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Chapter 1

Introduction

Thanks in part to Ray Davis' pioneering neutrino experiment[1] located in
the Homestake mine, more is now known about the interior workings of the
Sun than the Earth. The KamLAND collaboration has recently observed
neutrinos originating from the interior of the Earth[2]; ho wever, the sensi-
tivity achieved was limited by a large background from surrounding nuclear
power plants. A similar experiment located deep underground to reduce
cosmic backgrounds, and away from nuclear power plants, could reach a
sensitivity that would allow constraints to be placed on our current knowl-
edge of the Earth's interior.

The idea of using electron anti-neutrinos, �� e's, to study processes inside
the Earth was �rst suggested by Eder[3] and Marx[4]. 238U, 232Th, and
40K decays within the Earth are responsible for the majority of the current
radiogenic heat production, which is the driving force for Earth mantle con-
vection, the process which causes plate tectonics and earthquakes. These
decays also produce �� e's, the vast majority of which reach the Earth's sur-
face since neutrinos hardly interact with matter, allowing a direct measure
of total Earth radiogenic heat production by these isotopes.

1.1 Structure and composition of the Earth

Models based on seismic data divide the Earth into three basic regions: the
core, mantle, and crust. As shown in Figure 1.1 these regionsare further
subdivided into an inner core, outer core, lower mantle, transition zone, up-
per mantle, continental crust, and oceanic crust. All regions are solid except
for the liquid outer core and the upper mantle, which may contain partial
melts. The transition zone is thought to represent a pressure induced phase
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Figure 1.1: Radial distribution of the major Earth regions as determined by
seismic data. Modi�ed from Schubert[5].

transition. Two very di�erent[5] types of crust, continent al and oceanic,
cover � 40 % and� 60 % of the Earth's surface, respectively. Continuous re-
newal of the oceanic crust at mid ocean ridges and recycling at subduction
zones make the oceanic crust remarkably homogenous and relatively young,
on average only� 80 Myr old. By contrast, the continental crust is variable
and much older, on average� 2; 000 Myr old.

The regional composition of the Earth is determined by a number of dif-
ferent methods. The deepest hole ever dug penetrates 12 km ofthe crust[6],
allowing direct sampling from only a small fraction of the Earth. Lava 
ows
bring xenoliths, foreign crystals in igneous rock, from theupper mantle to
the surface. Physical properties determined from seismic data can be com-
pared to laboratory measurements. Our current knowledge suggests that
the crust and mantle are composed mainly of silica, with the crust enriched
in U, Th, and K. The core is composed mainly of Fe but includes asmall
fraction of lighter elements. Table 1.1 shows the estimatedconcentration of
U, Th, and K in the di�erent Earth regions.

It is believed that the solar system formed from a cloud of rotating gas
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Table 1.1: Estimated concentration and mass of U, Th, and K inthe major
Earth regions. The concentration of radiogenic elements inthe mantle is
obtained by subtracting the U and Th mass in the crust from the Bulk
Silicate Earth (BSE). The masses are obtained from Schubert[5].

Region Total mass Concentration
[1021 kg] U[ppb] Th[ppb] K[ppm]

Oceanic crust[7] 6 100 220 1250
Continental crust[8] 19 1400 5600 15600
Mantle 3985 13.6 53.0 165
BSE[9] 4010 20.3 79.5 240

and dust, solar nebula, as it condensed onto the median plane� 4500 Myr
ago[10]. During and following solar nebula condensation, solid particles were
assembled by accretionary processes into larger lumps. This took less than�
100 Myr, eventually forming the planets and astroid belt[11]. This formation
released signi�cant heat and lead to the complete melting ofthe outer part
of the Earth. Lumps of Fe would have formed and moved to the center of
the Earth due to it's higher density, forming the core. The mantle would
have crystallized outward from the core-mantle boundary which explains
why the crust is enriched in U, Th, and K, since they preferentially enter
an available melt phase. Heat loss at the surface resulted ina thin crustal
surface. This crust would have been repeatedly modi�ed by large meteoritic
impacts and eventual formed the current continental crust. U, Th, and K
have continued to enter the crust in igneous rocks throughout the Earth's
history, and subduction has returned some fraction to the Mantle.

