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Abstract. This rapporteur’s paper provides a summary of the
papers addressing the direct measurement of cosmic rays that
were presented at the 27th International Cosmic Ray Con-
ference in Hamburg, Germany, 07–15 August 2001. These
papers include measurements of both nuclear and isotopic
composition, as well as observations of cosmic ray positrons,
electrons and antiprotons. Traditionally the termdirect mea-
surementshas implied measurements made at lower ener-
gies. However, at this conference several papers presented
experiments that can directly measure cosmic rays up to en-
ergies approaching the knee of the cosmic ray energy spec-
trum (∼1015eV).

1 Introduction

Table1 shows the distribution of papers summarized in this
rapporteur’s report. The title of OG1.1 is a little misleading
since historically 1 TeV/n has denoted the boundary between
direct observations and measurements made with air shower
techniques. Given the number of existing and planned ex-
periments that are capable of direct observations beyond this
energy, perhaps it is time to abandon the use of this artificial
divider. Sessions OG1.5 and OG1.6 describe either existing
or future instrumentation for cosmic ray measurements. Dis-
cussion of these papers will be included with the discussion
of the papers presenting related measurements. Several of
the theoretical papers that appear in OG1.2 will be summa-
rized in the rapporteur’s report that includes OG1.3–4. Pa-
pers published in the volumes of this conference will be ref-
erenced by their session code followed by their page number
(eg. OG1.1.1591 where 1591 is the page number). Other pa-
pers are referenced at the end of this report in the traditional
manner.

Figure1 shows a diagram of the life-cycle of galactic cos-
mic rays (GCR) as they travel to earth. There is a great deal
of debate about the specific processes represented in this fig-
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ure, but general agreement in the overall picture. Measure-
ments of the nuclear and isotopic composition of the cosmic
rays allow us to add more detail to this general picture. This
cartoon illustrates the interdependence of various life-cycle
phases and the measurement of cosmic rays. For example,
to make a measurement that allows one to extract informa-
tion about the source material for cosmic rays with a bal-
loon instrument, one must simulate the acceleration phase
and the propagation of the cosmic rays through the Interstel-
lar Medium (ISM). Subsequently, the effects of solar modu-
lation and the earth’s magnetic field must be addressed along
with the propagation of the cosmic rays through the atmo-
spheric overburden. The propagation model requires accu-
rate cross section information, which is not always available.
The picture is further complicated because observational data
are often fed back to influence the selection of model param-
eters.

2 Cosmic ray composition

Measurements of the composition of the cosmic radiation
provide information that allows the questions of the origin of
cosmic rays and their method of acceleration and propagation
to be investigated. Nuclear composition measurements can
provide useful constraints on the possible origins of galactic
cosmic rays seed nuclei, provided the effects of propagation
through the interstellar medium can be adequately modeled.
Isotopic composition measurements allow the nature of the
propagation phase to be investigated and may provide evi-

OG Session No. of Papers
Energy< 1 TeV/n OG1.1 44
Cosmic Ray Source Composition OG1.2 20
Balloon Instruments OG 1.5 18
Space Instruments OG1.6 44

Table 1. Distribution of papers summarized in this rapporteur re-
port.
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Fig. 1. This cartoon illustrates the major features in the lifecycle of
a galactic cosmic ray. It attempts to tie together the wide variety of
cosmic ray measurements presented during this Conference.

dence for reacceleration. Measurements of the radioactive
isotopes provide data on the size of the confinement volume
and the amount of time cosmic rays spend in this volume.

2.1 Nuclear composition

Nuclear composition measurements provide insight into two
questions. What is the source of the seed material for the cos-
mic rays? What mechanism governs the injection of this ma-
terial into the cosmic ray accelerator? The elemental abun-
dances at the cosmic ray source(s) can be inferred from direct
measurements once corrections are made for fragmentation,
which occurs during propagation. The cosmic ray source
(CRS) abundances have been shown to be fairly similar to
the abundances of elements in our solar system (SS). How-
ever, there are notable deviations from this correlation that
appear to suggest a preferential acceleration based on the
atomic properties of the elements. The first ionization po-
tential (FIP) has been used to examine the deviation in the
ratio of CRS/SS abundances. Figure2 shows the correla-
tion of the CRS/SS abundances with the FIP. Meyers (1985)
suggested that sun-like stars are the source of ions, which
are subsequently accelerated by stellar flares to modest en-
ergies before they enter the main supernovae driven acceler-
ator. An alternate scenario put forth by Meyers, Drury and
Ellison (1998) used ions sputtered off of dust grains as the
source of the cosmic ray material. In this case volatility is
the pertinent chemical property used to explain the CRS/SS
abundance deviations. In OG1.2.1784, Waddington shows
that while FIP and volatility are well correlated, there are a
number of elements where the correlation is broken and the
possibility of a measurement that can distinguish between the
two models exists. Figure3 shows a plot of the FIPS - volatil-
ity correlation. The elements that are low-FIP and volatile or
semi-volatile include32Ge,37Rb,50Sn,55Cs,82Pb and83Bi.

