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▪Background and Motivation

• Operating principles of a TPC

• General TPC analysis pipeline

▪ Track fitting overview

▪ “Brute force” – Fitting via Monte-Carlo

▪Kalman Filter – Fitting with a B-field

▪Summary and Comparison



Active-Target Time Projection Chambers
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▪Production of electrons -> traces in pad plane 
• x/y position from pad location

• z from time it takes electrons to drift to pad

Energy deposition to data
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Two Regimes (B-field)

A.K. Anthony, Track fitting in low-energy active target TPCs, Slide 5

Y. Ayyad Eur. Phys. J. A (2023) 59:294



▪ “Reverse” the operation of a TPC

▪ [Optional] – Deconvolute electronic 
response function to get Q(t)

▪Generate hit cloud from traces
• Or charge, Q(t), for better estimate

• Peak-height for rough estimate of 
charge collected

• Fit of gaussian for better estimate of 
charge

▪ [Optional] Correct for detector 
effects (space charge, etc.)

▪Groups hits into tracks

▪ Fit initial state of particles

TPC Analysis
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▪ “Reverse” the operation of a TPC

▪ [Optional] – Deconvolute electronic 
response function to get Q(t)

▪Generate hit cloud from traces

▪ [Optional] Correct for detector 
effects (space charge, etc.)

▪Groups hits into tracks
• DBScan, RANSAC, TripClust, etc.

▪ Fit initial state of particles
• Goal is Z,A, and p of each particle

• All methods depend on model for 
energy loss
»When B-field is present have an indirect 

measurement through Brho

TPC Analysis
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▪Background and Motivation

▪ Track fitting overview

• Features of track fitting

• Challenges with TPCs

▪ “Brute force” – Fitting via Monte-Carlo

▪Kalman Filter – Fitting with a B-field

Outline
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▪ For each track we need to determine
• Particle type (Z/A and maybe charge 

state)

• Initial momentum of particle

• Vertex location of particle

▪ Information we have
• Geometry of event from hit cloud

• Models for energy loss and straggling

• Detector configuration (E/B field, etc.)

• Additional physical models
»Space charge, crosstalk, etc.

Track Fitting – Inputs/Outputs
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▪Unbiased estimator

▪Robust to noise/random detector effects

▪Ability to quantify uncertainty in estimate

▪Handle energy loss realistically
• Highly non-linear if near Bragg peak

• Straggling can be non-negligible

▪Handles many different track shapes 
(angles/lengths)

Track Fitting – Desired Properties
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Track Fitting – Two Regimes
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No B-Field – Monte Carlo

• Only information on energy loss 

comes from charge

• Fitting is “global” (whole event)

• In fission experiment missing 

data

B-Field – Kalman Filter

• Curvature gives you local 

information on p/q

• p/q changes over track

• Iterative fitting method

• Fitting is per-track



▪Background and Motivation

▪ Track fitting overview

▪ “Brute force” – Fitting via Monte-Carlo (MC)

• Fitting without a B-field and incomplete data

• Uncertainty quantification

▪Kalman Filter – Fitting with a B-field

▪Summary and Comparison

Outline
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Fission in AT-TPC
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AT-TPC Pad Plane▪Distorted tracks from space charge
• Need to accurately reconstruct vertex location 

and angle between fragments

▪Missing data in TPC 
• Without COVID, probably solved during 

experiment

▪Most tracks are at a shallow angle with 
respect to the beam
• Need new method to analyze trace to extract 

charge information (deconvolution)

▪No B-field so all energy loss is in collected 
charge

Challenges with data
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Need Monte-Carlo to handle all effects at once



▪Assumptions/Physical constraints
• Kinetic energy released by fission fragments 

follows Viola Systematics

• Decay angle in center of mass frame is ~90⁰

▪Knowns
• Geometry of event (vertex location and folding 

angle)

• Q(t) for both fission fragments

▪Physical models
• Energy loss model for FF in gas

• Detector response – diffusion and 
amplification

• Space charge correction

▪Sampled inputs
• Z and beam energy at vertex

Building MC Fitter
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▪Assumptions
• Kinetic energy released by fission fragments follows Viola Systematics

• Decay angle in center of mass frame is 90⁰

▪Monte-Carlo fitting method (per event)
• Determine folding angle and vertex location from experimental event

Monte-Carlo fitting method
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▪Assumptions
• Kinetic energy released by fission fragments follows Viola Systematics

• Decay angle in center of mass frame is 90⁰

▪Monte-Carlo fitting method (per event)
• Determine folding angle and vertex location from experimental event

