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Very high energy spectra of cosmic ray nuclei from the JACEE balloon experiments are
presented. From a total of 12 balloon flights with an exposure factor of about 580 m? hour the
energy spectra of nuclei have been obtained in the energy range from several TeV to 1,000 TeV.
Proton energy spectrum, extending to several hundred TeV, can be a single-power law. Helium
shows a single power law spectrum in the energy range from 2 TeV/n to 200 TeV/n. Other
nuclei up to Fe indicated harder spectral indices compared with those of protons and helium.
The composition at around 500 TeV is 16 + 65%: 29 + 5%: 35 £ 6%: 9 + 3%: 11 + 4%, for the
abundance of p: He:C~O:Ne~S:7 218,

1. INTRODUCTION nature of cosmic rays beyond the shock limit

(E 210" eV) remains unclear. Presumably,
drastic transition of the rigidity dependent
elemental abundance is expected at these

The origin of cosmic rays has been a
question for many decades, and it still is a

fundamental, astrophysical mystery.
Observed cosmic rays are composed of
elements similar to the solar-abundance,
except for secondary nuclei (e.g., light nuclei
and syb-iron nuclei), trans-actinides, and
some isotopes. Low energy cosmic rays (100
MeV/n - 100 GeV/n) were relatively well
measured by various spacecraft experiments
{1]. Modols and theorios to undorstand the
energy spectra and elemental abundance of
nuclei, as well as the propagation effects,
have considerably been developed in the
last few decades. Nevertheless, the very

energies and is a good test for any models.
The standard model, generally accepted
in the low energy region, is the Leaky-Box
(LB) model [2], which considers interstellar
shock acceleration of source materials and
the diffusive propagation in a confinement
volume with the rigidity-dependent escape
length, Agge ~ E03, although ite effective
rigidity dependence up to about 100 GeV/n
is approximately Agge ~ E 96). The LB

successfully explains gradual steepening of
the energy spectra of nuclei (~E20 — E28)
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of the primary components below 100
GeV/n, ratios of secondary versus primary
nuclei, and overall isotopic abundance.

There are several outstanding questions
on some isotopic abundance such as ZNe,
%, Mg, and ® PSi, as well as the (C/O)
ratio [3]. Multiple, specific types of the
sources, such as pulsars and type-ll
supernova [4] and the stellar winds from
Wolf-Rayet stars [3], have been introduced
to account for these data; which are recently
more seriously employed by Bierman [4] and
others to account for the difference of
helium and proton spectra indicated by the
Japanese-American-Cooperative-Emulsion-
Experiments (JACEE).

At higher energies above 100 TeV/n (~ 5
x 1036 eV for Fe), a spectral break (“Knee”)
has long been recognized by the Extensive
‘Air Shower (EAS) observations, although
whose data are limited to the energy flow
without elemental data. Shock acceleration
theories encountered a great theoretical
difficulty [5] at this very energy region.

" The JACEE group has carried out a
series of balloon flight experiments to
explore the elemental composition of these
high energy nuclei directly measuring the
primary charges and energies with emulsion
chambers. Their high energy interactions in
the detector are also measured.

This paper describes the JACEE
experiments and the recent data summary
on energy spectra and elemental

composition up to 1015 eV [6]. More long
duration balloon flight experiments are
currently planned for the coming decade to
extend the spectrum beyond the "knee".

2. INSTRUMENTS & METHODS
- High Precision Emulsion Chamber

By 1996 the JACEE successfully made
14 Dballoon flights, including five long
duration flights. Presently, data analysis is
complete for the first 12 flights that include
two long-duration balloon flights (LDB) from
Australia to South America. The latest

LDB experiments are Antarctic circumpolar
flights (JACEE-10 ~ JACEE-14), whoue
data analyses are in progress.

