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'I'he Maioa measurement in 1994 is discussed in the view of the prol)lem of "negative 

rn;'' obtained i n  the analysis lor larger energy intervals below the endpoint of the  

8 spectrum. .4 possible esp1;~nation due to a roughelling transition of t,l.~e T2 filrn 
i s  given. The very recent improvement. of the Mainz setup ant[ a first 4 weeks 

measurcmcnt  is preserlted. A n  outlook to t.he perspectives of t h e  present set,up and 

into t.11~ future is given. 

Introduction 

LVhelhel. neutrinos have a non-va.nishing mass or not is still olie of the  most in te res t i~~g cluestions of 

particle physics and cosmolog!;. 

111 contrast to the methocls like tshe sea.rc:hes for ~ieubrino oscillations or for neutri no-less do11 hle 3 
clecay, \vhich recluest rieutrirlo mixing or majorana type ~leutrinos respect,ively, the studj. of the shape 

of' a 3 spect.rum close to  its endpoint is the  most direct, way to  searc11 for a nun-vanishing mass of 

the elec~ron ant.ineut.rino as this signature is indcpe~~dr t~ i t  01) assumpt.ions of the na.tui-e of neu(.rinos. 

:Ilf,hough facing some proble~ns in fully understanding t.he receiitl?; mcasurecl t r j  t,iutn ,13 spect,ca, the 

sensitivity of t.his  neth hod is currently reac-hing a few eV/c', whicli is most. relevant for a possible 

contribution of neutrinos t.o the dark matter in the unive~-se. Neutrino masses or i1 k w  e\'/c2 are also 

favourecl by the LSND experiment, which claims the observation of neutrino osci2lat.ions. for which at. 
least one participating mass eige~lstate shoulcl be a.s heavy ns 0.3 eLi/c'[l]. 

At present. two experiments ace investigating tritium 3 decay: one at the Institute for Nuclear 

Research of the Russian Academy of Scie~lces (INR) bhe other one at Mainz T_rniversit.\.. 'The latter i s  

presented in this contribution: t.he fornler by V.h:I. Lobashev [2]. 

The Mvlrtinz experiment published first results in 1993 [ : I ]  ar~cl was revie\vecl in t h e  proceetlings of 

the Erice school on neutrino physics in 1993 [ A ] .  In this  paper we will brie8.- repeat the ])rinciple of 

t811e sl>ectrorneter in section 2. In section 3 the problem of negative values of rn; will be discussed iu 

corlnectio~l with our  1994 nleasuremerlt and related invest igatioos on sj.sterr-~ar,ic ~lncerta.il-1t.ic.s. The 
upgrade of t.he Mainz setup in the years 1995 to early 1997 will be describetl in section -2. The first 

measurement with the improved Mainz experir-11e11t will bc presentee1 in section 5. 011 tile hasis of a 
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T, SOURCE ELECTRODES SOLENOID DETECT~R 

Figure 1 : Slietch of the iLiai~lz Sole~loid Ketardi~lg Spectrometer 

preli~ninczry evaluat.jon of t h c  data an estima.te of t,he sensitivity limit of (,lie Ma.iriz set u p  wilt be giver] 

in section 6. =l'he con<:lusions will be drawn in section 7. 

2 The Mainz setup 

To be able to push the: sensi t i v i t , ~  limit into the region of a few eV the spectrometer used to ir1r~est.i- 

gate the {3 sl>ect;run~ of tuit,ium have  to fulfil stringent requirements. The signd has to ernergc.: iron1 

background very close l o  the  ent-lpr)int. where the spectruin is most sensitive to the neutrino rna.ss. 

rc!solutio11 slroulcl be comparable t o  the sensitivity aspired on the  n e ~ ~ t r i ~ l o  mass ancl there shoulcl h e  

ria t i l i l~  in the t.esolution fucction extenclir~g to lower energies. It  would be idcill 1,o be able to nieasure 

the neut.rino ~ r ~ t s s  i~lcluced ~nodification or the shape o f ' t l ~ e  tritium j3 sj>ectr~un in t.hc. last. I0 eV belo\\. 

t1.w endpoint,. 111 this region, which contain only 2 . 10--l0 of the  total decay rate, all kl.lown s\;st..thlnatic 

l~ncc.rt,aint,ies nearly va.nish. 