The chemical composition of the Sun's outer layer, the solarabundance,
can be measured from the light absorption spectra of the chemical elements.
This produces similar abundances to those measured in primitive undi�er-
entiated meteorites such as type I carbonaceous chondrites[12]. The com-
position of non-volatile elements in the Earth should be similar to the solar
abundance since they formed in the same process. Models[9] based on the
solar abundance data establish the composition of the undi�erentiated man-
tle in the early formation stage of the Earth, referred to as \Bulk Silicate
Earth" (BSE). Table 1.1 includes the estimated concentration of U, Th, and
K in the BSE. The ratio of Th/U, between 3.7 and 4.1, is known better than
the total abundance[13].
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Table 1.2: Radiogenic heat production rate in di�erent Eart h regions.

Region U Th K Total
[TW] [TW] [TW] [TW]

Oceanic crust 0.06 0.03 0.03 0.12
Continental crust 2.61 2.81 1.04 6.46
Mantle 5.32 5.57 2.30 13.19
BSE 7.99 8.42 3.37 19.78

Table 1.3: Crustal conductive heat dissipation rate[15].

Region Heat Dissipation Rate Area Global Heat
Dissipation Rate

[W m � 2] [m2] [TW]

Oceanic crust 101� 2:2 � 10� 3 3:1 � 1014 31:2 � 0:7
Continental crust 65 � 1:6 � 10� 3 2:0 � 1014 13:0 � 0:3
Whole Earth 87 � 2:0 � 10� 3 5:1 � 1014 44:2 � 1:0

1.2 Thermodynamics of the Earth

The rate of radiogenic heat released from U, Th, and K decays are 98:1� W kg � 1,
26:4� W kg � 1, and 0:0035� W kg � 1[5], respectively. Table 1.2 summarizes
the total radiogenic heat production rate in the Earth regions based on the
mass of these elements given in Table 1.1. The rate of mantle heating due
to lunar tides is a negligible � 0:12 TW[14].

The radiogenic heat production within the Earth can be compared to
the measured heat dissipation rate per unit area at the surface. Table 1.3
and Figure 1.2 show the estimated[15] heat dissipation ratefrom the Earth
based on the rock conductivity and temperature gradient in bore holes mea-
sured at 20,201 sites. In this study the majority of the heat is lost through
the oceanic crust, despite the fact that the continental crust contains the
majority of the radiogenic heat producing elements. A recent re-evalutaion
of the same data[16] suggests that the heat dissipation ratein the oceanic
crust is signi�cantly less, resulting in a total heat dissipation rate of 31 TW.

The Urey ratio, the ratio between mantle heat dissipation and produc-
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Figure 1.2: Map of conductive heat dissipation rate. Modi�ed from
Pollack[15]. Black lines represent land masses, white lines represent con-
tinental plate margins.

tion, indicates what fraction of the current cooling is due to primordial heat.
Subtracting the continental crust heat production rate of 6.5 TW, the man-
tle is dissipating heat at a rate of 37.7 TW and generating heat at a rate of
13.3 TW, giving a Urey ratio of � 0.35. It is widely believed that the man-
tle convects although the exact nature of that convection isstill unclear.
Models of mantel convection give Urey ratios greater than� 0.69[17, 18, 19],
which is inconsistent with the value obtained from heat considerations. A
direct measurement of the terrestrial radiogenic heat production rate would
help our understanding of this apparent inconsistency.

1.3 Geoneutrino signal

Each of the 238U, 232Th, and 40K decay chains[20] produces at least one
�� e since they all contain at least one� � decay. Figure 1.3 shows the well
established �� e energy distributions, dn

dE �
, for the 238U, 232Th, and 40K decay

chains. Because �� e's have such a small cross-section for interaction with
matter, the majority of these �� e's produced within the Earth reach the
surface. However, due to a phenomenon usually referred to as\neutrino
oscillations", the probability of the neutrino being found in the same state
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Figure 1.3: The �� e energy distributions for the 238U (solid), 232Th(dash),
and 40K(dot-dash) decay chains. The vertical line represents the�� e detection
threshold for neutron inverse � decay.

as a function of distance travelled,L , can be approximated as,

P(E � ; L ) = 1 � sin2 2� 12 sin2

 
1:27� m2

12[eV2]L [m]
E � [MeV]

!

