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As everyone here (hopefully) agrees, LArTPCs are 
a great candidate for large detectors
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Example future LAr detectors:


•  LAr1: 1 kton:�

  Sterile neutrino search



•  LBNE: 10 kton (or 35 kton)
CP violation	  
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Even larger detectors…
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Even larger detectors…

•  A PMT system would take up far too much room if  
it were to go in between the TPCs

•  Light Detection along the outside of  the detector is 
unlikely to work; light from the center would have to 
pass through multiple planes of  wires
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Even larger detectors…

•  Need a flat system that can fit in between the 
TPCs



Light Guides

66

Adiabatic bending still allows light 
to be transmitted

Acrylic bars bent to form a paddle



Initial results: �
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 (arXiv:1101.3013)
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Acrylic Rods as Light Guides
l  Bar: Extruded acrylic from McMaster Carr

l  Coating: TPB embedded in Polystyrene (25 % TPB, 75% PS)

l  Coatings made by dissolving TPB and polystyrene in toluene, brushing the 
coating onto the bar, and allowing the toluene to evaporate

l  Based on the indices of  refraction in LAr and air, about 10% of  the light 
should be totally internally reflected in the direction of  the PMT in LAr




The light which is emitted above the critical angle is 
totally internally reflected down the lightguide.  

UV	  light	  

Light	  emi,ed	  by	  TPB	  

PMT	  
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l  The lightguides are tested using 
a 210Po source which produces 
5.3 MeV α particles

l  The α particles travel 50 µm in 
Argon and produce photons 
along this path, some of  which 
hit the lightguide and are 
transmitted to the PMT

l  Source is located ~5 mm from 
the bar



Testing at MIT

PMT	  

Lightguide

210Po 
source
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PMT Response

Pulse of  light from an alpha particle. 
Quantized by number of  photoelectrons


Hamamatsu 
R7725mod PMT

A one photoelectron pulse (from the 
late component of  the argon 
scintillation light)
  - Suffer from quenching since we 
only use level 4 argon (which is ok 
for our relative measurements)

Use an AlazarTech ATS9870 digitizer for data acquisition
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Single p.e. distribution: pulse height

•  Use the single p.e. pulses from the late scintillation 
component (τ=1.5 µs) to measure the gain of  the PMT



Measurements with source at 10cm
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•  Use the fast scintillation component (τ=6 ns) to trigger and 
measure the pulse height



•  Switched coating from 25% TPB in polystyrene (1:3 TPB:PS) to 33% TPB 
in UV transmitting acrylic (1:2 TPB:UVT)

–  Both at saturation points, so can get more TPB into UVT acrylic

–  Switched from 100% toluene to 85% toluene, 15% ethanol, which leads to more uniform 
coatings and longer attenuation lengths

•  Switched from extruded acrylic to cast acrylic for bar

Results in about a factor of  3 more light
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Improvements from previous system (arXiv:1210.3793)
 



Coatings: comparison to other coating methods

Light from the diffraction grating is incident on the sample. The emission from the sample is 
observed by PMT 1, directly through the sample
•  Thus only measuring the efficiency of  the coating

McPherson 234 
monochrometer



Coatings: comparison to other coating methods
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•  Coating efficiency normalized 
to an evaporative coating (1.87 
µm thick)

Absolute efficiency of 1.5 µm	  coa7ng 
Gehman et al arxiv:1104.3259 

•  Disagrees with measurements of  
coatings on lightguides in LAr which 
suggest the UVT coating is better than 
the PS coating

–  possibly due to temperature effects or 
capture properties



Emission and excitation spectra of  33% TPB-UVT coating
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Emission 

Excitation 

Incident wavelength vs emitted wavelength 

Intensity vs emitted wavelength 
from 250nm incident  
(horizontal slice of above) 

Intensity vs incident wavelength at 
a 436nm emission wavelength 
(vertical slice of above) 



•  Use the integrated charge of  the pulses to get the single p.e. 
distribution to measure the gain of  the PMT

•  Recalculate baseline before each “late light” pulse
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Back to the lightguide test stand:�
Single P.E. distribution (now using integrated charge)

Figure 10. (color online). Colored symbols: Five example late light examples sampling all of the batches
of LAr and bars and spanning the typical range of late light distributions. Samples were normalized in the
range Qtot > 50 counts×ns. Black squares: mean of ten late light files, after normalization in the Qtot > 50
counts×ns range. The Gaussian is a fit to Qtot > 30 counts×ns.

7.1 Results of Tests in LAr

The studies presented here involve four batches of LAr and four bars, and were performed over
about 60 days in order to study a variety of sources of variation of response.

