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Photon Transport
Simulations
(and some measurements)

Benton Pahlka
Fermilab

Big Picture:

Provide optical modeling for MINERVA and TASD
a) Study photon propagation times
b) Fast parametric response modeling

Qutline:
a) Past simulation experience
b) WLS Fiber measurements at UT Austin
c) NOVA prototype cell measurements
d) NOVA prototype cell simulations
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4 Initial Validation 2
Modified MINOS Strips

Studies with modified MINOS strips showed good agreement

TEN FIBER SIMULATION
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# NEMO-3 Optical Simulations #

Simulations of large NEMO-3 scintillators agree with measurements

PMMA absorption
L —e— PS absorption
5; PS +pTP + POPOP absorption

1 MeV electrons on the block face
Simulation Measurement

polystyrene and
scintillator
absorptign

Absorption Length (m)
o

I» L L o b j[
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Wavelength (hm)

pos'\“on ( Pos’\(\
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= Frofile of Detected Photons Ratio = Simulation/Measurement ﬁ 122; —PST ’ ; _E 11; é
g “'Fo54 (288 260 (257 2547 - % 164; E é) 09? E|
§ [IESSSSSESSSSN Y o T £ 1627 3 8 o8-
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E . . E 0.3F ..
L8 S~ indices - 02t coefficients
100 vagh ool Ly B
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X-Position (mm) ™ x-position (™ Wavelength (nm) Wavelength (nm)
Comparison of measurement and simulation Published in NIM. Nov. 2010
for a NEMO-3 external wall block. (Published i , NOV. )

Results: 14.4% FWHM @ 1 MeV simulation
13.8% FWHM @ 1 MeV measurement
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PVT-

FWH

8" Hamamatsu R5912-MOD Super-
Bialkali PMT with 276 mm diameter

block
4/27/11 Benton Pahlka MINOS MIND Meeting

SuperNEMO Calorimeter Blocks
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AE/E ~ 7.2% (FWHM) at 1 MeV (corrected)
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A SuperNEMO Module

olid PVT
scintillator

ounting
rackets



# SuperNEMO Block Simulations #

Simulations of large hexagonal scintillators agree with measurements
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SuperNEMO
0f

Y-Position (cm)
o o

-10f
0 0

—
ol

00 2 4 6 8 10 12 14
X-Position (cm)

Simulations of a large hexagonal prototype block
coupled to an 8" PMT to be used for SuperNEMO.
Measurements of 7.5 + 0.5% FWHM @ 1 MeV
have recently been obtained.
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# Optical Photon Model Ingredients #

€ Emission and absorption spectra GEANT4 + ROOT

— base scintillator framework

— primary and secondary fluors

— Stokes shifting and fluorescent quantum yield
€ Spectral reflectivity of all relevant materials 08
€ Spectral indices of refraction 06

_|I|II|IIIIIII|IIII|IIII]III
L —— PPO emission
1.2 —— bisMSB emission [
—— k27 emission

T T T 17T

Relative Emission

0.4f -

€ Spectral QE of photodetector :
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Example input data for optical simulations: Wavelength (nm)
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> o7k POPOP emission ] = 4 absorption e “PMT guantum
a " ] g im 02 \efficiency
g 0.6F E s f E E
£ osp - 2 3 2 0.15) ]
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# LED Measurements '

We illuminated several 200 ppm Kuraray fibers on the side and face

:— [ ==
’ Coaxial (face)
|

ilumination

spectrophotometer

Side illumination

Photo of fiber coupling to an Ocean
and fiber. Optics 2000 spectrophotometer.
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Fiber Simulations #

