on the converter gave
us directly the scattering angle of the photon. The
angular resolution was +0.25 mrad given by the
combined effect of reconstruction errors, beam-
spot size, and primary-beam divergence. Photon
energies were measured from the maximum
bremsstrahlung energy E, down to 0.75E, with leap

resolution.
The primary beam was buried in a total absorp-

tion ionization chamber, in our case a quantameter
of the Wilson type, "which served as the absolute
monitor for the beam intensity. Counting rates
were normalized to the number of primary pho-
tons as given by the quantameter reading. Cor-
rections have been applied for losses due to the
measured dead time of the detection apparatus and
the calculated absorption of photons in the scat-
tering target.

To check the over-all performance and stability
of the apparatus we have measured bremsstrahlung
spectra at the beginning and end of each data-

TABLE IV. Silver data for Delbruek scattering.

dG

e dt

(GeV) (mrad) (MeV/c) (b/GeV2)

Number of
detected

events
Target

Background Sec. phot. Compton Delbriick (g/cm ) Q,ff /10

1.92
1.92
1.92

1.69
2.23
2.75

3.24
4.28
5.28

3.66 + 0.70
2.80+ 0.44
0.49 + 0.50

213
154
116

41.6
9.9

66.0

1.0
0.6
0.2

20.8
36.1
25.2

36.6
53.4
8.6

1.20
1.20
1.20

7.09
7.09
7.09
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FIG. 4. Total trigger rate with the scattering target
magnetic field (a) off and (b) on as a function of the
number of target slices.

taking period using a conversion foil in front of
the pair spectrometer instead of the ring and an

empty scattering target. Within 4%%uo the measured
spectra agreed with absolute theoretical predic-
tions. This agreement is satisfactory and pro-
vided us with information about the absolute pre-
cision of data measured with this apparatus.

DATA ANALYSIS

Spectra of scattered photons have been mea-
sured at maximum bremsstrahlung energies E,
of 1, 2, 4, and 7.3 GeV with targets of copper,
silver, gold, and uranium. Polar scattering
angles have been accepted from 0.9 to 2.9 mrad
over 2m azimuthal angle. Raw data have been
normalized to the number of primary photons and
corrected for pair-spectrometer efficiency, the
latter one being calculated for each event accord-
ing to its conversion point and energy. The data
for each value of E, and each target material have
been subdivided into four bins of polar angle and
bins of 3'%%uo width of the photon energy.

After subtraction of empty-target background
the spectra of scattered photons in each angular
bin have been analyzed by a superposition of four
processes:

(1) Delbruck scattering,
(2) Compton scattering on electrons,
(3) secondary photons from showers, and
(4) photon splitting.

Other processes one might think of, e.g. , Compton
scattering on nuclei, or forward photoproduction
of neutral pions, have been estimated to give only
a negligible contribution to the counting rate in

our setup.
Two of the considered processes, i.e., (3) and

(4), are inelastic and do not contribute to the
counting rate at the edge of the bremsstrahlung
spectrum. Thus, if one uses only photons from a
narrow region at the maximum photon energy one
measures essentially Delbruck and Compton
scattering only. Compromising between the re-
quirements of good statistics and low inelastic
background we decided to use a 3%-wide energy
bin. just below E, for the evaluation of the Delbruck
cross section. Corrections for inelastic contribu-
tions are small in this region, and the Compton
contribution, being also small in most cases, is
theoretically well known and can be easily sub-
tracted.

In spite of the fact that we used only this 3% bin
for determining the Delbruck cross section, we
extended our analysis to the full accepted photon
energy range of 25'%%uo below E, in order to be able
to determine more. reliable inelastic corrections
and to look for photon splitting.

The procedure of the analysis is demonstrated
by a typical example, the scattering of a brems-
strahlung beam of 1.95-Qeg maximum energy on
a gold target. The spectra shown in Fig. 5 apply
to the angular bin 1.4 to 1.9 mrad. The normal-
ized measured spectrum after subtraction of
empty target background is shown in Fig. 5(a).
There is a much steeper rise of the counting rate
with decreasing energy than in a normal brems-
strahlung spectrum.

The contribution of secondary photons to this
spectrum has been calculated by Monte Carlo
methods from the known cross sections of pair
production and bremsstrahlung to be given by the
long-dashed line in Fig. 5(a). It amounts to 2%
of the counting rate in the Delbruck bin, but is
rising fast towards lower energies.

For checking experimentally the correct descrip-
tion of secondary photons by the Monte Carlo
method, we varied the thickness of the scattering
foils by a factor of two. Figure 6 shows the ratio
between counting rates for double-thickness and
single-thickness gold foils versus photon energy.
For elementary processes this ratio would be
2. If secondary processes are present it comes
out larger than 2. As expected, there are only
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FIG. 5. (a} Normalized measured photon spectrum
after subtraction of empty-target background for the
scattering of a bremsstrahlung beam with 1.95-GeV max-
imum energy on a gold target. Long-dash line = calcu-
lated secondary photon contribution; short-dash line
= calculated Compton contribution. {b) Experimental
spectrum after subtraction of secondary photons and
Compton-scattered photons. Long-dash line = contribu-
tion of elastically scattered photons.

elementary processes contributing at the edge of
the bremsstrahlung spectrum. At lower energies
there is an appreciable contribution from second-
ary processes, but after subtraction of the Monte
Carlo-simulated secondary photons there are
only elementary processes left within the full
energy range considered. That means that the
Monte Carlo simulation of secondary photons is
essentially correct over the full energy range.

