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Scintillation mechanism in LAr

e Recombination luminescence )
recombination g

[

Art+ Ar —» Ar+,
Art,+e — Ar',—» 2Ar + hv

e

ionization

N
~
E ~
N
~

singlet

1.6 ps

excitation triplet

¢ Self-trapped excitation luminescence

Ar*+ Ar — Ar*,—> 2Ar + hv



luminescence (arb. units) _

Scintillation wavelength in LAr

Ph. Rev. B 56 (1997), 6975

lardataalg / lardataalg / Detectorinfo / larproperties.fcl

around A =128 nm (FWHM = 6 nm)
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R 2 Mev He+ A # Fast and slow scintillation emission spectra, from [J Chem Phys vol 91 (1989) 1469]
FastScintEnergies: (7.2, 7.9, 8.3, 8.6, 8.9, 9.1, 9.3, 9.6, 9.7, 9.8, 10, 10.2, 10.3, 10.6, 11,
4000 A of Ar e Lo e b e e e o on oiam oiae, bra, oean oon 0aa 000,
00 '_- -' SlowScintSpectrum: [ 0.0, 0.04, 0.12, 0.27, 0.44, 0.62, 0.80, 0.91, 0.92, 0.85, 0.70, 0.50, 0.31, 0.13, 0.04,
F 12 1F
-3 {2 -
. F’1 & a-STE ]l o i -
= / *
- 4 . c — /
P
1 2 0.8 ﬁ \
10 | R B | \
" £ \
- R L g / .
: ol //\M-b-"d 30 keV HA' ) L | \\
[ — on 4000 A of Ar n
g B 0.6 | \\
e - L=
£ |1, / \
BeVv 6.2eV 1
B\ - ; .
1E g AJ \,\,NV W = _ \
5 -F'/ p’\l ] * |
P B 0.4— / |
1000 1200 1400 1600 1800 2000 2200 2400 9 | / \
wavelength (A) -1 / \
|| 3 | 1 1 1 1 1 1 1 " 1 | / .
1040 1080 1120 1160 1200 1240 1280 1320 136 B /I \\
wavelength (A) 0.2 // L
In liquid argon, the overall spectrum is well i L b
. . B ||
represented by a gaussian shape, peaking ol ;. L] e|3 L sla L1 u1|0| e i 1l2|

energy [eV]

11.6, 11.9]
11.6, 11.9]
0.01, 0.0]
0.01, 0.0]

4



Scintillation signal shape in LAr

In all measurements the overall scintillation light emission exhibits a double exponential
decay

These decays (at 90 K) are characterized by two very different components: a fast component,
with a time constant of T, = 6ns, and by a slow component, with a time constant of t. = 1.3us

lardataalg / lardataalg / Detectorinfo / larproperties.fcl _
[Warn/ng: In the refactored
ScintFastTimeConst: 6. # fast scintillation time constant (ns) LArG4 decay times are
*)ScintSlowTi t: 1590. # sl intillation ti tant [ . : .
(*)scintSlowTimeCons 590 slow scintillation time constant (ns) defined in a different place

sbndcode / sbndcode [ LArSoftConfigurations / opticalproperties_sbnd.fcl

# Updating the triplet decay-time (Phys. Rev. C 91, 035503). Note that in our simulations we account
# independently for the TPB-delay time and the emission (fast and slow) decay times.

(*)ScintSlowTimeConst:  1300. # slow scintillation time constant (ns)
(/)] _
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2
{ Note G
Some experiments use a slow time constant gm‘"’ -
l value convolved with the WLS-delay, resulting £
-}
C

in a larger value.

In SBND we account for both delays separately.
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Scintillation time components

The lifetimes of the fast and slow

components agree within experimental

uncertainties for different particles

Light yield and fast/slow ratio depend on LET

(the specific energy loss along the path)

Ph. Rev. B 27 (1983), 5279
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Time (nsec)

Particle T Is/Iy Reference

Electron 6.3+0.2 1020+ 60 0.083 Kubota et al.?
(5.0+0.2) (860+30) (0.045) (E =6 kV/cm)?
4.6 1540 0.26 Carvalho and Klein®
4.18+0.2 1000195 Keto et al.©

1110450 Suemoto and Kanzaki¢

6 +2 1590+ 100 0.3 This work

a ~5 1200+100 Kubota et al.¢
44 1100 3.3 Carvalho and Klein®
7.1+1.0 1660+ 100 1.3 This work

F.F. 6.8+1.0 1550+ 100 3 This work

lardataalg / lardataalg / Detectorinfo / larproperties.fcl

ScintYield:
ScintYieldRatio:

écintByPa rt icleTyp9:

24000. # total scintillation yield (ph/Mev)

