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Determinations of the cross section for the direct creation of electron pairs by energetic charged particles
in nuclear emulsions are dependent on the experimental criteria by which the observations are accepted,
phenomenologically, as tridents. This paper discusses the extpnt to which materialization of a bremsstrahlung
photon close to the path of the parent particle becomes experimentally indistinguishable from direct pair
production. A study of 200 pairs arising from the conversion of bremsstrahlung photons from electrons with
energies between 0.1 and 10 Bev leads to the conclusion that about 6 percent of the pairs materialize so
close to their parent that they would be interpreted as tridents. An extension of the analysis to electrons of
incident energy 100 Bev demonstrates that under typical experimental conditions about 70 percent of such
secondary pairs would be accepted as tridents. Recently reported experiments which indicate a cross section
for direct pair production by fast electrons much larger than that predicted by theory are discussed.

I. INTRODUCTION

XPERIMENTS on tridents —the direct production
-~ of electron pairs by charged particles of great

energy —have been reported in the literature. ' ' These
phenomena, found chief in photographic emulsions,
consist of a primary track characteristic of a relativistic
singly charged particle and three thin emergent tracks.
The majority of tridents occur on electronic primaries.
It has been pointed out' that a basic difhculty in the
study of the direct production process arises from the
inclusion of a fraction of those pairs —called B.S.pairs—
which are due to the conversion of bremsstrahlung
photons close to the track of the parent electron. For
this fraction the point of materialization of the B.S.
pair is superposed on the parent track within the spatial
resolution possible under the experimental conditions.
Ke refer to events of this type as "pseudo-tridents. "
Figure 1 is a photomicrograph which illustrates the
track pattern of a typical B.S. pair. The orthogonal
distance from the pair origin to the parent track is
called r, and for Fig. 1 the projection of r in the emulsion

plane is about 3 microns. The main limitation on spatial
resolution of a close B.S. pair is determined by the
dimensions ( 0.4 micron) of the developed grains in
nuclear emulsions. In our experience it is possible to
distinguish a B.S. pair if the separation of the pair
origin from the line of the parent track exceeds 0.2
micron.

We develop a theory to show that the occurrence of
pseudo-tridents is greater the higher the energy of the
incident electron. The mean angles of both B.S. photon
emission and the electron multiple scattering, which are

the principal factors in the determination of the or-

~ On military leave of absence from Duke University, Durham,
North Carolina.' C. F. Powell, Nuovo cirnento Suppl. 6, 3'/9 (1949).' Bradt, Kaplon, and Peters, Helv. Phys. Acta 23, 24 (1950).

~ Hooper, King, and Morrish, Phil. Mag. 42, 304 (1951).
' S. J. Goldsack and M. I.. T. Kannangara, Phil. Mag. 44, 811

(1953).
s J. E. Naugle and P. S. Freier, Phys. Rev. 92, 1086 (1953);

Report Duke University Cosmic Ray Conference, 1953 (unpub-
lished).

thogonal distance r, are inversely proportional to the
energy. At very great primary energies the major
fraction of the B.S.photons are emitted in such a narrow
forward cone that a substantial fraction materialize
within the resolution distance of the parent track and
are erroneously counted as tridents. In order to correct
for the inclusion of these pseudo-tridents, we have
undertaken a calculation of the distribution in r to be
expected under various experimental conditions. In
addition, the corresponding experimental distribution
has been constructed from 200 events of the type shown
in Fig. 1.

II. THEORETICAL TREATMENT

The calculation proceeds by computing the proba-
bility of the real and projected separations between the
parent track and the origin of a B.S. pair. Figure 2

represents schematically the emission of a B.S. photon
at t =0, which is assumed to be the point of entrance of
the electron into the emulsion, and the subsequent
conversion of the photon at distance t measured in the
forward direction of the emitting electron. At t= T, the
parent electron leaves the emulsion. The three-dimen-
sional distance between parent and pair origin is r,
while the projection of r in the plane of the emulsion
is x. The major contribution to r is due to the multiple
scattering of the electron in traversing the distance t;
the contribution arising from the angles of radiative
emission is small for most values of t employed and has
been neglected. ' All distances will be expressed in
radiation lengths ( 3.0 cm for nuclear plates).
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FIG. 1. A photomicrograph of a typical B.S. pair found in a
65 emulsion. The projected distance between the pair origin and
the track of the parent electron has been measured for 200 obser-
vations of this type and is here about three microns.

