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Atmospheric gamma-ray observation with the BETS detector for calibrating atmospheric neutrino
flux calculations
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We observed atmospheric gamma rays around 10 GeV at balloon altitudes~15–25 km! and at a mountain
~2770 m a.s.l!. The observed results were compared with Monte Carlo calculations to find that an interaction
model ~Lund FRITIOF1.6! used in an old neutrino flux calculation was not good enough for describing
the observed values. Instead, we found that two other nuclear interaction models, LundFRITIOF7.02 and
DPMJET3.03, gave much better agreement with the observations. Our data will serve for examining nuclear
interaction models and for deriving a reliable absolute atmospheric neutrino flux in the GeV region.
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I. INTRODUCTION

The discovery of evidence of neutrino oscillations by t
Super Kamiokande group@1# is based on the comparison o
the observed atmospheric neutrino flux with calculated v
ues. Although the conclusion is so derived that it would n
be upset by the uncertainty of the absolute flux value, i
desirable to obtain a reliable expected neutrino flux~under
no oscillation assumption! for further detailed discussions.

The two major sources of uncertainty in the atmosphe
neutrino flux calculation are~1! the primary cosmic-ray spec
trum and ~2! the propagation of cosmic rays in the atm
sphere, especially, modeling of the nuclear interaction. T
absolute flux calculations so far made by various groups
expected to have uncertainty of;30% @2#.

The primary proton and He spectra recently measu
with magnet spectrometers by the BESS@3# and AMS @4#
groups agree very well and seem reliable. Therefore, we
assume that the first problem mentioned above has now
almost settled at least up to 100 GeV/n. This means that if
we have reliable atmospheric cosmic-ray flux data, we m
compare it with a calculation which uses such primaries
test the validity of nuclear interaction models. For such
atmospheric cosmic-ray component, one may first cons
the muon, and actually some new observations have bee
being tried@5–7#.

As a second cosmic-ray component, we focus on gam
rays which are easy to measure with our detector. A g
model should be able to explain muons and gamma r
simultaneously. Muons are important since they are dire
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coupled with neutrinos, but the flux is affected somehow
the structure of the atmosphere which is usually not w
known. Compared to muons, the flux of gamma rays is s
stantially lower but is almost insensitive to the atmosphe
structure and depends only on the total thickness to the
servation height.

In 1998, we performed the first gamma-ray observat
with our detector at Mt. Norikura~2770 m a.s.l! in Japan,
and also made subsequently two successful observation
balloon altitudes~15–25 km! in 1999 and 2000. In the
present paper, we report the final results of these obse
tions and consequences.

II. THE DETECTOR

For our observation, we upgraded the BETS~balloon-
born electron telescope with scintillating fibers! detector
which had been developed for the observation of cosmic
mary electrons in the 10 GeV region. Its details before be
upgraded for gamma-ray observation are in Ref.@8# and the
electron observation result is in Ref.@9#. The basic perfor-
mance was tested at CERN using electron, proton and p
beams of 10 to 200 GeV@8,10#. Although this was under-
taken before the upgrading, we can essentially use that
bration for the current observations partly with a help
Monte Carlo simulations.

Figure 1 shows a schematic structure of the main body
BETS. The calorimeter has 7.1 r.l. lead thickness and
cross section is 28 cm328 cm. The whole detector system
contained in a pressure vessel made of thin aluminum.

The main feature of the BETS detector is that it is a tra
ing calorimeter; it contains a number of sheets consisting
1 mm diameter scintillating fibers~scifi’s!, many of which
©2002 The American Physical Society04-1
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are sandwiched between lead plates. The total numbe
scifi’s is 10 080. The sheets are grouped into two types;
is to serve forx and the other fory position measurements
Each of them is fed to an image intensifier which in turn
connected to a CCD. Thus, the two CCD outputs give us
x-y image of cascade shower development and enables
discriminate gamma rays and electrons from other~mainly
hadronic! background showers. The proton rejection pow
against electron isR;23103 ~i.e., one misidentification
amongR protons! at 10 GeV@11#. The basic characteristic
of the detector are summarized in Table I.

