1038

nucleon. In each case it has been found that the result
of the a.d. theory differs from that of the retarded field
theory by the absence of the terms that correspond to
the contribution of the field reaction to the nucleon
parameter—be it mass, moment of inertia, or isotopic
spin—involved in the scattering. It may be noted that
the field reaction terms corresponding to radiation
damping (which save the cross section from ultraviolet
catastrophe) are the same in both the theories. The
details of the calculations show quite clearly that this
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cancellation of field reaction occurs in virtue of the
reactive terms in the equations of motion of the a.d.
theory, representing the effect of the future motion of
the particle, i.e., terms involving integrals of the
type JSi®---dr, where 7 is the proper time of the
particle.

I wish to thank Dr. R. C. Majumdar for suggesting
the above problem and for helpful discussions. I also
wish to thank the Atomic Energy Commission, Govern-
ment of India, for the award of a research fellowship.
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An experimental study has been made of events in which a fast p meson interacts with a nucleus to
produce at least one evaporation neutron. The experimental results of major importance are o7 = (9.141.2)
X 10727 cm?/Fe-nucleus; 1.03<m<7.74+2.2; and (1.23-0.4) X107%" cm?/Fe-nucleus <o < (8.84£1.1) X 10727
cm?/Fe-nucleus, where o is the cross section for such events and 7 is the mean multiplicity of evaporation
neutrons emitted. These results are in good agreement with the results of calculations based on present
information on the nuclear interaction of v rays, which lead to the prediction of a ¢ of about 2.4X10727
cm?/Fe-nucleus and an 7 of about 3.3. The surprisingly large cross section and small mean multiplicity
of neutrons are shown to be reasonable by calculating that about 90 percent of all y-meson nuclear inter-
actions result in the transfer to the nucleus of less than 300 Mev.

INTRODUCTION

T is now generally known that the u meson has a
weak but nonvanishing interaction with nuclei, both
in capture processes and in interactions in flight. Several
experiments have been done by other workers in an
attempt to determine the cross section for interaction
of a fast u meson with a nucleus. The numbers quoted
in the literature! differ considerably, due to the fact
that the various experimental techniques employed
are not equally sensitive to all the processes by which
x mesons interact with nuclei.

Knowledge of the interaction cross section under
various conditions makes it possible to draw conclusions
as to the nature of the interaction processes involved.
Specifically, the fact that the cross section measured in
the present experiment is large compared to previous

* This article is based on a doctoral dissertation presented to
the Graduate Board of Washington University by H. C. Wilkins.

1 Assisted by the joint program of the U. S. Office of Naval
Research and the U. S. Atomic Energy Commission.

1 Present address: University of Padua, Padua, Italy.

§U. S. Atomic Energy Commission Predoctoral Fellow;
present address: Alfred University, Alfred, New York.

1E. Amaldi and G. Fidecaro, Phys. Rev. 81, 339 (1951);
Castagnoli, Gigli, and Schinto, Nuovo cimento 10, 893 (1953);
Amaldi, Castagnoli, Gigli, and Schinto, Nuovo cimento 9, 453
(1952); 9, 969 (1952); Proc. Phys. Soc. (London) 65, 556 (1952);
G. Cocconi and V. C. Tongiorgi, Phys. Rev. 84, 28 (1951); E. P.
George and J. Evans, Proc. Phys. Soc. (London) A63, 1248 (1950);

E. P. George in Progress in Cosmic Ray Physics (North-Holland
Publishing Company, Amsterdam, 1952), p. 428.

measurements leads, as we show later, to the con-
clusion that u mesons of about 11-Bev energy in their
interaction with nuclei lose on the average only several
hundred Mev.

The data taken by Cocconi and Tongiorgi,! in an
experiment rather similar to the present one, are, we
feel, consistent with the data presented here. The
present experiment was designed to detect unam-
biguously nuclear interactions of g mesons in which
the neutron multiplicity is low; while the Cocconi ex-
periment detected high-multiplicity interactions very
efficiently, there was some ambiguity in their assign-
ment of low-multiplicity interactions to mesons.

