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Chapter 1 

Introduction 

One o f I.he central ii;sucs in particle physics, as well as in astrophysics and cos-
111ology, is the qtwstion of whether or noL the rest. masses of the neutrinos a rc 
exacLly icro. In t.he minimal SU (2)1. 0 U (1) standard electroweak model , all 
neutrinos arc massless and lepton number is cxadly conserved. Despite long­
slanding success, however, the standard model is incomplete and inadequate, 
with many pararne tcrn left unspecified and a physically unreasonable global 
sy1111net.ry needed to enforce exact lepton number conservation. 

The standard modd , therefore!, is generally agreed to need significant ex­
tensio ns. A I though t.he nature of the necessary modificatio ns is unclear , most 
proposed extensions of the standard model allow finite neutrino mass and rnany 
othl~rs require it. Experimental iicarches for 111Jutri110 mass arc t.hcrcforc im­
portaul. both to test tlte standard model and to guide Lhcoristi; seeking it better 
modd. Cl<!ar cxpcri111ent.a.l evidence for finite tieutrino mass would herald a n~w 
era or physics "beyond tl1e standard modd" . 

Fml.liermorc, if llw neulriuos are experimentally proven to have mass, not 
only \\'Ot1ld there be d•:cp implications for om t.heorel.ica.I idea!'! ou particle 
physics and on t.he unifirnt,ion of for(.'!!S, but also for our unden;t<uiding of csseu­
t.ial astrophysical plie110111ena. such as t.lw encl'gy generating mcclrnn ism of the 
Su11 , tlie linal stages of std lar evolut.iou , a.n<l the history of thl' lJn iven;c it,o;df. 
Tln1s, the experim•!ntal search for fmite neutrino mass could well provide the 
key to a rich do111ain of new phc110111e11a.. 

We~ are proposi11g here an incisive new experiment co1nbi11 iug and extending 
prove11 methods of pn.rtide detect.ion and b<i.ckground rejectiou t.o search with 
ord<•r-of-1uag11it.uclc imp1·ovcd sensitivity for the phenomenon of 11eut.rino os<'illa­
tions . If dif:'rnverc:•d, ;;11c.h osri llat.ions would provide dear proof of I.hi' cxisknce 
of Ii n i I.•' 1 wu l ri no 11 ia:-;s. 

This an~a i~ rip<' f'or <1 1ww and pot ... 11!.ially ddinil.iv<~ cxp<~ ri11w111 .. i11 1.h111 <'X­

p1'ri ll IC'lll al Ii j 11! S for I ill' <'Xis( !?ll r<· o l' llf'll f ri 110 O:>C' ill ai.iom; CO Ill!' rro111 I \\'O d isl i tld 

St'I S of ohS<'rVa l. io 11~ : \l long Sl~ f'i l'.'S Of UJl<'Xfl<'dt•d ly low J'<.~<;U }L-; ill llll' l\Sll l'ClllCll(!; 
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or lhe terrestrial flux or solar llCULrinos ; a11d the ohservaLion of all anomaly in 
the ff ux of cosmic-ray produced muon ucu trinos observed by deep underground 
dclcdors . Achi eving sc11sitivit.y to the 11cutri110 mass scales indicated by these 
hints require:! a new g1~11eraLion of long baseline neutrino oscillation r.xperimcnt.s 
such as the cxpcrimcnt we here~ propose. 

There arc a 1111111hcr of expcri111<mtal approadics t.o <fot.cction of n finite 11e11-
Lri110 rest mass. Precision 111casurcme11t.s of low energy bcla decay 1;pcr.Lrn in the 
vicinity or their end poinf.s (i.r·. zero llClllrino ki11ct.ic e11ergy) offer perhaps f.itc 
most. dirt)r.t approach. Currcnl mass lim its provided by this iec!rniqlH.~, howl~ver, 

are not. very sensitive. Even iu I.he most fovora.hle case of clcct.ron antincut.rinos, 
cxpcrimc11L-; have been able to attain sensitivity limits of only about lOcV. 

Other methods sensit.ivr. Lo smaller 11cut.rino masses i11cl11dc inwst.igal.ion of 
the ti me i;trnctmc of ne11 lri110 puls<~s from c.ollapsing sta1·s, probing for nculri-
11oless fJ/J decay, and searching for ne11t.rino matl~r and vacuum osci llations. 
Since oscillation experiments make us<~ of a qua11f.nm mcch11.11ical inLcrforcnce 
effect, t.hey hn.vc the advantage of potentially exquisite sensitivity to the mass 
differences of t he oscillating particles. I"or example, the observed strangeness 
oscillatious in the [\· 0-1\·o system reveal an llndcrlying mass difference of .6.m::::: 
3.5 x 10-GeV! 

The Chooz experiment. which we propose here makes use of the oscillation 
t.ccl1niquc to perform a. very sensiti ve search for extre1111~ly snrnll ncutrino masses. 

In Chapter 2 we review the current status of neutrino oscil la ti on experiments, 
emphasizing the experimental hints that ex ist for the presence of neu trino os­
cillations. 

Chapters 3 and 4 present an overview of the Choo:.: experiment and a de­
tail<~d discussion of its design. In C hap(.cr 5 we treat \.lie Chooz dcctro11ics, 
and in Chapter () the planucd ca!ibrntion proc<~durcs. Clmplcrs 7 aud 8 con­
cern the expect.cc.I 1wrror111a11re of the del-ect.or for 11eutri no events and for the 
background , n:sp<!divdy. 



Chapter 2 

Neutrino Oscillations 

If at leMt one 11<~11trino has a finite rest mass and if the separate lepton numbers 
L~, f,1,, l\ml Lr are nol exactly conserved in nature, it. is likely I.hat the neut.rino 
flavor cig<>ust.ates, 111, (when' I = l, /i , r) prod ured by the wc11 k iul,eraction would 
not be idc111 ical wit.It the true ncut.riuo mass eigenstates 11;, but would consist 
of a. linear combination of the I/;. That is, 

,,, = L U1;11; ' 

where U1; is known as the mass cigcnstatc mixing mat.rix. If the off-diagonal 
coruponcnts of this matrix were non-r,ero, mixing among the flavor eigenstat.cs 
would exist and the various neutrino sp«:cies would evolv.c in time as linear 
co111hi11at.ions of mass eigenstates. · 

Th is intriguing phenomenon, known as neutrino oi;cillat.ious, was first J>l'O· 
pounded by Po11t.ecorvo [1] in t.hc context. of 11t-Ve transitions, wdl before the 
discovery of additional neutrino flavors. l\faki ct al. (2] were the first to dii;cuss 
ne11tri110 flaYo r oscil\al.ions of t.h•) t.yp<! of int.cn!sl her1!. 

Foi· tl11• si111plc case of oi;cillations hdwe<~n 1w11Lrinos of the flavors e and/'• 
th<~ a how· ·~quat.ion b·~con1<~s 

For an initially pure ''e slate, !.he 1111 amplitude evolves al. (.ime t to 

and tlw prnhabilit.y of li11<linµ; a 111, at. distanr<~ L = cl bnco111cs 

. ,, .. , ['·"27~111 :! /, J 
l'v,. = :;1n·'2() f.1 111· - - .-. -

/.,, 
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Figu re 2.1: Neutrino flux vs. <list.a nrc for a 111011ochro1nat.ic :1 M<·V Ve h<'arll 
at Cosgcn ~nd Cliooz for 111ilxi111a l 111ixi11g at two diffc~rnnl vi\lllt's of t:.m'.! . For 
6111:! a.c; low as 10- :ieV2, t lw ll<'utrino flux rcdurtion at Chooz \\'Ould be a rc•acl ily 
oh~wrvabk 20%. 

whcrr 6.111'.! = "'~ - 111~ iu cV'.!., L is the dislanc<.' in meters and J;;v i$ the 
11<' 11tri110 e• 11 1• ri.~Y i1( Mc•V. ''1r W•~ haw~ a dc•kctor :·w11sitivc' only lo 11, , tlH!ll the~ 
ohsPrvc•d rou11t, ral.<' will he proportional to 

J> =I - J> = i -s111· W siu-
. " 'I [ I 'J."'j ~ ,,,'.! J,] 

~ ~ ~ 

This r<'sull appli<'s t.o a sit.uation wlu' n' t l1l' 1w11t ri11os hav1• a sin~lc· 1•111•ri;y a 11 d 
wl11•r1• t.111' 11t•utri110 sour<·e~ and <h't(•ct.or arc• poi 11t- lil·w. Tlw ohs1·rve•d t·ou11t rate• 
will thus osri llat<' lwt.,wcn I and 1-siu:!:W, as sho\\'11 i11 Fig. t. . l. 111 t he• ca:-w or a 
uo 11 -1no11od1ro1 11at k so111·cc or non- poi nt like• W'<)1111 •1 ry1 t l11· o:;rillation a111plit11cl1• 
will lw rc•cl11re•11. 111 <'XLrc•1111• c·a:;l's, !',,, will rr·ad1 a <"011sta111 1·qui lihri11111 rnl1w 
ol' I - ~siu:!'J.0 . 

111 r~11 PX l•nri11w11l :-;1•ard11 11g for 111·111.n110 o:-.i: ill.11io11s. tlw 0\1•rard1i11g 11wa 
Siii'<' of qt1al1ty i:-. l ltt• al1ility le> tlisr•·l'll S1i1all val111•,, nf si ll"!(.(/ :111d ~Ill~. \\ 'ii Ii 
ri·,;111•r1 lo th•• l:i r 1.1·r1 larµ;c• va l1 11·s ol' 1. :i11 il s111all 1·al111•,; o l 1~·,, nrc • l'l'cp1in•tl . rlw 
pr11pt1sPd ( 'lioo~ PXp«'ri1111•11t all ai11" it" hii;li ..,,.11,..11 11·i 1~ l1y doing liol Ii . l'f'a1·l1-
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ing a n L/ Ev ratio of about 500 m/MeV, an order of magnitude higher than in 
previous laboratory-quality measurements. 

The results of neutrino oscillation experiments arc usually plotted on graphs 
of 6.m:i vs. sin220, in which regions excluded (or incfoded, in the event of a 
discOV<!ry) ;rn~ <ldincatcd by contours at various confidence levels, usually HO% 
( l.G15o-). Examples of such "exclusion plots" arc show n in Figs. 2.:l and 2.4. 

2.1 Experimental Hints 

2 .1.1 Solar Neutrinos 

sn Nentl'inos - Homestake and Kamiok.ande II 

For ov1?r twenty years, a. ra.dioche1~;ica.I :1
7 Cl neutrino experiment in the Home­

stake Gold Mine [3] has been monitoring the flux of relatively high energy 1rnn­
t ri11os (thought to be mainly from 8I3 decays in the Sun) with a connt rate 
consistently about a faclor of three l>elow the value expected from standard 
models of solar physics [4, 5]. Apparently, either our models of the Sun's inte­
rior are incomplek or our understanding of neutrino physics is deficient.. Cal­
culated values for the Homestake chlol'ine experiment are in the range 6-8 SNU 
(I 80iar neutrino unit = 10-3

<> captures/target atom/second), while the mea­
sured V e + 37CJ -+ 37 Ar+ e- produdiou rate is 2.3 ± 0.3 SNU (0.44 ± 0.05 
capt.UH's/day) after subLraciing a terre:Mial background of 0.4 ± 0.2 SNU. 

The low flux at Homestake has been confirmed by [(amiokandc II [6], a 
1000 ton water c:erenkov detector which uses the neutrino-electron elastic scat.­
lering react.ion t.o measure the 8 B recoil clcdron s pectru m. Thr. ohserved recoil 
electron angular distribution is shown in Fig. 2.2 together with th<~ ~xpect.cd dis­
~rihut.ion based ou the Bnhcall-Ulrich slandard solar model prediction (1]. The 
pc<"l.k in l•'ig. 2. 2 gives a clr.ar indication of a.n excess signal f7·0111 iii<: dfrcclio11 of 
Ilic ,')'·un conesponding to a flux 

0.1<) ± O.O!)(sl.at) ± 0.06(syst) 

t i11 H's 1.liat. of the st.audard solar model. 

Prntou-P1·oto11 Neutrinos - SAGE ~m<l GALLEX 

111 Llw staudard solar model, more t.ha.n 99% of the t.enninalions of the proton­
proton chain lead to emission of an clecl.ron neutrino wit.h energy less than 
0.42 i'lfrV. 11 Ga, wiLh a threshold of 0.:1:l McV, is so far the only feasible Larget. 
makrial capahk of dd.<'<'Liug the i11tc11se flux of t.lu~sl' low-1·~11ergy />-P neut.rinos. 
\h;i11g t.lw standard solar 111od<'l. t.Jw f.o\;11 rouuting ral.1l in gallium. i11dmli11g all 
t"<'ild.ions. is1•x1wct1·d t.o he J:l:1SJ\lJ. ro1T1.•:;po11di11g \.o 2 <·011nt.s/day in a ()Ot.on 
<'XJH'ri 1111•11t. 
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Figure 2.2: Measured J\amiokan<lc II recoil elccLrou angu lar distribution aft.e1· 
1040 live detect.or <layi> (from ref. [<3]). The indepe11dc11i variable is the angle 
bet.ween the reconstrnct.ed dcct1·011 direction and ih<! Su n. The plot clc<1rly 
sho ws <111 isotropic hackground plus <111 cxn•ss of events from t.hc dirnction of the 
Sun. The solid histogram shows the expcdcd distrib11l.io11 using a Monte Carlo 
simulation b<ist~d on th<~ st.andard solar 111odc l. 

Two 11 (:a exp<~rimen ts arc cu rrcuLly i 11 01wrn t.ion . Tlw first. is th<~ f50 ton 
Soviet. Anwrica11 Gallium l~xperi11wnt. (SA(;]·~) a l B1do;a11 [7], which has recently 
report.c.•d <1 signal level of" !i8~~~ ± !'1 SNll. Th<:' s<.'('()nd is t. h<~ :w ton GALLEX 
•'xpcri1ne11l. at Gran Sasso [8], which secs li:l ± J\J ± 13 SNli. The 1.wo m-;ull.s 
ai·c consistent. and boLh sugg<'sl a 11c11tri110 flux lcvd low compared to Llw 
1.otal (':qwct.cd from sl.audard solar model <'alrnlal.ious. Th<• r<!1rn1Ls arc 11ol yet 
good enough t.o b<! abk- 1.o nrnkt• a stro11g c<1se. lioW<.' \"<.'I'. for flux l<~vels low•~r 
Lha11 Llie IJ·JJ prediction. Assumiug t.lw experiments arc corrc•ct. (11<~11Lri110 source 
ndihrnt.ions an• planned for hot.h SAGE and GAL Ll·:X in t.h1• 11t•1ir future), it is 
110( at all d<>ar w!wt.l1er the answer lies wil.h I.Ii·~ 1w11t.rino physic:.<;, i'iOlar physics, 
01· n rn111hi1111tio11 of holh [D. 10, 11). 
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Iut:cl'J>l'Cta ti on of Solar Neutrino Results 

The nux oft.he high energy 8 B neutrinos to which the chlorine an<l water experi­
ments arc most sensitive is critically <lcpcndcnt on the Lempern.tme of the Sun's 
core. To calculate the 37 Ar production rate to within a factor of,...., 3, the solar 
core temperature 111ust be known to an accuracy of'"'"' f> - 10%. N umcrous 11011-

stl\ndard solar models [ 12} have therefore been suggested, incorporating a varicl.y 
of lwavy metal abundances, high magnetic fields, turbulent. diffusion, continu­
ous 111ixing, rapidly rotating or burned-out hdi11111 cores, convective mixing of 
hydrogen into the core, or new equations of state. All of these effects go in the 
direct.ion of lowering the solar core temperature. However, these non-standard 
models g<!llerally have diffic11ltics accounting fol' othm· observed features of t.hc 
Sun. 

