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Abstract

The Alpha Magnetic Spectrometer (AMS) was flown on the space shuttle Discovery during flight STS-91
(June 1998) in a 51.7° orbit at altitudes between 320 and 390 km.

A search for antihelium nuclei in the rigidity range 1-140 GV was performed. No antihelium nuclei were
detected at any rigidity. An upper limit on the flux ratio of antihelium to helium of < 1.1 x 10~® was obtained.

The high energy proton, electron, positron, helium, antiproton and deuterium spectra were accurately
measured.

For each particle and nuclei two distinct spectra were observed: a higher energy spectrum and a substan-
tial second spectrum. Positrons in the second spectrum were found to be much more abundant than electrons.
Tracing particles from the second spectra shows that most of them travel for an extended period of time in the
geomagnetic field, and that the positive particles (p and e') and negative ones (e~ ) originate from two com-
plementary geographic regions. The second helium spectrum flux over the energy range 0.1-1.2 GeV/nucleon
was measured to be (6.3 40.9) x 1073(m? s sr)~!. Over 90 percent of the helium flux was determined to be
3He at the 90% confidence level. (©) 2002 Elsevier Science B.V. All rights reserved.

PACS: 95.55.—n
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1. Introduction

The apparent absence of antimatter (antihelium, anticarbon, etc.) in the universe is one of the
great puzzles in particle physics. Theories [1] which predict either the existence of antimatter in
segregated domains or the total absence of antimatter have no firm foundation in experimental data.
The existence (or absence) of antimatter nuclei in space is closely connected with the foundation
of the theories of elementary particle physics, CP-violation, baryon number non-conservation, Grand
Unified Theory (GUT), etc. Balloon-based cosmic ray searches for antinuclei at altitudes up to 40 km
have been carried out for more than 20 years; all such searches have been negative [2,3]. The absence
of annihilation gamma ray peaks excludes the presence of large quantities of antimatter within a
distance of the order of 10 Mpc from the Earth. Baryogenesis models are not yet supported by
particle physics experimental data. To date baryon non-conservation and large levels of CP-violation
have not been observed.

Cosmological observations show that the matter of the universe is mostly dark matter. If dark
matter, or a fraction of it, is non-baryonic and consists of almost non-interacting particles like
neutralinos, it can be detected in cosmic rays through its annihilation into positrons or antiprotons,
resulting in deviations (in the case of antiprotons) or structures (in the case of positrons) to be seen
in the otherwise predictable cosmic ray spectra (see [4] and references therein).

The search for antimatter and dark matter is greatly facilitated if the search is performed outside
the Earth’s atmosphere. The Alpha Magnetic Spectrometer (AMS) [5] is the first large acceptance
magnetic spectrometer to perform a high statistics study of cosmic particles in the background free
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Fig. 1.1. A TeV detector in space: AMS-02 on the International Space Station.

environment of a space flight. The AMS experiment [6] has as its main objective to improve our
knowledge in this physics domain.

In the year 2005, the AMS detector will be installed on the International Space Station (ISS)
(Fig. 1.1). The mission is scheduled to last for 3—5 years. Fig. 1.2a shows the AMS-02 detector for
the Space Station. It contains the following main components:

(1) A 20 layer Transition Radiation Detector (TRD) to identify positrons with a rejection factor of
10°-103 against hadrons from 1.5 to 300 GeV.

(2) Four layers of Time of Flight (TOF) hodoscopes to provide precision time of flight measurements
(~ 120 ps), dE/dx measurements and the primary trigger.

(3) The superconducting magnet which provides a bending power of BL? = 0.86 Tm?.

(4) Eight layers (6.45 m?) of double-sided silicon tracker which provide a coordinate resolution of
10 pm in the bending plane and 30 um in the non-bending plane.

(5) Veto counters to ensure that only particles passing the magnet aperture will be accepted.

(6) A Ring Imaging Cerenkov Counter (RICH) which measures the velocity (to 0.1% accuracy) of
particles or nuclei and |Q|. This information, together with the measurement of momentum in
the magnet, will enable AMS to directly measure the mass of particles and nuclei.
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Fig. 1.2. (a) AMS-02 schematic. (b) Rigidity resolution of p and He in AMS-02.

(7) A 3-D sampling calorimeter (ECAL) made out of 15X, of lead and plastic fibers to measure
the energy of gamma rays, electrons and positrons and to distinguish electrons and positrons
from hadrons with a rejection of 10* in the range 1.5 GeV-1 TeV.

Thus the value of the particle charge |Q| is measured independently in the Tracker, RICH and
TOF. The signed charge (+Q) and the momentum of the particle are measured by the 8 layers
of double-sided silicon tracker in the magnet. The velocity, f5, is measured by the TOF, TRD and
RICH. Hadron rejection is provided by TRD and ECAL.
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The detector is designed with the following properties:

(a) Minimal material in the particle trajectory so that the material itself is not a source of background
nor a source of large angle nuclear scattering.

(b) Many repeated measurements of momentum and velocity so as to ensure that particles which
experience large angle nuclear scattering within the detector be swept away by the spectrometer
and not confused with the signal.

(c) A solid angle of 0.5 m? sr for the He search.

(d) Hadron/positron rejection of > 10°,

(e) AB/B=0.1% to distinguish °Be, '°Be, and *He, *He isotopes.

(f) A proton rigidity, R, resolution of 20% at 0.5 TV and a helium resolution of 20% at 1 TV, as
seen in Fig. 1.2b, where R = pc/|Zle (GV).

Prior to the main mission an engineering precursor flight using a prototype of AMS, AMS-01, was
flown on the space shuttle (STS-91, June 1998). The goal of the flight was to test the spectrometer
design principles and to gain experience in the operation of the detector under real space flight
conditions. According to a NASA-DOE agreement, the main purpose of AMS-01 is an engineering
test flight to comply with NASA safety regulations to ensure that the design and construction of the
high-energy physics detector can safely operate in space. For the AMS group, we also wanted to
measure all the particle rates so as to refine the AMS-02 experiment on the space station. No effort
was made to select especially high energy e* or low energy antiprotons. This will be done with the
AMS-02 detector.

During the 10 day mission a vast amount of data on the fluxes of different cosmic particles in near
Earth orbit was collected. In this report, we summarize the physics results from the precursor mission.
First a description of the experimental apparatus and the performance of different subdetectors are
given. Special attention is paid to the requirements arising from space flight and space environment
conditions. Improved limits on the presence of antimatter in space are reported. Results on the
measurements of the different particle fluxes are presented and discussed.

The knowledge obtained in the precursor flight is being used extensively in the redesign and
construction of the spectrometer for the space station mission.

2. AMS-01 detector

The detector design principles and limitations as well as main construction techniques of the
precursor flight version were reported in earlier publications [5,6]. In this report the essential perfor-
mance characteristics will be given with short descriptions of the subsystems. Fig. 2.1 schematically
shows the AMS detector elements: A permanent magnet with silicon microstrip tracker planes, scin-
tillation counter hodoscopes above and below the magnet, two layers of a threshold Cerenkov counter
and veto counters covering the inner surface of the magnet. Fig. 2.2 shows how the different detector
parts were integrated together. Since the assembly must withstand the acceleration and vibrational
loads of the shuttle launch and landing, the detector elements underwent a complicated procedure of
“space qualification” which included vibration and thermo-vacuum tests as well as the proper choice
of construction materials and mechanical design with first natural frequency well above the Space
Shuttle first eigenfrequency of < 50 Hz.
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Fig. 2.1. Schematic view of AMS as flown on STS-91 showing the cylindrical permanent magnet, the silicon microstrip
tracker planes T1-T6, the time of flight (TOF) hodoscope layers S1-S4, the aerogel Cerenkov counter, the anticoincidence
counters (ACC) and the low energy particle shields (LEPS).

Fig. 2.2. Iso-view of the AMS detector. Some construction elements such as honeycomb and foam are shown as well as
the position of the electronics crates.

2.1. Magnet

The choice of a permanent magnet and its design principles were reported in detail in Ref. [5].
The magnet has a cylindrical shape, a length of 800 mm, an inner diameter of 1115 mm and an outer
diameter 1298 mm resulting in a geometrical acceptance of 0.82 m? sr. The magnet was made from
64 sectors. Each sector was composed of 100 2” x 2" x 1” high-grade Nd-Fe-B blocks. Fig. 2.3
shows the arrangement of the field directions of the 64 sectors. We used the highest grade Nd-Fe-B
blocks with an energy level of (BH )pa = 50 x 10% GOe. This configuration produced a dipole field
of 1.5kG and a negligible dipole moment.® Before the construction of full scale magnets, many
smaller magnets were built to confirm and measure the field inside the magnet, the dipole moment
and the flux leakage. Fig. 2.4 shows the dimensions of the AMS-01 flight magnet.

Three full scale magnets were built:

(a) The first magnet was used in acceleration and vibration tests for space qualification.
(b) The second magnet was the flight magnet.
(c¢) The third magnet was built without glue for NASA safety tests.

The design of the AMS magnet was carried out by MIT together with the Institute of Electrical
Engineering of the Chinese Academy of Science, Beijing. The magnet, the supporting structure and
space qualification testing were completed by the Institute of Electrical Engineering and the

° The Earth’s magnetic field is 0.5 G. A strong dipole moment would result in an undesirable torque on the vehicle.
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Fig. 2.3. Magnetic field orientation of the AMS-01 magnet sectors.

Fig. 2.4. Properties of the AMS flight magnet (dimensions in mm).

Chinese Academy of Launch Vehicle Technology (CALT). Fig. 2.5 shows the first magnet un-
dergoing vibration testing. Fig. 2.6 shows it undergoing centrifuge testing up to 17.7¢.

Fig. 2.7 shows the comparison of the sine sweep test results before and after the 17.7g centrifuge
test. The test results indicate that there is no deformation in the detector before and after this test
and that the eigenfrequency for the magnet is above the shuttle eigenfrequency of < 50 Hz.

The flight magnet was completed and transported to the Swiss Federal Institute of Technology
(ETH) for integration on 15 March 1997. An independent team of specialists from CERN, together
with ETH physicists, mapped the entire volume of the flight magnet and determined that the field
agreed with the design value at the 1% level.

The third full scale magnet was built because of the lack of knowledge of the glue performance
over an extended period in the space environment. We built this magnet without using any glue
to be tested to destruction to ensure that AMS could be returned on the Shuttle to Earth even if
the glue completely failed. Fig. 2.8 shows a schematic of the test procedure on the third magnet.
The result of the test shows that, even with loads that were 3—10 times higher than what the stress
analysis indicated were required to fail the structure, it would not break.

The total weight of the magnet including the support structure is 2.2 tons. The magnetic field
is directed orthogonally to the cylinder longitudinal axis and the maximum bending power of the
magnet is BL> = 0.15 Tm?. The field drops down rather quickly outside the magnet to become
less then 3 G anywhere at a distance of 2 m from the magnet center.!® The variation of the main
(bending) component of the field along the longitudinal magnet axis is shown in Fig. 2.9.

1ONASA requires the leakage field to be < 60 G so as not to interfere with the life support system of the astronauts.
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Fig. 2.5. AMS magnet undergoing vibration tests in Beijing.

2.2. Scintillation counter hodoscopes

The scintillation hodoscopes consist of four planes of coincidence counters (see Fig. 2.1), that is,
two identical double planes (Fig. 2.10), situated at the top and the bottom of the magnet. A plane
of counters consists of paddles of scintillators of different length. To avoid inefficiency in particle
detection the adjacent paddles have a 5 mm overlap. The paddles of a double plane are orthogonal
to each other to allow the measurement of two coordinates.

The system measures the time of flight (TOF), the absolute charge [7] and the direction (upward
or downward) of charged particles. It also provides the primary trigger by coincidence.

Each plane consists of 14 modules. A module (Fig. 2.11a) contains a 10 mm thick, 110 mm wide,
720-1360 mm long scintillator paddle. Each paddle is connected on both ends to 3 photomultipliers
(Hamamatsu R5900) via 50 mm long trapezoidal light guides (Fig. 2.11b). The paddles are wrapped
with aluminized mylar and put into a two-shell, 0.6 mm thick, carbon fiber cover. The photomultipliers
(PMs) are fixed with a plastic housing to the light guides. A 3 mm optical silicon rubber sheet is
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Fig. 2.6. AMS magnet undergoing static load centrifuge testing in Beijing.
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Fig. 2.7. Sine sweep test frequency spectrum response of AMS magnet before and after 17.7g centrifuge test.

put between the light guide and the PM photocathode window in order to mechanically decouple
the PM from the paddle.

The signals from the three PMs on each side of the paddle are summed to provide one signal
from the anodes and one from the 2nd to the last dynodes. The HV distribution resistor chain is
mounted on two printed circuit boards (PCBs) behind each PM (Fig. 2.12). On the PCB attached to
the central PM there are also a summing circuit and the output cables. As the PMs can only work
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Fig. 2.9. Main (bending) field component variation along the magnet longitudinal axis. Z =0 corresponds to the magnet
center. The magnet edges are at +£40 cm.

in a weak magnetic field without performance degradation, the PMs and the electronic circuits are
protected from the residual magnetic field, about 200 G, by a 0.5 mm thick shielding case made of
permalloy. Two large PCBs mounted on top of each plane (see Fig. 2.10) contain two HV power
supplies each. The power supplies produce and distribute the HV to the 42 PMs of each side of
the plane. The same PCB holds the electronic circuits which allow the HV to be set individually
for each PM. The operating pressure was expected to be higher initially than the ambient pressure
of 1072 bar due to outgassing, and the resulting electric surface conductivity is about 7 orders
of magnitude larger than on the ground [8]. In order to avoid discharges, all PM sockets were
potted with silicon rubber and the PCB surfaces were coated with a special varnish. For stiffness the
modules are mounted onto a support made of a 100 mm thick aluminum honeycomb panel glued
between two 5 mm thick aluminum skins. Carbon fiber brackets are used to fix the modules to the
honeycomb panels. Each panel supports two scintillator planes.

Each read-out and trigger electronics module consists of a PCB mounted in an electronics crate
mounted outside the magnet which processes signals from 4 channels. Each channel provides:

e A trigger signal (above a threshold of 150 mV) which is sent to the general trigger system.
e A high resolution (25 ps bin size) time measurement of the delay between the input anode signal
(above a threshold of 30 mV) and the trigger signal arriving from the general trigger.
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Fig. 2.10. Double plane hodoscope assembly (located on the top of the magnet), corresponding to S1 and S2 of Fig. 2.1.
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Fig. 2.11. (a) View of one scintillator module assembly; (b) design of the light guide.
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Fig. 2.12. Photomultiplier assembly.

e The integrated input anode signal.

e The integrated input dynode signal.

e A time-over-threshold signal which gives an estimate of the signal time (with 1 ns bin size) to
tag off-time particles in a time interval of 10 us before and 6.5 ps after the trigger.

The time and position of the particle in a paddle are derived from the high precision time measure-
ments from the two sides of the counter. The anode dynamic range allowed the measurement of the
particle charge up to |Z| = 2-3. The dynode signal extends the measurement range by a factor of
about 5.

