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Distribution of Arrival Times of Air Shower Particles*
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We have studied the instantaneous distribution of particles in
extensive air showers at sea level by measuring the relative delays
between particles with three liquid scintillation counters. The
delays measured were in the range from 5 to 300 mpsec. The sizes
of the showers were in the range from 10' to 10' particles. Using
statistical methods of analysis we have found that at a given
instant most electrons with energies of ~20 Mev lie in a Bat disk
of thickness between 1 and 2 meters. The particles which can
penetrate at least 20 cm of lead lie in a disk of thickness between
2 and 3 meters. The disk of penetrating particles follows behind
the disk of electrons by less then 3 meters.

We measured the projected zenith angles of the axes of in-
dividual showers by measuring the delays between widely spaced
counters. The standard deviation of a measurement of the sine
of the projected zenith angle of a shower was 0.13.The root mean
square of the sines of the projected zenith angles was found to be
0.24+0.015.If we assume a cos"0 distribution law for the projected
zenith angles we find n=15&1.2. We determined the spatial
orientations of the axes of individual showers by measuring the
projections of the zenith angles on two mutually perpendicular
planes.

I. INTRODUCTION
' +ARTICLES in an extensive air shower, generated

by a single high-energy particle incident on the
top of the atmosphere, may be delayed with respect to
one another at the plane of observation because

(1) path lengths may differ as the result of scattering,
(2) velocities may diRer,
(3) the axis of the shower may not be perpendicular

to the plane of observation.

Several attempts have been made to observe delays
due to causes (1) and (2) by recording the times of
arrival of air shower particles at detectors. McCusker,
Ritson, and Nevin' found no particles in air showers
which were delayed by more than 1500 mttsec (1500
&&10 ' sec). Mezzetti, Pancini, and Stoppini' have
shown that the percentage of penetrating particles with
delays greater than 100 mpsec is certainly less and
probably much less than 15 percent. Delays of pene-
trating particles have been studied by Ofhcer' who
found an upper limit of 20 mpsee to the mean delay of
particles able to penetrate 10 cm of lead. j'elley and
Whitehouse4 have measured the delays between suc-
cessive pulses produced in a single large scintillation
counter by air showers. They find that 0.6 percent of
particles have delays from 30 to 700 mp, sec and that the
distribution of these delays can be described by an
exponential function with half of the delays occurring
before a time At= 100~20 mp, s'ec.

We describe here several experiments which we have
carried out with an apparatus sens'itive to delays in the
range from 5 to 300 mpsec. Our results clarify several
features of the instantaneous longitudinal distribution
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U. S. Atomic Energy Commission and the U. S. Ofhce of Naval
Research.
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of particles in air showers. In addition they demon-
strate that one can determine with fair precision the
direction of arrival of air showers from measurements
of the delays between widely spaced counters.

At any instant most particles in an air shower are
concentrated in a disk-shaped region of space symmetric
about the shower axis. This axis is the prolongation of
the trajectory of the primary particle. The instanta-
neous spatial distribution of a certain type of particles
will be described by a cylindrically symmetric volume
density o(r, s, t), where s is the distance measured
along the shower axis, r is the radial distance from the
axis, and t is the time (measured from some convenient
instant). After the first few radiation lengths from the
top of the atmosphere, most of the shower particles
will be electrons of about the critical energy traveling
at various angles with respect to the shower axis.
However, the shape of the spatial distribution will
change slowly as the shower propagates downward. By
measuring the times of arrival of air shower particles at
several counters spread out on the ground, one can,
therefore, obtain information about the instantaneous
distribution of particles just before the shower struck
the ground. In particular, we have measured the thick-
ness of shower disks, the curvature of shower "fronts, "
the longitudinal distribution of penetrating particles
relative to the electrons, and the angular distribution
of shower axes.

2. EXPERIMENTAL ARRANGEMENT

Three large liquid scintillation counters, each with a
sensitive area of 600 cm', were used both to detect the
air showers and to record the times of arrival of the
particles. The counters were constructed from the
commercial five-gallon drums in which the benzene,
used for the scintillation Quid, was delivered. RCA 5819
photomultipliers, selected for high photoelectric e%-
ciency and high gain, were mounted on the tops of the
drums by means of adapters as illustrated in Fig. 1.
Aluminum foil was spread over the bottoms of the
drums in order to increase the amount of light striking
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triple coincidences with the counters in this vertical
arrangement are due to traversals by single p, mesons.
We interpret the wide variations in pulse heights as
statistical Quctuations due to the small average number
of photoelectrons produced in the photomultipliers by
a particle of minimum ionization traversing the counters.