In addition to solar model elfods, it. has also be<~n suggested that our· u11-
dcrstanding of the relevanL particle physics may be i11co11J plet.c. Mikhcyev and 
Smirnov [13J <tnd Wolfenstcin (14] ha.ve rointcd out. tha t the different couplings 
of vt, v 1,, an<l vT to matter cau cause an oscillation effcc.t.. If llc,i•,T are orthog­
onal linear combinations of the same mass eigenst.at1's, tl11m lie produced by 8 13 
decays in the solar core can oscillate into 111, or llr as they propagate outward 
lh rough the Sun's overlying layers. Since the chlorine detect.or is insensitive 
Lo //1, and vT (and water only weakly sensitive). the Homestake and Kamio­
kande rat.es would be suppressed. Over the range of neutrino mass differences 
~m.2 ""' io-7 - io-~ eV 2 and vacuum mixing angles sin 220 '"'"' 10-4 - 1, the 
counting rate suppression could be just. Lhe required fact.or of 2 - 4. 

Neutrino magnet.ic mome11tH, transit.ion motn<mti;, ncut.riuo decays, as well 
M weakly interacting massive particles and nuclei wiU1 extra quarks in the solar 
core have also been invoked as por;siblc caus(~s of the sol1:1r neutrino problem. 

If we interpret the deficit of solar neuLrinos <1s being due t.o t.lie oscill<1iio11 
of 11,. _. 111., then this observation ca11 be used in conjuuction with the 1;eesaw 
ni~·chanism [15] to set a scale for ncut.ri110 mass('S. For example, if these cx­
(.H)rimcnt.s imply t.ha.t Lim~ is i11 the raugc io-1 t.o 10-11 ev~, then t.hc seesaw 
nwcl1anisrn would yield 

and 

int plying Lh;it !J.111.~,-v. = I x 10 1 t.o 1 x 10- :3 l'V~. Flll't.l u'1", ir lepton 1111x111g 
rnughly rnrrrspomls with Lhe corn~1;po11di11g quark 111ixi11g, IV(' wo11ld haw 

:;i11~:.!0,...., J0- '1 fen 11, - 11.,. 

sin~~O,...., 10-·~ for 11
1
, - "r 
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and 

2.1.2 Atmospheric Neutrinos 

ALmosphcric neutrinos are produced hy !.lie interaction of primary cos111ic rays in 
the at.rnosph<~rc. These neutrinos pcudrak the Earth and arrive almost isotrop­
ically at. largr. underground dcl.cd<)ri;, having traveled distances fro111 ""' IO km 
( wht~n coming directly from abov~!.) to ""' I '.WOO kin (coming from bdow). 'J'h('IW 

large distances, together with the relatively low mean energy of thr. neutrinos, 
provide an opportunity to study oscillations to very low values of 6.m2 . 

Oscillation studies wi1.h atmospheric neutrinos havr. several dni.wharks, how­
r.v<?l', limiting their sensiti vi Ly t.o large 111 ixing angles. The flux is com posed of 
roughly equal p roport.ions of dr.clron and muon neuLrinos 1111d 1rnLincutrinos. 
Th is composition makes an appc.arancr. experiment impractical. Moreover, tbr. 
energy spcclrum is mostly hdow charged current T t.hrcshol<i, so oi>ci llation l.o 
11r would manifest. iLself only as a Jos." of muon n1)11tri11os. Finally, the low en­
ergy spectrum creates problems with the intcrprnta.t.ion of the data.. This energy 
1·egion, while iu principle well understood theoretically, involv1!s rnaiuly qur1.c;i­
clastic a.nd resonance production processes, in which numerous resonancC\s are 
either not well established or have form-fact.ors which have not been lllt!asurcd 
accml\tc]y. In addition, the intcradious in Llw def.eel.or t.l\kC\ plac<~ mainly within 
oxyg<m nucl<!i, which makes modeling dirTicult. 

Nevertheless, large samples of contained neutrino interact.ions havr. been 
analy:t.cd for the presence of ncuLrino Of?cillat.ious. 

Nc-mtduo Eveuts Coutaiued within the D<~t<!Ctor 

T he most accurately predict.1?d foat.11re of atmospheric neutrinos, (± 5%), is the 
rat.io of the muon ueutriuo flux to I.hat. of I.he decirou neutrinos. If oscillations 
or any kind take plac1\ this rnt.io could change. 

To study this effect. it is necessary t.o idc:nt.ify the leptons producc~d in t.lw 
tt•:utrino int.cract.ions, 11a1111!ly to lw ahlc 1.o diffcrcut.iatc between 111uo11 1111d 
dcclrn11 signals. Therr. are t.wo rndhod~ for accompli;;hing l.ltis l.a.c;k: 

• M tlOll decay signnt.ure idcnl.ificatio11. I 11 the IM n.3 dct.('cl.Or I the Ob!;(~r¥t~d 
t1111011 decay fract io11 w<18 about 2cr bdow expediition. 

• Lept.011 identification using "show(~t·ing" vs. "non-sl1owering" l. r;irks. In 
t.lw visi hlr. Pll<'rg_v rang<' 100 · I f>OO Mc\!, (.he IM Jl-:\ dd.ect.or observ(~d 
II 11011-slto\\'t'ri11g; rrnction (11111011s) wl1irl1 was :Jrr_,,", l><'low I.Ill' •'.XP•'Ckd 
f'racl.io11 [I t5]. 

,\ si111ilar dl'licil ha,.; hc'l'll 1·1•porl1'd hy t lw l\a111io lrnud1 ~ dcl.1•c1or, \\'lii<"l1 also 

111t'Mmrl'd n11 11110111alousl,y low 11011-shom~ring l'rad.io11 [ 171. J\cit.lwr I .\I H 11ur 
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Kamiokande observed a correlation of this deficit with energy or angle ( neu­
trino path-length) as one might expect from oscillations. Nevertheless, the 
Kamiokandc deficit has hN~ll intcrprded as a manifestation of muon neutrino 
oscillations with a most probabk~ 6m 2 of io- 2 cV 2 a11<l with a mixing as high 
as sin2:.W""' 0.69 [18]. 

Neuh·inos lntct·acting Dmwath the D<~t<~ct01· 

Another source of information for oscillation studies was provi<kd by neutrinos 
whir.h intt~racted in the rock and produced secondary particles (mainly muons) 
which cntere<I tlw del.r.cl.or from below. Computer simulations based 011 a variety 
of flux, interaction and transport models predicted the rates and energy spectra.. 
No signifir.ant deviations were seen. 

The sensit.ivity to mixing anglr. in these analyses was limited mainly by the 
20% systematic uncertainty in t.hc flux. To overcome this limitation, the detec­
tors studied the flux-independent ratio of the rate of up-going tracks stopping in 
the <le!.c?ctor to t.he ra.tc of exiting trackil. Since the median energy of stopping 
muons is 5 GeV while that of exiting m11011s ill 80 GeV, the ratio is 8ensitive 
to oscillations. The measured value was in good agreement with the predicted 
value (depending on the model applied). Again, no evidence for oscillation was 
see11. 

These intriguing observations constitute the "atmospheric neutrino ano­
maly" and richly deserve further study. See Fig. 2.3. 

2.1.3 Single Solution to the Atmospheric and Solat· Neu­
tdno Anomalies 

An i11terest.i11g a11alyllis h11s been offered [19] which tries to find a common solu­
tion to the two 111!11tri110 puz;de:;. The anomalously low ratio of the atmospheric 
111, flux to lie flux at low e11ergit•s is a.Urilrnt.ed t.o 111, ...... lie mixing. The lack 
of similar dt•pletio11 of I.he high i~nergy upward-going 111, flux is explai11ed iu 
I.his 111odd hy suppression of the vacuum mixing factor sin2(20v) <hw f.o m<it.ter 
effoc\.s in the Earl.Ii [20]. A further conscqm!nce of this model is tlie cncrgy­
i11dcpe11dcnt depletion of solar neutrinos to about GO% of the predicted llux 
in radiochemical experiments anJ to about ()()% in v-e sr.aHcring expel'imm1ts. 
With three-family mixing, values as low as :3:l% al'e obtained, thus explaining 
!.he long-st.cmdiug solar 111~11tl'i110 d<~ficit. The oscillation para111et.crs suggested 
by this analysis <ir<? 6.mr ~ (U.!) - 1 A) x 10-2 eV2 an<I si11:i(20v) "'0.8, which 
easily fall wit.hin tl11.• range~ of ChooY-. 

This analysis illusl.ralcs I he possihle exist.e11ce of ll<!W pliysi('s in I ht~ dornain 
lwt.\V(~('ll Io-'.!('\!~ 1111d I o-:i ,, \!'.!, I.he l'l~gion or i 111.('J'CSI for \.he jll'('S('lll. prnpo,;al. 
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2.2 Neutrino Oscillation Experiments at Reac­
tors 

2.2.1 Motivation 

As we have seen by combining the results from atmospheric a n<l solar neutrinos, 
t.hr. 111,rgdy unexplored Am2 - sin2 20 Mgio11 between Am2 

""' 10- 2 e V2 and 
10-1 e V2 is extremely interesting. Furl.her I as WC haw shown, t he solar n1~utrino 
res11 lt.s, when combined with the seesaw mechanism, imply t.hat a search for 
11,. --. llr. osc.illat.ions i 11 this region may be crucial. 

Since sensiti vit.y to low-mass neulrino oscillations requires a large val uc of 
/,/ E11 , large a.Jl(I costly experiments have been envisaged using GcV accelerator 
nl'!utrino beams And very long <list.anccs (hundreds of kilometers) to achieve a 
Am2 sensitivity approaching ~ I o-:3 e V1 . An experiment using rwctor neu­
trinos has the major advantage that the average neutrino energy is very low 
{ ..... 2 MeV), a factor of 1000 lower than t he energy of typical accelerator neu­
trino beams. Therefore, to achieve the same ti.m2 sensitivity, shorter distances 
and much s maller, less costly experiments arc required. 

In this document., we propose a new reactor neutrino oscillation experiment 
to achieve a sensitivity of ti.m2 :::: 10-3 cV2 • In addition, the experiment. pro­
posed here will contribute toward the design of later experiments capable of 
sensitivities down t,o "J 10-4 (N2 a11d po!lsibly beyond. 

2.2.2 Previous Reactor Experiments 

N uclcar power reactors provi<k intense, rather well undersLood sources of low 
eucrgy Ve 's. Not. only is the neutrino energy 1>pcctrum known to an accuracy of 
a few perccut, but. t.h<~ neutrino flavor composition (pure ilc) a nd angular distri­
bution (isot.rnpic) of the react.or neutrino beam are known essentially perfectly, 
unlike accelerator ueutrino beams. Thu::;, reactors provide nearly ideal sources 
for 11c11lri110 osc i JJ al ion e.x per i 11 ien l.s. 

Over the yeitrs. therefore, a n111nhcr of neutrino oscillat.ion searches have 
been performed. T able 2.1 compares a rn1111her of t.h<'s•~ experiments, 11s wr.11 as 
three fut.11rc experi 111 e11L5. 

Th e bcr;t. pre-sent limit.<; fro111 a reactor neutrino osci llal.ion measurenient 
co111e from an cxpNimeul. led by F. Boehm <1.t C:osge11 i11 Switzerland which 
wi\s 6!) meters frorn t.he rca('.l.or and a.chicVt'd a Am2 sensitivity approaching 
'"" 10-:i cV2 [2:lj. A more stri11gc11t li111i t. i11 A1112 has ht>en obtained rcc<!Jt l.ly by 
n l\urchaf.ov lust.it.ut.c? group (20]. hut. t.hc srnsil.ivit.y in mixing was uot as good 
(sin" '20 ~ .!ill). 

Tlw (.;()sgcn ·~x1wri111cnl. 111P<1s11rr~d t.h1~ Ii, s1wd.nu11 at. t.lirce dislauces up 1.0 
()1!.i 111 fro111 t.h<' n'<1c·l.or by 11~i11p; 1.lw i11v1-~1·,:;1~ lwla 1krny r1•;i('l,io11 Ii, + 71 -
I+ + II . 'l'li<' r<~ador had ;1 tlll'rr11;d jlOW<'I' or i~O(J \l\V. wliik 1111' d<•le<"1or 
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l::XPEH.IMENT NEUTRINO JlEACTOH ilm'.! REF. 

TARGET DISTANCE (no% c. I.) 

MASS (max.) (111i11.) 

Grenoble :l20 kg 8.75 Ill .1 f) [2l] 
Savannah River :.wo kg 21111 .05 [22) 
Gosgen :l20 kg ()5 Ill .019 (2:~) 

Krnsuoyarsk 000 kg 92 Ill .01'1" [24] 
Rovno :.!00 kg 25 Ill .06 [25] 
Krasnoyarsk ()00 kg 200 Ill .01 [2GJ 
Bugey Ill 1200 kg 40 m iu progrcs~ [21] 

San Onofre 12000 kg 700 Ill 2 x 10-3 [28] 
Choo;-: '1800 kg 1025 Ill 1 x lo-:'! this proposa.l 

Perry 1000 ton 12.9 km I x 10-4 [29] 

·68% c.I. 

Tahlc 2.1: Summary of reactor neutrino oscillation experiments. The last three 
experiments listed are current or future proposals. 

provided a target mass of 320 kg and yielded a neutron detccl.ion efficiency of 
21.7%. 

The r(~sults of the Gosgc11 experiment as well as several other reactor neu­
trino oscillation experiments are sumniarizcd 011 t.hc cxdusion plot shown in 
Fig. 2.4. In this plot, for example, the al'ca above and to the right oft he curv1~ 
labelled "Gosge11'' is tlH! region of t.hc ~m2 vs. sin:? 20 phase spa<'c whc~rc neu­
t.rino oscillations would h<1.ve hl.'en ddccl.ed hy this expl'rimc11t had th<~Y bcc.~n 
present .. The minimum 1kl.edil.hlc ~rn 2 for n1axi1111:il 111ixing was UJ x 10-2 eV2 . 
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REACTOR NEUTRINO OSCILLATION LIMITS 

-'> Q) 
rn-2 -

INS 
<l 

10·3 

0 0.2 0.4 0.6 0.8 1.0 

Figmc 2A: Jlea('.tor neutrino oscillaLiou limits 8howing 90% c.I. exclusion con­
tolll"!;. The Choo11, experiment. will extend existing results by more t han one order 
of 11iag11itude in 6.m2. The ful.ure Perry cxp<?riment would allow an additional 
L1~11 -lold se11sit.ivity i111prnveme11L. 



Chapter 3 

Description of the 
Experiment 

We arc~ proposing the Choo;:. experiment. as a highly se11s1l1v•! ncut.rino oscil­
lation search using au underground fa.ci lit.y near a nucleal' power station. We 
believe this experiment is the next logical step i 11 the systematic exploration of 
the neutrino oscillation parameter space. Additional motivation is provi<kd l>y 
the uucxplain<!d anomalies observed in solar and atmospheric nc~utrino measure­
ments. 

The experiment will look for the spectral distortion and l!ux reduction which 
would signal the existence of vacuum oscillations of the electron anti111~utri110 
beam emitt.cd hy the twin power reactors. The limit.son 1w111.ri110 oscillatio11s <~x­
pectcd are shown in Fig. 2.4 by tlte curves labelled ''Choo;:.". l"'or maximal 111ix­
ing, the experiment would detect oscillations for values of flw'.! > I x IO-:J eV~. 
an ordcr-of-111a~nitudc improvc111e11t. over currcnt.ly 11vailahl<' limits. The exper­
i111 cut would also provid1~ an cxcdle11t icsl.ing ground for 111ct.ltodology for the 
future Perry cxperinH~nt (sc<~ Table '2.1 an<l rd. [29)). An ovNvit)W of 1 lio.• Clioo;1, 
expcl'itnenl. is show11 in Fig. :u. 