All elements passed a rigorous test and selection procedure before installation. The assembled
modules were tested using cosmic rays. The average number of photoelectrons produced in the PMs
by a minimum ionizing particle hitting the center of the counter was determined to be between
200 and 310 depending on the counter length. The following characteristics of the 56 modules were
derived from the tests: Light attenuation length in paddles was ~ 2000 mm, effective velocity of light
in the counter was 155 + 1 mm/ns, time and position resolution were correspondingly 115-125 ps
and 14.5-18.5 mm depending on the counter length.

The TOF system performance during the flight is illustrated by Fig. 2.13. The TOF resolution for
helium (Z = 2) particles, as shown in Fig. 2.13, is typically 105 ps. The accuracy in the time of
flight measurement obtained using the flight data is in agreement with the test measurements made
before the flight. The performance of the TOF system proved to be stable throughout the shuttle
mission. Fig. 2.14 shows the signal rate on one of the longest counters as a function of time for
the 25 h period when the shuttle flew with the bay facing outer space. The variation of the rate
with changing latitude is clearly visible, as well as the high rate periods when the detector passes
through the South Atlantic Anomaly. The saturation limit of the readout electronics is about 20 kHz,
in agreement with laboratory measurements.

2.3. The silicon tracker

Silicon detectors, commonly used as tracking devices in ground-based accelerator experiments,
offer the best resolution in terms of position measurement. However, a large scale application
of these devices in space has never been previously made. The AMS tracker consists of six planes of
silicon sensors providing 10 pm (30 um) position resolution in the bending (non-bending) plane of
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Fig. 2.14. Counting rate of a paddle as function of time during flight.

the 0.15 T field of the magnet. The silicon tracker measures both position and energy loss of parti-
cles. The energy loss measurements are combined with the energy loss and velocity measurements of
the scintillators to determine the particle’s charge. Once the charge is known, the momentum is de-
termined by the coordinate measurements in the silicon, which are used to reconstruct the trajectory
in the magnet field.

The silicon tracker is composed of double-sided microstrip sensors similar to those used for the
ALEPH and L3 microvertex detectors at the Large Electron-Positron collider (LEP) at CERN [9,10].
The sensor design makes use of capacitive charge coupling [11] with implantation strip pitches of
27.5 um for p-side and 26 um for the n-side, where the p-side measures the coordinate in the
bending plane and the n-side in the non-bending plane. The corresponding readout pitches were 110
and 208 pm.
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Fig. 2.15. View of a silicon tracker ladder.

A detailed description of the AMS tracker construction and performance is given in [12]. The
silicon sensors are grouped together for readout and biasing in ladders of varying lengths to match
the cylindrical geometry of the magnet, the maximum length of silicon for a single readout channel
attaining 600 mm. The relatively large input capacitance, as well as the need for a high dynamic
range, led to the development of a new front-end readout chip.

A metalized kapton foil, glued directly to the silicon sensors, serves as a routing cable to bring
the n-side signals to the n-side front-end hybrid, which is located at the ladder end closest to the
magnet wall. It is back to back with the p-side front-end hybrid which is connected to the strips
by a short foil. Fig. 2.15 shows the principal elements of the ladder viewed from the p-side of the
silicon sensors.

The average material thickness of an interior tracker plane, including ladders, represents 0.65% of a
radiation length at normal incidence. Fig. 2.16 shows the assembled silicon tracker. The surrounding
support structure is divided into three parts: a carbon fiber cylindrical shell which supports the
interior planes 2-5, and two carbon fiber flanges which support the exterior planes 1 and 6. The
hybrid pairs are mounted on carbon fiber-metal cooling bars which evacuate the heat generated by
the front-end electronics to the exterior of the tracker volume. One to three meter long flat cables
carry the analog and digital signals, as well as detector and bias voltages, between the hybrids and
the Tracker Data Reduction (TDR) and power supply cards, which are located in crates mounted
on the magnet support structure.

2.3.1. Performance during flight

After stabilization of the bias voltages, no significant change of the ladder dark current levels was
observed when compared to the values measured during ground operation. The tracker calibration
performed by the TDR determines the pedestals and pedestal widths for each channel, and the average
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Fig. 2.16. The assembled AMS silicon tracker. Silicon ladders installed for the STS-91 flight are visible.

common noise widths of each chip. The ADC level of each channel is corrected by subtracting the
common noise level, defined as the average ADC value recorded by the 64 channels of each chip.
The first calibration results showed that the pedestals and pedestal widths of all channels during
flight were very close to their pre-launch values.

Tracker calibrations were made automatically every 30 min during data taking. In addition, pedestal
values were updated between calibrations using the event data. Abnormal interruptions of the data
acquisition system, which required a reboot of the TDRs, triggered a new tracker calibration in order
to reload the TDR buffers with valid calibration data for pedestal subtraction.

Fig. 2.17 shows the average pedestal widths for the p-side strips, and the temperature recorded
at the AMS magnet, versus time. The tracker noise levels exactly follow the temperature variation
related to solar exposure. The correlation between the two is linear over the observed range of
temperatures with a slope of 0.025 ADC count/°C. The silicon dark currents measured during the
flight display an identical behavior.

During the whole flight the average common noise widths were stable within 0.5 ADC channels
at the level of 7 and 10 ADC channels for p- and n-side chips respectively. In general, the common
noise changes did not affect the overall tracker noise performance. The online cluster algorithm of
the TDR used a threshold of 30,4 to define cluster “seed” strips. Neighboring strips were included
if their signals exceeded 10pcq.

The cluster signal-to-noise is defined as the total cluster charge divided by the root-mean-square
of the pedestal widths of the member strips: [ >, s:]/[ > _; 02]"2, where s; and o; are the strip signal
and pedestal width. The cluster charges were normalized to correspond to the 300 um path-length in
the silicon and corrected to § > 0.95, i.e. for f smaller than 0.95 the cluster charge was multiplied
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Fig. 2.17. Comparison of AMS temperature and tracker noise (gpep (ADC), the pedestal width) during the flight: tem-
perature indicated on y-axis at left, p-side noise on y-axis at right.

Table 2.1

Threshold momentum for different particle species in the ATC

Particle et * P, P He, He
Prires 1.91 MeV/c 0.52 GeV/e 3.51 GeV/e 14.0 GeV/c

by a factor (/0.95)%. The cluster signal-to-noise during the flight varied in a manner that reflects
the noise behavior described above. The signal-to-noise ratio was stable throughout the whole period
of tracker assembly, preflight tests and the flight at the level of about 7.5:1 and 4:1 for the p- and
n-sides.

Because of the lower signal-to-noise performance on the n-side, the fraction of proton tracks
with 4,5, and 6 planes which were reconstructed without n-side information is 50%, 58%, and 67%
respectively. For the |Z| > 2 nuclei, the fraction of reconstructed tracks without n-side information
is less than 10%.

The silicon tracker worked during flight as designed, unaffected by the launch and operation
in space.

2.4. The Aerogel Threshold Cerenkov counter

The Aerogel Threshold Cerenkov counter (ATC) allows to extend the range of particle identifica-
tion beyond the limit set by the time of flight measurement. Table 2.1 shows the thresholds for the
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Fig. 2.18. An aerogel cell. The 8 blocks of aerogel are shown together with 3 enclosing teflon layers and the PMP
wavelength shifter layer in the middle of the cell.

refraction index (7 = 1.035 4 0.001) of the chosen radiator. The ATC detector [13] is constructed
of 110 x 110 x 88 mm? cells (see Fig. 2.18) filled with eight 11 mm thick aerogel blocks. Each
cell is viewed by a photomultiplier. The emitted photons are internally reflected until they reach a
PM by three 250 pm thick teflon layers surrounding the aerogel blocks. To reduce the Cerenkov
photon losses connected with Rayleigh scattering and absorption (both decreasing with the increase
of the photon wavelength, Ly oc A;‘,, Laps oC )j) a wavelength shifter is placed in the middle of
each cell (see Fig. 2.18). The shifter consists of a 25 pm layer of tedlar soaked in a PMP solution
(1-phenyl-3-mesityl-2-pyrazolin). To avoid any contact between PMP and the aerogel, the shifter
layer is put into a polyethylene envelope of 50 um thickness. The shifter transforms the 300 nm
Cerenkov photons into 420 nm photons. The wavelength of the shifted photons matches the max-
imum efficiency of the photomultiplier (Hamamatsu R-5900). The use of the shifter results in a
~ 40% increase in the number of photoelectrons. The 168 cells are grouped in modules enclosed in
a carbon fiber structure. The modules are arranged in 2 rectangular layers. There are 8 x 10 cells in
the upper and 8 x 11 cells in the lower layer. In order to minimize the signal loss for tracks pass-
ing between cells, the two layers are offset and fixed above and below a 50 mm thick honeycomb
support plate. Two diagonally adjacent cells are coupled into one readout channel. The ATC uses
the same readout electronics as the TOF counters, but optimized to accept the much lower input
signals of just several photoelectrons. The ATC performance test and calibration was done using
charged particles from a test beam at CERN and cosmic ray particles collected prior to and during
the flight. The Cerenkov threshold is 0.37 + 0.16 photoelectrons for all channels. The response to
p =1 particles (above the electronics threshold) is measured to be n,, =3.51 £ 0.02 for the upper
plane and n,, =4.02 & 0.02 for the lower plane.
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Fig. 2.19. AMS electronics. The numbers of redundant elements are given in parenthesis.

2.5. Electronics, trigger and data taking

AMS is a particle physics detector. Much care and attention are necessary to ensure the particle
physics electronics can be applied in space. There are 70,000 channels of tracker signals which pro-
vide a coordinate accuracy of 10 pum. There are four layers of Time of Flight hodoscopes providing a
time resolution of ~100 ps. Both the Silicon Tracker and Time of Flight counters also provide inde-
pendent dE/dx measurements to identify particle charge. Because of power and weight restrictions,
all the electronics were specially designed, manufactured and space qualified by AMS institutions
and aerospace industries in Europe and Asia. In particular the Chung-Shan Institute of Science and
Technology in Lung-Tan, Taiwan made the most important contribution in the manufacturing of
most of the AMS electronics.

Fig. 2.19 shows the principal AMS electronics design which is based on redundancy to safeguard
against the loss of data in space. To space qualify the electronics, the system went through extensive
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Table 2.2

Beam characteristics used for AMS radiation tests at Dubna

Beam Energy (MeV)
Ne 270

Au 460

Kr 430

tests which included:

(a) vibration,

(b) temperature,

(¢) thermal vacuum,

(d) radiation and

(e) electromagnetic compatibility.

The radiation tests were specially carried out at Dubna in August 1997 and these tests were partic-
ularly important to ensure there would be no single event latch up in space. Table 2.2 shows the
beam and energy used in these tests.

Other space qualification tests (vibration, temperature,...) were carried out at the Max Plank Insti-
tute for Extraterrestrial Physics in Germany and at Chung-Shan Institute of Science and Technology
in Taiwan.

The primary AMS trigger was a 4-fold coincidence of at least one counter in each hodoscope.
Next, combinations of the paddles incompatible with the tracker geometry or triggers with signals in
the veto counters were excluded. The overall acceptance with the trigger constraints was 0.42 m? sr.
The trigger rate varied from about 100 up to 1600 Hz depending on the position of the detector
with respect to the magnetic poles. The total readout dead time was =~ 85 ps resulting in losses of
~13% at the highest counting rates. In the South Atlantic Anomaly (SAA) region the rate precluded
effective data taking.

The orbital inclination was 51.7° and the geodetic altitude ranged from 320 to 390 km. Data taking
started on 3 June 1998 and the data was collected in three periods:

(a) 25 h before docking with the MIR space station, during which the shuttle attitude was constrained
to keep the AMS longitudinal (z-axis) pointing within 45° of the zenith.

(b) Four days while docked to MIR. The AMS z-axis pointing varied between 40° and 145° of the
zenith.

(¢) After MIR undocking. Within a degree, the pointing was kept within 0°, 20° and 45° of the
zenith for 19, 25 and 20 h. Before descending, the shuttle was turned over for approximately
9 h and the pointing was toward the nadir (180° pointing).

2.6. Detector calibration

The high precision momentum measurement provided by the silicon tracker as well as the
good timing properties of the TOF system can only be realized through proper calibration. The
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Table 2.3
Tracker composition

Layer # Number of sensors Number of ladders
1 120 8
2 141 12
3 108 9
4 120 10
5 138 12
6 90 6
Total 717 57

calibrations are mostly based on the flight data. The beam measurements are complementary and
used to cross-check and rectify the calibrations obtained using the flight data. The beam tests with
particles of fixed momenta are vital for the tracker alignment.

2.6.1. Tracker alignment

A track coordinate in a given tracker sensor can be measured to the accuracy of 10 (30) um in the
bending (non-bending) plane. To make use of this accuracy in the actual measurement of particle
rigidity one has to know the absolute position in space of each sensor with adequate precision. The
assembly technique provided better than 5 pm precision for the relative alignment of the sensors
within the individual ladders. During the detector assembly a special measurement of the position
of the tracker planes in the AMS coordinate system was performed. During the flight the tracker
geometry was constantly monitored with the help of an incorporated laser system. Six laser beams
were periodically passed through the tracker perpendicular to the silicon sensor planes. Signals of
the laser spots on the planes were recorded.

The final tracker alignment was performed with the test beam data taken at the CERN proton
synchrotron (PS). Measurements were performed in a monochromatic beam of positive particles of
momenta in the range 2-14 GeV/c. In total 10® events were analysed.

In the alignment procedure a ladder was considered to be a rigid body and it was aligned rel-
ative to the other ladders by considering 6 degrees of freedom: 3 translations and 3 rotations.
The procedure was to fit the measured coordinates to the trajectories of known high momentum
particles, and then to minimize the summed 7> by varying the ladder positions and rotations.
The fitting algorithm is based on the method of Ref. [14], modified for fixed momentum. The
tracker composition is given in Table 2.3. There are many combinations of ladders each corre-
sponding to different parameters (angles, momenta) of the trajectories. These different combina-
tions have different sensitivity with respect to the ladder alignment parameters and have different
angular acceptance. To simulate as many combinations as possible the detector was exposed to
about 3000 different beam incident angles and positions. To align the tracker 3 x 107 14 GeV 1~
events were used. Tight selection criteria on the coordinate measurements as well as on the re-
sulting particle direction and momentum were applied to reject possible background or scattered
events. Only 2-3% of the events passed this selection. Due to the large number (57 x 6 = 342)
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Fig. 2.20. Ion beam test layout. Data taken at 600 different angular detector positions.

of parameters to fit, it is important to find a good initial approximation of ladder coordinates
and angles. This approximation was provided by the tracker metrology and its precision was
better than 100 um. The result of the procedure was that the residual misalignment achieved was
below 10 pum.

