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Concept: MT with MPGDs
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Use Micro Pattern Gaseous Detectors for tracking muons:

M tracks

ADVANTAGES:

U small detector structure allows
compact, low-mass MT station:

* thin detector layers
* small gaps between layers
* low mult. scattering in detector itself

QO high MPGD spatial resolution (~50um)
* provides good scattering angle

hidden &

. shielded
measurement with short tracks high-Z
nuclear \
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Q high tracking efficiency material &
ff/ Drift
5 Cathode
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U need to develop large-area MPGDs
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GEM foil under electron microscope
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F. Sauli, CERN

Typical
Dimensions:

18161412108 € 4 -2 0 2 4 6 B 1012141618

. x-axis (x107 em) 180 um
Cross section:

D
Kapton Cu
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GEM Detector
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Single-GEM detector

. =1/ s — . DR - T CATHODE
Ad Van tag eS . ’ Counting gas (e.g. Ar/CO, 70:30)
3 mm ‘ DRIFT
O high spatial resolution:
gnh sp | Vo, E-field
~ 50 um for perpendicular tracks Ve REIIIIIIITITITLITLTIT MULTALICATON
o ~Vgor +H— 1mm | INDUCTION
100-300 pm for inclined tracks » —
va-nv-wv-uu-«m-mm-uu“vw-‘v_ﬂs

QO compact detector C READOUT

4 larger area than Si-strip det.:
now: 30cm x 30cm
soon: 100cm % 100cm

O fast signal (few ns rise time) B

Q high-rate capable (MHz rates) | 7 Ml

d low gas aging

2D strip readout

Developed for High Energy Physics g (w/ 400 pm pitch)
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Triple-GEM Detector

Drift Gap

Transfer Gap

Transfer Gap

Induction Gap

B Electliic Field
| |

étrip pitch 400 urr:
Readout

Electronics

;

Drift
Cathode

GEM

GEM

GEM

Readout
PCB

Total Gain: up to 10°
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Simulation results
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8 205'| Monte Carlo Simulation

* Generate cosmic ray muons with CRY package
(Lawrence Livermore National Lab)

« Use GEANT4 to simulate station geometries,
detectors, targets, interaction of muons with all

materials, and tracks

—Take advantage of detailed description of
multiple scattering effects within GEANT4

(follows Lewis theory of multiple scattering)

« Simulate Drift tube MT station (using ~DS/LANL
design) and GEM MT station, reconstruct muon
scattering, and compare performances
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Detector Geometries

Drift Tube Detector GEM Detector

Typical Tube Diameter = Scm Typical Thickness = 1cm

Drift Cathode_ |

B Al Tube(400m wall)
GEM Foils
3 0l ~

_Ar / C02 {g"’é

N Readou%
Readout Wire
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Top & Bottom Detectors only — no side detectors
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FIT: Compact GEM station
(same detector area as DTs)

=
~ 4.5 ft.

6-fold sampling s s T e R RV E I R (140 Cm) ~4in.

in x and y each (10 cm) GEANT 4 geometries

(all dimensions to scale)

Simple model of a
van with high-Z
targets (front view)
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' 4 GEM layers with triple-GEM & x-y r/o board
(4-fold track sampling in x and y each)
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No. of muons in 10cmx10cmx10cm voxel in 10min
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Acceptance Comparison
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* Require >3 hits in DT or GEM station to accept muon

* Reduced DT acceptance is mainly due to “holes” in
solid angle coverage in the corners of the DT station

GEM accept.
DT accept.

Acceptance Ratio

§ Top View (near center of MT stations)
-
1000 =
u | | »
- -
500 n " * il .
[ ol
/]
-500
-1000
Van with
1500 targets

3000
X [mm)]

-3000 -2000 -1000 0 1000 2000

=> GEM MT station provides
50-100% better muon acceptance
over the interrogated vehicle
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Expected angular resolutions:

« Compare polar_angle 6 of reconstructed
muon tracks with “true” muon track angle
from Monte Carlo at exit of tracking
station:

track fit

Reconstructed
muon direction
from fit

AB = eMC-truth - ereconstr.

