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Summary. The multiple-muon rates measured in the NUSEX ex-
periment at a vertical depth of 5000 hg/em? s.r. are compared with some
current models of the primary cosmie-ray composition. Monte Carlo
-simulations- as ‘well as analytical formulae which take into account the
geometrical and acceptance features of the apparatus have been used in
calculations. A good agreement is found with a model in which the
relative fraction of primary heavy nuclei does not increase significantly
up to about 10'® eV. This model reproduces very well both the all-
nucleon flux measured in the range (10!3--10%4) ¢V and the all-particle
spectrum up to 1016 eV.

PACS. 94.40. — Cosmic. rays.
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1. — Introduction.

Direct observations of primary cosmic rays have been carried out with
experiments on balloons or satellites up to about 5-101 eV. Above this energy
the flux is so low that information on the primary spectrum and its composition
come in an indirect way from the analysis of extensive air showers (1), from
energetic photon-hadron families (A-jets) at mountain altitudes (%), meas-
urements of hadron spectra in the atmosplere (3) and observations of parallel
muon groups (muon bundle) (¢). However, these studies have given conflicting
results for the primary composition. The interpretation of many measurements
has led to the conclusion that the relative composition of various nueclear groups
changes with increasing energy, the primary flux at energies (1015--1016) eV
being strongly dominated by heavy primaries (*¢). On the other hand, a recent
analysis (°) evidences that cosmic-ray shower propagation has to be inter-
preted in terms of changes in the nature of high-energy hadronic interactions.
Differences in the details of interaction models, assumptions on primary com-
position as well as different approaches in air shower Monte Carlo simulation
are the main causes of these different interpretations. Moreover, many of

(1) a) G.B. Yopu: Composition of Cosmic Rays at High Energies, in Proceedings of the
X7VI Rencontre de Moriond, Astrophysics Meeting, Les Arcs, France (1981), p. 23.
b) G.B. Yopos, J. A. Goopmaw, S.C. Toxwar and R. W. ErLswortH: Phys. Rev. D.
29, 892 (1984); ¢) G. THorRNTON and R. CraY: Phys. Rev. Lett., 45, 1463 (1982); d) A. A.
Axpam, M, P. CmaNTLER, M. A.B. Crarg, T.J.L. McCome, K.J. Orrorp, K. E.
Turver and G.M. WarLey: Phys. Rev. D, 26, 23 (1982); ¢) J. A. Gopmax, R. W.
ErLsworTH, A. S. Ito, J. R. McFALL, F. StomAN, R. E. STREITMATTER, S.C.TONWAR,
P.R. Viswanare and G.B. Yopu: Phys. Rev. D, 26, 1043 (1982).

(3) @) C. M. G. Larres, Y. FusiMmoro and 8. HAsEGAWA: Phys. Rep., 65, 153 (1980).
b) M. Amexomori, E. Konisui, H. Nango, K. Mizurany, K. Kasarara, S. Torii,
T. Yupa, T. Suarrar, N. Tarevama, T. Taira, I. Miro, M. SHIBATA, H. SUGIMOTO,
K. Taira and N. Horra: Phys. Rev. D, 25, 2807 (1982). ¢) M. Akasar, M. AMENOMORI,
E. KoxisHaI, H. NANJO, Z. WATANABE, K. MizuTANI, K. KASAHARA, S, Tor11, T. YUDA,
T. Suiral, N. TaATEYAMA, T. TAIrRA, 1. MITO, M. SHIBATA, H. SUGIMOTO, K. TATRA and
N. Horta: Phys. Rev. D, 24, 2353 (1981).

(®) a) S.I1. Nrgorskr: fzv. Acad. Sci. USSR, 34, 1849 (1970). b) M. AxasHI, M. AME-
vomori, E. KoNisai, H. NaNjo, Z. WATANABE, M. IcHigU, K. Mizuran:, K. Kasa-
HARA, S. Torii, T. Yupa, T. SHIRAL, N. TATEYANA, T. TAIRA, I. M1TO, M. SHIBATA,
H. Sucimoro, K. Taigra and N, Horra: Nuovo Cimento 4, 63, 355. (1981).

