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Study of cosmic ray composition in the knee region using multiple muon events
in the Soudan 2 detector
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Deep underground muon events recorded by the Soudan 2 detector, located at a depth of 2100 m of water
equivalent, have been used to infer the nuclear composition of cosmic rays in the “knee” region of the cosmic
ray energy spectrum. The observed muon multiplicity distribution favors a composition model with a substan-
tial proton content in the energy regiork@0°—1.3x 10’ GeV/nucleus[S0556-282197)00409-9

PACS numbegs): 96.40.Tv, 96.40.De, 98.70.Sa

I. INTRODUCTION ceptance or long exposure, neither of which is currently fea-
sible for measurements near the top of the atmosphere or
The composition of the cosmic rays in the “knee” above. Instead, studies of the composition of cosmic ray pri-

(~10* TeV/nucleus region of the cosmic ray all-particle maries in this high-energy regime can be carried out indi-

spectrum has consequences for astrophysical models of pdfCtly through measurements of aspects of the atmospheric
ticle acceleration and propagation. For example, a model dfaScade generated by the interaction of a cosmic ray primary

accretion onto a black hole in the center of an active galactit‘,N ith the Earth’s atmosphere.

nucleus(AGN) predicts an excess of protons around the knee%ecaeesaulandter:grgg&d c?;g?)::n:)?néts),sr?:ifhraaz iouggrg zéri'rr:d"
region in the cosmic ray fluxl], while a model of shock y y b ys by paring

acceleration during a supernova blast into a stellar wind enobservations of multiple muon event rates to expectations
9 b .derived through Monte Carlo simulations using various trial

vironment predicts an excess O.f heavy nuciel in the Cosml‘(‘tomposition models as input. A multiple muon event is one
ray flux in the same energy regi¢]. _ in which two or more nearly parallel, time-coincident muon
Unfortunately, the composition at energies abevg000  yracks are observed in the detector. These muons are decay
TeVinucleus is difficult to measure directly due to the hroqycts of mesons which are generated in the hadronic core
steeply falling spectrum of cosmic ray primaries. The flux of of the atmospheric cascade. At high energies, massive pri-
partiCleS with energies greater than 1000 TeV/nucleus is Onlmaries generate more high_energy muons per event than pro-
~ 60/m?/sr yr. Therefore measurements of cosmic rays inton primaries of the same total energy. This is because the
this energy regime require detectors of either very large adnitial parent mesoripredominantly piohparticle multiplici-
ties are larger from the more massive primary, and the atmo-
sphere is more favorable to pion decay versus interaction
*Now at University of Arizona, Physics Department, Tucson, AZ early in the cascade development. In addition, the point of

85721. first interaction of the heavy primary is likely to be higher in
"Now at Swarthmore College, Swarthmore, PA 19081. the atmosphere than for the proton primary due to the larger
*Now at Dept. of Medical Physics, University of Wisconsin, cross section of the heavy nucleus-air interactions.

Madison, WI 53705. At the Soudan site, the measurement of the high energy
$Now at Dept. of Radiology, University of MN, Minneapolis, MN  muon component underground is coupled with sampling of

55455. the electromagnetic component of the air shower at the sur-
"Now at Kodak Health Imaging Systems, Dallas, TX. face using a small proportional tube arf@}, and a Cheren-
TNow at Edward Waters College, Jacksonville, FL 32209. kov light detector array4]. A correct interpretation of the
** Now at MicroFab Technologies, Plano, TX. cosmic ray composition should yield consistent results using
""Now at Fermi National Accelerator Laboratory, Batavia, IL all three experimental techniques in all possible combina-
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In this paper, we report on an analysis in which the ob- The active region of each detector module consists of
served multiple muon event rates recorded in the Soudan 2560 15-mm diameter plastic drift tubes layered between
detector are compared with the simulated rates obtained ug41 1.6-mm-thick corrugated steel sheets. lonization depos-
ing three distinct trial composition models. The next sectionited in the tubes drifts under the influence of an electric field
of this paper contains a brief description of the relevant astoward the tube ends, where it is collected on vertical anode
peCtS of the detector. In Sec. I”, we report on the analySiS OfNireS Spaced 15 mm apart, and horizontal cathode Strips
the observed multiple muon event rates. Section IV containgpaced 10 mm apart. The pulses on the wires and strips are
a discussion of the Monte Carlo simulation. Section V has gead-out and digitized every 200 ns, which, for a drift rate of
discussion of the test composition models used in this analyy g cmizs, corresponds to a timing resolution along the drift