We determined the delays between the pulses by
measuring the relative positions of the maxima of the
three pulses. Approximately 10 percent of the events
were rejected because the height of one of the pulses was
less than a certain preset minimum height, and 2 percent
because one of the pulses was so large as to saturate the
amplifier and produce an irregular maximum.

.plane 2'=so at a distance r from the axis between the
times t and t+dt. f and p are related by the equation

f(r, sp, t)dtdA= p (r, sp, t)udtdA=o (r, s', tp)vdtdA. (2)

We shall caB F(r, sp, t) the normalized probability
distribution for the time of arrival of the first particle
at a counter struck by a shower. Thus F(r, sp, t)dt is the
probability that, if at least one particle traverses a
counter of al'ea A at r, 20, the first particle to do so
arrives between the times t and t+ dt. F and f are related
by the equation

r~ t

Af(r, sp, t)dt exp —A f(r, sp, t')dt'
J

3. THEORY OF DELAY MEASUREMENTS AND
METHOD OF ANALYSIS

A. Relations between the Syatial Distribution of
Particles, Particle Fluxes, and Delay

Distributions

F(r, s„t)dt=
where

1—exp( —m)

m=A I f(r, sp, t)dt

As was mentioned in Sec. 1, the shape of the spatial
density distribution o(r, s, t) changes slowly as the

,r~I

is the average number of particles that traverse the
counter. The exponential in the m.umerator represents
the probability that no particle has traversed the
counter up to the time t. The denomiriator is the prob-
ability that at least one particle traverses the counter.

The shower "front" can now be rigorously defined in
terms of F. Suppose F(r, sp, t) characterizes a shower
that arrives at the plane s= so near the time to. Consider
the quantity

p+" ( s —sp'i ds
sI(r) = i s'Fi r, sp, tp

s ) s
(4)

30m

3m

ID (counter 3 unshielded) v
Q7 {counter 3 shielded)

+IG. 3. Schematic diagrams of the arrangements of the counters.

shower propagates along the s axes. Therefore, the time
dependence of 0- around the time to at a detector located
at ro, so will be related to the s dependence of r around
ro, so at the time to. Specifically,

o (rp, sp, t) = 0 (rp, s', tp),
where

sr(r) is the expectation value of s at the time tp of the
first particle that will eventually strike the counter.
This quantity depends upon the area of the counter. Ke
call the surface of points sr (r) the shower front.

B. Interpretation of Correlated Delays

Above the detection apparatus in Fig. 2 we have
shown an "instantaneous profile" of a shower about to
strike the counters. Individual shower particles are
represented by dots. For the purpose of illustration let
us imagine that the axis of this shower strikes counter 2,
and that it lies in the plane determined by the counters
and the zenith. 0 is the angle between the axis and the

Frc. 4. Photographic records of
three shower events showing the
pulses from the three scintillation
counters.

s'= sp —v (t—tp), (ib)
and e is the velocity of propagation of the shower disk
which is practically the velocity of light. o(rp, s, tp).
is the instantaneous longitudinal density distribution
of particles at ro at the time to.

We shall call f(r, sp, t) the instantaneous Aux of par
ticles through the plane s = sp. Thus f(r, sp, t)dtdA is the
probability that a particle traverses an area dA in the
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Ej, t2, and t3 are the differences between the arrival times
of the front at the three counters and the actual arrival
times of the first particles at the counters. r~, 7-2, and v.3

represent the random instrumental errors. The t's and
r's are random uncorrelated delays. T~, T2, and T3 are
the fixed delays artifically introduced for display pur-
poses. The differences in the arrival times of the front
at the various counters due to axis orientation and front
curvature give rise to correlated delays which are repre-
sented by terms involving d, the distance between
counters; 8, the zenith angle; and E the radius of cur-
vature. (Note that d'/2R is an approximate expression
for the sagitta of a spherical segment which is valid if
R))d.)

It can be shown that Eqs. (5) are accurate for any
shower provided the axis strikes within a distance from
counter 2 small compared to R, and provided 8 is the
projected zenith angle. Furthermore, the eGect of a
finite curvature is, in general, at least as great as that
represented by the term involving R in Eqs. (5). Thus
if one analyzes our data by means of Eqs. (5), one
obtains a value of R which is a lower limit on the radius
of curvature of shower fronts.

If we add and subtract Eqs. (5) we find
Fn. 5. Idealized diagrams of several types of events showing

only the e6'ect of front curvature and axis orientation on the rela-
tive positions of the pulses.

vertical. We shall approximate the shape of the front
by a spherical surface of radius R.