(4) @) For a recent analysis of Homestake and Utah results, see J. W. Erpert, T. K.
GarssEr and T. STaANEV: Phys. Rev. D, 27, 1448 (1983). b) L. Bercamasco, H. B1-
LOXON, C. CastaeNoLl, B. D’ETtorRE P1azzori, G. ManvoccHI and P. Prccui: Leti.
Nuovo Oimento, 26, 609 (1979). ¢) L. BERGAMASCO, B. D’ETTORRE Pilazzori and G.
MaxNoccHT: Lett. Nuovo Cimento, 27, 71 (1980). d) T. K. Gaisser and T. Stawev: talk
presented at the XVIII International Cosmic Ray Conference (Bangalore, 1983).

(5) J. KEmpa and J. Wpowczyk: J. Phys. ¢, 9, 1271 (1983).
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these calculations do not include in an adequate way a realistic simulation of
the experimental conditions. For these reasons it is difficult to reach firm
conclusions about primary composition above 10 ¢V, the knowledge of which
iy important in understanding the origin and propagation of cosmic rays in
the Galaxy.

In this respect, studies of the frequency distribution of high-energy (> 1 TeV)
muon bundles of different multiplicities appear as the best way to disentangle
the competing astrophysics and particle physics effects. In fact, due to the
lack of interactions of muons with air nuclei, the mnon component at very
high energy contains the cleanest information on the feature of the primary
cosmic-ray first interactions. Moreover, a procedure to take into account the
geometrical features of the apparatus has been developed (¢), along with a
general formula to calculate absolute muon bundles rates in which the cosmic-ray
spectrum and interaction properties appear separately. By fixing the high-
energy physics model one can study the dependence of the multiple-muon
frequency on the nature of primaries.

We present here the results from the analysis of the multiple-muon events
recorded by the NUSEX detector in the Mt. Blanc Laboratory over a running
time of 17854.4 hours. We use the results of a Monte Carlo simulation of atmos-
pheric showers and muon propagation in rock first developed by ELBERT (%),
and. adapted to our experimental site by GAISSER and STANEV (8). Then compare
the experimental multiple-muon. rates to the calculated ones in terms of trials
primary cosmic-ray spectra. We make plausible assumptions about the shape
of the spectra for protons and lighter nuclei and consider the exponent of heavy-
nuclei spectrum as a free parameter to be determined by the requirement of
best agreement between the experimental and calculated rates. The reason
for this approach is to check the most popular idea that the nuclear composi-
tion varies with inereasing energy, leading to the dominance of heavier nu-
clei at energies (1015--101¢) eV,

2. — The apparatus,

The nucleon stability experiment (NUSEX) has been in operation since
May 1982 in the Mont Blanc Laboratory of the I.C.G.F. (CNR), garage 17th,
inside the tunnel linking Italy and France at a vertical depth of 5000 hg/cm? s.¥.

(®) G. BoroaNa, A. CASTELLINA, B. D’ETTORRE Prazzori, G. ManwoccHi, P. Piccul
and 8. VERNETTO: to be published in Nucl. Instrum. Methods.

() a) J.W. ELBERT: Proceedings of the DUMAND Workshop, edited by A. RoBERTS,
Vol. 2 (La Jolla, Cal., 1978), p. 101. b) J. W. ELBERT and T. K. GAISSER: Procee-
dings of the XVI International Cosmic Ray Conference, Vol. 8 (Kyoto, 1979), p. 42.
() T.K. Garsser and T. STANEV: private communication.
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The detector consists of a cube (each side = 3.5 m) made of 136 horizontal
iron plates, 1 em thick, interleaved with planes of plastic streamer tubes (total
number of tubes: 42880). Bach layer (iron - device) is 2.7 cm thick, with
mean density ¢ = 3.5 g/em3. The basic element of our tubes is a comb profile
(3.5 m long) of extructed PVC, which consists of eight open cells (cross-section
(9 x9) mm?) coated with graphite (resistivity >5-10¢ Qfsquare). Three sides of
the tube cathode are made by the profile, the fourth by a PVC cover which is
also coated. The wire diameter is 100 um, and it is kept centred by PVC spacers
every half a meter. A PVC container houses two profiles, and on the exterior
there are only the connector for the gas and the HV supply. The limited
streamer (1) is a self-triggered and saturated mode localized in a few milli-
metres. It allows the use of thick sense wires and is characterized by a large
signal (~1 mA peak current), and exhibits noiseless operation in a wide HV
range.

