
Characterization of 
Photomultiplier Tubes for 

the Long-Baseline Neutrino 
Experiment

Robert Knapik, Anthony LaTorre, Kevin Shapiro, 
Logan Ware, Brian Delgado, Josh Klein, Stanley Seibert

University of Pennsylvania

Advances in Neutrino Technology
October 10, 2011

1



Long-Baseline Neutrino Experiment

Address

©2011 Google - Map data ©2011 Europa Technologies, Google -

Far Detector
Homestake Mine

Beam & Near Detector
FNAL

1300 km

Liquid Argon TPC
or

Water Cherenkov 
Detector
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LBNE Water Cherenkov Detector

Chapter 4: Detector Reference Design 4–13

the dimensions of the chamber are shown in Table 4–2. For our reference design, LBNE has
assumed a technically feasible 65 m diameter excavation as shown in Figures 4–1 and 4–2.

Figure 4–1: Cross-sectional view of 200 kt cavity, with dimensions labelled.

Once the cavern is excavated, it must be prepared to hold water, divert native water in
a systematic way so it can be collected without pressure buildup, and anticipate and collect
leaks from the detector volume. The main function of the watertight liner is to provide an
absolute barrier between the highly purified water (ASTM Type 1, ultra purified water) in the
detector and any underground water that might seep into the excavations. We have selected a
liner attached directly to the shotcrete selected for the case study as it maximizes the fiducial
volume for a constant excavation size, and is cheaper to build. Magnetic ‘compensation’ coils
will be embedded in the wall to partially cancel the Earth’s magnetic field, thus improving
PMT e�ciency and charge response.

LBNE Water Cherenkov Detector

• Located underground at 
Homestake with 4300 
m.w.e. overburden

• 200 kton fiducial 
volume

• Photocathode coverage 
equivalent to SuperK-II

• ~29000 PMTs + 
some form of area-
increasing light 
collectors
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PMT Characteristics
• Detection Efficiency

• Absolute efficiency as 
function of wavelength

• Relative efficiency as a 
function of position

• Charge

• Width of charge 
distribution

• Peak to valley ratio

• High charge tail

• Saturation

• Time

• Width of prompt transit 
time distribution

• Late pulsing probability

• Pre-pulsing probability

• After-pulsing probability

4



PMT Characteristics
• Detection Efficiency

• Absolute efficiency as 
function of wavelength

• Relative efficiency as a 
function of position

• Charge

• Width of charge 
distribution

• Peak to valley ratio

• High charge tail

• Saturation

• Time

• Width of prompt transit 
time distribution

• Late pulsing probability

• Pre-pulsing probability

• After-pulsing probability

En
er

gy
 E

st
im

at
io

n
Position Reconstruction

Particle ID

5



Some Candidate PMTs

Hamamatsu R1408 8”
(“standard candle” 
comparison only)

Hamamatsu 
R7081 10”

Hamamatsu 
R11780 12”

ETL PMTs to be tested later this year...

Now have 12” with standard, 
enhanced, and high quantum efficiency.
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Dark Box

Figure 1: Helmholtz Coils Surrounding the Dark Box
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Cherenkov Source

Figure 2: Light Source and Trigger PMT

3

• Two 0.1 μCi strontium-90 disks

• Cube of UV-transmitting acrylic 
(from SNO experiment)

• 2” high quantum efficiency 
trigger PMT with <100ps jitter

• Cherenkov events are very 
sharp in time

• Produces a wavelength 
spectrum very similar to the 
that observed in a water 
Cherenkov detector
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LeCrunch

https://bitbucket.org/tlatorre/lecrunch

• Remotely acquire waveform data over Ethernet from any LeCroy 
oscilloscope running Windows.

• Save and restore oscilloscope configuration.

• Recording kHz trigger rates possible with proper oscilloscope 
config.

• Very space-efficient HDF5 file format.
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Results
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Charge Distribution:
10” PMT

No Magnetic 
Compensation
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Charge Distribution:
12” PMT

No Magnetic 
Compensation
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Charge Distribution:
12” PMT

With Magnetic 
Compensation
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High Charge Tail:
12” PMT

No Magnetic 
Compensation

2 pe bump?
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“High Charge Tail”:
12” PMT

# of photons incident on PMT per event
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A non-poisson tail 

produces more 
multi-PE events 
than one would 
predict from the 
coincidence rate.
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Digression: Modeling the PMT 
charge distribution
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Can we implement a simple, but physical, model for 
PMT charge amplification?
Can we separate multi-PE effects from a charge tail?
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Physics of secondary electron emission:

        

I0
Ir

Ie

Its

Figure 3: Sketch of the currents that are used to define the di7erent components of secondary emission. The
blob is meant to emphasize a nontrivial interaction yielding true secondary electrons. This sketch embodies
a mutual-exclusion property of the three types of emission processes, spelled out in the text.

