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Motivation

Cosmic muons passing through the matter causes EM interaction

[ J
such as mcs, ionisation, atomic excitation, Bremsstrahlung
e  Minimum ionizing particle (1-10 GeV) m==) Can travel long
distance within matter without losing much of its energy. 13 6MeV
) ) ) o \ x- (1 +0038ln—)
e  Tracks before and after interaction can be interrogated using - Bep

716.4(gm/cm?)

particle detectors.
XO =

Scintillatorl)

e Muon absorption tomography.
Depends on matter density

Path travelled inside the material

RPC1.

(¢]
o

e Muon scattering tomography.
Mainly multiple coulomb scattering.

Scattering angle follows Gaussian

RPC2]

o
o
distribution.

o depends on thickness of the
material and radiation length.
Depends on Z and p of the material.
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Detector requirements

Robust large area detector with good
position resolution and low manufacturing
cost is required.

Thick-GEM detectors

e Arobust gaseous detector derived from
GEM technology. 5-10 fold enlarged
version.

e Usesa with
mechanically drilled holes and copper
electrodes on both sides.

Why THGEM

e High gain (10-10°) with good stability.

e Mechanically strong and

e Good and muon
detection .

e Suitable for harsh High and long-term
experimental conditions.
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Detector Spatial Produ Electro Operation
Resolution ction nics
cost cost
Scintillator 1-10 mm Low High Robust, easy
Bars
Scintillator 10-100 pm High High Industrial; avoid
Electric field (V/m) Fibres bending
x10°
3
MWPC 0.1-=1 mm Mediu Mediu Complex; T/P
‘ 23 m m dependent
2
15 MPGD 10-100 pm High Mediu Complex; T/P
m dependent
1
35 4 x107m
RPC/MRPC 0.1-1 mm Low Low Easy; T/P
dependent
Electric field (V/m) Silicon 1-100 pm High High Robust, radiation
1o’ Microstrips hard

AN
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Manufacturing b ‘ | ‘

CNC Dirillin — [ .
g CED | G ,1
Copper Surface 2 Manual etching process Chemical spray etching
Treatment E
l Copper surface treatment with sulphuric acid creates rough edges on the copper rim.
g e
Lamination
l This makes the detectors to generate spark at very low = ke
g : 3 voltage. -
Chemical !
Etching
l Thickness Maximum High voltage Paschen limit for 50 gm
reached in N, micron Rim =
ENIG Surface ga
Finish T
270um 1800 V 2200V
400um 1950 V 2600 V

107 10° 10 107 10°
pd [Torr cm]
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Surface treatments

1. SANDPAPER POLISH
(Remove ENIG & Smooth)

1200-GRIT
’ /- SANDPAPER
—

D 4

2. BUFFING
(Wax & Wheel)

POLISHING
WAX

3. ACETONE SOAK
(Remove Dust & Wax)

)

(4. ULTRASONIC CLEANING |
(Detergent)

o _ DETERGENT

=

e

COERSQD

5)
®)

N
2000-GRIT
1200-GRIT SANDPAPER
| SANDPAPER ) ) ULTRASONIC CLEANER
( 5. RINSE ’ 6. ALCOHOL SOAK 7. BAKE FINISHED DETECTOR! |
(Clean Water) = (Overnight) (140°C for 6 Hours)
ey

4P
ZIRS

ISOPROPYL ALCOHOL
(Overnight)
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Results

Before surface After surface
treatment treatment s -
After sandpaper polishing| After buffing
High voltage (i) 1600 V (i) 2700 V
limitin N (ii) 1900 V (if) 2500 V
2 Filter box Test Box Svecﬁ‘r:oigsm»‘ggpﬁﬂer

Charge sensitive
preamplifier

e
Drift plane

[—=——=1HoEM Fail

Working Voltage (i) No working region (i) 1400-1550 V
i L observed. (i) 1100-1350 V
UL LA 002 (i) 1100-1220V

Readout anode

(90:10)
CAEN SY4527 :
HV Power supply —=— Before surface polish, Ep = 2 kV/cm, E = 4 kv/cm, Ar-CO2 (90:10)
. . . . —e— After surface polish, Ep = 2 kV/cm, E; = 4 kV/cm, Ar-CO; (90:10)
Maximum gain (i) — (i) 5500 10
achieved (ii) 2000 (i) 7500
c
8
Manufacturer Hole diameter Pitch Rim width Thickness Material 10
electronkolkata.in 500 um 1000 um 100 um 355um FR4,1S410
micropack.in 400um 800um 50um 269um FR4 102
ITEQ IT-180A 1100 1150 1200 1250 1300

