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Cosmic ray proton spectrum determined with the imaging atmospheric Cherenkov technique
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The HEGRA system of 4 imaging atmospheric Cherenkov telescdpE€S's) has been used to determine
the flux and the spectrum of cosmic ray protons over a limited energy range around 1.5 TeV. Although the
IACT system is designed for the detectionfays with energies above 500 GeV, it has also a large detection
area of=10° m?x3 msr for primary protons of energies above 1 TeV and the capability to reconstruct the
primary proton energy with a reasonable accurAEYE of 50% near this threshold. Furthermore, the principle
of stereoscopic detection of air showers permits the effective suppression of air showers induced by heavier
primaries already on the trigger level, and in addition on the software level by analysis of the stereoscopic
images. The combination of both capabilities permits a determination of the proton spectrum almost indepen-
dently of the cosmic ray chemical composition. The accuracy of our estimate of the spectral index at 1.5 TeV
is limited by systematic uncertainties and is comparable to the accuracy achieved with recent balloon and space
borne experiments. In this paper we describe in detail the analysis tools, namely the detailed Monte Carlo
simulation, the analysis procedure and the results. We determine the(ilecain the range of 1.5-3 TgV
differential spectral index to bg,=2.72+0.02,+ 0.15, and obtain an integral flux above 1.5 TeV lbf
(>1.5 TeV)=3.1+ 0.6 1.2,5< 10 /s st nf. [S0556-282(99)04107-17

PACS numbes): 96.40.De, 95.85.Sz, 98.70.Sa

I. INTRODUCTION noise ratio together with the energy resolution of better than
20% for primary photons makes it possible to study the spec-
The stereoscopic system of imaging atmospheric Chererira of strong sources on time scales of 1 h, as demonstrated
kov telescopes$IACT systen) of the HEGRA Collaboration by the observation of the BL Lac object Mkn 501 during its
[1]is a powerful tool for detecting TeV-ray sources and for 1997 state of high and variable emissi@.
performing detailed spectroscopic studies in the energy range The IACT system cannot only be used forray as-
from 500 GeV to~50 TeV, where the latter limit is deter- tronomy. It can also contribute to the study of charged cos-
mined by event statistics alone. With the nearly backgroundmic rays(CRS for energies between a few TeV and possibly
free detection ofy-rays from the Crab Nebuld], an energy ~100 TeV, a key energy region for the understanding of the
flux sensitivity vF, of =10 1! ergs/cd sat1 TeV for 1 h sources of CRs and their propagation through our galses
of observation time has been estimated. The high signal te.g.[3,4] and references therein for reviews
The measurement with the IACT system described in
this paper has systematic uncertainties comparable to recent
*Now at Forschungszentrum Karlsruhe, P.O. Box 3640, 7602Imeasurements of satellite and balloon borne experiments

Karlsruhe, Germany. (see e.g[5] for a recent compilation A clear advantage
"Now at Department of Physics, University of Leeds, Leeds LJ20f the IACT technique is the large effective area of
9JT, United Kingdom. =3%x10® m? sr for TeV cosmic rays combined with a field
fNow at SAP AG, Neurottstrasse 16, D-69190 Walldorf, Ger-of view of =3 msr, corresponding to a detection rate of
many. around 12 Hz for>1 TeV cosmic rays.
$Now at Enrico Fermi Institute, The University of Chicago, 933  In an earlier papel6] we explored the possibilities to use
East 56th Street, Chicago, lllinois 60637. the IACT technique to measure the energy spectra and mass
'On leave from Altai State University, Barnaul, Russia. composition of CRs and especially CR protons. The stereo-
TNow at Universidad Autooma de Barcelona, Institut désiia  scopic observation of air showers with at least two IACTs
d’Altes Energies, E-08193 Bellaterra, Spain. suppresses heavier primaries already on the trigger level.
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' ' are presented in Sec. IV. Section V discusses the results.

e s This paper is based on the results] @f.
B3 Il. THE HEGRA IACT SYSTEM
E . _
w o ] The HEGRA experiment, located on the Canary Island La
2 Palma at the Observatorio del Roque de los Muchachos
2 g [2200 m above sea levéh.s.l), 28.75°N,17.89°W], is a
E 1es03 | S/ Helium, CORSIKA | large detector complex dedicated to the study of cosmic rays
w

.......... Proton, CORSIKA and y-ray astronomy8]. In particular, the HEGRA collabo-

ration operates two air shower arrays on a surface=df

x 10" m?. The first one is an array of 243 scintillation de-

< tectors of 1 M area eacH9] which samples the particle
cascade reaching the observation level. The other one is the
AIROBICC array of 97 wide angle Cherenkov countgt§]

FIG. 1. Comparison of effective areas for the system of HEGRAWhich samples the atmospheric Cherenkov photons emitted
Cherenkov telescopes for proton- and helium-induced showerd)y the particle cascade. Apart fromray astronomy in the
simulated with the ALTAI hadronic interaction model and the energy range above 15 TeV, the arrays are used to measure
CORsIKA HDPM code. The differences are smaller than 10%. Thethe all particle spectrum and the chemical composition in the
trigger required 2NN/27210 photoelectrongph.e and a 2/4 tele- energy range above-200 TeV[11,12. The third element
scope coincidence. in operation is the stereoscopic IACT system together with

