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A geoneutrino experiment at HomestakeN. Toli
h,1 Y.-D. Chan,1 C.A. Currat,1 M.P. De
owski,2 B.K. Fujikawa,1R. Henning,1 K.T. Lesko,1 A.W.P. Poon,1 K. Toli
h,3 and J. Wang41Nu
lear S
ien
es Division, Lawren
e Berkeley National Laboratory, Berkeley, California 94720, USA2Physi
s Department, University of California at Berkeley, Berkeley, California 94720, USA3Department of Physi
s, Stanford University, Stanford, California 94305, USA4Earth S
ien
es Division, Lawren
e Berkeley National Laboratory, Berkeley, California 94720, USA(Dated: June 1, 2006)A signi�
ant fra
tion of the 44TW of heat dissipation from the Earth's interior is believed tooriginate from the de
ays of terrestrial uranium and thorium. The only estimates of this radiogeni
heat, whi
h is the driving for
e for mantle 
onve
tion, 
ome from Earth models based on meteorites,and have large systemati
 errors. The dete
tion of ele
tron antineutrinos produ
ed by these uraniumand thorium de
ays would allow a more dire
t measure of the total uranium and thorium 
ontent,and hen
e radiogeni
 heat produ
tion in the Earth. We dis
uss the prospe
t of building an ele
tronantineutrino dete
tor approximately 700m3 in size in the Homestake mine at the 4850' level. Thiswould allow us to make a measurement of the total uranium and thorium 
ontent with a statisti
alerror less than the systemati
 error from our 
urrent knowledge of neutrino os
illation parameters.It would also allow us to test the hypothesis of a naturally o

urring nu
lear rea
tor at the 
enterof the Earth.I. INTRODUCTIONThanks in part to Ray Davis' pioneering neutrinoexperiment[1℄ lo
ated in the Homestake mine, more isnow known about the interior workings of the Sun thanthe Earth. The KamLAND 
ollaboration has re
entlyinvestigated ele
tron antineutrinos originating from theinterior of the Earth[2℄; however, the sensitivity a
hievedwas limited by a large ba
kground from surroundingnu
lear power rea
tors. A similar experiment lo
ateddeep underground to redu
e 
osmi
-ray ba
kgrounds,and away from nu
lear power plants, 
ould rea
h a sen-sitivity that would allow 
onstraints to be pla
ed on our
urrent knowledge of the Earth's interior.The idea of using ele
tron antineutrinos, ��e's, to studypro
esses inside the Earth was �rst suggested by Eder[3℄and Marx[4℄. 238U, 232Th, and 40K de
ays within theEarth are believed to be responsible for the majority ofthe 
urrent radiogeni
 heat produ
tion, whi
h is the driv-ing for
e for Earth mantle 
onve
tion, the pro
ess whi
h
auses plate te
toni
s and earthquakes. These de
aysalso produ
e ��e's, the vast majority of whi
h rea
h theEarth's surfa
e sin
e neutrinos hardly intera
t with mat-ter, allowing a dire
t measurement of the total Earthradiogeni
 heat produ
tion by these isotopes.The regional 
omposition of the Earth is determinedby a number of di�erent methods. The deepest hole everdug penetrates 12 km of the 
rust[5℄, allowing dire
t sam-pling from only a small fra
tion of the Earth. Lava 
owsbring xenoliths, foreign 
rystals in igneous ro
k, from theupper mantle to the surfa
e. The regional 
ompositionof the Earth 
an also be modeled by 
omparing physi
alproperties determined from seismi
 data to laboratorymeasurements. Our 
urrent knowledge suggests that the
rust and mantle are 
omposed mainly of sili
a, with the
rust enri
hed in U, Th, and K. The 
ore is 
omposedmainly of Fe but in
ludes a small fra
tion of lighter ele-

