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Resistive electrodes and rate capability

Local charging and field recovery
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Simplified Photo-RPC cross-section, not to scale

How does electrode resistivity affect gain and timing at high rates?

Discharge protection

Resistive electrodes limit
the discharge current.
Local field reduction
helps quench a discharge.

Field recovery

Deposited charge reduces
the gap field locally.
Charge leakage restores
the field over time.




Rate effects from incomplete field recovery

Effective gap voltage o \oltage before each event
Low rate Voltage seen by an event
UO
N T/ L~ v =v,- v
| | 'Irime Gain

The local field largely recovers before the next event.

Hich rate Residual drop Lower effective voltage

reduces the mean gain.

Timing

Reduced and fluctuating
Time fields can broaden the
time distribution.

Events arrive before full recovery.
Schematic: same local region, recovery time and axis scales.
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Photo-RPC experimental setup

Photoelectron emission and avalanche Single-photoelectron operation
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Lower resistivity extends the rate capability

Single-photoelectron measurements at 2400 V

Mean integrated charge Time resolution
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Lower resistivity shifts gain loss and timing degradation to higher rates.



Timing at the same mean gain
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Can local field fluctuations account for the additional timing spread?
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Local voltage fluctuations and timing response

Incomplete field recovery

The residual voltage depends on
the charge and timing of
previous avalanches.

U; = Uy — AU(t))

The local voltage can change
both the mean time and
the intrinsic timing width.

0.4 4

0.2 1

Probability density
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Time residual [a.u.]

Spread at fixed voltage

Fixed voltages
— p(t | Ui)
— p(t | Uz)
— p(t | Us)

Combined response
m—(t)
Equal weights: 1/3 each

Each curve has unit area.

Schematic, arbitrary units

Var(t) = E[Var(t | U)] + Var(E[t | U])

Shift of the mean time
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Periodic baseline for rate-dependent gain

Fixed event interval T, fixed deposited charge, exponential recovery

Periodic steady state 1 Single-event recovery
_ dde
S — SU(t) =Ae t/t, A=-22
AU —T Ceff
2 Accumulation of previous events
A _ _
AUpre = A(e™ /T + e72T/T +...)
- Time AUpre - eT/T —1
© Same voltage before each event 3 Gain response at low rate
Uetf = Ug — AUpre 9) ~ g k(U=Uo) k from the low-rate HV scan
GO Mean charge < mean gain
Normalized mean charge for the rate fit Fit parameter
Q (R) . Q(R) N expl C2 CZ - klA
norm - = _
_ T = ——
Q, exp[1/(tRAS)] — 1 RAS

R: rate density AS: effective local area t: effective recovery time 11



Fits to the rate-dependent mean charge

Four electrode materials at 2400 V

Combined Fit Results Material parameters
g p [Q-cm] & T [ms]
% B TR 1.5 x 10° 6.682 0.887
2 1.4 x 10" 6.973 8.64
: ; ; ; ; ; : 3 x 10" 6.589 175
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....................................... : ; * Fused quartz
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Qnorm(R) = exp |~ o ro0s
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Random event intervals and voltage-drop sampling

Poisson arrival approximation Sampling prescription used here

p(At) = fe T4, f = RAS s — A
“oexp(4t;/t) — 1

Example: f = 1000 Hz, A=28.155V, 1= 8.64 ms

. f [Hz] (AU) [V]
Inter-event interval Sampled voltage drop
drawing branch DT from tree drawing branch D_HV from tree 1 1
Entries 90611 Entries 90611
12000~ Sid Dev 0000999 g Stab prasd
ev 0. E ev :
C Underflow 17 10000 E Underflow 68 50 48
L Overflow 62 9000 Overflow 0
10000 — 8000 =
- - 100 87
ot 7000E
L 6000
6000(— 5000 500 299
= 4000
4000 . 3000 1000 474
e 2000
- - 2000 708
okt L L L I M R G x10 ot S 560 L 10‘00 — 15‘00 — 2000 —
1 2 3 4 5 6 4 oT D_HV

The current sampler evaluates the periodic expression at each sampled interval.
13
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Model validation

Uy = 2400V
px 14107 QAC”" Stochastic local voltage model
Y oexp(dt /1) — 1 Ui =Uo — 4U;
Waveform resampling Garfield++ simulation
Select measured waveforms Simulate avalanches
at the effective voltage. at the effective voltage.

| |
I

Compare mean charge and time resolution with high-rate data
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Low-rate waveform library

2000-2650 V in 50 V steps CFD fraction: 20%

4,000 recorded waveforms per voltage Time-walk correction and Gaussian fit
T Distribution T Distribution After Calibration
200 hT . hT_calibration
L Entries 3589 = Entries 3589
180~ Mean 3.225 Mean 3.654e-05
E Std Dev 0.03631 Std Dev 0.02349
160— ¥/ ndf 63.94/33 %2/ ndf 42.05/31
C Constant 180.3+4.0 Constant 2536155
140 £ Mean 3.23+0.00 Mean 0.0005257 + 0.0003833
1 20; Sigma 0.02917 + 0.00046 Sigma 0.02218 + 0.00030
100~
80—
60—
40
20
Fiil Lol Uy |

W EE N bt b e b b peba b b by
8.6 27 28 29 3 31 32 33 34 35 36 0.1 02 03 04 05

Before: 29.17 ps After: 22.18 ps

RPC signal: green PMT reference: red

_ 2 2
Ot = .|Ototal Gsystem

At = tpmt — trPC
= /22.182 — 102 ps ~ 19.8 ps
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Waveform resampling method

