Simulation and physics modelling of Active
Target TPCs (and solenoidal spectrometers)
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Why active target time projection chambers (AT-TPC)?
Low-energy nuclear physics with AT-TPC's.

Key aspects for simulation and analysis.

Some examples with different setups.

Outlook.



Why active target time projection chambers?
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Low-energy nuclear physics with AT-TPCs

Thin CD; targets 0.01- 1 mg/cm?
Direct reactions in inverse kinematics

An essential probe of nuclear structure.
Small momentum transfer.
Large impact parameter (surface).
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Cross section focused on forward direction. 40f G o Sy
Very short time scale (~10225).
Energies, angular momentum, overlaps. 30| d(28si,p)29si
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Particle identification, AE-E techniques more E
challenging at low energies. 3 20 285i(d.p)2%Si
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Low-energy nuclear physics with AT-TPCs
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Low-energy nuclear physics with AT-TPCs

S®LARIS

* Next-generation Solenoidal Spectromete

« Study of direct reactions with radioactive
lon beams.

« Two modes of operation: Si array for high-
resolution studies of direct reactions and
AT-TPC for reactions with weak (most
exotic) beams.

a Facility for Rare Isotope Beams

M at Michigan State University 6




Active Target Time Projection Chamber (AT-TPC)

AsAd boards Micromegas
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High-voltage
feedthrough

Cathode

High luminosity and large dynamic range. 25 em radius

High resolution (in principle better than
solid state detectors).

Beam
Field cage =

1 m lengthzemdc —©
Pure elemental gases.

Cylindrical configuration: large thickness
with moderate cost for electronics.

Versatile setup for different type of
reactions.
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Magnetic field enables rigidity

measurement. -

———FR4 (0.6 mm thick)
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Kinematics reconstruction not trivial..

Cortesi et al., Rev. Sci. Ins. 88, 013303 (2017) /



Low-energy nuclear physics with AT-TPCs

Gaseous Detector with Germanium Tagging Il (GADGET Il)
Spokesperson: C. Wrede (Michigan State University and FRIB)

Used to measure B-delayed charged
particles and y-rays with in-flight

radioactive beams at FRIB for nuclear _8
astrophysics

Compact TPC thermalizes beam and
measures charged particles (protons,
a particles, ..)

Surrounded by various high-purity
germanium arrays for high-resolution
y-ray detection

First experiment FRIB E21072 ran
November, 2022

a Facility for Rare Isotope Beams

w at Michigan State University



Key aspects for simulation and analysis

ATTPCROOTV2 data analysis and simulation framework

AtDataReductionTask
AtFilterTask

AtRawEvent

* Calibration
* FPN Subtraction
*FFT

AtSpaceChargeCorrection /Main task Ioop
AtNoiseRemoval

AtClassifierTask AtPSAtask

 ——

AtEvent

AtRawEvent

Data Cleaning

Data Correction AtEvent

AtLinkDAQTask AtPatternEvent AtPRAtask

L/

Servicing many detectors in the low-energy physics community!

Analysis techniques for Active Target Time Projection
Chambers

Yassid Ayyad®, Tyler Wheeler?, Ruchi Mahajan", Michelle P Kuchera®,
Raghuram Ramanujan®, Andreas Ceulemans?, Tan Ahn®, Jaspreet Randhawa®,
Juan Carlos Zamora®, Nabin Rijalb, Curtis Hunt®, Chris Wredef?, Bruno
Olaizola®, Adam Anthony™®, Christoph Dalitz", Juliane Arning", Alexandros
Kapnidis"



1°Be + d scattering at 10A MeV
Experiment

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

THE EUROPEAN ®
htps://doi.org/10.1 140/epjals1 0050-023-01205-2

PHYSICAL JOURNAL A i

Special Article - New Tools and Techniques

Kinematics reconstruction in solenoidal spectrometers operated in
active target mode

Yassid Ayyad'#, Adam K. Anthony’™*, Daniel Bazin>”, Jie Chen', Gordon W. McCann®, Wolfgang Mittig>*,
Benjamin P. Kay’, David K. Sharp®, Juan Carlos Zamora2

'ibBe be;Z/
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+ 19Be 10A MeV provided by
ReAb in stand-alone mode.
Around 2000 pps!.

« 1°Be material provided by
the PSI (Switzerland)

« Pure target of D, 600 torr.

« Study of negative parity
states of **Be

—

Enirgx‘ (MeV)

-
N

=]

80 90
Angle (deg)

g
3 A,
s ot
s S ’, Y
S LYy
3 § o ﬁ; :
i Py oy
[ ; ?qﬁ
10- ﬁjm %&f K *ﬁﬁ
:|| P ||||||\|1| [ | ||4|
2 0 2_4 6_8 10

Excitation Energy (MeV)

Simulation (no cross sections!)

