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Introduc'on	  
•  Scin%lla%on	  detectors	  are	  used	  in	  all	  fields	  of	  physics	  and	  for	  many	  purposes	  (calorimetry,	  

triggering	  purposes,	  par'cle	  iden'fica'on,	  ...)	  
•  A	  typical	  scin'lla'on	  detector	  is	  cons'tuted	  by	  a	  scin5lla5ng	  material	  contained	  in	  a	  

reflec5ve	  box	  that	  is	  observed	  by	  a	  system	  of	  Photo	  Sensi%ve	  Devices	  (PSDs)	  
•  In	  many	  cases	  they	  allow	  to	  perform	  calorimetric	  measurements	  since	  their	  output	  signal	  

is	  oCen	  propor'onal	  to	  the	  deposited	  energy	  
•  	  The	  constant	  ra5o	  between	  the	  signal	  (usually	  in	  charge)	  and	  the	  deposited	  energy	  is	  the	  

light	  yield	  (LY)	  and	  is	  measured	  in	  (photo-‐)	  electrons/keV	  	  
•  LY	  deeply	  influences	  the	  design	  of	  a	  scin'lla'on	  detector	  since	  it	  fixes	  the	  scale	  of	  the	  

intensity	  of	  the	  output	  signal	  
•  The	  layout	  of	  the	  detector	  needs	  to	  be	  op'mized	  in	  order	  to	  match	  as	  well	  as	  possible	  the	  

LY	  with	  the	  characteris'cs	  (energy,	  Linear	  Energy	  Transfer,	  .	  .	  .	  )	  of	  the	  incoming	  radia5on	  
and	  of	  the	  electronic	  read-‐out	  chain	  	  

•  Tradi'onally	  LY	  is	  evaluated	  by	  means	  of	  Monte	  Carlo	  simula%ons	  =>	  precise	  results	  BUT	  
need	  programming	  and	  running	  codes	  that	  invoke	  the	  propaga'on	  of	  millions	  of	  photons	  	  
AND	  cumbersome	  in	  an	  op'miza'on	  process	  

•  In	  this	  work	  an	  alterna%ve	  and	  completely	  analy%c	  approach	  for	  the	  es%ma%on	  of	  the	  LY	  
of	  simple	  detectors	  is	  presented	  =>	  FAST	  and	  ROBUST	  results	  AND	  explicit	  dependence	  on	  
op5cal	  parameters	  makes	  this	  technique	  par'cularly	  suitable	  for	  op'miza'on	  processes.	  	  
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Light	  Yield	  of	  a	  scin'lla'on	  detector	  

LY = N! •"PSD •"opt

LY	  can	  be	  factorized	  as:	  

Where:	  
ü  Nγ is	  the	  photon	  yield	  of	  the	  scin'llator	  =>	  number	  of	  photons	  produced	  per	  unit	  

of	  deposited	  energy	  by	  a	  certain	  radia5on	  	   	


ü  εPSD	  is	  the	  conversion	  efficiency	  of	  the	  PSDs	  =>	  the	  efficiency	  of	  the	  PSD	  system	  in	  
conver5ng	  photons	  into	  signal	  (photo-‐electrons)	  	  	  

ü   εopt	  is	  the	  op5cal	  efficiency	  =>	  the	  frac5on	  of	  the	  originally	  produced	  photons	  
that	  manages	  to	  cross	  the	  windows	  of	  the	  PSDs 	  	


	  

Nγ  and	  εPSD	  	  in	  the	  majority	  of	  the	  cases	  are	  precisely	  known.	  On	  the	  other	  side	  εopt	  is	  
typically	  unknown	  and	  needs	  to	  be	  es>mated.	  	  	  	  
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Recursivity	  of	  light	  propaga'on	  (think	  to	  a	  	  
sphere...)	  
The	  propaga'on	  of	  photons	  inside	  a	  scin'lla'on	  detector	  is	  an	  intrinsically	  recursive	  process.	  