True muon
direction from MC

Number of Events / 0.04 mrad

FWHM for ABpolar [mrad]

Al for
Drift Tubes with 3 Detector Layers, 400pm Resolution, 270mm Gap
GEM:s with 4 Detector Layers, S0umResolution, 150mm Gap

Drift Tubes
- Entries: 41368
100 Sum of Weights: 55966
2000 FWHM: (.88 mrad
o Mean: 8.16E-3
1,700 RMS: 3.23 mrad
o Out of Range: 538
o GEMs
:'Sz Entries: 35966
o FWHM b FWHM: 0.52 mrad
:z Mean: -4.03E-3
10 RMS: 2.10 mrad
500 Out of Range: 244
500
400 -
32'; Drift Tu’b’eﬁ_J 3
100 _’m,_r_,__,di,ﬂﬂcﬂi_ o
‘15'0 -4‘ 5 -l‘ﬂ -3'5 -3‘.0 -2'.5 -2'.0 -II.S -1’ 0 -0‘.5 UrD 0‘.5 \rD Itﬁ ZtO 2‘5 3?0 3‘5 JIO 45 5‘0
A8 1, [ mrad]
"% FWHM for A® for 3-6 GEM layers vs. layer separation
oo (for angle-dependent resolution)
® 32 layers
11.00
W 4layers
10.00 3
1 S 4 5layers
200 - .-'. ® Glayers
800 -‘. ® Drift Tubes (400um Resolution, 3
7.00 \- Subdetector Layers, 270mm Gap)

| . ' | |
10 20 30 40 50 60 70 80 S0 100 110 120 130 140 150 160 170 130 190 200 210 220 230 240 250 260 270

GEM Layer Separation [mm]
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(.A Homeland
& Security

« Simple reconstruction
algorithm using Point
of Closest Approach
("POCA”) of incoming
and exiting 3-D tracks

e Treat as single scatter
« Scattering angle:

.]. {l'b

][]

0 = cos™
(with >0 by definition)

4/22/2010

Simple Scattering Reconstruction

\\p track direction

MT station

v,

—————————————————————————————————

POCA™.

Scattering
' Object

Scattering
angle

Closest approach of two lines in 3-D space

M. Hohlmann, Florida Institute of Technology - DSC Muon Summit, San Diego

'

15



Simple Statistic for Z-discrimination:

Mean Scattering Angles

Simple MC Scenario for GEM station
* Top, bottom & side detectors

;

perfect resolution 50 micron resolution

o [d O [de
« 40cm x 40cm x 10cm targets yz(m) [deg] y (mm) [deg]

« 5 materials (low-Z to high-2)
* Divide volume into 1-liter voxels
* 10 min exposure

I0

-2,000
-2,000-1,500-1,000-500 0 500 1,000 1,500 2,000

-2,000 0
-2,000-1,500-1,000-500 0 500 1,000 1,500 2,000

X (mm) GEM X (mm)
100 micron resolution results 200 micron resolution
y (mm) © [deg] y(mm) O [deg]

» Scattering angles 20-100 mrad;
>> angular resolution (few mrad)

* Good Z discrimination

0
-1,000 0 1,000 2,000
« Detector resolution matters X (mm) X (mm)

. -2,000 0
« Targets well imaged -2,000  -1,000 0 1,000 2,000
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Significance of Excess

: perfect resolution 50 micron resolution
10 min exposure S Si
y (mm) 19 y(mm) g

 Compare targets 2 Rl
against Fe back- i
ground using Fe
ref. samples w/

.

> ©

O =N WD~

- i 1
T U

hlgh statistics 0%00 00 0 100 20000 2000 400 0 1000 2,000
« Significance for #{mm) X (mm)

all voxels with an 100 micron resolution 200 micron resolution

excess at = 99% '™ S: y (mm) Sig

confidence level
over Fe standard:

) B 6Fe

®

voxel

Sig =

0%

0 -2,000 0
0 1,000 2,000 -2,000 -1,000 0 1,000 2,000
X (mm) X (mm)

-2,000
-2,000 -1,000

voxel
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Significance of Excess

perfect resolution 50 micron resolution

.