The present experiment is an outgrowth of the
studies at this laboratory? of neutron production by
fast u mesons in lead; attention was shifted to iron in
order to reduce the neutron yield from v rays in knock-
on showers. '

2R. D. Sard, Phys. Rev. 80, 134 (1950); Sard, Crouch, Jones,
Conforto, and Stearns, Nuovo cimento 8, 326 (1951); M. F.
Crouch and R. D. Sard, Phys. Rev. 85, 120 (1952) ; H. C. Wilkins,
thesis, Washington University, St. Louis, September, 1952 (un-
published). The result of Crouch and Wilkins for the cross-section
multiplicity product in 7.6 cm Pb—(8344) X107 cm? per
nucleus—has been quoted in E. J. Althaus and R. D. Sard, Phys.
Rev. 91, 382 (1953); as pointed out in this paper, it was necessary
to assume a large cross section for u-meson events in which little
energy was transferred to the nucleus, in order to explain the
large number of cloud chamber pictures containing only a single
penetrating particle.
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APPARATUS AND DATA

In this experiment nuclear interactions were studied
by counting low-energy (less than about 10 Mev)
neutrons associated with the passage of p mesons
through a slab of iron. The penetration by the u meson
was indicated by a coincidence of pulses from Geiger
counters placed above and below the absorber (Fig. 1).
Neutrons were slowed down in the paraffin and were
recorded as associated with a penetration if the thermal-
ized neutrons were detected within a 186 usec time
interval starting 7 usec after the penetration. The
equipment was arranged to record those penetrations
that were followed by the detection of one or more,
two or more, and three or more neutrons within this
time interval. '

Special features of the experiment included the
following:

(1) The number of penetrations was recorded directly.

(2) Penetrations were rejected if in any tray of Geiger
counters above the absorber two or more counters were
discharged.

(3) In part of the experiment the equipment was
arranged so as to discriminate against soft showers
initiated by knock-on electrons in the absorber.

The experiment was performed in a limestone cave
with a coverage of about 2000-g cm™2 (average energy
of the u mesons=11 Bev). The equipment used was
basically the same as that used in the former experiment
of Crouch and Sard® on the neutron multiplicity
associated with the capture of negative p mesons. A
few simple modifications had to be made in order to
detect events associated with penetrating particles
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F1c. 1. Schematic of the apparatus—front view. A,B,C,and D
refer to the respective trays of Geiger counters. The BF; neutron
counters are embedded in the paraffin moderator.

3 M. Crouch and'R. D. Sard, Phys. Rev. 85, 120 (1952).
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FiG. 2. Schematic of the apparatus for “control’”’ experiment—
front view. Note that the D counters have here been replaced
by the 4 counters.

rather than with particles which reach the end of the
range in the absorber; otherwise, no major changes
in the geometry or circuitry were made. For a detailed
description of the site and the equipment the reader is
referred to the report of the previous experiment. Only
a very brief description will be given here.

The three trays of Geiger counters 4, B, and C, the
Pb filter, the paraffin barrier, and the absorber were
mounted on horizontal tracks to facilitate changes in
the geometry. The bank of D counters was made large
enough to cover the solid angle included by the 4 and
C trays above the absorber. The boron trifluoride
counters were embedded in a 700-kg block of paraffin,
which served to thermalize the neutrons and thus
render them detectable by the BF; counters.

A penetration was indicated by a fourfold coincidence
ABCD. If this coincidence was accompanied by the
simultaneous discharge of at least one other counter
in either the A, B, or C trays, then the event was
recorded as a “multiple” and the event was discarded
in the analysis. Other events were designated as
“singles.”

The arrangement of the equipment in Fig. 2 deserves
comment. As indicated above, the arrangement shown
in Fig. 1 permitted single-multiple discrimination only
in the trays of Geiger counters placed above the ab-
sorber. The counters in the D tray were simply con-
nected in parallel, thus not making it possible to
distinguish between events in which one or more than
one charged particle emerged from the absorber. It is
evident that if the tray below the absorber could be
made to distinguish between single and multiple dis-
charges, then the equipment could be made to dis-
criminate against events in which large showers
develop in the absorber. This was accomplished by re-
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placing the D tray by the 4 tray and making the ap-
propriate modifications in the electronic circuits.