S|sdatrr1]d a (t:omp;mson (?etvx_/eerlhthe datadmlultllg_le r|1|1uoSn rateé?(is of 1.2 mm(The measured resolution along the drift axis
and the rates observed using these Modeis. FInally, S€C. 6t _6 mm is larger than the timing resolution due to varia-

summarizes the results. tions in drift velocities) Pulse matching of the anode and
cathode signals yields a three-dimensional space coordinate
for each drift tube crossing along the path of a charged par-
The Soudan 2 detectdb] is a high-resolution tracking ticle.
calorimeter located in the Soudan Underground Mine State Events with high muon multiplicity require the ability to
Park in northern Minnesota, at a depth of 710 m below theseparate tracks bunched tightly together, as well as to distin-
surface of the Earth. This depth corresponds to a muoguish tracks obscured by showers in multiple muon events in
threshold energy of0.7 TeV for a muon transmission prob- which a large bremsstrahlung has occurred. The high resolu-
ability of at least 50%. The modular design of the detectottion of Soudan 2 is particularly suited to this type of study
has allowed the continuous acquisition of data from the besince a typical track will leave hundreds of reconstructed
ginning of its construction in mid-1988 to the present, duringpulses along its path. Figure 1 shows three views of a 14-
which time Soudan 2 has recorded more than 33 milliormuon event as recorded in the detector. The resolution of a
muon events. The detector reached its full size of 224 1 nspace point along a muon track detected in Soudan 2 is
X1 mx2.7 m modules in November, 1993, for a final oper-~1 cm. The angular resolution of a typical muon track is
ating size of 8 NX 14 m in horizontal surface area5.4 min  <1°.
height. The primary trigger operating over the time span of this

Il. THE DETECTOR
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by muons with a track length of 50 cm. The co-
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data sample was called the “edge” trigger. It required a Data in Soudan 2 are accumulated in modular “runs”
muon to have pulsed a minimum of 7 anode wires or 8each lasting a little over an hour and containing typically
cathode strips out of any contiguous block of 16 channels 0f500-2500 events. To be included as part of the data
either type, separated by at least one trigger clock pulse afample, each run needed to pass a series of “run quality”
length 600 ns, and occurring within the given time window checks in order to exclude runs with localized hardware fail-
of 72 us. The effect of the trigger requirement on a muonures such as high voltage trips, excessive noise, or anoma-
track of length 50 cm, the minimum track length consideredously high or low average trigger rates. After application of
in this analysis, is shown in Fig. 2. The boundary shown inrun cuts, the total live-time considered in this analysis was
the figure represents the ideal; in actuality, muon bremsstralt348.8 h.

lung or pair production initiated showers assist triggers al- Several cuts were applied to the data sample to ensure the
lowing some muons outside of this region to satisfy the trig-highest quality data. Each muon track was required to have a
ger requirements as well. This, combined with individual minimum length of 50 cm. Multiple muon events were re-
channel inefficiencies, creates some fuzziness at the triggeuired to satisfy a “parallel” cut such that for each muon
acceptance boundaries. To avoid the trigger holes, the dateack there was an angular separation of less than 5° from at
events in this analysis were subjected to software imposelast one other muon in the group. This restriction was to
zenith and azimuthal angle cuts as discussed in the next sesliminate locally produced tracks. To avoid the trigger holes,
tion. we have made cuts on the azimuthal and zenith angle regions

In addition to the main detector, there is a 1481 m  of acceptance. The muon events are confined to the azi-
X10 m veto shield consisting of proportional tubes whichmuthal regions 10 $<80° in each quadrant and zenith
nearly covers the entire# steradian surrounding the main angles>15°. The muon events are further confined to zenith
detector. For multiple muon analysis, the shield is useful as angles<60° as this allows us to apply the flat atmosphere
tool for selecting multiple muon event candidates in the mairmodel which is prevalent in atmospheric cascade simula-
detector. It can also be used to study muon tracks which pas@ns. The zenith and azimuthal angles of an event with more
outside of the main detector voluni6], however, this has than one muon track were determined as the average of all
not been included in the analysis presented here. muon tracks satisfying the length and parallel cuts.

By design, the Soudan 2 track reconstruction software
finds and reconstructs everything from through-going muons
to “contained” tracks consisting of as few as 5 pulses. This

The data set reported in this paper consists of a sample @ because Soudan 2’'s primary purpose is to search for the
the total number of events recorded in Soudan 2 over thehort tracks left by proton decay. The software is very effi-
time span June 1991 through October 1991, and includes 7dent at finding and reconstructing single muon events which
X 10° single muon and 22 000 multiple muon events after alltypically contain several hundred pulses. For this reason, de-
cuts are applied. The detector size at the time of this dateermining the single muon event rate required only purifying
sample was 8 11 m in surface areax5.4 m high. A  the total of all tracks found by the reconstruction software to
larger data sample is not necessary for this analysis, since iextract the through-going muon tracks. The regular track re-
accuracy is dominated by systematic uncertainties in theonstruction code was modified to tag muon tracks as those
Monte Carlo simulation and not by statistics. which satisfied at leagine of the following criteria onboth

IIl. DATA ACQUISITION AND ANALYSIS
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TABLE |. Efficiency and background for reconstructed single muon events.