3.1 Neutrino Source and Site 

Tiu· n<.'ttLrino sout\<' is a pRir of r<~actors at. \.he Cliool. B nurl<.'n.r pow<'r s lal io11 i11 
th<• Ar<lc1111es region of northeaslc'rn France. Each oft.lw P\VB n~nctors wi ll have 
a thert nal power of 4 .'2 G w and is sclted11 kd for sl.arl..u p by t.IH· 1:11d o r I~)%. All 

t>sSPlll.ial frat.ur1.• of llll' l'X1wri1111~11t.al :;iLc is tlir: nvai lahilit.y of a t.11n1wl wit.h au 
ow:rb1mle11of115 111 of' ro<:k. c•qui\'al1~11t. to :wo 111 o f \\'at.er. lluildi11g t Ii•: 11C •11t ri110 
d<'l<'C"lor i11 this 1111111<'! \\'ill provicl<· 1111' "<>srnir··r;iy slt i<•l dinii; 111•1•d<•d to JH'<·s•·rvc' 
1 lw sig11;tl/11oi,;<.• rnr io agai11s\. a 01w liu11dr1•d-!<Jld 111•11l.l'i110 flu:-: rnl11l'I i1>11 wir.li 
l'd>JW<'I. 1.o pn·vions •'XJH'ri1111•11\.s . Tli1.· ad\·n11tag<'S or 811('.h a :;ii(' ill'<' Jll<ldl' d1•nr 
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by fig. 3.2 

3.2 The Detector 

The neutrino deLcctor is shown in Fig. 3.3 1 while its principal design param­
eters arc exhibited in Fig. :~.4. The neutrino target will be contained in a 
5.5-m-diamckr cylindrical steel tank shielded locally by ahout. 75 cm of low ra­
dioactivity 111at.crial. 'fhc tank will contain three concirntric liquid scintillation 
<letectors: an outer 90-ton veto counter; a.n intermediate 17-tou optically sq>­
ar ated event con Lain men t dctcc tor; and a ccn tral acr y Ii c vessel containing five 
tons of a specially developed gadolinium-loaded liquid scinti llator. The out(~r 
two vessels wil I coutain a. high fla.5h point pure hydrocarbon scintillator also 
specially developed for this exper iment. 

Scintillat iou photons from particle interactions in the two inner detectors 
will be collected by 160 eighL-inch photomultiplier tubes and processed by fast 
mu l t. i-hit A DC/TDC's and fast waveform digitiiers. The detector will have good 
energy resolution, wit,h about 76 photoelectrons <lctect.ed per MeV of ionization 
enc!'gy deposited. 

In the veto counter, light will be collected by 40 PMT's which can be installed 
either on the same structure as the 160 Larget-viewing P MT's or on Lh<) top and 
bottom parts of the main Lank. The first of these opt ions would provide a 50% 
larger photoclectrou yield, but would re<1uire the use of rnore expensive PMT's. 

Primary shielding against background will be provided by the 300 mwc-thick 
rock overburden, which will reduce the surface cosmic ray muon Oux by a factor 
of 300, as shown in Fig. 3.2. The residual cosmic rny background is f11rt.hcr 
suppressed by the 90-ton outer veto count<!l", which also provides additional 
shidding against ambient radioactivity. 

N1)11trinos above the threshold euergy of 1.8 MeV will be detected hy t.he 
r<)act.ion v,, + /i ~ c+ + 1t. Tiu~ observable energy from this react.ion will equal 
the positron kinet.ic energy 1rngmcnt.(~d by 1.022 McV res ulting from dctecl.ion 
of ll1c positron a.unihilation gamma rays. Following thermaliia t.ion of the re­
coi I lH'Utrou, an additional 8 McV will be detcc.ted m,; a l'• :s1 dt or capture of tl1 c 

ueutron by a gadolini 11111 nucleus (time const.anl. 28 11.1;). T hus, a readily rccog­
ni1,a ble delayed coi ncidence pulse pai r will s ignal the neutri no inLcract.iou. The 
8 M1N neut.roll capture event will be well separated from the beLa. and gam11rn 
ra<liaLion accolllpanying decay of members of the 11l>iq11it.ous uranium and tho­
rium decay chains and frolll t lte decay of 4°K. I•\1rther i;ig11iricanL reject.ion of the 
11ccid<!nt.a\ coincidence background will be possible by software reconst.ruct.ion 
of t.Ju.' posit.roll and neutron capture vertices Lo which would be applied a cut. 
n •q11iring spat.ial i;eparalio11 not \.o excr:cd 1.5 m. 
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Chooz B 
Nuclear Power Station 

2 x 4200 MWth 

Depth 
325 mWe 

Chc>0z Umlcrgrow1d Neutrino Laboratory 
Ardcnncs, France 

16 

Figure :!. I : 0Yervi1:w oft lie experirni-ut . D<:t.ecLion of t.h<' W<'ak neut.rino signal 
al I km is made possihk hy t.he :~oO 1m•l.l:r of wakr equivalent. shielding ahow 
t.lH' dcl<'ct.or, w h idi a Lt cnuat.es l he ol lwrw ise ov1~rwlwltn i ng cosm i<' rny 111uo11-
indurnd ba<"kground by a rartor of :wo and by (.lw layered d1~sig11 of I.li e! d<·\kc:tor 
a11d it.s local shidding. Tlw high dd1•r l ion efricien('y for a11l.i11l't1Lri110 (' Vc•11l.s 

(mori' 1.lia 11 l'\u<;q 1'11rl.h<'I' c'nha11n~s t.ltc 1'X p l\(' l. 1~d s ignal-1.o-back~rot1 1 HI ra~io and 
facilitat.c•s acru rnk d1•ft·1·111i11a1 ion oft lw dt•kdor dfir i•' nry. 111·r' dt'd for 11rc11rat1• 
r o n1 pa riso11 of tlw 1111·:-isur<'d <111d •'XP•'•'l l'd 1wutri110 fluxr•s. 
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Figure 3 .2: Muon depth vs. intensil.y and neutrino flux at various sit.cs. At 
Chooz (and Lo a somewhat. lesser e.xteut aL Perry/IM13) t he low neutrino fl11Xl'S 

available for long hasdinc oscillalion experiments a.re compc11sa.Le<l by compa­
rably r<!duced muon fluxes. Since cosmic ray muons pro<lucc tlu• most serious 
ha.rkgrounds i11 lht•se e.xperinwnl.<;, shallow sit.es sud1 as tlt<1.(. at. Sau Onofre ar<' 
al. a S<'l'io11s disadva11lagc•. 
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• 
' 

Fig11ri~ :l.a: The Chooz <kkct.or. Th~ 11e111.rino tar~··t. co11Lains 4 .~) terns ol' 
g<.1<loli11iu111-loadcd liquid scint.illat.or in which the reaction v, + 7l --+ t+ + ntak~s 
plac<'. The positrons and t.hcir an11ihi l<1 t ion photons ;u<· d<!tcctc<l al zero ti111·~ 

<lc•lay, while th<> 11cut.ron is dct.cct.ed typically hctwccu 10 a11d JOO /IS later follow­
ing I hcmializat.ion <llld rnpt.11rc hy a g11doli11i11m 1111d1~11s. leading to the rdeaSl' of 
a lot al of about 8 .i\-k\.' of~, rays. A :mo rndcr <>f wat.c•r <'lp1iv:ile11t uudcrground 
lorn1.io11 nncl massiw gr;n·d, st1·1~I <rnd liquid sci11t illa1.or shic•ld iug 8uppr1:ss 111<' 
lrnrlq?;rouud lo ;1 few co11111.s per day, alJ011I. [() li111c:s l o\\'c~ r 1.l1a11 \.lw i\111.icipated 

11<'11f.ri110 C'\'<'Jl( I'll{.<'. 
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( CHOOZ DESIGN PARAMETERS ) 
( DIMENSIONS AND MASSES ) ( PHOTOELECTRON YIELD ) 

Region 1 volume, cu. m 5.6 No. of PMrs viewing target 160 
Region 2 volume, cu. m 19.6 PMT radius, cm 10.2 
Region 3 volume, cu. m 105.5 PMT coverage 12.3% 
Total volume, cu. m 130.7 Scintillation yield (% anthr) 42% 
Region 1 mass, tons 4.9 eV per scintillation photon 162 
Region 2 mass, tons 16.7 Quantum efficiency .. collection .12 
Region 3 mass, tons 90.1 Effective attenuation length, m 10 
Total mass, tons 111.7 Typical light transmission .84 
Region 1 surface area, sq. m 15.8 Photoelectrons/MeV 76 
Region 2 surface area, sq. m 42.2 Enerav resolution @ 1 MeV 11.5% 

<hd'lil'Sperxl6 

29·,Aj)<·93 

Figure :l .4: D<.•sign parameters of t.he dctr.ctor. 
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We anticipate a total Tlllllling tilHC or two years will be adequate to achieve 
our goal of a statistical error better tha11 4%. Neutrino oscillations would be 
uncovered by comparing the ohscrved integral count. rate with an accurately 
calibrated detector-efficiency Monte Carlo calculation. lnformation on reactor 
power and fuel hum-up will be available from th<~ power station. The neutrino 
Oux per unit power will be dcl.<!l'IHiucd from calculations which currently are 
rcliA.hl<~ to about 2%, especi<11ly at. low energy, where a neutrino oscilla\.ion signal 
would probably be stronp;<~st. In the event of a pos itiY<! signal , it would be useful 
to construct a close-in detector Lo provide ;i flux ind<~pendcnt co nflrmatio11. A 
detector site at less than 100 m from the reactors is avai labl e if needed. 



Chapter 4 

Details of the Experiment 

4.1 The Neutrino Source 

4.1.1 The Chooz Reactors 

The neutrino source for the experiment will be a pair of reactors which arc in 
the final stages of construction at Lhe Choo:t B nuclear power station of the 
French uaLional utilit.y company ElectriciLe <le France (Ed F). The pressurized 
light. waler rca.c.tors (PWR's), located in the Ardennes region of nort.heasLern 
France, will each have a thermal power of 4.2 CW and are both scheduled for 
startup by the end of Hl95. 

The main fissile material in the Chooz PW R's is :iar.u, which undergoes 
tlicruial neutron fission. The fuel is enriched to about. 3.fl % in the :i:i<>u isotope. 
Fast fission neut.rons are moderated by light water pressurized to 150 bar. The 
dominant nat.urnl 11ra11ium i::;otopc, 238 U' is fissile for fast neutrons (threshold 
0.8 l\kV) and g<.~nerat.cs fissile i:l('Pu by thermal neutron captnrc -

Th<' isotope ~~ l p u is produc<!d in a similar llHUlllel' rtolll t.hc ~J!l Pu -

For <'aclt rii,-siou, Lhc mean energy l'dease is,...., 201 Me V, and t.he averagt! 11 urn­
IH'r of ii, is "'(). TJ1en.fore. at ful I power for t.l1c t.wo Cliooi reactors ( 8 .2 G W), 
t lw ral1• or ll!~ll!.riuo produrl.iou call br <~st.i11iat.<'d t.o IH' 

(i x 1'11, 

:2lH .McV 

(i X ({ . ",;' X J ()~ 1 X (). :,!I( X llJ I '.~ 

:l!Jtl 

:21 
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Start of Cycle 8nd of Cycle 

2::i5u 60.f> % 15.0% 
:i:i11u 7.7% 8.:l% 
239pll 27.2% 38.8% 
211 Pu '1.6% 7.9% 

Tabl1' 4. I: Fraction of fissions from the four fissile matel'iab (cycle 11 of Bug1~y 
reactor 5). 

As the reactor operat.es, the concentr(l.tion of 235 U decreases, whik those of 
239 Pu and 211 Pu increase. After about one year, the reactor is stopped and 1/:3 
of the fuel elements are changcrl. Typical numbers for an annual cycle are given 
in Table 4. l. 

4.1.2 Monitoring the Neutrino Rate 

Thermal Power of the Reactm· 

ht previous reactor neutrino experiments at Bugcy, the thermal output was ob­
tained from measurements on the secondary water loop, where the temperatme 
difference is larger than on the primary one (typically 270° C vs. 219° C). The 
enor 011 this parameter is ~ 1 %. Measurelll<!nts were available every 10 miuute11 
over a computer 1wtwork. The data were cross-checked wit.h continuous 11eutro11 
flux measurernent.s around the rca.ctm vessel. This error includes the error 011 

small corrections (about 11 MW,11) due t.o power for the primary pumps, de. 

Chaugcs of tlw Flwl 

Th(' unit. used to d1~scrihc th1.• nuclear fuel evolut.ion is the lVJW day/ton, which 
111easun•s t.he amount. of energy per Lou extracted from the uucl<~ar f11d since it.s 
first entry in the react.or core. This quantity is called /], the "burnup". 

The core of ~)ach Choo;,, reactot· will wntain :?Of> nuclear fuel elements, l/a of 
which will be changed each cyde. The new nudeal' fuel elc111~11ts are installed 
in t.h<~ 011tr.r part of the core. Burnup data for each element will be providt~d by 
t.he utility rompany at t.he start. and eud of (~nch cycle. For th<' start-up of t.hc 
rr.oartors, all fut') dr.nwnts will b<~ lmwd-ncw with /3 = 0. To simulal.<! part.ially 
used 1111rk11r f111•I, I /:l of t.11<' cor•' \\'ill lw les:> <~tll'ichcd and I/:~ will ha\'<' a very 
low 1~11rid1uw11t: 

(jl) <'il'llH'lll.i' al 1.8 % 
GK ••le1111•11ts a ( :.! A % 
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23su 201.7 ± 0.6 
23au 205.0 ± 0.9 
'.!:l!lpll 210.0±0.9 
:Mt Pu 211.4 ± 1.0 

Tahk 4.2: Energy rdeas<~ 1wr fission, in McV. 

68 clements at. 3.1 % . 

The fud c11richnw11t. fol' the following cycles is not yet tmf.ir<?ly defuied, hut. 
should he ""'3.5 %. 

Knowin~ t he burnup of each dcmenl at t he beginning and end of each cycle, 
as well as the total daily buruup, we ca.11 compute the daily burnup of each 
clcruent. These values arc then used t.o obtain tlw day-1.o-day amount of each 
fissile element iu the rcaclor using a table which exists for eaclr initial 235 U 
enrichment. 

Since the energy release per fission from each fissil e element is known ('!'<\­
hit! 4.2), we can compute tire mean energy rclea<>ed per fission each day. The 
number of fissions is then obtained by dividing the thermal power by thir; num­
ber. 

4.1.3 Neutrinos From Each Fissile Element 

Among the four fissile materials, three (2:l5 lJ, :1:i9pu and 211 P u) undergo tlwnnal 
neutron fission, whil1! 2:111u is fissioned by fast. ne11tro11s. 

T he neutrino rate per fi.ssiou has been tlleasured for tlte first three isotopes by 
Rorovoi et al. [:rn] and by Scl1rccke11bach tl al. [40) -['13). TIH~ la l.tcr measurement. 
iud udt•s the shape of the energy spedru rn and has an accuracy o f 2 % from point. 
to poi nt. and an ovcrnll 11ornrnlizatio11 crmr of 2.8 %. The no!'malizat.ion C!'J'Or 

ir; t.lw uwsf. i mportanf. i 11 our casr., si 1H·1~ w1~ want to 111casu r·c t.hc tot.a! llllll rlwr 
of nr.uf.rinos ai 1 k111 fro111 llw so111'ce. Tiu~ point- to- point error, wlticlr will lw 
us~·d Lo dcf.crminr. !.hr. effect. of the positron threshold, is also known from high 
sta.t.istics mcasurcuwuts such as those at. Rovuo ['14) or Bug<'Y :i ['15}. 

