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beern measured atb atmospheric depth 58 g em 2 nesr the geomagnetic
equator. The date are analyzed through use of the empirical pro-
duction spectrum and unidimeansional equation for }J -meson product
ion employed by Sands and by Clbert. A careful theoretical dist
cussion is given, teking into éccqunt in detail the Varioﬁs effects
arising both from the variation of the geomagnetic cutoff with di-
rection of incidence of the primsries and from the curvature of the
trajectories of the mesons in the carth's megnetic field ) after
their production in the atmosphere. It 1s found thet, to bring
h8Y and vertical data into accord, 1t is necessary to. assyme an
rms angle of production of the parent mesons of IO & 29, Itis
then possible to express the production spectrum, at any geogra-

phical location, by the single squation G(R!) = A|R? + a(M;) I_n,

where Mﬁ is the cutoff magnetic rigidity for the primaries in a
given direction of incildence at that location. The data do not in
dicate the presence of any appreciable number of negatively charg-

ad particles 1in the primary cosmic rediation.

I. INTRODUCTION

The various directional asymmetries observed in  the
secondary cosmic radlation arise through two principal mechanisms.
The first of these is the action of the megnetic field of the earth
upon the primary particles. The second is the curvature in the
same magnetic field, of the trajectories of the secondary particles
after thelr production in the atmosphere.

Fortunately, it 1s possible mathematically to consider



the two procekses ad taking nlace consecutively, rather than con=
currently. That is, the depth of the atmosphere is gufficiently
amall in comparicon with the radli of curvature of those primary
trajectories which are of interest that the primaries can be con-
sidered to undergo all of their deflection outside the atmosphere
and to follow fectilinear trajectories after thelr entrance into
the atmosphere. The secondsries however, much degraded in energy
with respect to thelr primary parents, have considergb}e curvature
in the megnetic field. The depth of the atmosphere isemall enough
compared with the radius of the earth that the vortion o the ?amﬁﬂ§
surface above which the secondary phenomena occur can be consgider-
ed planc. :
We ghall follow Sands L and Olbert 2L in employing
an empirical differential range spectrum of u mesons at product-
ion of the form

G(R?) = A(a + RY) "1, (1

where RY is the ranze of the p meson at production. Sands deriy
‘ed values Tor the three constants of Eqe (1) on the basls of data
on the vertical intensity at one latitude. Olbert reasoned  that
since very high-cnergy § mesons cen come only from high=-energy prd
maries, l.cs, thosc which ere not affected by the carth's megnetic
field, the specirum for lzrge valucs of RY must be independent of
position on the earth, provided the primary radiation in the neigh
borhood of %the esrth is isotropic. Wow the only one of the threg
empirical constents in the foregoing expression to which G(R!') is

insensitive at large ranges ig a, so that 1f indeed the empirical
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expression for the production spectrum does have this same general
form at all locatlons on the earth, the constan?s A and n wmust .
be the same everywhere. He thus extended Eq.‘(73'ﬁo apply to the
vertical direction at various geomegnstic latitudes, a beching a -
function of geomagnetic lastitude. His values of the various para-
meters were based on more complete data than were Sands'. )

The purpose of this paper 1s threefold: (g) to extend
the range of epplicabllity of Eg. (1) to include not only any lo=
cation on the earth and any sltitude, but slso any direction of op
servation, (b) to relate a more precisely to the geomagnetic cubaffy
and (c) to develop a theory wheredby the lIntensities of positive -amd
negative J mesons in s given direction may be‘separgtely computeg
and the primary and secondary effects on the cast-west asymmetries

understood.

II. GEOMAGINETIC EFFECTS

The behavior of a particle in a magnetig field_t%vacgo
depends exelusively upon its magnetilc rigidity M, or ratio of mo-
mentum to charge. The meagnetic rigldity in Bv is numerécally
ggual to the momentum in Beq/c for singly charged particles, but
of coﬁrse not for multiply charged particles. ,

For a glven direction of incidence at = particular Ilgo-
cétion on the eerth, the terrestrial m~gnetic field acts as a. 1i
gidity filter on the primery rsdistion. No perticles having rie
gidity less than Mé, computed from either the Stérmer cone or the

5,6

simple shadow cone, can reach the earth in the given direct-
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ione Particles of all rigiditles greater then M%, conmputed from
the main cone, 758 can arrive from thet direction. Between M%
and Mé, in the so-called M"penumbra®, some rigiditles are allowed,
others forbidden, the region ranging from mostly forbidden at the
squator to mostly sllowed at the poless If, ~t a certain location,
a given direction is accaessible to particles of = qertaiﬁ rigidity
particles of that rigidity will arrive at the fop of the atmosphere
in that dircction with the same intencity as that which they would
have in the absence of the magnetic field. 9,10

Since experimentally what 1g observed In the penumbra
is some sort of Maverage" or effective intensity having a value
between zero and the full intensity, in practice 1t 1s  customary
to dofine an effactive “eutoff rigidityh Mﬁ et a given location
and in a given direction, above which all particles are assumed to
arrive with full intensity and below which the Intensity 1s zero.

c
¢lding with M% at very low latltudes and with M, at very high'

M. 1s naturally intermediate In value between NH and Mé, coin-

2
latitudes., Curves of Mﬁ and MZ’ 1 and a tentatlve curve  of
Mc, at the vertical ag functions of geomagnetic‘latitude e shown

in Fig. 1, under the assumption of

3]

centrally locrted mrgnetic di
pole. In the east-west plene at the equatdr, the Stérmer end mailn
cones very ncarly coincide, so that the simple St8rmer theory halds
approximetely. |
Actually the true field of the earth 1ls much bhetter re
presented by a dipole located et 32 km from the center. 12 For
most purposes, the simplest procedure is te consider first the sym

metrical cese, and then make corrections for the eccentricity of



the dipole.

The megnitudes of the several critical rigidities mep
tioned above depend inversely upon the sguare of the radius of the
earth. Hence, the most important correction which rust be made
upon the symmetrical case is that due to the fact that the actual
distance from the observer on the surface of the earth to the ec-
centrically placed dipole is not equal to the radius bf the eerth.
The froctional correction to one of the critical rigidities 1s

given by the relation.

( & M/M) = - 0.706 cos A cos(w = 18.20), (2)
vhere A 1is the geomagnetic latitude and « the geomagnetic longi
tude.

A second but rather less iwortent correct@on 1s due
to the fact that the magnetic vertical, again because of the eccen
tric position of the dipole, doecs not coincide with the gravi-
tational vertical. This correction can be =pplied properly ‘only
by referring all directions to a new meridian plane, which has been
rotated through an angle Gm with respect To the geographical meri
dian plene, about an axls parallel to the axis of the earth's di=

pole. This angle can be computed as follows:

sin 6 = 0,053 sin(w = 18.20), (3)

where & positive result indicates that the new reference plene les
east of the meridian plane. It is seen thet the ~ngle of rotation
varies Irom zero to sbout 3°. At the vertical, one cen derive the

following approximate expression for the fractional correction due



T
to this effect, useful except al very high latitudes:
( &4 WM) = - 0,027 sin{w - 18.29) cosgh . (L)

Thus we have, at the vertical, the following general
expression:

M= Mo [1 - 0,106 cos(w = 18,29 cosA

- 0.027 sin (ww - 18.29) cosB?\ 1, (53

where. here M represents the corrected value of one of the cri-

tical1 rigidities, either M., Mé, or M., and Mg represents 1ts

uncorrected value (l.e., computed for the cese of a centrally lceal

g dipole).
Geomagnetic latitude A\ can be computed from the fallow
ing expressions:
éinP\ = cog 78450 cos(fl = 69.00) cosaA + sin 78,50 sin A , (6)
where A and il are geographic latitude and longituﬂg, reépec%ive%&

The geomagnetic longitude w can be computed from e similar express

ion as follows:
cogs (W = 69.00) = (cos h ) -
X[sin 78.59 cos(§? - 69.00) cos A - cos 78,52 sin A ]. (7)

In both the above formulas, west longitude and north latitude are

considered positive.
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I1T. INTENSITY OF }l MIESONS IN THE ATMOSPHERE
(a) Discussion

The intensity of p mesons observed in a given direct-
ion at a given etmospheric depth at a given locatlion on the“.egrtb
depends upon 2 large number of factors. The observed i mesons com
prise contributionsg from T mesons decaying in flight at all
atmospheric levels above the point of observation. Their energy at
productlon is greater then thet at observetion by an amount deter
mined by the ionizetion loss experienced in trensit, and the fract
ion of those produced at = given level »rriving at the‘level o gf‘
observation is influenced by the survival probsbility of M mesons.