The neutron detection efficiency was determined by the use of
a Ra—a—Be source of known neutron flux. This source was the
same as that used in the experiment of Crouch and Sard and as
pointed out in the report of that experiment,? the neutron flux of
the source is uncertain by about ten percent, corresponding to the
uncertainty in the flux from the Bureau of Standards source which
was used for calibration. Thus there may be a systematic error of
up to 10 percent in our value of the efficiency and any quantities
depending on the efficiency. The neutron counting rate was meas-
ured with this source in various positions on and in the absorber.
The efficiency for each of these positions was determined and
weighted according to the relative y-meson flux through that part
of the absorber. The average efficiency thus determined had to be
further corrected by taking into consideration the finite time
during which the equipment would accept a neutron count. It
was found that the probability of detecting a neutron once
thermalized decreased exponentially with time with a detection
mean life of 16247 usec. Thus, the efficiency for detection of
neutrons associated -with penetrations would be less than that
for source neutrons by a factor

(1 - e_T/T)v

where T is the gate length for counting neutrons and r is the
detection mean life. This factor is 0.68+0.02 for the experiment.
The efficiency for the 7.6-cm Fe absorber was 0.0178 and for the
5.1-cm Fe absorber it was 0.0176.

Another source of inefficiency was in the neutron detecting
circuits. After a neutron discharged one of the BF; counters,
the circuit would not accept another neutron pulse for a time d
which we call the dead time of the neutron detecting circuit.

Since the energy spectrum for neutrons from nuclear inter-
actions in the absorber is not the same as for the artificial source
neutrons, it might be expected that the detection efficiency for
artificial source neutrons differs from that for the neutrons from
nuclear interactions. If this were true then it would be expected
that the top 3 neutron counters would be of different importance
in the two cases. By disconnecting the top neutron counters the
counting rate for neutrons associated with penetrations decreased
by a factor 3.63+40.97. The efficiency for source neutrons de-
creased by a factor 3.84. Thus, one can think of the detection
efficiency as being flat as a function of neutron energy, up to an
energy of the order of 10 Mev, then dropping rapidly to zero.
In this experiment, neutrons of energy much greater than 10 Mev
cannot be thermalized, and thus are not detected.

ANALYSIS OF DATA

The quantities that we are interested in evaluating are
(1) the cross section (per nucleus) o for a nuclear in-
teraction in which at least one neutron is released, and
(2) the mean number 7% of neutrons released in such
interactions. From an experiment of the present type,
neither of these quantities can be evaluated separately ;
rather the product o7 emerges from an analysis of the
data.

Let us define the following quantities:

x=effective thickness of the absorber in g cm™2,
N=Avogadro’s number,
o=cross section per nucleus for a nuclear inter-
action in which at least one neutron is released,
P(m)=rprobability that in this interaction, 7 neutrons
will be released,
e=efficiency for detection of neutrons associated
with penetrations,
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R=number of penetrations per unit time,
R,=number of penetrations recorded per unit time
that are accompanied by the detection of # or
more neutrons,
R,’=the value R, would have if the dead time d of
the neutron detecting circuit were zero,
A=atomic weight for the material of the absorber.
In terms of these quantities one can write

RNxo » n—1
R, = X=: P(m)[1~ go mCi(1— e)’"‘iei], 1)
where "C,=[m(m—1)(m—2)---(m—i+1)]/(E). It

can be shown that

RY+Ry/+R{/+R{+ -
RNzxo = RNxo
= > P(m)me= em, (2)
A m=]
Ry/+2R{/+3R,/+4Rs+- - -
RNxos « m>—m RNzxo
= ” > P(m)ée 2—~= e((m*)n—m). (3)
m=1

In the actual experiment there are only three channels,
but the error introduced in o7 by neglecting R,’ for
n >4 is negligible.