het

Compare fiber simulations to fiber measurements

= 90 S — Comparison of measurements at UT of 430 nm
= sob "7 polystyrene + k27 | - face illumination with simulations
-'6’ E © PMMA CIaddlng E T T T | T T T I T T T I T T T | T T T T T T T I |||||||| ]
& 70 FPcladding | 6000 Mean526.901  Mean 530.839
5 60 A E 5000F- RMS 22408 RMS 22994 J
‘gi 50} o % R - Mean 536.202 Mean 543.016 -
S 40F ¥ ° £ 40001 RMS 23.465 RMS 24.120 3
= 30f S S B N T N EEE T 2 m measurement -
a F ° Sy, ] C —— 2 m simulation ]
201 PNETE T W 3000— b & 0N G |- 4 m measurement ]
z %%5‘? 1 - —— 4 m simulation .
10F o Y i N i T ST 8 m measurement .
Y ST T A P T P = 2000— 8 m simulation —
950 400 450 500 550 600 650 700 - 16 m measurement ]
Wavelength (nm) 1000__ 16 m simulation B
" i L ] == . !:_>‘__‘___”_
= oab [ clear fiber E 077500 520 540 560 580 600 620 640
2 ool | WLS fiber 3 Wavelength (nm)
Q C 3
- - - .
5 1o E * Y11 and clear fiber data from Kuraray*
5 14 « Absorption in WLS is for 200 ppm
o] E E e
=% 3  Account for k27 wavelength shifting
® 13 E » Account for dual cladding interaction
20 7 i *Face and side simulations yield same results
0350 400 450 500 550 600 650 700

Wavelength (nm)
*polystyrene + k27 and clear Ref. Kuraray

PMMA Ref. A. Weinert, Plastic Optical Fibers, 1998

4/27/11 Benton Pahlka MINOS MIND Meeting 9



s
M

4 Effect of Fiber Bending

€ 2.0 m 0.7 mm diameter Kuraray Y-11 WLS (200 ppm) coupled to 400 nm LED
€ Measurements taken at bending radius of 13.5 cm to 1.5 cm in 2 cm increments
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Fiber Curvature Studies #
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Comparison of simulations and Kuraray
measurements for the bending radius.
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4+ Fiber Imaging =

€ Princeton Instruments SPEC-10 CCD (liquid nitrogen cooled)
€ 1340 X 1340 pixels

€ Coupled to spectrometer, illuminate fiber with 472 nm LED
€ Observe light output profile and/or wavelength

exit slit
focusing

CCD Camer miror
diffraction
grating

llluminate with 472 nm LED 1 m WLS fiber collimating
— - \ mirror
entrance slit |

@126 CHP
4/27/11 Benton Pahlka MINOS MIND Meeting 12



4+ 0.7 mm Diameter Fiber o
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4 1.2 mm Diameter Fiber

I3000 h M
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Side vs. Face Illumination 4

he
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Light Output Profile: 1.2 mm Fiber #

€ 20 microns/pixel
1500 @ 60 pixels across
@ black ring is exactly 1.2 mm
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Counts

Counts

Graded vs. Flat Refractive Index

=
e

€ Flat Refractive Index: 1.59 core, 1.49/1.42 for claddings
€ Graded Refractive Index: 1.59 to 1.50 core, 1.49/1.42 for claddings
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Exit Position for Bent Fiber

€ Results are for 50 cm and 3 cm radius bends.
€ Light input is a pencil beam centered on the side of the fiber.
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NOVA cell simulation validation #
Prototype Cell at UT Austin

Tested the simulation model using a small version of a NOVA cell.

Data acquisition:
Jorway 73A crate controller — LeCroy ADC — Philips discriminator/coincidence

4/27/11 Benton Pahlka MINOS MIND Meeting 19
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Prototype Cell Setup #

A simple setup with triple coincidence using scintillator paddles

4]27/11

trigger 3

with M16 here
trigger 2 \

muons studied in
five positions photon detection

trigger 1

H

-40 cm -20 cm O0cm +20 cm +40 cm

: looped fiber
€ Prototype Details: g

€ NOVA 27A PVC extrusion — length = 1.2 m

€ NOVA liquid scintillator (2007)

€ 200 ppm 0.7 mm diameter looped fiber to M16 PMT
€ M16 readout at two opposite pixel corners

€ Positions are center, + 20 cm and = 40 cm off center

Benton Pahlka MINOS MIND Meeting 20
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' Prototype Measurements £

Results for three positions and a comparison with simulations

+20 cm from center (near PMT) center position

-20 cm from center (far from PMT)

