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Abstract: Large liquid argon time projection chambers (LArTPCs), especially those operating
near the surface, are susceptible to space charge effects. In the context of LArTPCs, the space
charge effect is the build-up of slow-moving positive ions in the detector primarily due to ionization
from cosmic rays, leading to a distortion of the electric field within the detector. This effect
leads to a displacement in the reconstructed position of signal ionization electrons in LArTPC
detectors (“spatial distortions”), as well as to variations in the amount of electron-ion recombination
experienced by ionization throughout the volume of the TPC. We present techniques that can be
used to measure and correct for space charge effects in large LArTPCs by making use of cosmic
muons, including the use of track pairs to unambiguously pin down spatial distortions in three
dimensions. The performance of these calibration techniques are studied using both Monte Carlo
simulation andMicroBooNE data, utilizing a UV laser system as a means to estimate the systematic
bias associated with the calibration methodology.

Keywords: Detector modelling and simulations II (electric fields, charge transport, multiplication
and induction, pulse formation, electron emission, etc); Noble liquid detectors (scintillation, ion-
ization, double-phase); Performance of High Energy Physics Detectors; Time projection Chambers
(TPC)

ArXiv ePrint: 2008.09765
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1 Introduction

To accurately reconstruct the trajectories of charged particles that travel through a liquid argon
time projection chamber (LArTPC), it is essential to precisely know the magnitude and direction
of the electric field throughout the active volume of the TPC. The electric field is designed to be
uniform throughout the TPC, established by the cathode, anode planewires, and field cage geometry.
However, electric field non-uniformities, such as those due to space charge effects (SCE), result
in “spatial distortions” or modifications to the trajectories of charged-particle-induced ionization
electron clusters as they drift to the TPC sense wire planes [1].

A study of such effects at MicroBooNE [2], a LArTPC neutrino detector at Fermilab that is 85
tons in active mass, was previously performed using muon tracks reconstructed in the TPC. These
tracks were required to pass through a small cosmic muon tagger [3] on top of the cryostat in order to
reconstruct their position in the drift direction. Figure 1 shows the entry/exit points of reconstructed
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Figure 1. Entry/exit points of reconstructed cosmic muon tracks coincident with a signal from a muon
counter located outside of the cryostat. The points are shown in the – plane. In the absence of SCE and
the associated non-uniform electric field in the detector volume, the points should be located strictly along
the TPC boundaries (dashed lines). The anode is located at 0 cm while the cathode is at 256 cm.

tracks associated with muons from data in the rectangular MicroBooNE TPC projected onto the
– plane, where is aligned opposite to the ionization drift direction ( 0 256 cm), is
the vertical direction ( 116 116 cm), along the zenith axis, and is the beam direction
( 0 1037 cm). This simple map of the TPC volume, with the track points reconstructed under
the assumption of uniform electric field, is indicative of a distorted electric field within the detector.
Instead of being located strictly along the TPC boundaries, the entry/exit points exhibit an offset
from the edges of the TPC that increases in magnitude as the track origination point is further from
the anode in . Trajectories of ionization electrons originating from the cathode, which undergo the
longest possible drift before being detected by the sense wire planes, tend to be distorted more than
those originating closer to the anode. This significantly complicates the reconstruction of charged
particle tracks, both in terms of spatial and calorimetric information.

A continuous, spatially varying distribution of excess electrons or ions within a drift volume,
referred to as space charge, can affect the operation of a broad range of detectors involving drifting
charge as the signal of interest [4, 5]. Space charge is produced in LArTPC detectors from the build-
up of slow-moving positive ions, which originate from electron-ion pair creation via ionization
activity in the detector. As MicroBooNE is a surface detector with negligible overburden, the
cosmic muon flux (20–30 muons in the active volume per 4 8ms readout window at the nominal
drift electric field of 273 9V cm) creates a significant amount of charge build-up from slow-moving
positive argon ions. This charge build-up substantially impacts the drift electric field within the
TPC volume, as the argon ion drift velocity (approximately 4mm s [6]) is roughly five orders
of magnitude smaller than the ionization electron drift velocity (approximately 1 1mm µs; see
section 4.1) in the MicroBooNE TPC. The resulting distortions in the drift electric field lead to

– 2 –
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modifications to the paths and total drift time of ionization electrons, as well as a varying amount of
electron-ion recombination [7], which is sensitive to the magnitude of the electric field, in different
parts of the TPC [8]. These effects, if not taken into account, would result in incorrect reconstruction
of particle position and deposited energy. The observation of distorted tracks illustrated in figure 1
is indicative of the presence of SCE in the MicroBooNE TPC active volume. Because the positive
ions tend to draw drifting ionization electrons closer to the center of the TPC, with the effect more
pronounced when the drift time is longer, tracks originating closer to the cathode have reconstructed
entry/exit points that are more offset from the edges of the TPC active volume.

We present a study comparing spatial distortions from the SCE predicted in simulation with
those observed in MicroBooNE data. This work focuses on estimating SCE in the detector using
cosmic muons, and is complementary to efforts aimed at extracting the electric field throughout
the detector using a UV laser system at MicroBooNE [9, 10]. Spatial distortions near the faces of
the TPC are probed using single cosmic muon tracks and those throughout the bulk of the TPC
are estimated using nearly intersecting pairs of cosmic muon tracks; pairs of tracks allow for the
spatial distortions in the middle of the TPC to be unambiguously determined in three dimensions.
The spatial distortions estimated with this method are shown to be consistent with the presence
of SCE in the MicroBooNE LArTPC. Application of SCE corrections derived from this method
on three-dimensional points along the trajectories of reconstructed laser tracks, produced using the
aforementioned UV laser system, are shown to straighten the tracks. Furthermore, the estimated
spatial distortions can be used to determine the underlying electric field distortions, allowing us
to account for the varying amount of electron-ion recombination throughout the detector, which is
relevant for both particle identification and particle energy measurements.

2 Simulation of space charge effects

We have simulated the impact of space charge on the electric field within the TPC, along with the
distortions in reconstructed ionization electron position at different points within the TPC volume.
This simulation uses a Fourier series solution to the boundary value problem to solve for the electric
field on a three-dimensional grid within the TPC volume, an interpolation between the grid points
using radial basis functions to find the electric field everywhere in the TPC, and ray tracing using the
RKF45 (“Runge-Kutta-Fehlberg”) method [11] to simulate the expected distortions in reconstructed
position of ionization electron clusters. This last step requires knowing the dependence of the drift
velocity on the electric field, . The SCE simulation makes use of a drift velocity model that
is established using a fifth-order polynomial fit to ICARUS T600 drift velocity measurements [12]
performed at a variety of electric fields and at the same cryogenic temperature as at MicroBooNE
(89K). The data-driven calibration results shown later use an improved drift velocity model that
includes a drift velocity measurement made at MicroBooNE, which is discussed in section 4.1.

