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AMS on the Space Station

Provides precision, long-duration measurements of charged cosmic rays to study
the Origin of the Cosmos, the physics of Dark Matter and Antimatter

Charged cosmic rays have mass. To measure cosmic ray charge and momentum
They are absorbed by the requires a magnetic spectrometer
100 km of Earth’s atmosphere (10m of water). in space

The properties (=2, P) of charged cosmic rays
cannot be studied on the ground.
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The AMS detectors provide independent information on cosmic rays
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With high accuracy, AMS measures
Momentum (P, GeV/c)

Periodic Table of the Elements

Charge (2)
Rigidity (R=P/Z, GV)
W PR 4 Energy (E, GeV/A)

14
Al Si
Aluminum Silicon Argon

26.982 28.086 39,948

36
Kr
Krypton
84.80

Flux (signals/(s sr m?2 GeV))
for all the charged cosmic rays, e+, e-, p, and p,
and the nuclei in the Periodic Table
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AMS-02 LayerO Tracker 10 tacker

2 planes
72 ladders

® A new silicon strip tracker(Layer0) on the top of AMS-02 768 detectors

 Larger sensitive area (~7m?)

® &/10/12 SSDs are connected 1n series to form a ladder

* Large detection area with small power consumption

* Each readout channel corresponds to a very long (~1m) strip

* Requires high precision placement(<5 um) of the SSDs on the ladder, and
precise SSD alignment after assembly with beam

View

New Layer 0 added to the existing 9 Layers

New LO

L1  o—

New Tracker Layer 0 12




Detector construction in IHEP

Electronics by MIT SSD by IHEP
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Detector module (ladder)
Beam Telescope



AMS LO Upgrade Module Productfon
Successfully completed
October 21 2024




Detector construction in Europe

Full Layer
assembly in
CERN

Ladder reception and ¥ Layer assembly in Italy
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Detector performance study



Design of the silicon strip sensor

High Ohmic poly-Si
bias resistors (1 - 10 MQ)

Guard ring
- - - path for the Vbias
Bias ring AC current ' path for the
DC current

resistor:
polysilicon [: Bonding Pad
implanted with
Boron Readout

Aluminum Strip

Stacked dielectric (oxide/nitride) _E=== BiasResistors

coupling capacitors

~113 mm
|

/ '
strip width \ ) N |
Y
L ~10.9 mm / ; / ~28mm otto scale

~80 mm

A typical AC-coupled silicon microstrip sensor poages_-- BESES

Aluminum Strip

Readout p* Strip

- — Bonding Pad Bias Resistors

A ——"

® Every strip AC-coupled to readout

® Small bias resistor . )
Limited power consumption

® [ong daisy chain => large bias resistor (~100MQ)

® 3 floating strips
11



Design of the silicon strip sensor

1 I
Bonding Pad

Readout
Aluminum Strip

Bias Resistors

~113 mm
1

(S
/ ~28mm | Not to scale

Readout p* Strip

® Readout pitch 109um with 3 floating strips => spatial resolution?
® Insert bias resistors of floating strips between 2 readout aluminum strip => affect efficiency ?
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Verification by beam test

‘I' YX YY XX YX XY[ >z

AMS-02 Single SSD Testboard Scintillators

= === R

® 8cm * 14cm trigger region, cover the full sensor
along strip direction

16 Front-
end chips

8 Amplifiers
and ADCs
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Detector alignment

Alignment : Optimize the correction parameters to minimize the chi2

tracks meas. 2
r;

2(Ap. Ag) — g 1:detector
Y (Ap, Ag) Z Z G?j j:track
J i :
: Ofi; Ofi p: detector correction parameters
which rij = mij — fij(Po, dj0) — op Ap — p) j Adq; q: track fit parameters

|

[ 0\ v v 1
At local system, with 6 0 -1 AN
correction parameters ~ J — tin ww ti’n 79?9 = . \
(Au,Av,Aw,a,B.y): Uglany vzlan - > W
uytany u,tan?d ~

\ Ugp — Uy )
m MiIIepede—II V04-16-00

® 3-D track is necessary, even though we have only 1-D detection
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Hit position reconstruction => double-n
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Charge sharing between strips is nonlinear, the eta algorithm
can reflect this nonlinearity Nucl.Instrum.Meth.A 335 (1993)
44-58