2.6.2. Charge measurement calibration

The charge measurements obtained from the flight data were calibrated in the helium and carbon
beams of GSI in Darmstadt. The layout of the GSI test is shown in Fig. 2.20. The detector was
exposed to ion beams in the energy range 0.2-2 GeV/nucleus. To simulate the different angles of
incidence of cosmic nuclei during the flight, the data were taken at 600 different angular detector
positions. The GSI data also served to cross-check the parameters of the TOF system. Fig. 2.21
shows the GSI test beam composition and illustrates the accuracy of charge determination obtained
from the scintillators. Fig. 2.22 shows the rigidity resolution of the He ions obtained after completion
of the tracker alignment and charge measurement calibration.

Fig. 2.23 shows the calibrated energy loss measurement (flight data) used for the particle charge
measurements.
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Fig. 2.22. GSI helium test beam results. Rigidity resolution for 3.14 and 5.56 GV.
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The cross-hatched histograms show which events were assigned to be |Z| =1 by the other detector.

3. Search for antihelium

Since one of the main objectives of the long duration AMS ISS flight is the search for antimatter,
the precursor flight was to provide vital information about the real background conditions in space
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and to ensure that the technique planned to be used by AMS is adequate. Therefore a search for
antihelium nuclei using the data collected during this precursor flight was performed by AMS [15].

3.1. Data analysis
The procedure to search for antihelium began with event reconstruction, which included:

e Measurement of the particle rigidity, R, from the deflection of the trajectory measured by the
tracker in the magnetic field. To ensure that the particle was well measured, hits in at least four
tracker planes were required and the fitting was performed with two different algorithms, the
results of which were required to agree.

e Measurement of the particle velocity, f§, and direction, Z = +1, from the TOF, where Zz = —1
signifies a downward going particle in Fig. 2.1.

e Determination of the magnitude of the particle charge, |Z|, from the measurements of energy
losses in the TOF counters and tracker planes (corrected for f3).

From this reconstruction the sign of the particle charge was derived from the deflection in the
rigidity fit and the direction. The particle mass was derived from the unsigned momentum, |Z|Re/c,
and velocity, f.

The major backgrounds to the antihelium (Z = —2) search are the abundant amount of protons
and electrons (|Z| = 1) and helium (Z = +2).

Key points in the selection for He events and the rejection of background were:

To select events with |Z| = 2: This was to ensure no contamination from |Z| =1 events with
a wrongly measured charge magnitude which would mimic |Z| > 1 events. Fig. 2.23 shows the
energy deposition and the assigned charge magnitude as measured independently by the TOF and
the tracker. The probability of the wrong charge magnitude being assigned by the combined TOF
and tracker measurements was estimated to be less than 1077,

To determine the sign of |Z| =2 events: This was to distinguish He from He. This was done with
the following method:

(i) Identify the particle direction: Measurement of the particle direction leads to the correct as-
signment of the sign of the charge. Fig. 3.1 shows the particle direction, z/f5, distribution. No
events were observed between the Z = +1 and —1 populations which indicates there was no
leakage of particles from one population to the other and the direction was always correctly
assigned.

(i) Identify large angle nuclear scattering events: Events in which a single nuclear scattering in
one of the inner tracker planes, T2-T5, introduced a large angle kink in the track and might
cause an incorrect measurement of the charge sign. This background was suppressed by a cut
on the estimated rigidity error. Additional suppression was achieved by requiring agreement for
the rigidity and charge sign measured using all the hits in the tracker and separately in the first
three hits and the last three hits along the track. Fig. 3.2 shows the asymmetry, 4, = (R} —
Ry)/(Ry + Ry), of the rigidity measured with the first and last three hits along the track, R; and
R, and the cuts applied. From Fig. 3.2 we see that whereas these cuts reject much of the large
angle scattering events (Fig. 3.2a), the cuts do not reject the genuine signal (Fig. 3.2b).
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Fig. 3.1. A typical direction, Z/f, distribution for |Z| =2 events. As seen, the Z=+1 (or upward) and —1 (or downward)
populations are clearly separated.

Fig. 3.2. The asymmetry, 412 = (Ri — R2)/(R1 + R2), of the rigidity measurements using the first, R;, and last, R,, three
hits along the track for |Z] =2 events. Also shown are the cuts used. As seen the 41> cuts reject much of the large angle
scattering events (a). The cuts do not reject the genuine signal (b).

(i) Identify events with collinear delta rays: Events with collinear debris, e.g. delta rays, from an
interaction of the primary particle in the tracker material which may shift a measured point from
the trajectory, leading to an incorrectly measured rigidity and charge sign. This background was

efficiently rejected by an isolation cut which rejected events with an excess of energy observed
within 5 mm of the track.

A probabilistic function was then constructed from measurements of the velocity, rigidity and energy
loss which described the compatibility of these measurements with the passage of a helium or
antihelium nucleus of mass 4=3 or 4. Fig. 3.3 shows the compatibility distribution for the antihelium
candidates (Fig. 3.3a) and helium samples together with Monte Carlo predictions for the helium
event distribution (Fig. 3.3b). As seen, the compatibility cut enables us to reject the small remaining
background and keep nearly all of the helium sample.

The results of our search are summarized in Fig. 3.4. We obtain a total of 2.86 x 10° He events
up to a rigidity of 140 GV. We found no antihelium event at any rigidity.

3.2. Results and interpretation

Since no antihelium nuclei were observed, we can only establish an upper limit on their flux.
Here three upper limits on this flux relative to the observed flux of helium nuclei are calculated
which differ in the assumptions used for the antihelium rigidity spectrum. In the first it is assumed
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Fig. 3.4. Measured rigidity times the charge sign for selected |Z| =2 events.

to have the same shape as the helium rigidity spectrum. In the second this spectrum is assumed to
be uniform. Finally a conservative estimate is made independent of the antihelium rigidity spectrum.

All of these methods require the measured rigidity spectrum to be corrected for the detector
resolution and efficiency as a function of the measured, R,, and incident, R, rigidity. The detec-
tion efficiency including the rigidity resolution function, f(R,R,,), was evaluated through complete
Monte Carlo simulation using the GEANT Monte Carlo package [16]. The incident rigidity spec-
trum, dN’/dR was extracted from the measured spectrum, dN’/dR,,, by numerical deconvolution of
dN'/dR,, = [(dN'/dR) x f(R,R,)dR. To obtain the detector efficiency for antihelium, &g (R), a
small correction was applied to the efficiency for helium nuclei, ey.(R), based on the estimated [17]
difference in absorption cross sections.

Letting Nge(R;) be the number of incident helium nuclei in the rigidity bin (R;,R; + AR) and
N/.(R;) be the number of measured He in the same rigidity bin after correction for the detector
resolution, then Ny .(R;) = eue(R;)Nue(R;), wWhere eye(R;) is the detection efficiency in this bin, and
similarly for antihelium. Over the rigidity interval studied no He were found, leTe(R") =0 for each
i. At the 95% confidence level this is taken to be less than 3 and the differential upper limit for the
flux ratio is given by

NE(R,') - 3/8§(R[)

Nue(Ri) — Nygo(Ri)/ene(R;)
The difference between e (R;) and epe(R;) is small, so these terms practically cancel and the results
below are essentially independent of the detection efficiency.

(3.1)
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Fig. 3.5. Upper limits on the relative flux of antihelium to helium, at the 95% confidence level, as a function of the
rigidity interval R = 1.6 GV to Rmax. These results are independent of the incident antihelium spectra.

(i) If the incident He spectrum is assumed to have the same shape as the He spectrum over the
range 1 < R < 140 GV, then summing Eq. (3.1) yields a limit of:

Nie

NHe

<11x107°.

(ii) Assuming a uniform He rigidity spectrum, and using a mean He inverse detection efficiency,
(1/egg) = >_(1/ee(R:))/n, and noting that NI_= 3" N.(R;) = 0 which is also taken to be less
than 3 at the 95% C.L., summing Eq. (3.1) yields a limit of

N _ 2 Nw(Ri) _ 3(1/ere)
Nhe ZNHe(Ri) ZNﬁe(Ri)/SHe(Ri) '

(3.2)

Ni
which evaluates to N—H < 1.8 x107° for R = 1.6-40 GV
He

Ni
and N—H <39%107° for R=1.6-100GV .
He

(iii) For a conservative upper limit, which does not depend on the antihelium spectrum, Eq. (3.1)
is summed from Ry, = 1.6 GV up to a variable Ry, and instead of the mean value (1/eq;) the
minimum value of this efficiency in the (R, Rmax) interval is taken, yielding

Z N]_Te(R,) < 3/8%H(Rmina Rmax)
Do Nue(Ri) D7 Nije(Ri)/ene(R:)’

These results are shown in Fig. 3.5 as a function of Rp,.

where R; = (Ruin, Rmax ) - (3.3)
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In conclusion, we found no antihelium nuclei at any rigidity. Up to rigidities of 140 GV, 2.86 x 10°
helium nuclei were measured. Assuming the antihelium rigidity spectrum to have the same shape as
the helium spectrum, an upper limit at the 95% confidence level on the relative flux of antihelium to
helium of 1.1 x 107® was obtained. This result is an improvement in both sensitivity and rigidity range
over previous measurements [3]. This flight has shown that the completed AMS on the International
Space Station will provide many orders of magnitude of improvement in the sensitivity to search
for antihelium.

4. Cosmic ray spectrum measurements
4.1. Introduction

The study of cosmic ray charge particle spectra improves the understanding of the interstellar
propagation and acceleration of cosmic rays. Recently, accurate knowledge of the cosmic ray spectra
has become important to reliably evaluate the atmospheric neutrino spectrum in view of the studies
of neutrino oscillation phenomenon.

There are three distinct regions in space where charge particles have been studied by different
means:

e The altitudes of 30—40 km above the Earth’s surface. This region has been studied with balloon
mounted detectors for several decades. Balloon experiments have made important contributions to
the understanding of the primary cosmic ray spectrum of charged particles and the behavior of
atmospheric secondary particles in the upper layer of the atmosphere.

e The inner and outer radiation belts, which extend from altitudes of about 1000 km up to the
boundary of the magnetosphere. Small size detectors on satellites have been sufficient to study the
high intensities in the radiation belts.

e A region intermediate between the top of the atmosphere and the inner radiation belt. The radiation
levels are normally not very high, so satellite-based detectors used so far, i.e. before AMS, have
not been sensitive enough to systematically study the spectrum in this region over a broad energy
range. The exception is a small area known as the South Atlantic Anomaly where, due to a strong
distortion of the Earth’s magnetic field, the inner belt extends downwards causing anomalously
high proton rates.

Refs. [18-24] include some of the previous studies. A few pioneering satellite experiments [25]
have reported data on low energy electrons and positrons. The primary feature in the charge particle
spectrum observed near Earth is a low energy drop off in the flux, known as the geomagnetic cutoff.
This cutoff occurs at kinetic energies ranging from ~ 10 MeV to ~ 10 GeV depending on the latitude
and longitude.

Above cutoff, 210 GeV, numerous measurements indicate the spectrum falls off according to a
power law.

Helium nuclei are the second most abundant element in cosmic rays. Helium rigidity spectrum
measurements carried out over the past several decades (see [24] and references therein) have yielded
insight into the origin of cosmic rays [26]. Since no difference in the rigidity spectra of protons
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and helium has been detected the same sources and propagation histories were inferred for both
species [27]. However recent and more accurate measurements [21,28] suggest protons and helium
may have different spectral indices in the range 10—100 GeV. The most accurate experiments to
date were balloon based [21-23], however even ~5¢g/cm? of residual atmosphere was an important
source of systematic errors. Above ~1000 GeV emulsion experiments [29,30] have indicated a more
pronounced difference.

Accurate measurements of primary cosmic ray spectra, particularly of protons, are important for
atmospheric neutrino studies and studies of neutrino oscillation phenomena [31].

The high energy lepton (e™) spectra in cosmic rays are dominated by an electron component. High
energy electrons are believed to originate from primary acceleration sites, specifically from supernova
explosions. High energy electron—positron pairs are thought to be produced from the collisions of
cosmic ray hadrons and gamma rays with interstellar gas, and the expected positron to electron
ratio in cosmic rays arriving at Earth is roughly 10% and it decreases with energy. This picture is
based on the experimental data collected over 35 years [19,32-34] by balloon experiments as well
as phenomenological model descriptions developed over the same period [20,35,36].

In this report we present the data collected during the flight to study the cosmic ray proton spectrum
from kinetic energies of 0.1-200 GeV [37,38], the helium spectrum over the kinetic energy range
0.1-100 GeV/nucleon [39] and the spectra of electrons and positrons over the respective kinetic
energy ranges of 0.2-30 GeV and 0.2-3 GeV [40], the latter range being limited by the proton
background. Antiproton and deuteron spectra were measured from 0.2 to 4 GeV and from 0.09 to
0.85 GeV/nucleon. Data taken while orbiting in or near the South Atlantic Anomaly were excluded.

The high statistics, ~107 protons and ~10> electrons, available allow the variation of the spec-
trum with position to be measured both above and below the geomagnetic cutoff. Because the
incident particle direction and momentum were accurately measured in AMS, it is possible to in-
vestigate the origin of charged particles below cutoff by tracking them in the Earth’s magnetic
field.

4.2. Analysis

The response of the detector was simulated using the AMS detector simulation program, based
on the GEANT package [16,41]. The effects of energy loss, multiple scattering, interactions, decays
and the measured detector efficiency and resolution were included.

4.2.1. Event reconstruction and selection

Reconstruction of the incident particle type, energy and direction started with a track finding
procedure which included cluster finding, cluster coordinate transformation and pattern recognition.
The track was then fit using two independent algorithms [14,42]. For a track to be accepted the fit
was required to include at least 4 hits in the bending plane and at least 3 hits in the non-bending
plane.

The track was then extrapolated to each time of flight plane and matched with the nearest hit if
it was within 60 mm. Matched hits were required in at least three of the four time of flight planes.
The velocity, f§ = v/c, was then obtained using this time of flight information and the trajectory.
For events which passed through the Cerenkov counter sensitive volume an independent velocity
measurement, fic, was also determined. To obtain the magnitude of the particle charge, |Z|, a set
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of reference distributions of energy losses in both the time of flight and the tracker layers were
derived from calibration measurements made at the CERN test beam interpolated via the Monte Carlo
method. For each event these references were fit to the measured energy losses using a maximum
likelihood method. The track parameters were then refit with the measured ff and Z and the particle
type determined from the resultant Z, 3, fc and rigidity, R= pc/|Z|e (GV). Electron candidates were
specifically selected by requiring the measured particle charge to be —1 and the particle velocity to
be compatible with the speed of light. Positron candidates were selected by requiring the charge
to be +1 and, as for electrons, the velocity be compatible with the speed of light and track
quality cuts.

4.2.2. Background determination

As protons and helium nuclei are the dominant components in cosmic rays, after selecting events
with Z = +1 the proton sample has only minor backgrounds which consist of charged pions and
deuterons. The estimated fraction of charged pions, which are produced in the top part of AMS,
with energy below 0.5 GeV is 1%. Above this energy the fraction decreases rapidly with increasing
energy. The deuteron abundance in cosmic rays above the geomagnetic cutoff is about 2%.
To remove low energy charged pions and deuterons the measured mass was required to be within
3 standard deviations of the proton mass. This rejected about 3% of the events while reducing the
background contamination to negligible levels over all energies.

