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Project 8 - Towards a hew neutrino mass experiment
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Project 8 - Towards a hew neutrino mass experiment

Cyclotron Radiation Emission Spectroscopy

N c_ 1 B
* Cyclotron frequency (relativistic) fy:fyz Jm iE
e kin

High resolution with sufficiently long observation time

Trap electrons in magnetic field and detect emitted radiation

Reconstruct event
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Project 8 - Towards a hew neutrino mass experiment

Cyclotron Radiation Emission Spectroscopy

N c__1 B
* Cyclotron frequency (relativistic) fy=f7: Jm iE
e kin

* High resolution with sufficiently long observation time

* Trap electrons in magnetic field and detect emitted radiation

* Reconstruct event — reconstruct spectrum from start frequencies
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Project 8 — Phase li

« Goal: First T, spectrum with CRES

* Circular waveguide

* 5 trap coils for more flexible trapping
field geometry

* Colder amplifier and microwave
circulator reduce RF background

2016 - 2017:
Fabrication and commissioning of new
detector insert (still ™Kr)

e 2017:
Completion of tritium gas system

« Switchto T2 soon
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Phase Il - DAQ

Agilent N5183A PMI Switch Box *

BumnEag Adager

Signal Source If' I

* Amplification of the RF Signal e — S
. : /\/ L i A e
* Down-mixing with 24.2 GHz Cryogenic Recever

: Waveguide

* Real-Time Spectrum Analyzer s | Cafwndow  caFwndow |
]
I Circular Waveguide Circular Long WR42 WR.28 S
! napate || towR42 || wraz ||cryogenic [[VWR:28toWR42 Waveguide ||Lna Comdal
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Transition || Section || Circulator Straight Adapter

= Triggering digitizer T
= Limited triggers/min
* ROACHz2:

" ReCO nflgu rable open Roach 2 Digitizer Board
Architecture Computing

° (Or_zgséHz}
Hardware 600-2060 MHz EI 24.26Hz

HP Synthesizer Oscillator

= Developed for astronomy

= Trigger under development
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Phase Il - DAQ with the ROACH2

ROACH2

* FPGA board with two ADCs

* Down-conversion, FFT, time and frequency domain data streaming
Psyllid

* Data acquisition package for the ROACH2 system

* Receive data, trigger and write to files

GPU server
Anal . ROACH2 high-speed Send data
nalog signa e Diqiti packet ; files to
< 1.6GHz . B:?vl\:lnz-ionvert streaming PS.y IILIJCrlwpack time and freq domain data cluster
* Channelize > » Trigger high SNR frequency bins
— » Packetize > « Group packets to events
(Time & Freq) « Write time domain data to file
1.6GHz
clock
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Phase Il - DAQ with the ROACH2

ROACH2

* FPGA board with two ADCs
* Down-conversion, FFT, time and frequency domain data streaming

Psyllid

* Data acquisition package for the ROACH2 system

* Receive data, trigger and write to files

11-bit amplitude
10-bit phase

< 1.6GHz IF ‘ ° .

ASIAA 5Gsps
(runs at 3.2Gsps)
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Phase Il - DAQ with the ROACH2

ROACH2

* FPGA board with two ADCs

* Down-conversion, FFT, time and frequency domain data streaming
Psyllid

* Data acquisition package for the ROACH2 system

* Receive data, trigger and write to files

Frequency Trigger | Event
[F)';Z(:ket mask trigger W Builder El\fgnt
Fast packet :
— cceiver Egg writer | ——»
In-streaming
ROACH Packets
T-Packet
Data
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Phase Il - DAQ with the ROACH2

ROACH2

* FPGA board with two ADCs

* Down-conversion, FFT, time and frequency domain data streaming
Psyllid

* Data acquisition package for the ROACH2 system

* Receive data, trigger and write to files
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Track reconstruction

Take time slices from data and
compute FFT

@ PRiISMA
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Track reconstruction

Take time slices from data and
compute FFT

v

Calculate background power by
averaging over all slices
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Track reconstruction

Take time slices from data and
compute FFT

v

Calculate background power by
averaging over all slices

v

Calculate SNR of every bin

v

Remove all points with
SNR < threshold
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Track reconstruction

Take time slices from data and
compute FFT

v

Calculate background power by
averaging over all slices

v

Calculate SNR of every bin

v

Remove all points with
SNR < threshold

v
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Track reconstruction

Take time slices from data and
compute FFT

v

Calculate background power by

averaging over all slices El -
S, 5400f—
= .
v o] o
S 5200:— o .
. D . *
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Track reconstruction

