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Delbrück scattering at energies of 140–450 MeV
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Budker Institute of Nuclear Physics, 630090 Novosibirsk, Russia
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The differential cross section of Delbru¨ck scattering is measured on a bismuth germanate (Bi4Ge3O12) target
at photon energies 140–450 MeV and scattering angles 2.6–16.6 mrad. A good agreement with the theoretical
results, obtained exactly in a Coulomb field, is found.@S0556-2813~98!02411-X#

PACS number~s!: 13.60.Fz, 12.20.Fv, 25.20.Dc
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I. INTRODUCTION

Delbrück scattering@1# is a process in which the initia
photon turns into a virtual electron-positron pair, is scatte
in a Coulomb field of a nucleus, and then transforms into
final photon @Fig. 1~a!#. Thus, the final photon energy i
equal to the energy of the initial photon~elastic scattering!.

The interest in the experimental study of Delbru¨ck scat-
tering has the following motivations. First, it is one of th
nonlinear quantum electrodynamic processes accessib
the present time to direct observation. Another such proc
is photon splitting in a Coulomb field@Fig. 1~b!#. For these
processes the contribution of higher orders of the pertu
tion theory with respect to the parameterZa ~Zueu is the
charge of the nucleus,a5e251/137 is the fine-structure
constant,e is the electron charge,\5c51) at largeZ es-
sentially modifies the cross section. Therefore, the invest
tion of these processes can be used as a good test of qua
electrodynamics in a strong electromagnetic field. Seco
Delbrück scattering is the background process to the nuc
Compton scattering, which is an effective experimental t
to study mesonic and nucleon internal degrees of freedom
nucleus@2#.

At present, four methods of Delbru¨ck scattering amplitude
calculation are used, possessing different areas of applic
ity:

~I! The amplitude is calculated in the lowest inZa order
of the perturbation theory, but for an arbitrary photon ene
v and scattering angleu. The review of numerous results
obtained in this approximation, can be found in@3,4#. These
results are applicable only at smallZ, when the paramete
Za!1.

~II ! At high photon energiesv@m (m is the electron
mass! and small scattering anglesu!1 the amplitude is ob-
tained by summing in a definite approximation of Feynm
diagrams with an arbitrary number of photons exchan
with a Coulomb center@5#.

~III ! At v@m and u!1 it is possible to use also th
quasiclassical approach@6#, since in this case the momentu
transferD5uk22k1u5vu (k1 andk2 being the momenta o
the initial and final photons, respectively!, and the character
istic angular momentuml;v/D51/u@1. Numerically, ap-
proaches II and III lead to the same results, as they sho
and show the significant difference between the cross sec
PRC 580556-2813/98/58~5!/2844~7!/$15.00
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calculated exactly inZa and the cross section obtained in th
lowest order of the perturbation theory.

~IV ! At v@m and u;1 the amplitude is calculated ex
actly in Za but neglecting the electron mass as compared
v and D @7,8#. The approach is based on the use of t
relativistic electron Green function in a Coulomb field.
this case the Coulomb effects are also significant.

The numerical results for the Delbru¨ck scattering ampli-
tudes obtained with the use of all four methods at differ
v, u, andZ can be found in Ref.@9#. In our work we use the
results obtained with method III, which is applicable und
the conditions of our experiment.

In the experimental investigations of Delbru¨ck scattering
carried out earlier, three different photon sources have b
used:

~1! Photons from the radioactive sources, for instan
24Mg (v52.75 MeV) @10,11#.

~2! Photons from the nuclear-reactions-like capture
thermal neutrons in the energy rangev54 – 12 MeV
@12,13#.

~3! In the energy range 20–100 MeV the experiment h
been carried out with tagged bremsstrahlung photons@14#. In
the experiment@15# Delbrück scattering above 1 GeV ha
been investigated using bremsstrahlung photons without
ging.

The accuracy of photon scattering cross-section meas

FIG. 1. ~a! Feynman diagrams for Delbru¨ck scattering: the Furry
representation and the representation via the usual diagrams o
perturbation theory. The double line denotes the electron Gr
function in the Coulomb field, crosses denote the Coulomb field.~b!
Feynman diagrams in the Furry representation for photon splitt
2844 ©1998 The American Physical Society
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PRC 58 2845DELBRÜCK SCATTERING AT ENERGIES OF 140–450 MeV
ments in the experiments@10–13# allowed one not only to
observe Delbru¨ck scattering, but to establish the importan
of the Coulomb corrections to the cross section as well. U
fortunately, in this energy range (v;m) the Coulomb cor-
rections have not been calculated up to now, which preve
us from performing the detailed comparison between exp
ment and theory.