The Sclircckeuhach nwasur0mcnt can be compared to several co111put.aiio11s 
and is found t.o be i11 good agr<:>1!111c11t with t.hat of h'.lapdor autl Metzinger ['1£5]. 
We will therefore use t.lris rn111p11tatio11 for t.hc :!:lSU 11cul.ri110 rn~, which has 
nol. bt:i~n measured. The '.!:l!~ll contrihutio11 l-0 t he total 1111111hcr or fissions is 
:'.S I U cf<,, and is therefore 110! a 111ajor source of eno r. 

4.1..4 Direct Neutrino Measurements 

A v1•ry prc·ri:;c• llH'i\Slll'l'lll<'!ll of t.lr1• \olal 11111111 11'1' or 11c•11 lri110,; lias IH'<.'ll puli­
l i:-; lid hy I.he H ovno ).!;mu p ['17]. Tlwi 1· dd.c •c'l or I 11c•a:-;111·c•s \.I IC' i 11t.q1;rnl 1111111 lwr 

' 
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of neutrino i11l.eractio11s by detecting only the neutron frpm the inverse beta 
decay reaction, thereby avoiding positron threshold corrections and most of the 
analysis cuts needed for the correlated positron-neutron selection. The target 
is pure water, and the neutron is detected in 3 11e proportional counters in the 
wat.cr. The puhlishcd error on this measurement is 2.8 %. 

The sanw detector is now running at 15 m from the Ilugey react.or, with new 
clectronics, to evahH\tc some of the 8ystematic errors of the Bugey neut.rino pro­
gram. This measurement is being performed by three labora.tol'ics of the Chooz 
collaboration (Moscow, Paris and Annccy) and will be useful for knowledge of 
the Chooz reactor neutrino flux, with an overall uncertainty :::; 3 %. Since the 
Rugcy and Chooz react.ors arc both pressurized water reactors, measurements 
can be scakd from one reactor to the other with small systematic errors. 

4.2 Detector Mechanical Design 

The Chooz detector corn;ists of a vertical cylindrical steel tank containing three 
scintillating volumes (see Fig. 3.3). A transparent acrylic inner ves.'lcl (Region 
1) cont.ains the gadolinium-loaded liquid scintillator neutrino target. Regions 2 
and 3 are filled with an unloaded high flash point hydrocarbon liquid scintil­
lator. Separating Regions 2 an<l 3 is a structure (the "geode") to support the 
photomultiplier tubes. The geode allows free passage of liquid, but. is opaque t.o 
allow the use of Region 3 as a cosmic-ray tagging detector. 

160 PMT's will collect light from the inner vessel, while 41 more will be 
mounted on the geode facing out.ward toward the veto region. (A possible design 
option is to mount the veto PM T's 011 the top and bottom of the steel Lank, 
as shown in Fig. 3.:~). The inner and outer surfaces of H.egio11 3 will he coated 
wit.h a whit1! diffusing paint to optimize light collection in t.hc veto. Inside the 
gc~odc, blar.k paint will he used to improve the event localization performance 
of the dct.cc1or by reducing rcnctt.ions. 

4.2.1 Target 

The i1111er vessel ii; 111ade of t.wo hcmisph<~rc)S joined by a cylinder the out.er 
dimensions of which are 1.8 111 dia111der and 2.8 m high. The inner volume iH 
5.Gm:i, while t.he rnass is J50kg (empty). 

The vei;sel is fabricated frotn the thermoplastic polymct· polymethylmeth­
aci-y)atc (commercial name - J\ltuglass) which has excellent optical and mc­
chl\11ical properties and rcsist.anr.e t.o the chemicals of t.hc liquid scint.illaLors. 
Each hemisphere is fol'med wit.l10ul. t.l1c use of expensive molds by a hlowi11g 
proc<~Ss consisting <>f pr<~ss11ri:1.ing t.hc gap hdwr.<"11 a hot. actylic slw(~t. and <1 

flat. 11wtal s11rfor<' to wliid1 !lie sh<X'~ is rinnly at.t.adu>d. Tht' si:t.(' oft lie acrylic 
shecls is 1 x :~ 111, l<•adi11i:; t.o a lw111isph1·rt~ dia11wter of I.~ 111. After hlowing and 
nH1<'hi11<' fi11i:";hi11g. ·~ad1 li1~111isphcre is lla11~<'d. 
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The cylindrir.al part. of the Larget is formed by bending 8 111111-thir.k fiaL 
acrylic shcct.s int.o half-cylinders. After the two balf-cylin<lcrs 1\rc joined, Lwo 
llangcs and (ivc longitudinal sLiffcning pli\tes arc glued on. Final assembly of 
t.hc hemispheres on t.lw cylinder is then 111ad1! by gluing together the flanges. 
The five longitudinal plates arc used to support the target on acrylic pillars 
and to aUach it to the geode. The upper part of the target is fitted with a 
iO mm-diameter flange to allow passagt~ of filkr pipe:;, calibration sources and 
various sensors. 

4.2.2 PMT Support Structure - the "Geode" 

The geode has Lhc same general shape as LbaL of t.hc La.rgct - a r.y li nd<~r wi lh 
hrmisphcrirn.I endr.aps. The ou tcr dimensions are 3 .2 m dianwt<>r 11,nd 4 .2 lll 
high . The surface area is 42 111 :! <tnd the total weighL l lf>O kg. The PM T's arc 
mounted on this structure, the mean d~5tancc between optical centers being 
~ 50 cm. The total number of P MT's is 20 l - 160 looking toward the t.arg<~t, 
and 41 in t he opposite direction , toward t.he veto. 

The geometry of the geode consists of two scmi-icos;1hcdra ~11 closing the 
ends of a cylinder. A !'MT supporL flange is placed al each of the 12 vertices 
of the icosahedron. Three additional PMT's are mounted along each of the 30 
edges of tlrn icosahedron, together with three more mounted on each of t.hc 20 
faces, for a total of 12 + 90 + 60 = 162 P MT's mounted on the icosahedral 
structures. The cylindrical pa.rt of the geode adds 40 more P MT\. Since the 
apex PMT posit.ion is left empty for passage of the neck of the inner vessel, t.he 
total n11n1bcr of usable Pi\IT posiLions is 201. 

All PMT support flanges arc linked hy a system of rods. Tl10. flang<>s, rods, 
and t.he optical screens arc ma.de either of st.a.in less st.cd or painted carho11 sl<'el. 
The flanges have an L-ser.t ion of 30 x 30 x 3 mm, t.h<~ ro<ls a T-!H.·ct.ion of:W x :rn x :1 
111111. while t.hc thick11ess of tlw snecns is 0.5 mm. 

Th e g1~od<! is built. by welding the upper hemisplu' l'<' and th<' cylinder 0111.0 

l he lom·r lwm isphere wit.h t.h•~ hd p of <'Ill ass<m1bly jig. On t.ht• !own part of tlw 
geod1~ will be add<~d ftve nod<~s to support t.lw arryli(· V<.'ssd 0 11 ocw side, aud, 
0 11 t. h1~ othc~r. lo place Lhe geode 011~0 its 111ain supporl pillars which. in lurn. 

arc attached to the noor of the 111ai11 Lank . On t.111.' upper pa rt or Lic e geode, 
additio11al nodes will he created to at.tach hi111dli11g bars and for l!i ropes Lo 
support I.ht~ PMT cable~ . 

4.2.3 PMT Mounting 

Tiu.· JlJ\l'J' 1110 11111.s allow ol'i<'ntafion of the 1.11h<'S r~it.l1cr inward or 0111\\'ard. l·:nclc 
111o unl nlllsisLs of (.11·0 fla11g;<'s •tlld a cap made' of' p r<.'SS<)d :;\1•t•I. Th<• h;1ck lin11µ,;<' 

li ;1s a zig;r.ng; harrin l'or li;!;lcl 1.ig;ht1wss. ;111d l]w l11IH• cap h;1s tlc1' ~;111 11• ;1i111. 
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4.2.4 The Main Tank 

The main t.ank is a verLical steel cylinder with endcaps. T he outer dimensions 
are f).5 111 diamct.er and ().2 m high. The lower cndcap has a depth 0.56 rn, with 
a 7 m radius of curvature. 

The volume is 14 L m3
, and the empty weight. is 9.9 tons. The cylindrical 

section of the tank will Lie 8111111 thick, while the endcaps will be 12 111111 thick. 
Due l.o th~ limited working space in the tunnel, all pieces of the main tank will 
he prepared in t.he factory an<l welded inside the tunnel or in the experiment.al 
hall. The assembly of the cover t.o the body of I.he main vessel is made wiLl1 
bolted flanges (75 x 25 mm in cross se<:Lion) which arc sealed with a lcflon gasket. 

II ig h vol Lage an<l sign al feed-th roughs use 36 flanges equ ipped with gl ass-!,o­
met.a.I coaxial insulators welded to the tank side near the t.op. 

All inner and outer surface.5 will be mechanically prepared and po lished 
before primer is applied followed by the finishing coat.s. 

4.3 Experimental Facilities 

The dcLector chamber will be located aboul 135 m from the entrance to the 
tunnel known as t.he "galerie de marinage", with an overburden of 115 m of 
rock. The chamber will have 4.6 m of head space above the top of the detector 
and will be 24.l m long and 7.1 m wide aL the deLcctor. T he chamber will be 
dehumidified and maintained at a t.emperaiurc of 18-24°C. Near the detector 
cl1amber there will be an electronics huL. 

Outside t.he tunnel, an auxiliary hall is planned, wiLh small electronics and 
machine shops, a control room for the experiment., and s torage t.anks and mixing 
are;i,,c; for the liquid sci11Lillator. Pumps and plumbing lines will he installed 
hct.wcen this area and the dei(!ctor. Filling of the inner target vessel and of 
I.he main tank will be done simult.ancow;ly to r<~<iu<:e pressure dilferent.ial1; on 
the acryli c chamber. Inert gas blanketing will be provided bot.h to protect. Lhe 
sriut.illat.or rrnm oxidation and to cnhanc<! i\.s light out.put. 

Fo r 1nauy addiLio11al details, sec !lcf. [118]. 

4.4 Photomultiplier Tubes 

l'l1ot.om11ltiplicrs iu ihe Chooz t'Xperiment. provide time and pulse height i11-
for111a t io11 , which is used to <letermiuc t lie energy dcpo:riited and its locatiou. 
Tlir g1·omet.ry of t.h<' <lct.ert.or, a centre\( volurne of 1>ciuLillaLor surrounded by 
pho1on11iltipli(•rs ( PMT's) is co111rno11 t.o the Borcxino [~rn), LSND [:ll] and SNO 
[:12] dt.•l.1:('1.ors. Tlwsc ddectors utilize t.i111i11g and p11ls1~ heigh!. i11formaLion in a 
11i;1111wr si111i lar to tlu~ ( :hooz d<'l.1~ct.or. 

( '01111n1111i<'at.io11s wit Ii 1111·11ilwr:s ol' f.lws<.' <'X [H'rim1•11t8 nud rd;tkd doc 11111<'11ts 
l1avc l><'l'll very lidpl'ul, allowing us to sekrl Pi\·IT's and preparntio11 t1 ~c li11iq11cs 
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PARAMETER Burle llama- Philips EMI unit 

nmt.s u 

photoc.1\thode area '1:}1 283 :ma 366 ') cm-

I pe ti111r. jilter 1.0 1.4 0.!J 1.0 ns 

afl.<~r-pu lfit~S 7.G 5.0 21.2 1.3 % 
I pc pulse ht .. l'~'l:i . :l7 .:» 75.0 57.2 :Hl.4 % 

peak/valley :u J.:} 1.7 2.8 

dark raie riooo :3500 1:100 650 lb\ 

n @ 80% pulse ht. 150 550 '?: GOO :rno mG 

mass 4400 900 1000 700 g 

thor ium NA 10 NA 100 ppb 

lH<llllll t1l NA 40 NA 70 ppb 

potassium (nat.) NA 30 NA 150 ppr11 

Table <1 .:l: Properties of photornulLiplicrs. 

approprialr. for Choo:-: without. l'Cpeaiing ihe cxtc11sive tests performed by t,hc 
other groups. 

The EMI 935[ PMT, an upgraded version of th<~ 9050 us<\d in MACRO, 
S<.'cms io he hest for our needs, whilr. t.hc bils<! and pot.ting technique us<~d for 
SNO arc pl'efcrrcd. Light flashers and data acquisit.io11 methods can he copied 
dir1\ct.ly from LSND for the PMT testing. Co111promis1.•son t hese choice!> can be 
mad~~ for n~;1so11s of cost., availability or other reasons without il<:riously affoct.ing 
t.hr quality of our cxperillle11i at. Chooz. Comments ou nlkr1 Ht(. ivi~il will be made 
in t.hc~ individual se<"tions hdow. 

4.4 .1 Selection 

The rnl.rgorirs of i11t.1'r<'sl for tnhc s1+fiio11 ar<.' p< 1 rfomrn11cc', rnd ioa<:tivity and 
rost.. The J/a111amal.8ll 4!)f>8 , Ei\11 !J:lGl , Philips XPl802 and B11 rlc~ C!tJ061E 
pholo11111ltipliers are liu·gl' arcn . fo81. t.iming PMT's which <:an delert single pho­
todecLrons. Thl' Borcxi no prnposnl [30) i11d11d{1S ai1 rxlntust i v·~ study of 1.lwir 
rhMarkrisl.ics, wli ich we hav<.' 8Uppl<~111e11led hy in for111atio11 fro111 LSN]) ;ind 
SNO ( ll amamHL'>u Pl\·IT's ). The 1wrlorr11a11ces are :;11111r11 ariz<.'d in Tabli• '1 .:1. 

Th<' Bude PMT has high S<'llsit.ivi l.y lo 111<1g11et.ic fi<'ld s. whiC'h would r1•q11ire 

ran' 1111d 1•xpc11s1• lo shic•ld, n11d ;dso has a hll'gl' 11iass 1111d vol111111', whi<"h i1H·r1•asP 

radioarl ivily and th<' pr0hl1•111s (,[. 111ou111.i11µ; if s11b111<•1·g1'd i11 ,.;ci 111.illa!or. TIH• 
Philips l'J\J'J' has nf'h·r-p11lsing :!-t'i\ of' Ill<' I in1P, ll'ltirlt wo11lcl r1•d11r1• ils c•f1;•<·1 iv1'-

11 c.•s.; !'or (1111:-i<' sJ1<1p< 1 discri111i11;1I icJJI o!' <1 l<1 ('\.J'Oll>i. (>l'tJIOllS /llld aJp)i;1s. 'J'IJ<' Of ll<'J' 
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ITEM 20sTI u 101( 

EM! 9351 (low act.) .036 llz .122 Hz 4.84 Hz 

SNO base .0025 111. .011 1111 .0035 lfa 

llam. 1408(4558) .021 lh .105 llz 1.45 Hz 

LSNO base .027 llz .0 12 llz .02 Hz 

Table 4.4: Count rate in target due to PM1.' radioactivity. 

two PMT's arc a<lcquat.c for our need:;, the EMJ being superior in rcsoluliou 
and dark rate, but somewhat :;cusiti ve Lo magnet.ic fields when the dy11odes arc 
parallel lo the field direct.ion. 

