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Structure and Cornposition of Air Sheerer Coree*)

Ifexold L0 Kasrlts and Kurt Sitto 
Department of Phyaica, Syracuts© UrdTOrsity 

Syracuse, Net? York

Abstract

Extensive air showers w©rs obs<ar?®d with an arrangement in which 

details of their structure and composition could be studied with th® 

help of a large cloud chamber and a 102-counter hodoseope, while 

extension trays permittod a classification of the show@s,e in three 

groups according to their initial energy, and a selection favoring 

events with cores striking near the central cloud chamber - hodoseop® 

set* The electron density distribution is found to be flatter than 

the Ibliore structure function, and despite the different shower age 

in the throe energy groups, to b& nearly the same for all the showers 

recorded* A structure function <f>{r)oC r"^0 to in the irame-

diate neighborhood of the core fits the data best* An attempt to 

correlate the vary dens© local cascades started by high-energy electrons 

or photons with the expect®! multiple cores representing the high multi­

plicity of the nuclear interaction initiating the shower failed^ euch 

local cascades as ware observed appear to originate in ©vents of remark­
ably constant energy (somewhat less then 10^ «v if they occur near the 

top of th© atmosphere) „ The penetrating consonant contains H-partioles 

interacting in th© lead plates of th© chamber with a wean fres path of 
approximately 165 g/cia^, and consisting of neutrons (Jil«8^) and

♦) Supported in part by th© Atomic Energy Covndssion® Part of this 

work is included in the paper submitted by one of us (II*T#.K«) as 

a Ph^Do thesis at Syracuse Uaivergity0



charged particlese The total abundance of penetrating particles 

near th© core does not differ appreciably from that found by various 

authors in experiments not as strongly biased in favor of the de­

tection of shcwer cores9 The abund&ne® ratio of N-particles to 

jo-mesons, and of penetrating particles to electrons, show only slight 

variations with the shower age and demonstrate that the nuclecrdc 

cascade reaches its maximum somewhat later than the electron eascadOo



I« Introductione

It has been frequently stressed as a remarkable fact that the 

theory of cascades initiated 'ey a single parti cla, when appllad to 

the description of air shower phenomena, is successful although the 

process of the development of an extensive shower is of a greatly 

mere eofiqplieated naturs.. But it has also been recognised that, this 

success is not really fortuitous, but a result of the circumstance 

that many of the features of electron cascades are essentially deter-’ 

mined by the properties of the shower within & fm cascade units from 

the point of observation, and thus independent of the initial develop- 

raant of th© cascade as long as th© observation is restricted to a 

region not including the shower axis and its immediate surrounding, 

tho shower cor©0 It Is only in this region that the nature of th© 

initiating process strongly affects the shower structure, and that 

deviations from the classical single-particle cascade theory have been 

observed* Tho density distribution, as investigated by various authors 
(©»g«, Williams,^- Prescott and Campbell,4' Hasan,^ Hasan and Williams^) 

is flatter than that calculated by Molisra^ for a cascade initiated by 

a single particle0

1* R* U. Williams, Fhys, Rev* Tly, 1639 (1913)«

2* I* Do Campbell and J* R9 Prescott, Froo0 Phys* Soc0 (A) 65, 253 (1952)o

3<, W, E« Has on, Phya0 Revo bSS (1952)»

ho W, E, liaaen and So W„ Williams, BulloAm.I^hys.Soe<, 2£, No«l, 32 (1953) o

5. G* Moliore, in Coarslc Radiation, edited by W. Heisenberg (Springer 

Verleg, Berlin 19it3, and tovar Publications, fies? lork 1946) „
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In most cases, however, the analysis has suffered from a surfeit 

of variables. In particular in counter experiments, showers of all 

energies—or more correctly, of all particle nuaberc —uere recorded

indiscriminately, with detection systems which were rather insensitive 

to the accurate location of the shower axis. Thus, an analysis aver­

aging ever density spectrum, lateral distribution—both presumably 

depending on the age of th® shower—sad cere location could scarcely

be expected to yield an uastsfeiguoua picture of the dstella of the 

initial distribution.

It seemed therefore worthwhile to perform an exparlssant with a
w

technique improved in two respects; Firstly, by using an arrangement 

which rejects morse strongly events in which th® shower core strikes 

in an appreciable distance from the apparatus and which consequently 

saor® stringently registers shower coresj and secondly, by recording— 

at least within reasonable limits—the total number of skewer particles, 

and therefore classifying the showers es to their average ago. A study 

of th® electron density distribution under thee® controlled conditions, 

together with a study of penetrating particles in the cor® region, can 

be expected to reveal »«ae {additional pertinent information on the 

nature of the processes in which extensive ahowers originate and by 

which they propagate.

11. Th© Experimental Arraa&eaant.

(1) inscription.

The experimental arraagejssnt consisted of e shower selector set 

("aasterpulse set") and e "cor® analyzer." The shower selector was made



up of three pairs of counter trays and tvo large aingl® countera placed 

at the center of the arrangement. Each tray contained ten countersj 

those in the A-tray had an active are© of l" x 16”, while the B- and 

encounters were of l” :c 12” active area. Tbs three sets of trays were 

situated symmetrically with respect to the core analyser, as shown in 

the schematic drawing of Fig. la, with the A"trays in e distance of 

Ssa, the B-trays at 12.2m, and the C-tray9 &t 20a fro® tfcs center.

Each of the central counters S had an active area of 2" x 2k”.

