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The Alpha Magnetic Spectrometer (AMS) is a high energy particle detector aboard the International Space
Station. AMS precisely measures the fluxes of all cosmic-ray nuclei with charge from Z =1 to Z = 28 and
beyond. The AMS silicon tracker measures energy deposition of charged particles traversing over nine-layer
silicon sensors, from L1 to L9. In this paper, the details of the AMS silicon tracker charge measurement method
are presented. The obtained charge resolution of the AMS inner tracker (L2 to L8 combined) is 0.1 charge

units for carbon, 0.15 charge units for silicon, and 0.3 charge units for iron nuclei.

1. Introduction

The Alpha Magnetic Spectrometer (AMS) is a precision particle
physics experiment operating on the International Space Station (ISS)
since May 19, 2011. To date, AMS has collected more than 150 billion
cosmic rays, and it will operate through the lifetime of the ISS, 2028
or beyond. The physics goals of AMS are the searches for dark matter,
antimatter, and measurements of the cosmic ray fluxes in the GV-TV
rigidity region. Precise knowledge of the rigidity dependences of the
fluxes provides important insights into the origin, acceleration, and
propagation of cosmic rays in the Galaxy [1-3].

The schematic of the AMS detector [4] is shown in Fig. 1. The
key elements are the permanent magnet [5], the silicon tracker [6],
the four planes of time of flight TOF scintillation counters [7], a
transition radiation detector TRD [8], a ring imaging Cerenkov detector
RICH [9], an electromagnetic calorimeter ECAL [10], and an array
of 16 anticoincidence counters [11]. The AMS coordinate system is
concentric with the center of the magnet. The x axis is parallel to the
main component of the magnetic field, and the z axis points vertically.
The (y-z) plane is the bending plane. The AMS silicon tracker has nine
layers. The first (L1) at the top of the detector, the second (L2) just
above the magnet, six (L3 to L8) within the bore of the magnet, and
the last (L9) just above ECAL. L2 to L8 constitute the inner tracker.

The silicon tracker, together with the magnet, measures the rigidity,
and it also determines the charge magnitude of nuclei by independent
energy deposition measurements on multiple layers. To achieve the
best possible accuracy on the charge measurements, a method with
dedicated treatments of the detector effects has been developed.
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2. AMS silicon tracker

The AMS silicon tracker is composed of 2264 double-sided mi-
crostrip sensors (72 x 41 mm?, 300 pm thick) embedded in 192 inde-
pendent modules called ladders. On opposite sides of the silicon sensor,
the x- and y-side strips are implanted along orthogonal directions with
implantation (readout) pitches of 27.5 (110) pm and 104 (208) pm,
respectively [6]. The obtained spatial resolution for 2 < Z < 26 is
5-9 pm in the bending direction y [12].

The readout strips in the silicon sensor are coupled to 64-channel
low-noise, high dynamic range readout VA chips [13], located on a
standard printed circuit board (hybrid). For each ladder, 6 VA chips
are used for the x side and 10 VA chips for the y side. The structure of
a ladder and the main components of the readout hybrids are described
in Ref. [14]. The analog signal output from the readout hybrids is
amplified and digitized in the Tracker Data Reduction boards (TDR),
which consists of 12-bit Analog to Digital Converters (ADC).

A charged particle passing through the silicon generates electron—
holes pairs along its path by ionization. Positive and negative charge
carriers drift in opposite directions in the sensor electric field induc-
ing a signal on the implanted strip on the silicon substrate surface.
Additionally, capacitive coupling among strips redistributes the signal
to neighboring strips around the particle impact position [15]. Fig. 2
illustrates the typical signal response of the four largest amplitude strips
(A}, Ay, A3, A). The strip with the largest amplitude (4,) is called the
seed strip, located closest to the impact position of the passing particle.

The induced signal on the x and y sides provide independent mea-
surements of the particle energy deposition (dE/dx « Z2?). Fig. 3
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Fig. 1. Schematic of the AMS detector.
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Fig. 2. The typical signal response of the four largest amplitude strips (A,, A,, A3, A,)
in the silicon sensor. The seed strip (A,) is located closest to the impact position of the
passing particle. The second largest-amplitude strip (4,), is next closest to the impact
position. The third largest-amplitude strip (A;) is located next to the seed strip on the
other side. The fourth largest-amplitude strip (A,) is located next to the second strip.
The arrow indicates the impact position d and direction of the passing particle with
an inclination angle 6, in the plane perpendicular to the direction of the strips.

