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Comyton electron scattering in the 0.1 to 5.0 Gev energy range
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We have measured the Compton electron spectrum coming from photons produced from the decays of m

mesons. The production rate agrees well with that predicted from the Klein-Nishina formula. The agreement,
expressed as a ratio R between the predicted and the measured numbers of Compton electrons, is as follows:
For Compton-electron energies between 0.1 and 5.0 GeV, R = 1.03+0.07; for energies between 0.8 and
5.0 GeV, R = 0.95+0.14.

I. INTRODUCTION

The scattering of photons by free electrons is
one of the simplest and most basic quantum-elec-
trodynamic processes that is experimentally ac-
cessible. Many theoretical calculations of the
characteristics of this interaction have been made
after the first semi-quantum-mechanical treat-
ment was presented by A. H. Compton in 1922.'
However, relatively few experimental measure-
ments have been made at high energies. We pre-
sent here results that include the first Compton-
scattering measurements that have been made
using photons over 1 GeV. In this introduction we
first summarize the theoretically predicted char-
acteristics of Compton scattering at high energies.
We then review the experimental measurements
that have been made using photons over 0.1 GeV.
With this perspective established, we present our
experimental procedure (Sec. II}, the data obtained
(Sec. III), and a comparison to theory (Secs. IV
and V}.

Compton scattering at high energies (above 0.1
GeV). Figure 3(a) shows a typical radiative cor-
rection to single Compton scattering and Fig. 3(b)
shows a diagram representing double Compton
scattering in which there are two real photons in
the final state. Double Compton scattering affects
the measurement of single Compton scattering
since a second very soft photon will not be detect-
able by the experimental apparatus.

The interference between the basic first-order
amplitude and the radiative amplitude causes a
suppression of the single-Compton-scattering total
cross section below that predicted by the Klein-
Nishina formula. This interference amplitude was
first calculated by Brown and Feynman' and the
total cross section has been subsequently evaluated
in a more convenient form by Anders' and Mork.
Using a result obtained by Mork, the effect of the
radiative amplitude can be calculated easily and is
shown in Fig. 4 (dashed curve) as a percentage

A. A summary of theoretical calculations Ir7
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The correct QED treatment of the lowest-order
scattering diagram [see Fig. 1(a)] was published
by Klein and Nishina in 1929~ and by Tamm in

1930.' The general characteristics of Compton
electron scattering, as predicted by the Klein-
Nishina formula, are shown in Fig. 2 [see Fig.
1(b) for the laboratory scattering variables used
throughout this paper]. The total cross section
for photons in the energy range from 0.1 to 10
GeV is shown and also a typical differential cross
section evaluated for 1-GeV photons. These il-
lustrate two mell-known features of Compton elec-
tron scattering at high energies: (i) the total cross
section decreases approximately as 1/F. , and (ii)
do/dQ, for the scattered electron is sharply peaked
at small angles relative to the incident photon.

Two types of corrections to the basic Klein-
Nishina formula must be considered when studying

~II' 'IL
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FIG. 1. {a) The lowest-order Feynman diagrams for
Compton scattering. A @EDcalculation using these
diagrams results in the Klein-Nishina formula. {b)
Definition of the laboratory scattering variables used
throughout this paper.
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FIG. 2. Cross sections calculated using the Klein-Nishina formula; (a) the total cross section as a function of photon
laboratory energy and (b) the laboratory differential cross section in terms of the scattered electron angle.

correction to the Klein-Nishina total cross sec-
tion. '

The theory of double Compton scattering was
first studied in detail by Mandl and Skyrme. ' Quan-
titative predictions require rather complicated
numerical integrations and these have been con-
sidered by Anders, ' Ram and Wang, ' and Mork. '
We have used results obtained in Mork's paper to
calculate the total double-scattering cross section
in the photon-energy range from 0.1 to 1.0 GeV."
This is shown in Fig. 4 (dotted curve} as a per-
centage correction to the Klein-Nishina total cross
section. Mork did not extend his numerical inte-
gration results above 1 GeV, but calculations done

by Ram and Wang suggest that the double-scatter-
ing total cross section increases by only about 3

between 1 and 10 GeV.
The sum of the single and double Compton cross

sections is given by the solid curve in Fig 4."
This is the total cross section for ye -e + (one
or two y's) and, because of the partial cancellation
between the radiative correction and the double
Compton effect, does not differ much from the
Klein-Nishina total cross section for y~ -y~ .
We emphasize this point because it is sometimes
not clearly stated in the theoretical literature.