The 7T mesons decaying at any particular levelh have
in turn been produced in nuclear interactions st =11 levels above
that at which they decay. In addition to the considerations__?@n:
tioned sbove for the case of u mesons, the number of T masons
succeeding in giving birth to M4 mesons depends also upon the cross
section for nucleay interaction of T mesonss -

The number of T mesons produged et a given level gde~
pends, ol course, upon the intensity and composition of The nu-
cleonic component st that level. If the primsry particles are all
of one sign,y the character of the nucleonlc component at the top
of the stmosphere 1s determined,; to a good order of approximation,
only by the one parameter M,,
Olbert, 3 we shall consider that this meson-producing component is

the effective cutoff rigidity.with

then absorbed exponentially in the atmosphere with a mean free



path of 127 g em™2,

The intensity of M mesons in 2 given direcition will
thus depend not only updn the quantity of intervenlng material,h@@
also upon the velue of M, in that directlon. Since the survival pro
pability depends chiefly upon linear spatial distance traversed,the
intensity will depend also upon zenith rangle due to the different
density distribution found at an angle (ifrequal masses of intervgg
ing air ere considered). TFor the seme reason, 1t will depend wupon
the temperature distribution in the atmosphere #bove the point of
observation. This last effect has been considered in some detail
by Olbert. 277 L

If one examines in more detell the problem of the paths
of A mesons in the a2tmosphere, it becomes evident that the above
analysis muet be modified to take into ~ccount the fret thet their
trajectories cre appreciably curved due to the action of the vtey-
restriel megnetic ficld efter their production. In other words,
the s mesons observed in a certain direction have arisen  from
verious polnts along & curved trsjectory stretching back from the
point of observation. Proceeding upward elong this trajectory, the
curvature is toward the cast for positive mesons and towerd the wed
for negatives. This problem was. first studied by Rossi, 1 and

i 45

later by Joimson and Boweh.

3,

0lbertts computations, for mesons having rangen
between 100 and 6000 g em™Z at sea level, assume that the perent T
mesons decay instaentanecusly snd that the direction of the primary
perticle is preserved in the = =~ and u-meson production pro-

cossaes. Dven with this simplification, the curveture of path pro-
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foundly complicates the computation of the A =me son intensitles,eg
pecially at directions other than the vertical.

Let us consider, for exsmple, mesong arriving from some
zenith angle in the east. The positives come in alongha trajectory
vhich bends Tarthoer away from the vertical as ong moves upward,vhile
the negatives follow & trajectory which bends closer to the vertl —
cal at the higher altitudes. Compering positives and negatives bomm
at the same 2ltitude, one sees that the negatives on the average
have traversed a shorter distence and a smaller mass of alr +than
the positives, giving rise to two effects: (a) the negetives on the
average have lower energiles at birth than the positives, and (b)
the survival probability of the negatives is greater on the averag
than of the positives. Both these effects tend to favor the ne~
gatives, It must be borne in mind that the mesons observed ‘eome
from all peoints of the trajectory, and that therefore the total
number will depend upon a summation of all such contributions. The
positive trajectory 1s longer than the negative, ise., a greater
megs of air is available in which the positives may be preduced
than the negatives. Howaver, at mountain altitudes,‘this ;Sésﬁ
affect 1g masked by the first twoe. AlLL these effects are reversed
in the west, and the net result 1s to favor the positives In that
direction. _

In the east, 2gain due to the curvature, the negative
mesons arise on the avarage from vrimaries incldent at angles some
what nearer the vertical than the angle of observation, while the
reverse ls true of the positives, Thus, the primaries which pro-

duce the negstives have, on the average, passed through less
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absorbing meterial than those witich produce the stitives} Like tne
effects discussed in the preceding paragraph, this effect favors rg
gatives in the east and positives 1in the west. ‘

It has been noted above that intensities in  different
directions are different because of different valueg of Méo - This
effect 1s such as to favor the west over the east for both positives
and negatives, since Mé is always greater in the east then In the
west for predominantly positive primeries. There ls anothgr, _bu?
very much smaller, effect of this kind, involving particles of oppo
site sign observed In the same direction. The.negatives arisa\ on
the average from primeries Incident In more westerly directions than
the positives, that 1s, from directions where M, is smeller. Hence,
thls effect tends to favor negative mesons in all directions,gxdept
very near the western horilzen, where the negetive trejectories in=-
tersect the ecarth. .

Another qurntity which affects the relative numbers of
positive and negetive mesons observed 1s what will be celled  the
positive excess at pro&uction.ﬁ This 1s defined as the difference
between the mumbers of positives and negatives produced, cividel
by the average of the two numbors. It will be a function -
of the energy of meson produced, but also presumably will vary
with the energy of the producing particle.

It can easily be seen that, because of the ‘CQmplexity
of the phenomena involved, the ebserved "positive excessh in  a
glven direction is only very indirectly related to that at preduck

ion. Even et the vertical, where the discrepancy is least sericus,
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the observed excess depends to 2 conslderable extent tpon small
terms in the expression for the );-meson intensities. The  pro-
cedure, adopted by some investigators, of Speakinguin terms of a

positive excess defined for a given zenith angle as

2(W, + B, - W_ - E)/ (W, + B, +W_ +E]),

where W, for example, represents intensity of positives in  the
west, is to be discouraged, as thie quantity is of but doubtful
significence,.

Another quantity not susceptible of direct physical in
terpretation is the east-west asymnetry defined as 2(W ~ E)/(W + E)
for positives, negatives, or the natural mixture of'both. In the
last case (i.e., the natural mixture), 1t does approximate the
effect due purely to the asymmetry of the primaries, although not
exactly. A )

Since there are s=o many variables involved In  the
problem, neturally much more information can be gleaned from a
study of the positives and negatives separately at,varioug angles
and at varlous energies. Groetzinger and MbClure‘16h measured thg
gast-west agymmetries of positive and negstive me sons for two
different zenith angles ot Et. Bvansg, Colo?ado_(geomagnetic la~
titude L9% N) rnd Chicago (51° N). Both these locations are con
sldered to be above the knee of the latitude curve, that isy they
are sufficlently far north so that the cutoff rigidity MC” is low
enough in all directions to admit essentially all primsries im ~

portant in producing the observed secondary cosmic radistion. Thus
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the asymmetries observed should be due only to the various effects
of the curvature of the secondaries in the atmosphere after product
ione The experimental data are indeed consistent with such an in-
terpretation, there being an asymmetry of positives toward the wesg
and a nearly equal csymmotry of negatives towerd the east, of apprg
wimately the expected magnitudes.

If the same observatlons are maede at or near the equshor,
there is superposed upon the above asymmetries the effect of the

large primary asymmetry at that latitude.