The long duration balloon experiment TIGER (OG1.5.-
2143) will have sufficient collecting power and resolution to

Fig. 2. The ratio of the Cosmic Ray Source (CRS) abundance to the
Solar System (SS) abundance organized as a function of the First
Ionization Potential (FIP). This figure was taken from OG1.2.1784.

measure the abundances of both32Ge and37Rb. The TIGER
experiment had a successful test flight and is now on queue
for a long duration flight in December 2001 from Antarctica.
The Heavy Nuclei eXplorer (HNX) mission (OG1.6.2181)
was selected for study by NASA’s Small Explorer Program.
This mission consists of two instruments, the Extremely-
heavy Cosmic-ray Composition Observer (ECCO) and the
Energetic Trans-Iron Composition Experiment (ENTICE)
(OG1.6.2235 and OG1.6.2231 respectively; Figure4). EN-
TICE is an advanced version of the TIGER instrument and
will be capable of unambiguously measuring the charge of
all GCR heavier than neon and having an energy greater than
500 MeV/nucleon. The energy of the incident particles also
will be determined in the range from 0.5 to 7 GeV/nucleon.
A successful flight of the TIGER experiment and the selec-
tion and subsequent launch of HNX should produce data that
will end the FIP vs. volatility debate.

A related result from the Salt Lake City Conference came
from measurements performed with the Cosmic Ray Iso-
tope Spectrometer (CRIS) on the Advanced Composition Ex-
plorer (ACE), showing depleted59Ni in the GCR due to the
electron K-capture decay59Ni→60Co. This decay has a half-
life of 1.1×105 yr, which implies that the time between the
nucleosynthesis of the seed nuclei and their acceleration is
>105 yr (Wiedenbecket al., 1999). This time period is rep-
resented by T2-T1 in Figure1.

Abundance measurements of the GCR actinides allow
even longer time scales to be investigated. In the paper OG1.-
1715, measurements of92U over 90Th, taken on the Long
Duration Exposure Facility, suggest that the age of GCR
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Fig. 3. For most elements, FIP and volatility are correlated (as
shown by the coincidence of the open circles with the dots). This
makes it difficult to determine which of these two properties gov-
erns the selection of cosmic ray source particles. For a number of
elements the agreement between FIP and volatility does not hold.
For example, measurements of32Ge, 37Rb, 50Sn, 55Cs, 82Pb and
83Bi should allow us to determine which of the two theories (FIP or
Volatility) is correct. This figure was taken from OG1.2.1784.

actinides is between 3×106 and<109 years, a result that
is consistent with the ACE59Ni constraints. If flown, the
Extremely-heavy Cosmic-ray Composition Observer will ex-
tend the method of using measurements of the actinides to
determine the age of GCR (OG1.6.2235). The ECCO in-
strument will use a 23 m2 array of BP-1 glass track-etch
detectors to measure the abundances of Th, U, Pu and Cm.
Isotopes of these elements are of interest due to their long
half-lifes. Earlier results have reported that Pb is severely
depleted in the GCR compared to the abundance expected if
GCR originate in solar-like material (OG1.1720, Binnset al.,
1989 and Fowleret al., 1987). Such behavior for the abun-
dance of Pb is expected if GCR originated from dust grains
in the ISM (Meyers, Drury and Ellison 1998) or if they are
produced in r-process enhanced material (Binnset al., 1989).
If GCR originate from dust grains, their age is expected to
be several Gy, whereas an r-process origin would result in
younger GCR, about 10 My. ECCO’s measurement of the
age of the GCR should distinguish between these two mod-
els.

2.2 Isotopic Composition

Measurements of the isotopic composition allow the prop-
agation phase of GCR to be investigated. For example,
electron-capture-decay isotopes can provide evidence for
reacceleration. The secondary isotopes37Ar, 44Ti, 49V, 51Cr,
55Fe and57Co decay only by electron capture. At high ener-
gies the electron-attachment cross section is very small and
the isotopes are stable. At lower energies electron attachment
is possible and results in the subsequent decay. The decay
occurs quite rapidly compared with the time the GCR spends
in the Galaxy. Hence, if electron capture occurs, the decay

Fig. 4. Sketch of the HNX experiment with the ENTICE instrument
at the top and the track-etch array of the ECCO instrument below.
This figure was taken from OG1.6.2181.