shows the signal responses of three strips with the largest amplitudes
(A}, Ay, A3) as functions of the nuclei charge Z at a given position and
inclination angle 6, . For the x side as shown in Fig. 3(a), A, has a linear
response in the region 1 < Z < 8 and gradually saturates in the region
Z > 10 due to ADC limitation; A, response is first linear and starts to
saturate in the region Z > 16; A; response does not saturate in the
entire charge range. To accommodate measurement up to the highest
possible charge, electronics in the y side is designed to have a different
response. As seen in Fig. 3(b), A, response is linear for 1 < Z < 3,
followed by a nonlinear region for 4 < Z <9 and again a linear region
for 10 < Z < 20, then it gradually saturates for Z > 20; A, response
is nonlinear for 6 < Z < 16 and linear in the regions 1 < Z < 5 and
Z > 17; A; signal amplitude steadily increases in the entire charge
range.

To achieve the best accuracy on the tracker charge, the nuclei
charge measurement is built by combining the signal of all individual
strips (A4, Ay, Az, ...).
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Fig. 3. The signal responses /4, (i = 1,2,3) in units of ADC counts as functions of

nuclei charge Z at a given position d ~ 0.3 and inclination angle 6, ~ 10° for (a) the
x side and (b) the y side.
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Fig. 4. The /A, distributions (histograms) and the fits (dashed lines) from two VAs
on the y side for an oxygen nuclei sample.

3. Tracker charge measurement

The tracker charge measurement has to take account of several
effects regarding the responses of readout elements, particle impact po-
sition and angular dependence, velocity dependence of the energy loss,
and time variation of the gain. The corresponding correction for each
effect is applied subsequently to optimize the charge measurement. In-
flight calibration of the tracker charge measurement is performed by
using the first seven years of the AMS data. The sample for each nuclei
species from proton to nickel used in the calibration is selected by
charge measured by the TOF.
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Fig. 5. The signal distribution for silicon (a) before and (b) after the equalization for the y-side seed strips from 1920 VA chips labeled by the VA identification number. The
values of color code on the right indicate the density probability of the events for each VA. The horizontal solid lines represent the average signal values of 10 VAs in one ladder.
These lines are connected to guide the eye. VAs in different layers are separated by dashed lines. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 6. Position and tan6, dependence of the y-side signal with a silicon nuclei sample
for the (a) seed strip and (b) second strip.

3.1. Readout element equalization

Each VA chip exhibits different response. For each nuclei species,
the strip amplitude distribution on each VA chip is fitted to extract
its Most Probable Value (MPV). As an example, Fig. 4 shows the \/A_l
distributions from two VAs for an oxygen nuclei sample. The measured

events per bin
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Fig. 7. The magnesium signal distribution of the y-seed seed strip on tracker L5 as a
function of tané, (a) before and (b) after applying f, 01“.

signal is corrected as

@

where \/A_, and S;'a are the signal of ith (i = 1,2,3,...) strip before and
after the VA equalization respectively, and /! is the equalization factor
used to equalize the response for each individual VA.

MPV is extracted for each nuclei species from proton to nickel, and
for each VA, thus a total of 3072 VA chips (1152 on the x side and
1920 on the y side) are calibrated. Such a procedure is applied on each
individual strip (A;, A,, As,...). To minimize the effect of energy loss
velocity dependence discussed in Section 3.3, the calibration sample is
required to have the measured rigidity larger than 7 GV.

As an example, Fig. 5 shows the signal distribution for silicon before
and after the equalization for the y-side seed strips from 1920 VA chips.
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Fig. 8. The silicon signal distribution of the y-side seed strip on tracker (a) L1 and (b)
L2 as a function of the g. The color code on the right indicates the density probability
of the events for each f bin. The difference between L1 and L2 is due to the particle
energy losses in materials. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 9. The charge distribution of the y-side seed strip on tracker L2 as functions of
rigidity for He, O, Si, Ca, and Fe nuclei after correction. Lines are fits of constant
values.

As seen, the response of different detector readout elements becomes
homogeneous after this correction.

3.2. Position and angular corrections

For a given strip, the deposited signal exhibits large dependences
on the particle impact position d and the inclination angles 6, and
6, (measured in the plane parallel to the strips) of the particle. As an
example, Fig. 6 shows the position and tan#, dependence of the y-side
signal with a silicon nuclei sample for the seed strip and second strip.
For the seed strip, the maximum signal collection appears at the center
of the plot where the particle impacts vertically on the seed strip. For
the second strip, the maximums are located at the edge of the plot
where the particle passes through the middle between the seed and the
second strips.

