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Outline

» 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
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Energy deposition to data

* Production of electrons -> traces in pad plane
* x/y position from pad location
 z from time it takes electrons to drift to pad

x and y Qand z

time 3
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Pad Plane EMA J \ L
(10,240 pads) T T
Time (arb.)

A.K. Anthony, Track fitting in low-energy active target TPCs, Slide 4




Two Regimes (B-field)

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

» “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 ;O S
» Peak-height for rough estimate of Time bucket
charge collected

* Fit of gaussian for better estimate of
charge

Reconstructed
Charge (Arb.) .

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

* Groups hits into tracks

= Fit initial state of particles
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TPC Analysis

» “Reverse” the operation of a TPC

= [Optional] — Deconvolute electronic
response function to get Q(t)

Noise
/ excluded
= Generate hit cloud from traces

N
= [Optional] Correct for detector Tracks
effects (space charge, etc.) found

= 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
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Outline

» 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

A.K. Anthony, Track fitting in low-energy active target TPCs, Slide 8



Track Fitting — Inputs/Outputs

= For each track we need to determine
* Particle type (Z/A and maybe charge

state)
* Initial momentum of particle
* Vertex location of particle B oo/
= Information we have : ?O\é;
* Geometry of event from hit cloud h !
» Models for energy loss and straggling f““"““‘w
* Detector configuration (E/B field, etc.) o }
* Additional physical models ,ﬁmc}t
» Space charge, crosstalk, etc. e "”;
Color is
charge
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Track Fitting — Desired Properties

= 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)
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Track Fitting — Two Regimes

No B-Field — Monte Carlo B-Field — Kalman Filter

* Only information on energy loss « Curvature gives you local
comes from charge information on p/q

 Fitting is “global” (whole event) * p/q changes over track

 In fission experiment missing * lterative fitting method
data  Fitting is per-track
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Outline

» 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
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Challenges with data

» Distorted tracks from space charge AT-TPC Pad Plane

* 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

Need Monte-Carlo to handle all effects at once
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Building MC Fitter

= Assumptions/Physical constraints Ce”t;;?nfemass

» Kinetic energy released by fission fragments |
follows Viola Systematics (decay:‘”g €)

* Decay angle in center of mass frame is ~90°

 Ocu
= Knowns |
« Geometry of event (vertex location and folding
angle)
* Q(t) for both fission fragments :
: Beam
= Physical models direction

* Energy loss model for FF in gas
 Detector response — diffusion and

amplification /

« Space charge correction

= Sampled inputs
« Z and beam energy at vertex

Lab frame
(folding angle)
A

¥

Beam
direction
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Monte-Carlo fitting method

= Assumptions
* Kinetic energy released by fission fragments follows Viola Systematics
* Decay angle in center of mass frame is 90°

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

= Assumptions
* Kinetic energy released by fission fragments follows Viola Systematics
* Decay angle in center of mass frame is 90°

* Monte-Carlo fitting method (per event)
 Select the charge (Z) of the fission fragments to simulate

* Propagate both FF through the detector
» Simulate the response of the detector
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Monte-Carlo fitting method

= Assumptions
* Kinetic energy released by fission fragments follows Viola Systematics
* Decay angle in center of mass frame is 90°

* Monte-Carlo fitting method (per event)

« Compare experimental measure of the charge collected on each pad to
simulated charge collected
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Monte-Carlo fitting method

= Assumptions
* Kinetic energy released by fission fragments follows Viola Systematics
* Decay angle in center of mass frame is 90°

* Monte-Carlo fitting method (per event)

* Repeat above many times
» Select simulated event that best matches the data

A.K. Anthony, Track fitting in low-energy active target TPCs, Slide 19



Charge (arb. units)

800

700

600

500

400

300

200

100

Simulate response of detector

\

_Beam

Blue: Experiment
Red: Simulation

Fission Fragment 1

100 720 140 760 180 200 220 24
Time buckets

Fission Fragment 2

1400

1200

1000

800

600

Charge (arb. units)

400

200

00 120 T40 160 780 200 220 240
Time buckets

A.K. Anthony, Track fitting in low-energy active target TPCs, Slide 20



Charge (arb. units)

800

700

600

500

400

300

200

Selecting best event

Simulated
Experimental charge
charge
N . :
, 1 & (Expi— A Sim;)? Blue: Experiment
X = Npp Exp; Red: Simulation
Fission Fragment 1 Fission Fragment 2