7i

(a)
/i7

7i
(b)
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accuracy of from 10 to 15 @.
Coensgen" used a 0.25-GeV photon beam and

measured the coincidence between the Compton-
scattered photon and electron. His data for do/&&y

agree with the Klein-Nishina differential cross
section to 10% for 4'«z & 25'. An experiment
done by Kurnosova et al."also used 0.25-GeV
photons but measured only the scattered electron.
They find that the cross section for electrons
scattered with energies between 0.23 and 0.25 GeV
agrees with the Klein-Nishina prediction to about
15%. Anderson et al."measured the total single-

B. A review of experimental measurements

Four measurements have been made using photon
beams with energies over 0.1 GeV. They test dif-
ferent aspects of Compton scattering and find
agreement with the Klein-¹ishina formula to an

e'

FIG. 3. (a) A typical radiative correction to single
Compton scattering. '

(b) A Feynman diagram represent-
ing double Compton scattering.
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FIG. 4. The dashed curve shorvs the percentage correction to the Klein-Nishina formula caused by radiative correc-
tions of the type shown in I"ig. 3(a}. The dotted curve shows the double-scattering cross section expressed as a percen.
tage of the Klein-Nishina formula. The total percentage correction to the IQein-Nishina formula due to both effects j,s
given by the solid curve.

plus-douhle Compton-scattering cross section
using 0.32-oeV photons and found agreement with
theory to about 15% (a photon total-absorption
technique was used). Finally, Gittelman e& af."
measured the cross section for the Compton scat-
tering of a bremsstrahlung photon beam covering
the energy range 0.2 to 0.95 QeV. They measured
essentially the total Compton cross section since
the experiment detected all electrons scattered at
small forward angles. Their data agree with pre-
dictions of the Klein-Nishina formula to about 104.

H. EXPERIMENTAL PROD:EDURE

A. Photon source and f1ux measurement

The Compton electrons studied in this experi-
ment were produced by photons coming from the
hadronic interaction of 105-GeV/c w' mesons with
nucleons. At least 904 of these y's come from the
decay of & mesons. The r-production point and
the Compton electron were both observed in the
SI AC 82-in. bubble chamber filled with a hydrogen-
neon mixture (32.2 molar percent neon). This
liquid has a radiation length of 125 cm and an el-
ectron density of 9.28&1022 cm '. A total of 44400
y's with energy between 0.1 and 10 GeV were pro-
duced from a sample of about 20000 &'-nucleon
interactions. The y flux was monitored from elec-
tron-positron pair production in the bubble cham-
ber. The pairs were measured on precision mea-
suring machines in order to determine the energy
spectrum of the y flux, which is shown in Fig. 5.
The details of the y-pair scanning, measurement,
and detection efficiency calculations have been
described in previous publications. " The results
of our studies show that, after aB corrections,
the y-flux measurement from the &'-8 pairs has
a systematic uncertainty of less than 6%. This is

essentially independent of y energy. The electron-
momentum measurements were properly corrected
for ionization and bremsstrahlung energy losses,
and the y energy, as determined from the sum of
the electron-pair energies, was deter mined to
about 8~~ (o~/E).

8. Scanning and measurement

The bubble-chamber photographs containing the
20000 primary &'-nucleon interactions were dou-
bly scanned for Compton electrons. Any single
negative track that was minimum ionizing and

pointed back to the production point within 10 was
accepted as a Compton-electron candidate. All
positive tracks satisfying the criteria applied to
negative tracks were also accepted in scanning.
Most of the positive tracks are from small-angle
+P andÃop charge-exchange scattering and do not,
in fact, represent a Compton-electron background.
However, they were useful in putting upper limits
on certain backgrounds that are nearly symmetric
between positive and negative tracks (see the dis-
cussion below).

Fiducial-volume cuts were applied which ensured
measurability of the e tracks near the edge of the
bubble chamber. In addition, a minimum neutral
flight path was imposed to avoid confusion with
knock-on e from charged tracks near the inter-
action origin.

The events found in the two complete scans were
merged, yielding a sample of data consisting of
408 Compton-electron candidates and 62 positive
tracks deliberately included for background-mon-
itor purposes. The scanning efficiency was studied
as a function of momentum and found to have little
variation. For the Compton electrons finally sel-
ected (see Sec. HC) the scanning efficiency was
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found to be (95 +2)% for energies below 400 MeV
and (94 +2@ for energies above 400 MeV.