A	  photon	  produced	  in	  a	  random	  point	  
inside	  the	  sphere	  	  with	  a	  random	  
direc'on	  when	  reaches	  the	  boundary	  
surface	  has	  an	  average	  probability	  f	  to	  
be	  detected	  

And	  a	  probability	  R(1-‐f)	  to	  be	  sent	  	  back	  
into	  the	  chamber	  

Reflected	  photons	  has	  again	  a	  detec5on	  
probability	  equal	  to	  f	  and	  a	  probability	  to	  be	  
reflected	  equal	  to	  R(1	  −	  f	  )	  when	  hit	  the	  
boundary	  surface	  for	  the	  second	  5me	  

The	  same	  situa'on	  will	  repeat	  again	  iden%cal	  to	  itself	  aCer	  any	  reflec%on.	  

Op'cal	  window	  –	  photcatodic	  coverage	  =	  f	  
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...let’s	  generalize	  a	  liSle	  bit	  (I)	  
•  Consider	  a	  general	  scin%lla%on	  detector	  and	  assume	  that	  the	  process	  is	  recursive	  
•  It	  can	  be	  divided	  into	  a	  series	  of	  subsequent	  and	  indis5nguishable	  steps	  and	  it	  is	  

possible	  to	  define	  two	  quan55es:	  
ü  α	  is	  the	  average	  probability	  per	  step	  that	  a	  photon	  is	  detected	  
ü  β	  is	  the	  average	  probability	  per	  step	  that	  a	  photon	  is	  regenerated,	  that	  is	  the	  

probability	  that	  it	  is	  not	  lost	  (detected	  or	  absorbed)	  and	  that	  some	  physical	  process	  
randomizes	  again	  its	  direc5on	  (reflec5on	  for	  instance)	  

ü  α	  and	  β	  are	  constant	  for	  all	  the	  steps	  (recursivity	  of	  the	  process)	  
ü  α	  ≤	  1	  and	  β	  <	  1	  

•  Detec>on	  and	  regenera>on	  probabili>es	  aBer	  n	  steps	  are	  easily	  calculated:	  
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Table 1. Detection and regeneration probabilities for a photon propagating inside a scintillation detector as

a function of the propagation step (see text).

detection probability regeneration probability

step 0 α β
step 1 αβ β 2

step 2 αβ 2 β 3

. . . . . . . . .

step n αβ n β n

• β is the average probability per step that a photon is regenerated, that is the probability

that it is not lost (detected or absorbed) and that some physical process randomizes again its

direction (reflection for instance).

• α and β are constant for all the steps (from the assumption on the recursiveness of the

process).

• α ≤ 1 and β < 1.

With these assumptions it is easy to calculate the detection and regeneration probabilities for a

photon at step n after surviving to the previous n−1 steps. The values are shown in table 1. Hence

the optical efficiency, that is the sum of these detection probabilities over all the steps can be simply

calculated as the sum of a geometric series:

εopt = F(1,α,β ) =
∞

∑
n=0

αβ n =
α

1−β
(2.4)

This series converges because β < 1. The notation F(Q,α,β ) will be fully clear in the next section.

In principle, for each given detector, one could define the elementary step in many different ways

and this can make the calculations more or less difficult, but the final result is general and absolutely

independent of the step definition.

Consider again the simple spherical scintillation detector described above. The step can be de-

fined in a natural way as the photon propagation between subsequent interactions with the boundary

surface: it starts just after one reflection and ends when photon hits again the detector’s walls. With

this step definition α e β are easily calculable, in fact the photon will have at each step:

• a probability f to be detected⇒ α = f ;

• a probability 1− f to hit the non active internal surface and a probability R(1− f ) to be

regenerated⇒ β = R(1− f );

It is now possible to calculate the optical efficiency of the detector using equation (2.4):

εopt = F(Q = 1, f ,R(1− f )) =
f

1−R(1− f )
(2.5)

– 4 –
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...let’s	  generalize	  a	  liSle	  bit	  (II)	  

!opt = "# n! =
"
1"#

For	  the	  spherical	  scin5llator	  (and	  one	  can	  safely	  extend	  to	  scin%llators	  of	  regular	  
shapes)	  this	  means	  that:	  

!opt =
f

1! R(1! f )
α = f	


β = R(1-‐f)	


If	  the	  op'cal	  window	  has	  transmissivity	  Tw	  and	  reflec5vity	  Rw:	  

