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Scintillation light analysis in liquid argon based neutrino detectors is restrained in capability due to uncertainty in
fundamental constants critical to the analysis process. One such property is the Rayleigh scattering length of liquid
argon. In the fall of 2023, the TallBo cryostat, located in the Noble Liquid Testing Facility (NLTF) at Fermilab, was
used to study the scattering length of liquid argon in the Liquid Argon Scattering (LArS) experiment. Due to systematic
errors unknown during measurement analysis, LArS’s measurements were quite uncertain. By simulating the LArS
experiment, we found that the downturn in detector count rate as a function of liquid argon height at low heights
was caused by a misplaced silicon photo multiplier (SiPM). With concentrated effort, we may be able to successfully
correct this effect by understanding the relationship between the specified Rayleigh scattering length and the measured
attenuation length. With this information and further progression in analysis, we may be able to extract corrected
measurements from the LArS data and attain a tangible experimental measurement of the scattering length of liquid
argon.

I. INTRODUCTION

We aim to simulate the LArS experiment to understand the
unexpected trend reversal seen in the experimental data and
to know how to correct for this during data analysis. By ac-
counting for any discrepancies, we can make the first direct
measurement of the total attenuation length in liquid argon
as a function of wavelength. This measurement will improve
the simulation and reconstruction of scintillation light in large
liquid argon experiments like DUNE.

II. BACKGROUND

The Deep Underground Neutrino Experiment (DUNE)1

will be a massive liquid argon based neutrino detector located
approximately one mile beneath the Sanford Underground Re-
search Facility. DUNE’s primary physics goals include deter-
mining the neutrino mass hierarchy and measuring the CP vio-
lating phase, but its capabilities will span far beyond these two
objectives. In order to have the ability to span multiple areas
of study within neutrino physics, DUNE must be able to de-
tect any trace an interacting neutrino leaves, including photon
emissions. DUNE will use Silicon Photo Multipliers (SiPM)
to detect such emissions. Optimizing our understanding of the
photon detectors in DUNE reduces uncertainty in the experi-
ment’s measurements, and allows the photon detection mech-
anism to realize its full potential. In order to constrain uncer-
tainties associated with the photon detectors, we must also un-
derstand photon behavior within liquid argon. One presently
poorly measured value that is critical to detector optimization
is the Rayleigh scattering length of liquid argon. Constraining
this value will push DUNE toward achieving its science goals.

The LArS experiment2 was performed using the TallBo
cryostat located in the NLTF at Fermilab. During experi-

a)Also at Physics Department, Tulane University.

mentation, the interior of this cylindrical cryostat contained
a cage that was lined with 10 SiPMs – 8 along the side and 2
on the bottom. Most relevant to our simulations, the bottom
SiPMs were intended to lie 8.75 cm to the right of the center
to align with the light source. Fig. 1 depicts a schematic of the
LArS experiment. Before any given data acquisition period,
TallBo was filled with liquid argon. After the volume was
filled with liquid argon to the maximum fill level, light with
a selected monochromatic wavelength was emitted downward
into the cryostat via a 5 mm x 5 mm source that lied 8.75 cm
to the right of the center. Data was taken as the liquid argon
level was lowered in a controllable manner, yielding results at
specified liquid argon heights alongside the known, controlled
wavelengths.
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FIG. 1. LArS Experiment Schematic
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The Beer-Lambert law states that the probability P of find-
ing any given photon at depth x in liquid argon, where L is the
attenuation length of liquid argon [described by Eq. (2)], is

P(x) ∝ e−
x
L (1)

The relationship between the attenuation length L, the
Rayleigh scattering length Ls, and the absorption length La
of liquid argon is

1
L
=

1
Ls

+
1
La

(2)

For measurements at different wavelengths and liquid argon
depths, the Rayleigh scattering length ratio R at 90◦, where I
is the scattered intensity, I0 is the incident intensity, r is dis-
tance from the scattering center to the detector, and V is the
scattering volume, is

R =
I
I0

r2

V
∝

1
L4

s
(3)

The relationship between the SiPM trigger rate and the
SiPM depth was mapped at a wavelength of 128 nm, as shown
in Fig. 2. Eq. (1) and Eq. (2) predict a constantly decreasing
exponential behavior with increasing depth in the measure-
ment of the SiPM trigger rate as a function the SiPM depth.
Unexpectedly, the trend of the SiPM trigger rate reverses be-
tween 0 cm to 40 cm.

