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Measurement of the Cosmic Ray Energy Spectrum fron10'7 to
10183 eV Using a Hybrid Technique
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Abstract. We measure the energy spectrum of cosmic rays2 Hybrid Observation and preparation of data
betweenl0'”eV and10'®eV using a hybrid detector consist-

ing of the High Resolution Fly's Eye (HiRes) prototype and ) - ) ) )

the MIA muon array. The spectrum is consistent with earlier During the lifetime of the HiRes/MIA hybrid experiment be-

Fly's Eye measurements and marginally supports the steegWeen Aug. 23, 1993 and May. 24, 1996 the total effective
ening of the spectrum nedrx 10'7eV found by previous coincident exposure time was 1532 hours. A total of 2881

experiments. coincident events were recorded. For each event, the shower
trajectory, including arrival direction and core location, is ob-
tained in an iterative procedure using the information from
both HiRes and MIA (T.Abu-Zayyad , 2001). 2491 events
survive this reconstruction procedure. Further cuts are per-

1 Introduction formed in order to achieve the high resolution in energy and
shower maximum essential to the composition analysis. The
criteria are based on a thorough Monte Carlo simulation of

Inbthe regic()jn ablovezthe kneg, the Flyr’]s Eyi experiment (T'the detectors as described below. After these quality cuts,
Abu-Zayyadet al. , 2000) and Haverah Park (A.A. WatsSon g59 eyents above 10eV are used for this energy spectrum
» 1991) experiments observed a fine structure in the energy, .-« \rement

spectrum of cosmic rays, i.e. there exists a break ardund

10'7 eV and a dip around x 10'® eV. The Fly’s Eye experi- Of all geometrical parameters, the shower-detector-plane
ment has reported a changing composition from a heavy mixs the most crucial and depends strongly on how many tubes
around10'7eV to a proton dominated flux arourid!°eV are triggered and how long the track formed by those tubes
(D.J.Birdet al. , 1993). The recently reported HiRes/MIA is. The number of muons detected by MIA is the other con-
(T.Abu-Zayyad , 2000) hybrid observation on the cosmic raytributor to precise time fitting. In order to locate the shower
composition in a narrower energy regiaig)!” ~ 10'8 eV, maximum, it and a good fraction of the rest of the profile
shows a general agreement with Fly's Eye experimental remust be seen by the detector. Moreover, as mentioned be-
sult. All these results make this particular energy regionfore, we must avoid those events which are dominated by
much more interesting than the expectation from a naive rigidCerenkov light. Poorly fitted events are also to be rejected.
ity model. These measurements imply that there may be mulA set of quality cuts addresses all these issues.

tiple sources of cosmic rays for the cosmic rays in this energy 7409 proton and 6000 iron induced showers are generated
range. with a spectrum of trial energies frof®'” to 6 x 10'%eV.

With the help of the shower muon arrival time infor- The differential spectral index is set as -3.0. After same re-
mation from the MIA experiment (A.Borione , 1994), the construction and cuts as the real data passing through, the
HiRes/MIA hybrid experiment measures shower geometrysimulated events demonstrate rather good resolution in ge-
quite well. This substantially enhances the energy resoluometric and physical parameters. Table 1 lists all response
tion of the detector at energy aroudick 1017 eV. The energy  functions of the detector based on the Monte Carlo simula-
spectrum is measured with the hybrid experimental data durtion. 4
ing 1993 to 1996.