The Compton contribution to the measured spec-
tra has been calculated according to the formula
of Klein and Nishina. " It is shown in Fig. 5(a) as
the short-dash line. There is a decrease in energy
of Compton-scattered photons depending on the
scattering angle due to Compton kinematics. With-
in our angular range this decrease in photon energy
is not sufficient to remove the Compton-scattered
photons completely from the Delbruck bin. In
the example of Fig. 5 the Compton contribution to
the counting rate in the Delbruck bin amounts to
16/g only.

In Fig. 5(b) the measured spectrum is shown
after subtraction of secondary and Compton pho-
tons. Here the counting rate at the edge of the
bremsstrahlung spectrum is assumed to be purely
elastic and due to Delbruck scattered photons only.
It will be shown later that this assumption is
correct to 5%.

In order to identify the elastic contribution in
the other parts of the spectrum, we varied the
maximum energy of the bremsstrahlung spectrum
experimentally. We find the broken line in Fig.
5(b) to be the elastic, i.e., the Delbruck, contri-
bution to the counting rate. We see that with
growing distance from the maximum energy the
counting rate is increasing much faster than ex-
pected from the elastic contribution alone. What
we know from the extra photons responsible for
the steep rise in the soft part of the spectrum is
that they are inelastically scattered photons
originating from an elementary process in the
target. Tentatively we assume these photons to
be due to the photon-splitting process.

3
RESULTS ON DELBRUCK SCATTERING

I I I 1

1.5 1.6 1.7 1.8 'l.9 k [GeV]

FIG. 6. Ratio of counting rates for gold foils with a
thickness ratio 2.04: 1.0. Open points refer to the total
rate, full points to the rates after subtraction of second-
ary photons.

All results on Delbruck scattering given in this
section are based on an analysis of events with
photon energies larger than 0 97Ep with the cor-
rections applied as described before. Cross
sections have been evaluated by comparing Monte
Carlo-simulated event rates with the observed
ones, thus taking into account the finite experi-
mental resolution in energy and angle. The theo-
retical Delbruck cross section has been used for
the simulation. The resulting measured differen-
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tial cross sections are summarized in Tables I
to IV. Quoted errors are statistical ones. Sys-
tematic errors have been neglected since they
are much smaller than the statistical ones in all
cases.

Considering only the lowest-order contribution
from the relativistic perturbation theory one
expects a Z4 dependence of the Delbruck cross
section. We have checked this prediction by
plotting the Z dependence of the measured cross
section in Fig. 7. The experimental points are
roughly compatible with a Z' behavior, but are
consistently lower than the theoretical prediction.

At this point there was the suspicion that higher-
order effects might be responsible for this result.
The effective coupling constant of the virtual elec-
tron or positron to the target nucleus is Zo. , which
for large Z is no longer small compared to unity.
The Born approximation breaks down there, as is
well known for pair production and bremsstrahlung,
where the actual cross section for lead is about
10% less than the Born approximation predicts.
This can be repaired by the so-called Coulomb
correction, which in the picture of Feynman
diagrams means that one has to take into account
the exchange of an infinite number of virtual pho-
tons between electron and nucleus. Cheng and
Wu' introduced the Coulomb correction into their
Delbruck cross section. We have integrated their
formula by a Monte Carlo technique and indeed
got an impressive reduction of the cross section

as compared to the Born approximation. The
broken line in Fig. 7 shows the new theoretical
prediction. It comes much closer to the experi-
mental values.

Figures 8 and 9 show our complete results on
the Delbruck cross section for gold and uranium
as targets, compared to the theoretical prediction
with and without Coulomb correction. They con-
firm in detail what has been discussed before.
The measured values are a factor of 2 to 7 below
the Born approximation, depending on momentum
transfer and atomic number, but they are essen-
tially in agreement with the theory including the
Coulomb correction. Thus the Delbruck cross
section is drastically modified by the Coulomb
correction. To our knowledge this is the largest
effect ever observed for this kind of higher-order
corrections.

A closer inspection of our data reveals that
there might be systematic deviations present even
from the improved theoretical curve, but our
statistical errors do not all.ow a definite statement
on this point.
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FIG. 9. Measured differential cross sections for Delbriick scattering versus momentum transfer for uranium targets
compared to theoretical predictions (Hefs. 5 and 16). (a) Small momentum transfers; (b) large momentum transfers.

RESULTS ON PHOTON SPLITTING

It has been shown before that the low-energy
part of the measured photon spectra cannot be
explained as a superposition of Delbruck scatter-
ing, secondary photons, and Compton scattering
alone.