2.1 The Soleiloid Retarding Spectrometer 

'b come close to tlle ideal spectron~eter 1nent.ioned above the concept of the so-called Solenoid He- 
t-arding Spcctrcmetter was realized in klainz ar~cl Troitsk [.',, 61. The principle of its co~nl>irlation of a 

r~ragnetic: g~liclirig and focusing field and an electrostatic filt.er is jllustsated it1 f i g w e  1. 

Let us a.ssume that. the motion of the elect roll frorn the  source t hi~ough the analyscr to  tile det.ec tor 

is acliabatic wi th  respect to any local change of t.he guiding field. This llolds under the coudicion that 

the relative change of the s t r e ~ ~ g t h  and clirection of t.he guiding field is small within one c y c l o ~ r o ~ ~  

orbit. In th is  case the  electron spirals around one and the sarue rr~agnetic field line which acts as 

guiding centre. Moreover.. the angular rnonlentu~n of the elect.rorl wit.h respect to the guiding ccrrt1.c 

or. in other words.'the ~nagnetic ~nornerlt p o l  its cyclotror-I orbit is a constani. of the niot.ion. As a11 

important consequence of this invariance the t.ransverse energy El (which is the cyclot.ro~~ energy) 



scales as 

EL, into longi 

El = Ecycl. = - F B ( 1 )  

the magnetic field B. Moving t l~rough an inhomogeneous held the particle transforms 

tudinal energy Ell parallel to the  field line and vice versa. This effect is wcll known as 

lagnetic mirroring. The  transfor~nation is performed by a c o m p o n e ~ ~  t of the Loren tz force in direct ion 

f the field gradient. It may be written as a gradient force 

+ 
TI) adiabatic approximatiou a n  adclitional electric field E acts only on the longi t.udiilal energy 

Ell = mt(iI2/2, Including this act io~l  one oht,ains the complete adiabatic equation of longituclinal 

mot,ion. 

d 1 
-) 

- 
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2.2 Realization and parameters of the spectroinet er 

With this idea of parallelising the trajectories in mind, the so called solenoid retarding spectromeler 

SRS is conceived as follows: The source and the cletector are placed in the centre of two solenojds at 

fields B, % 2.4 T and Bd z 0.8 T? respectively. In the  stray field between the solenoids a series of 

electrodes provides a n  electrostatic potential which reaches its maximt~rn -eUo in the analysing plane 

which is placed at the minimum of the  stray field 13,,,i,, zs 8 .  "r. Electrons which cross the barrier 

are reaccelerated on the down bill slope and refocused by the guiding field onto the cletector. In t.he 

ai~alysirlg plane the resjclual energy in the cyclotro~l inotioa (which is not analyseclj has decreased 1)y 

n factor of 

from its origiilal value. Therefore, the whole forward solid angle of emission is a.nalysed by a 

filter whose width is 

~vitllin which the transn~issio~l rises from zero to one (see Fig. 2). For all electron of Id keV and 

the settings given above this a.mounts to 6 eV. , -. 

Actually, the fielcl B,,,, is reached so1newlla.1; in front of the source in order to reflect, rrlaguetically 

electrons which are emitted under a. polar angle 8 > 'i8.?i0 in 1991 and 1994 or 8 >~45"  in 1997. This 

provision serves t o  limit the ratio of backscattered electrons arid the amount of io~~isat-ion losses. (B,,, 
t h e n  replaces B, in equations 4 and 5). For similar reasons the silicon detccaor is placed in the weaker 

field Bd in  the centre of the third solerloid shown at the right end of Fig. 1 which litnits the angle 

of inciderice to about 35". The second solenoid inbetween is set: at B,,,, t.o provide s_vmmetr.v in the 

electron optics of the spectrometer. 



