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A number of cross sections associated with electron pair production have been measured in the
photon energy range 10-300 MeV in Ilford 6-5 emulsion (Z~ 21). Measurements inchde the
distribution of the recoil momentum and scattering angle of the target nucleus, the divergence angle

between the pair members, the energy partition, the effect of photon polarization, and the absolute pair

production cross section. Agreements and disagreements with the theory and previous measurements are
discussed.

I. INTRODUCTION

There is continuing interest in improving the
understanding of pair production by moderate en-
ergy photons in the partially screened Coulomb
fields of intermediate- and high-S nuclei. Recent
theoretical work, based on extensive computer
calculations, has shown that the older estimates,
which relied on Born, point-Coulomb, and Bethe-
Maximon approximations could lead to serious er-
rors. ~ The present work is an experimental con-
tribution to this problem. %e report detailed re-
sults on pair production in Ilford G-5 emulsion
whose effective S for this process is very nearly
21 (see Barkas"). The incident photon energies
range from 10 to 300 MeV. These photons were
derived from the magnetic bremsstrahlung (syn-
chrotron radiation) which is generated when high-
energy electrons (19 Gev) traverse pulsed MG
fields (1.5 MG). All characteristics of this radia
tion ean be accurately determined and this facili-
tates the interpretation of the experimental results.

%e begin by briefly reviewing some of the most
recent experiments on pair production. Due to the
scope of the present work, we mention only those
experiments where the conversion process takes
place in the vicinity of an atomic nucleus. Sandhu
et aE.' reported results on the energy partition and
divergence-angle distribution between the two
members of an electron pair, in the photon energy
range 5-90 MeV. Emigh' reported on the distribu-
tion of the energy partition in the photon energy
range 50-300 MeV. Hart et al.4 studied the distri-
bution of the divergence angle in the photon energy
range 50-200 MeV. Modesitt and Koch' studied
the distributions of the recoil momentum and scat-
tering angle of the nucleus, in whose Coulomb
field the pair creation takes place, for the photon
energy range 1-19MeV. Many of the previous
measurements on the total pair production cross
section were made near the threshold energy re-
gion. In particular, Yamazaki and Hollander

made measurements on the total pair production
cross section in the photon energy range 1.173-
2.753 MeV, and observed that the Bethe-Heitler
prediction gave too low a cross section in the low-
er part of the spectrum. Colgate' reported good
agreement with the Bethe-Heitler prediction at
photon energies of 4.47 and 6.13 MeV. Chisholm
and Nicholson' reported good agreement with the
calculations of Davies et ul. ' of the pair produc-
tion cross section when applied to Pb in the photon
energy range 35-120 MeV. Earlier, Walker, '
Adams, ' and Lawson, "measured the pair produc-
tion cross section at photon energies of 11.04,
13.73, 17.6, 19.10, and 88 MeV, and observed
that for heavy elements the Bethe-Heitler formu-
las predicted too high (up to 13%) a cross section.
For completeness' sake, we note that high-energy
pair production in hydrogen and deuterium has re-
cently been measured by Rawlinson et al. 'o and
computed by Knasel. '0

II. RADIATION SOURCE AND THE REGISTRATION

OF PAIR PRODUCI'ION EVENTS

The present study is based on information de-
rived from an experiment on the eharacteristie
features of the synchrotron radiation (SR) pro-
duced by 19-QeV electrons deQected in 1.2- and

1.6-MG magnetic fields. A detailed report of this
work, including particulars of the MG generators
and the electron beam, will appear elsewhere. "
Figure 1 shows a sketch of the principal compo-
nents of the beam layout. Beam 1 corresponds to
a test pulse that was registered before triggering
the MG targets. Beam 2 was synchronized with
the target field to yield the SR. The electron pair
events were registered in Ilford G-5 nuclear emul-
sion plates, 600 p, thick. The particular emulsion
plates that were analyzed (C plates in the figure)
were oriented vertically with respect to the
bremsstrahlung beam. Thus the materialized
electron pairs propagate in a direction that is
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HI. MEASUREMENT OF PAIR ENERGIES

The multiple scattering technique was utilized
for the determination of the electron and positron
energies. " The vertical exposure facilitated a
high scanning efficiency and increased scanning
and measurement rates. This procedure, how-
ever, demands care in making appropriate cor-
rections for emulsion distortion and in extracting
the maximum information from the limited track
length available. The emulsion distortion was
evaluated, and subsequently subtracted from the
raw data on the electron trajectories, by measur-
ing the trajectories of some high-energy back-
ground electrons that were found to enter normal
to the emulsion surface. To cixcumvent the limi-
tations associated with the track lengths, informa-
tion was derived from both scattering components
of every track, rather than only one component as
is usual in the analysis of horizontal tracks. Only
those events which originated 10 p. from the top
and 230 p, from the bottom of the unprocessed
emulsions were chosen for detailed analysis.