Note that there is no safeguard in the above construction that prevents P1 from exceeding unity nor P0

from becoming negative. These conditions must also be enforced by appropriate parameter choices, but this
might be problematic in certain cases of practical interest. A construction of the Pn’s that does guarantee
P1 ⇥ 1 and P0 ⇤ 0 is presented in Sec. 3.4.2 below.

3.2 Model for elastic electrons.

Experimental data [18, Sec. 3.7], [19, Sec. 4.1.2.2] suggests that a sensible form for �e(E0, �0) at normal
incidence (�0 = 0) might be given by

�e(E0, 0) = P1,e(⌅) + (P̂1,e � P1,e(⌅))e⇥(|E0⇥Êe|/W )p/p . (3.6)

This function peaks at an energy E0 = Êe provided P̂1,e > P1,e(⌅), which we assume to be the case. For
the energy probability function f1,e we assume a form that roughly matches the elastic component of the
spectrum d�/dE, as it can be seen in Figs. 5 and 7, namely

f1,e = �(E)�(E0 � E) �e(E0, �0)
2e⇥(E⇥E0)

2/2⌦2
e

⇧
2↵�e erf(E0/

⇧
2�e)

(3.7)

which is normalized so that it satisfies

E0⇤

0

dEf1,e(E) = �e(E0) . (3.8)

The fact that �e ⌥= 0 for E0 = 0 implies that expression (3.7) for f1,e diverges as E0 ⌃ 0. This divergence is
not unphysical, however, because it is integrable, viz. Eq. (3.8).

3.3 Model for the redi◆used electrons.

Experimental data [18, Sec. 3.7], [19, Sec. 4.1.3] suggests that a sensible form for �r at normal incidence
(�0 = 0) might be given by

�r(E0, 0) = P1,r(⌅)
�
1� e⇥(E0/Er)r

⇥
. (3.9)

For f1,r we assume

f1,r = �(E)�(E0 � E)�r(E0, �0)
(q + 1)Eq

Eq+1
0

(3.10)
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Universal yield curve:

�/�m =

1� exp

�
�(E/Em)

1.35
�

(E/Em)

0.35

δ = mean of Poisson 
distribution of secondary 
electron production
   (dynode gain)

E = energy of primary electron
(dynode potential difference)

Em is the energy at which the maximum gain, δm, is achieved.
It is a property of the dynode material.
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A simple Monte Carlo model
N stages of amplification

Each stage produces a random number 
of secondary electrons, drawn from a 
Poisson distribution, with a mean 
determined by the potential difference, 
the material properties (Em,δm), and the 
universal yield curve.

The electrons produced by one stage 
are amplified by the next stage.

Adjustment: We find that the first stage 
appears to have two gain paths. More 
on that later...
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It turns out you can simulate this fast!
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PMT Model Measurement Process

Vi : dynode voltages

Em : Energy for max gain
δm : Max gain
Palt : probability of “alternate
  production” at 1st dynode
δalt : alternate gain at first
  dynode

N(q) : charge distribution 
of no-signal window

Nnoise : # of “noise” events
N1, N2, N3 ... : Number of 1, 2,
      3, ... photon events
σbaseline : pedestal width
μbaseline : pedestal offset
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CO M M UN I CAT ION S 2479 

ature of this ordered phase gave a value of 1.28 oK, 
while another measurement gave a value of 0.7 oK so 
that more work needs to be done on this modification. 
It is possible for ordering of some compositions of TiO 
to occur during cooling without being detectable in x-ray 
diffraction patterns. This may account for the scatter 
in both the values and the widths of transitions shown in 
Fig. 1. 

One of the authors5 has also measured Tc on samples of 
TiO annealed at 60 kbar and 1300 °c, resulting in a 15% 
dec;ease in the number of vacancies. The superconduct-
ing transition temperature of these samples was high-
er than those at atmospheric pressure and increased 
with increasing x to a maximum value of 2.0 oK at x 
= 1. 3. The new data points are added to those data here. 

