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ABSTRACT

The Alpha Magnetic Spectrometer (AMS) is a state of the art detector for
the extraterrestrial study of matter, antimatter and missing matter. During
the STS-91 precursor flight in may 1998 AMS collected nearly 100 millions of
Cosmic Rays on Low Earth Orbit, measuring with high accuracy their compo-
sition. We present results on the flux of proton, electron, positron and helium.
Analyisis of the under cutoff spectra indicates the existence of a new type of
belts of energetic trapped particles characterized by a dominance of positrons
versus electrons.

1 Introduction

The disappearence of the antimatter 1, 2, 3) and the presence at all scales

4, 5)

in our universe of a non luminous components of matter (dark matter)
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are two of the most intriguing misteries in our current understanding of the
structure of the Universe.

Figure 1: AMS on the Discovery STS 91 precursor flight, June 1998.

To study these problems, a high energy physics experiment, the Alpha
Magnetic Spectrometer (AMS) 6), is scheduled for installation on the Inter-
national Space Station in 2004. Goal of AMS is to perform a three year long
measurement, with the highest accuracy, of the composition of Cosmic Rays in
the rigidity range 0,1 GV to several TV. In preparation for this long duration
mission AMS flew a ten days precursor mission on board of the space shuttle
Discovery mission STS-91 in June 1998. This high statistics measurement of
CR in space, enabled, for the first time, the systematic study the behaviour
of primary CR near Earth in the rigidity interval from 0,1 GV to 200 GV,
at all longitudes and latitudes up to £51.7°. In this paper we present some
relevant results obtained by AMS during the precursor mission. We also re-
port the observation of high energy radiation belts in the near Earth region
and on their composition, which shows remarkable differences with previously
observed belts of trapped particles around our planet.
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Figure 2: (a)C.R. rates versus shuttle orbils (b) and shuitle aititudes during
the STS91 mission as a function of the Mission Elapsed Time (MET).

2 The AMS experiment on the STS-91 mission

Search of antimatter requires the capability to identify with the highest degree
of confidence, the mass of particle traversing the experiment together with the
absolute value and the sign of its electric charge.

The AMS configuration flown in 1998 on the Shuttle Discovery (Fig.1)
includes a permanent Magnet, Anticounter (ACC) and Time of Flight (ToF)
scintillator systems, a large area, high accuracy Silicon Tracker and an Areogel
Threshold Cherenkov counter. The magnet is based on recent advancements
in permanent magnetic material and technology which make it possible to use
very high grade Nd-Fe-B to build a permanent magnet with BL? = 0.15 T'm?
weighting < 2 tons. A charged particle traversing the spectrometer triggers
the experiment through the ToF system, which measures the particle velocity

with a resolution of ~ 120 ps over a distance of ~ 1.4 m 1)
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Figure 3: Proton spectra measured by AMS for different geomagnetic latitude
intervals.

The pattern recognition and tracking is performed using the large area
7,9

mission, will be covered with 2300, high purity, double sided, 300 um thick

(~ 7 m?), high accuracy Silicon Tracker , which, for the Space Station
silicon wafers 12), following the technology developed in Italy by INFN for the
Aleph 10) and 1.3 ) vertex detectors at LEP. The active area of the AMS
Silicon Tracker is about an order of magnitude larger than in the case of the
microstrip silicon detectors presently installed at high energy Colliders. AMS
is the first high energy spectrometer based only a high precision multilayer
Silicon Tracker.

The momentum resolution for AMS on on the precursor mission was about
(82 ~7%) at 10 GV, reaching (52 ~ 100%) at about 500 GV,

Four ToF scintillators layers and up to eight Silicon Tracker layers measure
dE
dz ?
charge.

allowing a multiple determination of the absolute value of the particle

By combining the various measurement it is then possible to determine
the type of particle traversing the magnet and identify interesting particles with
a background rejection which for anti-matter searches is expected to reach one
part in 10 billions.
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During the period june 27¢ to june 12!* 1998 the Shuttle Discovery has
performed 154 orbits at an inclination 51.7° and at an altitude varying between
390 to 350 km. During the mission AMS collected a total of about 100 Million
triggers, at various Shuttle attitudes (Fig.2). Inthe Figure one notice the period
of Shuttle to Mir docking when the Shuttle attitudes are rapidly changing with
time.