is assured. The paper OG1.1.1675 describes measurements
of secondary electron capture isotopes made with the CRIS
instrument on ACE. Excesses in the energy dependent decay
products could indicate that the GCR spent time propagat-
ing at a lower energy, where electron attachment is possible,
and then were reaccelerated at a later time. The measured
abundance ratios of49V/(46Ti+47Ti+48Ti) and51V/52Cr are
shown in Figure5. Also shown in this figure are predictions
from a leaky-box model with (solid line) and without (dashed
lines) electron-capture decay. The49V/(46Ti+47Ti+48Ti)
data fall to the left of the electron-capture decay line while
the 51V/52Cr lie to the right. Hence, no consistent evidence
for reacceleration can be extracted from the analysis at this
time. Interpretation of these results depends crucially on the
nuclear fragmentation cross sections and solar modulation. It
is likely that these results are limited by our knowledge of the
nuclear fragmentation cross sections. Improved cross sec-
tion measurements will improve the predictions of the prop-
agation model and may help with the interpretation of these
results.

The abundance of the calcium isotopes can provide clues
on the nature of the primary or source material of cosmic
rays. Many of the isotopes of calcium in the GCR are dom-
inated by secondary nuclei produced by fragmentation of
56Fe. The authors of paper OG1.1.1679 find that the notable
exceptions are40Ca and48Ca, which consist mainly of pri-
mary material. Figure6 shows the abundance of the calcium
isotopes relative to iron for GCR arriving at earth, the ob-
served solar-system abundance and propagated solar abun-
dances. There is strong agreement between the measured
abundance and the propagated solar-system results. These
two isotopes have very different histories. The isotope40Ca
is synthesized primarily via oxygen burning in massive stars
that result in Type II supernova, whereas48Ca is a product
of Type Ia supernovae (also see Plenary talk by Thielemann
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Fig. 5. Plot of the abundance ratios of electron capture-decay isotopes49V and 51Cr along with the prediction of a leaky-box propagation
model with (solid) and without(dashed) electron-capture (OG1.1.1675). These results provide no conclusive evidence for the existence of
reacceleration at this time.

Fig. 6. Abundance comparison including cosmic-rays arriving near
Earth (filled circles), solar-system abundances (×’s), and propa-
gated solar abundances (open circles). The radioactive isotope41Ca
is not present in solar-system material but is produced as a cosmic
ray secondary. This figure was taken from OG1.6.2181.

from this Conference). This leads the authors of OG1.1.1679
to conclude that both the solar system and the primary ma-
terial for cosmic rays are composed of a similar mixture of
materials.

3 Radio and light isotopes

Observations of secondary isotopes place constraints on the
pathlength distributions used in models of GCR propaga-
tion through the ISM. In particular, the isotopes of lithium,
beryllium and boron are generally believed to be mostly sec-
ondary in origin and hence can be used to probe the prop-
agation phase of GCR. Another subset of the isotopes, the

radioactive species, provides information on the time scale
between events in the life-cycle of a GCR. The radioactive
isotopes26Al, 36Cl, 54Mn, 14C and10Be act like propagation
clocks and measurements of these isotopes place limits on
the amount of time GCR spend in the confinement volume,
T3-T2 in Figure1. The radio isotopic abundances also place
limits on the size of the confinement volume and, when com-
bined with measurements of the B/C ratio, place limits on
the average density of interstellar matter encountered during
propagation. The constraints provided by the measurement
of radio isotopes should help to distinguish among the vari-
ous models of cosmic ray propagation. The isotope10Be is
particularly interesting because it is entirely secondary in na-
ture and has a half-life of 1.6×106 years, which is of the right
order of magnitude to measure propagation times. Abun-
dance measurements of10Be made at energies near 1 GeV
are particularly useful since the predictions of the various
propagation models tend to diverge at energies above 1 GeV.

The papers OG1.1.1655, OG1.1.1659 and OG1.1.1663 re-
port the successful efforts of the ISOMAX team to measure
the isotopes of beryllium and lithium. The ISOMAX experi-
ment measured the charge, magnetic rigidity and velocity of
cosmic rays incident on the instrument, thus allowing their
mass and chemical species to be determined. The velocity
was determined by a Time-of-Flight system and Cherenkov
counters. These10Be measurements were challenging due to
the paucity of this isotope at the relatively high energy regime
covered by this experiment. Figure7 shows the results of
the ISOMAX measurements, previous measurements of the
10Be/9Be ratio and the predictions of several models. Lim-
ited statistics and the spread of the model predictions pre-
clude any conclusive statements about cosmic ray propaga-
tion. However, the rapidly rising ratio does place some con-
straints on the model parameters and presents a challenge for
reacceleration models. The7Li/6Li results from ISOMAX
are interesting since they cover a fairly high energy range
(180 - 1300 MeV/nucleon). However, the results presented
at this Conference are for measurements made at the top-of-
instrument; atmospheric corrections must be applied to this
data set before a meaningful comparison to the predictions of
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LBM: Yanasak et al. 2001, n=0.34 cm-3

