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HIGH-ENERGY MUON GENERATION IN COSMIC RAYS
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An X-ray-emulsion chamber installation for detection of
bremsstrahlung photons produced by mucns in lead has made it
possible to obtain: (1) zenith angular distributiocn of >2rev
muons. The obtained distribution agrees with talculations
made on the assumption that the muons are produced in the de-
cays of pions or pions mixtured with 20% of kaons; (2) the
(2420) Tev muon energy spectra within the entire range of ze-
nith angles. Up to ~ 8 Tev the spectra agree with the assump-
tion that the muons are generated in the decays of pions and
kaons displaying a power form of their spectrum with the same
exponent as the primary nucleon spectrum,

1. Introduction. An increased interest to the cosmic ray mu-
on studles arose from works by Bergeson et al. (1967, 1971)
where a more isotropic angular distribution of high-energy
muons was obtained that expected from the idea of muon produc-
tion in the processes of T and X decay (Alekseev and Zatse-
pin, 1959). The muon energy spectrum with exponent [=2.0+2,2
cbtained in (Khristiasnsen et al., 1971; Erlykin et al.,1971)
was also at variance with this idea.It was. important, there-
fore, tosimultaneously measure the muon energy spectrum and
angular distribution with a single installation.

2e The installation., The use was made of 130 X-ray-emulsion
chambers detecting the bremsstrahlung photons produced by
muons in lead(Amineva et al., 1971; 1972). The number of pho-
tons produced in other processgof the muon interaction with
matter is small due to great #7/A of lead,and therefore,it is
posgible to safely turn from the spectrum and angular distri-
bution of electron-photon cascades (EPC) to the same distribu-
tions for muons., The chambers were so arranged in an underms:
ground room that the X-ray film planes were &t 45° and 60°

to the horizontal plane. This permitted both vertical and
horizontal muon fluxes to be measured.
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Such installation is advantageous because of its high
transmission determined by the lead mass, exposure time, and
installation geometry: MxTx27L K

‘Presented in this report are the data obtained aifoan ex-
posure of 380 ton. year which is equivalent to ~ 7.10 cm?
sec.ster. if the EPC detection effectiveness, installation

solid angle, and probability of a bremsstrahlung photon pro-

duction by a muon are included.

The installation effectiveness, K, was calculated using
the Monte-Carlo method at the various limitations imposed on
angle \V between EPC and film, EPC energy - E_, and zenith
angle @ . '

The calculations K
have shown that at 09 A
Y& 60° the walue of (8 |
K is independent of 5 |
EPC energies from ¢

E,= 2.0 Tev (effec- 06 1 ‘C’,os :{+0 32
tic\,reness for Es=l6Tev 05 ] Y=1+03
is 10% lower) and is 04 - Cosy={+05

energy-independent 03 1
for the cascades with 0’2 |
Eo> 3,2 Tev up to the
values of ¥ = 72°, Of | ,
For the total muon —
flux throughout the 0,9 080706 05 0403 02 0f QO Cos ©

® range the values

of the effectiveness Fig. 1. The E 2 2 Tev EPC detection
at ¥ < o0° are: effectiveness shown as a function of
Ker= 0.58, whereas
at Y« 72° 1{45u= 0.51 and Koo = 0.53.

Only the cascades for which V<60° were used when plot-
ting the muon energy spectra and zenith angular distribution
in the 2.0 - 4.0 Tev EPC energy range, and it was not until
4,0 Tev when all the events at V< 72° were included.

3. _ Experimental technigue. The zenith angle © was found
from the relation CosdCos ¥~ Sind Sin v.Sin ‘?0___ Cos @
where o« is the chamber inclination angle, ¥ is the asimu-
thal angle in the chamber plane. Given in Table 1 as a func-
CosO ' - Table 1.

oL {-09 09-08 08-02 0,2-06 0,6-05 05-04 04-03 0,3-02 02-01 0{-00

45°]0016 0,029 0,034 0,044 0048 0052 0053 0,052 0,048 0,047

60° [0,017 0,031 0040 0045 0044 0046 0052 0055 0,056 0,056
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tion of Cos ® are the mean errors in determination of
Cos ® due to inaccuracy of measurements of v,
Y and  for the various types of chambers.