AVthcem (Volt)
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Characterization

Variation of gain with two different gas

03/09/2026

950 1000 1050 1100 1150 1200
AVrhcem (Volt)
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Variation of gain with working voltage in three
mixtures different THGEMs
L . . . ! 104
Variation of gain with workin Variation of gain with working e Eo=2KViem, Ei = 4 KV/cm, Ar-CO; (90:10)
H H H - Ep = 2 kV/cm, E; = 4 kV/cm, Ar-isob! 95:5
It f dgff t dirift fi Idg voltage for different induction & Eo= 2kviem. & = 4 kvicm, Arisabutans (95:3) 1 A
. /
voltage Tor different arirt fields. fields. i ,‘/ £ -
/ » 7
)4 o 4 / A
Working Voltage plot Working Voltage plot /. ./' 4 A ,/
9% o tonit el = 250 nduction e = kv 4103551 6000 T i e = 2k, inducton field = akviem A 09551 » o $ Ve -
~o~ [‘Drift field = 2kvicm, Induction feld = 4kvicm Ar - C0;95:5') e [t ild = 2kviem, Inducton field = Fkvicm £ J e 7 ;’
5000 | ~#- [0t flld = oy, nduction field = ey 47~ 038551 g | = Lok v, i el - s, S A e / »
3 e e 4
10 e » c P // ‘/
o om0 / 4 = 103 / e ;
A Ed g 1071 P ,, J
500 § o /! ," o /I / ¥
¥ ./ A e
2000 Y ‘ ¥ s ,
{ / / [
10° $ / /!
800 850 900 950 1000 1050 1100 1150 1200 e /‘/ +/
. . AVrheem (Volt) 7 J
T T T o W ww  ws me um e aun ww y -# THGEM-A, Ep = 2 kV/cm, E| = 4 kV/cm, Ar-CO2 (90:10)
Vel VoR) Sretion L4 -4- THGEM-B, Ep = 2 kV/cm, E; = 4 kV/cm, Ar-CO; (90:10)
- o ) Variation of energy resolution with THGEM voltages , -4 THGEM-C, Ep = 2 kV/cm, Ei = 4 kV/cm, Ar-CO; (90:10)
Variation of gain with changing the 10
L o ) i induction field at different THGEM 1000 1100 1200 1300 1400 1500
Variation of gain with changing the drift voltages
field at different THGEM voltages AV7heem (Volt)
l‘ -e- Ep =2kV/cm, E = 4 kV/cm, Ar-CO2 (90:10)
1.0 | -m- Ep =2 kV/cm, E; = 4 kV/cm, Ar-isobutane (95:5)
\
Induction Variation plot \ P . : » ey
T e 2300 ] = Do = 1050v, 20 = 2] _09 4 £ 2500 - no.of Events = s0.000 (ar-c0,s010) 1 E el avemeror
o lvreorm o~ st 5 Do = 20y~ 2] o \ 3 — Mean=216320=678 3 b
o i = 10500, = ] o oo = 13008 = 20w 5081 2000 E T oime
00 2000 = l“ 120 JUNDF =115
2000 0.7 | . 1500 3 100
1500 e ‘q \\ 80|
§ 1500 § § 0.6 ‘\\ “‘ 1000 - 3 e
° 1000 [ A\ \ 40
1000 5 0.5 \\ ‘\‘ 500~ 3 "
LN o
" 500 0.4 ‘I\‘._.\ “w, Lh 100 200 300 foo 200 300 400 500 600 700 800 900 1000
Sw-w Ne-e. e Number of electrons
° 0.3 S
. T 7 3 T 3 G
= M ) ; o = -
o e ! 800 850 900

MCA Channel Number
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am» X-raysource
2mm

u collimator
Double stage gain !
35mm
|
e Sufficient gain without any discharge is the ideal operating condition. T Drift gap
e Large voltage difference for single THGEM configuration causes gmm
breakdown. J
e Signal distribution in neighbouring strips may improve position resolution. $_ B B R N o THeEM
2 mm Transfer gap
Y
[, S - : : : : :BottomTHGEM