The work reported here suggests that TiO is an ideal 
system in which to study the effect of vacancies and 
vacancy ordering on the superconducting behavior of a 

simple compound. Such a study should include the effect 
of heat treatment and other variables on the width and 
position of the superconducting transition. 

tThe Lincoln Laboratory portion of this work was sponsored 
by the Department of the Air Force. 

tThe Purdue University portion of this work was sponsored by 
the Advanced Research Projects Agency. 

*Present address: B. U. Marine Program, Marine Biology 
Laboratory, Woods Hole, Mass. 02543. 
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Bialkali (K2 CsSb) Photocathode as a High-Gain Secondary Electron Emitter 

A.H. Sommer 
RCA Electronic Components, David Sarnoff Research Center, Princeton, New Jersey 08540 

(Received 22 November 1971) 

It has been found that the K2CsSb photocathode material has much higher secondary emission 
gain than the conventional Cs3Sb dynode material. Gain factors as high as 30 have been 
measured. 

It has long been known that all efficient (high quantum 
yield) photocathodes are also efficient secondary elec-
tron emitters. However, of the commercially used 
photocathodes, only cesium antimonide (Cs3Sb) has found 
widespread use as dynode material for photomultipliers 
because it can be formed by a simple activation process. 
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FIG. 1. Secondary emission gain 0 as a function of primary 
electron energy Ep for Cs3Sb, K2CsSb, K2CsSb (oxidized), 
and S-20. 

It was shown by Mostovskii et al. 1 that much higher 
gains can be obtained with the (Cs)Nal:KSb (S-20) photo-
cathode, but the proceSSing of this material is so com-
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FIG. 2. Secondary emission gain 0 as a function of primary 
electron energy Ep for K2CsSb (oxidi2;ed) and GaP (Cs). 

J. Appl. Phys., Vol. 43, No_ 5, May 1972 

Downloaded 21 Feb 2011 to 128.91.41.82. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions

Yield for various dynode materials

Em ≈ 500 eV, δm≈ 10
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Back to Timing...

And that low gain path....
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Transit Time Distribution:
10” PMT

No Magnetic 
Compensation
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Transit Time Distribution:
12” PMT

No Magnetic 
Compensation
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Double Pulsing:
12” PMT

1st pulse

2nd Pulse

Prompt peak

Elastic Scattering Peak

Inelastic Scattering
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Summary Table

10 PMTs 5 PMTs

No Magnetic 
Compensation

R11780-SQE R7081-HQE ETL
12 inch⇤ 10 inch⇤⇤ 8 inch⇤⇤⇤

Voltage (V) 1921 1550 1650
Dark Hits (Hz) 4530 5360 2400
Peak/Valley 3.17 2.12 2.25

TTS width (ns) 1.33 1.54 1.30
Late Pulsing (%) 3.63 5.89 6.27
High Charge (%) 7.97 4.40 9.30

Table 8 A very preliminary comparison of the 12 inch PMT (10 PMTs tested) to other large area PMTs at
1�107 gain.
⇤Results reported in this note on 10 tested PMTs.
⇤⇤Preliminary results based on 5 tested PMTs.
⇤⇤⇤Preliminary results based on 1 tested PMT.

Figure 10 A preliminary simulation of the Cherenkov light source shows that the distribution of photons
out of the acrylic block may not be as isotropic as initially believed. The green lines represent photons of all
wavelengths. In the actual testing, the red mask in front of the PMT was not present and the light source was
further away.
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Scanning Arm

Figure 3: Stepper Controlled Source/Mask (Front)
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Scanning Arm

Figure 4: Stepper Controlled Source/Mask (Top)

5
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Relative Efficiency: 12” PMT
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2D scan

Interpolation 
along arcs
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Position Dependence: 12” PMT

With Magnetic 
Compensation
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Position Dependence: 12” PMT

With Magnetic 
Compensation
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Position Dependence: 12” PMT

With Magnetic 
Compensation
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Conclusions

• An acrylic Cherenkov source can be used to test PMTs with 
light very similar to that seen in a Water Cherenkov detector.

• Both the 10” and 12” PMTs have excellent charge and timing 
performance.

• The 12” PMTs have fairly uniform detection efficiency when 
viewed from the front.

• The relative transit time can vary by +/- 3ns for photons 
hitting the edge.

• The non-Poisson nature of the light source may lead to an 
overestimate of the number of high-charge events, but we are 
looking at physical models to understand this contribution. 
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