TABLE I: Estimated 
on
entration and mass of U, Th, and Kin the major Earth regions. It is assumed that there is no U,Th, or K in the Earth's 
ore. The 
on
entration of radiogeni
elements in the mantle is obtained by subtra
ting the isotopemass in the 
rust from the Bulk Sili
ate Earth (BSE) model.The masses are obtained from S
hubert et al.[8℄.Region Total mass Con
entration[1021 kg℄ U[ppb℄ Th[ppb℄ K[ppm℄O
eani
 
rust[10℄ 6 100 220 1250Continental 
rust[11℄ 19 1400 5600 15600Mantle 3985 13.6 53.0 165BSE[6℄ 4010 20.3 79.5 240ments. Table I shows the estimated 
on
entration of U,Th, and K in the di�erent Earth regions.Models of Earth 
omposition based on the solar abun-dan
e data[6℄ establish the 
omposition of the undi�eren-tiated mantle in the early formation stage of the Earth,referred to as \Bulk Sili
ate Earth" (BSE). Table I in-
ludes the estimated 
on
entration of U, Th, and K inthe BSE model. The ratio of Th/U by weight, between3.7 and 4.1[7℄, is known better than the total abundan
eof ea
h element.The rate of radiogeni
 heat released from U, Th,and K de
ays are 98:1�Wkg�1, 26:4�Wkg�1, and0:0035�Wkg�1[8℄, respe
tively. Table II summarizes thetotal radiogeni
 heat produ
tion rate in the Earth regionsbased on the mass and 
on
entrations of these elementsgiven in Table I. For 
omparison, the rate of mantleheating due to lunar tides is a negligible � 0:12TW[9℄.The radiogeni
 heat produ
tion within the Earth 
anbe 
ompared to the measured heat dissipation rate at thesurfa
e. Based on the ro
k 
ondu
tivity and temperaturegradient in bore holes measured at 20,201 sites, the esti-



2TABLE II: Radiogeni
 heat produ
tion rate in di�erent Earthregions. Region U Th K Total[TW℄ [TW℄ [TW℄ [TW℄O
eani
 
rust 0.06 0.03 0.03 0.12Continental 
rust 2.61 2.81 1.04 6.46Mantle 5.32 5.57 2.30 13.19BSE 7.99 8.42 3.37 19.78mated heat dissipation rate from o
eani
 and 
ontinental
rust, respe
tively, is 31:2� 0:7TW and 13:0� 0:3TW,resulting in a total of 44:2 � 1:0TW[12℄. In this studythe majority of the heat is lost through the o
eani
 
rust,despite the fa
t that the 
ontinental 
rust 
ontains themajority of the radiogeni
 heat produ
ing elements. Are
ent re-evalutaion of the same data[13℄ suggests thatthe heat dissipation rate in the o
eani
 
