Notes de Fisica N& 10, 1952

CONCORD OF COSMIC RAY COMPONENTS IN THE ATNOSPHERE*

P, Budini
University of Trieste, Italy**
and

G. Molierec
Centro Brasileiro de Pesquisas Fisicas**

Rio de Janeiro, D.T.

December 28, 1952

Qualitatively, the main features of the bulk of cosmic radia-
tion, i.e., the nature of the particles constituting the different
components and thc mechanism of their transmutation and development
in the atmosphere, arc at present well known, Moreover, quantita-
tively, we know with more or less accuracy, the energy spectra of
the different components including that of primary cosmic radiation
(i.e., the specctrum of primary protons and of the nucleons contained
in primary heavier nuclei), which has been explored by recent cxperi
ments with rockzts, balloon flights, etc. So it seems a worthwhile
task to give a deductive quantitative mathemaiical description, as

(*)‘This is the first of s series of papers in which the mein results of s de-
ductive thecry of cosmic radistion will be represented. The work will be pub-
lished in full detsil in W. Heisenberg, Cosmic Radistion, 2nd Edition, Soringer-
Verlag, G8ttingen.

(** ) This work wes done st s time when both the authors were at Max-Planck-
Institut flr Physik, G8ttingen.



complete as possible, of the devclopment of cosmic ray components
in the atmosphere, This is what my friend Budini and I have tried
to do. "

The starting point of our theory is the spectrum of primary cos
mic radiation., This spectrum, at least at not too high cnergies (up
to about 15 BeV), shows a much slower variation than had formerly
been assumed, This behavior of the primary spectrum at lower ener-
gies has been taken into account in our theory and turns out to be
of great importance in the interpretation of experimental facts,

At highor energices we have much support in assuming that the more
rapid variation, according/to a powecr law of an exponent of ~ 1,8
(for the integral spectrum), which formerly had been assumed to hold
throughout the whole encrgy range, remains valid as an asymptotic
law., As a representation of the integral primary spectrum (184

the number of primaery particles whose energy exceeds a certain value
EO), we used the formulas

]
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where the constants A and B are chosen to fit with experimental data.
By intervention of the constant B, which is of the order of 5 BeV,
the flattening-out of the spectrum at lower energies is described.

A graphic representation of our law for the primary spectrum is
given in Figure 1, in double logarithmic scale, where the dotted
gtraight line corresponds to thr asymptotic 1.8 power law, while

the curved part of the graph describes the slower variation of the
spectrum at lower energies.

The particles (mainly protons), which constitute the pri-
mary component and which on their way from outside the earth, pene-
trate into the atmosphere, give rise there to the various processes
of transmutation by which the different componecnts finally are creat
ed, which we observe, for instance at sea level, as "cosmic radia-
tion®, ‘

To give a survey of thesc processes let us consider a
single primary proton of energy EO, which on its way through the air
after traversing a certain path length, will undergo a collision



nucleons ( = protons + nucleons contained in nuclei).
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with an air nucleus. The average valuec of this path length accord-
ing to the'geometrical cross section of the air nucleus, corrcsponds
to a layer of about 60 gr/cmg. In this process a shower of parti-
cles is created which are, on the one hand, nucleons pushcd out of
the air nucleus, and on the other, m-mesons, which in the strict
scnse of the word, are "ecreated" by this collision. The average en-
orgy distribution of these two kinds of particles created by a sin-
gle collision, may be described by the "ereation spectra® f (u JB)4E
and f-—(E +E)dE rcspectively.

The nucleons, arising from this first collision will make
further collisions by which, once more, nucleons and jj-mesons arc
‘created, and so forth, so that the whole proccss develops through
the atmosphere in a kind of cascade.

Also the charged 717-mesons arc able to make collisions of
the same kind, with production of further nuclcons and jr-mesons,
Besides this, as a competing proccss, they can undergo the 17-g-de=-
cay which, at lower encrgies, is the prcecdominant one, while at high-
er energies (beginning at about 100 BeV, because of the rclativistic
increasec of lifetime), most of the 717 will collide with air nuclei .
and so will participate in the above described "nucleonic cascadceM,
For the particles or component playing a rfle in it (i.e., nuclcons
plus those [i-mesons which collide before decaying), the common name
of "N-particles" or "N*pomponent" is used.