MAX TRANSMITTED STARTING ANGLE 

Vigu ce 2:  'Transmission of the solenoid retaacli ng spect rornet.elb as function of the resirlt~al cncbrgy of 

ihr elect rurls in t h e  analysing plane. t\Jitliiri the interval O < J;: + 2 E FI,,,,/t3,,,, i t  rises like 

Ti E,  I:) = I - ( I  - (E+eUo)/E . ~ , , , / l 3 , ~ , ) ~ / ~ .  7'he forrnula holds for an isot,ropically ernittitlg source: 
lrlaced in the field 13, = ll,,,,,. For the case B, < U,,,, see a more detailted publication [ .5] .  

It i s  vPqr  import an t  that we r~eed lo consicler in adiabatic al.>prosirnat,ion only longi tudiaal forces 

;ict iiig along the B-lines. Transverse forces affect. t.he motion or~ ly  in second order. The!, cause a clrirt. 

\*eloci(.y 1.11 of' the guiding centsc which is perpendiculal. t,o t,hc lransveusc force a 11d thc gliding field 

.- . 
I he cnergy co~ltaiiled in this transverse clrift rnotiorr cannot. be al,~alysc:cl t ~ y  the cylindrically 

syi~.lmet tic SRS. Ilowever, it can be kept  s~uall u11cIc.r cert.ain pl~vis ions.  For instance.. the drift energy 

dilc to  thc first term in cq. G causcd by the trarrs\:e.rse electric field: is given tlie r.esic!ual cyclotrori 

c.llcargy mu1 tiplied by t.he square of the ratio of tlit! t;rans\lerse elec t.ric forc:e o\?er the Lolwtz fo1.c.e 

It  can be kept small enough in t11e SFtS to be neglected safely. Regarding t h e  energy resoliltion 

similar arguinellls can be given wit11 rcspect LO the t w u  othcr terms in ecl. 6 ~ v t ~ i c h  a .ccot~nt  for Lhe 

transverse part oC t h c  gradient force ( 2 )  and the cent.rifugal force resulting from the curvature of bile 

guiding field. However, centrifugal fbrces start  to c l i~n i r~ i sh  the  transmission of t,he spec t rornetcr when 

t l ~ e  residual longitudinal electron eIlergy exceeds about ,500 e\! in I he central region of t hc sl)ect ron~et~er 

\\])ere the guiding field is 11ot strollg enough anymore to guide the trajectory acliabat~ically. 

Similar considerations apply to the hackgrouild stcmlrning fsotn elcctrorls injected frorti the surface 

of the elect.rodcs. if t,heir energy is sufficiently low they are guided along peripheral magortic field 

Iincs tvhich do r.101, hit the detector and hence provjde a perfect magnetic background shic~lcling. If t,he 

cll~ctron energy exceeds the adiabatic limit. on the other hand its trajectory is getting ve1.J. complicat.ed 



alld cl~aotic and has a finite chance to hit. the detector eventually. Fi)rt.unately, this background peaks 

se\:t+rsl keV above the filter energy, i.e. beyond Ihe endpoint Eo. Hence, it ca.11 be clisc.rimi~~atecl by 

t.he detector. 

For reasons of background suppressiorl the spectrometer has to be run at ultra high vacuum with 

a rc?sidua.l gas pressure of about 10-lo mbar. Otherwise, it slowly develops and susta,ins a plasma 

discharge as it is a kind of huge penning vacuurn gauge. Even at the very best, vacuum this effect could 

n o t  be suppressed for fields Bs > 3 1'. Details on the design and the perforlnance of the spectro~neter 

[nay be fouud in an earlier publication [.5]. 

2.3 T2 source 

The source realized a t  the Mairiz Soleuoid Retarding Spectroineter is  a cor~cle~lsed film of molecular 

tritium. T2 is evaporakd via a capillary onto the cold sulstrat.e, while t,he thickness of the growi~rg 

Van-de-Waals crystal is monitored optically with ellipsometry. 

The thickness is measured wi th  a resolulion of about 2 monolayers for the films of a total 

tllickness between 20 ancl 40 mo~~olayers  used in 1992 and 1994, or 282 monolayers used in 1997 

respectively. 

