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Etotar = CI(VTES - Vtarget) + Err + Ecar
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Nikhef R&D

0(Ex) ~ 0(eV)

UL B L

e Background suppression
RF-tracker 9 PP

® Radio-isotopes & secondary emission

e Offline trajectory reconstruction
® (Constraining CR losses ~ O(meV)

~-~.
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Cyclotron motion and radiation

Transport
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RF readout & electronics

Cyclotron radiation emission spectroscopy

CR power from single electron: ~ 1 fW
CR frequency from 18.6 keV in 1T: ~ 27 GHz

Cryogenic low noise amplifier Background

Dominates SNR suppression

Gain ~ 28dB
Noise figure ~ 1dB

HF analogue electronics

CR signal mixed to 450 MHz in two stages -
Downconverter gain ~ 55dB
Downconverter noise figure ~ 5dB Z

Digitized with 5 GHz sampling rate N

Collaboration meeting — Autumn 2024
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SNR expectation

Detailed CST simulation — electron bouncing at y,z=0 for 1us
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https://arxiv.org/abs/2404.00817

SNR expectation over longer FFT

Further sanity check of shape of spectra due to AM from antenna - ExB required

5 1 [érXiv:2404.008i7] 1o Centre region
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gitlab

*see backup slides
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https://github.com/PTOLEMY-Experiment/RF/blob/mead_workspace/notebooks/toy_signal/am_sanity_check.ipynb
https://arxiv.org/abs/2404.00817

x(Xx

Expected configuration V

Cryo-LNA (WR42) (pdf)
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https://arxiv.org/abs/2404.00817
https://quantummicrowave.com/wp-content/uploads/2016/10/lnf-lnc16_28wb-1.pdf

LNA noise temperature in a B-field
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https://pubs.aip.org/aip/adv/article/9/8/085004/128138/On-the-angular-dependence-of-InP-high-electron
https://arxiv.org/abs/2404.00817

x
%
X

Coax-to-
waveguide

Probable changes V

Cryo-LNA (WR42) (pdf) Reduce noise temp

Coax & transition

Waveguide

-to-coax
Improve S5,
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https://quantummicrowave.com/wp-content/uploads/2016/10/lnf-lnc16_28wb-1.pdf

New waveguide toys?

x(Xx

Cryo-LNA (WR28) (pdf) * 821

(pdf)

* Noise 1?7dB Gain 33dB

« Combining antenna outputs

Circular to linear
polarisation converter
(8.001mm diameter)

Cylindrical waveguide
f (4mm radius)

YR U Optimised to balance

constraint from [EIeSEERRCER{(B)
magnet * Sy as f(curvature, 1/L)
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https://www.pasternack.com/images/ProductPDF/PEWPL0005.pdf
https://sftp.eravant.com/content/datasheets/SWT-28315-SB.pdf
https://www.pasternack.com/images/ProductPDF/PEWPL0005.pdf
https://sftp.eravant.com/content/datasheets/SWT-28315-SB.pdf
https://www.ttinorte.es/wp-content/uploads/2020/01/TTI-CLNA-2339.pdf

Wish list AV,

x(Xx

Coax & transition
losses after LNA

B-field
tolerant
LNA
sharing an
ASIC with
a patch
antenna
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Next In the readout chain

Two-stage mixing produces inversion of the spectrum + central freq. — 0.45 GHz

Central freguency to preserve SNR

'26.0 26.5 27.0 275 28.0 855 86.0 865 87.0

fiu {GHZ) H [D]

Central frequency range: 24.0 —27.5 GHz
Instantaneous bandwidth: 0.6 GHz
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Downconverter status

Naafs, NIKHEF

Productionfmedet’3

ENGS Kr83m e-trap * Ongoing
fela o ® Updating all control boards to latest software version

® Final consistency checks between downconverters
® Documentation

........................... : [ Future
- | >~ ® Full characterisation
® Measure losses (VNA preferred)
® Noise figure measurement with calibrated source

57 ® Measure gains of LNA + downconverter chain (VNA needed)

Downconverter Gain [dB]
3
Operational ~ 3GHz
Instantaneous ~ 600MHz

23 24 25 26 27 28 29
Frequency [GHz]
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https://gitlab.nikhef.nl/guidov/ptolemy_rf_documentation

Closed-loop test

® Synthetic signal '

o l RF-SoC '
® 27 GHz central freq., 1fW emission, O(us) length | _ _ _ _ _ _ & & o & & & o o o o o o - — - :
: : b i .

e Approximate CR to test electronics & antennas 1 Signal Lo IP packet Do
b generator 1| generator I :
| e e o mw m— wm o e E= = e e o o oo oo oy o e e e o=