Almost all results published so far 13, 14, 15) were obtained with data
collected during well defined attitude periods with AMS pointing at 0°, 20° and
45° with respect to zenith (deep space).

These data are the first high quality CR data collected with a magnetic
spectrometer located outside the atmosphere. The measurements cover all geo-
magnetic longitudes and most latitudes. These data allow a direct and accurate
measurement of the CR composition and spectra, as well as a systematic study
of the effects of the geomagnetic field.

The measurement of the proton flux as a function of the geomagnetic lat-
itude (Fig. 3a-3c), shows that, in addition to the primary CR. spectrum visible
above the geomagnetic cutofl, there is a substantial second spectrum, extend-
ing to much lower energy and exhibiting some significant latitude dependence
close to the equator. These particles cannot come from the deep space, they
are on forbidden orbits, but are produced in the interaction of the primary CR
with the top layers of the atmosphere. A characteristic of the second spectrum
is that it is up-down symmetric (Fig. 3d-3f).

Second spectra with similar geomagnetic latitude dependence have been
detected by AMS in the low energy region of the spectra of e~, et 16), D
17) and, although with weaker intensity, >He. Fig. 4 and 5 show the results
for electrons, positrons and Helium. These results on the second spectra are
discussed later in the paper.

Adding all data collected above the geomagnetic cutoff it is possible to
obtain a precise estimate of the primary CR diflerential flux. Parametrizing
the omnidirectional CR flux as ®(R) = ®,R” (R in GV) we obtain the results
reported in Table 1.

It it interesting to compare the AMS measurement of the primary fluxes
with previous results obtained with stratospheric balloons 18, 19, 20, 21, 22),
Fig.7 shows the comparison for the proton spectrum, multiplied by E2-. The
improved statistical significance and the wider energy interval covered by AMS
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Figure 4: Elecirons and positron spectra measured by AMS during the STS91
flight.

Table 1: AMS results on the parametrization of proton and helium primary

fluz.

Proton flux

~ 378 £ 0.009 (fit) £0.010 (syst)

d, 17.1 4 0.15(fit) £1.3(syst) £1.5(7)GV?"8(m?2s srMeV)~!
Helium flux

5 5,740 % 0.010(i) £0.016(sys1)

o, 2.52 4+ 0.09(fit)£0.13 (syst) £0.14(7)GV?™8(m?s srMeV) ™1

data is evident: thanks to the improved accuracy obtained with only few days
in space, it is possible to clarily the situation resulting from the data published
over the last 15 years by the various Collaborations using different implementa-
tions of the NASA New-Mexico spectrometer 19, 20, 21, 22) ypq by the Bess
Collaboration 18).

Similar consideration apply for the comparison of the measurement of
Helium primary flux (Fig.7).

Both for protons as well as for Helium, AMS show a nice agreement

18)

with the measurement of the Bess Collaboration , although our data have

a smaller statistical error and extends over a wider energy interval. Using the
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Figure 5: Helium spectra measured by AMS during the STS91 flight.
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Figure 7: (a)Primary proton flux measured by AMS and compared with existing
balloons measurements. The lines are paramelrizations of the primary cosmic

rays used in atmospheric v flux calculation: dashed line HPPK 23) , dot-dashed

line Bariol group 24); (b) primary He flux measured by AMS and compared
with existing balloons measurements.
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Figure 8: Motion of charged particles in the geomagnetic belts. A) gyration B)
bouncing C) drift.

large He sample collected by AMS a search for anti-He candidates has also
been performed. Within 2.3 Millions He events no anti-He candidates have
been found, up to a rigidity of 140 GV.