' B. Rossi and K. Greisen, Revs. Modern Phys. 13, 240 (1941).
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FIG. 2. A schematic diagram
to represent the formation of a
B.S. pair. The parent electron
enters the emulsion at t= 0, at
which point the B.S. photon is
assumed to originate. The eBect
of the angles of emission in the
radiative collision has been neg-
lected. At f the photon forms a
pair and the parent electron
has been scattered away a dis-
tance r, leaving the emulsion
at f=T.

x' T

cV(*')= ~ H(t, )Q(t)d dt.~,, J,
After transformation to the dimensionless variables

where

rt =x'/nt3t', rt; =x'/nT'I',

1V (x') = (4/3) rt;2t'I (rt;)

f(n*)= '

E(n)n "dn,
4 ex

are independent, the simultaneous probability is given
by their product. Thus

(& exp( —s'/2)
E(rI) = ds.

(2x-) i
For our purpose it is necessary to calculate the proba-

bility that an electron has been scattered a distance x
away from the path of the photon at the point of pair
conversion. Let H(t, x)dx be the probability that an
electron traversing a distance t is scattered a projected
distance between x and x+dx. Multiple scattering
theory' indicates that H(t, x) is Gaussian, and thus we
can put

In addition, we consider the quantity 1V(r'), the
fraction of the B.S. pairs within a true distance r from
the parent. Expressed in radial distance, (1) is re-
placed by

r
G(t,r) =——exp( —r'/2n't'),

e~t3
(la)

H(t, x) = exp~—
(2x) Int't' ( 2n'P)

~00

(x2)A, = x'H(t&x) dx =n2P.
q=r'/nt't' and rt;=r'/nT't'

1~'(r') = an"J (n"),
we find

where
It can be shown' that (x')A, = P(8„')A,/3, where (8i,')A, is
the mean square of the projected angle of multiple
scattering. (8~')„, may be expressed by the experi-
mentally determined' relation for G5 emulsion, (8„')A„'
= 25t*'/E, where E is the electron energy in Mev, t is in
units of 100 microns, and 0„ is in degrees. Expressed in
more convenient units, 0„ in radians, t in radiation
lengths (cm), and E in Mev, we obtain (8~')A„&= 7.57t'/E.
Thus n=4.35/E

Further, let Q(t)dt be the probability that a photon
traversing a distance t materializes between t and
t+dt. Since we find only those B.S. photons which
form pairs in T, we normalize so that f&rQ(t)dt is unity.
Then

(4a)

t

" 1—exp( —rt2/2)J (rt, ) = —drt.J„, „st3

Functions (4) and (4a) were numerically evaluated and
are plotted in terms of the quantities q and q„ in
Fig. 3.

The distribution P(x)dx, the probability for B.S.
pairs to lie in the projected interval between ~x~ and
~x+dx~, is immediately obtainable by differentiation
of the integral distribution X(x) of Fig. 3, and is

I.O

where G(t, r)dr is the probability that an electron
In order to evaluate the parameter n, we note from (1) travelling through t scatters between r and r+dr. From
that (1a) and (3), proceeding as before but now employing

the dimensionless variables

7/9exp (—7t/9)
Q(t) = 0(t(g,

1—exp (—7 T/9)
(2)

N (r')

where the conversion length was taken to be 9/7
"mediation lengths. Since T is usually small in the con-
ditions of the experiment, we will approximate (2) by

FRACTION OF PAIRS LYING
WITHIN x' OR r'

Q(t)dt=dt/T, t& T«1. (3) ~
0' 0.2 0.4 0$ Qa IQ I.2 I.4 I.6

We are now able to evaluate X(x'), the fraction of
the B.S. pairs for which —x'&~x~& x'. Since (1) and (3)

'Gottstein, Menon, Mulvey, O'Ceallaigh, and Rochat, Phil.
Mag. 42, 708 (1951).
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FIG. 3. The fraction of H.S. pairs formed within a projected
distance x' or radial distance r' from the track of the parent
electron as a function of the dimensionless variables q, , y, , re-
spectively.