There is a strong contribution from inelastically
scattered photons which we attribute to the photon-
splitting process. To check this assumption we
have plotted in Fig. 10 the number of these photons
divided by Z' versus Z. Within errors the result
is independent of Z, which means that the cross
section of the process producing these photons is
proportional to Z'. This is exactly what one would
expect for photon splitting. We take the observed
Z' dependence together with the fact that the pro-
cess is inelastic and elementary as evidence that
photon splitting has been observed.

The evaluation of cross sections for photon split-
ting from our data is complicated by two facts:
(1) Since we use a bremsstrahlung beam the inci-
dent photon energy is not known. (2) The final

30.0-
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FIG. 10. Total number of detected photons exceeding
the contribution of DelbrHck scattering, secondary
photons, and Compton scattering divided by Z2 versus Z.
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state of photon-splitting events contains two pho-
tons. Only one of these i.s completely analyzed by
our apparatus. The counting rate of photon split-
ting in our experiment is given by the following
integral:

500.0—

0dn do(k, k, )—dk& 2X
d

' &Q~k, ,
1 1

where

k is the energy of the primary photon,
k, is the energy of the detected photoa,
dn/dk is the differential bremsstrahlung
spectrum,
do(k, k, )/dQ, dk, is the differential photon
spl. itting cross section integrated over the
angl. es of the second photon,
AQ, is the accepted solid angle of photon ky,

4k, is the width of the momentum bin of k„and
N is the number of target atoms per cm'.
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The differential cross section for photon split-
ting as a function of k and k, cannot be extracted
from this relation without additional assumptions
on either the k or the k, dependence, both of which
are not known a Priori. Without such assumptions
cross sections can be given for special pairs of
k and k, only according to the following procedure:
Dividing the accepted photon energy interval at
each setting of the maximum bremsstrahlung
energy into two halves, we take the number of
split photons in the low-energy half to be pro-
duced by primary photons from the high-energy
half. Taking the central energy value of the upper
half to be the mean primary energy k and the cen-
tral value of the lower half as the mean energy k,
of the split photons, we get the cross section for
photon splitting at k and k, averaged over energy
intervals hk and bk„ each about 15% wide. The
results are shown in Fig. 11. There is a steep
rise of the cross section with decreasing angle of
the detected photon and with decreasing primary
energy.

To check on systematic errors of the analysis
we tried a quite different approach for the evalua-
tion of photon-splitting cross sections, based on
the assumption of a linear rise of the cross section
with k2 = k —k„as advocated by, annikov. By
this method we find cross sections that are approx-
imately 25/0 lower than those given in Fig. 11.

The differential cross sections for photon spl. it-
ting as presented in Fig. 11 allow an estimate of
the contamination of the Delbruck signal. by photon-
splitting events. The contamination comes out to
be at most 5%. This is an upper limit, since we
used the photon-splitting cross section at k, /k
=O,r87, whereas for the Delbruck bin k, /k=0. 99

I

1.5 2.0 2.5
81 (rnrQd }

' 3.0

FIG. 11. Differential cross sections for photon split-
ting on gold. The lines are drawn to guide the eye.

TABLE V. Integrated experimental cross sections for
photon splitting on gold, compared to theoretical predic-
tions for the totgl cross section.

0 „(mb) ~tot (mb) (Ref. 9) fT«t (mb) (Ref. 10)

1.47 —1.89
3.00 —3,84
5.42 —6.77

1.42+ 0.05
0.80+ 0.04
0.41 ~ 0.03

0.78
0.85
0.91

4.8
4.8
4.8

applies and the photon-splitting cross section must
go to zero for k, /k-1. As the statistical errors
of the Delbruck cross section are generally larger
than this contamination we have neglected it alto-
gether.

For the comparison of our data on photon split-
ting with estimates of the total cross section ex-
isting in the literature we integrated our results
over the accepted solid angle and energy of the
spl. it photons. The result is shown in Table V
compared to predictions of Bolsterli and
Bukhvostov" for the total cross section. Con-

siderr

ing the fac t that in our exper iment we inte-
grate over a small part of the angular and energy
ranges only both theoretical predictions seem to
be low.



MEASUREMENT OF DELBRVCK SCATTERING AND. .. 3823

CONCLUSION ACKNOWLEDGMENTS

The Delbruck cross section has been measured
to be, for high energy, high Z, and for a few
MeV/c momentum transfer, a factor 3 to 5 small-
er than calculated in lowest nonvanishing order of
perturbation theory. This drastic reduction is
due to a special kind of higher-order corrections,
the Coulomb correction, which fully accounts for
the observed difference.

There is strong evidence for the photon-splitting
process being present in our data. The cross
section for photon splitting deduced from these
data is of the expected order of magnitude, but at
present there are no precise theoretical numbers
to compare with. Experimentally the next step
should be a coincidence experiment on the photon-
splitting process; from our experience such an
experiment is feasible.
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