Three different masterpulaes were forreed, dividing all of the 

recorded showers into three groups as follows:

(i) At least tvo counters struck in each of the A-trays, leas 

than two counters struck in each of the B-traya, and both central 

counters S triggered ("A-showers"};

(li) At least two counters struck in each of the B-troys, less 

than five counters struck in each of th© C-traye, end both central 

counter® struck ("B-ahowera");

(iii) At least five counters struck in each of the C-treys, and 

both central counter® triggered ("C-shovera").

Tnifi triggering systee Imposed on th® events selected at least © 

rough syraatry with respect to the core analyser situated at the center, 

and, because of the anticoincidence arrangement, was strongly biased 

in fawor of shower® whoe© axes struck near the canter. It may be noted 

that th® S-countere affect the ©election only in a very small degree, 

but they reduce the eteae© coincidence rate very appreciably.
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Diode clippers vero u#e& in the m&eterpulee circuits, end after 

reduction to unifortB height the counter pulaes vere fed through diode 

isoletlng circuits to an integrating circuit. The output of the 

integrator was amplified by a 12AU? located at each tray, and fed 

through a cathode follower to a 6AK5 discriminator. A setting of 

©®ch tray discriminator allowed tfca selection of outputs corresponding 

to two or sore, or five or Bore, counters simultaneously discharged.

The appropriate coincidence and anticoincidence circuits, actuated by 

the outputs of the six tray discriminators and the outputs of the two 

counters S, formed the asasterpulses. A» a check on the performance of 

the triggering aystera, each tray diacrisainator and th® three master- 

pulse arrangements separately triggered a thyratroa. Whenever a shower 

etas recorded, neon lights vere photographed indicating both th® type 

of aasterpulse and the trays hit. For inatenee, for aa A-chover only 

th® Aj_- and Ag lights should be seen, together with the A-easterpulse 

light.

The analyser set eoasisced of a large cloud chamber (2Vx2VxlG") 

fitted with eight 1/2" lead plates, and a hodoscqp® arrangement of 102 

counters arranged in four trays of 20, 21, 28 and 30 counters respec­
tively. The tvo upper trays contained counters of 1" x 12" size, the 

two lover trays 1" x lb” counters. The traye vere separated from each 

other by layers of 2” lead, and shielded by 8" lead walls from the 

side® ©nd 2” lead on top. Cloud cteaber and hodoscope wre placed side 

by ©ids as close as possible to oach other. As in an earlier experimentv

6. F. £. Froehlteh, E. M. Earth and K, Sitte, Fays. Bev. 8l, 50^ (1952)
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th© coordination of the two instruments was sirsplified by a system 

of clocks, double registers and neon indicators«,

The analyzer set is sehenatlcaliy shown in Figs 1(b) o It offers
Othe advantage not only of a large area (about 0»25 m) usable for 

analj'sis, but also of cbserration. over a considerable range of pene- 

trationo In the hodoscope sat th® shower development can be followed 

through a total of 8W lead absorber, and the data in the upper hodo-

scope tray can b© reduced to incident densities with the help of the

observations of the transition effect in 2” f‘b seen in the chamber,,

This feature is particularly useful for the study of the penetrating

shower component,,

A total of about 1,300 cloud chamber photographs and move than 

2,800 hodoscope records were analyzed,, Ilodoscope pictures without a 

corresponding chamber photograph, taken during the recycling period of 

the cloud chamber or belonging to events where the chamber picture was 

not considered good enough for full analysis, were still of value for 

the statistical analysis discussed below,,

(2) Discussion of the Triggering Arrangement,

It is always useful in an air shower experiment, and necessary 

for the present one, to analyze the performance of the triggering 

arrangement. In particular, to substantiate the claims made in Section I, 

the selectivity of the masterpuls© system as to shower size and loca­

tion must be eval\aat©d.

For this calculation the following two customary assumptions have 

b&sn males
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(i) That ths lateral distribution of the shower is represented
7by the Bethe approxiration' to the .v-olic5re structure function 

(201) f(r) * ® (1 ♦ hr)&^/3

where C is a constant and r th® distance from the cor® neasured in 

shower units» Ths limitation of the validity of the Beth© approxi­

mation to eomparafciwly small distance® r is of no concern since the 

triggering: arrangement efficiently reject® mmta striking at too 

largo distances from the center*

(li) That the siss distribution of the showers can be represented

by
(2*2) s(N)dN “ K.N** dN

with a constant for th® entire range of ©ffleiant detection*

It will be seen that this should certainly hold for the A- and B-showera 
which contain on the average less than icf ' particles'’'^ while a correction 

is needed for C-showers*

It will be further assumed that the detection efficiencies of the 

trays sr© unity, and that other corrections such as that for the finite 

resolving time are likewise negligible,, These assumptions are of course 

not quite correct, but will introduce no appreciable error since only 

relative rates will be considered and not their absolute values*
AThs calculations follow a well-known pattern (@»go las end Freiter , 

Singer^) and only & few essential points will be repeated hares

?* II* A* B®th®, Phys* lev* 6Qh (19hl)

8* J* Isa, Jr*, and v;0 Be Fretter, Pltys* Hot* 76, 932 (19h9) 

9* 3. F* Singer, Phys* dev* 81, 579 (196*1)
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0*0 the distances (in shower units) of theDenotinp try rs, rA, 

central counters, the A-^-tray, the Ag-tray, and so on, from the axis 

of the shower, and by S, AS, B5, CS the areas of the central counters 

and of the single A-, B- and "-counters respectively, one has for 

instance for the rate of A-showers

where the functions p(i,r,MS) are the ©sponeniial expressions for the 

probability of a shower of N particles hitting in a distance r to 

trigger exactly i out of n (“10) counters, and th® pf-c similarly are 

the probabilities of the shower missing,, Thus, for instance.