In this paper, we summarize the data
set from the first 12 balloon flights (up tw
JACEE-12). The average altitude of the -

level flight ranges from 3.5 g/cm2 to 5.5

g/cmz. On average more than 400 events
per block were detected with the cascade's
optical density (Dyqx for a slit size of 200 .
pm x 200 um) greater than 0.2, or ZEy 2
1.5 TeV. The sum from all the flights
amounted to 20,000 events. About 200 of .
the highest energy events for each block
were traced for primary identification (total
2 8,000 events); of which, about 180 events
had an energy exceeding 100 TeV. About a
dozen of the high multiplicity events per
block were measured for interaction studies -
A total of 56 blocks of emulsion chamber;
was flown and the analysis on the first 49—
blocks is complete for the present paper. :
The details of the parameters of balloon |
flights are listed in Table 1. The basic "
detector used in the JACEE experiments is :
a fine-grain emulsion chamber that has’
hundreds of track-sensitive emulsion plates '
and a three-dimensional emulsion-X-ray |
film calorimeter [7].  Electronic counters
(such as Cherenkov detectors, proportional
chambers, a gas ionization chamber and & !
plastic shower counter) were used in thc§
third JACEE balloon experiment (JACEE-3) |

New hybrid emulsion chambers are being :
built for a large area application in long~;
duration balloon (LDB) flights to accelerats !
the post-flight track analyses of a largs:
amount of the data.  Scintillation fibes .
hodoscopes for in-flight primary tagging 4!
a large super-conducting magnet for trach |
momentum measurements are tested and
planned for future experiments [8]. Shown '
below (in Fig.1) are the schematx
illustration of the JACEE emulsion chambes
and composition of the track sensitive
materials that record high energy cosmic ray
nuclei, their interactions, secondary tracks,
and 3-D cascade shower developments.
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Table 1. JACEE Balloon Flights

Flight Number Launch Date Launch Site Altitude Flight Hours No. of Units
- (g/cm?) at Float (@Size cm x cm)

JACEE-Q Test 5/79 Sanriky 8.0 29.0 1 (40 x 50) -
JACEE-I 9/79 Texas 3.7 25.2 4 (40 x 50)
JACEE-2 10/80 Tcxas 4.0 29.6 4 (40 x 50)
JACEE-3 6/82 Greenville 5.0 39.0 1 (50 x50)
JACEE-4 9/83 Texas 5.0 59.5 4 (40 x 50)
JACEE-5 10/84 Texas 5.0 15.0 4 (40 x 50)
JACEE-6 5/86 Texas 4.0 30.0 4 (40 x 50)
JACEE-7 LDB 1/87 Alice Springs 5.5 150.0 3 (40 x 50)
JACEE-§ LDB 2/88 Alice Springs 5.0 120.0 3 (40 x 50)
JACEE-9 10/90 Ft. Sumner 4.0 44.0 4 (40 x 50)
JACEE10 LDB 12/90 Antarctica 3.5 204.0 2 (30 x 40)
JACEE11 LDB 12/93 Antarctica 4.5 217.0 6 (40 x 50)
JACEEI12 LDB 1/94 Antarctica 5.0 212.0 6 (40 x 50)
JACEE13 LDB 12/94 Antarctica 5.0 310.0. 6 (40 x 50)
JACEE14 LDB 12/95 Antarctica 5.0 350.0 6 (40 x 50)
JACEE]1S Test 9/95 Magnet | Ft. Sumner 4.5 20. 2 (40 x 50)
JACEE16 Test 9/95 Fiber Ft. Sumner 4.0 10. 1 (40 x 50)

The bottom part of the chamber is called
as the "Emulsion-Calorimeter” (EMCAL),
having the vertical lead thickness (tv ) of 7 -
12 radiation length (rl) with about 30
sampling layers of emulsion plates with x-
ray films. X-ray films provide visible record
of individual cascades and emulsions give a
fine spatial resolution of ~ 1 micron. The
3D cascade theory for a small radius (Ne(r))
is applicable to the JACEE EMCAL. For
3D shower development (Ne (t) for r < 100
um) EMCAL well performs a sampling
calorimetry beyond the shower maximum (tv
max ~ 7 - 10 rl.) for those with energy
exceeding TEy =100 TeV. The visible dark
spots in X-ray films are useful for visual
scanning and densitometry for determining
the shower energy. The detection threshold
energy varies with the background density,
and it is typically ZEy = 700 GeV (D0 =
0.1). All the detected events are measured
for zenith angle (0), azimuth angle (¢), and
optical density (D,,,,). Since the event

tracing throughout hundreds of emulsion
layers for each event is time consuming, only
high energy events were selected for the
analysis. The criteria for event selection are