For the SCE simulation, we assume that the charge deposition rate from cosmic muons is
uniform across the TPC volume. Based on the known angular spectrum of cosmic rays [13], which
initially produce roughly 50,000 electron-ion pairs per centimeter, we arrive at an ion generation rate
of 1 6 10 10 C m3 s at a drift electric field of 273 9V cm, including the impact from electron-ion
recombination. Ignoring higher-order effects of the electric field distortions on the space charge
configuration itself, we approximate the space charge density as linear with respect to the distance

– 3 –



�
�
�
�
�
+
*
/
4
5
�
�
�
�
1
�
�
�
�
�

xanode

ρ 
[n

C
/m

3 ]

xcathode

90

0 x

Figure 2. Space charge density as a function of the position assumed in the simulation. The space charge
density at the cathode, 90 nC m3, reflects both the expected rate of cosmic ray charge deposition and effects
of recombination. The distribution is independent of and in the simulation (an approximation).

from the anode plane and independent of and . The linear space charge density profile used in
the simulation is shown in figure 2 for a drift electric field of 273 9V cm.

Representative samples of simulation results are shown in figure 3 and figure 4, which illustrate
the impact of space charge on both the drift electric field (figure 3) as well as the distortions in
reconstructed ionization electron cluster position (figure 4). At MicroBooNE’s drift electric field
of 273 9V cm, the expected maximal impact on the electric field according to the simulation is
10–15% in both the drift and transverse directions. The impact of space charge near the center
of the detector is primarily in the direction due to cancellations from similar amounts of space
charge at smaller/larger values of and . On the other hand, the impact of space charge near the
edges of the detector is mainly in the and/or directions due to the boundary condition imposed
by the field cage (nominal electric field in the direction) and the much larger asymmetry of space
charge in the / directions near the TPC edges.

The simulation provides a useful estimation of the distortions in reconstructed ionization
electron cluster position within the MicroBooNE TPC and elucidates basic features that we might
expect in the data. However, there are several limitations of the simulation that motivate the need
for a data-driven technique for fully characterizing the effect. The flow of liquid argon, which
moves positive argon ions into or out of the active TPC volume, is not simulated. Also, the charge
deposition from cosmic rays throughout the TPC may not be uniform as a result of enhanced
cosmogenic activity near the top of the detector due to interactions in the detector overburden,
which would lead to greater ion production rates closer to the top of the TPC active volume. Finally,
the linear space charge density assumed in the simulation (see figure 2) approximates the ion drift
speed, roughly 4mm s [6] at a drift electric field of 273 9V cm, as constant throughout the TPC,
while the electric field distortions arising from the SCE itself break this assumption.

– 4 –
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3 Track samples and datasets

Since the SCE impacts the electric field in the TPC and track reconstruction in three dimensions,
knowledge of the three-dimensional information associated with tracks is necessary to constrain
the effect. When cosmic ray muons are reconstructed in MicroBooNE, their positions along the
drift direction are reconstructed with an offset proportional to the difference between the time when
the track passes through the TPC and the TPC readout trigger time, as the charge takes a finite
time to drift to the anode before any signals are observed. This quantity, referred to as 0, enables
determination of the true position of the track in the drift direction. While a variety of methods
exist to determine 0 for a given cosmic muon track, the 0-tagging method used in the present work
is briefly summarized below.

The 0-tagging method is visualized in figure 5. The track associated with each cosmic
ray is reconstructed in three dimensions using the Pandora multi-algorithm pattern recognition
software [14] employed on TPC signals, either simulated or collected with the MicroBooNE
detector. Pandora builds tracks by constructing two-dimensional clusters from proximate “hits,”
which are distinct depositions of charge on wires. These two-dimensional clusters are combined
across the three wire planes to form three-dimensional clusters of deposited charge, which are
reconstructed into particle tracks if they are line-like in nature. Cosmic rays are assumed to be
through-going (passing through two faces of the TPC). This is a good assumption as the vast
majority of cosmic rays have high enough momentum to pass through the TPC completely without
stopping. Next, the track is required to either enter or exit through exactly one of four faces of the
TPC: top (high ), bottom (low ), upstream (low ), or downstream (high ). If this condition
is met, and the cosmic ray is through-going, the cosmic ray must either enter or exit through the
anode or cathode. Depending on the angle that the reconstructed track makes in the – plane (or
– plane), the cosmic ray is determined to be either “anode piercing” or “cathode piercing” (see
figure 5), and the value of 0 is assigned to the time associated with the signal peak on the waveform
at the part of the track closest to either the anode or cathode, respectively. A “flash” of light seen
in one or more of MicroBooNE’s 32 eight-inch photomultiplier tubes (PMTs) [15] is required to
be found at the same time as the determined 0 value (within 1 µs) in order to increase the purity
of the 0-tagging technique. In principle, it may be possible to obtain the 0 information for cosmic
muon tracks using strictly the PMT flash information, though this is complicated for near-surface
LArTPC detectors by the presence of many cosmic muon tracks in a single event and associated
ambiguities with matching TPC tracks to PMT flashes (an active topic of research).

The drift coordinate of each 0-tagged track is obtained using the known drift velocity ( drift) of
ionization electrons in liquid argon at an electric field of 273 9V cm, 1 098mm µs (see section 4.1).
Validations using Monte Carlo simulation and data-driven methods utilizing an external cosmic ray
tagger [3] have shown this 0-tagging method reconstructs the track 0 correctly 98% of the time
for anode-piercing tracks and 97% of the time for cathode-piercing tracks.