This N-component, developing through the atmospherc by
the mechanism of nucleconic cascade, may be considered the "skeleton®
of cosmic radiation in the atmospherc, in so far as all other com-
ponents are derived from it as secondary. So the B component is :
originated by TiT-p-~dccay of the charged j7-mesons (viz. those which
don't collide beforc decaying), which are crcated by collisions of
the N-particles. Similarly, the electronic-photonic component in
the higher atmosphere is initiated by the decay photons of neutral

Ti-mesons, the latter being created in the same way as those charged.

So the first thing we have to do, according to the mechan-

ism of the nucleonic cascade, is to calculate the energy spectrum of
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the nucleonic component in its dependence on the atmospheric depth,
starting from the primary spectrum. The resultant nucleonic spec-
trum will serve us as the source from which the spectra of the other
components have to be derived.

In performing these calculations a general procedure, based
on the extensive use of a folding theorem was adcepted which is equi-
valent to, but much simpler than, the usual method of solving diffu-~
sion equations.

Two simplifying assumptions (which are common to most of
the previous work on the nucleonic cascade) are involved in our
methods: the firstis the neglect of all angular deviations of the
secondary particles from the direction of the primaries, which is
good for sufficiently high energies. The other, which is most es-
sential, is the assumption that the above mentioned "creation spec-
tra! are "womogeneous" (or what is sometimes called in literature,
"bremsstrahlung"-type), meaning that these spectra may be written in
the form fp(E/EO)dE E, and qu(E/EO)dE/E, depending only on the
fraction of the energies of the created and colliding particles. We
have support for believing thaf for sufficiently high energies (com-
pared with the rest energy of the particles in consideration), this
assumption of homogeneous creation spectra is at least a good approx
imation.

For the special form of these creation spectra (about
which not much is known as yet, theorctically as well as exXperimen=-
tally), we used simple analytical "ansatze", depending on some para-—
meters which are determined numerically later on by comparison of the
results of our calculations with experimental data. It may be noted
that our result, so obtained, for the 1y-meson creation spectrum
agrees well with Heisenberg's new theory of meson production which,
particularly, leads also to a homogeneous creation spectrum,

matical consequences, well known from cascade theory, which arc of
importance for thce interpretation of certain experimental facts.
Suppose a primary componcnt, the spectrum of which is of power form,
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produces a secondary cotiponent by some process which is destribed
by a homogeneous creation spectrum. It follows that the secondary
spectrum is of the same power form. Furthermore, if the process un-
der consideration is a complete cascade process, in some material,
it follows that the spectrum is absorbed exponentially.

Now, these two facts: reproduction of a power spectrum
and exponential absorption, are just what is found experimentally,
not over the whole energy range, but asymptotically for large ener-
glies and greaf depths in the atmosphere. Here we have the justifi-
cation for two of our fundamental assumptions: the asymptotic power
form of the primary spectrum and tie homogeneousness of the creation
spectra.

Our statement about the reproduction of a power spectrum
by a homogeneous creation mechanism remains valid, with a slight
modification for a spectrum which is only asymptotically of power
form at high energies and varies more slowly at low energiles, as our
primary spectrum does., In this case the shape of the whole spectrun,
including its slowly varying low energy part, is approximately re-
produced with the modification that this part is shifted towards
lower energies in the‘secondary spectrumn, This behaviour can be
understood from the degradation of energy by the creation process,
In the case of a cascade, the shifting of the flatter part of the
spectrum increascs with increasing depth.

An illustration of this behaviour of a cascade spectrum is
given by Fig. 2, where the results of our calculation for the spectra
of the nucleonic component at different atmospheric depths are plot-
ted in double logarithmic scale, (The figures attached to the curves
refer to the depth in gr/cmz).