LBM: Molnar & Simon 2001, n=0,23 cm-3

DHM: Moskalenko & Strong 2000, H=4 kpc

Fig. 7. 10Be results from the ISOMAX experiment along with the
predictions of three models cited in the figure from top to bottom.
This figure was adapted from OG1.1.1659.

models can be made.
The paper OG1.1.1671 and the accompanying paper

OG1.3.1831 exemplify the interaction among GCR mea-
surements, propagation theory and cross section measure-
ments. The abundances of GCR lithium, beryllium and boron
(LiBeB) show a significant excess when compared to the so-
lar system abundances. The GCR excess is attributed to the
production of LiBeB via spallation. OG1.1.1671 reports on
measurements of the6Li/7Li, 7Be/9Be and10B/11B ratios
by the Cosmic Ray Isotope Spectrometer (CRIS) on ACE.
These measurements were used to constrain the parameters
of a propagation model presented in OG1.3.1831 to identify
the source of ISM LiBeB. The authors find that the domi-
nant source of ISM LiBeB is the fragmentation of interstel-
lar CNO by energetic cosmic ray p and He rather than GCR
LiBeB that have experienced energy losses and slowed.

The isotopes of hydrogen and helium provide a probe that
allows propagation models to be tested and the effects of so-
lar modulation to be investigated. Measurements of absolute
fluxes at solar minimum are of particular interest since they
most closely represent those found in the ISM outside the he-
liosphere. OG1.1.1671 reports measurements of the1H, 2H,
3He and4He isotopes taken with the Japanese balloon ex-
periment BESS. A version of this experiment has been flown
nearly every year since 1993. The spectra collected over the
range of modulation parameters encountered during this time
period provide an excellent tool to study solar modulation.

Two interesting deuteron measurements were presented
at this conference. Deuterons are primarily produced in
the interactions of cosmic rays with the interstellar medium
during propagation, predominantly from the spallation of
4He. Deuterons are interesting because they have an inter-
action mean free path that is considerably larger than the es-
cape mean free path for cosmic rays from the galaxy. This
makes deuterons an effective probe to test propagation mod-
els. OG1.1.1614 reports on a high statistics measurement of
the deuteron spectrum by the Alpha Magnetic Spectrometer

a Stephens (1989)
b Mewaldt (1989)
c Seo (1994)

Fig. 8. Measurements of cosmic ray deuterons obtain with the AMS
instrument aboard STS-91 as shown in OG1.1.1614. The predic-
tions of three models are included in this plot.

(AMS) experiment during the Shuttle flight STS-91. Figure8
shows the deuteron/He ratio in the energy range from 90 to
850 MeV/nucleon as measured by AMS, along with the pre-
dictions of several models. The statistics of this measurement
are good enough that some models or sets of parameters for
models can be excluded.

The authors of OG1.1.1638 report on deuteron measure-
ments made at the highest energy to date. Using the
CAPRICE instrument the authors were able to measure the
deuteron/p ratio over the rigidity range from 29 to 40 GV at
the instrument. This measurement requires several refine-
ments such as correcting the measured ratios to the top-of-
atmosphere and comparing the abundance of deuterons to
the helium abundance rather than proton abundance. When
these refinements are accomplished, this result will improve
our understanding of the amount of material GCR traverse
during the propagation phase.

As stated earlier, the interpretation of GCR measurements
depends strongly on the modeling of the various aspects of
the cosmic ray life-cycle. Cross sections and the choice
of the proper input spectra represent two of the largest
sources of uncertainty associated with the GCR modeling
efforts. HE3.1.1371 and OG1.3.1956 report on two new
cross section measurement results. In the first paper, Kore-
jwo et al. present measurements of the isotopic cross sec-
tion of 12C beam fragmentation on hydrogen at 1.87 and
2.69 GeV/nucleon. In the second paper, Georgeet al. re-
port new measurements of the fragmentation cross sections
from 56Fe and60Ni beams at energies relevant to GCR prop-
agation. Both of these observations will help to improve the
interpretation of the measurements presented by improving
the accuracy of the models.

In the paper OG1.1.1643, Gaisseret al. remind us that
there are still uncertainties in the primary spectra of protons
and helium even at energies below 100 GeV. These spectra
are often used as the “inputs” for a variety of models. The
authors offer suggestions for “standard” spectra so that dif-
ferences between models that are due to the choice of input
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Particle α K b c
Hydrogen 2.74±0.01 14900±600 2.15 0.21
He (high) 2.64±0.01 600±30 1.25 0.14
He (low) 2.74±0.03 750±100 1.50 0.30

Table 2. Fit parameters for Equation 1.

spectra can be minimized. This is of particular importance
when calculating atmospheric phenomena such as the fluxes
of muons and neutrinos. The fits were derived by examining
the data collected over the past ten years. Due to the large
spread in the reported fluxes for helium,high and low sug-
gestions for helium are given. The functional form for the
spectra is given below with the fitted parameters provided in
Table2.