For the study of MicroBooNE data, multiple datasets are used. The study uses TPC readout
windows where the incoming neutrino beam is off, giving an event which only includes cosmic
ray activity. Approximately 5M events of this type were collected; however, to achieve sufficient
statistics for the calibration, only 200k events are needed. For SCE time dependence studies,
which require greater statistics, all 5M events are used (see section 7). For Monte Carlo (MC)
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( a) ( b)

Fi g u r e 5. Ill ustr ati o n of t h e 0 -t a g gi n g  m et h o d us e d i n t h es e st u di es.  T h e drift c o or di n at es of c os mi c r a y

tr a c ks ar e c orr e ct e d usi n g t h e ass u m pti o n t h at t h e c os mi c r a y is t hr o u g h- g oi n g, r e q uiri n g t h e tr a c k t o p ass

t hr o u g h o nl y o n e  T P C f a c e i n or , a n d usi n g t h e a n gl e of t h e tr a c k i n t h e – pl a n e ( or – pl a n e) t o

d et er mi n e if t h e tr a c k is ( a) a n o d e pi er ci n g or ( b) c at h o d e pi er ci n g.  T h e k n o w n i o ni z ati o n el e ctr o n drift

v el o cit y, drift , is t h e n us e d t o c orr e ct t h e drift c o or di n at e of t h e c os mi c r a y tr a c k.  T h e tr a c k b ef or e a n d aft er

c orr e cti o n is s h o w n b y t h e s oli d a n d d as h e d li n es, r es p e cti v el y.  B ef or e t h e c orr e cti o n ( w h e n t h e 0 of t h e

tr a c k is ass u m e d t o b e t h e tri g g er ti m e), t h e tr a c k i n c orr e ctl y a p p e ars t o st o p i n t h e  mi d dl e of t h e  T P C.

si m ul ati o n st u di es of c os mi c  m u o ns, a p pr o xi m at el y 1 M e v e nts ar e g e n er at e d usi n g t h e  C O R SI K A

g e n er at or [ 1 6 ].  T his us es t h e n o mi n al  Mi cr o B o o N E d et e ct or si m ul ati o n [1 4 , 1 7 – 1 9 ] as  w ell as

t h e si m ul ati o n of S C E d es cri b e d i n s e cti o n 2 .  B ot h d at a a n d si m ul ati o n us e t h e s a m e e v e nt

r e c o nstr u cti o n c h ai n [1 4 , 1 8 , 1 9 ].  E a c h e v e nt i n d at a c o nt ai ns 1. 5 0 -t a g g e d tr a c ks o n a v er a g e,  w hil e

e a c h  C O R SI K A  M C e v e nt c o nt ai ns 3. 0 0 -t a g g e d tr a c ks o n a v er a g e.  T h e diff er e n c e b et w e e n t h es e

t w o 0 -t a g gi n g r at es is l ar g el y d u e t o  C O R SI K A o v er esti m ati n g t h e o v er all c os mi c r a y r at e, t h o u g h

t h e diff er e n c e i n S C E i n d at a a n d  M C c o ntri b ut es t o t his r at e di ff er e n c e as  w ell.

4  C ali b r ati o n  m et h o d ol o g y

T o esti m at e S C E t hr o u g h o ut t h e d et e ct or,  w e first d et er mi n e t h e o ff s ets i n r e c o nstr u ct e d c h ar g e p o-

siti o n ( “s p ati al dist orti o ns ”) t h at aris e d u e t o t h e u n d erl yi n g el e ctri c fi el d v ari ati o ns.  T h e u n d erl yi n g

el e ctri c fi el d dist orti o ns c a n b e e xtr a ct e d fr o m t h e s p ati al dist orti o n  m a p  wit h t h e a p pli c ati o n of

M a x w ell’s e q u ati o ns a n d k n o wl e d g e of t h e n o nli n e ar r el ati o ns hi p of drift v el o cit y t o el e ctri c fi el d

(s e e s e cti o n 4. 1 ). F urt h er m or e, it is a d v a nt a g e o us t o us e r e c o nstr u ct e d c h ar g e p ositi o n as o p p os e d t o

t h e a m o u nt of r e c o nstr u ct e d c h ar g e t o is ol at e t h e i m p a ct of S C E  wit hi n t h e  T P C, as a v ari et y of ot h er

d et e ct or e ff e cts, s u c h as att a c h m e nt of i o ni z ati o n t o el e ctr o n e g ati v e i m p uriti es i n t h e li q ui d ar g o n,

c a n i m p a ct t h e a m o u nt of c h ar g e c oll e ct e d at t h e  T P C  wir es. Fi n all y, t h e p ositi o n of r e c o nstr u ct e d

c h ar g e d e p osits i n t h e d et e ct or  m ust b e c orr e ct e d usi n g t h e s p ati al o ff s ets d eri v e d fr o m a d at a- dri v e n

c ali br ati o n. I n a d diti o n t o s p ati al dist orti o ns c o m pr o misi n g p arti cl e r e c o nstr u cti o n, t h e f ail ur e t o

c orr e ct f or S C E  m a y r es ult i n u n w a nt e d v ari ati o ns i n  m e as ur e d i o ni z ati o n c h ar g e p er u nit l e n gt h

t hr o u g h o ut t h e d et e ct or d u e t o l o c ali z e d “s q u e e zi n g ” or “str et c hi n g ” of c h ar g e.
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Fi g u r e 6. Ill ustr ati o n of t h e t hr e e st e ps of t h e c ali br ati o n  m et h o d e m pl o y e d i n or d er t o esti m at e s p ati al

o ff s ets ass o ci at e d  wit h S C E at  Mi cr o B o o N E. I n cl u d e d is t h e a n o d e- pi er ci n g f a c e c ali br ati o n (l eft), c at h o d e

c ali br ati o n ( c e nt er), a n d b ul k c ali br ati o n (ri g ht).  T h e first t w o st e ps ( or a n g e a n d r e d arr o ws) c orr e ct t h e e n d

p oi nts of t h e “tr u e ” tr a c k tr aj e ct ori es,  w hil e t h e t hir d st e p ( gr e e n arr o w) yi el ds a s p ati al o ff s et  m a p t hr o u g h o ut

t h e  m aj orit y of t h e  T P C v ol u m e t o b e us e d f or c orr e cti n g t h e r e c o nstr u ct e d p ositi o n of i o ni z ati o n c h ar g e.