In our experiment, the dead time d, during which the
neutron circuit could not accept another neutron count,
was not negligible, so that the observed R, rates are
too low. A straightforward but laborious calculation
shows that the corrected rate R,’ is related to the ob-
served rate R, by the relations

R]_/'—-"Rl, R2,=(1R2, R3’=bR3,

where a and b are complicated functions of ¢, d, T, and
7. Thus the previous formulas involving Ry’ and Ry’
can be used with Ry’ and Rj’ replaced by aR; and bR;,
respectively. For the experiment of Fig. 1, d=13.3
psec, giving approximately ¢=1.18 and b=1.66. For
the experiment of Fig. 2, d=48.9 usec, giving a=1.71.
From Egs. (2) and (3),

(Rl‘f" aR2+ bRs)A
o= 4)
RNzxe
24 (aRs+2bR
U(<mz>”~m)=__(‘l___3)_ (5)
RNzxé

From (4) and (5) and the fact that {(m—m)%)x>0, it
follows that m <7, where

2 (dR2+ 2bR3)
e(Ri+aRy+bRs)

Thus, using Eq. (6) an upper bound on % can be
calculated from the counting rates. Corresponding to

r==

(6)
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TaBiLE I. Summary of the data.
Arrangement of Fig. 1 Arrangement of Fig. 2
Absorber 7.6 cm Fe 5.1 cm Fe None 7.6 cm Fe None

Penetration rate 39.7/min 42.5/min 40.3/min 35.4/min 36.6/min
Penetrations with N

raw rate 0.7934-0.035/hr 0.7244-0.034/hr 0.576+0.036/hr 0.68640.046/hr 0.4464-0.042/hr

corrected rate® 0.594+0.035/hr 0.4934+0.034/hr 0.328+0.036/hr 0.4564-0.046/hr 0.20520.042/hr
Penetrations with 2NV

raw rate 0.01140.004/hr 0.0144-0.005/hr 0.00240.002/hr 0.01640.007 /hr 0.008=4-0.006/hr

corrected rate® 0.01140.004/hr 0.01140.005/hr 0.0024-0.002/hr 0.0163-0.007 /hr 0.008-+0.006/hr
Penetrations with 3N

raw rate 0 0.0024-0.002/hr 0 0 0

corrected rate® 0 0.0024-0.002/hr 0 0 0

\ 2 The correctior}s applied to the data were of two types: (1) correction for accidental coincidences and (2) correction for events recorded both in the
‘single’” and the ‘‘multiple’” channels. The latter kind of event was due to the accidental overlapping of the ‘‘single’” and the “multiple” long gate pulses
used in the recording equipment. These data are not corrected for the finite dead time of the equipment.

this upper bound on 7% there is a lower bound on ¢
given by Eq. (4).

An upper bound on ¢ can also be obtained. Another
expression for Ry is (RNxna)/A, where 7 is the efficiency
of the system for detecting the nuclear event. n would
be equal to € if only one neutron were emitted and
would be 1 if an infinite rnumber of neutrons were
emitted. Thus, an upper bound on ¢ is

o< (R4)/(RNxe).

It can also be shown that if the neutron production is
due to a combination of processes, each corresponding
to a different o and a different multiplicity distribution,
then the results are additive, i.e.,

Ri+aR,+bRy=[(RNxe)/A](om),

where (o77)r is given by

N
(G’m) T= Z oM.

=1

The data are summarized in Table I. The neutron
coincidence rates R, are the corrected observed rates
reduced by the corresponding rates without absorber.
R is the penetration rate given in Table I. The effective
thickness is 1.14 times the actual thickness of the ab-
sorber. This factor was obtained by taking into con-
sideration all possible angles of incidence on the
absorber, each weighted by the cos?¢ law of u-meson
intensity.

By using Eq. (4), the values of o7 are found to be as
follows for the experiment of Fig. 1:

o= (9.241.6) X 102" cm?/nucleus for 7.6 cm Fe,
o= (7.522.4) X 102" cm?/nucleus for 5.1 cm Fe,

and for the experiment of Fig. 2,
om=(9.942.5) X 10~%" cm?/nucleus for 7.6 cm Fe.

(It is seen that the double and triple neutron rates are
too small to permit evaluation of o(m?)s and higher
moments.)