; (1.1)

where � m2
12 = 7 :9+0 :6

� 0:5 � 10� 5 eV2, and sin2 2� 12 = 0 :816+0 :073
� 0:070[21]. This

assumes two \
avor" oscillations and neglects \matter e�ec ts" both of which
are less than 5 % corrections[2].

The most common method[22, 23, 2] for detecting �� e's is neutron inverse
� decay,

�� e + p �! e+ + n : (1.2)

The combined detection of the positron, e+ , and neutron, n, greatly reduces
the number of backgrounds. Due to the reaction threshold, the minimum
�� e energy detectable by this method is 1.8 MeV, which has the disadvantage
that the 40K �� e's cannot be detected, since they have a maximum energy of
1.3 MeV. To zeroth order in 1/M, where M is the nucleon mass, the total
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Figure 1.4: The neutron inverse� decay cross-section for the terrestrial �� e

energy range. There is no neutron inverse� decay below 1.8 MeV �� e energy.

positron energy, W (0)
e , is related to the total neutrino energy, W� , by

W (0)
e = W� � mn + mp; (1.3)

where mn and mp are the neutron and proton masses, respectively. There-
fore, the �� e energy can be estimated from a measurement of the positron
kinetic energy. The initial direction of the neutron is corr elated with the in-
coming direction of the �� e[24]. Appendix B discusses the prospects of using
this directional information to do tomography of the Earth' s interior. Fig-
ure 1.4 shows the cross-section for neutron inverse� decay as a function of
W� . Including �rst order corrections and radiative correctio ns[25], the total
error on neutron inverse� decay cross-section is estimated to be 0.2 %[26].

The geoneutrino observation rate depends on the decay rate of 238U and
232Th, the resulting �� e energy distribution, the detection cross-section, the
neutrino oscillation parameters, and the distribution of t he 238U and 232Th
in the Earth. Based on a detailed simulation[27], includingseismic models
of crustal thickness and type, the number of neutron inverse� decays at
Homestake due to terrestrial 238U and 232Th is estimated to be 54 per 1032

target protons per year, assuming sin2 2� 12 = 0 :816. The lines labeled 1, 2,
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and 3 in Figure 1.5 show the cumulative geoneutrino 
ux as a function of
distance from detectors located over continental crust of varying thickness
and with varying contributions from neighboring oceanic crust. A detector
located in the Homestake mine could expect� 50 % of the geoneutrino 
ux
originating within � 500 km of the detector.

It has been suggested that a large amount of uranium may be located
in the core of the Earth[28] forming a natural nuclear reactor. This could
produce up to 6 TW of heat, powering the Earth's dynamo, it would also lead
to 3He production which could explain the observed anomaly in the 3He=4He
ratio for gases from the Earth's mantle. Excluding neutrino oscillations, a
natural reactor at the Earth's core would produce an identical �� e energy
spectrum to that from commercial nuclear power reactors, which is peaked
at � 5 MeV and extends up to � 9 MeV. In order to test this hypothesis
it is necessary to have a very low commercial nuclear reactorbackground.
Assuming a 6 TW nuclear reactor at the Earth's core and sin2 2� 12 = 0 :816,
the number of neutron inverse� decays at Homestake is expected to be 44
per 1032 target protons per year.

1.4 Local Geology

With � 50 % of the geoneutrino 
ux originating within � 500 km of the
detector it is important to remove the e�ects of local geology to obtain global
measurement of the total 238U and 232Th concentration. The estimated
error in the signal from local geology for the recent KamLAND geoneutrino
measurement is 16 %[29]. Figure 1.6 shows that there are known uranium
reserves located at the boundary of Wyoming and South Dakota, � 100 km
from the Homestake mine. Assuming that the Earth's total reasonably
assured uranium reserves of 3600 kton uranium were located 100 km from the
proposed detector, this would contribute less than 0:03 % to the expected
global signal.