Fig. 11 presents measurements for each of the four light guides under study, with a different
symbol associated with each bar. The colors indicate the LAr batch in the test stand for a given
measurement, where the time-order was: blue, red, magenta and green. Measurements are taken at
up to five locations along the bar (10, 20, 30, 40 and 50 cm), and often multiple times. The source
is removed and replaced between every measurement, even in the case where a measurement is
taken multiple times at the same location. The exact location is varied within ∼ 1 cm. The purpose
of this is to sample multiple areas of coating at each distance. Within a given location indicated on
the plots, the measurements are presented in time order. Every measurement has more than 70,000
entries, and so the error bars are not visible on the plots.

Fig. 12 transfers information from Fig. 11, maintaining the meanings of the symbols for each
bar and colors for each batch. In this figure, time information has been removed and the time
integrated ADC counts, Qtot , are plotted as a function of location of the source. The mean at each
location is indicated by the black hexagon with the error bar. The deviation of measurements from
the mean is such that a 16% systematic spread encompasses 68% of the data points.

The following conclusions can be drawn from Fig. 11 and Fig. 12:

• At a given source location, the spread of measured values is very large compared to the
statistical error.

– 15 –

single PE peak at 39.3±1.0 counts × ns.



•  Integrate charge within a window of  150 ns
•  Little late light component due to quenching, as we 

only use level 4 (99.99% pure) argon
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Light from an alpha source placed various distances 
along the lightguide

Figure 9. (color online). A variety of example Qtot from cast acrylic bars with acrylic coatings with the
source at 10 cm (black, narrowest distribution), 20 cm (magenta), 30 cm (green), 40 cm (blue) and 50 cm
(red, widest distribution). The data are from four bars and four batches of LAr taken during a period of
60 days. All distributions have > 70,000 events.

observable. The long integration period accommodates large initial pulses from cosmic rays as well
as the smaller initial pulses from the α source. The pulse-height, Qmax, is defined as the difference
between the baseline and the minimum ADC count during the integration period. The baseline is
recalculated using a 10 ns time window before each pulse, for both early and late light pulses. The
start point for late light pulses is defined as when the signal drops to 2 or more ADC counts below
the baseline.

6.2 The Qtot Distributions of Early Light

After corrections for attenuation along the lightguide, the Qtot distribution of the early pulses can
be correlated to the energy of the α in the event. Examples of Qtot distributions for the early
light are shown in Fig. 9. One can see that the distributions form a Landau distribution. In the
analysis below, we will study variations in these distributions as a function of position and batch of
LAr. Thus, for illustrative purposes, we provide examples of distributions with the source at 10 cm
(black), 20 cm (magenta), 30 cm (green), 40 cm (blue) and 50 cm (red) for various lightguides and
LAr batches. In the analyses below, the Qtot distributions are taken from runs of > 70,000 events.

Using Qtot is a departure from the study in Ref. [10], which employed pulse-heights, Qmax.
However, with the improved efficiency for the lightguides, we find that Qtot is a better representa-
tion of the number of photons in an event. The issue arises when the photon arrivals are distributed
over long time periods, leading to multiple peaks. An example of such a distortion is seen in the
bottom left of Fig 8. This problem was addressed by the “multipeak analysis” of Ref. [10], however
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10 cm 
20 cm 
30 cm 
40 cm 
50 cm 
 

5 p.e. 35 p.e.



Figure 11. (color online). Plots corresponding to measurements of integrated charge, Qtot , of early light for
four lightguides. Measurements were made across four batches of LAr indicated by the color of the symbol.
Measurements are made at multiple locations along a bar.

Figure 12. (color online). Qtot as a function of position for four batches (colors) and four bars (symbols).
Black hexagons indicate the average and error bars indicate a 16% systematic spread.
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Exponential fit to all data: 
L = 44 cm
Exponential fit excluding first point:
L = 79 cm 

Attenuation Along Lightguide

Colors and symbols represent 
runs with different bars and 
different batches of  LAr.



Attenuation Results - Air

Does look exponential

L=38.0 +/- 0.9 for cast acrylic bar

Deviates from LAr measurment by 
quite a bit!

These bars are also not coated, so 
they should be better if  anything.

Work from Indiana (Stuart 
Mufson & Brian Baptista)



Lightguide Modeling (perfect world)

•  Refractive index of  argon and air is different, so we can expect a different 
attenuation behavior for same bar in different environments

Modeling (and slides) from Ben Jones

Subcri7cal,	  
	  par7al	  reflec7on	  

Number of  reflections over bar length

Supercri7cal,	  total	  
internal	  reflec7on	  



Lightguide Modeling (real world)

•  Also, careful thought about attenuation processes reminds us that we don’t 
expect exponential attenuation.

