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The Migdal Effect

A.B. Migdal, lonization of atoms accompanying a- and 3-decay , J. Phys. USSR 4 (1941) 449
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Auger electron

Christopher McCabe XENONA1T collab
Dark Matter at the dawn of discovery? - arXiv:1907.12771
Heidelberg, 11th April 2018
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Recent application to low mass DM has led to huge interest in Migdal

Migdal effect calculations reformulated by M. Ibe
et al. with ionisation probabilities for atoms and
recoil energies relevant to Dark Matter searches.
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Migdal effect in dark matter direct detection

experiments

Masahiro lbe,%* Wakutaka Nakano,” Yutaro Shoji® and Kazumine Suzuki®

®ICRR, The University of Tokyo,

Kashiwa, Chiba 277-8582, Japan . .
bKauli IPMU (WPI), UTIAS, The University of Tokyo, So far ~ 200 citations of
Kashiwa, Chiba 277-8583. Japan Ibe et al
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Experiments using Migdal
to enhance sensitivity to
Light DM:

LUX, XENONA1T,
EDELWEISS,CDEX-1B,
SENSEI, DarkSide-50...

Including targets: Ge, Si,
Xe and Ar



EDELWEISS, arXiv:2203.03993
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This work, NbSi209 Pollsson 90 % CL ‘-—-——-‘\

Migdal effect in dark matter

direct detection experiments,
Ibe et al arXiv:1707.07258

102
WIMP mass MeV-c~2

Today
Dominated by Migdal



Migdal In Galactic Dark mAtter expLoration

Detecting the Migdal effect MIGDAL

« The Migdal effect has not been measured ‘. Migdal topology

- needs validation! N

« Many efforts underway (see B. Lenardo’s talk) -
« QOur aim is to detect the Migdal topology —
electron and nuclear recoil tracks sharinga ..
common vertex

- Challenging!
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P. Majewski, “OTPC for the observation of the
Migdal effect in nuclear scattering”, New
Horizons in Time Projection Chambers, 2020
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The Directional DM Community has
pointed the way for NRs
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N. Phan, PhD thesis, UNM (2016)
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...for Migdal we also need to resolve <10 keV electron tracks, and
measure their direction...

Challenging because electron tracks
have low dE/dx, large fluctuations:

We need:

 low pressures
« fine granularity readouts

« high S/N, and
- Large dynamic range!

D Loomba (MIGDAL)
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(2020). arXiv:1703.09883



100 Torr
e Using THGEMs we can lower pressure,

while maintaining:

o S/N (gas gain) and
o the granularity of the readouts

o 5.9 keV electron

r 1120

oo tracks imaged at
[ 80 same scale

50 Torr o 3

20 6
12 15 18 21 24 27 ADU
X (mm) 9

Phan, et al. JINST 15 P05012
(2020). arXiv:1703.09883
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Plus we demonstrated we could cover the huge dynamic range:

« With GEM gain set such that DD NR’s are stable:
(A. Mills, RD51, Nov 2021)
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Plus we demonstrated we could cover the huge dynamic range:

« With GEM gain set such that DD NR’s are stable:
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Nuclear
Recoil

Electron
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E = 39 keVee

“Migdal Events”
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The MIGDAL experlment - Low-pressure gas: 50 Torr of CF,

- To extend particle tracks
-~ Minimize gamma interactions

Readout

> X / \ —  Optical : Camera + photomultiplier tube
[ - | —  Charge: GEMs + 120 ITO anode strips

Time

» N

N
L
Amplitude

TPC signal amplification
— 2 xglass-GEMs (Cu or Ni cladded)

e s CF, gas High-yield neutron generator
T - D-D:2.47 MeV (10°n/s)
.................................................. G-GEMs  _  Defined beam, “clear” through TPC
Electron and nuclear recoil tracks

- Migdal: NR+ER tracks, common vertex
—  Cover dynamic range of NRs and ERs

cathode

>
% - - 5 keV electron threshold
5 y 5.9 keV X-rays from Fe-55 for calibration at
o L threshold (5.2 keV photoelectron)
12

H.M. Araujo et al 2023 Astropart. Phys. 151 102853
D Loomba (MIGDAL) https://doi.org/10.1016/j.astropartphys.2023.102853



The MIGDAL optical-TPC

D Loomba (MIGDAL)

Two glass GEMs:

- active area: 10x10 cm?
- thickness: 550 um

- OD /pitch: 170/280 pum
- active area: 10x10 cm?