Input: mean local signal rate f

1 Sample an event interval

l Exponential waiting time with mean 1/f

2 Calculate the effective voltage
l Apply the current voltage-drop prescription

3 Select a measured waveform

l Randomly sample at the nearest measured voltage

i Extract charge and time

Use the same event analysis as for the data

Time-walk correction and Gaussian fit of the resampled ensemble

Repeat
8,000 times
per rate

17



Waveform resampling results

Mean charge Time resolution Timing at the same gain
- ‘ 40— ‘ - — 50
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Resampling describes the overall measured trends.
Limited voltage coverage can bias the predicted
charge and timing distributions.

so-  f = 1130Hz
“0- R=100kHz/cm?
P HV=2400-AU

20001

1000~
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Garfield++ response model

avalgrid.SetElectronAttachment(0);

Uniform electric field within each simulated event avalsrid.SetElectronTownsend (alpha);

Calibrate the effective Townsend coefficient from the measured mean charge.

Q (U) = exp [aeff(U)d] Other transport parameters: gas file
Fit to the measured response Exponential continuation
1E+7 — Qvs HV
10000000 V= 12466000
i 1E+6
of

1000000 .//

1E45
1950 2100 2250 2400 2550 2700
Voltage [V] 100000
1500 1600 1700 1800 1900 2000 2100 2200 2300 2400
Polynomial fit above 2100 V Exponential extrapolation below 2100V

19



Comparison with high-rate measurements

Mean charge
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Both approaches describe the main trends.
At comparable mean gain, the high-rate distributions show worse timing.
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Conclusions

Electrode resistivity

Lower bulk resistivity shifts gain loss to higher rates.

Timing at matched mean gain

High-rate timing is worse much than low-rate timing at reduced HV.

Local voltage fluctuations

The model comparisons support a contribution to the extra timing spread.

Validation

Experimental-data resampling and Garfield++ reproduce the measured gain loss
and timing degradation.
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Appendix

Backup material

Rate scans and detector details
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Rate scans across electrode materials

Single-photoelectron measurements at 2400 V

p=15x10°1.4x10",3x10"and 2 x 10" Q-cm

Mean charge Time resolution
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The highest-resistivity sample is quartz.
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Photo-RPC detector and timing

Photoelectrons originate at the photocathode plane.

215 um gap, R134a / SFe / i-C4H10=90/5/5

2500V
0 =19.78 ps

After time-walk correction

Laser:/355 nm

Quartz window {} )
Charge particle

Gas out

photons j:V.\

3 mm MgF, glass

spacer
‘ 0.5mm resistive glass

Gas in

—— |

PC (5nm Cr, ground)
Anode (carbon, + HV)

215 um gas

Readout pad (35 um Cu) ¥
Readout PCB
1 1
o X X DOI: 10.1016/j.nima.2025.170593
t avy = EZ /i.nima

Qualitative scaling estimate
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Fits to the rate-dependent mean charge

Four electrode resistivities at an applied voltage of 2400 V.
The mean charge is normalized;

p[2-cm] = pls]
AS = (0.06cm)? is the laser-spot area and t = gy&,.p is the 1.5e3 6.682 0.000887
relaxation time. 1.4e10 6.973 0.00864
~ Combined Fit Results o i 1 3e11 6589 0.175
o Qnorm(R)|= e  e®8 -1, 2a1) (quartz) 4.2 0.7434
3 B >ty N c2 = kA
5 P p NN . N
g uJU”I“I”eu r\‘L ﬂ(::af:l:: '\\ ‘\\ \\’ \\
2opanEmes o\ kA ) )
\ \\ \ \\ Q=e etRAS-1 | at low rate, Q = e*Uo
1o” = b For Uy = 2400V, p = 1.4e10 Qcm
*  p=15x10° Qom, 1089 ms |~} i }
0 - \ '.
n P=1.4x10ﬁ£).cm,1:=8.64ms | 1 \ ekUO =5.5e6, => kUO — 15.5397;
* p=30x0"am e-i7500ms | L c2=kA=0.1823, => A=28.155
Y p-20x10% Qem, 174340 mg \ \ \ \
10—2 | IIHIHi | IIIIIII‘ | IIIIIIIi | IIIIIIIi | I L L L1 LA L1 LAl LI
107 1 10 10? 10° 10 10° 0° 7
Hale [HZ[CF‘I’I}P L A 28_ 155
Recovery time: estimated from material properties U= 1 - 1
Fit parameter: c2 =kA etRAS —1

e0.00864- R4S — 1



Data analysis

HV scan: 1900-2650 V in 50 V steps
Recorded waveforms: 4000 per voltage

CFD timing with a fraction of 20%, followed by time-

walk correction.

T Distribution

T Distribution After Calibration
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Waveform resampling with the voltage mode

Signal sampling and time-resolution analysis

Set the mean signal rate <f>

:

Sample a time interval dt
Tom an exponential distribution with mean 1/<f>

!

Calculate AU using the fitted formula

The voltage model selects the operating point for each

v Repeat sampled event.
Calculate the actual voltage: U = U, — AU 8_000
times

!

Randomly select a test signal
at the measured voltage closest to U

!

Extract charge and time

:

Apply TA correction and a Gaussian fit
to obtain the time resolution o,