When the detector noise causes the signal size to flip, there
will be a large deviation

® Double-n algorithm was developed to correct
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https://www.sciencedirect.com/science/article/abs/pii/016890029390255G
https://www.sciencedirect.com/science/article/abs/pii/016890029390255G
https://www.sciencedirect.com/science/article/abs/pii/016890029390255G
https://www.sciencedirect.com/science/article/abs/pii/016890029390255G
https://www.sciencedirect.com/science/article/abs/pii/016890029390255G
https://www.sciencedirect.com/science/article/abs/pii/016890029390255G
https://www.sciencedirect.com/science/article/abs/pii/016890029390255G
https://www.sciencedirect.com/science/article/abs/pii/016890029390255G

SSD Performance Results

B A C
c E 120 E_crm=E,l3:tl],02}.lm 52500(}2 E Hﬂoé::rmfnznuwum
%0 e Relsti,dual [umﬁu "—4;0 - Rezs?dual [urrf]0 - _-;0 0 Rezs?dual [un;‘]0
o AL —— @) (b) ©
Bias Resistors nﬂcating p* Strip
ovetgll - I
= |
® The presence of the bias resistor does not lead to a
1 B A C decrease in detection efficiency and position resolution
> ET T i T T T
Q o . . .
5 gz 3 ® Total efficiency of single layer is 99.8%
(&) =
e O E . . . . .
[ 07F ® Adding 3 floating strips can improve the spatial
0.6 .
osE resolution from 17um to 8um
E ® Enhance charge sharing, increase the proportion of
0.2F cluster size >1
0.1F
0 _—50 ) I I l I B SlO

0
Position Along Strip [mm] 16



Enhancement of charge sharing by bias resistors

B A C
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® Observed the presence of the bias resistor does not lead to a
decrease in detection efficiency and position resolution

® Accepted by Nucl.Sci.Tech, 2505.23050 [First author]
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https://arxiv.org/abs/2505.23050

Heavy nucle1 cosmic ray
performance study



Heavy Ion beam test (@WSPS

“M‘\

® Using a mixed beam produced by target firing of
a 120 GeV/n primary Pb beam
® Use a charge tagger detector to give a
charge reference of every event

® Study the PID and tracking performance of Beam
Monitor and ladder (by INFN colleagues)

® Developing a new heavy-nuclei PID algorithm
Beam Monitor

Mean charge

Ch d P hZMean
= o Entries 30708
arge tagger eteCtor 8 103 = Mean 25139+ 0.139
E SidDev 24.423:% 0.099
L Underfiow 0.000
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12000 F

Mean Z distribution
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Entries
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BDT 10*

Seed value

4000

2000

- - 0'.:'.':. ~:'-4-‘:11-(')::.:- : 20 : -
0 0.2 0.4 0.6 0.8 1 Niean 7.

eta
Input: signal value of every channels in ® Output: Z value of the event
a cluster of a heavy ion event !
o . ® Implementing independent PID

ot ® Multivariate problems are well suited

. for BDT regression

. ® Only the training set requires labeled

e w e o, data => no MC samples, need to build a
® Use 3 channels of each cluster training set -

® [sced-1, seed, seed+1]
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Tracking based on Z-tag
g400r'—'——¢—'—

£ 350
N 300
250
200
150
100

50

.0-+700 800

Channel

® Tracking process:
1. Find the maximum z in
an event as the particle to

be tracked

2. Find the hits in the range
[z-1,z+1] in all layers

3. Select the track with the
smallest chi2dof
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Charge resolution results

T

Z distribution of single layer

O'.:‘I. :ll(l):: —= .2(;::. ’.v’.:l30
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Mean Z

T 15 20 25
Charge Resolution compare Inner Tracker Charge

: 0.5 - T T T T I T T T T I T T T T 'I T
) - 0.9 p———+—"r—r—"1r—r—"rrpr—r—rr g
- p— — - . 3
*5‘0 45 3 @ Single Layer 08 (a) o Single Layer g 3
= 04F @ Inner Tracker (L2-L8) 3
8 E @ All Layers 0.7 xEr _E
&-’0.35 = 3
0.3F N E
E <1 3
0.25F E
02F
0.15 3
0.1F Cu E
= C Fig. 17. (a) Charge resolution 4Z and (b) 4Z/Z of the inner tracker (circles) and a
0.05 Fa single layer (squares) as functions of nuclei charge Z with rigidity > 7 GV. As seen in

