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Measurement of two-photon Compton cross sections

B. S. Sandhu, R. Dewan, B. Singh, and B. S. Ghumman
Physics Department, Punjabi University, Patiala 147002, India

~Received 3 May 1999!

The collision, scattering, and absorption differential cross sections for two-photon Compton scattering in
both the forward and backward hemispheres have been measured as a function of independent final photon
energy for 0.662 MeV incidentg photons as produced by an 8-Ci137Cs radioactive source. The two simulta-
neously emitted photons in this process are detected in coincidence using two NaI~Tl! scintillation spectrom-
eters and 30 nsec timing electronics. Many systematic effects contributing to true events have been taken into
account. The differential cross-section values agree with the theory within experimental estimated error.
@S1050-2947~99!03912-8#

PACS number~s!: 32.80.2t, 13.60.2r
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I. INTRODUCTION

In the collision between a photon and a free electron, i
impossible to state with certainty that the final state of
electron photon system contains one photon only. The s
tering process of a single incident photon by an electron
a final state consisting of two photons is called two-pho
Compton scattering, also sometimes called double-Comp
scattering. The two-photon Compton process is believed
be well described by the standard quantum electrodynam
and has not been subjected to extensive experimental s
An exact theory of this process is given by Mandl a
Skyrme@1# and their expression for the collision differenti
cross section can be regarded as a two-photon Compton
log of the well known Klein-Nishina relation for single
photon Compton scattering.

The two-photon Compton effect has also been conside
by Brown and Feynman@2#, Ram and Wang@3#, Smirnov
@4#, and Mork@5#. The main feature of their theoretical wor
shows infrared divergence as energy of one of the emi
photon approaches zero. Mork@5# noted that the expression
for the differential two-photon Compton cross section
Mandl and Skyrme@1# and the radiative correction to single
photon Compton scattering by Brown and Feynman@2# each
contained infrared divergencies, of opposite sign. The co
bined radiative and the two-photon Compton corrections,
photon energies from 10 keV to 100 GeV, are given by Hu
bell et al. @6#.

The two-photon Compton scattering phenomenon is
portant because~i! it provides a test of quantum electrod
namics,~ii ! it provides a mechanism of photon multiplica
tion, and ~iii ! this effect contributes appreciably to tot
scattering coefficients at higher incident photon energ
Measurements confirming the existence of this process h
been given in a previous paper@7# to which we refer for
literature on the theoretical studies on this process and
preceding experimental results. These measurements
been performed using 110 mCi137Cs source for the tota
cross section as a function of one of the scattering ang
when the other photon is detected at 90° to the incident b
and both detected photons have energies greater tha
keV, for coplanar emission of two emitted photons. Kin
matical relations for the energy and direction of the rec
PRA 601050-2947/99/60~6!/4600~6!/$15.00
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electron in this process are also obtained and can be con
ered as two-photon Compton analogs of the correspond
relations for single-photon Compton scattering. Measu
ments@7,8# suffer from the limitation that no method wa
applied to eliminate the Compton-bremsstrahlung~CB!
background from the observed coincidences and thus the
ported results are consistently higher than those predicte
the Mandl and Skyrme@1# expression for two-photon Comp
ton scattering.

The collision, scattering and absorption differential cro
sections for single-photon Compton scattering have been
scribed in Ref.@9#, but the same is not true for two-photo
Compton scattering. The collision differential cross sectio
for this higher order process have been measured by Mc
et al. @10# when two detectors are placed at 90° to each ot
and to the incident beam. These measurements@10# suffer
from the limitation that the angles allowed by the two dete
tor apertures are quite large~spread of 34°! and thus the
reported results correspond to average cross section va
over the allowed subtended solid angles. The collision d
ferential cross sections have also been measured by Ni
@11# under the same experimental conditions as describe
Ref. @10#. The experimental results are in good agreem
with the theoretical predictions@1# and experimental data o
McGie et al. @10#.

In the present work, of academic interest, different
cross section values for this process have been measured
function of independent final photon energy. The incide
photon energy is 0.662 MeV and one of the emitted pho
is detected at 70° and 100°, while the other emitted photo
detected at 90° to the incident beam and the angle betw
them is 90°. The present geometries are chosen becaus
data on differential cross sections for this process are av
able for both the forward and backward hemispheres.