T o d et er mi n e t h e s p ati al dist orti o ns fr o m S C E t hr o u g h o ut t h e  Mi cr o B o o N E d et e ct or, t h er e ar e

t w o o pti o ns:  m a k e us e of t h e  U V l as er s yst e m i nst all e d at eit h er e n d of t h e  T P C [9 ], or utili z e

t hr o u g h- g oi n g c os mi c  m u o ns.  W hil e t h e  U V l as er s yst e m h as t h e a d v a nt a g e of k n o wl e d g e of t h e

tr a c k’s tr u e p ositi o n, it ill u mi n at es a r estri ct e d r e gi o n of t h e d et e ct or v ol u m e d u e t o t h e li mit e d

m oti o n of t h e r e fl e cti n g  mirr ors.  T h e s et of l o c ati o ns i n t h e d et e ct or  w h er e t w o l as er b e a ms

c a n n e arl y cr oss, all o wi n g f or a n u m a bi g u o us t hr e e- di m e nsi o n al s p ati al c orr e cti o n, is li mit e d. I n

c o ntr ast, t h e c os mi c  m u o n c ali br ati o n is a bl e t o  m e as ur e S C E dist orti o ns i n n e arl y all r e gi o ns of t h e

T P C.  T h e st u d y pr es e nt e d i n t his  w or k e x pl or es t h e s e c o n d o pti o n t o c o nstr ai n t h e s p ati al dist orti o ns

ass o ci at e d  wit h S C E.  A s e p ar at e e ff ort e x pl or es t h e e xtr a cti o n of t h e s p ati al dist orti o n  m a p usi n g

t h e  U V l as er s yst e m [1 0 ]; t h es e t w o  m a ps c a n b e  m er g e d t o o bt ai n gr e at er pr e cisi o n a n d c o v er a g e,

a n d t h e u n d erl yi n g el e ctri c fi el d dist orti o ns c a n b e e xtr a ct e d fr o m t h e c o m bi n e d s p ati al dist orti o n

m a p.  T h e el e ctri c fi el d dist orti o n  m a p c a n t h e n b e us e d t o c orr e ct f or v ari ati o ns i n t h e a m o u nt of

el e ctr o n-i o n r e c o m bi n ati o n e x p eri e n c e d b y d e p osit e d c h ar g e t hr o u g h o ut t h e  T P C v ol u m e.

O n e  m et h o d f or o bt ai ni n g t h e s p ati al dist orti o n  m a p usi n g t hr o u g h- g oi n g c os mi c  m u o ns is

pr es e nt e d i n fi g ur e 6 .  T h e  m ai n pri n ci pl e of t his t e c h ni q u e is t o fi n d t h e “tr u e ” e n d p oi nts of

0 -t a g g e d c os mi c  m u o n tr a c ks t h at pi er c e t h e  T P C f a c es t o esti m at e t h e a ct u al tr aj e ct or y of t h e

p arti cl es t hr o u g h t h e  T P C, i g n ori n g e ff e cts of  m ulti pl e  C o ul o m b s c att eri n g ( w hi c h ar e a v er a g e d o ut

w h e n usi n g a l ar g e s a m pl e of tr a c ks); t h e “tr u e ” tr aj e ct or y of t h e  m u o n t hr o u g h t h e  T P C c a n t h e n

b e c o m p ar e d t o t h e r e c o nstr u ct e d tr a c k t o esti m at e t h e i m p a ct of S C E.  T h e i n di vi d u al st e ps of t his

c ali br ati o n t e c h ni q u e ar e dis c uss e d i n d et ail b el o w.

4. 1  M e as u r e m e nt of n o mi n al d rift v el o cit y

B ef or e c arr yi n g o ut t h e S C E c ali br ati o n pr o c e d ur e, it is n e c ess ar y t o d et er mi n e t h e n o mi n al drift v e-

l o cit y of i o ni z ati o n el e ctr o ns i n t h e  T P C at  Mi cr o B o o N E’s n o mi n al drift el e ctri c fi el d of 2 7 3 9 V c m .

T h e n o mi n al drift v el o cit y is us e d i n t h e first p ass of p arti cl e r e c o nstr u cti o n,  w hi c h ass u m es a u ni-
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form electric field and a constant drift velocity, to convert times associated with ionization charge
arriving at the TPC wire planes into physical distance in the drift direction.

A set of tracks crossing both the anode and cathode that is a subset of the sample of 5M
events described in section 3 is used for this measurement and amounts to 27k tracks in total. The
drift times associated with ionization from the cathode side of the tracks forms a distribution that
peaks at 2 321ms, corresponding to the maximum possible drift time associated with ionization
in the TPC. The measured cathode-anode drift distance is 254 8 cm at room temperature, which
is calculated to shrink to 254 4 cm at 89K, the operating temperature. An additional 0 5 cm is
added to account for cumulative space charge effects in the drift direction for charge originating
near the cathode, as predicted by the SCE simulation discussed in section 2. This leads to a
calculated nominal drift velocity of 1 098 0 004mm µs. The uncertainty is dominated by a
0.3% uncertainty that is associated with variations in the cathode-anode drift distance across the
detector, estimated using TPC survey data taken prior to installation of the MicroBooNE TPC
into the cryostat. Another contribution is a 0.2% uncertainty associated with the SCE correction,
which may be different in data; a relative uncertainty of 100% is associated with this a priori
correction, from which the contribution of 0.2% to the uncertainty on the drift velocity is derived.
Additional 0.1% uncertainties on this measurement arise from the statistical uncertainty on the
timing measurement as well as potential bias associated with reconstructing the length of the muon
tracks. These four sources of uncertainty added in quadrature yield a 0.4% uncertainty on the drift
velocity measurement.

The result of the nominal drift velocity measurement is shown in figure 7, along with previous
measurements made in the ICARUST600 detector at a variety of different electric fields [12]. These
measurements are directly comparable as the operating temperature was 89K for both detectors.
Very good agreement is observed between the MicroBooNE measurement and the ICARUS T600
measurements, the latter minimally impacted by space charge effects due to the detector being
underground. For this reason, the results shown in this paper make use of a drift velocity model
that is formed by fitting a fifth-order polynomial to the ICARUS T600 data combined with the
MicroBooNE nominal drift velocity measurement. The fit parameters associated with this model
are given in table 1.

Table 1. Fit parameters associated with the drift velocity model used in the SCE calibration procedure; the fit
function is a fifth-order polynomial, 0 1 2

2
3

3
4

4
5

5. In this parametrization,
is in units of kV cm and is in units of mm µs. 0 is forced to zero in the fit.

Fit Parameter Value

0 0.0

1 5.534

2 6 531

3 3.208

4 0.3897

5 0 5562
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Fi g u r e 8. Ill ustr ati o n hi g hli g hti n g t h e 5 c m g a p b et w e e n t h e fi el d c a g e a n d i nstr u m e nt e d  T P C v ol u m e i n

t h e  Mi cr o B o o N E  T P C, l o c at e d at t h e e d g es of t h e  T P C i n a n d .  Gi v e n t h e 1 c m r a di us of t h e fi el d c a g e

t u b es, t his l e a ds t o a 4 5 c m o ff s et o n a v er a g e i n t h e ass u m e d tr u e c h ar g e d e p ositi o n l o c ati o n f or i o ni z ati o n

d e p osit e d n e ar t h e e d g es of t h e  T P C i n t h e a n d dir e cti o ns.  T h e o v er all d et e ct or di m e nsi o ns ar e n ot dr a w n

t o s c al e i n t his ill ustr ati o n.

di m e nsi o n al v o x el at t h e  T P C f a c e,  wit h a v o x el si z e t h at is a p pr o xi m at el y 1 0 c m i n b ot h di m e nsi o ns.

