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JAverage pulse curves are calculated for

d

n order of 1000 events.

JThe events individually undergo some

preprocessing to ensure good quality of

events.

IData measured with fast and slow
wavecatchers.

O

d

"he events with one proton were

selected for analysis. For electrons, it's

ready one electron.
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y
Normalised average pulse shapes.

1Considered the following cases: Pulse parameters from publication
Type of irradiation Decay constants, pus
T (Ay) T (A) T3 (Az)
* Electrons (measured)
¥ ray 0.7 (2%) 7.5 (9%) 25.9 (89%)
o particles 0.7 (4%) 5.6 (16%) 24.8 (80%)

* Protons 6 MeV, low energy (measured)

Measured pulses for protons compared
against measured electrons.

 Protons 15 MeV, high energy (measured)

* A|phaS, pUlse builds on values from Built pulses for alphas compared against
publication the built for gammas.
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y
Normalised average pulse shapes.
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IHere curves represent the ratio of the handrons and corresponding
electron pulses for each point in time.
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—— [Low energy protons - electros] (measured)
[High energy protons - electros] (measured)
5 4 —— [Alphas - electros] (from publication)
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stummary

Hadronic particle Max V,/V, Max q, difference (% of total charge)

High energy protons 1,12 1,85 %
Low energy protons 1,24 3,85 %
Alphas 1,55 5,95 %
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single event readings and synchro signal

DReference t|me |S half | Event number 2, fast wave catcher
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Eifect of event alignment by the synchro signal
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Event number 4, slow wave catcher

y
Event selections (clearing)-

Wavecatcher type: fast g
J 0.5 A
1200 4 H Good events U
Too many protons
| B Zero charge events A
2 1000 B Bad baseline events 0.0 4+ — T A s ot =
% 800 1 j 0 20000 40000 60000 80000 100000
E 600 - " Time [ns]
E
2 400 - I JI i ot number 6, fast wave catcher
ol |l e
1.0~
0 T T T (48]
0 10 20 30 40 50 60 i
Charge [nC] E
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8 Time [ns]
; 1000 -
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= 500 4
250 4
04 .
o ww woomo o JEvents were selected based on integrated charge
arge [n .
over all wavecatcher time.
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1proton vs 6 proton events comparison

700 700
I BEm 6 protons selection I Bl 1 proton selection
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1Curve averaged over
events that pass
selection.

1Zero baseline removed
(subtracted from all
readings)

1Zero time (x-axis)
redefined.

0.5 « Fast wavecatcher data
+ Slow wavecatcher data
0.4 4 . —— Fast wave catcher fitting start 90 ns
' . ave catcher fitting start 1200 ns
-
— -
2 0.3 3
@
o [ ]
E
£ 02 ht
-
L]
0.1
[
L ]
0.0 d—

0 500 1000 1500 2000 2500

JFast wave catcher pulse fit starts from 90 ns

1Slow wave catcher pulse fit starts from 1,2
microsecond.
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Fit methodology

Fy(t|Ar1—a, M—a)

= Alﬁ)\lt + 1426)\2?f + Agﬂ)\gt + A46)\4t

E‘s (t'C, A1—4: A1—4)

=C (Ale)\lt + AQGAQt + Age'\‘?t + A46)\4t + A5S€)\5st)

e A, - A, amplitudes, shared for slow and fast wave cathers

e )\ - )\ the exponential decrements. They related to the 7 parameters by
A\, = Tl Also shared between the slow and fast dataset measurements

e (' - the parameter for matching the voltage between different wave catchers.

15th exponent introduced
to correct electronics

I The fit is performed by finding the minimum of the loss function. Two loss functions considered.