Figure 1.7 shows that the measured heat 
ow at the Earth's surface
surrounding the Homestake mine is consistent with the continental crust
average, which suggests that increased local uranium concentration is not
signi�cant. These local heat 
ow measurements could be combined with a
geoneutrino measurement at the Homestake mine to constrainthe local con-
tribution. Also the U and Th concentrations obtained from th e Homestake
mine core samples could be used to constrain the geoneutrino
ux originat-
ing from within � 10 km, which could be as high as 10 % of the total based
on Figure 1.5.
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Figure 1.5: Cummulative geoneutrino 
ux as a function of distance to the
source[27]. The Himalaya curve is for a detector located over thick conti-
nental crust. The Kamioka curve is for a detector located at the boundary
of continental and oceanic crust. The LNGS curve is for a detector located
over continental crust, this probably best represents a detector located at
the Homestake mine. The Hawaii curve is for a detector located over oceanic
crust, this most closely matches the 
ux from the mantle, since there is no
high local uranium and thorium concentrations.
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Figure 1.7: Location and value of heat 
ow measurements in the USA.
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Chapter 2

Backgrounds

The detection of correlated signals in the neutron inverse� decay detec-
tion method signi�cantly enhances the detectability of the geoneutrino sig-
nal. Nevertheless, other events contribute backgrounds tothe measurement.
Backgrounds can typically be subdivided into three main categories: natu-
ral radioactivity, cosmic, and other �� e sources. The most signi�cant back-
grounds in the recent KamLAND geoneutrino measurement[2] were �� e's from
nearby nuclear power reactors and13C(�; n) reactions where the� is a prod-
uct of 210Pb decay.

2.1 �� e sources

Figure 2.1 shows that the Homestake mine is located a long distance away
from any major nuclear power reactor. Based on the maximum rated ther-
mal power, and excluding neutrino oscillations, the expected rate of �� e's
from nuclear reactors is calculated in Appendix A to be 64 per1032 target
proton yr. Since the �� e typically travels distances greater than 1000 km,
the �� e survival probability due to neutrino oscillations can be approximated
by 1 � 0:5 sin2 2� 12 = 0 :592. Therefore, the expected rate below 3.4 MeV
including neutrino oscillations is only 11 per 1032 target proton yr, which is
� 7 % of the expected rate at KamLAND[2].

Figure 2.2 shows the expected spectra for geoneutrinos, commercial nu-
clear reactors, and a natural nuclear reactor at the Earth'score. The com-
mercial reactor background is insigni�cant for the geoneutrino measurement.
It is also small enough to allow a sensitivity of 1.3 TW at 99 % CL for a nu-
clear reactor at the Earth's core if the commercial reactor background can be
obtained to 10 % accuracy, which should be possible based on the published
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Figure 2.2: The expected �� e energy distribution with a detector energy res-
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p
E[MeV] for the 238U (black) and 232Th (red) geoneutrinos,

expected commercial reactor background (green), and the expected spec-
trum from a 6 TW natural reactor at the Earth's core (blue).

electrical power and an averaged core nuclear cycle.
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2.2 Radioactive backgrounds

The largest radioactive background in the recent KamLAND result was from
correlated background due to the reaction13C(�; n). The � is a product of
210Pb decay, which is itself a product from the decay of radon (Rn) gas
introduced into the detector during �lling. There is a plan t o purify the
KamLAND detector, reducing this background by a factor of one million,
making this background negligible.

The next most signi�cant radioactive background is due to random cor-
relations caused by radioactivity in the detector, mostly from U, Th, K, and
Rn decays. The KamLAND experiment achieved U, Th, and40K concen-
trations in the scintillator of 6 � 1016 g=g, 2 � 1016 g=g, and 2� 1016 g=g,
respectively. This resulted in negligible random coincidences due to radioac-
tivity in the scintillator. However, radioactivity within the balloon and ropes
that hold the liquid scintillator requires a �ducial volume cut 1.5 m from
this surface. There is a further 2 m bu�er between the balloonand the steel
sphere to further reduce random coincidences from radioactivity in the steel,
photomultiplier tubes, and surrounding rock.

