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Abstract 

 

 

Experimental and Theoretical Studies of a Gadolinium-Water Neutron Detector for Cosmogenic 
Neutron Flux Measurements 

 
by 

 
Robert K. Lanza, Jr. 

Bachelors of Science in Physics 
 

University of California, Santa Barbara 
 

Harry N. Nelson, Advisor 
 

This work describes experimental and theoretical aspects of calibrations performed on a gadolinium/water 

neutron detector designed to measure the cosmogenic neutron flux in the Soudan mine for the CDMS II 

dark matter experiment. A calibration using Cherenkov emitting cosmic ray muons was performed, and a 

calculation was made of the expected number of photoelectrons produced. The calculated number of 

photoelectrons was roughly 3σ above the mean experimental value, and probable explanations are 

discussed. A single photoelectron calibration was also performed using pulsed light from an LED. 

 In addition, a device for increased light collection known as a Winston cone was studied and 

implemented. The use of a Winston cone is desirable because it very closely approaches the maximum 

possible light concentration ratio set by theory. Our light collection was found to increase by roughly 60% 

through the use of a Winston cone. 
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Chapter 1 

 

 Introduction 
 

 

1.1    Brief Overview of Dark Matter 

 
 One of the most compelling issues in astro-particle physics and cosmology today is the 

characterization of a large component of the total energy density parameter ΩTot needed to close the 

universe (ΩTot = 1), known as dark matter. The word “dark” is used to convey that dark matter does not 

couple to photons, and therefore does not emit electromagnetic radiation. Following the even less 

understood component ΩΛ, dubbed dark energy (used to explain the current acceleration in the expansion 

rate of the universe), the second largest contribution to the total energy density of the universe is from the 

dark matter density, ΩDM. The majority of the dark matter component is believed to be in the form of non-

baryonic, weakly interacting massive particles (WIMPs). Of the four known forces, WIMPs only interact 

via the weak and gravitational forces [1].  

Evidence for the existence of dark matter dates back to the 1930s, when Fritz Zwicky’s 

measurements of the galactic rotation speeds in the Coma cluster showed higher velocities than could be 

explained by the Virial theorem and only luminous matter [2]. Since then, both experimental and 

theoretical evidence in support of the existence of dark matter has come from gravitational lensing, Big 

Bang nucleosynthesis and supercomputer models of large scale structure formation in the universe, just to 

name a few. Yet, despite many ambitious experiments around the world, direct detection has so far eluded 

physicists. The Cryogenic Dark Matter Search (CDMS) is one such experiment, and it currently holds the 
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worlds best sensitivity for direct WIMP detection. The CDMS experiment is discussed further in section 

1.2.  

 This chapter is intended to serve as motivation for the neutron detector discussed in the remainder 

of this work, and as such will be the only discussion concerning the possible nature of dark matter, its 

detection and evidence for its existence.  

 

1.2    The CDMS II Experiment 

 
 The CDMS II experiment is designed for the direct detection of WIMP dark matter through 

nuclear recoils in both silicon and germanium solid-state detectors (figure 1.1). A nuclear recoil from an 

incident WIMP will induce phonon and charge signals, both of which the CDMS II detectors are sensitive 

to. The charge signal is due to electron-holes from ionization that migrate in the presence of a voltage bias 

across the detector crystal. WIMPs can be distinguished from most other particles by looking at the ratio of 

the charge and phonon signals. Since WIMPs do not recoil off electrons, their ionization will be less than 

that of most other particles by a factor of approximately 3 [3]. As discussed in the next section, neutrons 

also exhibit this behavior, and thus have the capability of mimicking a WIMP event. The detectors are held 

at cryogenic temperatures (50 mK) in order to reach a sensitivity below the expected mean WIMP-nucleon 

recoil energy of approximately 10 to 30 keV [4]. Consequently, suppression of backgrounds is a crucial 

factor in reaching this level of sensitivity.  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: A CDMS “ZIP” (Z-Dependant Ionization and Phonon) detector. The square pattern on the 
surface of the detector is a thin film array of superconducting transition edge sensors (TES). These are 
responsible for phonon detection. Picture taken from [5]. 
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 The CDMS II experiment is located deep underground in the Soudan Underground Laboratory 

(formerly an iron mine) in Northern Minnesota. At a depth of 2341 ft below the surface, the bedrock 

overburden provides a reduction in the amount of background cosmic ray muons by a factor of 

approximately 105  relative to the flux at the surface. However, muons that do manage to reach the detector 

depth have the capability of indirectly causing false WIMP signals through high-energy ( > 60 MeV) 

neutron production in the surrounding bedrock. This process is discussed further in the next section.  

 As of March 2008, results from the CDMS II experiment have placed an upper limit on the 

WIMP-nucleon spin-independent cross section of 6.6 x10-44 cm2 at the 90% confidence level for a WIMP 

mass of 60 GeV/c2 [4]. Figure 1.2 shows the most current exclusion limits from [4] for the WIMP-nucleon 

scattering cross section versus WIMP mass. One major step toward putting even stronger limits on this 

cross section, or indeed making a WIMP detection, would be to reduce the rate of false WIMP events from 

cosmogenic neutrons. 

 

 

 
Figure 1.2: The current best limits for the WIMP nuclear recoil cross section (spin-independent) versus 
WIMP mass. The solid red line is the CDMS 2008 result from Ge (90% C.L.), and the solid black line is 
that result combined with previous CDMS data. The dashed orange line is the most recent result from 
Xenon10. The blue dot-dashed line is a reanalysis of previously published CDMS data. The solid regions of 
grey, green and light blue are expected regions from three supersymmetry theories at the 90%, 95% and 
65% C.L., respectively. Figure taken from [4].  
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1.3      Neutrons: A Challenging Background 
 

 The CDMS II detectors are surrounded by several layers of shielding (including the Soudan 

bedrock) to help suppress various types of backgrounds. Starting from the outermost layer (inside the mine) 

going in, the shielding consists of an active layer of plastic scintillator panels for charged particle rejection 

called the muon-veto shield (similar in design to the “muon telescope” discussed in chapter 4), followed by 

a passive layer of 15.5” thick polyethylene for neutron moderation, which surrounds a 7.125” thick layer of 

relatively low radioactivity lead for gamma ray suppression. Inside this layer of lead sits a 2.25” thick layer 

of ultra low radioactivity ancient lead taken from a French shipwreck. Having been deep under water for so 

many years, this lead was shielded from cosmic rays, which can induce radioactive processes. Additionally, 
210P, a radioactive isotope originating in Radon contamination of lead prior to its mining, decays to 

insignificant levels in ancient lead removed from its mine. Finally, the innermost layer of shielding is 

another 3” thick layer of polyethylene [6, G].  