The relationship between the SiPM trigger rate and the
SiPM depth at a wavelength of 180 nm was measured too,
as seen in Fig. 3. Unexpectedly, the count rate persistently in-
creases throughout the domain of SiPM depths. This behavior
is not predicted by Eq. (1) and Eq. (2).

With predictable behavior in the relationship between the
SiPM trigger rate and the SiPM depth, we could perform a
fit to the exponential curve and extract an attenuation length.
With knowledge of the value of La, or accounting for it in
analysis, we can extract the scattering length of a given wave-
length of light in liquid argon using this relationship via Eq.
(2).

By simulating the LArS experiment, performing analysis,
and making comparisons with the measurements of the ex-
periment, we can stride toward understanding the cause of
these behaviors and accounting for them. This would yield
an extractable measurement of the Rayleigh scattering length
of liquid argon.

III. SETUP

Geant4345 is a powerful toolkit that is used to simulate par-
ticles passing through matter. We used Geant4 v4.10.6.p01c
to simulate the LArS experiment, as it is well equipped with
the tools needed to mimic the most critical components of the
experiment.

FIG. 2. SiPM Trigger Rate vs. SiPM Depth at 128 nm

FIG. 3. SiPM Trigger Rate vs. SiPM Depth at 180 nm

First, we constructed the detector volume using GDML
files. This provided us with the malleability to specify traits
of the volumes associated with the LArS experiment. Crit-
ically, we could nearly identically recreate the TallBo cryo-
stat, the removable cage, the SiPM detectors attached to the
cage, the liquid argon filling the cryostat, and the gaseous ar-
gon into which the liquid argon evaporates. Notable volume
traits specified include the size, shape, position, and matter
composition, which were all meticulously selected to mimic
the as-built reality of LArS depicted in Fig. 1.

Also relevant to our simulations, Geant4 allowed us to spec-
ify a multitude of material properties such as the refractive in-
dices, scattering lengths, absorption lengths, and other optical
properties of materials. We specified the index of refraction
of liquid argon to be 1.358 at all wavelengths. We specified
the absorption length of liquid argon to be 100 m at all wave-
lengths to nullify its potentially skewing effect on the simu-
lated data. We specified the scattering length of liquid argon
to be 90 cm at a wavelength of 128 nm based on the theoreti-
cal predictions of Seidel, Lanou, and Yao6, then predicted the
remainder of the wavelengths’ associated scattering lengths
based on Eq. (3).
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Asi d e fr o m i m pl e m e nti n g o ur d et e ct or g e o m etr y a n d m a k-
i n g t o ol kit-r e q uir e d i niti ali z ati o ns, w e i n h erit e d a n d c us-
t o mi z e d n e c ess ar y G e a nt 4 cl ass es t o si m ul at e t h e m ost i m p or-
t a nt n u a n c es of L Ar S. T his i n cl u d es t h e p arti cl e t y p e, t h e p ar-
ti cl e s o ur c e a n d its l o c ati o n, a n d i niti al p arti cl e pr o p erti es s u c h
as w a v el e n gt h a n d m o m e nt u m dir e cti o n. Si m ult a n e o usl y, w e
us e t h es e cl ass es f or d at a a c q uisiti o n, as t h e y h a v e t h e c a p a c-
it y t o e m ul at e a n d o ut p ut t h e d at a e xtr a ct e d i n t h e p h ysi c al
e x p eri m e nt.

Aft er a c q uiri n g t h e si m ul ati o n d at a pr o d u c e d b y G e a nt 4, w e
r e q uir e a p o w erf ul t o ol kit t o h a n dl e o ur a n al ysis w or k. We us e
R O O T 7 v 6. 2 0. 0 8 a f or t his, as it h as t h e c a p a cit y t o e xtr a ct a n d
pr es e nt t h e r es ults w e d esir e ef fi ci e ntl y.

T h e G e a nt 4 si m ul ati o n a n d R O O T a n al ysis c o d e us e d i n
t his p a p er is p u bli cl y a c c essi bl e i n t h e L Ar S M C Git h u b
r e p osit or y8 .