Radioact.ivily i11 the PMT and its base must not c.rcate significant numbers 
of " falw" <!Vents. Neutrons captured 011 Gd (.01 Hz, a conservative estimate) and 
a ganuna ray from natural radioactivity can form an accidental coincidence that 
fakes the posit.rou-ncut.rou delayed coincidence signal of the experi ment. lf the 
gamma rate is 10 lfa (estimated upper limit) and the coincidence time is taken 
to be 64 its, then the accidental rate becomes .01 x 10 x 64 x 10-" s-1 =0.6 d- 1 

in the target (region l). 
This rate is acceptably small compared to the event rat.c of about 30 d- 1. As 

a crude standard, we require the PMT radioactivity to make less than a 10 Hz 
count rate in the target. Using the PMT radioactivities in Table 4.3 and K, U 
a nd Th contaminations [:33], [34), [35) in materials used for the PMT bases, we 
have calculated the total activity of an EMI 9351 with a. SNO base, and of a 
llaniarnat.su 1408 (same as t.hc 45581.rnt with the low activity glass used in SNO 
arnl LSND) with an LSND base. The location of thn PMT and base is about 
one meLe1· from the target, giving an attenuation factor of about 100 and a solid 
angle factor of about 1/15 for th(~ act.ual count. rate. Table 4.4 shows the count. 
rate in the target. due t.o gamma rnys rrom t.hc IGO PMT'8 and bases. 

J\ 11 wu 11 l. ra tcs a re lower than 011 r nom i 11 a I gonl of I 0 II z, even assuming a 
trigger tlu·cshold or about 1 Me V, wh ir.h is lowt!r lhau necessary. If we wcl'c 
to 01wrnt.c with a threshold of l.5 M eV , d irn inal.illS!: ll1e ·1° K c.01111t.s, t.he fa.k(~ 
posit1·ons would be JOOx down from our 10 Hz goa l. We conclu de that either of 
Lit(! t.wo bases aud PMT's arc adequate. Note t.hal this would not be tl1e case 
without placing the PMT's one mcwr from t.hc lnrgct. 

Th~ cost. of the pliotomultiplicrs has uot. been d<.'tcl'mincd by contpet.iLive 
bi<lr;, but. is expedecl to be uear $900 per PMT, base<! on an 1~stima(A! from J~MJ. 
!'rice a11d availability may he th(~ deciding fa(t.ors IH!t.w1~c11 EM! and llamn.ma!.su. 
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4.4.2 Testing 

The photo111ultipliers will be tested to sr.c~ that t.hcy have the ncccss<iry resolnl.ion 
for the timing and pulse height of siuglc photoelectrons and the high volt.age 
needed to achieve a standard gain will be <letermined. The d"rk noise rnt.e a.t 
this voltag1: will be mcasmc<l after a s t.abilization period of about a day. 

The [H!ak - to -vall<~Y ratio of the siugle phot.odcctron ( 1 pc) pulse height. sp1•c­

trum sho11ld be l\l least. 1.1 to enable th1~ gain to he monitored by locating 1.lw 
peak of th e spec trum. The dark noise rate at a gain of 107 should lH' l<~s~ t.hnn 
3 k ll z, and the l pc ti111ing resolutiou shoul d be 4 ns FW ll M (" = I .Ci 11s) O I' 

IH~ttcr. 
A test sdup with light. pulscrs and c.ornputcr dat.a collection will be used 

which is similar to that used for the LSND photomultiplier t.cs!.ing. 

4.4.3 P1·eparation 

Preparation consists of motmti ng a base on the P MT, testing the p<~rforniaucc, 
and sealing the base against leaks before iL is submerged in t.he detector. The 
final choice oflhe PMT (EM! or Ilamamatsu) and lhe base have not bee n made. 

The bases coulJ be similar to those of LSND or SNO a11d still be adequate 
for our needs. They will have low current (0.1 ma) resistor s trings and run 011 
positive high voltage. The PMT's will have wire pins which will he dircct.ly 
soldered to boards containing the resistors and capacitors. LSN I) bases arc 
rigid and can support a cable which is soldered to the board before dipping 
the assembly inlo a conformal coating; made by l!ysol. SNO bases are fkxibk, 
witl1 a polypropylc11e cup a.round th<Jlll which is filled with a scaling gel made 
by Gcucral Ekctric. The cable has a lcakproof connect.or which screws onto 
a bulkhead connector on t.he cup. The former process is 1>impler. while the 
laltcr uscli less hn.zardo11s (lo hntnans) polli11g mal.crial, and is 111ore convenient 
wh(~Jl mou J1t.i11g and co1111ccting t.hc PM1"s. Tests ar<.' undcnva.y l.o S<!<~ ii' I.here 
<1 rc i11rn111paLibilil.ics bdwcc11 the :;<.:int.illator a11<l t he pol.ting compo1111ds which 
would not have shown up int.he SNO or LSND LcsL<;. 

The scqtwn<:e for t.0sti11g will f.ake :.M l1ours, a11d will i11volvc 1.l1t.' followi11g: 

l. lJnpac.k P.MT a.11d a.U<1d1 tlie bal:>c. 

2. Cou11ect. t.o high volt.;1ge and leave overnight. 

f> . Allow t IH' s1•ala11t lo nm~. 

\\'"., <'XP<'C'I l o do aho11t five l':\l'J''s 1•;1rl1 day. 
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ITEM COST 
Photo111ultiplicrs ( 160@ $900, cst.'d) $144,000 

Bases (mo @ $40 for parts and pot.ting) 6,400 

Light flasher and dark hox (5 @ $140) 700 

Programmable pulser 3,000 

Computer and interface card (Mac LClf) 2,000 

Miscellaneous equipment (mainly for potting) ;{,000 

TOTAL $159,100 

Table 4 .5: Estimated costs for phot.onrnltiplic1·s. 

4.4.4 Costs 

Estimates of coots have been ma.de by consulting Dave Works (LSN D) and 
II. Ma.k (SNO} aboul their respective methods of base construction and potting. 
We ha.vi! a lso a5su rne<l that our cos(,s per P MT will be greater due to the smaller 
scale of the Chooz experirneut. For data acquisition, the software and most of 
the CAM AC modules arc available. We will buy a Macintosh computer and 
interface ca.rd and a programmable pulser for the light flashers. Five dark boxes 
with light flashers will be constructed so that we can prepare five PMT's per 
day. Table 4.5 summarizes our expected costs. 

4.4.5 Time Scale 

According to discussions with the EMT representative, Mr. Avery, it would t.akc 
a.bout three months to fill an order for 160 PM1"s, longer for more. [f the first 
P lvl'l"s h<!con1c available one 111011th after the order, the preparation can procc<~d 
in parallc:l with t.he production at EMI and kc<!p pace with it . If so, the PMT 
prept1rnLio11 can be fin isl1cd four months aft.er t.h<~ or<ler is placed. 

I 11st.allat.io11 of PM T's i 111.0 the dei.<!ctor could begin in .J a1111ary HJ94 if 1.J1e 

order is placed wit.Ii EM I by Scpwmher I , l!.J9:J, assuming W<~ test them all before 
star ti11g t.o inst.all them. However, it wo1tld be possible Lo start installRt.ion of 
th<' initially tested hatches of tu bes before receiving and testiug the full order. In 
t:his cas<.> the order could be placed as late as Novcmbc1·, 199:3. We haw not yel 
obtaine<l comparable infor111atio11 for price a nd del ivery dat.<.>s fro 111 1I a111anrn.L<;11. 
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4.5 Gd-Loaded and High Flash Point Scintilla­
tors 

For the expcl'irncnt., about 5 Lons or Gd-loaded scint.illat.or a nd 107 tons of high 
flnsh point. hyd ror.arb011 scint.illat.or will be needed. Optimized formulations 
for each of these materials were devdopc<l aft.er extensive testing at Drexel 
Univcrnit.y. We thus have avail<l.blc for the experiment minimal cost yet. high 
performance detection 111cdia. The properties of the two scinti llators ari~ listed 
in Table 4.(i. Fig. 4.1 shows a recent rcmcas1m~mcnt of I.he neutron capture 
time spectrum fo1· a Gd-loaded scintillator sample mixed more than one year 
previously. The mean capture lifetime for this 0.05% G cl scintillator showed 
no diangc during U1is period , indicating satisfactory long-teru1 st;i hi lity of the 
material . 
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Figu rc> 4. I: Neutron capture l.im(' delay spectru rn with a 0.05% Gd-loaded scin­
tillator. Tlwr111al 1wut.rou capture events produce lb<~ <~xponcnt.ially d<~C<~yiug 
par!. of the cul've br.<wce11 d1<.~1111els 70 nnd 2:~() . A 111<~a11 capture li foti1ne of 
<i'l 11s is ohtaiucd by fiLLing an exponr.ntial plus cow;tunt term to thi:-; region. 
For the Chooz sr.int.i llaior, a Gd concentration of 0.1 % wi I l thus yield a c11.piure 
lifot.ime of about :{011s. The p rompt. pe~k. indicated by the arrow, has been 
shifted by delaying the signal from the neutron cha1111el. Prompt coincidences 
are causc!d hoth by cosmic ray showers aud by scattered gamma rays from the 
C111 /Be ncu I ro11 somce. 
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G~doliuituu High Flash 

Ch<~111icnl c.ont<~nt.: 

111 i ncr11.I oil <>0% 97<,k 

al'<>tnatic.s a11d alcohols 10% 3o/c 
PPO, bis-MSB, etc. 0.2% o. 2<,i'c. 

Gd 0.1% -
Compatibil ity acrylic, AHS , PVC, C F4 acrylic, ABS. PVC, CF4 

Density (@25°C) 0.869 gm cm- 3 0.854 gm c111-a 

Volume expansion coeff. 7.9 X 10-4 }{ - I 7.1 x 10-4 K- 1 

11/C ratio 1.93 2.02 

Sci nLillaLion yield 42% of anthracene 12% or a nth racene 

-or- 162 eV /photon -or- Hi2 cV /phoLon 

Optical attenuation length 8 Ill 20 Ill 

Flash point 69°C l i0°C 

Atomic wmposil.ion : 

II 7 .00 x 10n atoms cm - 3 - r. -( .. ){ x wn atoms cm-3 

c :J,()2 x I 02:t atoms cm - 3 :u>r> x io:i:t atoms cm-:~ 

N 1.-17 x JOHI at.oms clll - :J 4.li5 x 1018 atoms <·m-:1 

() 1.08 x I 0 21 ;\1.oms nll - :i 4.lifi x 10 18 atoms cm-a 

Gd :J.:l:~ x J 018 aio1w; rni -:1 -
N <'ll l.ron t:apt.urc ti 1ne 2/.() /IS J 80 JIS 

Gd r11pt.ure fr iwtion 8<).7% -
T lwrnml 11 mean fr<!C paU1 G.1 cm :39./ Clll 

Table 1.6: Propert ies of Lhe liquid scintillators <k•vclopcd a t Drexel for use in 
(.I 1c.• <'X peri 11 ic11 t . 



Chapter 5 

Electronics 

5.1 Overview 

The principal task of the electronics system for the Chooz experiment will be 
to provide a trigger when neutrino-like events occur, and to record timing and 
pulse height information from the PMT's for later event reconstruction. 

The signals from each PMT will generally consist of only a small number of 
photoelectrons, with a timing spread characteristic of the transit time jitter of 
the PMT's (3.2 ns single p.c. FWHM for the EMI 9351). 

The total amount of detected light from all of the PMT's is a good indication 
of the overall energy of the event, and the timing of the PMT pulses can give 
accurate event positions. Detailed timing nnd pulse-height information will be 
recorded by the ckctl'onics for offline eveul. reconstruction. 

The triggers for Chooz ar<~ primarily sensitive to energy deposition, ba::;d 
on the total numh<~t of drtect1~d photodect.rnns and t.hc total number of PM T's 
p11rtidpating in an c~vent.. While the relative timing between PMT pulses con­
tains useful infornu1tio11 about the cvt~llt location, this i11for111atio11 is not used 
for triggering hi!r.ausc the time diffcr<)llCcf; arc small. Th<~ t,rausit lime of scin­
tillation light acro1;s the Chooz detect.or is 20 11s. 

Figure 5.1 shows the ove1·all sd1<!lllc for one channd of the Chooz electrnu­
ics. lligh-<lcnsit.y commercial discriminators and TDC's will be use<l for the 
primary measure111ent. of PMT pulse times, wl1ile waveform digitiz~rs give bot.h 
the PMT pulse height!! and the 11111lti-p11lse <letedion ncctfod to reject correlated 
background evcnti;. 

5.2 Triggers 

111 ChooJI., a si111pl1• L<'V<'I t.rigg•~r sysl.1•111 will b<~ 11sed (.o :wl<•rl ev1~11t.s t.li11L 
hav1~ visihl<.' •'llcrgy gl'<:'al.1~r than a 1.lll'l~shold of <1pproxin1ntcly J 1\11.·\·. A dday<~d 
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Figure 5. I : Overview of one channel of the elcctron io; for Chooil. Commercial 
high-density TDC's will he usr.d for pulse-t iming, while waveform <ligiti1,ers give 
pulse ampli tude measurement and corrdat.cd background rcj<?ct.ion 

coincidence of Level l triggers genera Les a Level 2 trigger, wh ir.h indicates a 
"neutrino-like" event, and causes readout oft.he acquisition <!lectronics. 

5.2.1 Level 1 Trigger 

The Levd l trigger for Choo;,, will be a fast, unbiased energy trigg<~r. Since 
it ir; h<1sed only 011 the 1111mhcr of dct.eck'd photodcdro11s and t.hc nurnher of 
PM'l"s parl.icipating in an event, ii. will be easily cal ibrntcd and sim1datNI. and 
its cll!cic.•ncy cau be ddm1ni11Nl accurately. 

Son1<.• l\•lonle Carlo results illu1;trate \.he varintio ns in det<'rkd pho1.oelerl.ro11s 
a ucl 11111nbe1· of firing PMT\ a1; a functiou of positio n in tlw (klN.1.()1'. F igur<• fi.2 
sll Oll'S t hat. t.Jie nunibN or dd<~ct.cd photocl erl.rom; is a good lll• 'llSlll'C or l.Ju~ IOI.al 
c11 crgy i11 t.hc evcut, exc<!pt when t.hc event. ii; in the ou tcr :30 c:m of Region 1, 
wlwr<~ the va riat.io11s i11 t.ot.a l lighL yidd ill'<' large lwcallS\' of the pos.<;ihility t ha t 

th·~ even t is near 01w PMT. 
Ev<rnfs of a given r~ncrgy in t.hc ou t.N part of H.cgio11 2 have fewer PMT's 

part.icipati ug in t.he event (sec Figure !'> .:I) t. lw 11 1 .ho:;c~ doser to th<' c.cnl.<'r of t.111' 

d1'l~·c: tor . This dilforcur.e ran Ii<~ used to discrimi11;il.I' against 1~vc11l.s in th•• ouf cr 
part of B.l•gion '2 that. arc near PMT\ ;111 cl 1.llf'rc:forc l1aw a11 a11omalonsly high 
11111nb1!r of total phol.ocl<!ctrons. 

('.hoo:1. will llS<' a L1•v<·I I trigger hmwd Oil bot 11 ( lw t.ot.al lllJlHIW1' or phol.o­

<'11·rl.l'OllS <llld I.lie t.ot11I IJl!lllhcr or P~IT's in <lll l '\'(' 111 .. Si111pk N!.rvt d<'<'l.rnlli('/; 
\\'ill w·11•'ral<' <1 L•.·vd J l rigppr (s<'•' l'ig111"~ i'>.tl) wlw11 1>01.h t.lw 111n11lwr or !'\IT'~ 
fi ri ng ifl allow !lm•sliold, a11d 1,111~ t.ot<1I n111C111111 of lif!:hl dl'! «·<· l1•d l>y th<~ P\I'! ·,.. 
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Figure 5.2: Number ofphotoelecirnus for Monte~Carlo l l\foV electrons in Chooz 
as a function or distance from the center of the d1~t.ect.or. 
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Figure fJ.:l: Number of PMT's tha.1. fire for Mont.c· Carlo I Me V declrons tll 
Chooz as a fllnctiou of di~t.ancc frolll Lhc cc11l.cl' of Lhc <let.cc Lor. 
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Figure 5.4: The Level 1 trigger for Chooz will require both the total photoelec­
tron number and the number of PMT's fired to he above threshold, resulting in 
a simpl<!, reliable and fast "energy deposition" trigger. 

is above threshold. 
The PMT signals will be linearly summed, using MACRO-type fanin mod­

ules developed at Drexel, to give the ''total photoelectrow;" signal. This signal is 
discriminated, giving i'lll 011t1mt pulse when the total number of photoelectrons 
in the ev<~nl. is above thn~shold. 