The sweeps in Fig. 5 illustrate several combinations
of pulses corresponding to showers with various values
of R and 8, if the thickness of the shower disks and the
instrumental fluctuations are negligible. It is important
to notice that the effect of a finite value of R is not the
same on the time intervals sts (between pulses 1 and 2)
and sss (between pulses 2 and 3). Since both pulses 1
and 3 come later with respect to 2 when E. is finite
than when R is infinite, s~2 will be decreased and s23 mill

be increased by a curvature of the shower front.
In order to interpret the experimental data we require

expressions for s~2 and s23 involving the geometrical
properties of showers that we wish to measure, and
which take into account the thickness of the shower
disks and the instrumental fIuctuations. For each event
one can compute the relative delays between the arrival
times of the first pulses from the three counters. The
apparent magnitudes of the delays will depend upon
the sweep speed of the oscilloscope which may be
subject to small fI.uctuations. The observed delay will

be written as the product of the true delay and a vari-
able factor (1+a) which represents the sweep speed in
terms-of its average value. Then

sts = (1+8) (Ts—Ti+a sin% —d cosg/2RS

+$2 $1+r2 ri) (Sa)

sss ——(1+a)(Ts—Ts+d sin9/v+2' cos8/2Ru

+fs ]s+ rs rs). (5b)

(sts+sss) = (1+a)(T,—Ti+2d sino/w

+ts tt+ rs—ri), (6a)

(&is—sss) = (1+tt) (2Ts—Ti Ts dcose/Rv- —
+2fs fj fs+2rs ri——r,). (6b—)

In the following discussion we shall frequently refer to the
statistical concepts of expectation value, dispersion, and standard
deviation. In order to make clear the meanings we attach to these
concepts and to the symbols we shall use, we state here several
de6nitions.

Let x be a random variable which assumes the values x1, ~, x .
We call

E(x)=- Z x.;

the expectation value of x. We call

D(x) =E(gx—E(x)7')

the dispersion-of x. We cail LD(x)7& the standard deviation of x.
Two random variables x and y are said to be independent if

~(L —~( )7 —~(&)7)=0.
, The following theorems will be used.
Let x and y be independent random variables. Then

&(x+3)=&(x)+~(3),
~(x~) =&(x%(~),

and
DLf(x, X)7= E~fl»PD(x)+E~fleX7'D(X)

where the partial derivatives are evaluated for the expectation
values of the variables.

We de6ne T~, T2, and T3 so that

E(ri) =E(rs) =E(rs) =0.

The definition of the shower front that we have given
implies that E(it) =E(fs) =Z(fs) =0. Then, since u is
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independent of the other delay variables and E(a) = 0,

E($12—$23) = 2T2—Ti T—3 E—(d cos8/Ev). (7a)

As we shall see, all air showers detected in our experi-
ment are strongly collimated in the vertical direction.
We can therefore put cos8= 1 in Eq. (7a). It follows that

Err(s12 —s23) = 2T2 Ti —T8 —(It /—v)E(1/R). (7b)

(Subscripts on the symbols E and D indicate the experi-
mental arrangement used. ) The curvature of the shower
front has practically no eGect on the delays observed
with arrangement III. Therefore,

Er I r (s12 s2—3) 2T2 Ti T2 (7c)

If we combine Eqs. (7b) and (7c) we find that

E(1/&) = (v/d')I Eirr($» $28) EII(s»—s28)). (8)

Consider now the dispersions of the measured quan-
tities. Anticipating the experimental results, we state
that we can neglect the term involving 1/E. Thus we
can write

D(s12+s23) =D(2d sin8/v)+D(t3)+D(ti)
+D(28)+D(2 I)+ (T3—Ti)'D(a), (9a,)

and

D(»2 —$23) =4D(t2)+D(tr)+D(t3)+4D(2'2)
+D(rr)+D(~8)+ (2T,—T,—T3)'D(a). (9b)

D(a) can be estimated from measurements with
arrangement I. As we mentioned earlier, most of the
triple coincidences with arrangement I are produced by
single p, mesons. Thus

D(t,)=D(t,) =D(t,) =0.

where we have again neglected the term (2T2—Ti
—T8)'D(a). From Eqs. (9e) and (9f) it follows that

(41P/v )D(S1118)= DII (S12+S23) 3DII ($12 $23)—(T3—Ti)'D(a). (11)

C. interpretation of Uneorre1ated De1ays

One can estimate the thickness of the shower disks

by combining the measurements of D(s» —s») made
with arrangements I and II or III. From Eqs. (9d) and
(9f ) one obtains

Dru(t) = 3[Dire($12—$23)—Dr($» —$23)). (12a)

Also, since d is small in arrangement III,

DIII(t) 3LDIII ($12 $23) DI ($12 $23)) (12b)

Electrons are the particles primarily responsible for the
discharge of the unshielded counters in a shower.
Therefore, Dire(t) and Drrr(t) are the disPersions of
arrival times of erst electrons averaged over ranges of
shower sizes and over ranges of distances from the
shower axes. vLDII~(t))& and vLDIII(t))& are measures
of the thickness of the shower disks (see Section IVC).