Measurements were taken continuously along the
track trajectories at average intervals of 10 p. .
Subsequently, linear interpolation and extrapola-
tion were used to define the scattering at constant
cell lengths. A digitized Koritska microscope was
used for the multiple scattering analysis. Mea-
surements were made under 100' objective and
25X eyepiece. Scattering coordinates wexe deter-
mined through a remotely controlled micxometer.
Pechan prisms were used for image rotation. This
facilitated the interchange of the two scattering
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FIG. 1. Sketch of the electron-beam layout, MG target,
emulsion plates, and the SR pattern.

essentially normal to the emulsion surface.
In the present work, many of the results are in-

sensitive to the detailed theory of the SR. However,
the photon polarization and the total radiation rate
do affect the interpretation of the pair production
polarization and the total pair production cross
section. All our results are consistent with the
assumption that the conventional classical relativ-
istic theory of the SR is correct. Previous experi-
ments on the SR, with electrons of 6.3 GeV energy
and a field of 10 ko, '3 also showed good agree-
ment with the theoretical predictions.

components in the measurements. Data were re-
corded on magnetic tapes using a Datex tape re-
cording system. A CDC 6600 computer was used
for the data analysis.

A detailed description of the measurement pro-
cedure and the subsequent data analysis is given
in a thesis. '4

IV. DATA ANALYSIS

The limited track length available required the
use of both scattering coordinates of each track.
It was also necessary to develop the following
computational procedure to make optimum use of
the available information. Fox each txack a pri-
mary cell length tp, corresponding to the average
distance between the measured coordinate points,
was defined. The cell length f was then allowed
to range over all possible integral multiples of to.
At the same time a complete overlapping of cells
was made. " For each value of the cell length,
the spurious scattering was deleted using the con-
ventions of Voyvodic and Pickup. " The difference-
product technique" was then employed to evaluate
the noise-free multiple scattering signal, the mea-
surement noise, and the standard deviation. The
track rigidity could then finally be determined ac-
cording to standard methods. '~

This procedure yielded a range of rigidities
corresponding to the different values of the cell
lengths. The best values were selected according
to a criterion discussed elsewhere. " The uncer-
tainties associated with the values of the rigidities
that were finally chosen has averaged about 25%.

The method of "optimal track lengths"" was
employed for the determination of track directions.
Specifically, the segments were defined with re-
spect to the apparent origin of the pair creation,
and the data within each segment were fitted to
linear functions to yield the direction components.
At a rigidity of 10 MeV/c the uncertainty in track
directions averaged +0.023 rad; at 100 MeV/c the
average uncertainty is +0.002 rad.

V. RESULTS

(i) The recoil momentum of each individual nu-
cleus, in whose Coulomb field a pair creation took
place, was determined from the constraints of en-
ergy and momentum conservation. ' The initial
photon direction was determined to a precision of
+5x 10 ~ rad from the symmetry requirements on
the distribution of the electron track directions
with respect to the incident photon beam. In Fig.
2 we show histograms of the measured distribu-
tions for the photon energy range 10-300 MeV.
Superimposed on these are the predictions of Jost
et aE." The theoretical curves and histograms are
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normalized to. equal areas. The Jost expression
has been revised in accordance with the correc-
tions noted by Borsellino. " The atomic form fac-
tor entering this expression has been adapted
from Bethe. ~o

(ii) In Fig. 3 we show t'he distribution of the nu-
clear recoil angles. Superimposed on these are
the theoretical predictions of Jost et ul. The theo-
retical curves and histograms are also normalized
to equal areas. We note that a 90' angle in this
figure corresponds to a right-angle recoil with
respect to the initial photon direction.

(iii) Figure 4 shows the distribution of the di-
vergence angles between the two members of a
pair. The abscissa in each diagram corresponds
to the ratio &u/&ua, where e is the divergence
angle in radians and &u, =mc'k/E+E . The dotted
curves are derived from Borsellino's calcula-
tions. "A correction noted by Hart et al.4 has been
taken into account. The solid curves are of the
form C(~/&u, )/t1+ (&o/~, )']' which is an adequate
approximation for Bethe's expression. " The theo-
retical curves and histograms are again normal-
ized to have equal areas.