As mentioned in the previous section, cosmogenic muons interacting in the Soudan bedrock can 

produce high-energy (> 60 MeV) neutrons, which can penetrate both the muon-veto (since they are neutral) 

and polyethylene. Once these high-energy neutrons reach the Pb, they scatter off the Pb nuclei leaving them 

in an excited nuclear state. When the Pb nuclei de-excite, they do so by emitting several low-energy (< 10 

MeV) neutrons that can then reach the Ge and Si detectors and fake a WIMP event through a nuclear recoil. 

Figure 1.3 shows a diagram of this process.  

This neutron background has proven to be one of the most, if not the  most difficult backgrounds 

to both measure and reject. Previous measurements and simulations of the high-energy neutron flux at the 

Soudan mine have had significant uncertainty and been inconsistent among each other [6]. For these 

reasons, it is desirable to once and for all pin down the high-energy neutron flux with an accurate 

measurement. To that end, our group has designed and built a prototype neutron detector. The remainder of 

this work focuses on certain aspects of this detector.  
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Figure 1.3: A top down view of the CDMS shielding, with an incident high-energy neutron created from 
cosmic ray muons in the surrounding bedrock. The high-energy neutron scatters off a Pb nucleus in one of 
the two Pb shielding layers, and produces several lower energy neutrons. The low-energy neutrons can then 
mimic a WIMP signal in the CDMS detectors by recoiling off a Si or Ge nucleus. Figure modified from [7]. 
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Chapter 2 

 

The Neutron Detector 
 
2.1      Detector Principles 

 
 The neutron detector employs a technique very similar to gadolinium-loaded liquid scintillators, 

however, our detector uses a 0.2% gadolinium trichloride (GdCl3) solution in water instead of liquid 

scintillator. Promising results from studies at the University of California, Irvine using GdCl3 in water for 

neutron detection at Super-K [8], together with the high costs of liquid scintillator, have turned gadolinium 

and water into an attractive combination for neutron detection research. Figure 2.1 depicts the neutron 

detector design that inspired the prototype discussed in this paper. The design has since been modified in 

response to the lessons we learned from the prototype, however, the fundamental detection principles have 

remained the same.  

There are three principal steps involved in the process of detecting high-energy neutrons. First, the 

high-energy neutrons ( > 60 MeV) strike a lead target similar to the gamma shielding in the CDMS II 

experiment. When a high-energy neutron strikes a Pb nucleus, it leaves it in an excited nuclear state, which 

then de-excites resulting in the emission of several low-energy neutrons (typically < 10 MeV). Second, 

many of the low-energy neutrons then enter a containment vessel housing the GdCl3 solution in water, 

where they are captured on the Gd nuclei over a period of approximately 40μsec. Following the capture on 

Gd, 8 MeV in gamma rays is released by each Gd nucleus, leading to the final step— detection of the 

emitted photons with photomultiplier tubes [6]. 
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Figure 2.1: The neutron detector concept, showing an incident high-energy neutron (black dotted line) 
striking the Pb pedestal, and producing many low-energy neutrons (red squiggly lines). Some of the low-
energy neutrons are then thermalized and captured on the Gd (green dots) in the detector, resulting in the 
emission of 8 MeV in gamma rays (purple).  
 

 

Gadolinium is used because it has a very high thermal-neutron capture cross section, and because 

of the 8 MeV in gamma rays that it emits after a capture [6]. A consequence of Gd’s high capture cross 

section is that very little is needed in solution with water in order to gain a high efficiency of neutron 

captures [8]. Figure 2.2 shows the neutron capture efficiency versus % Gd by mass in solution with water, 

where it can be seen that 0.2% Gd yields approximately 95% efficiency for neutron captures.    

 

 



 8

 
Figure 2.2: Neutron capture efficiency versus % Gd by mass in solution with water. A Gd concentration of  
just 0.2% by mass will be approximately 95% efficient in capturing neutrons. Figure courtesy Mark 
Vagins, UCI [8]. 
 

2.2       Experimental Configuration 

 
The first prototype neutron detector our group built (the one discussed in this thesis) consists of a 

sealed UVT acrylic cylinder filled with 0.2% GdCl3 solution in water and photomultiplier tubes (PMTs) 

attached to the ends (figure 2.3). The bottom PMT is a 2” diameter Hamamatsu R329-02 and the top PMT 

is a 5” diameter Hamamatsu R1512. Both PMTs are powered by a Hamamatsu C4840 high voltage power 

supply. The cylinder is loosely wrapped with a layer of aluminized Mylar as a second chance reflector for 

stray photons. Between the bottom PMT and the acrylic endplate of the cylinder there is a passive device 

for increased light collection known as a Winston cone (discussed in detail in chapter 3). There are two 

fiber optic cables inserted through predrilled holes in the cylinder end plates that protrude approximately 1 

inch into the detector volume. These are used to inject pulsed light from an LED for calibration purposes 

(discussed in chapter 6). The entire detector is mounted inside a large light-tight box outfitted with cable 

portals and a removable lid. In its previous life, the box served as an instrument flight case for the author’s 

former band.  

Also, in this prototype detector, a lead base was not used to convert high energy neutrons to lower 

energies. Rather, a low energy neutron source (252Cf) contained in a small acrylic shell was placed inside 

the acrylic cylinder at the center. The 252Cf source provides bursts of typically 2-3 neutrons each time a 
252Cf nucleus fissions. The next incarnation of the detector will likely utilize a lead base, as it is slated to be 

deployed to the Soudan mine where the ambient neutrons have energies typically greater than 60 MeV.  
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Figure 2.3: Photograph of the prototype neutron detector, housed in its light tight box (an old instrument 
case) with removable lid. The 5” PMT is optically coupled to the top of the cylinder with optical grease for 
portability, and the 2” PMT and Winston cone (discussed in chapter 3) are mounted to the bottom end plate 
with optical epoxy. The cylinder has a loose wrapping of aluminized Mylar to reflect back stray photons. 
Also visible is a small acrylic cylinder for possible water filtration, mounted to the left side of the box.  
 

