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INTRODUCTION ABOUT GARFIELD++



§ Garfield++ is an evolution of the previous Garfield tool (Rob Veenhof, 1984) 
with which shares functionality, and from which differentiates by some point:
§ treatment of charge carrier transport
§ user interface (ROOT-based)

§ Its main elements are:
§ ionization pattern: relativistic particles, X-ray absorption, (low-energy) ions or others
§ transport properties: transport and avalanche in gas mixtures or semiconductors
§ electric field calculation: different options available …
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INTRODUCTION ABOUT GARFIELD++

“Garfield++ is an object-oriented toolkit for the detailed simulation of particle 
detectors based on ionization measurement in gases or semiconductors”

http://cern.ch/garfield


➛ Primary Ionization

§ relativistic particles: HEED (High-Energy ElectroDynamics) program, extension 
of the PAI (Photo-Absorption Ionization) model

§ X-ray photoabsorption: interface with HEED
§ Ion tracks: imported results from SRIM† or TRIM‡. The first simulates the energy 

loss of ions in matter, the latter is a Monte Carlo extension that, in 
addition, accounts for individual ion trajectories

§ Other: ionization/avalanche in gases (Magboltz), interface with GEANT4, …
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INTRODUCTION ABOUT GARFIELD++

† Stopping Range of Ions in Matter;  ‡ TRansport of Ions in Matter

https://doi.org/10.1016/j.nima.2005.08.064
https://doi.org/10.1146/annurev.ns.30.120180.001345
http://www.srim.org/
http://garfieldpp.web.cern.ch/garfieldpp/examples/trim/
http://magboltz.web.cern.ch/magboltz


➛ Charge Transport

To find the drift lines of individual electrons and holes, the first-order equation 
of motion has to be solved.
Garfield++ offers (at least) two different strategies:
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INTRODUCTION ABOUT GARFIELD++

§ Runge-Kutta-Fehlberg (RKF) integration, proceeding 
by iteratively estimating the charge position, drift 
velocity and time step

§ Monte Carlo (MC) integration, based on macroscopic 
transport parameters

…plus even more accurate methods: see few slides ahead
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➛ Charge Transport: the Monte Carlo integration

§ a step of length ∆s = vd∆t in the direction of the drift velocity vd, relative to the 
local electric and magnetic field, is calculated. Time-step ∆t or distance-step ∆s 
must be specified by the user

§ a random diffusion step is sampled from three uncorrelated Gaussian 
distributions: one with standard deviation σ// = D//√∆s for the component 
parallel to the drift velocity and two with standard deviations σT = DT√∆s for 
the transverse components

§ the location is updated by vectorially adding the two steps
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INTRODUCTION ABOUT GARFIELD++



➛ Electric field

The field maps can be imported from text files or external FEM tools like 
§ Ansys
§ Synopsys® Sentaurus TCAD
§ Elmer
§ CST Studio
§ COMSOL Multiphysics

as well as defined analytically (only simple structures) or directly computed*
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INTRODUCTION ABOUT GARFIELD++

* through an interface with the neBEM (nearly exact Boundary Element Method) solver, or applying a thin–wire limit solution

http://www.ansys.com/
https://www.csc.fi/web/elmer
http://www.desy.de/~zenker/FLC/garfieldpp.html


Overview of the Simulation Flow
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INTRODUCTION ABOUT GARFIELD++

collision-by-collision 
description of particle 
tracks (microscopic MC)

can be imported or generated

electrons ionization in a gas
classes providing the field (and a pointer 
to the Medium object, if the geometry is 
generated with G++)
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SIMULATION OF
SOLID-STATE DETECTORS
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SIMULATION OF SOLID–STATE DETECTORS

Typical simulation-based design process of silicon detectors for HEP applications:

1.  geometry definition with TCAD tools (2D or 3D)1

2.  definition of active electrodes2 for the signal acquisition
3.  exporting field and potential maps (no need to redefine the 

mesh in Garfield++)

T
C
A
D

geometry, mesh,
doping ⇒ electric field, potential

weighting field,
weighting potential ⇒ signals4.  calculation of weighting field and weighting potential

5.  MC simulation of relativistic particles crossing the detector 
(HEED model)

6.  possible addition of readout electronic noise

G
+
+

1 to implement arrays, the user can define a periodicity of the geometry
2 to generate a weighting field/potential, one has to induce a small perturbation 𝛿V (∼1% of Vbias) on the collection electrode
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SIMULATION OF SOLID–STATE DETECTORS

To generate signals, once the weighting field has been generated, one has to set:
§ the incident charged particle type: e–, e+, µ−, µ+, π−, π+, K−, K+, p, !p, d
§ its momentum
§ the trajectory:

§ initial position and time vector (x0,y0,z0,t0)
§ direction vector (dx0,dy0,dz0)

Besides selecting the distance-step ∆s (or time-step ∆t) for the charge transport 
process, we also need to set the granularity of the signal acquisition, through:

§ initial time
§ final time
§ number of bins
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SIMULATION OF SOLID–STATE DETECTORS

Now we are ready to generate a signal
§ apply a potential step 𝛿V to the readout electrode:
§ compute the induced current through the Ramo-Shockley theorem
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weighting potential induced current

i(t) = −q ẋq(t) ·Ew (xq(t))

Ew (x) = −∇Ψw(x)

static
weighting 
potential

static
weighting 

field

induced 
current

Ψw =
Ψ(V+δV )−Ψ(V )

δV
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SIMULATION OF SOLID–STATE DETECTORS

In presence of internal gain, there are four options for the ionization coefficients
§ Grant:
§ Massey:
§ van Overstraeten – de Man:
§ Okuto – Crowell:

The default model is van Overstraeten – de Man, with coefficients
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AvOv,n = 7.030 · 10
5
cm

−1

AvOv,p = 1.582 · 106 cm−1 (E < 400 kV/cm)

AvOv,p = 6.710 · 105 cm−1 (E > 400 kV/cm)

BvOv,n = 1.231 · 106 V/cm

BvOv,p = 2.036 · 106 V/cm (E < 400 kV/cm)

BvOv,p = 1.693 · 106 V/cm (E > 400 kV/cm)

γ =

tanh

(

h̄ωop

2kB300K

)

tanh

(

h̄ωop

2kBT

)

αMas(E) = AMas exp

(

−

BMas(T )

E

)

αvOv(E) = γAvOv exp

(

−γ
BvOv

E

)

αOku(E) = AOku (1 + (T − 300)COku) E exp

(

−

(

BOku (1 + (T − 300)DOku)

E

)2
)

αGra(E) = AGra exp

(

−

BGra

E

)

BMas(T ) = CMas +DMas · T, with
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SIMULATION OF SOLID–STATE DETECTORS

Garfield++ allows the modeling of the front-end electronics by convoluting 
the induced current signal with a transfer function (delta response function)
The transfer function can be:

§ a user-specific function
§ a table
§ a pre-implemented analytic model, like the following n-stage shaper

Furthermore, also the noise can be added, reproducing a given equivalent-noise 
charge at the amplifier output
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f(t) = g exp(n)

(

t

tp

)n

exp(−t/τ), with tp = nτ
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SIMULATION OF SOLID–STATE DETECTORS

Example n.1: the p-i-n diode
Signals simulated with default

physics models and parameters

Garfield++: 180 GeV/c pions
TCAD Sentaurus: heavy ionn-Si

N

P
TCAD implementation
IN: geometry, grid, doping, physics
OUT: field, potential



M. MANDURRINO |  INFN REALISTIC MC SIMULATION OF SI PARTICLE DETECTORS FOR TIMING & TRACKING WITH G++  |  PIXEL2024 14 / 32

SIMULATION OF SOLID–STATE DETECTORS

Example n.1: the p-i-n diode
Signals simulated with optimized
physics models and parameters

Garfield++: 180 GeV/c pions
TCAD Sentaurus: heavy ionn-Si

N

P
TCAD implementation
IN: geometry, grid, doping, physics
OUT: field, potential

Parameters involved in the optimization

Garfield++:
§ mobility: Masetti model (default)
§ saturation velocity: Canali model (def.)
§ dimension along the 3rd axis: 10 µm
§ charge transport time-step: 1 ps

TCAD:
§ mobility/vsat: Extended-Canali model
§ track width: 3 µm
§ transient MaxStep: 1 ps
§ number of pairs/µm: ∼70
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SIMULATION OF SOLID–STATE DETECTORS

Example n.2: the LGAD

n-Si

N

P

p-gain

TCAD implementation
IN: geometry, grid, doping, physics
OUT: field, potential

Signals simulated with default
physics models and parameters

Garfield++: 180 GeV/c pions
TCAD Sentaurus: heavy ion

van Overstraeten
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SIMULATION OF SOLID–STATE DETECTORS

Example n.2: the LGAD

n-Si

N

P

p-gain

TCAD implementation
IN: geometry, grid, doping, physics
OUT: field, potential

Signals simulated with optimized
physics models and parameters

Garfield++: 180 GeV/c pions
TCAD Sentaurus: heavy ion

van Overstraeten

Parameters involved in the optimization

Garfield++:
§ mobility: Masetti model (default)
§ saturation velocity: Canali model (def.)
§ dimension along the 3rd axis: 10 µm
§ charge transport time-step: 0.1 ps