MSE fit

L};(C’ A1—43 )\1_4) =

\/Z;;Vl i — Fi(t;|Cy Ar—y, )\1—4)}2

N

CHI2 fit

Lk(ca Al—é_l: A1_4) =

1
N

— Fy (4| C Ap—y, M- 4)}

ﬂMX

Yi

The final loss function to minimize is as follows

L(C,A1—g,M—q) = Lp(A1—g, Mi—g) + 1.1 - L(C, Ay, M)

The dual annealing minimization was used. | tend to be safe from falling into a local minimum, and the fit

does not depend on the initial parameter guess.
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y

ot exponent explanation -
o) Amplifude =-0.0024
JSolving the circuit for a pulse by applying Lf,f”‘l Tau =3417.1 ns]
Kirchhoff's rules would get something like
al + bl +cl = F (x) O s W e s e
Plateau

IStandard solution is

0.010 ~

0.009 +

I =Cie"t + Ce"t + F(x) | \fkmw

1Generally, it introduces more exponents

0.005 k T T T T T
110 120 130 140 150 160
Time ps

Falling edge
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Fast wave catcher CHI2n fit Slow wave catcher CHI2n fit
0.5 4
. _0.30 1 —— expl + exp2 + exp3
= =
= 0.4 - = 0.25 - — expl + exp2
2 £ 520 - C = 0.5To22Xpl
® 0.3 1 - 1) A=0.1835V; 1=26272.36 ns
E C = 0.89622 E 0.15 - 2) A=0.1086 V; T=8395.01 ns
© 0.2 1 1) A=0.1835V: T=26272.36 ns ) 3) A=0.1651V: T=987.79 ns
o ) ! ’ expl + exp2 + exp3 + expd = 4 g =
o 2) A=0.1086 V: T=8395.01 ns P P P P o 0.10 4) A=0.0989 V: T=163.82 ns
2 019 3)A=0.1651V; T=987.79 ns — expl+exp2 +exp3 2 0.05 - 55) A=0.0413 V; T=2838.26 ns
4) A=0.0989 V: T=163.82 ns — expl + exp2
O.D T T T T T T O.UO T T
wn w  0.002 A A
T T i
S 0.000 1 < 0.000 ‘--TW -
0 o :
o —UDGZ T T T T T T o —UDUE - r T T T T
0 500 1000 1500 2000 2500 0 20000 40000 60000 80000 100000
time [ns] time [ns]

JFit results for different methods of fitting (MSE) look alike.
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Comparing numhers

Component

tau [ns] A [V] Charge tau [ns] A [V] Charge tau [ns] A [V] Charge
26625,35 0,076 82,72% 25699,73 0,192 82,31% 26272,36 0,184 79,97%
8303,82 0,039 13,20% 7420,74 0,105 13,03% 8395,01 0,109 15,12%
823,71 0,056 1,89% 926,87 0,165 2,54% 987,79 0,165 2,70%
83,03 0,061 0,21% 152,07 0,096 0,24% 163,82 0,099 0,27%
0,017 0,040 0,041
2796,77 ’ 1,98% 2799,26 ’ 1,87% 2838,26 ’ 1,95%
(6,96%) ° (6,72%) ° (6,92%) °
Type of irradiation Decay constants, ps
T (A1) T2 (Az) T3 (Az)
y ray 0.7 (2%) 7.5 (9%) 25.9 (89%)
o particles 0.7 (4%) 5.6 (16%) 24.8 (80%)
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Single event readmgs and synchro signal

Event number 11, fast wave catcher

.f‘
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Eifect of event alignment by the synchro signal

ch3
— not aligned
0.20 4 aligned
'7% 0.15 |
g 0.10 1 Half height of rising edge
2 0.05 1 (later redefined as t=0 point)
(I) 560 10|00 15:00 20:00 25:00
time [ns]
S chs
\ . —— not aligned
n o015 ] Zero baseline, later subtracted sligned
5 from readings at each point.
E 0.10 -
g
Z 0.05 |
(I) 20600 40(|)00 60600 80(|)00 100|000

time [ns]
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Purely Cherenkov Events

Event number 13, fast wave catcher

Example of a purely 10 ’ : —— measurement 0.8
Cherenkov event : ' — -~ synchronisation
m 0-87 ! i L 0.6 ©
o : o
g 0.6 - ! : o E
£ 0.4 : | <
0.2 - i - 0.2
I |
0.0 - — s ~ - 0.0
Dsome Of the events 0 500 1000 1500 2000 2500
contain only Cherenkov Time [ns]
light, they were excluded .
from the analysis. .
‘5 0.2 1
Ch
s A =0.7386 V
:c'; 0.1 4 T= 287387 ns
Average curve of purely *
Cherenkov events (excluded 0.0 | | | | | | . |
from analysis). t0 redefined —>0 0 50 100 150 200 250 300 350
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Purely Cherenkovu/Scintillation event discrimination