COMPETING EFFECTS

The results given above are the cross-section multi-
plicity products for all possible processes by which a
charged particle penetrating the absorber can release
one or more evaporation neutrons in the absorber. To
obtain results for the primary interaction of a x meson
with a nucleus, an estimate must be made of the con-
tribution of other processes. Among these competing
processes the following might be considered important.

1. Effect of Shower v Rays

Evaporation neutrons could possibly arise by the
following process (see Fig. 3) : a u meson imparts energy
to a knock-on electron in the absorber; the knock-on
electron then initiates a soft shower, the vy rays of
which interact with nuclei of the absorber to produce
evaporation neutrons. This event would be accepted
by the apparatus shown in Fig. 1. A lengthy calculation

OOLOO A
OOC00 s
OOOLO _¢

Fe ABSORBER )a
Y-RAW’:

NEUTRON
ELEGTRON

J-MESON

F16. 3. Effect of shower v rays in absorber. A x meson knocks
on an electron in the Fe absorber at a. This electron initiates a
soft shower, and one of the vy rays in the shower causes a nuclear
interaction at .
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an energy greater than &:
1.0 2) Nx © Eelmax do
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where®
(4.27)10%E,
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PROBABILITY OF DETECTING SHOWERS
FROM KNOCK-ON ELEGCTRONS

&
Eel

F16. 4. Curve 1 represents the probability that a knock-on
electron of energy E. initiate a shower that is detectable as a
“multiple” event. Curve 2 is a simplified version of 1 for the
purpose of calculations.

based on Snyder’s solution* of the approximation “B”
shower theory diffusion equations and on the observed
neutron yield from the ‘“‘giant resonance” interaction
of 20-Mev v rays leads to the prediction that shower
v rays could contribute to o772 as much as 10X10~%
cm?/nucleus for the experiment with 7.6-cm Fe ab-
sorber. This is approximately the observed value. Of
course, one would not expect approximation “B” to
give very good results for y-ray energies as low as 20
Mev. The “control” experiment, illustrated in Fig. 2
and discussed earlier, was designed to test the effect of
shower v rays in producing neutrons. Since in the
“control” experiment events were discarded if more
than one charged particle emerged from the absorber,
events associated with large showers in the absorber
are discriminated against. Thus, if the observed o7 for
the original experiment were partly due to the effect
of shower « rays, then the “control” experiment should
yield a smaller o772 than the original experiment.

To evaluate the effect of the “control” experiment
we reason first that high-energy knock-on electrons
will produce showers so large that the probability of
their being detected as “multiples” in the control
experiment is very close to one. For very low-energy
knocksons this probability is zero. The exact shape
of the curve of probability of a “multiple” count versus
knock-on electron energy is not known but it might
be as indicated by curve (1) in Fig. 4. In order to
simplify the calculations, we assume that the curve has
the shape of (2) in Fig. 4 (i.e., knock-on electrons of
energy less than & will not register as “multiples”)
and proceed to find the & that fits the data.

To relate & to the counting rates, we calculate the
probability, P(Ea>8), that a u meson in passing
through the absorber will give to a knock-on electron

4 H. Snyder, Phys. Rev. 76, 1563 (1949).

N(E)dE,=——"— "
T (B, 7700)2 55

is the number of x mesons 2000 g cm™2 underground
with energy between E, and E,+dE,,

2meE 2
Eelmax =
m 2t 2ma2E,

is the maximum transferable energy, and

do dEel
—dEq=(25.1)(Z) (10-26)——
E, E.?

el el

is the differential cross section per atom for a u meson
to give to a knock-on electron an energy between E,
and E81+dEel.6

In all of these equations, energies are measured in
Mev. Figure S is a plot of P(E.> §) vs &.

To obtain the rate at which tray A of Fig. 2 counts
“multiples” produced in the absorber, the experiment
illustrated in Fig. 6 was performed. The Pb was used
to insure that the particles triggering the array of
counters were penetrating particles. Only those “mul-
tiples” occurring in tray A4 were counted and the
difference between the multiple rates “with” and
“without” the Fe absorber was taken as the rate of
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Fi1c. 5. Plot of the probability that a u meson knock on
an el¢ctron of energy greater than § vs 8.

