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PROTON RADIUS PUZZLE

The proton radius puzzle = Reduced size of the proton obtained with Muonic
Hydrogen Spectroscopy (First released — 2010)

The proton rms charge radius measured with
electrons:  0.8751 = 0.0061 fm (CODATA2014) ‘

muons: 0.84087 = 0.00039 fm
up 2013 ¢ electron avg.
560
scatt. JLab
up 2010 o scatt. Mainz
H spectroscopy
s osi T oss ose 087 o0ss 08 05

R. Pohl et al., Nature 466, 213 (2010) Proton charge radius (fm)

A. Antognini et al., Science 339, 417 (2013)
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POSSIBLE REASONS

The up (spectroscopy) result is wrong

Discussion about theory and extracting the proton radius from muonic Lamb shift measurement

e The ep (spectroscopy) results are wrong
Accuracy of individual Lamb shift measurements?
Rydberg constant could be off by 5

e The ep (scattering) results are wrong
Fit procedures not good enough
Q? not low enough, structures in the form factors

e Proton structure issues in theory
Off-shell proton in two-photon exchange, leading to enhanced effects differing between 1. and e
Hadronic effects different for ..p and ep

e Physics beyond Standard Model differentiating 1« and e

Lepton universality violation, light massive gauge boson
Constrains on new physics: e.g. from Kaon decays
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MUSE TIME-LINE

2011: Ron Gilman & Michael Kohl came up with an idea

2012: MUSE presented to PSI BVR 43, and every BVR thereafter
2014: Conditional physics approval from PSI

2014: First R & D funding from NSF & DOE

2016: Full construction funding from NSF (award Sep. 15th)
2018:August: Installation and dress rehearsal at PSI
2018:December: MUSE — First Scattering Data

2019-2020: Data taking: 6 months / year

2020-2022: Data Analysis and Publications.
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MUSE COLLABORATION

~63 MUSE collaborators from 24 institutions in 5 countries:

A. Afanasev?, A. Akmal®, J. Arrington®, H. Atacd, C. Ayerbe-Gayoso®, F. Benmokhtar, N. Benmouna®,
N. Bern®, J.C. Bernauer?, E. Brash", W.J. Briscoe?, T. Cad', D. Ciofi?, E. Cline, D. Cohnk, E.O. Cohen!,
C. Collicott?, K. Deiters™, J. Diefenbach”, B. Dongwi', E.J. Downie?, L. El Fassi®, S. Gilad9, R. Gilman J,
K. GnanvoP, R. Gothed, D. Higinbotham", Y. llievad, M. Jones', N. Kalantarians', M. Kohl, B. Krusche?,
G. KumbartzkiJ, I. Lavrukhin?, L. Li9, J. Lichtenstadt', W. LinJ, A. Liyanage', N. LiyanageP, W. Lorenzon,
Z.-E. Meziani¢, P. Monaghan", K.E. Mesick", P. Mohan Murthy9, J. Nazeer, T. O’Connor¢, C. Perdrisat®,
E. Piasetzsky', R. Ransome /, R. Raymond!, D. Reggiani™, P.E. Reimer¢, A. Richter, G. Ron¥,

T. Rostomyan |, A. Sarty", Y. Shamai', N. Sparveris?, S. Strauchd, V. SulkoskyP, A.S. TadepalliJ,

M. Taragin*, and L. Weinstein®

M Funded by 5 Agencies B Technical Design Report:
arXiv:1709.09753

[physics.ins-det]

aGeorge Washington University, °Montgomery College, °‘Argonne National Lab, “Temple University,
eCollege of William & Mary, "Duquesne University, IMassachusetts Institute of Technology,
hChristopher Newport University, ' Hampton University, | Rutgers University, “Hebrew University of
Jerusalem, 'Tel Aviv University, "Paul Scherrer Institut, "Johannes Gutenberg-Universitét,
°0Old Dominion University, PUniversity of Virginia, University of South Carolina, "Jefferson Lab,
sUniversity of Basel, University of Michigan, “Los Alamos National Laboratory,
VTechnical University of Darmstadt, “St. Mary’s University, *Weizmann Institute  (Oct. 2016)
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PAUL SCHERRER INSTITUT, VILLIGEN, SWITZERLAND

e X-ray laser: SwissFEL

e Synchrotron: Swiss Light Source
(SLS), with 2.4 GeV photons
e Proton accelerator: World’s most
powerful 590 MeV Proton beam
(2.2 mA, 1.3 MW beam, 50.6 MHz RF
frequency)
Q et 7 in Secondary
beam-lines
© Particle species are separated
by timing relative to beam RF
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7M1 EXPERIMENTAL AREA

P, MeV/c
115 + 96.7 21 09
153 + 63.0 12.0 25.0
210 + 121 8.0 79.9
115 - 985 0.9 0.6
153 - 89.9 32 6.8
210 - 47.0 4.0 49.0

FIGURE: Beam composition
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Beam Momenta (Gev/c)

0.115; 0.153; 0.210

QP range for Electrons (Gev?)