0.3
true

# fast / slow scint ratio (needs revisitting)
# whether to use different yields and

# Scintillation yields and fast/slow ratios per particle type

MuonScintYield: 24000
MuonScintYieldRatio: 0.23
PionScintYield: 24000
PionScintYieldRatio: 0.23
ElectronScintYield: 20000
ElectronScintYieldRatio: 0.27
KaonScintYield: 24000
KaonScintYieldRatio: 0.23
ProtonScintYield: 19200
ProtonScintYieldRatio: 0.29
AlphaScintYield: 16800
AlphaScintYieldRatio: 0.56
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L vs Q and Electric Field

Excitation ratio

escape

a=Ng./N;=0.21

AE

radiative decay

> € Q= N. = N{R

AFE
Q+L:Nex+Ni:—

* +Ar *
(Credit to W. Foreman) Ar ’ Ar2
PHYSICAL REVIEW D 101, 012010 (2020)

Electric Fields applied to the LAr medium
also affect the intensity weights of the decay
components by the recombination (R)

Phys. Rev. B 20, 3486
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Services.LArG4Parameters.lonAndScintCalculator: “Correlated”
N —— ——

>V Wph

(19.5¢1.0) eV

larsim / larsim / lonizationScintillation / ISCalcCorrelated.cxx

// using this recombination, calculate number of ionization electrons

double const num_electrons = (energy_deposit / fWion) * recomb;
N e’

// calculate scintillation photons
double const num_photons = (Ng - num_electrons) x fScintPreScale;
(b eyt B/

// calculate recombination survival fraction
if (fUseModBoxRecomb) {
if (ds > 0) {
double Xi = fModBoxB * dEdx /\EEigldStep;
recomb = log(fModBoxA + Xi) / Xi;
}
else {
recomb = 0;

}
}
else {

recomb = fRecombA / (1. + dEdx * fRecombk /\EEEEEQEEEB);
}

(available from v09_09_03) /
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Scintillation light propagation

Scintillation (emission):

ns

number of photo!

0.3 X Tg,4(6 ns) + 0.7 x T, (1300 ns)

Q =N, = NiR,

We need how to get our
L =N, =N +Ni(1-R), number of detected photons
and their arrival times =

Transport effects
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Ty, = 1300 ns
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Scintillation photons have energy lower than the first excited state of the Ar atom, therefore
pure LAr is transparent to its own scintillation radiation

However, during propagation through LAr VUV photons may undergo elastic interactions on Ar
atoms = Rayleigh scattering

Rayleigh Scattering affects, in a non negligible way, the light signals in our detectors in
comparison with the “pure” emitted scintillation light

It is important to understand/model it properly in liquid argon



Rayleigh Scattering in LArSoft

—_— - 5
e Elastic scattering of photon with medium of 25 310
. . S I =
particle ~1/10 size of the wavelength (change £ — i
angle/direction) $ 20 / {16
o E
5 ]
g i
15 ]
=10°
Rayleigh 10 ]
. 3[ 2
scattering 1= 2 et pt <a_6> ] <107
5 64 _ dp r .
c .. . ) n= +/e 1
e Small uncertainties in the index of refraction | | | | | | ]
: : 150 200 250 300 350 400 450 500
can drastically change the scattering length Apg Wavelencth [l

lardataalg / lardataalg / Detectorinfo / larproperties.fcl

# Refractive index as a function of energy (eV) from arXiv:2002.09346
RIndexEnergies: [ 1.18626, 1.68626, 2.18626, 2.68626, 3.18626, 3.68626, 4.18626, 4.68626, 5.18626,
RIndexSpectrum: [ 1.24664, 1.2205, 1.22694, 1.22932, 1.23124, 1.23322, 1.23545, 1.23806, 1.24116, 1

RayleighEnergies: [ 1.18626, 1.68626, 2.18626, 2.68626, 3.18626, 3.68626, 4.18626, 4.68626, 5.18626,
RayleighSpectrum: [ 1200800, 390747, 128633, 54969.1, 27191.8, 14853.7, 8716.9, 5397.42, 3481.37, 23
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(Parenthesis): GEANT4 light simulation

Isotropic emission: ~24000 photons/MeV Rﬁayl_eighsca%teﬁﬁgkkmzzloocm

@ 500 V/cm

Boundary processes:

Optical photons.u,ridérgl“ | Reflections and WLS

Rayleigh scattering | It. before absorption

Wavélength/shifting | ! "' L, =20m
Reflection /refraction at medium boundarles
Bulk absorption

In large detectors, the tracking of each
individual photon is prohibitively long:
approaches need to be used 2>

This is what we call LArSoft fast optical mode(s)




Fast optical model: Optical Library

projX39 Setup1 projX0 Setup1
TPC Anode plane
y ~ r ~ r g y E
/” ” gy > y gy g ” ED
A 2
O
][ P C th“ H plﬁnq = Itpc length (z)
5x5x5cm3 voxel size I
500000 photons/voxel
104 x 109 x 141 = 1598376 voxels I ’
dE . ag oags MT * . Mm:uwm ~7 3 GB
(N),, . = = -Length,,, |- LY visibilityg, 1000 cosmics in SBND -
step

e Resolution depends on voxel sizes:
granularity effects at short distances

Memory
e Optical library size scales with detector size I

and number of photon detectors

e Prohibitive memory use for events with large energy depositions (i.e. cosmics)

e New approach needed! ,



sbndcode / sbndcode / LArSoftConfigurations / photpropservices_sbnd.fcl

Optical Library parameters:
voxelization scheme

# (Re)Defining the Optical Library information/files for the PD-fast HYBRID optical mode

sbnd_library_for_hybrid_mode_photonvisibilityservice:

{

@table::sbnd_library_vuv_vis_prop_timing_photonvisibilityservice

LibraryFile: "OpticallLibrary/SBND_OpLibOUT_v2.00.root"

NX: 66

NY: 56

NZ: 71 !
UseCryoBoundary: false 2
# IF UseCryoBoundary is st
XMin: -264

XMax: 264 g
YMin: -280 3
YMax: 280 l
Min: -60
ZMax: 650

8l Y 8B Draw Option:|  [+]

[Jroot

[1PROOF Sessions

S ROOT Files

=72 OpLibSBNDv1.5.root

-3 RefIVisibility

=1
=3 Users

(] Shared
E-3diegogarciagamez

(] Applications

(B Desktop

------ [1Documents

-

=l

Detector
specific

OpChannel

htemp

3500 E—
3000
2500
2000
1500
1000

500

Entries 21141350408

Mean
Sid Dav

162.9
8248

LS

(=]

50

300
OpChannel
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Fast optical model: Semi-Analytic

Y N

* Given a dEdx in a point (x, y, z) we want to
predict the number of hits in our optical
detector (x, v, z,)

* |sotropic scintillation emission makes the
problem “almost” geometric

) '
Disco L] ds
S A
T
%
_Eje de ®
simetria -
/]
NQ p—
x r
Q:hfzﬂfb - 3/2drd90
0 JO [h24924+d2—2rdCos(p,—¢)]
3 B . or]
E :' £ eant4 90
> — A Reconstructed 80
e g 0,
G = v
L = : % 70
%) — s
Z:E 107! b Optical detector
1072 =
10°° = 4
-4 " l‘ X . _.
10 E FYa | P 1 1 4 1 - 1 + 1
0 100 200 300 400

600
distance [cm]

__d_ 2
*abs AE + S, (&) —
¢ y( )471

i
A4ps = LAr absorption length

Sy = Scintillation Yield

D

&= Electric Field
€2 = Solid angle

"

 “Almost” because we
have Rayleigh scattering
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Transport corrections to light signals

Eur. Phys. J. C (2021) 81:349 Border effects:
@ [
T 14 « 9¢[0,10] deg x
I « 0 ¢[10,20] deg g ,
N 0 c[20,30]deg | & Npax = Nmax + €1(0)dr
S ‘j’;::i-:?:::! v 9 e[30, 40] deg .
z 1;:"'&__1_.}"‘::,\\ > 8 <[40, 50] deg SRRk chhEE L LETE T P S G
» T A Qi*f“‘\l 5 8 €[50, 60] deg s W '_'(')_‘ === '(; LR ) JOR g TS e =
o T N | == CEELER == mmnnn Om =
13 5 R &N 0 < [60, 70] deg L R X T pup ' P - D Teothomon S
0.8 %/g,“ %j%? 8 e [70, 80] deg
L NN s 0 e[80, 90] deg .- S R S
o ) ii ) <= 8 a5 S mmme R el o
E + x}“
0-4__,,-"%”%4} Tty 3 ?\\ 500300 400 500 600 700 800
. d_ [cm]
0.2 & _
C Field-cage
B L1101 I 111 | L1 | | I | 1
% 100 200 300 400 500 600 dr

distance [cm]

d—dy \ 5

— dy A dmax —d
GH(d) = N, _ A
d) max (dmax_dO) €

Ny = No x GH'(d, 0, dr)/cos (6)
/ N

Geometric estimation Transport correction

— O ~~~~@
~
~
~
.
AN
\

-~

PD-plane
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Time structure of detected signals

Scintillation (emission):

0.3 X T;,,(6 ns) + 0.7 x T, ( 1300 ns)

number of photons

10*

number of photoelectrons

caolvva bepn b en b oo |
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Average PMT signal at 100 cm
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200 400 600 800 1000 1200 1400 1600 1800 2000 2200
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00

Propagation:

Direct transportation + Rayleigh Scattering
= 160

1401
1201

100

photons (direct component

©
S
T

B [2]
o o
L B T

n
o
L

0 20 40 60 80 100 120 140
time [ns]

In “large” detectors transport effects will affect
the effective time structure of the detected
scintillation light

t)/ = tE + tt(d, 9) + tWLS + tdeh

( o
I = emission time

1, = transport time

twrs = WLS delay time

t;,; = detector time

16
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Time structure of detected signals
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Eur. Phys. J. C (2021) 81:349
0
I = _:z::a::a::ﬁ::ﬁcjf:ﬁ*—
-0.05 :— _A_fg ﬁi:g::gi—c)—_o__o_
-0-1:— i e SBN-like on-axis
r O SBN-like off-axis
—0151— A DUNE-like on-axis
A A DUNE-like off-axis
-02F
~0.250 55" "o0 150 200 250 300 350 400

e)»s+slogs ds + Nzer ,
——
Exponential

distance [cm]

larsim / larsim / PhotonPropagation / opticalsimparameterisations.fcl

IncludePropTime;

