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ABSTRACT: The rapid development of general-purpose computing on graphics processing units
(GPGPU) is allowing the implementation of highly-parallelized Monte Carlo simulation chains for
particle physics experiments. This technique is particularly suitable for the simulation of a pixelated
charge readout for time projection chambers, given the large number of channels that this technology
employs. Here we present the first implementation of a full microphysical simulator of a liquid
argon time projection chamber (LArTPC) equipped with light readout and pixelated charge readout,
developed for the DUNE Near Detector. The software is implemented with an end-to-end set of
GPU-optimized algorithms. The algorithms have been written in Python and translated into CUDA
kernels using Numba, a just-in-time compiler for a subset of Python and NumPy instructions. The
GPU implementation achieves a speed up of four orders of magnitude compared with the equivalent
CPU version. The simulation of the current induced on 103 pixels takes around 1 ms on the GPU,
compared with approximately 10 s on the CPU. The results of the simulation are compared against
data from a pixel-readout LArTPC prototype.

Keyworbps: Computing, Time projection chambers, Simulation methods and programs
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1 Introduction

The idea of using a liquid argon time projection chambers (LATrTPC) for the detection of neutrino
interactions was first proposed in 1977 [1]. The detection mechanism is the following: charged
particles produced by neutrino interactions ionize the argon, leaving a trail of ionization electrons.
In addition, liquid argon also produces scintillation light, which provides calorimetric information
and a fast timing signal (O (10 ns) [2]). A fraction of the ionized electrons recombine immediately
with the positive argon ions, while the remaining ones drift towards the anode side of the detector
in a homogeneous electric field applied to the argon volume, which is usually O(100 V/cm).
Impurities present in the LAr (e.g. O, H,O, Nj) can attach a portion of the drifting electrons.
The amount of drifting electrons declines as a function of the distance from the anode, since the
electrons need to travel a longer path.

Typically, two or more arrays of sense wires are placed at the anode and assembled into planes.
The drifting of negative charges in a constant electric field induces a signal on the wires. Each
plane provides a two-dimensional image of the ionization: the position of the wire provides one
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dimension, and the time of the arrival provides the second one, since the drift velocity of the
electrons in the LAr is known and is typically O(1 m/ms). Using multiple wire planes can help
estimate the position of the ionization in three dimensions. However, ambiguities arise when drifting
electrons are isochronous or parallel to a wire orientation. Unambiguous 3D imaging of LArTPC
charge signals is possible using a readout system based on a pixelated array of charged-sensitive
pads, which has been demonstrated in ref. [3]. Both the typical distance between adjacent wires
and the typical pixel pitch are in the order of few millimeters. The position on the anode plane of
the involved pads provides two spatial dimensions, and the time of the induced signal provides the
third one. This truly three-dimensional readout provides better reconstruction efficiency and purity
than the 2D combined wire readout, as demonstrated in ref. [4].

Pixel readout requires the channel count used to be increased by a factor of 10 to 100 with
respect to wire planes. Thus, with this increased channel count and granularity simulation burden,
the transport of electrons in LAr and the signal induction on the pixel pads represent an ideal use
case for highly-parallelized, concurrent simulation algorithms. The development of general-purpose
computing on graphics processing units (GPGPU), which went hand in hand with the advances
in the machine learning and deep learning fields, has driven the design of the current generation
of supercomputers, such as Perlmutter at NERSC [5], which is a heterogeneous system with both
GPU-accelerated and CPU-only nodes. Implementing highly-parallelized simulation chains allows
full advantage of these new systems to be taken and enables the simulation of future pixelated
LArTPCs, which would otherwise not be viable with current resources.

The US-based neutrino physics program relies on present and future experiments using LArTPC
technology. The flagship experiment is the Deep Underground Neutrino Experiment (DUNE),
which will consist of a high-intensity accelerator neutrino beam, measured by near and far detectors
[6]. The Far Detector will consist of four 17-kiloton LArTPC modules located deep underground
at the Sanford Underground Research Facility in Lead, South Dakota, located 1285 km from the
beam source [7]. The Near Detector will be located at Fermilab, 574 m from the beam source, and
will contain a 67 t modular LArTPC called ND-LAr [8].

There are already some software toolkits for LArTPCs [9, 10] and there has been some effort
towards parallelizing the reconstruction stage [11]. However, the simulation stages have remained
mostly sequential and their speed up has been recognized as a priority by the community [12].

In this document we will describe the implementation of a set of highly-parallelized algorithms,
organized in a module called larnd-sim [13], that run on GPUs. They simulate the ionized
electrons recombination and drifting towards the anode, the generation of electronics signals on the
pixelated readout, and the processing of the signal by the front-end electronics.