The method for determining the EPC energies in an X-ray-
emulsion chamber is based on the use of the core approxima-
tion in the EPC theory (Nishimura, 1964) and the calibration
of blackening which relates the density of a black spot for-
med by an EPC in X-ray film to the electron flux density in
the same cascade as seen in nuclear emulsion (Baradzei et al,

1971).

The energy of a single EPC was determined by plotting
the curves relating the value of spot blackening in a single
emulsion layer within circles of definite radius D(R,E, V¥, t)
to the cascade development depth for various values of Eo
and ¥ . The cascade energy was determined opn the basis of the
curve describing best the experimental distribution.

The calculation curves were compared to the averaged ex-
perimental functions D(t). With this pwrpose the events
which produced at least three black spots were selected and
broked into several intervals for energies and angle \ .
Fig. 2 presents the calculation curves for two values of Eo
and VW and the plots of the experimental mean values of D(¢)
They are in agreement within experimental errors.

Agreement between the B o
forms of the experimental D ST T
and calculated cascades is
qualitatively characteriz— O 1
ed by the value

)[2= i (Dex;»'?ca&:)2 Q4 1

where 6115 the error in O3 1
measurements of blackening,
and summation is made aver 02 - I
all points of a single
cascade. Analysis of the Of - i
distribution of there ’ {

values for all many-

oint cascades (more ' . ' ' ' ' t
%han 4 points) has shown 4 6 8 [0 12 (4 (6
that the number of the Fig.2. Compariscn between
cases with high values the calculated cascade cur-
of Y2 is only 7% greater ves and mean EistriputiqggJD(t)
than that expected from LE=4FTev jI. £.<193Tev Co5¥=0.

statistical distribution. This fact is indicative of a good
agreement between the forms of the experimental cascade and
the cascade expected in terms of the electromagnetic theory.
The cascade with high values of Y2may appear due to both
methodical and physical causes., Possible roughness of lead
and film defects should be considered as the methodical
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causes, while the physical causes may be the muon nuclear

interactions or strong electromagnetic fluctuations in the
particle number.

The method for determining the energy in the multilayer
X-ray-emulsion caamber was absoclutely calibrated at mountain
level (700 g/cm®) using ) -quanta produced as a result of
Ji°-meson decays in a target above the installation (Amineva
et al., 1973). Analysis of the results obtained mwakes it pos-
gible to assert that in the 1.6 - 5 Tev EPC energy range the
systematic error in energy determinatiopn does not exceed 7%.

Examination of possible methodical factors distorting
the determined value of Eo and role of the particle number
fluctuations has shown that in a single case the EPC energy
can be found in the multilayer X-ray-emulsion chamber within
20%. In this case the error is somewhat smaller for the many-
point events. The error in the value of }' —quantum generatiocn
intensity is somewhat higher that the statistical one because

of methodical effects and, according to our estimate, is
20-30%. :

4, Experimental data. Table 2 lists the experimental data
obtalneg With 150 chambers ip several zenith angle ranges.

Table 2.
I 1> Cos@> 06 0,6 2Cos@>0,3 |03 >Cos ®3> 0,0 1,0 = Cos G = 0,0
5
e 60° | we ° v 600 o 7° Ye 60° | we 20| we 600 we 72 :
E | 6 (16 16 6 g 1016 41016
Eprev | Ep| My RO\ Ny RORTSW iy Pk’ | Ny DOEOS) Ay psO| Ny PO Ay 10| Ny
' 1049
1,6-2,0 | I,73[237 3% 278 212 822 276 370 I770 4% BI9 5820
2.02,5 | 2,18|145 9% 188 42 40 197 261 998 365 548 3110 750
2,5-3,2 | 2,77\ 18 W, 98 85 188  IIS Ies w47 210 327 1330 423
3,24,0 [ 3,52| 46 38,4 56 37 71,8 47 91 28 I25 174 619 228
5,0-5.0 | 4,81 23 IS4 30 1I5,8 | 23 5,7 88 34,9 | 39 6 S+ 70,6 |5 28I  II7 285
5.06.3 | .54 14 7,019 18 7,26| Io II,9 IS 12,2 | 20 80,8 3 3 |45 98,2 67 103
6,38,0 | 7,0r| & 1,9 7] 1,9 z‘l 2,51 6] 3,43 | 9 529 I2 9,28 (IS 25,0 25 295
8,0-10,0| 8,87 7777 7 4 6 s] 4,67 SJ 3,77 |1+ 19,9 I8 Ig.ov
10,0-12,5 (11,0 | I 1 z] 0,7 z] o% | 8 9,9 8 I 12,5 II 8,8
12,5-16,0 T4,0 e 1 2]_ 1,04 g] 0,87 sJ e ¢ 187
t6,0-20,017,8 2fEs.8 3 2 ]