# VUV/DIRECT LIGHT: TIMING PARAMETERISATION

# Parameters of the Landau + Exponential (<= 350 cm) and Landau (> 350 cm) models

# Landau parameters

Distances_landau_generic:
Norm_over_entries_generic:
0.297132,
[3.43562,
[2.73373,
21.3254, 21.3254],

Mpv_generic: [

[6, 25, 50, 75, 1lee, 125, 150, 175, 200, 225, 250, 275, 300, 325, 350, 375, 40l

[ [4.64837, 4.64837, 2.86581, 1.4143, 0.974871, 0.71311, 0.55772, 0.461078, 0
0.297132, 0.297132, 0.297132, 0.297132],
3.43562, 1.61042, 0.981127, 0.64465, 0.476552, 0.369063, 0.310461, 0.264819, 0
2.73373, 3.599, 5.80141, 7.57883, 9.56959, 11.6047, 13.6676, 15.6126, 17.5389,

[2.19076, 2.19076. 4.0163, 5.86531, 8.09466, 10.4547, 12.9261, 15.2731, 17.7939, 20.6664

larsim / larsim / PhotonPropagation /| PDFastSimPAR.fcl

true

-~



(Parenthesis): Enhancing the Light Yield in LArTPCs

1. WLS-Coated reflector foils Light Yield DUNE-SP Foils: RS90cm

Cathode Not to scale Anode E  Both
‘E; - VUV
S - Visible
a i
_ O 5 (Credit to P. Green)
S 2
S 2 .
| -
= o ':1'> i + 43
5 < - ++++++44+++++i
% ~ ++—<}— :t+++
o L) 4t —+=
I_ - ++++ 4+ e
= o?.}—...|....|....|....|....|..._T—|...1|1
n_ (0} 50 100 150 200 250 300 X(?;:?T(]))

Light Yield DUNE-SP: Xenon Doping

[6)]
@]

—— Ar: RS = 90cm

—=— Xe: RS = 700cm

N
a

(Credit to P. Green)

w
[&)]

I

Light Yield (phel/MeV)
N
o

<
""I""l""|"'?'%”I""|"1'|""|""|"”

{4

4

W
@)

N
[4)]

ol el
10 =#=:*:
—4— 4
5 :t—x‘— R
4
0 I 1 l 1 I 1 1 l 1 1 1 1 l 1 1 1 1 I 1 1 1 1 l 1
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Semi-Analytic model extensions (available)

Ngeanta / No / cOs(6,,)

Eur. Phys. J. C (2021) 81:349
i 0, [0, 10] deg
1.6~ SBND-like 0, € [10, 20] deg
: 0, € [20, 30] deg
14— 0. € [30, 40] deg
o - 0, € [40, 50] deg
1.2+ g = 0, €[50, 60] deg
B o
I
- . b s 0
. i T : ¥
08 :_ Bright-spot I I i i % : %
B Wavelength-shifting . i i ! I I
06 __ reflector foil . l l i
0.4 :_ Scintillation
02F
O:l 1 lPhi)m:‘-dIEte(l:mrl(p::))l 1 l 111 I 111 l | - I 11| l 111 l 111 l 111

0 20 40 60 80 100 120 140 160 180 200

d. [cm]

£2pD
N@ reflected :/Iv)/.direcl‘ (£2c, LM}('QW

Number of photons Quwis X Qo PD aperture as viewed
incident on the cathode by the bright spot

Ny reflected = N@ refiected X A, 0., dr)/cos(6;)

PD-location + border correction

Ngeants / N, / cOS(6)

'l i '
1000

L i L
800
distance [cm]

e LArSoft suits Semi-Analytic model
simulation incorporating all of the
extensions:

- LAr and LXe wavelengths
(doping)
- Direct and Reflected light (foils)

19



Fast optical model: Semi-Analytic

sbndcode / sbndcode / LArSoftConfigurations / opticalsimparameterisations_sbnd.fcl

#
#
#

BEGIN_PROLOG

H*

# H B B R

sokokokokokokokokokokokokokokokokokokokokokokokokokokskokokokskskskokskakkkskakkkkkkkkkrokKkKKkokkkokokokokokokokokokokokokokskokokokskoskskokokskokskokokskokskkok ok ok
PARAMETERS SETS FOR SEMI-ANALYTIC SIMULATION ARE DEFINED HERE
sokokokokskokokokokskokokokokokokokokokokokokokokokokskokokokokskskskskkkakkakkakkkorkrkrokkokkkkokkokkokkokokokokokokokokokokskokskokskokskoskokskoskskokokskokskkok ok ok