• Select the charge (Z) of the fission fragments to simulate

• Propagate both FF through the detector

• Simulate the response of the detector

Monte-Carlo fitting method
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▪Assumptions
• Kinetic energy released by fission fragments follows Viola Systematics

• Decay angle in center of mass frame is 90⁰

▪Monte-Carlo fitting method (per event)
• Determine folding angle and vertex location from experimental event

• Select the charge (Z) of the fission fragments to simulate

• Propagate both FF through the detector

• Simulate the response of the detector

• Compare experimental measure of the charge collected on each pad to 
simulated charge collected

Monte-Carlo fitting method
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▪Assumptions
• Kinetic energy released by fission fragments follows Viola Systematics

• Decay angle in center of mass frame is 90⁰

▪Monte-Carlo fitting method (per event)
• Determine folding angle and vertex location from experimental event

• Select the charge (Z) of the fission fragments to simulate

• Propagate both FF through the detector

• Simulate the response of the detector

• Compare experimental measure of the charge collected on each pad to 
simulated charge collected

• Repeat above many times

• Select simulated event that best matches the data

Monte-Carlo fitting method
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Simulate response of detector
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Selecting best event
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Effects of missing pads
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Simulated 

decay 

angles

▪Potential sources of uncertainty
• Bias in loss function

• Assumptions violated
» decay angle not 90

• Uncertainty in energy loss 
models

▪Can’t benchmark directly against 
experimental data
• No ground truth

▪Need to benchmark against 
simulated data
• Can isolate impact of potential 

sources of uncertainty

Quantifying uncertainties
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Quantifying uncertainties – Bias 
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Quantifying uncertainties – Energy loss
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▪Method reconstructs detector effects well

▪Uncertainty in energy loss models a dominant source of bias 
(generally)

▪Uncertainty in decay angle a dominate source of error (for fission)

▪ “Good enough” to determine symmetric/asymmetric fission
• Not good enough for unit Z resolution

Monte-Carlo Summary
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Outline
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▪Background and Motivation

▪ Track fitting overview

▪ “Brute force” – Fitting via Monte-Carlo

▪Kalman Filter – Fitting with a B-field

• Kalman Filter primer

• Unscented Kalman Filters (UKF)

• UKF for TPCs 

▪Summary and Comparison



▪ Local Energy can be inferred 
from curvature

▪Strong constraint on energy loss
• Compare observed to predicted 

change in curvature

▪Requires different strategy
• Update particle state along track 

rather than single global fit

Introduction of B-field

A.K. Anthony, Track fitting in low-energy active target TPCs, Slide 28

𝐵𝜌 ∝
𝑝

𝑞

Suggests a Kalman Filter is a reasonable approach



Kalman Filter
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▪ Iteratively improves estimate of state comparing measurements to 
predictions in systems with noise



Kalman Filter
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▪ Iteratively improves estimate of state comparing measurements to 
predictions in systems with noise

Physics 

lives here



▪ In original construction all operators 
must be linear

▪Extended Kalman Filter
• Use full non-linear operator to predict the 

state vector

• Use linearized operator to update the state 
covariance
» Jacobian of operator

• GenFit, ACTS, most HEP implementations

▪Unscented Kalman Filter
• Avoids the need to linearize operators
»Easy to swap out/extend physics models

• Fully captures the behavior of operators 
on the state*

• Used by ACTS for the measurement 
operator

Nonlinear Kalman Filter
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EKF (GenFit) + SRIM

Y. Ayyad Eur. Phys. J. A (2023) 59:294



▪Suppose we have sonar sensors that give us [𝑟, 𝜃] and we want [𝑥, 𝑦]
• Want accurate range (𝜎𝑟 = 2 cm) so angle is poorly constrained (𝜎𝜃 = 15∘)

Toy example
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𝑥
𝑦 =

𝑟 cos 𝜃
𝑟 sin 𝜃



▪ The nonlinear behavior is captured through statistical sampling.