Total scanned Muon events

Run Date events passing cuts Efficiency Background
29 052 7/21/91 1000 273 £2=0.993+0.005 7%= 0.015+0.007
31111 10/14/91 900 321 28-0.991+0.005 2= 0.025+0.009
Total 1900 594 89-0.992:0.004  £4=0.020+0.006

r]}'he lr)1et e:fect of these cuts We}g tlo seled % o;_t(;le total .
. o : number of muon events as multiple muon candidates, while
;/rztgksvcgeski/vir;ﬁintg% Ig‘:’: g?iﬁgséreutg;grhézgg ttr;]ee Z?Ej gﬁc :E%he final sample post scanning qonsisted of only 3'% multiple
) D ) uons. Therefore these selection cuts are considered to be
track projected through a detector crack, which is defined ery liberal.
the small open region between each pair of modules. These The myltiple muon candidates were examined not just for
requirements were enough to make the software very effigytiplicity but to check their reconstruction results which
cient at producing a very pure single muon sample. Theyere displayed directly over the event. The majority of low
single muon event reconstruction was tested against 190@utiplicity events (N,<4) had been reconstructed correctly
randomly selected events from two separate data runs, @fy the software, while the highest multiplicity events &)
which 594 events were found to be single muon events pasgenerally required some manual corrections which were ap-
ing the length and angular cuts considered here. The resulgied through the interactive graphics program to produce the
of this test are shown in Table I. The software was found tacorrect fits.
be 99.2:0.4% efficient at identifying single muon events  Events with multiplicities greater than 12 were discarded
which passed the stated angular and length cuts. The back this analysis due to a flaw in the data acquisition hardware
ground of misreconstructed tracks contributing to the singlevhich existed at the time of the data sample. This flaw put a
muon sample was determined to be 2M6%. These cor- maximum limit on the amount of readout time taken by any
rections have been applied to the observed number of singlene event from the time of the trigger to the end of the event
muon events in Table IlI. readoutCAMAC sequence. The amount of time spent in this
The software reconstruction of multiple muon events insequence rises with the size of the event, which is in turn
the main detector is complicated due to a hardware desigdependent on the event multiplicity. Since the readout time
feature which electrically adds signals from separate regiondistributions corresponding to a given multiplicity have long
of the detector together during readout. The purpose of thitails, there is a gradual lessening in the efficiency to readout
“multiplexing” is to decrease the cost of the electronics re-the entire event with increasing multiplicity. Through a
quired to read out the %4 1P drift tubes, and it occurs just simulation in which low multiplicity data event$or which
before the pulses are digitized. The multiplexing is config-the readout time distributions are knownere used to gen-
ured so that a match between a given anode pulse and catérate the readout time distributions of high multiplicity
ode pulse has a unique position in the detector. The pulseavents, the efficiency for reading out high multiplicity events
are demultiplexed at the software stage. This multiplexingvas determinedl7]. These efficiencies were calculated based
has little effect on the software reconstruction of containedbn a worst case scenario, and as such cannot be used to
events or single muon events because the relatively smatiorrect the data. In this simulation, 99% of 12 muon events
number of pulses in these events leads to a simple interpravere read out successfully by the data acquisition software.
tation of the data, but as the multiplicity of the event in- This is the maximum multiplicity considered in this analysis.
creases, the number of pulses and the complexity of the de- The efficiency of the multiple muon candidate selection
multiplexing of the event increases as well. For this reasongriteria is tabulated in Table II. In this case, the same two
the software reconstruction of all candidate multiple muon
events was supplemented by scanning performed by a physi-

ends of the track: The track extrapolated to a time-coincide

TABLE Il. Efficiency of the software at finding multiple muon

cist using an interactive graphics program. events satisfying the cuts specified in the text.

Multiple muon candidates were selected based on a set of
generous but simple criteria. These criteria were that a cangyn Date  Total events Multiple muon events Efficiency
didate event contain both of the following.

At least one “good” track satisfying the criteria of the 29052 7/21/91 2070 23 1.0
single muon tracks described above, except that in this casd 111 10/14/91 900 7 1.0
the angular restrictions on this one track were loosened t38 132 6/13/91 1858 12 1.0
12.5°< 9=<62.5° and 7.5% ¢=<82.5° in each quadrant. 33009 1/01/92 1868 13 1.0

At least one two-dimensional(2D) anode-time or 35018 3/31/92 1795 19 1.0
cathode-time reconstructed track, which, when paired witt85520 4/26/92 1428 16 1.0
the opposite 2D track from the “good” track, was parallel to 35 848 5/12/92 1881 19 1.0
the “good” track within 5°. The sum of the projected
lengths of all parallel 2D tracks in either the anode-time oryota| 11 800 109 109-1.

cathode-time view had to be at least 50 cm.
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TABLE lll. Number of events and event rate observed at each multiplicity.