It is possible to shield a counter so that it can be
discharged only by penetrating particles. If one com-
pares the arrival times of pulses from a shieMed counter
and from unshielded counters one can obtain informa-
tion about the difference between the arrival times of
the front of penetrating particles and of the front of
electrons. We shall call this cMerence A,„.If counter 3
is shielded (arrangement IV) and if ti, t2, and t8 are all
measured with respect to the front of electrons, then

Ke shall assume in our analysis that the instrumental
Ructuations are the same for all three pulses, i.e.,

D(2.1)=D(2.2) =D(28) =D(2-).

Erv(tr)=Eiv(t2) =0; Erv(ti) =A,r.

From Eq. (6b) we deduce that

IV($12 $23) 2T2 Ti T8+~ey. (7d)

(9c)

If we omit the term D(2d sin8/v), we have from Eqs.
(9a) and (9b)

DI ($12+$23) =2D (2')+ (T3—Ti)'D (a),

If one compares Eqs. (7c) and (7d) one then finds

+ev EIv($12 $23) EIII ($12 $23) ~ (13)
and

DI($12 $23) 6D(2) ~

vt Drv(t3))& is a measure of the thickness of the disk
of penetrating particles. We shall assume that

In Eq. (9b) the term (2T2—Ti T2)'D(a) can be-
neglected because we have adjusted the instrumental
delays so that (2T2—Ti—T8) =0. Then, from Eqs. (9c)
and (9d) it follows that

D (a) LDI ($12+S23) 3DI (S12 S23))/ (T3 Tl) ~ (10)

In the case of the measurements with arrangement
II we will put

and
Drrr(s» —s23) =6DIII (t)+6D(2'),

Drv(si2 —$23) = &Drir (t)+DIV (t8)+6D(2)

from which one obtains

DIV (tl) DIV (t2) —DI II (t) ~

We can then write

D(t,)=D(t,)=D(t,)=D(t). DIV (t3) =DIV (S12 $23) 3DIII ($12 S28)
—3DI (S»—s23). (14)Thus,

Dr I (s12+s23) = (4d'/v') D (sin8)+ 2DI I (t)+2D (2)
The advantage of using the delay differences instead
of the sums is, of course, that the diGerences are not

Dri($» —$28)=6DII(t)+6D(2), (9f) affected by Quctuations in the sweep speed.



BASS E, CLARK, AN D ROSSE

20

15

Sir

Pro. 6. Graphical summary
of data obtained with arrange-
ment II 30. Each shower event
is represented by a dot with
Cartesian coordinates $12 $23.
The scales are 5.3 mysec per
division. The location of the
origin is arbitrary.
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D. Graphical Presentation of Data; Orientation of
Shower Axes

Figure tj illustrates a way of plotting the experi-
mental data which clarifies .the statistical problems
involved in the analysis. We recorded a large number
of shower events with a certain disposition of counters,
and for each event we obtained the measured quantities
si2 and s23. Each event is then represented by a point
with Cartesian coordinates sts and s2s (Fig. 6). The
points for a typical experimental run with arrangement
II30 are distributed in an approximately elliptical
region whose major axis is inclined at 45'. From Eqs. (5)
it is clear that if E were in6nite and the uncorrelated
delays negligible, then all the points would lie on the
45' line. (Note that if Ts—TtWTs —T„the major
axis does not pass through the origin. ) The breadth of
the elliptical region is related to the thickness of the
shower disks. The projected distribution of points on
the major axis is related to the distribution of zenith
angles of shower axes. In Fig. 6 two histograms have
been plotted which represent the projected distributions
of points on the 45' and 135' lines. The 45' histogram
is the histogram of 1/v2(sts+sss); the other is the histo-
gram of 1/v2(sts —sss).'

~ These assertions can be demonstrated in the following way:
Represent an experimental point by the vector X= (s12, s23). Con-
sider the unit vectors U+ ——1/V2(1, 1) and U = 1/V2'( —1, 1) paral-
lel to the 45'and 135' lines, respectively. Then the projection of
X oli the 45 line is

X 6+=1/v2(sgs+s23)
and on the I35' line is

X.U =1/v2(sos-ss3).

The coordinates of. the "center of gravity" of the
delay distribution are

slo E(st2) i 823 E($23) ~

With the counters close together in arrangement III
the center of gravity corresponds to the point repre-
senting the simultaneous discharge of the three counters.
With the counters in arrangement II d, the increase in
the dispersion of correlated delays due to variations in
the zenith angles produces an elongation of the dis-
tribution of points. In addition, the eGect of any general
curvature of shower fronts will be to move the center
of gravity down and to the right. The displacement of
the center of gravity will be proportional to the sepa-
ration, d, of the counters.