Similar to the previous procedure, the signal distribution on each
position d and tan @, is fitted to extract the corresponding MPV value
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(MPVML). With these MPV values, the position and tan6, correction
map is built for each nuclei sample from proton to nickel and the
measured rigidity is required to be larger than 7 GV. The signal is
corrected as

i
Sva

Qio, = 77 @
a6,

where Q:Iffh is the strip signal after the position and 6, correction,
and f ; 9. =MPV,, /Z is the correction factor where Z is the integer
charge&etermined by the TOF.

After correcting d and 6,, the MPV values are extracted again for
different 6, to account for the path length of the particle in the silicon
sensor. Finally, the charge after the position and angular correction

Qifﬂﬁu is given by
i
; _ Yde,
QdﬂbgH = —fé. . 3
I

As an example, Fig. 7 shows the magnesium signal distribution of
the y-side seed strip on tracker L5 as a function of tan 6 before and

after applying fglu'
3.3. Velocity and rigidity corrections

The energy loss of the particle depends on its velocity § as described
by the Bethe-Bloch formula [16]. This can be seen in Fig. 8 which
shows the silicon signal distribution of the y-side seed strip on tracker
L1 and L2 as a function of the measured velocity f.

To obtain an energy-independent charge measurement, the velocity
p measured by the TOF and the rigidity R measured by the silicon
tracker are used for the correction. First, the signal distributions for
different g regions are fitted to extract their MPV values. After that,
the MPV values are extracted again for different R to further reduce the
residual energy dependence. The measured charge by each individual
strip after the velocity and rigidity corrections Q;’ r Is given by

i
Qo 1.0
Tor
After the corrections, the charge distribution of the y-side seed strip

on tracker L2 as functions of rigidity for He, O, Si, Ca, and Fe nuclei is
shown in Fig. 9.

O)r= Q)

3.4. Time dependent correction

The thermal environment of AMS is constantly changing due to
variations of the solar beta angle [17], the position of the ISS solar
arrays [18], etc. Even though the tracker temperature is being con-
tinuously monitored and controlled [19,20], the existing variation can
introduce a small change in the tracker gain and degrade the charge
performance.

After previous calibration steps, the daily time variation of single-
strip charge measurements is estimated to be < 2% for all nuclei
samples. The variation within one day is negligible. The corrected
charge sample is further divided into one-day time intervals. The charge
distribution for each interval is fitted to extract its MPV value for each
nuclei species from proton to nickel. To maximize the statistics, we
accumulate the event sample from all readout elements of each tracker
layer in the full energy range. The measured charge is corrected as

!
Qi — s ’_R 5)
fi
where Q' is the charge after the time dependent correction. The cor-
rection fti is extracted from MPV value of each individual strip.

Fig. 10 shows the silicon charge distribution of the y-side seed strip
on tracker L2 as a function of time before and after the time dependent
correction. As seen, the measured charge is stable as a function of time
after the correction.




Y. Jia, Q. Yan, V. Choutko et al.

Nuclear Inst. and Methods in Physics Research, A 972 (2020) 164169

10"
10?
10°
10"
~
<
-
10?
ll
(s}
. . . . . . . . A : . A L 10°
May Nov May Nov May Nov May Nov May Nov May Nov May Nov May
2011 2011 2012 2012 2013 2013 2014 2014 2015 2015 2016 2016 2017 2017 2018

Fig. 10. The silicon charge distribution of the y-side seed strip on tracker L2 as a function of time (a) before and (b) after the time dependent correction. Each time bin is one
day. The average charge values for each day are connected by lines to guide the eye. Color code on the right indicates the density probability of the events in one day. The data

near November 2014 are not presented as AMS was performing detector studies over this period. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 11. The x-side charge resolution 4Z as a function of nuclei charge Z for individual
strips A, (solid circles), A, (open circles), A; (solid squares), and A, (open squares).

4. Tracker charge measurement performance

After repeating all the calibration procedures to each individual
strip, the final charge measurement is made with the combination of all
measured strips from either a single layer or several layers combined.
In this section, the method to obtain the combined charge is described,
and the performance of the tracker charge measurement is presented.