Induction gap

10°+
-~ AVrop=1050V, Ep=2 kV/cm, Er=3 kv/cm, Ei=3kV/cm, Ar-CO; (90:10) 0.8 -
5 e i s i St St S ~e- AVrop=1050V, Ep=2KV/cm, Er=3KV/cm, Ei=3KV/cm, Ar-COz (90:10)
o e T - ' S 0.7 -® AVrop=950V, Ep=2kV/cm, Er=3KV/cm, Ei=3kV/cm, Ar-CO; (90:10)
) = 0.6
10% s S
P - 505 "l
b - ©° T~
£ . - 2 B §
8 ;”/ /’r =< 041y e L N
o A = - ~
- 0.3 R -—
103 '/,/" "/ E - o-—-——~ - *o® mga
W2
o o
v 0.1
102 : . : . : ; , 0.0
650 700 750 800 850 900 950 1000 650 700 750 800 850 900 950 1000
AVgottom (Volt) AVgottom (Volt)

\Variation of gain with Bottom THGEM voltage for to fixed Top THGEM voltagﬁ.
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Muon detection efficiency measurement

Event 47

e Scintillator-SiPM based muon coincidence setup has been built. \\

Oscilloscope logic trigger has been used to find the actual muon events.

e Each of these spectrum has been saved and further analysed to find the s
occurrence of detector hits.

e The test detector signal arises on the spectrum with a delay of 0.8 pus.
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Efficiency

There are electrical noises and spark on the Thick-GEM detector which generates oscilloscope triggers.
Have to be extremely careful while choosing the true events.
A threshold cut of 50 mV in THGEM signal has been used to select an event as detected muon event.
Each data point does not comprises of same number of total events.
600-1200 events has been taken for efficiency calculation.

1 us trigger window has been selected.

PSD14
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-9- Single_THGEM, Ep = 2 kV/cm, E; = 4 kV/cm, Ar-CO; (90:10)
-#- Double_THGEM, AV1op = 900V, Ep= 2 kV/cm,ET = 4 kV/cm, E| = 4 kV/cm, Ar-CO; (90:10)
I
950 1000 1050 1100 1150 1200

AV7thcem (Volt)
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Position Resolution Measurement study

e Imaging of different structures with muons require precise reconstruction
of its track, thus hit position should be determined accurately.

e Knowledge of the position resolution of the detector is important as how
much we can trust the detector hits.

e The method involves moving an x-ray source precisely and how much
the detector hits moves accordingly.

e A multi-strip readout board with multi-channel data acquisition system is

required for this purpose.

e Strip pitch is 450 um and strip width is 350 pym.
PSD14 03/09/2026 Saikat Ghosh, SINP 12
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Length: 337.53 um
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Data acquisition and event reconstruction

120 = 1040 V, AVgottom = 950 V, 120 AVrop = 1040 V, AViottom = 950 V,Ep b 2 kV/em, Er = 4 kV/cm,
b = 2 kv/cm, Er = 4 kv/cm, W 4 kViem, Ar-CO; (90:10)
(1) PREPROCESSING o Energy filter E1= 4 kVjcm, Ar-CO; (90:10) it
(energy_min — energy_max) 100 u=12516,0=169.2
? « Exclude unwanted channels - Ffj“m = 1?75
ndf =
« Sort by TIMETAG 80 f
3 ¥
(2] EVENT BUILDING Group hits into events using 5 3 60
TIMETAG gaps S 8
(gap > time_window_ns) 40
[ —
'S N
o COG CALCULATION Compute COG (weighted mean) 2
in channel units
for each event
% J o/
¥ 0 500 750 1000 1250 1500 1750 2000
(4] HISTOGRAM e s chare ADC
J:L[IJ]. and build histogram
¥
2
GAUSSIAN FIT O ASSIGN SOURCE POSITIONS
& i
y:Aexp(—(zz ;‘) )
& data_run_1
Extract 1, o and index X source_step_mm u=4.71%0.07, 0=1.13+0.07
their uncertainties (e.g., 0.5 mm)
o — Drift plane 2500 = Gaussian Fit
b £y e 3 = Data
| G’ FILTER RANGE LINEAR CALIBRATION
|
| Keep only o % Fit Hmeas = a - (Source_Pos) + b % 2000
| min_source_index < index . Dsst sqiares) rift Region g
| < max_source_index Get best-it line @
L & Gl _ 8 . £ J “n
( R \ £ 1500
| o RESIDUALS Ti = Pmeas,i — Hfiti | TEEE 2
i % J 2
Induction region §
@ CALCULATE RESOLUTION & UNCERTAINTY 3 1000
Resolution (channels): Uncertainty on resolution: C°’“’er‘ ojrm: £
Resolution (mm) = Goussion fted ﬁ
Ores = std(ri) Gres (channels) x histograms of total 500
(sample standard deviation) strip_pitch_mm CodEheNcED
(N = number of points) (e.g., 0.450 mm) COG method on
| — " - =i charge sharing.
0
0 10 20 30 40 50 60