Th<~ di:;crimi11ators used in the TDC syste111 have an output signal J)l'opor­
t.ional to the 11u111bt•r of cl1<rn11ds firing: when these signals from the discrimi­
nators an~ linearly summed it. gives tl11• "total PM'l"s fired" signal, which will 
also be disCl'iminated (as in majol'ity logic) to give a signal when the number of 
PMT's firing is above tl1rcshold. 

A coincidence of the "above photoelcctron t.hrcshold" and the "above PM T's 
fired t.hreshol<l" gives thr. Level I trigger. The Level 1 trigger is fast (ap1>rnx­
imately 100 11s), so long delays arc not needed on TDC inputs, and should he 
robust., iucxpensiw and easy to implement.. 

The energy sc11sitivity of the Level I trigger sclwme was checked using cwnti:i 
gt'ticrnt.cd by .i\fo11te Carlo. Figun~ i>.f> shows I.rigger dlici<~11cics a!> a function 
of' energy and dist.1t1H'<' fro111 t.lw cenl!'I' of Choo;,, for a l.rigg<~r based only on 
dd·~ct.ed photot'li~rtrons. Figur<.' 5.U shows a ~i111ilar i;et of cHicienci<~s when a 

Lcvel 1 
Trigger 
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figure f>.5: Efficiency as a f1111ctio11 of cncl'gy shown for S<!V<~ral regions of the 
Chooz detector, using a trigger criterion has<~tl only on the total numher of 
detected photoelectrorn.;. Low energy evcnt.s in the outer part. of the ddector 
can c<tuse excessive triggers, so the Chooz Lcvd I trigger will havr. additioual 
trigger critt!ria. 

trigger co11ditio11 based on the 1111111bcr of PMT's fired is added. 
It. mu be seen I.hat. adding the rnndition 011 t.lH~ 11nn1hcr of PMT's fired 

r<.>duces the prnbabilit.y of triggering 011 an ev•~nl of less than 1 McV near the 
c<lgr. of the d<•tr.cl.or, while the clficiency in the <:•~ntrnl region ii; hardly affect·~d. 
The rn11dit.io11 on 1.lw 1111111hcr of PM'J"s fired rais<~li the thr1~shold of tl11~ Lewi I 
trigger for events 1lf.'ar the PMT's, l\lld will \'<•due<' t.he trigg<~r rate fro111 low­
encrgy background in tlic outer parts of !legion 'l of t-lic <l1~tedor. 

5.2.2 Level 2 Trigger 

Two L<~vcl I t.riggers within approximately 20011s gewral.c a Level 2 trigg<'I' (lice 
Fig11 l'f' !>. 7). ind i<"at.i ng tha I. a "neutri 110-li ke" <'V<'llt. ha:; hc<'ll s<•en, a11<l that tlw 
an111i:;itio11 <'kdrn11i<"s should lw read out .. 

The logic for th•· l,ev1·l '2 trigg•'I' will he irnpl1•1111•11l.t'd with <i ( ~AMAC 111od11k 
11si11g FP(;,\ "s (Fidd Progra111111ahl•' Gal•' Arr;1y:;). Thi;; sa11w 111od11!1~ will abo 
cont.ml t lw TDC and \\!FD st.ops, a11d mu! ai11 dock n~µ;isl1•rs I.hat. nn• latdwd 
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Figure 5.f): l~fficiency as a. function of energy :;hown for several regious of the 
C hooz deter.I.or, using a trigger critel'ion based on both the total number of 
detected photoelectrons a11d I.he number of PMT's participating in the (went. 
Th<> plot shows that this criterion reduces s1!11sitivity to background in the outer 
regions of the detector and has nearly full efficiency for event.s in the i1111er 
voh1111<~. 

Level 1 
Trigger •!Delay I ~.1 Gate j o_s ~ Gen. . 200µs ~ Le_vel 2 

Trigger 

Figure !i.7: The Level 2 triggc1· is formed frolll lwo Levc.'I 1 \.riggers occurring 
wit.hin a t.inw window of 20011.s. The in1pl1~11w11l.a l.i on of t. h l~ L<!vel 2 trigger will 
u:st• o digilid rn1111t<'I' to sd the coi11cidc11re delay. with tl1 t~ log ir contai1H~cl 011 
c.m Fl'G A (Fidel Progr:111111rnhlc Cnlc Army). 
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for each Level I trigger so that the Lime between a pair of Level I triggers is 
recorded. Modult~s of id1~11tic:al design (but diffenmt FPGA programmiug) arc 
used in the .MACH.0 experiment to control readout of monopole triggers, and 
only a. small amount of modificaLion is required to adapt them for Choo;,,. 

5.2.3 Veto and Other Triggers 

A velo trigger will he used to Lag through-going lllllOll candidates in the veto 
counter (Region :I). The thrt'shold of I.he V<)LO trigger will be set at about 5 AleV 
(above the highest gamma energy) and would correl>pond to a muon track length 
of about 2.5 cm. 

Other triggers, for example to do calibration, can be added very simply i11 
the digital logic used for implc111c11ti ng the Level 2 trigger by reprogramm ing 
t.hc FPGA 's. 

5.2.4 Trigger Summary 

The planned t.riggc~ r scheme HS<.-'S the :;arn<~ low cuergy t hreshold for both the 
posit.ron and ncutrou capture cveut.-;, giving ns sensitivity to neutron capture 
on hydrogen as well as on ga<loli ni um. Information on hydrogen-capture events 
both iusidc and outside of the Larget volume may prove uscfu I in understandiug 
systematic cffoct.s in the dct.ector. A further <idvautage of this trigger scheme is 
thl\l it includes (accidental) cvcnt.s in which the neutron capture pl'ecrd<:s tile 
po::;itron event, thereby allowing accurate determination of the chance coinci­
dence rat.<~, 

Estimates of background rndio<tctivity (sec Figure 8.:l) indicate a singles rat<! 
of l\f)proximatcly 100 II;,, at a threshold of J l\foV for Regions 1 and '2 togdher. 
Most of t.hcsc ·~vents art~ in I.lie 0111.er pa.rt. of Region 2, and it is expected that. 
t.he Lcvd I trigger ral.e will he son1ewhat lower due to tlw Levd I I.rigger's 
higher t.hrcshold in t.he outer part of Region 2. 

Coi11cicl1~nt <~vent mks, even with a 1 MeV t.hresho ld for hot.Ii t. IH~ positron 
and neutron signals, will be low cnou~h 1,hal. I.he owrall e~ v e nl. rate will be a few 
llert :r, . 'fli c fiual posit.ran and nrnl.ro1i e nergy and positio 11 cul.s c1111 th<~ ll bf' 
made.: 111ort' accu1 a t.dy in olll inc aualysis wit.Ii fu ll 1•vcnt re•co11strucl.io11 . 

5.3 TDC's 

Hig h cknsit.y corumcrcial J iscriminat.ors and TDC's will h e w;ed fot· I.li t' acrurate 
dclcrlll i 11at ion or p MT pll hw times ( ! llS or hd.L<.'l') Jlet•tlcd (.o rc.:rnustrn("(. the· 
position of cvc.•nl.s. The TDC sys1.e111 ran be~ i1upk 121Cmkcl witl1 ri! h·~ r of two 
tc·d111iqu1~s, dqw11diu~ 011 the rost. of' Uw l!lodulc.•s. 'J'l11•1·c• arc' 11 111111!111.~ r of TIJC 
111od11ks from Hl l1'asl I wo ve'udors I.hat. liavr 1 lw ll!'('<'ss111·y cl1ar•·1C'l.1•risl ics lo lw 
S il i r ;di le• for Cliooi. 
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The first. option for the TDC system is to use commercial multi-hit 'J'DC's, 
so that both the positron and neutron pulses can be stored in t.he TDC for later 
readout. Fa.~t-dcaring of these TDC's is possible in the case of a single Level 1 
trigg<~r; however, the event pipeline within t.hcse multihit TDC'sgcnerally allows 
continuing without a fast-clear at the cost of a few extra hits to be read out of 
the pipeline 011 valid Level 2 triggers. 

As a second option, we could use pairs of commercial "single hit" TDC's, 
so that one Bet of TDC's wo11ld record the positron pulse times and the other 
would r<~cord the neutron capture puliie times. To reduce <lead-time from single 
Level l triggers, the roles of the two sets of TDC's can be alternated so that 
one of !.hem is active while the other is being fast-cleared. This opt.ion requires 
int.elligent control of the TDC stop and fai:;t-dear inputs, the logic for which 
would be contained in the Level 2 trigger module and implemented within the 
FPGA's. 

5.4 WFD's 

The Wavdorm Digitizers (WFO's) for Chooz will give the pulse-height infor­
mation for the PMT signals and the overall event history. Each input channel 
is sampled at 5ns intervals with an 8-hit flash ADC. The output of the ADC is 
stored in a <H-hyte ring buffer, giving a pulse shape history of 320 ns. 

When the WFD receives a Level 1 trigger, the current. buffer which contains 
the pulse shape information from the previous 320 ns is saved along with clock 
information, and the WFD continues sampling with a new CM-byte buffer. There 
a.re eight such pulse shape buffers, so the WFD can st.ore eight independent 
pulses before the huffors are overwl'it.tc11. 

When a Level 2 trigger occurs, indicating that a "nc11tri110-like" event. has 

been detected, a 150 /tS delay N:cnrs and then a stop signal is sent to the WFD's. 
Th<! WFD's tl1<m st.op taking data and the contents of their eight. pulse shape 
hulfors arc avail<~ble for readout. The delay bet.ween I.lie Level 2 trigger and 
tlw W FD stop is to allow post-triggN puls<:'s to he recorded. The pre- aud 
post.-triggcr pulse histories stored by I.lie WFD will he very useful in rcjc<:t.ing 
corn•lalcd backgrou11d. 

Figure 5.8 shows a hlock dingrnm of a single chauuel of the WFD system. The 
level of fa.11-in of PMT channels pel' v\IFD clia11nel has not yet. lw<~n determined; 
I.lie use of individual TDC's 011 the PMT channels gives considerable flexibility 
i11 fanning in signals l.o the WFD's without degt"ading I.he event rncon:;truction. 

Th(' \..\'FD :;y:;t.e111 will b(! implemented in FASTl1US, because the large 
FASTBUS hoard siz.r. will allow two channels (WI' ("a!'d and also h<~<'aus<' it. is 
m'll s11it1~d 10 supply t.he power rc<p1i1·c111<'11ts of tlie WFD cards. 
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Figur<' f>.8: fllo<:k diagra111 of v\'FD syst.c111 for use wit.h Choo~. Only four of 
thl' eight pulse :;hape buffers arc :;howu. The N l::XT signal will come fro111 1.he 
Level I trigger, inclicati11g 1.hal a pulse should he stored, whik t.lw STOP signal 
is t<1k1~11 from tlie Lcvd :.! trigger d<'l<ty<~d hy l!)O 11s. EaC'h puls<' shape buffer 
st.or•!S :~20 us of 8-hit. pulse height al 5 us inkrvals. 
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5.5 Acquisition System 

The readout of I.lie FASTllUS c1·ates will be made by a commercially available 
FASTBUS module containing a 68020 microprocessor and an ethernet interface. 
This module will respond to trigger interrupts, and read out the WFD's and 
TDC's and buffer events. The u:;e of zero suppression or event compression in 
the microproccssol' is being considered. 

Acquisition control, online dis1>lay, and da.t.a storage will be performed by a 
local workstation connected to the FASTBUS microprocessor and other acqui­
sition electronics. 



Chapter 6 

Calibration 

Tht! aim of the detect.or calibrat ion is t,o permit reach ing t.lie 2% sysiemaLic ac­
curacy desired for t.he neut rino evenL raic a nd energy spectrum measurements. 
In a long baseli ne react.or neut rino oscill<.\.t.ion search, Lhc event. sLatist.ics tend 
Lo be relatively poor and, as a consequence, tlw neutrino energy spedrun1 anal­
ysis will not be very sensitive to oscillaiion parameters, except for large mixing. 
Maximum sensitivity to neutrino oscillations will be obt.ained by comparing the 
rate of detected neutrinos above a fixed energy thrcsliold Lo the expected rate. 
T he accurncy of the rate measurement is <let.ermined by knowledge of the c+ 
energy threshold (including the two annihilation r's) and of ihe neul.ron d<:>tec­
tion efficiency. l\nowledge of t.hc latter requires mc::11>11remcnt of tl11~ absolute 
capture probability of a neutron by a Gd 1111clc11 :> and of tlw eflicicncy of the 
selection criteri<~. 

The various tasks of the detector calibration arc: 

• Monit.oring the re;;porn;e of the digiLizi11g d1?c t. ro11i c;; by meaus ofcalibrnt.ed 
cl 1 n rg• ~ p11 lscs; 

• Mo11it.o ri11g t lw gai11 of each PMT, \\' hi ch can I.><' achic.•v1•d hy cont.i1 111ous 
0 11 - li1 w 1111 ~a.c;im~m cnt of I.he ;; inglc plwtocl ,.r l.ron 1wak <1m pl iLudc•, m aki ng 
USC of \.lw good <! nergy r<.>so!u l.ion or Llw JlMT's sclcct.i~d <1 11 d by u;;ing 
i11forn1at.io11 frolll t.he other cal ibrat.io11 proc1:dut·<'S; 

• Dl'lerrni11<1t.ion of all parainet-<.•r:; ncl'dcd to rnlculak Lh<' energy d1•1>0;;iLiou 
of each <~vent. from the recorded l'MT pulse heiglit. a11J t i111ing data . This 
I.ask can lw 1w rfor111ed using ~, li 11cs fro111 rndion<'t. ive 1111d1~i [H<~s·~nl in 
Lite.• l>arkgrou11d ("10 1\. ~118TI, 7 lilll'f; f'l'O lll llCllLl'Oll c11pf. t1 1'<' OJ I ( :d) or in 
d<"dical1•d source runs (';"Z11 , r;o('.o, 1111Y, ;\ n1 / !k). Tlwsc• ri rns will I><' 
1wrlim1wd 111<>111.ltl_\'. \\'it.Ii rlaily c-h1'C' ks to bo• 111ad1• 11s i11g n 1:a liliral1'd lighl 
pulso.' (!;•' ll<'ralor. 111 :-;11ch a tol.<d ahso1·111 io11 d t.' l<' l'IOI',; li111.·,.; will lw 1•asily 
obsnved and pararne\.<•riu·1!. Th<' d;1(.;1 IJ<'<:d«d for t.lw 1.•1wrgy rnlihrat.io11 
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arc the light emission rtnd transmission of the scintillator and the PMT 
and electronics response; 

• Determination and monitoring of the 11eutro n detection efficiency, includ­
ing the Gd neutron capture probability and neutron cn.ptnrc time 1=1s well 
as th<'.' 11cutron selection criteria. 

6.1 Energy Calibration 

The mechanical design of the detector will include automatic introduction of 
vArious radioactive sourc<'s into the center of the gadolinium region by n movable 
I ucitc tube filled with scintillator for minimum opt.ical interference. Another 
specially designed tube will permit exploration of other positio ns for checking 
radial micrgy dependence. 

Two energy regions arc worth monit.oring accurately: 

• The 2 Mc\! region associated with thee+ threshol<l. For this region, stan­
dard I sources exist (88Y , 60(',o, 65Zn) wh ich will allow linearity 111easure­
ment around the tl1 reshold. 