T h e c o m p o n e nt of t h e c orr e cti o n v e ct or ort h o g o n al t o t h e  T P C f a c e is f o u n d fr o m t h e tr a ns v ers e

dist a n c e of t h e tr a c k e n d t o t h e  T P C f a c e, a d di n g a n a d diti o n al 4 5 c m t o a c c o u nt f or t h e a v er a g e g a p

b et w e e n t h e fi el d c a g e a n d i nstr u m e nt e d  T P C v ol u m e t h at is dis c uss e d a b o v e ( d at a e v e nts o nl y).  T h e

ot h er t w o c o m p o n e nts ar e i d e nti fi e d usi n g pr e di cti o ns fr o m t h e si m ul ati o n d es cri b e d i n s e cti o n 2 .

F or i nst a n c e, at t h e t o p of t h e  T P C, t h e tr a ns v ers e dist a n c e of t h e tr a c k e n d t o t h e t o p of t h e  T P C

yi el ds r e c o, a n d t h e ot h er t w o c o m p o n e nts ar e d et er mi n e d b y

r e c o r e c o si m si m ( 4. 1)

a n d

r e c o r e c o si m si m ( 4. 2)

w h er e r e c o, r e c o, a n d r e c o ar e t h e r e c o nstr u ct e d s p ati al o ff s ets i n t h e , , a n d di m e nsi o ns,

r es p e cti v el y, a n d e. g. si m si m i s t h e r ati o of s p ati al off s ets i n t h e a n d di m e nsi o ns

as pr e di ct e d b y t h e S C E si m ul ati o n.  W hil e t his st e p of t h e c ali br ati o n r eli es o n t h e pr e di cti o ns of

t h e si m ul ati o n, t h e d e p e n d e n c e is  mi ni m al b e c a us e t h e off s et i n t h e dir e cti o n ort h o g o n al t o t h e  T P C

f a c e ( b y f ar t h e l ar g est c o m p o n e nt of t h e c orr e cti o n v e ct or) is d eri v e d i n a d at a- dri v e n f as hi o n.

T his  m e as ur e m e nt is o nl y  m a d e f or r e gi o ns f ar e n o u g h a w a y fr o m t h e a n o d e s u c h t h at t h e

tr a ns v ers e s p ati al dist orti o ns ass o ci at e d  wit h s p a c e c h ar g e c a n b e  m e as ur e d.  D u e t o t h e a v er a g e g a p

b et w e e n t h e fi el d c a g e a n d i nstr u m e nt e d  T P C v ol u m e of 4 5 c m , t h e i n w ar d s p ati al  mi gr ati o n of

tr a c k e n d p oi nts c a n n ot b e d et e ct e d u ntil t h e  m a g nit u d e of t h e s p ati al dist orti o n is at l e ast 4 5 c m .

T his l e a ds t o a l a c k of d at a- dri v e n  m e as ur e m e nts i n t h e r e gi o ns cl os est t o t h e a n o d e  wir e pl a n es

( 1 0 0 c m ) at e a c h  T P C f a c e. I n or d er t o fill i n t h e tr a ns v ers e s p ati al dist orti o n  m a p ( e. g. at t h e

t o p f a c e of t h e  T P C) i n t h e r e gi o ns d e fi n e d b y 1 0 0 c m , t h e si m ul at e d tr a ns v ers e s p ati al dist orti o n

m a p is us e d i nst e a d i n t h es e r e gi o ns, s c al e d a c c or di n g t o t h e  m e as ur e m e nts i n d at a  m a d e at l ar g er
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values where data-driven measurements are possible. The other components of the distortion map
at the TPC face in question are computed as described above, in a similar fashion to parts of the
map at larger values.

4.3 Cathode calibration
While the first part of the calibration described above targets the upstream, downstream, top, and
bottom faces of the detector, the cathode remains uncalibrated. The second step of the calibration
procedure, illustrated in the middle part of figure 6, aims to specifically calibrate the “true” entry or
exit point of the cosmic muon at the cathode plane. The dedicated SCE simulation is leveraged to
perform this part of the calibration. The results of the first step of the calibration are used to weight
the SCE simulation such that the spatial offsets at the cathode match the data-driven calibration at
the top and bottom of the TPC (i.e. reco top and reco bot , defined below, are derived
from the first step of the calibration procedure). A linear interpolation between the top and bottom
of the TPC is used to obtain the offsets at the cathode as a function of . The cathode offsets are
obtained from

bot top bot (4.3)

reco top sim top

1 reco bot sim bot
(4.4)

reco sim (4.5)

reco sim (4.6)

and
reco sim (4.7)

where top ( bot) is the vertical position of the top (bottom) of the TPC, reco, reco, and reco
are the reconstructed spatial offsets at the cathode plane in the , , and dimensions, respectively,

sim, sim, and sim are the simulated spatial offsets at the cathode plane in the , , and
dimensions, respectively, is the linear interpolation factor described above, and is the
data-driven scale factor used to adjust the simulated spatial offsets at the cathode for use in the
calibration. As with the previous step of the calibration, this calibration step uses two-dimensional
voxels with a size that is approximately 10 cm in both dimensions.