The momentum of each track eras calculated
from curvature measurements made directly on the
sean table. This procedure allows careful treat-
ment of the problems caused by hard bremsstrah-
lung of the elect ons at little expense to measure-
ment pI'ec181OQ. The cuI'VRture measurements vTere

converted to momenta and properly corrected for
ionization and br emsstrahlung losses. The resulting
average electron-momentum error is about 10%
(os/~).

C. Background corrections

There Rre three sources of background that must
be removed from the Compton-electron candidates.

(i) Unassociated Compton electrons. We must re-
ject those Compton electrons not coming from the
px'imaI y hadronic interactions which were used to
produce the primary photon flux (see Sec. IIA).
UQRssoc1Rted Compton electx'ons may come fx'om
I'andom hadronic interactions in the bubble-cham-

beI' liquid or entrance Window'. In addition, e-e
pairs from photon conversions produce secondary
bremsstrahlung photons that can in turn produce
Compton electrons. These random, background
Compton electrons were removed by making use of
the meRsured angle between the neutrRl d11ection
from the hadronic interaction to the electron origin
Rnd the direction of the electron itself. The angle
was measured in projection on the scan table.
Figure 6(a) shows the distribution of this angle for
all Compton-electron candidates. The sharp peak
near zero degrees is in marked contrast to the flat
angular distribution found for positive tracks satis-
fying all the same scanning criteria [see Fig. 6(b)j.
The solid curve in Fig. 6(a) shows our estimate of
the contribution of unassociated Compton electrons
to these data, . The shape of th18 curve %'Rs obtained
by tRk1ng the conve1 sion vex"tex point Rnd photon
direction of measured e -t.'" pairs from one bubble-
chamber photograph and adding these to the recon-
struc ted primary vertex point of another, random-
ly selected, r'-nucleon interaction. The projected
pointing angle of Compton electrons from these
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randomly introduced photons was then calculated
using a Monte Carlo program. The solid curve in
Fig. 6(a) is the distribution of this angle, normal-
ized to the observed Compton-electron candidates
with pointing angles greater than 4' (taking into
account a very small contribution expected for
real Compton electrons}. If we make a cut at 4',
then the background due to unassociated Compton
electrons is 26 events out of 370, or about '%.
The 4 angle eut also removes some truly associa-
ted Compton electrons, but this is properly cor-
rected for when we compare our data, to @ED
theory {see Sec. IV).

(ii) Asymmetric s' -e pairs. A y conversion into
an & -& pair with an undetected 8 could fake a
Compton electron. The 8' would not be seen in the
bubble chamber if either its range is very short
or it annihilates in flight near the pair origin. We
considex each of these effects separately and show
that the combined background is no more than 2%
of the accepted Compton-electron data.

Because of the relatively low density (0.265

0 2 4 8 8 lO

Projected Angle (degreea)

FIG. 6. (a) The distribution of the projected scattering
angle of all Compton-electron candidates obtained in
scanning. (b) The same distribution measured for posi-
tive tracks satisfying the Compton sean criteria.

g/cm') of our bubble-chamber liquid, we detect
positrons down to a momentum of 1 MeV/c with
high efficiency. Below this momentum the visibil-
ity gradually decreases in a manner that is diffi-
cult to measure quantitatively. We can, however,
put an upper limit on the number of e -e pairs
with an unseen, short-range e' by making use of
the symmetry with the number of e'-e pairs with
an unseen s . Figure 6(b) shows no evidence for
any peak in the pointing angle at zero degrees
where an 8' -e pair with unseen e would appear.
Using this data, we can put an upper limit of three
fake Compton electrons caused by e'-8 pairs
with unseen short-range e

In addition to short-range ', the e can anni-
hilate via &'& - yy and fake Compton electrons.
%e have calculated this effect by taking each

pair in our data and randomly repartitioning
the &' and e energy sharing using standard QED
theory. We than calculate the probability that the

annihilates within 1 em of the pair origin. A
total of 5.4 events are predicted to fake Compton

via this process {abackground of only 1.5Q).
(iii) Single negative hadhons. The neutral had-

xons coming from the primary lt'-nucleon inter-
action can undergo decays or secondary inter-
actions which produce apparent single negative
tracks in the bubble-chamber liquid. All of these
must have, of course, one or more short-range,
unseen px'otons. We have considered the possi-
bility that these might fake Compton electrons and
find that the effect is negligible. The details of
the argument are given below.