2.3 Data Acquisition 

 
 2.3.1 Neutron Detector DAQ 

 
The data acquisition system for the neutron detector begins with the two Hamamatsu PMTs 

attached to the end plates of the acrylic cylinder. These PMTs were powered by a Hamamatsu C4840 high 

voltage power supply. Signals from the PMTs were sent to a LeCroy 428f linear fan-in/out NIM module 

where two copies of each PMT signal were generated at unity gain. One copy of the signals was sent to a 

LeCroy 623B Octal discriminator NIM module set to a 30 mV threshold in order to generate NIM logic 

pulses, while the other copy was sent to a custom integrate and stretch card. The copies sent to the integrate 

and stretch card were then fed to an ADC, which was connected via USB to a PC with a custom MATLAB 

interface. The copies of the PMT pulses sent to the 30 mV discriminator were then digitally ANDed using a 

LecRoy 622 Quad Coincidence NIM module, where a logic pulse was sent to a custom trigger module 
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whenever the two PMTs fired in coincidence. The trigger module was connected to the PC via USB and 

controlled with LabVIEW. The LabVIEW interface had controls for the number of events required and the 

duration of the time window within which the events must arrive. Once a sequence of pulses satisfied the 

trigger criteria, a logic pulse was sent to the gate of the ADC. Figure 2.4 show the neutron detector DAQ. 

 

 

 
Figure 2.4: The neutron detector DAQ. The two detector PMTs were copied at unity gain in a LeCroy 428f 
linear fan in/out NIM module. From there, one copy of each PMT signal was sent to a 30mV discriminator, 
and one copy to a custom built integrate and stretch card, which was fed to the ADC. The copies sent to the 
discriminator were then ANDed in a LecRoy 622 Quad Coincidence NIM module, from which a logic 
pulse was sent to our custom trigger unit. When the trigger criteria were met (controlled through USB and 
LabVIEW), a logic pulse was sent to the gate of the ADC, and the integrated and stretched PMT signal was 
read out to the PC using a MATLAB interface.  

 

 

 

2.3.2 Muon Calibration DAQ 

 
For the muon calibration discussed in chapter 4, the bottom detector PMT was run in coincidence 

with three muon telescope scintillation panels, aligned along the detector axis (figure 4.2), because we 

wanted to trigger on vertical going cosmogenic muons. The 5” top PMT was not present during the muon 

calibration. Also, because of an  excess of low energy events which were due in most part to off axis 

particle showers that triggered all three scintillator panels, but deposited little to no energy in the detector, a 
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fourth large scintillator panel was positioned on the ground next to the detector and required to be in anti-

coincidence with the three muon telescope PMTs and the bottom detector PMT.  

The signals from the PMTs attached to the three scintillator panels were each fed to the 30 mV 

discriminator, from which logic pulses were sent to the Quad Coincidence NIM module where they were 

ANDed. If all three panels fired at the same time, a logic pulse was sent to the gate of the ADC. The 2” 

detector PMT signal was sent through the custom integrate and stretch card and then to the ADC, where it 

was read out to the PC if the three scintillator panels fired together. Figure 2.5 shows the muon calibration 

DAQ. 

 

 
Figure 2.5: The muon calibration DAQ. The bottom detector PMT was fed through a custom integrate and 
stretch card and sent to the ADC. The three muon telescope PMTs and the large shower veto panel were 
passed through a 30mV discriminator and then to a LeCroy Quad Coincidence NIM module. The three 
muon telescope PMTs were ANDed and then required to be in anticoincidence with the shower veto PMT. 
When this condition was met, a logic pulse was sent to the gate of the ADC, which then read the integrated 
and stretched detector PMT signal. The ADC relayed data to a PC using a MATLAB interface via USB.  
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Chapter 3 

 

 The Winston Cone 
 

3.1      Motivation & Design  

 
 Out of the desire to increase the effective light collection of our PMTs, and to avoid purchasing 

larger ones that are more expensive, we implemented a component known as a Winston cone. The Winston 

cone is a passive light collection element that attaches to the face of a PMT, whose purpose is to increase 

light collection (figure 3.1). A key feature of the Winston cone is that it is very close to achieving the 

maximum possible light concentration ratio between its two apertures that is allowed by theory [9, J]. It is 

designed to accept nearly all incident photons up to a certain angle (with respect to the normal of the front 

face) called the acceptance angle (figure 3.2).  

Our Winston cone was manufactured from UVT acrylic and given a silver mirrored finish. The 

mirrored finish was found to have a reflectance of 0.934 with a small benchtop setup. The Winston cone 

was mounted to the face of our 2” diameter Hamamatsu R329-02 PMT and to the end plate of the acrylic 

vessel using optical epoxy.  
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Figure 3.1: Photograph of our Winston cone. Visible in this picture is the silver mirrored surface on the 
interior, and a black protective coating of paint on the exterior. Although the picture may appear otherwise, 
the Winston cone has a solid core of UVT acrylic.  
 

 

 

 

 
Figure 3.2: The geometry of a Winston cone. The bottom curve is a truncated parabola, whose focal point 
for rays with an incident angle of θmax (the acceptance angle) is at the upper corner of the aperture where 
the PMT attaches. Therefore, any incoming rays whose angle with respect to the cone axis is less than θmax 
will be focused below that point (i.e. they will make it into the PMT). The bottom parabola is revolved 
about the cone axis to create the outer profile. Figure adapted from [10]. 
 



 14

 

3.2      Experimental Results 

Experimental results for the Winston cone were obtained by using the muon calibration method 

iscusse

 
 
d d in chapter 4. Čerenkov light from vertical going muons was detected in the bottom PMT, with 

and without a Winston cone. A more detailed discussion of the physics of this process can be found in 

chapter 4. The important result to note here is that a comparison between using the Winston cone versus 

without showed an increase of approximately 60% in the signal obtained by the PMT when using the cone. 

A histogram of the number of muon events versus voltage read out on the digitizer is shown in figure 3.3. 

The red data is with the cone and the blue is without. It can be seen that the muon peak shifted from ~170 

mV to ~270 mV with the addition of the Winston cone. The excess of low energy events is discussed in 

section 4.3. 

 

 
Fig. 3.3: Winston cone results. A histogram of the number of muon events versus voltage read out by the 

 

digitizer at the end of our electronics chain. The blue data was taken without a Winston cone (the number 
of counts is divided by 10 to compare the peak values). The red data was taken with the Winston cone. The 
muon peak increased from ~170 mV to ~270 mV (~60% increase) with the addition of the Winston cone. 
Figure courtesy Joel Sander.  
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Chapter 4  

alibration with Cosmic Ray Muons 

e detector was performed using Čerenkov light emitted from cosmic ray muons 

 they traveled through the detector. Čerenkov light is produced when a relativistic charged particle 

 

C
 

4.1 Method 

 
 A calibration of th

as

traverses a dielectric medium at a velocity which exceeds the phase velocity of light. The photons are 

emitted in a cylindrical cone, coaxial to the direction of propagation of the charged particle (figure 4.1). 

The effect is analogous to a bow shock from a supersonic aircraft, only for the electromagnetic field. A 

more detailed discussion of the physics of Čerenkov light can be found in chapter 5.  