In Fig. 2, we show examples of the CCD image of
cascade shower for a proton incident case and for an elec
incident case.

Figure 3 illustrates the yearly change of anticounters
1998 ~Mt. Norikura observation!, the main change was lim
ited to the upgrading of trigger logic. In 1999, we added

FIG. 1. Schematic illustration of the main body of the detect
S1, S2, and S3 are 1 cm thick plastic scintillators used for trigg
Each fiber has 1 mm diameter. Originally nuclear emulsion pla
were placed on the upper scifi’s and also inserted between the u
thin lead plates for detailed investigation of tracking capability
the scifi. They are kept in the present system to have the s
structure as at the calibration time. The inlaid cascade sh
charged particle tracks by a simulation for a 30 GeV incident p
ton.

TABLE I. Basic characteristics of BETS~triple numbers in the
table are for gamma-ray energies of 5, 10, and 30 GeV, res
tively!.

r.m.s energy resolution~%! 21, 18, 15~for u;15°)

SV (cm2 sr) 243, 240,218~at ;20 km)
r.m.s angular resolution~deg.! 2.3, 1.3, 1.0~for u;15°)
Total number of scifi’s 10 080
Weight including electronics~kg! 230
Cross section of the main body 28 cm328 cm
Thickness~Pb radiation length! 7.1
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side anti-counters (15 cm336 cm31.5 cm plastic scintilla-
tors!. Nine optical fibers containing wave length shifter a
embedded in each scintillator and connected to a Hamam
H6780 PMT.

In 2000, we further added an anticounter which covers
whole top view of the detector and also improved data
quisition speed. The top anticounter is a 38 cm338 cm
31 cm plastic scintillator. We also embedded optical fibe
8 in thex and another 8 in they direction, all of which were
fed to an H6780 PMT.

Although we could remove background showers witho
the anti-counters, inclined particles~mainly protons! entering
from the gap between the top scintillator~S1! and the main
body degrades the desired gamma-ray event rate. The a
tion of the top anticounter greatly helped to improve th
rate. We emphasize that detection of gamma rays is easie
us than that of electrons, since, for gamma rays, we
utilize the absence of incident charge.

III. OBSERVATIONS

Table II shows the summary of the observations.
Mt. Norikura observation. Our first gamma-ray observa

tion was performed in 1998 at the Mt. Norikura Observato
of the University of Tokyo, Japan~2770 m a.s.l., latitude
36.1°N, longitude 137.55°E, magnetic cutoff rigidit
;11.5 GV). The atmospheric pressure during the obse
tion is shown in Fig. 4. The average atmospheric depth
737 g/cm2.

Balloon flight. We had two similar balloon flights in 1999
and 2000. Since the main outcome of the data is from

.
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s
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FIG. 2. Image of cascade shower by a proton~120 GeV, left!
and an electron~10 GeV, right! obtained at CERN.

FIG. 3. Yearly change of the anticounters. Left: 1998. N
change from the original BETS except for trigger logic. Middl
1999. 1.5 cm thick plastic scintillator side anticounters were add
Right: 2000. The whole top view was covered by a 1 cm thick
plastic scintillator.
4-2



.1
3
20

.2
436
0

ATMOSPHERIC GAMMA-RAY OBSERVATION WITH THE . . . PHYSICAL REVIEW D 66, 052004 ~2002!
TABLE II. Summary of three observations.

Observation Mt. Norikura~1998! Balloon ~Sanriku, 1999! Balloon ~Sanriku, 2000!

