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Reminder: the celebrated 24ps resolution in muons
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A)  We have trimmed GARFIELD++ to describe the experimental data
B) Went under the hood of GARFIELD++, and:
1.we identified microscopic quantities, in the drift gap, which determine the 

PICOSEC timing characteristics
2.we studied the behavior of the above quantities (e.g., the average of the 

the arrival times for the pre-amplification electrons  when reaching the 
mesh) as functions of natural phenomenological parameters (e.g the 
avalanche length) and as functions of parameters related to the 
experimental observables (e.g. number of pre-amplification electrons). 

3.we found behaviors that seem counterintuitive, (e.g that the avalanche as 
a whole drifts faster than the constituent electrons) 

Outline. Here: blue items. Next (Spyros): red

To get an insight on what is 
the cause this behavior, we 
developed a 
phenomenological model, 
which succeeds to 
describe statically the 
detailed GARFIELD++ 
simulation results 
and to offer coherent 
explanations for this 
behavior.  

RD51 Notes 2017-011 & 2018-004  

A draft note: 
in the process
of making 
2 paper drafts 
out of it

Kostas Paraschou's 
Master thesis



Observations in laser data → need to understand with Garfield++

Work supported by 
RD51 Notes 2017-009 and 2017-010

* Signal Arrival Time : at 20% of e-peak.  
* Divide signals in sets with different e-peak charge: 
     Signals with large e-peaks → earlier arrival times

* See time resolution here, 
but keep in mind that large 
e-peaks are more frequent 
when voltages are high.



l A)  Trimming GARFIELD++ to 
describe the experimental data



Use Garfield++ to simulate PICOSEC 
for single photoelectrons

COMPASS gas
(80% Ne + 10% CF

4
 + 10% C

2
H

6
) 

Pressure: 1 bar.

ANSYS for the electric field

Drift gap = 200 μm
Amplification gap = 128 μm
Mesh thickness = 36 μm

Anode volt age  = 450 V  
→ E =  35 kV/cm

Cathode voltage = 300-425 V 
→ E in [15, 21] kV/cm

Photo-electron

The details in the Garfield++ simulation (1)



We have seen that the anode voltage does not affect much the timing properties 
of the signal. So, we split the simulation in three stages:

1) Drift region: 
simulation till the 
mesh.

2)Simulation in the 
amplification region

3) Eletronics

Each photoelectron produces  105 – 106 other electrons:
A simulation of the amplification region as well would be very tme-consuming 
(~months, to cover the various voltage etc settings tried).   

The details in the Garfield++ simulation (2)



Stage 1 – Drift region

We start with one 
photoelecton, 
and we follow the 
avalanche it creates 
till the mesh.

We then count 
- how many electrons pass 
the mesh and when 



Stage 2 – Amplificion Region

We start from an electron 
which just passed through the 
mesh, 
we follow the avalanche it 
produces in the amplification 
region, and we count 
how many electrons arrive on 
the anode and 
the induced charge:
one-to-one correspondence.

Charge = number of electrons

The distribution fit nicely with a Polya (red) 
→  for each electron passing the mesh, we can get 
a  representative number of electrons on the 
anode, by picking randomly from this Polya.

Number of electrons

Induced charge



Find the parameters by using experimental data, in 
a statistically coherent way:
a) Take distributions of “mean arrival times” for the 
electrons reaching the anode (from Garfield++)
and convolute them with this shape for the 
electronic response,
and
b) Compare the result with  the average waveform 
observed in the experimental data.

Stage 3 – Response of electronics to single electron entering the anode region (1)

Look for the pulse shape 
produced from one electron 
passing the mesh and 
entering the amplification 
region.
Here is a guess: the 
difference of two logistics 
(we have seen that one 
logistic describes well the 
rising part of the signals in 
data) 

We have proved mathematically that, the technique 
is consistent and unbiased. It  is sufficient to  use 
only large-amplitude signals to evaluate accurately 
these parameters, which naturally can be used to 
describe the waveform of a signal of any amplitude. 



Stage 3 – Electronics (2) – technique is consistent and unibiased

See RD51 Notes 2017-011

And 2018-004 (Kostas Paraschou's thesis) 



Stage 3 – Response of electronics to single electron entering the anode region (3)

Average waveform

  its total charge

Response 
function of
the electronics
with all gains=1

(convolution)
Distribution of 
Mean Arrival 
times

(from the experimental data) (from the simulation)

Fiting the 
experimental 
pulse, get the 
parameters 
p0, p1,…,p6.

Noramlise
d

waveform



Pulse generation in Garfield++ – with no extra electronic gain (1)

Ν electrons pass through the mesh at times  τ1, τ2, …, τN

Each one of these N electrons contributes a pulse like what we found in the previous 
page, f(t) , displaced by the respective time τ1, τ2, …, τN, 
where the size of the pulse is put as a random variable drawn from the Polya 
describing the avalanche population (or the induced charge, equivalently).  