In‘Fig.32 are also included all available experimental
data for the protonic specfrum-l, directly given by experiment, by
adding a correcting factor 2, corresponding to a 1l:1 ratio of neu=-
trons: protons, It should be kept in mind, however, that this ra-
tio, which is one at higher energies, has a larger value at lower
enefgies (=~ 2BeV kinetic), because of the intervention of ionization
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loss for protons. The cxperimental points in Fig. 2, therefore, are
too low at low energies. On the other hand, our theory is only valid
at greatcer energic s (>2 BeV kinetic), where ionization loss and
other complications intcrvening at low energics, may be neglected.

Good agrecement between theory and experiment, therefore,
can be expected only for energies starting from about 2 BeV. Unfor-
tunately, experimental data at these large cnergies arc rarc. But,
from a lock at Fig. 2, one has the impression that, with increasing
energies, the expcrimental data (except those at the greatest
heights, which are very rough and uncertain), tend asymptotically
to our theoretical curves, and this is the best fit to be expected.

This fit was obtained by special choice of the above-men-
tioned parameters describing the creation spectrum for nucleons. To-
gether with the requirement to give the right asymptotic absorpticn
length these parameters could be fixed rather definitely; The in-
formation so obtained with regard to the nucleon-creation-spectrum,
may be described as follows: In a single collision with an air nu-
cleous, 80Z of the encrgy ¢f the colliding nuclcon is transmitted to
the nucleonic component. The shape of this crcation spectrum is of
the low multiplicity type, compatible with the picture of "plural
producticn" for the nucleons emerging from such a ¢ollision,

It is of interest to discuss our results from the nucleonic
component under the aspect of absorption lengths, sinecc this quan-~
tity has frequently becn determincd by experiment.

As already pointed out, at large energics the absorption
is exponential, which means that there the absorption length (1.u.,
the inverse of the absorption coefficient), is constant. The same
is no longer true at smaller cnergies. As a consequence of the said
shifting of the slowly varying part of the spcctrum toward lower
energies, which shifting increases with incrcasing depth, the absorp
tion length of the rnueleconic component will increase with decreasing
cnergy as well as with decreasing depth in the atmosphere. This be~
“haviour is in goncral agreement with the experimental findings,which
are plotted togcther with our theoretical curves in Fig., 3. 08, Jov
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instance the thrce results of Camerini and co-workers, denoted by
"o in Pig. 3, which agree well with our curve for 310 gr/cmz).
Experimentally much better known than the nucleon spectrum
is the spectrum of y-mesons., Starting from measurements cf the
spectrum of the up—component at different heights (partly performed
by himsclf, and partly by other authors), Sands has derived thc so-
called source spectrum of the p-mesons (i.c., the number of them
created in a certain layer of the atmosphere), In Fig. 4, Sands' re-
sults and ours fcr the p-source spectrum are comparcd. Theorctical-
ly, as a counscquence of a homogeneous creaticn spectrum for the -
mesons, the p-source spectrum is a direct reprcecducticn (shiftcd to=-
ward lower energies), of the nucleonic spcetrum. According to our
calculations, therefore, the p-source spectrum is of the sane

asymptotic power form at large energics as the primary spectrum and

has, again, a more slowly varying part which is increasingly shift-
ed toward lcower cnergies with inercasing depth. The latter feature
is not corrcctly dcscribed by the curves c¢f Sands, who, as 2 simpli-
fication in this calculations, assumed a constant absorption length,
s¢ that his specetrum appears exactly rcproduccd, without increasing
shifting, in different depths. Neverthecless, it was possible, as

gt an excellent £it bhetween Sands! and cur curves

<

Pig. 4 shows, to
in the higher atmosphere where most of the p-mesons arc precduccd,
while in the decper atmosphere the agrecment is as gocd as can be
expected.