 

 
Figure 4.1: The conical shape of Cherenkov light emitted from a relativistic muon. Figure taken from [11] 
(slightly modified). 
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The Čerenkov photons were detected by the 2” PMT at the bottom of the acrylic vessel, and the 

ulse was measuresulting output p red at the end of our electronics chain using the “Handyscope” digitizer 

iscussed in section 2.4. Using the gains of both our electronics chain and the PMT, we then backed out the 

number 

 a muon, as well as to obtain 

 by requiring coincidence between 

ree rectangular scintillation panels arranged as in figure 4.2. This configuration is called a muon 

telescope

 
 

 

ig. 4.2. The muon telescope, a vertical muon selection. Two rectangular scintillator 
anels were fixed crosswise to th placed directly under the detector cylinder inside 

the light ght box. All three pan t the same time in order for the PMT signal to be 
ad by the DAQ, indicating a muon event. Figure courtesy Joel Sander (slightly modified). 

d

of photoelectrons produced in the photocathode of the PMT. The results are discussed in section 

4.3.  

 

4.2     Vertical Muon Selection (Muon Telescope) 

 
In order to allow for the maximum possible energy deposit by

regularization between muon events, vertical going muons were selected

th

.  

 

 

 
 

2 scintillator panels 
fixed to ceiling 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

F nd the geometry for 
e ceiling, and a third was 
els were required to fire a

p
-ti

re

1 sci
dire

ntillator panel 
ctly under detector 

(H

2” PMT

 

2O) 

 

μ

Light tight  
detector box 
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4.3      Experimental Results 

 
 Figure 4.3 shows a histogram of the number of muon events vs. voltage read out on the 

andyscope digitizer. There is a clear peak at approximately 170 mV, which is proportional to the mean 

ergy deposited by a muon. There is also an excess of low energy events which were due in most part to 

ff axis 

H

en

o particle showers that triggered all three scintillator panels, but deposited little to no energy in the 

detector. This effect was later reduced greatly by placing a fourth large scintillator panel on the floor next 

to the detector, and requiring anti-coincidence between that panel and the other three panels along the axis 

of the detector. After backing out the electronics and PMT gains, and using the mean of the distribution in 

figure 4.3, the resulting number of photoelectrons per muon was found to be 330 ± 60. 

 
 

 
Figure 4.3: Muon calibration results. This is a histogram of the number of muon events versus pulse 
amplitude recorded by the digitizer at the end of our electronics chain. There is a  clear peak at ~170mV. 
The excess of low energy events is discussed in the text. Figure courtesy Joel Sander.  
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Chapter 5  

uon Calibration: Calculated Number of 

oelectrons (Initial Calculation) 

hotoelectrons 

roduced at the photocathode of the PMT when a Čerenkov emitting cosmogenic muon travels through the 

detector.

 

M
Photoelectrons 
 

5.1      Expected Number of Phot
 

This section discusses a calculation of  the theoretically expected number of p

p

 The calculation will help to inform the calibration of the detector, as well as give an idea of what 

to expect when it is irradiated with neutrons. Figure 5.1 shows a diagram of what happens when a muon 

traverses the detector and emits Čerenkov light. 

 

 

 
Fig. 5.1. A muon emits Čerenkov radiation in the detector, and the light reflects off the acrylic walls and 
the mirrored end plates. The photons are eventually either detected, attenuated, or they escape through the 
side walls. 
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When a relativistic charged particle traverses a dielectric medium at a velocity  

which ex  the phase velocity of light, it radiates photons known as Čerenkov light. The photons are 

emitted i  a cylindrical cone along the trajectory of the charged particle (Figure 5.2). In time t, the emitted 

photons e relativistic 

ceeds

n

travel a distance ct/n, whereas the muon travels a distance βct, where β = v/c is th

velocity of the muon. 

 

 

 

d2 N
dl dx

=
2paZ2

l 2
 ikjj1 -

1Hn HlLL2 b2

y{zz

Figure 5.2: The geometry of Cherenkov emission. The muon travels a distance βct in some time t, whereas 
the emitted photons only travel a distance ct/n. This lagging of the photons behind the muon creates the v-
shaped cone analogous to the bow shock of a boat or a supersonic aircraft. Figure taken from [11] (slightly 
modified). 

                                                                (5.1) 

 

where the index of refraction n depends ex ngth 

β = 1 for the entire path length through the ble because the most probable energy

ss per cm of the muon as it traverses the detector is negligible compared to the total muon energy (see 

 

                               (5.2) 

 

 

The geometry of figure 5.2 shows that the opening half-angle θch of the Čerenkov cone is given by: 

 H
 

plicitly on the wavele

detector. This is reasona

λ [13]. For cosmic ray muons we take 

 

lo

section 5.3).   

The number of Čerenkov photons emitted per unit path length dx over the spectral range dλ is 

given by the differential Čerenkov spectrum: 

 

Cos qchL1
=

nHLl  b
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where α = 1/137 is the fine structure constant, and Z is the charge of the moving pa

f electron charge e [12]. 

The integral of (5.2) with respect to λ does not have a closed form solution because of the 

ple, 10nm. Multiplying (5.2) by 10nm, and using a specific value of λ, then 

gives us 

r (60.96 cm) for x.   

.3) 
 

               nac  = 1.452 + 0.02e0.32hc/λ                                                       (5.4) 

 

Using hc = 2πħc = 2π(197.33eV-nm) we get, 

 

nW  = 1.302 + 0.01562e 396.756/λ                                             (5.5) 

nac  = 1.452 + 0.02e 396.756/λ                                                   (5.6) 

where λ is in nanometers.  

In order to find the total number of Čerenkov photons that will reach the photocathode of the PMT 

(taking into account multiple reflecti

e photons that have just been Čerenkov radiated from the muon, but have not 

yet reach

 

rticle expressed in units 

o

variation of n with λ, but a reasonable approximation can be made by letting dλ be of finite width, and 

setting it equal to, for exam

an approximation for dN/dx within a 10nm wavelength window about our chosen λ. Repeating this 

for chosen values of λ that are 10nm apart then gives us a reasonable approximation for dN/dx over any 

desired range of wavelengths. In other words, we will discretize (5.2) into λ = 10nm bins, and sum over all 

bins to get an approximation to the integral. We must keep in mind that many of the quantities derived 

below will actually be functions of λ, and must therefore be integrated with respect to λ in order to arrive at 

quantities describing the cumulative contribution of the entire Čerenkov spectrum.  