α = Tw	  f	


β = R(1-‐f)	  +	  Rwf	

!opt =

Tw f
1! R(1! f )! Rw f

ESore	  Segreto	  -‐	  LIDINE	  2013	  	   6	  



Including	  Rayleigh	  scaSering	  and	  
absorp'on	  

Define:	  
1
!!
=
1
!R

+
1
!A

λR	  	  -‐>	  Rayleigh	  scaSering	  length	  	  
λA	  	  -‐>	  absorp'on	  length	  	  

and:	  	   URA	  
probability	  that	  a	  photon	  reaches	  the	  end	  of	  
the	  step,	  as	  defined	  in	  absence	  of	  scaSering/
absorp'on,	  without	  interac'ons	  

It	  is	  possible	  to	  define:	  

! =URA!0

! =URA!0 + (1!URA )
!!
!R

Photon	  regenerated	  by	  reflec'ons	  

Photon	  regenerated	  by	  scaSering	  

with	  α0 and	  β0	  detec5on	  and	  regenera5on	  probabili5es	  in	  absence	  
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Including	  Rayleigh	  scaSering	  and	  
absorp'on	  (II)	  

ACer	  liSle	  algebra	  one	  finds:	  

!opt =
"0

Q!#0

With:	   Q =
1! (1!URA )

!!
!R

URA

For	  our	  simple	  detector,	  under	  reasonable	  hypotheses,	  one	  obtains:	  	  

URA =
!!
!L
(1! e! !L/ !! ) with:	  	   !L= 6V

S
It	  is	  the	  characteris'c	  linear	  
dimension	  of	  the	  detector	  	  

α0 and	  β0 detec%on	  and	  regenera%on	  	  
probability	  in	  absence	  of	  scaLering	  
and	  absorp%on	   	


This	  factor	  takes	  into	  account	  all	  the	  
effects	  of	  scaLering	  and	  absorp%on	  
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Including	  Rayleigh	  scaSering	  and	  
absorp'on	  (III)	  

Q	  is	  only	  weakly	  dependent	  on	  the	  normalized	  Rayleigh	  sca"ering	  length	  and	  visible	  effects	  
can	  be	  seen	  only	  when	  it	  is	  smaller	  than	  one.	  The	  dependence	  on	  the	  (normalized)	  absorp5on	  
length	  is	  much	  stronger	  and	  for	  Labs	  =	  1	  the	  term	  Q	  is	  already	  near	  to	  2	  
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Figure 1. The term Q as a function of the Rayleigh scattering length in units of L̃ for few values of the
absorption length Labs (also in units of L̃).

on the (normalized) absorption length is much stronger and for Labs = 1 the term Q is already
near to 2.

3 Monte Carlo tests of the model

The predictions of this simple toy model have been compared with the results of Monte Carlo
simulations of specific scintillation detectors. In order to directly use the formulas found for the
example developed in section 2 a scintillator contained in a cubic box is firstly considered. The
cubic shape has been chosen because it has a good degree of symmetry, but at the same time is
sufficiently far from a sphere, that represents the best approximation of the hypotheses that have
been used and thus can be a good benchmark for the toy model.

The cube is assumed to have a side of length L = 10 cm and is observed by one PSD with
circular flat window. The PSD window is positioned exactly in the middle of one of the cube’s faces
and is assumed to have a reflectivity Rw = 0.3 and a transmissivity Tw = 0.5, while the reflectivity
R of the internal non active surface is varied between 0.70 and 0.95. The radius of the PSD window
is varied between 0.5 cm and 5.0 cm. The optical efficiency of the detector, εopt, for any given
configuration of the parameters is evaluated by randomly extracting a point inside the cube and
generating from it a huge number of photons (105) with direction uniformly distributed in space.
This procedure is repeated for 105 times and each time the fraction Ndet of photons transmitted
across the PSD window with respect to generated ones is stored.

The average fraction of detected photons is determined by fitting the distribution of Ndet with
a Gaussian function and taking its central value.

