The Wavelength-shifting G|V
Optical Module (WOM)

Peter Peliffer
NEPTUNE | Naples | July 19* 2018




* Original motivation: Next generation of IceCube experiment
* \Wavelength-shifting Optical Module concept and status
* Efficency measurements

°* Timing measurements
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¢ 5160 Digital Optical Modules

(DOM)
©1450 - 2450 m deep in the ice 'ceCubeLab\ .
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] ] 50m [ -"*;-:*::":—i-i_ ******* —7 g;zlsct)ptt'rcal Sensors
e Detects high energy neutrinos, by =
capturing Cherenkov light emitted
by charged particles created when
by interactions in the ice 'gngE?n‘g‘gfc,@[gj‘V
5160 aptical sencors
éThe.WOM was proposed as an usom il DeepCore
Optical Module for IceCube-Gen2 /5183;?9“
e But has applications beyoat %hat |
il S
. __..*..?a 2450 m
J j 2820 m

IceCube Digital Optical
MOdU'G (DOM) Bedrock
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nerenkov light peaks in the UV

* |ce transparent down to ~200 nm
* PMT / glass-spheres intransparent
below 300 nm

"|Increase number of detected photons
" - pbetter energy resolution, decreased
energy threshold

"Wavelength-shifting photons from UV to
visible

"Noise scales with PMT-area
" Passive light collection area combined
with small PMTs allow maximization of
effective area while lowering the
dark count rate to ~0O10 Hz
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Wavelength-shifting module

Basic concept / o
B Wavelength shifters (WLS) — —~ [ B
»-concentrate light
\\ ‘ s
\ ™~ sub
wavelength- ) Bvd N
shifter %

Features m% Jﬁ’ 1

Bl /arge collection area w: )
T matrix

B better UV sensitivity % ;|

Blow noise rate (few Hz) housing hEN

B cost effective

[ | |
n=1.33 1 n=x1.5;, n=1.0 =145 | n=1.0

|
i)
| ice :quartz: air : plastic : air
S
T R O e-emitted

‘rl

Principle of light-capture by TIR:
~26 % of light lost in loss cone.
- 74% captured (for n=1,5)
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adiabatic
light guide

wavelength shifter
coated tube

quartz glass
pressure housing

small PMT




Tube production

Dip-coater ® Dip tube (quartz or PMMA) in WLS solution
e \Withdraw with a controlled speed

g ‘é \ ¢ WLS-solution:

- ® Toluene

- e +Paraloid B72 (plastic)
g ® +bis-MSB

= \J

® +p-terphenyle

® Tube has to dry for at least a day

® Quartz tubes require surface treatment

before coating.
e Citric acid, acetone, distilled water, isoporpanole
e \Without that treatment, the paint peels off
after cold/heat cycling the tube

Paint container /
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Components and prototype

—

Assembly
test
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WOM test setup in Mainz

Chopper Beam splitter

‘xe-Lamp }Munn:hrumamr @ \ Diode

Optical Setup
(various)

."'..
i

Liquid crystal fiber

T

Lock in Amp. 1
Diode
AT
South |
\\PMT‘/}
Lock in Amp. 2 ]

| MNorth Or South | —[ .
PMT v
ﬁ
Motor - i1
Fully automated 3D-scanning system
B photo-current measurement

B Fast tube evaluation
B2 sec per pointin A, x, ¢

B systematics errors < 10%
»focus on efficiency measurements
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WOM test setup in Mainz

Bl e

Solid optical gel disKs
for reproducible coupling
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WOM test setup In Berlin

Movable end
of a Light
Guide

. Pulse High
Light ][] generator JUl ADQ voltage
source (Trigger) SRy
|
PC

B p.e. counting measurement
Bsmall PMTs
»-Sspot-measurement

Bfast light source & digitizer (ADQ14)
»simultaneous efficiency & timing measurements
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Some test setup results

Quartz tube: Gomez @ 150mm
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WLS emission
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Some test setup results

0.16 - . —— Pos 12cm folded
: Time resolution Pos 32cm folded
{0 —— Pos 52cm folded
0.14 A - Pos 72cm folded
--o-—- Pos 12cm data
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Coating campaign

PMMA tubes
Bl coated 8 tubes (90cm)
Bl large coater setup
»|limited speed granularity
»large fluctuations

Quartz tubes
Blused 4 tubes (50cm)
B small commercial coater
B repeated coatings
»very well reproducible

Average efficiency @ 150mm
Blone-sided: € =24.3 + 1%
PBWLS fibers: € = 3.1%

— New baseline for inner tube!
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Efficiency [%]
tn B LA &

=]

PMMA tubes

low viscosity model, Aass = (1932 =4 85)um
= high viscosity model, Asps = (4190211 .24 )um

I I I I
25 5.0 15 10.0 125 15.0 17.5 20.0
Coating speed [cm/s]

20 1

Efficiency [%]
th

Quartz tubes

low viscosity model, Aans = (4.55 £0.49)um
= high viscosity model, dans =(12.44 %1 78)um
average efficiency: 2427 = 090 %

2 3 4 5

Coating speed [cm/s]
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Efficiency homogeneity
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Homogeneity
B efficiency is homogeneous to 5% over full length of tube
»investigating several other coating procedures (roll-/spray-coating,...)
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Noise measurements
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Noise measurements

500
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Noise measurements
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Noise measurements

1000
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400 -

Average: 630 Hz from =507 to —20°

e end-cap + WLS tube + guartz tube
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Quartz pressure housings

Measurements

Bl Long-duration gamma spectroscopy (4 samples)
B Neutron-activation analysis (1 sample)
» ~150 Bqg/g 238U in Quartz tubes from Nautilus!