WiNSoftr^i 3<-(n-i)ANS*f(rAl)(2oU) p(i3rA,ANS) « (W

Similar expressions are obtained for the rates of B- and C-stowerso

The next stop in the evaluation is the computation of the trigger­

ing probability I(r,NS) due to all showers striking at a distance r 

from the central counters, as a function of the particle number Ns

(the arguments in the expressions of the type (2»U) are omitted)„

From it two important functions con be obtained*

(a) By integrating over N, one finds the contribution P(r) to the 

record®! rates by showers of all sizes as a function of the distance r



of their axis from the center of the arrangement!

(2«6) P(r) - ^ K.M 0I(r,N3)d;i
o

The result is shown in Fig. 2„ It should be noted tliat 50% of all 

A-showers stride vrithin a radius of less than 2o5m0 The selectivity 

is less perfect for the b-ahowers with a 'iiaxiitiu-n contribution at about 

7% and least for O-showers (ssaximun at about 13m)0 IIowawr9 It will 

be seen later that even for those tvs© types of events an analysis of 

the cor® structure can be obtained,,

(b) By intoprating over rs the contributions F(N) to the recorded 

rates by showers of various particle numbers striking at all distances r 

from the CQ'-tral counters are found*

(2,7) F(N) “ BTTKofT2 I{r,NS)dr
o

Fig» 3 sumarises the result for the threa shower types„ It is seen

tho selection is remarkably shiupj the A-shower curve, for instance, 
is centered =bout MS « 0»0$ (corx'esponding to N « l«Sl x 10^, or an 

incident energy of 0o91 x 10^ ev for a single-photon initiated caacad90) 

Its half^idth is about 10, from MS 18 G»0X8 to NS « Go lb* Similarly, 

the B-masterpuls© selects predominantly events batween NS ® 0ol8 and 

NS ® 1<>5, or from an energy interval centered about EQ - 0=71 x lCp-5 ev, 

while the C-ehowers lie ?’K>stly between NS * l” 8 and NS » 10, with an 
average E0 » 0«80 x 10^ m* It is clearly seen that ths separation of 

shower energies is satisfactorily achieved,,

- 10



Ills The Electron Conroonents

(1) Density Distribution at th© Canters

Since the preceding discussion has shown that the requirementa of 

energy classification and of core selection are fairly well met, the 

density distribution observed in the analyzer set can be expected to 

exhibit the properties of the structure function near the cor® as a 

function of the energy. Using the expressions quoted above for the 

triggering probabilities, and the Jloliere-Beth® structure function, 

one can calculate tho frequency of events of a density at tho point 

of observation. Deviations from th® theoretical curve can then be 

used to obtain a corrected structures function, which should be Gon§par@d 

with that derived from .an improved theory, and thus could, in principle, 

demonstrate which acMitional or modified features are most significant 

for a more accurate theory of extensive air showers, Ifowevor, for th© 

present paper, a more modest goal was set. Sine® tho exact theory will 

involve not only the number, the angular distribution, and the energy 

spectrum of th© elactron-producing particles ejected in the initial 

collision, but also a source function representing th® continuous re­

plenishment of the electron component from th© nuclear cascade, th® 

number of adjustable parameters in th® theoretical results ie so large 

that unambiguous conclusions can scarcely be reached from the data of 

a single experiment. Although shower theory has recently been developed 

in & rather general an attempt of direct comparison was deemed

ID® ©0ge D, Janossy and H, Messel, Proc. Irish Acadm (A) 5^, 2k$ (1951)s
Ho Messel, Free, Phys, Soc, (A) 6US 726 (1951)? H. S, Green and
Ho Messel, Phys, Rev, 08, 331 (1952)0
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premature, and the analysis of the eupsrimontal data will only be 

carried to the point of deriving empirical corrections to the Bethe- 

r'oliere theory0

Both cloud chamber and hodoscope records wars used for the study 

of the electron density distribution* In the cloud chamber analysis, 

the particle numbers recorded in tho pictures had to be corrected for 

the transition effect in the brass walls of tho chamber. Bathe's 
multiplication factor [ l+2(X»7o2/Z)i/X0j as quoted by VJilliama^ 

w&a used (Z is the atomic number, and t/X^ the thickness in radiation 

length®, of ths wall material traversed), and th® ineidsnc® of an 

equal number of photons and electrons was assumed. As Hasen lias pointed 

ouVtv this last assumption is soraswhat uncortain, but the effect is 

small and th© possible errors Involved probably negligible. A further 

correction of th® cloud chamber data was made for electrons not e©n» 

nected with th® shower, but crossing the apparatus within the resolving 

time of th® chamber. Their average number was obtained from a careful 

survey of th© data taken with th® earn© chamber and at th© s&m© location, 

but with a different triggering arrangement which demanded the inci­

dence of an unaccompanied penetrating particle

In th© analysis of th© hodoscope data, two corrections were n©©d«d 

in order to determine the electron density of the incident air shower 

from the number of counters struck in th© top tray. Firstly, th® aver­

age number of particles present is always larger than the number of 

counters discharged. A correction for this effect is sasily obtained

12



if random distribution of tho shower particles ovwr the tray area can 

be assumed, so that the Poisson formula can be applied to express the 

probability that exactly n counters will b® hit by a shower of m 

particles* Secondly, a ot&tistiosl correction must be made for the 

transition effect in the 2" top lead absorber* For this purpose, 

the transition effect in the lead plates of the chamber was 

mined, and th® data giving the average number of electrons observed 

under the fourth of the ^"-plates as a function of th® number of 

incident electron© w®r© then used to find th® true incident density 

from the observed numbers*

Tho incident density distribution may be calculated assuming the

Bethe-Mcliers structure function to be valid* Since a shower of 
&density.at the center of the arrange,wsnt, Whose axis strikes at a dis­