The outcomes of the simulations are displayed as black dots in figure 2, Top. Two cases have
been separately considered: the case of completely specular reflections (left) and the case of com-
pletely diffusive (lambertian) reflections (right). To estimate the optical efficiency equation (2.7)

– 7 –

Normalized	  
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Monte	  Carlo	  tests	  of	  the	  model	  

Cubic	  
scin5llator	  

1	  PSD	  

2	  PSDs	  

4	  PSDs	   ESore	  Segreto	  -‐	  LIDINE	  2013	  	   10	  



Monte	  Carlo	  tests	  of	  the	  model	  (I)	  
•  The	  predic'ons	  of	  this	  simple	  toy	  model	  have	  been	  compared	  with	  the	  results	  of	  Monte	  

Carlo	  simula>ons	  of	  specific	  scin>lla>on	  detectors	  

•  A	  cubic	  scin>llator	  is	  considered	  (good	  degree	  of	  symmetry	  but	  not	  a	  sphere)	  

•  The	  cube	  is	  assumed	  to	  have	  a	  side	  of	  length	  L	  =	  10	  cm	  and	  is	  observed	  by	  one	  (two	  or	  four)	  
PSD(s)	  with	  circular	  flat	  window(s)	  	  	  

•  The	  reflec5vity	  of	  the	  window	  is	  set	  at	  Rw	  =	  0.3	  and	  the	  transmissivity	  at	  Tw	  =	  0.5	  

•  The	  reflec5vity	  R	  of	  the	  internal	  non	  ac5ve	  surface	  is	  varied	  between	  0.70	  and	  0.95	  

•  The	  radius	  of	  the	  PSD	  window	  is	  varied	  between	  0.5cm	  and	  5.0cm	  

•  The	  op5cal	  efficiency	  of	  the	  detector,	  εopt,	  for	  any	  given	  configura'on	  of	  the	  parameters	  is	  
evaluated	  by	  randomly	  extrac'ng	  a	  point	  inside	  the	  cube	  and	  genera'ng	  a	  huge	  number	  of	  
photons	  (105)	  with	  direc'on	  uniformly	  distributed	  in	  space.	  This	  procedure	  is	  repeated	  for	  
105	  5mes	  and	  each	  'me	  the	  frac'on	  Ndet	  of	  photons	  transmi"ed	  across	  the	  PSD	  window	  is	  
stored	  

•  The	  average	  frac'on	  of	  detected	  photons	  is	  determined	  by	  fihng	  the	  distribu'on	  of	  Ndet	  
with	  a	  Gaussian	  func5on	  and	  taking	  its	  central	  value.	  ESore	  Segreto	  -‐	  LIDINE	  2013	  	   11	  



Monte	  Carlo	  tests	  of	  the	  model	  (II)	  
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Figure 2. Top: optical efficiency for the cubic scintillator with one (Top), two (Middle) and four (Bottom)
PSD(s). Specular reflectivity on the left and diffusive reflectivity on the right. Black dots represent the
results of Monte Carlo simulations, while red lines are the model predictions.

has been used (red lines in figure 2), where f is the fraction of the cube’s surface occupied by the
PSD window.

The simulation has been repeated for the same cubic cell but with two and four identical PSDs
symmetrically installed on different (opposite) faces of the cube. The results, together with the
predictions of equation (2.7) are shown in figure 2 (Middle and Bottom respectively).

In the case of two PSDs, equation (2.7) has been computed for a single PSD with a reflectivity
R̃ for the remaining internal surface of:

R̃ =
(1−2 f )R+ f Rw

1− f
(3.1)

– 8 –

Specular	  reflec5vity	   Diffusive	  reflec5vity	  

1	  PSD	  

2	  PSDs	  

4	  PSDs	  

!opt =
Tw f

1! R(1! f )! Rw f

RED	  LINES	  :	  

In	  the	  case	  of	  2	  (4)	  PSDs	  the	  
formula	  is	  calculated	  with	  
respect	  to	  one	  PSD.	  R	  is	  the	  
average	  reflec5vity	  of	  
inac5ve	  surfaces	  and	  other	  
PSDs’	  windows.	  The	  total	  
efficiency	  is	  2	  (4)	  5mes	  the	  
single	  PSD	  efficiency	  	  	  	  
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Monte	  Carlo	  tests	  of	  the	  model	  
(scaSering	  and	  absorp'on)	  
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Figure 4. Left: optical efficiency of the cubic scintillator with one PSD. Rayleigh scattering length = 10 cm.
Attenuation length varied between 20 and 400 cm. Right: optical efficiency as a function of the Rayleigh
scattering length. The attenuation length is fixed at 50 cm, the PSD window has a radius of 4 cm and the
reflectivity of the non instrumented surface is 0.95. Black dots represent the results of the simulation while
the red line is the prediction of the model.

and the agreement between MC data and model predictions has always been found at the level
shown here.