At v@m the amplitudes of Delbru¨ck scattering are calcu
lated including Coulomb corrections. However, the accur
of the cross-section measurements achieved in the ex
ments@14,15# is essentially smaller than the accuracy of t
theoretical predictions.

In the present experiment tagged backscattered Com
photons of energies 140–450 MeV were used. The final p
tons were detected at the scattering angles 2.6–16.6 mra
the specified parameters the theoretical predictions base
the quasiclassical approach~method III! have high accuracy
errors of the calculation are less than 1%. At the same t
the experimental technique used has allowed us to get
high accuracy of the cross section measurements and,
result, to make the detailed comparison between theory
experiment.

Apart from Delbrück scattering, we have investigated th
process of photon splitting, which has been observed. D
analysis and comparison with the accurate theoretical pre
tions for this process are in progress now, the prelimin
results can be found in@16#. Here we only note that the
experimental data within the experimental accuracy~;10%!
are in agreement with the results of recent theoretical ca
lations performed exactly inZa @17#.

II. EXPERIMENTAL SETUP

The experiment has been carried out using ROKK-1
facility @18# of VEPP-4M collider @19#. The experimental
setup is shown in Fig. 2. It includes the solid-state laser,
optical system of laser beam injection to the vacuum cha
ber of collider, and the photon tagging system@20# of the
detector KEDR@21#.

High-energy photons are produced as a result of la
photons backward Compton scattering on the electron be

FIG. 2. The experimental setup.
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Scattered photons move along the electron beam and ha
narrow angular spread of the order 1/g, whereg is the elec-
tron relativistic factor. The photon energy spectrum ha
sharp edge with the maximum energy, determined by
following expression:

Emax5
4vLg2

114vLg/mc2 ,

wherevL is the laser photon energy~1.17 eV!. The energy of
electron beam in experiment was 5.25 GeV, andEmax
5451 MeV.

The scattered electron is removed from the beam by be
ing magnets of the accelerator and falls on the drift tub
hodoscope of the tagging system. The tagging system all
one to measure the energy of the scattered photon with
accuracy about 1.3%. The minimum energy of tagged p
tons in the experiment was 140 MeV.

The clean photon beam of the small transverse size
formed by the system of three collimators. The first le

FIG. 3. The energy spectrum of the incoming tagged photon

FIG. 4. The layout of the calorimeter: external vessel~1!, copper
shield ~2!, internal vessel~3!, signal cable~4!, veto electrode~5!,
strip electrodes~6!, towers (L1,L2,L3).
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FIG. 5. The electrode structure of the calorimeter.
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collimator has the 10 cm thickness, 434 mm2 aperture, and
it actually sets the transverse sizes of the beam. Cha
particles of beam halo after this collimator are removed
the sweeping magnet with the magnetic field of 550 G. T
second lead collimator, having the 30 cm thickness and
mm the diameter of the hole, is placed at 13 m from the fi
one. It absorbs secondary particles scattered on large an
Behind this collimator the third active collimator is placed.
is formed by four BGO crystals of the transverse sizes
25325 mm2 and 150 mm length. An aperture of this coll
mator (939 mm2) was chosen so that its inner edges co
not see the interaction point of the laser photon beam
electron beam. Scintillation light from each BGO crystal
this collimator is detected by the photomultiplier. The sign
of photomultipliers is included in the trigger of the expe
ment in anticoincidence. The active collimator removes
impurity of secondary particles moving in small angles w
respect to the main photon beam.

The target is placed directly behind the last collimator
is a BGO crystal of 12 mm thickness~1.07 radiation length!

FIG. 6. The energy deposition on the strips for the event w
the detected photon~the reconstructed coordinates areX
51.46 cm,Y522.56 cm).
ed
y
e
5
t
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and 25325 mm2 transverse sizes. Light from the crystal
detected by two photomultipliers, which signals are includ
in a trigger in anticoincidence. It enables us to suppress
fectively a background from inelastic processes in the tar
at the trigger level. The threshold for the energy deposit
in the target was set at the level of 150 KeV.

In order to reduce the background from Compton scat
ing after the target, photons pass the distance between
target and particle detector~4.8 m! in a helium-filled tube of
30 cm diameter. The photon-passed target without inte
tion falls onto an absorber installed before the aperture w
dow of the detector. The absorber is a BGO crystal cylin
of 23 mm diameter and 146 mm length. Its signal is a
included in a trigger in anticoincidence. It permits one
exclude the trigger start up from the photons, passed ta
without interaction. To suppress the trigger start up from
charged particles, a thin scintillation veto-counter is moun
on the aperture window of the detector.