In fact the read-out is not through the wires but through the » and y strips
which pick-up the pulses induced outside the cathode. This bidimensiondl
read-out makes it possible to record the detailed spatial pattern. The electronic
chain to process the strip signal (triangular shape, pulse height >4 mV /50 Q
and width ~ 40 ns) is very simple: an amplifier, & comparator with variable
threshold, a one-shot, and. a shift register bit. The electronic cards on the end
of the # and y strips of the same plane are interconnected by a bus. The bus
cables provide the read-out control signals and the data path to the processor.
An OR signal for each plane, from the y strip, is used for trigger purpose.

The loosest trigger that we take is the « AND » between four contiguous
planes. The other comparable combinations (three contiguous planes—AND—
two contiguous planes anywhere, ete.) are tighter. The minimum penetration
of our trigger is 4 cm iron and the rate is ~ 10 events per hour.

The gas mixture used under the Mont Blanc for streamer operation is one
volume of argon, two volumes of CO,, and one volume of N-pentane.

3. — Depth calculations.

The actual rock thickness along the different directions defined by the
polar angle 6 and ¢ have been derived from a defailed map of the mountain
zone which gives isobases in 10 m interval. The presence of many peaks, as
well as that of the glacier, has been taken into acecount. A sufficient density
of points has been considered, so that by linear interpolation we ean associate

(®) G. Barristoxi, E. Iaroccr, M. M. Massa1, G. Nicorerri and L. Trasarri: Nuel.
Instrum. Methods, 164, 57 (1979).

(19 G. Bartistoni, P. Campana, V. CHIsRELLA, U. DENNI, E. IAROCCI and G. NIco-
LETTI: Nucl. Instrum. Methods, 202, 459 (1982).
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to any directions (0, ) the relative slant depth with an accuracy better than 1 9,
up to zenith angles of 65°. The data on the nature of the Mont Blane rock
come from two sets of measurements and give the following values: 4 = 20.94,
Z =10.34, Z|A = 5.12, Z*[A = 0.494, p = 2.68 g/em3. The convergion from
the Mt. Blane rock to standard rock is done using the results of ‘Wright (*1).

4. — Event selection and recording.

19416 muon events were recorded in the zenith angle (0-60)° during an
effective working time of 6.4076-107 s from June 1982 to July 1984. In these
events a general requirement is that the particles cross at least a thickness
27 em in the apparatus in order to be classified as a muon. With this cut we
obtain a well-defined geometrical acceptance within which the detection ef-
ficieney is practically 1009,. In order to check the muon parallelism in events
with multiplicity »>2, the angles between the tracks of the same event have
been measured. In the sample with 2 muons (191 events) we find two events
with tracks eonverging some metres above the apparatus. At this intersection
point the distance between the tracks is 2.3 and 3.7 em, while the relative
angle between them is 16.1 and 1.5 degrees and as a consequence these events
have been rejected. The distribution of the angle between the two tracks for
the remaining 189 double muon events is displayed in fig. 1 and found in good
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Fig. 1. — Distribution of the angle between tracks of muon pairs detected by NUSEX.

(") A.G. WricnT: Proceedings of the XIII International Cosmic Ray Conference
Vol. 3 (Denver, 1973), p. 1709.
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81
agreement with the expectation from multiple Coulomb scattering in the rock

and geomagnetic deflection (a minor contribution). The number of events of
different multiplicities is reported in table I.

In fig. 2 an event with 5 parallel muons is shown.

TaBLE 1. — Rate of multiple muons.

Multiplicity =

Number of events Time
1 19199
2 189
3 23 17854.4 hours
4 2
5 2
6 1
$'%4
1% ' ) 1%
i - 1 - e = - *
| \

Fig. 2. — One event of five parallel muons seen in the two orthogonal views

5. — Rate calculation.