- total gain ~10°

ITO strips:

- 120 strips
- width/pitch: 0.65/0.83 mm

2 field shaping Cu
wires

13



Neutron lrradiation Lab for Electronics (N”_E) facility
at Rutherford Appleton Lab in the UK

D Loomba (MIGDAL)
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Assembling at NILE
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Experiment installation in the NILE bunker

MIGDAL experiment fully assembled at NILE

D Loomba (MIGDAL)

e Lead shield
O 10cm

e Borated HDPE shield
o 20cm

e Collimator HDPE+ lead
o 30cmlong

16



Data taken using D-D neutron generator recorded
continuously during 10 hour long shifts. Significant
fraction of empty frames due to low DD rate.

Frames taken with 20 ms exposure time (vs.8.3 ms).
Longer than planned due to problems with camera’s
Linux firmware.

Data taking interspersed with regular calibration runs
(°°Fe) to monitor the gain of the detector.

GEM dV increased by a small amount each day to
maintain constant gain.

Half the data is blinded.

First Science Run — Summary

The First Science run took place from the 17t of
July to the 3" of August.

MIGDAL Preliminary
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Real-time gain calibration

S5Fe spectra automatically processed at
the end of calibration runs

Summary of gain and gain resolution over the course
of first science run from July 17th - Aug. 4th, 2023
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y [Pixel]

Real-time analysis of CMOS data with YOLO (You Only Look Once)

YOLOVS is a state of the art object detection algorithm that simultaneously locates (draws a

bounding box) and identifies objects of interest in an image

X [mm]
0 10 20 30 40 50 60 70 80
| | | | | | | m 40
1000
| | o 30
800
| | Mlgdal -like event topology
. s
! i | ! ! : ! ;
400 | , | |
Coincident C recoil + | i 10

2o 55Fe electron recorls ”””

0 250 500 750 1000 1250 1500 1750  2000°

X [Pixel]

J. Schueler, et al. (MIGDAL) arXiv:2406.07528

0
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We train YOLOv8 on measured data to

identify ERs, NRs, protons, alphas, )
camera , rolling shutter, etc.
Benefits:

1. Single-shot identification and
analysis of tracks

2. Enables real time %Fe calibrations
and ER/NR/etc event rate counting

3. Can identify multiple particle species
within a continuous cluster

4. Not trained to find Migdals —
robust and doesn’t need to be
trained on simulation!

19



https://arxiv.org/abs/1506.02640
https://github.com/ultralytics/ultralytics

Online, real-time analysis with YOLO

ER: 15234 NR: 6997 NR afterglow: 5030 p+a: 1081 Spark: 352 Storm: 54 Candidate: 5
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Particle species rates, dE/dx distributions, spectra, etc, automatically
generated from YOLO pipeline — Detector performance monitoring
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YOLO applied to Migdal search

- Applied to unblinded dataset consisting of ~20 million 2,048 x 1,152 images at

120 fps
f(2) Find frames A
e I » containing at least 1
" ER/NR pair

(1) Initial sample of »

(~20 million frames) k( 25,000 frames) ooy AR e e e
N J

4 N N B

(3) Filter frames based on other
criteria (~1,100 frames)

250 500 750 1000 1250 1500 1750 2000

k J x [Pixel]

— No longer a rare event search! These camera-only candidates require full 3D
reconstruction using the ITO+PMT to derive final Migdal candidates

21
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YOLO performance metrics

Train YOLO on real data, evaluate on Migdals
constructed using data NRs stitched to
simulated ERs to derive efficiency.

* Efficiency in MIGDAL ROI (E,>5 keV) is ~40%

Hybrid

> 20 e

30 35 40 45 50 55
X [mm]

We quantify YOLO’s ability to detect (faint!) ER in
a Migdal event using:

® Fraction of significant pixels belonging to ER,
fsigpix (Sig pixel is one where >1/3 of
intensity belongs to ER)

D Loomba (MIGDAL)
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Example Migdal-like event in DD + °°Fe run (or why (3+1)-dim is needed!)

DAL Preliminary Data

Single Nuclear Recoi
Track length : 14.6 | |
Energy: ~ 500 keV,, neutron

:—

and

Two 5.2 keV photoelectrons
from F induced by 5.9 keV X-
from 55Fe source

0O I I ' 1000 1250 1500 1750

x [Pixel]
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Example Migdal-like event in DD + >>Fe run

0 10 20 30
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Energy: ~ 500 keVe?

y [Pixel]

400
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0 i i ]
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Example Migdal-like event in DD + >>Fe run

0 10 20 30 40 50 60 70 80

1000 algorlthm identifies tracks in

the |mage Overlapping ER/NR:

800

o0 Track Iength 14.6 mm

Energy: ~ 500 keVe? neuétron

y [Pixel]

400
and

200

from F induced by 5 9 keV X-rays
from 55Fe source .