8 D. C. Peaslee, Nuovo cimento 9, 61 (1952) ; Barrett, Bollinger,
((:o%co)ni, Eisenberg, and Greisen, Revs. Modern Phys. 24, 133
1952).
¢ B. Rossi, High Energy Particles (Prentice-Hall, Inc., New
York 1952).
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detection of multiple events produced in the absorber.
To make sure that the p-meson spectrum did not
change, the run “without” absorber was made with
the Fe still in the telescope, but now over the B tray
[Fig. 6(b)]. The results are given below:

Absorber below

(48.94-0.2) /min
(1.900.04) /min.

Absorber above

(49.640.2) /min
(2.79+40.05) /min

AB rate
AnB rate

Thus, 1.8 percent of the p mesons produce knock-on
electron showers that are detected.

Referring to Fig. 5, we see that this probability
corresponds to =170 Mev. This means that, on the
average, showers initiated by knock-on electrons of
energy greater than 170 Mev are detected, whereas
those of smaller energy are not detected as “multiples.”

In the calculation (approximation B) of an equivalent
pu-meson cross section for evaporation neutron produc-
tion through the intermediary of shower v rays, it was
found that showers resulting from knock-on electrons
of energy greater than 170 Mev contribute roughly half
the total calculated cross section. Since conventional
shower theory overestimates the number of 20-Mev
photons near the beginning of a shower,” the contri-
bution of shower v rays to o7 in the ‘“control” experi-
ment must be less than half the contribution in the
other experiment with 7.6-cm Fe. If, for example, all of
the measured o772 observed in the experiment of Fig. 1
had been due to shower v rays as predicted by shower
theory, then the expected value for the ‘“control”
experiment of Fig. 2 would have been less than

0.5(9.2+1.6)10~%"= (4.62-0.8) 107" cm?/nucleus.

But the observed value is (9.942.5)10~27 cm?/nucleus;
in the same time the standard deviation would have
been about 1.7 if the value of ¢7% had been 4.6, and the
difference between the expected value and the observed
value is 5.3 10727, If one assumes that the true value
of this difference is zero (i.e., 04=1.9) the probability
of a fluctuation as large as 5.3)X10~% is about 0.004.
Therefore, the o value for 7.6-cm Fe cannot all be
ascribed to the effect of shower v rays. On the contrary,
the experimental results suggest that the effect of
shower + rays is negligible.

2. Effect of Nuclear Cascades Beginning
in the Absorber

The neutrons detected in the experiment are those
due to the original event plus any that are produced in
nuclear cascades developing in the absorber and in the
paraffin surrounding the neutron counters. Therefore,
in order to give a o7 value that can be ascribed to the
primary nuclear interaction of a u meson, the effect of
nuclear cascades must be considered.

The experiment gives evidence that nuclear cascades
have at most a small effect. This evidence consists of the
following considerations:

7R. R. Wilson, Phys. Rev. 86, 261 (1952).
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F16. 6. Schematic of the apparatus used to test the efficiency
of the “control” experiment for shower detection.

(a) If a nuclear cascade continued to develop in the
paraffin surrounding the neutron counters, the lower
counters would be more important for the detection of
neutrons from the cascade than for the detection of
neutrons from the original event. Thus, by discon-
necting the top three neutron counters, the neutrons
from the cascade in the paraffin would be favored. The
results given earlier indicate that the efficiency for
detecting neutrons from the absorber (and cascade,
if any) is not significantly different from the efficiency
for detection of neutrons from the artificial source.
This result suggests that there is very little, if any,
effect of nuclear cascade in the paraffin.

(b) It is reasonable to assume that if nucleons from
nuclear interactions of u mesons are energetic enough
to cause a large nuclear cascade, then protons and
« mesons would often be able to get out of the absorber.
Such events would register as “multiples” in the
“control” experiment and hence would not contribute
to the neutron counting rate. The fact that om for
the control experiment did not differ significantly from
the corresponding quantity for the other experiment
suggests that neither shower v rays nor nuclear cascades
are important in 7.6-cm Fe.