• The other region is the energy window for the neutron capture signature 
(typically 5 - 10 MeV). The number of muon-tagged neutron captures 
in the Gd volume is small (several hundred pt!r day) hut enough for a 
daily check of the stability of the energy window and of the captul'e peak 
position. A dedicated Am/Be fast ueutron source run will allow accurate 
determination of the neutron capture peak using the recoil proton pulse 
an<l t.he 4.4 MeV /as a trigger. The 8 MeV capture peak can also be used 
as an energy calibration reference point which ir; ncnr th<~ end of the e+ 
energy spccimm. The time needed for tlws<! runs is small, so the interval 
beLwc<~n calibration runs can be short. 

6.1.1 Peak Position Dependence 

For <1 ~ivr:11 energy <leposit, the total charge collected on tlw PMT's shows a 
rndial depc 11dt•11ce (isee Table ().1.1). This 10% mdial vA.r iat.ion ca n be co111pe11-
sa\.t'd by corrt•ctio11s based 011 the reconstnicl.ed event posi I.ion. The corrections 
Ll1<~mselvcs can he determined from careful soun·c calibri.iiio11s. 

6.1.2 Calibration of Region 3 (Veto) 

111 t.lic.· veto n~gio11 the e11ergy resolul.io11 will be limited by t.lw geo1111.•Lry a11d hy 
rn!l<'('l.io11 or 0 11 ly ahou!. :w 1w's/ J\frV. NcvPl'thde;;;;, CCI Ii lm\tioll will be possi hie 
usi11g t.11<' 1wak posit.ions of \'itrio11s / line;; us ing <?il.liN :>olll'<"c.? ru11s or tlw 11at.11ral 
li11<'S ('Olll inµ; oul. fro111 I IH• rock, esp. '.!Ol!'J'I. Fl1111go•s Oil t.llP CO\'t' I' of LJie rnain 

vo:s~wl \\'ill 1wr111il. t.h<' int.roduC'tion of radioart.iV<' f;Otl J'C<'i> as wdl as ligli!. pulses. 
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Distance from bU'g<~ small 
cent cir nx1s axis 

() l l 
25 ('.111 1.001 1.007 
50 ('.Ill 1.015 1.0 I :~ 
~r: 
/ ,) Clll i.o:w t.O:W 

100 cm I.On I .0C)5 
125 Clll 1.0:lO 1.1 20 
150 cm u:n 1.070 

Tabl<• (i.1: Spatir1.I varia.t.ion of the light collccLion clficic11cy. llesults of a Monte 
Cnrlo simula tion with 160 EMT 9351 PMT's inst.ailed 80 <:111 away from the 
acrylic vessel. These calculations assume 8 rn as the nwa.n light aUcnuatiou 
lc11gtl1. 

6.1.3 Short Term Gain Monitoring 

We have two possibilities for monitoring the short term gain st.ability: 

• Using the spark-gap system developed for the Bugcy expcrinwnt. [3GJ. This 
system consists of a nitrogen filled 30 Hi spark ga.p with special spherical 
tungsten elect.rodes. The device provides an i11tc11sc blue pulse that is 
filtered t.o llHtich the sciutillator-photocat.hodc combined photoscnsitivity 
(420 nm). The intensity can be adju:;t.ed by a. CAMAC-controllcd set of 
precision neutral density filters, which <trc abo ust~d for linearity 111casure-

111~nt.s of the l'lll.irc chain of dcctronics. To use this system for Chooz, 
m: will have t.o provide an opt.ical filH)l" to carry t.he light. to tlw n•nt.er 
of t.lw gadoli11i11lll vohll11e, and <i light. diffuser l.o illuiniuale the PMT's 
us lto111ogencously as possible. To obtain th<~ ll•.··~ded <t("Curacy q11ickly, 
W<' would need about. 50 phot.ocl1~ct.ro 11 s 011 eac h tube• (equivalent. l.o a 
100 l\frV energy deposit) . Thb :>ystcru would p<' r111it. 0 11-li111~ equafomt.iou 
and st.uhilizat.ion or I.he gains of tlw HiO cha1111d:;. 

• Si111ilarly, we could use a UV puls1~d la!Ser with a q111ut1, fiber leading t.o the 
ccnlcr of the Jel.t'<'.t.or. UV-in<luccd fluorl-scencc of the sciuti llator liquid 
would tlten provide an isotropic light. soum .. • wit.h the correct spectru1ll. 
\\'c a rc current.ly invcst.igating t. 11 <~ ka.;;ihilif.y of this sol utio11. 

111 liolh sol11t.io11~. dc•dicaf.c•d phot.w;ensit.ive d(•\c•cf.ors an· lH~<:d1•d t.o 111<)11it.<>r 
f. 111~ a111ou11l. of ligl1l lll"O\·idc?d by citl1c~r 1.h1• i;p01rk-g<1p or t.IH' l<it;c.•r. 011 a pul:-w­
( o-p11 l:;1• basis. 
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6.2 Neutron Detection Efficiency Calibration 

Good control of the neutron detection cllkicncy requires severn.1 types of infor­
mation: 

• measure111ent of the absolute neut.ron detection efficiency; 

• rnonitoring the time stahility of the neutron detection e!Ticicncy; 

• dct.<~rmination of the spatial variation inside the Gd rcgiou; and 

• measurement of the neutron capture time in the Gd region. 

6.2.1 Absolute Efficiency Measurement 

Tht) ahsolutc neutron dcteciio11 efficiency will be measured in the center of the 
rlctcct.or using the neutron multiplicity method with a 252Cf spontaneous fission 
source ([371). Even with fast neutrons, the size of the Gd region i11 the dcLccLor is 
large enough to catch all neutrons emitted by the source. We can therefore treat 
the det.cctor a.'> an infinite medium. Our electronics will permit full measurement 
of up Lo 7 neutrons from each tagged fission. The tagging is done by recording 
the signal m~ated by the fission produc~s either in a semiconductor or in a gas 
scintillation detector. 

6.2.2 Time Stability of the Neutron Detection Efficiency 

Time stability of the nc11t.ro11 efficiency iFi governed by the i;tabil ity of the energy 
calihrntion, discussed p1·cviously, since it depends on the st.ahili t.y of the capture 
peak insid1~ the sclectt~d energy window. The ot,hcr parnmct.cr controlling the 
neut.ran detection efficiency is the G<l concm1tration in I.he scint.illator, wl1ich 
0 111 ht) checked <~it.her by measuremcn~ of the capt.me time of the neutron or by 
1wriodic i1bsoh1le neutron detection effici~~JH.:y 1n<? as11r<~111c 11l. . 

6.2.3 Uniform.ity of the Neutron Detection Efficiency 

Un iformity of the neutron detection elJicicncy i8 li11kcd Lo scvcrnl parameters: 

• Spatial variation of the energy respornle of Lite ddecLor as discussed above. 
The capture energy of the neut ron ca.ndidaLe can be corrected using knowl­
edge of U1e rcconstruded capture positio11. l•'ud h,!rmorc, in t.his detect.or 
most of t!1e energy of the i's fro111 Gd dcexcil.af.ion will lw absorbed. 
S111al! variat.ions of 1.JH' <'l!crgy respousc of !.hr. d e kr.1«)1' will 1 lius nol l<~ad 

lo largP efficiency varial.ions. Mor<~ovr~ r, w1~ will dirc~clly lll<.'asure Llw spa­
( ial r<.'SJHHISP ol' t.hc d<~tedor l.o 1w11 l.ro11 rnp(.1m· usi11g <111 J\ lll /Li !ow <'ll<'rgy 
(:WO Ke\') lll'llLron sourr<>. 
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• Losses of neutrons cscapiug the Gd region. 'fhis effect will be checked 
by scanning with the Arn/Li source. This measurement will also be used 
to validate the neutron Monte Carlo code. The fina l correction must be 
calculated since it would also need to include neutrons created by neutrino 
interactions in the 1111loa<hl scintillator which difflt$e into the Gd r<~gion. 
The correct.ion is very small ( "'"'0.5%) and uncerta inties in it. will not he 
significant. 

6.2.4 Capture Time Measurement 

The cap ture time of the neutron will be measured during the Am/Be source 
runs using the prompt pu lsc ( 4 .'I Mf!V / and the thcrmaliia.tion p11 lsc) as the 
time start. It can also be checked continuously by the ncutri 110 <lata and by 
cosmic ray-indur.ed neutrons. 



Chapter 7 

Event Rate and Statistical 
Error 

We calculate the expected anti neutrino event rate in the experiment to be ahout 
30 c1- 1 using the assumptions shown in Fig. 7.6. For a 200-day run we thus 
anticipate a.bout 4400 events, allowing statistical errors in the vicinity of 2%, 
assuming a good background measurement can be made before the first reactor 
starts operation in late 1995. 

!JO 
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Figure 7.1: Th() invcrf.ic bet.a decay po1;itro1t 1;pcctru111 for Chooz, wit.ha thresh­
old cul at J.3 lvfoV. 

SUMMARY OF EXPERIMENTAL ERRORS ( l er) 

Cross :wrtio11 an<l neutri 110 flux ;!.!io/c. 

lteac l.or power + fuel composit.ion I .!i% 

Del.l'C I.ion dfiricncy l.11% 

Systematic enor :U>% 

Statistical Cffl'Ol' ~UH.O'Yc. 

TOTAL ERROR '1.lJ-1).:\% 

Tali!(• 7. I : Est i11taks of sy,.;1<>111;1!.ir, :;(.;it.ist,irnl n11d l.ot n l 1•1·rors 111 1 lt1• ( 'liooi 
'.!!\ pc•ri 1111•11 l.. 
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f'i g m c 7 .2: Ca!culat.e<l detcdion efnciency for gadol ini lllll ncuLron capt.me 
events vs. threshold. At the expect.eel operating Lhrcshold of 5 McV , t.hc cf­
fi c i1~11cy wi ll be 96.4%, as shown by t.hc ploLLr.d point.. 
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Gd Neutron Capture Energy Containment 

/ 
- / -

________ .,,,.,,,. 
---

- - - Region 1 alone 
--- Regions 1 + 2 combined 

0 2 4 6 8 10 

Energy, MeV 

Fig11n· 7 .:1: Co11tai llllll!llt or the energy dcposi kd liy g;ldoli II i lllll neut.roll nqi-
1.UH' ga.111111a rays i11 t.lie Choen dd.eclor. Till' solid r.llJ"\"(' shows the efft.'ct or 
s11rro1111di11g the target (n'gion I ) with an 1~1wrgy co11l.ai11111cnt volunw (region 
2): reduct.ion by ahout an order or rnagnitu<ll· of t.h1• low c11ergy Lail rnuS<~d by 
e:>ca.ping ga111111a.rays. Tlie t.wo peaks al. 8.[)~7 <111d 7Jn!J Mc•\' 111·1• mused by tlie 
presence of two C<1pt.11riug isot.opes e5:>Gd a11<l l!iiGd) wit.Ii difforent. Q-v11l11<~ . 
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100 Gd Neutron Capture Events 
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Figure 7 A: Trajectory plot. for I 00 Gd neutron capture Monte Cc.irlo events. 

Th(~ source point . ., 11.re randomly d istri bu Led throughout the target (region I). 
Each <~ve11t rele<ls<~:s S<!Vera l gamma.rays whose energies adcl up l.o about 8 McV. 
Most of the euergy leaking out of the target is absorbed in region 2, the event 
cont.n inmcnt. volume. Tht> clliciency for depositing more than 5 MeV in l'cgions 
l ancl 2 is 96.1%, as shown in Fig. 7 .a, where t.he results of f>00,000 Mont<! Carlo 
<'Vents are plotted . 
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rigur.: 7 .!i: Traj ectory plot ror lOO posil t'Ol l Mo11!.c; C:irlo t 'Wll1.S. T he ki nrtic 
and annihilation cnergi<'S are almost. pcrfoct.ly ahsorbt•d i11 rc~io11s 1 and 2 , with 
ii ralrnlatc<l <lc l c~c•.ion clfki1~11cy or 99.8%. 
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( CHOOZ EVENT RATE ] 
Reactor power {2 units) 

Energy release per fission 

Reaction cross section 

Fission rate 

Neutrinos per fission (approx) 

Neutrino flux at detector 

Reactor distance 

Target H density 

Fiducial volume 

Positron detection efficiency 

Gd capture fraction 
Neutron capture detection efficiency 

Coincidence efficiency 
Event rate (2 reactors, full power} 

8.40 GW-thermal 

203 MeV 

5.SOE-19 b/fission 

2.58E+20 fissions/s 

6 

1.2E+10 /cm"2/s 

1.03 km 
7.00E+22 atoms/cm"3 

5.6 m"3 
99.8% 

86.7% (0.1% Gd) 

96.4% (5 MeV threshold) 

97.3% {100 microsec gate) 

31.2 cod 

c:hoouet xi-, 

IG·~•·GJ 

Figure 7.G: Calculation of Lhe neut.rino event. rnt.e. 
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CHOOZ 
STATISTICAL ERROR 

Event rate R 15 cpd/reactor 

Background rate 8 4 cpd 

Time % two reactors on e2 0.50 

Time% one reactor on el 0.00 

Time% both reactors off EO 0.50 

Total counting time T 365 d 

2 reactor count total N2 6205 

1 reactor count total N1 0 

Signal + background N2+N1 6205 counts 

Background NO 730 counts 

Net signal R 15 cpd/reactor 

Statistical error 1.52% 

cOOozerr AJs 

21 ·Apr·93 
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Fi~lJrC 7.7: C11lc11 latio11 o r lhc stalis Li rnl C'l'l'Of for a 011<' year l'llll with a hnck­
ground of four per d a.y. Six 111o nl hs or co1111li ng arc assn med wit.Ii hol.h reac tors 
a t ful I power and six mo11l.l ls wi l h bot.h re;ictors off. l"ig. 7 .8 plots t.lw st.at istical 
error for a range of uackground rates and reactor t im<.'-Oll fractio ns. 
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Figure 7.8: T he st.at.istical crTOI' for a range of background rat.cs and reactor 
tim~o11 fractions. Even for the kss Cavornble case of 110 c.ou11Li11g t.ime with 
both rcnclors off a nd a s ingle reactor time-on fraction of 80% (dashed curve), 
a two year mu will achi~'VC a 4% s!.aList.ical error for lrnc:kgro1111d rat.es ur Lo 40 
per day. For t.hc anticipa t.c<l background rate of 4 per day, Lhe i;ame run would 
rea.ch a slatisticaJ pn!cision of 2.5%. 



Chapter 8 

Background 

ln t.liis experilllent. the main signature of the neutrino intcractio11 is based on a 
clean neutron signal, the level of Lhe natural neutron background being much 
lower than that produced by i's. The 8 MeV total energy 1' rays released hy 
neutrou capture on <t g<ldol i nium nucleus are well above the highest energy of 
the natural r background e08TI, 2.614 MeV) . To accept a neutron candidaLe 
as a neutrino-induced neutron we 1nusL find in its history t.lte prompt pulse 
corresponding to the e+ signal and no other correlated signal indicating either 
a I' going through the detect.or or a multiple neutron event. We can define 
the following two classes of background which can simulate a reactor-neutrino 
interaction: 

• ACCIDENTAL BACKGH.OllND conespouds to a coincidc1w~ bet.ween 
t.wo uncom~lnted iiignals -- an e+ (E ~ 2 McV) and a neutron (E "2:'. 

G McV) within t.he t.inw (6.t ~IOU /ts) and spa.cc window. Using the esti­
mat<'d t+ singles rah~ (s~~dion fU) and neut.roll si 11gl·~s rat~~ (section M.'2) 
t.lu~ n<«:ide11l.a I background rate will be 

nearly 100 ti11ws lowe1· 1.ha11 the anticipated CVP.ll l rate. 