CONTRIBUTIONS OF 8REMSSTRAHLUNG CONVERSION

In the application of the theory to experiment three
effects have not been considered. Firstly, it has been
assumed that the photon is emitted at the point of entry
of the electron into the emulsion. A more exact theory
would take into account the distance traversed by the
electron before photon emission. In practice this dis-
tance can be shown to be small; if it is neglected in
relation to T, an underestimate of $(x') or 1V(r')
results. Secondly, if two or more B.S. pairs are formed
alongside the same parent the above eGect is more
pronounced. This, however, is relatively rare in com-
parison with single photon conversion. Thirdly, if the
path length T&1, so that (3) is no longer valid, the
calculated X(x'), X(r') are too small since materializa-
tion is more probable at smaller distances. These eGects
are generally rather small and their neglect leads to a
considerable simplihcation of the analysis. As a result,
our calculation of the number of unresolved B.S. pairs
is a minimum estimate.

In order to examine the general character of these
distributions as functions of track length and energy,
it is instructive to consider (r )A„ the mean square radial
separation, which is given from (1a) and (2) by

Av

vr r' ( r' ) 7/9exp( —7t/9)
exp( dtdr.

n'ts L 2n'ts) 1—exp (—7T/9)

Within the conditions of present experiments where
T((1, (r')A„&=nT"/K2, a result which corresponds to
the distribution developed from (4a). As experimental
techniques improve, it will be possible to examine
electromagnetic cascades of great path length, T~~.
Et is noteworthy that under such circumstances (r')A„& +—
5.05m, and the distribution width becomes independent
of path length. For small T, a more exact expansion of
(r')A„ ln T leads to

(r') Ap = (nT"/~2 (1—3T/20) .

In our experimental comparison the largest value of T
employed is 0.5 and for this figure we see that the error
introduced by neglect of the expansion in T is an over-
estimate in (r')A„' of only ~7 percent.

III. EXPERIMENTAL COMPARISON

We have compared an experimental study of 200
B.S. pairs with the preceding analysis. The measure-
ments were made in Hford 05 emulsions 400 microns
thick, 4&7 cm, which had been exposed to the cosmic
radiation at altitudes exceeding 95 000 ft, at geomag-
netic latitude 55'N, for about six hours. Data were

given by

dlV(x') de (x') drl,
P(x) =

8X ~~ ~ 8'g& r 8X

1 dX(x')
(5)
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PEG. 4. Comparison of
the experimental normal-
ized histogram with the
theoretical curve of the
probability for a B.S. pair
to form within the projected
interval between I x

~
and

~x+dx~ from the parent
track. The energies of the
parent particles fall between
0.1 and 10 Bev, and experi-
mental values of

~
x~ exceed-

ing 20 microns have not
been included.
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collected from 26 plates which had been exposed under
diferent amounts of absorbers. The search was con-
fined to thin tracks inclined to the emulsion plane at
angles less than 5'. Two hundred pairs were found which
were associated with a thin and approximately parallel
track; we have assumed all events of this nature to be
B.S. pairs, since the occurrence of other processes of
this phenomenological appearance is negligible. The
projected distance between pair origin and the nearest
thin parallel track was measured in each case; the frac-
tional number of B.S. pairs per micron interval in x are
given as a histogram in Fig. 4.

The distribution in the emulsion path lengths of the
parent tracks was obtained, and we have assumed a
diBerential energy distribution of the form E "dE,
deduced from the ~'-meson energy spectrum. The
probability distribution for the parameter nT'", which
is required for the analysis, was obtained by numerical
means from the above distributions in length and
energy. The appropriate terms in (5) were weighted in
accordance with the experimental variations in length
and energy, and an averaged value of P(x) obtained.
This is compared with the experiment in Fig. 4. The
agreement appears to be satisfactory, particularly in
view of the fact that B.S. pairs originating at distances
exceeding about 50 microns tend to escape observation.
This leads to an error in normalization which causes a
small distortion of the histogram.

IV. CONCLUSIONS

An important application of this analysis is the esti-
mation of the fraction of B.S. pairs which are pseudo-
tridents. In nuclear plates it is usually possible to
resolve distances of 0.2 micron in projection and 0.4
micron in depth. For purposes of calculation, an ellip-
tical resolution function with these dimensions as semi-
axes has been assumed. For our experiment, the
appropriately weightedvalu. es of E(r') were obtained
and integrated over the above elliptical resolution
characteristic. We deduce that 6 percent of the total
number of B.S. pairs produced under our experimental

s Carlson, Hooper, and King, Phil. Mag. 41, 701 (1950).
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conditions would lie within our minimum resolution
criteria and are thus pseudo-tridents. A factor of two
either way in the minimum projected and depth resolu-
tion distances produces a variation in this result of
about 30 percent. In a subsequent paper this correction
will be applied in an evaluation of the cross section for
direct pair creation by fast electrons in the energy
interval 0.1—j.0 Bev.

