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Measurement of two-photon Compton cross sections
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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 incideny photons as produced by an 8-&/Cs radioactive source. The two simulta-
neously emitted photons in this process are detected in coincidence using t@W) Saintillation 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.
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PACS numbd(s): 32.80—t, 13.60—r

[. INTRODUCTION electron in this process are also obtained and can be consid-
ered as two-photon Compton analogs of the corresponding
In the collision between a photon and a free electron, it igelations for single-photon Compton scattering. Measure-
impossible to state with certainty that the final state of thements[7,8] suffer from the limitation that no method was
electron photon system contains one photon only. The scagpplied to eliminate the Compton-bremsstrahlu(@B)
tering process of a single incident photon by an electron intdackground from the observed coincidences and thus the re-
a final state consisting of two photons is called two-photoriPorted results are consistently higher than those predicted by
Compton scattering, also sometimes called double-Comptotie Mandl and Skyrmgl] expression for two-photon Comp-
scattering. The two-photon Compton process is believed t&n scattering.
be well described by the standard quantum electrodynamics The collision, scattering and absorption differential cross
and has not been subjected to extensive experimental studgections for single-photon Compton scattering have been de-
An exact theory of this process is given by Mandl andscribed in Ref[9], but the same is not true for two-photon
Skyrme[1] and their expression for the collision differential Compton scattering. The collision differential cross sections

cross section can be regarded as a two-photon Compton arf@' this higher order process have been measured by McGie
log of the well known Klein-Nishina relation for single- €t al.[10] when two detectors are placed at 90° to each other

photon Compton scattering. and to the incident beam. These measuremgls suffer

The two-photon Compton effect has also been consideretiom the limitation that the angles allowed by the two detec-
by Brown and Feynmaf2], Ram and Wand3], Smirnov  tor apertures are quite largspread of 34f and thus the
[4], and Mork[5]. The main feature of their theoretical work reported results correspond to average cross section values
shows infrared divergence as energy of one of the emitte@ver the allowed subtended solid angles. The collision dif-
photon approaches zero. Mdi] noted that the expressions ferential cross sections have also been measured by Niecke
for the differential two-photon Compton cross section by[11l] under the same experimental conditions as described in
Mandl and Skyrmé1] and the radiative correction to single- Ref. [10]. The experimental results are in good agreement
photon Compton scattering by Brown and Feynrf@each  With the theoretical predictiondl] and experimental data of
contained infrared divergencies, of opposite sign. The comMcGie et al. [10].
bined radiative and the two-photon Compton corrections, for In the present work, of academic interest, differential
photon energies from 10 keV to 100 GeV, are given by Hub-Cross section values for this process have been measured as a
bell et al. [6]. function of independent final photon energy. The incident

The two-photon Compton scattering phenomenon is imphoton energy is 0.662 MeV and one of the emitted photon
portant becausé) it provides a test of quantum e|ectrody- is detected at 70° and 100°, while the other emitted photon is
namics, (i) it provides a mechanism of photon multiplica- detected at 90° to the incident beam and the angle between
tion, and (iii) this effect contributes appreciably to total them is 90°. The present geometries are chosen because no
scattering coefficients at higher incident photon energiesdata on differential cross sections for this process are avail-
Measurements confirming the existence of this process hawble for both the forward and backward hemispheres.
been given in a previous papgr] to which we refer for
literature on the theoretical studies on this process and on
preceding experimental results. These measurements have
been performed using 110 m&#’Cs source for the total In two-photon Compton scattering, the interaction of an
cross section as a function of one of the scattering angle$ncident photon with a free electron gives rise to emission of
when the other photon is detected at 90° to the incident beartwo scatteredy quanta at the same time. So all the experi-
and both detected photons have energies greater than B@ental observations on this effect are based on coincidence
keV, for coplanar emission of two emitted photons. Kine-measurements in which directions of both final photons are
matical relations for the energy and direction of the recoilkept fixed and the coincidences are counted. The greatest

Il. EXPERIMENTAL SETUP
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—— window of the second photoB, on ND62 MCA, which is
2 00 200mm _ gated with the output of the coincidence setup. Both the de-
Source Contain 't z tectors are biased above tHex-ray energy of the scatterer
\ (1.56 keV for aluminum scatterefhe observed coincidence

NN \ spectrum consists of true events due to two-photon Compton
N \\ \\\ (82 $2) scattering events, chance, and false events.
‘ %/ \7 The energyE, of one of the emitted photon, witk,
$%R " (energy of the other emitted photoas the independent en-
/4 - ergy, is given by the laws of conservation of energy and
R g momentum. For the present measurements, at two different
\”\\
S-Source

angular positions of the detect@r;, the energy of photon
E, is given by the formula

