1310 O’'MALLEY, ROSENBERG, AND SPRUCH

Given this expression, Eq. (3.12) for B(1), we can
now write the expansion of tany(1) through terms in &2,
but since we have in effect neglected terms in &%, we will
have to be satisfied with Eq. (3.16).

The above discussion is clearly not a proof. We have
included it nevertheless because we are rather certain
that the result is correct, having looked at the problem
along the lines indicated by Keller and Levy.

PHYSICAL REVIEW VOLUME 125, NUMBER 4 FEBRUARY 15, 1962

Electron Triplet Production by High-Energy Photons in Hydrogen*

Duank C. Gares, RoBert W. KeENNEY, AND Wirriam P. Swansoni
Lawrence Radiation Laboratory, University of California, Berkeley, California

(Received June 13, 1961)

The 323-Mev hardened bremsstrahlung beam from the Berkeley synchrotron was used to produce
electron-positron pairs and triplets in a 4-in.-diam liquid hydrogen bubble chamber. It was found that the
experimental triplet cross sections for detectable recoils (momentum greater than 0.27 Mev/c) and for
recoils with momentum greater than mc rise logarithmically with photon energy to 100 Mev, then level off at
approximately 2.8 mb and 1.5 mb, respectively. The total triplet cross section agrees with that of Borsellino
above 20-Mev photon energy. No contribution due to exchange terms was found. The positron energy
distribution agrees with that of Wheeler and Lamb. The recoil momentum distribution agrees substantially
with that of Suh and Bethe. Approximately one event due to multiple pair production was expected. None

was found.

I. INTRODUCTION

LECTRON pair production by a photon in the

Coulomb field of an electron, commonly called
triplet production, is one of the major electromagnetic
processes contributing to the absorption of energetic
photons in light elements.
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F1c. 1. Results of previous measurements of the total triplet
cross section, ®(k), in the energy range of this experiment. The
experimental points are those of Anderson et al.,? Hart et al.,'® and
Moffatt et al.l Also shown are the theoretical cross sections of
Watson8 {curve D), Borsellino* (curve B), and Votruba® (curve C),
corrected to include screening; and the Wheeler-Lamb triplet and
Bethe-Heitler [H. A. Bethe and J. Ashkin, in Experimental Nuclear
Physics, edited by E. Segré (John Wiley & Sons, Inc., New York,
1953), Vol. I, p. 252.] pair cross sections for hydrogen (curves A
and E).

* This work was done under the auspices of the U. S. Atomic
Energy Commission.

t Now at Aerojet-General Corporation, San Ramon, California.

T Now at Department of Physics, University of Illinois, Urbana,
Illinois.

Bethe and Heitler! originally developed the theory of
pair production in the nuclear Coulomb field, taking
into account screening of this field by atomic electrons
through use of the Fermi-Thomas model of the atom.
Their method considered only the static nuclear Cou-
lomb field and thereby neglected the effect of retardation
on the nuclear Coulomb potential (due to nuclear
recoil), which is negligible in the cases of hydrogen and
heavier nuclei.

Perrin? was the first to point out the possibility of
triplet production. He showed that in the laboratory
system the threshold energy is k=4mc,? twice that for
pair production, and estimated the cross section to be
the same as that for a nucleus with Z=1. After Perrin,
many authors®—® have contributed to this work, making
a variety of approximations. Table I summarizes some
of the details and Fig. 1 shows their results for the total
triplet cross section as a function of photon energy.

Wheeler and Lamb? developed triplet theory for high-
energy photons along the lines of the Bethe-Heitler pair
theory, properly taking Coulomb field screening into

1 H. A. Bethe and W. Heitler, Proc. Roy. Soc. (London) A146,
83 (1934); H. A. Bethe, Proc. Cambridge Phil. Soc. 30, 524 (1934).