φ(Ek) = K × (Ek + b exp(−c
√
Ek)−α (1)

4 Positrons, antiprotons and antimatter

Positrons and antiprotons,p, are produced during the prop-
agation phase as secondaries via interaction of GCR with
the ISM. Excesses in the abundances of these particles over
those predicted by propagation models may indicate a non-
standard source,Exotic Processesin Fig. 1. In their most
mundane form, antiprotons and positrons serve as a probe of
both the propagation phase of GCR and the charge-sign de-
pendence of solar modulation. Or, they might hold the keys
to larger questions such as the nature of dark matter or the
physics that may exist beyond the standard model. To date,
all results are consistent with secondary production, but the
energy regime over 50 GeV has just begun to be explored
and better statistics at lower energies are needed to preclude
the existence of structure in the spectra of antiprotons and
positrons. OG1.1.1699 presents the antiproton results from
the BESS experiment taken in the year 2000, just after the
solar field reversal. The BESS collaboration has collected
a huge data base, with balloon flights in 1993, 1995, 1997,
1998, 1999 and 2000. This data base is an excellent tool for
the study of solar modulation. Figure9 shows the collec-
tion of BESS antiproton results along with the prediction of
Bieberet al. 1999. The BESS experiment measures the rigid-
ity and velocity of incident particles which, when combined
with charge measurements, allow the identity of the particles
to be determined. Combining a time-of-flight system with
Cherenkov counter, antiprotons can be distinguished from
the background events (e− andµ−) up to a kinetic energy of
4 GeV. The BESS program demonstrates that, given stable
long-term funding, balloon instruments can perform world-
class observations.

The collaborations associated with two other experiments,
CAPRICE and HEAT, report their observations of antipro-
tons over a much higher energy regime. The CAPRICE ex-
periment, OG1.1.1695, uses a suite of detectors, most no-
tably a ring imaging Cherenkov system, to identify antipro-
tons on an event-by-event basis. This paper reports the ab-

Fig. 9. Comparison of the BESS 1993, 1995, 1997, 1998, 1999 and
2000p/p ratios with a calculation (Bieber et al., 1999) taking the
charge sign dependence of the solar modulation into account. The
solid and dashed curves represent the calculatedp/p ratios at a so-
lar minimum and at a solar maximum in the positive Sun’s polarity.
The dotted curve represent the calculatedp/p ratios at a solar max-
imum in the negative Sun’s polarity. This figure was taken from
OG1.6.1699.

solute flux of antiprotons over the energy range from 3.2 to
49.1 GeV. These measurements are consistent with the theo-
retical predictions by Simonet al. (1998) and Bergström &
Ullio (1999), which assume a purely secondary origin for the
cosmic ray antiprotons (see Figure10).

The HEAT experiment realized a larger geometry by using
a minimal set of detectors (OG1.1.1684, OG1.1.1691). The
rigidity × multiple-dE/dx methods allow a measurement of
the antiproton/proton ratio up to an energy of 49.1 GeV. Fig-
ure11 shows two plots of data collected with the HEAT in-
strument for their lowest rigidity bin (4.5 GV< |R| < 6 GV).
Positively charged particles, predominantly protons, are at
the top half of the figure while negatively charged particles
are shown on the lower portion. Antiprotons are selected
as negatively charged particles with adE/dx measurement
consistent with that of a proton. This method allows a sample
of antiprotons to be selected from the large background of pi-
ons and muons. With increasing rigidity (or energy), the abil-
ity to distinguish the antiprotons from the background parti-
cles diminishes. These results also suggest that antiprotons
are produced as secondaries. Notably absent from the an-
tiproton presentations were the long anticipated results from
the AMS experiment flown on STS-91.
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Fig. 10. Recent measurements of the antiproton flux along with the
predictions of several models. The two solid lines show the upper
and lower limit of a calculated flux of interstellar antiprotons by Si-
mon et al. (1998) assuming a pure secondary production during the
propagation of cosmic rays in the Galaxy and using a recently mea-
sured proton and helium spectra (Menn et al., 1997). The dashed
line shows the interstellar secondary antiproton flux calculated by
L. Bergstr̈om and P. Ullio (1999, private communication). The dot-
ted line shows the primary antiproton flux by Ullio (1999), which
includes a Minimal Supersymmetric Standard Model with a contri-
bution from an assumed Higgsino-like neutralino, with a mass of
964 GeV. This figure was taken from OG1.6.1695.