F 1400_—
é_ 1200~
E— ‘g 10004
z_ o 800
= 3
E_ g 600
- 5
= 5 400
é_ 200
s 100 120 140 160 180 200 220 24 0 100 120 140 160 180 200 220 240

Time buckets

Time buckets

A.K. Anthony, Track fitting in low-energy active target TPCs, Slide 21



Effects of missing pads
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Quantifying uncertainties

4500

» Potential sources of uncertainty L
u = = ~~ 4000
 Bias in loss function > B
. . @ 3500
« Assumptions violated = -
» decay angle not 90 > oo =
* Uncertainty in energy loss D ok
models S -
: : : E F
= Can’'t benchmark directly against g ":
experimental data ® " DepthinTPC (mm) _ ~SRIM
° NO ground truth 0 1(1]200_200 300 400 500 600 700 800 900 1000
_ - Simulated
* Need to benchmark against w0 decay
SlmUIated data l,,eoo:— angles
- Can isolate impact of potential s
sources of uncertainty e

60 80
Decay Angle (deg)
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Quantifying uncertainties — Bias

Z Z Difference
hZ _ hzdiff
r Entries 928 800— o Entries 928
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Quantifying uncertainties — Energy loss
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Monte-Carlo Summary

= 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

_Preliminary results
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Outline

» 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
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Introduction of B-field

» Local Energy can be inferred
from curvature

P
Bp « —
q 10Be beam)
. ' ﬁ? I‘:::M.(%L‘.»,-,
» Strong constraint on energy loss Wi
- Compare observed to predicted e
change in curvature WAL };f
» Requires different strategy ("
» Update particle state along track : 4\"“%‘

rather than single global fit

Suggests a Kalman Filter is a reasonable approach
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Kalman Filter

= |teratively improves estimate of state comparing measurements to
predictions in systems with noise
Prediction step

—> Based on e.qg.
physical model

S A V

Prior knowledge Pr_1k—1
of state — Xk 1|k—1

Next timestep Pk|k—1 Predict Measurement
A +
k<+—k-+1 Xk|k—1 Expected measurement
1‘ given current state
< 7
Output estimate P Conl': p:raeterzz?gcion :
of state <— _Flk P P
. Xk |k to measurements

Z;
. Measurements
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Kalman Filter

= |teratively improves estimate of state comparing measurements to
predictions in systems with noise

Prediction step

Prior knowledge P
9 > L k—1lk—1 Based on e.g. Physics
of state X _ __rny
" k—%lk—l physical model lives here
Next timestep Pk|k—1 Predict Measurement
4 —>
k<+—k-+1 Xk|k—1 Expected measurement
1‘ given gurrent state
VN /
Output estimate P Conl': p:raeterzz?gcion "
of state <— _Flk P P
" Xk|k to measurements

. Measurements

A.K. Anthony, Track fitting in low-energy active target TPCs, Slide 30



Nonlinear Kalman Filter

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

u In Or|g|na| Constru Ctlon a” Ope rato s Table 1 Summary of the reactions presented in this work comparing

mUSt be Ilnear equivalent thickness and resolution (standard deviation)
Reaction Thickness (mg/cmz) Resolution (keV)
= Extended Kalman Filter 4C 4 p 12A MeV 6.93 145
 Use full non-linear operator to predict the “c-d"ci24Mev 6.93 220
state vector 0Be + d 9A MeV 13.77 240
» Use linearized operator to update the state EKF (GenFit) + SRIM
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

77>

A.K. Anthony, Track fitting in low-energy active target TPCs, Slide 31



Toy example

» Suppose we have sonar sensors that give us [r, 8] and we want [x, y]
« Want accurate range (g, = 2 cm) so angle is poorly constrained (og = 15°)

1.02 A
[x ] _ [r cos 6
y r sin 6 100 ]
0.98
E
>
0.96
0.94
¥ True mean (Monte Carlo)
0.921 Linearisation / EKF mean
A Unscented transform mean
-0.2 -0.1 0.0 0.1 0.2
x (m)
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Unscented Kalman Filter