3. Effect of Neutrons, Protons, and = Mesons
Arising from Nuclear Interactions
Outside the Absorber

For a fast neutron to give rise to a spurious count,
it would have to accompany a penetrating charged
particle through the Geiger-counter telescope and
initiate a nuclear event in the absorber (Fig. 7). Neu-
trons from nuclear interactions in the Pb filter above the
telescope might thus give rise to spurious counts. This
process is unlikely because protons that might ac-
company the neutron out of the Pb filter would trigger
another counter in the Geiger-counter telescope and
thus the event would not register.
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F16. 7. A possible sequence of events resulting in a “single”
accompanied by a spurious neutron count. A u meson interacts
at @, and continues on through trays A BCD. One of the secondary
fast neutrons interacts at b.

Protons and 7 mesons originating in the filter can be
neglected since in most cases a proton from an interac-
tion in the filter will be accompanied by the original
w meson, thus triggering a multiple count. Protons and
« mesons originating in the roof of the cave have a
relatively small chance of penetrating the filter.

The most powerful evidence for believing that few
high-energy secondary nucleons are produced per
1 meson-nucleus interaction is the fact that the
“control” experiment gives the same o7 as does the
experiment of Fig. 1. Secondary protons or mesons
would register as “multiples” in the “control” experi-
ment, so that if they were produced with any frequency,
the “control” experiment would have resulted in a far
smaller o1.

These considerations indicate that neutrons, protons,
and 7 mesons produced outside the absorber have no
important effect on the neutron counting rates in the
experiment.

SUMMARY OF RESULTS

The experimental data indicate that competing
effects are unimportant in the experiment. Therefore,
it is justifiable to lump the results of the three experi-
ments—that with 7.6-cm Fe absorber, with 5.1-cm Fe
absorber, and the control experiment. The results of
major importance are

om=(9.141.2) X 10~%" cm?/Fe-nucleus,
1.03<m<7.742.2,
(1.240.4) X 10727 cm?/Fe-nucleus <o < (8.8+1.1)
X 10727 cm?/Fe-nucleus.
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DISCUSSION OF RESULTS

The work of George and Evans® gave 4.4X107% cm?/
nucleon for the cross section for production of stars of
at least one minimum ionizing track in the lower
hemisphere and at least 3 “heavy’” prongs (presumably
protons). (The minimum excitation energy of these
stars was of the order of 150 Mev.) The mean number
of ionizing prongs for these stars was about 6, so that
the mean number of neutrons must have been about
78 so that om=1.7X10"% cm?/Fe-nucleus, a value
much smaller than the o7 measured in the present ex-
periment. As we shall show below, this apparent dis-
crepancy can be explained, when the low-energy inter-
actions of x mesons with the nucleus are taken into
account.

In an experiment rather similar to the present one,
in that nuclear interactions were detected by observing
evaporation neutrons, Cocconi and Tongiorgi! evaluated
o for Pb and for Al. However, as mentioned previously,
the low-multiplicity events could not unambiguously
be assigned to w-meson interactions. From measure-
ments on the nuclear interactions of v rays, it is
possible, as we show below, to calculate a partial o7
for interactions in which u mesons transfer less than
about 300 Mev to the nucleus. This corresponds, on the
average, to a neutron multiplicity of about 6. Hence
we shall use the Cocconi and Tongiorgi data to calculate
a partial o7 for events in which more than 300 Mev is
transferred to the nucleus. If one ignores the data in
their first six channels, one can calculate a o for
events in which 7 or more neutrons are emitted.
Making a very crude interpolation between the Cocconi
results for Pb and Al, one finds that o7 is between
2X1072719 and 4X10727 cm?/Fe-nucleus and that
m==11. The two limits on o7 correspond to extreme
assumptions concerning the effect of the secondary
particles capable of producing nuclear interactions.!

A photoplate experiment on star production is biased
against low-energy interactions. The present experi-
ment requires only that at least one evaporation neutron
be released. That such low-energy events occur is
evident if one represents the electromagnetic field of
the u meson as a spectrum of “‘equivalent” +y rays.