(b) Differential Range Spectrum of zi Mesons at Production

The number of mesons (positive and negetive) of  range
between R! and R!' + dR' produced in a given direction at_a:ghmm
level of the atmosphere per gram of material, per steradian of solid
angle, per second will here be represented by G(R') exp (~y/L)dR!,
where'G(R') ig the differenktial |t -meson production spectrum of
Ba. (1), v 1ls the quontity of matter in g em™2 intervening between
the point of production and the top of the atmosphere in the
direction of producticn, and L 1s the absorptiqn mean free path

of the nucleonic component in g cm™2

o« G depends, of coﬁrse, upon
the composition of the incident radiation, and hence upon latitude,
longitude, zenith =ngle, and azlmuth. Implicit in this reprecenta}l
ion 1s the assumption that the composition of»thg nucleonic com~
ponent does not change significantly as it passes down through the
atmosphere, but that'it is merely attenuated exponentially.

To the extent that the spectrum of the primary radiat-
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ion is reslly describable in terms of the single cutoff rigidy Mé,

it is evident that a is & function of M, only. This relationship

is shown in Fig. 2 for the range of cutoff rigidities covered by
Olbert'e work. The ordinates of the points shown were taken from
Olbert, 35l while the abscissas were computed by us, usingrEq.(B),
for the sctusl flight path followed in taking the data ' lupon which
Olbert's figures cre bhased. The velues of the other two perameters

have been taken, at least tentatively, directly Ifrom Olbert, viz.:

A= T3LX 1ot g "2 B oplmen sec™ sterad_1, n = 3.58;7 _

Since we ere here intercsted in the Intensitles of po-
sitive and negetive mesons individually, it is necessary to con
sider two production spectra, which will be qesignated by GG(R'+aL
where o 1s simply the sign of the meson, + 1. These are relatgd
to the positive excess at production §(R!',a) and the total pro-

dquction spectrum G(R! + a) as follows:

Go(RMa) 5 —— | 1+ == 0§ (R',a) |a(at+a). (8)
2 L. 2

(¢) Definitilons

Before procesding to a consideratlon of the intensities,
it will be convenient here to define and explain certain of the
quantities which will enter into the discussioné

H —depth of ctmosphere at point of observation (g cmfz).
B —local horizontal terrestrial magnetic field (Gougs).
)O(Z)—-density of atmosphere at vertical height Z above polnt

-7
of observation (g cm ).
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L ——-absorption mean free path of nmucleonic component (taken to
pe 12% g em Z).
M —rest mass of the u meson (1.07 X !o ev/ ¢ 2).

7 —lifetime of the  meson (2.#0 X10'6

sec).

q ~—charge of the meson (t e, the clectronic charge).

R —residual range of meson at point of observation (g em™2
air equivalent). |

8 ~arc lenght upward alcong trajectory of meson from point of

observation (g em &)

72 =-vertical height in the upward direction from point of
observation (g em™2). “

@ =zenith angle of observation in ezst-west plane (consider
ed positive if east of the wvertical).

6 —zenlth angle gt point on trajectory, le.e.y angle betwsen
tangent to curve and vertical at that point.

p —momentum of meson on arrival. 3

pt-—momentum of same meson at di-tance 8 along its trajectory.

W4 (S4R) ~—~probability of survival until observation of a

¢ meson produced at distance § on trajectory which would

arrive at point of observation with range R.

(d) Computation of the Intensities at the Equator

In the discusslon which follows, three assumptions
have been made: (a) 7 mesons decay Instantaneously, (b) T meson
and M =meson production 1s collimated along the direction of

flight of the originel producing particle, and (e) miltiple
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scattering of L mesons in alr is negligible. )
For a detailed discussion of the range of validity hof
the above model, see reference 3. We shall return to these ag-—
sumptions later.
In our case, we are interested specifically in the in-
tensities of positive end negative M mesons at various _zenlth

angles in the east-west plane. In view of the above model of

HM-meson production, we may write for these intencitles

iJ(Rs®)

[ BE-2.
=.er6 (R+ 8+ a) expk- ~ sec®| W, (S,R)48, (9)
0 .

where the exponential expresses the absorption of th@ producing Tra
diation, »nd the angle © is not assumed vo remain constant glong
the trajectcry. he integration ls carried from zero out to a
point at which the survival probability has reduced the integrand
essentially to zero. ‘ ]

Tt 1is possible to reduce Ec. (9) to the following form

(see Avnendix for details):

L]

lg (R, @ ) = C cos 1’1-1@ Ji [ T+ ""%‘ Og(ayat)J

N (A . [ NI\ 2 -

o 1 (. z) 2 Y-
X - tan ——— UL S v -
[1 (3’5‘)(}1)*" > (’"an (\ﬂ <H>

b

L1 ) ’Ytan@.;r) -GY(%\) LH d@) —J (:’OS

where the following abbrevietions have been made:

-+
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(a) C = % A (nH)™H, (b)) a, = a (B)), as distinguished from a=a(e),
(c) ¥ o= e?”Béu » The quantity SkR,at) is the average positive
excess &t productioﬁ of mesons arriving in direction ® with re-
sidual range R.

_ For computational purposes it was found convenient  to
expre;s ay as al_+-[3, wher; a4 1s an arbltrarily chosen central
value of a , presumably intermediate between the values expected
in the directions to be considered, and A\ is a smaller quantity
which is a function of @® . |

| The J's which appear in Eq. (10) are all functions of
R and cos ® . They have been computed 18 eor Chacaltaya { see
Part IV, Secs (b} )y and are shown for = 15% in Fige 3 and for the

vertical in Fig. L. At MBO_a value of 621 g cm™© was used for a

1?
while at the vertical it was 6lo ¢ cm"Z. The quantity Jh is
absent at the vertical because there the term in which it occurs

vanishes identically. |

. The constant C does not affect comparative intensity
measurements taken at the same observatorys In addition, since the
cosine 1s an even function of the angle, the multiplier

cosn-l@ J1. ( Bycos® )
does not enter into east-west asymmetry measurements based on  the
differential intensities.
Because of the complexity of the theory, and because

the survival probability and the curvature effects are expressible
in terms of the samé integrals (see Appendix), it has been imprac-

tical to try to keep separate all the effects which come into play
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in determining the intensities. However, Egs (10) does separate ,
for a given zenith angle in the east-west plane, the various ceuses
leading to the observed asymmetries and the observed positive ex=-
Ces85e8. -

The factor containing &(R,ét) expresses the effect of
the positive excess et production. The factor in which ( J/ Jq)
oceurs produces that part of the asymmetry directly traceable L'to
the sast~west asymmetry of the primary radiztion. In the last
factor, the term in ( J ) / Jq) embodies the effect purely of  the
difference between the trajectorles followed by positiyes and ne=
gatives, while the term in ( J6/'Jﬁ) 1s a hybrid, resulting from
the varistion in the primary radistion along the trajectory due to
the change In slope.

IV, THE EXPERIMENT

(a) The Apparatus

A schematic end view of the apparatus used in the ex-~
periment to be dsscribed is shown in Fige 5. The pleces marked I,
IT, III, and IV are long thin slabs of iron, each wound with se-
veral layers of heavy enameled wire. BSections I and II together
form a complete magnetic circult, being closed at the ends of the
slabs by two pieceé of the same material (not shown in the figure)
Sectlong IIT and IV form a simila? but separate magnetic circuit.
In operation a megnetic field of 17000 gauss ls maintained, having

one sense in I and 11T, and the opposite sense in II and IV.
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The counters, marked A, B, C, D, end ¥ in the {igure,

have a 20 in. effective length, and are of “§%~ ine and-ﬁ%éw in,
) 1

iedey respectively. Those having the same literal designation hsve
their outputs connected directly together,

The entire ensemble, mrgnets and counters, and another
identical ensemble are mounted on axes parallel to those of the
counters.. The twin units, can be swung separately to the vertical

7 0 o} T 0 . . .
or to 22 5~ 159, or 67 5= from the vertical in either direction.