Channel Number
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Position resolution calculation

Measured Position (Channel Mean)

PSD14

The source with 2 mm collimator has been moved 0.5 mm at each step with accuracy 0.5 ym.

Position of the source has been determined from the fitted gaussian.

Residual is the difference between the actual movement of the source and the reconstruced source movement.
o of the residual distribution is the position resolution.

501

401

301

201

Linear Fit, Resolution = 0.039 mm °
Measured Mean Positions, »*
AVrop = 1040 V, AVgottom = 950 V, o®

Ep = 2 kV/cm, Er = 4 kV/cm, &

E;= 4 kV/cm, Ar-CO, (90:10) v

25 50 7.5 10.0 12.5 15.0 17.5 20.0
Source Position (mm)

Counts

03/09/2026

Residuals histogram — sigma = 0.088 ch (0.039 mm)

10 A

0-

-0.20

-0.15

-0.10 -0.05 0.00 0.05 0.10 0.15

Residual (channels)

Saikat Ghosh, SINP
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Variation of position resolution

Resolution(mm)

| Single_THGEM,

0.35 -4 Ep = 2 kV/cm, E; = 4 kV/cm, Ar-CO2 (90:10)

—¢- Double_THGEM,

0.301 Ep = 2 kV/cm, Er = 4 kV/cm, E| = 4 kV/cm, Ar-CO; (90:10)
Double_THGEM,

-4 Ep = 2 kV/cm, Er = 4 kV/cm, E| = 4 kV/cm, Ar-isobutane (95:5)

o
N
Ul

©
N
o

0.151 i

0107 n}h
}\\*\\
0.05{ 14\
L e O .
0 1000 2000 3000 4000
Mean ADC

e Multiplicity increses with increasing gain.
e At the same gain multiplicity is high for double stage configuration than single stage.
e Also at the same gain the multiplicity is higher for Ar-isobutane mixture than Ar-CO2 mixture.
e Same also applies for the Position resolution.
6 1 ”,4
e
5 /’,,
> "f
2 !
9
S, .
£* d
E ’
= v
g,, 3 7
E "
] g
2 f Single_THGEM,
21 ? -e- Ep = 2 kV/cm, E, = 4 kV/cm, Ar-CO; (90:10)
Iy Double_THGEM,
f -o- Ep = 2 kV/cm, Er = 4 kV/cm, E, = 4 kV/cm, Ar-CO; (90:10)
H Double_THGEM,
14 @ ~®~ Ep = 2kv/em, Er = 4 kV/cm, E, = 4 kV/cm, Ar-isobutane (95:5)
0 2000 4000 6000 8000
Gain
PSD14 03/09/2026
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Resolution variation

0.0200

0.0175

Transverse diffusion coefficient(vcm)
o o <)
o o o
= = N
N w N
w o w

PSD14

& Less multiplicity in Ar-CO2 mixture can be explained from the Magboltz calculations.

@ The transverse diffusion coefficient is less and Drift velocity is high for Ar-CO2
mixture.

& At lower drift-field values, the position resolution is relatively poor because of

& Lower effective detector gain

& Lower electron drift velocity, and

& Larger transverse diffusion in the drift region.