A recent report' on tridents with primary energies in
the neighborhood of 100 Bev indicates a production
rate notably larger than that indicated by theory. ' "
Fifteen tridents were found in 37 cm of track. We have
made a conservative estimate from electromagnetic
theory which indicates that about 80 B.S. photons of
quantum energy exceeding 100 Mev would be emitted
and that, of these, about 14 percent would materialize
as B.S. pairs under the conditions of the experiment.
Thus an average of about 11 B.S. pairs would be ex-
pected. Cascading eGects, which would tend to increase
this number, have been neglected. An application of our
analysis to the experiment has been made. If we assume
a mean primary energy of 100 Bev and a mean path
length of 0.47 radiation length, we find a value of

9 H. J. Bhabha, Proc. Roy. Soc. (London) A152, 559 (1935).
"G.Racah, Nuovo cimento 14, 93 (1937).

1.4&(10 s radiation length (cm) for the parameter nT'~'.
If we employ the same elliptical resolution variation as
before, the expected proportion of B.S. pairs which are
pseudo-tridents is 67 percent. Therefore, it is reasonable
to suppose that approximately 7 of the 15 tridents re-
ported are not, in fact, attributable to the direct pair
creation process. It has been pointed out previously that
this may be regarded as a minimum estimate. Con-
sideration of this large correction factor leads to a
trident cross section more nearly in agreement with
theory. It can be shown that even if the minimum
resolution distances are halved, our conclusions remain
substantially the same; a similar remark can be made
with regard to halving the primary energy. We there-
fore consider the contributions of bremsstrahlung con-
version to constitute a major source of error in trident
experiments at, great energies.
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A statistical examination of the data at present available on v--meson decay shows that it is consistent with
a two-body decay scheme: r~7f+X ~7I+7I++~ . The mass of the intermediate particle Xo would have to
be about 595m. and the Q value for its decay about 22 Mev.
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S is well known, the ~ meson exhibits the char-
acteristic decay scheme r+ —+ s.++a.++a with a

Q value of about 76 Mev. This is usually regarded as a
spontaneous 3-body decay, and various theories have
been worked out on this basis, ' but no definite con-
clusions as to the validity of these. theories have been
reached, because of the scarcity of the observations.

We have considered whether the data now available
are consistent with the decay scheme, r+ —+vr++X',
where X' denotes a hypothetical neutral particle which
after a very short lifetime decays into s.++m . We were
led to this supposition by the fact that several authors2
have proposed the existence of neutral particles which
decay into two x mesons, although their proposals have
not been widely accepted.

For the analysis of this process, mechanics alone
sufIices. In the rest frame of the ~ meson, we expect an

' R. H. Dalits, Phil. Mag. 44, 1068 (1953); Proc. Phys. Soc.
(London) 66, 710 (1953).

2 E.g., the P meson proposed by Danysz, Lock, and Yekutieli,
Nature 169, 364 (1952).

energy-distribution function consisting of a sharp line
at an energy E for the 6rst m meson and for each of the
remaining m mesons a uniform distribution between
the limits

;„=-,'(M' —2m —E)+-,' (Z' —tN') l

. ( (~2 2~+ 3~2)/(~2 2~++~2) ) 1 (1)

where 3I, m are the masses of the r and m mesons,
respectively. The mass of the X particle is given by

x= (M' —2MB+m')'. (2)

In order to test the predictions of our hypothesis,
we have made a statistical analysis of fourteen events,
eleven of which are summarized in a paper by Amaldi
et at'. ' and three more by Lal et u/. 4 In most of the cases
we have used standard deviations derived directly
from the experimenters' estimates of errors; for the

Amaldi, Baroni, Castagnoli, Cortini, and Manfredini, Nuovo
cimento 10, 937 (1953).

4 Lal, Pal, and Peters, Phys. Rev. 92, 438 (1953); Proc. Indian
Acad. Sci. 38, 398 (1953).