The rates ¢, of events with exactly » muons in the detector can be calculated
following the procedure described in (¢).

The primary spectrum JdN/dE, is described as a superposition of single
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power spectra

:‘11%0 = 2 K d) Bprn,

where the summation is over all 5 groups of nuclei present in the primary
flux (p, He, CNO, Mg, Fe). Here A is the average atomic number, y;(4) is the
power law spectral index eventually changing above a eritical energy or rigidity,
and the constants K,(4) depend on the normalization energy in the energy
range of the direct measurements. Thus the muon bundles rate is given by

$n= 3 E,(4) j B;79. P (B, A)df,,

i

where F,(H,, 4) is the probability to sample muons of a shower resulting from
the interaction of a primary of energy X, and mass A. This probability is
described in terms of the average number of muons present above the threshold
energy and their lateral distribution. As a eonsequences, it depends on the rock
overbunden distribution. The evaluation of P,(B,, A) requires the exact
definition of the geometry of the apparatus and acceptance criteria, because
the useful area as seen by the muon shower depends on the muon arrival di-
rection in a complicated way. Moreover, the radial density distribution is
expected to fall off rapidly with distance r from the shower axis so that its
variation over the acceptance area has to be taken into account.

In conclusion P,(H,, 4) depends only on the interaction properties of high-
energy hadrons and on the experimental conditions. As a result the astrophysiecal
and particles physics aspects enter in a well-defined and separate way in the
description of muon bundle rate.

The general procedure to calculate P,(H,, A) in an analytical way is re-
ported in the appendix. Briefly, the calculation proceeds through the following
steps and assumptions:

i) Using the energy depth relation the average number of muons, with
energy higher than a given threshold B, present at a. given slant depth ,
is given as a function of the primary energy K, and mass 4, N,(B,, 4; > E,).

ii). The muon number distribution around ZVM follows a Poisson distri-
bution. This result is expected if multiple-muon events are produced by nearly
independent meson decays in the hadronic cascade, and has been confirmed
by Monte Carlo calculations to be a very good approximation.

iii) Let N, be the number of muons present at the level of the detector
and p the probability for each muon to hit the acceptance area of the detector.
Then, if we assume no eorrelation between all muons belonging to the same
shower, the probability of detecting exactly n of the ¥, . muons follows a bino-
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mial distribution given by
N,
7 1 — Ty—n
( " )p (1 —p)re

iv) The probability p depends on the muon lateral distribution density
which we assume to be described by the following exponential form:

0lr) = 73 XD 1= 201,

where 7 is the distance from the shower axis and {r) is fhe mean radius of the
distribution. For a primary of given energy FE, and mass 4, {r) depends on
the energy threshold H,.

Thus, once the interaction model is defined, the average muon number N "
(E,,A; > B,) and the mean radius {r) (&,, A; > H,) can be obtained. This
allows us to calculate P,(H,, A). We use the results of Monte Carlo calculations
firstly developed by ELBERT () and then adapted to our experimental site
(atmospheric depth at Mt. Blanc level, 690 (g/cm)?, laboratory altitude 1380 m
above the sea-level) by GAIssErR and STANEV (®). The interaction model used
assumes a total inelastic cross-sections inereasing with energy as well as radial
scaling of the Feynman « and P, distributions of the produced. particle. The
mean transverse momentum (P, increases by 0.04 GeV/ec per decade of primary
energy above 1TeV. At 100 TeV the (P,) for secondary charged pions is
0.42 GeV/c. The muons result from pion and kaon decays. The deflection in
the Earth’s magnetic field, multiple-Coulomb seattering and muon energy loss
are taken into account in propagating muons through the atmosphere and the
rock up to the detector level. The resulting eneigy and radial muon digtri-
butions can be written as follows:

1) N.,(B, A; > E,)=A-G(H,, E)-secl, E=EJA,
where
G(E,, E)=0.0145- (B|B,)""™ - (1 — B, B>
with
B,(TeV) = 0.53-[exp [0.4-h] — 1], h = slant depth in km w.e.,
(2) Y (B,, Ay > B,) = A(B,) + B(E,)- (B, [E)"*sec 0
with
A(B,)=313E,"*, .B(H,) = 13.2E,°* E, in TeV.