In 1991 the substrate used was alu~r~iniurn,  from whicl-I two problerns arose: 

Investigations wi  t11 a f eld e~rlission elect rot] microscope show a roughness of the a.lurnini~~rrl 

surface causing all enhanced inelastic scat tcring fraction, $\-hen rvorliing with laxgt. acceytecl solid 

angles. 

During baking the aluminium surface it. may develop a t.hick oxide layer 1vhic.h deteriorates the 

~.esolution of the system by undefined surfa.ce structure ant1 potent.ia.1. 

'To avoicl thcsc probler.rls a suls t rate  of highly oriented pyrolytic graphite (HO PG ) was installetl frol-1.1 

1991. on.  

3 The problem of "negative m:" 

3.1 The 1994 measurement 

\!\,'it11 this setup the tritium 3 spectrum was investigated in 1994 over a period of 16 cl;t!.s. Figure 

:3 shows the count rate in dependence on the retarding energy. The interesting region around the 

endpoint Eo is enlarged in the  insert.. The esperimen tal data with their st.atistica.1 uncertain t,ies as ~vell 

as fits to the da ta  for several hypot.heticzi.1 values for the neutrino mass a1.e presentecl. The fit for 0 

mat.ches best, whereas the  ones for 10 eV/c2ancl 15 eV/c2 are fitting less al.1~1 less. The Iwst fit for a 

fsee m;, ivllich is the relevant parameter describing the  shape of the ,3 spectrum, gives 

Chnsidering the systematic uncertainties of & llieV/c2, wllich ~ r ~ a i n l y  co1.1tain urlcer1,ainties of the energy 

loss by inelastic scattering in the tritium film, a n  upper limit of 

rn, < 5.6eV/c2 (95 %! (I: L, Bayesian method ) 

can be givt-:n Tor the neut.rino rna.ss [TI. 



- 

18.36 18.40 1 8 . 4 4  18.48 18.52 18.56 18.60 

energy [keV] 

Figure 3: 8 spec t ru~n measured a.t Mai~lz in 1994. I n  the insert the region arouild the endpoint Eo is 
enlarged. Fits to the data for with l~ypothetical neutrino masses of 13 eV/c2 (black), 10 c\{/c2 (grey) 

2 4 and 0 (dots) are shown as well as a. fit wit11 free m?, parameter resulting in m: - -22 & ZS,,,,eV /c 

(black line close to  clots). All fits using the. daba points above a trr-~ncatio~l point of 18430 eV. i . e .  

of the last 140 e V  of the 9 spectrum. 

These fits and t h c  rcsu1t.s \vere obtained t,rtinca,ting t.he 0 spectl-urn 140 eV below the ;3 endpoint 

EI1: disregarding the da t a  p0int.s recorded a t  retarding energies below 18430 eV. 'raking them into 

account the best f i t  gives a result. for m;, which depends on the da t a  int.erva.1 used. Iq'igure 4 shows 

the  values o f  in: from 6he fits versus the trunca.tion point of the [9 spectrum: For s~nczll intervals below 

t.he endpoirlt the: statistical uncertainty is relatively large and m; is  co111~1ati1)le with zero within the 

~1ncerta.inties. Adding Inore and I-norc da ta  points from further helow t.he endpoint., the statistical 

uncel.tainties are getting s~vialler b u t  from about 140 eV below tl-I<. endpoint a. significant t.rend 

towards negative fit results for 111; is visible.. This unphysicd bcshaviour is \;el.? sin~ilar t-o tlie o!le 

ivhich was observecl in 1991 [3]. I t  cannot be exp1aint.d Ry the estin~atecl sysi.crni~t.ic- i~nc:er.tail\ties (see 

fig. 4). 