The entire apparatus, in addition,; can be rotated about a vertical
axis and set ¢t any desired azimith.
In each cese two threefold coincidences, (4,B,D) and
(4,C,D), end two fourfold coincidences, (4,B,D,X) and (4,C,D,X),
are counted. DBy taking directly the difference between readings.
of corresponding threefold and fourfold coincidences, one obtalng
the anticoincidence rates (4,B,D, - X) and(4,0,D, = X), l.e,, for
the former, those events in which there rre simltaneous counts in

A, B, or B,, and D, but no simultaneous count in any of the

2
counters X. The two anticoincldence counting rates above will be
roferred to as chamnel T counting rate and chamnel II counting rate,
ragpeetively.

The apparatus tends Tto select either positive or new~
gative particles, depending upon the direction of the current.

16

Groetzinger and McClure, with a closely similer apparatus,found
the probabllity of treversal of a particle of the wrong sign to be
nezligible.

The sensitivity of a counter telescove to L mesons of
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varlous renges 1lg describable in terms of an "accentence function!
r(R), This function is so defined that, if the intensity of such
particles .ig(R) is constant over the opening angle of the teles=-
cope, the number of particles per secbnd having rrngeg between R

and R + dR couwnted by the telescope is given by
di\%' (R) = »(B}i,(R)dR. (17)

Bvidently, in our case there ere two such functions, r%(R) and
I'Z(R)3 one for each channel. They are shown in Fig. 6,

‘ In their computation, an approximete cnalyticsl ex--
pression for the renge-momentum relatinon in iron ond copner was
uged for those particles entering the apparatus in a plane perpen
dicular to the axes of the counters. For those perticles entering
at an angle to this plane, it was assumed that this angle remains
constant during the motion, and that the projection of the tra-
jectory in the plane is the same as the trajectory of = particle
entering parallel to the plane and having the some cverage radius
of curvature in the magnetic field. A lerge number of these tra-
Jectories was cemputed, and the necessary miltiple integrations
actualiy wverformed numérically.

The computation of TFig. 6 also took into account  the
effect of multiple scabttering of the mesons in the material of the
magnets. If one conslders the paths of mesons lnown to pass thmough
the two points A and B, separated by a distance x, the lateral
distribution in space at the midooint cen be showm to be Gaussisn,

and it is possible to derive an cxpression for the mean square la-



Ak

teral displacement. ? The spreading due to ccattering was con -
sidered to be suberposed upon the deflecltion due To the curvature

in the megnetic field. The acceptance functicn 1s not very rensi-
tive to the exact value of the mean scuare displacement,the effect
being to Wemear out! the accentence function, making the peak lower
and svreading it out laterally. An approximate value of mean
square displecement was chosgen for each velue of range of the in
cident particle, assuming that the particles are incident at an
teyeraget angle with the plane perpendicular to the'megnetic figld

in tho equipment. It can be shown that this angle is about 13?}0-

Also included in Fig. 6 for comparison are  the two
other acceptance functilons, ri'(R) and ra'(R), which epply when
there is no field in the ilron. Note thet these l-tter represent
the sensitivity of the instrument to particles of either =ign, not
to those of onc =ign exclusively. They arc due entirely to scmﬁgg
ing. The zcro-fleld counting rates are avpproximately one~—sixth

the sum of posltive end negative countlng rates in a given direction.

(b) Description of the Experiment

The apparatus has been operated at the Leaborstorio de
Figica Cosmica on Mt. Chacaltaya, Bolivie since May, 1952. Cartain

data pertinent to this leboratory appear bhelow:
A= 16,4° 8,  y=1.8 1072
1= 68,0 w, H =548 g em 2,

A= ly,9° S, mean annuel air pressure = 03 mm Hg,
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W= 68,0° W, gltitude = 5270 m (17 100 ft),
0
B = 0.27 gauss,2 mean snnual air temperature
= - 2.2%C,

The eguipment was oriented with the counter axes mag-
netic north-south so that the two units could be inclined either
magnetic east or west of the vertical. Measurements have been made
at the various east and west =zenith engles permitted by the gquip-
ment, as well as at the vertical, for positives, negatives, . and
with rero field in the megnets. In the east-west measurements,par
ticles of a given sign were always counted at corresponding angles
in cast and west simultaneously, in order to redﬁce the effect of
short=term variations in total cosmic-ray Intensity on the asym -
metrics.

In these measureﬁents, the two units cen be inclined
either toward or away from each other, the roles played by the two
being thus easily interchangeable. These posltions are designated
N and V , respectively. 1In addition, there exist two other possi
bilities, for in either the A or the V position, the apparatus cen
be rotated 180° about the vertical axis. The equipment is operat-
ed approximately equal times in the four possible positions, a
change being made about every 80 hours. For the vertical measure-
ments, the two telescopes were operated with opposite signs, the

magnet currents in both units being reversed et intervals.

(c) Tentetive BWvaluation of the Date

The measurements te be discussed here were taken at
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the vertical and at U509 o It haé been assumed that all, or nearly
all, the anticoincidence counts represent the passage of single
A mesons through the apparatus. In channel I, the - number of
threefold coincidences is approximately twice the number of antl
coincidences, while in channel II the threefold rate is some eight
times the anlicoincidence rate. |

In order to compute Tthe expected cqggting rates in our
two channels, it is necessary to integrate Bas (17) over all values
of R. To do so, it is convenlent to choose an average of SfR, # )
welghted, say, according to r (R) J« (R, cos® )« This quantity
will be denoted by ¢81 (8 ) or éa (9), depending upon . the
chamnel to which we refer. It has been tecitly assumed that since
the cone of acceptance of the telescope 1s symmetrical about th9
direction of inclination of the magnet assembly, C) y the effect of
the variation in intensity over the cone cancels out, at least in
first order, and that therefore the effective intensity is that at
zenith angle @ . ‘

After the integrations over the acceptancg‘ function,
mentioned in the preceding paragraph, the various terms occurring
in the expression for 1y (Ry @ ) are found to have their counter-
parts in the expressions for the expected counting rates, 18 In
our case, these counting rates will be represented by

Wi,Ei,vﬂ;swo,Eés and V _ for each

channel, W, E, and ¥ indicating UI5° west, U5° east, and ver-
. tical, respectively, and the + and O indicating polarity of the

field iIn the iron or 1tgs absencea
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The terms involving the derivative are very smali and,
can be evaluated approximately using the curve of Fig. 2, extrapaolat,
ed as shown to higher values of Mc in order to include directions
cast of the vertical. At Chacaltaya, the quantity (da / a8) /H has
the following approximate values: 0.075 (L5° west), O.2L6(vertical),
and 0.61% (150 east).

Before »nroceeding to a comparison of the data wilith the

theoretical expressions it must be noted that even if (A/ H), 5%?

and (52 are known for each direction the observed counting rates
will differ from those predicted by the theory in two principal
ways:s

First, there 1s a small number of spurious events

which succeed in triggering the proper combination of counters. In
events of this typec, the incoming particle may pass through two of
the three counters necessary for a coincidence, while the third
counter is triggered by another particle ejected at an angle by the
incoming particle, either in a nuclear disintegration or in a knock-
on proecesse Alternctively, the first particle may pass through one
counter and its product through two, etc. Hence the number of such
counts should be practically independent of the direction, presence,
or absencae of the maghetic fileld in the iron. In addition,it chould
be roughly the same for both channels. 7 _
Second, a normalizing constent mist be eumployed to
correct for the error introduced in the computatlon of the accep-
tence functions by the many approximations it was necessary to make.