100 = — T — B i
’I‘Eﬂr:;i:s 311.g§2 ] Entries 1025 : Entries 1025 :
RMS 17.478 ] Mean 30.990 4 Mean 27.606 |
| @Indf 235234746 . RMS 17199 | T e .
Sor ;Zf:‘tant ?zi—,%ﬁigig; B J(go/nrslfafnt 75.179657.214 2/72:; ] ); 7((:n)nstant 58.064 + 3.251 ]
1 Sigma 9.463 + 0.420 b Mean 31.380+ 0.311 H Mean 27.017+ 0.403
1 i Sigma 8.415+ 0.287 ) : Sigma 11.133+£ 0.511 :
; NPE =33 - NPE =31 | { NPE = 27
% 50 L —— 50 100 o BT
NPE NPE NPE
- Comparison of simulation & measurement
1001 1 Detalls:
i Entries 1000 Entries 1025 | : _
soll Mean 28831  Mean 30887 1 € 1000 muons at each location
I rus 7473  Rms 16900 | € NPE calculated from ADC mean and SPE
60 Simulation = 29 - € Simulation normalized to measurement peak
1 Measurement = 31
40:' —_
o0l center position
0 i 1 PR I R R R R B rarn e e 0 i

0 20 40 60 80 100 120
NPE
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Simulation Results

Overall results for energy deposition and photon production

= | T T T T | | T T ]
1001 Entries 1000 |
- Mean 4232.104
. RMS 3941.378
50— —
- incident muon energy
i (INPUT) i
1 I 1 1 1 I
% 5000 10000 15000 20000
Incident Energy (MeV)
- T LR B L LR
100l— Entries 1000 |
I Mean 69810.253 |
- RMS 12815.145
50— photons generated
i per muon 1
0_ ..||..l|....|.l..|l......|n.n-..—l—7>(103
60 70 80 90 100 110 120 130 140

4/27/11

Photons Generated
Benton Pahlka

=
L. 3

L L ) I L R L
B Entries 1000 |
B Mean 17.452
100~ RMS 3203 |
i %2 I ndf 44.545/39 |
B Constant 668.061+ 32.108
50l MPV 15533+ 0.052 |
B Sigma 0.730+0.027
I energy deposited ]
0 1 1 L L 1 1 1 1 1 1
15 20 25 30 35
Energy Deposited (MeV)
Details:

€ using vertical cosmic muon spectrum
€ 1000 muons generated in center

€ ~ 5 minutes per muon = 40 hours

€ ~ 70,000 photons generated per muon
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Simulation Results

=
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Distributions of photoelectrons collected at the PMT (center point)

2000

1000
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5000

4/27/11

Entries 28831
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1000— —
| Entries 28831 |
- Mean 520.271 -+
i RMS 17.926 |
500— _ _
i final wavelength |
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9lBO 500 520 540 560 580 600
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— I I —
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1000— —
B Mean 2832.715
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500 photon track length _
0 _ " J L P B . oo P |
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MINOS MIND Meeting
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Simulation Results

Comparison of track lengths for three positions

=
e

10000

L " Entries 13353 4 [ T T T " Entries 14506 |
600~ Mean 2963654 | Entries 28831 | [ Mean 2574.960 -
RMS  867.243 = -1 RMS 1333.891 |
i 1or Mean 2832.715 -+ | i
4001~ 1t RMS 1067.650 4 | ]
200 - T 1 ]
0 i P T T R I ] L - J S S R - s, ] L P S I S | ]
0 2000 4000 6000 8000 10000 ) 2000 4000 6000 8000 10000 ) 2000 4000 6000 8000
Total Track Length (mm) Total Track Length (mm) Total Track Length (mm)
Incident
muons
H
H
-40 cm Ocm +40 cm

Demonstrates propagation in curved fiber

4/27/11
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# Single Strip MC Comparison #

Compare energy deposition profiles (neglect photon generation)

muon passes
through here

This analysis:

€ 10000 muons at 1 GeV

€ muons generated at center of strip

€ pencil beam at largest scint thickness
€ Birk’s constant = 0.133 mm/MeV

From our detector geometry description:

€ extrusion thickness is 1.7 cm

€ TiO, coating thickness is 0.0607 cm

& difference gives a thickness of 1.6393 cm
for the active scintillator
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1400
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Results of MC Comparison

target_strip_energy
Entries 10000

[— Mean 2.961

» + RMS 0.6621

- t

C t
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- ' Monte Carlo
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E — RMS _ 0.008397
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= Monte Carlo

E.l...l...l...l...l.._._l—.—.fl...l...l...l.