In writing (1) and (2) it is assumed: 1) a cascade produced by a nucleus of
energy E, and mass 4 is equivalent to A nueleon cascades of energy HylA;
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2) the lateral distribution depends only on the primary energy per nucleon
and not on the muon multiplicity.

6. — Comparison with ohservation.

We have caleulated the expected multiple-muon rates for four trial com-
positions recently adopted in interpreting various cosmic-ray phenomena:

i) The «constant-mass composition » quoted by KemMpA and WbDoOw-
OZYK (*) obtained by an extrapolation of the directly measured spectra with
@ single constant differential slope, y = 2.71, up to a fixed magnetic rigidi-
tying E, = 2-10° GeV/c. Beyond this, the spectra steepen to y = 3.0. The cor-
respond breaks for groups of nuclei different from the proton are at total
energy = (A/2)-R_.

ii) A low-energy composition (LEC) quoted in (%) with differential
spectral index of 2.71 for all species. Hven this model refers to the low-energy
primary composition measured directly at energies up to about 100 GeV/
/nucleon. We assume that the spectral index changes to 3.0 at a critical energy
2:105 eV,

iii) The «Fuji spectrum » derived by the Fuji group () in order to fit
the observed rate of y-ray families by means of an interaction model in which
the sealing holds around 10® TeV. The spectral indices are 2.8, 2.8, 2.6, 2.6, 2.3
for the five groups. The absolute intensity of each component is normalized
to those given by JULIUSSON at 1 TeV/nucleus (*). This model is strongly
dominated by heavy primaries (689, iron and only 99, protons at 1015 eV),
The fractions become constant above 2-1015 eV and all components assume
the same slope, » = 3.0.

iv) The « Maryland spectrum » (%) derived from measurements on time
structure of hadrons near air shower cores. In this model the iron group has
a spectral index of 2.39 making up about 65 %, of the primaries above 2-10% ¢V,
while the other groups have an index of 2.68. The energy cut-off is taken at
2-10% eV above which all components steepen to a differential slope of 3.0.

The comparison between measured and calculated rates is shown in fig. 3.
An inspection of this figure shows that the constant mass composition
gives the best agreement with our data. Even the predictions of the Maryland
composition are reasonable, being only a factor two higher for double and triple

(**) @) 8. Toru: Proceeding of the Workshop on Very High-Energy Oosmic Ray Inter-
actions, University of Pennsylvania, Philadelphia, April 22-24, 1982, edited by M. L.
CHERRY, K. LanDE and R. I. S1EINBERG; b) E. JULIUSSON: Proceeding XIV Interna-
tional Cosmic Ray Conference, Vol. 8 (Miinchen, 1975), p. 2689.

(**) L. BErcaMasco, H. BILOKON, A. CASTEILINA, B. D’ETTORRE Pi1azzori; G. MaAN-
NoccHl, P. Procur and 8. VeErNETTO: Nuovo Cimento C, 6, 569 (1983).
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Tig. 3. — Comparison between experimental rates and predictions from four trial
models for the primary spectrum and composition. 1) LEC, 2) constant mass composi-
tion, 3) Maryland spectrum, 4) Fuji spectrum.

muons. We stress that this agreement was obtained without any normalization
procedure. LEC and Fuji spectra failin explaining the data, the former because
of the nonadequate normalization, the latter because it is too rich in heavy
nuclei.