MIGDAL Preliminary Data
0 | | i | | | ! I
0 250 500 750 1000 1250 1500 1750 2000

X [Pixel]
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Migdal-like event...

Synchronizing with
ITO signals:

N
1

=
1

ITO charge
on strip

>

1000

i
i
e A T

B

_____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Combined image with the
ITO signals shows three

800

- separate-events by — e S
> associating the shared x | >
s axis oftheITO stripsand. . | S8 | .
10
PR e L
00 250 500 750 1600 1250 1560 1750 2060 0

X [Pixel]
D Loomba (MIGDAL)
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Migdal-like event...

ITO charge

y [Pixel]

D Loomba (MIGDAL)

200

Synchronizing with
ITO signals:
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from ITO strips

separates all 3
tracks in time.

- NOT Migdal!
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R&D for a MIGDAL Phase ||
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MIGDAL Phase Il - Motivation

* Probe lower energies 8
. . 14
 Attain higher rates
13
T T T S‘12
S N 2
S gt o Pl
> PR o
S e c 10
O N o
g Pal 6
= 107} nd - £
0
9 e \‘e' L% 5
S oM _g N
L o i
é 10 orn—P» \‘ f
1 c | 1 6
~ keV/ 565 keV 2.5 MeV
Dark matter or neutron energy 50 100 200 300 400 500 600 200

P. Cox et al 2023 Phys. Rev. D 107, 035032 Nuglear recoil energy [keV]

https://doi.org/10.1103/PhysRevD.107.035032 H.M. Aratijo et al 2023 Astropart. Phys. 151 102853
https://doi.org/10.1016/j.astropartphys.2023.102853
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DD Cumulative Migdal Event Rates

10°
* Probing lower electron
energies - higher rates
* Wil require better spatial 1}
resolution - NID °
o
> NI-OTPC results motivate ¢
this R&D 210
10°

2 3 4 5 6 7 8 9 10 11
Electron Energy [keV]
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Negative-ion OTPC Hamamatsu ORCA-Quest
» Photon Resolving Power:

%10% Pixel histogram of image #1

%2' Zero
s phot
~40 Torr CF4 5-PNo 1"

. " ﬂ i

180 200 220 240 260 280 300
Intensity [ADU]

[Quiet 0.2s

5.9 keV electrons Radiment Glass-GEMs
« 270 micron pitch

~45 Torr CF, + x Torr CS,

‘ 0 ~500 \

‘l 4 ~150-200H

u“

+ 4 Torr CS2 5
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D. Loomba, UNM

Low diffusion, high spatial
resolution enables detailed
reconstruction of particle’s

trajectory:

Head/tail of track
Initial direction
Range

dE/dx (Bragg curve):

Bragg Curve along Trajectory

Track Length is:
28.04 pix

0 5 10 15 20 25
Length along Track (pix)
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Charge readout(!) NI-TPC

Advantages of a NI charge readout TPC:

,5,0ne *Fe signal on strips, AVean~495V, V¢ = 1200V,

200
o Achieving high dynamic range does not require high gas £ 150
gains :
& 100
o Gas mixtures can be optimized for target atoms w/o A
worrying about light yield T e = '5\ 6 LJ 7 Jel s 1
The detector will be built and characterized in the next ° Strip #
year or two = F
3 - g
o = N
g - TN
; C TN
s 1500 — _/_\
8 L TN
8 ¢ N
< «m; _"_'/\
B TN
» N
500 — __,/"_\\
= N
L TN
o‘,-_I_I_I_I_I_I_I_I_I_I_I_I_I_I_H"'/\'\' (- (I - -
0 5000 10000 15000 20(1300 25(;00 30(1)00 33
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Summary

The MIGDAL experiment aims to perform an unambiguous observation of the Migdal effect.
Science runs with DD neutron source ongoing at the NILE facility at RAL.

The detector performed well through the weeks of operation with highly ionizing NRs.
Analysis of recorded data underway.

50% of recorded data are blinded.