2 Technical implementation

Recent rapid developments in the field of machine learning have stimulated the creation of several
tool-kits for GPU-accelerated applications. In particular, the NVIDIA® CUDA platform [14] allows
to use GPUs for general purpose computing via different programming languages. We opted for
Numba [15], which generates CUDA computing kernels using a subset of native Python and NumPy
code [16].



546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

A CUDA kernel is a function that is executed N times in parallel by N CUDA threads. The
threads can be organized in one-dimensional, two-dimensional, or three-dimensional blocks, which
in turn can be organized in one-dimensional, two-dimensional, or three-dimensional grids. Blocks
in the same grid contain the same number of threads, can run independently, and can be executed in
any order, while threads in the same block can co-operate through shared memory. CUDA kernels
typically store the result of the computation in a pre-allocated array passed to the kernel function.
The CUDA programming model requires a careful design of the algorithm: the shape and size
of the array where the result is stored must be known in advance and the threads must avoid race
conditions during execution®, thus the result of the algorithm must not depend on the order of
execution of the threads.

The software described in this document contains several CUDA kernel functions, separated
into two logical categories: one for the charge simulation, described in section 3, and one for the
light simulation, described in section 4. The functions simulate the detector response, including:
(1) the recombination of the electrons with the argon ions, (2) the drifting of the electrons towards
the anode, (3) the induction of electronic signals on the pixel pads and optical detectors, and (4) the
electronics response of the charge and light readout systems.

The simulation of the passage of the initial particles through matter is performed using
edep-sim [17], a wrapper around GEANT4 [18], which is independent from the larnd-sim pack-
age described here. The output consists of a set of short particle track segments, in the order of few
millimeters, which describe the energy deposition trail of each particle. The length of the segments
depends on the derivative of the stopping power dE /dx: the portion of a particle trail where the
dE /dx changes abruptly will be divided in finer segments than the portion where the dE/dx is
mostly constant. Thus, in a single segment, the energy deposition per unit length is assumed to be
constant. This approximation is valid when the segment length is of the same order as the detector
resolution — at much shorter lengths, fluctuations from the long tail of the dE/dx distribution fall
outside of the applicable region of recombination models, and at much longer lengths, correlations
in the dE/dx fluctuations become significant and the dE/dx width will be under-simulated. Within
these broad considerations, reducing the minimum size of the segments has not shown a significant
impact on the result of the charge simulation. This set S; is stored in a bi-dimensional NumPy array
containing the energy deposition and the spatial distribution of the segments:

Si :(fgsr-;sE)ls (2'1)

where 7 and 7, are four-dimensional vectors containing the spatial and timing coordinates of the
segment start and end points, and E is the deposited energy. This array is used as input for our
module. In order to minimize the memory transfer between the host and the device (in our case the
GPU), we allocate the NumPy array directly on the device memory using CuPy [19], a GPU array
backend that implements a subset of the NumPy interface. The output of the 1arnd-sim simulation
is then saved in a HDFS file [20]. The entire simulation workflow is shown in figure 1.

*In software, a race condition can happen when the behavior of the program depends on the relative timing of
multiple threads or processes.
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Figure 1: Diagram showing the full simulation workflow. The passage of the particle through
matter is simulated by edep-sim on the CPU. The output is fed to larnd-sim, which runs entirely
on GPU. Its output is finally saved in a HDFS file.

3 Charge simulation

3.1 Electron recombination

The first step of our simulation is to calculate the number of electrons that remain after the
recombination and start drifting towards the anode. We denote the initial charge ionized by the
particle as Qy, while the charge remaining after the recombination is given by Qg = % - Qp, where
Z is our recombination factor.

Two different models are commonly used to describe this phenomenon: the Birks model [21],
which gives spurious values when applied to high-ionization particles [22], and the modified Box
model [22], which doesn’t suffer from these issues but is inadequate to describe particles at low
stopping power (low dE /dx).

The recombination factor for the Birks model %Zg;;s can be parametrized as:

Ap

Rpirgs = ————2———
Biks = 17 &y e - dE Jdx

3.1
where Ay, and kj, are free parameters that usually depend on the detector and € is the product of the
electric field with the liquid argon density. The ICARUS collaboration obtained A = 0.800 and
kp, = 0.0486 (kV/MeV) (g/cm?) [23], which are the values used in our simulation.

The recombination factor the modified Box model %Zgo is defined as:

% _ log(a + /€ - dE/dx)
Box — ﬁ/edE/dx P

3.2)

where « and 8 are free parameters which were measured by the ArgoNeuT collaboration to be
@ =0.93 and B8 = 0.207 (kV/MeV)(g/cm?) [22]. In both cases, the typical recombination factor
for a minimum ionizing particle (MIP) is around 0.7. Our simulation assumes the Birks model by
default.