OG1.1.1707 describes a Monte-Carlo simulation of the
production of antiprotons via interactions between GCR pro-
tons and the earth’s atmosphere. These calculations suggest
a higher production rate than previously calculated for bal-
loon altitudes. Furthermore, this paper suggests that even
at satellite altitudes corrections must be made for the atmo-
spheric contribution to the antiproton flux. Locally produced
antiprotons represent a very important background that must
be carefully determined. The calculation of Huanget al.
(OG1.1.1707) should be explored and confirmed.

Unlike antiprotons and positrons, the cross section for the
secondary production of antihelium, or other anti-nuclei, is
vanishingly small. If antihelium is found in the GCR, a pri-
mary source must exist. This would have a profound effect
on our understanding of cosmology and high energy physics.
Two new lower limits on the existence of antihelium in the
cosmic radiation were presented by the BESS (OG1.1.1711)
and AMS(OG1.1.1703) collaborations. Figure12 summa-
rizes these results along with previous measurements.

Three new experiments are planned that will extend the
antiproton and positron measurements as well as extend the
search for cosmic ray antimatter: BESS-Polar, PAMELA and
AMS-02. Table3 shows the papers associated with each of

Fig. 11. Two plots of the restricted mean dE/dx distribution with
gaussian fits for positively charged particles (top) and negatively
charged particles (bottom) for the rigidity interval 4.5 GV< |R| <
6 GV as measured with the HEAT instrument. This figure was taken
from OG1.6.1691.

these experiments along with a summary of their proposed
capabilities. These three experiments should reduce many
of the uncertainties associated with the measurements of an-
tiprotons and positrons. The BESS-Polar experiment, with
its huge geometry factor, will measure the lower portion of
the antiproton spectrum with excellent statistical accuracy.
A single long duration flight (20 day) of BESS-Polar should
push the limit on the antihelium to helium ratio down to
10−7. The first flight of this instrument will take place in
2002 or 2003. The PAMELA instrument is scheduled for
launch in late 2002 or early 2003. This instrument will pro-
vide the first measurements of the high energy antiproton and
positron spectra. A few years later, in 2006, the AMS in-
strument will be delivered to the International Space Station,
where it will begin measurements of the high energy antipro-
ton and positron spectra, as well as continuing the search for
antimatter.
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(AMS)

Fig. 12.New lower limits for theHe/He ratios from the BESS and
AMS instruments along with the results from other experiments.
The figure is taken from OG1.1.1711.

5 The “knee” in the GCR spectrum

The knee in the cosmic ray spectrum remains one of the most
intriguing questions in the field. While the previous sections
describe measurements that were driven in part by theory, the

Parameter BESS-Polar PAMELA AMS
G. F. (m2sr) 0.27 0.0021 0.3
MDR (GV) 200 380 1000
Duration (days) 20 1000 1000
Altitude (km) 36 690 370
Energies (GeV) 0.1 - 4 >0.1 >0.5
Flight vehicle Balloon Satellite Space Station
Launch Date 2002-3 2002-3 2006
ICRC Papers OG1.5.2135 OG1.6.2215 OG1.6.2193

OG1.6.2219 OG1.6.2197
OG1.6.2223 OG1.6.2201

OG1.6.2205
OG1.6.2211

Table 3. Summary of the capabilities of the BESS-Polar, PAMELA
and AMS-02 instruments. Adapted from OG1.5.2135.

knee represents a circumstance where the theory is driven by
the observations. The energy region of the knee, roughly
3×1015 eV, traditionally has been accessible only to ground
based experiments. These experiments offer large geometry
factors and exposure times, but have poor elemental (charge)
resolution. Direct measurements have better charge resolu-
tion but suffer from small geometry factors. Over the past
several years steady progress has been made in extending di-
rect measurement techniques toward knee energies.

A sharp downturn in the spectrum, such as the knee, is dif-
ficult to explain within the confines ofstandardcosmic ray
propagation and acceleration theory. The exact location of
the break in the spectrum (the knee) and how the composi-
tion changes across the knee remain topics of much debate.
These two factors combine to form an environment where
creative theoretical models can thrive. Several non-standard
models were presented at this Conference. OG1.2.1760 and
OG1.2.1768 suggest that the knee is caused by ground based
experiments underestimating the energy of the primary par-
ticle due to the presence of a new channel(s) in the high
energy proton interactions. In these scenarios part of the
primary energy is transferred to modes that do not trigger
the ground based detectors. OG1.2.1760 suggests that these
modes could involve the production of neutrinos, the lightest
supersymmetric particles or gravitons. The author, Kazanas,
suggests that this theory can be tested when the LHC comes
on line. In OG1.2.1768, Petrukhin suggests that the modes
could be very high energy muons or neutrinos. Furthermore,
Petrukhin states that these particles could be detected using
a modified version of the AMANDA experiment or the pro-
posed MONOLITH detector. OG1.2.1780 suggests another
explanation of the knee involving neutrinos. In this paper
Dova, Epele and Swain postulate that cosmic rays lose en-
ergy when they interact with massive neutrinos in the halo.
Their model results in a sharp cutoff of the light component
near the knee.