2 F. Perrin, Compt. rend. 197, 1100 (1933).

3J. A. Wheeler and W. E. Lamb, Phys. Rev. 55, 858 (1939);
101, 1836 (1956).

4 A. Borsellino, Helv. Phys. Acta 20, 136 (1947); Nuovo cimento
4, 112 (1947); Rev. univ. nacl. Tucumén A6, 7 (1947).

5 K. S. Suh and H. A. Bethe, Bull. Am. Phys. Soc. 4, 13 (1959);
Phys. Rev. 115, 672 (1959).

6 Vaclav Votruba, Bull. intern. acad. Tcheque sci. 49, 19 (1948);
Phys. Rev. 73, 1468 (1948).

7 J. Joseph and F. Rohrlich, Revs. Modern Phys. 30, 354 (1958).
This review contains a complete list of references to previous ex-
perimental and theoretical work on triplet production.

8 K. M. Watson, Phys. Rev. 72, 1060 (1947).



ELECTRON TRIPLET PRODUCTION

1311

TasLE I. Results for total triplet cross section as a function of photon energy.

Authors Includes

Neglects

Bethe-Heitler2 Nuclear pair cross section:
(a) partition function;
(b) total cross section.

Born approximation.

Retardation.
v-p interaction.

Screening, Fermi-Thomas model
(unscreened result also given).

Wheeler-Lamb? Triplet and nuclear pair cross sections: Retardation.
(a) partition function; v-¢, v-p interaction.
(b) total cross section. Exchange.
Born approximation.
Screening:
(a) hydrogen pairs, triplets, both by exact
atomic wave functions;
(b) Z>1 by Fermi-Thomas model.
Watson® Triplet total cross section. Screening.
Born approximation. Retardation.

Exchange.

Triplet total cross section.
Born approximation.
Retardation.

Borsellinod

Votruba® Triplet total cross section.
Born approximation.
Retardation,
~-e interaction,

exchange,

At high photon energy, considers only low-mo-

mentum recoils.

Joseph and Rohrlichf Good review article.

for low-energy photons only
(k<3 Mev).

v-e interaction.

Screening.
v-e Interaction.
Exchange.

Screening.

At high photon energy, neglects
high-momentum recoils (for this
approximation retardation, v-e
interaction, and exchange are
negligible).

Integrated Votruba expression exactly to find
low-momentum recoil spectrum.

Suh and Bethe# Triplet total cross section.

Triplet recoil momentum spectrum.

Born approximation.
Retardation.

Screening.
v-e Interaction.
Exchange.

Shows that Joseph and Rohrlich recoil spectrum
is identical to nuclear recoil spectrum.

a See reference 1.
b See reference 3.
¢ See reference 8.
d See reference 4.
e See reference 6.
f See reference 7.
€ See reference 5.

account. For hydrogen, they calculated the pair and
triplet cross sections, using exact atomic wave functions
for the screening effect, and their result supersedes that
of Bethe and Heitler for that case. They neglected (in
the triplet theory) the effect of retardation, the vy-e
interaction, and the exchange effect (Pauli exclusion
principle affecting the two negatons in the final state).
But since these effects are important only for large
momentum transfer (high-momentum recoils) where
screening is unimportant, the Wheeler-Lamb screening
correction can be applied to other results that treat the
large recoils properly while ignoring screening. The
screening correction for hydrogen given in Eq. (1) is a
simple difference between the unscreened Bethe-Heitler
result for hydrogen and the properly screened Wheeler-
Lamb hydrogen triplet cross section.

Borsellino* was first to consider the effect of retarda-
tion on the triplet cross section. Retardation effects, a

result of the motion of the recoiling ‘“target” electron,
become important at relativistic velocities. In the high-
energy limit his result, which does not contain screening,
approaches the unscreened Bethe-Heitler cross section.
Although he neglected the y-¢ interaction and exchange
effect, his retardation correction to the Bethe-Heitler
result is of the same order as these effects (estimated by
Joseph and Rohrlich) and suggests that they are
probably negligible in the extreme relativistic limit also.
His work served as the basis for a later calculation of
the recoil distribution by Suh and Bethe.?