* 1 min exposure

« Significance for
all voxels with an |
excess at 2 99% |
confidence level i
over Fe standard lo

. . '2,000 _2’000
) D0|ng Ok Wlth -2,000 -1,000 (0 | 1,000 2,000 -2,000 -1,000 (0 |
X(mm X (mm
50um resolution

2}
Q

y (mm) Sig  y(mm)

T

8
7
6
5
4
3
2
1

0.0
2,000

1,000

100 micron resolution 200 micron resolution
* With 200 micron Sig  ygm) Sig
resolution we are s
losing some y
sensitivity pﬁ.:

1.0
Trouble... 0.5
0.0

-2,000 0.0 -2,000 A
2,000  -1,000 0 1,000 2,000 -2,000  -1,000 0 1,000 2,000
X (mm) X (mm)
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Simple van scenario

Target cubes (L liter) GEANT4 model of cargo van

Fe

4/22/2010

Seats (Mylar)

Windshield (Glass)

Battery (Pb)
m |
) "~ Engine block (Fe)
A
Chassis (Fe)
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Target Detection

TFe o U o Fe Fe
o Pb
LU o Al oW U

Slice 1._Slice 2|

O

;

10 min exposure

5cmx5cmx5¢cm

=
'§‘1DUU
Slice 1°
=T
g~ discriminated
T
'§'1DDO
>
Slice 2
4/22/2010

Larger acceptance
= higher statistics
= better performance

M. Hohlmann

»
1000

, Florida Institute of Technology - DSC Muon Summit, San Diego

Hinp

voxels

© =2 N W & 00O N ® ©
=]

-
Q

.E.
9 S 1000
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7 500
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5 o
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3 -500 [
2

1 1000

0 -30

-1000 .E . d-i

Zis NOT
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MT performance with shielding

.|
Shielding f]5cm Fe plates é
Tre iy —fe  Fe Plates T ;\
o Pb O m m
O a
LU g Al oW u Slice g =n =) =) = =
= T T - - T I

1 All 5 high-Z
targets visible 1

-3000

4/22/2010

1000

2000

3000
X [mm]
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Drlft Tube tomography

i I*ll | O |

> LR 'u.'"""'d' 1 :. Lh i "‘r|I-'!1'.' '

Il +Ir I - I 1 l I.Il lll:lll ll | |
I # [ Illlll I.I.l 1
.,, f'.'.'. e AL o A || v o R
ll .I. s II ll Ill II mi I I . . !
I e R T T
I-‘I r Illl lI r l :llll ll
1000 L .Maybe 1 high-z

" _ltarget detected

0

~1000 0 1000 2000 3000

X [mm]
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Conclusion from simulation

Muon Tomography with GEM detectors

could very well iImprove performance
while making the MT station compact...

=> Develop some GEM hardware
for Muon Tomography!

4/22/2010 M. Hohlmann, Florida Institute of Technology - DSC Muon Summit, San Diego 22
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Hardware Development
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84 0| Overall Hardware Strategy

:

Tech

Build first prototype of GEM-based Muon Tomography station

& evaluate performance (using ten 30cm x 30cm GEM det.)

4/28/2010

Detectors

Mechanics

Readout Electronics

HV & Gas supply

Data Acquisition & Analysis

Develop large-area Triple-GEMs together with RD51

MMH BlolinfrauamnE- 16l diasin st tide [ dlegynolig i ODSGeMutbh Blashiitg®an DEgo

Build Imx1mx1m GEM Muon Tomography prototype station

Measure performance on shielded targets with both prototypes

24
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| 2009/10 Strategy

Two-pronged approach:

1. Build minimal first GEM-based Muon Tomography station:
—  four Triple-GEM detectors (two at top and two at bottom)
— temporary electronics (~ 800 ch.)
— minimal coverage (read out 5cm x 5cm area per detector)
— preliminary data acquisition system
— Objectives:
« takereal data as soon as possible and analyze it

« demonstrate that GEM detectors work as anticipated for cosmic ray muons
« — produce very first experimental proof-of-concept

2. Simultaneously prepare the 30cm x 30cm x 30cm MT prototype:
— Top, bottom, and side detectors (10 detectors)
— Mechanical stand with flexible geometry, e.g. variable gaps b/w detectors
—  Fully instrumented front-end electronics (15,000 ch.) with RD51 coll.
— Final data acquisition with RD51 & analysis

4/28/2010 MMH BlolinfrauamnE- 16l diasin st tide [ dlegynolig i ODSGeMutbh Blashiitg®an DEgo 25



2| Hardware Progress
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Detector Assembly:
— Seven 30cm x 30cm Triple-GEM detectors assembled in CERN clean rooms
— One 30cm x 30cm Double-GEM detector assembled in CERN clean rooms

« Tested triple-GEM detectors with X-rays and cosmic ray muons with respect to
basic performance parameters:

— HV stability (sparks?)