4.4 TPC bulk calibration
The final step of the calibration procedure, visualized on the right in figure 6, seeks to find the
spatial distortions in the bulk of the TPC volume. After the first two steps of the data-driven
calibration, described above, the “true” end points of the through-going cosmic muon tracks are
known at all six faces of the TPC. By drawing a straight line between these two points, the true
trajectory of the cosmic muon can be approximated. By comparing to the track reconstructed using
the TPC readout, the spatial distortions associated with SCE in the middle of the TPC can be
inferred. However, to obtain point-to-point corrections in three dimensions, single tracks are not
sufficient as there are ambiguities in associating points on the reconstructed track with points on
the true trajectory. Instead, pairs of cosmic muon tracks are utilized, comparing the near-crossing
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point of the “truth tracks” (estimated true trajectories of the cosmic muons) to the near-crossing
point of the reconstructed tracks: a vector starting at the latter point and ending at the former is
the three-dimensional correction vector at the latter point in reconstructed coordinate space. A
requirement that both truth tracks and both reconstructed tracks come within 1 cm of each other at
the near-crossing point is enforced to improve the precision of the calibration. It is not required
for the tracks to come from the same TPC readout event, given that the time-evolution of SCE at
MicroBooNE is small (see section 7). Using voxels with a size that is approximately 10 cm in all
dimensions, on a voxel-by-voxel basis the spatial offsets are determined (independently for , ,
and ) by taking the median offset associated with the distribution of offsets obtained from all
reconstructed track pairs that have a near-crossing point within the voxel in question.

Sufficient statistics for the bulk calibration can be reached with 200k 0-tagged cosmic muon
tracks. Additionally, multiple Coulomb scattering leads to deviations between the estimated straight-
line trajectory of each cosmic muon and its true trajectory through the TPC. This effect is minimized
by taking the median spatial offset in each voxel.

Gaps in the spatial offset map are expected after the full calibration chain is carried out, as there
are some parts of the TPC that lack significant coverage by the set of 0-tagged tracks used in the
calibration; this is especially true in the middle of the TPC. By combining the results of the cosmic
muon calibration with that of the MicroBooNE UV laser system, complete coverage throughout
the TPC is attainable. Also, given that the spatial offsets are continuous and gradually vary as a
function of position within the TPC, it is possible to interpolate across the gaps in the map: in the
results shown in this work, a cubic spline followed by a median filter is applied (using a sliding
3 3 3 voxel window for the latter) to fill in these gaps.

4.5 Calculation of electric field distortions

Once the spatial distortion map is determined throughout the TPC volume, the electric field distor-
tions associated with space charge effects can be computed. This is done by using the drift velocity
model, , discussed in section 4.1. First, the local drift velocity must be calculated from the
spatial distortion map [10]. Once the local drift velocity is determined throughout the
TPC volume, the drift velocity model is used to find the corresponding electric field magnitude
throughout the TPC by solving numerically for each voxel in the TPC. Results
shown later are presented as percentage change from the nominal electric field magnitude.

5 Results of calibration

In this section, we present the results of the SCE calibration discussed in section 4. The results
presented in section 5.1 can be considered intermediate results that primarily serve to demonstrate
different features of the SCE in data in comparison with predictions from simulation, particularly
at the TPC faces. The results presented in section 5.2 are the “final” results that will ultimately
serve as a set of corrections for data events and physics measurements in MicroBooNE, including
electric field corrections derived from the measurements of spatial offsets.
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5.1 Measurements at TPC faces

Before presenting the raw spatial offset measurements at each of the TPC faces (aside from the
cathode), it is instructive to study the predictions from the simulation. These predictions are
shown in figure 9. Only the spatial offsets perpendicular to each face are shown in this figure,
which are most relevant as they are the largest components of the spatial distortions near each
TPC face.

Shown in figure 10 and figure 11 are the measurements of the offsets from the TPC faces
discussed in section 4.2 for Monte Carlo simulation events and data events, respectively; the offset
of 4 5 cm associated with the gap between the field cage and instrumented TPC volume is not
included in the raw data measurement shown in figure 11, as it is applied at a later stage of the
calibration. Comparing figure 10 with figure 9, the spatial offsets predicted by the simulation are
largely reproduced after applying the data-driven calibration to Monte Carlo simulation events.
A region of relatively large is observed at the top of the detector near 5m, which the
simulation is able to reproduce. This feature is due to overlapping dead channels from two wire
planes near the top of the TPC, leading to charge appearing to be displaced from the top of the
detector. Figure 11 illustrates the different impact of SCE within MicroBooNE data in comparison
to the simulation results shown in figure 10. A reduction in the magnitude of the spatial offsets is
observed at the top of the detector ( ), as well as the upstream and downstream ends of the TPC; the
difference is reduced once the 4 5 cm gap is taken into account, as this leads to an increase in the
magnitude of the spatial offsets in data. Additionally, at the top of the detector, the magnitude of the
spatial distortions is less severe at the upstream end of the TPC in comparison to the downstream
end. Finally, a localized reduction of the magnitude of spatial distortions at the upstream part of
the TPC is observed in data near the cathode at 0 5m, a feature that is not present in the
simulation results. While the origin of this feature has not been identified, it is likely a result
of the liquid argon flow pattern in the detector, which could remove space charge from the TPC
active volume.

5.2 Calibration results in TPC bulk

The last step of the SCE calibration, described in section 4.4, leads to a determination of spatial
offsets throughout the vast majority of the TPC volume. It is difficult to visualize the measured
distortion map in three dimensions throughout the entire TPC. We focus on two representative
cross-sectional slices of the detector: one slice in near the center of the detector ( 5 18m) and
one slice in near the downstream end of the detector ( 9 95m).

The results of the TPC bulk calibration forMonte Carlo simulation events are shown in figure 12
and figure 13, comparing the predictions from the simulation (“actual” spatial offsets) to the results
of the data-driven calibration (“calibrated” spatial offsets) near the center of the detector and the
downstream end of the detector, respectively. The data-driven calibration largely reproduces the
spatial distortion map predicted by simulation.

The spatial distortion maps associated withMicroBooNE data events are illustrated in figure 14
and figure 15. These maps are compared with the corresponding distributions obtained fromMonte
Carlo simulation events that are also shown in figure 12 and figure 13. The spatial distortion maps
obtained using data are qualitatively very similar to those obtained using Monte Carlo simulation
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Table 2. Estimation of the bias and resolution in measured spatial offsets as found using the TPC bulk
calibration procedure, described in section 4.4, on Monte Carlo simulation events.

Measured Offset Resolution [cm] Bias [cm]

0.13 0.09
0.38 0.01
0.10 0.00

events. As in the case of the TPC face calibration results shown in section 5.1, there are some
differences between data and simulation caused by the underlying space charge configuration not
being exactly reproduced in the simulation.

The performance of the data-driven calibration is illustrated in figure 16 for all three dimensions
and throughout the entire TPC, comparing the calibrated spatial offsets in Monte Carlo simulation
events to the actual spatial offsets obtained from a dedicated SCE simulation. A single entry in
each histogram corresponds to a single voxel (with a spatial extent of approximately 10 cm in each
dimension) in the detector. This comparison is also shown in the – plane for and , averaged
over the dimension of the detector, in figure 17. The measured resolution and bias for each
dimension, calculated using the standard deviation and mean of these distributions, respectively,
are shown in table 2. The resolution is < 4mm and the bias is < 1mm in all dimensions. From
figure 17 it is apparent that the tails of the distribution in figure 16 are associated with the edges
of the TPC near the cathode, where the spatial offsets are largest in the detector.

