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ABSTRACT - The end point regioll of the tritiltlll }-spect.rJun is measured tilling h 

dou\,le focu:>illg lIlitgnctic: ~pt'c'rolllc!er. For the elecU'otl anti·neutrino mass an upper 

limit Ilf I!'v < 1~.1 e\' at !',)''{C.L. i!i ohttlincd. 

·Supo!)ne"·hy the N:ltiulllll :'-Intmal S6'lIco' foundation .)1' ('hilla 

1 INTRODUCTION 

For more than fifty years physicists have paid considerable attention to whether a 

neutrino hils rest mass or lIot, an important prohlem in the fields uf panicle physic~ 

and astro-physics. Because of the difficulties in experiments, only the upper limits of 

the neutrino mass were reported. 

III 1!J80, the lTEP group{11 published the evidence for non-zero Tn". In their later 

work, they proceeoed improve their experimental instruments and methods. and came 

to the sam\'! conclusion the electron anti-neutrino h<15 finh:: mass. and a value of 

Ii eV < mit < ';0 eY was reported in till-ir latest paperf2]. The same experiment has 

been repeated :Jsing diITerent magnetic spectrometers in diifcrcnt. laboratories [:l-7J, 

none of them hal' got <I. I'esujt,. illdicatin~ it finite l1('utl"inn mass. 

Since 1981, tilt: nent.rino mass experimellt ha~ been in its development iu CIAE. A 

new iron-core 25,jO dOli hIe focusing m:lgnetic separator was reconstructed itS a high 

resolution .3 spectrometer with high luminosity for our measurement. The preliminary 

result of our measuremenl WrtS reported in !986 at Osaka symposium{i:>]. Since then, 

some calibrativn experiments have been performed and the experimcntHi data ha\'e 

been rc-processed. This paper is the final report of ollr measuremC'ut. 

2 THE MEASURING INSTALLATION 

Th,:, central u·ajc.·tot:, l"iH.lill" of thl' CI.\E dOllhic fllctl~ill~ J .':pertrollleter is r'.l=·l0 

(nt. the gap height ;2·5 emalldthecorresponrliugfocusingi\ngleisOr=:!.;.j.jo.Th~ iuitial 
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horizontal and vertical angles of the electron beam are within the ranges of ± 9 0 

and ± 1.·5 0, respectively and are defined by five apertures at different places, with a 

corresponding transmission coefficient of 0.13% and a momentum resolution of 0.02% 

in theory for monoenergetic linelike electron sourcc[9). 

For raising the luminosity of the spectrometer, we used Bergkvist[lO] method of 

an extended source of 10 x 9 cm2 with both energy and gt."Ometry compensation on 

the basis of electron opr,ics. It was shown that the electrostatic pot.ential distribution 

on t he source surface and the geometry of the source should meet some reqllirements. 

.\S !"howl\ ill Fig. 1. the illdillc aU!.1;le between the source surface ano th~ 0=00 

<~l 1'=1'0 j" ·!8°. TIlt~ clet:t I'OstaLic potenLiaJ wiLh spt~cial Jistribntion is applied \111 the 

source SUrlHc:e. To Illt.:et the' (\bo\c mentioned l'cqllirCllwnts, ill theoretic calculation, 

we diveded the .3 sOllrce into a series of nanow strips c:ach 0.0·) em in width. These 

strips were clIl'\'ed in the radius of curvature of about 16 cm, concaved to the centre 

of l:he spectrometer, so <IS to obtain a straight image on tlH~ detector. Under these 

conditiuns. thl> tiJeoreticallllomclltum resolutioll of the spectrometer was aboul 0.1% 

aua the luminosity was 0.12 cmz [11}. 

The instability of the current to drive the magnet is less than 10-4 in a two

day's 1'1111. A point-like electron gUll of 18.6 keY was u::.ed for ctdibration[12J. In the 

case of ,)ptillllllll re~ullJti(Jn (,,()Ilditiull the momentum resolution was 0.02%, which 

is ill ilgl'!"~lllellt wit.h Ihe rheon:tical ,'alclllar,oll. Sen?lIleeU Illull(,ellerg~tic lines flOm 

!~OTm. i';:JYb illIli 182T,\ wen~ l11C'a.sufcil so thaI the line,lrity of Lht! spectrometer cuutd 

bt! I\;:;kd. 