* Loop test ! I 5GSals '
I
® FPGA transmits & receives simultaneously : Digital to analogue Analogue to digital :

® Testing shielding & characterising noise : converter converter I

® Measuring losses and interference l 1 0.45GHz :

® |n air test (high power signal) and vacuum | | ~30dBm

® Between two antenna? RF-attenuator + Downconverter +

Upconverter Low-noise amplifier
® Baseline for evolving test setup
® Explore antenna configurations = " 27GH
o o | | e Lossy channel & -
e Test impact of cavity on CR-signal -120dBm
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Closed-loop test

® Synthetic signal e et

o l RF-SoC :
® 27 GHz central freq., 1fW emission, O(us) length | _ _ _ _ _ _ C C C & o o o o e e e e - - -
: : b i .

e Approximate CR to test electronics & antennas 1 Signal P IP packet Do
Lo generator 1! generator I :
| T o o o o o o o - e e e e e e ey e e o e =

* Loop test ! I 5GSals |
® FPGA transmits & receives simultaneously : Digital to analogue Analogue to digital :

® Testing shielding & characterising noise : converter converter I

® Measuring losses and interference l 1 0.45GHz :

® |n air test (high power signal) and vacuum | | ~30dBm

® Between two antenna? RF-attenuator + Downconverter + |

Upconverter Low-noise amplifier
® Baseline for evolving test setup

® Explore antenna configurations > O(1mm) gap

® Test impact of cavity on CR-signal N — N
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Upconverter status p Y4

Naafs, NIKHEF

Since last meeting
Footprint tests concluded

Moving forward with optimal
connectors in next iteration

Final architecture adjustments made
— delivery expected early next year

Future
® Arranging housing fabrication with
mechanical engineering department

Work on control software in
anticipation of deliveries next year

0\ & [
e
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RF-SoC status

Bos, NIKHEF

® Partsincorporated
® [Enables continuous readout

® Enables trigger algorithm
development from ‘data’

® Setup RF-SoC Mattermost with
Massimiliano & Pascal (FPGAS)

® Fun collab opportunity for students
interested in algorithm development?

® Injecting signal
® Toy model (AM/FM generator)
® | NGS e-trap data from scope (WIP)
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https://mattermost.nikhef.nl/ptolemy/channels/rf-soc

Waterfall plot on RF-SoC

Bos, NIKHEF
Toy signal input FFT 2015 points
® Sample rate: 5GSps
® Window size: 2715 = 16384 samples
® Time per row: 2715/ 5GSps = 6.5us

(can be extended to 13us)

Trigger and analysis
® Basic box-trigger enabled

® Plotting synthesized signal using onboard DAC
(can input different parameterisations)

Work in progress
® |mproving upon dead-time

® Producing overlapping STFTs (a la Sauron plot)

gitlab Animation
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https://gitlab.nikhef.nl/bosp/ptolemy_daq_design
file:///Users/james/Downloads/Screencast_20241119_082634.webm

Toy signal over 140pus
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Downconverted signal with ‘antenna coupling’ V
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0 ' development at Nikhef and LNGS
1573 ] ) 3 4 5 000000 000005  0.00010
Time (s) 1e-8 Time (s) Can mimic e-trap transverse observer,
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Including noise to mimic LNA temperature
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Placeholder for the RF region acceptance

Based on e-trap acceptance studies

30 1000
20 T
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10 >
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Variation in central and bounce frequencies
Integrated ExB drift across antenna face
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Update from Wonyong's end-to-end geometry

= peak power
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T T T T
—0.04 —0.02 0.00 0.02
X (mm)

T
0.04

0.02950
40000 0.02294
20000 0.01639
0 > I 0.00983
=
-20000 = 0.00328
40000 E ~0.00328
* —0.00983
0.06
-0.01639
6000 -0.02294
4000 : ; : ; : -0.02950
-0.04 -0.02 0.00 002 0.04
2000 —
E X
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~2000 W& ® Relatively little variation in E, - ExB drift
—4000 ® Significant offset and y-dependence in AV .. f;
—6000 °

Variation in bathtub shape -
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Variation in central frequency

Number of teeth required for SNR threshold or precision on f, could dictate y-acceptance