The metric shown in figure 16 requires the use of Monte Carlo simulation events. In order to
evaluate the performance of the calibration procedure on data, laser tracks from theMicroBooNEUV
laser system are used. As the true trajectories of the laser tracks are known [9], the reconstructed laser
tracks [10] can be corrected with the results of the space charge effect calibration and subsequently
compared to the true trajectories. This comparison is made by calculating “laser track residuals”
that are defined at each point along the reconstructed laser track as the projected distance to the true
laser trajectory, either before or after spatial space charge corrections are applied; this calculation
is performed on a point-by-point basis along the entire extent of each reconstructed laser track, and
for each laser track associated with a full scan throughout the entire TPC volume. If the space
charge effect calibration is performing well, it should produce straighter reconstructed laser tracks
and smaller laser track residuals.

The calculated laser track residuals are shown in figure 18 for both simulated andMicroBooNE
data events, showing the impact of the space charge effect calibration on this metric. The laser
track residuals become significantly smaller and closer to zero after the application of the space
charge effect calibration. The performance of the calibration on data events is worse than for
the same calibration applied to Monte Carlo simulation events. The additional degradation of
spatial resolution associated with the data calibration is found to be roughly 4mm, determined by
applying a Gaussian smearing to the simulation result until it is in agreement with the MicroBooNE
data result.

Additional discussion of systematic uncertainties associated with the measurement of spatial
distortions due to space charge effects is presented in section 6.

– 21 –
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6 Systematic bias studies

In section 5, results of the space charge effect calibration using cosmic muons are presented.
These results contain biases associated with both the calibration methodology and reliance on the
simulation that may qualitatively deviate from the true space charge distribution in MicroBooNE
data. We utilize the UV laser system to establish a data-driven systematic uncertainty on the SCE
calibration result. The relevant methodology is discussed in section 6.1, and the associated impact
on stopping muon measurements (as a case study) is presented in section 6.2.

6.1 Estimating systematic bias with UV laser system

In order to set a systematic uncertainty on the spatial offset calibration, the laser track residuals
discussed in section 5.2 are used, as the UV laser system provides a secondary handle on the impact
of space charge effects in MicroBooNE data events. The laser track residuals throughout the TPC
are used as an estimator of the bias associated with local spatial offset measurements, which in turn
serves as a systematic uncertainty on measurements making use of cosmic rays to estimate space
charge effects in the detector. This systematic uncertainty is determined in three dimensions across
the entire TPC as follows:

• a pass through all reconstructed laser track points is made, calculating at each point the laser
track residual from the three-dimensional projection of the reconstructed laser track point to
the associated true laser trajectory (this projection also defines a three-dimensional vector
that will be referred to as the “projection vector”);

• at each reconstructed laser track point, a three-dimensional vector is formed using the spatial
offset measurements presented in section 5.2, which is then rescaled in magnitude such that
the component of this vector aligned with the projection vector described in the above step is
equal to the previously calculated laser track residual in terms of magnitude;

• the corrected three-dimensional vector from the previous step is compared to the original
spatial offset vector, with the component-wise differences divided by the original spatial
offset vector magnitude yielding a relative systematic uncertainty for spatial offsets in each
of the three dimensions ( , , and ) at the point in question;

• after all reconstructed laser track points are looped over, a separate pass through all voxels in
the TPC is made in order to determine a systematic uncertainty for spatial offsets in all three
dimensions throughout the entire TPC;

• for each voxel in the TPC, a secondary pass through all reconstructed laser track points is
made in order to compute a weighted average of relative systematic uncertainties (in each of
the three dimensions) for the voxel in question, using weight factors of 2 where is the
distance between the voxel and a given reconstructed laser track point;

• the distance-weighted relative systematic uncertainty computed in the previous step for each
dimension is multiplied by the corresponding spatial offset at that voxel to determine the
absolute systematic uncertainty in the spatial offset measurement; and
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Figure 20. Laser track residuals for data events before and after applying spatial SCE corrections, now also
including the result after removing systematic bias in the spatial SCE correction that is described in the text.

• finally, once all voxels are looped over, an absolute systematic uncertainty on the spatial offset
measurement is available at all points in the detector for each of the three dimensions.

As the UV laser system only has partial coverage throughout the TPC [9], gaps in the coverage are
accounted in the above procedure by extrapolating the calculated relative systematic uncertainties
from neighboring regions of the TPC where there is coverage by the UV laser system, weighted by
relative proximity.

This systematic uncertainty, calculated everywhere throughout the TPC for all three dimensions
of the spatial offsets, is an estimated bias which can be corrected on a point-by-point basis. The
results of correcting this bias are shown in figure 20, leading to laser track residuals in data that
are much closer to the Monte Carlo simulation distribution shown in figure 18. This study serves
as a check to ensure that the method is being carried out correctly, as it is expected that the overall
magnitude of the laser track residuals decreases given that this information is being used in the
estimation of the systematic bias. This systematic uncertainty associated with the spatial offset
measurement can be propagated to the electric field calculation as well, which is done by taking the
bias-corrected spatial offset map and applying themethodology discussed in section 4.5. The impact
of the systematic bias with respect to the nominal measurements of spatial offsets and electric field
distortions for MicroBooNE data are shown in figure 21 and figure 22 throughout the TPC and in
the central slice of the detector, respectively. These comparisons quantify the performance of the
data-driven calibration technique described in section 4 on MicroBooNE data events. Furthermore,
the bias-corrected spatial and electric field distortion maps serve as an improved calibration of space
charge effects at MicroBooNE.

6.2 Impact on stopping muon measurements
To further illustrate the impact of space charge effects on particle energy reconstruction at
MicroBooNE, a high-purity selection of contained neutrino-induced stoppingmuons is utilized [14].
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Figure 23. as a function of residual range for a pure selection of stopping muons obtained using both
(a) on-beam and (b) off-beam events. The measurement, shown after application of the SCE
calibration described in the text, ismade using ionization signals from the collection plane of theMicroBooNE
TPC. The black curves show the Landau-Vavilov most probable energy loss per unit length associated with
a detector thickness of 4 5mm, the median reconstructed muon track segment length associated with charge
deposition on a single TPC wire.
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Figure 24. distribution for stopping muons in both (a) on-beam and (b) off-beam events, looking
both before and after the SCE calibration described in the text is applied; these distributions are also
shown after accounting for the estimated systematic bias in the measurement.