Another fact which will affeet the normalizing constant is that a
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certain fraction of the particles passing through the proper three
counters to cause a coincidence also produce knock-ons which trigger
the anticoincidence counters, thus causing these events to be disg
regarded. The normalization is not necessarily the same for the
two chamnels, nor for the zero-field case. |

We shall assume that both these effects are present

in some degree. It will also be assumed that é>1 and é are un

known in all directions, that /v (and therefore a) is unknown  at
I50 east and west, but that the value given by Figs. 2  for the
vertical is correct. |

From measured single and twofold colncidence rales,
obtained by monitoring the equipment while in operation, 1t can be
shown thet corrections to the threefold and fourfold rates due To
sccidental coincidences and to counter dead time are entirely mne-
gligible.

There is a sufficient number of independent counting
rates to evaluate the spurious counting rate, the normalization
factors, and 2ll the above unknowns. In fact, the problem is somg
whet overdetermined, there beilng several counting rates not needed
for the determination of the above quantities. This procedure

yields the values of a shown on Fig. 2, plotted at M, = 10.6

and 23.% Bv respectively, the corrected 150 wast and esst values
at Chacaltaya. (The vertical value is 13.5 Bv, corresponding %o

= gho g cm 72

onn the curves.) The internal consistency of the
data is excellent, as the superfluous counting rates are entirely

compatible with the others, well within the experimental errorss
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(d) Poaitive Excesses at Production

With the aid of Eg. (10), one can easily construct

the observed positive excess in a given direction, as follows:
i, ®E)-1_ & B)

e (12)
i, ®O)+1_@®0)’

e(R, 8 ) =2

or, after simplificatlion and neglecting certain very small terms

in the denominator,

.Ju (R, COS(!'!))

S(R,at) = ¢(Ry B ) + 27y tan) —
J 4 (R, cos® )

J ¢ Ry cos® )

+ 2%y H~™ ! (d&/d9)® > (13)

J;;(R, cos ® )

Corresponding expressions for EL,( 8 ) and %2( ® ),

involving E;;( B ) and QE( ® ), the observed excesses computed
directly from the counting rates, and also involving the integrals

8 Tt is worth notlng that 8:‘ and -

of the J's, can bhe derived.
8 > can then be determined from the counting rates independently

of the normalization, and are almost independent of the spurious
rates, provided the latter are small. The £'s and %'s for the
various directions are shown in Table I. The errors in the 5'3
shown are those corresponding to the statistical probable erros com

bined with an allowance for & possible 10% error in the computatiom

of the numerical terms. However, the computations are seriously

affected by the vresence of small terms in the expression for the
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intensities of vpositives and negatlves in a given direction.

Ve MODIFICATIONS TO THE THEORY

_ Both ay and ag lie significantly belowrﬁlberh’s curve
(and its extrapolation, admittedly very unecarthind. Physically,this
means that all the intensitles, both west and east, are rather high
er than one would have expected in comparison with the vertical in-
tensities. Of course, the points shown have been computed on the
assumption that Ay = 0, or in other words that ay = 610 g cm ~e
However, & change in the value assumed for ay does not lmprove
this situation appreciably. We have 1nvestigated this possibility
and have found that, even 1f one assumes that the curve of TFige 2
* 1ies much higher or lower, the computed values of ay and ag will
be raised or lowered by a very nearly equal amounty and will therew
fore not be brought much nearer the curve.

Since all our 459 counting rates have in effect  been
normalized to the vertical, we must seek some effect or effects
which come into play at 459 in a different way from that at the
verticale The first such effect which comes to mind ls the pos=-
sible existence of negative primeriess The cutoff at the verﬁicgl
ag a function of geomagnetic latitude 1s the same for primarles of
gither sign, while cast and west ebout the (corrected) vertical are
intérchanged for the two types of particles. Hence, asymmetries in
the east-west plane at the equator would be reduced by the presence
of any considerable number of negative primaries, below what would

be expected assuming the primaries to be excluslvely positive in
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gigns Applied te our case, thid means tha a,  would lie above the
cufve derived from vertical data on the latitude effect, and ag
would lie belew it. This is not adequate to explaidn the observed
discrepancicse

In fact, disregarding the vertical data for the moment,

one can compute, independently of the normalization, the asymmetries

of positives and negatives on the assumption that a 1is really -
given by the curve and extrapolation of Fig. 2, il.e., that the
-2

western and eastern values are 609 and 7L6 g cm respectively.
The results of this procedure are shown below, 4 4 belng.defined

in the conventional way as 2(W . =B )/(W + B )

Computed Bxperimental
4, (channel I) +0.Ll7 +0.505 * 04018
A_ (channel I) +0, 0149 +0e110 + 0,018
AL (channel II) +0.530 | +0.569 + 0,037
A_ (chennel II) +0.030 +04069 + 0.0L0

No error has been indicated for the calculated values, although
this is presumably fairly large, due to the fact that the extrapg
lation of Fige. 2 is quite arbltrary. In view of this last fact ,
the above agreement must be considered goode I one hypotheslzes
that = certain fraction of the primaries is negatively charged_,
ohe may speculate as to the possible effect of this admixture on
the calculated asymmetries. For example, in the event that the

negative primaries may be considered completely symmetrical  in
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all their proverties to the positive component of the radiatigg
(that is, same rigidity spectrum, same multiplicity of - meson
production, negative excess at production of secondar;ies instead
of positive excess, etc.), that portion of the 4 -meson intensity
due to the positive fraction of the primary radiation can be com =
puted ag described above, while for that portion due to the negs
tive fraction W, and B.- are interchanged, otc. ]

Fodussing attention on channel I, under the above con-
ditions cne computes by the method of the preceding paragraph the
values Oll03 and =— 0,007 for the two asymmetries 1f the frac-
tion of negative primeries is 10%, and 0.359 end - 0,063 if it is
20%. In other words, as one assumes increasing numbers of nega-
tive primarles, the agreement with the gxperlimental data becomes
progressively poorer. The situation in chamnel IT 1s not materfal
ly different. We take this as a strong indication for the absence
of any considerable numher of negatively cherged particles in the
primary cosmic radiation.

The socond factor which can operate to make our norma-
lization procedurs give an erroneous resgult is the fact that we
do not really observe the intensity et angle @, but rather  the
average of the intensltles taken from two cones of directlons,one
glightly to one side of @ , the other slightly %o the opposite
gides A ‘i‘aylor's series expansion about 6 ylelds the iIntensity

at angle @ =+ eL,:

1(0 x e

o o (141 o112 1) 2
= [ = Qun + = | m—— (5] + seele 1
1({9 )[ i(i d9>@ 7 Z(i dea ® 1T —~ ] (b-)
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If we interpret 9% as the magnitude of the angle which
the central direction of the cone of observation nekes on each . side
with the direction @ , the observed intensity is the average of

the two intensities of Bg. (I4), or

S ;Idai 2 )
'i'=i(@)‘:t+-é (:—"E 94~ + "'} (15)
: i de%/ @

The term involving the firet derivative cancels out in the averag-

ing, and the fractional magnitude of the effect on the Intensity at

® 415 therefore .
| 1 (1 “laP/ae?) 6%

The next term (that in the fourth power of 9%) and all higher even

power bterms are negligible. _

Bilehl, Neher, and Roesch 21 Investigated the zenith
angle dependence of the local cosmic radiation in the east-west
plane at the geomagnetic equator over Peru. From their curves for
atmospheric depth 310 g cm™2  and 20.8 em of lead absorber, one
can make a crude estimate of the effect in our cases In channel T
of our apparatus it is of the order of O.l% to 2.0%, while in the
other channel the effect is about three tlmes as large. In neither
case is the effect large enough to account for the unexpectedly
large counting rates at 159 |

