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Cargo  Large scattering

Detectors Mild scattering

Detailed Imaging

B Muon Scattering
Tomography(MST) LRapid Detection

Highly valued these days

» Muon scattering angles reflect
certain material’s Z number

» But also are influenced by muon
energy

— Momentum information counts

X Enirins ET4
Misar 1.1
Sid Dew /TR
i mdf 4722133
Cerstant ET.34+255
Mean 1608 + 1.007
Sigma 2324+078

23.24

——— =~ 16.43ps
ﬁ p “ _;I ||||
%00 600 400 200 ﬁ'u_mu' ) a%rn'z' 'psauo
B MRPC-TOF o
Advantages:

» Excellent time resolution < 20ps
» Large sensitive area
» Stable performance

— Make up for absence of momentum
information in traditional MST
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B Cherenkov muon spectrometer for implementing muon momentum partitioning
| SCacEsEney ® [J. Bae et al. 2023]
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W ..

[V. Anghel et al. 2015]

0 Multl-MRPC TOF to partition muorI; momelttum into two values: high and low
W Fe P P

[Z. Luo et al. 2015]
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— Muon momentum information can significantly improve the performance of MST
Little research on fast response!
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B Simulated MRPC-TOF’s Performance
Time resolution of simulated MRPC: 30ps

Momentum Uncertainty vs Momentum

120 = L=1m

L=3m
= L=15m
0 4+ L=10m

Polynomial Fitting
L=3m L=35m

6 ~0.269-P3 6~0.161-P3

Momentum Uncertainty(Gelic)
a8

20 1

Momentum{GeW/c)

% The larger the muon energy, the greater the uncertainty. When the TOF spacing is 3m, the uncertainty
reaches 60% when the muon energy reaches 1.5GeV(35.83%). When 5m, the value will be 2GeV(44.73%)).

— During the simulation, to characterize the uncertainty, muons with lower energies follow Gaussian
distribution with true value as p, corresponding uncertainty calculated by formula as ¢, and muons with
higher energies were assumed to be uniformly distributed(3~5GeV). 5
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B Cosmic Muon Spectrum

Momentum Momentum
histogram ot histogram
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B Discrimination ability of MRPC-ToF(3m) of 4 materials 60s exposure time

Without Momentum

Exact Momentum 3mToF Momentum
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Compared to the case without momentum, using an MRPC-TOF with a 3-meter spacing to obtain muon

momentum can achieve better material discrimination ability.

6
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B Simulated Scenarios and relevant conditions based on GEANT4

% Sensitive area each detector: 1m?

% Volumes:

small volume: “box’model height: 1m
|3~5m large volume: “cargo’model height: 2.6m

TOF

TOF
DETECTOR _ DETECTOR _ DETECTOR % Filling materials(Background):

DETECTOR

(“heavy” —up to weight limit)
Wood, Fe

undetected _‘
| not record

% Exposure time:

30s, 45s, 60s, 120s(only for cargo)

Im (assuming flux: 10,000 min-'m-?)

DETECTOR _DETECTOR _DETECTOR % Materials inside volumes:

(All randomly placed) ‘
B U block (10cm cube) s P empty

& DETECTOR |

9 muy

% Geometrical acceptance(GA): B U block shielded by Pb(1, 2, 5cm)
3m length between 2 detectors—18.8% 4 comparison
Im length between 2 detectors—45.2% B Pb block(same size)
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B C(lassification Task

29

Unsafe case tagged “true” Safe case tagged “

If U block true, then empty case ;
@Never appear together

If shielded U block true, then Pb block of equal size

What should a classifier(simulated MST) do:
confirm true cases are true; false cases are false.
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B Data Analysis Methods:

Results& Analysis

Unsupervised method: EM-GMM = prior data training not required

(Expectation Maximization of Gaussian Mixture Models)
Supervised methods(next page)

B ROC Curve Results of EM-GMM(exact momentum)

Why EM-GMM: Since the scattering angles of muon follow 1 Gaussian distribution after passing through 1
specific material. For mixed materials, the distribution of the muon's scattering angles will become a mixture
of Gaussian distributions.