two IACTSs observing in single telescope mode. One of these
This is because the energy thresholg, Edefined as the telescopes has very recently been incorporated into the ste-
energy where the differential detection rate peaks, increasesoscopic system. Here we concentrate on results obtained
substantially with the nucleon numbés approximately as by the IACT system.
Eur <A%°. The stereoscopialetection of the air shower un- At the time when the data used in this analysis were
der different viewing angles with high resolution imaging taken, the stereoscopic IACT system consisted of 4 tele-
cameras permits us to unambiguously reconstruct the aBcopes with 8.5 fm mirror area each. Each telescope is
shower axis in three dimensions. Knowing the location of theequipped with a 271 pixel camera, covering a field of view
shower core with a precision of 30 m, the energy of a pri-of 4.3°. The pixel size is 0.25°. The cameras are readout by
mary proton can be determined with an accurady/E of  an 8 bit 120 MHz flash analog-to-digital convert&DC)
50% and the different projections of the longitudinal andsystem.
lateral shower development can be used to obtain an event The telescope system uses a multi-level trigger scheme
sample enriched with particles of a certain primary specied.13]. A coincidence of two neighboring pixels above a given
The net effect of the trigger scheme and of the software cutthreshold triggers an individual telescope. This trigger con-
is a suppression of heavier nuclei by a factor larger than 10 atition is called 2NN/27% q, ph.e hereafter, where NN de-
TeV energies. This makes the extraction of an almost pur@otes the next-neighbor condition aggl is the threshold in
proton data sample possible and permits the determination afits of registered photoelectrons. A coincidence of at least
its energy spectrum, at least in a narrow range around 1.fwo telescopegsnamed hereafter 2/M-telescope multiplicity,
TeV. Even a rather limited knowledge of the CR chemicalwith M=4) triggers the telescope system and results in the
composition significantly extends this dynamical range. readout of the buffered FADC information of all telescopes.

In this paper we give a detailed description of the prin-  An absolute calibration of the system has been performed
ciples underlying a proton measurement. Then we apply thaith a laser measurement and a calibrated low-power photon
method to data from the HEGRA experiment, which auto-detector{14]. This measurement has determined the conver-
matically accumulates CR air shower data in the form ofsion factor from photons to FADC counts with an accuracy
background events duringrray observations. The HEGRA of 12%. The error on the energy scale is estimated to be 15%
experiment is introduced in Sec. I, the analysis tools aravhich derives from the uncertainty in the conversion factor
described in Sec. Il and the results and the systematic errofsom Cherenkov photon counts to FADC counts, and from

O  Proton, ALTAI
O  Helium, ALTAI

16402 b7

Energy [TeV]

TABLE I. Parameters for the differential energy spectra of different nuclei, taken f@&#h using
dF/dE= ¢pE~ YIssrnt TeV.

Nucleus p He LM HVH
Atomic numberA 1 4 6-19 20-56
Mean atomic numbefA) 1 4 14 40

bo 0.109+0.32 0.066-0.15 0.028-0.06 0.056:0.19
vy 2.75+0.02 2.62-0.02 2.67-0.02 2.61-0.03
Proportion[at 1 TeV] 0.43 0.26 0.11 0.20
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the uncertainty in the atmospheric absorption. TABLE Il. Comparison of the integral rates factal (Rsm and
To obtain the data used in the following analysis, theCORsIKA (HDPW) for the trigger 2NN/27%q, ph.e. and a 2/4 tele-

photomultipliers are operated in a regime where saturatio§cope coincidence.

effects due to space charges are smaller than 10%, for l[eSs——

than 400 photoelectrons per pixel. A total amplitude of theCR primary p(CORSIKA  p (ALTAI) He (CORSIKA)  He (ALTAI)

image, thesize of 400 photoelectrons represents an energy 9o Ph-e. R[Hz] R[Hz] R [Hz] R [Hz]
of protons of around 15 TeV. 7 11.96 11.96 3.65 3.74
10 6.63 6.61 2.14 2.19

lll. ANALYSIS TOOLS 12 4.78 4.68 1.57 1.63

A. Monte Carlo simulations 15 3.62 3.56 121 128

h . . ir sh h . 20 2.23 2.23 0.79 0.83
The CR-induced extensive air showers have been simu- 5, 122 1.22 0.46 047

lated with theALTAI code[15-17. The simulation of the
electromagnetic shower development models the elementary
processes of bremsstrahlung, ionization losses and Coulomb ) )
scattering of charged particles as well as pair production an§HEISHA code(“gamma hadron electron interaction shower
Compton scattering of photons. The effect of multiple scat/gorithm”). HDPM is known to describe, also for heavier
tering of the charged particles is simulated with a fast semiPrimary particles, reasonably well the available accelerator
analytical algorithm which computes the probability distribu-data_in the energy region relevant here {%0E, 4,
tions of the lateral and angular distributions of charged<10“ eV). Instead of EGS our variant GbRsIKA uses the
particles in a given volume in space. The simulation of theALTAI code to model the electromagnetic shower develop-
hadron component is based on accelerator datapsfand  ment.
np-interactions using, where necessary, extrapolations of the A first comparison of the essential characteristics was per-
cross sections to TeV energies. The code uses a modififdrmed using 5 10° showers of vertical incidence, simu-
version of the radial-scaling modéRSM) [18]. Taking into  lated both with theaLTAI and thecORSIKA hadronic interac-
account the probability coefficients for the different fragmen-tion models in an energy range of 0.3—50 TeV and a distance
tation channels, the model of independent nucleon interacscale of 250 m to the central telescope of the system. The
tions was used to describe the fragmentation of the nucleatonstruction of an energy spectrum relies on the determina-
projectile. tion of the effective areas. In Fig. 1 the effective areas for
In order to study the model dependence of the observablproton- and helium-induced showers, as computed with the
parameters, a second air shower library was generated, usimgo interaction models, are compared with each other. The
the CORsIKA code(version 4.50[19,2( to simulate the had- difference between the two models is smaller than 10% over
ronic interactions of the air shower cascadersika offers  the full energy range. Although completely different interac-
several interaction models. High energy interactiois,{  tion models have been used, the agreement is excellent. Pre-
>80 GeV) were simulated with thebpm code(“hadronic  dicted HEGRA detection rates have been computed, weight-
interactions inspired by the dual parton mode[21]. Low ing the individual showers according to the chemical
energy interactionsH, , <80 GeV) were modeled with the composition of the nuclei as known from the literat(ir22];