The third possible explanation is that the assumptions
involved in the highly simplified model of M~ meson producﬁion
here employed rumst be re-examined. It is possible that the meson-

producing component of the cosmic radiatlon does not vary strictly

exponentially with atmospheric depth, especially in the uppermost
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part of the atwosphere. I this iz the case, 1t is difficult -to. es:
timate the effect on our computations. However, at these _ alti—
tudes, very considerable proportions of the observed mesons arise
at all levels above that of observation, and it is hard to imagine
that such an effect could acecount for nore than one or two percent
in the normalizatlon. |

The effect of the scattering of the mesons will be gi-
milsr to that discussed in connection with 9%, but 1t 1s even
smaller, the root-mean-square scattering angle being of the order
of only 30

& significantly larger effect results from the lack of
collimation in the production of mesons. Observations in photo-
graphic emilsions at high altitudes ©% iIndlcate that most T me-
gsong having minimum lonization produced in nuclear events are colll
mated in a cone of about 15° ha1f~ahgle about the direction of the
primary particle. . 7 o

The maximum angle of emlssion in the laboratory system
of a M meson whose parent 7w meson has momentum P can be cgl-
culated straightforwardly. The parent of our "typical® i meson
has P,/ m, ¢ =20 (very approximate), corresponding to =a ma-
ximum angle of emiscion of about 1° . This is negligible in com=
parison with the spreading which oceurs in the primary collision.

Thus 4/ mesons produced at angle © at a certain patm
along the trajectory leading to detection in the apparatus arise
from primaries not in the direction &, but rather in a cone of di
rections surrouncding that of the trajectory at that point. Iet us,

for simplicity, consider only the variation in the east-west plane,



at least for the inclined directions. For a pair of angles © % 92

distributed symmetrically about €, the intensities of the primary

radiation at a certain point are proportional to

I~ H—
exp -( ) see (9;_};9)},
L 2

where, however, we have neglected the small variation of a between

8 = 92 and © + 92. This function can be expanded in a serles
about @, and thé resulting two intensities éveraged. As before;ﬂm
term in the first derivative vanisheg, and we can wrlte for the
over-all average of the intensgities over the cone of incidence of .

the primaries

_ (- J/E=2
1= 1 (G)$~1 + T\ sec *]
L ‘

% [ (%w?%z)' sec © (secte = %) ~ (2 sect = ?]92?},(%6)

where now 92 mist be interpreted as the root-mean~gquare angle of
spread in the productlon of 7 mesons, projected into the east-west
plane. At tho vertical, The situation is slightly different  be-
cauée of the cylindrical symretry about that direction, and we
must use the rooﬁwmean"sduare angie in space. o

Evanination of BEq. (16) indicates that one needs some
sort of average velue of both (H = L)/L znd (E - Z)ZZLE. The ap-
propriate oneg are the aversges welghted according o the relative
numbers of mesong produced at various heights, ox, to a high order

of approximation, according to the function WV (Z,R, cos ® ) de-
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fined in the Avnendix. I one computes the numerical values of
these two averages for a residual range of 600 g c:m"'2 (centra} va~
lue for channel I) and substitutes the trigonometrical factors-for
the verticel and for U5°, one obtains the fractional effects an
the intensities one would have in the case of perfect ¢ollimation)
as follows:

- 0,850,% (vertical); + 0.146,7 (15°).

The coefficlent at the vertical ls always negative,but
its megnitude is to some vxtent a function of R because of the de-
pendence of the “distributlion-in~production height" of observed
mesons on Re

At 159, however, the situation is more complex. Here,
at high altitudes the eurve of primary intensity vs zenith angle is
concave downward, while at lower altitudes a point of inflection in
tervenes, and the curve ls concave upward. Hence, for low residusl
ranges, where the distribution functlon favors the lower altitudes,
the coefficient 1s positive, while for higher ranges (greater than
about 700 g em™2) the coefficient is negative.

| It is interesting to note that Olbert actually deter-
mined the production spectrum of M -mesons produced in the  ver-
tical direction, rather than the production spectrum corresponding
to primaries incident at the vertical. It 1ls the latter quantity
which is of more fundamental interest. Olbertls spectrum, which
can be derived from it through application of the correction given
above, is usable to a2 good order of approximation provided one con

siders vertical data only. However, when one tries to apply ‘his
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production spectrum to data at zenith angles other than zero-there
will be serious discrepancies. Since the vertical effect is ne-
gative, our "real" production spectrum will differ from Olbert's
Neffective nroduction spectrum at the vertiwal' in that the  nor-
mglizing constant A will be somewhat gregter. |
As before noted, the correction doss depend on R, and
therefore it 1s not strictly correct to apply a simple rumerical
correction to Olbert's constant A in order to find 1ts "true!
value. Bvidently, there will be some effect on the constants n
and a as wells. We suggest that it would be highly advisable,when
cufficient data exist, to repeat Olbert's computation of the Mg
son spectrum, taking this last effect into account In detall. )
We shall beécontent for the present to modify Olbertts
normalization in such o way that his spectrum colncides with  the

neruc! one for range R = 600 g em™Z,

It 1s worthy of note at this
point that, at loast to a first order of approximetion, the mich
smaller effects due to ©q and to scatfering of the mesons in air
can be lumped together with 92. Another effect, which is Impor-
tent at the vertical but not at U5%, is that due to the dlstribui
ion of the solid angle to the north and south of the east-west pla
nes The root-mean-square angle between the lncoming trajectory
end the east-wast plane is about 16 %(?, and its effect, too,y can
be approximately lumped with 65,

Let it be assumed, for the moment, that ey actually

1ies on the Olbert curve. It is then possible to compute, within

certain accuracy, using the channel IT zero~-field data at the ver-
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tical and at N5° west, the spurious rates at the vertical and at

15°, One can then derive from the channel I data with fleld, ver
tical and L5° y both the root-mean-sguare sngle of production of
- mesons heeded to bring the 1152 and vertical data inte accord and

the corresponding value of aps. The angle needed 1s MO+ 2%, a

value certainly not inconsistent with the observations of Brown
et als, 2Z gnd the value of ag obtained is 785 * 5 g cm"a,a point
lying not too far from the tentative extrapolation oflthe curve
used until now. _

We consider this result, taken conjointly with the fg
regoling considerations, to be sufficient justification for assum-
ing that By actually does lie on the curve. One would, of course,
not expect perfect agreement wifh the extrapolated portion of the
curve, as 1t is highly arbitrary. Olbertl!s curve has been exteng
ed in Fig. 2 to include the point at L5° east, obtained as descrid
gd above. |

We are now in a position to attempt the crude  modi-
ficatlion of Olbert's production spectrum mentioned above. :TUsing
the angle M° characteristic of the T-meson production, which
brought about the best sgreement of our results with 0lbert's work,
dne finds for the "92 effect! at the vertical at sea level - 5.1%.
(Thié figure does not include any possible effect due to the fi-
nite opening angle of the euuipment used in obtaining the - data
upon which Olbert's computations are based.) We mey now conclude
that, in order to obtaln the Mtrue" production spectrum, at legst

in the region of range R = 600 g cm“a, we mst modlfy Olbert's
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constant A as followse:
At = A/(1 - 0.05L). (r7)

We find thus that A must be incressed from 7.3:1 to
TT5 X 10%. Now, according to 0lbert, 243 the average depth of
production of mesons arriving at sea level with range 600 g cm”?
is about 2135 g cm"Z, and since sea level corresponds to an atmos-
pheric depth of 1033 g en™2, the average range of such particles
at production is some 820 g em™2 greater than that at observaticn,
or about 1100 g cm~Z, Hence we conclude that the "true! product-
ion spectrum G(R!), at least in the vieinity of B! = 1400 g cm™2,

is gilven approximately by

G (R') = 7.73 X 108 [R! + a (Me) ] f3-58

+

(g2 enf sac™ sterad"T), (18)

vhere a(Me) is given by Fig. 2 Note that Eq. (18) ié now consider
ed tb hold anywhere on the ecarth's surface and in any direction of
incidence.