All neutron, &' and &' {6 =+ I }, secondary inter-
actions producing a negative particle involve at
least three particles in the final state." These
would result in a negative particle with a broad
pointing angular distribution that would be re-
moved by the same background subtraction that
removed unassociated Compton electrons. The
one interaction not falling into this category is
+'n-pff with both recoil proton and the nuclear-
fragmentation protons unseen due to short range.
For this particular interaction we have ealeulated
the expected number of small angle & . The &0~

spectrum was obtained from measured Ko~ - m' ~
decays and, together with known cross sections,
used to calculate the number of K secondary inter-
actions within our Compton-electron fiducial vol-
ume. We then sealed down the total number of ex-
pected &~ interactions by the ratio of the forward
&- & P cross section to the total cross section.
The calculation is approximate, but the result
shows that less than one background event comes
from this process.

&' and A' decays cannot fake Compton electrons.
A Ko~ —m' r with short-range & will always be
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s w e ~ r &w) seen because of the subsequent &'-'-e' decay.
A "s with momentum greater than 250 MeV/c will
always produce a decay proton that is seen. The
number ofAo's with momentum less than 250 Me V/c
is small and the decays occur so close to the

origin that our minimum neutral path length cut
reduces this background to a negligible level.

m. THE COMPTON-ELECTRON DATA
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FIG. 7. A comparison of the measured Compton-
electron spectrum (data points) to that predicted from

ED theory. The two solid curves represent the un-
certainty of the theoretical prediction which is based
on measured e+-e pair production.

The final sample of Compton electrons consists
of 357 events which cover the energy range from
0.1 to about 5 QeV. The differential energy spec-
trum is plotted in Fig. 7 and tabulated in Table I.
The table also presents a differential summary of
all the background corrections that were discussed
in Sec. IIC. Because of the small backgrounds
and high detection efficiency in this experiment,
the systematic uncertainties in the Compton-elec-
tron energy spectrum are small compared to the
statistical. errors. The errors quoted contain our
best estimate of all these effects.

As discussed in the next section, the data pre-
sented in Fig. 7 provides our best experimental
test of @ED theory. %e can, in addition, measure
production cross sections which depend on the en-
ergy spectrum of the photon flux in this experi-
ment (see Fig. 5). The cross section for the pro-
duction of Compton electrons with energy greater
than 0.1 GeV by photons with energy greater than
0.1 GeV is 1.83 +0.11 mb. This number is system-
atically uncertain by 8% due to the photon-flux nor-
malization and target-electron density, For or-
ientation purposes we present in Fig. 8 the mea-
sured ratios of Compton electrons to photons and
of e'-8 pairs to photons in the energy range from
0.1 to 5.0 GeV.

TABI.E I. The Compton-electron data shying all background corrections. The last column presents the fully cor
rected d a't a e

Energy
bin

(GeV)

Unassociated
Compton
electrons

8ackground s
e' annihilation

froIH
e -e pairs

e' unseen
from

8-e pairs

Single
negative
had rons

0.1—0,2
0.2—0.4
0.4—0.8
0.8—1.2
1.2 —2.0
2.0—3.0
3.0-5.0
Total

141
101
73
21
25

7
2

370

9.5 + 2.6
11.1 + 3.3
3.6+ 1.6
0.8 + 0.8
0.9+ 0.9
0.3 ~ 0.3
0.0+ 0.3

26.2 +4.7

1.8+ 0.9
1,6+ 0.8
1.0+ 0.5
0.4 + 0.2
0.4 ~ 0.4
0.2 4 0.2
0.0+ 0.1
5.4 + 1.4

0
0
0
0
0
0
0

0
0
0
0
0
0
0

&1

136 + 13
93 +11
73 k9
21.1+5.0
25.3 + 5.7
7.0+ 2.8
2.1 + 1.5

357 + 22

'Fully corrected for scanning efficiency.
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where we have used & =~ -8' and have neglected
terms in which r/sE «1. It then follows that for
the photon spectrum used in our experiment, the
number of Compton electrons expected in the ener-
gy range T, to &, is given by

C ompf on 6-

FIG. S. The number of e'-e pairs produced per
photon compared to the number of Compton electrons
produced per photon. The solid curve through the data
points is the prediction of @ED theory.