) A Miaaasasssaassastaanans 80067 . T
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50,06} F . £ CORSIKA 005k § 1
L o ALTAI ] ] A J[ 5 CORSIKA
0.05F r L 1 0.04F ‘ . o ALTAI
- [
004p ® ,41 ] 003} tk
0.03- d 1 E
J. *{ 002F K 1 )
002g ] . ] | . FIG. 2. Comparison of the
oot- . : oo J 1,,..* 1 width andlength parameter distri-
0 01 02 03 04 05 06 07 08 09 1 T Ty e e e _bu“on for the proton- and hell_um-
Width [deg] Width [deg] induced showers. The two differ-
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P .. Proton £ 03 i Helium | nearly. identical distributions qf
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see Table)l The predictions of both models, summarized in
Table Il, are in very good agreement.

To characterize the telescope images, %-rBoment
analysis is used to derive the standard Hillas paramg2éfs
i.e. thewidth parameter which reflects the lateral develop-
ment of the air shower, and tHength parameter which is 1o
related to the longitudinal shower development. Figure 2 « Proton
compares thevidth andlength parameter distribution as de- ® Helium
rived with the two interaction models for proton- and 107} §iwPeee
helium-induced air showers. The agreement is good.

In the following a set of=10° CORsIKA generated show-
ers in the energy and distance range given above is usedt o7 : w
analyze the data, comprising simulations for air showers in- 1 1o Energy [TeV]
duced by proton and helium as well as by light and medium
nuclei (with mass numbers 6—19, in the following abbrevi-  FIG. 3. Differential detection rates for different nuclei according
ated as LM, and finally by heavy and very heavy nuclei to individual spectra following an identical power law. For a single
(with mass numbers 20-56, abbreviated as BVIFbr the telescope trigger a 2NN/2#10 ph.e. condition was applied. For

LM and HVH groups the atomic numbers of the primary the system trigger a 2/4 coincidence was required. Already on the
nuclei were randomly distributed inside the group trigger level, a clear suppression of heavier nuclei against protons
In addition to vertical proton showers, proton showers®@" be seen. At the energy threshold for protons, this suppression

incident underz=20° zenith angles were simulated in order amounts o at least a factor of 10.
to interpolate the effective area fare[0°,20°]. The effec-
tive area varies in this range only weakly according to the
expected casdependence. The proton component can effectively be separated from
After the air shower simulation, the showers are pro-heavier cosmic rays over the energy range from 1 to more
cessed with a new detector simulation of the HEGRA Systhan 10 Te\[6]. The suppression of heavier CRs is based on
tem of IACTs. This improved detector simulation includes athe following air shower characteristics: At a given energy,
full detector simulation, taking into account Cherenkov pho-showers induced by heavier nuclei develop at substantially
ton losses due to atmospheric absorption and scattering agieater heights in the atmosphere since the cross seggon
due to the telescope mirror, the mirror geometry and thdor an inelastic hadronic interaction of a primary of nucleon
arrival times of the Cherenkov photons, the photomultipliernumberA with the air nuclei increases wa: to first order
(PM) response and the characteristics of the electronic chaiapproximation,o, is given byoy=ooXA®, with o4 being
to derive the trigger decision and the digitized signal. Thethe geometric cross sectiotrg~30—50mb, anda~2/3. In
new simulations permit an identical treatment of Monteaddition, the ratio of transverse momentum to total momen-
Carlo simulated showers and real data. A detailed descriptiotum in the first interaction increases with increasing nucleon

dR/dE [Hz/TeV]

-1

B. Proton enrichment of the data sample

can be found if7]. number. Also, the momentum of the primary is for heavy
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2 ' T B TABLE lll. Acceptance probabilities for protons after different
5007 ¢ :ZI‘S; ] scaledwidth cuts and the proportion for different nuclei in the re-
E 0.06 ® LM-particle ] sidual rate.
A HVH-particle
0.05 1 Cut, width., [ded] 1.15 10 085 0.75 065 0.55
0.04 3 Acceptance prob. for p 0.854 0.706 0.477 0.293 0.143 0.049
003 ] Proton proportion 0.723 0.762 0.815 0.858 0.889 0.918
' Helium proportion 0.215 0.193 0.158 0.124 0.100 0.074
0.02 1 LM proportion 0.032 0.024 0.016 0.012 0.007 0.005
ool ] HVH proportion 0.031 0.021 0.011 0.007 0.004 0.003
AL‘L'Q:-