Dpar 20.20, 0.29, and 0.35 for JACEE 1 - 6
{6}, JACEE 7, and JACEE 8, respectively.
The zenith angle cut was also applied for
the analysis. Typically, we select tan 6 <

5.0 (0 <799) for high energy events (D, 2

0.5) and tan6 < 3.0 (8 < 729) for events with
D,..x < 0.5. The solid angle acceptance of

the chamber with these criteria is very high
(3 - 3.5 sr) compared with that of a typical
electronic calorimeter (~ 0.1 sr).

Z | Charge Determination Module
EM 7B7B (200), 7B6B (200), CR-39

Target/Producer Module
EM 7B7B (60), 7B6B (200)
CR-39, Pb (Fe) target

Spacer Module (some flights)
EM7B6B, Honetcomb, Styrofoam

Emulsion Calorimeter Module
EM 7B7B (60), X-ray films (#200)
Pb sheets (1 - 2.6 mm)

Fig.1 JACEE Emulsion Chamber.
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The energy measurements of individual
events were made by the optical
densitometry of X-ray films. The Dpyax
value was calibrated by the electron density
counting (Ne) in emulsions for the same
events. The empirical formula of the shower
energy for a measured value of Nep.x (r >
100pum) was

SEy (GeV) = 10.6 x {(Neyy - 1)
x (1 + tan@)02631.08, [6))

The accuracy of energy measurements
was studied by wusing Monte Carlo
simulations incorporating shower-to-shower
fluctuations in sampling calorimetry. This
fluctuation is naturally larger for a larger
primary nucleus. Our results of overall
errors are shown in Fig. 3, where 1o's in
the relative error (AXEy / XEy) are 18%,
23%, 27%, 30%, and 42% for protons,
helium, C-O, Ne-S, and Fe nuclei,
respectively.

These values include the fluctuation due
to that of the interaction heights from event
to event in the emulsion chamber. What
we obtain is the TEy spectrum for each
primary species. The primary energy (E,)
spectrum is then obtained from the
observed XEy spectrum by using the
conversion factor Cyy 1 The Cyxy uniquely
relates the primary E, spectrum and the
ZEy spectrum, and is defined by Cy, =

[f kyP fiky) dkyIVB, where B denotes the
primary power index and flky ) is the partial
(photonic) inelasticity distribution in nucleus
(nucleon) - nucleus interactions. The Ciy
values are different for events that
interacted in the target and EMCAL. The
former is about 10% smaller than the latter.
The Cy,'s for the target interaction events
are 0.265, 0.168, 0.129, 0.115, and 0.105
for protons, helium, carbon, magnesium and
iron, respectively.

The wupper portion of the emulsion
chamber consists of the PRIMARY
MODULE and the TARGET MODULE

where many emulsion plates and some CR-
39 plastic detectors permit charge
measurements and interaction studies.
Most of CR-39 plates, however, did not give