The main potential source of background to the helium sample were protons wrongly reconstructed
as |Z| =2 particles. Using the independent measurement of the charge magnitude obtained from the
time of flight counters, this background was estimated to be less than 10~* over all energies.

Backgrounds in the electron sample arose from protons with wrongly measured momentum and
from secondary pions produced in the detector materials. The two most important cuts used to remove
these backgrounds were on the y? value obtained in fitting the particle trajectory, which removed
tracks with large single or multiple scattering, and on the number of hits near the reconstructed
trajectory in both the tracker and time of flight scintillators. After the above cuts were applied,
the overall probability of a proton event to be accepted as an electron, estimated from Monte Carlo
simulations and confirmed in the CERN test beam, was O(10~%) with an electron selection efficiency
of 75%. To further reduce the pion background only events whose track passed through the active
Cerenkov counter area and, therefore, had an independent velocity measurement were accepted.

In contrast to electrons, the main background for the positron sample came from proton events
with poorly measured velocity. The rejection power against this background decreased rapidly with
increasing proton momentum, therefore tighter quality cuts on the velocity measurements were ap-
plied. Above 1 GeV/c protons were rejected by requiring two independent velocity measurements
from the two separate Cerenkov counter layers to be compatible with the velocity of a positron.
Lower energy protons were rejected by requiring the energy loss measurements in four layers of
time of flight counters and six double layers of silicon tracker to be compatible with a positron.
These cuts yielded an additional background rejection factor of 5 at the expense of lower positron
selection efficiency. A convolution of the background rejection function with the measured proton
spectra provided an energy dependent background estimation. Fig. 4.1 shows the measured elec-
tron and positron spectra together with the estimated background for the geomagnetic polar regions,
where the background conditions were most severe.
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Fig. 4.1. The primary eT fluxes and background in the geomagnetic polar region (|Om| > 0.9).

4.2.3. Differential fluxes

To determine the differential fluxes from the measured counting rates requires the acceptance to be
known as a function of the incident momentum and direction. Particles with different momenta and
directions were generated via the Monte Carlo method, passed through the AMS detector simulation
program and accepted if the trigger and reconstruction requirements were satisfied as for the data.
The acceptance for protons was found to be 0.15 m? sr on average, varying from 0.3 to 0.03 m? sr
with incident angle and location and only weakly momentum dependent. These acceptances were
then corrected following an analysis of unbiased trigger events. The corrections to the central value
are shown in Table 4.1 together with their contribution to the total systematic error of 5%.

The average electron acceptance was found to rise from about 0.01 m? sr at 0.15 GeV and level off
at 0.1 m? sr above 0.7 GeV. Table 4.2 summarizes the estimated electron and positron efficiencies.

The differential helium flux was determined by correcting the measured rates for the detector
acceptance as a function of the momentum and the direction of the particles. The acceptance function
was determined via the Monte Carlo method using simulated helium event samples which were
required to pass through a trigger simulation and the above reconstruction and selection chain as for
data. The average acceptance was determined to be 0.10 m? sr for rigidities above 20 GV, increasing
at lower energies up to 0.16 m? sr. Corrections to the acceptance were studied with a sample of
events collected with an unbiased trigger and by comparing data and Monte Carlo samples. The
average contributions to the uncertainty in these corrections were 4% from the trigger, 3% from the
track reconstruction, and 2% each from the modeling of particle interactions and from the selection
leading to an overall systematic error of 6%.

To obtain the incident differential spectrum from the measured spectrum, the effect of the detector
resolution was unfolded using resolution functions obtained from the simulation. These functions
were checked at several energy points by test beam measurements. The data were unfolded using
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Table 4.1
Proton acceptance corrections and their systematic uncertainties, in percent

Correction Amount Uncertainty
Trigger
4-Fold coincidence -3 1.5
Time of flight pattern —4 2
Tracker hits -2 1
Anticoincidence 0 1
Analysis
Track and velocity fit -2 1.5
Particle interactions +1 1.5
Proton selection -2 2
Monte Carlo statistics 0 2
Differential acceptance binning 0 2
Total —12 5
Table 4.2

Percentage e® selection efficiencies and uncertainties

Cut Efficiency (%)
Tracking quality cuts 75+3
Common e® velocity cuts 5241
Additional e* velocity cuts 72415

Total electrons 39+ 1.7

Total positrons 28+ 1.3

a method based on Bayes’ theorem [43—45], which used an iterative procedure (and not a “regularized
unfolding”) to overcome instability of the matrix inversion due to negative terms. As an example,
Fig. 4.2 compares the proton differential proton spectrum before and after unfolding in the geomag-
netic equatorial region.

The observed primary proton spectrum was verified to be isotropic as seen in Fig. 4.3a where the
spectra in kinetic energy, Ex, scaled by EZ7 are compared for two intervals of incident angle to
the detector, 6, and in Fig. 4.3b, where the average fluxes are shown as functions of the incident
angle. In the measured angular range, both are in agreement with an isotropic distribution. Therefore
the three data collection periods, corresponding to 0°, 20° and 45° shuttle attitude, are combined to
obtain a data set having a total of 5.6 million primary protons.

Given the resulting small statistical errors, further detailed studies of the systematic effects were
performed.

The first source of systematic error, &g, was due to trigger efficiency variations and event re-
construction accuracy variations, both of which are related to the background rates and detector
temperatures at different times and at different shuttle locations and orientations and to the energy
deposited by the proton in each detector layer. Above ~20 GeV this systematic error is nearly
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Fig. 4.2. The proton differential flux in the equatorial region. Open circles show the measured distribution, filled circles

are the data after unfolding.

Fig. 4.3. Isotropy: (a) comparison of the energy spectra for two angular acceptance ranges. (b) Fluxes averaged above
20 GeV as a function of the incident particle angle. Error bars show statistical errors. The dashed lines in (b) indicate the
estimated range of systematic errors for this case. As seen, the data are independent of 0.

Table 4.3

Average systematics of the trigger and reconstruction, &gysi

Source Error (%)
Fast trigger 1.5

Anti trigger 1

Level3 TOF 2

Level3 tracker 1.5

Track and velocity fit 1.5

Total 3.5

energy independent. The calculated average contributions are shown in Table 4.3, the total error

from this origin is 3.5%.

A second source of systematic effects, &y, arose from Monte Carlo corrections. These errors are
energy dependent but uncorrelated between energy bins. The calculated average contributions are
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Table 4.4

Systematics of the Monte Carlo corrections leading to the energy dependent &gy

365

Source Error (%)
Particle interactions 1.5
Monte Carlo statistics 1.5
Proton selection 2
Geomagnetic cutoff 0.5

Total 3.0
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Fig. 4.4. Systematic error verification: flux variation, J, as a function of proton energy for different shuttle orientations.
Errors shown are statistical. The dashed lines show the range of systematic error calculated for this case.

Fig. 4.5. Systematic error verification: fluxes averaged above 20 GeV scaled by E”

as a function of magnetic latitude.

Errors shown are statistical. The dashed lines show the range of the systematic error calculated for this case.

shown in Table 4.4 and total to 3%. The contributions of & and &g versus energy are detailed
in Table 4.8.

A third source of systematics, &3, is from the unfolding used to obtain the incident differential
spectrum from the measured spectrum based on resolution functions obtained by simulation. These
errors are bin to bin correlated. As detailed in Table 4.8, they are typically 1% below ~20 GeV and
reach 5% at ~100 GeV.

A careful experimental verification of the calculated systematic errors was performed. The
calculated error took into account the propagation of the statistical and three systematic errors.



366 M. Aguilar et al. | Physics Reports 366 (2002) 331-405
1.05 B
[ ok [ O Leverarm4
1.04 r O Leverarms
1.03 2 % 01 gr Leverarm 6 {*}
1.02 é. ..................................... % ...% ............. [ e
: or T e
101 E IPTTRRNUNT: SNSRRPFTRS: SETRS: ST, TOR
g | I NI
& 8 §;0 }
< 1E § o g o] o ; f %
x 3 [ § g} ;
L 099 f 3 2 T 1 Q0 [ T L &
F § 33523 5 3 § % -0.05 8 %
0_98 :- -------------------------------------------------------- } b
0.97 — § 01 K
0.96 — [
095 bt o . - gl r RS -
1 10 102 10 102
E, (GeV) E, (GeV)

Fig. 4.6. Verification of systematics: ratio of the fluxes computed with and without proton selection quality cuts. The
dashed lines show the range of the average systematic error calculated for this case.

Fig. 4.7. Verification of systematics: flux variation, J, for events with lever arms in the tracker which correspond to 4, 5
or 6 planes. The dashed lines show the range of the calculated systematic errors.

We present 6 examples:

(1) Fig. 4.4 shows the flux variation, 6 = (flux/average flux) — 1 as a function of energy, for the
three data collection periods, corresponding to the three different shuttle orientations, compared
with the systematic error calculated for this case.

(2) Fig. 4.5 shows the flux averaged above 20 GeV versus different intervals of the corrected geo-
magnetic latitude [46], @\, at which the protons were detected compared with the systematic
error calculated for this case.

(3) Fig. 4.6 shows the ratio of the flux with and without proton selection quality cuts. As seen, the
variation is within the systematic error for this case.

(4) Fig. 4.7 shows the variation of the flux, J, for events which had different lever arms in the
tracker, corresponding to the number of tracker planes used in the fit. Again, the variation is
within the range of the systematic errors for this case.

(5) The systematic error assigned to the unfolding was checked at several energies using the test
beam measurements. Fig. 4.8a shows how the spectrum changes if the unfolding matrix is
artificially varied by smearing the alignment between different tracker ladders by an additional
10 um. At ~100 GeV this corresponds to varying the momentum resolution by 15%.

(6) Fig. 4.8b gives an estimate of the accuracy of the unfolding method by comparing two com-
pletely different deconvolution techniques [43—45,47]:

A: The solution of an overdetermined system of linear equations by a method of converged
weights [37].
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Fig. 4.8. Verification of systematics: (a) variation of the flux, J, computed with a resolution matrix including an artificial

smearing of the alignment by an additional 10 um. (b) Variation of the flux, J, calculated with two different unfolding
methods.

B: “Classical” unfolding by regularization, namely minimization of the function [47]:

(f SOOK @) dx' — g(x)>2 i (de)z ,

€(x) dx?

where g(x) is the measurement, €(x) its error, K(k,x') is the resolution matrix, f(x) is the
solution and « is a regularization parameter. This method tends to give a smoother solution,
since the searched function is a priori assumed to be a “smooth” one, with the most probable
“smoothness” estimated from Bayes’ theorem.

Up to ~100 GeV the two methods agree within 2-3%. As the unfolding systematics were
understood for both methods, the average of the two procedures was used. The input errors for
both procedures were the corresponding statistical errors and the systematics of the resolution
matrix used. !

In these examples, and in all other cases, the assigned systematic errors were found to be correct.

""'In our previous publication [37] the flux dependence on energy and latitude was presented. These fluxes cannot be
combined as such since the errors are correlated through the systematics of the resolution matrix.
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Fig. 4.9. Flux spectra for (a—c) downward and (d—f) upward going protons separated according to the geomagnetic latitude,
Ow, at which they were detected.

4.3. Results and interpretation

The differential spectra in terms of kinetic energy for downward and upward going protons
integrated over incident angles within 32° of the AMS z-axis, which was within 1° of the zenith or
nadir, are presented in Fig. 4.9 and Tables 4.5—4.7. Fig. 4.10 presents the downward lepton spectra
integrated over incident angles within 25° of the AMS z-axis, which was within 1° of the zenith.
The measurements have been binned according to the absolute value of the corrected geomagnetic
latitude [46], |O\| (radians), at which they were detected. The effect of the geomagnetic cutoff and
the decrease in this cutoff with increasing |@y| is particularly visible in the downward spectra. We
observe two spectra: a primary one, i.e. above geomagnetic cutoff, and a second spectrum below
the cutoff. As we shall see these two spectra substantially differ and we analyse them separately. To
understand the difference the particle trajectories were traced [48] back from their measured incident
angle, location and momentum, through the geomagnetic field [49]. This was continued until the
trajectory was traced to outside the Earth’s magnetosphere or until it crossed the top of the atmo-
sphere at an altitude of 40 km. The spectra from particles which were traced to originate far away
from Earth are classified as “primary” and those from particles which originate in the atmosphere
as “second” spectra. In practice particles below the cutoff are from the second spectra, however the
tracing provides a cleaner separation in the transition region.
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Differential downward proton flux spectra for lower latitudes
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Ex (GeV)

Downward proton flux (m? s st MeV) ™!
Geomagnetic latitude range

|Om| < 0.2

02 < |Ou| <03

03 < |Oum| < 0.4

04 <|Ou| <05

0.5 < |Owu| < 0.6

0.07-0.10
0.10-0.15
0.15-0.22
0.22-0.31

(16.7 + 4.4) x
(12.1 £ 14) x
(97.9 + 4.6) x
(862 £2.8) x

0.31-0.44
0.44-0.62
0.62-0.85
0.85-1.15

(70.1 £32) x
(504 £2.7) x
(328 £1.9) x
(20.6 £ 1.2) x

1.15-1.54
1.54-2.02
2.02-2.62
2.62-3.38

(116.0 + 6.9) x
(66.9 +42) x
(28.6 +1.9) x

(110.0 + 9.6) x

3.38-4.31
4.31-5.45
5.45-6.86
6.86-8.60

(443 £7.9) x
(157 £3.1) x
(6.1 £22) x
(23.74£2.1) x

8.60-10.73
10.73-13.34
13.34-16.55
16.55-20.48

(138.0 + 6.8) x
(49.5+1.8) x
(65.74+2.1) x
(457 +1.7) x

2048-2529 (27.7 + 1.0) x
25.29-31.20 (155.0 +5.9) x
31.20-38.43  (90.5 +£4.1) x
38.43-4730 (514 +£22) x
47.30-58.16  (30.0 + 1.7) x
58.16-71.48 (164.0 +8.8) x
71.48-87.79  (86.1 +3.9) x
87.79-107.78 (49.4 +2.9) x

107.78-132.27 (28.6 £3.1) x
132.27-162.29 (162 + 1.8) x
162.29-199.06 (972 £ 5.1) x