The rates calculated by means of the constant mass composition are about
(10-15)% higher than the experimental ones in the range of significant
statistics (n = 1-38). Since the contribution to these multiplicities comes
essentially from light nuclei, a suitable adjustment of the shape of proton
and helium gpectra could restore a better agreement. On the other hand, recent
direct measurements by the JACEE collaboration (%) give a steeper spectral

(14 T.M. Busnert, 8. Daxs, M. Fuki, J.C. GREGoRY, T. Havasmr, R. HOLYNSKI,
R. W. HugGETT, 8. D. HUNTER, J. Iwal, W. V. Joxzs, ‘A. JURAK, J.J. LoED, O. Mrva-
MURA, T. ToMiNaca, J. W. Warrs, B. Winczynska, R.J. Witkes, W. WOLTER and
B. Wostek: Phys. Rev. Lett., 51, 1010 (1983).
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index for protons and helinm nuclei at energies above a few TeV/nueleon.
Also the all nucleon flux previously obtained at Mt. Blane (%) suggests a spec-
tral index between 2.75 and 2.8. Moreover, a preliminary analysis of NUSEX
data gives a muon differential energy spectrum consistent with a primary
all-nucleon flux following a dependence H~*" in the range (1012--2-101%)eV.

Guided by these considerations we assumed a value of — 2.75 for the spec-
tra index of protons and helium nuclei. We normalized the flux at 10 TeV
to the JACER data (in agreement with other direct measurements) and treated
the iron spectral index as a free parameter. The iron is normalized to a flux
of 2.4%2-10-% particles/(m?-sr-s-GeV/nucleon) at 100 GeV/nucleon, consistent
with balloon observations. This procedure restores the agreement between
experimental and calculated rates at the lowest multiplicities (n = 1, 2) which
are determined essentially by protons and helium nuclei, whereas predicted
rates at higher multiplicities show an increasing dependence on iron percentage.

The results are shown in fig. 4. For multiplicities >4 the calculated rates

~ b
10 T
0 [
-6
2\'310 \
o)
A3
—7
0
yFe=2'5
s N =26
0 Moo=2.7
—9 ] ] ] 1 ]
10
0 2 4 6 n

Fig. 4. — Comparison between experimental rates and the predictions of our model

of the primary composition (see text) for different values of the iron group spectral
index.
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for yg, = 2.5 are about a factor of 2 larger than the ones caleulated with
Yro = 2.7. It is clear that, in spite of the statistical uncertdinties of the data
for m>4, the predicted rates could agree with the experimental ones only if
we assume g spectral index for the iron group higher than 2.5. The overall
best agreement is found for iron spectral index in the range 2.6--2.7.
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Fig. 5. — Comparison between predictions of our model with Yre = 2.5 (curve 1))
and 2.7 (curve 2)) and the all particle flux J (Hy). E,is the energy per nucleus. The
experimental points come from measurements of the flux by balloons, y-ray families
and air shower size as summarized in ref. (15).

This model reproduces very nicely both the all-nucleon flux measured at
Mt. Blane (%) in the range (1012-101) eV and the all-particle flux between
10" and 106 eV. In fig. 5 the all-particle flux predicted by our model is com-
pared with the all-particle flux measured by the Proton Satellite experiments
or determined from measurements of air shower size. The data compilation
is from (1s).

In fig. 6 the differential rates for each primary component are shown to
put in evidence the increasing contribution of heavy nuclei and the shift towards
higher energies with multiplicity. Single muons are due essentially to interactions
of primary protons and helium nuclei (~ 909%,) alt energies around 10 eV,
the contribution of Mg and Fe groups being only about 5%. The relative

(*%) A.M. Hinas: Proceedings of the Cosmic Ray Workshop, edited by T. K. GAISSER
(Newark, 1983), p. 16.
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Fig. 6. — The rate of muon bundles of multiplicity n as a funetion of the energy K,
and mass 4 of the primary cosmic rays. The numbers attached to the curves identify
the five mass groups p, He, CNO, Mg, Fe. The calculations refer to our model of the
primary composition with pg, = 2.7.

weight to events of high multiplicity, » = b, 6, changes to 159, and 66 9, re-
spectively, the main contribution coming from primaries with energies around

10 eV.

Normalization coefficients, slopes and breaking points for all components
are summarized in table II.

TaBLE II. — Normalization coefficients, spectral indew and poinis of change of slope.

Ky " E, (GeV)
P 2.27-104 2.75 2 -108
He 1.21-104 2.75 4 -10¢
CNO 6.20- 103 2.71 1.4-107
Mg 9.20- 103 2.71 2.6-107
Fe 2.6+2.7 5.2-107
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The iron group is normalized to a flux of 2.42-10-5 particles/(m?-sr-s-
-GeV/nucleon) at 100 GeV/nucleon.