0.0016 — 0.0820

QP range for Muons (Gev?)

0.0016 — 0.0799
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FIGURE: RF Spectrum
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7wM1 AND MUSE

| Rp(fm) |  Electrons | Muons \
Spectroscopy | 0.8758 + 0.0077 | 0.8409 + 0.0004
Scattering 0.8751 +0.0061 2?7

e Simultaneous measurement of e p; u~pand e p; ' p
elastic scattering reactions at 3 different beam momenta:
115 MeV/c, 153 MeV/c, 210 MeV/c in 7M1 area at PSI:

@ Simultaneous determination of the Proton Radius in both
ep and pp scatterings

@ Direct comparison of ep and up scatterings at sub-percent
level precision

© Test of Lepton universality

© Determination of TPE effects
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DETECTOR SETUP

Scattered Particle
scintillator (SPS)

Measure et p and p* p elastic scattering
p=115,153,210MeV/c
@ =0.002 — 0.07(GeV/c)?
© =20° —100°

Dr. Tigran Armand Rostomyan*

e Liquid hydrogen target

e TIMING: Beam-Hodoscope
planes (BH) + Scattered
Particle Scintillators (SPS) +
Beam Monitor (BM)

@ TOF for scattered and
unscattered particles,

for reaction 1D
O 1 < 100ps; €> 99%
© PID of Beam-line particles
O 1 < 150ps; €> 99%
© Beam Momentum determination

e TRACKING: GEMs + Veto +
Straw-Tube Tracker (STT) or
BM

Status of the MUSE experiment
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DETECTOR SETUP
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LIQUID HYDROGEN TARGET

Construction by U.Mich., PSI, CREARE

o

e Assembled at PSI

e Multiple successful cool-downs with Ne Condenser
o

o

~ H,gasinletinto
condenser

Hydrogen exhaust system constructed
Safety review passed (PSI; Aug.2018) =

LH2
ill pipe

Distance needed - H, exhaust pipe

30 cm total bellow
displacement needed

11.6 cm

Guide rods e
postion @ e e 3
ndicators (3x) F o Lendsceas ! LH, target cell + b}
\ o0
I 1

Entrance |
wrindow 1 Empty target cell

Belows.

Stepper motor f 4 ™~
encocer, drive, o i C Target . ——

gearbox ’ 4
Empty Space' 8

FIG. 21. A schematie view of the target ladder.

Observaton

(not showm}
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LiQUID HYDROGEN TARGET

Parameter [ Requirements [ Achieved |
Maintain filled cell at November 2018,
Liquid Hydrogen T ~ 19k and moderate
P ~ 1atm
Cool-down time < 3days v < 2hours!
Beam Entrance Window > 6cm / Easy
20° < 6 < 100°; v
Exit ¢ =0° +45° at 9 = 60° v
Windows beam up-down and v
left-right symmetry %
Ne Cooldown 30 May 2018
~—- level sensor —— Condenser temp [
Condenser temp |
—— Targettemp | (0.16
i
#tois
1 o114 g
| :
T
: 013
/',/’ F0.12
F0.11
80 90 100 110 120

60 70

Time (min)

50

o Meets requirements!