ROC curves by EM-GMM with 1000 iterations

Accuracy'to
determine fulse ™
cases are fa Ise S

Specificity
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ROC curves by EM-GMM with 2000 iterations
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Sensitivity
cases are ture

=
=1

No Significant difference can be observed.
Accuracy at optimal working point: ~73% =+unsatisfactory

45

Wood*“box”
B U block (10cm
cube)
Scenario of each
result will be
shown on slides
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BDT(Boosted Decision Trees)
B Supervised Methods: DNN(Deep Neural Network) = ROOT TMVA toolkit

CNN(Convolution Neural Network)

B 30s exposure with exact momentum:
Signal efficiency vs. Background rejection Signal efficiency vs. Background rejection

z i g 1 —
= n s - y
. A _\
L @ |
g I N
) g T BDT 0999 BDT 98.92
- o
5 06 g 06—
o 5 DNN 0.996 DNN 98.08
[5] [}
@ =2 L
“ 04 Same 04—~ CNN 0999 CNN 98.58

B o 1 ™| |Mva Mathod

0.2 "E";D“:d Ecenarlom_ .

I~ |— TMua_DNN_GRU || == TMVA_DNN_CPU

I~ — TMVA_CNW_GPL r —— TMWVA_CHN_CPU

0/ ( B

EW g | - y | L1 ' T L | | ) 1] IR T S Lo | ' R

B 0.2 0.4 0.6 0.8 1 0 0.2 0.4 06 _ 0.8 I
Signal efficiency (Sensitivity) Signal efficiency (Sensitivity)

Raw Data Enhancement

t I
Wood Not good Much Better
B ook (10em 10

cube)
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B Data Enhancement:

» Length correction: Muon’s path is always longer than material’s thickness.
/o

13.6 MeV | L L
gy = 120 MeV. /L {1 +0.0381In (—)]
L Pep Ly Ly
! Lpass =~ L/cosO.,,

/| (jout

» 2-D Combination: Muon scattering angle’s distribution on both planes follows Gaussian

distribution. 2D’s information is more sufficient.

theta theta

_ [ Fisiogrameall | _ [ Fisiogrameall |
200+ sigma : 0.021680 ! ::':‘ 1"""“‘ 200 sigma : CI.IIIEIEBO_ b L‘:‘ R "'°‘“'
o) Radiation Length | §531874 = s o Radiation Lencth ' &531874 Leow  auee
6 { nw? i
500 ; —|— 5':':'; ;
&0 jr' a-:-:-g ji'
30 i\ 300} i\
- / \ - / \
100 oot

ey TR Y R T T ¥ T g T T ¥ TR T R R
XZ plane YZ plane

» Angle weight(Dimensionality reduction): angles which count more got bigger weights 441
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B ROC Curves of MRPC-TOF:

Signal efficiency vs. Background rejection Signal efficiency vs. Background rejection Signal efficiency vs. Background rejection
P — s —— f —
g L ) L
c% a E L i H
€ 08 10 | T 08— | | ; ; 08—
g N | YT i )
§ 06— | g 06— 06—
5 1 g
! 30s : [ 45s _ 60s L
04 . . 0al. ! | | o
(WA hiothd P i [MvaMetnod  [Mva metrod
02— |—sor 0.2—{|—sor T 02— |—gor
— TMIVA_DN_CFRU P | moava_onn cru F | — Taiva_ohw_ceu
TMVA_GHN_CPU F | — Tava cNN cPU — TMVA_CNN_GPU
0 T T L T T L | PR AT T TR R NN TN TN T (N W SO T SN N BN i | T 1 Lo L PR
0 02 0.4 06 08 1 0 — 0
) A ) 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Signal efficiency (Sensitivty) Signal efficiency (Sensilivily) Signal efficiency (Sensitivity)

Same data under 3m MRPC-TOF momentum uncertainty can achieve relatively good results