In order to analyze this model further, it is assumed
that u mesons interact with nuclei by way of these
equivalent photons. The spectrum of photons is given
by the Williams-Weizsicker formula

2 dE, 2E,
R(E,)dE,=——— ln[— —-—]
137 E, 3 E,
8E. P. George in Progress in Cosmic Ray Physics (North-
Holland Publishing Company, New York, 1952), p. 428.
(1951% J. LeCoutenur, Proc. Phys. Soc. (London) A63 259, 498
).
10 This value of 77 is about twice as large as the corresponding
quantity for the George data.
1 This effect was probably larger in the Cocconi experiment
than in the presentione.
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In this equation, R(E,)dE, is the number of photons
with energy between E, and E,+dE, associated with
a u meson of energy E,. It is further assumed that these
equivalent photons interact with matter by the same
processes as do real  rays. The processes by which real
v rays are known to interact with nuclei are the
following. '

(1) Star Production

The process by which high-energy v rays (E, greater
than about 100 Mev) produce high-energy stars is
thought to be one in which a 7 meson is first produced
in and then absorbed by the (same) nucleus. The cross
section for this process is about 2X 1072 cm?/nucleon
per effective quantum at low energies.”* Assuming that
this value is applicable for all E,, and making use of the
Williams-Weizsicker formula and the u-meson energy
spectrum, one obtains a value of cross section

Otheor = 0.15X 10727 cm?/Fe-nucleus

for events in which more than 300 Mev is transferred
to the nucleus. Thus, it is not unreasonable to assume
that this process can account for a ¢m of between
2X 10727 and 4X 10?7 cm?/Fe-nucleus in the present ex-
periment (e.g., take 0=0.2X10"%" cm?/Fe-nucleus and
10<m <20 for events in which 7 or more neutrons are
emitted).

(2) “Giant Resonance” Interactions

The interaction cross section of vy rays with Fe has
a “giant resonance” in the vicinity of 20-Mev y-ray
energy. This interaction leads to the production of one
or possibly two neutrons. Let us assume that the cross
section for such low-energy v rays can be expressed as
a 6 function:

o (E,)dE,=1§(E— Egr)dE,,

in which II is the integrated cross-section multiplicity
product around E,=Egr, and Egr is the energy at
the peak.

Then, for a given p meson, the cross section for an

12 Panofsky, Steinberger, and Stellar, Phys. Rev. 86, 180 (1952);
R. D. Miller, Phys. Rev. 82, 260 (1951).
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interaction by the giant resonance effect is
o= f IR (E,)3(Ey— Egr)dE,
0

=TIR(E¢r),

in which R(E,)dE, is the virtual photon spectrum.
Such a cross section must be integrated over the energy
spectrum of u mesons, N (E,)dE,. Using II=0.735X 10—
cm? Mev per nucleus,”® one obtains (o77) gr=~ 0.8 X 10~
cm?/Fe-nucleus. This would be the contribution of this

process to the result of the present experiment.

(3) Low-Energy Interaction of Higher-Energy
v Rays

In recent months more information has been ob-
tained on the energy dependence of the interaction
cross section of v rays of energies up to about 300 Mev.
It is found, for example by Terwilliger and Jones,!?
that the cross section for production of evaporation
neutrons. increases as energy increases (beyond =80
Mev) above the giant resonance region. Taking into
consideration this rise in cross section with energy
up to 300 Mev, the corresponding equivalent photons
could contribute about 3.9X10~%" cm?/Fe-nucleus to
the o7 value for the present experiment. These events
probably have a neutron multiplicity less than 7, so
this number can be combined with our previous results.
We will assume a mean multiplicity of 3 for these
events.

These three processes thus account for roughly
8X10~% cm?/nucleus, in reasonably good agreement
with our result. Using the numbers in (1), (2), and (3),
one finds ¢~2.4X107?" cm?/Fe-nucleus for events in
which one or more neutrons is emitted, and m=3.3.
The ‘“‘star” producing events, (1), contribute only
about 10 percent to the cross section.
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