Dr. Tigran Armand Rostomyan*

Status of the MUSE experiment



Proton Radius Puzzle
Detector setup and status

MUON DECAY AND MOELLER

Simulations (USC)

neutrinos
|
—\ 2 <
electron 4 \
y ‘\
y N \
2 4 /? % \
i » A\ N
y 3 (\f\, A
8\ "N
& [ N\
/ ¥ @ .3\ |
§ : X
mon decay '
. R S |G v
Beam-manitor
seintillator 4— Forward going
as Myller Veto \ | high-thomentua

A1

scattering event
inside the target

153 Mev/e
elactron

" Meller electron
* low momentum
 Rorwand peaked

Dr. Tigran Armand Rostomyan*

e Muon Decays in flight can
be removed with TOF
measurements

e Moeller/Bhabba events can
be effectively suppressed
with BM acting as a
Moeller-VETO

Status of the MUSE experiment
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KEY REQUIREMENTS: TIMING

e Beam-particle and reaction identification

- 210 MeV/c
5000[— —— 160 MeV/c
F — 117.5MeV/c
4000?
3000:—
2000/~
i A/\“
L L L L
5 10 15 20
Time (ns)

e 150 ps rms beam line
timing for PID

Dr. Tigran Armand Rostomyan*

SIMULATION

é"" AU | I\‘ q
50 l \
|FRYAN

153 MeV/ic

— y scattering

—— j decay

Vertex Time Difference tsps- tsis (ns)

e <100 ps rms TOF for

reaction ID
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BH FINAL DESIGN

16 Paddles per Hodoscope
separated by ~6 micron air
10 x BC404 (100mm x $mm x 2mm)
$13360-3075PE
52 HAMAMATSU SiPM-s

Masimm
1 5 At

MESYTEC

Holding franfei
Covered by Tedlar

HV Input and Signal Output

PSI Power Supply
~55 —~110 V for SiPM-s
8V for Amplifier

Dr. Tigran Armand Rostomyan* Status of the MUSE experiment



Proton Radius Puzzle
Detector setup and status

BH PLANES

4 BH-Planes successfully tested
2 mm thick x 100 mm long x 4&8 mm wide BC404 +
+ Hamamatsu S13360-3075PE

Paddle Paddle Time Resolution
#1 65 ps
#2 66 ps
#3 62 ps
#4 77 ps
#5 68 ps
#6 95 ps
#7 97 ps
#8 97 ps
#9 91 ps
#10 95 ps
#11 96 ps
#12 64 ps
#13 68 ps
#14 70 ps
#15 61 ps
#16 61 ps

Meets requirements!
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BH PLANES

@ Extensively prototyped; exceeds requirements!
@ Completely built at PSI

[ Parameter [ Requirements | Achieved

Time Resolution < 100ps/ plane v 80ps

Efficiency > 99% v 99.8%
Positioning ~ 1mm, =~ 1mr v~ easy by calibration
Rate Capability 3.3 MHz / plane v >10 MHz / plane

Time difference first hit | T e e

coynts
&
3

SE T T TI I T I T PITI ITTT  TTIT T

@
8
3

oy — n(LQ F) _ 55 ps

»
o
3

N
=3
=)

a
3

=]
=)

a
=)

o

3.5 4
time (ns)
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BEAM MONITOR (BM)

3 mm x 12 mm x 300 mm BC404 + S13360-3075PE

e Fully prototyped, designed and built at PSI by me
e 6 mm shifted 2 planes: 16 paddles per plane
e Completely Functional!
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BEAM MONITOR
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BEAM MONITOR: TEST RESULTS

@ 3 BM prototypes successfully tested:
3 mm thick x 300 mm long x 12 mm wide BC404 +
S13360-3075PE; S13360-3050PE; AdvanSiD

@ Best result: S13360-3075PE: 0 ; = 59ps; €> 99.9%

] Top Bottom T Comments ]
Paddie# | tme dift s | iride, mv | falling time, ns | Ampitude, mV | faliing fime, ns v Trigger = Top&Bottom, -50 mV threshold, AC coupled

= 000 5 20 121 e
155 %0 153 ) 151 16781 i ind
167 100 133 a0 127 16572
78 o0 P 530 10 16509
166 1115 s w0 125 16576
191 [ 145 £ 136 16565
167 1140 fE) ass 13 16581

8 193 % 15 o0 14 16601

5 168 1190 127 s 118 16587
0 w0 155 550 152 1028
169 1140 12 907 122 1659
197 00 ) S0 149 w0662
158 1160 128 940 117 16596 Weused %05 252 souse
05 oss 151 ) 147 16686
e 1160 s 73 [ 16608 Amples SNE00%
209 550 152 390 1 166.72 Amplifies SN#010
166 780 15 715 14 166.12
170 1180 ) 915 [ 16668
168 910 a7 00 12 16616
157 7% 152 550 [ 16701
00 715 1se 70 14 10627
174 1060 138 £ 116 16755
191 790 151 840 14 166.38
172 1170 129 860 12 16683

5 155 ase 1s a5 15 16658
167 1200 129 00 112 16532
197 795 146 w46 136 16662
70 1150 127 [ 10 16541
157 ) P 740 146 1067
190 1020 15 0 s 16546
165 20 o) 9% 106 16675
177 1180 129 850 128 16551

o TESTED: Meets requirements!