better charge resolution than the &-ray |

range-spectrum measured in emulsions.
Fig. 4a shows the charge distribution of the
accelerator nuclei (*0, 200 GeV/n) with
various dip angles (0°, 30°, 45°, 60°, 90°)
measured by CCD photometry (AZ ~ 0.6e for
oxygen nuclei).9 Fig. 4b shows the
measured distribution. for nuclei that were
detected by cascade showers at high
energies (E> 1 TeV/n, AZ = 0.57e for Z =6
~ 12).
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Fig. 3. Energy resolution for (a) protona,
(b) helium, (c) C, (d) Mg and (e) Fe nuclei.
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Tracks with small charges (Z < 5) were
measured by grain or gap counting methods
in low sensitivity emulsions (Fuji 6B) as
well as in high sensitivity emulsions (Fuji
7B). The measurement accuracy was AZ =
0.2¢ for protons and helium. The
discrimination of protons from helium was
made with ~ 100% efficiency. Some other
emulsion chamber experiments do not have
this capability. JACEE's identification of
protons and helium is unique at all angles,
-thanks to precision triangulation of the
event axis by using several background
nuclei for fiducials.

4A21_01 O.D.Distribution

Fig. 4a. Charge resolution by track-
densitometry of O nuclei at 200 GeV/n.

No. of Events

N ™[]

Z (measured from 6-ray Range Spectrum)

Fig. 4b. Charge resolution by d-ray range
measurements for nuclei having high Dy, gx.

N,
34 5 & 1 8 % 10 10 12 13 44 15 1617 480 9 30 31 33 3% 34 28 2 2T W

The error in locating the primary track in
the emulsion plate was only 10 pm. There
are practically no spurious background
tracks with the same (0, ¢) values within
this small area, and the unique
identification of the primary track was
accomplished even for a neutron incidence.

3. RESULTS (1) :
3.1 PROTONS AND HELIUM

Atmospheric corrections, and small
intensity corrections due to finite energy
resolution, were applied to the observed
spectra. Fig. 6 shows the results for
protons and helium. The heium spectrum
can well fit to a single power spectrum over
the entire energy range of the measurement
(2.5 ~ 110 TeV/m):

dN/AE = (7.76 + 0.52) x 108
x E267£008 (02 gr gec TeV/n) 1. 2)

The proton spectrum shown in Fig. §
should further be corrected for a rising cross
section by a factor of E-0.03 5 pe applied to
the points shown in the figure. After this
correction, the Maximum Likelihood fit to
proton data in the low energy region (6 ~ 40
TeV) gives .

dN/dE = (7.49 £ 0.20) x 102 x E264+0.12,(3)

Protons in the entire energy range
6 ~ 300 TeV can be represented by a single
power,

dN/AE = (1.04 +0.04) x 10’1 x E279+006
(m?2 sr sec TeV)L. @)

Two-component fit with the bending
point at E ~ 50 TeV, if desired, can be:

dN/dE = (7.49 +0.20) x 102 2641012
x[6(E - 6 TeV) {1 - 6(E - 50 TeV)}]

+(6.2 £ 0.80) x10-1 E-80+020

x [6(E - 50 TeV)). 5)
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Some deficiency of the proton intensity
above 40 ~ 50 TeV was recognized in 1993
with the data up to JACEE-8. If it is real
and of rigidity-dependent astrophysical
origin, it should also be seen in helium
spectrum at energies above 20 ~ 25 TeV/n.
However, there were no such evidence for
the helium spectrum. If instrumental
artifacts such as saturation of optical
density were to be blamed, the same
deficiency in helium spectrum should occur
at energies above 16 ~ 20 TeV. No such
effects were recognized in 1993 in the
observed helium spectrum. If the high
energy bend in proton spectrum is due to
unknown hadronic interactions, it can
happen for helium at approximately the
same energy per nucleon.

: 3.2 Exact Densitometry: corrections
required for X-ray film photometry

It was recently discovered [10] that the
traditional definition of D, used by all the
emulsion chamber experiments including
mountain-top X-ray chambers, was
significantly inaccurate for high energy
shower measurements. Exact corrections
were applied to all the present JACEE 1- 12
data. The proton flux deficiency indicated in
1993 (Calgary) above 50 TeV is not
significant with the new data summary up
to the recent JACEE-12 experiment. Below
we show why this photometry correction is
mandated and how significant it is.