Votruba® was the first to formulate the theory exactly
(in Born approximation ; no screening). However, owing
to the complexity of the equations he was forced at high
energies to make an approximation limiting the validity
of his results to the region of low-momentum recoils.
Later, Joseph and Rohrlich? improved the accuracy of
Votruba’s results and showed that the cross section for
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low-momentum recoils is the same as that for pair
production. It follows from comparing this with the
results of Suh and Bethe that the effect of retardation,
the v-e interaction, and exchange terms are negligible
for low-momentum recoils.

At moderately high energies, the total cross section
&, is expected to lie between the results of Borsellino and
Votruba (after correction for screening):

®,\V)— (screening correction)
<P, <P,® — (screening correction), (1)
where

(screening correction)=®,BHw (Z7=1)—&, WV,

V=Votruba, B=Borsellino, BH,=Bethe-Heitler, un-
screened, and WL = Wheeler-Lamb. Upper and lower
limits on ®, are expected to be valid in the range £>40
Mev. Below 40 Mev the relativistic approximation is
known to break down for pair production, and the same
is probably true for triplet production. The upper limit
is believed to be valid because there is reason to believe
that the net effect of the vy-e interaction and exchange
terms is to reduce the cross section.” The lower limit is
believed to be valid because it is the cross section for
recoils with P, mc; the neglected terms have negligible
effect in this region.

The work of Suh and Bethe® shows that in the ex-
treme relativistic limit ®, may be expected to approach
the upper limit, which becomes ®,W1), At lower ener-
gies, where the exchange effect cannot be neglected, &,
is expected to be nearer the lower limit.” Unscreened
cross sections appearing in Eq. (1) are also given in
reference 7.

Unfortunately, no one has yet calculated the recoil
angular distribution, or made a quantitative estimate of
the effect of the y-e interaction and exchange terms on
the high-momentum recoil part of the differential and
total cross sections for the energy range of this ex-
periment.

The total cross section for triplet production in
hydrogen has been measured at several energies by
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Fi1c. 2. Schematic diagram of
experimental arrangement used
during bubble-chamber runs. Peak

'?.errllor:cyéar C‘i;’,;‘;"’ energy of the bremsstrahlung spec-
window thick-wall trum was 3233 Mev. There was
ionization 1.36 radiation length of beam-

chamber hardening material between the Pt

target and the bubble chamber.
Helmbholtz coils on the bubble
chamber were pulsed to a peak
field of 7.4 kgauss.

Anderson et al., Moffatt ef al.,”® and Malamud," using
an absorption method.’? In this method, the total cross
section for all absorptive processes is measured and the
triplet cross section is obtained by subtraction of the
known experimental or theoretical cross sections for the
Compton effect, pair production, etc. The method is not
suitable for obtaining differential cross sections. Those
results in the energy range of this experiment have been
plotted in Fig. 1 along with the theoretical upper and
lower limits, and the Bethe-Heitler pair cross section.
They seem to indicate that the triplet cross section does
indeed lie between the limits suggested earlier.

However, Hart et al.'® have made a direct cloud-
chamber measurement of the cross section, which they
found to be near to the Wheeler-Lamb result at low
energies where they see almost all of the recoils. Their
low-energy results are also plotted in Fig. 1. At higher
energies, where the shortest recoils are not detectable,
their cross sections for triplets with visible recoils are in
reasonable agreement with theory of Suh and Bethe.

It was intended that this experiment should more
precisely determine the triplet total cross section, and
determine the differential angular and momentum dis-
tributions of the recoil electron. Also, the y-¢ interaction
and exchange terms were not expected to be completely
negligible in this energy range; some indication of the
magnitude of these terms was expected.