Also, integration of (5.2) with respect to x is straight forward since there is no dependence on path 

length. As discussed in chapter 4, vertical going muons were selected by requiring coincidence between 

three scintillation panels (figure 4.2). Therefore we will use the height of the detecto

Equations for the spectral index of refraction for both water and acrylic were obtained from [12]: 

 

nW  = 1.302 + 0.01562e0.32hc/λ                                                (5

 

ons off of the mirrored end plates) we will first consider the “first 

pass” photons. These are th

ed the bottom end plate of the acrylic vessel. Once a photon misses the bottom PMT and bounces 

off the mirrored end plate, it is considered a “second pass” photon (presuming it does not escape the vessel 

through the acrylic walls). Another miss of the bottom PMT then makes the photon a “third pass” photon, 

and so on. Once we know the total number of photons impinging upon the photocathode of the PMT, with 

all bounces considered, we can use the quantum efficiency of the PMT to arrive at the total number of 

photoelectrons produced from one downward-going muon.  
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For first pass photons, and indeed for photons of subsequent passes, we must consider the number 

of bounces taken off the side walls of the detector, before reaching the opposite end. For now, we will 

assume that on average the Čerenkov emitting muons travel along the central axis of the detector, and that 

the bending of photon paths due to refraction at the water/acrylic interface is negligible. The latter will need 

to be considered when we calculate the attenuation through acrylic. The geometric construction for the 

number of bounces is depicted in figure 5.3.   

 

 
Figure 5.3: The relevant geometry for the construction of the formula for the number of bounces that a 
Cherenkov photon will make off the acrylic side walls. The colored path inside the detector volume 
represents the path taken by a Cherenkov photon, while the straight colored line outside the detector is for 
construction purposes. Segments of the same color have the same length.  

rough the colors yellow, orange, red and green gives the path length for a first pass photon. From figure 

.3 we can deduce two expressions for L: 

 

       

 

nd, 

 

 

 

In figure 5.3, segments of like color are of the same length, so that the straight line extending 

th

5

                                              (5.7) L = htanHqchL
a
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                                                   (5.8)

 

where b is the number of bounces off th e di

cm is the height of the cylinder. Solving f

 

Using (1) we see that Sin(θch  the nu

index of refraction of water, 

Note that equation (10) is a cont nw is a con

ason we must use the floor function of he greatest integer less than or equal to 

. For example, if we calculate b = 3.87, floor(b) = 3. 

 

 

where I0 is the incident intensity of light, I te

medium, and x is the distance traversed in th . Values for the acrylic extinction coefficien

ere taken from [12], and those for water were from [14]. 

H  

 

e acrylic walls and D is th

or b gives, 

ameter of the cylinder, and h = 60.96 

 

                                            (5.9) 

 

) = Sqrt(1-1/nw
2), which gives mber of bounces in terms of the 

 

                                       (5.10) 

 

 

inuous function because 

 b, floor(b), defined to be t

tinuous function of λ. For this 

re

b

Now that we have an expression for the number of bounces for a first pass photon we need to find 

the transmittance of acrylic and water for first pass photons. The formula for transmittance is given by the 

Beer-Lambert law,  

                                                             (5.11) 

 

is the exiting in

e medium [13]

nsity, α is the extinction coefficient for the 

t 

w

We will first calculate the path length through acrylic for one bounce off the acrylic wall. The 

geometry is shown in figure 5.4. 

 

 

 

L =
D

b - 1L D+
2

H
b =

htan qchL
D
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2
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Fig. 5.4. Geometry for the photon path length through acrylic. The thickness of the acrylic walls t is 0.25 
inches. 
 

 

Snell's law at the water/acrylic boundary gives: 

                  

                           (5.12) nw sin 
 

and using (1) with β = 1 and n(λ) = nw (λ) then gives, 

Jp
2

- qchN
 

                                                 (5.13) 

 

From figure 5.4 we then have for the length d, 

 

                 

 

       

        

=
t�!!!!!!!!!!!!!!!!!!!!!!!!!!!!

1 - sin Hqch
2L                                               (5.14) 

 

where t is the thickness of the acrylic walls. From (13) this gives, 

    

 

                                                   (5.15) 

 

= nac sin HLqac

1 = Hnac sin qacL
d =

t
cos HqacL

d =
t###############1 - 1

nac
2
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Noting that a photon travels a distance 2d through the acrylic for each bounce off the side, we get 

for the total transmittance of the acrylic side walls for first pass photons: 

 

                                                                                                               (5.16) 

 

Similar to a mechanical oscillator, there is a quality factor Q that we can define for the detector in 

terms of the attenuation of photons as they bounce off the mirrored end plates. If photons miss the bottom 

PMT they will bounce once off the bottom mirror and once off the top mirror, so that for every miss we 

must consider the square of the reflectivity of the mirrors, R2. We will also have to consider two trips 

through water and four trips through the acrylic at the end plates, giving Tw
2 and Tac

4 for the transmittance 

of water and acrylic respectively. For simplicity we define the quantity, 

HLbã- 2dT a

 

                                                                                                                                (5.17) 
 

which gives the attenuation cost for missing the PMT. The reflectivity of the mirrors was estimated to be 

0.93. This number is lower than desired because of flaws in the plating process by the manufacturer. The 

distance through the acrylic end plates used for Tac was 0.25 inches, and the distance through water used for 

Tw was h/Cos(θch) (figure 4). 

Now consider a collection of M photons that are directed at the bottom end plate, and are just 

about to either bounce off the mirrored end plate or enter the PMT. All we require is that their trajectories 

make an angle θ with respect to the vertical that is less than θch, so that they will totally internally reflect at 

the acrylic/air boundary after bouncing off the bottom. The fraction that will enter the PMT is given by the 

ratio of the area of the PMT face to that of the entire end plate, (APMT/AEnd). The fraction that misses is thus 

(1 – APMT/AEnd). Now consider photons that have missed the bottom PMT (i.e. bounced off the bottom end 

plate), traveled to the top of the detector and back, and have not been attenuated. Call these photons 

“surviving photons” because they have stayed in the bulk of the detector. We can now construct Q in terms 

of the fraction of the original number of photons M that “survive” after a given number of bounces off the 

bottom end plate. For zero bounces the fraction is simply 1. For one bounce the surviving fraction is (1 – 

APMT/AEnd)C. For two bounces it is  [(1 – APMT/AEnd)C]2. Three bounces gives [(1 – APMT/AEnd)C]3, and so 

on. In the limit of an infinite number of bounces we are left with zero surviving photons, so that summing 

over all bounces gives a convergent series in (1 – APMT/AEnd) C. This is a geometric series and it is how we 

will define Q: 

 

 

(5.18) 

 