;3 

A tl'itium labelled [3, ,1, 5, 6-:HljPAD (C1.JI15T/S0 2.N3 ) of high specific activity was 

prepared. This tritium source is ""' 2p.g/cm2 thick which was measured by backseat

tering method[13J and 9.0 x 8.0 cm2 in effective dimellsions with the total strength 

oi the sOllrce is about 70 mei. The source backing is a. high resistive film of lOin, 

through which the compensation potential is applied. 

III order to measure the resolution function accurately, reference sources of mo

noenergetic internal COli version lines of 169Yb and lioTm were used. The sources were 

\"acuum evaporated on a pmc a.lumilllulIl backing and wt're cut into arc-like st.·ips each 

0.05 .:111 in '.vidth and 16 "Ill ill radius of curvature. The SOlUce tllickness is about 

2Ilg/r:Ili~. awl tlit' riuliOiicti\'ity is about 100 I,Ci/cm1 
, while th~ nOli-uniformity is 

less than 10% The strips of Yh and Tm sources were uniformly di~tributed 011 

tile high resist.ive backing which was similar to the backing of the tritium source. 

The detectot'[V>] is a, thin window proportional COllllter with P10 gas as wlnking 

gas at a pl'eSSUl'~ of :3.3x 10" Pa. The window is made of two or three layers of Fom\'ar 

foils each ill the thi('kll\!~s vf 100 lL,g/cm'1. For the 2:~ keY dectrons. the t::IH~I'!!y luss 

in the wiudow is less than:! ke\', auu the transmissioll factor is more than 9.)~1. Tile 

data aC(luisition was performer.! hy using a system composed of a low-noise charge

sensitive preamplifier, a linear amplifier and a multichannel.analyzer. The energy 

resolutioll for the I>hoto-peak of 5.9 keY X-rays of ~sFe is 1::i.1.~. 

3 :\fEASURING iVfETHOD AND RESOLUTIO;:-'; FF:~CTION 

EIl!dl'u:il.alir. scalllliug; with (Ollst,allt magm:lic fidd was used fur me'ISllrl~lJIellt 
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of speClra , so that the hysteresis elfeet of the iron core of the spectrometer and 

the correction of the detector efficiency were (\voided. Ho\,,:ever, the accepting :solid 

augle' of t.he spectromet('1' is a. function of the scanning potential and W(lS corrected 

experinlt~'1t(llly by using 1i'!)Yb_:.1 and 17°TIIl_K co\'ersion lines with tlifrerent scanning 

pot,('ntia\s[ 16]. 

The eledrons \:''llittcd from the centr{\lline of the extended ~onr('e were acceler{\ted 

to 22.9 keY such that the pulse height of the tritium a !-lpectrulll ill t.he ent:t point 

region is 1i.lI·g:01' than Illost of the bllckground. In the most -;cnsiti':e region for m", (in 

100 eV rallg(-' below the "lid cllcrgy t)f the t;'ttillll": J Sp"!ctl'HIll). t.he .,i~nal to 

h".·I:o....ntHlrl rat io i:; approxiIlH'l,tl·ly I: 1. 

Gellel'ally. Ileutrino mass is (,denlated ,H:rorrlillg to the .-pectral shape arouud the 

elld .,1' tb: tritiulll .:J ul'cay Slh.CLrtllll obtflilled b\' a IIIj~glll.:tic ~pe(lromet('r, But a j 

~pr:d l''.)metcr itself has elf~ctron optic;d resulution functit)t1 and the .3 source sllfr(~rs 

energy loss a lid hackscattering. they both may make the 13 energy spectrum distorted. 

ilnu hellce. 'lit\'C a serious illlhleure in the Ilelltrino milss estim{\tioll. It is this aCCOl\l1t 

that a t;ardul a.lIa.l~'sis was carried out tht'(.retically aud f'xperimentally 'JII the total 

resolution fllllclion[1 ij. 