Period Aug 31–Sep 18 Sep 2, 6:55–17:17 Jun 5, 6:30–17:59
Altitude ~km! 2.77 15.3 18.5 21.2 24.7 32.3 15.3 18.3 21.4 25
Depth (g/cm2) 737 126 74.8 48.9 28.0 9.5 128 73 45.7 25.
Obs. hour~s! 1.333106 1260 1560 2100 4878 3120 1560 2160 4320 23
Live time ~s! 9.83105 504 450 414 852 498 752 928 1805 789
Live time ~%! 74.0 40.0 28.8 19.7 17.5 16.0 48.2 43.0 42.6 44
Triggered events 1.83106 9513 11288 13361 30439 16741 18808 25795 46675 17
g events 4.73104 700 650 611 848 345 1300 1485 2299 74
~%! 2.5 7.3 5.7 4.6 2.8 2.0 6.9 5.8 4.9 4.2
g-low trigger S1,0.5 S1,0.5 S1,0.47
condition ~in mip!. S2 .2.3 S2.1.5 S2.1.59

S3 .1.7 S3.3.0 S3.3.18
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latter, we briefly describe it. A balloon of 433103 m3 was
launched at 6:30 am, 5th June, 2000 from the Sanriku
loon center of the Institute of Space and Astronautical S
ence, Japan~latitude 39.2°N, longitude 141.8°E, magnet
cutoff rigidity ;8.9 GV) and recovered with the help of
helicopter at 17:59 on the sea not far from the center. T
flight curve shown in Fig. 5 confirms that we have good le
flights at 4 different heights. As compared to the 1999 flig
this flight realized a smaller dead time and higher ratio
desired gamma-ray events.

Event trigger.The basic event trigger condition is creat
by signals from the three plastic scintillators~S1, S2, and
S3!. We show the discrimination level in terms of the min
mum ionizing particle number which is defined by the pe
of the energy loss distribution of cosmic-ray muons pass
both S1 and S3 with inclination less than 30° degrees.

We prepare a multitrigger system by which event trigg
with different conditions is possible at the same time. T
major two trigger modes areg low and g high. g low is
responsible for low energy gamma rays and all anticount
when available, are used as veto counters. Its conditio

FIG. 4. Pressure change during Mt. Norikura observation. T
last pressure drop is due to a typhoon. The average pressure i
hP (737 g/cm2).
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listed in Table II. High energy gamma rays normally produ
a lot of back splash particles which hit S1 and/or an
counters, and thus theg low trigger is suppressed. In such
case, i.e., if we have a large S3 signal, anticounter vet
invalidated and the S1 threshold is relaxed.~Theg-high con-
dition is S1,3.0, S2.5.0, and S3.8.1.)

The branch even point of theg-low andg-high mode ef-
ficiency is at;30 GeV. Since we deal with gamma ray
mostly below 30 GeV, and also to avoid complexity, w
present results only by theg-low mode.

e
23

FIG. 5. Flight curve of the 2000 observation. Pressure~upper!
and altitude~lower! as a function of time. Each arrow shows th
level flight region. The pressure change at around 15.3 km is ra
rapid but the gamma-ray intensity is almost constant there and
change can be neglected.
4-3
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FIG. 6. ~Left! Energy concentration distribution at 21.4 km after various cuts for gamma-ray selection (E.5 GeV). We regard those
with concentration.0.7 as gamma rays.~Middle! The same by electrons at CERN.~Right! Concentration vs energy after various cuts f
gamma ray selection. The all level-flight data are gathered. Some of the points~especially high energy ones! at concentration,0.6 are
suspected to be due to neutrons.
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IV. ANALYSIS

A. Event selection

Among the triggered events, we selected gamma-ray c
didates by imposing the following conditions.

~1! The estimated shower axis passes S1 and S3. The
position in S3 must be at least 2 cm away from the edge
S3.

~2! The estimated shower axis has a zenith angle less
30°.

~3! The energy concentration~see below! must be greater
than 0.7.

According to a simulation, only neutrons could be a ba
ground for gamma rays and the third condition abo
reduces the neutron contribution to a negligible leve
(,1%).