1072 (142 +4.0) x
1072 (82+1.0) x
107% (512432) x
1073 (45.6 +1.8) x

1073 (34.6+1.5) x
107% (2124 1.2) x
1073(116.0 + 6.8) x
1073 (5724+4.7) x

107% (28.6+3.3) x
1074 (122 42.1) x
107* (824 1.8) x
107° (36+1.1)x

107° (20.346.0) x
1075 (13.4+4.8) x
107°(105.0 + 8.7) x
107° (53.8£2.7) x

1075 (28.6+1.7) x
107% (60.9 +2.4) x
107* (63.4+1.8) x
107% (4554 1.7) x

107% (25.541.0) x
1075(147.0 £ 7.1) x
107° (792 4+4.7) x
107° (48.943.0) x

1073
10~¢
10~¢
1076

(28.6 +2.0) x
(154 4+12) x
(79.6 +4.7) x
(45.0 + 4.6) x

10~¢
10~¢
1077

(25.7+£6.1) x
(143 +7.0) x
(84.8 +6.7) x

1072 (11243.1) x
1072 (7.6 +1.0) x
1073 (41.9 +2.6) x
1073 (37.9+ 1.7) x

107% (2444 1.1) x
1073(155.0 £ 9.3) x
107* (84.9 +6.5) x
107 (40.0 +3.8) x

10~
1074
104
1074

(17.7 £2.5) x
(85+£2.6) x
(5.0£13) x

(30.0 £ 8.6) x

1073
1073
10~¢
1073

(232 4+3.6) x
(17.6 £32) x
(319 +£23) x
(19.5+1.5) x

10~*
10~
1074
10~

(58.5+3.3) x
(857 4+3.1) x
(721 £2.1) x
(444 4+ 1.5) x

107%(255.0 + 9.8) x
1073(144.0 + 6.8) x
107° (80.5+4.5) x
107° (48242.5) x

1073
1073
10~°¢
10~¢

(28.7 £ 1.8) x
(156 £ 1.2) x
(815 + 64) x
(46.6 + 4.8) x

107
10~¢
1077

(269 +7.3) x
(1524+52) x
(9.1 £23) x

1072
1072
1073
1073

(13.6 +3.8) x

(7.6 +1.0) x
(44.6 +3.0) x
(344 £1.5) x

107° (21.14+12) x
1074(121.0 £ 9.3) x
107* (61.545.6) x
107* (269 +3.4) x

107% (12.7+29) x
107% (694 1.4) x
107 (373 4+33) x
107°(204.0 + 7.4) x

107° (25.04+1.3) x
1075 (585+59) %
107° (32.143.0) x
107* (9624 6.4) x

1074(128.0 + 5.4) x
1074(115.0 + 2.8) x
107* (75.6 +2.5) x
107* (4524 1.8) x

107°(248.0 + 9.6) x
1073(142.0 + 6.7) x
107° (80.0 +4.3) x
107° (482 43.0) x

107° (284 +1.8) x
107°(154.0 + 8.8) x
107% (8024 5.9) x
107¢ (45.8 +2.8) x

1076
10~¢
1076

1072 (13.443.6) x
1072 (7.74+1.0) x
107° (484 43.3) x
1073 (327 4+ 1.6) x

1073 (2024 12) x
1074(113.0 £ 9.0) x
107 (50.0 & 6.4) x
1074 (2424+42) x

10~
1074
1073
10~¢

(854 14) x
(5.7+1.0) x
(3424 1.5) x
(29.0 + 1.4) x

1073
1073
10~
10~

(107 £ 1.1) x
(62.9 + 6.4) x
(1844 14) x
(2334£12) x

1074(193.0 £ 5.1) x
107%(128.0 + 3.7) x
107* (75.6 +£2.7) x
107% (4334+1.2) x

107° (24.0 +1.0) x
1075(138.0 & 5.6) x
107° (77.14+4.3) x
107° (47.142.7) x

107% (27.74+1.8) x
107°(149.0 +9.9) x
1078 (76.7+5.1) x
107% (43.442.6) x

1072
1072
1073
1073

1073
10~
1074
10~

10~
1074
1073
1073

1074
10~
1073
1073

10~*
10~
1074
10~

10~
1073
1073
1073

1073
107¢
10~¢
1076

(264 +£62)x 107° (248 +4.6)x 10°°
(149+79)x 1075 (13.84+63) x 107°
(894 1.8) x 107° (82.1 £6.2) x 1077
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Table 4.6
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Differential downward proton flux spectra for higher latitudes

Ex (GeV)

Downward proton flux (m* s sr MeV)™!
Geomagnetic latitude range

0.6 < |Oum| < 0.7

0.7 < |Oum| < 0.8

0.8 < |Ou| <09

0.9 < |Oum| < 1.0

1.0 < |Ov|

0.07-0.10
0.10-0.15
0.15-0.22
0.22-0.31

0.31-0.44
0.44-0.62
0.62-0.85
0.85-1.15

1.15-1.54
1.54-2.02
2.02-2.62
2.62-3.38

3.38-4.31
4.31-5.45
5.45-6.86
6.86-8.60

8.60-10.73
10.73-13.34
13.34-16.55
16.55-20.48

20.48-25.29
25.29-31.20
31.20-38.43
38.43-47.30

47.30-58.16
58.16-71.48
71.48-87.79
87.79-107.78

107.78-132.27 (252 £ 4.5) x 107°
132.27-162.29 (143 £3.9) x 10~¢

(122 +£3.5) x

(9.7 +13) x
(66.0 +£3.7) x
(444 £ 1.6) x

(24.1£1.7) x
(108.0 + 8.8) x
(47.8 £6.7) x
(23.1 +£4.9) x

(13.1 £22) x
(7.7 +1.2) x
(77.7 £ 83) x
(49.1 £5.9) x

(279 +£2.9) x
(56.4 & 4.0) x
(52.6 +1.7) x
(35.64+12) x

(212.0 £ 9.0) x
(129.0 +5.3) x
(758 £33) x
(417 £1.5) x

(249 +1.1) x
(134.0 £ 5.6) x
(75.1 £ 4.0) x
(46.0 £2.7) x

(27.0 +£1.8) x
(146 £12) x
(76.0 + 4.6) x
(4354 58) x

1072
1072
1073
1073

(18.545.9) x
(118 £ 1.6) x
(973 £5.9) x
(442 +2.0) x

1073
1074
1074
1074

(23.8 +1.3) x
(144 4+ 1.0) x
(772 £ 69) x
(60.9 % 6.5) x

1074
10~
1073
10~

(23.7429) x
(448 +6.7) x
(43.1 £5.8) x
(1144 1.1) x

1073 (124.0 4 4.6) x
1073 (884 +423) x
1073 (55.6 +3.2) x
1073 (34.0 4+ 1.8) x

107* (2024 1.1) x
107%(121.0 & 6.4) x
107* (69.0 4 3.8) x
107 (40.54+2.1) x

107 (2274 13) x
107°(132.0 £ 8.7) x
107° (69.2 4+ 4.5) x
107° (44.74+28) x

107° (2634 1.9) x
107°(142.0 £ 9.9) x
107% (72.9 +£4.5) x
107° (41.543.0) x

(239 £4.4) x
(134 £4.7) x

162.29-199.06 (8.6 + 1.5) x 107% (80.6 & 4.3) x

1072
1072
1073
1073

1073
1073
10~*
10~*

10~*
10~
1073
1072

1073
1073
1073
1073

1073
10~
1074
10~

1074
1073
1073
1073

1073
10~¢
10~¢
10~¢

10~¢
10~°¢
1077

(25.1+89) x 1072
(19.1 £2.6) x 1072
(144.0 +8.9) x 1073
(924 +£69)x 1073

(583 £4.8)x 1073
(366 +£3.5)x 1073
(220 £25)x 1073
(349 +58)x 1073

(154+£24)x 1072
(28.1+33)x 1072
(309 +£1.8)x 1072
(226 +14)x 1072

(1544 1.1)x 1072
(953+£59)x 1073
(593+35)x 1073
(363+2.6)x 1073

(21.8+1.6)x 1073
(128.0 +8.0) x 10~*
(752 +£43)x 1074
(402 +£3.0)x 107*

(237.0 £ 8.0) x 1073
(1270 £ 6.4) x 1073
(615+57)x107°
(440 £3.5)x 107

(257+28)x 107°
(139+13)x 1073
(717 4+ 64) x 107°
(41.1+41)x107°

(239 +44)x10~¢
(13.6 +6.5)x 107°
(82+13)x 107

(43+13) x
(41.8 £5.6) x
(33.6+33) x
(22.6 +3.9) x

(293 £7.1) x
(47+£1.1) x
(75+13) x
(853 £7.5) x

(71.7 £ 4.5) x
(524 +£45) x
(362 £2.9) x
(248 +£2.1) x

(162 £ 1.1) x
(103.0 £ 7.7) x
(63.8 +£5.0) x
(39.0 £2.8) x

(225 £ 1.6) x
(14.1£13) x
(78.0 £5.7) x
(393 £33) x

(23.8 +2.0) x
(123 £ 14) x
(78.0 & 8.8) x
(44.1 £ 4.6) x

(27.0 £ 2.6) x
(143 £1.5) x
(725 4+ 6.5) x
(40.3 +6.3) x

(23+£12)x
(123 £ 89) x
(72+3.7) x

1071 (92426) x
1072 (9.841.2) x
1072(109.0 + 6.7) x
1072(126.0 & 5.3) x

1072(139.0 & 4.1) x
1071 (132.0 £ 4.8) x
1071 (114.0 + 4.2) x
1072 (92.8£3.2) x
1072 (724 424) x
1072 (51.141.4) x
1072 (37.0+ 1.1) x
1072(241.0 + 6.4) x

1072(163.0 + 3.1) x
1073(102.0 £ 2.9) x
107° (6144 1.3) x
1073(390.0 + 8.2) x

1073(223.0 + 6.5) x
1073(136.0 £ 4.5) x
1074 (762 42.7) x
107 (39.6+ 1.3) x

107 (2204 1.3) x
1074(118.0 & 7.9) x
107° (76.746.5) x
107° (47.74+3.7) x

1075 (28.542.6) x
107°(154.0 - 9.8) x
107% (79.3 +8.7) x
1076 (448 +7.9) x

1073
10~¢
10~¢

(2.6+£12) x
(14 + 1.4) x
(8.5 +24) x

107!
107!
1072
1072

1072
1072
1072
1072

1072
1072
1072
1073

1073
1073
1073
1074

1074
10~
1074
10~

10~
1073
1073
1073

1073
10~¢
10~¢
10-¢

1073
1073
107¢
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Table 4.7
Differential upward proton flux spectra

Upward proton flux (m? s sr MeV)™!
Ex (GeV) Geomagnetic latitude range

|Om| <02 02<|0m| <03 03<|Ou| <04 04<|Ou| <05 05<|Ou <06

0.07-0.10 (16.4+£44)x 1072 (13.1£3.9)x 1072 (12643.5) x 1072 (147+41)x 1072 (158 +4.7) x 1072
0.10-0.15 (109+14)x 1072 (75+1.0)x 1072 (66.0+92)x 107% (7.7+£1.1)x 1072 (87+12)x 1072
0.15-022 (853 +£49)x 107> (48.1£3.5)x 107> (42.742.8)x 107> (422+28)x 107> (463 £2.8)x 1073
0.22-0.31 (84.8+3.8)x 107> (445+21)x 107> (393+19)x107° (355+18)x 107> (346+1.5)x107°

0.31-0.44 (66.8+34)x 107> (33.6+17)x107> (254+11)x107% (214+1.1)x 107> (21.0+1.1)x 1073
0.44-0.62 (484 +£27)x 107> (203 £12) x 107* (136.0£8.3) x 10™* (124.04+9.2) x 10™* (97.6 £8.1) x 107*
0.62-0.85 (32.7+£2.0)x 107> (120.0+8.6) x 107* (764+56) x 107* (61.9+6.1)x 107* (348+43)x 107*
0.85-1.15 (2024 1.1)x 107% (53.94+4.6)x 107* (420+£45)x107* (31.9+£4.6)x 107* (17.9+£33)x 107*

1.15-1.54 (1240 +7.1) x 107* (34.8+44)x 107* (147+18)x 107™* (140+23)x107* (8.6+2.1)x 10~*
1.542.02 (620+£42)x107* (164+23)x107* (125+23)x 107" (88+£18)x107* (52+12)x107*
202-2.62 (259+18)x107* (79+13)x10™* (6+1.1)x107* (46+12)x107* (B34+1.1)x107*
2.62-338 (107£15)x107* (424+12)x 107 (299+87)x 107> (383 +£10.)x 107> (259+£9.6) x 10~°

3.38-4.31 (2974+57)x107° (15.6+83)x 1075 (11.9+49)x107° (134+£57)x 107> (94+3.7)x 107°
431-545 (1124+46) x 107>  (64+42)x 107> (724+38)x 107> (64+33)x107°
5.45-6.86 (3.7+£24)x 107

Ex (GeV) Geomagnetic latitude range

06<|0u| <07 07<|0u|<08 08<|Ou[<09 09<|Ou| <10

0.07-0.10 (23.1+£6.8)x 1072 (3294+95)x 1072 (B8+11)x107! (5.1+£15)x 107!
0.10-0.15 (1054 1.5)x 1072 (154+23)x 1072 (18.0+£24)x 1072 (255+4.1)x 1072
0.15-0.22 (58.1+£3.8)x 107> (725+54)x 107> (91.94+62) x 107° (99.8 £84) x 1073
0.22-0.31 (43.0+2.1)x107° (448+34)x 107> (574+£33)x107° (54.0+£49)x 1073

0.31-0.44 (2074 1.1)x107° (21.7£1.9)x 107° (25.7+£2.6) x 107° (22.5£29) x 1073
0.44-0.62 (83.4+£80)x107* (786+£93)x107* (884+12)x107® (88+1.7)x 1073
0.62-0.85 (273+4.0)x 107* (184+32)x107* (17.9+48)x 107* (234+8.0)x 10~*
0.85-1.15 (72+£23)x107* (49+£19)x10™* (744+42)x10~* (12.6+5.1)x107*

1.15-1.54  (40£13)x107* (32£23)x 107 (25+15)x107* (9.1 +£4.0)x107*
1.54-2.02 (3.0+£14)x107* (116+£72)x107° (13+12)x107* (168+93)x 107}
202262 (17£12)x107* (7.74+74) x 1073
2.62-338 (634+41)x 107> (48+38)x107°

338431 (20+1.1)x107°
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Fig. 4.10. (a,b) Flux spectra for downward going electrons and (c,d) positrons, separated according to the geomagnetic
latitude at which they were detected.

The differential helium spectra as a function of the incident rigidity for the zenith pointing data
is presented in Fig. 4.11. The results have been averaged within three ranges of the absolute value
of the corrected geomagnetic latitude [46], |O\|, at which they were observed.

The figure shows the effect of the geomagnetic cutoff which decreases with increasing |@y|. In
addition to the above cutoff, or primary, spectrum, Fig. 4.11 also shows the presence of a second
spectrum below cutoff for |@y| < 0.8 rad, which is much less pronounced for He compared to the
proton, et or e~ data. Since the spectra above cutoff are identical, the data above cutoff from the
three attitudes were combined together.

The primary proton spectrum together with the statistical and three systematic errors is presented
in Table 4.8 and with the errors combined in quadrature in Fig. 4.12.

4.3.1. Primary spectrum

The primary spectrum is the interstellar spectrum distorted at low energies by the solar modulation,
i.e. by the magnetic field of the Sun, which is directly related to the level of solar activity. Current
theoretical models of the cosmic ray origin and propagation predict a power law spectrum and can
approximately describe the existing experimental data [26,36,50—52]. The primary proton spectrum
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Fig. 4.11. Helium flux spectra for the zenith pointing data separated according to the geomagnetic latitude, @y, at which
they were detected.