A - Aluminium window 3

M- Murcury collimator To Mercury

C - Conical lead collimator Reservair

E1=[Moc*{Eo— Ep(1+(Eq/moc®))}l/
Sc— Scatterer

Pb-Lead [Moc?+ Eq(1—cosé;) — E,], (1)

A

FIG. 1. Experimental setup. S: 8 &Cs radioactive source; Sc: whereE, 's_ t_he energy of ',nc'dem/ photons. .
Aluminum scattererD,, D,: Nal(Tl) scintillation detectors; Pb: The collision cross sections refer to the number of colli-

ieldi sions of any particular type, and they describe the number of
Lead shielding.

o _ _ o photons which are scattered in a particular direction, as a
difficulty in the present experiment lies in the low value of fraction of the number of incident photons. For two-photon
the intensity to be measured; in fact the cross section for thi€ompton scattering, when a photon of enefgyis scattered
process is already low in itself, and one selects the pair ofhto an element of solid anglé(), in direction (@, ¢,) of
photons emitted into small solid angles around the fixed d"detectorDz and another photon having energy [given by

rections. The experimentgl ar_rangementéjfsed for. the .presef:}h. (1)] is scattered into solid anglé(), in direction 6, of
measurements is shown in Fig. 1. An 8 TiCs radioactive detector D;, the collision differential cross section

source was placed in the cavifimensions 88 mm in length 3 . o i
and 29 mm in diametgrof a rectangular lead container of ,E.d o/d€);d0),dE,) or in shortd(eo) is given by the rela
dimensions 200 mxi160 mmx 160 mm. A cylindrical beam 'on
collimator (diameter 25 mm and length 80 mntonsisting _ ,

of a brass pipe and aluminum windows, was filled with a d(e0) = (Ng/Ng){doen/dQy)e/(e2Qze2), (2
column of mercury between measurements and is used tohereN is the coincidence count rate per unit energy inter-
open and close the incident beam. A conical lead collimato" d P 9

(length 80 mm, diameter 20 mm, and 70 mm on two s)idesval due to two-photon Compton scattering eveis;is the
y ; ingle-photon Compton scattering count rate for the detector

reduces the effect of scattering from the edges. By closin%I ;
- L : ; O, andQ, are solid angles subtended by the two de-
- 1 1 2
the mercury-filled cylindrical beam opening, the background clors at the scattering centédoy /df,) is the Klein-

near the assembly comes up to natural background Ieveﬁ\,l. hi tion for sinale-photon G i tteri
thus indicating proper shielding of the radioactive source. . IShina cross section for single-photon L.ompton scattering
in the direction of detectoD; and averaged over the sub-

Gamma rays from an 8 Ci (1 €37 GBq) '*'Cs radioac- tended solid andl q the efficiancies of the t
tive source are made to fall on a thin aluminum scattererc'd€C SOIIC angié;, ande, are the einciencies or the two

The two gamma quanta emitted simultaneously in this pro_deaectors for tWO_ errlFted Cgba}mmaffc)_hptons h?vtljng enefgjes
cess are detected by two N@l) scintillation detectors hay- aNd Ez, respectively; anc:’ is efficiency of detectoD,
ing dimensions 51 mixi51 mm and 45mm25mm. The correspondmg to gnergt;‘t due to single-photon Compton
scattering plane is defined b§—Sc—D;, and 6, is the scattering in the direction of the detector.

scattering angle for one of the emitted photdh X detected In_ sharp contrast, two-photon Compton scattering cross
by detectoD, . The direction of emission of the other pho- sections refer to the amount of energy scattered in a particu-

ton (E,) is given by polar angl#, and azimuthal angle, . lar direction, and they describe the energy content of the

The timing electronics using Canberra ARC timing amplifi- photpns which'ar'e sca'ttered'in a particular. direc;tion, as a
ers are used to record these events. It is determined that fa@?et'on of Fhe '”g'de”t intensity. The scattering differential
coincidence efficiency is nearly 100% farray energies 0SS section, d.aldﬂldﬂ?dEZ)scaﬁe””g or In. short as
larger than about 25 keV if the resolving time is set at al(e0’s), representing scattering or mere deflection of electro-
nominal value of 30 nsec. For the present measurements t a%r_]t(_etlc r_adlz_itlon(g r&ys) uln(tjer the same experimental
solid angles subtended by the two detectors at the scatterirﬁ?n ions 1s given by the refation

center are 0.13 and 0.27 %, respectively, thus the angular _

spread due to detector apertures are 8.3° and 11.9°, respec- d(eos) ={(E1+E2)/Eo)}d(e0). ®)
tively and are quite small in comparison to the 34° spread in

: In a similar way the absorption differential cross section,
an earlier measuremefit0].

