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CRES and Project 8

CRES: Cyclotron Radiation Emission
Spectroscopy.

A new type of spectroscopy proposed by

¥ Monreal and Formaggio (PRD 80 (2009)
051301). Nondestructive to electrons trapped

magnetically.
e- Using derived fCyC as a proxy for energy,
fcyC =eB/2zym,, Project 8 aims to constrain
» neutrino mass mg to within 40 meV.
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Project 8 CRES event

CRES data in Project 8

e First demonstrated in 2015 (PRL 114 (2015)
162501).

| 20ev

energy 10s 1© »_*ér{ergy loss

e 30 keV conversion electrons from a gaseous SeeER s
radiall g to scatter

83mKr source.

Signal-to-noise ratio (linear)

e Heterodyne
detection, FFT in
signal
processing
leads to raw
spectrogram in
frequency and
time.
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Simulation objectives

e Simulate and study CRES experiment designs.

e Simulate present and future Project 8 demonstrators, validate with data as it
becomes available, and understand volume scaling relations.

e Study and anticipate systematics in CRES experiments.

e Support offline physics analysis.
o Configurable data sets
o Parameter studies
o Validation work
o Endto end analyses

e Aim for compatibility with existing tools, in simulation/analysis and in coordinated
infrastructure upgrades.
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Simulation resources in Project 8

e Commercial and other publicly available simulation packages
o Can efficiently address targeted technical questions in Project 8.
o Several packages are in routine use: HFSS, Comsol, Scikit-RF, CST.
o ATD simulation work: Sparta, Molflow+, Comsol, CST, Kassiopeia.

e Custom simulation software, integrated with Project 8 tools
o Necessary to address questions unique to the experiment.
o Developed and/or integrated within Project 8.
m Locust* RF signal calculations driven with theoretical models
m Kassiopeia** field and trajectory calculations, integrated with Locust

e Theoretical models
o  Critical for our understanding.
o Can be developed independently, or integrated with other calculations.

“Project 8, 2019 New J. Phys. 21 113051, **Furse et al., 2017 New J. Phys. 19 053012




Locust®™ simulation software

Developed in C++ within Project 8. Q’&
Integrated with Project 8 DAQ libraries. e
Functionality models an RF receiver and digitizer.

Interfaces are modular and flexible to allow for arbitrary input signals.

LO

o IF=RF -LO

IF = RF + LO excluded.
(image at RF=LO - IF)

SRS at10fy = by factor of |4 Gaussian | Digitize
10 to fg. noise

*Project 8, New J. Phys. 271 113051
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Kassiopeia® simulation software
e Developed by the KATRIN collaboration. R4
e Highly advanced calculations of electron trajectorles and energy losses in
EM fields.
e Adaptable EM field solutions with configurable source geometries.
e Modular and flexible; C++ based code.

exa}:\i step reconstruction

magnetic
field line

magnetic
field line
B adiabatic

cyclotron path cyclotron path

(a) Exact trajectory (b) Adiabatic trajectory

*Furse et al., 2017 New J. Phys. 19 053012
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Kassiopeia example

o 325 MHz trap for T2
endpoint experiment.

e Resonant cavity is
shown with diameter
1.12 m.

e 5 electron trajectories
are calculated inside the
cavity.

Furse et al., 2017 New J. Phys. 19 053012
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High Frequency Simulation Software (HFSS)

e Highly advanced, industry-standard finite element method solver for EM
structures.

e Commercially developed by Ansys, Inc.
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Integrating software packages (carefully)

e Challenge: We have multiple highly refined calculations (e.g. theory, Kassiopeia, and
HFSS), each developed separately, and each representing years of scientific and
technical development by world-leading experts.

e To combine these advanced calculations nondestructively, we need to consider the
interfaces between them.

e Locustis well-suited for this purpose - flexibility allows for careful software integration
with minimal loss of information.