* 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

Sigma Points Pre-Transform (Polar) . Of{igma Points Post-Transform (Cartesian)
201 ® X Mean (polar) ¢
e Sigma points 1.02 -
1.81 1.00 °
= N | __0.981
gLe, > . onlinear > E !
: 0.96
© Transformation >
1.4+ 0.94 -
Propagation of particle 0.2
1.29 including energy loss X UT mean
° 0.901 @ e Transformed sigma points ®
0.97 098 099 1.00 1.01 1.02 1.03 04 —02 00 02 04
r(m) x (m)
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Constructing a KF for TPCs

* 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 vectorx = [x,y,2,p, 0, ¢]

« State covariance matrix (6x6) P

* Prediction operator propagates state to next
measurement point

» Solve equations of motion for Lorentz force and
dE/dx
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Start with initial
guess of state and
next measurement

Xo Py 21

UKF for TPCs — one step

|

Combine
measurement and
prediction

X110+ 21 = X1p1

/'

A 4

Propagate state to z4

Create measurement
plane (mom and z,)

Add model noise
(scattering/propagator)

P1|0 += Prodel

a

Calculate predicted
state (from {o})

X110 P1jo

Augment state with
uncertainty from energy
straggling

\ 4

Generate sigma points

{oi} = xo £ /Py

L
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Proton Seed energy Is
true energy

E=1.18 MeV =
GEANT4 simulation UKF = Prellmlnary ReSUIt Direction points
as input from 1st to 2" hit

Black is true track

, Particle Track
Particle Track

—_—

e

20 R

Red is UKF with
SRIM energy loss

80 ~70
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Proton

E=1.18 MeV -
GEANT4 simulation UKF — Smoothing
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)

Particle Track
Particle Track
ESO—; e ESO_ o ‘
Ngod N
30_ f
20}
T
120
AN
20 44 o
h -60 50 -40 _20 ﬂqmnq
60 g0 80 77 -
. . . “o0 80 70 |
Red is propagation with Green is smoothex
' UKF with SRIM

energy loss
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Proton Set 10% uncertainty on p
E=1.18 MeV

GEANT4 simulation UKF — Smoothing 2¢" degree onangles

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)

Momentum per Hit Energy Loss per Hit
“;f PE § - Red (square) is propagation .
€ SO%HHHHH}H} & oos-with SRIM energy loss o
5 4 5 T . , .
i 0 HHHHHH}H & .. Green (triangle) is smoothed .
“E Hﬂiiigiﬁ [ UKF with SRIM energy loss 2
é Hﬂﬁé 0.03|— ::
30E iéigi B . ": .
25:— iiii 0.02:_ L . . .'!,:n::
N3 i B - . ...“":'.:::!'lzlnii" .
150 i iu:uu!a: AAAAA gttt : R
= + 0.0F, "a * e, ", . . * e
10 v e v b ey e b oy g s " .|¢.|..|.- Ol |.| PR TS T I T T NN S SR N AT A
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Hit Number Hit Number

s Sarrka, Unscented Rauch-Tung-Striebel Smoother 2008
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UKF - Robust

Sample large number of initial guesses — should always return the correct result,
even if guesses are biases

Reconstructed Momentum (MeV/c)

Error (%)

_ hMomError
600 — —— Reconstructed - Entries 1000

— 250— Mean 0.007959

- —— Sampled (scale x10) : Std Dev 0.09202
500— —

- 200(—
400— I B

= 150—
300[— _

: 100—
200— —
100 __ 50 —

—I—l L1 1 |J_l Ll | L1 1 | L1 1 I L)l | L1 1 | L1 1 | 1 J—IIH L 0Ol | I~

038 40 42 44 46 48 50 52 54 56 0_2| 1 ||_1|.5|.-L| |_|1| 1 II_[l:)l!:gJ"-l"‘-I_I-Itl)l 11 |0!5| L1 1 !II 11 |1.|5| 11 |2
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UKF - Robust

Sample large number of initial guesses — should always return the correct result,
even if guesses are biases

Reconstructed Momentum (MeV/c) Error (%)
500— hMomError
B ] —— Reconstructed 240 Entries 1000
B - Mean  -0.04596
: — Sampled (scale x10) 220 — Std Dev 0.1662
400— 200—
— 180
— 160—
300— -
B 140—
: 120
200 100F-
B 80—
— 60:—
100— -
- 40—
B J 20—
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Summary and future

= \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
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Constraining velocity of fragments

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

= Use Cut 1 to select events with decay angle close to 90°
Folding angle vs depth in TPC

- —{140 Simulated decay angles
50— < Reactions in gas : -
B 1 —{120 -
B Reactions r W
40— on window| —100 [
8 F