Fig. 4.12. The primary proton flux. Fitting this spectrum to a power law in rigidity, ® = @R~ 7, over the range
10 < R < 200 GV yields y=2.78+0.009(fit) +-0.019(sys) and ®o=17.140.15(fit) &1.3(sys) 1.5 (y) GV>"8/(m?* s st MV).

has been parameterized by a power law in rigidity, @y x R~7. Fitting [45] the measured spectrum
over the rigidity range 10 < R < 200 GV, i.e. well above cutoff, yields:

y = 2.78 £ 0.009(fit) & 0.019(sys) ,

GV2T8

m2ssr MV

The systematic uncertainty in y was estimated from the uncertainty in the acceptance (0.006), the
dependence of the resolution function on the particle direction and track length within one sigma
(0.015), variation of the tracker bending coordinate resolution by +4 pm (0.005) and variation of the
selection criteria (0.010). The third uncertainty quoted for @, reflects the systematic uncertainty in 7.

For comparision with balloon measurements [21,23,53,54] the data has been scaled by EI%S as
shown in Fig. 4.13. The flux scaled by EZ’° is shown in Fig. 4.14. As seen from Fig. 4.14, our data
is a smooth function which is flat above 20 GeV [55]. Fig. 4.14 also shows the proton spectrum
assumed to calculate the spectrum of atmospheric neutrinos [31]. One observes a substantial deviation
from the AMS measurement.

The differential primary helium spectrum is presented in Fig. 4.15 and Table 4.9. As seen from
Fig. 4.15 our data are only marginally in agreement with the spectrum used to calculate atmospheric
neutrino spectra [31]. Our results are compared to recent balloon experiment results [23,28,53,54]
in Fig. 4.16.'> The spectrum has been fit [45] over the rigidity range 20 < R < 200 GV. To avoid

By = 17.1 £ 0.15(fit) & 1.3(sys) £ 1.5(p)

12 A 3He fraction of 0.15 + 0.05 was assumed.
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Table 4.8
Primary proton spectrum
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Kinetic energy

Flux =+ égat Esysl + Esys2 + Esys3

0.22-0.31
0.31-0.44
0.44-0.62
0.62-0.85

0.85-1.15
1.15-1.54
1.54-2.02
2.02-2.62

2.62-3.38
3.38-4.31
4.31-5.45
5.45-6.86

6.86-8.60
8.60-10.7
10.7-13.3
13.3-16.5

16.5-20.5
20.5-25.3
25.3-31.2
31.2-38.4

38.4-473
47.3-58.2
58.2-71.5
71.5-87.8

87.8-108.0
108.0-132.0
132.0-162.0
162.0-199.0

(1540 4+ 1.6 59+ 4.0+ 1.9) x 102
(156.0 +0.99 + 6.0 + 3.8 + 1.3) x 1072
(143.0 £ 0.59 + 6.0 £ 3.6 £ 1.0) x 1072
(120.0 4+ 0.39 + 4.6 + 3.1 £ 0.82) x 1072

(966.0 2.6 +37.0 £24.0 £ 6.7) x 107
(7380 + 1.8 +28.0 £ 18.0 £ 5.1) x 1073
(533.0 4124200+ 13.0£3.4) x 107
(3720 + 0.80 + 14.0 £ 89 +£2.7) x 103

(2470 4£0.53 £ 95+ 58 £1.8) x 107
(161.04£033+£62+£37+£13)x 1073
(101.0 £ 0.20 £3.9 £ 2.3 £ 0.74) x 107
(63004 134240+ 140+£52)x 107*

(37.8+0.84 4+ 140+ 8.6 +3.3) x 10~*
(226.0+£0.54 £87+£52+£20)x 107*
(1350 £ 036 £52+£3.1+£15) x 107
(786.0 2.3 +30.0 + 18.0 £ 10.0) x 10>

(4490 + 1.5+ 17.0 £ 11.0 £ 6.6) x 107
(266.0 +0.98 + 10.0 + 6.4 £ 43) x 107
(1480 +0.61 +5.7+3.7+£27) x 1073
(856.0 + 4.0 +33.0 £22.0 + 16.0) x 10~°

(496.0 £2.7 £ 19.0 £ 13.0£9.2) x 10~°
(2840 4+ 1.8 £ 11.0£7.9£5.7) x 107
(1540 £12+£59+4443.0)x 10°
(8624+0.80 £33 +£24+1.7)x 107

(49440554 1.94+1.34+094) x 107°
(29.0+ 040+ 1.14+0.78 £ 1.1) x 107°
(16.4 4027 4 0.63 £ 0.44 + 0.80) x 10~°
(9394 0.184+ 036 £ 025+ 1.0) x 1076

Data collected during the three periods with different zenith pointing criteria are combined. Kinetic energy is in GeV,
flux in (m? srs MeV) ™', & stands for the statistical error and esys1,2,3 for the systematic errors.

cutoff effects, data collected in equatorial regions where the cutoff is high were excluded from the
fit. The results obtained on the three different attitude samples were the same within the errors. The

combined fit yields:

y = 2.740 & 0.010(stat) & 0.016(sys) ,

Py = 2.52 + 0.09(stat) = 0.13(sys) £ 0.14(y) —

2.74

sst MV
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Fig. 4.13. The primary proton spectrum multiplied by EZ° in units of GeV>*/(m* s st MeV) as measured by this exper-
iment (total errors shown) in comparison with some recent balloon based measurements: CAPRICE [23], LEAP [21],
BESS [53], IMAX [54].

Fig. 4.14. The primary proton flux multiplied by EZ” in units of GeV*”/(m? s sr MeV). The solid rectangles indicate

the statistical errors, the error bars indicate the total error. The solid line is the flux used to calculate atmospheric
neutrinos [31].

The systematic uncertainty in y was estimated from the uncertainty in the track resolution (0.013)
and the variation of the selection criteria (0.008). The third uncertainty quoted for @, reflects the
systematic uncertainty in 7.

Fig. 4.17a shows the primary lepton spectra. Fig. 4.17b shows the energy dependence of the
positron fraction, which exhibits the predominance of electrons over positrons in primary cosmic rays,
as expected. Also shown are some recent previous measurements [33] in comparison with a model
description [36]. The spectra are in reasonable agreement with previous measurements [33] as seen
from Fig. 4.18, the difference below 10 GeV may be due to different solar modulation conditions.

4.4. Second spectrum

As shown in Figs. 4.9a—f, 4.10, 4.19 and 4.20, substantial second spectra are observed for down-
ward and upward going protons and leptons at all geomagnetic latitudes below the geomagnetic
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Fig. 4.15. Primary helium flux spectrum multiplied by R*™ in units of m =2 s™' sr~!(GeV/A)""™. The smooth line shows
the spectrum used for atmospheric neutrino spectrum calculations [31].

Fig. 4.16. The primary helium flux spectrum multiplied by EZ° in units of m =2 s~!
recent measurements: CAPRICE [23], RICH [28], BESS [53], IMAX [54].

st~ (GeV/A)"® in comparison with

cutoff. These spectra have the following properties:

(i) At geomagnetic equatorial latitudes, |@y| < 0.2, the proton spectrum extends from the lowest
measured energy, 0.1 GeV, to ~ 6 GeV with a proton flux ~ 70(m? s sr)~".

(i1) As seen in Figs. 4.9a and d, the second spectrum has a distinct structure near the geomagnetic
equator: a change in geomagnetic latitude from O to 0.3 causes the proton flux to drop by a
factor of 2-3 depending on the energy. Over the much wider interval 0.3 < |@y| < 0.8, shown in
Figs. 4.9b and e, the proton flux is nearly constant.

(iii) In the range 0 < |@y| < 0.8, detailed comparison in different latitude bands (Figs. 4.19 and
4.20) indicates that the upward and downward fluxes of both protons and leptons are nearly
identical, agreeing to within 1%.

(iv) At polar latitudes, |@y| > 1.0, the downward second spectrum of protons and electrons
(Figs. 4.9¢ and 4.20) is gradually obscured by the primary spectrum, whereas the second spec-
trum of upward going protons and electrons (Figs. 4.9f and 4.20) is clearly observed.
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Differential primary helium flux in units of (m* s sr GV)™! versus rigidity, R, in GV
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R Flux R Flux
0.76-0.91 (32 £ 16) 12.02-14.45 (189 +1.0) x 107!
0.91-1.10 489429 14.45-17.38 (119.0 £ 6.4) x 1072
1.10-1.32 584432 17.38-20.89 (73.7+£4.0) x 1072
1.32-1.58 62.8 +3.4 20.89-25.12 (47.0£2.6) x 1072
1.58-1.91 639435 25.12-30.20 (289+1.6) x 1072
1.91-2.29 582432 30.20-36.31 (1720 +9.4) x 1073
2.29-2.75 494 +27 36.31-43.65 (101.0 £ 5.6) x 1073
2.75-3.31 39.6 +2.1 43.65-52.48 (63.2+3.5)x 1073
3.31-3.98 3084 1.7 52.48-63.10 (38.0+2.1)x 1073
3.98-4.79 226412 63.10-75.86 (222+12)%x 1073
4.79-5.75 (159.0 £ 8.6) x 107! 75.86-91.20 (137.0 £ 8.0) x 10~*
5.75-6.92 (110.0 £5.9) x 107" 91.20-109.65 (829 +5.0)x 1074
6.92-8.32 (72.8£3.9) x 107! 109.65-131.83 (49.1 £33)x 1074
8.32-10.00 (47.14£25)x 107! 131.83-158.49 (278+19)x 107*

10.00-12.02 (2994 1.6) x 107! 158.49-190.55 (165+14)x 107*

190.55-229.09

(118.0 +8.0) x 1073

The errors quoted are the combination in quadrature of the statistical and systematic errors.
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Fig. 4.18. AMS electron primary spectrum data in comparison with the earlier measurements.

(v) As seen from Fig. 4.21 the lepton fluxes also reach a maximum at the geomagnetic equator.
With increasing latitude the positron flux drops off faster than the electron flux.

As was mentioned in the introduction the under-cutoff particles were earlier detected by balloon
experiments. Balloon-based measurements were performed at ~ 40 km from the Earth’s surface, i.e.
under ~ 5g/cm?. This environment lead to a specific terminology adapted to those observations [56]:

e A large fraction of downward going particles produced in the air above the detector was called
atmospheric secondaries. This was actually the main background source with a particular altitude
dependence.

e Upward going particles were called splash albedo. Their intensity is only weakly altitude depen-
dent.

e The fraction of splash albedo leaving the Earth and then leading back to the Earth at the opposite
hemisphere was called return albedo.

Satellite experiments discovered trapped radiation or radiation belts above ~1000 km. The term
trapped radiation had been introduced much earlier [57].

For the under-cutoff particles observed by AMS we use the term second spectrum > to distinguish
from:

o Atmospheric secondaries, which are not produced without atmosphere;
e Splash albedo, since AMS is too far from the atmosphere to observe them;

13 Some authors [58] propose to use the term “cosmic ray albedo” instead. However it is too general, for example, the
radiation belts also fall into this category since they seem to originate from neutron albedo.
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below cutoff, the upward and downward fluxes agree in the range 0 < |Oum| < 0.8 (see also Figs. 4.9b and e).
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Fig. 4.21. Properties of second lepton spectra flux: (a) downward and (b) upward going electrons and positrons as functions
of the geomagnetic latitude, O, at which they were detected integrated over the range 0.2-2.5 GeV.

e Return albedo, since it may only be a small fraction of the second spectrum flux as will be seen
in what follows;
e Trapped particles, since AMS was flying below the radiation belts.

In Fig. 4.22 we compare the AMS lepton (electron plus positron) flux with the best data on “reentrant
and splash albedo” available from various balloon flights [19,34,59].

In addition to the backward tracing mentioned above the leptons were also traced forward until
their trajectory would have either escaped or crossed the top of the atmosphere, the location of
which was taken as the particle sink. All second spectrum particles were found to originate in and
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Fig. 4.22. AMS second spectrum. e* e~ combined data at 0.6 < |@y| < 0.7 in comparison with the reentrant and splash
albedo measurements by balloons: Verma67 [19], Israel67 [59], HEAT94 [34].

Fig. 4.23. The flight time versus energy from the tracing of leptons detected in the region |@ym| < 0.7. From the flight time
distribution there are two distinct types of trajectories: For “short-lived”, flight times < 0.2 s, the flight time is independent
of lepton energy. For “long-lived”, flight times > 0.2's, there are two bands 4 and B. In both 4 and B the flight time
depends on energy: it decreases with increasing energy.

eventually re-enter the atmosphere, except for a few percent of the protons detected near the South
Atlantic Anomaly (SAA). These had closed trajectories and hence may have been circulating for a
very long time and it was difficult to trace back to their origin. This type of trajectory was only
observed near the SAA, clearly influenced by the inner radiation belt (this was one of the reasons
why data taken in the SAA region were excluded). Defining the flight time as the sum of forward and
backward tracing times, that is the interval between origin and sink, Fig. 4.23 shows the distribution
of energy versus flight time for electrons and positrons. Both e™ and e~ exhibit two distinct types
of trajectories:

e The horizontal bands with flight times < 0.2 s, defined as “short-lived”.
e The diagonal bands with flight times > 0.2 s defined as “long-lived”.
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Fig. 4.24. Properties of short-lived second spectra leptons (< 3 GeV): (a) The geographic origin of electrons and (b)
positrons. Note that the point of origin shows no longitudinal dependence and that the short-lived leptons do not originate
from the region |@w| < 0.4. The lines indicate the geomagnetic field contours at 380 km. (¢) The e~ (full circles) and
e’ (open circles) fluxes integrated over the range 0.2-2.5 GeV as a function of magnetic latitude for zenith, (d) 20° and
(e) 25° shuttle attitude.

For |Oy| < 0.3, most (75% of e*, 65% of ¢~) leptons are long-lived. The same two types of
trajectories are also observed for protons and 70% of the second spectrum protons are long-lived.

4.4.1. Distinct properties of the second spectra for short-lived particles

The trajectory tracing shows that particles travel in cycles across the equator where the trajectories
reach maximal altitude and they are reflected at the lowest points at the mid and polar latitudes. For
short-lived particles:

e From Fig. 4.23 one sees that the flight time is independent of particle energy. For protons this is
the total trajectory length which is independent of particle energy.
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Fig. 4.25. The geographical origin of (a) short-lived and (b) long-lived protons with p <3 GeV/c. The dashed lines
indicate the geomagnetic field contours at 380 km.

The point of origin shows no longitude dependence. They do not originate from near to the
geomagnetic equator, |Oy| < 0.4 (see Figs. 4.24a, b and 4.25a), the apparent structure reflecting
the orbits of the space shuttle.

The particle flux is independent of the shuttle attitude and is approximately isotropic (see
Figs. 4.24c—e).

4.4.2. Distinct properties of the second spectra for long-lived particles

As shown in Figs. 4.25b and 4.26 long-lived e~, ™ and protons originate from well defined,
complementary geographic regions. Tracing also shows that the regions of origin for positrons
coincide with regions of sink for electrons and vice versa.