tance r from the center, must contain, on the average, a number 

N « A / -f(r) particles, the frequency with which this event will be 

observed is

(3*1) h(4 ) » 2K & J \ ([-f(r)8j *I(r),^/f (r) )dr
o

For the corner!son with the experiment, the integral frequency distri­

bution H(4 ), that is the frequency of showers of a central density 

is preferredt

(3.2) H(^) ® ^ h(di)d^

Th® eva3.uaticn of (3*1) and (3*2) has to be dona by numerical inte­

gration* h(A ) is first constructed by cors^puting for various fixed

- 13 -



tho contribution from ahowers incident at various distances, and this 

procedure yields some interestinr auxiliary results,. Thus, as it is 

seen from Fig, U(a) *» Ii(e), while A'-showers of practically all central 

densities strike in the immediate neighborhood of the analyzer set, 

for B»showers this is true only when the central density exceeds about 

$0 partieles/m, and for C-showers only for large showers of more than 

U00 partieles/ru2 at the centert, Small B>=ahowers and an appreciable 

fraction of the C-showars will therefor® not reveal features c^iaraster-- 

istic of the cora region0 On the other hand, the curves of Fig* U(a) « 

ii(c) show in which density region the observations will refer to true 

shower coras 0 It nay be noted that, altiaough tho number of eventa in 

wh4ich the shower axis strikes at soma distance from the analyser becomes 

considerable for C^sbowars, the fraction of particles observed in these 

events in cloud chamber and hodoscope Is not equally large aInca the 

ntr,i0ri cores generally are th® denser showers. A statistical analysis 

of th© showoi' particles, as it is presonted below, is therefor® more 

strongly biased in favor of shower cores than those curves may indicate.

The integral density distribution (3.2) for the three types of 

showers, calculated with ths Bathe structure function (2.1) for th® 

three triggering arrangements used, are shown in Fig. 5(a) - 5(c) 

together with the experimental observations in both the cloud chamber 

(circles) and the hodoscope (crosses)* Clearly the theoretical results 

are a very poor representation of the data. It was therefore decided 

to improve ths agreement by modifying th® structure function in (3.1).



Since for amall values of r the Bethe function is veil approxi­

mated by a ~law# a power law with a chanced opponent would appear 

the lonical ctoice for the corrected structure function* In order to 

avoid pure creasing, th© following procedure was used instead! Assume 

that the corrected structure function Is of th© form

(3o3) ‘«(r) » A.r^ 0 {(r)

wiisre -f (r) is again the Bsth© function of (Sel), end c a saall

quantity,. It is then evident that using pir) instead of f (r) for th®

calculation of the rates h( A ) and !I( ^) will hs-^u & sirsall effect on

the triggering probabilities I(r#NS) and a much more pronounced effact
-zf

on th© t©ST5s (<V-f ) rsep, {&/$) “ r ‘3 (^/p ) « Consequantly

it is possible to neglect the first and to write for the corrected 

differential density distribution h *(d )

(3«li) h'(fO * 2.TA ^ Ar 'c | -f(r)j ^(r# A/-f (r) )dr
o <W'

Moreover# in the integral the first factor r,''J is slowly varying with r# 

in comparison with | f (r)j # so that as a first approximation it can b® 

replaced by the constant (R^) # whore is th© radius from which

the maximum contribution derives for a giv»n density ^ „ These values 

can bs taken from th© graphs of Fig0 k(&) ™ k(c)9

Thus# by co:«paring the experimentally determined frequency ratio 

for several densities (in th© region where th© contribution of trxm

~ IS «



cores is large) with those calculated accord!np to (3ol) or'(3a2)p 

an average value for the constant is obtained0 Using this value 

(3oU) th© density distribution was then recomputed, assuming that the 

modi fled structure function would hold up to a core distance

of Urn, and joining it ariioothiy between h and 6*n to the uneorrected
%

Betha funs t ion o' Th® dashed curves iii Figf> 5(a) - 5(e) were obtained

•*•) k very similar corrected structure function lias been used by
2Campbell and irsseott for the representation of their experimental 

burst aiss distribution,,

in that miy0 For A«*shQwers, a value (« 0*6D^»05 was found to be 

the beat fit, oorresponding to a structure function nss&r th© core 
approximated by t^(r)oer,“^!>^^o02)g for B-showers, tho bast agreement 

is obtained with (£#) “ 0e50i«.03 , or -p(r) oc ^(Q^OZoO?.)^ G-showers 

showed another infsj^gting dmdationo Although the effect of the cor® 

striieturs function should t>e noticeable only for a^UCO particles 

tha agreement mm poor even for smaller a ho were. The reason for this 

deviation is that ©van th® C-showers with small densities at th© center 

of th® apparatus still contain a rath®r largo number of particles, 

sine© they are striking predominantly at some considerable distance 

from th© confere Fig. 3 ehowr* that on th© average th® parfclel® nustiser 

in a C-shower is of the order 10°, and for showers of this sice th© 

exponent of ths number distribution is no longer close to th® vslu® 

if ® 2,5 used in th© oalculation (ef, Williams,^ Blafct*-^) „ In r®sjoj»»

11, J» Blatt, Physe Rev„ ?|, 158U (1919),

«»16



putlnc tho density distribution, chances in both # and f were there­

fore allowed, and the best agresTent as shown in Fig, 5(c) was obtained 

with * 2*7, ((6) » O^O^.IO, or ^(r)«:

It ehoxild be stressed as a remarkable result that, while for all 

three groups corrections of the structure function wer® found necessary, 

these corrections vary only slightly over a wide range of shower sixes» 
C~showers, with an average initial energy of 8 x 10^ m (for singlet- 

photon origin), gave £* OdSs &»shotmrs, initiated on the average by 
photons of 7t»l x 10^ or, have <L* 0&20, and A-ahowsro with an average 

initial energy of 9ol x IG1-1 ev show £® 0o2l±o Expressed in terns of 

the "ag® parameter" s, a variation of th© shower energy by a factor 100 

corresponding to a change in the vain® of @ according to shower theory 

from about 1 to le3» yields & variation in tho exponent of the density 

distribution near the core by only 0i,09e 

(2) Hultiplo Corea.