• COIUlELATED BACKGROUND is produe<,>d hy fast neutro11s whose col­
lisions 0 11 fn~e prolon:-i si11111latc Uw e+ signal followed by slow ll<'ntron 
capt.me ou it Gd 11wle11s. 'l'h1•s<' fa1;f. ncut.rons c<an be produced eit.l1<'r by 
<'osmie-ray 11 iul.Praclio11s i11 lhe dctr~d.or ;\J1d the: surrnunding 11tal.<•rial or 
hy sponta1wous fission i11 tlws<~ n11tl.criab. Cos111ic. my inkrn<'lion;; i11 t.h,, 
d<~l<'rlor (sl.oppi11g 11';; nnd I' 1111clcal' sp111lal.io11) will !w <'llsily <'li111i11at<•d 
11sing lli<• l ;iggi11g i11for111at iou provided i>y I Ji,~ v<.'lo hiy1•r of' t.li1' d.~1 <·cl or 
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during ,...., 3 life-times of the 11c11tron in the detector. The neutrons cre­
ated by spontaneous fission or by 11 's stopping in the material sunound­
ing the detector (energy ~ 10 McV) will be absorbed in the scintillator 
(thickness~ 1.5 m) surrounding t.hc inner vessel containing the Gd-loa<led 
liquid scintillator. We arc thus left with fast neutrons produced either by 
spontaneous fission in the detect.or (section 8.3) o r by Jl n11clcal' spfl.Jlatio11 
in the rnw material around the detector (section 8 .4). 

8.1 Singles Rate Estimate for e+-Iike Signals 

Due to the f+ energy threshold (2 McV), well above the 4°K line, the positron­
likc singles rate will be mainly relat.ed to the amount of thorium in t.hc detect.or 
l\nd in the sur rou ndi ng material. This situation req uires materials selection 
for the det.eclor (liqui<l scintillator, mechanical structu res and phototubes) and 
c:ueful esti1nat ion of t he elTecl of the U alld Th content in the rnat.erial s ur­
rounding the detector. Due to the level of U and Th in the rock of the t unnel 
(section 8.5), special shielding has been designed which will r..onsisl of selected 
low activity maL<!rial fll liug the available volume between the rock and the main 
vessel ("' 70 cm thick). Th is material will probably be compressed sand (for ex­
ample Cornblanchien from the Burgundy area). The concentrations allowed are 
ll $ 100 ppb, Th $JOO rr>b, 40£\ ::::; 10 ppb. Using these numbers, the counting 
rate at the 2081.'I peak will be ::S 150 s- 1 inside the volume defined by the PM T's 
s upporting structure (region I and II), to be compared to ::::; 20 s-1 from the 
PMT's aud tht' liquid scintillator. 

8.2 Singles Rate Estimate for n-like Signals 

Neutron c1rndidatcs can he prodtHx~d by the followiug processes: 

• rc'<il neutron capture by a Gd n11cl eui; witlw11t a visible prompt pulse 
(Ev; .• ibl• ~ I ~fr V) produced by ncu (.roll tl1cm1a.li:mtion; and by 

• h i~h energy T's entering lhe vol11 111c ddlned by llw PMT's (regio ns l and 
2). 

8.2.1 Thermal Neutron Capture 

Tl11~ r111al 1wut.ro11s which reach the Gd-loaded liquid sr.intillat.or aris<~ fro1u Lhr 
following lwo sourc<~s: 

• spo11 l.a1H.•011s fissio11 in tl1e dcf.ccl.01· (scc:l.ion 8.:J) ···· I.he ra l•~ is ucp;ligihle 
(« l/h) 
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• cos111ic-ray in<l uced neutrons · the number can b(~ ded uce<l from the 
thermal neutron measurement at Bug(:y. This mc<isurcmcnt was <loue with 
a dr.t.cctor made of a 2 m3 vr.ssr.J containing 254 a Ile counters and filled 
with water. Using <la.La. collcde<l during thl' react.or shutdown, after alpha 
background subtract.ion and n111on-taggcd neutron rejection, we obtain 
~ 60 thermal neutron capturc:>/111:1 /h. Assuming pessimistically that all 
these neutrons were produced hy cosmic ray int.eractions outside t.he act.i\'c 
shicldiug, we can extrapolate to the co11ditio11s of the det.1~ctor tunud at 
Chooz, finding 2.6/m3/h. Adding the improved shielding conditions of 
the Chooz detector, the number of neutron captures in I.hr. Gd target will 
be $ 1/h 

8.2.2 High Energy i's 

The main source of high energy i's is neutron capture i11 the rock. The sou re~ 
of neutrons is the (a-,n) reaction in light eleme11ts, the a -particle being produced 
by 23'.!Th and :i3su contained in the rock. This effect has l><x~n r.11k11lated an<l 
measurc<l in the Creighton mine for (.he SNO proposal. The: flux of 1 's with an 
energy ;=:: 5 .McV is equal to 2.'f/m2 /h, the quantity of ~:i2Th iu the rock being 
5.3 ppm at the location of the measurement. In our experimental conditions 
(low activity sand around the detccLor) the 'Y flux e11tcri11g the delt~r.1.or will be 
0.5/m'.l/h. For these i's the a.ttcnuatiou in the external layer of the detcdor is 
"'300 and so their counting rate will he ::; l/h in regions 1 and ·2. 

8.3 Spontaneous Fission 

Spontaneous fission is <let.ermined hy the abundance of 11a.iural uranium in thr. 
raw 1111\lcrial of the dcl.cdor - I gram of urn11i11111 produ<"es '1!) lissions/lr. T<1k­
i11g i11Lo a<"count t.he m<!an neutron rnnlt.iplicit.y of :.!.fi yidds I J:? ll<.'11Lrons/h. 

Usi11g the measured values of th·~ ura11i11n1 co11lt'lll iu \.It,• raw lllaterial of the 
d1~t.<~<"to r (st~e T11ble 8.f>), we c;in show I.hat. the main origi11 ol' fissions will lw 
t.lic• Pt..·IT';; il!ld their supporting sl.rttdllr(' (:S .o:J!i Ill~ or 11al.11ral 11nrni11111 i11 tli·~ 

li quid i;cint.i llator). 'J.''11.• upper li111il. for 200 l'tllT's will lw 

• PMT'i;: (70 ppl>) ·(GOO gra111) · (200) = 8.'I 111i; 

• sl.1\inless st~d: (4 pph) · (:lOOU gra111 ) · (:?OU) = :i mg 

Tiu~ 1 1<~11tro11 raf.e t.lwrdorc will b(~ 1.:1/h. Taki11g i11f.o ucco111ll I.he~ solid 
a11gl<' (O.fl). alisorpf.iou iu t.he 70 1·n1 of'sri11t.illalor ;1rn11 nd t.11<' g11doli11 i11 111 \.ar!!;i'l 
(- lll- :1), it i;; <1pparenl. 1.lial. f.lw ral.e of' (;d c:npl11n~ for 1.l 1<•s1• 1w111.ro11s will h1' 
1H·µ;liµ;ihk. 111 11ddit.io11, 1.111• tlwr111ali:rnl.io11 signal will ltav1• a low prohal>ilit.y of 
sal.isf.yi11g 1h1• c + l'lll'rgy !.11r(~sliold. 
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8.4 ft-Induced Background 

Neutron production has been studied at various depths [38), hut it is difficult to 
determine from these studies the absolut.c number of neutrons reaching the Gd 
target, since there is no reliable Monte Carlo program for neutrons between 10 
and lOOMcV. We prefer to use mea8Urements done at Dugey at 10 and 25mwe 
(sec Fig. 8.1), and to extrapolate to the 300 mwe C hooz depth using the results 
of [:38] . The numbers are summarized in the Table 8.1. 

Experinient Muou Flux Depth Nneulron Measured Rnte 

/m2/s mwe /p/g/cm2 /m3/h 
B ugi~y. 40 m 79 .0 10 3.2 10- G 13.7 ± 0.4 

l3ugey, 15 m 30.0 25 4.7 io- s 8.3 ± 0.5 

Chooz .4 300 14.8 io-5 .35 (estimate) 

Table 8. l : Estimate of the m uon-induced correlated background. 

The fast neutron rate for the Bugcy detector geometry a t t.he Chooz site 
is thus estimated to be .35 m-3h- 1. To find the expected rate for the Chooz 
detector geometry, we must take into account the extra thickness of the liquid 
scintillator buffer in which the neutrons will be absorbed (~ 150 cm instead of 
35 cm as at. Bugey). We therefore expect an additionaJ attenuation factor well 
a.hove 10 for 10-100 MeV neutrons. Under th<'sc cond itions, the background 
induced by 11 nucleal' spallation should be ~ O. l 11 - 1 in a () m3 target of Gd­
loaded liquid scintillatol', more than ten times below the expected neutrino 
event. mt(~. 
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8.5 Activity of Shielding and Detector Compo­
nents 

401{ 2:iau 232Th 

schist 1.()0 ppm 1.60 ppm 7.34 ppm 

.sand.stone .11 ppm 0.21 ppm 1.03 ppm 

sand (Belgium) .23 ppm 0.17 ppm 0.58 ppm 

Com blanch icn 20 ppb 0.50 ppm 113. ppb 

iron shot .18 ppb ~ 0.3 ppb ;:; !. 7 ppb 

(heavy concrete) 

iron pla.Lc ~ .30 ppb ~2 ppb ~5 ppb 

( Bugey shielding) 

Ta.hie 8.2: Shielding Component Radioactivity 

40K 238U 2a2Th 

Gd -:::; 5 ppm 0. 7 ppb 5 ppb 

PMT's (EM!) 20 ppb 70 ppb 100 ppb 

.600 kg each 

stainkss steel (typical) ::; 2 ppb ~0.4 ppb ~ 0.3 ppb 

cahl<~ llG58CU (red) 0 17 ppb 0 

Table 8.:l: Detector Co111poncnl. Radioactivity 
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8.6 Summary of MC Singles Rate Calculations 

, 
INDIVIDUAL CONTRIBUTIONS 

TO SINGLES RATE 
ABOVE 1 MeV IN REGION 1 

Material Th u K 
Hz Hz Hz 

Gd-region 1 .034 .020 .013 
LS-region l .001 .003 .125 
LS-region 2 1.9E-4 5.7E-4 .025 

LS-veto 7.0E-6 l .OE-5 5.4E-4 
acrylic 1.1 E-4 4.3E-4 2.0E-4 

PMT .18 .19 .16 
steel tank .0003 .0003 6.4E-7 

low activity gravel .25 .34 .02 
schist /sandstone .04 .04 .04 

TOTAL o.s 0.6 0.4 

TOTAL 
Hz 
.07 
.1 3 
.03 

5.6E-4 
7.4E-4 

.53 
.001 
.61 
.12 

1.5 

Figmc 8 .'1: I ndi vid ual cont.ri llllLions to 1.lte si 11p;l1•:; rn lt' a hove J M<' V in l he l.argct 
n•gio11 . The mrn;l. i111port.a11l so111·ct's of backg ro1111d ttr•' Lli<' plto t.011111ltiplier tulH's 
(.5:! llz) and \.he low acl.i\'it.y grnvd shi1·ldi11g (. ()I ll:t.). Tlit• calrn lat1•d ( 0 1.11 1 

si ugl1•,; ral.1~ is 1.5 Il z. 
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( CHOOZ DETECTOR SINGLES RATES ) 
Nuclear Data 

ISOTOPE AMU T·HALF Isotopic Specific Gamma's 
(yr) abundance activity per decay 

(bq/g) (E >200KeV) 

U238 238 4.SIE+09 0.993 12239 l.81 
Th232 232 l.4lE+lO l.000 4044 2.40 

K (not) 39.l l.28E+09 l. l7E·04 30.3 0.11 

Material Data Contamination Levels 

Material Quantity or Mass (Th] (U] [K(nat}] 
Thickness (tons) {gig) (gig) (gig) 

Gd-region 1 0.1°4 .0049 5.0E-9 7.0E-10 l.OE-6 
LS-region 1 5600 lit 4.9 l.OE-13 l.OE-13 l.OE-8 
LS-region 2 19600 lit 16.7 l.OE-13 l.OE-13 1.0E-8 

LS-veto 105500 lit 90.l 1.0E-13 l.OE-13 1.0E-8 
acrylic lcm .150 l.OE-12 l.OE-12 1.0E-9 
PMT 150tubes . l05 l.OE-07 7.0E-08 1.SE-04 

sleet tank 0.8cm 9.6 l.OE·09 l.OE-09 1.0E-08 
low activity gravel 74cm 217 l.6E·07 7. lE-07 2.6E-04 
schist/sandstone 40cm 165 5.0E-06 2.0E-06 l.4E-02 

Total Singles Rates (Hz) 

Threshold Energy Region 1 I 
1 MeV l.5 

1.5 MeV 0.7 
2MeV 0.3 

Reglon2 I 
99 
39 
15 

Region 3 
26824 
11816 
3242 

¢<>nlsum l .kts 

4/1W93 18;07 

66 

Figure 8.:i: Su111mary of the singles rates as calculated by the Monte C<1.l'lo 
gamma ray transport. code. The co11taminatio11 lcvcls al'c measured (Gd, PMT, 
st.<~1·1, low 1t<:t.ivit.y gravd a11d schist/sandston<') 01· cstim11l.ed (liquid scint.illaLor 
and 11cryli<'). A.s shown in fig. 8.:?, Lhe latter two 111aterials are bdicv1~d to 
cont.rihHt" only about. 10% of I.he Lot.al singles rn11nt.i11g rnt,1~ ahov1' I MeV in t.lie 
l<t rg<•I r1·gio11. 
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Chooz Site Background Absolute Comparison 

105 

104 

10 

1 
0 

.!: .. --- GAMEFF Monte Carlo (U, Th, K) 
· · · · · · · Measured Chooz background 

~ 

Assumptions: 
NO arbitr~'&'. normalization factors 
~],(Uhl K] = 10, 2, 1.6 ppm 

Rn, Rn and 235U not Included 
Nal: 10.8 kg, (14.34 cm)3 

resolution 10% at 662 KeV 
schist: spherical shell radii 14 and 54 cm, 

density 2.5 gtcm3 

composition 56% Si02, 15.4% A120 3, etc 
U,Th decay chains cut at E=200 KeV and lnt=1% 
20M uniform decays in schist mode11ed (= 66 sec) 

.· 

1000 2000 3000 

ENERGY (KeV) 

4000 
<IAMSAl2i\l'l.T 

°'121 9) 

Fig11rf' X.4 : Comparison of the lllt'<ISUt<~d backgro un<l at I.he Chooi 1111dergrou11d 
sit.c with a Monte Carlo si111ulatio11. T lw 111casun!d i11t.e11sity of the 2.() Mt'V 
20&r1 line (thorium chain) is ahout. a fact.or of two lowcl' t.lt n11 Lite c11.lc11latio11, 
indicating that. the true tliori 11111 couknt. at I.he si t<.' is about.!) ppu1. Th<~ po t.as­
si11111 and uranium rwaks ar•~ iu good aµ;r1~e1111~ 11t wit.Ii lh1: rnlculal.ion. The iwaks 
i\L 6G2 l\c>\I ( i:r;C:;) <.111d 117:! aud 1 :}:3:1 h:cv ('a1Co) al'<~ rn11:>c?d hy fir;~ion prod­
uct. co11t;u11i11aliou which will he rlenn1~d up IH.•ror<~ tl11~ dc•\.c~d.or is iw;!.allc~d. All 
t.ltrce ~a 1 11 1 11'1 rn_ys <t r<.' i11 a 11y east.' 1w<11'iy rn111 plc•l1~ ly itbsorhcd hy th<• 71!-c.111 loll' 
itcti,·it.y ~rn\·1•1 sliiddinl!; ;1 1Hl l1y l.lw I l!">- rn1 t lairk liquid l'<:i 11 1.illat.io11 V<~to c·ou11l1•r 
n11d will 1101 lw l.roul>l<'i:'Olll•'. 
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