For the last and most challenging test a scintillation detector with a poor degree of symmetry
is considered. The active medium is contained in a parallelepiped box with internal dimensions:
10 cm × 10 cm × 30 cm (l × w × h). Two identical PSDs with circular window are installed on
the two opposite square (10 cm × 10 cm) faces of the box. The reflectivity of the passive internal
surface is varied between 0.8 and 0.97 (specular or diffusive) and the radius of the PSD windows
between 0.5 and 5 cm. The windows’ reflectivity is set at 0.3 and their transmissivity at 0.5 (as for
the cubic scintillator). Again the optical efficiency is evaluated with dedicated MC simulations and
compared with the prediction of equation (2.7) ( f is the PSD coverage of the internal surface). The
two cases of specular and diffusive reflectivity are treated separately. The results of these tests are
shown in figure 5. Surprisingly also in this case the agreement between MC outcomes and model
predictions is satisfactory good. In fact, for specular reflectivity above 0.9 discrepancies at the level
of few percent are found, while in all other cases they are of the order of 10%.

4 Adding a wavelength shifter to the scintillator

Some materials emit scintillation photons in the ultraviolet region of the electromagnetic spectrum.
In these cases it is a common practice to dilute wavelength shifting substances (WLS) in the scin-
tillator [4, 5] that absorb ultraviolet light and re-emit visible photons easily detectable with glass
windowed photomultipliers. The formulas obtained in the previous sections for the evaluation of
εopt are still perfectly applicable with the small modification of introducing an overall efficiency
for the conversion of photons (typically near to one). If it is not possible to dilute any WLS in
the scintillator an alternative solution consists in depositing it (by vacuum evaporation, sprying,
painting, . . . ) on the internal surface of the detector, PSDs’ windows included. This is the case, for
instance, of double phase argon detectors [6, 7], where the stringent requests on the liquid purity
limit the admissible amount of diluted contaminants to tens of ppb of electronegative substances
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Figure 4. Left: optical efficiency of the cubic scintillator with one PSD. Rayleigh scattering length = 10 cm.
Attenuation length varied between 20 and 400 cm. Right: optical efficiency as a function of the Rayleigh
scattering length. The attenuation length is fixed at 50 cm, the PSD window has a radius of 4 cm and the
reflectivity of the non instrumented surface is 0.95. Black dots represent the results of the simulation while
the red line is the prediction of the model.

and the agreement between MC data and model predictions has always been found at the level
shown here.
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10 cm × 10 cm × 30 cm (l × w × h). Two identical PSDs with circular window are installed on
the two opposite square (10 cm × 10 cm) faces of the box. The reflectivity of the passive internal
surface is varied between 0.8 and 0.97 (specular or diffusive) and the radius of the PSD windows
between 0.5 and 5 cm. The windows’ reflectivity is set at 0.3 and their transmissivity at 0.5 (as for
the cubic scintillator). Again the optical efficiency is evaluated with dedicated MC simulations and
compared with the prediction of equation (2.7) ( f is the PSD coverage of the internal surface). The
two cases of specular and diffusive reflectivity are treated separately. The results of these tests are
shown in figure 5. Surprisingly also in this case the agreement between MC outcomes and model
predictions is satisfactory good. In fact, for specular reflectivity above 0.9 discrepancies at the level
of few percent are found, while in all other cases they are of the order of 10%.

4 Adding a wavelength shifter to the scintillator

Some materials emit scintillation photons in the ultraviolet region of the electromagnetic spectrum.
In these cases it is a common practice to dilute wavelength shifting substances (WLS) in the scin-
tillator [4, 5] that absorb ultraviolet light and re-emit visible photons easily detectable with glass
windowed photomultipliers. The formulas obtained in the previous sections for the evaluation of
εopt are still perfectly applicable with the small modification of introducing an overall efficiency
for the conversion of photons (typically near to one). If it is not possible to dilute any WLS in
the scintillator an alternative solution consists in depositing it (by vacuum evaporation, sprying,
painting, . . . ) on the internal surface of the detector, PSDs’ windows included. This is the case, for
instance, of double phase argon detectors [6, 7], where the stringent requests on the liquid purity
limit the admissible amount of diluted contaminants to tens of ppb of electronegative substances
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1	  PSD	  
PSD	  radius	  =	  4	  cm	  
Specular	  reflec'vity	  
R	  =	  0.95	  	  
Absorp'on	  length	  =	  50	  cm	  