Since in th® primary collision the oleetron-producing particles &r® 

ejected with a considerable multiplicity, the existence of multiple 
shower coraa with an angular separation of the order 10”^ to 10-5 radians 

in the observation system has long bsen suspected. Each of tho cores

represents a higher concentration of energy than its surroundings, and

in traversing the lead absorber of the arrangement appears as a singularly 
dense "local cascade." At the observation level, the separation between 

these multiple cores is of the order of the core-analysing set. Conse-

- 17 -



quently, it can be expected that occasionally a multiple-cor® structture 

should be found0
9 10Local cascades of energies between 10 and 10 ev are frequently 

observed, and even events with snore than one local core are not parti­

cularly rare9 A typical case is reproduced in Fig0 6a If these events 

are directly related to the initiating collision, one would expect an 

angular separation inversely as £0, and the separation of cor^parabl® 

events should be largest for the A-->show»r group md smallest for th© 

C-showers, and the C-showera -aould show a larger fraction of raultipl© 

coreso Thereforog all the observed eases were surveyed in an attempt 

to establish their relation to th© show®r»-initiating act0

It is then desirable to set a lower limit for th® energies of th® 

local caseados to be included in th® analysis Md to classify th® swats 

according to their energies. For the cloud chamber pictures, th© depth 

of th© cascade maximum rather than th® number of shower particles at the 

maximum ms chosen as th® criterion for classification, since the local 

cascades were usually too dens© to permit an accurate count of th© 

particle number* Pairs or groups of local cores were included in the 

surrey if none of ths cascades had passed the maximum in th® fourth 

shelf, and at least one of them reached the maximum only in th© fifth 

shelf or lowers Th© events war® then grouped according to the depth 

of the cascade maxima of th® two local cores, expressed in the number 

of lead platas traversed j a r7=>plat©s ©roat* is one in which on© local 

cascade reaches its maximum undor th© third plat®, ths other under the 

fourth plat®s Th® classification indicates, tliersfore, directly th® 

total energy present in th® two local, cores*

<12, 32*18



33 cases with local-core structure -were found,, V ifehin the liMta 

of this rather poor statistics, the frequency vats about the sa^e for 

all shower types and certainly not markedly higher for C«sViowers as one 
rairht expect because of the smaller angular separation of the initial 

secondaries. Actually, the frequency of the events was in good agreement 

with the expected rate of high-energy electrons and photons if the 

flattening of the energy spectrum in the cor© area ie taken in account. 

All ths cascades observed started in the first lead plats or in the 

upper chamber wall} events initiated by p^rnmns as reported by Hassen^ 

were not found.

Next it had to bo determined whether for a given shower typo, and 

for a given energy group of the local cascade, tho separation of the two 

cores is fairly representative of the event. This seems to be soj for 

instance, the distribution of the distances d between the axes of the 

two cascades of the "T-platas* and ”8-plates” group of B-shcwere is 

reproduced in Fig, 7 and showa that it is meaningful to ascribe an aver*' 

age distance <d> *» Iii,9cm to the group. Similar results vere found for 

the other groups.

If, then, the average distances of the various groups of local-core 

events are compared for the three shower type®, one finds a very slight 

increase of the separation with th© total energy of the local cascades, 

but no significant variation with the shower energy. This result is 

shown in the histogram of Fig. 8. From these data it appears that the 

local cores are not directly related to the primary collision and do not 

demonstrate the multiplicity of the initial interaction. Indeed, tho
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closest estimate one c&n ci** is perhaps that for all shover energieH, 

local cascades of energy G—if originated at abotit the sane altitude—' 

are recorded with separations of the order (S/E*) radians, with a rather 
constant 3* of about 1012 to 1015 ev0 No obvious explanation for this 

result can be givenj even if at some stage of the cascade development 

a typical process might occur which would give rise to euch pairs or 
groups, it is hard to understand that a C-shower of 1G^ m should reach 

this stage at the sane level than an A-shower of only 10^* ©va However, 

it is doubtful Aether this observation on tho angular eeparation is 

of eignifieance for the processes involved in the shower development, 

and not only determined by properties of tho apparatus or the analysis,,

A sir-dlar survey was also attempted for ths hodoscope pictures*, 

Unfortunately in this case the recognition of tha electron cores is never 

as unambiguous as for cloud chamber photographs; chance configxjrations 

resulting in a structure resembling that of art electron cascade may' 

easily occur with a frequency comparable to that of genuine multiple 

cores, in particular in the denser showers„ To reduce the ponaiblo 

errors, a comparison was mado between tho frequency of the occurence of 

separated local groups apparently of electronic nature, and of clusters 

of the sane number of counters struck presumably representing back­

ground,, In this way, a strong energy dependence of the separations like 

that predicted for the initial multiple production would be demonstrated 

although the absolute frequency of multiple cores might not bo correctly 

©ss033@do Sven then the argument would not carry mush weight and the 

negative result of the analysis can, at boat, bo considered as ©vidanc® 

corroborative to the findings from the cloud chamber pictures»
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17 o Tha l enetratinr, Ooniponenta

(1) Mean Free Path and Composition of th© Nuclaonlc Con^ionento

/Mtho if-h several *neasurem*nt8 of tha abundance of panstr&iing
ft

particles in air showers have been reported (eago Iso and Frettor^“ 
Sitt©a^ Graisen et alef^ MeCuaker^^* and Itodson^) their lateral

12e K0 Sltto, Phys. Rev. 7S, 721 (l?SO)j 87, 351 (1952).
13. Ka Graisan, h'0 P, Walker and S0 i’o V'alkor, Phys. Hev. 80, 535 (1950) 0
In. C0 Bo A* Me0u3kerp Proc0 Phys. 3oc0 (A) 63, 12U0 (1950)|

C0 Bo A. * 1cQuaker and B0 D* Hillar, ibid0 61i3 915 (1951).