The signals from the BGO collimator, target, absorb

h
FIG. 7. The efficiency of the photon detection: experime

~circles!, simulation~line!.
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PRC 58 2847DELBRÜCK SCATTERING AT ENERGIES OF 140–450 MeV
and veto counter are digitized and used in off-line analy
for the background suppression. Besides, the signals f
the target and absorber are used to monitor the inputg flux.
The typical rate of the initial photons in the experiment w
5–10 kHz. These signals are exploited also to form an a
tional trigger to start the readout of the tagging system
measurement of the energy spectrum of initial photons~Fig.
3!.

The final photons are detected by means of the elec
magnetic calorimeter based on liquid krypton@22#. The lay-
out of the calorimeter is shown in Fig. 4.

The electrodes are made of G10 sheets covered wi
copper foil on both sides. The first~counting from the input
window of the calorimeter! and all the odd electrodes ar
under zero potential~‘‘grounded’’ electrodes!, high voltage
is applied to all the even electrodes.

The high-voltage electrodes are used for energy meas
ments. They are divided into the 9 pads centered around
beam axis. In the longitudinal direction the electrode syst
is segmented into three sections, altogether the calorim
contains 27 cells for energy measurements.

The ‘‘grounded’’ electrodes, from second to fourth, a
used for the coordinate measurements. Strips are prese
the both sides of these electrodes and oriented perpen
larly one to another. It enables us to measure both transv
coordinates (X and Y) in one layer. The strip width varie
from 1 cm in the center to 3 cm on the edge of the calor
eter’s aperture. The structure of high-voltage and coordin
electrodes is shown in detail in Fig. 5. For such coordin
structure of the calorimeter, the space resolution is equal
mm in the center and 2.3 mm on the edge.

The high-energy resolution of the calorimet
@2.4%/AE(GeV)# and photon tagging allow to use effe
tively the equality of the initial and final photon energies
Delbrück scattering in order to suppress the backgrou
from inelastic processes.

FIG. 8. The differential cross section for Delbru¨ck ~solid lines!
and Compton~dashed lines! scattering on bismuth.
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On the initial step of the off-line analysis we select t
events~named below as events with a detected photon! sat-
isfying the following criteria:

~1! One track in the tagging system is found.
~2! Energy deposition in the crystals of the BGO collim

tor and in the absorber is less than 0.35 MeV.
~3! Energy deposition in the target is less than 0.15 Me
~4! Energy deposition in the scintillation counter on th

aperture window of the calorimeter is less than 0.4 MeV.
~5! Energy deposition in the central tower of the first lay

of the calorimeter is more than 80 MeV.
~6! One photon in the calorimeter is detected.
In Fig. 6 the example of the event with the detected ph

ton is shown. In this event photon conversion has happe
in the firstX layer.

The efficiency of the photon detection in the calorime
is about 70% and weakly depends on the photon energ
v.140 MeV ~Fig. 7!. The experimental data shown in Fig
7 were obtained in runs when the target and absorber w
removed. It is seen from this picture that the experimen
efficiency is slightly higher than in the simulation. Therefor
in the comparison between the simulation and experim
this difference was taken into account.

III. BACKGROUND PROCESSES FOR DELBRÜ CK
SCATTERING

The total cross section of Delbru¨ck scattering atv@m is
independent of the photon energy, and the main contribu
to it comes from scattering anglesu;m/v. In the experi-
ment the photons with the scattering angles 2.6–16.6 m
were detected. For bismuth (Z583) the cross section of Del
brück scattering in this range of angles is equal to 5.9 mb

FIG. 9. The distributions of the energy depositionEC in the
calorimeter versus the initial photon energyETS for the events with
the detected photons having scattering angles in the range 2.6–
mrad. In simulation only processes included inGEANT are taken into
account. Normalization corresponds to the number of the ini
photons 1.53108.
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2848 PRC 58SH. ZH. AKHMADALIEV et al.
v5140 MeV and 1.2 mb atv5450 MeV. For comparison
the total cross section for bismuth equals 6.4 mb. The c
tribution to the cross section from the scattering on germ
nium (Z532) for the range of angles under consideration
about 3%.