0.5 0.6 0.7 0.8 . . . . .
Width [deg] Cherenkov light density, their energy is estimatede next

section to be smaller by a facton with »~3,5,6 for helium,
FIG. 5. Thewidth distribution for the particle groups from Table oxygen and iron induced air showers, respectively. In an en-
| after the trigger condition 2NN/27210 photoelectrons in each ergy bin centered at the reconstructed eneEgyrotons of
telescope, requiring at least two triggered telescopes in each evenhe mean true enerdgy are contained, but also heavier par-
The distributions are normalized to equal area. ticles with the mean true energyE. Since the flux of all
primary particles rapidly decreases with increasing energy, to
primaries shared among several nucleons and the typicgikst order approximation according to dF/@fE 27, heavier
transverse momentum generated in interactions is fixedharticles are suppressed by a facter?’. This effect is
leading to a larger lateral extension of showers induced b¥lightly counterbalanced by a relatively larger effective area
heavy particles. Furthermore, the fraction of energy chanfor heavier particles at higher energies10 TeV), due to the
neled into electromagnetic subshowers, responsible for thgirger(although less intensiydight pool. Detailed studies of
emission of Cherenkov photons, decreases with increasinge separation capabilities at higher energie40 Te\) are
nucleon numbef12]. The combination of all these effects still under way.
results in a larger but less intensive Cherenkov light pool, A further important suppression of heavier particles is
increasing the threshold energy of heavier particles. achieved by an analysis of the stereoscopic IACT images
A first suppression of the heavier nuclei occurs on thewhich mirror the longitudinal and lateral shower develop-
trigger level Figure 3 shows the detection rates for differentment, described by the Hillas parametg28]. Pixels with a
particles, assuming for all nuclei a differential spectrumsmall S/N ratio are excluded from the analysis, by computing
dF/dE=0.25xE"%"s tsr'm 2TeV 1. As can be seen, the image parameters only from the so called “picture” and
at 1.5 TeV, the energy threshold for protons, heavier nuclethoundary* pixels[24]. Picture pixels are all pixels with an
are suppressed by more than one order of magnitude.  amplitude above the “high tailcut{here 6 photoelectrohs
Note that apparently the suppression of heavier nuclei iBoundary pixels are all pixels with an amplitude below the
best at the trigger threshold. Remarkably a similar suppresthigh tailcut” but above the “low tailcut” (here 3 photo-
sion occursde factoalso at higher energies by sorting the electrong which are neighbors of a picture-pixel.
events into bins according to theieconstructedenergies. Figure 4 shows the distribution of the most important Hil-
Since at a given energy heavier particles produce a smalléas parameters for data and for Monte Carlo generated
events. Both in the data and the Monte Carlo events, a soft-

& T T
§0.05 [~ B8 Proton n
. = i T T T ¥ T
—% e Alpha =
. ] B 09 ® Proton B
0.04 u | M-particle 1 _‘§ s Apha
4 HVH-particle % 0.8 4 LM-particles 3
L © ¥ HVH-particles ]
003 - . g 07 ¢
g
a 06 [ . 1
8 * - * o 3
002 [ | OS5 emgrT d R
[ B eaemmmeasmmenemenenTtt -
04 5 et L] B
..... W
0.01 - = 03 » :___,- ...... - .4
Bt
" 02 o7 ]
0 : 01 F e Yoo i T T S
0 2 25 3 A l .
Scaled Width [deg] 5 10 15 20 25 30 35
) ) ) Energy [TeV]
FIG. 6. Scaledvidth parameter for the different groups of nuclei
(assuming a chemical composition from Tabjeak derived from FIG. 7. Acceptance probability as a function of the energy for a
the simulationgnormalized to equal ar@arhe same trigger condi- cut on the scaledidth (W< 0.85) for different nuclei. The lines are
tions as in Fig. 5 was applied. drawn to guide the eye.
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—_ T T T T T T T T ) G016 —T T —— T — —
e = 0. -
1000 - e E>15TeV 1 : . e
L] =
2 B 10<E<15TeV ) 0.14 + Rms 0.534 .
7] A 5<E< 10TeV 5 .
g, 800 © v 1<E<5Tev 7 9012 ¢ ]
g DR 5 ® Helium, 3-5 TeV
— TRl <01 - Proton, 3-56 TeV g
£ 600 - -0 E g
s e Fo008 | ]
L ~
400 - T A 7 0.06 [ I ]
,,,,,,,,, . 4
— RO - 0.04 [ ]
200 + T A
B Ak KL ET S RENTI SO 0.02 + L ]
0 I L I L L 1 ! L 1 o o -
0 20 40 60 80 100 120 140 160 180 200 0 U LY

0.5 1 15 2
Relative error of energy measurement OE

Impact Distance [m]

FIG. 8. Dependence of the image amplituflef the impact

. : } > FIG. 9. Energy resolution of proton induced air showers with an
distancer for different primary energiek for proton showers. 9y b