Both passive and active instruments can be used to perform
direct measurements of GCR near the knee. The RUssia-
Nippon JOint Balloon program (RUNJOB) is a well estab-
lished project that strives to observe primary cosmic rays us-
ing emulsion chambers flown on a series of balloon flights
(OG1.1.1622, OG1.1.1626, OG1.1.1630). At this Confer-
ence, the RUNJOB collaboration presents several results in
the energy range from 20 TeV to 1000 TeV. Figure13 shows
the energy spectra, as measured with RUNJOB, for protons,
helium, the CNO group, the NeMgSi group and iron. Dif-
ferences in the slopes of these spectra could imply that the
components were accelerated by different mechanisms or
have a different propagation history. If supernovae induced
shocks are responsible for the acceleration of cosmic rays,
one would expect to see a charge (Z eV, traditionally has
been accessible only to ground based experiments. These
experiments offer large geometry factors and exposure times,
but have poor elemental (charge) resolution. Direct measure-
ments have better charge resolution but suffer from small ge-
ometry factors. Over the past several years steady progress
has been made in extending direct measurement techniques
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toward knee energies.
A sharp downturn in the spectrum, such as the knee, is dif-

ficult to explain within the confines ofstandardcosmic ray
propagation and acceleration theory. The exact location of
the break in the spectrum (the knee) and how the composi-
tion changes across the knee remain topics of much debate.
These two factors combine to form an environment where
creative theoretical models can thrive. Several non-standard
models were presented at this Conference. OG1.2.1760 and
OG1.2.1768 suggest that the knee is caused by ground based
experiments underestimating the energy of the primary par-
ticle due to the presence of a new channel(s) in the high
energy proton interactions. In these scenarios part of the
primary energy is transferred to modes that do not trigger
the ground based detectors. OG1.2.1760 suggests that these
modes could involve the production of neutrinos, the lightest
supersymmetric particles or gravitons. The author, Kazanas,
suggests that this theory can be tested when the LHC comes
on line. In OG1.2.1768, Petrukhin suggests that the modes
could be very high energy muons or neutrinos. Furthermore,
Petrukhin states that these particles could be detected using
a modified version of the AMANDA experiment or the pro-
posed MONOLITH detector. OG1.2.1780 suggests another
explanation of the knee involving neutrinos. In this paper
Dova, Epele and Swain postulate that cosmic rays lose en-
ergy when they interact with massive neutrinos in the halo.
Their model results in a sharp cutoff of the light component
near the knee.

Both passive and active instruments can be used to perform
direct measurements of GCR near the knee. The RUssia-
Nippon JOint Balloon program (RUNJOB) is a well estab-
lished project that strives to observe primary cosmic rays us-
ing emulsion chambers flown on a series of balloon flights
(OG1.1.1622, OG1.1.1626, OG1.1.1630). At this Confer-
ence, the RUNJOB collaboration presents several results in
the energy range from 20 TeV to 1000 TeV. Figure13 shows
the energy spectra, as measured with RUNJOB, for protons,
helium, the CNO group, the NeMgSi group and iron. Dif-
ferences in the slopes of these spectra could imply that the
components were accelerated by different mechanisms or
have a different propagation history. If supernovae induced
shocks are responsible for the acceleration of cosmic rays,
one would expect to see a charge (Z) dependence in the po-
sition of the knee for each component. Looking at the results
from the RUNJOB measurements, I am concerned that the
distribution of the data points does not seem consistent with
the size of the error bars. Such well organized data points
would be expected to have much smaller associated errors.
The results presented here are based on 45% of the collected
data. As more of the analysis is completed, the statistics and
energy reach should improve.

The principal advantage of direct measurements over
ground based observation is the accuracy to which the
charge or composition of the primary particle can be deter-
mined. While ground based arrays typically separate events
as “proton-like” or “ iron-like”, direct measurements can de-
termine the charge of the primary particle to within a frac-

Fig. 13. Energy spectra for various components of the cosmic radi-
ation, proton, helium, CNO group, NeMgSi group and iron. RUN-
JOB data are denoted by filled symbols. Vertical axis is multiplied
by E2.5. This figure was taken from OG1.1.1622.

tion of a charge unit. Once the charge has been measured,
the other quantity needed for measurements of GCR spectra
is the energy. This can either be done with Transition Radia-
tion Detectors (TRD) or calorimetric techniques.

Calorimeters measure the energy deposited by the primary
when it interacts with the calorimeter material. As with air-
shower experiments, analysis of calorimeter data requires an
accurate model of hadronic interactions. These interactions
are often beyond the energy range of terrestrial accelerators,
which makes accurate cross section information difficult to
obtain. Further confusion is added when one considers the
range of nuclei that must be simulated. Typically increasing
the amount of the shower that is measured by the calorimeter
improves the energy determination. This drives calorimeters
to be made from materials that are dense inλI which also
tend to have large mass densities. This results in instruments
with relatively small geometry factors.