IDiscrimination is performed based on the relationship between
charges accumulated:

* Fast wave catcher:

* Qc by pulse from 0 to 90 ns
» Qs by pulse from 90 to 1200 ns

« Slow wave catcher:

« Qc by pulse from 0 to 200 ns
« Qs by pulse from 200 to 1200 ns

ICharges Q are calculated by integrating readings over time.
JOhm's law applied. I = %, R=50 Ohm.
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Qc vs Os 2D plots

Qs [nC] from 90 to 1200 ns

fast wavecatcher

slow wavecatcher
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Oc vs s 2D plots Zoomed in

slow wavecatcher

fast wavecatcher 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0.0 0.1 0.2 0.3 0.4 0.5 0.6 ! . ) i ) | | B
| | | | | } |
2.5 4
2.0 4
1}
@ c
= 8
o
S 151 P
N 2
g 8
& 2
£

£ 10 s
& &
2 2
I 8
o

0.5 -

—0.2 1+
A 5 . ',.:‘ P S T [ :';'. e =041
0.0 R mﬁif%‘@:&{ S HLE M '
B —0.6 4
oo o1 o> o3 o o5 o 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Qc [nC] from O to 200 ns

Qc [nC] from O to 90 ns

Events below the red line are considered purely Cherenkov.
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Preprocessed data hefore fit

0.200 4 s Fast wavecatcher data
+ Slow wavecatcher data

CCurve averaged over "7 T Siowwe cochar fting sar 1000 s
events that pass
Cherenkov selection.

_1Zero baseline removed oo
(subtracted from all

0.000 A + ol

F'ea d | N g S) 0 500 1000 1500 2000

(1Zero time (x-axis) .
redefined. _IFast wave catcher pulse fit starts from 75 ns

1Slow wave catcher pulse fit starts from 1
microsecond. The test of start from 5
microseconds was performed as well.
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Fitmethodology =i .ry

= Alﬂ)\lt + AQE)\Qt + Agﬂ)\gt + A4€)\4t

Fo(t|C, Ar—g, Mi—4)

— C (Alﬁ)\lt + AQB)\Qt + Agﬁ)\gt + A46)‘4t)

o A, - A, amplitudes, shared for slow and fast wave cathers

e )\ - \; the exponential decrements. They related to the 7 parameters by
A\ = Tl Also shared between the slow and fast dataset measurements

e (' - the parameter for matching the voltage between different wave catchers.

I The fit is performed by finding the minimum of the loss function. Two loss functions considered.

MSE fit

Lk? (C' A1—4: )\1—4)

CHI2 fit

N 2
_ \/Zm Wi — Fr(ti|C, A1_g, M—y)] Li(C, Ar_g, Mig) =

N

— Fy (4| C Ap—y, M- 4)}

1
N Yi

ﬂMX

The final loss function to minimize is as follows

L(C,A1—g,M—q) = Lp(A1—g, Mi—g) + 1.1 - L(C, Ay, M)

The dual annealing minimization was used. | tend to be safe from falling into a local minimum, and the fit

does not depend on the initial parameter guess.
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Fast wave catcher MSE fit Slow wave catcher MSE fit

0.12 1 — expl + exp2 + exp3
2 0.15 4 2 0.10 - = expl 4 exp2
& & — expl
£ £ 0.08 A
o 0-10 - S 0.06 - C = 0.99346
E C = 0.99346 E l:l A=0.0756 V; T=25256.47 ns
o - 7= i 2) A=0.0423 V; T=5267.75 ns
2 0.05 | 1) A=0.0756 Vi T=25256.47 ns expl + exp2 + exp3 + expd 2 0.04 31 A0.0423 V. 1=5267.1
5 Y- 2) A=0.0423 V; T=5267.75 ns = ) A=0. ; T=780.47 ns
z 3) A=0.0463 V; T=780.47 ns expl + exp2 + exp3 Z 0.02 - 4) A=0.0528 V; T=93.81 ns
4) A=0.0528 V: T=93.81 ns — expl + exp2
0.00 L ; : . 0.00 1— '
@ ® 1 w 0.002 -
T 0.001 - . S | . A ey | B
S L.A - Mo 2 ah N At : C
S 0,000 1-ES g Hare s e RTINS 0.000 -
33 —0.001 - - ¥ T h '] > ; 1-5 l? 3
- ' T ' ' J & —0.002 - T T T T T T
0 500 1000 1500 2000 0 20000 40000 60000 80000 100000
time [ns] time [ns]
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CHI2 fit results