The optical densities measured in the
densitometry are Dob (shower + background)
and Dbg (background), and the conventional
definition {11] of the optical density of the

shower (Dsh) is simply

Dsh = Dob - Deg. (6)

This world-wide convention of eq. (6) that
defines the shower density Dsk is, however,
only approximate and valid only for low
optical density measurements. It becomes
increasingly inaccurate for higher energy

events that have high Dot and/or D
values. This is because the quasi-linear
response function of the Optical Density of
X-ray films gradually deviates from the
linearity at very high electron densities (p),
and which would ultimately saturate to the
asymptotic density value (Do),

D=Do(1 -

). (N
+op

High energy events that have high optical
density, Dsr > 2, in high background-density
exposures (D& 2 0.8) are subject to
corrections corresponding to the exact
definition of the optical density subtraction
formulae (9) shown below for the shower,
Dsk. The electron density of the shower
(psk) and background (pbg) must be used in

subtracting the background density from the

total electron density (pob) observed in the X-
ray films. The correct electron density and
the optical density of the shower at all
ranges of the optical density is :

psh = pob - pbg
_ DO(Dob - Dbg) (8}
a(D,~ D, )D, - D, )’
and :
Dsh=Do (1 - ————) =k (Dob - Dtg), 9)
+ GpP
where
D, D p. 1"
xi[a- 2 ) =22 (] - =2 )] . (10
" b’ D, D]

-

We note here that the exact formulae (9)
should be wused in any high epergy
densitometry experiments where the shower
density (Dsz) and the background density
(Dg) are not negligibly small to use eq. (6,
e.g., eq. (8) inaccurately gives Dsh ~ 3.0 for
a high energy shower event of Dsh = 3.5 for
a background D& ~ 1.0. Correspondingly,
air shower (gamma family) data from all the
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mountain-top experiments should receive
the corrections by eq. (9). (Almost all the
mountain . experiments data  remain
uncorrected, and therefore, they could be
regarded as significantly underestimating
the energy (CZEy and Ey) in any relevant

data analyses.)

Proton
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Fig. 6 Proton and helium energy spectra
from the corrected JACEE 1 - 12 data.

3.3 Summary of the Proton spectrum

The :ﬂatter

(-2.64) single power-law

spectrum for the data points below 50 TeV,
(3), is a poor fit for the data points above 50
TeV. Present data, being corrected by the

g €= 4.6¢
Table 2 Number of events and exposure factors for different charge groups (JACEE)

490

89

proper photometric energy determination
formula is quite consistent with a steeper

(- 2.79) single-power law spectrum (4) in the
entire energy range. The two-component
spectrum (5) can fit the data, but the
statistical confidence level for two-exponent
spectrum is not meaningfully higher than
the single power-law spectrum. The
essential difference of the present data from
the 1993 summary can be seen in the D—E
conversion. The puzzle and question stated
in 1993 paper and in the section 3.1. in this
paper regarding the proton deficiency seem
to be well solved by the finding of the
inappropriate D—E conversion scheme that
has been conventionally used by all the
emulsion chamber experiments for years.
The on-going analysis of Antarctic
circumpolar balloon flight series (JACEE-13
and -14) 1is expected to give a few times
larger statistics than the present one and
more definitive answer to the question on
the possible steepening of the proton
spectrum beyond 100 TeV could be
answered soon. Further observations would
be required to examine a possible “knee” of
protons at higher energy. More than 30
times larger statistics than the present
summary is required to examine with a
sufficiently high statistical confidence to
1000 TeV regime.