We thus, produce pulses with 
shapes like those in the 
experiment, but:

f(t-τi) is the shape of the electronics response:
in order for the simulated pulses to be exactly like 
in the data, we need the Gain, G, of the electronics 
in order to construct

G*S(t)



Which G, makes the simulated pulses G*S(t) like the data pulses?  Obviously G 
should be a constant. But:

450-400
G=27.8

450-375
G=30.2

450-425
G=21.9

Experiment
Simulation

→ There must be another phenomenon not included here....
In Garfield++ , all interactions between electrons and molecules are included, but 
not between molecules themselves.  
But, Ne has excited states at high enough energies, that, when de-exciting, can 
cause the ionization of C2H6. 
→ Such indirect ionizations are called the “Penning effect”

By putting as a free parameter, the probability, r,  to have such an exciting Ne to 
indeed cause an ionisation,
we found that 
the value of r=50% for the “Penning Transfer Rate”
allows to use a constant electronic gain G, independent of the voltage in the drift 
region.  

Pulse generation in Garfield++ – including the Gain of the electronics (2)



Including noise in the simulated pulses, they look like data 

There is a very good agreement between the results of this “trimmed” Garfield++ 
simulation  and data
And all the behaviours we see in the data, are also seen in the simulation results.  
. 

3.) The time resolution as a function of the signal charge is the same for all cathode 
voltages.

2.) The shape of the average-time dependance on the charge, is the same for all 
cathode voltages. 

1.) Big signals arrive earlier than small signals, like seen also in the data in the NIM 
paper.

We want to understand what causes this 
behavior



E.g., Big signals arrive earlier than small 
signals

Zoom

Zoom



l B)  Under the hood of GARFIELD++:

l Studying microscopic quantities which 
determine the PICOSEC timing characteristics



D-L

L

temit.=0

tion.

N electrons arriving on on the mesh, (ti, i=1,2…N)

M electrons passing through  the mesh, (tj+Δtj, j=1,2…M)

Definitions

• Total-time on the mesh:

• Total-time after the mesh:

• Photoelectron Transmission time: 

• (Pre-amplification) Avalanche transmission time:

Random 
Variables

T = Ttot - Tp 

Ttot = <ti>

Tm = <tj + Δtj>

Tp = tion



Correspondence bw microscopic and macroscopic infromation
In the GARFIELD++ simulated PICOSEC response to a single photoelectron, we have available:

Microscopic Information Macroscopic Information –Exp. Observable

Texp.

Texp. is a Random 
Variable

<Texp.> is the S.A.T.

RMS[Texp.] is the Timing 
Resolution 

Correspondence of experimental Observables to Relevant Microscopic Variables
Sets of avalanches of a certain e-peak charge

PICOSEC Timing Properties → statistical properties for pre-amplification electrons which passed 
through the mesh (population M, and time Tm)



In the following studies, use: 
Anode voltage of 450 V,
Drift voltages in the range: 325 V to 425 V. 
Penning Transfer Rate 50% (and also 0% and 100%)
We always start with one photoelectron 
→  Split the simulated signals in sets. Each set has :
l * Avalanches of certain length 
l * Avalanches of a certain electron multiplicity. 

We study the arrival times and their spread in the following cases: 

D-L

L

We start by looking  the length L 
of the avalanche is a natural 
parameter. 
E.g.,
the diffusion of the photoelectron 
has a variance proportional to  its 
drift length,
which is perfectly known  as D-L,
When knowing the avalanche 
length L.



144.45 <L<144.75 μm  

• The mean values 
of the transmission 
times depend 
linearly on the 
respective drift 
lengths.

l The sum of 
photoelectron and 
avalanche lengths 
is always = D, but 
the total time is 
not a constant → 
the drift velocities 
are different.

l  
l Passing through 

the mesh: just 
adds a constant 
time

Ttot(L) 

T(L) 

Tp(L) 

21

1a. Arrival times vs. avalance length L

the Wald distribution function, expressed as:

with the parameter μ to be the 
mean value and 
the shape parameter λ is  
related with the variance 
of the distribution as V[x]=μ3/λ.
 
 

Tp  is expected to  be  an “inverse  
Gaussian” (= “Wald” distribution). 
Also the others are.  