AuCs Method Accuracy/% Method
BDT | CNN | DNN BDT | CNN | DNN
« | 30 [ 0.956 | 0.954 | 0.944 «| 30 | 88.58[(89.08)] 86.08
Wood*box” £ 7450976 | 0978 | 0.967 E| 45 |15 éﬁ% 91
" e %™ [ F 60 ] 0.992 0991 | 0.991 =160 |(96.73)] 9508 | 94.58
s

For boxes similar to the model, the accuracy of detecting a 10cm length U-block within 45s can reach 92%.
If the time 1s extended to 60s, 1t can reach 96%. 12
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B Results of MRPC-TOF with smaller GA:

Accuracy

Geometrical acceptance 18.8% (30s,45s,605s) :

All annotated numbers represent the best results of the three classifiers.  ® U block (10cm

cupne
Accuracy attained by MRPC-ToF:box with 18.8% efficiency 87 30/ Accuracy attained by exact mcmentum:box)with 18.8% efficiency 95.8%
- %1 Wood-BDT -
85 8103% --—‘::5:::::::‘:10 : h'.bgd-CNN 92 30/ _-.-‘"_-,—.:;
Y sozEEEEEETTT T Wood-DNN (1} apzieemII
. 77.3% aoegEEEET et * : Fe-IE;DT ’ [
] o_---oZIIREEETTT P B FeCNN i
:;::::Z:: :::: I Sy 74.5% ©{ m FeDNN R S

u
1 s o R e
" T TS Y ez _88'5 7o P 89.3%

70 -—-—"'""::::t::: ------------ B - . ) l-“:'_ ::: - o/ | _aem= - ===l
-------- el e 87.1% | T
P = Y I L = —’,-
. § J— =
‘J’F “.-Jﬂ .-—‘__' '—_t'
o . . e 85 1 e = LT
«| % Harder to distinguish SNMin_-~ 83.8% [ I o
. - gt e==TTT T
the heavier background o Vbod-CAN T
55 1 - e \Vood-DNN - I
-~ m FeBDT - P
. B Fe-CN B —a" e
e it i m Fe-DNN I
0 5 40 45 . 50 55 &0 o = P pa A o 0
Exposure Timefs Exposura Time/s

MRPC-TOF Exact Momentum

The more difficult the simulated scenario, the greater the loss on accuracy caused by the momentum
information, further highlighting the importance of momentum in MST.

13
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B “box” model with 2 geometrical acceptance

Geometrical acceptance 18.8% (30s,45s,60s) :

79

N 1.30/0 R b

- 77030/0 _';:::;_;:.__:____:_—::

. goIIIioeETTTT JE 74_._5%
g™ [5%EEEEE?:?::::::::::::::::::::::i):: ::: 1
*169.4% 71.5%

MRPC-TOF

Geometrical acceptance 45.2% (30s,45s,60s) :

()
Accuracy attained by MRPC-ToF:-box with 45.2% efficiency 96.8 A)
-

Wood-B0OT

. e ]
.| 3 oo 92.8% |
m FeBOT I e
® FedWN | - P Py
89.1%p" fo™ . --- e
:::1:--‘-""_';_‘___..-—""
| -
g 5 °
) 80.8% 81%
0 . ittt W—— S——
i Py
75.3% o f
R S
1.
= = @ 5 50 = &

Exposume Times

MRPC-TOF

B U block (10cm
cube)

* Geometrical Acceptance greatly
influences the accuracy.
OBVIOUS!

But not conflict with the exposure time:

1. Tt is more closely related to hardware

2. The geometrical acceptance increase the
muon amount by increasing the solid angle.

3. Muons with bigger incident angles can be

captured.