initial energy between 3 and 5 TeV. The distribution is highly
asymmetric. For an explanation see text. The given values of the
ware threshold has been applied, requiring two or more telemean and rms error relate to primary protons.
scopes with at least two pixels above 10 photoelectrons, and
a sum“size” of at least 40 photoelectrons recorded in thetelescope. The values obtained from thg triggered tele-
picture and boundary pixel®5]. The Monte Carlo events scopes are combined to the quantity
have been weighted according to the chemical composition
from the literaturgTable ). The concparameter, measuring
the concentration of the amplitude in the image, is defined as
the amplitude in the two most prominent pixels divided by
the total amplitude in the image. Proton images are more Figure 6 shows the distribution of ttW (in the follow-
concentrated than images of heavier nuclei. Tistance ing also referred to as widily) parameter for the different
represents the position of the image centroid in the camergroups of primariegassuming a chemical composition as
Since hadronic showers fall in isotropic, tdestancedistri-  given in Table ). The W, parameter, taking into account
bution should rise linearly until it is cut by the edge of the the distance and amplitude dependence of the image width,
camera. The agreement between Monte Carlo and data imag#ows one to enhance proton induced showers among show-
parameter distributions in Fig. 4 is very good. ers induced by all particles. The acceptances of the different
Note that, since heavier particles are suppressed alreadyits are shown in Table Ill. A cut inidth,.,<0.85, for
on the trigger level, the distributions in Fig. 4 depend onlyexample, accepts-48% of the primary protons, but only
slightly on the assumed chemical composition. In future20% of the primary helium, anek10% of the heavier nuclei.
work we will try to use these small differences to determineThe main advantage of scaling thédth parameter consists
the CR chemical composition. in energy independent cut efficiencies for proton-induced air
As outlined already ii6] and as seen in Fig. 2, tveidth  showers and almost energy independent cut efficiencies for
parameter, reflecting the lateral extent of the air shower, ishe heavier primaries, as shown in Fig. 7. Since the image
sensitive to the relatively larger transverse momentum irwidths of proton-induced showers and showers induced by
showers induced by heavier particles and can therefore beeavier particles become more similar at higher energies, the
used to extract a data sample enriched with primaries of acceptance of heavier nuclei increases slightly with their en-
certain species. Figure 5 shows the distributions ofviftth  ergy.
parameter for the different particle groups. The heavier the To summarize, at energies between 1 and 10 TeV the
primary particle, the larger is theidth parameter. combined effect of suppression of heavier nuclei by the de-
In the following the parametemean scaled widthintro-  tection principle and by the image analysis enriches the data
duced in[26] and first applied successfully tpray data in  sample with proton-induced showers by a large factor up to
[1], is used. For each telescop¢he width value is normal-  one order of magnitude, depending on the used image shape
ized to the value expected for a proton showercuts. In future we shall investigate if additional image pa-
(W(sizg,ri))mc,p given the sum of photoelectrons of the im- rameters can be used to obtain a similar effective suppression
age,size, and the distance; of the shower core from the also at energies above 10 TeV.

Ntel

Weear N>, Wi(sizg,r)/{W(sizg,r))hc. (1)

TABLE IV. Energy resolution for proton induced air shower.

Energy[TeV] 1.75 2.5 4.0 6.0 8.5 12.5 17.5 25.0 40.0
oE 0.113 0.026 -0.072 -0.118 -0.109 -0.199 -0.295 -0.403 -0.648
Resolution 0.565 0.575 0.535 0.531 0.542 0.516 0.461 0.396 0.251
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5 ' ' ' TABLE V. The data set.
]
Eo.zs L _ Proton ]
=) . Heliurn, LM, HVH RLII’.IS 79
2 o2 Period March—August 1997
; ' max. z [deg] 20
Poas z [ded 14.0
t, s 191630
0.1 t, h 53.2
Events ~2x10°
o0s | Ly Events(e.g. width,,<0.85) ~6X10°

15 25 40 63 ‘]gﬁer (:;instmztié) [Te\i?s primaries, the contamination of certain energy bins with
& heavier nuclei. In Fig. 10 the differential detection raaéer

FIG. 10. Differential detection rate of proton and the group of the cutwidths.,<0.85 are shown as a function of thecon-
helium, LM and HVH(for a definition see texparticles as function ~ Structed energy, assuming the chemical composition from
of the reconstructed energy, for a cut on the scalédth<0.85,  the literatureTable ). As can be seen, even if the helium to
assuming the chemical composition given in Table I. proton ratio would exceed the value given in the literature by
a factor of 2, the contamination of the data sample by heavier
particles is small, i.e.<20%, taking into account also the

C. Energy determination o . . -
cut efficiencies as given in Fig. 7.

For each triggered telescope, an energy estifate the
pr?mary part_icle is_computed under the _hypothe_si_s of the D. Method to determine the proton spectrum
primary particle being a proton, from the image sigizg, ) ) )
measured in théth telescope at the distance of the tele- The proton spectrum is determined using the standard
scope from the shower core. Averaging over all triggeredMethod of forward folding. _ _
telescopes gives a common energy estimate. The energy es- The Monte Carlo events of the particle groupare
timate E; is determined by inversion of the relatisize ~ Weighted to correspond to a power law for the flab/dE
= (sizE,r))yc, between primary energf, impact dis- =an;E™" where then; and they, (_except they_i .of the
tancer and expected image sizize as computed from the Proton co_mponen)utreﬂect the chemical composition taken
Monte Carlo simulations for proton induced showers. Forffom the literature( [22]; see Table)l The fitted parameters
illustration purposes, the functiofsiz€E,r))yc,p is shown are the common scaling parameterand the spectral index
in Fig. 8 for 4 broad energy bins. The expected number off the proton componeng, . These two parameters are var-
photoelectrons decreases with increasing distance from tHgd until thex? difference of the observed histogram of re-
shower core. The higher the proton’s primary energy is, théonstructed energies and the corresponding histogram pre-
more pronounced is the light concentration near the showeficted with the weighted Monte Carlo events is minimized.
axis. More energetic showers penetrate more deeply into thEhe fit is performed in the range from 1.5 to 3 TeV of the
atmosphere. The tails of these showers give rise to the if€constructed energy. _ _ _
creased light intensity near the shower axis in contrast to the AS We have shown in the previous sections, the contami-
flat light pool of primary photon§27]. nation of the data sample with heavier particles is small,