15. A. L0 Hodaon, roc. Ptiyso Soc. (A) 66, 65 (1952)«

distribution has not yet been carefully 3nvestigatedo Since in parti­

cular the distribution and relative frequency of M-porticlas near4 the 

shower core would demonstrate a possible variation with the primary 

energy of the fractional energy transfer into the electron-producing 

component, the analysis of the present experiment v&s sxtendad to 
include a study of the ponctratSng eonqponant.

All attempts to analyse tho p«neti“ating shovjer component into its 

two main constituents, N-particles and _)a>mssons, are baaed on tho 

identification of th© nuclear collisions initiated by the first, and 

on the subsequent correction for the cases in which th* nuclaorm failed 
to interact,, Hera, obviously, the definition of an identified nuclear 

collision is rather arbitrary, and the more or less stringent conditions
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impose'1 in the various exj^oriments probably account for ths sometimes 

conflictinr results of different investicatora. Furthermore, in order 

to apply the corrections for the escapinf N-p&rticles, their inters 

action mean free path must be knovn, and. its value is dependent on 

the choice of a certain type of collision for identification of the 

M-component9 Thus, for instance, if local showers of high penetration 

and multiplicity arc required, a "geometrical” mean free path is car- 

tainly correct if the measurement is confined to th© identification of 

nucleons of high energy; but contributions from less energetic nucleons 

which may still in some cases—and hence with a longer mean fre® path- 
initiate equally large showers^' would not be correctly estimated,.

Consequently, it was deemed advisable to redetermine independently 

the mean free path of tho interactions chosen in the analysis of the 

present experiment. Of course it is also preferable to relax th© con» 

ditions of complexity and penetration of the local interactions eo as 

to include low-energy collisions. The suitable limit is d©terrain©d 

by the resolution of the axperimentai method, and hence not exactly 

tha same for cloud chamber and hodoscops0 This point will be discussed 

later; the dstsmination of the interaction mean free path was baaed 

on cloud chamber evidence only. In this case, local interactions were 

identifiable if either at least one charged penetrating secondary was 

ejected accot'ipanied by at leant one heavy track, or more than one 

heavily ionising particle was observed, or a single scattering of more 

than 10 degrees.
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k gupw-iy of the distribution amonc the various lead plates of

+>,<» ev»H <*•;*«» n f' »»»• < v,-rj*rnf*i- -i rtr«>« www I •>' 4MtpodU06 & SyStOUfttlC

errorf because of the difficulty of idontify1i\r: a nuclear event anainst 

a backcrouiid of hich electron denalty0 If in a part of any one ehel_f 

the recognition uncsrtainj, a corresponding volume in all

shelves was excluded from tha surveya In order to avoid biasing against 

the region nern- the maximum of the electron transition effect. From 

the location of the observed showers, the total number NQ of incident 

?J-partialae can then be calculated even without the knowledge of the

fractions
'hcftlo °£ particles which escaped interaction under a layer x g/cm2

can be determined*, Since “ exp(**x/?\ )f th© interaction mean

free path is directly obtained from a logarlthmical plot as in Fig, 9® 

Tlie data obtained are compatible with the assumption of a geometrical 
cross section ( -h » l60g/era2), and this vaj.u© was therefore adopted 

for all subsequent calculations®

A very rough study of th© ratio of neutral and charged N-particles

was also performed. For this purpose, evemts could bs included ind©~

pendent of their location, but all those cases wore omitted where tha

nature of the shower primary appeared doubtful beoausa of a possible

obliteration of its track by the ©looIron shower® Thus, only 61i events

ware classified| among them were 26 nautron~produced showers® Aceord»

ingly, tha neutron ccmponont can Ixj estimated as (ifL£3)& of a3.1

N-»po.r'tielos in th© shoT^or® In the following, a neutron/proton ratio

of 0®3 will be used, in agreement with this analysis and with earlier 
12 13detsr d. nations „ s
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(2) Abundance and Abundance Ratio•

Both cloud chamber and hodoscope pictures permit only a classifi­
cation of the penetrating component into "interacting" and "non­

interacting" particleso If, instead, one wishes to group them rather 
Into "N-particles" and "ja-mesons"—taking the customary view that these 

two categories comprise at least the bulk of the penetrating shower 
particles—it should be remembered that th® "non-interacting" particles 
include also all the charged N»particlea which failed to interact, and 

that a corresponding sxussber of unobserved neutrons has to be added to 
the total r.