II. EXPERIMENTAL SETUP

In two-photon Compton scattering, the interaction of
incident photon with a free electron gives rise to emission
two scatteredg quanta at the same time. So all the expe
mental observations on this effect are based on coincide
measurements in which directions of both final photons
kept fixed and the coincidences are counted. The grea
4600 ©1999 The American Physical Society
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PRA 60 4601MEASUREMENT OF TWO-PHOTON COMPTON CROSS SECTIONS
difficulty in the present experiment lies in the low value
the intensity to be measured; in fact the cross section for
process is already low in itself, and one selects the pai
photons emitted into small solid angles around the fixed
rections. The experimental arrangement used for the pre
measurements is shown in Fig. 1. An 8 Ci137Cs radioactive
source was placed in the cavity~dimensions 88 mm in length
and 29 mm in diameter! of a rectangular lead container o
dimensions 200 mm3160 mm3160 mm. A cylindrical beam
collimator ~diameter 25 mm and length 80 mm!, consisting
of a brass pipe and aluminum windows, was filled with
column of mercury between measurements and is use
open and close the incident beam. A conical lead collima
~length 80 mm, diameter 20 mm, and 70 mm on two sid!
reduces the effect of scattering from the edges. By clos
the mercury-filled cylindrical beam opening, the backgrou
near the assembly comes up to natural background le
thus indicating proper shielding of the radioactive source

Gamma rays from an 8 Ci (1 Ci537 GBq) 137Cs radioac-
tive source are made to fall on a thin aluminum scatte
The two gamma quanta emitted simultaneously in this p
cess are detected by two NaI~Tl! scintillation detectors hav
ing dimensions 51 mm351 mm and 45 mm325 mm. The
scattering plane is defined byS2Sc2D1 , and u1 is the
scattering angle for one of the emitted photon (E1) detected
by detectorD1 . The direction of emission of the other pho
ton (E2) is given by polar angleu2 and azimuthal anglef2 .
The timing electronics using Canberra ARC timing ampl
ers are used to record these events. It is determined tha
coincidence efficiency is nearly 100% forg-ray energies
larger than about 25 keV if the resolving time is set a
nominal value of 30 nsec. For the present measurement
solid angles subtended by the two detectors at the scatte
center are 0.13 and 0.27 %, respectively, thus the ang
spread due to detector apertures are 8.3° and 11.9°, res
tively and are quite small in comparison to the 34° spread
an earlier measurement@10#.

III. METHOD OF MEASUREMENT

In the present measurements, the energy spectrum of
of the emitted photonsE1 is recorded for a fixed energ

FIG. 1. Experimental setup. S: 8 Ci137Cs radioactive source; Sc
Aluminum scatterer;D1 , D2 : NaI~Tl! scintillation detectors; Pb
Lead shielding.
is
of
i-
nt

to
r

g
d
el,

r.
-

ast

the
ng
lar
ec-
n

ne

window of the second photonE2 on ND62 MCA, which is
gated with the output of the coincidence setup. Both the
tectors are biased above theK x-ray energy of the scattere
~1.56 keV for aluminum scatterer! The observed coincidenc
spectrum consists of true events due to two-photon Comp
scattering events, chance, and false events.

The energyE1 of one of the emitted photon, withE2
~energy of the other emitted photon! as the independent en
ergy, is given by the laws of conservation of energy a
momentum. For the present measurements, at two diffe
angular positions of the detectorD1 , the energy of photon
E1 is given by the formula

E15@m0c2$E02E2„11~E0 /m0c2!…%#/

@m0c21E0~12cosu1!2E2#, ~1!

whereE0 is the energy of incidentg photons.
The collision cross sections refer to the number of co

sions of any particular type, and they describe the numbe
photons which are scattered in a particular direction, a
fraction of the number of incident photons. For two-phot
Compton scattering, when a photon of energyE2 is scattered
into an element of solid angledV2 in direction (u2 ,f2) of
detectorD2 , and another photon having energyE1 @given by
Eq. ~1!# is scattered into solid angledV1 in directionu1 of
detector D1 , the collision differential cross sectio
(d3s/dV1dV2dE2) or in shortd(es) is given by the rela-
tion

d~es!5~Nd /Ns!^dsKN /dV1&«8/~«1V2«2!, ~2!

whereNd is the coincidence count rate per unit energy int
val due to two-photon Compton scattering events;Ns is the
single-photon Compton scattering count rate for the dete
D1 ; V1 and V2 are solid angles subtended by the two d
tectors at the scattering center;^dsKN /dV1& is the Klein-
Nishina cross section for single-photon Compton scatter
in the direction of detectorD1 and averaged over the sub
tended solid angle;«1 ande2 are the efficiencies of the two
detectors for two emitted gamma photons having energiesE1
and E2 , respectively; and«8 is efficiency of detectorD1
corresponding to energyE8 due to single-photon Compto
scattering in the direction of the detector.