TRDs measure the Lorentz factorγ of the primary par-
ticle; this quantity is related to the kinetic energy per nu-
cleon. TRDs rely on electromagnetic interactions, which
are in general much better understood and easier to simu-
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Fig. 14. Schematic of the ATIC balloon-borne instrument along with its Antarctic flight trajectory. This figure was taken from OG1.5,2111.

late than hadronic interactions. However, TRDs work over
a narrower energy range and a narrower charge range com-
pared to calorimeters. TRDs can be constructed from lighter
materials than those used for calorimeters. Hence, TRDs can
have greater geometrical factors for a given weight compared
with calorimeters.

Both balloon-borne and space-based TRDs and calorime-
ters have geometry factors that are orders of magnitude
smaller that ground-based instruments. Using the rule of
thumb that 2000 events over the knee are needed to determine
the attributes of the knee (energy and change in slope), direct
measurements have a practical energy reach of< 1015 eV.
Given this constraint, direct measurement near the knee can
be used to calibrate ground-based instruments and might be
able to detect the charge, (Z), dependent downturn in the
spectra of the light elements, which marks the limits of su-
pernovae induced acceleration.

The ATIC experiment was recently flown on a balloon for
360 hours from Antarctica. This experiment gathered data
on the GCR composition (H to Fe) from 10 GeV to 100 TeV
(OG1.5.2111). Analysis of the data is underway. Progress
reports presented at this conference all show great promise
(see OG1.1.1595, OG1.1.1599, OG1.1.1601, OG1.1.1605,
OG1.5.2115, OG1.5.2119. OG1.5.2123 and OG1.5.2127).
It is likely that many interesting results from ATIC will be
presented at the next ICRC. Figure14 shows the trajectory
of the ATIC flight and a schematic of the ATIC calorimeter.

The TRACER experiment (OG1.1.1608 and OG1.1.1612)
has completed a successful engineering flight. A long du-
ration balloon flight is scheduled for 2002. Given a long
enough exposure, the TRACER instrument will measure the
spectra of GCR nuclei from oxygen to iron over the en-
ergy range form a few GeV to several TeV/nucleon. The
CREAM instrument (OG1.5.2150, OG1.5.2159 and OG1.5.-
2163) is under construction and plans to use both a TRD and
calorimeter to study high energy GCR in the energy range

from 1 TeV to 1015 eV.
Several papers were presented for the ACCESS experi-

ment. This space-based experiment will use both a TRD
and calorimeter to measure GCR to energies over the knee.
This program is in the proposal phase and hence a plethora of
papers describing possible designs for ACCESS instruments
were presented (See OG1.6.2239, OG1.6.2243, OG1.6.2251,
OG1.6.2259, OG1.6.2285 and OG1.6.2293).

6 Conclusions

A large number of very interesting and informative papers
were presented at the 27th International Cosmic Ray Confer-
ence. These papers represent the enormous ongoing research
effort in the field of cosmic ray science and dedication of
hundreds of researchers. Progress is being made and our un-
derstanding of cosmic rays is improving.

The CRIS instrument on ACE continues to generate out-
standing results coupled with thorough analysis and interpre-
tations. ACE is one of NASA’s great success stories. Sev-
eral papers presented at this conference have commented that
the interpretation of the ACE observations are limited by the
knowledge of the associated cross sections. This is a good
indication of how well the CRIS instrument performed.

Data collected to date on antimatter, antiprotons and
positrons suggest no evidence for exotic sources. The flux
of antiprotons is in good agreement with the predictions of
secondary production models. The search for a primary com-
ponent of both antiprotons and positrons now must move to-
wards higher energies with the PAMELA and AMS experi-
ments. Observations of bothγ-rays and X-rays continue to
decrease the possibility that antimatter domains are located
close enough to earth so that antimatter particles can propa-
gate here in a time shorter than the age of the Universe. The
BESS-Polar instrument will be able to push the search for
antimatter down to the 10−7 level.
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Direct measurements of cosmic rays continue to advance
towards higher energies. By the 28th International Cos-
mic Ray Conference we should have several exciting results
from the ATIC collaboration and hopefully some from the
TRACER experiment. The ultimate goal of all of these high
energy, direct measurements is to look for theZ dependent
roll over of the cosmic ray fluxes. If seen, this observation
will provide strong evidence for the supernovae acceleration
model and greatly increase our understand of the lifecycle of
cosmic rays. The question is: will these instruments have the
geometric exposure necessary for these observations? The
answers await us at the next ICRC in Tsukuba, Japan.
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