The implementation of the calculation of the recombination factors Zpiks or Zpox on the GPU
is trivial: the i-th thread of the Kiecomb(Si, #Z) CUDA kernel takes as input the i-th row of the
NumPy array containing the segments S and applies the recombination formula, so eq. (3.1) or eq.
(3.2). The result is stored in an appropriate column of the NumPy array. Currently, the simulation
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treats the recombination factor as a fixed number: although this is an approximation, the level of
fluctuations associated with it is significantly lower than the expected intrinsic noise of the detector,
which was measured with the prototype described in section 6.

Even if this operation is computationally inexpensive, it’s instructive to take a look at the perfor-
mance comparison between a sequential, interpreted Python for loop, a loop compiled on the CPU
using Numba, and the GPU implementation using a CUDA kernel. Figure 2 shows the processing
time needed to calculate Zgjs of eq. (3.1) as a function of the number of GEANT4 segments
given as input. The CPU-compiled version is obviously faster than the sequential interpreted loop
since the function is now translated into machine code. While the CUDA kernel processing time is
initially the largest, it doesn’t immediately scale with the number of input segments, so it starts being
the exponentially faster implementation with more than O(10%) segments, where it starts taking
advantage of the massive parallelization achievable by the GPU. The NVIDIA® Tesla® V100 GPU
used for this study can run more than 10° parallel threads. To give a figure of merit, a typical
neutrino beam spill in the ND-LAr corresponds on average to O(10°) segments.

100] — CUDA kernel
= CPU compiled
— - Sequential Python loop
w 107!
[0}
g 1072
=t
g
-3
7 10 /
f
8 104 ~
-
o >
10-5 /
M_y’f
10t 10? 103 104 10°

Number of segments

Figure 2: Processing time for the calculation of the recombination factor Zg;s of eq. (3.1) with the
GPU implementation using a CUDA kernel (blue), the CPU implementation using Numba (orange),
and a sequential Python for loop (green). For reference, a neutrino beam spill corresponds on
average to O(10°) energy deposition segments in the ND-LAr. This computation was performed
on a node of the NERSC Cori supercomputer, which contains two sockets of 20-core Intel Xeon
Gold 6148 (Skylake) at 2.40 GHz and 8 NVIDIA® Tesla® V100 (Volta) GPUs.

3.2 Electron transport in liquid argon

The electrons remaining after the recombination travel towards the anode at a constant velocity vgrift
(assuming perfect uniformity of the electric field), which is typically O(1 mm/ps). The time they
take to reach the anode is given by:

tarite = (2 — Zanode) / Vdrift» (3.3)
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where the electron drift direction is assumed to be along the z axis and where Zynoge is the z
coordinate of the anode.

The impurities in the liquid argon, such as O;, N, and H,O, can attach a portion of the drifting
electrons, so electrons farther from the anode will have a higher chance to be attached. This effect is
usually parametrized by a negative exponential, so the charge O, that effectively reaches the anode,
assuming uniform impurities and a perfect electronics response, is:

Qu = Or - exp(—tasift/7), 3.4

where t4;f; is the time the charge takes to reach the anode and 7 is a parameter that depends on
the concentration of impurities and it is usually called electron lifetime, which is in the order of
milliseconds for concentrations of O, at tens of parts per trillion.

Electrons drifting in strong electric fields do not diffuse isotropically, so it is necessary to
estimate both the longitudinal and transverse components with respect to the drift direction [24].

o = V2Dt (3.5)

where D is the longitudinal or transverse diffusion coefficient, which depends on the electric field

The diffusion length is given by:

and liquid argon temperature. In our simulation we set the longitudinal and transverse diffusion
coefficients to D; = 4 cm?/s and D, = 8.8 cm?/s, respectively. These values were obtained by a
preliminary ProtoDUNE-SP [25] analysis.

This information is calculated and stored in appropriate columns of the NumPy array in a
way analogous to the one described in section 3.1, where each thread processes a single segment
independently.

3.3 Electronic signal induction on a pixel
3.3.1 Field response

The current induced by a point charge on a given pixel within the anode is calculated using the
Shockley-Ramo theorem [26]:
Ipixel = q v-VW, (3.6)

where W is the weighting field potential, the normalized contribution of a single electrode to the
overall field, g is the particle charge, and v is the velocity of the particle. Within larnd-sim, the
induced current is pre-calculated for a point-like charge and referenced as a Iyixel [, x, y] look-up
table (LUT). The table contains the current induced by an electron placed at discrete (x, y) locations
on the anode plane at a discrete time ¢, where ¢ = 0 is the time when the electron is at z = 0.5 cm.
This value is chosen because of the observed flatness of the electric and weighting fields at this
distance.