Dependence	  on	  Rayleigh	  sc	  length	  	  
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Monte	  Carlo	  tests	  of	  the	  model:	  	  
Parallelepiped	  	  

ü Parallelepiped	  10	  cm	  ×	  10	  cm	  ×	  30	  cm	  (l	  ×	  w	  ×	  h).	  	  
ü 2	  PSDs	  on	  the	  opposite	  faces	  
ü Windows’	  reflec'vity	  is	  set	  at	  0.3	  and	  transmissivity	  at	  0.5	  
(as	  for	  the	  cubic	  scin'llator)	  
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Figure 5. Optical efficiency of the parallelepiped scintillation detector. Left: specular reflectivity. Right:

diffusive lambertian reflectivity. Black dots represent the results of Monte Carlo simulations, while red lines

are the model predictions.

and hundreds of ppb of non-electronegative ones [8, 9]. This situation can be well handled with the

ideas developed above, but some particular care must be taken.

Consider a scintillation detector with only one PSD (situation easily generalizable to the case

of n PSDs, as shown above). Assume that the scintillator medium is contained in a box of regular

shape, so that equation (2.7), generalized to the case of Q �= 1, can be used. Define εWS as the

shifting efficiency of the non instrumented internal surface and assume that R is their reflectivity to

shifted photons. Define also εws as the shifting efficiency of the PSD window that has a transmis-

sivity Tw, a reflectivity Rw (to shifted photons) and that covers a fraction f of the internal surface

of the cell.

The crucial point is here the calculation of the probability that a VUV (Vacuum Ultra Violet)

photon reaches the boundary surface of the detector where it is wavelength-shifted. A simple argu-

ment (see appendix A) shows that this probability is equal to the inverse of the term Q (section 2.2)

calculated using the Rayleigh scattering length and the absorption length of VUV photons in the

scintillator medium (QVUV ). To evaluate εopt it is necessary to consider that:

• the probability that a VUV photon reaches the boundary surface of the cell is
1

QVUV
;

• the probability that the photon is down-converted on the window of the PSD is
f εws

QVUV
. Since

the emission process is isotropic, the probability that it is directly transmitted across the PSD

window is roughly half of the total:

εdirect

opt =
f εws

2QVUV
(4.1)

eventually reduced by a factor that takes into account the absorption of the window. The

complementary (half) part is the probability that the photon is sent back in the cell;

• the probability that the photon is down-converted on the non instrumented surface of the cell

is
(1− f )εWS

QVUV
. The shifted photon will propagate inside the cell and will be detected with a

probability F(Qvis,Tw f ,R(1− f )+Rw f ). Where Qvis is calculated using Rayleigh scattering

and absorption lengths for visible photons;
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Figure 5. Optical efficiency of the parallelepiped scintillation detector. Left: specular reflectivity. Right:

diffusive lambertian reflectivity. Black dots represent the results of Monte Carlo simulations, while red lines

are the model predictions.

and hundreds of ppb of non-electronegative ones [8, 9]. This situation can be well handled with the

ideas developed above, but some particular care must be taken.

Consider a scintillation detector with only one PSD (situation easily generalizable to the case

of n PSDs, as shown above). Assume that the scintillator medium is contained in a box of regular

shape, so that equation (2.7), generalized to the case of Q �= 1, can be used. Define εWS as the

shifting efficiency of the non instrumented internal surface and assume that R is their reflectivity to

shifted photons. Define also εws as the shifting efficiency of the PSD window that has a transmis-

sivity Tw, a reflectivity Rw (to shifted photons) and that covers a fraction f of the internal surface

of the cell.