Multi- Events Eventst stat* syst Rateh™ 1)+ stat+ syst
plicity (uncorrected (corrected (corrected

1 724792 716 024~ 846 + 5249 530.87+ 0.63 * 3.89
2 17 237 17 237+ 131 "¢V 12.780+ 0.097 *9:30°
3 2813 2813+ 53 *§8 2.086+ 0.039 *50%°
4 905 905 + 30 *2? 0.671+ 0.022 *3016
5 385 385+ 20 F34 0.285+ 0.015 *59%7
6 172 172+ 13 131 0.128+ 0.010 3003
7 102 102 + 10 *2° 0.0756+ 0.0074 * 3919
8 58 58 + 7.6 T34 0.0430+ 0.0056 * 59010
9 42 42 + 65730 0.0311+ 0.0048 * 397
10 37 37+ 6.179% 0.0274+ 0.0045 +5:9007
11 20 20+ 457048 0.0148+ 0.0033 * 30004
12 13 13+ 3.6 9% 0.0096+ 0.0027 +5:9003

runs used to determine the single muon efficiency were usedecay, drop below some user defined energy threshold, or
to determine the number of multiple muon events which satreach the atmospheric sampling height. In our case, this last
isfy the angular, length, and parallel cuts described above. Gjuantity is at the surface of the earth above Soudan 2, which
the 2970 events in these two runs scanned for multiple muonorresponds to 492 meters above sea level.

events, 30 events were determined to be multiple muon The HEMAS cascade code is built so that the hadronic
events which satisfied these cuts, and the multiple muon séateraction code is fully modular. In this analysis, we have
lection software found all 30 of these events. Five additionalised the recent programsyLL [9] for generating hadronic
runs shown in the table were scanned by a team of undeinteractionsSIBYLL is based on the dual parton model with
graduate scanners. 79 out of the 8830 events scanned warenijet production superimposed. It was designed with the
found to be multiple muon events which satisfied the cuts, ofmotivation of using a theoretical model for extrapolation of
which the multiple muon selection software found 79. The"low”-energy accelerator and fixed-target data to the ener-
efficiency of the multiple muon selection software has theregies necessary for the study of cosmic ray interactions.
fore been determined in excess of 97.5% at the 90% confisIBYLL agrees reasonably well with available accelerator data
dence level. This uncertainty has been applied to the errors iwith one notable exception: tHg@+) distributions associated
Table Il for all multiplicities, even though the selection soft- with particle production inpp interactions are underesti-
ware will certainly be more efficient at finding high multi- mated at large Feynman (xz>0.15) [9]. The (p+) distri-
plicity events than low multiplicity events, so that this can bebutions of parent mesons are significant in studies like this
considered to be a very conservative estimate of the totddecausdpy) is the dominant contributing factor to the lat-
uncertainty at high multiplicities. The final corrected muoneral distribution of underground muons. At the Soudan 2
event rates observed in Soudan 2 are shown in Table Il and
Fig. 3.

IV. MONTE CARLO SIMULATION 1o

The increasing statistical accuracy of indirect measure-
ment data correlated to phenomena from primary energies in
the knee region requires the use of sophisticated Monte Carlo
simulations to constrain the systematic errors in these types
of measurements. In this application, we have used the most
fully developed Monte Carlo simulation of the atmospheric
cascade and muon rock propagation currently available. The
Monte Carlo simulation used in this analysis consists of three
stages: A three-dimensional simulation of the atmospheric
cascade; a three-dimensional simulation of the propagation 107 .

1077
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T
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of the muons through the rock overburden; a simulation of g ¢ e
the detector. r t ]
The cascade simulation uses thEvAS cascade codgS] 107 | x |
for controlling the overall structure of the cascade develop- ' ‘ — —
. S 0.0 4.0 8.0 12.0
ment. This code injects a nucleus of a requested energy, Multiplicity N,

mass, azimuth, and zenith angle into the atmosphere. It then
tracks this particle and any secondaries produced along the FIG. 3. The absolute event rate as a function of multiplicity as
path of the cascade development until they either interackeen in Soudan 2. The rates are also tabulated in Table Ill.
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depth, the mean separation of muon pairs is comparable to V. ANALYSIS
the size of the detector. This means that the Monte Carlo
simulation of muon lateral spread is significant for a detector ) )
of our size and depth since we need to determine correctI% The energy and mass of the primary cosmic rays cannot
the rate of “observed” events of a given multiplicity from P€ de_termlned on an event-by-event basis through indirect
the total number of events at our depth. We have tested thgXPerimental methods such as underground muon rates be-

effect that thesiBYLL underestimation ofpr) has on our cause of I.arge fluctuations in the atmosphe_ric development
analysis and discuss this in Sec. V of a cosmic ray cascade. Instead, the experimental approach