Assuming identical He and anti-He spectra we obtain a model independent
upper limit of 1.1107% over the rigidity interval 1 to 140 GV, which can be
compared to previous results (Fig.7).

3 Observation of high energy particle belts

The trapping of charged particles in the quasi dipolar earth magnetic field
1 27)

Van Allen observations in 1958 29). The basic physical mechanism is well

is a classical problem, which has been studied in great detai following
understood. For sufficiently low rigidities, the trapped particles spiralize along
orbits defining shells surrounding our planet.

These shells are shaped along the magnetic field lines and are roughly
symmetric in latitude with respect to the geomagnetic equator (Fig.8). The
motion of a trapped particle can be separated in three components, the revolu-
tion around the guiding center or gyration, the bouncing between mirror points
located = symmetrically with respect to the geomagnetic equator (magnetic
bottle), and a longitudinal drift around the earth. The geometrical locations
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Figure 9: (a)f:—J_r ratio inside the bells observed by AMS, as a function of the
geomagnetic latitude; (b)comparison among a typical Van Allen belt proton
spectrum and equatorial AMS belts proton spectrum.

defined by the orbits of trapped particles are called shells.A shell can be uni-
vocally determined by two parameters. For example a pair of variables are L,
the distance of the shell at the equator measured in unit of the Earth radius
(Rg), and B, the value of the magnetic field at the point where the parti-
cles reverse their motion (mirror point) 30), Depending on the shell, By, can
be locally very deep the atmosphere (it can be below the earth crust). Shells
which are characterized by these value of B, cannot trap the particles, since
they are lost within one or few bounces across the magnetic equator.

A particle belonging to a shell will remain on the same shell until it is
disturbed by (a) interaction with the top layers of the atmosphere or other
particles or (b) interaction with electrical or magnetic variable field.

Conversely, primary cosmic rays coming from deep space cannot enter a
shell unless their trajectories are disturbed by some interaction with matter or
fields. The existence of the shells is the result of the equilibrium between two
mechanisms: some contributing to fill the shells with new particles and others
removing some of the trapped particles.
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Table 2: Different types of particle belts around the Earth.

Belt Particle Rigidity Filling L Residence
type type [MeV /n] mechanisms time [d]
Van Allen D 0.1-100 n—pe Ve, | <25 10 — 1000
(inner) e 0.01 -1 | external belts
Van Allen e~ 1-10 solar > 2.5 1-10
(outer) D 01-1 wind
SAMPEX | N2, 0*2, 10 Anomalous 2 10— 100
Nete 10 — 100 CR
AMS p 100 — 1000 | primary CR | <1.15 | 1078 —10~*
e 100 — 1000 interacting
et 100 — 1000 with the
3He 100 — 1000 | atmosphere

If the dynamics of the particles trapped is well understood, the mecha-
nisms contributing to shell stability are much less understood. They involve:
interaction of high energy CR with the atmosphere creating neutrons which
decays in flight, n — p+ e~ + 7, + 782K eV, {illing the belts (CRAND mech-
anism 28)), instabilites due to solar storms, as well as other types of magnetic
and electric instabilities. It should be pointed out, however, that the mecha-
nisms proposed are compatible with the observed dominance of protons and
electrons in the Van Allen belts.

The shell can be classified by their composition and location. The original
Van Allen belts contain only proton and electrons and extend to very large
distance from the earth, up to L ~ 6. Van Allen belts are divided into inner
and outer belts, since there is a dip in the particle flux intensitiy at about
2.5 L. During the last 20 years, there have been reports of the observation of a
low flux of trapped ions, mainly He and O, with traces of C e N, and having
energies of a few MeV/n and L = 3—4. These particles are extracted from the
upper layers of the atmosphere during solar storms. More recently, nearly 40
years after Van Allen discovery, the analysis of SAMPEX data 32) has shown
the existence of belts included in the inner Van Allen belts, containing heavier
nuclei like N, O, Ne with rigidities of the order of 10/MeV .