16.26 16.28 16.3 16.32 16.34 16.36 16.38 16.4 16.42 16.44

Path Length (mm)
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r~~r~—+—+pr T T T
- Entries 10000
B Mean 2.900
1000 RMS 0.677
i %2 I ndf 217.446 | 61
- Constant 7594.031+ 114.786
i MPV 2.523 = 0.003
500|— Sigma 0.126 = 0.001
- From optical -
- simulations
0 N B AR Lo Lo —t e P R |
2 3 4 5 6 7 8
Energy Deposited (MeV)
T T Entries 10000
1000 . Mean 16.327
i F_rom optlcal RMS 0,001
i simulations ]
500(— —
oL L L L | L L | - L | L
16.324 16.326 16.328 16.33

Track Length (mm)

Good agreement between two sets of simulations
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# Two Strip Configuration #

Direct comparison of data to optical simulations

Extrusion details:
€ Avg. scintillator strip length = 2.33 m
€ Only extrusions with:
» WLS baggie length =0.775 m
» Clear fiber length = 1.067 m
€ Simulation input details seen previously

Details of rock muon data:

€ 6 equal length positions along strip

€ Require two strips to be hit

€ Randomly distributed over width

€ No more than 10 degrees off axis

€ bin “0” closest to PMT; bin “5” furthest

Details of optical simulations:

€ 6 positions along strip (fixed points)
€ Require two strips to be hit

€ Randomly distributed over width

€ No angular distribution
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doublet_pe_bin_0

Results from Data

doublet_pe_bin_0
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doublet_pe_bin_4

doublet_pe_bin_2
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Entries 34840

2503—
200
150?—
100

)

oL

doublet_pe_bin_4
Entries 32589

Mean 15.88

doublet_pe_bin_5

o 10 20 30 40 50 60

Mean
RMS

17.44
7.589

doublet_pe_bin_5

250

Entries 26343
Mean 14.91

- WW pata |
| PE = 15.8

b |

w}ﬂ MW

Benton Pahlka
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Results from Data
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Energy deposition is back-corrected from PE count and attenuation
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Results from Optical Simulation ¢

Results for the bin nearest the PMT

he
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...more results very soon
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Preliminary MINERVA Setup

Return to the 1.25 m extrusion: Add more statistics

€ Normalize data spectrum to center
€ Normalize simulation to center

&€ Errors are statistical for sim

| map9(mod11)-layer2-strip3|

500
niformity: 0.015
ax deviant: -0.042 @ -34.671
MT gain

y=C

400

300

200

100

IIII|IIIlllllllllllllllll

correction: 1.261 @ (PMT:4, pixel: 12)

%2 I'ndf

A

CF_len
CF_lambda
GF_ext_len
GF_lambda
strip_len

1517165
460.7+1.733
221+ 0
750+ 0
8211+ 0
280.1+ 1.589
128+ 0
083+ 0

P
0™ 700

|
100

Attenuation (normalized to center)

=
=

o
©

o
o)

—— Data

—— Simulation .

OLD RESULTS ]
500 muons at each point |

! I
0 500
Distance along strip (nm)

I .
-500

Clearly need more statistics. Normalization to center may skew this plot.
Data was scanned “crudely” with a plot digitizer. Room for improvement!
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Preliminary MINERVA Setup

€ Normalize data spectrum to center

C B | T T T T T T T T | |

€ Normalize simulation to center & i Dat | ]

. - - C 1-1_ a a [ ] 1

@ Errors are statistical for sim Q - . . ]

- | —— Simulation ‘ .

IS J ]

= i |

[ map9(modi1)Jayer2-strip3 e o 1.05- { .

e — = = | - :

ol sy A S - !