This method leads to an energy resolutidiie/E of

~50% for primary protons, as shown in Fig. 9 for proton - °° ' b [W/ndf Tesaa 77 '

. . . . = P1 0.1149 + 0.8474E-02
induced showers. The energy resolution |s_determ|ned by the-> po 02589E-01 & 0.3349E-01
accuracy of the shower core reconstructionogf=30 m & o2

and by the variations of the image si@ghich is a function N§

of r; and E). Cores which are reconstructed too far away o
from the telescopes are partly responsible for the long tailg +
towards large values akE/E. A second cause is the fluc- &
tuations of the image size due to fluctuations in the showergo%;
development. As shown in Table IV the energy resolution & g
AE/E as a function of primary proton energy is rather con-  ¢¢7
stant, an important requirement for a robust and reliable de- ¢
convolution of the spectrum. . s . ‘ .
The solid circles in Fig. 9 show the distribution AE/E 15 25 40 63 100 158
for the helium-induced air showers. As mentioned above, Energy [TeV]
showers induced by heavier nuclei produce, in comparisonto F|G. 11. Differential energy spectrum of protons, obtained using
proton-induced air showers of the same energy, a lowegq. (2) and assuming the chemical composition from Table I, mul-
Cherenkov light density at observation level. This effect ef-tiplied by EZ7°. The cut in the scaleavidth was widthy,<0.85.
fectively suppresses, due to the steeply falling spectra of CRrror bars are statistical only.
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TABLE VI. Summary of proton spectrum for different scaledidth cuts, according to E/dE
=A,E "Issrnt TeV.

widthy, [ded] 1.15 1.0 0.85 0.75 0.65
A, 0.0829-0.0040 0.0975%0.0052 0.11490.0076 0.1206:0.0101 0.12740.0149
Y 2.675:0.022  2.70%0.024  2.726:0.030  2.726:0.038  2.758:0.053

especially in the energy range from 1 to 3 TeV, and thereforeegion around Mkn 501 does not contain very bright stars
the result depends only slightly on their assumed abundanceghich cause excessive additional noise. As a matter of fact,
and spectral index. This dependence has been studied in dié&e strongy-ray beam from Mkn 501 in 1997 did not only
tail and will be discussed in detail below. supply informations of astrophysical interest, but made it in
Flux estimates at given energies are derived as followsaddition possible to test the simulation of electromagnetic
Knowing the best fit value of the spectral indey of the showers and the simulation of the detector response to these
proton component, a correction functith(E) is computed showers with unprecedented statistizs 1997, 38 000 pho-
from Monte Carlo simulations so that the differential flux {ONS were recordgdThe strongy-ray beam could easily be
of protons at the reconstructed energy E can be compute?f(d“ded from the analysis by rejecting all showers recon-

from the number nof observed events in thi¢h energy bin  Structed within 0.3° from the source direction.
by Identical cuts were applied to the measured data and the

Monte Carlo data. In addition to the cuts already mentioned
n, above, a cut on the distanceof the shpwer axis from the
Ei)A AE : -, 2 cgntral t_elescope aof<175 m was applied. Only telescope_s
tAE kp(E)Aer(Ei) with a distance’; smaller than 200 m from the shower axis
entered the analysis, suppressing by these means images
close to the edge of the camera. We apply a mean scaled
width cut ofwidthy,<0.85, which minimizes, to our present

dF/dE(E;)=U(

whereAt is the observation time\E; is the width of thath
energy bin, x,(E;) is the acceptance for protons of the

widt cut, andAg«(E;) is the effective area for proton . ) o
Mocal eff( i) P ginderstanding, the systematic uncertainties caused by the

registration. In this ansatz, the effect of the energy resolutio o . )
and the sample contamination by heavier particles is aCgontamlnatlon of the data sample by heavier particles and by

counted for by the functio (E) which depends, for the the limited accuracy of the Monte Carlo simulations.
reasons mentioned above, only slightly on the assumed
chemical composition and on thedth, cut in the energy B. Proton spectrum

range of 1.5—3 TeV. Equatiof) can strictly only be used if The forward folding method described above gives a best
the proton spectrum indeed follows the power law deterpower law fit to the data in the energy range from 1.5 to 3
mined in the forward folding fit. However, since the correc- TeV for

tion functionU(E) depends only weakly on the spectral in-

dex, the method gives reasonable results, also for spectr TtAlBLE VI C‘t’mp‘;risf)“ gffdetec,i;iont ratce(sgﬂid\’/tﬁn in[Hz]) of g
which deviate from the power law shape. € telescope system derived from Monte Caudth an assume

chemical composition aftd®2]), measurements and data runs. The

trigger condition was always 2 pixels above a threshmjd NN

IV. RESULTS signifies the next neighbor condition, MJ the majority decision,
A. Data set which requires only two pixel not necessarily neighbored for the

) ) ) ) trigger. The measured values come frpi8]. The data values were
For the following analysis, the data primarily taken for the gerived directly from Mkn501 data runs.

observation of Mkn 501 during 1997 have been used. Only
runs taken under excellent weather and hardware conditionsystem Trigger ¢, phe.— 7 10 12 15 20 30
were accepted. Table V gives a summary of the data set.