14
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B 3m TOF—5m TOF
18.8% GA “box”’model filled with wood(30s,45s,60s):

Accuracy attained by 3m MRPC-TOF Q™ 20/ Accuracy attained by S5m MRPC-TOF RR 0/"
B751 & Wooo-BOT W L es? _/,.u B8 ® WoodBOT .
*  Wood-CHH Pt ® Vbod-CHK [T
& Wooo-DNN ettt & Wooo-DNN L
%0 -‘,‘.-" . 86 4 0 T
81.3%, - 84.6%.
825 1 - o - s
B ,1*" : e ’,45"' -
B0 0 e e
i 17.3% . ’
3 WE{ g e . 79.1% T
o e - L e
0 e e o
& -
ira o % o
o ul a0
20 5 P L 5 55 0 E = 0 i ML:':TIM‘ . U bl % 1;' i’o"“
X e Timeis . Ll i
45.2%GA “box”model filled with wood (30s,45s,60s) : ock (10cm
Accuracy attained by 3m MRPC-TOF Arcuracy attained by 5m NF.PC-TG-Ube) 04 Q0
» Wood BOT 96.8% = Wood BDT /v:u 0
o | @ WoodCNM R ®  Wood CNM e
® Wood-DRN o ® Wood-DNN e
o " = = +
_-_"..-F' ,.-"'_‘ F‘..-"' ',""
; 92.8% 7 95%. ik
e - 1 . 1 __,r"‘i J__.--::-"”
=W - L - - et T
g ey '::«‘ B ’ _ L ;
4 189.1% e :
Tt 92.8%. |
s e 5 e ———
BB Fa - -
PP @ e
£ = P P 50 = 8 £ % 0 = &

Applying more precise momentum information brings improvement blftmlmffﬁited 15
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B Results of Supervised Methods: “cargo” model(45s,60s,120s)

“cargo” filled with :

Arcuracy attained by 3m MRPC-TOF

& Wooo-BOT
& Wood-CNN
& Vibod-DNN
B
T i
. 71.3% i

'F'd_:.--_-.-.-a-l_‘_":__‘_..-
L p

] 68-80/() d_rp_._..»-"- d,-—--"""j'_‘“_____-—f-"""_“"--_--

82.8%

% Accuracy decreases

i due to more| background
—more time is needed
| MRPC-TOF
5 &0 ) B P 100 110 20
Exposure Timels
(19 29 3
cargo” filled with Fe: 0
g Accuracy attained by 3m MRPC-TOF O A0 1 8.8 /0 GA
T e Woocor Oy:?} 0
& Wood-CHK e
6151 & Wood-DNN e
&0 62-%d__,—*"":--".’::::"’ [
625 e
- 9 - _.-"'J-'
oo S 270 “cargo”
“as - B U block (10cm
0 cube)

<
w

No classificat

10n ability

4

70

0 4

Aopuracy

MRPC-TOF

0

110 120

Accuracy attained by exact momentum

Radiation Physics and Detection Technology
——————. P ;
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96.3%

"

: P

7,39, 8%

. ]éxact Momentum
2 P m 0 n " e =

5

=]

Exposure Timeis

Accuracy attained by exact momentum

& Wood-BOT
& Wood CNR

AL

* 3.7 %

110

Exact Momentum

120

16
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B Results of Supervised Methods: “cargo” model 3m TOF—5m TOF (45s,60s,120s)
“cargo” filled with :

Accuracy attained by 3m MRPC-TOF 82.80/0 Accuracy attained by 5m MRPC-TOF 81 '3 %
& Wooo-BOT _ ®  Vood-BOT =
& Wood-CNN - = 8251 & WoodCNN -
& Wood-DNN - & Wood-DNN
& e *

: 3%

= = 750 1 80 B
i 68.8% A L T e R B —— -
i, fnsf "4
S . pa
of 18.8% GA...
,— g 0l ‘,5;’
L ]
éﬁ 50 (=1 il B0 L] 100 110 120 50 =+ m L ] _90 i) 1ma 120
Exposure Timel's Exposure Timeals
19 9 2
cargo” filled with Fe: 0
%o Accuracy ;ttalned by 3m MRPC-TOF 69-3 /0 Accuracy attained by Sm MRPC-TOF 70.3%
.| e e e “cargo” -l Lo
&  VWood-DNN P ! P
e _» M U block (10cm .
5.0 -_____::;::f' 0 pee T P
N 62. % cube) =1 62.8%
Twof §9:204+ 594%
F |
575 ,"'
55.0 55 e
825
50.0 WEETITETEEEE " S0 ¥
50 B m L] i) e 1na 120 50 B0 ™o i) a0 100 110 120
Exposure Timers Exposure Time's