Figs. 4.27 and 4.28 show the strongly peaked distributions of the point of origin of the long-lived
particles in geomagnetic coordinates. Within the regions indicated the distributions are strongly
peaked and the two diagonal bands (4, B) seen in Fig. 4.23 for the long-lived leptons correspond
to the two regions of origin (4, B) marked in Figs. 4.26 and 4.27.

The long-lived particles are reflected across the equator hundreds of times. The number of cycles
they can make before being absorbed in the atmosphere decreases with increasing energy.

As shown in Fig. 4.26¢c—¢, the long-lived lepton flux reaches a maximum in the equatorial region
where they are produced and absorbed.

At zenith shuttle orientation, 99% of the long-lived leptons are actually detected at |@y| < 0.4,
indicating a strongly anisotropic angular distribution.

Though data is presented only for particles detected at |@y| < 0.3, these general features hold

true up to |@y| ~ 0.7.
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Fig. 4.26. Properties of long-lived second spectra leptons (< 3 GeV): (a) the geographical origin of electrons and (b)
positrons. The lines indicate the geomagnetic field contours at 380 km. The regions 4 and B correspond to the bands 4
and B marked in Fig. 4.23. (c) The e~ (full circles) and e* (open circles) fluxes integrated over the range 0.2-2.5 GeV
as a function of magnetic latitude for zenith, (d) 20° and (e) 45° shuttle attitude.

Fig. 4.29 shows the distribution of the number of geomagnetic equator crossings for long-lived
and short-lived protons. About 15% of all the second spectrum protons were detected on their first
bounce over the geomagnetic equator.

4.4.3. Lepton charge ratio

An interesting feature of the observed second lepton spectra is the predominance of positrons over
electrons. In Table 4.10 the e* /e~ ratios grouped according to magnetic latitude region and shuttle
attitude (0°, 20°, 45°, 180°) are given separately for long-lived and short-lived leptons.



M. Aguilar et al. | Physics Reports 366 (2002) 331-405 385

50 — 80 =
3 70 —
0 60 —
@ 30 @ 50 =
] = S 40 =
o 20 — W gp =
10 2
] 0
O b
: 150 150
5o 100 ® 5o 100
-150'100-50 egre® Y 50 -150'100-50 goare®
(a) on'd (b) % oy
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Fig. 4.28. The point of origin of long-lived protons (|Om| < 0.3, p <3 GeV/c) in geomagnetic coordinates.
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Fig. 4.29. Number of times the back traced trajectory crosses the geomagnetic equator for (a) short-lived and (b) long-lived
protons (|Owm| < 0.3, p <3 GeV/e).

As seen from Table 4.10:

e The ratio depends at most weakly on the shuttle orientation.

e The ratios for short- and long-lived leptons behave differently. For short-lived leptons the e* /e~
ratio is maximal at the magnetic equator where it reaches a value of ~3 whereas for long-
lived leptons the ratio is higher, >4 at the magnetic equator, and less dependent on
latitude.

e The energy dependence of the et/e™ ratio for 0° attitude and |@y| < 0.3 is shown in Fig. 4.30.
As seen, short-lived and long-lived leptons behave differently. For short-lived leptons the ratio
does not depend on the particle energy in the range 0.2—3 GeV but for long-lived leptons the ratio
does depend on the lepton energy, reaching a maximum value of ~5.

The combined (short- and long-lived, all attitudes) dependence on |@y| of the ratio for all second
spectra particles is shown in Fig. 4.31.

4.4.4. Analysis of the helium second spectrum

As shown in Fig. 4.11, a second spectrum is observed for |@y| < 0.8. This spectrum extends
from the lowest measured rigidity, 0.8 GV, up to 3 GV with an integrated flux of ~1073(m? s sr)~!.

To ensure these events are not due to resolution effects at low energies or to contamination
from single scattering inside the detector, more stringent reconstruction criteria were applied in the
examination of the second spectrum. |Z| =1 events with a wrongly reconstructed charge magnitude
were reduced by an additional factor 1072 by requiring both the time of flight and tracker charge
magnitude determinations to be |Z|=2. Tails in the velocity reconstruction were reduced by requiring
at least three matched hits in the four time of flight planes. In this energy range, the accuracy of
the velocity measurement is 2.4%. Any large angle scattering in a tracker plane was identified



M. Aguilar et al. | Physics Reports 366 (2002) 331-405 387

Table 4.10
Lepton charge ratio versus magnetic latitude for the shuttle attitudes 0°, 20°, 45° and 180° for long-lived and short-lived

particles

e/e” Long-lived (flight time > 0.2 s)
Attitude 0.0 < |Ou| <02  02<|Ou| <04  04<|Ou <06 06<|Ou <08  08<|Oy| <10
0° 427+ 0.17 326 +£0.37 1.65+1.24
20° 4.15+0.39 2.75+£0.45 2.92 +£1.00 1.05 + 0.69 1.46 + 0.42
45° 4.36 +0.40 341 £0.30 3.81£0.33 2.2740.18 1.28 £0.16
180° 427 4+ 0.25 4.25 4+ 0.65
et/e” Short-lived (flight time < 0.2 s)
Attitude 0.0 < |Opm] <02 02 < |Oy| <04 04 < |Oy| < 0.6 0.6 < |Ou| <0.8 0.8 < |Om| < 1.0
0° 3.08 £0.35 243 £0.19 1.35£0.11 1.10£0.11 0.83 £0.10
20° 2.83 £0.67 223 £0.37 1.95 £0.28 148 £0.22 0.94 £0.18
45° 3224044 2.18 £0.32 2.01 £0.32 1.08 £0.12 0.93 £0.19
180° 4.84 £ 0.81 2.79 £ 0.28 1.45+0.18 1.17 £ 0.21 0.68 £ 0.27
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Fig. 4.30. Property of second spectra: the e*/e”
particles. Shuttle attitude 0° and |Om| < 0.3.

ratio as a function of energy for (a) short-lived and (b) long-lived

Fig. 4.31. Property of second spectra: the e”/e” ratio as a function of magnetic latitude integrated over the range
0.2-2.5 GeV and combined for short-lived and long-lived leptons independent of shuttle attitude.

and removed by demanding that the particle was also measured by the tracker in the non-bending
projection and by requiring agreement between the rigidity measured with the first three hits along
the track, with the last three hits and with all the hits. Events with collinear delta rays, which create
additional energy depositions in the tracker planes along the trajectory of the particle, were identified
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Fig. 4.33. Correlation between rigidity and velocity for helium events detected at |©m| < 0.6. Dots denote events from
the primary spectrum, and open circles those from under cutoff. Solid (dashed) line corresponds to the *He (*He) mass
hypothesis.

and rejected by an isolation criteria which demands a minimum amount of energy observed within
10 mm of the track. Finally, extrapolation of the fit track was required to match the locations of the
scintillator hits within 60 mm.

These criteria were applied to the data samples from three data collection periods corresponding to
0°, 20° and 45° shuttle attitudes. Compared to the looser cuts used in the analysis of the differential
rigidity spectrum, the selection efficiency is ~65% up to 3 GV. The average mass resolution for
helium nuclei in the kinetic energy range 0.1-1.2 GeV/nucleon (i.e. f < 0.9) is ~12%. Fig. 4.32
shows the reconstructed mass distribution for events above cutoff at |@y| > 0.9 in this energy range.
As shown, the data are in agreement with a Monte Carlo simulation which contains 11.5% 3He.

Fig. 4.33 shows the correlation between rigidity, R, and velocity, f5, for events with |@y| < 0.6,
together with the expectations for *He and “He nuclei. Primary spectrum events are clustered at
p > 0.9 with rigidities in the range of 3-200 GV. A population of 115 events with rigidities below
the local geomagnetic cutoff are marked in the figure with open circles. As seen, this population
follows the 3He mass line. Fig. 4.34 shows the scatter of rigidity versus @y for events with f < 0.9.
The two symmetric clusters at |@y| > 0.6 correspond to nuclei from the primary helium spectrum.
The same 115 events marked in Fig. 4.33 form a clear and isolated low energy band (R < 3 GV).
This second population has the following properties:

e The reconstructed mass distribution is shown in Fig. 4.35. As seen, most of the events are con-
sistent with *He. At the 90% confidence level the fraction of *He exceeds 0.9.
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Fig. 4.35. Reconstructed mass distribution for the second spectrum helium for |®m| < 0.6 compared with the masses of
3 4
He and "He.

e As shown in Fig. 4.36, their spectrum extends from the lowest measured energy, 0.1 GeV/nucleon,
up to ~1.2 GeV/nucleon, yielding an average flux of (6.3 £0.9) x 1073 (m? s sr)~'.

e As shown in Fig. 4.37, the flux reaches its maximum at the geomagnetic equator.

e Within statistics, there is no preferred direction and the fluxes measured separately with data from
the three periods corresponding to 0°, 20° and 45° shuttle attitudes are equal.

To understand the origin of these events, the trajectories have been traced both backward and for-
ward from their incident angle, location and momentum through the Earth’s magnetic field, following
the same procedure as described in [37,40]. All events were found to originate in the atmosphere.
Analysis of the sum of their forward and backward flight times again yields two distinct classes:
“short-lived” and “long-lived” for flight times below and above 0.3 s respectively.

The origin of the “short-lived” helium nuclei are distributed uniformly around the globe whereas
the “long-lived” particles originate from a geographically restricted region as is shown in Fig. 4.38.
This region matches that from which the second proton flux and second positron flux originate
[37,40]. Within the statistics, *He is equally predominate in events from both the “short-" and
“long-lived” classes. We recall that the abundance of 3He at much lower energies, ~50 MeV, and
far away from Earth (L shell above 6) was reported in Ref. [60]. Geomagnetically trapped low
energy light isotopes have been studied with satellites [61].

4.4.5. Simulation analysis of the second spectrum
After the AMS data had become available, many physicists [62—67] have made detailed Monte
Carlo simulations of the second spectrum phenomenon by means of several independent methods.
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Fig. 4.37. Average flux of the second helium spectrum versus geomagnetic latitude.
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Fig. 4.38. Geographical origin of (a) “short-lived” and (b) “long-lived” helium in the second spectrum. The lines indicate
the geomagnetic field contours at 380 km.
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The methods included the primary proton and helium nucleon interactions in the atmosphere with
tracing all trajectories in the Earth’s magnetic field. The simulations have successfully described
the AMS second spectrum data on protons, electrons and positrons [66] including the absolute flux
values as well as latitude dependence and absolute value of the e*/e™ ratio. Thus many features
like the shape of the second spectrum and the geographic area of the long lived component origin
were understood to be consequences of the cosmic ray interaction with the atmosphere [62,66] and
manifestations of the Earth’s magnetic field [65].

4.5. Antiproton analysis

The measurement of low energy, below 1 GeV, antiprotons was long considered to be a sensitive
test for the presence of exotic antiproton sources in cosmic rays like dark matter neutralino annihila-
tions [68]. Conventional sources predicted a relatively low flux of antiprotons below 1 GeV whereas
the signal expected from neutralino annihilations was relatively high at these energies. However, as
was recently demonstrated [4,69], the conventional sources contribute considerable antiproton flux at
low energy if one takes into account proton—helium collisions, fermi motion effects and the so called
“tertiary” antiproton component, i.e. the interactions of produced antiprotons. These effects turned
out to be more important than previously assumed, and the consequence was that there had been
little hope to isolate an “exotic” antiproton signal at low energies, since the uncertainty is dominated
by the theoretical model describing conventional sources. Therefore, for the AMS precursor flight,
the antiproton study has become to a great extent a test of the instrument to detect a small signal
in the presence of a high background.

Antiproton candidates were selected by requiring the measured particle charge to be —1, particle
velocity to be less than the speed of light and the particle measured momentum to be less than
5 GeV/e.

There were several identified backgrounds to the genuine antiproton signal:

(a) Proton events with the momentum measurement affected by a single or multiple scattering in
the tracker. This background was suppressed by a cut on the y* value obtained in fitting the
particle trajectory and by requiring agreement for the rigidity and charge sign measured using
all the hits in the tracker and separately in the first three hits and the last three hits along the
track.

(b) Protons accompanied by secondary pions produced inside the AMS detector. To remove these
events the “isolation” cut was applied, i.e. no additional hits both in either the tracker or scin-
tillator counters should be found in the vicinity of the reconstructed trajectory.

(¢) Electron events with the wrongly measured velocity. To suppress this background, only events
with trajectory crossing the active Cerenkov area and therefore having an independent velocity
measurement were accepted.

To ensure good quality of the mass measurements, only events with four independent time measure-
ments in the scintillator counter and at least seven coordinate measurements, i.e. four in the bending
and three in the non-bending plane, were accepted. After all cuts were applied the overall antiproton
efficiency was 18%.
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Fig. 4.39. The mass distribution of the antiproton candidates. Points are data, the line shows the fit to proton mass (insert)
and polynomial background. (a) Total statistics 186 £ 28 events. (b) Primary antiprotons. The arrows indicate the cut
values.

Fig. 4.39a shows the distribution of the reconstructed mass for these events. The antiproton peak
is clearly seen to be well separated from the pion background which rises towards zero mass. After
the background subtraction 186 + 28 events were left.

For the antiproton primary spectrum the measured rigidity of the candidates was required to be
higher than the local geomagnetic cutoff. The final mass distribution of the primary antiproton events
is shown in Fig. 4.39b. Finally, the reconstructed particle mass was required to be compatible with
the proton mass and the background was then reduced to less than 3 events.

Correcting the measured number of events for the AMS acceptance, selection efficiency, measure-
ment time and unfolding the AMS energy resolution, the primary antiproton flux was obtained as
function of kinetic energy. In Fig. 4.40 the flux is compared to the latest results of Ref. [70].

4.6. Deuteron spectrum measurement

Like antiprotons, the rare hydrogen isotopes in cosmic rays are of secondary origin, resulting
mainly from the nuclear interactions of primary cosmic ray protons and *He with the interstellar
medium. They provide important complementary information on the interstellar propagation of cosmic
rays [71,72]. To date, deuterium spectrum measurements were made at energies < 100 MeV/nucleon
[72-74], where solar modulation effects are still large and the anomalous He component com-
plicates interpretation. There are also measurements at higher energy (= 100 MeV/nucleon) from
balloon-borne experiments [75-78].
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Fig. 4.40. The AMS antiproton flux measurement in comparison with BESS [70] data.

4.6.1. Data analysis

Deuteron candidates were specifically selected by requiring the measured particle charge to be
Z =1 and reconstructed mass compatible with the deuteron. The background to the deuteron signal
originated mainly from two sources:

(i) Z =2 particles with wrongly measured charge. In order to remove this background the consis-
tency of the charge measurements was required from both the time of flight and the tracker.
This source of background was consequently reduced to a negligible level (< 1073).

(i1) Proton events with wrongly reconstructed velocity and/or momentum. This background was
reduced by applying the stringent selection criteria:

e At least three matched hits in the four time of flight planes were required thus reducing tails in
the time of flight distribution.

e Tracks with single large scattering were removed through trajectory y? cuts and by requiring
the rigidity measurements with the first three hits along the track and with the last three hits to
agree.