One can determine the projected zenith angle, within
certain errors by measuring the delay between the
discharges of two widely separated counters. With three
counters placed at the vertices of a right triangle as in
arrangement V, one can therefore measure the pro-
jection of the zenith angle on two mutually perpen-
dicular planes and from these projected angles obtain
the spatial orientation of the axis. The accuracy of this
method depends, of course, on the relative magnitudes
of the delays due to uncorrelated fluctuations and axis
orientation.

With arrangement V the plot of si~ es s23 for a large
number of showers takes on a diGerent appearance and
meaning (Fig. 10). The experimental points are dis-
tributed in a circular region whose center of gravity
corresponds to a vertical shower. The plotted dis-
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which is equivalent to 5 mpsec on a length of sweep
equal to T3—T2= T2—T&——250 mpsec.

The other instrumental fluctuations are random and
uncorrelated. They arise partly from Auctuating delays
in the counters and electronic circuits, and mostly from
errors in the measurement of the positions of the pulses.
Figures 7—I are histograms of s» —s» and s12+s23 ob-
tained in one short run with arrangement I in which
the apparatus responds primarily to single penetrating
particles. Over the short period of time occupied by
this run D(a)=0. From Eqs. (9c) and (9d) we see
that we should find

D(~12 ~23)/D(312+~23)

From several short runs we find for the above ratio a
value of 2.3&0.6 which agrees roughly with the ex-
pected ratio. Assuming the dispersions of 7~, r2, and 7.3

to be equal, we 6nd

[D(2)j&= [-,'D(s12—s23) j&=3.0 mpsec.

0~0 0 20
S~2- S~

I I xrrsxrrrr x

10 20 30
So = Sip + Sgs

Pro. 7. Histograms of the sums and differences of the observed
relative delays. The scale on the horizontal axes is 5.3 mpsec per
division. The histogram intervals are 5.3 mpsec. The areas of the
histograms are normalized to 1.E indicates the number of recorded
events.

tribution is the projection of the spherical distribution
of shower axes onto tl=e equatorial plane. The azimuth
and altitude (zenith angle) of each shower axis can
therefore be determined directly from the plot. An
annular ring with radii S and S~ contains points repre-
senting axes with zenith angles in the range

arc sin(s, v/d) (o(arc sin(s3e/d).

If one measures the frequency of counts within suc-
cessive annular rings, one can determine the distribution
in zenith angle of shower axes.

Although the use of this graphical representation is
not absolutely necessary in the interpretation of our
data, we have found that it clarifies the statistical prob-
lems and facilitates the numerical evaluation of the
experimental results.

B. Determination of a Lower Limit on the Radius
of Curvature of Shower Fronts

We measured Eii 33(S12—s23) and Eiii(&12 ~23).
IIsing Eq. (8) we evaluated E(1/R). As a precaution
against slow instrumental changes, we made measure-
ments alternately with the two arrangements. Figure 8
is a plot of the values of E(s12—s23) for successive ex-
perimental runs. No large systematic difference was
found in the results obtained with arrangements II 30
and III. The combined data from the two runs with
arrangement II 30 and the three runs with arrangement
III were used in computing [E(1/E)j '. We found

[E(1/2) j-'= 2600 m.

If we consider the statistical errors, the lower limit on
the radius of curvature of the fronts of showers detected
with arrangement II 30 is 1300 m.

C. Thickness of Shower Disks

Since, as we have seen, the fronts are nearly plane,
we can find D(t) from Eqs. (12) using measured values

4. EXPERIMENTAL RESULTS

A. Instrumental Fluctuations

Sweep speed fluctuations result from slow changes in
circuit constants and operating conditions and are not
random. It is not, possible, therefore, to subtract the
dispersion due to sweep speed Quctuations from the
measured dispersions in a rigorous way. However, we
have made an estimate of [D(a)j& using Eq. (10) and
the data collected in several runs with arrangement I
over a period of twenty days. %e found

5

333
Ol

Ch
3

O3
0—

CA

4J

.5— o Ar rongement IG

~ Arrongement Q~o
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FIG. 8. Plot of the expectation values of sIg —s23 obtained from

successive experimental runs v ith arrangements II 30 and III.
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TAaLE I. Summary of statistical results obtained with various arrangements of counters.