The crucial point is here the calculation of the probability that a VUV (Vacuum Ultra Violet)

photon reaches the boundary surface of the detector where it is wavelength-shifted. A simple argu-

ment (see appendix A) shows that this probability is equal to the inverse of the term Q (section 2.2)

calculated using the Rayleigh scattering length and the absorption length of VUV photons in the

scintillator medium (QVUV ). To evaluate εopt it is necessary to consider that:

• the probability that a VUV photon reaches the boundary surface of the cell is
1

QVUV
;

• the probability that the photon is down-converted on the window of the PSD is
f εws

QVUV
. Since

the emission process is isotropic, the probability that it is directly transmitted across the PSD

window is roughly half of the total:

εdirect

opt =
f εws

2QVUV
(4.1)

eventually reduced by a factor that takes into account the absorption of the window. The

complementary (half) part is the probability that the photon is sent back in the cell;

• the probability that the photon is down-converted on the non instrumented surface of the cell

is
(1− f )εWS

QVUV
. The shifted photon will propagate inside the cell and will be detected with a

probability F(Qvis,Tw f ,R(1− f )+Rw f ). Where Qvis is calculated using Rayleigh scattering

and absorption lengths for visible photons;
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!opt =
Tw f

1! R(1! f )! Rw f

RED	  LINES	  :	  

Extremely	  asymmetric	  detector	  
ü  	  Surprisingly	  good	  agreement	  

between	  MC	  simula'on	  and	  
model	  outcomes	  

ü  For	  specular	  reflec'vity,	  above	  
0.9,	  discrepancies	  at	  the	  level	  of	  
few	  percent	  are	  found	  

ü  In	  all	  other	  cases	  they	  are	  of	  the	  
order	  of	  10%.	  
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Figure 3. 3D isometric view and picture of the detector in use: PTFE cell and Hamamatsu PMT.

vessel in the LAr bath water outgassing was quickly halted due to the temperature dropping below
freezing point. This was indicated by the residual pressure drop inside the chamber by more than
one order of magnitude. At this stage the LAr filling procedure through an in-line set of filtering
cartridges (Oxygen reactant and molecular sieve, Oxisorb and Zeolite) was started and smoothly
completed in about one hour.

The PMT was biased with a low ripple power supply (Mod. MPSP 10/24) and after a period
left for thermalization of the PMT at LAr temperature (about one day) the bias voltage on the PMT
was slowly raised up to working conditions.

The DAQ system was structured with the PMT anode current output directly transmitted
through a LEMO cable (50 Ω) to a fast Waveform Recorder (Acqiris, DP235 Dual-Channel PCI

Digitizer Card, up to 1 GS/s, 8 bit dynamic range). At each trigger the signal waveform was
recorded with sampling time of 1 ns over a full record length of 15 µs.

4.1 Data analysis and results

The detector has been exposed to a 241Am source with monochromatic γ-emission at 59.54 keV.
During each source run (one per hour), single photo-electron (SER) pulses have been selected from
out-of-trigger parts of the recorded waveforms (isolated peaks in the waveform tail with amplitude
greater than 2.8 times the RMS of the baseline, figure 4 [Left]), in order to obtain photo-electron
data needed for calibration. Typically, the SER pulse is a narrow signal (FWHM � 5 ns) quickly
returning to baseline (about 20 ns from the onset). An averaged single photo-electron pulse is
shown in figure 4 [Right].

The area under the selected peak (in ADC·ns units, proportional to the SER charge) is evaluated
by integration of the single photo-electron pulse after local baseline subtraction.2 SER charge

2The local baseline is evaluated in a 50 ns window starting 25 ns after the peak when no other peaks are observed
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LAr	  scin5lla5on	  chamber	  -‐	  PTFE	  cell	  (h	  =	  9.0	  cm	  and	  φ	  =	  8.4	  cm)	  -‐	  	  observed	  by	  a	  single	  3”	  
photomul5plier	  (Hamamatsu	  R11065)	  
Internal	  surface	  of	  the	  cell	  completely	  covered	  with	  a	  reflec5ve	  foil	  deposited	  with	  Tetra	  Phenyl	  
Butadiene. 	  	  

WARP	  Collabora>on,	  Demonstra5on	  and	  comparison	  of	  photomul5plier	  tubes	  at	  liquid	  Argon	  
temperature,	  2012	  JINST	  7	  P01016	  [arXiv:1108.5584].	  