Fast wave catcher CHI2n fit Slow wave catcher CHI2n fit

0.12 1 — expl + exp2 + exp3
> 015 - > 0.10 4 —— expl + exp2
& a — expl
g £ 0.08 -
® ©
§ 0.10 - S 0.06 4 C = 0.98833
ki C = 0.98833 o 1) A=0.0719 V; 1=25978.51 ns
o 1) A=0.0719 V; T=25978.51 ns 5 0.04 4 2) A=0.0419 V; T=6500.17 ns
© expl + exp?2 + exp3 + expd
5 0-05 11 2) A=0.0419 V; T=6500.17 ns i e R S 3) A=0.0490 V; T=870.01 ns
Z 3) A=0.0490 V; T=870.01 ns — SXp. TexpsTexp Z 0.02 - 4) A=0.0537 V; T=97.98 ns
4) A=0.0537 V; T=97.98 ns —— expl + exp2
0.00 : ' : : 0.00 ;
« 0.002 - * Y x w  0.002
S O 1% % Fwal 2 2
S 0.000 "“\Ej"ﬁ"‘"“"! -+.+-..; --f\ﬁ - ndy W-J-.-rﬁ: e 3 0.000 1
& T ! “‘- P I"f £ -0.002 1 | | . . .
500 1000 1500 2000 0 20000 40000 60000 80000 100000
time [ns] time [ns]
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Fast wave catcher CHI2n fit Slow wave catcher CHI2n fit
0.12 7 —— expl + exp2 + exp3
> 0.15 - 2 0.10 - — expl +exp2
o o — expl
< < 0.08 A
E E
§ 0.10 - ¥ 0,06 - C = 1.0031
' C = 1.0031 T 1) A=0.0690 V; T=25900.00 ns
4] . 4]
=4 1) A=0.0690 V; T=25900.00 ns bl + exp2 + exp3 + expd 2 0.04 - 2) A=0.0460 V; T=7500.00 ns
E 0.05 - 2) A=0.0460 V; T=7500.00 ns exp]_ + expz N exp3 P E 3) A=0.0559 V; t=700.00 ns
Z 3) A=0.0559 V; T=700.00 ns P P P Z 0.02 A 4) A=0.0686 V; T=58.91 ns
4) A=0.0686 V; T=58.91 ns —— expl + exp2
0.00 4 . : 0.00 +—
n . . F W
© -2 P e N Fwnd A ] © 0.000 -
S 0.0000 f—dEXL N A I A Y LS IY W N -
g EH it S i M
@ - 1]
o -0.0025 L = : | | | & _0.005 4% | | | | |
0 500 1000 1500 2000 0 20000 40000 60000 80000 100000
time [ns] time [ns]
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y O
Fit if slow data starts froma s

Slow wave catcher CHI2n fit Fast wave catcher CHI2n fit
0.08 A
— expl + exp2 + exp3

> —— expl + exp2 > 0.15 4

% 0‘06 1 — exp]_ %

E E

kS kS

L 0.04 - C = 0.94197 0 0.10 -
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5 0.02 - 3) A=0.0532 V; T=857.68 ns 5 005 17 2) 4=0.0390 V; T=8183.37 ns pl N p2 N p3 P
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sSummary

Al
A2
A3
A4
taul
tau2
tau3
taud

0.9916
0.0765
0.0420
0.0462
0.0557

25091.66
5112.91

762.98
88.65

0.9883
0.0719
0.0419
0.0489
0.0537

25978.51
6500.17

870.01
97.98

1.0031
0.0690
0.0460
0.0559
0.0686

25900.0

7500.0
700.0
58.915

0.9420
0.0721
0.0390
0.0532
0.0528
26438.23
8183.37
857.68
93.12
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