Arrange-
ment of
counters

No. of
showers LD(S12-S28) j& LD(S12+S23)j&

observed (m @sec) (my, sec)
LD(~) j~
(mlMsec)

~1:D(~)3~
meters

EDrv(~8) 3~
(mttsec)

&LDrv(t3) g&

meters

D (S12+S18)—$D (S12—$18)
X10 18 sec2

I
III
II 7.5
II 15
II 30
IV

300
519
289
324
767

7..4&0.4
12.1~0.4
13.4+0.5
16.2&0.6
21.0&0.5
14.1&0.5

4.8&0.2
9.0&0.3

17.6&0.7
26.5&1.0
50.3&1.5

~ I ~

4.0&1
4.5&1
5.8&1
8.0&1

~ ~ ~

~ ~ ~

1.2+0.3
1.35&0.3
1.7+0.3
2.4a0.3

~ ~

~ 1 ~

~ ~ ~

8.2&2.0
0 ~ ~

2.5+0.6

~ ~ ~

250&26
615&50

2383+150

of Dt(s~s —$23), DIId(sts —s»), and Drat(s» —s&s). The
histograms in Fig. 7 summarize our data. In Table I
we have listed the values of [D(s~s —sss)$& and the
numbers of events used in the evaluations. Ke have
also listed the corresponding values of v[D(t) j' which,
as we shall discuss in more detail below, are indications
of the thickness of the shower disks. It shouM be noted
that [D(t)]& increases with d.

If we assume the validity of the Moliere radial dis-
tribution function and use a method similar to that of
Blatt, ' we estimate that the range of sizes of showers
-detected with these counter arrangements is from 10'
to 10' particles. The median size of showers detected
with arrangement IId increases with d. The ratio of
median shower sizes for arrangements II7.5, II15,
and II 30 are approximately 1:3:9.

In order to draw from the measurements a clear con-
clusion as to the thickness of shower disks, we must
consider in detail the significance of the quantity
[D(t)$&. r.et us represent the instantaneous fluxes of
electrons through all these counters by the single func-
tion f,(t). Then D(t) is the dispersion of the corre-
sponding erst particle time distribution F,(t). According
to Eq. (3), F, differs more and more from (1/nz) f, as
the average number of electrons traversing a counter
increases. Our method of selecting showers insures that
the average number of traversals is close to one. How-
ever, in order to form an idea of the relation between
the two functions, we evaluated F,(t) for a selected
form of f, (t) and for several values of the average
number of traversals m. We assume that

f, (t) = exp( —t/)„), t) 0
=0, t&0.

and values of m from 0.5 to 3. The results of these cal-
culations are presented in Fig. 9. For the sake of com-
parison we have plotted a dashed line to represent
(1/m) f,(t). The dispersion of F, is clearly smaller than
the dispersion of f,. One must expect, therefore, a sig-

nificant difference between the dispersion in arrival
times of 6rst particles and the dispersion in arrival
tirries of all particles. However, our measurements are
not sufFiciently accurate to insure that we measure only
first particles. In practice, when two particles traverse
a counter within a time interval comparable to our

s J. Blatt, Phys. Rev. 75, 1584 (1949).

instrumental fIuctuations, they produce a deQection of
the oscilloscope beam which looks like a single pulse
whose maximum occurs at a time corresponding, more
or less, to the average of the two arrival times. Thus the
dispersion that we actually measure is the dispersion
of a function which lies between f, and F,.

Scattering of the electrons in the last radiation length
above the counters is sufFicient in itself to account for
the thickness of the shower disks as can be seen from
the following argument: the lower limit of the energy
of the electrons detected by the counters is about 20
Mev. The mean energy is about 50 Mev. The root-
mean-square angle of scattering in the last radiation
length for electrons with a residual energy of 50 Mev
is approximately 0.2 radian. In one radiation length
in air at sea level this scattering results in an increase
of path length of about 3 m, which corresponds to a
delay of TO mpsec. If the electrons are produced in a
circular region of radius 30 m at a distance of 300 m
above the plane of observation, then this amount of
scattering wouM result in an almost fIat shower disk of
thickness 3 m, which is roughly the same as the meas-
ured values of s[D(t)fl.

The apparent increase of the disk thickness with d
may be due to the increase of the mean shower size
with d. It seems unlikely that the effect could be due
to a general thickening of shower disks with increasing
distance from the shower axis, since this would almost
certainly cause the fronts to be curved contrary to the
observation we have reported.

The small thickness of the electron shower disk
points to a conclusion regarding the mechanism of pro-
duction of the shower. Certainly many of the electrons
present in the disk at sea level are descendents of the
neutral m mesons produced in the first nuclear inter-
action of the primary particle near the top of the
atmosphere. If an appreciable fraction of the electrons
at sea level come from later generations in the nucleonic
cascade, then the X particles which link these later
generations with the first nuclear interaction must be
of very high energy since their descendent electrons
are observed to be not greatly delayed with respect to
the first electrons which arrive at sea level. Specifically,
the energy of a proton which is delayed by 10 mpsec
(3 m) with respect to a particle traveling with the
velocity of light over a length of 100 g cm ' at sea level
is l2 Bev, and at 14 km is 27 Sev. These values are,
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therefore, conservative lower limits on the energies of
the nucleon links.