— Gas gain

— HV plateau

— Rate capability
« =>Six Triple-GEM detectors at CERN show good and stable performance
* One Triple-GEM detector has bad HV section; to be fixed later

« Built minimal prototype station for Muon Tomography; currently operating at CERN

— Used GASSIPLEX frontend r/o cards electronics with ~800 readout channels for two tests

— Designed and produced circuit board for interfacing detector r/o board (x-y strips) with
preliminary “GASSIPLEX” frontend electronics

— Developed DAQ system for first prototype tests — lots of debugging work
« Developed GEANT4 simulation for minimal and 30cmx30cmx30cm MT prototype stations
» Operating also 10cm x 10cm Triple-GEM detectors at Fl. Tech

4/28/2010 MMH BlolinfrauamnE- 16l diasin st tide [ dlegynolig i ODSGeMutbh Blashiitg®an DEgo 26
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Follows original
,,,,,,,,, } Top honeycomb plate development for
p——_ COMPASS exp.

development for

} Drift cathode and spacer
a proton therapy

GEd | Swe b CPGE2D

I 3 GEM foils =
s e } stretched & glued

onto frames/spacers

o A trichnes
am,

o o 2D Readout Foll

at CERN & further

application (TERA)

::wm»-} with ~1,500 strips  ~  —, | |']

} Bottom honeycomb base plate
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Detector Production

Readout foil
(on honeycomb

GEM foill g structure)

]
38 -
E N = E

=TT
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Photo peak

B T HV input (4kV)
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Timebase _0.00 i (Trigger  GHES)
ViStream 100 ysfNorm. -204 mV|
5005 50MSis]Edge  Positive




Basic Detector Performance
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Results from detailed commissioning test of Triple-GEM
detector using 8 kV Cu X-ray source at CERN

Gas
gain -

10000 -

1000

3600

25
Anode
current
vertical
strips
[NA] 15

10

4/22/2010

2x104

v

3700 3800 3900 4000 4100
Applied Chamber HV [V]

4200

Pl

<&
@
=g
>
N

) / Charge sharing

b/w x- and y-strips |

5 10 15 20 25 30
Anode current horizontal strips [nA]

M. Hohlmann, Florida Institute of Technology - DS

X-ray 70 At this high voltage, the
4 . transfer gap becomes
[rk?_':i] 60 Rate plateau 7’ efficient for X-ray detection
50 /6/ adding some pulses from the
Detector efficient ‘Q’ “double-GEM” structure.
40 e s $T¥ (Not discharges 1)
—
30 ',./
20 // =+=vertical strips
/ / (lower threshold)
10 /
//0 —e=horizontal strips
0 __"0 . i .
3600 3800 4000 4200
Applied Chamber HV [V]
1400
Num.
1200 Energy
Cosmic Cu X-rays Resolution:
1000 Ray Muons 9%
800 Pulse -
heigh
600 €9 t
random spectra
400 noise
200
0 - :
A A A A A A O~ NMITWONOO®D
O O O O OO0 00T v v v v v« v« «—
AN ®M»I N O~ DD
C Muon Summit, San Diego 30



lonization charge
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Hit charge distr.: 1-Strip electrodes hEnLoss1Strip
Entries 855
‘g 100 Mean 154.4
3 RMS 104.8
(&) po 560.8 £ 29.0
p1 87.14 + 2.58
80 p2 30.26 + 1.30

Cosmic Ray Muons

-2}
o

Landau Fit

|

2
o

N
o

\ Y L WL L = ey w
100 200 300 400 500 600 700 800
Total charges

(]

°*~L__‘I__1I]III[III|III|IIIII

Distribution of total strip cluster charge follows Landau distribution as expected
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54 Homeland

/ Security
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Setup of first cosmic ray Event Display: Tracking of a cosmic ray

muon run at CERN with muon traversing minimal GEM MT station
four Triple-GEM detectors

Top 1 Top 2 Bottom 1 Bottom 2
Pagei Eventpostion | strip luster | ¥-5trps cluster JEvND 1250
Jan 2010 _
: g, 3 — Hit strip cluster on GEM1 Hit strip cluster on GEM2 Hit strip cluster on GEM3 Hit strip cluster on GEM4
=% 7 - . 450- 275~ -

400-|

] 60-
200-
© 175-]
3 150
T -
Sz
< 100-|
75-

Amplitude

400~

350~

300-|

250~

200~

150-|

100-|
25+ e
e e e
-25 -20 -15 -10 15 20 25

............
20 - 5 0 5 10
X-coordinate (mm})