VUV/DIRECT LIGHT: TIMING PARAMETERISATION
Detector
VUV/DIRECT LIGHT: NUMBER OF HITS CORRECTIONS specific
SBND Gaisser-Hillas

Includes Wires

koK KKK KKK KK KK KKK KKK KKK KoK oKk Kok sk ok sk sk sk sk sk sk sk sk sk ok sk sk sk sk ok sk ok sk sk ok ok sk sk sk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok sk ok skok sk ok sk ok sk sk sk sk sk sk o
VIS semi-analytic model, specific to SBND
SRR KKK KKK KK KKK KKK KKK KKK KKK KoK Kok 3k ok 3k ok ok sk sk sk sk ok ok ok sk ok ok ko kR ok ok kK koK KKK KoK KKK KoK KoK KKKk Kok koK sk ok sk sk sk sk sk sk sk sk

VISIBLE/REFLECTED LIGHT: TIMING PARAMETERISATION

VISIBLE/REFLECTED LIGHT: NUMBER OF HITS CORRECTIONS

20



Semi-Analytic model performance

» Solves the problems of other : T |
approaches . 1000 cosmics in SBND

~3.1 GB
» Photon propagation with no “
impact on memory (RAM) or Memory
simulation (CPU) time |
. It models both (Ny, time) . . | . | |

e used in SBND and DUNE-SP
simulations

200 by, Ins]
§ - 2 — Geant4
~ - . 3%)00_
> 150 i — Model
- r 2 [ Mean 00031
100 @ ‘ . ' 20 25000 €250 Std Dev 0.02278
., &
- F [ Soof
- B (]
[ - Q
S0F ‘ 20000 B15F
C —15 I s
u + C %ok
o T8 i 810
C ‘ . 15000~ E
_50 :_ 10 : = 1 1 PEPErE 1 1
- 10000k 02201 0 0.4 02
NEYYY | A N e
- 5 i
-150 . 5000~ l et
_zoo:r IIIIIIIIIIIIIIIIIIIIII 0 0- |IIIIIIIIIIIIIIIIII—IIIIIIIIIIIII‘
0 100 200 300 400 500 0 200 400 600 800 1000 1200 1400 1600

z [cm] Time [ns] 21



Hybrid model for the photon propagation

« Semi-Analytic model has a limitation: only applicable inside the active volume (geometric
approach)

« Simple idea to overcome the problem = Hybrid model: Semi-Analytic model inside the

TPC + Op-Library outside o
ZProjection

6 €[0, 10] deg

6 €[10, 20] deg
6 €[20, 30] deg
6 €[30, 40] deg
6 €[40, 50] deg
6 €[50, 60] deg
6 €[60, 70] deg
6 €[70, 80] deg
6 €[80, 90] deg

N,/ N, / cos(6)
hﬁz&lllllllll
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E-Field map in a TPC (SBND case example)

Warning: Light yield strongly depends on the Electric Filed value

2D E-Field map of the SBND TPC SBN-doc-1317

Ullage (<1.2kV/cm)

at the top

CPA Beam

<7.5kV/cm

CE
Enclosure

Inside of field cage
(500V/cm) Wire

Planes

e Inside the active volume EF is constant @ 0.5 kV/cm (nominal)

* In the top of the TPC EF values range from few kV/cm at the CPA location decreasing
to ~0 at the APA.

23

e Behind APA (PD-plane) EF = 0 is a good approximation (almost constant)


https://sbn-docdb.fnal.gov/cgi-bin/private/RetrieveFile?docid=1317&filename=SBND_TPC_Field_Cage_TDR_v3.pdf&version=3
https://sbn-docdb.fnal.gov/cgi-bin/private/RetrieveFile?docid=1317&filename=SBND_TPC_Field_Cage_TDR_v3.pdf&version=3

E-Field x Visibility map in a TPC (SBND case example)

Top visibility values ~0

Upstream/Downstream visibility values ~0

Bottom visibility values ~0

0
0

10 20 30 40 50

« Only behind APA visibilities are significant

e Current EF model in the hybrid approach: 500V/cm inside
the TPC & 0V/cm anywhere else
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sbndcode / sbndcode / JobConfigurations / standard / standard_g4_sbnd.fcl

physics:

{

producers:

{

rns: { module_type: "RandomNumberSaver" }

# A dummy module that forces the G4 physics list to be loaded
loader: { module_type: "PhysListLoader" }

# The geant4 step
largeant: @local::sbnd_larg4

# Creation of ionization electrons and scintillation photons, inside the active volume
ionandscint: @local::sbnd_ionandscint

# Creation of ionization electrons and scintillation photons, outside the active volume
ionandscintout: @local::sbnd_ionandscint_out

# Light propogation inside the active volume
pdfastsim: @local::sbnd_pdfastsim_par

# Light propogation outside the active volume
pdfastsimout: @local::sbnd_pdfastsim_pvs

# Electron propogation
simdrift: @local::sbnd_simdrift

# Truth-level reconstruction
mcreco: @local::sbnd_mcreco

25



(Parenthesis): Cherenkov radiation in LAr

* A particle propagating in a medium with velocity greater than
that of light in the medium produces an electromagnetic
shock-wave with conic wavefront