Folding Angle (deg)
w

0 20 40 60 80 100 120
Decay Angle (deg)

T |
140

60 180

|
-'I

N
o
IIII|IIII|IIII|III

10 - - —
fl-:-h-l
11 1 l L1 11 | L1 11 | 1 1 ﬁl L1 1 | 1 O
900 300 400 500 600 700 800 900 1000 1100

Vertex distance from pad plane (mm)
Cut 1 keeps 6% of all data
Cut 1 keeps 9% of reactions in gas

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




Assumptions: Viola Systematics

= 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
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Measured beam energy

Beam energy
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Quantifying uncertainties — Decay angle

Error bars are width of AZ
distribution (sigma)

1000

- Expected Mean vs Decay Angle
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Quantifying uncertainties — Decay angle

Error bars are width of AZ
distribution (sigma)
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2.5

Peak Height
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Figure 3.7 Plotted is the ratio between the peak of the expected trace vs the width of the charge
profile assuming a Gaussian profile. The peak height is calculated using the nominal electronics
response function and the total charge collected is held constant. The peak heights were normalized
so the ratio was equal to one when the width (standard deviation) of the charge profile was 8 TBs.

A.K. Anthony, Track fitting in low-energy active target TPCs, Slide 49



Charge distribution dependence on E*

of | ‘ 23<E*<35Mev| 35 < E* < 53 MeV
£7F H""‘ +T 3 | ‘ | + |
S F 3105— T
o it ‘ m + o1 ' '}"‘,,}.'1 H T+ W |
| | | , ; | + ‘ . |
sE- 1] f Al 7 ? -
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Element Number Element Number
Excitation Energy (MeV) | Sigma (Z)
All Events 5.34 £ 0.20
E* < 35 4.84 +0.25
E* > 35 6.87 + 0.68
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Charge distribution of 204At
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Summary and Outlook

* 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

AK Anthony, DNP 2022, Slide 52



Constraining velocity of fragments

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

Folding Angle (deg)

\

Pad Plane

Folding angle vs depth in TPC

N —{140
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Constraining velocity of fragments

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

Simulated decay angles

1000—

Folding angle vs depth in TPC
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What a TPC actually measures

* Energy deposited in detector ionizes gas icon (8 r(t)

= Electrons drift to pad plane

= Gas amplification and collection of
electrons on pad plane i, ;(t)

= Convolution of electronic response
function r(t) and collected charge

* s(t) = (lcou*1r)(t) = f_oooo lcon(Dr(t —1)dr
= Digitize and record the electronics output

s(t)

= We measure s(t), but we need i, ; (1)
* Measure trace for each pad

B b v b v b by g0 |
0 100 200 300 400 500
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Space charge effects

* Due to build-up of positive charge in beam region
= Distorts tracks near the beam region (and vertex)

Distortion from
space charge

Beam | | et Akt e POSITIVE
& + line charge
e Missing pads
X
‘\':k\___-'h
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Determining magnitude of space charge
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Determining magnitude of space charge

Un-Corrected
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Constraining velocity of fragments

* Energy loss of fission fragments
° E o< Q2
c— = i—zf(v), where f(v) varies slowly

» Different dE/dx -> different Z or different v
* Velocity of fission fragments depend on the decay angle (6.,)

Center of mass

FF2

Beam
direction
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Velocity of the fission fragments

Determine kinetic energy of FF in center of mass frame through
Viola systematics

Determine velocity of FF in center of mass frame
Calculate speed of the beam in the lab frame using the folding angle

Calculate the momentum of the FF in the lab frame

CoM Lab’
! !
Vr1 Vr2 Vrt1 Vrp2
| ~ 'y
Us
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Constraining velocity of fragments

A

"'y
v

71/ 725 :

—e—42/43

—8—39/46
35/50

To differentiate Z,
we need a cut on
decay angle!