Locust-Kassiopeia interface

e Modularity in both Locust and Kassiopeia supports tight integration
of Locust-Kassiopeia in the time domain. s N

Kassiopeia

e Cross-package communication happens after each trajectory step
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Locust-HFSS interface

Locust antenna

e Interface relies on Linear Time-Invariant S I
(LTI) system theory. § o
e LTI antenna model is configured in HFSS. -20
e Locust EM fields drive the LTI antenna FIR. ~40—
20 003F- — Vi 60
g B i
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Kassiopeia-Locust-HFSS combined

30 channels

e Time-dependent
Locust-Kassiopeia EM fields*
drive the HFSS hardware
model and receiver.

e Accurate complex voltage . _'
signals are extracted for & @ N\
reconstruction. R

~0-08.05-0.040.03-0.02-0.01 0 0.010.020.03 0.04(0.)05
X (m

Reconstructed
signals

e Reconstructed signals provide |
both cross checks and design §
diagnostics. ‘

A. Telles &V
*N. Buzinsky, Ph.D. dissertation, MIT.
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Kassiopeia-Locust-HFSS combined

30 channels

e Time-dependent
Locust-Kassiopeia EM fields*
drive the HFSS hardware
model and receiver.

e Accurate complex voltage
signals are extracted for
reconstruction.

=3

00805—004—003—002 0.01 0 001002003004005

Reconstructed
signals

e Reconstructed signals provide |
both cross checks and design
diagnostics.

. Buzinsky, Ph.D. dissertation, MIT.
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Locust and analytic calculations

e Analytic EM models* can also drive the software receiver in Locust.

e Or, discrete steps in analytic models can also be implemented as components in larger

workflows. Example: The single-mode cavity response model by H. Robertson and A.
Marsteller:

o Kassiopeia e- current acts as an impulse that drives a Green’s function in Locust.
o The Green’s function is derived from a damped harmonic oscillator. A
o The Locust-Kassiopeia interface is preserved. |

ZA() sin | we(nT + ‘ ) ’) + 99) (‘09( ) J1 (X(31L>
l T L re

Complex discrete »
Green’s function in

S)
Locust ‘

(nT — t)e—swenT—p LW (T — 1))

w/

*Project 8, arXiv:2303.12055
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https://www.overleaf.com/project/62706333300c5cfef03b9c97

Resonant cavity simulation for testing

7 =t

PSDPSD .

e 325 MHz single-mode TEO11 cavity
simulation workflow. 2D set of 18574.01
eV e- simulations in pitch angle 6 and
starting radial position.

90-pitch (degrees)
(223

L)

TEO11 E,7=0.005m 4

e Abstract readout configuration test is
shown with distortion-free probe.

()

e Power in azimuthal E-field scales as
J',(k,,r) as expected.

e Higher resolution scans in e.g. energy, 6 J)
are ongoing.

0
~0.56 0 0.56

e- starting position (m)
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Locust-HFSS in realistic cavity designs

More realistic readout
configurations can be simulated in
HFSS, SciKit-RF.

Complex wave impedance can be
exported and defined in Locust.

Expected outcome: A more realistic
simulated cavity response.

Existing LTI framework in Locust
would support this test.

l
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Multiple simulation paths

Signal theory,
e Modular approach allows scattering models,
other effects

cross checks.

( )
° Systematic effects can [ Plasma effects J Cavity theory
. . \. J HFSS cavi
be isolated and studied. mode,mgty ]
~ &
e Multiple paths can be v/’" Impulse ﬁ
response model
explored. - < Locust RF \ Katydid signal
— ocus atydid sign
o Sets of modules Kassiopeia ) . signals processing
O Theory + DAQ Cavity response _,/A g
L, in Kassiopeia
& oy ~
Resonant
noise
J
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Simulation interfaces

e Targeted development
happens at the
interfaces between
packages.

e This preserves the
fidelity of advanced
calculations contained
within each package.