Fig. 1 shows the energy distributions after cuts from both
real experiment and simulation. This demonstrates the con-
Correspondence taZ. Cao (caozh@cosmic.utah.edu) sistency between the simulation and real experiment.
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QGSJET proton iron 10
o mean| o mean
E (%) 12 5 8 -14
Xmax (gfcn?) | 47 12 46 8 L,
Xeore (M) 42 -2 40 -1 1r -
Yeore (M) 57 -2 55 2
space angle 0.88° 0.83°

0.1

1N dN/dE

Table 1. Resolution figures for & ~3 differential spectrum seen by
HiRes and MIA. Quality cuts have been applied. Space angle errors
are median values.
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3 Aperture Calculation
0.001
Based on the 7000 proton, 6000 iron Monte Carlo events
mentioned before plus 2000 simulated events at every point
above10'® eV for both proton and iron, Fig. 2 shows the 000l b
detector aperture as a function of energy. Abog&" S eV, 17.0 17.2 17.4 17.6 17.8 18.0 18.2 18.4
this simulation shows that the detection efficiency is satu-
rated. The feature of a flat aperture as a function of energy, lg(E/ev)
due to the MIA detector, is a very useful constrain for the o o
cosmic ray intensity measurement. The price for this featureg'g' 1. Event Energy distribution. The solid line represents the
however, is that the aperture is rather small. This simulationi2t& While the dashed line represent simulation result for protons
. . nd dotted line for iron primaries assumingza ° spectrum. The
provides a calculation of the aperture near detector threshol@ertical axis represents the number of events within a bingE.
with good precision. The fluorescence detector has a sharp
threshold around0'” eV. Since the efficiency drops to lower

Fhan 10% belowt0'" 2 _eV, events below this energy are not is less then 28% below x 10'7 eV. The absolute energy
included in the analy§|s. o scale has a systematic uncertainty about 25% (T.Abu-Zayyad
The Monte Carlo simulation is also useful to study the de- 2000) in this experiment and 40% (D. J. Bitlal. , 1994)
pendence of the detector aperture on the type of primary COSy, Fiy's Eye experiment. The corresponding uncertainties are
mic rays. Our simulation using proton and iron primaries gn o jn Fig. 3 with the two slant arrow bars. The two mea-

shows that the aperture is very similar even near the detectal ,.ements of the cosmic ray energy spectrum are consistent
threshold. The event selection criteria and the requiremen,.ihin errors.

for a minimum number of.’s to reach the ground and trig-
ger MIA diminishes any difference between the triggering E
induced by protons or heavier nuclei.

The 6 data points below>510'7 eV strongly support a
—3.01 gpectrum with good statistics. A maximum likeli-
hood fit to those 6 points is shown as the dashed line in Fig.
3. The logarithm likelihood is evaluated by choosing a Pois-

. . sonian distribution function, i.e. the likelihood is defined as
4 Result and discussion

— i g, T
Fig. 3 shows the cosmic ray energy spectrum figii2ev £ =[] %, (1)
to 1083 eV. In order to see the detailed structure of the en- i !
ergy spectrum, the intensity is multiplied @3. The data
supports an overall power law spectrum with an index abou
3.000 + 0.066 and a intensity ofl0~2T+15ey2 . =2 . [ 0G0 ERV) [ J(E) | AJ [ NOE [ Aperture
st~ . 571 at10'8 eV. A maximum likelihood estimate has 755 10 S/Q(SV m Sg 382) vr (kml ésr)
been employed for this fitting. The data for this spectrum is : : : :
. ) . . 17.351 2.10 0.17 145 2.4
listed in Table IlI !qcludlng _the number of evgnts (NOE) gnq 17 449 119 0.10 130 31
aper'ture .at _specmc energies. Only the P0|sson_ error in inF——7 28 0551 0.054 | 104 12
f[ensnyJ is Ilste_zd. At low event numbers, t_he Poisson error 17 649 0.235 0.028 69 52
is an underestimate of the true error. Various authors have™ 77726 0.133 0018 | 53 57
proposed better approximations to the true error ( see, for ex= 17,873 0.0513 0.0069 | 55 57
ample (V. Regener, 1951) ). The fit results are insensitive t 18.096 0.0091 0.0022 | 17 59
these refinements, however. 18.299 0.00207 0.00084| 6 58

As a comparison, the stereo Fly's Eye (D. J. Bétdal.