The spectrum is represented by K, -H;”* for B, < E, [E,, GeV] and K,-
B> for H,> H,. The units of K are (m~s~tsrt (GeV)-1).

7. — Discussion and conclusions.

We have determined a primary cosmic-ray spectrum by requiring the agree-
ment between the measured and calculated rates of multiple-muon events.
A successful understanding of the observations requires an energy spectrum
for heavier nuclei not very far from the spectra of the other nuclear groups.
Though the obtained agreement between observations and predictions is ex-
cellent, it should be emphasized that many assumptions are required to define
the spectra of different nuclear groups and the critical energies above which
these spectra steepen. The choice of the normalization points is somewhat
arbitrary for nuclei other than protons and helium, and the extrapolation to
high energy of the light and medium-heavy nuclei spectra is mainly suggested
by theoretical considerations. The choice of a spectral index of 2.71 for ONO
and Mg groups agrees with the requirements of the leaky box model, but low-
energy data are somewhat flatter. We have checked these possibilities by con-
sidering a flatter behaviour of the CNO group and different values for the critical
energy or rigidity. The spectra which we obtain are the result of a compromise
between a fair agreement with muon rates and the need to reproduce the all
particle spectrum. In any case the iron spectrum index eannot be lower than 2.5.

Another source of uncertainty is the description of the hadronie interaction
at very high energy. In order to predict the rates of multiple muons we used
results of Monte Carlo calculations which extrapolate to very high energy the
information from accelerator measurements. Although measurements by
CERN pp collider experiments show that scaling violations are small at lab-
oratory energies ~ 1.5-10% eV, many phenomena in cosmic-ray physics (like
Centauro events) have suggested 100 TeV/nucleon to be a threshold for a change
in properties of the hadronic interaction. Theoretical speculations about nu-
cleus interaction foresee the possibility of the transition to 2 quark-gluon
phase at these energies. An increased yield of muons should be expected (*8).
The flux of high-multiplicity muon events in the NUSEX experiment seems
not to support these ideas.

Summarizing, we used 1) an interaction model based on Feynman secaling,
energy-dependent total cross-sections and inclusive distributions from accel-
erator data, 2) a primary composition with an iron spectrum only slightly

() R. AnisEETY, P. KOEHLER and L. McLERRAN: Phys. Rev. D, 22, 2793 (1980).
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flatter than the proton one. This successfully reproduces the NUSEX muon
bundle rates. Our data do not exhibit any appreciable deviation from this
picture in the limit of statistical significance.
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APPENDIX

Calculation of the probability P,(H,, 4).

By using the assumptions and definition of sect. 5 the probability P,(H,, 4)
can be calculated as follows (ref. (%)):

o 27
P (B, A) = f cosO R AR f %‘ (H,, A)d¢
0

0

with
ap 2z Oulp) ap
" — - iné
o (B, 4) fdﬂf To iy For 4) sind 4.
o (1}

dP,(H,A)/dwdo is the probability of sampling » muons produced by a primary

of mass A and energy F,. (0, ¢)is the arrival direction of the showers whose

axis hits the horizontal plane in a point having polar co-ordinates (R, ¢)

inside the elernents of area do == cosf R dRd¢. In our analysis we cut at

zenith angle at 6 = 60° 3o that 0y(p) does not depend on azimuthal angle.
The differential probability is given by

apr, dp,

m‘(; (Eoy A) :N%WPNM(NU,) m (Eo:y A) 9
where
exp[— N ,]- Ny
Psz(‘Nu-) = N LtL .

13

is the probability of finding N, muons, N, (H,, 4; > E,) being the muon average
number. dp,/dwdo(H,, A) is the probability of detecting exactly » of the N,
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incident muons. For this we have

dp. — Ny . o] . Ny—n
e, 4) = () TSP (1= CoST e,

where
Oy Ynr
[08] = cosf- f f o(r)dw dy
@m Ym
is the probability for each muon to hit the acceptance area. Here g(r) is the

lateral distribution density normalized to one, and » is the distance from the
shower axis measured in a plane orthogonal to it:

(B, $;0,9; @, y) = {(B cos¢ —x)* + (B sing —y)*—
— [sin6 cos@- (R cosp — ) + 8inf sing- (R sing — y)]2}E.