Based on the results achieved with KamLAND, the purities required to
perform this measurement are clearly possible. However, the exact purity
needed depends on the �nal detector design, discussed in Section 3.

2.3 Cosmic backgrounds

Cosmic-ray muons produce fast neutrons and radioactive isotopes which can
mimic the neutron inverse � decay signature. The e�ect of fast neutrons and
cosmogenic radioactivity is reduced by vetoing the detector after a muon
passes through. There is typically still a small backgrounddue to muon
vetoing ine�ciency and backgrounds caused by muons that pass through
the rock surrounding the detector without hitting the muon v eto.

The recent KamLAND result[2] had a negligible background due to fast
neutrons and a background due to cosmogenic radioactivity of 0.6 per 1032

target proton yr. Because of the greater rock overburden at the 4850' level
of the Homestake mine the fast neutron and cosmogenic backgrounds is
expected to be� 20 times less than at the KamLAND site[30]. The exact
cosmic background rates will depend on the detector material, layout, and
veto e�ciency, although it is expected that in almost any �na l design this
will be negligible.
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Chapter 3

The Detector

In past experiments, both liquid scintillator and water Cherenkov detectors
have been used to observe the positron and neutron produced in neutron
inverse � decay. Both techniques detect the photons emitted as charged
particles move through the detector. The neutron is detected via the 
 rays
emitted from its capture by a nucleus in the scintillator.

Water Cherenkov detectors produce a cone of light which allows the
direction of the charged particle to be determined and therefore allowing
the direction of the �� e to be inferred. However, the Cherenkov photon yield
is generally less than the scintillation light yield and consequently water
Cherenkov detectors are not very good at observing events with energy less
than � 4 MeV. Whereas liquid scintillator detectors typically have much
higher light yield allowing them to easily observe �� e's at the neutron inverse
� decay threshold, but do not have very good directional information.

3.1 Requirements

The following three measurements should be perform by the proposed de-
tector:

� Measure the total geoneutrino rate.

� Measure the ratio of 238U to 232Th.

� Test the hypothesis of a natural nuclear reactor at the Earth's core.

Excluding the 238U and 232Th distribution in the Earth, the largest error
in determining the expected geoneutrino rate is due to the uncertainty in
the neutrino oscillation parameter sin2 2� 12 which is known to � 6 %. It is
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unlikely that the accuracy of this parameter will be determined to better
than a few percent within the next 10 years. Therefore, it does not make
sense to plan on measuring the geoneutrino rate to much better than 6 %.
Assuming a 10% error in the commercial nuclear reactor background, and
only using the �� e spectrum below 3.4 MeV, to measure the total geoneutrino
rate to � 10 % the required exposure is estimated to be� 2:3 � 1032 target
proton yr. This does not include systematic errors, but these should be
constrained to better than 10 %.

In determining the ratio of 238U to 232Th many errors cancel, therefore
it should be possible to obtain a measurement to better than 10 % uncer-
tainty. This would allow for a measurement of the Th/U ratio, which is
currently estimated from meteorites to be between 3.7 and 4.1. To do this
measurement, the �� e energy spectrum could be split into two regions, one
between 2.5 MeV and 3.5 MeV, which contains only238U �� e's and the other
between 1.5 MeV and 2.5 MeV. An exposure of� 20� 1032 target proton yr
is required to measure the ratio to 10 % accuracy. The uncertainty could be
slightly reduced by a full spectral shape analysis.

Assuming a 10% error in the commercial nuclear reactor background, and
only using the �� e spectrum above 4 MeV, the required exposure to observe
a 6TW georeactor at 3 sigma above zero is estimated to be� 0:8 � 1032

target proton yr.
For a measurement of the total geoneutrino rate and an observation of a

hypothetical georeactor, we need an exposure of about 2� 1032 target proton
yr, which corresponds to 0:5 � 1032 target protons over 4 years. Assuming
a similar target proton density as KamLAND[26], this corresponds to a
�ducial volume and mass, respectively, of 690 m3 and 0.6 kton. Depending
on the detector shape this could �t in the large shop near the Ross shaft on
the 4850' level, which has a volume of 890 m3, but the Davis cavity would
be preferable. A detector much larger than this is not required, since this
detector will already reach the sensitivity imposed by the uncertainty in the
neutrino oscillation parameters. However, an accurate measurement of the
238U to 232Th ratio would requirer a larger detector, or a longer exposure
time.