592 STz

Energy Bifl 38 - 55 55 - 116 116 - 300 | 300 - 930 | > 930 TeV
Item F Tev4s.y| TeV 799 TeV[86.S Tev 528
Protons No. of events 38 38 14 3 0
for SQTp (m*srs) | g g4 x 105 1.64 x 100 1.64x 100]  1.64x100] 1.64x 100
Helium No. of events 53 54 22 7 1
for SQTp (m” sr 5) 9,72 x 109 1.13 x 106 227x 108 227x100| 227x 100
C - O No. of events 22 26 12 9 1
for SQTp (m*srs) | 7,63 x 105 7,63 x 10 1.04x 106]  129x 106]  1.29x 100
Ne - § No. of events 10 15 9 3 0
for SQTp (m*srs) | 19x 106 1.10 x 106 133x100] 289x100| 2389 x 100
Z > 17 No. of events 6 11 9 3 2
for SQTp (m*srs) | 920 x 105 L11x105]  135x100] 292x100] 292 106
<In_A> (A:massNo) | 1.49+0.14 164011 | 211017 | 203 +024 | 2.67 059
*S: effective area, Q: solid angle, T:’ exposure time, p: Interaction probability (within the fiducial volume).
e \ T
e ! . LY P N
e He T MorTp b L
s - LTI < { [ i ! /\ "f, !\ ,,‘
£ Pl>2. §
Y &y 0.9¢+0z22 7.
A CR 0.4p £ 0,68 207/~
i
é 134 oY+ 0.1 52N
- Sf 0,30 +013 (T
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4. RESULTS (2): NUCLEI

The energy spectrum (per nucleon) for
nuclei heavier than helium are shown in
Fig. 7. Compared in the figure are lower
energy summary of the CRN and SOKOL
spacecraft experiments (S. Swordy [12]).
Uncertainties for the different experimental
conditions and the limited statistics would
discourage quantitative comparison of them.
Nevertheless, overall comparison suggests
that the heavy nuclei’s spectra are harder
. than those of protons and helium spectra.
All these three experiments are different in
instrumental principles and methods. Any
relative systematic bias, if any, can reduce
the validity of such a comparison. To avoid
unknown influence of any systematic errors,
we confine our discussions to the abundance
data within the JACEE experiments only.

Table 2 shows the number of events at
five energy bins, where relative abundance
of different charge groups can be seen at
different energy. It is evident from this
table that the average mass (<In A >) is
increasing with increasing energy.

B SOKOL-CNO
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Fig. 7 Differential energy spectrum for Z >
5 nuclei (energy per nucleon).

At the highest energies (300 - 930 TeV,
with the median of 500 TeV) the abundance
of (C ~ Fe) is 60 + 20%, which is 1.7 times
increase from that of 36.4 £+ 7.5% at 45 TeV
(38 ~ 55 TeV). The 1.7 times larger value is
only a 1.50 argument. Therefore, the result
on heavy nuclei dominance still requires a
larger statistics' analysis for a conclusive
judgment. The all-particle spectrum and
the energy spectra per nucleus for each
charge group are shown in Fig. 8. It is
noted here that the JACEE result on the all.
particle spectrum is very similar to that o
old PROTON satellite results [13], but
neither of them reached the very "knee" of
the AS spectrum [14]. Both data smoothly
connect to the AS data.
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Fig. 8. All-particle spectrum (E.per nucleus)

5. RESULTS (3): IL/M RATIO

The Light nuclei (Li + Be + B) vs Métiua
primary nuclei (C + O) is a good measure u
evaluate the material path length of cosmk
rays after propagating in the galaxy. Thu
value in this experiment was 0.065 + 0.03¢
at the median energy of 7 TeV/n. It cleark
contradicts with the predicted values (> 0.2
for the Closed Galaxy Model and agrees ver,
well with the Nested Leaky Box Mods
while much smaller values are expected fo

it e i
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the Leaky Box Model. The analysis,
however, has an uncertainty of about 1
g/cm? in evaluating the background, and the
observed ratio does not necessarily preclude
the Leaky Box Model. Fig. 9 compares the
high energy JACEE data with the low
energy data and these three major models.

10

L1+Be+B/C+O

oot 1 1 ! h !
109 1010 oM 1012 103 1014 1018
’ Primary Energy eV/Nucleon

Fig. 9 L/M ratio.

6. DISCUSSIONS

Very high energy composition data on
cosmic ray elements suggest some deviation
from those well known for years at lower
energies (E < 1 TeV/n). Notable points of
“anomalies” in cosmic ray data above 1
TeV/n are:

I) Difference in spectral index of protons
and helium to 0.1 = 0.06 from the low
energy to high energy up to 50 TeV/n
(JACEE and Chicago).