Fig. 4.41 shows the correlation between rigidity, R, and velocity, f3, for the charge Z=+1 events se-
lected with the criteria described above. The average selection efficiency was ~ 53%. The
remaining background was subtracted using the distribution of the inverse of the momentum, 1/p,
which is approximately Gaussian. Events in the deuteron momentum range 0.9 < p < 3.0 GeV/c
and corresponding f range 0.4—0.85 were divided into nine velocity intervals (f5;, f; + Af) with Af
comparable with the velocity resolution. The corresponding nine 1/p histograms were plotted. The
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for rigidity <3 GV.

proton and deuteron Monte Carlo simulations reproduced the 1/p histograms within 1-2%. A Gaus-
sian fit to the 1/p data histograms was performed (Fig. 4.42). Finally the fitted proton background
was subtracted from the data in each 1/p distribution. Fig. 4.43 shows the mass distribution for
protons resulting from the Monte Carlo fit procedure and for deuterons after the proton background
subtraction. The accepted deuterons are reconstructed in the mass range from 1.55 to 2.7 GeV/c?
where the tail of subtracted protons was about 10+ 2% at all energies, as seen from Fig. 4.44. After
subtraction the residual background falls well below 1%.

4.6.2. Flux determination

The differential deuteron flux was determined by correcting the measured rates for the detector
acceptance as a function of the momentum and the direction of the particles. The acceptance was
restricted to events with an incident angle within 32° of the longitudinal AMS axis. Extensive
simulations were performed in order to estimate the influence on the acceptance of deuteron nuclear
interactions. The simulation of nuclear interactions took into account the following:

e The Glauber model [79] calculation of total and differential elastic scattering.
e Quasi-elastic scattering cross sections which were taken from the parameterization of the experi-
mental data [80].
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Proton Monte Carlo (shaded histogram), Gaussian fit (line) and the data (full circles). The deuteron candidates appear on
the left sides of the distributions.

e The inelastic scattering cross section which was calculated in the one-nucleon approximation, i.e.
assuming that just one nucleon of the incident nucleus interacts with the target.

To simulate deuteron ionization losses and the secondaries produced by decay and fragmentation,
the model [81] was interfaced with the AMS GEANT [16,41] simulation. The simulated deuteron
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Fig. 4.43. Mass distribution for selected events (|Om| > 1) for f < 0.85 and R < 3 GV. Full circles: total mass distribution
before proton (P) and deuteron (D) separation; shaded histogram: deuterons; cross-hatched histogram: protons.

Fig. 4.44. Mass distribution for 0° attitude selected events for three different geomagnetic latitude samples. Full circles: total
mass distribution before proton (P) and deuteron (D) separation; shaded histogram: deuterons; cross-hatched histogram:
protons. The proton tail in deuteron mass region (mass > 1.55 GeV/c?) is ~9%, ~13% and ~10% of the total number
of events, within respectively 0.8 < |Owm|, 0.2 < |Onm| < 0.8 and |Om] < 0.2.

event samples were then required to pass through a trigger simulation and the reconstruction and
selection chain as for data. The average acceptance was found to be 0.167 m? sr in the energy range
(90 < Ex/n < 850 MeV/n). Corrections to the acceptance due to trigger and selection criteria were
found from unbiased events, and checked by comparing data and Monte Carlo samples. The overall
correction due to deuteron interactions was found to be 11 £ 3.5%.

The incident differential deuteron flux was obtained from the measured spectrum by unfolding
detector resolution effects. The detector resolution function was obtained from the simulation and
an unfolding procedure, based on Bayes’ theorem [44], was used. The estimated average systematic
errors are shown in Table 4.11.
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Average systematic uncertainties
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Source Error (%)
Full trigger and reconstruction 3.5
Particle interactions 3.5
Monte Carlo statistics 2
Selection and background subtraction 4
Unfolding 1
Overall 6.7
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Fig. 4.45. Deuteron flux spectra separated by geomagnetic latitude Ow.

The differential deuteron spectra as a function of the incident kinetic energy per nucleon is pre-
sented in Fig. 4.45 for different geomagnetic latitude (@) ranges. The figure shows the presence of
a primary (above cutoff) deuteron spectrum for |@y| > 1.0; while for |@y| < 1.0, the geomagnetic
cutoff is clearly seen, and finally only a second (under cutoff) spectrum is left. The fluxes measured
with the three shuttle orientations agree within the errors and were combined together. A total sam-
ple of ~10* deuterons above the geomagnetic cutoff for |@y| > 0.9 was obtained, and the primary
deuteron flux was determined as presented in Table 4.12.



398 M. Aguilar et al. | Physics Reports 366 (2002) 331-405

Table 4.12

Differential primary deuteron flux in units of (m? s sr MeV)~' versus kinetic energy per nucleon (Ex/n)
Ex/n (GeV/n) Flux = &g & &oyst (m* s 5T MeV) ™!
0.09-0.13 (293 +£0.15+0.36) x 1072
0.13-0.19 (349 +0.174+024) x 102
0.19-0.24 (32440144 0.19) x 1072
0.24-0.31 (3.00 £ 0.13 £ 0.15) x 1072
0.31-0.38 (2.96 £ 0.12 4 0.08) x 1072
0.38-0.45 (2.64+0.1240.12) x 1072
0.45-0.52 (242+0.1240.14) x 1072
0.52-0.60 (2.19+£0.08 £ 0.15) x 1072
0.60—0.68 (2.10 £ 0.08 £ 0.14) x 1072
0.68-0.85 (1.81 £0.05+0.17) x 1072

esat Stands for statistical error, &gy for energy dependent systematic error.
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Fig. 4.46. Primary deuteron flux with previous measurements [73,76,78]. The solid curve represent the best fit of data
with a LIS index of 2.75 and resulting in solar modulation parameter ¢ = 650 + 40 MV. Data from [75] included for
reference only.

Fig. 4.47. Deuteron-to-helium ratio as measured by AMS compared with three different model calculations: (a) From
Stephens [55]; (b) Mewaldt [67]; (c) Seo et al. [56].

The primary deuteron spectrum is also shown in Fig. 4.46 together with previous measurements
from balloon-borne experiments [73,76,78]. A power law in combination with the solar modulation
equation suggested in [82] was fitted to the measured rigidity spectrum. The best fit was obtained
when assuming a Local Interstellar Spectrum (LIS) with spectral index 2.75 and a modulation
parameter ¢ = 650 + 40 MV. The deuteron-to-helium ratio (Fig. 4.47) demonstrates the agreement
between our measurements and calculations based on the Leaky Box Model [71]. However the
agreement with other models [72,83] is less obvious.

The second, i.e. under cutoff, deuterium spectrum is given in Tables 4.13 and 4.14 for different
shuttle orientations and different |@y| values. All observed features were identical to the features
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Table 4.13
The deuteron differential flux in units of (m? s sr MeV)™!, with statistical and systematic errors, as a function of kinetic
energy per nucleon (Ex/n), detected at different gecomagnetic latitudes @y and with 0° shuttle pointing

Ex/n (GeV/n) 09 < |Ou| < 1.0 0.8 < |Oy| <09 0.7 < |Om| < 0.8
0.09-0.13 2Q14+£12+27)x 1073 (10.1+1.1+£13)x 1073 (43.1+£55+53)x 1074
0.13-0.19 (18.8+1.0+13)x 1073 (94+£1.1406)x 1073 (37.8+44+26)x107*
0.19-0.24 (199408 +1.0)x 1073 (642+97+32)x107* (209+33+1.0)x107*
0.24-0.31 (20.6 0.9 £0.8) x 1073 (52.7+£95+21)x107* (121 +19+04) x 107*
0.31-0.38 (224409 +0.6) x 1073 (65.9+80+£19)x107* (904 +18.142.7) x 1073
0.38-0.45 (21.5£09+1.0) x 1073 (824+7.6+£39)x 107* (647 +£13443.1)x 1073
0.45-0.52 (21.1+£09+1.1) x 1073 (10.7+£ 0.8 £0.5) x 1073 (51.7+£2584+2.7) x 1073
0.52-0.60 (20.1 £0.8+1.3) x 1073 (127+£07+08) x 1073 (61.0£1574+4.1)x 1073
0.60—0.68 (195408 +13)x 1073 (143 +£0.7+£1.0)x 1073 (88541924 6.1) x 1073
0.68-0.85 (161 £0.6+15)x 1073 (156 +£0.6+£1.4)x 1073 (10.7+13+£1.0)x107*
Ex(GeV/n) 0.6 < |Om| <07 0.2 < |Ou| <06 0.0 < |Om| <02
0.09-0.13 (23.1+54+34)x 107" (19.7+£27+£29)x 107* (498 +49+74)x107*
0.13-0.19 (185+39+12)x107* (166 +18+1.1)x107* (43.7+43£3.0)x107*
0.19-0.24 (108 +29+05)x 107* (108 +13+£54)x107* (298+29+15)x107*
0.24-0.31 (63.1£19.64+25)x 1073 (63.14£99+25)%x 107 (200£23+0.8) x 107*
0.31-0.38 (39941404 1.1) x 1073 (351+£79+09)x107° (13.8+1.8+04)x 107*
0.38-0.45 (259 +11.04+12) x 1073 (202 +6.6+£0.9) x 107° (904 + 158 +4.3) x 1073
0.45-0.52 (17.5+£13.6 £ 0.9) x 1073 (13.5+38+0.7)x 107° (564 +12.6+2.9) x 1073
0.52-0.60 (140+58+09)x 107° (93+£52406) x 107° (35.1£1044+23) x 1073
0.60—0.68 (122+59+08) x 107° (65+£324+04)x107° (26241034 1.8) x 1073
0.68-0.85 (67+£47+06)x107° (33+£22403)x107° (171 +64+1.6) x 107°

observed in the case of the second spectrum protons and were described in detail in the corresponding
sections.

5. Conclusions

The main objectives of the precursor flight were achieved. The AMS detector was successfully
operated in space. The radiation environment as well as background conditions for the International
Space Station flight have been understood.

During the 10 day precursor flight a number of measurements in cosmic ray physics were per-
formed. In particular the upper limit on the antimatter presence in cosmic rays was improved and
the proton spectrum was measured with high precision. Detailed studies of particles with so called
forbidden trajectories, i.e. when rigidities are below the local geomagnetic cutoff, were performed.
The measurements by AMS in near Earth orbit (at 380 km from the Earth’s surface), between the
atmosphere and the radiation belts, show that the particles in this region follow a complicated path
in the Earth’s magnetic field. This behavior is different from that extrapolated from satellite observa-
tions in the radiation belts, where the protons bounce across the equator for a much longer time. It is
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Table 4.14
The deuteron differential flux in units of (m? s sr MeV) ™!, with statistical and systematic errors versus kinetic energy per
nucleon (Ex/n), detected at geomagnetic latitude 0.2 < |Om| < 0.6 and 0.0 < |Ou| < 0.2 at the shuttle attitudes 180°,

20° and 45°

Ex/n (GeV/n)

0.0 <|Owm| <02

180° 20° 45°
0.09-0.13 (49.5 £ 10.0 & 7.4) x 10~* (423+42+£52)x107* (29.7+4.1+£37)x107*
0.13-0.19 (40.7+64+£28)x 107* (37.1+41+£25)x107* (26.0+34+£18)x 107"
0.19-0.24 (25.7+£49+12)x107* (27.5+29+13)x107* (202 +3.1+£1.0)x107*
0.24-0.31 (174 +314£06) x 107* (179422 +£07) x 107* (1254£22+£05) x 107*
0.31-0.38 (121 £25+£03) x 107* (10.1 £2.0+£03) x 107* (83.74+16342.5) x 1073
0.38-0.45 (754 4+21.843.6) x 107° (56.0 £ 13.8 +2.6) x 107° (51.6 £15.54+2.4) x 1073
0.45-0.52 (48.6 £22.7+2.5) x 1073 (37.7+1324+1.9) x 107° (326 £9.7+£1.6) x 10~°
0.52-0.60 (329+£1344+22)x107° (315489 +21)x 1077 (225491 +£15)x107°
0.60-0.68 (26.1 £146+1.8)x 107° (288 +£9.1 £2.0) x 1077 (164+1224+1.1)x 107°
0.68-0.85 (135£84+12)x 1077 (175 +£62+1.6) x 107 (9.8+44409)x 1073

Ex/n (GeV/n)

02 < |Ou| <06

180° 20° 45°
0.09-0.13 (21.0£44+£32)x 1074 (272+£21+41)x107* (302+£24+40)x 107*
0.13-0.19 (1744+26+12)x 1074 (22.8+19+15)x107* (252+20+14)x107*
0.19-0.24 (106 £2.1+£0.5) x 1074 (155£1.8+0.7) x 107* (150£1.7+£0.7) x 10~*
0.24-0.31 (53.6 £ 14942.1)x 1073 (784 £ 11.54+3.1)x 1073 (83.9+£11.74+3.0)x 1073
0.31-0.38 (29.6 £9.2+0.8) x 1073 (41.5£9.0+£12) x 1073 (53.5£9.7+1.6)x 107°
0.38-0.45 (171+7.6+0.8) x 1073 (247+68+1.1)x 1073 (326+68+1.5)x 1073
0.45-0.52 (11.9£4.140.6) x 1073 (17.7£5040.9) x 1073 (203 £5.0+1.0) x 1073
0.52-0.60 (10.1 £4.8+0.6) x 1073 (128 £4.9+0.8) x 1073 (133 +£49+09)x 1073
0.60—0.68 (82+534+05)x 1073 (9.1 £4.140.6)x 1073 (104 +40+0.7) x 1073
0.68—0.85 (47+3.04+04)x 1073 (41+23404)x 1073 (7.7+£2340.7) x 1073

also different from that extrapolated from balloon observations in the upper layer of the atmosphere,
where the protons (or electrons) typically cross the equator once.

There are several new and unexpected observations related to the second spectrum beside the
accurate measurement of the second spectrum itself:

The presence of the two distinctly different types of particle trajectories, long-lived and short-lived.
The long-lived component originates from a well defined geographic region.

The predominance of positrons over electrons.

The presence of almost pure *He isotope in near Earth orbit.

Some of these observations were understood to be the consequences of the primary cosmic ray
interactions with the atmosphere and the Earth’s magnetic field, others are still awaiting quantitative

analysis.
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The AMS shuttle flight has proved the accurate, high statistics, long duration measurements of
energetic charged cosmic ray spectra are possible in real space flight conditions.

The AMS-02 experiment (see Fig. 1.2a) is being constructed based on the operational experi-
ence of AMS-01. The detector construction will be completed in 2003 and the construction of the
super-conducting magnet will be completed in 2005. After intensive beam tests at CERN the detector
will be installed on ISS in 2004.

In three years on the ISS the data estimated to be collected include approximately 2 x 10° helium
events up to 3 TeV, ~10° proton events above 1 TeV, ~10° antiproton events above 5 GeV, ~10’
electrons up to 1.4 TeV and ~2 x 10° positrons above 5 GeV. This will provide us with a sensitive
search for antimatter and dark matter up to the highest energies.
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