(d30/dQ,dQ,d E>) absorptionOF iN short agd(c0,), represent-
IIl. METHOD OF MEASUREMENT ing true absorption of energy from the em radiation is given
by the relation
In the present measurements, the energy spectrum of one
of the emitted photon&; is recorded for a fixed energy d(eoa) ={1—(E;+Ey)/Eptd(c0) (4)
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(IV) Two-photon Compton scattering events taking
place from air and other surrounding materials may also con-
tribute to coincidences.

(V) Higher order processes such as three-photon Comp-
ton scattering may also contribute to coincidences.

The contribution due to eventH) is minimized by proper
shielding of the two detectors and keeping their faces well
inside the lead shielding so that the photons scattered from
the face of one detector may not reach the other detector. The
contribution due to eventdll) and(IV) is measured experi-
mentally by recording the coincidence count rate without the
aluminum scatterer in the primary beam. The contribution
due to eventgV) is negligible, as the cross section for this
process isy (fine structure constast3;) times smaller than
for two-photon Compton scattering. The elimination of coin-

FIG. 2. Various processes contributing to false events under thgjjences due to eventd is carried out experimentally.
present experimental conditiong: incident photon; Sc: scatterer; Experimental measurements are made as follows.

v’ : single-photon Compton §cattered photeg; recoil Compton (i) Coincidence energy spectra Bf, for a finite energy

electron; B: bremsstrahlung;”: double scattered photon; N: natu- \ indow of E,, are recorded with aluminum scatterer in the

ral background; M: surrounding material; , y», and y;, multi- .

photon Compton scattered photons; D, detectofl.) primary beam. .

Bremsstrahlungy’ coincidences(ll.) detector to detector scattering (ii) The qhance{or random count.rate n the above mea-
surements is recorded by introducing a suitable delay of 75

coincidences,(lll.) natural background coincidencegy.) two- . f the d . h | duci hi .
photon Compton coincidences from air and surrounding materiald)SEC IN one of the detecting channels. Introducing this suit-

and(V.) coincidences due to higher order multiphoton processes. abl€ delay eliminates true coincidences corresponding to the
processes in which two correlated gamma rays are detected

Since the differential collision cross section for this procesdn coincidence. _ ,
varies over the finite energy spre#80 keV for detector (iii) Coincidences are recorded after removing the alumi-
D,); the independent energy levels of the second photon ar@dm target out of primary beam to permit the registration of

evaluated as average of the energy values weighted in préhe coincidences due to cosmic rays and to any other process

portion to the probability for occurrence of this process ac-ndependent of the target. -~
cording to the following relation: (iv) Chance coincidences in measuremefiiiy are re-

corded as described ifi).

(v) The single-photon Compton spectrum for one of the

EzZ[L Eo{d%0(E,)/dQdO,dE,}d Ez} / detectorD is recorded with the same aluminum scatterer in
F2 the primary beam.
Measurements under conditiofi$ to (v) are recorded in

) 5 alternative time intervals with a view to avoiding errors due
to possible effect of any drift in the system during measure-
ments, which takes nearly a month for one finite energy win-
dow of E,. The true coincidence count rate due to two-
photon Compton scattering events is given as

{d30(E,)/dQ,dQ,dE,}dE,
AE,

where AE, being the energy window of second photon de-
tected by detectobD.

The quantities such ady and Ng are measured experi-
mentally. The solid angles are measured from the geometry
of the experimental setup. Independent energy levels of sec-

ond photon having energl¢, are evaluated using E@5).

Single-photon Compton cross sections are calculated froffhereN is the coincidence count rate with a scatterer in the
the Klein-Nishina relation, and detector efficiencies are calPrimary beamNc, is the corresponding chance coincidence
culated from the available literature. count rate in these events, ahg is the coincidence count

rate due to false events; unrelated to the target. The chance
coincidence count rate is also calculated from the individual
count rates\N; andN, of the two detectors using the relation.

In addition to coincidence events recorded due to two-

Ng=N¢—Ncp—Ns, (6)

IV. MEASUREMENTS IN COINCIDENCE

photon Compton scattering, the following are the main Neh=279N1N3y, (7)
sources of false events, shown in Fig. 2, under the present
experimental conditions. where 2ry is the resolving time of the electronic setup. A

(I) The bremsstrahlung produced by recoil Comptonclose agreement is found between the two chance count
electrons may be detected in coincidence with single-photorates.