rust is signi�-
antly less, resulting in a total heat dissipation rate of31:0� 1:0TW. The measured heat 
ow per unit area atthe Earth's surfa
e surrounding the Homestake mine[14℄is 
onsistent with the 
ontinental 
rust average, whi
hsuggests that in
reased lo
al uranium 
on
entration isnot signi�
ant.The Urey ratio, the ratio between mantle heat dis-sipation and produ
tion, indi
ates what fra
tion of the
urrent heat 
ow is due to primordial heat. Subtra
t-ing the 
ontinental 
rust heat produ
tion rate of 6.5TW,the mantle is dissipating heat at a rate of 37.7TW and,assuming the BSE model, generating heat at a rate of13.2TW, giving a Urey ratio of �0.35. It is widely be-lieved that the mantle 
onve
ts although the exa
t na-ture of that 
onve
tion is still un
lear. Models of mantle
onve
tion give Urey ratios greater than �0.69[15{17℄,whi
h is in
onsistent with the value obtained from heat
onsiderations. A dire
t measurement of the terrestrialradiogeni
 heat produ
tion rate would help our under-standing of this apparent in
onsisten
y.II. GEONEUTRINO SIGNALA ��e is produ
ed whenever a nu
leus �� de
ays. The238U and 232Th de
ay 
hains[18℄ both 
ontain at leastfour �� de
ays, and 40K �� de
ays with a bran
hingfra
tion of 89.28%. These �� de
ays result in the wellestablished ��e energy distributions for 238U, 232Th, and40K shown in Figure 1. Be
ause ��e's have su
h a small
ross-se
tion for intera
tion with matter, the majority ofthese ��e's produ
ed within the Earth rea
h the surfa
e.However, due to a phenomenon usually referred to as\neutrino os
illation", the ��e may 
hange into a ��� or ��� .The probability of the ��e being found in the same state asa fun
tion of distan
e traveled, L, 
an be approximated
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FIG. 1: The ��e energy distributions for the 238U (solid),232Th(dash), and 40K(dot-dash) de
ay 
hains. The verti
alline represents the ��e dete
tion threshold for neutron inverse� de
ay, only the 238U and 232Th 
hains are measurable withneutron inverse � de
ay.as,P (E�; L) = 1� sin2 2�12 sin2�1:27�m212[eV2℄L[m℄E� [MeV℄ � ;(1)where �m212 = 7:9+0:6�0:5 � 10�5 eV2, and sin2 2�12 =0:816+0:073�0:070[19℄. This assumes two \
avor" os
illation andnegle
ts \matter e�e
ts" both of whi
h are less than 5%
orre
tions[2℄.The most 
ommonmethod[2, 20, 21℄ for dete
ting ��e'sis neutron inverse � de
ay,��e + p �! e+ + n: (2)The dete
tion of both the positron, e+, and neutron, n,separated by a small distan
e and time, greatly redu
esthe number of ba
kgrounds. Due to the rea
tion thresh-old, the minimum ��e energy dete
table by this methodis 1.8MeV, whi
h has the disadvantage that the 40K ��e's
annot be dete
ted sin
e they have a maximumenergy of1.3MeV. To zeroth order in 1/M, where M is the nu
leonmass, the total positron energy, W (0)e , is related to thetotal antineutrino energy, W� , byW (0)e = W� �mn +mp; (3)where mn and mp are the neutron and proton masses,respe
tively. Therefore, the ��e energy 
an be estimatedfrom a measurement of the positron kineti
 energy. Thisallows spe
tral separation of the ��e's from 238U and 232Thde
ays.The geoneutrino observation rate depends on the de
ayrate of 238U and 232Th, the resulting ��e energy distribu-tion, the dete
tion 
ross-se
tion, the neutrino os
illationparameters, and the distribution of the 238U and 232Thin the Earth. Based on a detailed simulation[22℄, in-
luding seismi
 models of 
rustal thi
kness, the numberof neutron inverse � de
ays at Homestake due to ter-restrial 238U and 232Th is estimated to be 54 per 1032



3target protons per year, assuming sin2 2�12 = 0:816. Thelines labeled 1, 2, and 3 in Figure 2 show the 
umulativegeoneutrino 
uxes as a fun
tion of distan
e from dete
-tors lo
ated over 
ontinental 
rust of varying thi
knessand with varying 
ontributions from neighboring o
eani

rust. A dete
tor lo
ated in the Homestake mine 
ouldexpe
t � 50% of the geoneutrino 
ux originating within� 500 km of the dete
tor.With � 50% of the geoneutrino 
ux originating within� 500 km of the dete
tor it is important to remove thee�e
ts of lo
al geology to obtain a global measurement ofthe total 238U and 232Th 
on
entration. The estimatederror in the signal from lo
al geology for the re
ent Kam-LAND geoneutrino measurement is 16%[23℄. The near-est known uranium reserve[24℄ is lo
ated � 100 km fromthe Homestake mine at the boundary of Wyoming andSouth Dakota. To pla
e an upper limit on the impa
tof lo
al 
on
entrations of uranium and thorium, we as-sume that the Earth's total reasonably assured uraniumreserves of 3600kton uranium[25℄ were lo
ated 100 kmfrom the proposed dete
tor. This would 
ontribute lessthan 0:03% to the expe
ted global signal. A possi-ble heat 
ow measurement in the Homestake mine anduranium and thorium 
on
entrations obtained from theHomestake mine 
ore samples[26℄ 
ould be used to redu
ethe systemati
 un
ertainties asso
iated with geoneutrinosoriginating from within � 10 km of the dete
tor.It has been suggested that a large amount of uraniummay be lo
ated in the 
ore of the Earth[27℄ forming anatural nu
lear rea
tor. This 
ould produ
e up to 6TWof heat, powering the Earth's dynamo. It would alsolead to 3He produ
tion whi
h 
ould explain the observedanomaly in the 3He=4He ratio for gases from the Earth'smantle. Ex
luding neutrino os
illation, a natural rea
-tor at the Earth's 
ore would produ
e an identi
al ��eenergy spe
trum to that from 
ommer
ial nu
lear powerrea
tors, whi
h is peaked at � 4MeV and extends upto � 9MeV, see Figure 4. In order to a