Hydrogen is an ideal target because the ratio of pairs
to triplets is a minimum, the atomic binding of the

®J. D. Anderson, R. W. Kenney, and C. A. McDonald, Jr.,
Phys. Rev. 102, 1626 (1956); J. D. Anderson, R. W. Kenney, C. A.
McDonald, Jr., and R. F. Post, 7bid. 102, 1632 (1956).

10 J. Moffatt, J. J. Thresher, G. C. Weeks, and R. Wilson, Proc.
Roy. Soc. (London) A244, 245 (1958); J. Moffatt and G. C.
Weeks, Proc. Phys. Soc. (London) 73, 114 (1959).

1 E. Malamud, Phys. Rev. 115, 687 (1959). This paper also
contains many references relating to absorption measurements in
other elements.

12 Rosemary T. McGinnies, National Bureau of Standards
Suppl. Circular 583 (U. S. Government Printing Office, Wash-
ington, D. C., 1959). References to absorption experiments on

“ other elements are given in this report.

B E. L. Hart, G. Cocconi, V. T. Cocconi, and J. M. Sellen, Phys.
Rev. 115, 678 (1959). :
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F16. 3. (a) The ratio of the experimental triplet and pair cross sections, ® %P (k)/®,°xP (k). There is a 4=2.3%, standard error in the
normalization, in addition to the counting statistics shown. (b) The upper and lower curves shown were calculated from the theory of
Suh and Bethe® for minimum recoil momenta greater than 0.27 Mev/c and mc, respectively. (c) The experimental triplet-plus-pair cross
section, ®,4°*P(k). There is a +3.39, standard error in the normalization, in addition to the counting statistics shown. Also shown are
the sum of the Bethe-Heitler's and Borsellino* cross sections (curve A) and the sum of the Bethe-Heitler and Votruba® cross sections
(curve B), i.e., theoretical upper and lower limits, respectively. The Wheeler-Lamb screening corrections is included in the curves.
(d) The total triplet cross section ®,(k), obtained from the subtraction of the Wheeler-Lamb screened pair cross section from ®,,..°*P (k).
The statistics shown include all sources of error. Also shown are the Wheeler-Lamb triplet cross section (curve A) and the Borsellino
cross section—corrected to include screening—minus the term (2.44-7.4)(ar¢?) (mc?/k) In(2k/mc?), wherein the numerical coefficient

was determined by a least-squares fit to the data (curve B).

electron has little effect on the process and is negligible
below 100 Mev, and the effect of atomic screening has
been accurately calculated by Wheeler and Lamb.

II. APPARATUS AND PROCEDURE

Figure 2 shows the arrangement of apparatus used to
produce a clean ‘“hardened”” 323-Mev photon beam inci-
dent on the 4-in. bubble chamber. Details of apparatus
and the bremsstrahlung spectrum are presented else-
where 1415

A Cornell-type thick-wall ionization chamber was
placed behind the bubble chamber in the position shown
in Fig. 2 and was used as the primary monitor for the
experiment. Its calibration was corrected for the hard-
ened spectral shape. The average photon flux through

14 Operation of the Alvarez 4-in. bubble chamber has also been
described in D. C. Gates, R. W. Kenney, D. A. McPherson, and
W. P. Swanson, Rev. Sci. Instr. 31, 565 (1960).

1 Duane Charles Gates, (thesis), University of California
Radiation Laboratory Report UCRL-9390, 1960 (unpublished).

the bubble chamber was 124 equivalent quanta (323
Mev) per picture.

III. MEASUREMENT OF PHOTOGRAPHIC TRACKS

More than 16 000 stereoscopic pictures were taken
during the bubble-chamber run. All pictures were
scanned for events at least twice. All events were
identified by at least two persons, and the measured
scanning efficiency was greater than 999%,.