Dr. Tigran Armand Rostomyan* Status of the MUSE experiment



Proton Radius Puzzle
Detector setup and status

SCATTERED PARTICLE SCINTILLATOR (SPS)

e Copy of CLAS12 FTOF12 system, built at USC
e Engineering details of support being worked out

| s
1000 2000 3000 4000 o 100 200
ADC Position (cm)

e Peak: particles going e 220 cm BC404 bars:
through the bar oay. = 52ps + 4ps

e Low energy tail: particles e 120 cm BC404 bars:
going out the side of the oqy. = 46pS + 4ps
bar

Dr. Tigran Armand Rostomyan* Status of the MUSE experiment
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SPS: SIMULATIONS

2-plane coincidence € > 99.5% for all particles, except for e*

T T
1.00 pos - 1.00 Seqe. coes |
[ Py &, 1
. ] ] I — ]
g p, = 115 MeVic g L p,=15Mevic ]
= E,=2.0 MeV E F E, =2.0MeV 1
Yool g Y o.96f g
@ one plane only [ e oneplane only i
% two-plane coincidence I & two-plane coincidence g
0.941 4 directional cut 7 0941 A directional cut T
L L L L
0 50 100 0 50 100
Particle Scattering Angle (deg) Particle Scattering Angle (deg)

€trig vs Angle for i~

Dr. Tigran Armand Rostomyan* Status of the MUSE experiment
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SPS

@ 2 planes on each side of beam, all 4 walls complete

@ 92 bars, double-ended readout

l

[

l

Parameter Requirements Achieved
Time Resolution ~ 60ps/ plane v < 55ps
> 99%, < 1% v > 99%,

paddle to paddle

paddle to paddle

Dr. Tigran Armand Rostomyan*

Efficiency
uncertainty not attempted,
moderate
Positioning ~ 1mm,~ 1mr v easy
Rate Capability 0.5 MHz / plane v >1 MHz / plane

o Meets requirements!

Status of the MUSE experiment
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TOF

Counts

2 TOF measurements (1 BH-Plane — SPS) with 50 cm
difference in detector spacing, compared to Geant4
(Horizontal scale has arbitrary offset)

10* — Data . 10* — pata
MC p = 155.5 MeVic MC p = 1555 MeV/c
[ZZZ) Mc: e beam MC: e beam
MC: 1 beam (55 MC: p beam
10° u 10° "
EZA mc: nbeam 22 vc: nbeam

Counts
=
o
o

NN
L AR LAY

AN

54 55

4]
5
a
<]

time-of-flight (ns) time-of-flight (ns)

Preliminary data analysis determine p,(p,) to 0.2%(0.3%)

Meets requirements!
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TRACKING DETECTORS: GEMS

= GEM = Gas Electron Multiplier Beam Spot at US GEM o
Xxytar
introduced by F. Sauli in mid 90s, F. Sauli et al., NIMA 386 (1997) 531 goop Enme‘: 9k
EF
= Copper layer-sandwiched £80F e atte
Kapton foil (Apical) with Zeob- Avsx 8470 [
chemically etched ar RMSy 8567
micro-hole pattern Saof 10¢
= Supply ~400V across foil, 20f -
immersed in Ar:CO, (70:30) F
oF
|::> gas amplification in the holes r 60
20F
-40F 40
-60f
o 20
-80[
-10¢ E | 1 1 1 1 | 1 1 1 o
o0 80 -60 -40 20 0 20 40 60 80 100

Hori. Position (mm)
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TRACKING DETECTORS: GEMS

@ Set of 3x 10cm x 10cm GEM
detectors built for OLYMPUS

@ Telescope gaps reduced to 8.5 cm
@ Gas mixture: Ar:CO2 70:30

@ APV cards arranged in-plane
@ New digitizer module (MPD v4)

e 70 um (100 pum) spatial resolution
e € =97—99% (98.0%)
e Successful operation of New DAQ:

@ Readout time 0.5 ms with new system
(0.9 ms in 2015; Goal is: 0.15 ms)
© Up to 2 kHz, 32-bit block transfer (BLT)

(Goal is to reach up to 3 kHz)

Parameter [ Requirements Achieved |
Spatial Resolution 100p.m/ element v 70um
Efficiency 98% v > 98%
Positioning ~ 0.1mm, ~ 0.2mr Not attempted; easy
Rate Capability 3.3 MHz / plane v 5 MHz / plane
Readout Speed 3 kHz 2 kHz;
Will be achieved
with New VME crates

Meets requirements!