V4

w(8,p)
shower axis

Fig. 7. — Co-ordinates and geometric parameters used in the text.

The integration is performed within limits defined by experimental con-
ditions. If a,, 2., ¥:, ¥, are the co-ordinates of the edges of the detector
—see fig, T—and 2, is the minimum detector thickness that the muon must
cross in order to be detected and accepted, we get

B == &y [ 80 cOS@,
Ty = @y~ fu 20 cosg,
Yu= Y1 Ju-1g0 sing ,
Yu= Yo+ gu’ g0 sing ,

where fn, fu, gm, gu are defined in table ITIL.



92 G. BOLOGNA, O. CASTAGNOLI, A. CASTELLINA, A. CIOCIO ETC.

TasLe III.

@ 0—mx/2 /2 -7 7-—=(3/2)n (3/2)n—2x
fa 2 g2y z—2 2

fu 22y 2 2 2—2

I 2y & g— % &— 2

I 2— 2 2-—2 2y 2

Here z is the height of the module.

Since the detector operates underground the slant depth, and so the energy
threshold FE,, depend on the direction w(f, ). In other words we have
E, = H,(h[0, ¢]), thus the neam N, (H,, 4; > E,) and the lateral distribution
density ¢(r)—through the mean radius {r> —depend on the direction. A detailed
map of the surrounding mountaing allows us to know with good precision the
effective energy threshold corresponding to any direction and calculate ac-
cordingly the mean number and radius of the muon distribution.

® RIASSUNTO

Le frequenze di muoni multipli ottenute conilrivelatore NUSEX ad una profondita ver-
ticale di 5000 hg/em? sono confrontate con diversi modelli sulla composizione di pri-
mari cosmici. Questo studio & fatto usando Montecarlo e formule analitiche che tengono
conto degli aspetti geometrici e dell’accettanza dell’apparato. Un buon accordo & tro-
vato con un modello nel quale la relativa frazione di nuclei pesanti non cresce signifi-
catamente fino a 106 eV. Questo modello riproduce bene sia il flugso totale di nuclei
misurato nell’intervallo (1013-:-10'4) eV che lo spettro di particelle fino a 106 eV,

CnexTp mepBHYHBIX KOCMUYECKUX Jyveli npm 3meprusix (102 - 10%6) 5B u3
MHOMKECTECHHBIX MIOOHHEIX coOwITHii B NUSEX skcnepumente.

Pestome (*). — VIHTEeHCHBHOCTA MHOMECTBEHHBIX MIOOHHBIX COOEITHII, M3MEPCHHBIX B
NUSEX skcumepumente ma riybume 5000 hg/cm? s.r., cpaBHEBAIOTCA C MMEIONMMUCH
MOIENAMY TIEPBAYHOIO COCTaBa KOCMMYCCKEX Jiyuedi. IIpH BBIMHCIIEHHSAX MCHOJIB3YIOTCS
Mozenuposarusa Mo Merony MonTe-Kapsio u ananutiieckue HopMysisl, KOTOPEIE YUNTHI-
BarOT TEOMETPHUYCCKHE XapaKTEePHCTHKY amIaparypel. IIojyyaeTcs Xopoliee COIJIacHe C
MOIEIIBIO, B KOTOPOl OTHOCHTEIbHAS HOJNS TCPBHYHBIX TSKEIHIX SOCP CYMIECTBEHHO HE
YBEIMUYUBACTCS BIUIOTE N0 3Heprmii 101¢ aB. OTa Momens OYEHEL XOPOINO BOCHPOM3BOINT
TIOTOK BCEX HYKIOHOB, M3MepeHHbIX B oOmactd (10'®-10'%) 5B, u CHEKTp BCEX YAaCTHIL
BIUIOTH 70 10'¢ 3B,

(") Hepesedeno pedarxyueii.
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