Sufficient measurements were performed on most
events to allow calculation of the photon energy, pair
member and recoil energies, recoil angle, and the posi-
tion of the event in the chamber. Particle track curva-
tures in the 7.4-kgauss pulsed magnetic field were
measured by visually fitting the optically projected
track photographs to a set of curve templates with
curvatures at 109, intervals. Energies of the shortest
tracks were determined from their range. Data were
processed on an IBM-650 computer. Detailed discussion
of technique is presented elsewhere.!®
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Fic. 4. (a) The distribution d®./df, of 4874 triplets according to the fraction f,. of available kinetic energy re-
ceived by the positron, (E.—mc?)/ (k—2mc?). The unweighted average of the points has been normalized to unity.
(b) The normalized distribution d®,/d f of 4019 pairs. The observed asymmetry was due to an instrumental effect.

All photon energies have been combined.

IV. RESULTS AND DISCUSSION
A. Cross Section for Visible Recoils
1. Relative Cross Section

The ratio of the experimental triplet and pair cross
sections is plotted versus photon energy in Fig. 3(a).

The ratio of the two cross sections is of particular
interest because it is independent of several factors that
contribute as sources of error for the cross sections indi-
vidually, e.g., the shape of the spectrum, the monitor
calibration, the density of hydrogen, etc.

2. Absolute Cross Section

The experimental cross section ®,°*? for detectable
recoils, and for recoils with momentum greater than mc,
are presented in Fig. 3(b). The ‘“average” minimum
detectable momentum was determined from a delta-ray
count to be 0.27 Mev/c.

Leveling off of the triplet cross section above 100 Mev
explains the decrease in the triplet-to-pair ratio in the
same region. It may be understood qualitatively on the
basis that as photon energy increases, interactions at
larger impact parameters (which produce smaller recoil
momenta) contribute increasingly to the cross section.
A point is finally reached where increase in the cross
section is primarily due to the impact parameters which
result in undetectable low-momentum recoils. Then the
observed part of the cross section is seen to level off.

B. Total Cross Sections
1. Pair plus Triplet Cross Section

The total triplet cross section ®,(k) could not be ob-
tained directly from this experiment, of course, because
the minimum recoil momentum in triplet production,
Prin=2(mc2)?/k Mev/c, was much smaller than the
lower limit of momenta detectable in the chamber, 0.27
Mev/c. Some triplets therefore appeared to be pairs.
The sum of the experimental pair and triplet cross
sections &, ;*P(k) is given in Fig. 3(c). Also shown for
comparison are two corresponding theoretical curves
obtained by adding the theoretical pair cross section
&, WD to the theoretical upper and lower limits on the
triplet cross section. The theoretical limits are uncertain
below 40 Mev because of the relativistic approximation
in the triplet cross section. It is seen that they are in
good agreement with this experiment.

2. Triplet Cross Section

The total triplet cross section for this experiment was
obtained from the relation

@tzép_‘_texp_é(WL)’ (2)

where &, WL was the screened Wheeler-Lamb pair cross
section, averaged over the photon energy interval. The
Wheeler-Lamb pair cross section was chosen because its
screening correction is based upon exact atomic wave
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functions rather than the Fermi-Thomas model. The
results are given in Fig. 3(d).

The magnitude of the y-e interaction and exchange
terms was found to be negligible within our statistical
errors by fitting the 18 data points above 20 Mev to a
cross section of the form

b, =P, B — [‘I’,,BH“(Z= 1) —-@g(WL)]
— (Barmc®/k) In(2k/mc?), (3)

where B is an adjustable parameter giving the magni-
tude of the y-e and exchange terms. The first two terms
on the right-hand side of Eq. (3) are just the theoretical
limit to ®,, i.e., Borsellino’s cross section corrected for
atomic screening. The last term is the approximate
functional form due to the y-¢ interaction and exchange
terms, which Borsellino neglected.* A least-squares
analysis gave B=2.4+7.4, with a value of 1.4 for x?
divided by the number of degrees of freedom. The curve
given by Egs. (3) and (4) is shown in Fig. 3(d) along
with the triplet cross section obtained from Eq. (2), and
&, WL), This experiment is therefore in agreement with
the theory of Borsellino,* for energies greater than
20 Mev.