0 E | | | (b), AZ/Z is approaching a constant value ~0.01 for high Z.
0 10 20 30

® After tracking, can calculate mean Z of all 9 layers of each track
® Get charge resolution of single layer and 9-layer telescope up to
Cu(Z=30) nuclei
® For telescope, get ~0.1 charge unit resolution for most
nuclei
® Significantly better charge resolution than AMS-0
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Heavy nuclei performance

Spatial Resolution

Spatial Resolution [t m
N R S Y N = NN B

A 4D Telescope System for Charge and Position
Measurement of High Energy Nuclei

. Charge reSOlutiOn NO . 1 ) up tO Z:29, pO Sition reSOlution beSt lum a Dexing Miao™®, Zhiyu Xiang?, Jianchun Wang®, Pingcheng Liu%, Xudong Cai¢,

+  Hsin-Yi Chou', Mingjie Feng"®, Liangchenglong Jin®, Vladimir Koutsenko®,
s Qinze Li**, Cong Liu?, Zibing Wu®, Xuhao Yuan®, Xiyuan Zhang?, Zijun Xu**

“institute of High Energy Physics, Beijing 100049, China

® To be submitted to NIMA in the next month [First author] ———, et
" i 11539 T 23




Unsupervised Learning
Algorithm for Heavy-nuclei PID



Why unsupervised learning ?

New Tracker Layer 0

New LO

L1

® Independent of MC and other detectors

® [0 on the top of AMS with the largest
acceptance, without relying on other detector
tags will enhance AMS physics reach

® Unsupervised learning is widely applied across
physics, and advancing its techniques enables
broad applications

Identifying topological order [Nature
Physics, 790-795 (2019)]

Learning phase transitions [Nature
Physics, 435-439 (2017)]

Search for New Phenomena at ATLAS
[PhysRevLett.132.081801]

Anomaly Detection for Resonant New
Physics [PhysRevLett.121.241803]
Study about Anomaly Detection / jet tag
[ JHEP, 2022, JHEP, 2025 ....] 25



https://www.nature.com/articles/s41567-019-0512-x
https://www.nature.com/articles/s41567-019-0512-x
https://www.nature.com/articles/s41567-019-0512-x
https://www.nature.com/articles/s41567-019-0512-x
https://www.nature.com/articles/nphys4037?utm_source=chatgpt.com
https://www.nature.com/articles/nphys4037?utm_source=chatgpt.com
https://www.nature.com/articles/nphys4037?utm_source=chatgpt.com
https://www.nature.com/articles/nphys4037?utm_source=chatgpt.com
https://doi.org/10.1103/PhysRevLett.132.081801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.241803
https://link.springer.com/article/10.1007/JHEP03(2022)066
https://link.springer.com/article/10.1007/JHEP08%282025%29024?utm_source=chatgpt.com

Basic 1dea of unsupervised implementation

Channel values in Cluster

7000 1

6000 -

5000 A

4000

Channel 2

3000

2000 1

1000 4

1000 2000 3000 4000 5000 6000 7000 8000
Channel 1

® A particle hitting the silicon strip detector
forms a cluster, whose shape and size
depend only on two factors: hit position
and particle charge

® In high-dimensional space, clusters are
distributed as multi-layered, complex
surfaces

® Use NN to learn these structure

Latent Structure Loss
AL b=kl =T i
FER— MR N B R
A—PMEENNHERANE

|

2D Latent Space

Encoder Decoder
raw reconstructed
cluster cluster
? ) ¢

|

Reconstruction Loss

FIEFEECcluster5Eicluster—E 26




Latent Variable Value

Challenges: Precise control of latent space

COG vs. Latent (Colored by Z Range: 14 to 22)

z<145
145<=z<155
155<=2z<165
165<=z<175
17.5«=2< 185
185<=2z<195
195<=z<205
205<=2z2<215
z2>=215

® (luster shape is determined by
charge & hit position, but arbitrary
one-to-one mappings (linear or
nonlinear) can also reconstruct
clusters

® Reconstruction loss alone cannot
ensure latent dimensions correspond
to physical quantities

27



Solution: Precise control of latent space

Our solution: Histogram Loss

Position

8

6

4

2

0

2D Histogram

13 14 15 16 17 18 19 20 21 22 23

Charge

® Physics tells us that charge and position each follow specific
distributions, and they are independent.
® Hit position: Uniform distribution U(x)
® Charge: Gaussian mixture distribution GMM(z)

® 2D distribution:
f(x,2)=U(x) - GMM(z)
® Method: build histograms of latent space distributions and use L1

constraint to match them with the physical prior distribution

f(x 2).