In sharp contrast, two-photon Compton scattering cr
sections refer to the amount of energy scattered in a part
lar direction, and they describe the energy content of
photons which are scattered in a particular direction, a
fraction of the incident intensity. The scattering different
cross section, (d3s/dV1dV2dE2)scattering or in short as
d(ess), representing scattering or mere deflection of elect
magnetic radiation~g rays! under the same experiment
conditions is given by the relation

d~ess!5$~E11E2!/E0!%d~es!. ~3!

In a similar way the absorption differential cross sectio
(d3s/dV1dV2dE2)absorptionor in short asd(esa), represent-
ing true absorption of energy from the em radiation is giv
by the relation

d~esa!5$12~E11E2!/E0%d~es! ~4!
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4602 PRA 60B. S. SANDHU, R. DEWAN, B. SINGH, AND B. S. GHUMMAN
Since the differential collision cross section for this proce
varies over the finite energy spread~50 keV for detector
D2); the independent energy levels of the second photon
evaluated as average of the energy values weighted in
portion to the probability for occurrence of this process
cording to the following relation:

E25F E
DE2

E2$d
3s~E2!/dV1dV2dE2%dE2G Y

F E
DE2

$d3s~E2!/dV1dV2dE2%dE2G , ~5!

whereDE2 being the energy window of second photon d
tected by detectorD2 .

The quantities such asNd and Ns are measured exper
mentally. The solid angles are measured from the geom
of the experimental setup. Independent energy levels of
ond photon having energyE2 are evaluated using Eq.~5!.
Single-photon Compton cross sections are calculated f
the Klein-Nishina relation, and detector efficiencies are c
culated from the available literature.

IV. MEASUREMENTS IN COINCIDENCE

In addition to coincidence events recorded due to tw
photon Compton scattering, the following are the ma
sources of false events, shown in Fig. 2, under the pre
experimental conditions.

~I! The bremsstrahlung produced by recoil Compt
electrons may be detected in coincidence with single-pho
Compton scatteredg rays.

~II ! Detector to detector scattering may also contrib
to false coincidences.

~III ! The natural background, cosmic rays and weak
dioactive sources present in the laboratory.

FIG. 2. Various processes contributing to false events under
present experimental conditions.g : incident photon; Sc: scattere
g8 : single-photon Compton scattered photon;ec : recoil Compton
electron; B: bremsstrahlung;g9: double scattered photon; N: natu
ral background; M: surrounding material;g1 , g2 , andg3 , multi-
photon Compton scattered photons; D, detector.~I.!
Bremsstrahlung-g8 coincidences,~II.! detector to detector scatterin
coincidences,~III. ! natural background coincidences,~IV.! two-
photon Compton coincidences from air and surrounding mater
and ~V.! coincidences due to higher order multiphoton processe
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~IV ! Two-photon Compton scattering events taki
place from air and other surrounding materials may also c
tribute to coincidences.

~V! Higher order processes such as three-photon Co
ton scattering may also contribute to coincidences.

The contribution due to events~II ! is minimized by proper
shielding of the two detectors and keeping their faces w
inside the lead shielding so that the photons scattered f
the face of one detector may not reach the other detector.
contribution due to events~III ! and~IV ! is measured experi
mentally by recording the coincidence count rate without
aluminum scatterer in the primary beam. The contribut
due to events~V! is negligible, as the cross section for th
process isa ~fine structure constant> 1

137) times smaller than
for two-photon Compton scattering. The elimination of coi
cidences due to events~I! is carried out experimentally.

Experimental measurements are made as follows.
~i! Coincidence energy spectra ofE1 , for a finite energy

window of E2 , are recorded with aluminum scatterer in th
primary beam.

~ii ! The chance~or random! count rate in the above mea
surements is recorded by introducing a suitable delay of
nsec in one of the detecting channels. Introducing this s
able delay eliminates true coincidences corresponding to
processes in which two correlated gamma rays are dete
in coincidence.

~iii ! Coincidences are recorded after removing the alu
num target out of primary beam to permit the registration
the coincidences due to cosmic rays and to any other pro
independent of the target.

~iv! Chance coincidences in measurements~iii ! are re-
corded as described in~ii !.

~v! The single-photon Compton spectrum for one of t
detectorD1 is recorded with the same aluminum scatterer
the primary beam.