400:_ ° e : LR 083+ 0 é L I { } |

: g I | [ —

300— - .

C S i 4

200~ = i } ‘ |

: €095 | { NEW RESULTS -

C - - : 4

oo / \ [ i | 2500 muons at each point |

0_"150 | _5|0 I“‘ (I) IIII 5|0 | 1$0I < O 9__ | I I I I | I I I I | __
-500 0 500

Distance along strip (mm)

Clearly STILL need more statistics. Room for improvement?
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L' Timing Simulations

Analysis details:
€ For a 1.25 meter extrusion with:
» WLS baggie length =0.775 m
» Clear fiber length = 1.067 m
€ Create distributions of arrival time for several positions
@ Fit first peak to Landau distribution (arbitrary)
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Timing Simulations

Results for the 1.25 m extrusion, 0.7 m WLS baggie, 1.1 m clear fiber
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'3 Timing Simulations '3
€ Simulations can report a mean, sigma, MPV, and first photon arrival
€ Which is relevant?

€ Can include one of these as a parametrization very easily
€ Do we want to include the distribution in the parametrization?
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Parametrization Thoughts

Response is (could be) a function of:
€ Energy deposited
@ Position in “x” (width)

€ Position in “z” (distance from PMT)
€ Strip length L

Detected Photoelectrons

—————
o2 Indf  30492.822 / 2498

-1.021+ 0.145

5.109 =+ 0.050

4/27/11

Energy Deposited (MeV)

Benton Pahlka

Normalized response

R =R(Egeps X Z, L)

=
M

R = R(Egep) * R(X) X R(2)

where

R(Edep) = aEdep +Db

for each strip...

then interpolate between strips

“;centerof 1.25m strip ‘: g 1.1i ;Da‘ta - ] ]
I 1 | g L | —— simulation } l 1
- [50] 18105 .
[ 15 [ -
bt JE ]
B I ] 18 | | l ]
|1 JH 18 Fy |
ll JIJ‘§0.95\l .
| i
R RN SR BN 0.9 \ T
-10 0 10 -500 0 500

Distance from Center (mm)
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Summary

€ Single strip energy deposition show good agreement at baseline level
€ Two strip data/MC comparison shows good agreement at end points
€ Attenuation curve for 1.25 m extrusion better but still lacking stats

€ Considered full timing response for the 1.25 meter extrusion

€ Considered a possible parametrization

Future Plans

€ Study timing characteristics for extrusions of different lengths

€ Consider response for different path lengths

€ Consider parametrization of the response

€ MUST speed this up! One billion photons already run...need 10x
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Summary

€ A comprehensive optical photon model has been developed
€ NEMO-3/SuperNEMO simulations agree with measurement
€ WLS fiber simulations better understood

€ NOVA prototype cell simulations agree with measurement
€ Started preliminary work on MINERVA extrusions

Current Plans

€ Complete the detailed model of the MINERVA extrusion
€ Study timing characteristics for extrusions of different lengths
€ Consider a possible parametrization of the response
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Backup Slides
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X-Position (pixels)

-20

First Try: 1.2 mm Fiber

20

. OUT OF FOCUS!

-40 . .
4 -2 40 Narrow exit slit for

arbitrary units (pixel position) center position vs.
I wavelength

—16000 \

540 550 560
Wavelength (nm)
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Long-distance light transport #

LED Measurements

Use LEDs to study fiber attenuation...and test the simulation

"FG360, "FO395,
360 nm 3535Egm
LED

350 400 450 500 550 600 350 400 450 500 550 600

Wavelength/nm

Wavelength/nm

L7430,

430 nm
LED

T
08t
0.6 |
04 ¢
0.2 ¢

0

" SB470,

470 nm
LED

350 400 450 500 550 600 350 400 450 500 550 600

Wavelength/nm

Wavelength/nm

1}
0.8}
0.6
04}
0.2}

0

Spectra of select LEDs used to illuminate fibers.

Measurements by Gabriel Elpers
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Bicron-517L emission
Bis-MSB emission
_LT430 diode emission -

LT430 nm diode

similar to BC-517!