Bulk	  losses	  

Surface	  losses	  

Rays	  at	  different	  angles	  a,enuated	  at	  different	  rates	  (i	  runs	  
over	  2	  transverse	  bar	  dimensions)	  



Bulk vs Surface Attenuation

•  Not able to measure these separately

•  The bars we have been using are much shorter than the bulk 
attenuation length in most commercial acrylics, indicating that 
surface effects would dominate

•  This is consistent with studies from the nEDM experiment, 
which measured a bulk attenuation of  ~6.5m and a ~6% 
absorption per bounce for a cast surface

•  In our toy model we assume only attenuation from surface 
effects



In this model: 
Sub-critical rays with EM reflection coefficients + constant losses per bounce
Super-critical rays with constant losses per bounce only

	  

In	  Air	  



Then use measured coefficients in air to predict 
shape in argon



Wavelength Dependence?

Argon	  Predic7on	  Without	  WL	  Dep	  
Argon	  Predic7on	  With	  WL	  Dep	  

•  Newer results from Indiana show a wavelength dependence to the 
attenuation length

•  Include this in model 
•  Minimal effect



Figure8:IllustrationofmultiplebarsbenttoadiabaticallyguidelighttoasinglePMT.

6.DiscussiononUseinLArTPCs

OnecouldinstrumentalargeLArTPCdetectorwithatriggersystemcon-
structedfromtheacrylicbars.Here,weconsidertheprospectsforbuilding
suchasystemtoday,giventhecapabilitywepresentinthispaper.Thissetsa
minimumforwhatcanbeaccomplishedwithsuchasystem,sincethebarscan
surelybeimprovedinthefuture.

Thebasicdetectorelementwillbeapaddleconstructedofeight2.54cm
widthbarswitha1mlongactivearea.Atthetop,theuncoatedportionofthe
acrylicwillbebenttoformanadiabaticpathforlighttothePMT(seeFig.8).
If8barscometoone2inchPMT,thenthecollectionareaofthispaddleis2032
cm2.Weconsidercollectionneededforavolumeof250cm×250cm×1000
cm,andasurfaceareaof1.1×106cm2,whichisthesizeoftheMicroBooNE
Experiment[5].

BasedonthemeasurementspresentedinSecs.5.1and5.2,weassumethat
bychoosingbarswithhighestqualitycoating,wecanachieve8PEonaverage
andwitha2mattenuationlength.Thisresultsin80%oftheidealexpectation
andanaveragetransmissionalongthebarof77%,henceanoverallreduction
factorof60%.Whiletheseassumptionsareslightlyaggressive,thebarsarevery
inexpensivetoproduceandsoaplantochooseonlybarswiththebestresponse
isfeasible.

Forthesakeofdiscussion,wewillassumethetriggerwillbebasedon
summedpulsespassinganADCtheshold.Wedeterminethepaddlecoverage
requiredtotriggeronparticleswith>99%efficiency,whichrequiresathreshold
oflessthan1PEandatleast5PEdetectedonaverage.Weshowthatfor40
MeVprotons,thisisstraightforwardtoachievetoday.Forthecaseof5MeV
electrons,afactoroftwoimprovementinthepaddleresponseisdesirable.
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From Bars to Paddles

•  A paddle can be built out of  adiabatically bent lightguides and read 
out by a 2” PMT

•  We compared the light output for a 210Po source clipped to the 
paddle ~16-18 cm from the PMT

μQtot	  ~	  700	  ADC	  ns	  

Figure 11. (color online). Plots corresponding to measurements of integrated charge, Qtot , of early light for
four lightguides. Measurements were made across four batches of LAr indicated by the color of the symbol.
Measurements are made at multiple locations along a bar.

Figure 12. (color online). Qtot as a function of position for four batches (colors) and four bars (symbols).
Black hexagons indicate the average and error bars indicate a 16% systematic spread.
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Matches	  
expecta7ons	  

28”	  

14.5”	  

6”	  



Directly comparing paddles to MicroBooNE plates

Proposed to insert 4 paddles in MicroBooNE (still awaiting final 
approval)
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•  TPB-coated lightguides are a nice 
alternative to bulky PMT arrangements

•  Room for improvement: Attenuation 
length and coating efficiency may still 
be improved!

•  Stuart will test 2 of  our bars in tall Bo 
in the fall (see Stuart’s talk)

•  We hope to directly compare these 
paddles with MicroBooNE plates 
directly in MicroBooNE

Conclusion
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