—e— Ar-CO; 90:10
—e— Ar-isobutane 95:5

102

103 104 10°
Electric field (V/cm)

101 4

Drift Velocity(cm/us)

100,

—e— Ar-CO, 90:10
—e— Ar-isobutane 95:5

10? 10° 104 10
Electric field (V/cm)

03/09/2026

-

Position Resolution (mm

1200

0.225
AVtop = 1000 V, AVgottom = 950V,
0.200 . Er = 4 kV/cm, E| = 4 kV/cm, Ar-CO; (90:10) [ 1100
B r 1000
0.175 \ ) AT
\ / LN
\ 7 ~3 r 900
0.150 \ .
\ ~,
X ‘- 800 o
0.125 4 \ -—
A e [~}
Y ~ 700 <
4 \
0.100 ‘ \ m_
7 > t 600
0.075 | / \ -
I/ ‘\
s I, \ r 500
0.050 / e - *\
/ B e B~ p—— - 400
0.0254{ / Se- e
"
T T T T T 300
0.5 1.0 15 2.0 2.5

Drift field(kV/cm)
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2-D Readout

& A 2-D readout has been designed and
fabricated with local PCB manufacturing
industries.

@ Strip pitch is 0.9 mm and width is 0.35 mm in
X-plane and 0.75 mm in Y-plane.

@ The middle Polymide layer has been ethched
chemically with Ethylene diamine and KOH
solution to expose the bottom copper layer
for electrons to become transperent.

® o - 0.02 sM
| . PLATED COPPER
0.05 Polymide
LAYER-2 0.018 MIDDLE LAYER
g ® ® 0.035 PLATED COPPER
:.\/" _/j 0.162 PREPREGS

0.6 MM CORE
LAYER-3 0.018 BOTTOM LAYER
0.035 PLATED COPPER

0.02 SM

1.011 mm#*10%
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2-D image

& Fed5 source with 2 mm collimator has been placed.

applied.

& Event reconstruction has been done within a specific time window

@ COG applied to find the actual event location in both X and Y plane.

25

[t N
u o

Y position (mm)
S

L L P S S SN S S S
0 5 10 15 20 25
X position (mm)

1600

1400

1200

1000

800

Event counts

600

400

200
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Event counts

Event counts

8000

6000

4000

2000

8000

6000

4000

2000

data_run_4 - X projection
K =9.970 + 0.025 mm, 0 = 1.607 + 0.025 mm

= Gaussian Fit
B X data

10 15 20
X position (mm)

data_run_4 - Y projection
1 =11.878 = 0.046 mm, 0 = 1.581 + 0.046 mm

25

—— Gaussian Fit
B Y data

5 10 15 20
Y position (mm)
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Effect of detector properties on Muon imaging

Spatial
Resolution
(um)

50

200

500

Resolution
(um)

50

200

500

PSD14

AUC

0.9250578704

0.9072145062

0.831404321

AUC
Separation

0.9819018454

0.9696518133

0.9195191937

t-score

17.18754771

15.51356976

10.60061004

t-score

30.98462577

28.9706047

21.49349624

p-value

2.17E-45

1.33E-39

2.31E-22

p-value

5.11E-66

1.73E-62

3.86E-47

iron - class A

rust - class B

AUC=P(xa>xB) + 0.5* P(xa=xa)

Rust-Iron discrimination|

Hy: py=pgp
H,: py#pp
ry—Tpg
twelch = —
53 4 5m
ny + ng

i, Sa, na denote the mean,
standard deviation, and pixel
count of the reference
distribution (iron)

uB, S, ng represent those of
the test distribution (rust)

Iron-Concrete discrimination|

03/09/2026

POCA y (mm]

-200

—400

~600

Post-selection POCA XY, oxy = 50 um
N plotted = 4,047,943

-600

400  -200 0 200 400 600
POCA x [mm]

Saikat Ghosh, SINP

N
[N

N

200
175
150

125

19



Conclusion and future outlook

Locally fabricated THGEMs demonstrated stable operation and high gain, reaching >6 x 103
(single) and ~3.3 x 10* (double) in Ar-based gas mixtures.

Achieved >95% muon detection efficiency, with a peak efficiency of 99.5%, confirming suitability
for charged-particle tracking.

Excellent position resolution was achieved using COG reconstruction.

Detector performance showed dependence on gas composition and drift field, with Ar—CO,
providing superior resolution in the low-gain regime.

Muography simulations demonstrate that improved spatial resolution enhances material
discrimination and increases the fraction of image-suitable muon events.

Future: Scale up THGEM fabrication, develop larger readouts, and integrate multiple tracking
planes toward a full-scale muography system.

PSD14
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Thank you!