C. Partition Function

The positron energy distribution, or partition func-
tion, d®/d f4, is a measure of the relative energy sharing
between the member particles of an event. The partition
variable f; is defined by

fe=(Ex—me®)/ (k—2mc?), )

where 0< f4 <1 for all 2 and E,, and f, is equal to the
fraction of the available kinetic energy that is carried
away by the positron.

The pair and triplet partition functions averaged over
all photon energies % are shown in Fig. 4. The apparent
asymmetry in the pair partition function was an instru-
mental effect due to track distortion caused by turbu-
lence in the bubble chamber. For this reason, rather
than investigate the triplet partition function alone, it
was more meaningful to calculate the triplet-to-pair
ratio (d®./df,)/(d®,/df+). This ratio is expected to be
independent of systematic measurement errors.

The only theoretical partition function available for
~ comparison is that of Wheeler and Lamb,? expected to
be correct in the extreme relativistic limit. The Wheeler-
Lamb triplet partition function is nearly equal to that
for pair production in the energy range of this hydrogen
experiment because of the near absence of atomic
screening. Thus, the experimental results are to be
compared with a theoretical ratio very near to unity for
all f and k. The experimental triplet-to-pair partition-
function ratio was calculated for six intervals of photon
energy, and for each interval the results were found
consistent with a uniform distribution. The experi-
mental ratio, averaged over all photon energies, is
shown in Fig. 5. A comparison of the results with a
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F1c. 5. The ratio (d®./df.)/(d®,/df,) calculated to eliminate
instrumental effects. All photon energies have been combined.

uniform distribution (unity) gave a value of 1.3 for x?
divided by the number of degrees of freedom. It was
concluded that, within the accuracy of this experiment,
the triplet partition function is not significantly differ-
ent from the pair partition function, except for a
multiplicative constant.

D. Recoil Momentum Distribution

The observed differential recoil momentum distribu-
tion d®,(k)/dP,, for six ranges of photon energy is given
in Fig. 6. Because the shape of the recoill momentum
distribution was practically independent of the photon
energy, it was possible in Fig. 7 to combine all energies
and include an additional group of events of which only
the recoils were measured. At each energy, and in the
combined results, it was necessary to take into account
the fact that the low-energy photons could not con-
tribute to the bins having larger recoil momentum.

The theoretical recoil momentum distribution of Suh
and Bethe is valid for photon energies greater than 100
Mev.5 Their curve for =100 Mev is shown in each
figure along with the experimental values. The theo-
retical curve has been arbitrarily normalized to fit the
experimental results at P,=1 Mev/c.

The two bins of lowest recoil momentum are not ex-
pected to agree with the theory because of the uncertain
detection efficiency below 0.32 Mev/c.

Agreement between experiment and theory is very
good in the photon energy ranges above 92 Mev and in
the combined results, while below that energy the theo-
retical values can be seen to be slightly too high in the



1316 GATES, KENNEY, AND SWANSON
10 000 T T T \ T |
2<k<28 Mev BN
28<k<56M
xﬁ 677 events i %X‘ N mm:" By “"‘; 56;;:5:3:‘?;
1000 [— — — \ — — E —
B \,_I_' N \
\ M =
— N \ \
o \-—I—~ o
3 g 3
> \ 83 N
S 100 — — \ - — \ —
3> T
o \,
i 3\ ‘
N X N\ \
= K
2 10— _I_ — — - — — \ —
g i
o
T T
1.0— — — =1 — -
ol l I | | | -l‘
10000 \ I T \ I \* T T
N 23 256<k<323 Mev
3 *\ 92< k<160 Mev "\ 160< k<256 Mey + \, 377 events
»«1—\ 1104 events \ 845 events N
1000— = — I A - - §+
5 \. M 1
S \ Ve \
3 X \ R
~ = Ll *-f-'
Q2 100 \+ — - \ - - |
N \ Ty
o ‘F\ *ii
3 T SEN
A T _ L \ _ L .
g 10 . ; \ ;
1.0}— -]‘_}‘ -] — -I-_I_ - — T
ol | | | | | |
“o.l 1.0 10 100 o.l 1.0 10 100 o.l 1.0 10 10C
Py (Mev/c) Pr (Mev/c) Py (Mev/c)