The nucleus-air interaction simulation is also a modular to assume a model of primary composition at the top of the

atmosphere as a function of mass and energy, and to use the
component of theiEmas cascade code. We have used theMonte Carlo simulation to predict from the assumed compo-
NuUcLIB [10] nuclear interaction code for this stage. In addi- P b

tion, theHEMAS cascade simulation package has been modiic"tIon the muon rate underground. For simplicity, primary

fied from its original form to include the effect of the local icn(i:)ng\?e&g?;ssmgorg?;sgceer:ﬁé?gzj/ ;r'(\)/:%e d ?;an?rriﬁc(i:gjmﬁclr;yli
geomagnetic field, which has a strength of 0.59 G and %e, CNO, Ne-S, and Fe. To narrow the field of possible test

magnetic inclination and declination of 75.1°N and 0.85 Ecomposition models, we have defined three composition

respectl_vel_y at the Sou_dan 2 site. !Even though the Ear'Fh models which satisfy the following criteria: The model is
magnetic field is weak, it plays a noticeable role in determin-,

ing the transverse displacement of the underground muo theoretically motivated by an astrophysical model; the model

. : Mis the available satellite and balloon direct measurement
because the distance traveled by the cosmic ray muons : . .

. ata in the low-energy region<(1000 TeV/nucleus in
through the atmosphere is very long. Because the magnetic, . . ) i
' o ; . which these data are available; the model normalizes to the
field near the Soudan site is nearly vertical, particles at Iarg%ir—shower determined all-narticle spectrum in the knee en-
zenith angles are more greatly affected than those near VELL v region P P
tical. We have found that the addition of the magnetic field gy region.

; : o In recent years the amount of direct measurement cosmic
to the cascade simulation has a negligible effect for event§a composition data. both satellite and balloon. has arown
with zenith angled=15°. However, at¥=60°, the Earth’s Y b ’ : 9

magnetic field increases the mean transverse dis IacementhnSiderably' Direct measurements currently extend up to
9 P almost 1000 TeV/nucleugl8,19. Monte Carlo simulations

muons from the event core at the Soudan 2 depth from 13 m L
: e i . show that Soudan 2 should be sensitive to muon events gen-
with no magnetic field to 18 m with magnetic field.

. : ! erated by primary cosmic rays in the energy region 5—
. To determme'the absolu'te single and multiple muon rg’gego 000 TeV/nucleus. Therefore, there is significant overlap
in the detector, it is essential to understand the compositio

and thickness of the rock overburden, as well as to have between direct measurements and the energy region under

; gtudy in our analysis.
means to simulate the passage of the muons through the Use of the available direct measurement data performs

rock. A digitized map from the US Geological Survey Was wo important functions in our analysis. First, it tightly con-

used to determine the depth of rock around the Soudan S'tgtrains the possible test composition models, e.g., a compo-

The density of the rock at the Soudan site is also variable. ... i
Soudan is located in the “Iron Range” of northern Minne- sition model of pure protons over the entire energy range

. . ... _under study would be in obvious contradiction to the mixed
sota and the rock overburden is of nonuniform composition o . : X

: . : composition observed in the lower-energy regime by direct
with pockets of iron ore interspersed among an overburderi
consisting mostly of Greenstofi#l]. To determine the den-
sity of the overburden, a fit to “world survey” muon data 1.00
[12] was performed using a large body of muon data span-
ning the periods June, 1991 to March, 1996. The effective
rock density was determined in 337 angular bins covering
the angular region considered in this analy3ik

The GEANT Detector Description Simulatidr3] package
developed by CERN was used to propagate muons under-
ground. Muon energy loss mechanisms are fairly well under-
stood[14], and in fact have been experimentally verified up
to energies of-1 TeV for muon energy loss in irgri5,16].
For Soudan 2 data this is the critical region of energy, since
it defines the shape of the rise of the transmission probability
curve.(The transmission probability curve is the probability
of a muon to successfully reach the Soudan 2 level versus
muon surface energyWe have compare@EANT to the
available muon experimental energy loss data with good re-
sults[17]. - | & -
Finally, the detector was simulated using a simplified ~ ©9° o 2'0 ' 3‘0

model which compares well against a more realistic simula- ‘ Mu[tip“'dty N, '
tion of the response of the tracking calorimeter modules and
their readout electronics. All cuts applied to the data were FIG. 4. The fraction of events at each multiplicity generated by
also applied to the Monte Carlo simulated events. primaries with energy less than 100 TeV/nucleus.