(iv) Figure 5 shows the distribution of the en-
ergy partition between the two members of an
electron-positron pair for the photon energy range
70-300 MeV. The theoretical curve corresponds
to the Bethe-Heitler theory. " The atomic screen-
ing functions P, ( y) and P, (y), which enter the cal-
culations, were evaluated according to Butcher

and Messel. " In this figure, the theoretical curve
has been normalized so that the central height is
equal to the average heights of the central ten bins
of the histogram.

VI. EFFECT OF PHOTON POLARIZATION
ON PAIR PRODUCTION

The SR used for these studies has a marked el-
liptical polarization. " The relevant polarization
parameter is a quantity v(k), which is the ratio,
at photon energy k, of the difference and the sum
of the intensities of the two components of the radi-
ation. In the present experimental arrangement,
w(k) when averaged over the photon energies in the
range 15-100 MeV, turns out to be 7 =0.'76.

The polarization of the radiation affects the
geometrical distribution of the electron pairs.
The simplest estimates of this effect can be de-
rived from Wick's formula, which is based on the
method of virtual quanta. 24 For high-energy pho-
tons, the differential cross section with respect
to the azimuthal angle Q, made by the plane of the
divergence angle of the electron pairs with re-
spect to the polarization vector of the photon, is
given by

do

dQ
= C(1+a cos'Q),

where C is independent of Q, and a = 3. We at-
tempt to correlate the experimentally inferred
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FIG. 2. Distribution of the recoil momentum of the
nuclei. Theoretical curves are evaluated at photon en-
ergies 15, 27, 45, and 100 MeV, for a, b, c, and d, re-
spectively. Theory due to Jost at al. (Ref. 18).

FlG. 3. Distribution of the recoil angles of the nuclei.
Theoretical curves are evaluated at the same energies as
in Fig. 2. Theory due to Jost et al. (Ref. 18).
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values of a with the theoretical estimate of s. In
the analysis, we will assume, however, that Eq.
(1) represents the correct functional form.

The experimental distribution of the azimuthal
angle P due to both components of the SR can then
be expressed as

dp(tIt} 1 as1+ (t-tu')costt),
2W 2+6 (2)

where 0 (=0.25 rad} is the over-all resolution of
the measurements of the angle Q.t4 The angle Q
is measured relative to the dominant component
of the radiation. Figure 6 shows the distribution
of Q in the photon energy range 15-100 MeV, and
a superimposed functional fit of the form A
+ B cos2$. A 10% contribution was subtracted
from A, to correct for an isotropic background.
Inserting the other known quantities, we find a
=0.34+ 0.1, as compared with & from Wick's esti-
mate.
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VII. TOTAL PAIR PRODUCTION CROSS SECTION

A. Method of Analysis

By comparing the experimentally inferred inten-
sity of the SR with the calculated values, "~ 2s we
could check the total pair production cross section
in emulsion (Ilford G-5) in the photon energy range
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FIG. 5. Distribution of
the energy partition be-
tween the two members of
a pair. Theoretical curve
is evaluated at a photon
energy of 120 Mev. Theory
due to Bethe and Heitler
(Ref. 21).

B. Correction for Scanning and Measuring

Efficiency

It was established by a rescanning check and the
study of failed events that most of the missed
events corresponded to pairs with extremely asym-

10-100 Mev. A concise way of arriving at this
result is to consider the ratios of the following
experimental and theoretical quantities:

0'expt (k) Iexpt (k)
~g..., (k) Ith, (k) '

where o,~t(k), I,„~t(k) and 0th, (k), Ith, (k) denote
the experimental and theoretical pair production
cross sections and the corresponding spectral in-
tensities at photon energy k. This analysis re-
quired the determination of a number of auxiliary
quantities: The absolute electron-beam flux was
obtained from direct counting of the electrons,
which were incident on the emulsion plate. The
absolute radiation intensity could then be deter-
mined from the geometry of the MG targets and

the measured field strengths. The experimental
radiation intensities are obtained from the mea-
sured electron pair spectrum by unfolding the
"theoretical" total pair production cross sections.
These theoretical pair production cross sections
were computed from the numerical compilation of
Storm and Israel, "by introducing appropriate
weight factors corresponding to the composition
of the emulsion. "
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FIG. 4. Distribution of the divergence angle of the elec-
tron-positron pairs. Theoretical curves are evaluated at
the same energies as in Fig. 2. Dotted curves derived
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Bethe approximation (Ref. 2.)
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FIG. 6. Distribution of the azimuthal angle of the plane
of divergence angle of the pairs about the initial photon
direction. Curve is a functional Qt of the form A+ B