T
im

e

Avalanche length
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The photoelectron drift 
velocity before starting 
an avalanche 
is less than 
the average velocity 
with which the 
avalanche is drifting as 
a whole 

1b. Photoelectron & Avalance Drift velocities (1)
Anode Voltage: 450 V   -    Drift Voltage:425 V

 As expected, as the drift voltage increases the photoelectron drift velocity increases
(the inverse gets lower):

Let's see what happens as a function of the Penning Transfer rate
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The photoelectron drift 
velocity before starting 
an avalanche 
is less than 
the average velocity 
with which the 
avalanche is drifting as 
a whole 

1c. Photoelectron Drift velocities vs. Penning rates
Anode Voltage: 450 V   -    Drift Voltage:425 V

The Penning effect does not affect directly the drift velocity of the 
photoelectron. However it biases the selection of a subset of 
photoelectrons by demanding their first ionization to have occurred at a 
certain drift length. This selection-bias results to an effective 
photoelectron drift velocity, depending on the Penning Transfer Rate 

Increasing Penning Tranfer rate 
→ slower photoelectron & faster avalanche
Let's try to think first about the photoelectron:
The first successful ionisation caused by the photoelectron
determines its end (and the start of the avalanche)
When the Penning Trasfer Rate increases, there are more chances for the 
excitations of the Ne (which would occur anyway) to result in an ionization upon 
the Ne deexcitation
→ then, even if before that point, the photoelectron keeps moving the same way, 
no matter what the Pennig is, it has suffered less interactions before the end of 
it's life.
We see that (with these presumably fewer interactions) it manages to move 
forward with a slower average speed →  smaller drift velocity



Scatterings WITH some 
significant energy losses

Scatterings WITHOUT  
significant energy loss

Plots from Rob Veenhof

The more quencher we have, the faster we arrive somewhere forward.
The average forward speed of the very energetic rabbit is lower than the turtle!
Like a bounching ball: 
if only elastically scattered, it goes backward with a lot of energy and it looses time before the 
Electric field brings it back to forward motion again! 
So, with an inelastic collision, the photoelectron gains time compared to an elastic collisions!  → 
very important idea for the model presented by S. Tzamarias next

Plots from Rob Veenhof

Let's see what the quenching does: 



The distribution of the photoelectron’s drift length, before it ionizes for the first 
time. The solid line represents an exponential fit. The exponential slope estimates the 
probability of (direct ionization or indirect)  per unit length (hereafter,  the first 
Townsend coefficient).
At small drift lengths the Garfield++ points deviate from the exponential behavior due to the fact that, 
close to the cathode, the electrons should first acquire the necessary energy before they are able to ionize. 
Strictly speaking, the exponential law describes the photoelectron for drift lengths greater that about 10 
μm. 

• An electron drifting in a noble gas mixture loses energy with probability β per unit length, due to the excitation of the noble atoms, 
independently of the PTR. However the materialization of such a transferred energy as ionization is determined by PTR.

• The ionization probability, P(r),  per unit length can be parameterized as:                                 where r is the Penning Transfer Rate
•  A photoelectron, before the first ionization, drifts by Δz during a time interval Δt.  On average it undergoes                                      

inelastic interactions, exciting noble atoms and providing enough energy for indirect ionization but without such an ionization to take 
place. 

•   In case that the photoelectron did not lose any energy without ionization (i.e. r=1) , it would have drifted with a velocity,V0. 
•  In case that the photoelectron undergoes inelastic interactions before ionizes, it gains on average a time, τ, after each energy loss. 
•  Then, it follows that:                                                                                                                   which fits the GARFIELD++ drift velocities

and τ=17.9 10-3± 1.2 10-3 ns.

β=0.0366± 0.0007 μm-1 

at small drift lengths (<10μm): not enough energy to ionize

1c. Photoelectron Drift velocities vs. Penning rate r
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Photoelectron Drift Length

Exponential

When Penning present: add prob for Ne excitation to happen (β) 
                                      and prob for deexcitation to resut in ionization (r) 

The effective drift velocity depends 
on the Penning Transfer rate

Time-gain per interaction: 
see S. Tzamarias' talk for use of this idea



(left) The arriving-time distribution of  an avalanche’s electron at a 
longitudinal distance of 80μm  from the start of the avalanche. 
(right) The mean drift times of an avalanche electron versus the 
corresponding drift distances.

An individual electron in the avalanche drifts slower than the avalanche as a 
whole (!)  with a drift velocity independent of the Penning Transfer Rate.

1d. Check the drift velocities of electrons  inside the avalanche 

Photoelectron before the first Ionization: It suffered some or none energy losses due to excitations, which could produce 
indirect ionization. The number of such loses per unit length is determined by the PTR
Electron in the Avalanche: Undergoes all the possible energy losses (direct ionization, excitations with and without 
indirect ionizations). The number of such loses per unit length is independent of the PTR.