I V.  M E T H O D S

F or a c c ess t o a d et ail e d vi e w a n d u n d erst a n di n g of t h e p osi-
ti o n al distri b uti o n of p h ot o ns t h at tr a v ers e d Tall B o, w e c h os e
t o st or e d at a o n si m ul at e d p h ot o ns t h at hit t h e b ott o m of t h e
c a g e a n d t h e b ott o m Si P Ms. T his i n cl u d e d t h e fi n al c o or di-
n at es of t h e p h ot o n a n d its dist a n c e fr o m t h e c e nt er of t h e
si m ul at e d b ott o m Si P Ms. Wit h t his d at a, w e h a d m or e i nf or-
m ati o n o n t h e r el ati o ns hi p b et w e e n t h e p h ot o n p ositi o n distri-
b uti o ns a n d t h e li q ui d ar g o n h ei g ht.

V.  R E S U L T S

O ur si m ul ati o ns r e v e al t h at as t h e li q ui d ar g o n h ei g ht i n-
cr e as es, t h e p h ot o ns ar e distri b ut e d m or e e v e nl y a cr oss t h e
b ott o m of t h e c a g e. D u e t o t his d e cr e as e i n t h e c o n c e ntr a-
ti o n of p h ot o ns dir e ctl y u n d er n e at h t h e li g ht s o ur c e, t h e b ot-
t o m Si P Ms – l o c at e d dir e ctl y u n d er n e at h t h e li g ht s o ur c e i n
o ur si m ul ati o ns – d et e ct f e w er p h ot o ns. P h ysi c all y, t his r el a-
ti o ns hi p c a n b e attri b ut e d t o R a yl ei g h s c att eri n g e v e nts i n t h e
li q ui d ar g o n, as a s c att eri n g e v e nt is m or e li k el y t o o c c ur if a
gi v e n p h ot o n h as m or e m att er t o tr a v ers e pri or t o hitti n g t h e
b ott o m of t h e c a g e.

T h e af or e m e nti o n e d r el ati o ns hi p b et w e e n t h e p h ot o n p osi-
ti o n distri b uti o n a n d t h e li q ui d ar g o n h ei g ht s e e n i n o ur si m u-
l ati o ns s u g g ests t h at t h e b ott o m Si P Ms s h o ul d h a v e t h e hi g h-
est c o u nt r at e at t h e l o w est li q ui d ar g o n h ei g hts i n t h e p h ysi c al
e x p eri m e nt. H o w e v er, t his is n ot w h at w as o bs er v e d as s h o w n
pr e vi o usl y i n Fi g. 2. T his c o ntr ast s u g g ests t h at t h e b ott o m
Si P Ms w er e n ot pr o p erl y ali g n e d wit hi n t h e cr y ost at.

T o pr e di ct t h e l o c ati o n of t h e b ott o m Si P Ms, w e c a n s pli c e
t h e b ott o m of t h e c a g e i nt o ri n gs a n d o bs er v e t h e b e h a vi or of
t h e p h ot o n p ositi o n distri b uti o n as a f u n cti o n of li q ui d ar g o n
h ei g ht at diff er e nt dist a n c es fr o m a c e nt er c o or di n at e. As s e e n
i n Fi g. 4, w e c h os e ri n gs s urr o u n di n g t h e c e nt er of t h e b ot-
t o m pr oj e cti o n of t h e p h ot o n s o ur c e. T h e ri n gs all h a v e 3 m m
of dist a n c e b et w e e n t h eir i n n er a n d o ut er r a dii. If t h e b ott o m
Si P Ms f all wit hi n o n e of t h es e a n al ysis ri n gs i n t h e p h ysi c al
e x p eri m e nt, t h e ri n g d at a a n d t h e L Ar S d at a w o ul d pr es e nt

v er y si mil ar t ot al p h ot o n c o u nt / p h ot o n c o u nt r at e v ers us li q-
ui d ar g o n h ei g ht b e h a vi or at t h e r es p e cti v e ri n g si n c e t h e r a di al
dist a n c es w o ul d o v erl a p.

FI G. 4. S c h e m ati c of R a di al Dist a n c e I nt er v als o n Tall B o B ott o m.
E a c h ri n g’s r es p e cti v e c ol or c orr es p o n ds t o t h e s a m e c ol or’s c ur v e
a n d r a n g e i n Fi g. 5.

O ur r e n d eri n gs of t ot al p h ot o n c o u nt as a f u n cti o n of li q ui d
ar g o n h ei g ht at r a di al i nt er v als gr e at er t h a n 6 m m e x hi bit e d
si mil ar b e h a vi or t o t h e 1 2 8 n m e x p eri m e nt al d at a as s e e n i n
Fi g. 5. T his fi n di n g i m pli es t h at t h e b ott o m Si P Ms w er e mis-
ali g n e d i n t h e e x p eri m e nt a n d w er e n ot dir e ctl y u n d er t h e li g ht
s o ur c e as i nt e n d e d.