 

ac,sides = ac

C º R2 Tw
2 Tac

4

Q ºâ
n=0

¥ ikjji ykjj {zz Cy{zzn1 -
APMT

AEnd
=

1I M1 - APMT1 -  CAEnd
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Therefore Q gives the ratio of the total number of original photons to the number that are 

attenuated over one cycle of bounces-- from the bottom end plate, to the top end plate, back down to the 

bottom. In other words, 

 
Q =

M
fM

(5.19) 

 

         

where M is the total number of photons we started with at the bottom end plate, and f = 1-(1 – APMT/AEnd) C 

is the fraction that is attenuated over one cycle of bounces. Another, perhaps more useful, interpretation of 

Q is to notice that, when multiplied by the factor (APMT/AEnd), the nth term in the expansion (18) tells us 

what fraction of the original photons will enter the PMT during the (n + 1)th bounce. Therefore the quantity 

 

 

                                                                        (5.20) 

 

 

gives the total fraction of the original photons that will enter the PMT, after all bounces have been 

considered. Now we must find the total number of original photons at the bottom end plate, M.  

In order to find M, we must consider the transmittance for the first pass photons. There is a subtle 

difference between the transmittance of these photons and those that have already bounced off the bottom. 

First pass photons are created along the entire vertical axis of the detector as the muon travels downward, 

and will therefore travel a range of distances through water and acrylic depending upon where they were 

created. Photons created at the very top of the detector travel a total distance of h/Cos(θch) = h*nw through 

water and a distance 2db (b = number of bounces off acrylic walls) through acrylic before reaching the 

bottom (as can be seen from figures 5.3 and 5.4), whereas those created near the bottom travel a distance 

that approaches zero as the muon reaches the photocathode. For this reason we must consider the mean 

transmittance for the first pass photons, where the mean is taken with respect to the distance traveled 

through water or acrylic. For water this is given by 

 

 

                                                       (5.21) 

 

which integrates to 

 

                                                                              (5.22) 

 

Similarly for the mean transmittance of acrylic we get: 

ikjjAPMT

AEnd

y{zz ikjjjjân=0

¥ ikjjik y{jj1-
APMT

AEnd
zz Cy{zzny{zzzz=iky{jjAPMT

AEnd
zz Q

< T st >=w,1 Pass
1

hnw
 à

0

hnw

ã- aw x âx

< Tw,1st Pass >=
1

aw hnw
 H1- ã- aw hnwL



 26

 

                                                        (5.23) 

 

Where b and d are given by (5.10) and (5.15), respectively.  We can now piece together the total number of 

original photons at the bottom end plate M using (5.2), (5.22) and (5.23): 

< Tac,1st Pass >=
1

aac H2 dL b  H1 - ã- aac H2 dL bL
M =à

0

h d2 N
dxdl

 âx < Tw,1st Pass > < Tac,1st Pass > ã- aac t
 

      

 

                      

                                                           (5.24) 

 

where the final exponential term comes from the attenuation in the bottom acrylic end plate, and t is the 

thickness of the acrylic. We must remember that M is in fact a function of wavelength λ, because equations 

(5.2), (5.22) and (5.23) are. As discussed earlier, we can arrive at the integral of M with respect to λ by 

discretizing it into λ =10nm bins and summing over all bins. Using this method for equations (5.20) and 

(5.24), along with the quantum efficiency of the PMT QE, we can finally get an expression for the total 

number of photoelectrons produced in the PMT from a single vertical going muon, 

JNdN
 h < Tw,1st Pass > < Tac,1st Pass > ã- aac t=

dl

 

                                                                  (5.25) 

 

The quantum efficiency for our Hamamatsu R329-02 PMT is shown in figure (5.5) [13], where it 

can be seen that only values of λ between roughly 300nm and 700nm will make a significant contribution 

to (5.25) because the PMT response is effectively zero beyond this range.  

 

 

H# PE' sL=à
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¥
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AEnd
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Figure 5.5: The quantum efficiency (dashed line) for our Hamamatsu R329-02 PMT. Also plotted is the 
radiant sensitivity of the cathode. The quantum efficiency falls off very rapidly around 300nm and 600-
700nm, making this the relevant spectral range for calculating the number of photoelectrons. Figure taken 
from [19]. 
 

 

Plugging everything in and discretizing (5.25), we get for the total number of photoelectrons produced from 

a vertical going muon, 

 

(# PE's/muon) = 872                                                  (5.26) 

  

 

5.2 Factor of ½ from Non-vertical Muons 
 

In the previous discussion, we made the assumption that the muons were traveling exactly in the 

vertical direction (along the axis of the detector). In reality, all muons will have at least some non-vertical 

component to their trajectory, and we will now see that this leads to an immediate reduction in the number 

of photoelectrons per muon by a factor of approximately two.  

Equation (5.13) and figure 5.4 showed that at the water/acrylic interface, 

 

qac =Sin- 1                                                (5.27) 

 

A second application of Snell’s law at the acrylic/air interface then gives an expression for the critical angle 

at that boundary: 

ik
 

jj1
nac

y{zz
qac,crit =Sin- 1ikjjnairy{zznac
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                                        (5.28) 

 

Comparing (5.27) and (5.28), and taking the index of refraction for air to be nair=1.00029 we conclude that 

for exactly vertical going muons,  

 

qac< qac,crit                                                 (5.29) 

    

Thus, in the idealized scenario of exactly vertical muons we expect to see zero photoelectrons, because all 

Cherenkov photons will escape into the surrounding air! However, in reality we recover at least some 

photoelectrons from the fact that all muons will have a non-zero horizontal component to their trajectories. 

Also, if we approximate nair as being exactly 1 instead of 1.00029, we very interestingly get that θac = θac, 

crit. Figure (5.6) shows a non-vertical muon emitting Cherenkov light in the detector.  

 

 

 
Figure 5.6: A non-vertical muon still triggers the muon telescope and emits Cherenkov radiation in the 
detector. The non-vertical nature of the muon results in an angle of incidence at the acrylic/air interface that 
is larger than the critical angle on one half of the detector, but is less then the critical angle on the other 
half. This is the basis for the assumption that we loose half our light due to non-vertical muons.  
 

 

From figure 5.6 it can be qualitatively argued that, at least for small deviations from vertical, θac 

will be less than θac, crit for one half of the detector, but will be greater than θac, crit on the other half. In other 

words, TIR will occur on one half of the detector (θac > θac, crit), while photons will escape the detector on 
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the other half (θac < θac, crit). Thus we can make the approximation that the non-vertical nature of the real 

muons traveling through the detector will result in a factor of ~2 reduction in the number of photoelectrons 

produced. From equation (5.26), this then gives 436 PE’s/muon. 