▪ For each step, select a set of sigma points which are enough to fully 
describe the mean and covariance of the state

▪Pass all sigma points through the operators (i.e, propagate)

▪ The final location of the sigma points encodes the new mean and cov

Unscented Kalman Filter
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Nonlinear 

Transformation

Propagation of particle 

including energy loss



▪Break requirement that operators are linear
•  Use a Unscented Kalman Filter for simplicity and 

adaptability

▪State needs to include no superfluous 
information (or method can become unstable)
• State vector 𝐱 = [𝑥, 𝑦, 𝑧, 𝑝, 𝜃, 𝜙] 
• State covariance matrix (6x6) 𝑷

▪Prediction operator propagates state to next 
measurement point
• Solve equations of motion for Lorentz force and 

dE/dx

Constructing a KF for TPCs
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UKF for TPCs – one step
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Start with initial 

guess of state and 

next measurement

𝒙𝟎 𝑷𝟎 𝒛𝟏

Augment state with 

uncertainty from energy

straggling

Propagate state to 𝒛𝟏

 

Create measurement 

plane (mom and 𝒛𝟏)

Generate sigma points

𝝈𝒊 ≈ 𝒙𝟎 ± 𝑷𝟎

Propagate sigma points 

until they cross 

measurement surface

Calculate predicted 

state (from {𝜎})

𝒙𝟏|𝟎 𝑷𝟏|𝟎

Add model noise 

(scattering/propagator)

𝑷𝟏|𝟎 +=  𝑷𝒎𝒐𝒅𝒆𝒍

Combine 

measurement and 

prediction

𝒙𝟏|𝟎 + 𝒛𝟏  →  𝒙𝟏|𝟏 



UKF – Preliminary Result
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Proton

E = 1.18 MeV

GEANT4 simulation 

as input
Black is true track

Red is propagation with 

SRIM energy loss
Red is UKF with 

SRIM energy loss

Seed energy is 

true energy

Direction points 

from 1st to 2nd hit



UKF – Smoothing
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Proton

E = 1.18 MeV

GEANT4 simulation 

as input

Red is propagation with 

SRIM energy loss
Green is smoothed 

UKF with SRIM 

energy loss

UKF gives estimate of state at end of track. Need to smooth to get estimate at start of 

track (pass backwards over the data – no new propagation needed)

Sarrka, Unscented Rauch-Tung-Striebel Smoother 2008



UKF – Smoothing
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Proton

E = 1.18 MeV

GEANT4 simulation 

as input

UKF gives estimate of state at end of track. Need to smooth to get estimate at start of 

track (pass backwards over the data – no new propagation needed)

Sarrka, Unscented Rauch-Tung-Striebel Smoother 2008

Red (square) is propagation 

with SRIM energy loss

Green (triangle) is smoothed 

UKF with SRIM energy loss

Set 10% uncertainty on p 

and 1 degree on angles



UKF – Robust
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Sample large number of initial guesses – should always return the correct result, 

even if guesses are biases



UKF – Robust
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Sample large number of initial guesses – should always return the correct result, 

even if guesses are biases



▪With no B-field and strong detector effects
• MC can reproduce data well

• Unconstrained energy loss models can introduce systematic bias in analysis 
(bad!)

▪With B-field
• Kalman filters are a strong iterative choice

• Unscented KF allows for easily changing physics without re-linearizing

• Newly developed UKF is robust when comparing so simulated data

▪Next steps 
• Characterize UKF on elastic scattering events

• Tune noise terms in UKF

• Compare performance directly against GenFit+SRIM

Summary and future
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▪ The folding angle in the lab tells us about the decay angle

▪Use Cut 1 to select events with decay angle close to 90⁰

Constraining velocity of fragments

A.K. Anthony, Track fitting in low-energy active target TPCs, Slide 44

Simulated decay angles

Cut 1 keeps 6% of all data

Cut 1 keeps 9% of reactions in gas



▪Assumptions
• Kinetic energy released by fission 

fragments follows Viola Systematics

▪Viola systematics
• Kinetic energy of fission fragments is 

due to Coulomb repulsion 

• Determines velocity of fission 
fragments in center of mass frame

Assumptions: Viola Systematics
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Measured beam energy
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Quantifying uncertainties – Decay angle 
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Quantifying uncertainties – Decay angle 
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Charge distribution dependence on E*
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Charge distribution of 204At
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Summary and Outlook

AK Anthony, DNP 2022, Slide 52

▪ The HEIST PID system met the design specifications and was able to 
successfully identify beams of interest

▪Successfully able to measure Z-distributions for fission

▪ Future work 
• Correcting data to further improve statistics

• Extending Monte-Carlo fitting method to larger folding angles and other 
species

• Extracting fusion-fission cross-sections 



▪ The folding angle in the lab tells us about the decay angle

Constraining velocity of fragments
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Vertex location

Folding angle

Pad Plane



▪ The folding angle in the lab tells us about the decay angle

Constraining velocity of fragments
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Simulated decay angles