A. Composition models

r O New Source_P

0.75= & Heavy 7

L O New Source_Fe |

0.50F —

0.25~ _

Fraction of Events with Eprim < 100 TeV/nucleus
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FIG. 5. Differential fluxes of the five mass groups used in the low-energy component of the New _Sdunceé New Source~e
composition models. Muon events observed in Soudan 2 are products of primaries with energies &8o@eV/nucleon; however, it is
useful to show differential flux measurements at energies below this to display trends in the data~B&dBeV/nucleon, the observed
flux of cosmic rays is greatly affected by solar modulation, and the amplitude of the data will depend upon the intensity of solar modulation
at the time the measurement was taken. The fits for each of the five mass groups, shown as solid curves, have been “modulated” at low
energy in this figure by a factor of the forth+«E~#) 1 to fit the data, however, this does not affect the low-energy parametrizations given
in the text for the energy regior 10° GeV/nucleon which is of interest to us. The direct measurement data have been compiled from the
following sourcesO [31]; @ [32]; (I [33] for proton and helium anfB4] for heavier elements; filled] [35]; A [36] for proton and helium
and[37] for heavier elements; fillech [19]; V [18]; ¥ [38]; ¢ [39]; ¢ [40]; * [41]; and X [42]. The “Fe Group” consists of the elements
Z2=26-28 forO and[J; Z=26 for A; andZ=26-30 forA.

measurements. Secondly, proper normalization to the direchent data over the entire relevant energy range. To formulate
measurement data allows for a test of the atmospheric casest composition models, we follow the lead of Silberberg
cade simulation at low energy. To illustrate, Fig. 4 shows theet al. [23] and Stanev, Biermann, and Gais§24| and as-
fraction of events which are produced by primaries of energysume a two-component model at low energies, such that the
less than 100 TeV/nucleus as a function of multiplicity. It is differential spectrum is described by

clear from the figure that greater than 85% of single muon

events are generated by primaries in an energy region in d_N_K E-74K,E-72 1)
which the composition is well known. Therefore, the abso- de ! 2

lute single muon rate in Soudan 2 can be used as an impor-

tant test of the Monte Carlo simulation. for each of the five mass groups. A two component model

As has been pointed out elsewh§?6], the availability of  follows naturally from the assumption that the low-energy
new high-energy direct measurement composition data hasosmic rays come primarily from two sources: supernova
made some popular composition models somewhat obsoletblasts into a homogeneous interstellar medi(ery., [25])

In particular, we note that the versions of a Light test com-and supernova blasts into a stellar wind environni@®.
position model used by NUSER1] and MACRO[22] no  The latter is theorized to play a significant role for the heavy
longer give good agreement to the available direct measurelements and to produce a flatter spectrum than that of the
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former[26,23. To fit Eq. (1) to the direct measurement data, sley [27], assumes that a new source consisting entirely of
we have compiled data from a large number of direct meaprotons predominates at energies around the knee. This type
surement experiments. These measurements are shown ah proton-rich source is compatible with the ideas of the
Figs. 5 and 6. We found that good agreement between EQqAGN particle acceleration model of Szabo and Proth¢tde
(1) and all five mass groups could be obtained by usingn the New SourceP model, we have assumed that the low-
v,=2.75 andy,=2.50, and by allowing the coefficienks;  energy components have an exponential cutaéf in[24]),
and K, to have the values tabulated in Table IV. Equationsuch that the differential spectrum for these components be-
(1), along with the values in Table 1V, is used to describe thecomes
low-energy component in all models considered in our
analysis. The agreement of this low-energy component with dN _ o\ e EIE
the direct measurement data is shown in Figs. 5 and 6. d_E:(KlE HKRE ™ 72) e EEau @

We then define three test composition models: “New

Source P,” “Heavy,” and “New Source Fe.” The New  The exponential cutoff enerds,, is determined for the pro-
Source P model, motivated by the model of Fichtel and Lin- o component by the direct measurement data. The expo-

TABLE IV. Low-energy parameters of the New Souré® New TABLE V. The low-energy component energy cutoff used in
Source Fe, and heavy composition models. The unitKgf, are  the New SourceP and New Source~e composition model€
[m~2s~'sr™}(GeV/nucleupr271]. is given in(GeV/nucleus
Mass group  Zeff  Aeff K1 Y1 K, V2 Mass group Ecut
H 1 1 20830. 2.75 0.0 25 H 1.5x10°
He 2 4 7750. 275 8400 25 He 1.0<10°
CNO 7 14 3545. 275 550.0 25 CNO 3.5 10°
Ne-S 12 24 2655. 275 4450 25 Ne-S 6.0<10°

Fe 26 56 2120. 275 3350 25 Fe 1.3 10
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nential cutoff for the heavier elements is allowed to extend N
out to higher energies, as suggested by Rzf] for a stellar E“Ewe’- (4)
wind component, and as required by the helium data. This

cutoff for the heavier elements is also taken to be rigidity-l-he Evee and y; parameters for this model are given in
. nee
dependent. The low-energy cutoff for all five mass grouPSraple Vil and the agreement of this model with direct mea-