Measurements under conditions~i! to ~v! are recorded in
alternative time intervals with a view to avoiding errors d
to possible effect of any drift in the system during measu
ments, which takes nearly a month for one finite energy w
dow of E2 . The true coincidence count rate due to tw
photon Compton scattering events is given as

Nd5Nt2Nch2Nf , ~6!

whereNt is the coincidence count rate with a scatterer in
primary beam,Nch is the corresponding chance coinciden
count rate in these events, andNf is the coincidence coun
rate due to false events; unrelated to the target. The cha
coincidence count rate is also calculated from the individ
count ratesN1 andN2 of the two detectors using the relation

Nch52t0N1N2 , ~7!

where 2t0 is the resolving time of the electronic setup.
close agreement is found between the two chance co
rates.

Since true coincidences are few in number, the exp
ment is performed over a long period of time to achie
reasonable counting statistics. The calibration and stabilit
the system are checked regularly and adjustments are ma
required.
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V. PHOTOPEAK EFFICIENCIES

The photopeak efficiency of a NaI~Tl! scintillation detec-
tor is the product of the probability of detecting radiatio
falling on the detector~intrinsic efficiency! and the fraction
of radiations detected by the crystal which dissipates
energy in it~photofraction!. The data for intrinsic efficiency
and photofraction reported by Crouthamel@12# is used to
calculate photopeak efficiencies of both the detectors co
sponding to geometry of the present experimental se
Photopeak efficiencies of both the detectors are corrected
the iodine escape peak@13,14# and absorption in the alumi
num windows@15#, and are shown in Fig. 3. Photopeak e
ficiencies of both the detectors are also measured experim
tally using single energy sources of137Cs(662 keV) and
203Hg(279 keV) of known source strengths corresponding
present geometry and are found nearly in agreement
theoretical values. Efficiency of the coincidence setup
measured experimentally using22Na radioactive source. Two
NaI~Tl! detectors subtending equal solid angles are pla
exactly opposite to each other. The coincidence count ra
found to be exactly in agreement with the individual cou
rate of one of the detectors (D2 for the present experimenta
setup!.

VI. RESULTS AND DISCUSSIONS

A typical coincidence spectrum, corrected for false@ex-
cept events~I! in Sec. IV# and chance events, of one of th
emitted photons for a fixed energy window of the seco
photon, is shown in Fig. 4. The solid curve represents
best-fit curve through the experimental points correspond
to the peak observed in the energy spectrum. The en
spread in the observed photopeak is mainly due to the en
resolution of the spectrometers and finite energy window
the second photon. The contribution to energy spread du
angular aperture of the scintillation detectors and finite thi
ness of the scatterer is quite small compared with the int
sic resolution of the spectrometers. The measured value
the energy of one of the emitted photons corresponding
the peaks observed in energy spectrum are given in colum
of Table 1. Column 5 in Table I gives the correspondi
theoretical values calculated from Eq.~1!.

FIG. 3. Photopeak efficiency of NaI~Tl! scintillation detector.
~a! 51 mm351 mm and~b! 45 mm325 mm.
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The observed coincidence count rate per unit energy
terval under the peak of recorded energy spectrum con
of coincidences resulting from interactions in the targ
These coincidences correspond to two-photon Comp
~TPC! scattering and Compton-bremsstrahlung~CB! events.
A theoretical calculation of the CB events is rendered unc
tain by scattering of the recoil electron before emission
bremsstrahlung, so an experimental approach suggeste
Cavanagh@16# is used to eliminate CB events. The TP
count rate varies linearly and the CB count rate quadratic
with target thickness. The energy spectra are recorded
four different target thicknesses of 13, 27.5, 40, and 5
mg cm22. A plot of coincidence count rate per unit thickne
versus thickness for such a series would be a straight lin
slope zero if target related background is negligible an
straight line of positive slope if CB background is signi
cant. A plot of coincidence count rate per unit thickness v
sus thickness is shown in Fig. 5. The error bars repres
statistical errors only and the straight line represents a le
squares fit to the data. The CB background is eliminated
extrapolating the coincidence count rate to unit thickne
The CB background amounts on the average to about 8
of the TPC count rate for 40 mg cm22 target thickness.

For the present measurements, the selected energy
dow of E2 and experimentally observed spread ofE1 overlap
for independent energy levels of 176.2 and 123.1 keV
scattering angles of 70° and 100°, respectively. Obser
coincidence counting rates are corrected for these two
ticular cases according to the formula

~Nd!corrected5~Nd!observed/~1.01 f ! ~8!

with f being the degree of overlapping. Values off vary from
zero for no overlap to 1 for 100% overlap. The cross sect
values for these two specific energy levels are evaluated a
correcting the observed coincidence count rate.