urately testthis hypothesis it is ne
essary to have a very low 
om-mer
ial nu
lear rea
tor ba
kground. The number of ��e'sdete
ted by neutron inverse � de
ay at Homestake is ex-pe
ted to be 44 per 1032 target protons per year dueto a 6TW nu
lear rea
tor at the Earth's 
ore, assumingsin2 2�12 = 0:816.III. BACKGROUNDSThe dete
tion of 
orrelated signals in neutron in-verse � de
ay signi�
antly enhan
es the dete
tabilityof the geoneutrinos. Nevertheless, other events 
on-tribute ba
kgrounds to the measurement. Ba
kgrounds
an typi
ally be subdivided into three main 
ategories:natural radioa
tivity, 
osmi
-rays and asso
iated spalla-tion produ
ts, and other ��e sour
es. The most signi�-
ant ba
kgrounds in the re
ent KamLAND geoneutrinomeasurement[2℄ were ��e's from nearby nu
lear power re-a
tors and 13C(�; n) rea
tions where the � is primarily

FIG. 2: Cumulative geoneutrino 
ux as a fun
tion of dis-tan
e to the sour
e[22℄. The Himalaya 
urve is for a dete
torlo
ated over thi
k 
ontinental 
rust. The Kamioka 
urve is fora dete
tor lo
ated at the boundary of 
ontinental and o
eani

rust. The LNGS 
urve is for a dete
tor lo
ated over 
onti-nental 
rust; this probably best represents a dete
tor lo
atedat the Homestake mine. The Hawaii 
urve is for a dete
torlo
ated over o
eani
 
rust; this most 
losely mat
hes the 
uxfrom the mantle, sin
e there is no high lo
al uranium andthorium 
on
entrations.from 210Pb de
ay. A. ��e sour
esFigure 3 shows that the Homestake mine is lo
atedmore than 750km away from any major nu
lear powerrea
tor. Based on the rated maximum thermal power,and ex
luding neutrino os
illation, the expe
ted rate of��e's from nu
lear rea
tors is 
al
ulated to be 64 per 1032target proton yr. Sin
e the ��e's typi
ally travel distan
esgreater than 1000km, the ��e survival probability due toneutrino os
illation 
an be approximated by P (E�; L) �1�0:5 sin2 2�12, whi
h equals 0.592 assuming sin2 2�12 =0:816. Therefore, the expe
ted rate in the geoneutrinoregion, below 3.4MeV, and in
luding neutrino os
illation,is only 11 per 1032 target proton yr, whi
h is � 7% ofthe expe
ted rate at KamLAND[2℄.Figure 4 shows the expe
ted spe
tra for geoneutrinos,
ommer
ial nu
lear rea
tors, and a natural nu
lear rea
-tor at the Earth's 
ore. The 
ommer
ial rea
tor ba
k-ground is insigni�
ant for the geoneutrino measurement.It is also small enough to allow a sensitivity of 1.3TW
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FIG. 3: Lo
ation of nu
lear power rea
tors in the USA, modi-�ed from Ref.[28℄. The 
losest nu
lear power rea
tor to Home-stake is � 750 km away.
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ted ��e energy distribution with a dete
-tor energy resolution of 6%=pE[MeV℄ for the 238U (solid)and 232Th (dash) geoneutrinos, expe
ted 
ommer
ial rea
torba
kground (dot-dash), and the expe
ted spe
trum from a6TW natural rea
tor at the Earth's 
ore (dot).at 99% CL for a nu
lear rea
tor at the Earth's 
ore.This assumes that the 
ommer
ial rea
tor ba
kground
an be obtained to 10% a

ura
y, whi
h should be possi-ble based on the published ele
tri
al power and an aver-aged 
ore nu
lear 
y
le. If the isotopi
 �ssion rates of therea
tors 
an be obtained the rea
tor ba
kground 
ould bedetermined to � 2% a

ura
y[20, 21, 29℄.B. Radioa
tive ba
kgroundsThe largest radioa
tive ba
kground in the re
ent Kam-LAND measurement was due to the rea
tion 13C(�; n).The neutron produ
es two events, one as it losses energy,and the se
ond when it 
aptures on a proton. This mim-i
s the ��e events. The � in this rea
tion is a produ
t of210Pb de
ay, whi
h is itself a produ
t from the de
ay ofradon (Rn) gas present in the dete
tor during 
onstru
-tion. There is a plan to purify the KamLAND dete
tor,redu
ing this ba
kground by a fa
tor of one million, mak-