The energy concentration is defined as the fraction
scintillating fiber light intensity within 5 mm from the
shower axis. Figure 6 shows the concentration of analy
events together with the result of CERN data. Hadrons m
a distribution with a peak at around 0.5. We see that
contribution of hadrons in our observation is negligible.

B. Energy determination

The energy calibration was performed in 1996 at CER
using electrons with energy 10–200 GeV@8,10#. There is no
direct calibration for gamma rays, but, for the present de
tor thickness and energy range, a Monte Carlo~MC! simula-
tion tells us that the calibration in 1996 can be used
gamma rays too@12#. Therefore, for the 1998 and 1999 o
servations, energy is obtained as a function of the S3 ou
and zenith angle using the CERN calibration.

In 2000, we made some change in the electronics so
CERN calibration could not be used directly. The effect
the change was absorbed by a MC simulation the validity
which was verified by examining the 1998 and 1999 da
We used the sum of S2 and S3 outputs below 20 GeV s
the energy resolution was found to be better than using
only. Figure 7 shows r.m.s. energy resolution by the M
simulation.

C. Correction of the gamma-ray intensity

The gamma ray vertical flux is obtained from the ra
dN/dE by dividing it by the live time of the detector and th
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effectiveSV ~area3 solid angle!. The latter is obtained by a
simulation @13#. It is dependent on the observation heig
and energy. A typical value at 10 GeV is 240 cm2 sr ~see
Table I!. The energy spectrum is further corrected by t
following factors which are not taken into account in theSV
calculation. ~1! Systematic bias in our estimation of th
shower axis. We underestimate the zenith angle system
cally and it leads to overestimation of the intensity about 4
for the balloon and 1.8% for Mt. Norikura observations.

~2! Multiple incidence of particles. A gamma ray is som
times accompanied by other charged particles and they e
the detector simultaneously~within 1 ns time difference in
99.9% cases!. They are a family of particles generated b
one and the same primary particle@14#. The charged particles
fire the anticounter and theg-low trigger is inhibited.

In some cases, multiple gamma-rays enter the dete
simultaneously. The rate is smaller than the charged par
case. However, this is judged as a hadronic shower in m
of cases. The multiple incidence leads to the underestima
of gamma-ray intensity. The portion of multiple incidence
shown in Fig. 8~left!.

~3! Finite energy resolution. The rapidly falling energ
spectrum leads to the spillover effect. This normally leads
the overestimation of flux~Fig. 8, right!.

FIG. 7. r.m.s energy resolution. The resolution by S21S3 or S3
only is shown. Different symbols indicate different incident angl
We used S21S3 below 20 GeV for the year 2000 data.
4-4
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V. RESULTS AND COMPARISON WITH CALCULATIONS

The vertical flux values are summarized in Tables III a
IV. As the Norikura atmospheric depth, we use a value
rived from the average pressure, since the flux chang
proportional to the pressure change in a good approximat

We put only the statistical errors in the flux values, sin
systematic errors coming from the uncertainty of the SV
calculation, various cuts and flux corrections are expecte
be order of a few percent and much smaller than the pre
statistical errors.

The gamma-ray energy spectra thus obtained at bal
altitudes are shown in Fig. 9 together with the expected o
calculated by theCOSMOSsimulation code@15#. Except for
32.3 km altitude, we can disregard the small difference of
observation depths and we combine two flight data with s
tistical weight, although the main contribution is from th
flight in 2000.