[~

e Alternate approaches
(e.g. without integrating
software packages) can
also be useful,
depending on goals.

P. L. Slocum, PTOLEMY Collaboration Meeting, Nov. 6-7, 2023
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Power vs pitch

PY carrier

PSD (W/Hz)

Example workflow

e 25.9 GHz cyclotron frequency oo+_ G o
/\ /\
e Using Locust-Kassiopeia, J U \

calculate RF signals eugy oreesrores

QB E ‘.‘ ”4 :j
expected from magnetically SRR W R ‘(;3“3.'5'“?
. 90°-0 (degrees)
trapped electron in E0967F
8'0.966

waveguide. Process with .
Katydid analysis software. ~ °*}

@ 1st upper sideband
2nd lower sideband

—_—

0.962

e Discuss/validate; e.g. these oo
results are consistent with _
predictions in PRC 99 (2019) <% =
no.5, 055501.

Reimann,_ |
0.02 0.04 0.06
z position (m)

0

Kassiopeia simulation
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Power Spectrum

o
o
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PSD/PSD,_, s
o
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I

Simulated cavity signals

o S
w
L L

(on
o

e Output format in a time series, O_Zf_
compatible with our analysis tools. 1 GHz 01:_

e Cavity transient time is predicted* to : [ S \.l e
be 2Q/w,, and characterizes the S—— rreauener 9
“ring-up” of the signal. = 80?_10

e Example: Fora 1 GHz cavity with S jg:

Q=1000, 2Q/w ~ 0.3 ps. 201]
. . . . 0:

e In post-processing, a typical time bin _205_
spans ~ 4 us, which confines the g
signal ring-up to the first signal pixel. 60

C 1
*H. Robertson and A. Marsteller, “Project 8 _800:' ' ; = 2' = 3' . é - 'E';' - 7' - 'é' - 'é' - '16“0{
Kassiopeia Cavity calculations” Time (s)
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Noise considerations

Power Spectrum

21
e Simulation without noise allows ——_
visibility of signal modulation features. § :
e Optionally, add noise for testing signal 2 0.2~
recovery strategies. & -
TEO11 E@, =0.005m ('EU 015__
< o N
12 m g B
325 MHz F %1
?:7;0.01214:— N \. D 4 8 :
0.01212;— § 005:_ (
0.012083 R. Reimann :. i ﬁ . | x10°

! PR T  S T HNNT S NN SN N N
0.01206 06 7 8\_4 1 0 1 1 1 2
’ Signal structure Frequency (Hz)

IS seen.

0.01204

z position (m)
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Noise considerations

Power Spectrum

o1
e With low noise, signal features are still — x10

visible. L 0.3F

:

e SNR ~100. 2 0.25F

L C

o) -

TEO11 E6, 2=0.005m D 0 2—_

~ ' © -
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(] . L
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Frequency (Hz)
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Noise considerations

Power Spectrum

-21
e Signal features are becoming ~ ido
somewhat less visible. g 0.251-
e SNR~10. 2 :
g 0.2
O |
D |
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12 m g i
325 MHz & o1l
r::o.o1214:— N N 7/ (T) - A
¢ 0.012121 g [ |

0.0121—

0.01208f

R. Reimann 0. T TR LT R I T TR W TR e > 1 0°

— 7 - 10 11 12
0.01204

: .6
- Signal structure is Frequency (Hz)
present, but harder

z position (m) tO reSOIVe .