are given in Table V and are shown in Fig. 5. _surements is shown in Fig. 6. The normalization to the all-
_The New SourceP high-energy component, shown in ,ice spectrum closely matches that of New SouRtand
Fig. 7, has the functional form is shown in Fig. 7.
The third test model, New SourcEe, is exactly the same
d_N: KoeonE*BoEfyO’ 3) as New SourceP except that the high-e_nergy protons have
dE been replaced by iron to test the opposite extreme. The frac-
tional composition for all three models is shown in Fig. 8.
with parameters for this component given in Table VI. WeWe note that even though a pure proton high-energy compo-
have chosen to normalize the high-energy component sualent is assumed for the New Sour&model, this model is
that the summed mass components of the model equal theill fairly heavy in what will be the critical energy region for
all-particle spectrum as determined by Akef@8]. This  this study: 16— 10" GeV/nucleus. In particular, we note that

choice of normalization and its effect on the undergroundhe New SourceP model is heavier than the MACRO Light
muon rates will be discussed in the next section. [22] model in this energy region.

The second test model, the Heavy model, is motivated by
the theoretical model of Biermaret al.[2,24], in which the
stellar wind component extends out to energies up to
~Zx 10 GeV/nucleus. In the Heavy test model used here, The results of this analysis are shown in Fig. 9. This fig-
each of the heavy mass groufide,CNO,Ne-S,Fehas the Ure shows the ratio of simulated multiple muon event rates to
low-energy form given in Eq(1) up to a sharp break at observed event rates for each of the three test composition
energyE,ee, above which the mass groups follow the singlemodels. Figure 10 shows the primary energy range to which
power-law

B. Results

TABLE VII. High-energy parameters of the Heavy composition

TABLE VI. High-energy parameters of the New Soureand ~ MOdel-Eyneeis given in GeV/nucleus.
New SourceFe composition model. The units oK, are

[m~2s~sr 1 (GeV/nucleus’ 1] and A, is given in (Gev/  Mass group Exnee Y3
B,
nucleus=. He 1.2¢10° 3.08
CNO 4.2¢<10° 3.08
K A B
0 0 0 Yo Ne-S 7.2¢10P 3.08

2.75E9 327. 0.322 3.3 Fe 15.6<10° 3.08
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each multiplicity is sensitive. We note that 90% of the highfore, it is clear that the high multiplicity events offer a sta-
multiplicity (=6) events come from a fairly well defined tistically significant test of composition of cosmic rays in this
region of the energy spectrum which is<80°—1.3x10°  part of the all-particle spectrum.

GeV/nucleus. This is the energy region just below and The agreement of the measured and simulated event rates
around the knee of the energy spectrum. From Fig. 9, theresf each test composition model is tabulated in Table VIII.
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FIG. 9. Ratio of simulated to data absolute event rates as a Log, y(Energy(GeV/nucleus))

function of event multiplicity. The ratio errors are calculated using

the systematic and statistical errors of the data rates, and statistical FIG. 10. Distributions of Monte Carlo multiple muon events as
errors only of the Monte Carlo rates. See the text for a discussion od function of primary energy. The distributions have been normal-
Monte Carlo systematic errors. ized to the total live time of the analysis.
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TABLE VIII. Calculated values of?, x? per degree of freedom

(DF), and confidence level for each of the test composition models. ~ ~C[ "~ T T T T T
See text for further discussion. o New Source. P )

48.0 ----- Heavy
Composition model e DF  x%Npe C.L. (%) - - - New Source_Fe

O MACRO

New SourceP 8.7 7 1.2 28 40.0
Heavy 103 7 15 2%x10°Y7
New Source Fe 236 7 34 3.810° % 320

<A>

x%INpg in each case is calculated by comparing the absolute ~ 24.0
event rates of the simulated and measured data for the seven
multiplicities 6 through 12 which span the primary energy 16.0
region of interest around the knee of the all-particle spec-
trum. The data event rates used in this calculation include
statistical and systematic errors, while the simulated event 8o
rates include statistical errors only. Of the three trial compo- r
sition models considered here, the New SouResimulated o.o%
event rates clearly give the best agreement with the data in 3.0 4.0 5.0 6.0 7.0 8.0
the knee energy region of the all-particle spectrum. Logyg(Energy(GeV/nucleus))

The observed absolute single muon rate agrees with the _ _
Monte Carlo rates obtained with all three composition mod- _ /G- 11. Average atomic mass versus primary energy for each
els to within 5%. As already mentioned;85% of single of the three test composition models, and as determined by

muon events come from a region of the spectrum in Which'vIACRO [45]

the composition is known from direct measurements; there- , . .