* Photons are emitted with a precise angle with respect to

particle direction cos O = i 1 B
"NAar AN

d2N 2T . N

- sin” b NIMA 516 (2004) 348-363
dvdx C (2004) 348-36
600 nm (hard to detect) ANy /dz

= J => Rs= = 2.4%

109 nm (LAr absorbed) dNyeint/dx + dNg /dx

- Can be considered a second order effect with respect to scintillation light emission

sbndcode / sbndcode / LArSoftConfigurations / opticalproperties_sbnd.fcl

EnableCerenkovLight: false # Cerenkov light OFF by default
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Wavelength shifter in LArSoft

s 10°
Proc§:s.ses handled. by G4OpWLS: ' 8 L Spectra in LArSoft
» Initial photon killed and a new one created with 2‘ 10l
different wavelength S L
) 5101—
» User must provide: % _
. 3 1
‘w107 1
» Absorption length as function of photon energy é’ o
o i 1
-51
* Emission spectrum as function of photon energy g 10 B 55
- 2
» Time delay between absorption and re-emission wo'e
10°0
The WLSABSLENGTH defines the absorption length which is — - v
1 11 1 10_—1||||||l||||||1|1||||
the average distance travelled by a photon before it is absorbed
0 200 400 600 800 1000

lardataalg / lardataalg / Detectorinfo / larproperties.fcl

# WLS - TPB properties original tpb (0.0, 0.0, 0.0, 0.0588,0.235, 0.853, 1.0,1.0,0.9259,0.70«
TpbEmmisionEnergies: [0.05,1.0,1.5, 2.25, 2.481, 2.819, 2.952,2.988,3.024, 3.1, 3.14,3.1807,
TpbEmmisionSpectrum: [0.0, 0.0, 0.0, 0.0588,0.235, 0.853, 1.0,1.0,0.9259,0.704,0.0296,0.011,
TpbAbsorptionEnergies: [0.05,1.77,2.0675, 7.42, 7.75, 8.16, 8.73, 9.78,10.69, 50.39]
TpbAbsorptionSpectrum: [100000.0,100000.0, 100000.0,0.001,0.00000000001,0.00000000001, 0.000(
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Wavelength shifter time delay

Geant4 (G40pWLS class) only simulates Delta or Exponential model (none is the case for TPB)

PHYSICAL REVIEW C 91, 035503 (2015)

TABLE I. Decay times and relative abundances of the compo-

nents found in the decomposition into exponentials of the response
function of TPB to 127 nm photons. Only statistical errors from the

fit are quoted.

Decay time (ns) Abundance (%)
Instantaneous component 1-10 60 £ 1
Intermediate component 49 =1 30+1
Long component 3550 4+ 500 8+1
Spurious component 309 £ 10 2+1

If we want to use the Geant4 class then we
would have to approach it by a single
exponential (~6.2 ns):
- We know this is not what we measure
- It would also require adding a line in
OpticalPhysics (model switching not
possible via .fcl).
In SBND we don’t use the Geant4 WLS time
simulation.

1072

107°

107

0 20 40 60

T
—

7T =6.2ns

T =2AS5ns

Measurement

80

100 120 140 160 180
WLS delay times [ns]
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Photon simulation output objects
lardataobj / lardataobj / Simulation / SimPhotons.h

// This structure contains all the information per photon G}ass SimPhotonsLith

// which entered the sensitive OpDet volume. { ~ ~
public:

class OnePhoton SimPhotonsLite();
1 . SimPhotonsLite(int chan)
pubLic: : OpChannel(chan)

OnePhoton(); {}' [PEEIDEEEEL

bool SetInSD; .

TVector3 InitialPosition; int 0pChanne¥;

TVector3 FinalLocalPosition; // in cm std::map<int, int> DetectedPhotons;

float Time;

float Energy; SimPhotonsLite& operator+=(const SimPhotonsLite &rhs);
) int MotherTrackID; const SimPhotonsLite operator+(const SimPhotonsLite &rhs) const;

bool operator==(const SimPhotonsLite &other) const;

IF

// Define a OpDet Hit as a list of OpDet photons which were
// recorded in the OpDet volume.

class SimPhotons : public std::vector<OnePhoton>

class SimPhotons : public std::vector<OnePhoton>

eSimPhotons objects (collections of OnePhoton) save detailed information about each
detected photon

ewhile SimPhotonsLite objects reduce memory and size at the price of keeping only
the number of photons at a time-slot.

eThe kind of object you want to save in your simulation is specified in the configuration
file by the line:

services.LArG4ParameterslpseLitePhotonsL true # false to save SimPhotons
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PMT digitisation: SBND case example

The PMT features included are: SER, electron transit time, transit time spread, saturation,
baseline, dark noise, baseline noise, and pre-trigger.