28
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Channel 2

Training Results

Channel values in Cluster
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Input raw cluster
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-2

Latent Variable Value

/\

Latent Space Distribution by Z Range (3 to 13)

g g
H 2
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400
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uig / saiqu3
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Entries

Reconstructed Channel values

225

200

175

150
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100
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50

25

4000 5000 6000 7000 8000

Channel 1

Reconstructed cluster

1000 2000 3000

CoG

learnt latent space \ »
HZtruthi 7 L&

COG vs. Latent (Colored by Z Range: 3 to 13)

e o g

e 2<35
e 35<=z<45
e 45<=2z<55
55<=2<65
e 65<=2z<75
75<=2<85
e 85<=2<95
« 95<=z<105
e 105<=2z<115
115<=2<125
z2>=125

ALY B Y e

o] ] &= 8] R g — R
Xt Rz Y —FHER T AU T

BT ST S 4 Sy -

-4

Latent Variable Value

-6 4

-8 4
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Entries / Bin

Charge/position measurement results

Latent space [0] distribution Latent space [1] vs COG
1750 = e - - — %
= 7465522091 B 3
1 25(65<=2<175) ) f:' -':-:-."-.‘.
ZE[317] -~ Lol e
79(10.5 <= z < 11.5) g
=i '
Z12 (13:5 <=z< 1;:5) . ) )
i icies g © ’ £ SR
1000 715 (z >= 16.5) v : e . ’ N P
750 4 E 4 el : " ’ _- - . o 3
500 A 2 £ : . - _' .
250 ; 2 :‘
0BT - , : : :
0.0 0.2 0.4 0.6 0.8
0 -+ _,': l\'“_.4 L - - — LES " COG (normalized)
® Latent space = 0 indicates a hit on a single
® Use truth information to indicate different colors strip; latent space = 10 indicates a hit
® Achievable up to Z = 22; higher Z requires larger between two strips

statistics

Paper draft preparing, to be submitted to EPJC/PRD [Corresponding author] ;o



Proposal of measurement of nuclei
fragmentation cross sections



Motivation
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Important channels to be measured

ssre (OO0 DEDE e o DDDD@D@DD@H@DDDD@DH@DDD%DD'

® C+H ->B/Li+ X [double check NA61]
® O+ H -> B/Li+ X [high uncertain]

| |

O DH | = ol ==
c@lo®OEEe o °
| O

O
OodE
O

o
(]

® Ne/Mg/N + H -> B/Li + X [No measurement]

I o o o o

o | e oLl Mean precision ‘<Acr/cr> .
T O S ® N + H ->B/Li+ X [No measurement]
o O ® 20%
. = @ 30%
DIEEIAE e
a @ C+C>X
O
@
[ XS whose impact on sec. CRs (@10 GeV/n) = 1% . X+ He -> X
Existing data ( <2 GeV/n) .
O Existingdata(z2Gevn) L W seessen

3H 4He 7Be %Be 10C 1lC 12C 13C 15N 45Cg 45Gc 465¢ 475 48T] 49y 49T| 50y Slcp 52Cr 53Cr 53Fe *MnSSMn
ZH 3He GLI 7LI 10B ]_oBe llB 130 14N 150 45Ti 46Ti 47V 47Ti 4EV 49Cr SOCr 51V 51Ti SZMnSSMn 54Cr SSFe
Fragment
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Further Plan: HIAF and CERN

Time resolution (o) : 50ps
Position resolution (6) : 1.0mm
Energy resolution (o) : 1%

Max. intensity of fragments ~ 107pps
1.5GeV/n(15Tm) ->2.9GeV/n(25Tm)