150 5 0 5 10
x-coordinate (mm)

|
50 5 0 5 10 1
x-coordinate (mm)

ol e
B\ ‘Pb target —*

Hit strip cluster on GEM1 Hit strip cluster on GEM2
550~ 240~
4 20—

Hit strip cluster on GEM4

240
220-|
200-|
180~
160~
140~
120~
100~
80-
60~
40-]
20-|
O ———
-25 -20 -15 -0 15 20 25

50 5 0 5 10
y-coordinate (mm})

Amplitude
Amplitude

-8 528383888

T
15 20 25

e
510 5 00 5 10t 25 -20 -15-10 -5 0 5 10
y-coordinate (mm) y-coordinate (mm)

Strip Position [mm)]

>~ BBY - Pulse heights on x-strips and y-strips
- recorded by all 4 GEM detectors using
preliminary electronics and DAQ

* Pedestals are subtracted

* No target present; Data taken 4/13/2010
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Sharing of deposited charge among adjacent |
strips will enable high spatial resolution by LA

using the “center-of-gravity” of charge
deposition when calculating the “hit” position: R

Cluster size: single strip

130000
120000+
110000+
100000+
90000+
80000+
70000+
60000+
50000+
40000+
30000+
20000+
10000+

Counts

=> Charge is shared between up to 5 strips

4/22/2010

0+

All recorded strip clusters
centered on highest
bin & added together

Number of strips

Counts

500

400

300

200

100

(-]

'

Drift

| %{jﬂ“"k,,

/
\!

Cathode

o Ry s GEM

Transfer Gap i
)

- . (s GEM

Elec

Transfer Gap

"'_,-‘IIIIIIIIII GEM

Induction Gap
—___ | Readout
S PCB
-b_gleeac?;l:ltics
Hit width distr. on 1-Strip electrodes hStripWidth1Strip
: Entries 855
- Mean 1.628
- RMS 1.07
- Width of Gaussian fit
— to 855 measured
- individual strip clusters
:. U] [T VT TS 0 T VT T T O (7 O T L T e T T N TORY T W R O D o e e o e 5
0 1 3 4 5 6 7 8 9 10

Number of strips

=> On the average, strip cluster is 3.2 strips wide (t+10c)

M. Hohlmann, Florida Institute of Technology - DSC Muon Summit, San Diego
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\ Homeland

Security

Event recorded with Pb target present in center of minimal MTS:

——
Page1  Event position ‘ % Strip cluster T ¥-Strips cluster

Hit strip cluster on GEM1
100 -
90-

80~

70-

60~

50-

40—

30-

20-

10-

0e

Amplitude

1 1 1 1 1
S 10 15 20 25

1 1 1 U 1 1
25 -20 <15 -10 5 0
x-coordinate {mm)

Hit strip cluster on GEM1
140~

120-

100-

Amplitude
3 8
1 1

40-
20-
0~ 1 1 [ ] 1 | 1 1 1 1
=25--200 =15 =10 =5 pe 5 1@h 152025
y-coordinate (mm)

Evib §34

Hit strip cluster on GEM2
90~

Amplitude
- (43}

0 [ i [ [ [ [
5 10 15 20 25

1 1 1 1
25 20 -15 110 5 O
x-coordinate {mm)

Hit strip cluster on GEM2
90~

Amplitude
]

() 1 [ [ 1 1 [
5 10 15 20 25

1 1 1 1
25 -20 -15 -10 -5 O
y-coordinate (mm})

o
2 30-
6.25_

Hit strip cluster on GEM3
S
50-
45
40—
@ 35—

=
<L 20—

15—
10-
5_

0 [ i [ | [ 1
S 40 ‘15 20 25

1 1 1 1
25 20 -15 110 5 0
x-coordinate {(mm)

Hit strip cluster on GEM3
30-

25~

Amplituide
G

—
o
|

-

0- 1 1 1 ] | 1 1 ] | 1

25 -20 -15 -10 -5 0 5 10 15 20 25
y-coordinate {(mm)

Hit strip cluster on GEM4
80~

70~
60—

@ S0-

ifch

mpl

Al | | | | | | I | | |
25 -20 -15 <10 -5 0 S5 10 15 20 25
x-coordinate {mm})

Hit strip cluster on GEM4
70~

60~

Amplitude
8 3 8
1 1 1

n
o
1

10-

0 [ [ | [ | [ i [ [ [

=25 =20 =15 <100 =5 0 5 10 150 200 25
y-coordinate {mm})
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First real GEM MT data

i
-

First attempt at reconstruction of muon scattering in high-Z target

with Point-of-Closest-Approach (POCA) algorithm:
(3cm x 3cm x 2cm Pb target)

10

Data from 4/20/10 [deg] Monte Carlo

Very preliminary !