As to corrections for chance coincidences of a soft shower with 

independently incident penetrating particle®, with fast coincidence 
circuits and with rsasonably good cloud chamber technique, only th® 
contribution of single mesons traversing the cloud chamber during ite 

resolving time is of iriportanceo The latter, however, is quit® con­
siderable even if mesons travelling at more than 10° from the shower 

flirectlon are excluded0 Fortunately, this good angular recolution 

is possible as long as the showers are observed near the core,. The 
necessary correction w&s, therefore, obtained and checked in two ways* 

by calculating it with the best estimate for the resolving tine of 
the chamber (0ol5 see), and by counting the number of randomly travers­

ing single mesons in pictures taken with the same cloud chamber and at 
the same altitude, but with a different triggering system in which th® 
initiating event wss clearly defined,^ juat as it was done for the 

electron component« The results of both methods were in fair agree-



roant, and the tables below cive the number of yu-meeona after cor­

rection for the chance traversal So

In the analysis of the hodoscope pictures, events wears classified 

as penetrating if at least one counter was lischarced in all four 

trays, and in such a way that a particle path could reasonably be 

reconstructed. Thus, a few events with a straggling soft-particle 

cascade continuing down to the lowest tray were disregarded« On the 

other hand, it may be noticed that the penetration condition (a total 

of 8" Pb ♦ Fe) is slightly more stringent than that usually Imposed

upon the hard component* But in view of the flat range spectrum of 

th© /j-rmsaon component the difference is not of significance*

Events wore counted as due to N-particles if a penetrating shower 

was found, i*©* an event containing at least two discharged counters 

in at least two successive level®, with a separation of at least one 

space between the two counters triggered in each level* Events were 

registered as duo to non-interacting particles If a single counter was 

discharged in the shielded trays, or a small group of neighboring coun­

ters in one level together with single counters in the adjacent level 

or levels (knock-on showers)*

A summary of tha results of tha analysis of the penetrating events 

as observed both in cloud chamber and hodoscops is given in Table 1*

The abundance of the componants is given in porcentaga of the electron 

density, and in each case the cloud chamber and hosioscope data arc shown 

separately as wall as their average* In general, they agree fairly 

wall} a possible slight difference la the relative frequency of

25



N-particles may be due to the different minimum energies recognised,*

The errors shown include statistical standard deviations and possible 

mistakes in the classification of doubtful events) the effect of the 

uncertainties In the values of the parameters used for correction 

(mean free path and neutron/proton ratio) was not .Included, While 

these uncertainties would affect the results in a systematic way, 

thoir possible influence is small compared with tha predominant 

statistical errors end certainly is of no weight in the discussion 

of the resultso

The most easanti&l features of the results shewn in Table I ares

(a) The relative abundance of ju-mesons near the shower cor® does not 

vary significantly with the shower sisco Within the limits of the 

experimental errors, its value is the same as that observed in other 

shower eiaperinsnts were the detection system was not as strongly biassd 

in favor of shower cores0

(b) The relative abundance of N-particXes seems to increase slightly 

with decreasing shower energy, or with increasing shower ag@0 Sifi&larly, 

tha rati© of the number of all penetrating particles to that of the 

electrons undergoes a slight change? showers of lower energy contain 

slightly more penetrating particles than those of higher energy, Th® 

difference is mostly due to the N-componantj the ju-meson fraction 

re'-isins practically constant 0

V0 Conclusionso

Prom tee results of th® two preceding sections, several conclusions 

can be drawn*
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(i) The electron distribution near the core ia considerably 

flatter than that predicted by the Moll ere theory,, It i® also not 

in acreenant x^ith the structure function of an "old" shower initiated 
by a single particle« This is dersjonstrated by two facta? the devia® 
tion found for C-showers is much lart^er than it. could be ssospactod for 

single-partiole initiated cascades in the neighborhood of their msed- 

•mn. developmentj and furthermore, the differences between the three 

groups of showars are s:mll6r than those predicted for showers of so 

widely different energies, under the asisursption of a a ingle initiating 

particleo As it has been pointed out aboYe, It was thought futile, 

at this stag®, to attest to fit th© experimental data by a corrected

theoretical distribution function based on multiple production of 

TTj-mesona in the initial collision,, Ibwever, the general feature® of 

the electron distribution near th© core, as observed in this esspariment, 

may b@ of help in a future more axtensiw study0

(ii) It is testing, ttough still highly speculative, to consider 

some basic ideas in an attempt to under*fcendjthe remarkable Insensitivity 

of the structure function with reg&rdjto shower a±ma Thraa int^rpr'eta- 

tiona may bo sucgastsd*

The simplest and perhaps most conventional assumption «plains this 

independence as a result of the continuing replenishment of th® ©lets® 

tronic shower component by the ©lectron-pi'oducin-- secondaries of the 
nueleG^ascade. This replardehmsat "rQ^uvamtes” the shower and tends 

to wipe out ag© differences,, but this caplanation -wculd require a

- 27



considerable affect of th® "source function" representing the coupling 

between the nucleon cascade and the electron cascade—an affect which9 

so far* has been traated as very small0

Secondly, one might try to interpret the airailarity in the core 

structure of all shavers, together with the apparent absence of a genuine 

multiple-core structure representative of the primary interaction, in 

terns of the energy spectrum of th© particles ©jacted in the first 

showeri-initiating collision* These facta would than suggest a spectrum 
of th© Fermi type^ rather than of th© Heisenberg typa4"; Th® fomsr

16* Fermi, Prog. Theor. Phys* ^ 510 (1950) | I’hys. Rev. 61, $83 (1951) 

17. V. Heisenberg, Zs« f. Phys. 126, 569 (19li9)o

predicts a distribution peaked at some medium energy value, and fairly 

wall approximated lay the asfiuraption that all secondaries carry th® same 

enesty. Sine© the average multiplicity inercasss with the primary energy 

Sc, the average—and representative—secondary energy risea slower than with 

the first power of Heisenberg's theory, on ths other hand, while it 

also predicts a slow increase with of the average secondary energy, 

permits a greater share of high-energy secondaries which would reflect 

in more typical features of the cores of high-energy showers*

Lastly, one might choose the radical interpretation tlict, in spite 

of their difference in particle numbers (and hens© presumably in their 

initial energies), the i’-irs® groups of showers As not differ appreciably 

in their average age, but or© all observed near th© cascade maximum and;*
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accordingly, wist have originated at various depths in the at?no®ph©r®e