> better XS
measurement

T

Energy (GeV/u)
9.3
4.25
3.0
2.6
237
172

Intensity (ppp)
2.0x10!2
6.0x101!
4.0x10!
2x10M"
1.4x101"
1.2x101"

H
1206+
1606+
36 pl2+

58Ni18+

Downstream BM Target Upstream BM

T8K p19+

Parameters of HFRS compared with others

Beam size at Angular Momentum Resolving o Combined Wlth TOF, for isotope
(m) target (mm) acceptance(mrad) | acceptance (%) power Bp (Tm) . . . 0
HERS 191.38 +1/+15 +30 (X); +25 (Y) +2.0 A 15->25 identification => LGAD: TPC*
NIM.B 547(2024),165214 (AX=i1mm)
SuperFRS g 750/1500
N e ot 7 182.2 S 1/2 +40 (X); £20 (Y) =205 {AX=£ 1mm) 20
BigRIPS 1260/3420
rog. Theor.EXP.Phys.2012,03 78.2 +0.5/+0.5 +40 (X); +50 (Y) 3 9.5
FRE e T (AX=+0.5mm)
ARIS ) 1720/3000
NIME 0 86.8 +0.5/+0.5 +40 (X); +40 (Y) +5 (AX=+0.5mm) 8
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Summary

 AMS LO Tracker upgrade detector construction, QC, and space qualification

* Silicon strip detector performance study
* Double-n algorithm for position reconstruction and BDT/ML algorithm for PID

* Proposal of nuclei fragmentation XS measurement @HIAF and CERN

Thanks!



Backup



Superconducting magnet .

Racetrack Coil
Assembly

e 2 '‘dipole’ coil, 12 ‘racetrack’ coil
(~ no magnetic dipole moment)
e B~0.9T, 1.1 m inner diameter,
2360 Kg weight Helium

Vessel

e 55 Km of superconducting wire
(NbTi/Cu embedded in pure
aluminium)

e Indirect cooling with superfluid
helium (1.8 K)

e 2500 liters helium vessel plus
cryocuulers for 3 years operation

G. Ambrosi, 22 Feb. 2007
G. Ambrosi, 22 Feb. 2007

® AMS02:0.15T
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Tracker P-Side Hybrids

AMS-02 Silicon Detectors

¢ sensor dimensions: 4.136 x 7.205 x 0.03 ¢cm’®

* n-type silicon with implantation/readout strip pitches
p-side: 27.5/110 microns, type p"
n-side: 52.0/208 microns, types n" and p' blocking

* capacitive charge coupling
p-side: 3 floating strips
n-side: 1 floating and 2 blocking strips

Charged particle

capacitor
chip

p~ blocking strips not shown

38
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Beam data analysis process

{Raw Data} l::> {Demding } l::> {Clustering} |:I'> [Hi::ﬁfé?rztéﬂn}

()| < ] < |

® Decode ADC value from binary raw data
® Form clustering hits after pedestal and common noise subtraction
® Reconstruct 3-D tracks for DUT performance study

® Use MILLEPEDE-II method for solution of detector alignment
and GeneralBrokenLines(GBL) algorithm for track fitting

Mi”epede-uvm-m-oo ‘ B I
@D ) =

40

® Develop a non-linear eta algorithm for hit position reconstruction


https://www.desy.de/~kleinwrt/MP2/doc/html/index.html
https://www.desy.de/~kleinwrt/MP2/doc/html/index.html
https://www.desy.de/~kleinwrt/MP2/doc/html/index.html
https://www.desy.de/~kleinwrt/GBL/doc/python3/html/
https://www.desy.de/~kleinwrt/GBL/doc/python3/html/

Hit position reconstruction => double-n

Xcog = E S, x,

|B—-

/4

=]

e P h e

|

A

—_
TTT

Probability
o
&
Integral
e
2=}

6

-ESOOO frac =7 20,0425 res

F7000
6000

Residual [um]

Yo T 0 0

20d 0 0 : 50 1
Residual [um
[um] Track x [um]
Residuals of TB in TB0O4
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Charge sharing between strips is nonlinear, the eta algorithm
can reflect this nonlinearity Nucl.Instrum.Meth.A 335 (1993)
44-58

When the detector noise causes the signal size to flip, there
will be a large deviation
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Preamplifier study by charge injection
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® For MIPs with Z=1, the electron-hole pairs
generated through 300um thick silicon are 4fC
® For an iron (Z=26), the charge is 2700 fC