it is now possible to compute a new set of theoretical
counting rates for our apparstus, based on the corrected production
spectrum and the values of a and &p taken from the correct a(Mc)
curve of Fig. 2, and corrected for the 92 effect. The latter is
slightly different for channel Il from the values given above, due
to the fact that the "typical! meson has & different TaNge « These
theoretical counting rates are shown, for both channels, in table

Iv. 23 Also shown are the egperimental rates, corrected for
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spurious counts and the edquipment normalizaticn. It was necessary
to recompuite the normalilzation factoré, which are shown, together
with the original spurious rates, 1n Table TI. 25 Table IV  in-
dicates which of the data have been used to compute the various pa
rameters of the theory. The values of the positive excesses v at
production shown in Table I are not alffected by the above correct
ionsge ]

Tt 1g elear from Table IV that the theory is adequate
to explain all the observed-counting rstes. Work ls sconm  to bDé
undertaken on an analysis of data taken at zenith angles of 22'10
and 67 E « It is hoped that the results of this analysis  will
provide confilrmation of the theory developed in thils paper. _

For the purpose of comparison with other oexperiments
the convenbionally measured cast-west asymmetrles A for positives,
. negatives, sum of positives and negatives, and zero-{ield are ta -
bulated in Teble III. It is noteworthy that, where the statistical
accuracy admlts of direct comparison, the asymmetry of the sum of
posltives and negatives agrees very well with the asymmetry measuz
ed with zerc field, thus confirming our interpretation that  the
particles detected in the latter cage consist of a "natural. mix e
ture! of positives and negatives scattered in the iron of the mag-
netss Both these figures can be compared, at lesst qualitatively,
with the Tesults of Biehl, Neher, =nd Roesch. 2  They found, over
Peru, a total asymmetry which increased with increasing absorber
thickness (Lees, with increasing energy of the observed particlgs%
and which decreased with increasing atmospheric depth; Their femﬂi

at 159, with 20.8 cm of lead absorber at 310 g en™  atmospheric



bed

78

Table I. Positive excesses observed ( E ) and at production ( é )e

RPN

€

Direction 1

6

€,

52

150 west -+0.300 +0,017
L50 east =0.104 % 0,021

vertical +0.0737 04008

+0.1f2 + 0.021
+0,103 40,028

+0.091 + 0,008

+04301 + 0,067
~06212 4 0,089

+0.075+ 0,028

+0.121 1-0.069'
+0+070 + 04092

+04100 % 0,028

Table II. Normallzation factors and spurious counting

rates

Spurious counting rate =~ either channel

Yertical
L|_5o ‘

Normalization factor - vertical or hSo'

channel I (field on)

channel I (field off)

channel II (field on)

channel II (field off)

1,01 oy Q¢35 hr

0:50 # 0410

0.830 +

04011
04790 + 0,011

00979 + 02029

0977 + 0158

-1

"

Table ITL. Bast=west asymnetry A conventlonally measured.

Channel I

Channel IT

Type of measurement

positive particles + O¢§OS + 0.018' + 0,569 + 0,037
negative particles + 0,110 # 0,018 +- 0;069 + 0.0iLO
positive + negatives + 0s321 * 0,017 + 0.330 & 0,069 |
zero fleld + 04312 + 0,0LL + o;zhb, + 0.1105
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Table IV. Comparison of experimental and theoretical counting rates

o (M1lin wrTh. _ A
Channel Direction Sign Theoretical  sBExXperimental counting Notes
: counting rate rate {corrected and
(corrected) normalized)
T L50 wegt + 16431 16,31 + 027 1,2
I 50 east + 9473 9e75 + 0al9 1,2
I 450 west - 12405 12,05 # 021 1,2
I h59 east ~ | 10.78 10,78 _-_t~_ 0420 1,2
I 50  west o Lei2 He?O + 0,1
T 50 cast o 3el2 Zelll + 0;}2
I vertical + 26e2 26.2l1 + O;h9 142
T vertical - 2110 2h Lo .t OJlt6 142
T vertical o 7«86 8.05 + 0.35
IT 450 west  + 3027 - 5,18 + 0.16 2
IT  L50 east  + 177 177 & 0413 2
II L50 ~west - 2liz 2:35 % 014 2
II 150 east - 219 2e19 iloolu 2
IT li50 west o . 0653 Ooli5 + 0,13 3
TI Li50  east X 036 .25 i-_ 0.12
IT vertical + 5617 542 1 0,39
11 vertical - 180 5 0% i 39 2
IT vertical o 0491 1.10 + O.

Oel10 3

Note 1, Data used in the determination of a_ and also the rootwmean-square shgle
of T = meson production, needed in “ the correction of the theory, Apparent
pexfect agreement is, therefore, to be expected here,

Note 2, Com gra.til@ values of positive and negative counting rates but; not absolute
values, used for determination of positive excesses,

Note 3, Daba used for approximate determination of spurious counbing rates.



depth, neost nearly opproximotes the conditions of our data, with a
total asymmetry of 0,304 £ 0,015, Our data were‘taken.ét rother gre
ater atmospheric depth, but corresponded to particles of pather hi
gher energy, and in channel I the sum of positives and necgntives gé
ve 0,321 £ 0.017.

We are groteful to Professor Bruno Rossi, under whose gui

dence this work wos performed,

SAPPENDIX
The purposc of this cpreniix is to outline the derivati-
on of Eq. (10) of the text,
The change in dircction of a M Taeson due to curvature
in the garthls nocgnetic f£ield as we proceed upward o distence  dSY

along its trajoctory is
de = (geB/p! ) (ASWp ), (19)
Ihis expression yields, upon integration,

where the following abbrevintions haove been made:

cT B =Y (21)

g .
1 /JC St N
—_ ———— = a4 (22)
e 13?(R+S! ' p(Z.’)




"'Ll-l"'

The prcbobility of survivol of the meson from the peint of produc -
tion to the point of obscrvation can also be expressed in terms of

the lattoer quantity, cs Ffollows:

Wa-(S:R) = QXP( - a )o (23)

It ie convenient in whot follows to refer all computa -
ticns to o Mzeroeorder trajectory," l.c., we cxpand cll variables ,
their funections, and integrals cbout the velues they would have 1f
the mesons came in along o straight line trojectory in the directi-~
on in which they cre observed. The subscript t will be used to in
dicate such quontitics. '

In order to cvalunte a, it is convenient also to have
an analytical expression for the range-momentum relation of‘ M- me

sons in air, and we shall here employ thot found by Olberﬂzz

pe/pt = WP‘” = ’q(bﬂ:{r}"l -R (24)

The values of the constants in Eq. (24) are as follows: 7? = 53,5 @&
-
cm"'e, b =56 g cn™~, K= 72.07 = 1073,
Now dS ig given by dZ see9, cnd olso opproximntely, for

angles ¢ ncor §)

sece = sce @A+ tan® Yy a ), (25)

I one cxpands y(R!) chout the "zero-order trajectory,”

ona cobtaing
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y/(m) :'}[(R{; ) + (8! - i )}&'(R&; ), (26)

where Ry = RiSp = R + 2! sec@ .
By means of Eqmz. (20), (24), (25), cnd (26) it is possi

18

ble to obtein, after considerable manipulotion and substitution,

the following cxpression:

: z
a =a, +%tan@d’)’ o« - tan@ ¢

~ o -

ANNE
o) Ja_(zt1yaz
X i . da, =~ ?\ scc (@ (27)

zt + 0 ©
/4 |
where
¢ = (R+b) cos@ , (28)
z
a, = (’fg/a’c)f (zrpyt Ldzs//o (Z!)} 3 (29)
.O -
. - Zr‘ -
A= wrer [ amd ) . (30)