The pro('(·t.illre for acqlliring Ihe lotal I'Plmlutioll flludioll t.heoretically is showll in 

II) 

n"t == R, ·.::. ir :\ 1::1- -:?! SFO) ~ ELS (1) 

where. R, is the internal conversion spectrum for 18.43; keY electrons of I(>9Yb_Ml 

line obtained under the same geometrical condition for the tritium {J source. The 

mcasun·d spectra for ,{b-\II. ~.12 and .\(3 lines a..i shown in Fig. 2; r. EL and ELS 

are the natural width of 16!)Yh-~H line and the energy loss spectra fOI' monoenergetic 

electrons in Yb source {\nd for the, tritium .J source, respectively~ calculated by ~Iont.e 

Carlo simulation [18J; SUO is the spectrum of the shake up/off effect of Yb source[19}. 

e and $ stand for the calcul{\tion procedures of deconvolution {\nd con\olution. 

Equation (2) gh'es the pmcednl'e for ohtaining the total resolution function by 

e:-qwrimenlalion. 

R~;r:" = RI ..::- R. ~ R;tA ~ ELS (2) 

Here Rl6R5 stands for ~he decollvolutin~ narrow strip (O.O,5x8.0cm2 ) from the large 

area (9xS rm!) internal conversion electron spectrum of I6!.lYh and 1';'°Tm obtailled 

experimentally; R,1t is t.he llal'l'OW photoelectron spectl'lllll. The electron spectra of R, 

and R., are slipposc.:od to have the same r. seo and EL in Eq. (2), The totalresviution 

functions from 169Yh_.MI and ,;uTm_h: internal conversion electron spertra. as based 

Oil Eq.( I) and (:!). al'e shown ill Fig :3. respectively, 

Comparing; the .tbo\'f~ ment,ioned total resolution fUllctions from the two methods. 

we sl~e tlmt the F\VIL\( ;)f the tOtit! resoitltioll flllll:tiolls is :JO± 2eV alltl the spectra 

are well romp;u'nbie CI.t tIll' high enel'g~' .iide..-\t the low c.:oner~;y :~ide til(' tail is high'!r 

for the theoretically calculat,etl spectrum. 
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Obviously, the experimental method call avoid a lot of errors and uncertainties 

from tht."Oretical calculation. This is just the distinction of the experimental method 

in which we acquired the total resolution functions. \Vhile neutrino mass is calulated 

hy fitting m;, the difference between the values of m; from R!h and Rezp is acount.ed 

into the systematic error at the next section. 

4 DATA ACQUISITION AND ANALYSIS 

The tritium tJ spectra \¥ere measured in the energy ranges of 1i.-l - 23 keV or 1i.$ 

- 2:3 keV. Fig. ·l is a typicr.1 3H-J pulse height specrrUlll of the pl'vportional counter 

fol' the euergy point of 17.85 keV. The small peak 011 the right hand side is the pulse 

h.:ighl spcctrulll of 311-1 mys. The high peak on fhe Idl !.; rhe pul:-;e height spel·tnun 

of ,~aFe-X. (5.)!)5 I,.('\') ,;ollrc(' llIonitoring the stability (If I he (,Olilltillg sys~em. The 

tl'itium spectrum is abollL TO (lata points for each l'Ill1 whuh spent ano1lt 20 Ius., an<l 

the total acquisition time is about 2500 hrs. 

The neutrino mass was estimated by least squares fitting of the following theoretical 

expression of ~tI,(E) to the measured spectrum: 

.Vth(E) = Af.(E) l)F{Z. E,)pB,[l +o{Eo - E,,11 L IVjn{Ei' Ej )} 

xR(E.Eii + Be; (:1\ 

,,(f,. c.. )= (Eo - Ei - E,)f(F;o - E. £j)~ -1l1~lI/2 

'j 

wilere, A is the nvnnalization constant; F(Z, E.) is the Fermi fUllction. Z is the 

daughter nuclear charge; 1', E and £, are the momentum. kinetic iLnd total energy 

of a rays, respectively; f( E) is the corr~c:tion for the accepting solid angle due t.o 

scannin~ potential[16J; R(E, Ed is the total resolution function; /l' is the err.pirica) 

shape correction factor used by Ref. [10li Wj and Ej are the branching ratio and 

excitation energy of the final state, taken from RI.'!f. [20-22J; m; refers to (neutrino 

mass):!; BG represents the backgrollnd; A, Eu, 0', m; and liC were free parameters 

in the fitting program[2:1]. 