D(sin8) =
~ 0

sin'8 cos "8'
m/2

cos "8d8= 1/fs+2.

From this equation and the measured value of D(sin8)
we 6nd

n —15&1.2.

It should be emphasized that these results on the
projected zenith angle distribution do not depend on
the detailed interpretation of the first particle dispersion
which we gave in IVC. -

Janossy' has calculated the zenith angle distribution
in approximation 2 for showers of 10' and 10' particles
initiated by photons near the top of the atmosphere. He
finds m=16. We have calculated the distribution in
approximation 8 using graphical integrations, and we
found the same value of e.

D. Average Projected Zenith Angle
of Shower Axes

From measurements of D($zs+$ss) and D($zs —$ss)
with arrangement IId one can determine D(sin8) Lsee
Eq. (11)$ if the term involving D(a) can be neglected.
As we observed before, an exact evaluation of D(a) is
impossible. However, from the measurements reported
in IVA it is possible to estimate that the magnitude of
(Ts—Tz)'D(a) is not greater than 100)(10 " sec'.
From the numbers quoted in column 9 of Table I it is
clear that this quantity is small compared to the values
of Dzzd($12+$28) sDzzd($zs Sss) obtained with d= 7.5,
15 and 30 m. Certainly for d =30 m the error introduced
by the sweep speed Quctuations is negligible. For d= 30
m we deduce

Dzz ss(sin8) =0.059&0.004

for the dispersion of the sine of the projected zenith
angles of shower axes.

In order that this result may be compared with
previous experiments and with theoretical predictions,
we have assumed that the distribution of projected
zenith angles follows a cos"0 law, and we have calculated
the value of e which would give the observed dispersion
of sin8. It can be shown that

Now, Ts—Tz ——250 mtzsec. Since LD(zz)Jl=0.02, the
error introduced by this term is of the order of 6 mpsec.
From Dzzg($zs $2s) we can evaluate the errors due to
disk thickness and instrumental fluctuations. We fznd

(D(t+ r)]&= 12 mtzsec. Therefore, the standard devia-
tion of a measurement of s~2 due to instrumental Quc-
tuations and disk thickness is

$2D(t+r)+ (Ts—Tz)2D(a))&= 13 mtzsec.

This results in an error in the determination of the sine
of the projected zenith angle amounting to 0.13. Using
counters 1 and 3, the error in the sine is 0.15, which is
greater than with counters 1 and 2 because the greater
sweep length emphasizes fluctuations in sweep speed.
The fundamental limitation on the accuracy of angle
measurements made by this method is, of course, the
dispersion in arrival times of first particles which in our
case accounts for an error of 0.12 in the determination
of sin8.

Using arrangement IV we measured the spatial orien-
tation of 350 shower axes. The data is summarized in
Fig. 10. The plot illustrates clearly the strong vertical
collimation of shower axes. Figure 11 is a histogram of
the spatial zenith angles computed from Fig. 10 by
counting the frequencies of points within successive
annular rings.

P. Delays of Penetrating Particles

The delays of penetrating particles were measured
with arrangement IV in which counter 3 was shielded
on the top and sides by lead 20 cm thick. In addition,
counter 3 was located under a concrete roof 60 g cm—'
thick. .

From our data we computed Ezv($zs —sss).
Ezzz($zs —$ss) was obtained with all three counters un-
shielded in arrangement III. If we apply Eq. (13) we

E. Determination of the Orientations of Shower
Axes; Distribution of the Zenith Angles

of Showers

1,5.50

Fzo 9. Compari. son of F, (t) (solid lines) and f, (t) (dashed line)
for several values of m.

We shall now evaluate the error in a measurement of
the projected zenith angle of a shower axis using two
counters. From Eq. (5) it can be seen that the principal
effect of fluctuations in zz on D($zs) is through the term
involving the artificial delays between pulses, since
Ts Tz is large compared—to E(d sin8/n+ts tz+ rs rz). — —

J6nossy, Cosset"' Buys (Oxford University Press, London,
1950), second edition, p. 337.
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Pro. 10. Graphical summery of the data on the spatial orienta-
tion of shower axes obtained with arrangement V. The scales are
5.3 mpsec per division. The zenith angles of the shower axes are
indicated by the concentric circles.