Compton scattereg rays. Since true coincidences are few in number, the experi-
(I) Detector to detector scattering may also contributement is performed over a long period of time to achieve
to false coincidences. reasonable counting statistics. The calibration and stability of

(1)  The natural background, cosmic rays and weak rathe system are checked regularly and adjustments are made if
dioactive sources present in the laboratory. required.
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FIG. 3. Photopeak efficiency of Nall) scintillation detector.  pars represent statistical uncertainties only.

(@) 51 mmx51 mm and(b) 45 mmx25 mm.

The observed coincidence count rate per unit energy in-
terval under the peak of recorded energy spectrum consists

The photopeak efficiency of a Nal) scintillation detec- of coincidgnges resulting from interactions in the target.
tor is the product of the probability of detecting radiation These coincidences correspond to two-photon Compton
falling on the detectofintrinsic efficiency and the fraction (TPC) scattering and Compton-bremsstrahlu@) events.
of radiations detected by the crystal which dissipates fultA theoretical calculation of the CB events is rendered uncer-
energy in it(photofraction. The data for intrinsic efficiency tain by scattering of the reco_|l electron before emission of
and photofraction reported by CrouthanjdP] is used to bremsstrahlung, so an experimental approach suggested by
calculate photopeak efficiencies of both the detectors corrdavanagh(16] is used to eliminate CB events. The TPC
sponding to geometry of the present experimental setugiount rate varies linearly and the CB count rate quadratically
Photopeak efficiencies of both the detectors are corrected fa¥ith target thickness. The energy spectra are recorded with
the iodine escape pedk3,14 and absorption in the alumi- four different target thicknesses of 13, 27.5, 40, and 53.5
num windows[15], and are shown in Fig. 3. Photopeak ef- Mg cm “. A plot of coincidence count rate per unit thickness
ficiencies of both the detectors are also measured experimeMersus thickness for such a series would be a straight line of
tally using single energy sources #'Cs(662keV) and Slope zero if target related background is negligible and a
203g(279 keV) of known source strengths corresponding tostraight line of positive slope if CB background is signifi-
present geometry and are found nearly in agreement witGant- A plot of coincidence count rate per unit thickness ver-
theoretical values. Efficiency of the coincidence setup iSUS thickness is shown in Fig. 5. The error bars represent
measured experimentally usiR@Na radioactive source. Two Statistical errors only and the straight line represents a least-
Nal(Tl) detectors subtending equal solid angles are placegduares fit to the data. The CB background is eliminated by
exactly opposite to each other. The coincidence count rate gxtrapolating the coincidence count rate to unit thickness.
found to be exactly in agreement with the individual count "€ CB background amounts on the average to about 8.2%

rate of one of the detector®g for the present experimental ©f the TPC count rate for 40 mg crhtarget thickness. _
setup. For the present measurements, the selected energy win-

dow of E, and experimentally observed spread=sqfoverlap

for independent energy levels of 176.2 and 123.1 keV at
VI. RESULTS AND DISCUSSIONS scattering angles of 70° and 100°, respectively. Observed
coincidence counting rates are corrected for these two par-
ticular cases according to the formula

V. PHOTOPEAK EFFICIENCIES

A typical coincidence spectrum, corrected for fajsx-
cept eventgl) in Sec. V] and chance events, of one of the
emitted photons for a fixed energy window of the second
photon, is shown in Fig. 4. The solid curve represents the (Na) corrected™ (Na) observed (1.0+ f ) ®)
best-fit curve through the experimental points corresponding
to the peak observed in the energy spectrum. The energyith f being the degree of overlapping. Values ofiry from
spread in the observed photopeak is mainly due to the energsero for no overlap to 1 for 100% overlap. The cross section
resolution of the spectrometers and finite energy window o¥alues for these two specific energy levels are evaluated after
the second photon. The contribution to energy spread due tworrecting the observed coincidence count rate.
angular aperture of the scintillation detectors and finite thick- Differential cross sections for two-photon Compton scat-
ness of the scatterer is quite small compared with the intrintering for different energy levels of the second photon are
sic resolution of the spectrometers. The measured values chlculated from the coincidence count rate due to two-photon
the energy of one of the emitted photons corresponding t€ompton scattering, single-photon Compton scattering count
the peaks observed in energy spectrum are given in columnréate, and other required parameters. The measured values of
of Table 1. Column 5 in Table | gives the correspondingthe collision differential cross section are given in Fig. 6 and
theoretical values calculated from E@). column 6 of Table I. Column 7 gives the corresponding val-
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TABLE I. Present measured values of the differential cross section per unit energy interval for two-
photon Compton scattering for 0.662 MeV incident gamma photorts atp,= 7/2. The errors represent
statistical uncertainties only.