0 2 0 4 0 6 0 8 0 1 0 0 1 2 0
L Ar H ei g ht ( c m)

0
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3
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( 9, 1 2] ( 1 2, 1 5] ( 1 5, 1 8] ( 1 8, 2 1]
( 2 1, 2 4] ( 2 4, 2 7] ( 2 7, 3 0] ( 3 0, 3 3]
( 3 3, 3 6] ( 3 6, 3 9] ( 3 9, 4 2] ( 4 2, 4 5]
( 4 5, 4 8] ( 4 8, 5 1] ( 5 1, 5 4] ( 5 4, 5 7]
( 5 7, 6 0] ( 6 0, 6 3] ( 6 3, 6 6] ( 6 6, 6 9]
( 6 9, 7 2] ( 7 2, 7 5] ( 7 5, 7 8] ( 7 8, 8 1]
( 8 1, 8 4] ( 8 4, 8 7] ( 8 7, 9 0] ( 9 0, 9 3]
( 9 3, 9 6] ( 9 6, 9 9]

FI G. 5. T ot al P h ot o n C o u nt vs. Li q ui d Ar g o n H ei g ht ( c m) at 1 2 8
n m. T h e R = [ 0, 3] r a n g e is d e cr e as e d b y a f a ct or of 3 0 0. T h e R =
( 3, 6] r a n g e is d e cr e as e d b y a f a ct or of 6.

I n a n att e m pt t o c orr e ct f or t h e mis pl a c e m e nt of t h e b ot-
t o m Si P Ms, w e j o ur n e y e d t w o disti n ct a n al ysis r o ut es: t ail-
e n d att e n u ati o n l e n gt h e xtr a cti o n a n d c orr e cti o n a n d a br o a d
li k eli h o o d r ati o t est.

A.  T ail- E n d A n al y si s

M oti v at e d b y att ai ni n g a g e n er al, s w e e pi n g c orr e cti o n f or
t h e e x p eri m e nt al d at a, w e p erf or m e d a t ail- e n d a n al ysis of o ur
si m ul ati o n d at a. I n t h e t ail- e n d a n al ysis m et h o d, w e e xtr a ct e d
t h e t ail e n d of t h e si m ul at e d p h ot o n c o u nt as a f u n cti o n of t h e
li q ui d ar g o n h ei g ht ( pr es e nt e d i n Fi g. 5) at diff er e nt r a di al
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dist a n c e a n d li q ui d ar g o n h ei g ht i nt er v als, a n d t h e n fit it t o a
v ari a bl e e x p o n e nti al f u n cti o n. T h e e x p o n e nti al fitti n g a n al ysis
yi el ds a n e xtr a ct a bl e att e n u ati o n l e n gt h b y t h e B e er- L a m b ert
l a w st at e d i n E q. ( 1). T o r etri e v e t h e m ost c o nsist e nt a n d pr e-
cis e att e n u ati o n l e n gt hs fr o m t h es e fits, w e n e e d e d t o m eti c-
ul o usl y s el e ct a c o nst a nt li q ui d ar g o n h ei g ht r a n g e t o fit o v er.
M or e s p e ci fi c all y, t h e fits’ li q ui d ar g o n h ei g ht r a n g e n e e d e d t o
c o nsist e ntl y m e as ur e n e ar est t o t h e s p e ci fi e d R a yl ei g h s c att er-
i n g l e n gt h. T his e m ul at es t h e pr e di ct e d r el ati o ns hi p b et w e e n
t h e t w o s e e n i n E q. ( 2) b est, as w e s p e ci fi e d t h e a bs or pti o n
l e n gt h of li q ui d ar g o n r el ati v el y hi g h t o n ullif y its eff e ct. We
s a m pl e d m a n y li q ui d ar g o n h ei g ht r a n g es wit h v ar yi n g mi n-
i m a a n d t h e n i n v esti g at e d t h e mi ni m a’s r el ati o ns hi p wit h e a c h
fit’s e xtr a ct e d att e n u ati o n l e n gt h. T h e r es ults ar e d e pi ct e d i n
Fi g. 6.