55 60

65

75
Angle (deg)

10iﬁ

—
Mg\||||||

> [

_u!, 3 -
o 10 E_ .c.
= - .
= - -
- s *
%] i ¢
L 2| .

= +
£ 107
o ;

2 4 8 10
Excitation Energy (MeV)

10



Simulation details

Large dE/dx dynamic range: beam (1-100
GeV) and reaction products (few MeV).

Slow drift velocities for gases such as hydrogen

or deuterium.

Two Monte Carlo Engines: Geant4 and a
proprietary energy loss manager (multiple
scattering).

Modular detector geometry.
Generators: two body, decay, fission, fusion...

Digitalization: Single-electron drift taking
diffusion into account (under magnetic field)

Realistic management of charge spreading in
the pad plane.

Amplification stage NOT simulated in real time
(usually Multilayer THGEM and Micromegas,
including resistive mode)

Response of the pad plane: Micromegas
coupled with GET electronics.

1.-

2.- Particle transport.
Straggling?

Detector geometry 3.- Electron drift.

Generator — | : i | Mobility?

Reaction ::::::

produc :i:i:i
[T T 7T T1] TR
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Pad plane geometry
4.- Digitalization.

Pulse generation?
5.- Pulse Shape Analysis.

6.- Pattern Recognition Analysis.
7.- Tracking and fitting.
8.- Analysis

[AtDigiPar]
EField:Double t
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Reconstruction of simulated data

. . 3
ALTPC Pad Plane Actions HIS COrreCtIOn DeteCtOr 'ayers

Initialization

2
Precision Prediction r — Track parameters
C - Covariance matrix

* Non-linear trajectories.

* Reconstruction using Kalman filter
adapted to a large energy loss scenario.

* Improving resolution requieres a precise
implementation of multiple scattering
and straggling effects of heavy ions.

* What about charge exchange?

12




Efficiency

Deducing physics using the simulation
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Angular distribution of the °Be + d
elastic scattering corrected by efficiency.
The solid circles and the solid line are
the experimental data and the DWBA
theoretical distribution.
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Nuclear Inst. and Methods in Physics Research, A 1051 (2023) 168213

Contents lists available at ScienceDirect

El journal Isevier.

Nuclear Inst. and Methods in Physics Research, A

Full Length Article

Simulations and analysis tools for charge-exchange (d, >He) reactions in

inverse kinematics with the AT-TPC

S. Giraud **, J.C. Zamora *", R.G.T. Zegers ", Y. Ayyad , D. Bazin *, W. Mittig **, A. Carls *",

M. DeNudt*", Z. Rahman **

* Facility for Rare liotape Beams, Michigan State University, Fast Lansing, M1 48524, USA
’ Physics and Astronomy, Michigan State University, East Lansing, MI 48424-1321, USA

Department of
©IGFAE, Universidode de Santiago de Compostla, E-15752 Santiago de Compastela, Spain
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Reaction in Inverse Kinematics
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Nuclear Inst. and Methods in Physics Research, A 948 (2019) 162830

Contents lists available at ScienceDirect

Nuclear Inst. and Methods in Physics Research, A

journal

www.elsevier

Beam-induced space-charge effects in time projection chambers in

low-energy nuclear physics experiments
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46K beam at an energy of 4.6 MeV/u
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Full geometry and physics integrated in ATTPCROOTv2, including TPC and
Ge arrays (eg. SeGA and DeGAi below)

Blue: cryostat (aluminum)
Cyan: active layer (germanium)
Red: vacuum
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R. Mahajan, T. Wheeler et al., submitted, arXiv:2401.01904

Figure credit and g-ray simulations: A. Andalib

16



Development of 3D Optical Active Target

-del two neutron emission X >
B-delayed tv Two proton radioactivity

Heavy rece

7 « v

Active target mode (i.e.,”Mg(a,p)*=Al)

P

First measurement done at FRIB using a
MTHGEM and a Timepix3 camera with 30 torr
pure CF, (USC-ANL-FRIB collaboration).

Development of a simulation framework for
Optical TPCs (USC-WIS collaboration). Include
optical photons.

Experiment approved at TRIUMF: Implant-
decay of 1C and °C.

Future: OTPC for neutron scattering studies.
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Collaboration

Facility for Rare Isotope Beams: Daniel Bazin, Marco Cortesi, Wolfgang Mittig,
Juan Carlos Zamora, Chris Wrede, Tyler Wheeler, Ruchi Mahajan, Arian Andalib.

Osaka University (RCNP): Tatsuya Furuno, Takahiro Kawabata, Sojo Sakajo.
Argonne National Lab: Ben Kay.

USC- IGFAE: Yassid Ayyad, Cristina Cabo.

UDC: Saul Beceiro, Harriet Kumi.

WIS : Maryna Borysova, Ryan Felkal.

High Point University: Adam Anthony.
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