Fi16. 6. The recoil momentum distribution d®,(k)/dP, plotted versus the momentum of the recoil electron, P,, for six intervals of
photon energy. The curve shown is that calculated by Suh and Bethe for a photon energy of 100 Mev. It has been arbitrarily normalized
to agree with the data in the region of 1.0 Mev/c. The two lowest-momentum points are not expected to agree with the theory owing
to a decrease in the detection efficiency in the region below 0.32 Mev/c.

region of large recoil momentum. The theory must be
considered to be approximate in the latter region.

E. Recoil Angular Distribution

The angular distribution d®,/dd, of events in 5-deg
intervals of recoil angle 8, is given in Fig. 8. All photon
energies have been combined because the angular dis-
tribution was nearly independent of that quantity.

The small recoil angles correspond to large momenta

and the large recoil angles correspond to small momenta.
At the position of the peak in the angular distribution,
it was found that the principal contribution was made
by recoils of approximately 1 Mev/c momentum.

The position of the peak, and the shape of the dis-
tribution, is believed to have been strongly influenced
by the value of the minimum detectable momentum,
especially at the larger angles. Unfortunately, there is no
theoretical angular distribution with which the results
may be compared.
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F. Multiple Pair Production

Since there are two extra electromagnetic vertices in
the lowest-order Feynman diagrams for double-pair
production, one would expect the cross section to be
reduced by a factor of (1/137)2 relative to the sum of
the pair and triplet cross sections. There was a total of
approximately 24 000 pairs and triplets in the film
scanned for this experiment. Thus, one would “expect”
to find one double-pair event in this experiment.

This experiment contained no conclusive evidence for
the existence of double-pair production in hydrogen.

V. SUMMARY

Electron-positron pairs and triplets were produced by
a 323-Mev hardened bremsstrahlung beam in a 4-in.
liquid hydrogen bubble chamber. Measurements and
analyses were performed on 5417 triplets and 4019 pairs
of the approximately 24 000 events photographed. The
results may be summarized as follows:

(a) The experimental triplet-to-pair ratio was 0.291
+0.0097. It was approximately constant below 100
Mev, but decreased above that value. The decrease was
due to a leveling off of the observed fraction of the
triplet cross section (for which P,>0.27 Mev/c).

(b) The total pair-plus-triplet cross section was con-
sistent with the upper and lower limits expected from
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Fic. 7. The recoil momentum distribution d®./dP, of 5417
triplets. All photon energies have been combined. The curve is
that calculated by Suh and Bethe for 100 Mev, normalized to fit
the data at 1.0 Mev/c. The two lowest-momentum points are not
expected to agree with the theory because the scanning efficiency
rapidly becomes small for P.<0.32 Mev/c.
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F1c. 8. The angular distribution of the recoil electron, d®./dd,,
versus the polar angle of recoil, 8,, showing the number of events
per 5-deg interval. All photon energies have been combined.
Recoil momenta greater than 1.0 Mev/c predominate on the
small-angle side of the peak.

the theory. The results are in best agreement with the
theory of Borsellino.*

(¢) No exchange effect was observed; if the con-
tribution of the exchange terms to the Borsellino
triplet cross section is taken to be of the form
— (Bar@mc®/k) In(2k/mc?), then B=2.447.4.