sbndcode / sbndcode /| OpDetSim / digi_pmt_sbnd.fcl 8” Hamamatsu PMT - R5912

sbnd_digipmt_alg: DELTA FUNCTION LIGHT

{
PMTRiseTime: 3.8 #ns RISE TIME FALL TIME
PMTFallTime: 13.7 #ns Ideal SER response:
PMTMeanAmplitude: 0.9 #in pCJ’ Not realistic! E 10% NODE
PMTBaselineRMS: 1.0 #in ADC : OUTPUT
PMTDarkNoiseRate: 1000.0  #in Hz § e SIGNAL
TransitTime: 55.1 #ns
TTS: 2.4 #Transit Time Spread in ns
CableTime: 135 #time delay of the 30 m long readout cable in ns
PMTChargeToADC: -11.1927  #charge to adc factor
PMTSaturation: 300 #in number of p.e. to see saturation effects in the signal
PMTBaseline: 8000.0 #in ADC
SinglePEmodel: _false # false for ideal PMT response, true for test bench measured response
PMTDataFile: "OpDetSim/digi_pmt_sbnd.root" # located in sbnd_data
MakeGainFluctuations: true ]
GainFluctuationsParams: @1ocal::FirstDynodeGainFluctuationsj In the backup

¥
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ADC

Single Electron Response (SER)

e About the single electron response, in general, there are two different cases [Left]:

- Bipolar corresponding to an AC coupled device (to reduce the number of channels)

e Simulated waveforms using the two version of the SER are very different [Right]:
- Bipolar signals can distort the baseline making not trivial its subtraction
- This makes accurate light reconstruction a challenge = Deconvolution (Backup)

Event=4 OpCh=12

0 e — i R
‘. ' SPE AR 1’J i " li!l ’»lllﬁ“ le ! "mrmf‘ AT W Vo W a et e =
/ SO0 Ty T LIV TRy Vs W o W
5 ! f —-— SPE (AC coupled) i) l,'_u,]i A AT ,J P
l | 7900+ | Ill'“’ ]ul U jjl I| lI[ i § s' ’[ il
. | |
il \RE ! e =
. I I i
—10- i " 78001 1 \J ||r
; N '
| - Q 7700 i - s
_15- ! 2 X (Credit to F.J. Nicolas)
‘|| 7600 ll:
=) il
—20 1 !,‘ 75001
!,’ :: Raw (ideal)
—25 S 7400 il ——- Raw (test bench)
i .
. . . . '5| —— Basline
100 200 300 400 72001 , | ! | ‘ | . ,
. 1200 1400 1600 1800 2000 2200 2400 2600
Time [ns] Time [ns]
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Reconstruction

Detector
specific

Same objects but algorithms might be different!
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Optical signal reconstruction: OpHits

e The first stage of the optical reconstructions looks for pulses in the raw waveforms.

e The light pulses in LArSoft are stored in objects called OpHits. (by M. Del Tutto)
y M. Del Tutto
Step 1 Step 2 Step 3

Start with the Reconstruct the Subtract the baseline, flip the

optical waveform baseline waveform and find peaks

(by F.J. Nicolas)

OpHit(); // Default constructor
20 < idth —— Raw signal
. 4 OpHit
private: Area=270 ADCns :
int fopChannel; 151
unsigned short fFrame;
double fPeakTime; T 'g PeakTime Arca=130 ADCns
double fPeakTimeAbs; 2 107 = ]
double fWidth; E
double fArea;
double fAmplitude; 51
double fPE;
double fFastToTotal; L\[’"‘P‘_U\"HI‘W
04 ,

2650 2700 2750 2800 2850 2900 2950
Time [ns]

lardataobj / lardataobj / RecoBase / OpHit.h 35



Optical signal reconstruction: OpFlash

e Goal of the flash reconstruction: cluster the light that was produced by an interaction in
the TPC. A flash is a cluster of PDs that see light at the same time (same interaction).

e How it works in brief: the algorithm clusters OpHits that are in time with each other:

500

400

OpChannel
w
o
o

N
o
o

100

- Can configure how many PEs are required for a coincidence to be claimed (set to 6 PE), and what time
resolution to use for claiming a coincidence (set to 10 ns).

- Once the flash time is found, light is integrated for a fixed (configurable) window (set to 8 us).

- There is also a veto window (set to 8 us): no other flashes can be claimed in this window.