® Studying the saturation (dynamic range) of
preamplifier using charge injection
® Optimization of feedback resistance

® Bilinear dynamic range, up to Z=22
® C(Charge sharing enhances PID performance
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(a) seed strip
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Fig. 6. Position and tan@, dependence of the y-side signal with a silicon nuclei sample
for the (a) seed strip and (b) second strip.
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Fig. 7. The magnesium signal distribution of the y-seed seed strip on tracker L5 as a

Fig. 12. The charge distribution on tracker L2 for 1 < Z < 8 selected by the TOF, function of tané, (a) before and (b) after applying 7,

tracker L1, and tracker L3-L8 with rigidity > 7 GV. The peak value of each species is
normalized to 1.
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omparison with related work
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the encoding

space, viay
(d) Epoch 50 (84.59%) (e) Epoch 120 (90.76%) (f) Epoch End (94.46%)
Figure 3: The illustration about how data is clustered in the latent space learned by VaDE during Figure 3: The results of SWAE on the MNIST dataset with a two-dimensional embedding space for
training on MNIST. Different colors indicate different ground-truth classes and the clustering four different distributions as ,qz, namely the ring distribution (top left), the uniform distribution
accuracy at the corresponding epoch is reported in the bracket. It is clear to see that the latent (bottom left), the uniform polar distribution (tOp l‘igh[), and a custom polar distribution (bottom I‘ight).
representations become more and more suitable for clustering during training, which can also be Note that the far right visualization demonstrates the decoding of a 25 x 25 grid in [—1, 1]2.

proved by the increasing clustering accuracy.

Achieved classification of diverse Can control the overall latent space geometry, but

objects, but latent space geometry not its internal fine structure [[CLR2019]
remains uncontrolled [IJCAI 2017
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Plasma Effect of
High-energy Heavy Nuclei



Plasma delay effect in silicon detector
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Fig. 1. Mean experimental current signal induced by 80 MeV 2¢ jons impinging 10 20 30

on the rear side of a silicon detector [3]—full line; the simulation using
undisturbed electric field—dashed-dotted line—completely fails.

® Observed in low-energy nuclear physics experiments

® The rising edge speed of heavy nucleus signals is significantly slower
® I[ncreasing the reverse bias voltage can make the rising edge faster
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® This is explained by the damage caused by a huge electron-hole pairs (plasma) to

disturbed (shield) the built-in electric field of silicon

PR,
nsec

Fig. 4. Current pulse shapes obtained with detector F5, for front-injected 42 MeV 160 ions, at different bias voltages.
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® The position reconstruction of incident particles will be affected by the plasma effect => 1T K7 /)\
® AMSO02 observed this phenomenon while in orbit NIMA 869 (2017) 29-3

® [0 is far away from other trackers, so this effect needs to be measured on the ground in advance

® Better understanding of the plasma effect through simulation
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Beam test Setup
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® Rotate the entire telescope along the y-axis to different angles
® 5 x-layers are back to the beam, and 2 x-layers are facing the beam
® The shift reconstructed position is in the opposite direction
® Using the back-layers reconstructed track to measure the facing
deviation, can get double shift
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Measured shift value
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The shift value increases with the incident angle, which is consistent with the
AMS-02 results

No obvious changes with HV were observed

Simulation work in progress (work with junior students)
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Challenges 1n implementation

® Different incident ions lead to huge signal variations (ranging from single digits to tens of thousands)
® Inputs spanning multiple orders of magnitude pose a challenge for neural networks (Instability)

® (Conventional normalization (Min—Max, Gaussian) distorts cluster structures and degrades precision

Our solution: digital vector encoding

® Expand values into decimal digit sequences, with each digit € [0,9]
® Usec fixed-length vectors (6 significant digits with one decimal place) as neural network inputs
® Example:

value: 13854 —[1, 3, 8, 5, 4,0]

Cluster: raw cluster [ 4384, 2313.4, 9408 .4, 5121.1, 768.2]

| | | | |
Encoding cluster [[0,0,4,3,8.4], [0,2,3,1,3,4], [0,9,4,0,8,4], [0,5,1,2,1,1], [0,0,7,6,8,2]]
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