0 2 0 4 0 6 0 8 0 1 0 0
H L Ar Mi n ( c m)

9 0

1 0 0

1 1 0

1 2 0

1 3 0

1 4 0

At
t
e
n
u
at
i
o
n 

L
e
n
gt

h 
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R R a n g e s ( m m)

[ 0, 3] ( 3, 6] ( 6, 9]

( 9, 1 2] ( 1 2, 1 5] ( 1 5, 1 8]

S p e cifi e d V al u e

FI G. 6. E xtr a ct e d Att e n u ati o n L e n gt h ( c m) vs. Li q ui d Ar g o n H ei g ht
Mi ni m u m ( c m) at a w a v el e n gt h of 1 2 8 n m

Aft er c o n cl u di n g t h at t h e m ost c o nsist e ntl y pr o misi n g li q-
ui d ar g o n h ei g ht r a n g e c h oi c e w as 3 8 c m t o 1 2 8 c m, w e p er-
f or m e d t h e s a m e e x p o n e nti al fitti n g a n al ysis at m ulti pl e s c at-
t eri n g l e n gt hs a n d r el e v a nt r a di al dist a n c es i n t his li q ui d ar g o n
h ei g ht r a n g e as s h o w n i n Fi g. 7. H er e, t h e m a xi m u m s c att er-
i n g l e n gt h c orr el at es t o a w a v el e n gt h of 1 5 5 n m as pr e di ct e d
b y E q. ( 3). T h es e r es ults m a y si g nif y a d e fi n e d r el ati o ns hi p
b et w e e n t h e s p e ci fi e d R a yl ei g h s c att eri n g l e n gt h a n d t h e e x-
tr a ct e d att e n u ati o n l e n gt h. If t his r el ati o ns hi p is u n c o v er e d
wit h f urt h er a n al ysis, w e m a y b e a bl e t o g e n er ali z e d at a c or-
r e cti o n.

B. Li k eli h o o d R ati o T e st

M oti v at e d b y att ai ni n g a b est fit t o t h e e xisti n g d at a f or
s p e ci fi a bl e att e n u ati o n l e n gt h e xtr a cti o n, w e p erf or m e d a li k e-
li h o o d r ati o t est. I n t his s e c o n d m et h o d of a n al ysis, w e e x-
tr a ct e d t h e c hi s q u ar e d of t h e fits of all t h e p ossi bl e c o m bi-
n ati o ns of s p e ci fi e d w a v el e n gt h a n d r a di al dist a n c e i nt er v als’
w ei g ht e d t ot al p h ot o n c o u nts v ers us li q ui d ar g o n h ei g ht t o
t h e e x p eri m e nt all y m e as ur e d p h ot o n c o u nt r at e v ers us Si P M
d e pt h at a w a v el e n gt h of 1 2 8 n m ( pr es e nt e d i n Fi g. 2). T h e r e-
s ults of t his t est ar e pr es e nt e d i n Fi g. 8, a n d t h e r es ult e d b est
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S p e cifi e d V al u e

FI G. 7. S p e ci fi e d R a yl ei g h S c att eri n g L e n gt h ( c m) vs. T ot al Att e n-
u ati o n L e n gt h ( c m) i n t h e li q ui d ar g o n h ei g ht r a n g e of 3 8 c m t o 1 2 8
c m. N ot e: Fi g. 6 a n d Fi g. 7 s p e cif y diff er e nt r r a n g es.