YOLOvS pipeline for online, real-time, analysis of CMOS data including Migdal search
Work is ongoing to create a next generation NI-TPC to probe lower energy Migdal events

Stay tuned for results !
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OPEN ACCESS

Thank You!
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Backups

36



Migdal for LDM searches

o
X 4

nucleus gets a nudge
Erecoil 5 0.1 keV

Nuclear recoil can’t be detected

D Loomba (MIGDAL)

Migdal In Galactic Dark mAtter expLoration

nucleus gets a kick
Erecoil >> keV

BOTH NR+ER recoils must be
detected

37



Bell et al, arXiv:2112.08514
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T T T
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Nakamura et al, arXiv:2009.05939

Eneutron ~ 15 keV
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cluster A
1.nuclear recoil cluster B
(Engr)
/ __.-E
NeUtr on ___Bn_y---— 3.de-excitation X-ray
beam (Ecex)
4.de-excitation electron
(Enl' Edex)

2.Migdal electro? R
(E.) High-pressure gas

Araujo et al (MIGDAL), arXiv:2207.08284

Ereutron ~ 500 keV

CLUE

Zz
— ,')\«\
X ’/%\ - _/J \\—
[\ ==
PMT ¢ i
A cathode
ER A7
Nggg';gn + CF, gas
TOancde ., ’OW'pr essure gas ———"°S°¢vs

4  —

camera U

9 - \|||||||||||||I||I
> } |

! 1

Ereutron ~ 2500 — 15000 keV

«|MIGDAL

Migdal In Galactic Dark mAtter expLogg)n




Expected Migdal backgrounds per 1 million DD-induced nuclear
recoils with E > 100 keV

Component Topology D-D neutrons

>0.5 5-15 keV

Recoil-induced é-rays Delta electron from NR track origin ~0 0
Particle-Induced X-ray Emission (PIXE)
X-ray emission Photoelectron near NR track origin 1.8 0
Auger electrons Auger electron from NR track origin 19.6 0
Bremsstrahlung processes®
Quasi-Free Electron Br. (QFEB) Photoelectron near NR track origin 112 ~0
Secondary Electron Br. (SEB) Photoelectron near NR track origin 115 ~0
Atomic Br. (AB) Photoelectron near NR track origin 70 ~0
Nuclear Br. (NB) Photoelectron near NR track origin ~ ~0
Neutron inelastic y-rays Compton electron near NR track origin 1.6 0.47
Random track coincidences
External y- and X-rays Photo-/Compton electron near NR track ~0 ~0
Trace radioisotopes (gas) Electron from decay near NR track origin 0.2 0.01
Neutron activation (gas) Electron from decay near NR track origin 0 0
Muon-induced §-rays Delta electron near NR track origin ~0 ~
Secondary nuclear recoil fork NR track fork near track origin - ~1
Total background Sum of the above components 1.5

Migdal signal Migdal electron from NR track origin 32.6




Signal / background

D-D neutrons

D-T neutrons

Lomponen Topology >05 515keV  >05 515 keV
Recoil-induced d-rays Delta electron from NR track origin ~0 0 541,000 0
Particle-Induced X-ray Emission (PIXE)

X-ray emission Photoelectron near NR track origin 1.8 0 365 0

Auger electrons Auger electron from NR track origin 19.6 0 42,000 0
Bremsstrahlung processes’

Quasi-Free Electron Br. (QFEB) Photoelectron near NR track origin 112 2 288 ~

Secondary Electron Br. (SEB) Photoelectron near NR track origin 115 ~ 279 =

Atomic Br. (AB) Photoelectron near NR track origin 70 ~ 171 =

Nuclear Br. (NB) Photoelectron near NR track origin 2 ~0 0.013 ~0
Photon interactions

Neutron inelastic vy-rays (gas) Compton electron near NR track origin 1.6 0.47 0.86 0.25
Random track coincidences Photo-/Compton electron near NR track | =0 ~0 ~0 ~0
Gas radioactivity

Trace contaminants Electron from decay near NR track origin | 0.2 0.01 0.03 R

Neutron activation Electron from decay near NR track origin 0 0 ~0 ~
Secondary nuclear recoil fork NR track fork near track origin = S S
Total background Sum of the above components 1.5 1.3
Migdal signal Migdal electron from NR track origin 32.6 84.2

T These processes were (conservatively) evaluated at the endpoint of the nuclear recoil spectra. 40
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The Migdal effect has also been studied for
neutrons on helium....an intriguing prediction:

Neutron-impact ionization of He

M S Pindzola', T G Lee', Sh A Abdel-Naby', F Robicheaux?, J Colgan’ and
M F Ciappina®

J. Phys. B: At. Mol. Opt. Phys. 47 (2014) 195202

20 T T T | T T T T

15 -

Cross Section (mbarns/kau®*srad)

We present energy and angle differential cross sections for
the neutron-impact single ionization of He at 100keV in
figure 4. The TDCC results are for single ionization leaving He* . . . .
in the ground state, where the outgoing electron momentum 0 60 120 Angle'(i‘:mes) 240 300 360
k=20 (E=544¢V) and ¢ = 0. We find that the electrons
prefer to leave in the opposite direction to the target nucleus.