FIG. 10. The distributions of photons, detected in the range
angles 2.6–16.6 mrad for empty-target runs, over the param
(EC2ETS)/sc . ~a! The experimental data~circles! and simulation
~histogram, processes included inGEANT are only taken into ac-
count!. ~b! The contributions of different effects to the histogra
~a!: Compton scattering~solid line!, secondary photons from show
ers ~dashed line!, photons passed the target and absorber with
interaction~dotted line!. The normalization corresponds to the num
ber of the initial photons 109.
n-
-

s

Compton scattering on atomic electrons is the main ba
ground process under the conditions of our experiment.
cross section for bismuth is about 5.3 and 4.9 mb atv
5140 and 450 MeV, respectively. The results of the cal
lations for differential cross sections of Delbru¨ck and Comp-
ton scattering on bismuth are shown in Fig. 8.

f
ter

t

FIG. 11. The distributions of photons, detected in the range
angles 2.6–16.6 mrad for runs with the target, over the param
(EC2ETS)/sc . ~a! The experimental data~circles! and simulation
with the use of theGEANT package~histogram! including Delbrück
scattering, photon splitting, and the background from the BGO c
limator. ~b! The experimental data~circles!, simulation~solid line!,
Delbrück scattering~dashed line!, and the sum of all background
processes~dotted line!. The normalization corresponds to the num
ber of initial photons 109.
TABLE I. The number of photons, detected in the range of angles 2.6–16.6 mrad atDE,2.5sc . The
data in each column are normalized to the number of the initial photons 109. The contributions of different
processes are obtained in the simulation.

v, MeV 140–450 140–250 250–350 350–450

Number
902.23 106 275.43 106 259.93 106 366.93 106

of initial photons
Experiment 131726232 168106353 132526301 103836229
Simulation 128106181 167096329 125356283 100796209
Delbrück

91206111 123466171 88846150 68676119
scattering
Compton

1334645 1624685 1254680 1173666
scattering
Secondary
photons

5268 60616 57616 42613

Photons passed
without interaction

495662 9546133 324665 270651

Photon
435688 434690 5196108 376678

splitting

Background from
the BGO collimator

13746124 12906246 14976214 13516147
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Secondary photons from showers, arising in target and
give a very small contribution to the background. The lo
level of this background is the result of the following: th
target in the experiment was ‘‘active,’’ and the balance b
tween the energy deposition in the calorimeter and the
ergy of the initial photon was required.

As simulation shows, there is also a small contribution
the background from photons passed the target and the
sorber without interaction and, in consequence of the sho
fluctuations in the calorimeter, detected atu.2.6 mrad. The
simulation was made with the use of theGEANT package
~version 3.21!.

Besides the Compton scattering and electromagnetic
cades~processes, included inGEANT!, photon splitting was
also taken into account as the background process. Sinc
cross section of this process is small in comparison with
cross section of the investigated effect, the approximate
mula ~the accuracy;20%) based on the Weizsa¨cker-
Williams method was used for the calculation.

Other processes, such as Compton scattering on nu
p0 photoproduction, and pair production with radiation of
photon, have been estimated under the conditions of the
periment. The first two processes give a negligible contri
tion to the number of scattered photons detected, while
contribution from the third one is about 0.5%.

TABLE II. The differential cross section of Delbru¨ck scattering
ds/dt for a molecule of bismuth germanate.

D ~MeV!

ds

dt
~mb/MeV2!,

calculation

ds

dt
~mb/MeV2!,

experiment

0.49 21.1 19.963.4
0.62 12.9 10.161.2
0.75 8.30 8.1060.62
0.88 5.55 5.2560.36
1.01 3.83 3.8860.25
1.14 2.72 3.0760.18
1.27 1.99 2.0960.13
1.40 1.49 1.6660.11
1.53 1.13 1.1260.08
1.66 0.883 0.96660.073
1.79 0.696 0.75860.064
1.92 0.555 0.56960.059
2.05 0.450 0.47660.056
2.18 0.369 0.41060.055
2.31 0.306 0.35660.045
2.44 0.255 0.23860.049
2.57 0.215 0.14860.038
2.70 0.183 0.13960.035
2.83 0.157 0.18760.035
2.96 0.135 0.15160.028
3.09 0.116 0.11260.030
3.22 0.101 (9.6562.7)31022

3.35 8.8531022 0.11160.029
3.48 7.7631022 (9.062.6)31022

3.61 6.8331022 (7.062.3)31022

3.74 6.0731022 (6.762.2)31022

3.87 5.3731022 (6.162.1)31022
ir,

-
n-

o
b-

er

s-

the
e
r-

ei,

x-
-
e

Special attention was paid to the background, wh
comes from Compton and Delbru¨ck scattering on the edge
of the last BGO collimator. This question is discussed in S
IV.