fit pl ott e d wit h t h e e x p eri m e nt al d at a is pr es e nt e d i n Fi g. 9.
Wit h t his i nf or m ati o n, w e c o ul d p erf or m a n e x p o n e nti al fit t o
t h e b est fit’s t ot al p h ot o n c o u nt v ers us t h e li q ui d ar g o n h ei g ht
f or p h ot o ns d et e ct e d b y t h e si m ul at e d b ott o m Si P Ms at t h eir
i nt e n d e d pl a c e m e nts, t h e n e xtr a ct a n att e n u ati o n l e n gt h b y t h e
B e er- L a m b ert l a w st at e d i n E q. ( 1).
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FI G. 8. D elt a C hi S q u ar e d as a f u n cti o n of S c att eri n g L e n gt h a n d
R a di al Dist a n c e. T h e c hi s q u ar e d v al u es r es ult fr o m fits t o t h e e x p er-
i m e nt al d at a pr es e nt e d i n Fi g. 2.
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FI G. 9. Wei g ht e d P h ot o n C o u nt vs. Li q ui d Ar g o n H ei g ht ( c m) at a
w a v el e n gt h of 1 5 0 n m a n d r a di al dist a n c e i nt er v al of 6 m m t o 9 m m
pl ott e d al o n gsi d e t h e 1 2 8 n m e x p eri m e nt al d at a.
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N oti c e, t h o u g h, t h at t h e b est fit pr es e nt e d i n Fi g. 9 h as a
r el ati v el y dr asti c r e v ers al i n p h ot o n c o u nt c o m p ar e d t o t h e e x-
p eri m e nt al d at a. I n a n att e m pt t o u n d erst a n d t his b e h a vi or, w e
utili z e d a gri d- b as e d a n al ysis m et h o d i nst e a d of a ri n g- b as e d
a n al ysis m et h o d. Wit h a gri d of 1 m m b y 1 m m s q u ar es a n d
i nf or m ati o n o n t h e a m o u nt of p h ot o n d et e cti o ns wit hi n t h os e
s q u ar es li ni n g t h e b ott o m of t h e Tall B o c a g e, w e c o ul d r e c o n-
str u ct t h e Si P Ms at a n y p ositi o n. T his w as m oti v at e d b y t h e
s us pi ci o n t h at t h e p ositi o n of t h e b ott o m Si P Ms wit hi n e a c h
ri n g c o ul d aff e ct t h e d at a d u e t o t h e g e o m etri c al as y m m etr y
pr e v al e nt i n Fi g. 4. We c h os e t o r e c o nstr u ct ei g ht 6 m m b y 6
m m Si P Ms at a r a n d o ml y s el e ct e d dist a n c e fr o m t h e c e nt er of
t h e b ott o m pr oj e cti o n of t h e p h ot o n s o ur c e of 1 5 m m. E a c h of
t h es e w as p ositi o n e d at diff er e nt a zi m ut h al a n gl es i n i nt er v als
of π

4 fr o m t h e x a xis. T h e r es ults of t his a n al ysis ar e pr es e nt e d
i n Fi g. 1 0.

We s us p e ct t h at t h e g a p i n t ot al p h ot o n c o u nt at l o w er li q ui d
ar g o n h ei g hts t h at alt er n at es b et w e e n s e q u e nti al a zi m ut h al a n-
gl es is d u e t o t h e m et h o d w e r e c o nstr u ct e d t h e d et e ct or wit h.
D uri n g a n al ysis, w e di d n ot r ot at e t h e r e c o nstr u cti o n of t h e
Si P Ms, s o at π

4 , 3 π
4 , 5 π

4 , a n d 7 π
4 r a di a ns, t h e n e ar est p oi nt t o

t h e c e nt er of t h e b ott o m pr oj e cti o n of t h e p h ot o n s o ur c e is a
v ert e x of t h e r e c o nstr u ct e d Si P M, w hil e at 0, π

2 , π , a n d 3 π
2 r a-

di a ns, t h e cl os est p oi nt t o t h e c e nt er of t h e b ott o m pr oj e cti o n
of t h e p h ot o n s o ur c e is o n e of t h e si d e’s mi d p oi nt. T his m a y
sli g htl y v ar y t h e t ot al p h ot o n c o u nt, t h o u g h dir e ct a n al ysis is
r e q uir e d t o pr o v e t his ass u m pti o n.

B as e d o n o ur gri d a n al ysis, it is e vi d e nt t h at t h e r a di al p osi-
ti o ni n g of t h e Si P Ms is r el ati v el y i nsi g ni fi c a nt at e q u al dis-
t a n c es fr o m t h e c e nt er of t h e s o ur c e’s pr oj e cti o n. F urt h er-
m or e, if w e s el e ct t h e 0 a n d π

4 r a di a n c ur v es a n d pl ot t h e m
al o n gsi d e t h e e x p eri m e nt al d at a a n d t h e ri n g- b as e d a n al ysis
d at a n e ar 1 5 m m, it is e vi d e nt t h at t h e gri d- b as e d a n al ysis r e-
s ults d o n ot cl e arl y e m ul at e t h e b e h a vi or of t h e e x p eri m e nt al
r es ults m or e t h a n t h e ri n g- b as e d a n al ysis r es ults. T his c a n b e
r e ali z e d i n Fi g. 1 1.
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FI G. 1 0. T ot al P h ot o n C o u nt vs. Li q ui d Ar g o n H ei g ht i n r e c o n-
str u ct e d Si P Ms at diff er e nt a zi m ut h al a n gl es wit h a w a v el e n gt h of
1 2 8 n m.
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FI G. 1 1. Pl ot of t h e gri d- b as e d a n d ri n g- b as e d w ei g ht e d T ot al P h o-
t o n C o u nt vs. Li q ui d Ar g o n H ei g ht r el ati o ns hi ps al o n gsi d e t h e e x-
p eri m e nt al d at a at a w a v el e n gt h of 1 2 8 n m.