The Ipixel[t,x, y] values are calculated as follows. In the region very close to the anode, the
electric field and the weighting field are calculated numerically. The geometry of a small volume,
including a central pixel with a pitch of 4.4 mm and its 8 nearest neighbor pixels, is modeled using
CAD software and converted into a 3-dimensional mesh using the Gmsh package [27]. The fields
are then calculated using the successive over-relaxation method as implemented in the Elmer FEM
[28] software package. The electric and weighting fields share the same geometry, but differ in
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the boundary conditions imposed on the problem. In the electric field calculation, the pixels are
grounded, with the backing plane at a small offset voltage, and the field on the cathode-facing side
of the volume is set to the nominal field of 500 V/cm. In the calculation of the weighting field, all
electrodes other than the central pixel are grounded, the central pixel is set to unit voltage, and the
voltage on the remaining conductors is set to zero. The results of these two field calculations are
shown in figure 3.

0 Drift Field Potential 0 ‘Weighting Field Potential 0
3 -0.1 3 0.8
6 -02= — 6 Oﬁg
E k= £ <
E 2 E 2
< -0 3§ Ny 045,
g £
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(a) Drift electric potential field in the region near (b) Weighting potential field in the region near a
the pixel plane. Shown is a slice in y along on a "pixel of interest". The central (x = y = 0 pixel
pixel center. The pixel surfaces are set to 0 kV, is set to a unit potential, while all other surfaces
while the gradient of the far field at the surface of are set to 0 potential. The resulting unitless field
z = 10 mm is set to 0.5 kV/cm. The color scale defines the susceptibility to current induction by
corresponds to the value of the drift potential. charges moving nearby.

Figure 3: The drift (Ieft) and weighting (right) field potentials obtained by finite-element analysis
in the region near a generic pixel. Shown are slices of the potential fields along an x — z plane which
crosses through the centerline of a pixel.

Next, the idealized drift paths (ignoring diffusion and attenuation effects) are integrated using
the ICARUS and Walkowiak [29, 30] electron transport models evaluated within the calculated
electric field. This model allows for the drift velocity to change as a function of the local electric
field, as the assumption of a perfectly uniform field is not necessarily true very close to the anode.
The drift paths are calculated for a grid of four hundred (x, y) positions, 0.5 cm from the anode
on the z axis. The resulting granularity on the x and y axes is 0.33 mm. Finally, we compute the
time-derivative of the weighting field potential along each path, which yields a charge-normalized
current series for a given initial charge position. The sampling in time is 0.1 ps. A select few drift
paths are shown in figure 4a, with their corresponding current series in figure 4b.

Farther from the pixel at z > 0.5 cm, the weighting potential is solved by treating the pixel as
point-like and using a method-of-image-charges approximation to fix the boundary conditions at
the anode and the cathode. The drift velocity is assumed to be uniform. The relative normalization
to the near-field calculation is then fixed by enforcing continuity in the current series at the time
boundary. Some re-scaling is performed on these current series to ensure they integrate to one
electron charge, as error is introduced in the drift path integration, as well as numerical error
present in the FEM solutions and their interpolated values. Figure 5 shows the tabulated induced
current on a pixel up to 30 us from the time of arrival of the drift electron. The agreement of the
near-field FEM model and the dipole far-field approximation across this surface seen in figure 5
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demonstrates that the transition surface at 0.5 cm is sufficiently far from the pixel plane.
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(b) Induced current on the pixel at (0,0) from
(a) Example drift paths for electrons starting at a example drift paths

short distance from a pixel centered at (0, 0).

Figure 4: To determine the near-field pixel response, we simulate the paths and velocities of drift
electron within a 3D FEM field model. Here we show the simulated electron drift paths (left), and
the corresponding induced current on the pixel (right) for a subset of the starting points used. The
color of the trajectory on the left corresponds to the color of the current induced curve on the right.

3.3.2 Induced current calculation

The electrons drifting towards the anode are diffused in the longitudinal and transverse directions,
as described in section 3.2. The ionization electrons corresponding to a GEANT4 segment will then
form a three-dimensional charge cloud. The induced current on a given pixel from this can be
calculated by taking the convolution of the pre-calculated pixel response model (see section 3.3.1)
and the charge density of the track segment:

I(Z) :/Ipixel(Z_Z/Vdax’y)p(x7y7 Z)dXdde Gad)

where p(x,y, z) is the 3-dimensional charge density including diffusion and Iixei (f — 2/va, X, y) is
the current response model at the given position and time tick, which is stored in the LUT described
in section 3.3.1. The positively charged ions also produce a current on the pixel, however the
magnitude of this current is more than 7 orders of magnitude smaller than the signal from the drift
electrons due to the small drift velocity of the ions, and so it is neglected in the detector simulation.

The calculation of 7(¢) is the most computational-intensive step of the detector simulation.
In order to reduce its complexity, we apply two approximations to the charge density: first, we
discretize the track segment along the track length into N points; and second, we approximate the
effect of diffusion summing the contribution from M random 3D perturbations of the sample point.