Figure 4. Neutron-impact single ionization of He at 100 keV. Solid
line (red): TDCC method for the single ionization differential cross
section with k = 2.0 and ¢ = 0 (1.0 mbarn = 1.0 x 1077 cm?,

kau = momentum in au, srad = solid angle in radians).

We will also be able to measure the angular
distribution of the Migdal electron...
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YOLO Capabilities

Key point(s) Instance
Classification Regression Object detection detection Segmentation 4.0
NR 525 keVee 3.5
N 3.0

o N
u o

Application: Application:
Particle ID Rare event searches
(Migdal effect)
Aoblicati _ Applications:
. _pp Ications: . 1. Vertex detection
1. Directional reconstrqctlon 5 Head/tail identification
2. Energy reconstruction 3. Trajectory fitting
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Simulation vs. Data
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We believe that reflections are
the origin of the differences
between sim vs data NR
distributions.

Data and simulation agree much
better for simulated ERs

Simulating NRs in our optical readout is very challenging. Instead we stitch simulated ERs on data NRs to
form Migdal signals to train and test YOLO.
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MIGDAL in nobles — Ar/CF4 mixtures

Image Intensity [ADU]

60 Torr
120000 ,
% of Ar in CF4
] 0%
100000' ° 30%
¢ 40% ¢
800001 x 50% .
¢
600001 .
Xe
400001 % .
o
»
[ ]
20000{ *, .
x‘ [ |
[ |
2.5 5.0 75 10.0 12.5 15.0
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Charge [pC]

Charge [pC]

Gas Gain

151

10

60 Torr

% of Ar in CF4

0%

30%
40%
50%

103 1 x

520 540 560 580 600
GEM dV [V]

Light yield enhanced with addition

of Ar.

L. Millins (MIGDAL), 16th Pisa Meeting on
Advanced Detectors
May 31 2024, Isola d’Elba
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ITO anode strips
Post-GEM ionisation
Readout of (x,z) plane
Pitch: 833 um

Digitised at 2 ns/sample
(Drift velocity: 130 um/ns)

D Loomba (MIGDAL)

qCMOS camera

(Hamamatsu ORCA - QUEST)
GEM scintillation through

glass viewport behind ITO anode
Readout of (x,y) plane

Exposure: 8.33 ms/frame (~120 Hz)
(continuous)

Pixel scale: 39 uym (2 X 2 binning)
Lens: EHD-25085-C; 25mm f/0.85

VUV PMT (Hamamatsu R11410)
Detects primary (S1) and secondary
(S2 from GEM) scintillation
Absolute depth (z) coordinate
Digitised at 2 ns/sample

- Event Trigger
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Glass-GEMs

. electron

eee—— >

100mm

Glass thickness : 570 um
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GaS S Stem gas pressure
y inlet ___ relief
lines valve
pressure
gauge
Chamber s -
gas — mixing
| o2, purifiers —§——
“ vessel
=
Wz .:]
A
' ’_j] -—— gas
@ ﬂ analyser
[y |
I flowmeter —— LN %
chamber e— - . e
pressure
gauge
l
residual pump turbo
gas controller
analyser =
power
supply
scroll

— pump

Initial vacuum in the chamber
~1E-06 mbar
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DAQ

shap_|r_19 discriminator FPGA
am;}hfler E 7 [ PMT signal
e tri trigger
PMT amplifier r:i'gh > Threshold
low |
cathode » amplifier > camera Trigger
GEM1 » amplifier digitisers @ Acqiris:
— PMT Low
GEM2 » amplifier » (66 ch) PMT High
R e Cathode
anode » amplifier DAQ GEM 1
strips PC GEM 2
(120) » amplifier > ITO strips
Camera
Rolling
Shutter
Exposure
FPGA
Pulse
Register