VI.  C O N C L U SI O N

Usi n g si m ul ati o n t o i nt er pr et t h e L Ar S e x p eri m e nt al r e-
s ults, w e dis c o v er e d t h e c a us e of t h e u n e x pl ai n e d t ur n o v er at
l o w er li q ui d ar g o n h ei g hts: mis ali g n e d b ott o m Si P Ms. I n o n e
a n al ysis fr a m e w or k, w e m a p p e d t h e r el ati o ns hi p b et w e e n t h e
e xtr a ct e d att e n u ati o n l e n gt h a n d t h e s p e ci fi e d s c att eri n g l e n gt h
i n o ur si m ul ati o ns. I n a n ot h er m et h o d of a n al ysis, w e r e ali z e d
t h e b est s p e ci fi c ati o ns f or si m ul ati n g L Ar S t h at gr a nt us t h e
a bilit y t o m a k e a dir e ct m e as ur e m e nt of t h e t ot al att e n u ati o n
l e n gt h i n li q ui d ar g o n as a f u n cti o n of s c att eri n g l e n gt h. Fi-
n all y, w e dis c o v er e d t h at t h er e ar e n o pr e v al e nt diff er e n c es i n
t h e r es ults of a C art esi a n- b as e d a n d r a di al- b as e d a n al ysis f or
o ur si m ul ati o ns.

VII.  F U T U R E O B J E C TI V E S

O ur si m ul ati o ns c o ul d b e i m m e di at el y i m pr o v e d b y s p e c-
if yi n g t h e a bs or pti o n l e n gt h of t h e li q ui d ar g o n, t h e r e fl e c-
ti v e pr o p erti es of t h e c a g e, a n d t h e di v er g e n c e of t h e p arti cl e
s o ur c e t o G e a nt 4.

B ot h a n al ysis fr a m e w or ks pr es e nt e d i n t his p a p er h a v e t h eir
r es p e cti v e b e n e fits, a n d w e will li k el y n e e d t o us e t h e m i n c o n-
j u n cti o n i n f ut ur e a n al ysis eff orts. Wit h a d e e p er u n d erst a n d-
i n g of o ur si m ul ati o ns a n d us a g e of t h e a n al ysis fr a m e w or ks
pr es e nt e d i n t his p a p er, w e c a n u n c o v er t h e b est m et h o d of e x-
tr a cti n g t h e s c att eri n g l e n gt h of li q ui d ar g o n fr o m t h e e xisti n g
e x p eri m e nt al d at a at w a v el e n gt hs of 1 5 5 n m a n d l o w er.

At w a v el e n gt hs hi g h er t h a n 1 5 5 n m, t h er e is m u c h w or k
t o b e d o n e t o d es cri b e t h e b e h a vi ors e x hi bit e d. T h e b e h a vi or
s e e n i n Fi g. 3 c o ul d b e attri b ut e d t o t h e c a g e’s r e fl e cti vit y, t h e
ti m e of d a y t h e d at a w as t a k e n, or s o m e ot h er u n k n o w n eff e ct.

Pr o vi d e d a n e x pl a n ati o n of t h e hi g h- w a v el e n gt h dis cr e p a n-
ci es al o n gsi d e t h e w or k pr es e nt e d i n t his p a p er, a pr o misi n g
m e as ur e m e nt of t h e s c att eri n g l e n gt h of li q ui d ar g o n at v ar y-
i n g w a v el e n gt hs c a n b e e xtr a ct e d fr o m t h e L Ar S d at a wit h
c o n c e ntr at e d a n al ysis w or k. T his m e as ur e m e nt w o ul d i m-
pr o v e t h e si m ul ati o n a n d r e c o nstr u cti o n of s ci ntill ati o n li g ht
i n l ar g e li q ui d ar g o n e x p eri m e nts li k e D U N E.
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