fore the agreement of the single muon observed and Montelose to the altitude of the experiment, and hence their fluc-
Carlo rates shows that the Monte Carlo program is successfiations at the point of sampling are at a minimum. Also, the
at simulating muon events at low energy. Of course, as w&verage shower sizes generated by primaries of different
extend the measurement to higher energy, the systematic uptomic mass become nearly identical at sampling heights

certainties become more complex. Here we discuss two di€ar Shower maximum. This is very important for eliminat-
ing the systematic dependence of the measurement of pri-

the more important contributors to the systematic uncertain% . "
of the Monte Carlo simulation at energies around the knee of"&"y €nergy on the assumed primary composition.
The all-particle spectra of the test composition models

the all-particle spectrum. . ; . o
considered in this analysis lie about 22% lower than the
1. All-particle spectrum normalization Tibet measurements at energies of-f0GeV, and about
As alread ioned h h i h9% higher at energies of 1@eV. A renormalization of the
s already mentioned, we have chosen to normalize the, o icle spectrum of the heavy model to the Tibet spec-

test composition models to the Akeno determined aII-particIe[rurn yields underground high-multiplicity event rates which

spectrumi 28] in the knee energy region. The choice of nor- o " qo4 higher than the present rates, again pushing the
malization in this energy range has some arbitrariness assey, '

. o . ) : eavy model further away from the data.
ciated with it since the all-particle spectrum is determined
indirectly through air-shower measurements. This choice ob-
viously has an effect on the high multiplicity underground
muon rates. The Akeno grouj28] established a range in As already noted, one of the uncertainties in the hadronic
which the all-particle spectrum might fall based on their owninteraction model is thasiByLL tends to underestimate the
measurements using various techniques and the measuigerease inpy) with xg (xg>0.15) for particle production
ments of other experiments. Their parametrized form of theiin pp interactions. On the other hand, an older version of a
measured all-particle spectrum, used in the analysis préMlonte Carlo hadronic interaction codesmAs [8], produces
sented here, lies along the low end of this range. If we wer& significantly greater mean transverse momentum in the for-
to increase the normalization of the test composition modelward fragmentation region than that®ByLL, and is in fact
towards the upper end of their range, the effect would be tdikely to overestimate thép+) at largexg [9]. We have run
push the results furthemway from the heavy composition a test using the Heavy model as input amlrLL as the main
models. driving code, but scaling the transverse momentum in each

We also compare the normalization of the test model all-siBYLL hadronic interaction according to thé&MAS (pt)

particle spectra to the recently reported result of the Tibetlistributions. In this way, we were able to extract and test the
ASv [44] air-shower collaboration. The Tibet air-shower ar- effect that just this one aspect of the hadronic interaction
ray operates at the high altitude of 4300 m above sea levet,ode has on the Monte Carlo simulated Heavy model rates.
corresponding to an atmospheric depth of 606 dicfihisis  The result is that approximately 10% fewer Monte Carlo
an ideal altitude for studying the all-particle spectrum in theevents with multiplicites=6 are seen in the detector given
energy region just before and around the knee, since athe larger{p) distributions of theHEMAS hadronic interac-
showers generated by primaries in the energy rangé&on code. This lowers the Heavy composition model rates in
~10°—10° GeV reach their maximum shower developmentthe direction of the data, resulting in an improve&/Npg

L I L L L L I ) BN

o Lo v by e bt e b e b Ly

e by e by b e by

2. Hadronic interaction model
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agreement between the data and the Heavy model. Theonjunction with the underground detector. The result is also

x%/Npg. for the (pr) scaled Heavy model ratdsalculated, in agreement with the recent multiple muon analysis per-

as before, by comparing the absolute event rates of the siméiermed by MACRO[45], as is shown in Fig. 11. Results

lated and measured data for the seven multiplicities Grom Fly's Eye[30] favor a mixed to heavy composition at

through 12 is 55/7 (C.L.=1.8X 10" '%). energies near 810° GeV/nucleus. We note that the Fly's
Eye result does not directly contradict our result, since our
measurement applies to lower primary energies.

VI. CONCLUSION

We have shown that the multiple muon rates observed in
the Soudan 2 detector are sensitive to the nuclear composi-
tion of cosmic rays in the energy regiorx80°—1.3x 10’ We are very grateful to Tom Gaisser for making the
GeV/nucleus, which is the energy region just before andvwAs andsiBYLL cascade simulation package available to us,
around the knee in the cosmic ray all-particle spectrum. Thend for providing valuable advice. This work was supported
composition model favored in this work includes an en-by the U.S. Department of Energy, the U.K. Particle Physics
hanced component of protons in this energy region. Thisnd Astronomy Research Council, and the State and Univer-
component is compatible with the AGN model of particle sity of Minnesota. We wish to thank the staffs of the collabo-
acceleration of Szabo and Prothefag¢ which shows a con- rating institutions, the Minnesota Department of Natural Re-
tribution of protons due to AGN sources localized in thesources for use of the facilities at the Soudan Underground
knee energy region of the spectrum. Mine State Park, the staff of the park for their supper-

The light composition model favored in this analysis isticularly Park Managers D. Logan and P. Wanngykad the
compatible with previous results from Soudan29] and  Soudan 2 mine crew: B. Anderson, J. Beaty, G. Benson, D.
Soudan 43], in which a small surface array was operated inCarlson, J. Eininger, and J. Meier.
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