Stopping muons in on-beam events should be less impacted by space charge effects because
they are more oriented in the direction of the neutrino beam, and as a result experience much
less spatial squeezing that shifts measurements to larger values (due to being smaller
on average). Stopping muons in off-beam events are largely downward-going cosmic muons that
experience more vertical squeezing in the associated reconstructed track, especially impactful as
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spatial offsets in the vertical ( ) direction are on average largest throughout the MicroBooNE TPC.
This implies an angular dependence of the SCE corrections to measurements. Figure 24
shows that the nominal SCE calibration leads to a shift of 1% (4%) in the mean of the
distribution for on-beam (off-beam) events. As expected, neutrino-induced stopping muons are less
impacted by space charge effects than cosmogenic stopping muons, primarily a result of different
levels of spatial squeezing along the muon tracks as explained above. The variation in electron-ion
recombination throughout the MicroBooNE TPC, due to variation in the electric field magnitude
associated with space charge effects, has a subleading role in biasing measurements. As
shown in figure 24, the mean shift associated with the systematic bias in the SCE
calibration is much smaller: 0.1% (0.4%) for on-beam (off-beam) events, or one tenth of the overall
systematic bias associated with space charge effects.

7 Time dependence study

We have carried out an additional study to determine if there is significant time dependence of space
charge effects in MicroBooNE. Unless a calibration is performed frequently with respect to the rate
at which underlying changes in the space charge configuration occur, this time dependence will
ultimately serve as a lower bound on the level of precision achievable with any calibration technique.

In order to study the long-term time dependence of space charge effects at MicroBooNE,
spatial distortions at various faces of the TPC are probed using the entry and exit points of 0-tagged
cosmic muon tracks. The spatial offsets orthogonal to these TPC faces are most suitable for studying
week-by-week variations of space charge effects in the detector as only about one hundred cosmic
tracks are required to estimate the magnitude of the effect within a relatively small region (roughly
1m2) on a TPC face. Four different spots of the MicroBooNE TPC are probed in this way: two at
the top face of the TPC and two at the bottom face of the TPC, with two different locations in the
direction in both cases, looking at average measured value of the spatial offset from the TPC

face in all cases. This study is carried out using off-beam MicroBooNE data collected between
February 2016 and September 2018.

The results of the time dependence study are shown in figure 25; these measurements take into
account the 4 5 cm average offset between the field cage and instrumented TPC volume, described
in section 4. It is observed that the magnitude of spatial offsets at each of the four probed regions in
the TPC varies by no more than 4% over time relative to the total magnitude of the effect. An overall
decrease in the magnitude of the spatial offsets is also observed over time, included as part of this
4% variation. It is expected that seasonal variations in the cosmic muon rate (which is proportional
to the amount of space charge deposited in the detector) should account for no more than 1% of
this variation over time, bounded by measurements of seasonal cosmic muon rate variations at the
MINOS near detector [20] and noting that the variation should be smaller at the surface, where
MicroBooNE operates, due to the lower average cosmic muon energy. One possible explanation
for the larger time dependence of space charge effects in the detector than expected from seasonal
variations in the cosmic muon rate is potential impact from shifting liquid argon flow patterns in
the cryostat. The velocity of convective argon flow in the detector is of similar scale to the argon
ion drift velocity in the electric field, several millimeters per second. The interference of these two
effects may lead to changes in the space charge configuration in the detector, resulting in temporal
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8 Conclusions

Cosmic muon tracks reconstructed in the MicroBooNE TPC have been shown to be particularly
useful in measuring spatial distortions due to underlying electric field non-uniformities throughout
the detector. By comparing the results of a data-driven calibration method making use of cosmic
tracks with predictions from a dedicated simulation of SCE in the detector, we have shown that the
spatial distortions observed in MicroBooNE data are similar in nature to those that would arise from
the presence of space charge in the detector. However, the features of the spatial distortion map
differ in detail from the predictions of a simple simulation. This underscores the necessity of using a
data-driven calibration procedure, such as the one presented in this work, at large LArTPC detectors
operating near the surface in order to correct for these effects, which can impact the reconstruction
of particle trajectories and measured ionization charge per unit length.

Spatial offsets in reconstructed particle trajectories as large as 15 cm have been observed in
MicroBooNE data, associated with underlying electric field distortions as large as 10% with respect
to the nominal MicroBooNE electric field of 273 9V cm. The calibration methodology presented
in this work is shown to significantly improve the estimation of particle trajectories, studied in
MicroBooNE data using measured track residuals associated with laser tracks from the UV laser
system before and after the SCE calibration is applied. A data-driven determination of systematic
uncertainty on the measurement is also derived by using these laser track residuals, consistent
with a spatial smearing of 4mm after the calibration is applied. The associated uncertainty on the
calculated underlying electric field is less than 1% of the nominal MicroBooNE electric field, or
10% of the total electric field distortion arising due to space charge effects in the TPC. The impact
of SCE on reconstructed muon measurements in the detector varies from 1% to 4%, heavily
dependent on the angle of the reconstructed muon tracks, with a relative residual uncertainty of one
tenth of the systematic effect after the SCE calibration is carried out. Long-term temporal
variations in the underlying space charge profile on the order of 4% have been observed, which
cannot be explained by seasonal variation in the cosmic muon rate at MicroBooNE. It is possible
that convective flow of liquid argon in the detector is responsible for these variations over time.

These calibration methods, developed at MicroBooNE, are foreseen to be useful to other
running and future large LArTPC detectors. This includes the single-phase [21] and dual-phase [22]
ProtoDUNE detectors that serve as prototypes for the Deep Underground Neutrino Experiment
(DUNE) far detector [23] as well as the other two detectors of the Short-Baseline Neutrino (SBN)
program [24] at Fermilab, SBND and ICARUS. While the single-phase far detector and LArTPC
near detector of DUNE are expected to experience negligible space charge effects due to being
located deep underground and having a TPCwith a short ionization drift length (0 5m), respectively,
the dual-phase far detector of DUNE will have such a long ionization drift length (12m) that it may
still see significant space charge effects due to positive ion build-up from 39Ar beta decays. In all
of these cases, the work presented here should provide a useful starting point for additional study.
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