1993) measured energy spectrum is plotted in the same figfable 2. The cosmic ray energy spectrum frdi'” eV to3 x 10'®
ure. The difference between the two measured intensitiegV. NOE stands for number of events.
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ity of 3 x 10'7 eV. The spectrum is multiplied bi>. The intensity
Fig. 2. The detector aperture as a function of primary energy. Dotsof cosmic rays measured in this experiment (squares) is lower than
connected by the solid line represent the simulated result. The arethe Fly's Eye experiment (dots), but is within the uncertainties in
marked by the dotted line gives the range of the experimentally esenergy scale determination indicated by the slant bars in the figure.
timated aperture with its uncertainty. The solid line represents the best fit to all the data in this experi-
ment. The dashed and dotted line represents the best fit to the 6
lowest energies points and its extrapolation to higher energy.
where the index runs over all the data points, the expec-
tation valuey; in the i-th energy bin is the expected num-
ber of events. If the®—3-%1 spectrum is assumed to be true 6 Comparison with Previous Experiments
also for the remainning three points at higher energy, a com-
bined test over these three points shows that the probabilitf he cosmic ray energy spectrum measured by all modern ex-
is 5.9%(W.T.Eadieet al. , 1971). This indicates a marginal Periments are summarized in the Fig.4 covering the whole
confirmation of the spectral break in the cosmic ray spec-energy range from x 10'* to 3 x 10'® eV. The consistency
trum measured by Fly’s Eye and Haverah Park(A.A. Watsonbetween this experiment and the Fly's Eye stereo data has
, 1991) experiments. been discussed previously. The present experiment marginally
confirms the break in the spectrumdak 10! eV. By com-
paring with the observations (M. Nagaeob al. , 1984) in
5 Uncertainty in energy measurement the “knee” region, both the intensity and spectrum index im-
. . . ply a good continuity with the results at energies lower than
The systematic error in the energy is about 25% and comeg y 1016 eV. The change in cosmic ray intensity aroung
from fluorescence efficiency uncertainty (T. Abu-Zayydd 117 gy js comparable in power law index with the change
al. , 2000), detector calibration uncertainty(T. Abu-Zayyad that occurs around the “knee”. A confirmation of this break
etal., 1999) and the atmospheric corrections (D. J. Bitd  ith petter statistics and similar energy resolution is impor-
al., 1994). The first two are intrinsically independent of the tant - All the other experimental results are consistent with
primary particle energy over this range. The fluorescencepe Akeno result: the spectrum follows a single index power
efficiency has been measured with an error of 10%. Thegy petweeri0'® and10'7 eV.
percentage atmospheric corrections are also independent of
energy because the sample of showers is restricted to core
locations within 2 km of the MIA detector center. Therefore 7 Conclusion
there is no significant atmospheric path length difference be-
tween an EAS and the detector for different energies. AnThe HiRes/MIA hybrid experiment has measured the cosmic
energy independent systematic fractional error in energy hasay energy spectrum betwegd'”-2 and3 x 10'®. The spec-
no effect on the measured elongation rate. The magnitude dfal index and intensity are 3.090+0.066 and10~2%7+1-5¢1/2.
the systematic error in energy due to atmospheric attenuatiom =2 - sr~1 - s~1 at10'® eV. The result is in agreement with
can be estimated by varying the atmospheric parameters ovehe Fly’s Eye experiment within errors. This result marginally
the range described above. It is not greater than 10%. Theupports the Fly's Eye stereo observation of a break in the en-
detector calibration systematics is less than 5%. ergy spectrum aroundi x 10'7 eV.
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Fig. 4. Energy spectrum of cosmic rays fromfi**® to 10'® eV. This intensity is multiplied by byz. Data in the vicinity of3 x 10'° eV
are adopted from (L. F. Fortsa al., 1999) (Blanca paper).
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