T,I hll' 1 shows lh\;., eif(~(ts or different filLal slate strucml"~"'( FSS \. frum this tahle. 

the difft'rellces among I l'ilium cUlltainillg molc:cuk--s and tritiu1I1 molecules in FSS 

elIed Me nul rellwrkahk·: the m; value::; lietiuccll fl'OlH T·(ttuill mid T-!ludd deviate 

mUl.:h from zero. The lllea:>urillg data for rUlls a.dded into seven series and ,the fitting 

results of F5S of CR.T[201 are shown ill Table ::!. 

fig..j sltvws the l\urie plots of the series 1-5, where the solid lilles Me tht> corre

sponding best fit for the data points. fig. 6-" is the cieviatil)ll of the b!.!st fit from 

data and the Fig. (l·b is that of the fit with m~=900 (eV2). Ji"ided hy the standard 

Jeviatiol1. It is seen tha.t m;=!)OO (eV:.l) gi\'es a. 1)001' fit. 

Systematic errors were inve,~ligated by varying the inpnt parameters. These are ~he 

dilr(~rent n.·soilltioll fllllcth)J!s of HI/I alld R."p' the elfC\.' l i'\'e average s,)Un;e I.hickllt!:>s 

alld I hL' finai ;;tales p<lrallleters II~;. Ej • 

1. Thedfeet of dirrpn!!ll resolution furu:tions ('if R". aud Huj,' is to shift the resulLin; 
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m~ hy all amount of:!i (eV!). 

:L The error of the cffedive <1veral!;(' sOlll'ce thickness is if)'''). This rt"sults is an effect. 

of 2~l tcV2) on m.~. 

3. 	 The uncertainties from the tinal stat.e parameters ''''0 and EJ were taken to be 

the maximum variation in the results for CH3T [201. That of Wo nnd E j are 

:2% and 6%, resper;ti\'e\y. The etfect of varying each input parameter separately 

is to shift the fitted 17l~ by an amount of Ii (eV'2) and :!.~ (eV:!), respectively. 

.\11 of the above mentioned ~hil\s of m; wen~ alifled ill quadratllre to ~'ield sy~t(>m· 

ati(' enol as m~(syst..) = ±·IS (~\'2). The seven :'it'ri(~s of data ~;(~IS are combined l)y 

takillg a w(~ighted Cl\'.. rllge to obt?ill 

m: = ,:ll ± i.'j ::I: ~8 (eV:?) 

The st.atist,ic(li and syst.ematic errors added in qll<l.dl'atme dllli for m~ at 95<;-;. 

confidence le\'el arrh'e at the final result as the upper limit on m~ 

m~< 	t·'):) (eV:!) 01' 111,,< l:!.l (l.,V), Eo=18.'57S.:3 ±J.I (eV). 

where an error of :3.1 eV was obtitl.~d hy linea.r1y adding with t.he st.a.tistical error 

(0,·1 t'V) and the s~'st,('lllatil' errors of tile sOllrce aligltllwnt( 1..1: ("Vj ilud the '~nergy 

l!1l1't'rtaiIl1Y .)f ;H:'Yh.:,lt lillf'. 

:; CONCLCSION 

..\~ :m:l1tioIlCd abu':('. tilt: filt.ing l'C's1tlts itn~ semiti\'(' In the FSS of the J'Ionrcc. So 

the results of T-atom and T-nudei are different from the FSS of Olll" tritium-containing 

molecule source. But all the fitting based on the FSS have some systematic negative 

m: ",\Iuf!~. which \Viii be (liscussLd in our nt'xl paper[25]. Some of the reccnt results of 

neutrino mass measurement cue listed in Table 3. As can be seen, the last five results 

do not indicate any serious discrepancy among them. and all of them are disagreed 

with the finite neutrino mass of li < mil < -10 f'V reported by the ITEP group[21. Up 

to now, whether the neutrino ma.c:s equals zero or not is still an open problem. 