M~ is the EPC number within given energy range

P (E;0°9[97'sec™ stez" rev™'] - is the differential inten-
-quantum generation,
I(E) (9 'see™ Tev™! ’

tial intensity of ]’ -quantum generation.

sity of

- is the global differen-

In order to find out if the cosmic ray nuclear-active

component with its highest vertical intensity contributes to’
the dgtecteq EPC flux we examined the distribution of the ge-
neration points of EPC with zenith angles from 0° to 26° over
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the chamber volume. The distribution proved to be uniform
and, hence it may be asserted that all EPC are produced by
mucns .

Further on, all our results for thLe bremsstrahlung photon
angular distributions and energy spectra were compared to the
calculations made by Volkova (1969,1970) . Transition from the
spectra and angular distributions of photons to the same dis-
tributions for muons was made on the basis of these calcula-
tions. Volkova calculated the muon fluxes at sea level on se-
veral aspumptions about the muon generatico mechanism: decay
of pions, decay of pions and some portion of kaonsj; decay of
pions, kaons and the process of direct muon generation. The
pion and kaon spectra were described by the power law with
the same power exponent Y =1.65 % 0.05 as for the primary
nucleons over the entire energy range of interest to us.In
the 30-100 Gev energy range the calculated fl8xes were nor-
malized on the basis of magnetic spectrometer measurements
(4llkofer et al., 1971)., In the studied (2-20) Tev energy
Trange the muon epergy spectrum proves to be of almost power
form. The relation between the fluxes of muons and bremsstrah-
lung photons was found for such muon sp:ctrum form including
the probability of bremsstrahlung in leads

P
,3+=£(Eo,YJu) ‘

o Zenith anguler distribution. The IPC zenith angular
distributlion obtaine D the present work is shown in Fig.3
together with the calculated curves for the various genera-
tion mechanisms. The distribution plots are corrected for
the muon absorption in the ground gbove the installation as
calculated by Gurentsov. This correction is substantial only
at ©2> 80° and is a function of uon energy, zenith angle -,

and_ggiﬁgg relief, . Nq@) ‘ e ——
P©) 6/ N(O) !
6 il P(O) — 5_ Er ;‘4301'2V ) 3
5 Er=2,21-ev .{g 4] Ef,25,51'ev
4 1 E ~3Orev 3 3 4
3 s "o >
2 5 {] 239events
{ ' GSOeveni 6 ) | Y ‘ 1 '?,0 Cos@
00 =
31 %@2 E. - oy {5 = E,=30rev 2
4 (O) Er-f,Prev 2 4 ) i 3
5 | Eﬂ,\,a,s,rev 2 3 EJJ"’A;OTE’V 4
2 5 2 5
{1 818events {; 32?7 events
£0 05 00 {0 05 g0 Cos®

Fig.3.Comparison between the experimental and calculated ze- -
nith angular distributions for the various muon generation
mechanisms: 1) 2J90:20H )T+ FO%K ) T 207K +{ ] u )T 20K+ Utah
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Table % presents the rations of the EPC number in the
0.3 »C0s@20.0. interval to the EPC number in the
f,o;cogezo .6 interval.