Such an interpretation would ncwessitate rsajor revisions of the custoifi-

ary picture of air slioweraj but certain observations reported by 
XBPiccioni and Coox lead to very sisdlar conclusions®

I8e Oo Piccioni and L® Cool, Bull® Am* Pliys. Soc. 23, Mo® 3, 9 (1953)

(iii) The abundance of penetrating particles near th© core, suta- 

marised in Table 1, is not significantly different from that previously 

reported in other experiments where detection of showers striking nearly 

was not made & stringent requirement and where consequently tha average 

distance of ths apparatus from the shower axis was larger* Over a con­

siderable region the abundance ratio varies, therefore, only very slowly 

if at all with the distance from the axis,, Since th© core represents 

not only the region of highest particle density, but also that of highest 

particle energies, this result suggests that the procassas through which 

in the nuclear interactions the energy is distributed among the various

shower components does not vary appreciably with energy® This extends
19the conclusions raafehad in an earlier experiment*

19* X* Sitie, Phys* Rev* 37, 351 (1952)®

(iv) The slight difference between the three shower groups in th® 

composition of the coros can easily bo binder-stood in terms of the age of 

the shower® In this connection th© decrease of the abundance of pene­

trating particles, and especially of the ri-eomponent, with increasing 
shower energy deserves attention® This decrease demonstrates that the
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nucleonic cascade reaches its raaximni at greater depth than the elec­

tronic cowiponent, and shows that th® frequently reported proportionality 
between these two corsponents-^”^*^® has only a lirdted range o This 

proportionality has usually been interpreted as & proof of th© genetic 

relation between the two cascades* and it can be understood equally wsll 

if it is assu’sedj) in the custosnary way* that the nucleonic cascade pro­

duces th© electrons or if th© nucleons are considered as secondary to 
the electronic component (Cool and Piccioni®}0

20o H® Lo Cool and Oe. Piccioni* Rocriester Meeting on High Energy Physics* 

Dece-to- 1950^ Hqrs. Rev. 82* 356 (1951)o

Th© discrepancy between th© increase in th© N-conponant/electron 

ratio reported here* and th© constant values found in the earlier ©xper- 

imsnts, is probably due to ths arbitrariness in the iaetrus»ental selec­

tion of the M-particles» In the present experiment* it was attested 

to set tha low^nergr limit of th© recorded nuclear interactions as lm 

as possible* and N-particles were registered that might not have teen 

identified in other experiments,, A considerable fraction of the nucleons 

in air showers is in an energy rang© where the degree of Inelasticity 

of the nuclear interactions depends rather oensitively ©n th® energy0 

These particles, while continuing th© propagation of th© nucleonic 

coraponont, will, not contribute much to mason production and hence will 

not transfer an appreciable amount of energy to tha electronic oascada.
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Table la
3<2-

Relative abundance and abundance ratio of penetrating particles in 

air shouor cores. In the upper two rows, the first lines give the 

values derived from cloud chamber data, the second linos those 

derived from the hodoscope records, and the third tha average values 

obtained by combining th® two others.

Events

Composition
A-siiOwers

s

B-»3howsra C«-showera

Chamber 0.93^oa? 0.8310.12 0.8010.19

electrons K7>} Ifcdoseopo o.aiioao 0*86i0ol2 0.73^0.09

Average 0*8610.08 0.8510.07 0.?lilQ.C?

Chamber 0.6610 a2 0.50^)«09 0.3461002

“oxoct^ona Kodoacope O,50?45.1O 0*6010 *07 0oi4ll0*06
Average Qc63l0.03 0.5610*06 0.1i3l0,06

N-comnonent
F'snotratinc Particles 0.1i310o05 O.liOlO.Oii 0.3710.05

Penetrating Particles
electrons

1.6110.12 l.IjllO.09 10710.09



caption of fiords ias

Ftg« 1

The Experimental Arrangement a
(a) General Layoute (b) T!>s Analyser Sat,

Fig. 2

The contribution^ F(r) to the recorded rates by shower© of all 

siz-ass as a fur^stion of tha distance r of their axis from th© center 

of the arrangement, for A-, B» and C«showsrs0

as^i
The contributions F(N) to tha recorded rates by showers of irsrioua 

particle numbers N strilcing at all distances from the center, for 

A~, B~ and C-showesrs.

Fig. h

Differciitial density distribution h( £ ) at tha editor of tha arrange­

ment, esuLculated with the Beilis strueiurs function.

Fig. li(a): A^showarsi Fig„ UCbJj B»shov®rS2 Fig. 4(c) t C^shmresrs

n&Li
Integral density distribution 11(^5 at tha center of the ©ra’smgamsafc^ 

calculated with the Beths structure function (full lino), and salon- 

latod according to (3.3) with the bsst e(dashed line).

Fig. 5(a) s A-showersi Fig. S(te)« B»shomrsj Fig. S(e)g C-ehowera. 

Circles? cleud chmbar data? cross*©3 Bforfo&cctpe data.



FlKo 6
Cloud chamber photo{^aph of an event with several "local cores*"

nRe ?

Histogram of the separations d of B-shower local cores with raoxima 

under less tlian 8 lead plates*

Fig* 0

TIistogram of the averags separation <d> of local cores of various 

energies,,

Ratio KJC/^0 of N-partieles which ©scaped interaction in x g/en^ Pb

as a function of ths thickness x (from cloud chamber data)*
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