FIG. 8. ~Left! Multiple incidence rate by simulations. Thi
shows the rate that a gamma ray is accompanied either by~1!
charged particles or~2! other gamma-rays; case 1 inhibits theg-low
trigger and case 2 is regarded as a hadronic incidence. Thus,
events are rejected and the flux is underestimated by this amo
~Right! Correction factor for year 2000 due to spillover. The flu
must be lowered. For Norikura, the factor below 20 GeV is lar
by 1 –3 %.
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In the simulation calculation, we employed 3 differe
nuclear interaction models:~1! FRITIOF1.6 @16–18# used in
the Honda-Kajita-Kasahara-Midorikawa~HKKM ! calcula-
tion @19#, which was widely used for comparison with th
Kamioka data,~2! FRITIOF7.02 @20,21# and ~3! DPMJET3.03
@22#. As the primary cosmic ray, we used the BESS result
protons and He. The CNO component is also conside
@23#. In addition to these we included electron and positr
data by AMS@24#. Their data in the 10 GeV region is con

ch
nt.

r

TABLE IV. Vertical flux values at Mt. Norikura.

E(GeV) Flux (1024/m2s sr GeV)

5.48 274613
6.47 183611
7.47 13369
8.47 87.867.5
9.47 86.567.5
10.5 54.165.9
11.5 46.665.5
12.5 38.365.0
13.5 32.664.6
14.5 24.264.0
15.5 25.764.1
17.0 11.962.0
19.0 15.362.3
21.0 13.162.1
23.0 5.8061.4
26.0 5.3160.95
30.0 3.0060.72
34.0 2.3060.64
38.0 1.0760.44
45.0 1.4560.32
55.0 0.5260.20
65.0 0.2260.13
75.0 0.3060.15
85.0 0.1560.10
TABLE III. Summary of vertical flux values.

height ~km!

15.3 18.3 21.4 25.1 32.3
Energy~GeV! and flux (No./m2s sr GeV)

5.48 2.4260.37 5.48 2.1160.39 5.47 2.1160.24 5.47 1.5860.25 5.47 0.4960.14
6.47 1.1860.27 6.47 1.1060.24 6.47 1.3560.21 6.47 0.8260.18 6.57 0.1960.09
7.47 0.8960.24 7.47 0.7960.21 7.47 0.8260.16 7.47 0.6660.16 7.47 0.2460.10
8.48 0.3760.15 8.48 0.9260.20 8.48 0.5160.13 8.48 0.4960.14 8.48 0.1660.08
9.48 0.5460.17 9.85 0.4660.11 9.48 0.5060.12 9.48 0.3660.12 9.48 0.1660.08
10.5 0.1760.10 11.5 0.3560.12 10.5 0.4160.09 10.5 0.3460.12 12.3 0.1360.037
12.1 0.2860.09 14.0 0.2460.06 11.8 0.2360.069 12.2 0.2160.054 17.0 0.03260.018
14.0 0.1760.05 18.3 0.07260.030 14.0 0.1660.030 14.0 0.07660.03 21.7 0.02260.015
18.5 0.1260.04 26.8 0.04060.017 18.4 0.08660.023 17.8 0.07860.029
25.5 0.0660.02 27.1 0.02660.009 21.7 0.06460.026

26.8 0.02460.012
36.0 0.01260.008
4-5
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FIG. 9. Gamma ray spectra a
5 balloon heights are compare
with 3 different models. The ver-
tical axis is (vertical flux)3E2.
Except for 1999 data at 32.3 km
1999 and 2000 flights data ar
combined. From top to bottom, a
25.1, 21.4, 18.3, 15.3, and 32.
km. The spectra expected from
three interaction models are draw
by solid ~DPMJET3.03!, dashed
~FRITIOF7.02!, and dotted
~FRITIOF1.6! lines.
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sistent with the HEAT@25# and BETS@9# data. Bremstrahl-
ung gamma rays from the primary electrons could contrib
order of;10% at very high altitudes.

At balloon altitudes, the two models,FRITIOF7.02 andDP-

MJET3.03, give almost the same results which are close to
observed data, whileFRITOF1.6 gives clearly smaller fluxe
than the observation.

Figure 10 shows the result from the observation at M
Norikura. It should be noted that the flux byFRITIOF1.6 be-
comes higher than the ones by the other models at this
tude.