The Mkn 501 data set was used because of its large frac- 2/4  Measurement 16.2 9.6 7.3 55 40 24
tion of small zenith angle data. Furthermore, the solid angle Monte Carlo 18.1 10.1 7.3 56 3.5 2.0
NN 3/4 Measurement 85 4.7 3.7 3.0 21 1.2

TABLE VII. Reconstructed spectral indices of the proton com- Monte Carlo 9.0 5.1 36 27 1.7 09
ponent with no or with doubled content of heavier particles after 4/4  Measurement 3.8 1.8 16 1.3 0.8 05
according to the standard compositii2] calculated corrections. MonteCarlo 36 19 1.3 1.0 0.6 03
The assumed proton spectral index was 2W50.85). This leads 2/4  Measurement 188 11.1 83 55 39 25
to a systematic error of~0.04 due to an incorrectly assumed Monte Carlo 208 111 7.8 59 3.6 2.0
chemical composition. Data runs 91 77 59 39 22
. - . MJ 3/4  Measurement 88 59 45 29 21 14

Content Helium LM particles HVH particles Monte Carlo 104 55 39 29 1.7 0.9
Double 2.733 2.755 2.755 4/4  Measurement 39 25 19 11 0.8 0.6
No 2.793 2.762 2.762 Monte Carlo 4.2 22 14 10 06 0.3
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TABLE IX. Summary of reconstructed indices from experimental data for different sesilgtth cuts,
assuming a pure proton sample in the simulations.

widthy., [ded] 1.15 1.0 0.85 0.75 0.65
A, 0.1216£0.0074 0.13220.0085 0.139Z0.0107 0.15380.0145 0.15520.0197
Yo 2.647+0.028 2.676:0.030 2.696:0.035 2.727%0.044 2.756:0.059
dF Table VIII compares the measured CR detection rates
gE ~ (0-11-0.02+ 0.05) with the rates predicted by weighting the simulated events
with the CR spectra of Table I. The rates are in very good
X E~(2.72£0.0%5+0.15%s) /g grnf TeV. (3) agreement. A much higher relative abundance of the heavier

particles than assumed in Table | is therefore not probable.

In Fig. 11 the differential energy spectrum is shown as-Furthermore, if the helium abundance would be much larger
suming the chemical composition from Table I. This as-than assumed hergnore than 2 times the assumed abun-
sumption allows to extend the energy range of our meaeance, the image parameter distributions found in the data
surement to energies abovel0 TeV, as will be explained (see Fig. 2 and compare with Fig. would no longer fit the
later. As can be seen, a single power fits the data very welMonte Carlo predictions. Consequently, to our present un-
The systematic error on the spectral index is dominatedierstanding, the systematic error in the spectral index due to
by the Monte Carlo dependence of the results and by théne uncertainty in the chemical composition is already esti-
contamination of the data sample by heavier particles. Thenated conservatively by varying the relative abundances of
systematic error of the absolute flux is affected in addition bythe heavier elements by factors between 0 and 2, and is in the
an uncertainty in the energy scale of 15%. We obtain arorder of 0.05.
integral flux above 1.5 TeV oF (>1.5 TeV)=3.1* 0.6y Table 1X shows the results obtained from experimental
1.2} 10" 2/s sr nt. data under the extreme hypothesis of a pure CR proton

A rough estimate of the systematic errors can be deriveflux as function of the cut inwidthy,. Comparison
by varying thewidthy., cut. The different cuts lead to a vary- with Table VI shows that after applying tight cuts
ing percentage of heavier nuclei in the remaining datgwidthg.,< 1.0 or tightey the results agree nicely and con-
sample. Table VI summarizes the results for cut values besequently depend only weakly on the assumed chemical
tween 1.15 and 0.65. The derived spectral index varies besomposition.

tween 2.68 and 2.76 and the flux amplitudéferential flux The dependence of the spectral index on the detector per-

at 1 Te\) varies between 0.08 and 0.13/s éTeV. formance and on the atmospheric conditions has been de-
We have performed the following studies to estimate theived as follows. First, the data were divided into 4 parts of

systematic error on the spectral index. equal event statistics, and the analysis were performed for

The dependence of the results on the assumed spectrusach of the 4 subsamples. Second, the data was divided into
for helium, LM and HVH particles was determined in a 4 seasonal parts and for each group the spectrum was deter-
Monte Carlo study by varying the assumed abundance afined. The derived spectral indices are given in Table X.
the heavier particles over a wide margin. Setting the assumethey are constant withir-0.05.
flux of one of the groups to zero or increasing it by a factor The dependence of the spectral index on the details of the
of 2 yields the proton spectral indices given in Table VII. Monte Carlo simulation(mainly threshold effecjshas been
Since helium has the lowest HEGRA energy threshold ofexamined in the framework of determining the systematic
the heavier elements, the spectral index is most sensitive terror ony-ray spectra measured with the HEGRA IACT sys-
the abundance of the helium component. Setting the assuméeim. The studies will be published elsewhere. The uncertain-
Helium flux to zero results in a proton spectral index ofties on the spectral index are currently estimated to be in the
Yp=2.79, and doubling it decreases the index to 2.73rder of 0.1. The quadratic sum of these systematic errors
from an assumed spectral index gf=2.75. (see also Fig. (dependence on assumed CR chemical composition 0.05,
12). changing atmospheric and detector conditions 0.05, thresh-

TABLE X. Reconstructed spectral index for different data samples for a seattt cut of 0.85.