ing this ba
kground negligible in the liquid s
intillator.The next most signi�
ant radioa
tive ba
kground isdue to random 
orrelations 
aused by radioa
tivity inthe dete
tor, mostly from U, Th, K, and Rn de
ays. TheKamLAND experiment a
hieved U, Th, and 40K 
on
en-trations in the s
intillator of 6�10�16 g=g, 2�10�16 g=g,and 2�10�16 g=g, respe
tively. This resulted in negligiblerandom 
oin
iden
es due to radioa
tivity in the s
intil-lator. However, radioa
tivity within the dete
tor en
lo-sure and surrounding ro
k, required a �du
ial volume 
utwhi
h redu
ed the e�e
tive dete
tor mass.Based on the results a
hieved with KamLAND, the pu-rities required to perform this measurement for future ex-periments are 
learly possible. However, the exa
t purityneeded depends on the �nal dete
tor design, dis
ussed inSe
tion IV. C. Cosmi
-ray ba
kgroundsCosmi
-ray muons produ
e energeti
 neutrons and ra-dioa
tive isotopes whi
h 
an mimi
 the neutron inverse� de
ay signature. The e�e
t of energeti
 neutrons and
osmogeni
 radioa
tivity is redu
ed by vetoing the de-te
tor after a muon passes through. There is a smallresidual ba
kground due to muon vetoing ineÆ
ien
y andba
kgrounds 
aused by muons that pass through the ro
ksurrounding the dete
tor without dete
tion in the muonveto.The re
ent KamLAND result[2℄ had a negligible ba
k-ground due to energeti
 neutrons and a ba
kground dueto 
osmogeni
 radioa
tivity of 0.6 per 1032 target protonyr. Be
ause of the greater ro
k overburden at the 4850'level of the Homestake mine, the energeti
 neutron and
osmogeni
 ba
kgrounds are expe
ted to be � 20 timesless than those at the KamLAND site[30℄. The exa
t
osmi
-ray ba
kground rates will depend on the dete
-tor material, layout, and veto eÆ
ien
y, although it isexpe
ted that in almost any �nal design this will be neg-ligible. IV. THE DETECTORIn past experiments, both liquid s
intillator and wa-ter Cherenkov dete
tors have been used to observe thepositron and neutron produ
ed in neutron inverse � de-
ay. Both te
hniques dete
t the photons emitted as
harged parti
les move through the dete
tor. The neu-tron is dete
ted via the 
-rays emitted from its 
aptureby a nu
leus in the dete
ting material.Water Cherenkov dete
tors produ
e a 
one of lightwhi
h allows the dire
tion of the 
harged parti
le to bedetermined, and therefore allowing the dire
tion of the ��eto be inferred. The Cherenkov photon yield is generallymu
h less than the s
intillation light yield, and 
onse-quently water Cherenkov dete
tors have poor sensitivityto events with energy less than � 4MeV. A typi
al liquid



5s
intillator dete
tor easily observes ��e's at the neutroninverse � de
ay threshold. However, liquid s
intillatordete
tors do not have very good dire
tional information.A. RequirementsThe following three measurements should be per-formed by the proposed dete
tor: measure the totalgeoneutrino rate, measure the ratio of 238U to 232Th inthe Earth's interior, and test the hypothesis of a natu-ral nu
lear rea
tor at the Earth's 
ore. Ex
luding the238U and 232Th distribution in the Earth, the largest er-ror in determining the expe
ted geoneutrino rate is dueto the un
ertainty in the neutrino os
illation parametersin2 2�12 whi
h is known to � 6%. It is unlikely that thea