31/54

150 120 90 60 30
Decay Angle 0y (degrees)
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Constraining velocity of fragments

1300— =
1800{— 2500l—
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Figure 4.36 Simulated ratio between the reconstructed velocity assuming the decay angle is 90°,
Vassume and the actual velocity of the fission fragments in the lab frame v .41
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Malformed data

Fission Fragment 1 Fission Fragment 2

g 22:35—
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Figure 4.41 dQ/dTB curves for an event where the experhmental curve is malformed from a large
baseline distortion that is correlated within an AsAd and compounded over many pads.
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Figure 4.42 ADC trace (a) and reconstructed charge (b) for a pad in CoBo 3 AsAd 2 associated
with fission fragment 2 in Fig. 4.41.
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Space charge correction issue

Fission Fragment 1 Fission Fragment 2
- =
E 0
T =E 5 _F
T o £ s
= E = F
g8 e o 40
8wk 5 E
N 33
2w £ o
Uzoc-f— U or
ID.'):— F
¥ o g % R
Time buckets Time buckets
(a) Fission Fragment 1| (b) Fission Fragment 2

Experimental and simulated

hits do overlap away from b
beam region I

Experimental and simulated
hits do not overlap near
beam region

Figure 4.40 Simulated (grey) and experimental (red) hits in the TPC. The experimental hits have
not been corrected for space charge. The shift in location between the red and grey hits for one
track is indicative of an insufficient space charge correction.
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Identifying charge states

» Uniquely identified by ToF if mass

. Primary Beam
IS Known

0 F. « amege 1

(b) ZUEPhT?-'-

» For rare isotope beam, ID mass
using gamma tagging o 10 —_
5
o
O 10
iﬂEPb?EI-r
[somer-tagged Charge states 1 ‘I
isotopes Typical y-rays (keV) identified e M " |
364 366 368 370 372 374 376 378 380 382
1%5ph 337.3,371.9,689.0 79+, 80+ ToF (ns)
7pb 387.0,531.6,589.0 80+
%5 ppy 197.6,317.9,450.9 80+, 81+
“?Hg 283.4,422.8.745.5 78+
*Hg 280.2,427.9.636.3 78+
0 Au 232.3,854.9.427.8 77+
I Au 264.0,420.1,725.2 77+, 78+
Bi 145.7.499.6,1002.2 81+
201B; 185.8,411.7,967.4 81+
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Comparison to charge state models

= Used GLOBAL model

* Theory and experiment agree
with a correction to the Bp
(velocity) used in theoretical
model

 Implied model is systematically
underpredicting electron capture
cross sections in the
mass/velocity region

Charge state percentage (%)

100
80
60
40
20

100
80
60
40
20

Exp. Brho Best reproduction

I T 1 T I T I
)

| (a) **Pb

He®4 Exp.
OoCh LISE++

3.26 3.27 3.28 3.29
Brho of D1 (Tm)
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: Assembly and testing: Drew Pype (‘21
= Micro-channel plate e S5O SR e D v (2)
» Fast timing with minimal energy loss

= E X B design

Beam

mm=-mmoSIRATAIICTTTTOC R EE "
epath e (b) J'L Hg
_—— ~':.____________:‘- _1 " 194 < 10000
T v : 8 = 0.30 ns 2
———————— ey —— — —
Ly =i 11M x EE; o E
i > " 4 5000
Anode #2_2 np TN -HV Foil ot Au
Sig out
+HV MCP 5t

A 0
290 290.5 291 291.5 292 292.5
ToF (ns)
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=Y position from drift time Mechanical design: Sarah Wegert

(20)

= X position from charge
division

= Energy from collected Ao Cec et el st ol
charge - —a

Cathode
Beam
Frisch grid 6000 &
(I BN N N N N N N N N N N N N N N N N ) g
4000 O
2000
1 1 1 1 0
135 140 145 150 155 160

AE (arb. units)
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Charge (arb.)

Finding Window/Pad Plane Time

|dentify pads showing energy deposition near window and pad plane

Fit leading edge of pad traces

« Window: {, gives time electrons drifted from window reach pad plane
« Plane: {, gives time fission fragment hits pad plane

Sample Plane Fitting Sample Window Fitting

800F
3 Pad Plane
600
500F— —
C 0
=2 | .
400(— S
= Q
300~ po
g e
200:— (@)
100
o.I....l...‘l‘n‘.ln“‘l“.nl‘ -40AAAAIAALLIALAAILLAA[AALAI
19.2 22.4 25.6 28.8 32.0 35.2 0 32 64 96 128 160
Time (us) Time (us)

Pad Plane Fit equation:
Response function from electronics for spread from diffusion
C(t—tg) . [(t—t t—to\3
A oxp (- £512) sin ().« (52) i

T t—to) -
exp(—D +1

Window Fit equation: Empirical estimation Bergen Kendziorski

MSU Undergraduate
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Lambda vs beam rate
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—
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Correcting for space charge