“6

It is to be noted thot the quan*tit;yr)f giving the magnity
de of the local mognetic ficld is quite small (never more than aboﬁt
6:(10"2) compored with uwnity ond thot olego, due to the smoll mogni-
tud of K, the integrnl ho is quite smoll comparced ‘.t!i'l.’.h do . Thus
Ao con be considcred to be of the order of f}/ao o The function
a, itsell ks of the order of unity. Thercfore, in the derivation of
Eq. (27), terms of tho d‘rdef .ol /)(Zao and'r),ko ’ é.nd'all smaller

terms, hove been neglected,
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The integrel ag  is o fuhction of vertical height Z ,

and depends poranctricelly upon the quantity § defined in Bge (287
above. In other wowds, for o given location on the earth!s surface,
a fomily of curves of a, vs 2 con be constructed with  as o pa-
.rameter.lg

These curves then serve, ot least in the edstewest plane
for computations ot ony zenith angle, Note that { is symmetrical a-
bout the vertical.

The other integral ;XO is simply a function of Z, and a
single curve is odequate to express the relationship at cny particu
lar location on the earth.l8 J

Both integrols depend on the density distribution in the

atmoaphere above-the point of observotion. Hence, since

1 B FRN T (2
- :('——-——-‘ ———— (31)
/ocz') M-/ H -zt

where T(Z') i1g the cbsolute temperaturc, ® is the universal gas cons
tont, M is the averoge rolecular weight of air, and g is the accem
leration of grevity, they likewise can be considered functions  of
fhe temperature dietribution in the atmosphere, and computed as folw-

lowsa:

(M7T e ) (B8
TP, 1y =4 :
X @)™ - 20Ty (zn)azr, (32)

[>]
H

-~

]
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P\O: (/7T ¢ YR/ Ag) f Z(H-za)”lT (zv)az'. (33)
-0

It is more convenient to work with the temperature thon directly wi
th the density, as the former is lnown directly from metecrological
dota. The temperature distribution is o function of geogrophic loti
tude, - and it is therecfore not possible to compute universal curves
for & ond Ak)‘ The Qlubrlbuthn is, however, quite constantrgxqg
ghout the equaforiul regiong. It is shown for this region in Fig.?,—
as taken from Olbort.3

Baquation (9) con be rewritten as

-H

. [
id(R,@)=]-=~ §1+

mlh

70 (Rf,a)]

[a0]

~

X G(R'+a) oXD ~ secod -~ %) secedZ, (34)
5 L - -

The positive excess ot production,é is & number rather less than u-
nity, and presumably docs not very very rapidly with RY and &. The-.
refore, ony difference in 3 along the curved path from thot compu -
ted along the zero- oruer trfJectory must be negligible, and we have
S(R al= 8(5%,a ). Yqs. {29) and (27) can be subgtituted into Eq.
(34), ond the small ccrmm:nryy"removed from the exponential through
use of the expansion e’z 1+,
It is odvisoble, for computational purposes, to expand
the function G(R'+a) cbout the volue it tolkes on when a is equal to
gome arbitrarily chosen central velue 8, 1in t?rms of the deviation

of the true volue of a from this centrol volue,
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To this cnd, we write
ay = a + AN (0. (55)

The choice of aq in a proctical case is dictatéd by considerations

of convenience. If a is known in the vertical direction, that figu-
Te might be & good choice for a . At ony rote, some value interme -
diate between those expected for & in & given cpplication should be
" used. The value. of a clong the trajectory differs fion &) aloo W avery

small extent due to the deviation of @ from § olong the trajectg

r‘y; It is then possible to expend G(R'+a) as follows:

G(R¥+a)=CG(Ry + &)

{ e
X 1‘ i ‘;_ I/_\QOO@(*“ (8t -~ St} cos®
| _ .

H ' H

1 da 1 1
Fo (8- ) cos® | F— (L 4
H d@ i 2 N\ h

X ga' " /\ cos@ 2+ 2(s'-5% ) Acosz® (563
1 i . H . HE . }
where 5‘1 is the Following function:
b= | 2+ (B+ay) cos @ 1-t. | (37)

After substitution of LEg. (36).intc BEg. (34}, and  some
further monipulation and simplificotion, one obtains an expression

of the following form for the intencities:
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H
ig(R, ® J=%A ()™ cos™t @ !l +;L-GCS(R%, at)l
2 0o - 2 d

X YAZR, cos” @ ) [1+ other terms | az, (38)

where

WV(Z,R, cos @ )

H - \ '
_ LE):»ll’l -zzp[ - ( 4 - Ao) secl) — a, ,(39)
L .

L
Now ;—6 is quite small compored to unity, and hence if we define a

weighted averoge of cS ag

< H ,
- g/ - : .
§ (B, - Jo ¥ (2,7, 02 @ ) 8 (a2 ,  (40)
/ B (2, cos ® Jaz
-0 :
we may write to an excellent order of a.ppro:-:ima'tidn
14(R, ® )= %, A (nil)™ cosn“l@ l—1+ &0 6(R,at) J
o i 2
H
XI W(z,R, cos ©) [1+ other terms | az . (41)
o ]

The integral in Eq. (41) can be evaluated numerically

term by term, and the result, after further manipul.:vtion,lS is Eq.

(L0) of the text.
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Figs 1le The three critical magnetic rigldities, M, Mé

and Mg, in the verilcsl direction, uncorrected for eccentricity
of the esrth's dipble, as functions of geomagnetic latitude « AL
s given letitude, particles of all rigidities grester than Ny ar-
rive vertically, while no porticles of rigidities less than M, qan
arrives M, is a tentative equivalent "cutoff" rigidity producing,
&8 nearly as possible, the sume secondary effects us the true spece
trum of primecrics.
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Fige 2+ The poreméter o occurring in the expression for the produc~
tion spectrum G(k'), as & function of cutoff rigidity M, .
The solid curve was derived from Oibert's results in the vertical direction.
His poimts eve shown by solid circles. The dashed curve represents the tenta
tive oxtrapolation of this curve uged in the early stages of the analysise

The values of ey and ap obtained with the uncorrected theory wre
shown by hollow circless The solid diemond indicates the value of ay under
the assumption that the latter lies on the curve, while the hollow diamond
indicates the valuc derived ior ag on the basis of the same assumpbtions The
dotted curve then represents the corresponding extension of Olbert's curves

[



500

200 -
100
o
50
20 I3
Jo
10k
51 8 JG
2. t i j ¢ i ]
O 400 300 1200 16800 2000 2400

R ( gem™? )

Hi'ge 3. The tfunctions Jy (kycos ® ), in terms of which the in-
tensities 1 (#,8) ore expressible, computed for ©= % 45° ,
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Fige 4o The functions Ji(R,cos ® }, in terms of which the intensities
ig(k,® ) are expressible, computed for © = QO
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Fige 5. BEnd view of one of the two identical mognet orrengements.
The smeller circles represent 5/8 in. UGeiger tubes, the lerger ones l-in,
tubes, For clority, the iron end pleces completing the twoe megnetie cir-
cuits { vize, I-IL md III-IV } have been omitted Lrom the figure.
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Iigas 6. Acceptence functions oi one meagnet assembly. rj; and
ro apply to particles of one sign only accepbed by chgrmels I and II,
respectively, with field in the mugnets on. ry ond ry pply to per-
ticles of any sign accepted by chammels I and II, respectively, with
field in the meognets off.
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Fige 7. dnrual mean tempergbure of the atmosphere in the
equatorial regions as « function ol abtmospheric depth H-2 .