350 400 450 500 550 600
Wavelength/nm

Comparison of LT430 diode with 517L
scintillator and bis-MSB fluor.
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Fiber Measurements (1)

lllumination on the face shows large difference in spectra

SB470 200ppm 1m face
LT430 200ppm 1m face -
1t . ’EO395 Zooppm 1m face - |
0.8 } ‘ 1 meter fiber.
] ”
06 | FACE
0.4 |
0.2}
0 7 e

450 500 550 600 650 700 750 800

Wavelength/nm
1 meter “face” illumination with three LEDs

SB470 200ppm 16m face
LT430 200ppm 16m face -
1t FOS‘“?SM\ZOOppm 16m face ............... |
0.8 | . 116 meter fiber .
: & ”
06 } FACE
04 E
0.2 f '
0 v

450 500 550 600 650 700 750 800

Wavelength/nm
16 meter “face” illumination with three LEDs
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SB470 200ppm 1m side
LT430 200ppm 1m side -
1t FO395 200ppm 1m side - |
08 | 1 meter fiber .
k ”
06 } SIDE
04}
0.2 F
0 M

450 500 550 600 650 700
Wavelength/nm

750 800

1 meter “side” illumination with three LEDs
" SB470 ZdOppm 16m side —
LT430 200ppm 16m side -

1t FO395 200ppm 16m side - l

08 | 16 meter fiber .
(11 b} )

o5 | SIDE
0.4 |
0.2

0 ik L AUy L FYRYVW PPPIC IR Y D]

450 500 550 600 650 700
Wavelength/nm

750 800

16 meter “side” illumination with three LEDs
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Fiber Measurements (2)

Results for two full sets of measurements for two LEDs

FG360 led

FG360 200ppm 1m face
!:"‘“m“” 2m

oA 4m

; :.u("’\\‘-z 8m

350 400 450 500 550 600 650 700 750 800

Wavelength/nm
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5/\'\_ 2m

4m
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Wavelength/nm
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FG360 led
FG360 200ppm 1m side
2

350 400 450 500 550 600 650 700 750 800

Wavelength/nm

LT430 200ppm 1m side
[

:\’\ 2m

LT430 led

350 400 450 500 550 600 650 700 750 800

Wavelength/nm

MINOS MIND Meeting

=
e

44



4 Effect of Fiber Bending 4

€ 2.0 m 0.7 mm diameter Kuraray Y-11 WLS (200 ppm) coupled to 400 nm LED
€ Measurements taken at bending radius of 13.5 cm to 1.5 cm in 2 cm increments

-

OUTPUT TO ‘
SPECTROPHOTOMETER

" LIGHT INPUT TO FIBEF

-
: pe o - Al
i T e
. Wiy 5

<
i
’ 2

Benton Pahlka
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Bending Radius Studies: Images
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100 mm radius
. (zoom)
30 mm radius

. 5mm radius
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Simulation Results

Simulations show a large difference between anatase and rutile!

III|IIII|IIII|IIIIIIII|IIII|IIII
B Entries 500 ]
30;— Mean 29.646
- RMS 8.193 -
B x2 I ndf 43.891/43
20— Constant 29.397 + 1.808 |
- Mean 28.929+0.310
B Sigma 6.223+0.257
10— —
- mean = 29 PEZ
0_ i wall | I = 01 A IR IR = 1

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

4/27/11

NPE
Photons detected using anatase
(anatase reflectivity Ref. NOvVA TDR)
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Photons detected using rutile
(rutile reflectivity Ref. Ana Pla-Dalmau, 2008)
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# NOVA Cell Simulations #

MODEL.:

€ All materials modeled with wavelength dependence

€ Uses PPO and bisMSB as fluors

€ WLS for ALL fluors (PPO -> bisMSB-> k27)

€ Scintillator absorption length from TDR in 400-460 nm

€ Light yield = 4,000 photons/MeV (~28% anthracene)

€ Accounts for all fluorescent quantum yields

€ Fluorescent quantum yields are: PPO/bisMSB =93% k27 = 70%
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