Synchronisation with LED pulse

Image cut due to a rolling shutter

primary GEM
scintillation scintillation

‘DT DT, ‘DT
2 us | | : I_l
* 3ms DAQ dead time
Single frame exposure time FT| FTi+1

FTia
<

< : -
- Single frame readout time

T a
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End'tO'end Simulations: Current [fC/ns]

DEGRAD (electron track) -
TRIM (NR cascade and electronic dE/dx) Anode strip readout
Magboltz (drift properties) Induction/collection /
Garfield++ (GEMs) (electronics ~
Gmsh/Elmer & ANSYS (ITO and E-field) deconvolved) 0#\
>
Migdal event
150 keV F recoil Camera readout
+ 5 keV electron Diffusion + GEMs + noise Image analysis
Intensity [ADU] .
0 5 25 75 150 300 600 1200 2400 Deconvolution +
‘ | PCE L S RidgeFinder

Intensity [ADU x 10%]

O~

— ' 0.0 1.0 2.0 3.0 4.0 5.0 6.0

0
)([m,n Distance along track [mmﬂ-g
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3D track reconstruction; Camera + ITO + PMT

X [mm]
ol 20 25 30 55
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Ridgefinder: An Unbiased Detector of Curvilinear Structures
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3D track reconstruction: Camera + ITO + PMT
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20 25 30 35 PMT
? Secondary Track: —
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3D track reconstruction: 3D voxels

3D track reconstruction of low-energy electrons in the
MIGDAL low pressure optical time projection chamber

E. Tilly! and M. Handley?* on behalf of the MIGDAL collaboration
Published 17 July 2023 « © 2023 IOP Publishing Ltd and Sissa Medialab

Journal of Instrumentation, Volume 18, July 2023
Citation E. Tilly et al 2023 JINST 18 C07013
DOI 10.1088/1748-0221/18/07/C07013

52



3D track reconstruction

Integrated Bragg Curve Along Ridge in Image
15001 .

12501
10001
7501

500 1

250 1

Integrated Intensity [au]

Primary Track ESecondary Track
Length:7.93 mm :Length:4.25 mm

< >

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Position Along Track Ridge (cm)
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Normalized Light Yield in 150 Torr CF4 + x Torr CS2 mixtures
T T T T T T T T

ary

NI-OTPC Results Light Yield
- Results show promise for NID but will be
challenging in O-TPC s
Alph Tracks Electron Tracks Measured Transverse Diffusion 1l

150 Torr CF“ + X torr C52 0 0.5 1 1.5CS2 ;ressufé5qorr)3 3.5 4 4.5 |
60 ’ } = ] -

= B : B
~400 ol Ml ol |
3 " | =
=}

1 | Q Eeall
© 20 fii -i 2

29 133.93 et "

| ; { 10f

4.2 126.10 % 1 N s | 5 % 200 40(% 600 80 1000

nergy [ADU] <10° SNR [DU/ADU]

5.4 | 125.09 | . /ugmisover

5x lower

..................................................

/But the SNR
is only 2x
lower

o
o

100

45 Torr CF, + X torr CS,

0 ~550 “

Counts [#]
8
counts |#]

[$2)
o

CF4 + CSZ
4 I “"150'200 I 0 12 3 4 ; 0 200 400 600 800 1000

Track Intensity [ADU] 105 SNR [ADU/ADU]

54

o o
o

D Loomba (MIGDAL)



Quantify diffusion (o,) and find optimal
NI % using charge readout:

Cathode HV End Plate

Clear plastic High Voltage Shield
Spring loadedend
plate.electrode contact

Remotely switchable
55Fe source

e
¢ < Field Cage Assembly
. - w Anode End Plate Assembly
- - . FS
B 4 ; I
35 4 | s

Resistor

|ﬁ.‘4‘..

Copper strip field rings

mactive area
(Y x 10 cm electrode area

EJec te d Support saddle Assembly
Primary  Captured

Cathode  flactrons by SFe Anode Useq to _measure.
< = « diffusion

f%:‘:::'_"_“_“_"_"_“_"_“_"_' """"""""" N Laser * waveforms
- --w-

Phan et al 2017 JINST

I 58.3cm ,
R. Lafler, PhD Thesis, UNM, 2019
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Results for o, in CF4/SF6 mixtures (60 cm drift):

257,
| "'T
x —@?ﬁi@
_ 27\ ——50CF4 3SF6
- ‘\ —=—20CF4 0.8SF6
E 15} ¢ —e—20CF4 1SF6
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R. Lafler, PhD Thesis, UNM, 2019
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Transverse Diffusion
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