Take time slices from data and
compute FFT

v

Calculate background power by
averaging over all slices

v

Calculate SNR of every bin

v

Remove all points with
SNR < threshold

Y

Remove all points based on
directional search of neighbors
(consensus thresholding)

v

Cluster nearby points together

v
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Track reconstruction

Take time slices from data and
compute FFT

v

Calculate background power by
averaging over all slices

v

Calculate SNR of every bin

+ 4800

Remove all points with #6000
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Cluster nearby points together
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Calculate track properties
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Track reconstruction

Take time slices from data and
compute FFT

v

Calculate background power by
averaging over all slices

v

Calculate SNR of every bin

v

Remove all points with
SNR < threshold

Y

Remove all points based on
directional search of neighbors
(consensus thresholding)

v

Cluster nearby points together

v

Calculate track properties
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Very successful in Phase |

event reconstruction

For some trap configurations in Phase I,
the performance is currently less good
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New track reconstruction algorithm

Take time slices from data and
compute FFT

v

Calculate background power by
averaging over all slices

v

Calculate SNR of every bin

v

Collect all points in slice with
SNR < threshold

v
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New track reconstruction algorithm

Take time slices from data and
compute FFT

v

Calculate background power by
averaging over all slices

v

Calculate SNR of every bin

v

Collect all points in slice with
SNR < threshold

Check whether matching line K BN R e . L e T
exists or start new line ' '

X
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New track reconstruction algorithm

Take time slices from data and
compute FFT

v

Calculate background power by
averaging over all slices

v

Calculate SNR of every bin

v

Collect all points in slice with
SNR < threshold

Y

Check whether matching line
exists or start new line

v

0.5ms after last added point, set
line inactive (delete if NIooints < 3)
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New track reconstruction algorithm

Take time slices from data and
compute FFT

v

Calculate background power by
averaging over all slices

v

Calculate SNR of every bin

v

Collect all points in slice with
SNR < threshold

Y

Check whether matching line
exists or start new line

v

0.5ms after last added point, set
line inactive (delete if NIooints < 3)
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D. Furse (2015), “Techniques for Direct

Neutrino Mass Measurement Utilizing
Tritium B-Decay”, MIT
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- Completely sequential
reconstruction algorithm
- Implement as real-time trigger?
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New track reconstruction algorithm

* First tests with Phase Il show good performance

e Start time distribution of short run with 10 ms pre-trigger time significantly improved
* Tests ongoing

* Other track reconstruction algorithms under investigation

Tracks reconstructed with Tracks reconstructed with
standard algorithm new algorithm
5 Bathtubl25. 30keV, r‘un_id: 30161 cail currentI: 0.499A 25 Bathtub 25, 30keV, run_id: 3016, coil current: 0.499A
1 Events [ Tracks
1 Tracks [ Events
201 20} ]
15+ 1 15|

10+ ’-|_|_r R 10}
| | ﬂlhd L | m
L L L L L |_|
10 20 30 40 50 (9.00 0.01 0.02 0.03 0.04 0.05
StartTimelnAcqg [ms] Start time [s]
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Phenomenology

Pe
Pitch angle 0 — P
* Angle between energy momentum and B-field _
* Electrons with angles < 90° explore higher field regions Befield
« Measured frequency depends on angle and B-field 1 (eB+b(0))
* Without pitch angle correction spectral lines are distorted ©2m E ./ c2+m,

and broadened

Bathtub configuration - 30 keV line

= = 4505 L,=30cmL,=5cm
E 4= 400 True lineshape (rescaled)
- 35 i_ 3505_ —— Distorted lineshape
o - -
2 3 300
g 25p 250
c - =
g 2F 200F-
= - -
15 150
= 100[-
05 E— 50 i_
- - oo b b PSS SR TR N R R
0 Q9 305 40 405 41 45 42 425
z[cm] Frequency - 26.44 GHz [MHz]
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Phenomenology

Sidebands

Magnetron (Wm)

* Axial frequency:

= L size of flat region 1 [2E,,
L : curvature of ed [l

= L :curvature of edges a_2ﬂL0+ 2L

= @: pitch angle sin@  cos0

Cyclotron (wo)
* Sidebands due to mixing of axial and cyclotron

frequency
Power Spectrum for E = 32 keV and Pitch Angle = 87
00201 2" order 2" order
_ sideband sideband
; o 1% order 1% order _
£ so10] sideband sideband Analyst: _
\ \ A. Esfahani
0.005 A \ fa \
| ¢777)|

1700 1720 1740 1760 1780 1800
Freq. ﬁHz)
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Phenomenology

Sidebands
* Axial frequency:

= L size of flat region
= L :curvature of edges

= 0: pitch angle

Magnetron (Wm)