TCAD:
§ mobility/vsat: Extended-Canali model
§ track width: 3 µm
§ transient MaxStep: 0.5 ps
§ number of pairs/µm: reduced (probably 

to get rid of space charge effects)
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SIMULATION OF SOLID–STATE DETECTORS

Example n.2: the LGAD

N P

heavy ion

initial field used 
as input in G++

Initial t = 0 (grey) versus dynamic (black) electric field

cluster of electrons

⇒ Ongoing efforts to include the time-dependent field in Garfield++



CASE-I
CMOS DETECTORS FOR TIMING



ARCADIA project (INFN) towards the development of MAPS with gain
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VPT

Ntop

PW
Pback

thermal generation
current at borders

VFD

pixel dark current

w
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ki
ng

 re
gi

m
e

Operation regimeSensor concept
Ntop

Pback

Standard 110 nm CMOS process at LFoundry
n-type high resistivity substrate
n-epi active layer to increase VPT

PW
pixel electronics
1.2V MOSFETS

Main constraints
§ full-depletion condition
§ punch-through driven by the 

backside bias
§ edge breakdown (due to gain) 

induced by the topside voltage

Two border layouts
§ A1 – uniform multiplication
§ A2 (std.) – uniform response

A1 A2

CASE-I: CMOS DETECTORS FOR TIMING
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To have realistic predictions of the sensor figures-of-merit, the technology 
parameters have been previously tuned on electrical measurements

Pback floating

Ntop = V +
AC signal
PW = 0 V

p-gain/PW gap
depletion

Lateral pad capacitance

Parameters involved in the tuning:
§ implants lateral diffusion (p-gain, n+, 

p-wells)
§ p-gain implantation energy and dose
§ n-epi doping concentration

CASE-I: CMOS DETECTORS FOR TIMING
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Particle scan to investigate the impact of borders on charge collection

180 GeV/c
pion

A
B
C
D

Average signals at
different coordinates

simulated with Garfield++

less charge collected
in A (center) than in B

Sensor with gain and front-end
from ARCADIA run3 – layout A2

200 × 70 µm2 padA
B
C
D

PWp-gain

A B C D

Electric field profile extracted at different depths

CASE-I: CMOS DETECTORS FOR TIMING
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180 GeV/c pion

Further numerical investigations on the response uniformity:
§ Particle injection in the center of the active area

Time resolution estimated 
of the order of ∼50 ps 
(without electronics)

VNtop = 40 V
VPback = –40 V

CASE-I: CMOS DETECTORS FOR TIMING
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multiplied charges field lines
non-multiplied charges field lines

Further numerical investigations on the response uniformity:
§ Particle injection according to a random uniform distribution

180 GeV/c pion

cut @ 3.5 fC

VNtop = 40 V
VPback = –40 V

CASE-I: CMOS DETECTORS FOR TIMING
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multiplied charges field lines
non-multiplied charges field lines

Further numerical investigations on the response uniformity:
§ Particle injection according to a random uniform distribution

VNtop = 40 V
VPback = –40 V

Why the resolution is 
high although A2 was 
expected to have good 
timing performances?

random uniform

central

180 GeV/c pion

CASE-I: CMOS DETECTORS FOR TIMING
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Further numerical investigations on the response uniformity:
§ Particle injection according to a random uniform distribution

central

random uniform
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The field sag region
slows down the multiplied 
charges, deteriorating the 
overall sensor resolution

CASE-I: CMOS DETECTORS FOR TIMING
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Further numerical investigations on the response uniformity:
§ Particle injection according to a random uniform distribution
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45 V

40 V

improved time
resolution

random uniform

central

The field sag region
slows down the multiplied 
charges, deteriorating the 
overall sensor resolution

Other studies in the backup:
§ w/ and w/o noise
§ different pad widths
§ different sensor thicknesses

Increasing the top-side 
bias improves the 

performances (random)

CASE-I: CMOS DETECTORS FOR TIMING
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Simulated versus measured time resolution in a 50-µm-thick CMOS-LGAD

CASE-I: CMOS DETECTORS FOR TIMING

Oct 2024 
(preliminary)

Oct 2023

dashed curves are obtained by fitting
Garfield++ simulations (black)
in random uniform distribution 

configuration and
experimental data (blue)



CASE-II
CMOS DETECTORS FOR 4D-TRACKING
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We are about to integrate the RSD readout into the monolithic CMOS technology

CASE-II: CMOS DETECTORS FOR 4D-TRACKING

collection
(LGAD)

discharge
(AC-LGAD)

in
du

ct
io

n

large & fast
induction

slow discharge

Resistive AC-Coupled Silicon Detectors
(RSD) readout: continuous p-gain
and resistive layer, coupling oxide