= Assume form for electric field from positive charge |  PadiPlane /
« Magnitude of space charge linearly increases from '-
pad plane to window //'
Magnitude of E

line charge at

window 1z

)
2repplL f

F=
= Solve equation of motion for electrons

Initial (distorted) distance

Cprrected from line charge
distance
from line \ 297
charge _
\JU _ ‘.0 + @_ 4
meg E
\ Magnitude of

drift field

A.K. Anthony, Exploring fission in the lead region, Slide 71




Collected charge vs trace

» 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

25

0.5

Peak Height
Charge
(4,
T T T T[T T T T[T T T T[T T[]

| | | | | ‘ | | | | | | | | | | | | | | 1 | | |
16

N

; 6 8 10 12 14
o of charge profile (time buckets)
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Deconvolution — Shaper Effects

Input Charge Output Signal
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* \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

-6
5 Y@
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Deconvolution — Results

Shaped Signal [s, (1)] Reconstructed Charge [i;(f)]
EEHZI:— 14{|:
N ﬂl 120 f'
400 — N
N 100 [—
EI}EI:— EI}:—
EI}IZIE— El}f_
= a0
100[— o
- / 20—
n: ' R ﬂ: H
_IIIIIIIIIIIIIIIIIIIIIIIIE':LD [I_IIIIII]Ir[IIIIIEI]Ir[IIIIIEIZIHZIIIII#-I}I{IIIIII

500

= Deconviolution corrects shape for undershoot due to response function
= Gives reliable dQ/dt results for fission fragments
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Undoing the effects of the electronics

Measured trace is convolution
of current on input and .

. P . after Fourier Transform
electronic response function

s(t) = (Tin* T')(t) — foo iin(T)T(t —1)dT q Ireco(kf) — S(kf)

Discrete Fourier Transform R (kf )

Can invert convolution

11
1.08
QU
o) 1.08
S
~= 1.04

1.02

Reconstructed charge

0.98

0.96

1 | 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 | 1 1 1 | 1 1
2 4 6 8 10 12 14 16

o of charge profile (time buckets)
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Reconstructing charge deposited

= Convolution in time-domain <-> Multiplication in frequency domain
* s(t) = (icou *)(t) - S(kf) = Icou(kf)R(kf)
» By using a Fast Fourier Transform, we can recover the input charge

S(kr)
* lreco (kf) = R(kj;) CD(kf),
» ®(kf) is a low-pass filter required to remove high frequency artifacts
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Reconstructing charge deposited

S(ky)
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A primer on rare isotope beams

National Superconducting

Cyclotron Laboratory (NSCL)

0 5m 208Pb
] ion sources

RT-ECR K500
SuSI ECR [ | Q

o0

plane
10s of isotopes

g production i
. . target k- 160
4 100s of isotopes sl i
i N =—
30 -~ =
S 150
£
& 145
40 [T
135 e —
288 289 290 291 292 293
ToF (ns)
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Fission Barrier: A tale of two forces

= Coulomb force
* Long range, relatively weak, repulsive

* Nuclear force
« Short range, very strong, attractive

—— Nuclear Potential 05
100 L

Coulumb Potential

Nuclear + Coulumb

50

05 |

V(r) (MeV)

-50

I 2IIII
r (fm)

-100
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E12014 Setup

i
! |

A. Anthony, OSAPS 2020, Slide 80




Sample Consensus - Primer

" |nput
» Shape to fit _
« Point cloud (potentially noisy) / glféfjded
= Qutput
» List of shapes and associated \
points \ Tracks
= Algorithm found

» 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

A. Anthony, Second Committee Meeting, Slide 81



Sample Consensus — New Framework

» Used to use Point Cloud Library Circle (RANSAC) Line (Chi2)
* Not very extendable and buggy '

% J
iy H

= \Wrote a replacement framework
« Easily extendable
« Allows for additional physics

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

Y (Charge-weighted Chi2)

e °F

A. Anthony, Second Committee Meeting, Slide 82



PES Calculations

* 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
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196Pp PES

= 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

0999, ® data
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E15507 Setup
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ExB microchannel plate

= Electrons produced at foll
» ExB fields transport electrons

= Signal amplified at
microchannel plate (MCP)

0.015

o

0.005

1
0.07

X (m)
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ExB microchannel plate