This fit, for the asymptotic power part at high energies
as well as for the more slowly varying low cnergy part of the p-
source spectrum, was obtained by determining numerical values for
the two parametcrs describing the above mentioncd creation spectrum
for Ti-mcscons, the result for the laettcer being as follows:
(i) The shape of the Ti-crcation spectrum, as already mentioned, is
in good agrecment with that given by Heisenberg's new theory,
(ii) The averagc encrgy fraction, transmitted by a singlc collision
of a nuclcon with an air nuclcous to the crecated 7j-mescns, is about
20% .
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The latter result is of interest with respect tc the queés
tion of energy balance in cosmic radiation. Together with the cor-
responding result for the fraction of energy of a colliding nucleon
transferred to nucleons, viz. 8C%, it shows that our picture, ac-
cording to which only two kinds of particles (viz. nucleons and Ti-
mesons), are created by nucleonic collision, duly accounts for the
conservation of energy.

This conclusion, of course, is restricted to the range of
energy (extending for nucleons from about 2 to 1C0 BeV), where ib
is valid., If there exists a lack of energy balsace, as found by in-
vestigations of Rossi, it can only occur at low energies where our
theory is no longer valid, --Cn the other hand, at very high energies
we have %o expect that other particles, such as k-mesons and (per-—
haps), nucleon-pairs, will come into play. The question of k-mesons
will be discussed later on in this paper.

Sands'! curves for the p-source spectrum, as represented
in Fig. 4, are somewhat smoothed. R“?llj, Sands found an anomaly
congsisting of a sudden change in slope at a certain energy as shown
by the curve "S" in Fig., 5, Our cxplanation for this anomaly is
based on the fact that the spectrum of primary protons is cut-off
at a certain energy by the geo-magnetic field, while the following
gencrations of the nucleon cascade extend continuously toward smal-
ler energies., As a consequence of these facts, the one part of the
source spectrum of p-mesons which is produced by collisions of pri-
mary protons will fall off rapidliy with decreasing energy, while the
other part of it, which is due to the followinz cascade genecrations
of the nucleonic component will, on the contrary, increasc with de-
creasing energy. At small atmospheric depths, where most of the p=-
mesons are produccd, the ccentribution of the first part will surnass
that of the other at higher cnergies, while at lower energies the
latter part will prepcnderate, The anomaly in form of a sudden
change in slope will occur approximately at that energy wherc the
contributions of both parts are equal.

On the basis of this idca we calculatced the p-source spec-
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trum for an atmospheric depth of 120 gr/ch, the result bting re-
presented by curve T in Fig. 5, which, in fact, shows a behaviour
similar to Sands! curve. The similarity would have been still more
pronounced at a lesser depth of about 60 gr/cmz, where the spectrum
of primary protons is still more predominant,

It should be noted that a similar anomaly has been found
by Camerini and co-workers, for the Ti-source spectrum.

The correctness of our explanation of Sands' anomaly could
be checked by measurements at different geo-magnetic latitudes.

Our above described results concerning the components of
nucleons and of p-mesons are much confirmed by the application of
our theory to the electronic component in the atmosphere. P. Budini
calculated the total electronic intensity as a function of the at-
mospheric depth, the results being given by Fig. 6., The experimen-—
tal results are represented in Fig., 6 by the full curve with the two
branches 'ER" and "Ep", deroting the data of Rossi and Pomerantz
respectively, at great heights. The two dotted curves "TTl" and
“TTg" give the theoretical result for that part of the electronic in
tensity which is due to the decay of neutral ij-mesons, the differ-
ence between them consisting of two different assumptions, viz. 1
BeV and 2 BeV, foxr the threshold energy for j[j-creation. The dotted
curves "Z" and "S" respectively, denote the contributions of decay
and knock-on electrons of p-mesons. The sum.of the different con-
tributions is given by the dash-dot curves “Tlﬂ and ”TQ", differing
by the two assumptions about the threshold. As Fig. 6 shows, there
is excellent agreement between the theoretical curva T2 and the exper
imental results, and at great heights, especially thcse of Pomerantz.

It should he emphasized that the calculations of that
part of the eleetronic intensity which is due to the decay of neutral
Ti-mesons, assuming that the numbers of neutral to charged Ti-mesons
are 1:2, was bascd on the same creation spectra as used before with
parameters determined by comperison with experimental data on nuclems
and p-mesons only.