(d) The partition function agreed with that of
Wheeler and Lamb.3

(e) The recoil momentum distribution agreed sub-
stantially with that of Suh and Bethe.® However, the
theoretical values are slightly too large in the region of
large recoil momentum.

(f) The recoil angular distribution was roughly tri-
angular in shape, with a peak at approximately 50 deg.
Large recoil momenta (greater than 1 Mev/c) were
predominantly on the small-angle side of the peak.

(g) No event was found positively identifiable as a
double pair. Approximately one event was expected.
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Alignment of the H,+ Molecular Ion by Selective Photodissociation. I*
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On the basis of experimental results obtained by Linlor et al.,
Fischer, and in this laboratory, demonstrating photodissociation
time constants as short as 0.1 sec and trapping times as long as
several seconds as practical for the Hy* molecular ion, the feasi-
bility is discussed theoretically of a novel technique to align
trapped molecular ions and also monitor the alignment by selec-
tive photodissociation. First the limiting case of no electronic and
nuclear spins and very large rotational quantum numbers is
treated, based on the concept that the photodissociation rate R
is proportional to the average squared component of the electric
light vector perpendicular to the axis of molecular rotation. This
angular dependence of R when a bunch of ions created by a short
electron bombardment pulse is subsequently irradiated causes the
ions in certain magnetic sublevels to decay much more slowly than
others. Consequently when conditions for the preservation of

INTRODUCTION

HE recently developed collision techniques to
polarize or align free atoms using electrons,':?
photons (optical pumping),? or other atoms! as collision
partners, have so far not been applied to molecules.
This note will serve to discuss the feasibility of a new
variant which should be capable of aligning certain
molecular ions by virtue of the orientation dependence
of their photodissociation cross sections. As a specific
example, the Hy™ molecular ion will be treated in some
detail here. Since it is the simplest known molecule,
there is considerable academic interest in its radio-
frequency spectrum. The possible extension to the other
hydrogen isotopes widens this interest by providing a
potential source for additional information on the struc-
ture of these nuclei.
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alignment are favorable, the sample becomes increasingly aligned.
Furthermore, since a partially aligned sample photodissociates
more slowly than an unaligned one, more molecular ions N will
remain when alignment is allowed to develop than when it is con-
tinuously destroyed, resulting in only N ions. Next the nuclear
and electronic spins are taken into account and numerical values
for the dissociation rates of the 30 magnetic sublevels for the first
three rotational states of the Hy* ion are evaluated for linear
light polarization. One sees that on the basis of a sample of
10° H* ions decaying due to photodissociation to 2X 107 ions, one
might expect an optimum signal (N —XN)/N=0.25 compared to
a statistical uncertainty of about 0.0003 for two consecutive pulses.
The possibilities inherent in the scheme to observe the rf spectrum
of Hy* are pointed out. .

PHOTODISSOCIATION OF TRAPPED H," IONS

The photodissociation of Hy* is due to an electrical
dipole transition® from the electronic 1se ground (V)
state to the first excited repulsive 2po (E) state. It can
be effected by visible or ultraviolet light depending on
the vibrational excitation of the ground state. Linlor
et al.® have measured the dissociation cross section as
about 10717 c¢m? using the unfiltered output of a 1000-
watt high-pressure mercury arc. With this source and
reflective cylindrical optics they were able to realize
a dissociation time constant T as short as 0.1 sec. Simi-
lar times 7" have been found for trapped Hst ions in
this laboratory using a 500-watt HBO 500 mercury arc
from the effect of the light for varying irradiation times
on resonance signals” due to an ion sample created by
a short electron burst. Theoretical 7' values® are in
agreement with the above experimental values. Even
though it might be possible to decrease T" to 0.01 sec
experimentally, in order to dissociate an appreciable
fraction of the irradiated ions special steps will have to
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