] —
| —— Central Tooth N 34 \ Cut-off of wa\>aqui e probe still <‘uppﬁses higher modes
27.2 1 ' Bandwidth N
) : ——- Central Frequency |
L | N
- : 32 \
2704 I < \ \
— : = 30
o . : N
¥ i : N N
0 —
= 26.8 I - L r \\.
T ee———— o N o __ m— E) E 28
o I — o o e e e e e e A e e = = = —
S | — e bbb e, e s e g
L 26.6 | o} 26
L (&)
| - N
—— O —
! 3 oad TE1l
26.44 ! —— TMO1
L | — TE21
! 227 — TEO01
4 ... : 1. —_——
26-27 Limit from downconverter bandwidth 2o M1l
20 -15 -10 -5 0 5 10 15 20 2.5 3.0 3.5 4.0 45 5.0
y [mm] r (mm)

50ms1 across 7mm diameter antenna >60pus signal requires < £3.16mm from y=0
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Variation in frequency comb

—— Central Tooth N ——- Central Frequency
279 - Bandwidth . 27.2 - Bandwidth
——- Cenftral Frequency | —— Central Tooth
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— S
—_ % e
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>, o5 > L. SN
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@ . O 3]
% —_— 2 s Placeholder bounce
1 [ . q .
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Length of signal could give abs(y), combine with f. & f, to give signal & background hypotheses
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WIP: replacing
0-dependence w.
y-dependence
for KE range

KE resolution at endpoint (eV)

10° 10 10°  10° 10" 10
Time [us]
B 20000 )
20 40 60 10 20 30 40
SNR factor (relative to 1us) SNR factor (relative to 1us)
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Matched filtering algorithm template bank V

Assuming y=0, filter passively deals with background

Af. [MHz]

25 20 15 10 5
885 To e /0, ®

® Reproduce this style of plot for frequency
140 comb template bank (disentangles from
specific config.)

’
¢ ’
,’;............./‘.............

.O............‘,....00.00.....

88.0-.............ﬂ.........‘....‘

.........C..y/.............0..

120

® x-axis = Central frequency
100 y-axis = Bounce frequency

7R i S . SR -

o © 6 060 0 0 0 O /Q’. L B J . o 0o 0 0 : (Can ShOW freq. grid On KE and KE”
. e | i) 4 80 > axes for specific configuration)
O v i o
= o000 0/00000e0 oo o ofeje =
EE:ZILHI:::Z R b 60 e z-axis = SNR for specific noise temp.
8654 sisiitiiialy SESIHE = int(conv.) given signal input
EE:E?EESEEEES e e 40 (can assess algorithm performance)
PP = B S e I ..:::: :
g6.0 {1 tAtaiiiiiiiiiiis it
‘e S congidengs e e ees 2SS : 20 ® Define as SNR of central tooth?
e At=lus @B, mosiiiiiiiiiiys SNR is now f(KE, KE, AVgr, Ve,e)

855 I T T T T
18000 18100 18200 18300 18400 18500
K [eV]

o [Oedededodoncedon o hoNe e B A ANN & BN\t O

8600
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Coherent signal with cyclic FM in time-domain YV

Pure Signal
g '"PAAAD | _
% . E:ﬂrrslfgns;iqnal _______________________________ \/ ..................................... !\. ................ [ S|ng|e antenna has a
S . | coherent signal as
0.0 0.2 0.4 0.6 0.8 1.0 .
Time () le-7 cumulative phase offset
Noisy Signal and Pure Signal
T returns to zero due to
2 —— Noisy Signa .
2 o puresSignal cyclical FM (long At for
g -
10.0 0.|2 0:4 0:6 0:8 1.|0 narrow Af preCISIon)
Time (s) le—7
Te lat . . .
g T — ® Chirp is non-cyclical:
£ of  Templae ’VL J\f also has damping effect
—— Template -
< 1 " Vi e v " on other modulations
Time (5] e (we intentionally choose
Filtered Signal .
P e FFT window too short to
E‘_ O_MWM/\MWMVMMMM_ Filtered Signal ' see the Chlrp for SN R)
_5 -
0.0 0.|2 0.|4 D.IG D.IB 1.|0
Time (9 *7 e Does relative phase of

Filtered Signal

g opposite antenna pairs
" Fitered signal T &"""*‘"""‘*"“"‘*“”“f"‘*““%‘““"‘*‘“ have V, .. y-position

0 3 a 5 3 encoded?