Sample 1 2 3 4 AYp stat
Random 13.6 h 129 h 13.6 h 13.2 h

Yp 2.73 2.73 2.72 2.71 + 0.03
Periods March—May May May—July July—August
Observation time 14.0 h 138 h 125h 11.8 h

Yp 2.71 2.70 2.72 2.77 + 0.04
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Y /ndf  79.944 7/ M1
A, 0.1149+  0.7574E-02
% 2724+  0.2993E-01 3

104 g

W' HYDROGEN (Z=1) E

102 -
E do/dE = &, (E/TeV)™”

(m?s sr TeV/nucleus)™

dF/dE [(s st m® TeV)']

“ ® (WP)gangars = 061

[T 0<ap <2(Pgancara
..... afp = 2.5(0/P)giangarg
o a/p = 3P giangara

b= (10.8 + 2.1 4o £ 4.3,,) - 107
y =272 + 0.024 £ 0.15,, i

Differential Flux(mzs st TeV/nucleus)"

1 L 3 r
15 25 40 63 100 1538 0

Energy [TeV] ll HEGRA—CT for Egr

FIG. 12. From experimental data reconstructed energy spectrur 10 g = 0<0/P<3(@/Plsurcs

of protons for a cut on the scalesidth<<0.85 and an assumed

chemical composition according {@2] (black dot$. The hatched 0 3

area represents the systematics connected with an over-estimati :

(no helium and under-estimationfdoubled helium conteptof 0L .

the relative proton content. Additional ratios are also given by the : — Fit B. Wiebel et al.

lines. 10*L  ODiehl et al. J

X Papini et al.

old effects 0.1 gives a total systematic error on the spectral  ,7[  ARyanetal. i

index of 0.15. 9r Zatsepin et al. ]
Two effects dominate the systematic error on the fluxam-  js[ ¢ vanenko et al. N

plitUde- g s Ichimura et al. ]
The uncertainty in the energy scale of 1%%j translates 0®L  odacee ]

into an uncertainty of 30% in the differential flux at a given E

energy. The uncertainty of the differential flux in the energy ] R R R SR

range from 1.5 to 3 TeV from threshold effects is estimatec 10 0" 1 10 102 10°

to be 10%, because with increasing energy the slope of th Energy [ TeV/nucleus |

effective area changes only slow{gompare with Fig. L
Note that since the energy threshold for heavier particles FIG. 13. Comparison of our proton spectrum measurement with
(helium to iron is much higher than for protons, the recon- other experiments. The black points are our measurements around
Structed proton ﬂux between 15 and 3 TeV |S essen“a”}}he threshold I’egion of the HEGRA CT System. For Comparison
independent of the assumed contamination of the datélso indicated are the results of previous satellite and balloon-borne
sample by heavier particles. Figure 12 shows the reconhstruments. The shaded area represents the systemati_c error of our
structed proton spectrum varying the helium flux from 0 to 3Measurement caused by a variation of the assumipcratio over
times the value from the literature. As can be seen, from 1.4'€ range & a/p<3(a/p)sandan relative 10 (@/p)sangarg~0-61.
to 3 TeV, the reconstructed flux is to a good approximationFihe fgaded area can be compared to the extreme assumptions of
independent of the assumed helium flux. g 2
The quadratic sum of the systematic err@eaergy scale
30%, threshold effects and cut efficiencies )5§ives a total ~ perimentgsee the figure for referenge¥Ve have shown that
systematic of 35%. the new technique yields a similar accuracy as achieved with
We also investigated wether broken power law models fithe present day satellite and ballon-borne experiments, i.e.,
our data in the energy range from 1 to 10 TeV better tharain error in the absolute flux of 50% and an error on the
single power law spectra. As a result of the limited energyspectral index of 0.15.
resolution of AE/E=50% for proton induced showers, we  Earlier claims about a possible cutoff in the proton spec-
would be able to detect a break in the 1-10 TeV spectruntrum at energies below 10 TeV are clearly not confirmed
only for changes in the differential index that are larger than(e.g.[28,29 and references thergin
~1. The data do not indicate such a break. Our measurement of the proton spectrum is based on the
large effective area of the atmospheric Cherenkov Technique
of =3%x10° m? sr for a field of view of =3 msr, and
the stereoscopic imaging technique which permits to re-
In this paper we used a new method to determine the&onstruct the protons’ primary energy with the reasonable
cosmic ray proton spectrum in the energy range from 1.5 t@ccuracy of AE/E of 50%. The extraction of an almost
3 TeV with the stereoscopic IACT system of HEGRA. pure proton data sample is possible due to a suppression
As shown in Fig. 13, the results are in very good agree-of the number of heavier primaries by more than one order
ment with recent results of satellite and balloon-borne exof magnitude using the multi-telescope trigger and the

V. DISCUSSION
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stereoscopic image analysis. The accuracy of the measurabove 1 TeV using the so-called “Cherenkov double beam
ments is limited by an uncertainty in the energy scale oftechnique” (analog of the current stereoscopic atmospheric
15%, by uncertainties of the detector acceptance, and by @herenkov techniqye
residuum of heavier particles which could contaminate
the data sample, if the relative abundance of heavier particles
is much higher than presently believed. In future work
we shall attempt to extend the measurement of the proton
spectrum to higher energies. This might be possible by in- The support of the German Ministry for Research and
creasing the software threshold despite decreasing statistidechnology BMBF and of the Spanish Research Council
Improved cuts should also yield information about the specCYCIT is gratefully acknowledged. We thank the Instituto
trum of heavier nuclei. de Astrofisica de CanariadAC) for supplying excellent
Note added After our paper was accepted we were in- working conditions at La Palma. We gratefully acknowledge
formed about the important paper by Grindlg80], where the work of the technical support staff of Heidelberg, Kiel,
the author clearly stated the possibility of measurements dfiunich and Yerevan. We thank H. Rebel and D:IMufor
the energy spectrum and mass composition of cosmic rayisuitful discussions.
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