[m m]ﬁoé

40—

20—

o

20 [mm]
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4/22/2010

Frequency

Measured Scattering Angles

i

1M - Legend

L == Simulation Data

| - Real Data
0.8

| Very preliminary !
0.6 1 Reconstruction clearly needs work
0.4
0.2

| | || | ﬁ | I.

0 5 10 15 20 25 30 35 40 45 50
Scattering Angle [Degrees]
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Currently under construction
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» originally developed for
CMS Si-strip detector by ICL
* production in 2003/04
» yield of 120,000 good chip dies
« 128 channels/chip
 preamplifier/shaper with
50ns peaking time
» 192-slot buffer memory
for each channel
» multiplexed analog output
* integrated test pulse system
* runs at 40 MHz
 used e.g. by CMS, COMPASS,
ZEUS, STAR, Belle experiments

MOST IMPORTANT:
 Chip is available
» Cheap! (~$20/chip)

* We need 120 chips for our
ten 30cm x 30cm detectors.
» Have procured 160 chips
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£ 200 | Front-end hybrid card

X
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1

« 128 channels/hybrid
= * Integrated diode protection
against sparks in GEM detector
« Estimated cost: $140/card
* Plan to get 160 cards
* 8 Prototype boards made at CERN

‘:LDl'c")'fdé?’ # Connector
MECITIGRE] |# to chamber
far:ehip e
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30cmx30cmx30cm Prototype

X

Electronics & DAQ under development
(with engineering support from RD51 collaboration at CERN)

Est. cost per electronics channel: $1-2

Scalable Readout System
Status Feb. 2016

Prototypes of basically all
components exist by now
and are under test at CERN
by RD51 electronics group
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£ Lomeland Plans for 2010

;

1. Run minimal station for few weeks

Collect as much data as possible until early May 2010
Measure performance: Resolution, efficiency
POCA reconstruction for basic muon tomography on real data

2. Build & operate 30cm x 30cm x 30cm MT prototype

Commission all GEM detectors with final electronics & DAQ

Get experimental performance results on muon tracking

Take and analyze lots of Muon Tomography data

Test performance with shielded targets in various configurations

Ship prototype to Florida and install in our lab; continue MT tests there

3. Initial development of final Im x 1m x 1m MT station

4/22/2010

Preparation of large-area GEM foils (~100cm x 50cm):
Adapt thermal stretching technique to large foils

Try to simplify construction technique:
Build small Triple-GEM detectors without stretching GEM foils
(using our standard CERN 10cm x 10cm detectors, going on now)
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;

Future Plans

Large photosensitive GEM Detector (100-200 keV ¥’s) ?  Muon Tomography

with
Radiation (y, X-ray, integrated y-detection
‘ charged particles)
Nano-scintillator I
Glass or : ;h;v _ p - o I it
— — Photocathode — e _— 1

0 T
Transparent conducting oxide \ |
Photoelectric emitter ‘ = i =

i % =.‘
- GEM detector LI = e

€ e e e eeee

____Anode |

Fl. Tech — U. Texas, Arlington planned joint effort (Physics & Material Science Departments)
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;

Thank you !

We thank

Decision Sciences

for the opportunity
to participate in the
Muon Summit !
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Backup Slides
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perfect resolution

50 micron resolution
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Advanced
- Reconstruction Algorithm
Maximum Likelihood Method:

Reproducing Los Alamos Expectation Maximization (EM) algorithm

* Input: Use lateral shift Ax; in multiple scattering in addition to
information from scattering angle 0; for each muon track

Incident
Muon

—_—]
H Momentum(p)

Velocity(fe)

Charge Number(z)

Multiple Coulomb Scattering

 Procedure:

— Maximize log-likelihood for assignment of scattering
densities to all voxels given all observed muon tracks

— Analytical derivation leads to iterative formula for
incrementally updating A, values in each iteration

- Output: Scattering density A, for each voxel of the probed volume
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EM Result for Van Scenario
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