3.2 Design

There are two main types of large scintillator �� e detectors: monolithic, such
as the 1 kton KamLAND detector[26] shown in Figure 3.1; and segmented,
such as the 11 ton Palo Verde detector[23] shown in Figure 3.2. The advan-
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Figure 3.1: Schematic of the KamLAND detector.

tage of a monolithic detector is reduced random coincidencebackgrounds.
However, it would not be possible to build a KamLAND sized detector
without further excavation since the detector is spherically symmetric. The
advantage of a segmented detector is it could be constructedin sections
above ground and transported below for assembly.

In the KamLAND detector, the neutron produced in the neutron inverse
� decay is captured by a proton with a mean capture time of � 200� s
producing a 2.2 MeV 
 -ray. Gadolinium (Gd) was added to the Palo Verde
detector scintillator in order to reduce backgrounds. Neutron capture by
Gd produces
 -rays with a total energy of 8 MeV, which is a higher energy
than that produced by most radioactive backgrounds, greatly reducing the
accidental background. Also the Gd neutron capture cross-section is high,
resulting in a mean neutron capture time of only � 27� s in the Palo Verde
detector, which would decrease the accidentals due to the shorter correlation
time.
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Figure 3.2: Schematic of the Palo Verde detector. The red inner section is
the active scintillator section, the blue section surrounding the inner detector
is a water bu�er, and the green outer region is a muon veto.
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Chapter 4

Conclusion

A measurement of geoneutrinos is an important step in constraining our un-
derstanding of the Earth's uranium and thorium distributio ns. The decay
of these isotopes is the driving force for plate tectonics and earthquakes,
and this is the only technique that allows us to directly observe these decays
occurring at the inner depths of the Earth. The KamLAND exper iment[2]
has recently shown the viability of such a measurement; however, it was
limited by backgrounds from nearby nuclear power plants. A similar exper-
iment at the Homestake mine does not have the same problem with nearby
nuclear power plants, and other backgrounds should be smallor negligible,
but depend on the �nal detector design. We are currently actively building
a collaboration large enough to complete work on the detector design and
engineering. It is envisioned that a detector could be located in the large
shop near the Ross shaft or the Davis cavity on the 4850' levelwith minimal
impact on other experiments.
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Appendix A

Reactor background

Table A.1: Table of expected �� e rate from nuclear power reac-
tors in the USA and Canada. The power for the USA reactors
is the maximum rated thermal power, they typically operate
at an average of 90 % of this value. The thermal power for
the Canadian reactors is assumed to be 3.3 times the electri-
cal power. The rate assumes the same target proton density
as KamLAND[26] and an energy of 200MeV per �ssion. The
rate does not include neutrino oscillations, which will reduce
the rate by � 60 %, assuming sin2 � 12 = 0 :816.

Reactor Cores Power Distance Rate
[MW] [km] [(10 32p:yr) � 1]

USA
BYRON 2 7173 1193 2.52
LASALLE 2 6978 1244 2.26
PALO VERDE 3 11742 1612 2.26
PRAIRIE ISLAND 2 3300 879 2.14
BRAIDWOOD 2 7173 1333 2.02
QUAD CITIES 2 5468 1145 2.09
DONALD COOK 2 6772 1383 1.77
BROWNS FERRY 3 10209 1757 1.66
MONTICELLO 1 1775 739 1.63
DRESDEN 2 5914 1281 1.81
WOLF CREEK 1 3565 1118 1.43
COOPER 1 2381 934 1.37

Continued on next page
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Table A.1 - continued
Reactor Cores Power Distance Rate

[MW] [km] [(10 32p:yr) � 1]