Differential cross sectionX 10 *2cn?sr2keV 1)

. E; (keV) d(eo) d(eos) d(eoa)
Scattering
angled; AE,(keV) E,(keV) Expt. Theory Expt. Theory Expt. Theory Expt. Theory

70° 50-100 71.0 290.0 2911 24231 205 1.16.17 112 0.96.14 0.93
100-150 1234 249.0 2350 16317 1.02 0.58.09 055 0.45.07 047
150-200 176.2 179.0 170.8 14016 0.96 0.5%.09 0.50 0.5%.07 0.46
200-250 229.2 95.0 96.8 18230 1.87 0.94.15 092 0.98.15 0.95

100° 50-100 70.9 218.0 209.6 18282 198 0.84.14 084 1.08.18 1.14
100-150 123.1 178.0 166.4 048716 0.95 0.44.07 042 0.5%.09 0.53
150-200 175.6 122.0 119.0 0825 0.79 0.3%.07 0.35 0.45.08 0.44
200-250 2289 61.0 659 13829 139 0.66.13 062 0.7&8.16 0.77

ues calculated from theory for the same energy and directiosection varies over the angles allowed by the two detector
of emission of the scattered photons. The errors indicate stapertures and finite energy window of independent final pho-
tistical uncertainties only. ton energy, the averaged theoretical cross section values are

The measured values of the scattering and absorption dibbtained from the following equation by numerical integra-
ferential cross sections are given in columns 8 and 10, retion:
spectively. Columns 9 and 11 give the corresponding values
calculated from theory for the same energy and direction of d3o'"(E,)/dQ,dQ,dE, ],
emission of scattered photons. The errors indicate statistical
uncertainties only. =(1/0,Q,AE,)

An overall error of nearly 25% is estimated in the present
measurements and is due to statistical uncertainties in the
coincidence count rate due to two-photon Compton scatter-
ing events(~10-15%, single-photon Compton count rate 9)
(~1%), solid angles(~2%), detector efficienciegs~5%),
and scatterer thickne$s-1%,). The maximum uncertainty in
the measurement of energy is estimated to be less than 2.0 ‘The maximum deviation of the average cross-section val-

The self-absorption in the scatterer is estimated to be Ies&es from the unaveraged one is found to be less than 2.5%

than 1% for e.nergie_s greater than 30 keV. Th? pmba.b”itie%here as in Ref[10] these values differ by more than 10%.
of photons being split by the nuclear electrostatic fldid] is Our measured results for differential cross sections are in

negligible. The efficiency of the fast coincidence setup isagreement with theorj] in both the forward and backward

100%. The detector to detector scattering contribution to Cohemispheres within experimental estimated error
incidences is almost negligible. Since the theoretical cross '

X J J J dQ,dQ,dE,[d3c"(E,)/dQ,dQ,dE,],

&lhereEz is independent final photon energy.
0
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FIG. 6. Collision differential cross section per unit energy inter-
FIG. 5. Coincidence count rate per unit thickness versus targetal as a function of independent final photon enekgyfor 0.662
thickness.(a), coincidences due to TPC and CB everibs.coinci- MeV incident photons af,= ¢,=90° for (a) ,=70° (Scale along
dences purely due to TPC events. The error bars represent statistidaft Y axis) and(b) #,=100° (Scale along righY axis). The errors

error only. bar represent statistical uncertainties only.
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Our results for two-photon Compton scattering supportment requires long periods of exceptional stability, because
the theoretical differential cross section for this weak ordeithe coincidence count rates are extremely small, and hence
process, derived by Mandl and Skyrme. The present meduture experiments must be carried out using multiparameter
surements also confirm that the probability for occurrence ohnalyzer to observe the loci of Compton-bremsstrahlung and
this process is higher when one of the emitted photon is softagndom events.
and emission of one of the photons in the forward direction
is more likely to occur than that in the backward direction
when the second photon is detected at 90° to the incident
beam. Yet our understanding of this process is certainly in-
complete and needs further investigations at small scattering The authors are grateful to University Grants Commis-
angles and higher incident photon energies where this highesion, India for providing financial assistance during the ten-
order process is more likely to occur. No doubt the experi-ure of the present experiment.
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