(by M. Del Tutto)

e T e i

T 0T RDAINS e B CP AT IR e | oy .
LURTS PR S pAOL AN D TR w sas MU BV S 0v g o

At = transit time (55 ns) + cable time (135 ns)

e “a S

8 s g
Su0.4323]20300d

neen 2. Wb - 2 LT
L Ui - Neutrino Time (1.03 us)
Flash Time (1.25 us)
Integration Window
®ear ’ OpHits
2 4 6 8

Time w.r.t. Trigger [us]

f-—/\_\

» Reconstructed Flash

#PE

1000 -

500 1

\&,

OpFlash
—e— Truth
IdealSER

OpChID

[ v
) Y
‘l’ o \\»”"J\ ’\\MI
0 200 300
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Optical signal reconstruction: OpFlash

lardataobj / lardataobj / RecoBase / OpFlash.h

private:

double
double
double
unsigned int
std::vector<
std::vector<
std::vector<
double
double
double
double
double
double
double

bool

int

double >
double >
double >

fTime { 0.0 }; ///<
fTimeWidth; ///<
fAbsTime; ///<
fFrame; ///<
fPEperOpDet; ///<
fWireCenters; ///<
fWireWidths; ///<
fXCenter { NoCenter

Time on @ref DetectorClocksHardwart
Width of the flash in time [us]
Time by PMT readout clock

Frame number

Number of PE on each PMT

Geometric center in each view
Geometric width in each view

}; ///< Estimated center in x [cm]

fXwidth { NoCenter }; ///< Estimated width in x [cm]

fYCenter; ///<
fYwWidth; ///<
fZCenter; ///<
fZWidth; ///<

fFastToTotal; ///<
fInBeamFrame; ///<
fOnBeamTime; ///<

Geometric center in y [cm]
Geometric width in y [cm]
Geometric center in z [cm]
Geometric width in z [cm]
Fast to total light ratio
Is this in the beam frame?
Is this in time with beam?
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Flash Matching: OpTOF inder example

. The two ingredients for flash matching:
Flash matching goals:
. . : e Reconstructed Flashes
e |dentify a neutrino interaction from , _ ,
: e TPC Objects (reconstructed objects in the TPC,
cosmic backgrounds . .
i.e. Pandora’s recob: : S1ice) = The flash
« Provide T, for each TPC interaction .r:\a]:clch:g code should match a TPC Object with
its flas

1. Estimate 3D points from the TPC object

\ 3. Estimate how many y are
I detected (reach a Photon Detector)
R —
2. Estimate N}, for each 3D points
For all
PP 3D points

PE

4. We end up having an estimate of
expected number of PE in one

photo-detector
Hypothesis Flash For all >

6. Once we have the flash hypothesis, we can run a matching
between the hypothesis and all the reconstructed flashes to
see which one matches the best

PE
5. We build a hypothesis Flash

Courtesy of M. Del Tutto

OpDet ID
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Have fun!



PMT Gain fluctuation o ) e

* Number of secondary electrons generated at each dynode: random variable

e Toy example:
- Consider 1e hits one of the dynode (with gain g)
- On average < m > = g; with a standard deviation ¢ = \/g

l
- This leads to fluctuations in the SER

0=PHOTOCATHODE
10=ANODE
1to 9=DYNODES

e Approximations (approach directly taken from icaruscode) = Only takes into account

fluctuations at first dynode: | on 1 1 1

—=—+ + ...
<N> g1 8% 8182---&n
- <N>: average number of electrons at the end of the multiplication chain (anode)

- a]%: fluctuations in the total number of electrons at the anode

SPR (dark counts) SPR (dark counts)

§"°"0— s :Qt)"" s e ey " -
: -1 - ; l';. AP
o - | roocf "
7940 - 70400 E . .
- woFirst Dynode 3 ¥ wFirst Dynode
=t Fluctfations 7900;_ 1 Fluctuations

Time Bin [2 ns]

sbndcode / sbndcode /| OpDetSim / PMTAIlg / pmtgainfluctuations_config.fcl 40



[...

(Parenthesis): Light Signal Deconvolution

e |[n SBND we have PMT (and XARAPUCA) readout with AC coupling: bipolar SER = This makes accurate
(by F.J. Nicolas)

light reconstruction a challenge

>

OpDeconvolution module (in brie

Starts with the raw::OpDetWaveform OpDeconvolution module

objects (from DetSim stage)

8000 -
7900 1 |
7800 -
7700 -

7600 11

| MC Photon Arrival Times (scaled) [#PE]
75004 | — Raw Waveform [ADCs]

2000

1500
Time Bin [2 ns]

1000 2500

Downstream reconstruction chain:

Methods to:

Perform deconvolution
(using FFT)

Baseline estimator
Reduce noise (waveforms

smoothing and filtering in
the frequency domain)

l.'

e Use standard OpHit and OpFlash finder algorithms to recover pulses = #PE,

t0... using the deconvolved signals

] OpDetWaveform

e OpHit and OpFlash configuration file with refined parameters for deconvolved

waveforms

= Performance: resolution better than ~5% and unbiased at the level of few %

OpHit

OpFlash

—[...

f): sbndcode / shndcode / OpDetReco / OpDeconvolution /

Produces deconvolved signals (also

raw::0OpDetWaveform objects) to
be fed to downstream reco algorithms

6 11 MC Photon Arrival Times (scaled) [#PE]

Deconvolved Waveform [#PE]

1500 2000

Time Bin [2 ns]

1000

0.10

CoatedPMTs

~@- Std Reco
Deconvolution
~@- Ideal SER

(PEreco-PEtrue)/PEtrue

000

EE true

1000 1500 2000
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