 

 

5.3 δ-ray Contribution 
  
 There is one more contribution to the number of photoelectrons per muon that we will consider, 

namely δ-rays (also called “knock-on electrons”). These are defined to be electrons which, through direct 

scattering with the muon (or other charged particles), are stripped from their atoms and are themselves 

energetic enough to ionize other atoms. Of the δ-rays created in the detector, some will be energetic enough 

to radiate Čerenkov light as well. This section discusses a calculation to estimate the contribution of 

Čerenkov emitting δ-rays, “created” from a muon, to the number of photoelectrons produced.  

 Once created, the distribution of  δ-rays with kinetic energies T >> I, where I is the mean 

excitation energy, is given by: 

 
d2 N
dTdx

= 1
2

 Kzi
2 

Za

A
 1
b2

 
FHTL
T2

                    (5.30) 

 

 

where K = 4πNAre
2mec2 

 ≈ 0.307 MeV mol-1 cm2, NA  is Avogadro’s number, re = e2/(4πε0mec2) = 2.818 fm 

is the classical electron radius, me the electron mass, zi the charge of the projectile, Za the atomic number of 

the absorber (Za= 10 for water), A the atomic mass of the absorber (A=18.01 g/mol for water), and F(T) is a 

spin-dependent function of the kinetic energy [13]. For a spin-1/2 particle,  

FHTL=1- b2 T
Tmax

+ T2

2 Em
2

 

                                (5.31) 

 

 

where Eμ is the energy of the muon (Eμ ≈ 4GeV at sea level, where the detector is as of this writing [13]), 

and Tmax is the maximum kinetic energy which can be imparted to a free electron in a single collision [15]. 

According to [13] Tmax is given by: 

 

                      (5.32) 

 

 

where quantities with subscripts μ or e are for the muon and electron, respectively. Using βμ ≈ 1 and γμ = 

Eμ/(mμc2), we get Tmax ≈ 1.07GeV for a cosmogenic muon. Plugging all of this in and integrating (5.30) 

Tmax =
2 me c2 bm

2 gm
2�H�1+2 gm me mm+ me mmL2
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with respect to both T and x (integrating over x amounts to multiplying by the detector length, 60.96 cm), 

we get for the number of delta rays produced, 

 

                    (5.33) Nd=H5.04LB1
Tmin

- 1
Tmax

- 1
Tmax

 Log
 

 

where Tmin is the minimum energy needed for a δ-ray to Čerenkov radiate. To find Tmin we note that the 

Čerenkov opening half angle formula (5.1) implies that the threshold velocity for water, above which a 

particle will Čerenkov radiate, is βthresh = 1/nw ≈ 0.75 (using nw = 1.33). Thus Tmin is found by using βthresh to 

calculate the difference between the electron’s total energy and its rest energy, Tmin = (γthresh -1)mec2 ≈ 0.26 

MeV. Therefore we get that the number of δ-rays produced from a muon in our detector is ~20. 

 We now want to find the mean energy of a δ-ray. We can then use (5.33) to estimate the total 

energy in δ-rays and compare that to the most probable energy loss of the muon. This energy comparison 

between the δ-rays and the muon can, through an approximation, tell us how many photoelectrons to add to 

our calculated number at the end of section 5.2. From (5.30) we get for the mean energy of a δ-ray: 

             

                                                                                  

 

 

      

               

=
lnITmax

Tmin
M- HTmax- TminL

Tmax
+HTmax- TminL2

4 Em
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1
Tmin

- 1
Tmax

- 1
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 lnITmax
Tmin
M+HTmax- TminL2

2 Em
2

           (5.34) 

 

Plugging in everything we get that <Eδ> = 1.94 MeV. Note that this is well above Tmin, so that we may 

assume all δ-rays will Čerenkov radiate. Given that we get ~20 δ-rays from a single muon, we therefore 

have ~38.8 MeV in δ-rays. 

It must be noted that the δ-rays will scatter in random directions, and we can therefore make the 

approximation that the resulting Čerenkov photons will be emitted isotropically. This allows us to use a 

solid angle argument to derive the fraction of Cherenkov photons from δ-rays that will have a chance of 

getting into the PMT by staying in the detector volume through TIR off the acrylic side walls. As calculated 

in section 5.2, the angle for TIR at the acrylic/air boundary corresponds to an angle of θch along the axis of 

the detector (if nair is said to be exactly 1, which is accurate to within 0.1%). Therefore we get that the 

fraction of Cherenkov photons from δ-rays that will TIR off the acrylic walls is given by: 
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2 Ù02 pÙ0qchâHCosqL âf

4p
= 1- Cosqch

 

 

 

                                               
=1-

1
nw                                              (5.35) 

 

Where the last step comes from equation (5.1). Plugging in nw = 1.33, we get that approximately 25% of 

the Cherenkov photons created from δ-rays have the possibility of being detected by the PMT. In other 

words, only 25% of the 38.8 MeV in δ-rays that is created, has the possibility of contributing, through 

Čerenkov photons, to the number of lectrons.  photoe

alculation of  muon, ∆mp. This i

       

s, and from section 5.2, only 50

ted ~436 photoelectrons per m

oelectrons from delta rays is 

electrons produced from

We now turn to the c the most probable energy loss for a s given by 

[13]: 

Dmp = xBln 
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       (5.36) L
 

 

where ξ = (K/2)<Za/A>(x/β2) ≈ x(0.084 MeV g-1 cm-2), x = 60.96 cm is the length of the detector, j = 0.200 

[16], δ(βμγμ) is a density effect correction to ionization energy loss, and the remaining variables are defined 

earlier in this section. Using I ≈ 70 eV for water [17], we get that ∆mp ≈ 138 MeV.  

 Now that we have ∆mp, we can compare it to the 38.8 MeV in δ-rays that we have in order to 

estimate the contribution of δ-rays to the number of photoelectrons. 38.8 MeV in δ-rays implies that on 

average a muon will loose 99.2 MeV from “distant collisions.” These are collisions below the ionization 

energy of water, and they typically involve electrons that are further away from the muon than where the δ-

rays are created. We know that only 25% of the 38.8 MeV in delta rays will contribute, through Čerenkov 

photons, to the number of photoelectron % of the 99.2 MeV deposited by the 

muon will contribute. Since we calcula uon due to Čerenkov light from the 

muon, this implies that the number of phot given by, 

 

NPE,d=
H0.25LH38.8MeV

                     (5.37) 

 

Therefore the calculated total number of photo  a single muon is: 

LH0.5L H99.2MeVL 436=85

 
NPE,Tot =521                                                         (5.38) 

 

This value is higher than the experimentally measured value of 330 ± 60 pe’s, and we believe this may be 

due to a few different factors: a lower value of reflectivity for the mirrors (as discussed in section 5.1 the 
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mirror quality was fairly poor due to flaws in the plating process by the manufacturer), a greater than ½ 

reduction in the number of photoelectrons/muon from non-vertical muons, and/or the less than perfect 

reflectivity of the mirrored surface of the Winston cone. As an example, we would need to reduce the 

inputted value for mirror reflectance from 93% to 84% in order to bring NPE, Tot down from 521 to 396. 