We would like to thauk Professors \Villlg Gdllchang and Dai ChtlaHz'~ng for their 

s'lggestiolls a.nd supports Uti work a.ml Professor Ho Tsohsiu f()t· his theoretical cOllsul

tation and helpful advices during this experime:lt. We are ~I"i\teful to Jiang Weisheng, 

Li Yaohua. Chell Wenktti. the lllllitichannel e1ecaonics group and the radia.tion pmtec

tion grollp of CL\E for their excellent (ooperation and hdps during this experiment. 
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Table 1. Results of the final state structures of ,J spectrum 

FSS No. of \Vo Ed21} X2/OOF Eo  18500 m~ 
Levels (eV) (eV) (eV)2 

ClhT 2 0.6056 48.80 l.Ul 78.6 ·i1 
('II,T[~U} i O.GO!}/j LIB i8.3 ·:H 
Clh=CHT .) 0.6006 -l7.48 l.H5 i9.i -51 
CIh-CHT-CH3 2 0.6030 48..16 1.1-14 . ;9.9 -43 
VALINE II 2 0.6291 50.90 1.1-10 ;8.9 -1-11 
T moleclIle 2 0.5820 44.98 1.118 79.9 -68 
T molecule[221 12 0.5822 1. [.l,j i7.6 -177 
T IItom 2 0.7020 ·i5.65 LHti 75.2 -191 
T nllclei 1 1.000 1.158 67.2 -237 

Table 2. Summary of the fitting results 

, 
a (x 10-~)series I X2

/ OOF I Eo-18.iIJO m~ 

(e\'\ (e\'-2) (eVl) I 
I j:~/IH 

I 

77.2 ± I.l O.S.=) ± OAO -'.9 ± Hi!} I 
2 7.t,f.3S ••_.1),,- ..!.. ')x') I__ t.:_is. j ::!: l.J 0.i8 :t: O.I'-l 
;3 Iii/I'! i9.·l ± 1.:3 -:!,-J:i ± 0.92 :364 ± Il).) , 
.J. i 77 j.)."j i.S.!) == I.J -1.12 ± O.-li -100 ± l.j.! I 
:"j il).~ ± !.:! -1.61 ± 0.·!9 -1O~) ± :!:J9 I 
Ij 

hi j.j'J 
i:~/fj.j 77.2 ± 1.2 0.~):3 ± O.lG -1-1 ± :!:Ji ! 

j ·3.52 ± n..j2 .·3f9.J...~8I/Gl : ~O.S ± I.:! .) - -)

Table 3. Electron anti-neutrino mass 

Figure captions 

Fig. 1. The construction of the spectrometer and electron beam layout, where S-J 

50!1 rce. D-d~tector. 

Fig. 2. Internal convertion Iiues of 169Yb_M obtained at proper compensation poten

tial. 


Fig. 3. The tvtal resolution. 


Fig. -I. Pulse height SI)ectra for 3H·,J ami .5·;Fe-X. 


Fig..j. The Kurie nlo\' fol' ~eries !-·l, 

Fig. fl, The rlc\'iatioll of a - the best fit anti b - the fit with m~ =!)OO (eV2), divided 

by the standard deda.tion. 

11/; (('\'~)Rdi~rcnce m; Errors te\':'!) I Quoted upper 
Statistifal Systematic '.Wi.'. ':_ limit '.eVl 

IlEI\2j IUSi' !) I!J 60 I.')n I"" < IlL, <-10 
Zmichl:q 1~I':3ti -11 G:.I I,S 18 
IXS[-l! I ~J!J I -I);') 8:) ti!) I i:3 

I
L\,:\q.l1 I~J91 b8 11 ~).:3-I·1i 

.:::; 
.1;'1" I!-~IZlIrkhi:! lJ I!)Tl Ic; .-\ I~ 1!)~l2 ,'-) I~ I:.!.-t-.n 
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Fig.5 The Kurie plot ror serif!S 1- 5 
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Fig.6 The deviat.ion or a· the best. fit. and b· the fit. with m; =900 (eV'). 
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