2) Suspected early steepening of proton
spectrum at higher energies before the
“knee”, although there are no compelling
evidencé or indications for protons or
corresponding steepening for Helium
spectrum up to 100 TeV/n (JACEE).

3) Hard spectra of C - O components with
the spectral index of - 2.46 + 0.16 (JACEE
& Maryland).

4) Gradual increase of the average mass
number toward the “knee” (HEAO, CRN,
and JACEE) and its gradual decrease
beyond the “knee” to 10 ® eV (Fly’s Eye).

5) Possible increase of Ar and Ca
components above 500 GeV/n (HEAO C3).

6) Possible decrease of Si component
above 500 GeV/n (Chicago CRN and
Sanriku).

Some understanding of these data have
been provided by the latest model of
Biermann et al, who considered the two
components of cosmic rays up to the “knee”;
namely, (I) SN shock wave acceleration of
interstellar medium to account for Hydrogen
up to 30 GeV and the similarity of the low
energy composition with the FIP-dependent
Solar Abundance; (II) SN-II explosion into
stellar winds of massive stars, to account
for high energy He and nuclei. Here,
however, additional remarks are due to a
possible decrease of Si, and possible
increase of Ar, Ca and sub-Fe components,
in addition to the hard spectrum of C-O
components.

" If all these data were correct, as well as
those of protons and Helium, the available
data would favor the second component
scenario from SN-II. Should the second
component at high energies contain not only
the elements of the stellar winds but also
those of SN-II ejecta, we might be led to
consider either pulsar winds and direct DC
acceleration or shock acceleration of the SN-
IT ejecta in the association of massive stars.
Explosive neutron process of the Si layer
that produces S, Ar, Ca would have to be
taken into account of the analysis for high
energy medium-heavy abundance.

Thus, the question of the second
component and the details of the
composition change at around the “knee” |
might shed light on the origin of cosmic rays
in more concrete way than before.

7. CONCLUSIONS

High energy cosmic rays have been
observed in the energy region 10 TeV -
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1000 TeV by the JACEE balloon flight
experiments. The data used in the analysis

are from 580 m2 hour exposure. The latest
Antarctic balloon flights increased the
exposure to 1,212 m2hour.

The all-particle spectrum close to the
"knee" region indicates a flatter spectrum
than that of protons, consistent with the
PROTON satellite data. Protons in the
energy range 6 TeV - 350 TeV is still
consistent with a single-power law with a
slope of - 2.79 £0.05. Helium fits very well
to a single-power law spectrum in the
energy region 2.5 - 200 TeV/n with a power
index of - 2.66 % 0.06. A possible
steepening of the proton spectrum is an
interesting questian, but a definitive answer
must await higher statistics' studies.

Medium nuclei (C ~ O), medium heavy
nuclei (Si ~ S) and iron group nuclei (+ sub-
iron, Z 218) indicated generally flatter
spectra than the proton spectrum,
suggesting heavy dominance toward the
"knee" region. The L/M ratio at median
energy of 7 TeV/n indicated a small value
(0.065 + 0.030), clearly excluding a
possibility of the Closed Galaxy Model or
large-scale reacceleration models, while
supporting Leaky or Nested Leaky Box
models. The major elements’ composition
data at above 10 TeV/n indicate
substantial deviations from the simple
extrapolation of the low energy spectra and
composition. Further data from large-scale
experiments are imperative to go beyond
any of the current, qualitative arguments
and modeling on the origin of high energy
nuclear elements.

The JACEE experiments are supported
in US. by the Department of Energy,
National Aeronautics and Space
Administration, National Science
Foundation; and in Japan, by Kashima
Foundation, Ministry of Education, and
Yamada Science Foundation. Successful
balloon flights were provided by the U.S.
National Scientific Balloon Facility.
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