Also seemed limited 17
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B Shielded condition(30, 45, 60s)
452% GA

==

Shielded in “box”: B Pb block

B U block shielded by Pb(1cm,2cm,5cm)

84.3%

. (1]
Accuracy attained by MRPC-ToF Accuracy attained by exact momentum 87.8 /0
85 | U
1cmPb-BOT A 8 1 87.6 /Q ,,,,,, L]
TemPb-CNN - "‘, ____________ 1

1cmPb-DKN ,_-“'_‘—f:79.9 % B | -

‘ o
- o .- P 85.8/0
e 188% T | “824ve

- EHEE®®®

80 - L ° -
0/ ------------- oA et
77 4 0 ZwbOW gz e o -
SemPb-BOT :"'""“-'ﬂ::: ------- B I I L P - s ,-'" _ozad
SCmPR-CNN - -7 TTmTe e | 2SR =T o B~ ¢ ()/
aaaaa = 181.8 0

ScmPb-DNN

- e - @ . ,"—,d"‘,—‘
| e +776.99 e
73.6 Ea(;s —=zIllo=-mmTTT i 03 /0
4

-
j
-
- -
= -

T 71.4%

-

Accuracy

=
SN0
AR

S
N

¥ 4 B N - o IcmPbEDT
--- T 78 | - -1 1emPb-CNN

| 107* g -80.5% .
LS I FO:7% = L e ‘80.5% o ImPb-DNN
------ - - - 2AmPE-BDT

______ - 7 - = [ ]
o el e O N B n ZmPo-CNN
67.8 0  —— Bt e I Oy f o T B XmPo-DNN
& | <SS I N —— ui 75 /0, - A SCmPbEDT
e - 4 SmPD-CNN
nl 4 SmPo-DAN

| ]
¥ ® o s ¥ » 0 0 5 12 P 0 5 60
Exposure Time/s

MRPC-TOF Exazpfml\n/rfgmentum

The results are still not bad within a short period of exposure, indicating that MRPC-TOF has the
potential to detect some hidden materials 18
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Future Work

Gas Inlet

Gas flow
controller

Gas bom4

3m
Momentum
Information
Scintillator / PMT1
/
PMT1 signal
MRPC
signal
Signal Logic
| / - Discriminator Unit
inti PMT2 figpal
( Scintillator PMT2 13 a
Cosmic Ray
Gas Outlet EJ.(ternal.
Amplifier trigger signal
Exhaust Gas | | :l\::;-erorm
Processing Unit GRS AD64A Computer

Radiation Physics and Detection Technology

Degscrtmeni of Erginssding Physicy

Performance Indicators:
Sensitive area: 50cm*50cm
Readout channels: 384
Position resolution: 0.8mm

SMRPC: 6

19
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Performance Indicators:

Sensitive area: 50cmx50cm

Readout channels: 384

Position resolution: 0.8mm

SMRPC: 6

20
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Simple gas
tightness test
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€ TOF-MRPC definitely improves the quality of MST

» For small containers, maintaining a relatively low geometrical acceptance for
muons with TOF-MRPC momentum estimate, it is possible to achieve a
detection accuracy of over 90% within 45s. For bigger cargos, over 80% within
2 min.

» Applying MRPC-ToF to MST for momentum measurement is highly realistic.
For better MST, momentum information is indispensable.

» 3m-TOF is enough, for the case of a small number of muon events, improving
the accuracy of momentum measurements has limited benefits.

» If hardware condition allows, improving geometrical acceptance is very

beneficial.

CNN and BDT are highly recommended choices for data analysis!
22
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Thanks For Your Attention!

(zy-c23@mails.tsinghua.edu.cn)
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Geometrical acceptance 45.2% (30s,45s,60s) :

B U block (10cm

0 o, cube)
Accuracy attained by exa!t%gnéﬂum:box with 45.2% efficiency 100 /0

o 4 t
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& A Sy
g o7 /:‘ ai
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L
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PP
94.6%
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| - e Wood-CNN
e e Wbod-DNN
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e m FeCHN
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Exact Momentum