1 2Ekin

: C
f= 27 | m,
“ 2mL, 2L,

: +
sin® cosO

* Sidebands due to mixing of axial and cyclotron

frequency

 [Extra structure in

Energy Histogram for 30.48 keV peak (bin width
run_id list = 182 197 204 205 206 218 292 (runtime .
(max = 583 counts — max bin eff = 1.0 %)

I
N =
o
o
o
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L

the Kr-spectrum s0ol

around known peaks

400/ -

Counts

200} -

100} -:

500}
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Phenomenology

g ] Dista(r;::t:n;z;:ap-shon =7cm
Reflections of the short & ool S
* Received power is superposition of signal and |-
reflection by the short f
04—
* Detected power depends on the pitch angle -
and distance between trap center and short -
05 800 e w0
Pitch angle [degree]
008 Power Spectrum for E = 32 keV and Pitch Angle = 87
E Distance to short: 5cm
* Interference can enhance or
suppress spectral lines
: 0.00 T . I . : I . . .
N 1700 1720 1740 1760 1780 1800 ° Analytlc mOdeI developed by
£ Distance to short: 3cm A. Esfahani
* Confirmed with Phase | data

1700 1720 1740 1760 1780 1800
Freg. (MHz)
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Phenomenology

1.00 ,Trap
0.99 | — Background field
- = Trap center position = 5.065
Reflections of the short e

* Background 1T field shows small gradient

Magnetic Field [T]
o
a

* Changing the trap depth, changes the

average distance of the electron to the _
short and the average sampled B-field
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Event reconstruction

* First two tracks are sideband

= Tracks start and end at _
e , Run #3004 - Event 1 - Bathtub 15 - 30 keV line
same point in time 4010 e

= L F - .. . - .

* Collision with rest gas atom:

130 = ST _ .

= Change of pitch angle e i O

_ _ 120 'i;ﬁ};-" i

= Main carrier becomes
apparent

Frequency - 25.285 GHz [MHz]

115
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* Single electron event with start

frequency ~106 MHz
(+25.285 GHz)
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Track classification

* Using a deep bathtub trap requires pitch angle reconstruction
* Goal: Classify a track purely by the track’s properties (width, slope, ...)
* Development in progress (L. Saldana, E. Zayas)

* Train classifier with labeled tracks (sidebands or main carriers)
from subset of Phase | data

140 A

120 A

100 A

80 -

Counts

60 -
40 1

20 A

li

1000 1020 1040 1060 1080 1100

Frequency (MHz)
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Track classification

* Using a deep bathtub trap requires pitch angle reconstruction
* Goal: Classify a track purely by the track’s properties (width, slope, ...)
* Development in progress (L. Saldana, E. Zayas)

* Train classifier with labeled tracks (sidebands or main carriers)
from subset of Phase | data

* Test on data unknown to training
* First results from Phase | data look very promising

I Main Carrier High 6
[ Main Carrier Low 6
[ Sidebands

140 ~

32.1 keV line 31.9 keV lines

_ﬂ 120 A
C
>
(@]
O 100
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Conclusion and outlook

* Currently taking 8™Kr data with Phase |l apparatus

* Commissioning of the ROACH?2 digitizer

* Trigger development in progress

* Testing new track reconstruction algorithms

* Development of phenomenology that explains the data

* Pitch angle reconstruction necessary to determine true event energy

* Sidebands and received power carries information about pitch angles

* Working on high confidence classifier to distinguish sidebands from main carriers

P Run #3004 - Event 1 - Bathtub 15 - 30 keV line

Bathtub configuration - 30 keV line

B

450

3501
300F-

Frequency - 25.285 GHz [MHz]

Ly=80cmL,=5cm
True lineshape (rescaled)
Distorted lineshape
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Phenomenology

=
o
o

Trap
— Background field
= Trap center position = 5.065

o
o
©

Reflections of the short

e
w
@

* Background 1T field shows small gradient

(=1
o
~

* Changing the trap depth, changes the
average distance of the electron to the short
and the average sampled B-field

Magnetic Field [T]
o
w
o

T

093

o
©
v ]

=)
w
&~
/ ‘

3.0 35 4.0 4.5 5.0 5.5 6.0 6.5 7.0
Position [A.U.]

Bathtub 15, 30keV, run_id: 1614, coil current: 0.199A Bathtub 15, 30keV, run_id: 1618, coil current: 0.299A
0.35F ' ' ' j ] . . . :
1 Events 0121 1 Events ||
Tracks | ] Tracks
0.30 |- . |
0.10 -
0.25 |
0.08 -
0.20
0.06 -
0.15
0.10 | | : 0.04 1
0.05 | 1 0.02}
0.00 —f -
1100 1120 1140 1160 1180 1200 0.00 = ' : =
1100 1120 1140 1160 1180 1200

StartFrequency [MHz] StartFrequency [MHz]

@ PRiISMA