To investigate the rble played by k-mesons in thc produc-
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tion of high energy u-mesons, we performcd some calculations on the
p-component up to energics as high as mf104 BeV, .which shall be
reported here.

The first of these calculations concerns the spectrum of
the vertical . i-component at sea level, the results being showa in
Fig. 7. The two curves (dotted and dash-dotted), reprcsent our theo-
retical results, obtained under alternative assumptions: the dotted
curve corresponds to the assumption that all p-mesons are created
by decay of Ti-mesons - i.ec., by the same mechanism responsible for
p-production at lower energies., This curve falls off rapidly at
high energies becausc of the fact that high cnergy T-mesons(as
first pointed out by Greisen), collide with air nuclei and there-
fore contribute less to p-production, The other curve, dot-dash,
was obtained on the basis of the alternative assumption that u-me-
sons are exclusively cieated by decay of k-mesons. As a consequence
of their shorter lifetime, the latter curve falls off more slowly.

By thc comparison of these two recsults, obtained under ex-—
treme assumptions, with experimental data, we hope to get informa-
tion about the mechanism of p-production at high encrgies.

Since dircct experimental results on the p-spectrum atb
these extremely high encrgics arc not available, we calculated the
spectrum of p-mesons at seca-level from underground measuremcnts of
the u intensity by means of the range-energy-rclation, as given by
Georgoz. The result is represcnted by the shaded band in Fig. 7.

The comparison of this "experimental band' with our thceo-
retical curves scems to indicate that up to about 500 BeV, most of
the p=-mesons arc crcated by decay of Tj-mesons, whilc at higher
energies almost all of them arc due to k-decay.

It should be emphasizecd, however, that this conclusion is
not free of uncertainties, one of which, e.g. being introduced by
uncertaintics in the range-cnergy-rclation at high energies. Direcct
mecasurements of the p-~speetrum at high energies, therefore, would
be of great importance.

Another possible source of information about the rdle of
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k-mesons is given by the angular distribution of high energy p-mee-
sons,

This angular distribution is usually described by a
cos pﬁ-—law, where v 1g the angle of inclination with respect to
the vertical, and p is an exponent which slowly varies with energy.
This exponent p, as a function of encrgy, is ropresented by Fig. 8,
according to our theory. The available experimental values involved
in the figure agree wcll with the theory within the range of its
validity. (The lower values of p at low energies are due to the an-
gular spread occuring at low energy crcation processcs, neglected
in the thcory.)

The two branches of our curve in Pig, 3 correspond to
those in Fig. 7¢: the branch "II'" belongs to the assumption of .H-
mesons created exclusively by IT-uescns, while the branch "exp" cor-
responds to the “"experimental band" in Fig. 7 or to p-mesons of
highest cenergics crecated by k-decay.

The latter branch tends with increasing energy to the
limiting valuc of p = C, corresponding to an isotopic angular distri
bution of p-mesons, The branch "II", instead, tcnds to the limit-
ing value of -1, which mcans that the number of highest cnergy p=-

mesong, provided they are crcated by II-decay, will increasc with

)]
d_
1=

increasing inclination, This range behavicur, as it scems at tho

first sight, is readily understood by the rcalization that [Fmesons,
created in the high atmosphere, travelling in a more inclined direc-
tion, have a longer path through low density air and therefore, a
greater chance tc decay instead of colliding.

Measurcments of the angular distributicn of high encrgy
p-mesons, thercfore, would be of great importence with regard to
the question of k-mesons,

Our theory was alsc applied to the phenomenon of "exten-
give air showcrs" which are considered the nuclcon-meson-electron-—
photon cascadcs initiated by single primary protons of high energy
(>>1012eVsay).

According to this model, the structure of a single air
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shower is very similar to that of the dbulk of cosmic radiation at
lower energies, the difference consisting only of the different pri-
mary spectrum which, in the case of the air shower, is given by a
peak function corresponding to a single proton of definite energy.
In our calculations, the same creation spectra with the same para-
meters were used as at lower energies for the bulk of cosmic radia-—
tion.