IV. EXPERIMENTAL RESULTS AND CONCLUSION

In order to understand the situation with the backgrou
data has been taken in two modes: with the target and w
out the target (93108 and 23108 photons, respectively!.

In Figs. 9~a!–9~d! the two-dimensional distributions o
energy depositionEC in the calorimeter versus the initia
photon energyETS for these modes are shown. The even
with the detected photon having the scattering angle in
range 2.6–16.6 mrad are selected.

The diagonal band in Figs. 9~a! and 9~c! corresponds to
the elastic scattering. In the simulation@Fig. 9~c!# this band
contains the events of Compton scattering and the event
which the initial photon passed the target and absorber w
out interaction and was detected in the given range of ang
The contribution to this band from showers in the target a
air is very small. In the experimental distribution@Fig. 9~a!#
this band is enhanced by virtue of Delbru¨ck scattering in the
target.

It is seen from Fig. 9 that in the experiment there is
large number of ‘‘inelastic scattering’’ events, i.e., the eve
with the energy deposition in the calorimeter essentia
smaller than the energy of the initial photon. These eve
are the result of the electromagnetic showers generated in
BGO collimator by the initial photons touching it. Since th
effect strongly depends on the position and orientation of
collimator with respect to the axis of the photon beam, it
not possible to simulate this effect accurately. Neverthele
to subtract this background, one can use the experime
data of empty-target runs. In order to find the correct meth
of such subtraction, the simulation for empty-target runs w
made. In the simulation the BGO collimator was shifted w
respect to the axis of the initial photon beam so that 0.2%

FIG. 12. The differential cross section of photon scatter
ds/dt as a function of the momentum transferD for a molecule of
bismuth germanate.~a! The experimental data~circles! and the
background~squares!. ~b! The experimental data after subtractio
of the background~circles!. The solid line is the result of the cal
culation.
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2850 PRC 58SH. ZH. AKHMADALIEV et al.
photons touched it, and the signal from the collimator w
not taken into account.

Figure 10 shows the distribution over the parameter (EC
2ETS)/sc ~wheresc is the energy resolution of the calorim
eter! obtained as the result of such simulation. One can
that the contribution to the elastic scattering of second
photons from showers~generated in the BGO collimato
mainly!, whenDE5uEC2ETSu,2.5sc , is rather small. The
small difference between simulation and experiment atDE
,2.5sc can be explained by the fact that Compton scatter
in the BGO collimator cannot be simulated correctly, a
Delbrück scattering in the collimator was not included
simulation in this case.

Thus, the background from the BGO collimator for ru
with the target can be obtained as the difference betw
experiment and simulation for empty-target runs multipli
by the probability for photons to pass the target without
teraction. This suppression factor is equal approximately
0.5 and weakly depends on the energy atv
5140– 450 MeV. This is correct atDE,2.5sc , while for
events with DE.2.5sc , coming mainly from secondary
photons, the suppression factor is bigger due to the cha
component of the shower. It is illustrated by Fig. 11, whi
shows, for runs with the target, the distribution of scatte
photons over the parameter (EC2ETS)/sc with taking this
background into account.

In Table I we make the comparison between the exp
ment and the simulation for different energy ranges of
initial photon. The results of simulation for Delbru¨ck scatter-
ing and the background processes are also shown. Erro
this table include the statistical errors as well as the to
systematic error. The latter includes the error of measu
ment of the initial photons intensity and the error of phot
. B
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detection efficiency~see Fig. 6!. These errors are estimate
to be 1.5% and 1%, respectively.

The differential cross section of Delbru¨ck scattering for
unpolarized photons is given by@4#

ds

dV
5~Za!4r 0

2$uA11u21uA12u2%,

wherer 0 is the classical electron radius,A11 andA12 are
non-helicity-flip and helicity-flip amplitudes.

At v@m and D;m, as it was in the experiment, th
helicity amplitudes have the formA;v f (D). Sinceds/dV
is independent of azimuth anglew, the differential cross sec
tion ds/dt is equal to (p/v2)ds/dV ~where t5D2) and
depends on the momentum transferD, but not on the photon
energyv. It allows one to get the distributionds/dt with the
use of data for all energies of the initial photon~Table II and
Fig. 12!. It is seen from Table II and Fig. 12, that th
experimental results are in good agreement with the theo
ical predictions within the experimental accuracy.
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