Garfield sees this behaviour, but does not offer a simple explanation: Can we reproduce 
quantitatively the observed behaviour? See S. Tzamarias' talk next



2a. Parameterization of the avalanche multiplicity

For avalanches with fixed length, 
the electron population is a Polya

The mean population depends on
the length:



2b. Avalanche multiplicity and mesh transparency
Anode at 450 V  -  Drift at 425 V

RMS/mean = almost 
the same 
→ θ is the same. 
for all Pennings,
but depends on the 
drift voltage 

mean after / mean before
= mesh transparency (tr)
= same for all Pennings
and all drift voltages
when anode is at 450V.   



Why do we have the observed dependence of SAT on the e-peak size ?

3a. Arrival times vs. number of electrons (N) on the mesh

Photoelectron Tp(N) 

Avalanche population on the mesh

Avalanche T(N) 

Total on the mesh Ttot(N) 
Total after the mesh Tm(N) T

im
e



Fit and we find 
a functional form:

ΔΤ = a*ln(N) + b

3b. Arrival times vs. number of electrons (N) on the mesh
What we can observe here, knowing already that the avalanche as a whole 
drifts faster than its' constituent electrons, is to see how much earlier it
arrives compared to what would be the case if it was drifting with the speed 
of the constituents: Avalanche is faster, ΔΤ is negative

Avalanche population on the mesh

Δ
Τ

- why is this dependence of the ΔΤ on the avalanche population?
- in the model we understand it  in terms of time-gains in the multiplication 
process 
   → see S. Tzamarias' talk next  



4a. Timing Resolution as a Function of the Avalanche Length.
The time spread, which is related to the avalanche transmission is almost independent of the avalanche length? 

 

Ttot(L) 

T(L) 

Tp(L
) 

144.45 <L<144.75 μm  

31

1. Constant RMS for avalance, no matter what it's length !!!
2. Photoelectron dominates time resolution, when it has enough drift length itself 
(large avalache length → small photoelectron drift length)
3. Avalanche and photoelectron contributions are statistically independent (at a 
given length the total RMS is the quadrature sum)
4. The passage through the mesh does not increase the time speard (black points 
on top of green points)

T
im

e 
R

M
S

Avalanche length

Observations we can make, 
but not expalain → see  
S. Tzamarias' talk next



4b. Timing Resolution from photoelectron as a Function of the Avalanche Length.
The time spread, which is related to the avalanche transmission is almost independent of the avalanche length? 
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As expected, the photoelectron drift 
time looks linear with its drift length 
And the time-variance also looks linear 
with photoelectron drift length (D-L).
 
But,  Why do we need  Φ?
We do not have events from zero. 
and close to the beginning, 
not enough scatterings
to be in statistical equilibrium
And talk about drift velocities, difussion 
coeeficients etc.



5. Timing Resolution as a Function of the Number of Pre-amplification Electrons. 
 

Time distributions from selected GARFIELD++ 
simulations, such that the number of pre-amplification 
electrons reaching the mesh to be in the interval 1225-
1295 electrons. 
a) the time distribution that a photoelectron drifts before 
it initiates an avalanche,
 b) the distribution of the avalanche transmission time, 
from the point of the first ionization until reaching the 
mesh, 
 c) the total-time distribution from the photoelectron’s 
emission until the avalanche’s electrons reach the mesh 
and 
 d) the total-time distribution from the photoelectron’s 
emission until the avalanche’s electrons pass through the 
mesh to the amplification region. 

1. the photoelectron & avalanche contributions to the total time spread are 
statistically, heavily correlated How comes this correlation? Next talk
2. The transmission through the mesh, at 450 V and 425 V anode and drift 
voltages, does not affect the resolution of the PICOSEC.
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Avalanche population on the mesh



Difference of 
Mean times before and 
After the mesh: 
constant difference
as a function of
avalanche length

Avalanche population on the mesh

Avalanche length

6a. Summarize the effect of the mesh

At 425V drift voltage

At 350V drift voltage

Difference of 
Mean times before and 
After the mesh: 
difference decreases
as a function of
avalanche population



Difference of 
Mean times before and 
After the mesh: 
constant difference 
as a function of 
avalanche population

6b. Summarize the effect of the mesh

Avalanche population on the mesh

Avalanche population on the mesh

At 350V drift voltage



6c. Summarize the effect of the mesh

Avalanche length

the mesh adds a constant delay and a constant spread, 
independent of the avalanche length

At 425V drift voltage



6d. Summarize the effect of the mesh

Avalanche population

the mesh adds a spread dropping with the  avalanche population

At 350V drift voltage



6e. Summarize a bit the effect of the mesh

Distribution of time needed to pass the mesh

The means and the RMS are found as a function of drift 
voltage

At 350V drift voltage At 425V drift voltage



7. All parameters than can be derived, are tabulated 
For various drift voltages, and are parameterized
As a function of them. 



Instead of Conclusions → a pass to the next talk



D-L
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