4.1. Single layer charge and inner tracker charge

First, the measurements from individual strips, as shown in Fig. 11
for x side, are combined to each single layer measurement on x side
and y side respectively by

i O - Wl _ iz Qi} ) w;
it W Zizi w,

where Q,, and Q,, are the combined charge for x side and y side on a
single layer, w/, = 1/(40')* and w!, = 1/(40!)* are the weights calcu-
lated from the measured charge resolutions A0’ and AQ' respectively.
In the first iteration, the charge resolution of each individual strip AQ~§C
or AQ; is evaluated from its own measurement as AQ’ AQ' or
AQ; = AQ; . In the next a few iteration~s, 40! or AQ; is more accurately
evaluated from the layer charge as 40’ = 4Q,, or AQ; = AQ,.
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Fig. 12. The charge distribution on tracker L2 for 1 < Z < 8 selected by the TOF,
tracker L1, and tracker L3-L8 with rigidity > 7 GV. The peak value of each species is
normalized to 1.

The single layer charge Q, is calculated as a weighted sum of the x-
and y-side charge measurements:
_ lewlx + Qlywly

(S @)

Wiy + wy,
where w;, = 1/(40,,)* and w,, = 1/(40,,)* are the weights determined
in a few iterations similarly as before. As an example, Fig. 12 shows
the charge distribution on tracker L2 for 1 < Z < 8.
The measurements from tracker L2 to L8 are combined to the inner
tracker charge values Q, and Q, for the x and y side respectively by

0. =Y 0. 0 =-Y0,
X 1 Yy ol

where Q,, or Q,, is the charge measurement from layer /, n, or n, is the
number of layers with measurements. In this calculation, measurements
with large deviations compared to the average measurement or those
layers with dead strip nearby the measured strips are excluded.

After the combination, the inner tracker measured charge derived
from x or y side is obtained. Fig. 13 shows the correlation between the
x-side inner tracker charge Q, and the y-side inner tracker charge Q,.

Finally, the inner tracker charge Q is calculated as a weighted sum
of the x and y side charge measurements:

O,w, +0,w,
wy +w,

(®

9
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where w, = 1/(40,)* and w, = 1/(40,)* are the weights determined
in a few iterations similarly as before. Fig. 14 shows the obtained
charge resolution comparison of the x-side, y-side and combined for
1 < Z < 28. As seen, the performance of the combined charge is better
than any single-side measurement from either x or y side.

Fig. 15 shows the combined inner tracker charge distribution for
the measured cosmic ray nuclei. As seen, different cosmic-ray nuclei
species are well separated.

4.2. Charge resolution

The performance of charge measurement at low rigidities below 7
GV is affected by energy loss velocity dependence, as shown in Fig. 16
for the charge resolution of the inner tracker charge as functions of
rigidity for He, O, Si, Ca, and Fe nuclei. At high rigidities above 7 GV,
the tracker charge is rigidity-independent for all nuclei.

In the region R > 7 GV, charge resolutions are obtained for nuclei
species with 1 < Z < 28 as summarized in Table 1. Fig. 17(a) shows the
charge resolution AZ of the inner tracker (L2-L8) and a single layer as
functions of nuclei charge Z. As seen, the resulting charge resolution
increases steadily as functions of charge Z. The measured resolution
of the inner tracker charge is 0.1 charge units for carbon, 0.15 charge
units for silicon, and 0.3 charge units for iron. For a single layer, AZ is
0.2 charge units for carbon, 0.4 charge units for silicon, and 0.8 charge
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Table 1
The charge resolutions AZ in charge units (c.u.) of the AMS inner tracker for elements
with 1 < Z <8, and event Z for 10 < Z <28.

Charge Z 1 2 3 4 5 6 7 8 10

Element H He Li Be B C N o Ne
AZ (cu) 005 007 008 008 009 010 011 011 0.12

Charge Z 12 14 16 18 20 22 24 26 28

Element Mg Si S Ar Ca Ti Cr Fe Ni
AZ (cu) 013 015 017 021 023 026 027 030 0.30

units for iron. Fig. 17(b) shows the AZ/Z of the inner tracker and a
single layer. As seen, AZ/Z is approaching a constant value ~0.01 in
the region Z > 14.

5. Conclusions

A complete procedure of the AMS silicon tracker charge measure-
ment has been discussed, including detector effects, such as VA gain,
particle impact position and inclination angle dependence, velocity
dependence of the energy loss, and the time variation of the gain.
The procedure allows a precise charge determination for every single
tracker strip, that further combines into a charge for a single layer, and
for the entire inner tracker.

The obtained AMS inner tracker charge resolution is 0.1 charge
units for carbon, 0.15 charge units for silicon, and 0.3 charge units
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for iron. The achieved accuracy of the tracker charge allows AMS to
precisely measure the cosmic ray fluxes in the charge region 1 < Z < 28
and beyond.
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