Alternatives

B Heraeus quartz
»typical < 10 Hz/tube

BSUP310
»flame fused
»down to < 200nm

B HSQ/HLQ
»clectrically fused
»down to ~250nm

a.' @ PRISMA

Heraeus

mBq/kg | 226-Ra | 228-Th | 228-Ra | 40K /tli;iecfﬂ
123 [480+30 | <86 | <90 | <200 | <1400
SUP310| <29 | <46 | <43 | <100 | <6500
RQ200 | F0F 4| <270 | <370 | <1920| *
RQ500 |520+ 80| <360 | <340 | <1150 | 2

Compatible with Heraeus data
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Understanding light propagation

100 200 300 400 500 600 700 800 900

Simplified 2D-model
B neglect curvature of tube
»-flatten out

0.020 Upper PMT

Model parameters

.WOM 0.010 |
p-attenuation length Aes 0.008
(includes Aabs*Ascat) 0014 900
»\WLS decay time 0.013f
»-averaged efficiency ooy
m o
»overall time resolution i; ol :
»rel. time offsets 2 0008l Lower PMT L\} I
- good fit to the data 0.007 | '

0.006
0 100 200 300 400 500 600 700 800 900

Pos [mm]
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Understanding light propagation

Probability

0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

0.20

0.15

0.10

0.05

0.00

0.20

0.15

0.10

0.05

0.00

0.20

0.15

0.10

0.05

0.00

Timing measurements

|

- [EEm]

|

/\

|

| —
1 530mm

|

AN

I I—I 680 n-.m

N

Time [ns]




Understanding light propagation

Timing measurements
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Simulations

yavdens

. \ ) oy " <= N
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b x ) L o

Raytracing (FRED):
Different photon paths inside the WOM
Goal: scaleable WOM model and better
understanding of loss-mechanisms.
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Example of IceCube simulation framework

Caveat: processing speed with the WOM added as module.

GPU-based dedicated fast simulation
code will be developed in co-operation
with the informatics department Mainz
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Angular emission profile
-

| WLS-shifted, but in
B G forward direction of
d U / the incident light
s ’
RECALY n=1.30

® Photodiode on motorized
circular stage.

e Coating on PD-side. o

® Measurements with =

different filters. = Emission profile
® 100% absorption é With predicted

® | ock-in amplifier read-out curves for different

refractive indices

-80 —60 —40 -20 0 20 40 60 80
Angle [ ]
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Beyond IceCube

In general:

Can extend the effective area of PMTs
by a factor of ~16 (more with good
ALG) without increasing the noise.

Trade-off: time-resolution
(FWHM ~5ns for 0.9m tube)

Might be interesting for Hyper-
Kamiokande (e.g. one string in the
center)

Smaller offspring for SHiP
(Search for Hidden Particles)
for the muon veto.

Or for a dedicated, maritime SN-
Neutrino detector

And all other UV-detecting

With ,adiabatic’ oy hariments that need low noise.

light-guide
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Calorimeter

L]
Vz detector Nartiitiveseil. w5 Muon spectrometer SH]P
l Search for Hidden Particles

Target
Hadron absorber ~ Muon shield
~30m

- = L
| |

[
e

RIT 44 Lpd by 00 ai1s
I k4K R ieinis o

L

Electromagnetic/Hadronic Calorimeter

Search for Hidden Particles: T —— Detm\
® Intensity frontier experiment HS Spectrometer Magnet N
® Shielded decay vessel
® Background tagger filled with
liquid scintillator S Vacuum Vesssl
® May be read out it magnet
with WOMs Muon Magnetic Spectromet

/

4

Spectrometer Straw Tracker

Muon Detector

\ Surround Background Tagger

Straw Veto Tagger

-

Y. Upstream Veto Tagger

Drift Tube Tracker
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Neutrino Emulsion Target and Target Tracker




Summary

Improved coating procedure
Binner tube from quartz glass

p-averaged two-sided collection efficiency
over 90-cm tube is 41 £ 1.7% (reproducible!)

»50-cm quartz tube efficiency >50 %

Noise rate is 75Hz/PMT
150 Hz per module
p-at about same Ae«r as mDOM

Simple 3”PMT + 7cm® tube setup
Bimprovement in SNR > 10 w.r.t to PMT alone

A
SNR,,=SNR,,,, * At—“be* €,po = SNR ;7% 271 *€(1),,,~16 with e _=0.4 (without ALG)
PMT

»Ccan be improved using adiabatic light guide
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The end (of this talk)

* Thank you for your attention!
* Time for questions :-)

Wi ki)

Contact: peter.peiffer@uni-mainz.de
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Theoretical maximum efficiency depending on material

Theoretical trapping efficiency in air f:ﬁt_j———— — ____l_._;_;,:
90 - . | re-emitted
S -
80 - -
> f
3 PMMA+WLS /
2 70 —
T Endkappe AT — Enckappe
v 60 - \ _ S S
= | S R
2 , Inneres Rohr [ — L -
O 50 - - |
40 - Theoretical trapping efficiency in arbitrary materials
® Quarz/PMMA 100~
30 A ® Diamond
1.0 1.5 2.0 2.5 3.0 3.5 80 -
Refractive index -~
e
@
£ 60 -
Q
g
-]
a
Umgebendes Medium S 40 A

\ ot ® Quarz in water/ice

\‘ I . .

y AETES RO 20 4 ® WOM: Quarzin air
® Diamond in water

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Ratio of refractive indices
) ‘
P R I SMA The WOM, P. Peiffer, DPG, Wirzburg March 2018




—— Fit. Integrated mean: 0.413
t  Combined signal from both PMTs
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Wavelength [nm]
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