&& cos2$.
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metric energy partition. Therefore, we could
estimate the number of missed events through the
use of the theoretical energy partition distribu-
tion, from the number of events whose members
had comparable energies. This procedure of
course relies on the assumption that the Bethe-
Heitler calculation ' of the energy partition dis-
tribution is correct in the appropriate energy
range (10-100 MeV). A detailed discussion of
this procedure is given in Ref. 14. Table I gives
a summary of the correction factors.

VIII. CONCLUSIONS

The results presented in Figs. 2-4 are largely
insensitive to scanning efficiency corrections.
Furthermore, the inclusion of variations in the
measurement resolution of various parameters
makes an insignificant change in the theoretical
spectra. The emulsion analysis therefore leads to
the following statements in relation to these prop-
erties. In Fig. 2, the small momentum transfer

TABLE I, Scanning and measuring efficiency.

Photon Photon
energy Direct energy Direct

interval Correction efficiency interval Correction efficiency
(MeV) factor check (%) (MeV) factor check (%)

10-15
15-20
20-25
25-30

1,29
1.57
1.26
1.18

71
71
86
92

30-40
40-50
50-70
70-100

1,15
1.21
1,01
1.04

93
94
90
97

Obtained from a study of the energy partition.
Derived from rescanning checks (300 events) and the

study of failed events.

C. Subtraction of Background Radiation: Results

The particular beam configuration employed
permitted a sizable Coulomb bremsstrahlung
background to contaminate the SR signal. At 10
Mev, background/signal was about 4%; at 100
MeV this ratio increased to about 25%. However,
the background contribution could be reliably
identified and subtracted from the SR signal, by .

exploiting the fact that the Coulomb bremsstrah-
lung was not as sharply localized on the emul-
sions as the SR.

Once these correction factors were taken into
account, we could determine the right-hand side
of Eq. (3) at the different energy intervals, in the
range 10-100 MeV. Figure '7 shows the results
averaged over the two exposures that were ana-
lyzed. The wedge lines reflect an uncertainty in
addition to the statistical limitations, which is as-
sociated with the absolute field calibration (+5).
Below 50 MeV the results are insensitive to this
source of error.

tails of the spectra are heavily influenced by the
screening effects of the electron shells. We note
a marked disagreement between theory and ex-
periment at high photon energy. However, at
lower energies we observe a good correlation with
the theory, contrary to the results reported by
Modesitt and Koch. ' A similar correspondence
with the theoretical predictions is observed for
the recoil angle of the nuclei: The results for the
distribution of the divergence angle follow approxi-
mately those of Sandhu' and Hart. 4 However, we
do not find clear evidence for a systematic shift
of the peak of the distributions towards larger
angles, as reported by Sandhu. ' We note that the
agreement with Borsellino's expression over the
entire range 10-300 MeV is poor.

On the other hand, there is a good agreement
between the theoretical and experimental energy
partition distribution in the photon energy range
70-300 MeV. In this region, the measurement
and scanning efficiency checks show 9'l efficiency.
This value is well in accord with the correspon-
dence between theory and experiment. The screen-
ing effect of the electron shells is clearly mani-
fested by the central dip of the distribution.

The Wick formula gives an adequate description
of the effect of the photon polarization on the pair
production. Under the present experimental con-
ditions, the polarization gives rise to a rather
small effect. Figure 6 indicates that the pair
members are preferentially correlated with the
plane defined by the polarization vector and the
initial photon direction.

There is fair agreement between the present
experimental total pair production cross section
and the theoretical values inferred from the Storm-
Israel tabulation. The deviations indicated on Fig.
'l can be attributed to a 5% statistical spread as

~~expt ~theor )cy =0'87
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FIG. 7. The ratio o'expt(k)/0 theof (0) .as a function of the
photon energy. Wedge lines indicate the (nonstatistical)
uncertainty in the evaluation owing to an imprecision
(+5%) of the magnetic field calibration.
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well as uncertainties associated with the calibra-
tion of the MG-target field.
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