PTFE	  chamber	  

PMT	  
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Table 2. Parameters used to evaluate the LY of the detector described in [10].

photon yield Nγ = 40 photons/keV [11]

photocathodic coverage f = 13%

transmissivity of PMT window Tw = 0.94 [12]

reflectivity of PMT window Rw = 0

conversion efficiency of PMT εPSD = 28%

no absorption of VUV photons QVUV = 1

no absorption of visible photons Qvis = 1

conversion efficiency of passive surface εWLS = 1 [13]

conversion efficiency of PMT window

(no shifter) εwls = 0.

reflectivity of passive surface (reflector+TPB) R = 0.95 [14]

• the probability that the photon is indirectly detected is then:

ε indirect

opt
=

� f εws

2QVUV
+

(1− f )εWS

QVUV

�
F(Qvis,Tw f ,R(1− f )+Rw f ) (4.2)

Here we take into account that the photon can come from the PSD’s window or from the

inactive surface.

In conclusion the total detection probability is:

εopt = εdirect

opt
+ ε indirect

opt
=

Tw f εws

2QVUV
+

� f εws

2QVUV
+

(1− f )εWS

QVUV

�
F(Qvis,Tw f ,R(1− f )+Rw f ) (4.3)

It is interesting to notice here that because of the term
(1− f )εWS

QVUV
this is not a priori a monotonically

increasing function of the PSD coverage f . It is then possible that for a certain set of optical

parameters the maximum value of the optical efficiency is not reached with a total PSD coverage

of the internal surface, i.e. f = 1, but for some optimal value that can be found by maximizing εopt

(equation (4.3)) with respect to f .

Equation (4.3) has been used to evaluate the LY of the scintillation detector described in full

detail in [10]. The scintillating medium is liquid Argon that is contained in a cylindrical PTFE cell

(h = 9.0 cm and φ = 8.4 cm) and is observed by a single 3” photomultiplier. Liquid Argon is an

abundant scintillator (∼ 40 photons/keV) but photons are emitted in the VUV region of the electro-

magnetic spectrum (λ = 128 nm) and need to be wavelength shifted to be detected with the installed

photomultiplier (synthetic silica window - cutoff around 200 nm). For this reason the internal sur-

face of the cell is completely covered with a reflective foil deposited with Tetra Phenyl Butadiene

(TPB), that is an extremely efficient shifter with emission spectrum peaked around 420 nm [13, 14].

The parameters used to evaluate the LY of the detector are summarized in table 2.

For εPSD the product of the photocathode quantum efficiency averaged over the TPB emission

spectrum (29.5%) and of the photoelectrons’ collection efficiency at first dynode (95%) has been

taken. Given the refractive index of LAr (nLAr(420 nm)=1.25 [15]) and of the synthetic silica win-

dow (nwindow(420 nm)=1.46 [16]) reflection of photons at the interface can be neglected in good
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Parameters	  used	  for	  LY	  es%ma%on	  

LAr	  is	  assumed	  to	  be	  pure	  =>	  no	  absorp'on	  (Q	  =	  1)	  

LYestimated = N!"PSD"WLS (1! f )
Tw f

1! R(1! f )
= 6.9 phel

keV

LYmeasured = 7
phel
keV

± 5%

Photons	  converted	  on	  the	  walls	  	  
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Conclusions	  
•  A	  toy-‐model	  for	  the	  es'ma'on	  of	  LY	  of	  a	  scin'lla'on	  detector	  based	  on	  very	  simple	  

hypotheses	  
	  
•  Easy	  to	  take	  into	  account	  effects	  related	  to	  Rayleigh	  scaSering	  and	  absorp'on	  

•  Model	  benchmarked	  with	  MC	  simula'ons	  of	  specific	  detectors	  =>	  accuracy	  beSer	  
than	  10%	  

•  Model	  applied	  to	  the	  es'ma'on	  of	  the	  light	  yield	  of	  a	  real	  liquid	  Argon	  scin'lla'on	  
detector	  and	  a	  value	  of	  6.9	  phel/keV	  has	  been	  found	  =>	  measured	  value	  7.0	  phel/keV	  
±	  5%.	  

•  Ar'cle	  published	  on	  Journal	  of	  Instrumenta5on:	  	  	  
‘An	  analy5c	  technique	  for	  the	  es5ma5on	  of	  the	  light	  yield	  of	  a	  scin5lla5on	  detector’,	  
E.	  Segreto,	  2012	  JINST	  7	  P05008	  
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