Dr. Tigran Armand Rostomyan*
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VETO DETECTOR (UNI. SOUTH CAROLINA)

@ Annular 8-element VETO detector, surrounding target entrance window
@ Eliminate upstream scattering and beam decays
@ Arrived at PSI on July.2018 and is already installed in place

[ Parameter [ Requirements | Achieved |
Time Resolution 1ns/ element < 200ps
Efficiency 99% > 99%
Positioning ~ 1mm, ~ 1mr Achieved!
Rate Capability 1 MHz / element > 1MHz/ el.

Meets requirements!
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STRAW TUBE TRACKER (STT)

8

e Based on PANDA STT-design

e Built at HUJI, Temple

e 2 chambers, 5 planes each in x and y
e In total 2850 Straws

e Before: Readout — PADIWA/TRB3

o New Readout — PASTTREC/TRB3

[ Parameter [ Requirements [ Achieved
Spatial Resolution 150pum/ v < 120pum
Efficiency 99.8% tracking =~ 99%; moderate
Positioning ~ 0.1mm, ~ 0.2mr in 6 Not attempted; moderate
Positioning 50..m wire spacing Not attempted; moderate
Rate Capability 0.5 MHz Not attempted; easy

Dr. Tigran Armand Rostomyan* Status of the MUSE experiment
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STRAW TUBE TRACKER (STT)

e STT Frame and almost all planes are ready
e Final plane is being assembled in HUJI

Dr. Tigran Armand Rostomyan* Status of the MUSE experiment
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SUMMARY OF DETECTORS

Detector | Or(ps)/ Og(um) | € (%) | Material Thickness |
1 BH Plane ~ 70 ps >99.5 2 mm BC404
2-4 BH Planes 50 - 35 ps > 99.5 4 — 8 mm BC404
GEMs 70 um ~ 98 | 0.5% Radiation Length
VETO ~ 200 ps > 99 4 mm BC404
BM 59 ps ~ 99.9 3 mm BC404
STT 120 um ~ 99 30 pm mylar
SPS 55 > 99 3 -6 cm BC404

While some improvements, testing remains, data shows that
all requirements are met!!!

Dr. Tigran Armand Rostomyan*
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MUSE TRIGGER (RUTGERS)

GEMs Veto Target BM

Incident beam | | | N
.\

Tl L+ V), . Scattering
Particle

Scintillator

Trajectoryof
scattered particles

ol Trajectory of
beam particles

, Beam Particle ID
e w determined by time between RF-pulse and BH

R Time (TDC Cramnals)

Trigger Logic: TRB3 FPGA-based:
accept et, ut, reject 7

(e OR ) AND (no i) AND (scatter) AND (no veto)
\ )

I
PID is the Hardest Part
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MUSE DAQ (GWU & MONTGOMERY COLLEGE)

e, 1, | 210MeVic
5000, €, 7, 1 |— 160 MeVic
€, T, L |— {17.5 MeVic

4000

Measured during 2014 PSI test beam-time

|
A L

15

3000

2000

1000|

R R RN RS R

20
Time (ns)

RF Spectrum, Negative Polarity

e 3000 TDC and 500 ADC channels ol f\ =
o MESYTEC MCFD-16-fast for Timing o
o MESYTEC MQDC-32 mostly for timing correction :.: G =32ps
and detector monitoring g
o TRB3 FPGA-based Readout A

Relative timing test
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MUSE

MUSE suited to verify 5.60 effect (CODATA 2014) with even higher
significance:

@ Proton Charge radius extraction limited by systematics, fit uncertainties

@ Uncertainties mostly well controlled: largest from angle and radiative
corrections

@ Many uncertainties are common to all extractions in the experiment and
cancel in (pe*)/(pe™), (bu")/(pr~) and (p + €)/(p + 1) comparisons

@ Compare p + e* and p + u* Scattering Cross-sections for TPE.
Charge average to determine TPE to 0.01 fm