Time (s) le-7

Amplitude / stdev
‘lﬂ [= T}
i i i
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Summary

®* Nikhef deliverables
® F[inal push to closed loop test underway
® Renting VNA and SA for full characterisation
® Trigger development underway (learn hils4ml and make Pascal’s life miserable)

® Looking into
® Algorithm assessment akin to Project-8 JINST paper
® Disentangling y-offset in the signal analysis (anticipating target—RF transfer functions)
® RGA outgassing measurement of 3D printed RF components from LNGS

Unsuccessful
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RF-group book-keeping

[Nikhef Indico — RF meetings]
[LNGS Wiki — RF group page]
[LNGS Cloud — RF meetings]

[Ptolemy Github — RF project]
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https://wiki.sites.lngs.infn.it/doku.php?id=ptolemy:org:rf
https://gsbox.lngs.infn.it/apps/files/?dir=/PTOLEMYdocs/presentations/RF-meetings
https://github.com/PTOLEMY-Experiment/RF
https://indico.nikhef.nl/category/89/

& (Late) Christmas present for KATRIN? h Y4

Mature state of my
transport electron
transport studies
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Sanity checking SNR expectation

[Phys. Rev. Lett. 114, 162501]

® Project-8 paper example

r——_————_———————~—‘ r—_-_’-—-—_____ 2 ~—— modulation
(] = (] = —~ , .
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gitlab
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https://arxiv.org/abs/1408.5362
https://github.com/PTOLEMY-Experiment/RF/blob/mead_workspace/notebooks/toy_signal/am_sanity_check.ipynb

Sinusoidal amplitude modulation

| should have set the power to reflect 6 < 90° implied by non-zero f, but it’s the time-

e PTOLEMY signal with AM averaged power normalisation that matters here, not the absolute SNR values
2
o KE = 18.6 keV ® RBW =~ 25kHz .
g o
® Power =1.17 fW ® Temp = 15K N e
—11 effective modulation
- . . ——— modulation
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https://github.com/PTOLEMY-Experiment/RF/blob/mead_workspace/notebooks/toy_signal/am_sanity_check.ipynb

Short range sensing with bouncing motion

® PTOLEMY signal with AM

o KE = 18.6 keV
® Power 41.17 f\_/V,
® Duration =50 us
® Sampling rate = 10 GHz
® Carrierfreq. =0.5GHz
® AM freq. = 25 MHz
150 - —— product
1.25 +
& 1.00
& 0.75 A
0.50 4
-1l
o ™
0 200 400 600 800 1000
Frequency (MHz)

21/11/2024

SMR (dB)

| should have set the power to reflect 6 < 90° implied by non-zero f, but it’s the time-
averaged power normalisation that matters here, not the absolute SNR values

® RBW =~ 25kHz

® Temp = 15K
® Noise =~ 0.004 fW/bin
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https://github.com/PTOLEMY-Experiment/RF/blob/mead_workspace/notebooks/toy_signal/am_sanity_check.ipynb
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Toy model — transverse analysis

FM AM
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Toy model — longitudinal analysis
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Strong attenuation and dipped potential
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https://arxiv.org/abs/2404.00817

Bring the electron to the antenna
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S s s S S A S A B—
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Couples to stationary freq.
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Couples to Doppler freq.

Electrodes at nodes to preserve mode structure but transport window would support TE10
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No transport window — parameter sweeping

Ongoing: Parameter sweep calculating S,;

Soon: Parameter sweep calculating Q-factor

Circular cavity: 4.12 mm radius, 10 mm length
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In-line transitions

Coax
connector

Shorting [
elbow

Dielectric

Considered but limited by space between the dipole faces
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The impact of modelling the electrodes
with zero width has on signal
Q-factor dependence of the transport

Tuning for S,; between coax ports
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Shepherd’s crook: TMO1 cavity

Currently investigating:
Tuning for S,; between coax ports
Bandwidth dependence of loop radius

Circular cavity: 5.4 mm radius, 10 mm length
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TEO1... additional modes?

Currently investigating:
- Tuning for S,; between coax ports
- Are these modes expected to hybridise?

Circular cavity: 7 mm radius, 140 mm length
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https://agenda.infn.it/event/38742/contributions/223210/attachments/116801/168459/Project8_Status_Future_Stachurska.pdf

Waveguide / cavity couplings

transition section

/RECTAN GULAR WAVEGUIDE
IN-LINE TRANSITION DOOR COUPLER CAVITY
KNOB i
Waveguide less lossy than waveguide \: S|l T
. - \/ =
Reduces number of coax-waveguide transitions E R | J V z
- |22 = | =
g
Transitions to 2 = =
Square to E-plane bends W{{ 112 ~
circular \
waveguide  Square waveguide RIGHT ANGLE TRANSITION \MOVABLE SHORT

' \ 7 \ \ Impedance matching /
| \ . Tuning elements built in
, Spare-rib compatible?

} Stepped-thickness septum A=

Merge rectangular outputs
Direct transition to LNA

1 TMO1 Mode Exciter 4. Short
2. TMO1l mode Exciter 5. Bearing

Short on space inside current/new magnet? (50mm - 150mm) 3. Door Knob 6. Choke Jomt 7. Circular WG
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