Noise considerations

Power Spectrum

@ |

—21
e Signal features look similar to noise, = 18870
further motivating algorithmic g 1 BE.
reconstruction testing. = 1'45
e SNR~1. g’ 1.0F
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25.9 GHz cavity workflow

Parameterized inputs:
25.9 GHz cavity and trap

e Cavity frequency = _ ot Power Spectrum .
25.9 GHz ] § I
e Cavity Q =1000 § af o ]
e L=12cm,R=7 mm :% 202— 9) 0.8 @ carrier
E o o B » 1st upper sideband
e L=12cm T 50 100 150 200 250 glioque?f:(; (H42<;J§ 0.6_— 2nd lower sideband
osesr Resonance i
0988 R. Reimann 0.4
0.962 B
oo 0.2 end :
056 E / trapping
| . ‘ | of : 0_""“.”?7%“.1... A T B B
.05 0 ‘ ‘o_oi ‘po‘sni;n'( n?)_1 0" 50 100 150 200 250 gr%%ueisc(; (H42<))o 0 1 ) 3 4 5 6 7

90°-0 (degrees)
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1 GHz cavity workflow

Parameterized inputs:

Cavity frequency =
1.067 GHz

Cavity Q = 1000
L=3m,R=18cm

L=

3m

H. Robertson and
A. Marsteller

z position (m

Power Spectral Density (W/Hz)

Amplitude

x107%7

Power Spectrum

25—

5 10 15 20
Frequency (Hz)

Resonance

0.8
0.6~
0.4F

0.2

0

...........

0%

i e X
4 6 8 10 12 14 16 18 20 22

Frequency (Hz)

>

PSD/PSD,_y,.

0.8

0.6

0.4

0.2

%

1 GHz cavity, CDR trap

@ carrier

\

@ 1st upper sideband
2nd lower sideband

1|||

2 3 4 5
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325 MHz cavity workflow

Parameterized inputs:

[ CaVIty frequency = T Power Spectrum
325 MHz s o
e CavityQ=721 8 osf
e L=12m,R=056m} .
L=12m O 7 8 9 6T 12
£ 0.01214F Frequency (Hz)
o : Resonance

0.01212]—

R. Reimann

0.0121- 08f
0.01208f 0.6
0.01206]- 04F
0.2
0.01204/ L
F 0_ | | L i
L | | | | 1 1 1 6 7 8 9 10 11 12

z position (m) Frequency (Hz)
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325 MHz cavity workflow

Parameterized inputs:
325.4 MHz cavity, 325 MHz trap

° CaV|ty frequency = o a5 Power Spectrum
325.4 MHz % 3 &
e Cavity Q =721 |
e L=12m,R=056m} ;. cany i o carrer
§ 1;: @ 1st upper sideband

2nd lower sideband

0.5F |
L —_ 12 o . . . . 108
= m 3 7 8 9 10 12
E 0.01214[— Frequg/ ky (Hz) 06
o’ r
0.01212 Resonance

carrier
. 1= .
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0.012085 0.6;— Q=721 y— end
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0.01204 0'2:_ —"'M N "
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I A R I e 0 1 2 3 4 5 6 7
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P. L. Slocum, PTOLEMY Collaboration Meeting, Nov. 6-7, 2023 30




325 MHz cavity energy reconstruction

Each pixel represents one simulation with SNR>10.
Maximum likelihood estimator applied to simulation

output. 89.0100 1= ,
. T . ) 10 (68.3%)
e With optimistic assumptions, good energy 190075 S (95.4%)
resolution is seen. Work is ongoing. W e
89.0050 ‘ g
89.0025
g
= 89.0000
:‘é‘-

88.9975

Alog £

88.9950

88.9925

T T ? T T 88.9900
—-0.4 —-0.2 0.0 0.2 0.4 18566 18568 18570 18572 18574

AE [ eV energy / eV
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Summary

e Project 8 relies on a suite of simulation tools. Our compact technical questions can
often be answered with commercial software. Other unique questions have motivated
software approaches that have been developed internally.

e Demonstrator experiments in Project 8 have been built into simulation workflows.
e Development and integration work is ongoing:
o Collaboration with KATRIN on Kassiopeia development.

o Integration of plasma effects* into our simulation framework.

e Software repositories are publicly available at github.com/project8/locust_mc and
github.com/KATRIN-Experiment/Kassiopeia .

*Kellerer and Spanier 2022 JINST 17 P06029
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