From these figures, we seeFRITIOF7.02 andDPMJET3.03
give more rapid increase and faster attenuation of inten
thanFRITIOF1.6; the tendency is very consistent with the o
served data. The transition curve of the flux integrated ov
GeV shown in Fig. 11 clearly demonstrates this feature.

VI. DISCUSSIONS

A. Comparison with other data

We foundFRITIOF7.02 andDPMJET3.03 give good agree
ment with the observed gamma-ray data at around 10 G
05200
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V.

FIG. 10. Gamma ray spectrum at Mt. Norikura~2.77 km a.s.l!.
The vertical axis is vertical flux3E2. Our data is at,100 GeV.
Data above 300 GeV are from emulsion chamber experiments.
the latter, see Sec. VI.
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We briefly see whether these models can interpret other
servations. More detailed inspection will be done elsewh

Muon data by the BESS group at Mt. Norikura [7]. Re-
cently, the BESS group reported detailed muon spectra o
several hundred MeV/c. In their paper, calculations b
DPMJET3.03 and FRITIOF1.6 are compared with the data
agreement byDPMJET3.03 is quite good at least above Ge
whereFRITIOF7.02 also gives more or less the same flux.
the other hand,FRITIOF1.6 shows too high flux. These fea
tures are consistent with our present analysis.

Higher energy gamma-ray data by emulsion chamberIn
Fig. 10, we included emulsion chamber data@26–28# at Mt.
Norikura. Our data seem to be smoothly connected to t
data as the two interaction models~FRITIOF7.02 andDPM-

JET3.03! predict. Since the emulsion chamber data extend
the TeV region and the primary particle energy respons
for such high energy gamma rays is much higher than
GeV where we have no accurate information comparabl
the AMS and BESS data, it would be premature to draw
definite conclusion on the primary and interaction mo
separately. However, the fact that smooth extrapolation
the primary spectra as shown in Table V@29,30# and the

FIG. 11. The altitude variation of the flux integrated over 6 Ge
The DPMJET3.03 andFRITIOF7.02 give almost the same feature co
sistent with the observation while the deviation ofFRITIOF1.6 from
the data is obvious.
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interaction model,DPMJET3.03 orFRITIOF7.02, give a consis-
tent result with the data, seems to indicate that such com
nation would provide a good estimate on other compone
at @10 GeV.

B. The x distributions

The two modelsFRITIOF7.02 andDPMJET3.03 give almost
the same results in the present comparison. However, if
look into the inclusivex distribution of the particle produc
tion, we note some difference, especially in the protonx
distribution. We define thex as the kinetic energy ratio of th
incoming proton and a secondary particle in the laborat
frame. Thex distribution forpAir collisions at incident pro-
ton energy of 40 GeV is presented for photons~from p0 plus
h decay! and protons in Fig. 12. The difference of the thr
models seen in the photon distribution is quite similar to
one for charged pions. Thex region most effective to atmo
spheric gamma-ray flux is around 0.2–0.3 where the diff
ence is not so large butFRITIOF7.02 andDPMJET3.03 have
higher gamma ray yield thanFRITIOF1.6.

On the other hand, the protonx distribution has larger
difference among the three models~we note, however, the
difference may be exaggerated compared to the photon
due to the scale difference!. It is interesting to see that, in
spite of these large differences, the final fluxes are not
very different. Our gamma-ray data prefer the more inela
feature of collisions thanFRITIOF1.6, i.e., more rapid increas
and faster attenuation of the flux.

We should compare the distribution with accelerator da
however, there are meager data appropriate for our purp
One such comparison has been done in a recent review p
@2# for pAir collisions at 24 GeV/c incident momentum
~Fig. 15 of Ref.@2#!. The charged pion distribution byFRI-

TIOF1.6 andDPMJET3.03 well fit to some scattered data whic
prevents to tell the superiority of the two. As to the prot
distribution, among the three models,FRITIOF1.6 is rather
close to the data but deviation from the data is much lar
than the pion case.