Same process and substrates of CMOS-LGADs
(110 nm CMOS at LFoundry)

tptr

10%

90%

time

current

fast induction

discharge Cbulk

Rsheet

Cox

tptr

10%

90%

time

current

fast induction

discharge Cbulk

Rsheet

Cox

tptr

10%

90%

time

current

fast induction

discharge Cbulk

Rsheet

Cox



M. MANDURRINO |  INFN REALISTIC MC SIMULATION OF SI PARTICLE DETECTORS FOR TIMING & TRACKING WITH G++  |  PIXEL2024 28 / 32

To calculate induced signals in presence of finite conductivity elements we need 
an extension* of the Ramo-Shockley theorem based on the fact that signal 
formation depends on both charge movement in the drift medium and the 
time-dependent reaction of resistive materials
In addition to the usual procedure to extract the potential map, one has to run a 
transient simulation after applying the voltage increment 𝛿V, saving the 
potential at different points in time:

* see Refs. W. Riegler, NIM A 535 (2004) 287, W. Riegler, NIM A 940 (2019) 453 and D. Janssens, Ph.D. thesis (2024)

Ψw(x, t) = Ψp
w(x) +Ψd

w(x, t)

prompt
component

delayed
component{

Vbias → Ψp
w(x)

δV → Ψd
w(x, t)

⇒ Ψd

w
(x, 0) = 0,  with

CASE-II: CMOS DETECTORS FOR 4D-TRACKING

https://doi.org/10.1016/j.nima.2004.07.129
https://doi.org/10.1016/j.nima.2019.06.056
https://cds.cern.ch/record/2890572
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Standard procedure Modified procedure

Ψw(x, t) ⇒ Ψw(x, t) = Ψp
w(x) +Ψd

w(x, t)

prompt
component

delayed
component

Ew (x) = −∇Ψw(x)

static
weighting 

field

static
weighting 
potential

⇒ Hw (x, t) = −∇
∂Ψw(x, t)

∂t

dynamic
weighting 

field

dynamic
weighting potential

i(t) = −q ẋq(t) ·Ew (xq(t)) ⇒ i(t) = −q

∫ t

0

Hw (xq(t
′), t− t′) · ẋq(t

′) dt′

−q ẋq(t) ·Ew (xq(t)) direct induction

reaction from resistive medium

CASE-II: CMOS DETECTORS FOR 4D-TRACKING
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A real example of dynamic weighting potential            in an RSD at work:Ψw(x, t)
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CASE-II: CMOS DETECTORS FOR 4D-TRACKING
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A real example of dynamic weighting potential            in an RSD at work:Ψw(x, t)
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§ Garfield++ is a Monte Carlo toolkit optimized for simulation of ionization, 
charge transport and current induction in gaseous/semiconductor detectors

§ The tool demonstrates very good capabilities in reproducing subtle dynamic 
effects within the sensor, while significantly reducing computational time 
with respect to traditional FEM approach

§ Garfield++ stands out for some important features like the capability to import 
all the material parameter libraries and the mesh grid structure from TCAD, 
as well as to manage the signal induction in structures with resistive elements

This work would not have been possible without these funding and projects: RSD and ARCADIA INFN CSN5 
projects, the European Union’s Horizon 2020 Research and Innovation Programme, and the AIDAInnova programme

A special acknowledgment goes to the following people for their help and valuable discussions
U. Follo, D. Janssens, H. Schindler, G. Gioachin, G. Andrini, C. Ferrero, S. Durando, L. Pancheri
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SIMULATIONS OF TIME RESOLUTION

time resolution vs thickness
noise: 150 e– RMS
width: 40 µm

50-µm-thick

25-µm-thick

15-µm-thick

thickness: 15 µm
width: 40 µm

time resolution vs noise

𝜎t target: < 20 ps

M. MANDURRINO |  INFN REALISTIC MC SIMULATION OF SI PARTICLE DETECTORS FOR TIMING & TRACKING WITH G++  |  PIXEL2024 1

Time resolution vs. sensor thickness and noise



SIMULATIONS OF TIME RESOLUTION

Time resolution vs. sensor width

unfavorable w/d ratio

noise: 150 e– RMS
width: 40 µm

50-µm-thick

25-µm-thick

15-µm-thick

thinner substrates may 
introduce an increase of 

the jitter term
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50-µm-thick

15-µm-thick

noise: 150 e– RMS
width: 70 µm



FRONT-END CONTRIBUTION IN GARFIELD++

integrated pre-amplifier
transfer function
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