= Electrons produced at foll

» ExB fields transport electrons

= Signal amplified at

microchannel plate (MCP)

» ToF FWHM ~520 ps

counts

* Detector FWHM ~300 ps
MCP ToF

hTOF

Entries 212342
Mean -446
Std Dev  0.2843

35000

30000

25000

20000

15000

10000

5000

PETETENE ENSTETET AT NN AT A b by Ly M I
349 4485 -448 4475 447 4465 446 4455 -445 4445 444
ToF (ns)

(cm)

>_ 0.025

.02
0.015

o

0.005

1
0.07

X (cm)

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



	Slide 1: Track fitting in low-energy active target TPCs
	Slide 2: Outline
	Slide 3: Active-Target Time Projection Chambers
	Slide 4: Energy deposition to data
	Slide 5: Two Regimes (B-field)
	Slide 6: TPC Analysis
	Slide 7: TPC Analysis
	Slide 8: Outline
	Slide 9: Track Fitting – Inputs/Outputs
	Slide 10: Track Fitting – Desired Properties
	Slide 11: Track Fitting – Two Regimes
	Slide 12: Outline
	Slide 13: Fission in AT-TPC
	Slide 14: Challenges with data
	Slide 15: Building MC Fitter
	Slide 16: Monte-Carlo fitting method
	Slide 17: Monte-Carlo fitting method
	Slide 18: Monte-Carlo fitting method
	Slide 19: Monte-Carlo fitting method
	Slide 20: Simulate response of detector
	Slide 21: Selecting best event
	Slide 22: Effects of missing pads
	Slide 23: Quantifying uncertainties
	Slide 24: Quantifying uncertainties – Bias 
	Slide 25: Quantifying uncertainties – Energy loss
	Slide 26: Monte-Carlo Summary
	Slide 27: Outline
	Slide 28: Introduction of B-field
	Slide 29: Kalman Filter
	Slide 30: Kalman Filter
	Slide 31: Nonlinear Kalman Filter
	Slide 32: Toy example
	Slide 33: Unscented Kalman Filter
	Slide 34: Constructing a KF for TPCs
	Slide 35: UKF for TPCs – one step
	Slide 36: UKF – Preliminary Result
	Slide 37: UKF – Smoothing
	Slide 38: UKF – Smoothing
	Slide 39: UKF – Robust
	Slide 40: UKF – Robust
	Slide 41: Summary and future
	Slide 42: Acknowledgments and questions
	Slide 43: Backup Slides
	Slide 44: Constraining velocity of fragments
	Slide 45: Assumptions: Viola Systematics
	Slide 46: Measured beam energy
	Slide 47: Quantifying uncertainties – Decay angle 
	Slide 48: Quantifying uncertainties – Decay angle 
	Slide 49
	Slide 50: Charge distribution dependence on E*
	Slide 51: Charge distribution of 204At
	Slide 52: Summary and Outlook
	Slide 53: Constraining velocity of fragments
	Slide 54: Constraining velocity of fragments
	Slide 55: What a TPC actually measures
	Slide 56: Space charge effects
	Slide 57: Determining magnitude of space charge
	Slide 58: Determining magnitude of space charge
	Slide 59: Constraining velocity of fragments
	Slide 60: Velocity of the fission fragments
	Slide 61: Constraining velocity of fragments
	Slide 62: Constraining velocity of fragments
	Slide 63: Malformed data
	Slide 64: Space charge correction issue
	Slide 65: Identifying charge states
	Slide 66: Comparison to charge state models
	Slide 67: MCP
	Slide 68: MUSIC
	Slide 69: Finding Window/Pad Plane Time
	Slide 70: Lambda vs beam rate
	Slide 71: Correcting for space charge
	Slide 72: Collected charge vs trace
	Slide 73: Deconvolution – Shaper Effects
	Slide 74: Deconvolution – Results
	Slide 75: Undoing the effects of the electronics
	Slide 76: Reconstructing charge deposited
	Slide 77: Reconstructing charge deposited
	Slide 78: A primer on rare isotope beams
	Slide 79: Fission Barrier: A tale of two forces
	Slide 80: E12014 Setup
	Slide 81: Sample Consensus - Primer
	Slide 82: Sample Consensus – New Framework
	Slide 83: PES Calculations
	Slide 84: 196Pb PES
	Slide 85: E15507 Setup
	Slide 86: ExB microchannel plate
	Slide 87: ExB microchannel plate