trating particles detected in our experiment were

p mesons. The observed delay in the arrival of the
penetrating particle front is consistent with this picture
as can be seen from the following argument: in Fig.
12 we have evaluated the delays of p-mesons and of
protons of various y=E/mes with respect to particles
traveling with the speed of light on diferent paths in
the atmosphere. The numbers in parentheses indicate
the initial y's at 20 km and the final y's at sea level.
We can estimate the delay of the penetrating particle
front by adding t D(t))& (a measure of the delay of the
electron front) to h..„(thedelay of the penetrating
particle front relative to the electron front). This delay
is 13 mpsec. If we assume that the average energy of
p mesons in showers at sea level is between 2 and 4 Bev,
than the altitude of production corresponding to the
observed delay is between 5 and 20 km. If the average
energy of nucleons in showers were between 2 and 4
Bev, the altitude of production corresponding to the
observed delay would be between 30 m and 120 m. For
this reason we can exclude nucleons as a main com-
ponent of the penetrating particles we detected. The
height of production we have deduced for p mesons is
consistent with the usual picture of air showers.

find the difference in the arrival times of the front of
electrons and the front of penetrating particles to be

A,„=9.5 mpsec. t
If we combine Dtv(srs —sss) and Dzrr(sis —sss) ac-
cording to Eq. (14) we find

LDiv(ts) $*'=8~2 miisec.

The values of A,„and ID»(ts)g& quoted here are
subject to a statistical bias introduced by the coin-
cidence circuit which accepts an event only if the three
pulses occur within an interval of 300 mpsec. These
results, therefore, apply to penetrating particles that
are delayed by less than 300 mpsec.

The experiments of Cocconi, Tongiorgi, and Greisen
demonstrated that penetrating particles are present in
air showers at sea level to the extent of approximately
2 percent of the total ionizing radiation. The small ab-
sorption suAered by this penetrating component in air
and in lead and iron indicated that it consists mostly of
p, mesons. Recent work of McCusker' has shown that
approximately 35 percent of the penetrating radiation
in showers at sea level consist of E particles. Since the
shielding over counter 3 in our measurements absorbs
at least 50 percent of the S component incident from
the atmosphere, it is probable that most of the pene-

I'Of course, A,„doesnot represent the difference between the
mean arrival times of electrons and penetrating particles, because
the numbers, m, of electrons and penetrating particles are not
the same (see discussion in Sec. 3C).

Cocconi, Cocconi-Tongiorgi, and Greisen, Phys. Rev. 75, 1063
(1949).

'C. S. A. McCusker, Proc. Phys. Soc. (London). A63, 1240
(1950).
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Pro. 11.Histogram of the frequency of showers with zenith angle
0 per unit solid angle as a function of O.

5. CONCLUSIONS

If we add our results to the description of air showers
which has been deduced from other experiments, one
can construct the following picture of an extensive air
shower. A primary proton striking an air nucleus at an
altitude near 20 km initiates a cascade of nuclear inter-
actions. The neutral x mesons produced in these inter-
actions give rise to the electromagnetic component; the
charged m mesons give rise to the p mesons. Because a
large fraction of the electron component observed at
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sea level prob bly corries from the neutral x rr.esons
generated in the first few interactions of the nucleonic
cascade, a large production of electronic radi:tion at
lower altitudes by low-energy nucleons would re:».ult in

an increase in the thickness of the electron shower di;: k
due to the kinematic delays of the nucleons. From the
observed thickness, which can be accounted for on the
basis of scattering alone, we deduce a conservative
lower limit of 20 Bev on the energy of nucleons which
are responsible for the production of an appreciable
fraction of the electrons we observe at sea level.

Charged m mesons produced in the Curst few nuclear
interactions partly interact and partly decay into
p, mesons. From the delay between the front of pene-
trating particles and the front of electrons, we conclude
that the main production of the p D:esons observed at
sea level occurs at an altitude of approximately 10 km.

When an air shower reaches sea level most electrons in
the shower are concentrated in a Qat di~k of radius 60 m
and thickness between 1 and 2 m. The di.k of particles
which can penetrate 20 cm of lead has the same lateral
dimensions, a thickness between 2 and 3 m, and its
front follows behind the front of electrons by about 3 m.
The penetrating particles we detected consisted mostly
of p, mesons.

The dispersion of the sines of the projected zenith
angles of shower axes is 0.059 which, assuming a cos"8
law, corresponds to e= 15.The orientation of individual
shower axes can be determined by delay measurements.
The error (standard deviation) in our determination of
the sine of the projected zenith angle of an individual
shower axis is 0.13. The error is due principly to the
thickness of the shower disk.
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Professor W. L. Kraushaar for the design of the fast
amplihers, and to Dr. S. Olbert for valuable discussions
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FIG. 12. Plot of the delays of protons (dashed lines) and
p, mesons (solid lines) relative to particles traveling with the
speed of light over various paths in the atmosphere. The numbers
in parentheses indicate the values of y=E/mc' at sea level and at
20 km. One finds the delay of a particle, which reaches sea level
with a certain yp, over a path from altitude hp to sea level, by
reading from the graph the value of the delay which corresponds
to hp along the curve with residual 7=&p.