Table 3
theozy expeziment
En | T |To20u irean | = oo
22.2 | 2.82 2.58 {.38 2.02 2.72+0.15
4.0 | 3.02| 281 {.36 | 2.05 35.06+0.38
»20 |sd2| 295 | 172 | {.80 2.84+059

The experimental and calculated distributions were inter-
compared using the X 2-test method. In this case the theore-
tical distribution was normalized to the calculated distribu-
tion for the total particle pumber. The results of the inter-
comparison have shown that our experimental data agree with
theoretical calculations made on the assumption of muon pro-
duction in pion decay or in the decay of pions with a 20% ad-
mixture of kaons.

The zenith angular distributions of muons disagree with
the assumption of an additional process of direct muon gene-
ration set forth in (Bergeson et al., 1967).

6. Energy spectra. The differential global EPC spectrum,
Ty (E,) exp obtained in the present work was compared with

the calculated bremsstrahlung spectrum, Jy(E,)theory, of pho-
tons produced by muons in lead on the assumption that the
muons are generated in the process of decay of pions and 10%
of kaons. Fig.4a presents the results of this comparison.

Up to ~ & Tev EPC energies the experimental data agree with
the calculation within the experimental accuracy and thebn

the points move aside from the curve. The number of the de-
tected EPC with F, 2 63 Tev is 6l instead of 100 as expected
from the calculated spectrum.

For the purposes of further analysis the EPC energy
spectra were examined in three zenith angle ranges:
{02C0s€> 0,6, 0.62C0s620.3, 0.32C0s®2QQ0 and were simi-
larly compared to the spectra expected from the calculations.
It can be seen from Fig.4 that up to ~ 6 Tev the spectra
may be, within the errors, coordinated with the assumption
of a power form of the pion and kaon spectrum which repeats
the primary nucleon spectrum.

The differential global spectrum of ) -quantum generat-
ion may be written as
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>‘5.55:0.I2

Iy (E)=(4.2413-40™(53%) grsee e (25E25)

Ty (E)=(15:05)-10™( &L e")y’i‘j:e‘?',";ev_. (5<E <20)
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Fig.4. Ratio of the expe- Fig. 5. Differential muon
rimental to calculated spectras
bremsstrahlung photen spec- Allkofero ® = 0°
tra at the varicus angles Aa® = 83°
the present worke® = 0°

AQ = 83°

The muon spectra shown in Fig.5 have been obtained inclu-
ding the angular distributiopn and absorption of muons in
ground. For the sake of comparison the same figure presents
the spectra from (Allkofer et al.,1971) obtained on the basis
of magnetic spectrometer measurements. The s0lid curves have
been calculated on the assumption of muon generation by pions
and 10% of kaons. It can be seen from Fig.5 that the data of
the present work are the direct conéinuation of the spectra
obtained using a magnetic spectromgter_igﬁthgﬁg;ggfeggrgy

‘range., The 2-2 Tev_ 'muon spectra may be written as _

B, (£,09=(f.04:0.3)- (o8 (Erev), ) "355*024

em “sec ‘stes ey

Ba(E,85)2(5.51.6)-4078 (Erevy) "> O 20 pon oy st

The glebal muen spectrum in all zenith angle ranges can be
written as
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Fig.6 presents a comparison of the calculated differenti-
al energy spectra of muons generated by pions and 10% of kaans

with the data obtained
it was mentioned abave

in the works by the variocus groups.As
the calculations were made on the

assumption that the muon and kaon generation spectrum is of

the same power form as

the eosmic ray hadron spectrum, i.e.

the scaling holds for strong interactions.

The possible 20-30% inaccuracy in determiping the absalu-
te muop intensity admits (including the data from (Allkofer

et al., 19713 Appleton
1962; Gardener et al.,
change in the pion and
sion may be drawn that
scaling in the 30-8000
ponds approximately to

At energies of =~
which can be explained

et al., 19071; Hayman and , Wolfendale,
19623 Ashton et al, 1972)) a 0.05
kaon spectrum slope. Thus the conclu-
muon spectrum is in agreement with
Gev muiE energy range,which corres-
the 1011-101%4 hadron energies.

8 Tev the muons are somewhat scanty,
by the back statistical security

with a probability of less than 1l%.

4

The results obtained may mean that at > 101' ev hadron
energies the scaling is violated and the number of pions with
energies close to the energies of generating nucleons is dec-
reased. The possibility of the anomalous process of high-

energy mucn absorption

should be additionally specified.
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