IV. COMPTON-ELECTRON THEORY

As discussed in Sec. IA, the QED prediction for
Compton scattering which includes higher-order
corrections [see Figs. 2(a) and 2(b)] differs little
from the cross section calculated using the lowest-
order diagram alone [Fig 1(a)]." .Therefore, for
simplicity, we compare our data directly to the
well-known IGein-Nishina formula which is ac-
curate (see the solid curve in Fig. 4) to within our
experimental errors. For an unpolarized photon
of energy E, the differential-scattering cross sec-
tion is given by

=(mr', E, ~~ I +~
—

~

—
E ~sin8dE' 0 E'&I „&E) 8 &

where F-' is the energy of a photon scattered at
an angle & [see Fig. 1(b)],~ is the electron mass,
and ~0 is the classical electron radius. In order
to compare the predictions of this differential
cross section to our data, we first calculate the
cross section for the production of electrons with
kinetic energy between &, and & by a photon of
energy F-:

where ~~ (E) is the e'-e pair production length
for a photon of energy E,"and ~, (E;T„T,)
=[~(E;T„T,)p, ] ' is the production length for a,

Compton electron in the energy range &, to &, by
a photon of energy E. The sum is over the energy
spectrum of the e'-e pairs (not the photon-energy
spectrum). Since the photon-flux monitor in our
experiment is e'-e pairs, then Eq. (3) gives us a
very direct prediction of the expected number of
Compton electrons. Systematic errors in the liquid
density cancel out as do the effects of fiducial-
volume cuts. The result is relatively insensitive
to errors in the H, versus Ne fractional composi-
tion of our liquid.

Two expex imental corrections must be made to
the numbers of Compton electrons predicted by
Eq. (3) before they can be compared to the data
given in Table I. First, the detection efficiency
for the sample of e'-e pairs used in the sum must
be included. This is done by including an experi-
mental weight & in the sum where ~q is the re-
ciprocal of the e'-e pair detection efficiency over
the fiducial volume in which the Compton electrons
were collected. The average value of & is 1.32.
Finally, we must take into account the 4' projected
angle cut applied in selecting the Compton-electron
data. The procedure is as follows. The kinetic
energy of an electron emitted at an angle 8, from
a photon of energy 8 is given by:

2 mX
T, (E, 8,)= ),

where

F-cos8

For a given azimuthal angle Q, , all Compton elec-
trons are lost from our data sample if their energy
is less than &, where

T =T, [E,tan '. (tan 4'/sing, )]. (5)
This cut can be easily incorporated into the pre-
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TABLE II ~ The number of Compton electrons pre-
dicted from QED theory. The last column compares
this prediction to the observed number of events.

Energy
bin

(C eV)

Predicted Pred icted events
Compton-electron Observed events

events =R

0.1—0.2
0.2—0.4
0.4—0.8
0.8 1.2
1.2 —2.0
2.0—3.0
3.0—5 ~ 0
Total

135 +8
117 +6

63 +3
25.2 + 1.2
17.5 + 0.8
6.7 + 0.4
3.3 + 0.2

368 + 10

0.99 6 0.11
1.26 + 0.17
0.87 + 0.12
1.2 + 0.3
0.7 + 0.2
1.0 + 0.4
1.6 41.1
1.03 k 0.07

dictions made by Eq. (3) if we average over the
angle i(t), for each e'-e pair in the sum.

The resulting theoretical prediction is bounded

by the solid curves shown in Fig. 7. The number

af Compton electrons predicted in each energy bin.'s tabulated in Table II. The errors quoted arise
from estimated uncertainties in the 8'-e pair de-
tection efficiency ~, and the calculated pair-pro-
duction length &&(E).

V. COMPARISON OF THEORY TO EXPERIMENT

The total number of measured Compton elec-
trons, 357 + 22, agrees well with the theoretical

prediction of 368 +10. Figure 7 shows that the
differential energy spectrum also agrees with
theory. A more quantitative evaluation of this is
presented in Table II where the last column shows
the ratio R of the predicted to observed numbers
of Compton electrons in various energy ranges.
For Compton electrons with energies between 0.1
and 5.0 GeV, the value of R is 1.03 + 0.07; for en-
ergies between 0.8 and 5.0 GeV, & is 0.95 +0.14.

To the best of our knowledge, this is the first
exper imental measurement of Compton-electron
production rates at energies above 1 GeV. In addi-
tion, it is the first published measurement in

which the photon source is from the decay of a
hadron. This experiment finds no deviation from
QED predictions in this new physical domain.
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