▪Energy deposited in detector ionizes gas

▪Electrons drift to pad plane

▪Gas amplification and collection of 
electrons on pad plane 𝑖𝑐𝑜𝑙𝑙(𝑡)

▪Convolution of electronic response 
function 𝑟 𝑡  and collected charge

•  𝑠 𝑡 = (𝑖𝑐𝑜𝑙𝑙∗ 𝑟)(𝑡) = ∞−׬

∞
𝑖𝑐𝑜𝑙𝑙 𝜏 𝑟 𝑡 − 𝜏 𝑑𝜏

▪Digitize and record the electronics output 
𝑠 𝑡

▪We measure 𝒔(𝒕), but we need 𝒊𝒄𝒐𝒍𝒍(𝒕)
• Measure trace for each pad

What a TPC actually measures
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*

𝑖𝑐𝑜𝑙𝑙(𝑡)

𝑠(𝑡)

𝑟(𝑡)



▪Due to build-up of positive charge in beam region

▪Distorts tracks near the beam region (and vertex)

Space charge effects
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Determining magnitude of space charge
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Determining magnitude of space charge
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▪Energy loss of fission fragments

•
𝑑𝐸

𝑑𝑥
∝  𝑄

•
𝑑𝐸

𝑑𝑥
≈

𝑍2

𝑣2 𝑓(𝑣), where 𝑓(𝑣) varies slowly 

▪Different dE/dx -> different Z or different v

▪Velocity of fission fragments depend on the decay angle (𝜃𝐶𝑀) 

Constraining velocity of fragments
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1. Determine kinetic energy of FF in center of mass frame through 
Viola systematics

2. Determine velocity of FF in center of mass frame 

3. Calculate speed of the beam in the lab frame using the folding angle

4. Calculate the momentum of the FF in the lab frame

Velocity of the fission fragments

A.K. Anthony, Exploring fission in the lead region, Slide 60



Constraining velocity of fragments
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To differentiate Z, 

we need a cut on 

decay angle!
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Constraining velocity of fragments
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Malformed data
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Space charge correction issue
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▪Uniquely identified by ToF if mass 
is known

▪ For rare isotope beam, ID mass 
using gamma tagging

Identifying charge states

A.K. Anthony, Exploring fission in the lead region, Slide 65

Primary Beam



▪Used GLOBAL model

▪ Theory and experiment agree 
with a correction to the 𝐵𝜌 
(velocity) used in theoretical 
model
• Implied model is systematically 

underpredicting electron capture 
cross sections in the 
mass/velocity region

Comparison to charge state models

A.K. Anthony, Exploring fission in the lead region, Slide 66



MCP
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E

B

▪Micro-channel plate
• Fast timing with minimal energy loss

▪E X B design

Assembly and testing: Drew Pype (‘21)



▪Y position from drift time

▪X position from charge 
division

▪Energy from collected 
charge

MUSIC

A.K. Anthony, Exploring fission in the lead region, Slide 68

Beam

Mechanical design: Sarah Wegert (‘20)



• Identify pads showing energy deposition near window and pad plane

• Fit leading edge of pad traces
• Window: t0 gives time electrons drifted from window reach pad plane

• Plane: t0 gives time fission fragment hits pad plane

Finding Window/Pad Plane Time

Curtis Hunt, TPC Workshop 2023, Slide 69

Window Fit equation: Empirical estimation 

for spread from diffusion
𝐴

exp
𝑡−𝒕𝟎

𝐷
+1

− 𝐵

Pad Plane Fit equation: 

Response function from electronics

 A∗ exp −
𝐶 𝑡−𝒕𝟎

τ
∗ sin

𝑡−𝒕𝟎

τ
∗

𝑡−𝒕𝟎

τ

3

Bergen Kendziorski
MSU Undergraduate

Pad Plane Window



Lambda vs beam rate
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▪Assume form for electric field from positive charge
• Magnitude of space charge linearly increases from 

pad plane to window

▪Solve equation of motion for electrons

Correcting for space charge

A.K. Anthony, Exploring fission in the lead region, Slide 71
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▪ Traditional analog electronics
• Electronics shaping time large compared to charge collection time

• Height of shaped signal is proportional to collected charge

▪ TPC electronics
• Often collection time is larger than shaping time

Collected charge vs trace

A.K. Anthony, Exploring fission in the lead region, Slide 72



▪When the charge distribution is short relative to the shaper rise time, 
the total charge is measured by the shaped pulse height