In Fig. 9, the resulting intensities (i.e., total number
of particles) of the different components of an air shower are plot-
ted as functions of atmospheric depth (in gr/cmZ) Tor the three
12, 1014 ana 1016 eV, The electron-

ic component is represented by full lines. For comparison, the elec-

cases of primary proton-energy 10

tronic intensity of a shower initiated by an electron of the same
energy is also plotted (dotted lines). The electronic intensity in
the primery-proton-case is in general lower by a factor four to
seven and reaches its maximum earlier than in the primary electron
case, The nucleonic intensity is rcpresented in Fig. 9 by dash-dot
lines, and that of the p-component by broken lines.

Table I gives our results for some characteristic quanti-
ties of air showers of three differente primary cenergics and two dif
ferent altitudes, viz. columns 2 and 7, the faverage density™ (de-
fined below): colummns 3 and 8, the ratioc of numbers of cleetrons in
the primary celectron and primary proton case; columns 4 and 3, the
ratio of numbers of nucleons to elecetrons; 5 and 10, p-mesons to
electrons and 6 and 11, pcnetrating particles to electrons.

As is seen, the relative number of penetrating particles
in high encrgy air showers is a few percent, in agreement with ex=-
periments. Furthermorc, 1t is shown by Table I that for air-showers
of low primary energy, cespecially at sca level, an apprcciablc con-—
tribution of p-mesons should be expceted. This is in agreement with
recent experimental findings of Vatagin and Schwachheim (University
of S30 Paulo, Brasil).

In experiments or extensive air showers the so-called *den
sity spectrum™ has frequently been @etermined. We calculated this
density spectrum under thc following two assumptions: (i) that the
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Fig. 9.
Total number of particles in the different components of large air showers
as function of the atmospheric depths.

°E
°N
M: penetrating y-meson component (E. . > 0O Me¥V) .

electron

} electron component (E2 107 eV) caused by PPimﬂrY{nucleon

N : penetrating nucleon-component (Ekin > % BeV) .

The figures attached to the curves mean energy of the primary particle in eV.
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primary spectrum is of power form with an exponcnt y and (ii), that
the density distribution in a single air shower is given by the funec
tion which has formerly hcen determincd by one of us for the maximum
of large air showecrs and which has reccntly been confirmed by Nishi-
mura and Kamate’

A certain density measurcd by a sultable apparatus may be
due to showers of different primary cecnergy. But the probability dis-
tribution of primarv energics which have causcd a certain density in
our apparatus has & sharp maximum, so that a most probable primary
energy can be attributced to cach density or vice-versa., In this
sense, the columns 2 a2nd 7 in Tatle 1 a2nd column 2 in Table 2 are

to be understood.

TABLE 2
SHT ey
O (wme) | n (£) v (8)
ﬁo(eV) Sca lcvfli(ﬁ¢ )l(hr 50) (Wi 243)| (Ce ) (Br 50) (wi 48)
(1) _ (2) % (37 (4) (5) (5) (7) (8)
104 0,4 | 1,27 1,01
oy I
10t 8,5 | 1.38 | 1,425 1,84 | 1,89
- !
10+6 400 | 1,56 | 1,425 | 1,5 1,96 | 1,81 | 1,78
17 L ; ‘
107 | 1,2x10% | (1,67)5 ~1,9 | (2,04) s
b !

The resulting density spectrum may be described by a
power law with cxponent n. The latter turns out to be very scensi-
tively dependent on the exponent vy of the primary spectrum. By com-
parison with cxperimental results for n, as found by Cocconi, Broad-
bent and Williams, the exponent v was determined, The results arc
given in Table 2, which shows that the value of y # 1.8 remains



valid up to relatively high energies, while at extremely high
energies a more rapid fall-off of the primary spectrum is indicated
by our results.

1 We used the data reported by Puppi and Dallaporié in "Progress in Cosmic Ray
Physigs®, 1952.

2 COf. George in "Progress in Cesmic Ray Physigs", 1952,

3 J. Nishimura and ¥, Kemets, "Progress of Thegretical Physies", Vol.VI, p.628,
' : 1952.