ura
y of this parameter will be determined to betterthan a few per
ent within the next de
ade. Therefore, itdoes not make sense to plan on measuring the geoneu-trino rate to mu
h better than 6%. Assuming a 10%error in the 
ommer
ial nu
lear rea
tor ba
kground, andonly using the ��e spe
trum below 3.4MeV, to measurethe total geoneutrino rate to � 10% the required expo-sure is estimated to be � 2:3�1032 target proton yr. Thisdoes not in
lude systemati
 errors, but these should be
onstrained to better than 10%.In determining the ratio of 238U to 232Th many errors
an
el, therefore it should be possible to obtain a mea-surement to better than 10% un
ertainty. The Th/Uratio is 
urrently estimated from meteorites to be be-tween 3.7 and 4.1. To do this measurement, the ��e energyspe
trum 
ould be split into two regions, one between2.5MeV and 3.5MeV, whi
h 
ontains only 238U ��e's, andthe other between 1.5MeV and 2.5MeV. An exposure of� 20� 1032 target proton yr is required to measure theratio to 10% a

ura
y. The un
ertainty 
ould be slightlyredu
ed by a full spe
tral shape analysis.Assuming a 10% error in the 
ommer
ial nu
lear rea
-tor ba
kground, and only using the ��e spe
trum above4MeV, the required exposure to observe a 6TW georea
-tor at 3 sigma above zero is estimated to be � 0:8� 1032target proton yr.For a measurement of the total geoneutrino rate andan observation of a hypotheti
al georea
tor, we need anexposure of about 2 � 1032 target proton yr. This 
ouldbe a
hieved in approximately four years assuming a sim-ilar �du
ial volume, 700m3, and target proton densityto KamLAND[29℄. A dete
tor mu
h larger than this isnot required, sin
e this dete
tor will already rea
h thesensitivity imposed by the un
ertainty in the neutrinoos
illation parameters. However, an a

urate measure-ment of the 238U to 232Th ratio would require a larger

dete
tor, or a longer exposure time.B. Dete
tor DesignThere are two main types of large s
intillator ��edete
tors: monolithi
, su
h as the 1 kton KamLANDdete
tor[29℄; and segmented, su
h as the 11 ton PaloVerde dete
tor[21℄. The advantage of a monolithi
 de-te
tor is redu
ed random 
oin
iden
e ba
kgrounds dueto redu
ed support material, whi
h is typi
ally harderto purify than the s
intillator. However, it would not bepossible to build a KamLAND shaped dete
tor at Homes-take mine without further ex
avation sin
e the dete
tor isspheri
ally symmetri
. The advantage of a segmented de-te
tor is it 
ould be 
onstru
ted in se
tions above groundand transported below for assembly. Depending on thesegment size, it 
ould also be pla
ed in one of the largerexisting 
avities.In the KamLAND dete
tor, the neutron produ
ed inthe neutron inverse � de
ay is 
aptured by a proton witha mean 
apture time of � 200�s produ
ing a 2.2MeV
-ray. Gadolinium (Gd) was added to the Palo Verde de-te
tor s
intillator in order to redu
e ba
kgrounds. Neu-tron 
apture by Gd produ
es 
-rays with a total energyof � 8MeV, whi
h is a higher energy than that pro-du
ed by most radioa
tive ba
kgrounds, greatly redu
ingthe a

idental ba
kground. Additionally, the Gd neutron
apture 
ross-se
tion is high, resulting in a mean neutron
apture time of only � 27�s in the Palo Verde dete
tor,whi
h would further de
rease the a

identals due to theshorter 
orrelation time window.V. CONCLUSIONA measurement of geoneutrinos is an important stepin 
onstraining our understanding of the Earth's uraniumand thorium distributions. The de
ay of these isotopesis the driving for
e for plate te
toni
s and earthquakes,and this is the only te
hnique that allows us to dire
tlyobserve these de
ays o

urring at the inner depths ofthe Earth. The KamLAND experiment[2℄ has re
entlyshown the viability of su
h a measurement; however, itwas limited by ba
kgrounds from nearby nu
lear powerplants. A similar experiment at the Homestake mine doesnot have the same problem with nearby nu
lear powerplants, and other ba
kgrounds should be small or neg-ligible, but depend on the �nal dete
tor design. It isenvisioned that a dete
tor 
ould be lo
ated in an exist-ing 
avity in the Homestake mine, su
h as the one usedby the Davis experiment[1℄.[1℄ R. Davis, D. S. Harmer, and K. C. Ho�man, Phys. Rev.Lett. 20, 1205 (1968). [2℄ T. Araki et al., Nature 436, 499 (2005).[3℄ G. Eder, Nu
l. Phys. 78, 657 (1966).
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hubert, D. L. Tur
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