The SAMPEX belts are different from the Van Allen belts mainly because

of their composition due to a different the filling mechanism, which is likely
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due to the interaction of the so called Anomalous Cosmic Rays with the Earth
atmosphere 33, 31),

The belts observed by AMS are different in composition since they also
contain a large fraction of positrons, but also deuterium and *He. These par-
ticles have not been observed in the Van Allen or SAMPEX belts. Particularly
striking is the abundance of positrons versus electrons (Fig.4), with a ratio
exceeding a factor of four in the equatorial region (Fig. 9a).

AMS observed shells with L < 1.15, well below the inner Van Allen belts.
In the belts studied by AMS the observed proton spectrum is harder (Fig. 9b)
than in the case of Van Allen belts. This can be understood since their location
is closer to the earth and the particles do experience a stronger trapping field.
Another difference with the Van Allen belts is the residence time of the trapped
particles, computed using computer based tracing techniques, which is in the
region of seconds and not days or weeks. These shells cannot be observed by
stratospheric balloons, since their mirror fields are above the atmosphere except
in correspondence of the South Atlantic Anomaly. It follows that the observed
particles do not belong to the various types of albedo particles reported in the
past by experiments on balloons.

In Table 2 we summarize the main features of the different type of belts
identified during the last 40 years. As we can see the situation is very varied,
corresponding to different filling mechanisms. Since we are dealing with con-
tinuous distributions, the reported intervals (rigidity, L, residence time) should
be taken as typical order of magnitudes. In Fig.10, we compare the structure
of the AMS belts to the Van Allen belts as well as the dependence of the mirror
field altitude with the longitude.

4 Conclusions

The first mission of the Alpha Magnetic Spectrometer, although lasting only
ten days, has been scientifically very rewarding, allowing for the first time a
very detailed measurement of high energy cosmic rays outside the atmosphere.
In addition to the most accurate measurements obtained so far for the primary
flux of p,et,e~,D,® He and *He spectra over most of the earth surface, these
results have shown the existence of a substantial second spectrum of high en-
ergy particles trapped within low altitude belts. These new belts have a very
characteristic composition, dominated by positively charged particles, mainly
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Table 3: Physics capabilities of AMS after three years on the ISS

Elements | Sensitivity | (Now) | Energy Range(GV) Physics
o 108 (~ 109 0.1—100 1
p 500000 (~ 30) 0.5 — 100 Dark Matter
~ 0.1 — 300 !
He/He 11? (&) 0.5—20 Antimatter
o/C e () 0.5 — 20 CP, GUT, EW
D, H, 10° 1.0—3.0 7
3He/ *He 10° 1.0—-3.0 Astrophysics
B¢/ 9Be | 2% 1.0 - 3.0 )

separate & from p, p
up to 300 GeV

detect y-->¢&’¢” pairs
up to 100 GeV

He3, He* B, C, ...
| |
AP &,y t0 1000 GeV

Figure 11: Configuration of AMS on the ISS for the three years mission sched-
uled on UFJ in 2004.
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p,eT and D. Their existence should be taken into account when calculating
radiation doses for astronauts on the ISS or background rates for low orbit
satellites.

AMS is currently being refurbished to be ready for a three years mission
with UF4 in 2004.A stronger magnetic field from a superconducting magnet,
B =0,7T, afully equipped Silicon Tracker, together with three powerful par-
ticle identification detectors, a Transition Radiation Detector, a Ring Imaging
Cherenkov (RICH) detector and an Electromagnetic Calorimeter, will allow
precise particle identification up to O(TeV) of energy (Fig.11). The physics
capabilities of AMS after three years of exposure on the ISS are summarized
in Table 3. AMS will be the only large acceptance magnetic facility which will
be exposed for long time in space. It will allow a measurements of the flux and
composition of Cosmic Rays with an accuracy orders of magnitude better than
before. The large improvement in sensitivity given by this new instrument, will

allow us to enter into a totally new domain to explore the unknown.
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