@ Individual radius extractions from p + e*, p + u* each to 0.01 fm

@ From (p+ e)/(p + 1) Cross-section ratios: extract Re — R,, radius
difference with minimal truncation error to 0.005 fm
Re — R, = 0.034 4+ 0.006 fm (5.60), MUSE: §, = 0.005 fm (~ 70)

@ If no difference, extract Proton radius to 0.007 fm (2nd-order fit)

Dr. Tigran Armand Rostomyan* Status of the MUSE experiment
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CONCLUSION

@ Many test beam-times since 1st MUSE proposal in February 2012
@ NSF, DOE, BSF fundings received

@ MUSE will be the first muon scattering measurement with the required
precision to address the Proton Radius Puzzle!

THANK YOU FOR YOUR ATTENTION!

Dr. Tigran Armand Rostomyan* Status of the MUSE experiment



Proton Radius Puzzle
Detector setup and status

ADDITIONAL SLIDES

Additional Slides
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ELASTIC EP SCATTERING

QED theory is perturbative! mmmp Born (One Photon) Approximation!

Proton is not point-like particle:
Hadron current operator depends
on electric and magnetic form factors:

r=1%(6,(01.6,(@")

Differential Cross Section is proportional to the scattering amplitudw thrE:;l:;i

e
: do 6@+ 62 (QY)

( ,\2
do | a E ul_do
dQ ot &(1+1)

E_LémeQZEJ | 7

A 2 -1
do a’E'cos 3 ;e Q ( 50
=2 =7 e=(1+2(1+7)tan®-
dQwion 4Easin4§ dmg 2
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PHYS. MOTIVATION: PROTON RADIUS

Lepton — Nucleon Scattering:

do _do  £-GHQD)+ T-6H(0%) (1 N zém)
NL

a0~ dyor e(1+1)
dGP(O2
o2y = —eiCE@)
dQ @20
Hydrogen Spectroscopy:
E — d
R Ry
3 —— — T 3pa2 E=—— o +AE
ape= P n finite_size QED
. 2pv
& ope Point-like proton
Atomic wave
199 e Luparerin AE = 2no rz“{,{oﬁ‘/ function at origin
— finite_size 3 E

[Carl E. Carlson, The Proton Radius Puzzle. arXiv:1502.05314v1]
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FEYNMAN DIAGRAMS (L. AND NL ORDER)

R E

(b) Mirems (€) Mirems (d) Mbrems (e) Mbrems
(f) MV&C (g) Mvert (h) Mvcrt (1) Mbox (.]) beox

TPE is the largest theoretical uncertainty!

[A. V. Gramolin et al. A new event generator for the elastic scattering of charged
leptons on protons. arXiv:1401.2959, 2014]
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PHYS. MOTIVATION: TWO PHOTON EXCHANGE (TPE)

Differential ep cross section in next-to-leading order approximation:

J Charge independent ‘

X d Born
seler- 25

- 145, +5,, +6,, )
do :

\ 2y rem even

Charge dependent

TPE contribution can be determined from the ratio of elastic e"pto e p
Cross sections:

R= 0(e+p) _ (1_527 _5brem+§even) zl—

olen) (1+0,+46,,+,,) 1.,

If we kKnow deven, dprem, then we can find 0!
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7wM1: MOVING IN
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TABLE

Rotating table

Movable, with exact
positions for TOF

Retractable tracker

Dedicated Alignment
procedures are required

Dr. Tigran Armand Rostomyan* Status of the MUSE experiment



Proton Radius Puzzle
Detector setup and status

BH PROTOTYPING
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HaM. S13360-3075PE RADIATION TESTS RESULTS

(100mm x 4mm x 2mm) BC422 + S13360-3075PE

| Irrad. time | V | gk | CFD | Eff. | RMSP.R. |

Oh 55V | ~1puA | 20mV | 99.1% +0.1% 63 ps
5h 55V | ~140uA | 20 mV | 99.4% +0.1% 66 ps
10 h 55V | ~235uA | 20 mV | 99.4% +0.1% 72 ps
15h 55V [ ~287uA | 20mV | 99.4% +0.1% | 77 ps
15h 56V | ~430uA | 20mV | 99.2% + 0.1% 75 ps
| 2m. later [ 55V | ~ 153A | \ \ |
* ~ 46kHz on (2mm x 2mm) detector
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