.

TABLE V. Primary flux assumed in the simulation above 100 GeV/n.@E in kinetic energy per nucleon
~GeV!, flux in /m2 s sr GeV.]

Proton Helium CNO

E flux E flux E flux

92.6 0.59331021 79.4 0.54931022 100.0 9.031025

108 0.38831021 100.0 3.031023 400.0 1.831026

126 0.27631021 200.0 5.031024 2.03103 3.531028

147 0.17931021 400.0 7.031025 2.03104 9.3310211

171 0.12431021 2.03103 9.9831027 2.03105 2.3310213

200 0.83631022 2.03104 2.531029 14.03105 1.3310215

1100 8.2931025 2.03105 3.97310212 3.03106 1.7310216

1.13104 1.4731027 4.03105 6.1310213 3.03107 2.0310219

1.13105 2.8310210 8.03105 7.0310214 3.03108 2.2310222

2.23105 3.7310211 8.03106 8.7310217

4.43105 5.0310212 8.03108 5.3310223

4.43108 2.8310221
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FIG. 12. Thex distribution of photons fromp0 plus h decay~left! and protons~right! for pAir collisions at 40 GeV. The three mode
results are shown.
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The protonx distribution would strongly affect the atmo
spheric proton spectrum. We calculated the proton flux at
Norikura and found a flux relation such that fritiof1.6.
FRITIOF7.02. DPMJET3.03 as expected naturally from thex
distributions. The maximum difference is a factor;2.5 in
the energy region of 0.3 to 3 GeV. The BESS group h
measured the proton spectrum at Mt. Norikura in the sa
energy region. Their result expected to come soon@31# will
help select a better model for the protonx distribution.

C. Flux of neutrinos

SinceFRITIOF1.6 does not seem to be a very good int
action model as compared to the other two, and the
HKKM calculation @19# used it, we briefly introduce wha
changes will happen when more reliable interaction mod
are employed.

Gamma rays suffer multiplication and are attenuated
the atmosphere while neutrinos do not. The primary cosm
ray spectrum employed in HKKM is different from th
present one; the old proton flux is;25% higher than the
present data above 30 GeV and;10% lower below 10 GeV.
These make it somewhat complicated to foresee how
model difference shown in Fig. 11 or in thex distributions in
the previous subsection appears in the atmospheric neu
flux at sea level.

The present harder pionx-distributions and the differenc
in the primary spectra tend to compensate each other;
DPMJET3.03 and the present primary spectrum, the atm
spheric neutrino flux below;10 GeV incidentally agrees
with the old HKKM values within;5%, while at higher
energies, the new model gives systematically lower flux@32#.
More general comparison including other calculations@33–
35# can be seen in Fig. 18 of Ref.@2#.

If FRITIOF1.6 was used with the new primary, the flux
around 1 GeV would be much higher than theDPMJET3.03
case and probably would not be acceptable as muon c
05200
t.

s
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-
ld
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parison@7# indicates. If we employFRITIOF7.02, the resulting
neutrino spectrum is expected to be a little bit higher th
that with DPMJET3.03 at all energies.

VII. SUMMARY

We have made successful observations of atmosph
gamma rays at around 10 GeV at Mt. Norikura~2.77 km
a.s.l! and at balloon altitudes~15–25 km!. The observed
gamma-ray fluxes are compared with calculations by th
interaction models; it is found thatFRITIOF1.6 employed by
the HKKM calculation@19#, which was used in compariso
with the Kamioka data, is not a very good model. Other t
models ~FRITIOF7.02 and DPMJET3.03! give better results
consistent with the data, which shows more rapid incre
and faster attenuation of the flux thanFRITIOF1.6 predicts.
Our data have complementary features to muon data and
serve for checking nuclear interaction models used in atm
spheric neutrino calculations.
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