Since this is quite a large difference in reflectance, additional factors will have to be considered in order to 

bring the calculated number of photoelectrons into better agreement with experiment. Table (5.1) shows a 

list of various mirror reflectances along with the resulting number of photoelectrons.  

 

 

Mirror 

Reflectance 

(%) 

Total # of 

Photoelectrons 

95 565 

94 542 

93 521 

92 502 

91 485 

90 469 

89 454 

88 441 

87 428 

86 417 

85 406 

84 396 

  

Table 5.1: Various mirror reflectances (in %) and the resulting number of photoelectrons. 
 

The next step for this project will be to perform a through Monte Carlo simulation of a muon 

event in the detector. Due to time constraints put on this thesis, that work will not be included here.  
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5.4 Dirty vs. Clean Water 

 

It is worth mentioning that the preceding calculation can be recast in a detector with “dirty water” 

simply by appropriately adjusting the extinction coefficient of water. By dirty water, it is meant that there 

may be particulates or impurities in the water. Salt water falls into this category. The motivation for this 

comes from adding GdCl3 to the water, and also wanting to predict the detector behavior if the water were 

to become impure over time. Therefore we can learn if it will be necessary to implement a water filtration 

system.  

Values for the extinction coefficient for salt water were taken from [18]. The assumed purity of 

the water is such that the extinction coefficient is on average 65% greater than that of pure fresh water over 

the relevant spectral range (~300nm to 700nm). The previous calculation can then be carried out 

identically. After δ-rays and the approximate factor of ½ from non-vertical muons are taken into account, 

the calculated number of photoelectrons per muon for “dirty water” is 503.  
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Chapter 6 
 

Single Photoelectron Calibration 
 

 

A single photoelectron calibration of the detector was performed using pulsed light from an LED, 

injected into the detector volume via optical fiber. This allowed us to increase the detector resolution to 

single photons, as well as measure the true gain of our PMT. Using the single photoelectron calibration, the 

gain curve for our Hamamatsu R329-02 PMT was found to deviate significantly from the curve published 

by Hamamatsu. This section discusses how the single photoelectron calibration and PMT gain 

measurement were carried out.  

The single photoelectron calibration was performed by pulsing a blue LED with square waves 

from a function generator. The LED was coupled to a fiber optic cable, which was fed through the end plate 

of the detector cylinder. Figure 6.1 shows the experimental configuration.  

 

 

 
Figure 6.1: Experimental configuration for the LED pulser and single photoelectron calibrations. The 
function generator drove the Blue LED with square waves of various amplitudes. The Blue LED was 
coupled to an optical fiber, which was fed into the detector volume through the end plate. The bottom PMT 
was our 2” diameter Hamamatsu R329-02.  
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A range of voltages was applied to the LED, chosen so that most of the time a signal was not 

observed in the PMT. This was the critical feature of our method. Poisson statistics predicts that, with an 

expected number of events (photoelectrons) ε << 1, the probability of seeing a single photoelectron, 

although unlikely, by far out shadows the probability of seeing two photoelectrons. To be precise, for 

random processes which do not evolve in time and have some average rate R, the probability of getting n 

events in ome time window t is given by the Poisson formula: 

 

                                

      (6.1) 

ted number of events in time t. For small values of ε, we can expand (6.1) for 

arious values of n to get, 
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n. Experimental results for the single photoelectron calibration of 

ur detector are shown in figure (6.2). 
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From equations (6.2) we can see that, up to second order in ε, the ratio of the probabilities of 

seeing one photoelectron to seeing two goes as 2(1/ε - 1). So for example, if we arrange for ε = 0.019, we 

get P(1, ε)/P(2, ε) ≈ 100. In other words, getting two photoelectrons becomes a 1% effect. Therefore, with 

an expected number of events that is very close to zero, we are assured that when a signal is observed, it is 

most often due to a single photoelectro
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Figure 6.2: Results for the Single photoelectron calibration of our 2”  diameter PMT. This is a histogram of 
the number of events from LED pulses versus the signal amplitude measured by the ADC. The various 
colors correspond to different voltages applied to the LED when it was pulsed. All the curves share a 
common peak at ~250mV. This is the single photoelectron signal. As the voltage applied to the LED is 
increased, more single photoelectron events are recorded, and there also seem to be other higher energy 
peaks forming. These are the 2 photoelectron and higher events. Figure courtesy Joel Sander.  

 

Once we had a signal from a single photoelectron, sweeping over a range of PMT voltages then 

gave the true gain curve.  The measured and expected gains are plotted in figure 6.3.  
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Figure 6.3: The measured and expected gain versus PMT voltage for our Hamamatsu 2” diameter R329-02 
PMT. The red curve is the one published by Hamamatsu for our PMT [19]. The blue data points are the 
gains we measured from the single photoelectron calibration and various PMT voltages. The green line is a 
fit to the blue data. Its interesting to note that in addition to an offset from the Hamamatsu curve, there is 
also a different slope. Plot courtesy Joel Sander. 
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Chapter 7 
 

Conclusions 
  

In response to the need for an accurate measurement of the high-energy neutron flux in the Soudan 

mine for the CDMS dark matter experiment, our group has designed and built a prototype neutron detector 

using 0.2% GdCl3 in solution with water, and performed calibrations using cosmogenic muons and pulsed 

light from an LED. A calculation was done to model the muon calibration and to predict the number of 

photoelectrons produced. There is slight disagreement between the expected and measured number of 

photoelectrons for the muon calibration, however, we believe this may be due to a lower value of 

reflectivity for the mirrored end plates, a greater than ½ reduction in the number of photoelectrons per 

muon from non-vertical muons, and/or the less than perfect reflectivity of the mirrored surface of the 

Winston cone. Time constraints on this thesis have led to the exclusion of such considerations here. Future 

work in this regard may also include a thorough Monte Carlo simulation.  

The experience gained and lessons learned from this prototype have led to many improvements, 

currently being implemented in the next generation prototype. This new prototype is expected to be 

deployed to Soudan for high-energy neutron flux measurements, and as a result, future data runs for the 

CDMS experiment will benefit from the ability to subtract this most stubborn of backgrounds. 
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