Differential cross sections for two-photon Compton sc
tering for different energy levels of the second photon
calculated from the coincidence count rate due to two-pho
Compton scattering, single-photon Compton scattering co
rate, and other required parameters. The measured valu
the collision differential cross section are given in Fig. 6 a
column 6 of Table I. Column 7 gives the corresponding v

FIG. 4. Energy distribution ofE1 for E2575 keV. The error
bars represent statistical uncertainties only.
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TABLE I. Present measured values of the differential cross section per unit energy interval for
photon Compton scattering for 0.662 MeV incident gamma photons atu25f25p/2. The errors represen
statistical uncertainties only.

Scattering
angleu1 DE2~keV! E2~keV!

Differential cross section (310232 cm2 sr22 keV21)

E1 ~keV! d(es) d(ess) d(esa)

Expt. Theory Expt. Theory Expt. Theory Expt. Theo

70° 50–100 71.0 290.0 291.1 2.126.31 2.05 1.166.17 1.12 0.966.14 0.93
100–150 123.4 249.0 235.0 1.036.17 1.02 0.586.09 0.55 0.456.07 0.47
150–200 176.2 179.0 170.8 1.106.16 0.96 0.596.09 0.50 0.516.07 0.46
200–250 229.2 95.0 96.8 1.926.30 1.87 0.946.15 0.92 0.986.15 0.95

100° 50–100 70.9 218.0 209.6 1.926.32 1.98 0.846.14 0.84 1.086.18 1.14
100–150 123.1 178.0 166.4 0.976.16 0.95 0.446.07 0.42 0.536.09 0.53
150–200 175.6 122.0 119.0 0.826.15 0.79 0.376.07 0.35 0.456.08 0.44
200–250 228.9 61.0 65.9 1.386.29 1.39 0.606.13 0.62 0.786.16 0.77
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ues calculated from theory for the same energy and direc
of emission of the scattered photons. The errors indicate
tistical uncertainties only.

The measured values of the scattering and absorption
ferential cross sections are given in columns 8 and 10,
spectively. Columns 9 and 11 give the corresponding val
calculated from theory for the same energy and direction
emission of scattered photons. The errors indicate statis
uncertainties only.

An overall error of nearly 25% is estimated in the pres
measurements and is due to statistical uncertainties in
coincidence count rate due to two-photon Compton sca
ing events~;10–15 %!, single-photon Compton count rat
~;1%!, solid angles~;2%!, detector efficiencies~;5%!,
and scatterer thickness~;1%!. The maximum uncertainty in
the measurement of energy is estimated to be less than 2
The self-absorption in the scatterer is estimated to be
than 1% for energies greater than 30 keV. The probabili
of photons being split by the nuclear electrostatic field@17# is
negligible. The efficiency of the fast coincidence setup
100%. The detector to detector scattering contribution to
incidences is almost negligible. Since the theoretical cr

FIG. 5. Coincidence count rate per unit thickness versus ta
thickness.~a!, coincidences due to TPC and CB events.~b! coinci-
dences purely due to TPC events. The error bars represent stat
error only.
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section varies over the angles allowed by the two dete
apertures and finite energy window of independent final p
ton energy, the averaged theoretical cross section values
obtained from the following equation by numerical integr
tion:

@d3s th~E2!/dV1dV2dE2#av

5~1/V1V2DE2!

3E E E dV1dV2dE2@d3s th~E2!/dV1dV2dE2#,

~9!

whereE2 is independent final photon energy.
The maximum deviation of the average cross-section v

ues from the unaveraged one is found to be less than 2
where as in Ref.@10# these values differ by more than 10%
Our measured results for differential cross sections are
agreement with theory@1# in both the forward and backwar
hemispheres within experimental estimated error.

et

ical

FIG. 6. Collision differential cross section per unit energy inte
val as a function of independent final photon energyE2 for 0.662
MeV incident photons atu25f2590° for ~a! u1570° ~Scale along
left Y axis! and~b! u15100° ~Scale along rightY axis!. The errors
bar represent statistical uncertainties only.
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Our results for two-photon Compton scattering supp
the theoretical differential cross section for this weak or
process, derived by Mandl and Skyrme. The present m
surements also confirm that the probability for occurrence
this process is higher when one of the emitted photon is s
and emission of one of the photons in the forward direct
is more likely to occur than that in the backward directi
when the second photon is detected at 90° to the incid
beam. Yet our understanding of this process is certainly
complete and needs further investigations at small scatte
angles and higher incident photon energies where this hig
order process is more likely to occur. No doubt the expe
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ment requires long periods of exceptional stability, beca
the coincidence count rates are extremely small, and he
future experiments must be carried out using multiparam
analyzer to observe the loci of Compton-bremsstrahlung
random events.
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