ARKANSAS ONE 2 5594 1486 1.27
COMANCHE PEAK 2 6916 1649 1.27
COLUMBIA 1 3486 1203 1.21
CALLAWAY 1 3565 1251 1.14
DIABLO CANYON 2 6749 1738 1.12
SAN ONOFRE 2 6876 1750 1.12
FORT CALHOUN 1 1500 825 1.11
SEQUOYAH 2 6822 1825 1.03
OCONEE 3 7704 1949 1.02
POINT BEACH 2 3080 1257 0.98
SOUTH TEXAS 2 7706 2002 0.96
CLINTON 1 3473 1317 1.00
MCGUIRE 2 6822 1987 0.87
CATAWBA 2 6822 2021 0.84
DUANE ARNOLD 1 1912 1031 0.90
VOGTLE 2 7130 2096 0.81
BEAVER VALLEY 2 5378 1797 0.83
SUSQUEHANNA 2 6978 2102 0.79
PEACH BOTTOM 2 7028 2111 0.79
LIMERICK 2 6916 2153 0.75
SALEM 2 6918 2191 0.72
ENRICO FERMI 1 3430 1597 0.67
NORTH ANNA 2 5786 2074 0.67
NINE MILE POINT 2 5317 2059 0.63
PERRY 1 3758 1750 0.61
PALISADES 1 2565 1383 0.67
FARLEY 2 5550 2080 0.64
INDIAN POINT 2 6283 2258 0.62
GRAND GULF 1 3833 1826 0.58
HATCH 2 5608 2149 0.61
CALVERT CLIFFS 2 5400 2139 0.59
WATTS BAR 1 3459 1787 0.54
MILLSTONE 2 6111 2395 0.53
KEWAUNEE 1 1772 1248 0.57
SURRY 2 5092 2167 0.54

Continued on next page
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Table A.1 - continued
Reactor Cores Power Distance Rate

[MW] [km] [(10 32p:yr) � 1]

BRUNSWICK 2 5846 2226 0.59
DAVIS BESSE 1 2772 1630 0.52
WATERFORD 1 3441 2017 0.42
RIVER BEND 1 3091 1920 0.42
ST. LUCIE 2 5400 2524 0.42
VIRGIL C. SUMMER 1 2900 2058 0.34
HOPE CREEK 1 3339 2174 0.35
SHEARON HARRIS 1 2900 2099 0.33
TURKEY POINT 2 4600 2654 0.33
SEABROOK 1 3487 2465 0.29
FITZPATRICK 1 2536 2131 0.28
THREE MILE ISLAND 1 2568 2082 0.30
H.B. ROBINSON 1 2339 2104 0.26
CRYSTAL RIVER 1 2568 2334 0.24
R.E. GINNA 1 1520 1988 0.19
OYSTER CREEK 1 1930 2257 0.19
PILGRIM 1 2028 2483 0.16
VERMONT YANKEE 1 1593 2372 0.14
Canada
BRUCE 6 16737 1731 2.80
DARLINGTON 4 12467 1914 1.70
PICKERING 6 10813 1842 1.60
GENTILLY 1 2250 2405 0.19
POINT LEPREAU 1 2267 2810 0.14

355181 64.19
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Appendix B

Tomography

Knowing the neutrino direction allows us to determine where the U and
Th is located within the Earth. Figure B.1 shows the di�erent angular
distributions that could be expected with di�erent distrib utions of U and Th
in the Earth[31]. In a scintillator detector, at energies near the threshold,
the neutron is forward scattered[24], and the positron only propagates a
short distance from the interaction point, allowing us to determine the �� e

angular distribution. However, the neutron capture position also includes
a random walk during thermalization, limiting the angular r esolution. The
achievable angular resolution depends on the neutron thermalization time
and the position reconstruction error. The Chooz experiment[22] used this
technique to determine the location of the nuclear reactor,which was the
source of their �� e's, to an accuracy of 18� with � 2500 candidates and a
vertex resolution of 19 cm. Obviously this technique shouldbe kept in mind
when optimizing the detector parameters.
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Figure B.1: Angular distribution of �� e's with respect to vertical for di�erent
source locations in the Earth.
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