▪When the distribution is long the pulse height does not represent the 
total charge
• Fission fragments move toward the pad plane, spending notable distance 

over a given pad

Deconvolution – Shaper Effects

Curtis Hunt, TPC Workshop 2023, Slide 73

Input Charge Output Signal



▪Deconviolution corrects shape for undershoot due to response function

▪Gives reliable dQ/dt results for fission fragments

Deconvolution – Results

Curtis Hunt, TPC Workshop 2023, Slide 74
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Undoing the effects of the electronics

A.K. Anthony, Exploring fission in the lead region, Slide 75
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▪Convolution in time-domain <-> Multiplication in frequency domain
• 𝑠 𝑡 = 𝑖𝑐𝑜𝑙𝑙 ∗ 𝑟 𝑡 → 𝑆 𝑘𝑓 = 𝐼𝑐𝑜𝑙𝑙 𝑘𝑓 𝑅(𝑘𝑓)

▪By using a Fast Fourier Transform, we can recover the input charge

• 𝐼𝑟𝑒𝑐𝑜 𝑘𝑓 =
𝑆 𝑘𝑓

𝑅 kf
Φ(𝑘𝑓), 

»Φ(𝑘𝑓) is a low-pass filter required to remove high frequency artifacts 

Reconstructing charge deposited

A.K. Anthony, Exploring fission in the lead region, Slide 76



𝐼𝑟𝑒𝑐𝑜 𝑘𝑓 =
𝑆 𝑘𝑓

𝑅 𝑘𝑓

𝛷(𝑘𝑓)

Reconstructing charge deposited

A.K. Anthony, Exploring fission in the lead region, Slide 77
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A primer on rare isotope beams

A.K. Anthony, Exploring fission in the lead region, Slide 78

208Pb

100s of isotopes

10s of isotopes

O. Tarasov, Observation of new neutron-rich isotopes at the NSCL

National Superconducting 

Cyclotron Laboratory (NSCL)



▪Coulomb force
• Long range, relatively weak, repulsive

▪Nuclear force
• Short range, very strong, attractive

Fission Barrier: A tale of two forces

A.K. Anthony, Exploring fission in the lead region, Slide 79
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E12014 Setup

A. Anthony, OSAPS 2020, Slide 80



▪ Input
• Shape to fit

• Point cloud (potentially noisy)

▪Output
• List of shapes and associated 

points

▪Algorithm
• Generate many hypotheses (trial 

shapes) through sampling point 
cloud

• Sort hypotheses by how “good” 
they are

• Starting from best hypothesis
»Remove points consistent with 

hypothesis, and define a shape

»Repeat

Sample Consensus - Primer

A. Anthony, Second Committee Meeting, Slide 81

Noise 

excluded

Tracks 

found



▪ Used to use Point Cloud Library
• Not very extendable and buggy

▪ Wrote a replacement framework 
• Easily extendable 

• Allows for additional physics

• Motivation was Y-shape and charge 
weighted estimators (and removal of 
PCL)

Sample Consensus – New Framework

A. Anthony, Second Committee Meeting, Slide 82

Noise 

excluded

Tracks 

found

Line (Chi2)Circle (RANSAC)

Y (Charge-weighted Chi2)



▪HFBTHO
• Program to find solution of HFB problem in transformed harmonic oscillator 

basis

• Optimized for parallel computing (OpenMP and MPI)

▪Roadmap (1-D or multi-D)
• Calculate ground state

• Use ground state as input for configurations with small deformations

• Use weakly deformed configurations as input for more deformed

• Repeat

PES Calculations

A.K. Anthony, Exploring fission in the lead region, Slide 83



▪Calculated with UNE1 functional on MSU’s HPCC with HFBTHO

▪ Involves walking slowly out in elongation (quadrupole moment)
• 2D surface unfinished 

• Need to go to larger elongation

196Pb PES

A.K. Anthony, Exploring fission in the lead region, Slide 84
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E15507 Setup

A.K. Anthony, Exploring fission in the lead region, Slide 85
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▪Electrons produced at foil

▪ExB fields transport electrons

▪Signal amplified at 
microchannel plate (MCP)

ExB microchannel plate

A.K. Anthony, Exploring fission in the lead region, Slide 86
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▪Electrons produced at foil

▪ExB fields transport electrons

▪Signal amplified at 
microchannel plate (MCP)

▪ ToF FWHM ~520 ps
•  Detector FWHM ~300 ps

ExB microchannel plate

A.K. Anthony, Exploring fission in the lead region, Slide 87
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