In  ~ l l e  f t o~l ly  the pararrleters 4 (st.rength of the source). EU (endpoint), BC; ( I)a,ckgrouncl rate) 

and r112 are free. All other input is taken from literature (as the di~t~ribut ion of the final  states) or 

tlet,erlnined b} indcpeudent rneasure~ne~lts (as the funct.ions clescribi~lg the i~lelastic scatt.ering aatl 

backscat.tering arld the spectromet.er transtnissioli). If one of these func t io~~s  cleviates more ~ h a n  

expc:cted from the assu~ned value or if another effect was focgott.e11 in the descriptio1.1 of tllc f i t  i r  

abuses one or Inore of the four fit parameters to compensate the discrepancies be~c\lcel~ t. he measured 
2 count rate a.ncl its description in the fit. Very sensitive to such a mistake is the fit  para~neter  In,. 

because is it the only free parameter, which can change the shape of the spectrum. Such a mistake is 
obviously the reason for the trend towards ilegative values of 1n2, as  shown in figure 4. I ~ u t   hat coulcl 

be it.s origin? 
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Figlirc I :  Dependence of the best fit for m; on the t,runcation point of the P spectrum. The error 

I->al-s represent the  statistical uncertainties, the gray envelopes the systematic uncertainties and the 

black envelopes the total urlcertaintjes calculated by the quadratic sum of the statist.ical and the 

systematic uncertain ties. The  systematic uncertaii~t ies contain the uncertainlies of the energy loss by 

inelastic scattering (uncertainties of the mean free path, of the thickness of the  T2 f i l r n ,  and of thc 

c-ondensat ion rate of H2 on top of the T2filrn of 5 1 layer per day) and sorrle other sma.ller cont1.i bli tions 

like ba.cl<scattering of electrons in the graphi t.e substrate, uncertainlies in the Iransrnissiori fl~ncbion of 

the spectrometer, of the energy dependence of the cletector eficicnc_\; ant1 of  t . 1 ~  calculations of the 

tlis1,ribut.ion of electronic final states. 

3.2 Possible origins of the negative rn: problem 

Figure 5a, shows the differerlces of the experimental count rates and the fit over the last. 140 e\' for 

fixed to 0 and its estrapolatiori further dou~riwartls into the speccrurn. Below the fitted interval 

the, d a b  clearly exceed the exirapolated fit. In the third root plot' this excess looks liltc a stta.ig1.1t 

l ine intercepting the abscissa about 90 el! below Eo, like an additional r3 spect~~urn ivit.h ; 1 n  el~dpoint~ 

Eb z Eo - 90 eV and a 3 strength o f  about 4 % would do. .An obvious e x p l a ~ l a t i o ~ ~  o f  ~ l i i s  vxccss c\:oultl 

Ile, that an atltlitiorial final state with an excitatioil energy of 90 eV has to he a.ddecl to the description 

of the e l ec t ro~~ ic  firla1 states. Id'igure 5 b shows that. the residues for the fit allowing for an adclitiol-la1 

free final st.ate are lookirig very good (x2 = 40, d.0.l. = 52). 

This explanation was even more favoured by thc fact, that some previous esperin-rents [ S ,  $11. tvliich 

could orily arlalyse larger intert-als below the endpoiu t also obtained significankly negative values for 

rnZ as best fits. Additionally the first measurements from the Troitsk tritium P experiment got a 

similar t r e~ id  towards negative values for m?, with larger da ta  i1lterva.1~ 1101. 

This problem evoked a big effort from the theoret.ica1 groups to check the calct~lation of bllc 

distribution of the electro~lic firial states, which unfort unatel!; could never been checlied ex peril nc;ntally. 

Ilut no significant deviat iori from previous calculations were found 

As seen from figure 5 an additional electronic final state is not the only possible esplana.tion lo)- 

the excess corm t rate. Figure 5 c,d, and e show t h e  residues of t h e  fits for ~ n ;  f ixed to 0 for n fret. inelastic 

' I"1ottlng the third root of the measured count rate is a Iiurie-like representatiorl of the cnclpoillt region for data 

t akan w i t h  an integrating spectro~rleter 



[eying in t h e  subst,rate or  of tihe t , r ans~~~iss io r i  func:tion of i.hc spcct;rorriet~er. 111 all t,l~csc. experiolents 

[ I  I ,  121 no significant deviation from the expectations were found, except f o ~  one open cluest.ion: Have 

the T2 filrris undergone a transition frotn a homogenous quench condensed film into a, rough inhorno- 

geneous one (see figure 6 ) .  Th i s  roughening transj  tion, which was investigated for stable hydrogen 

isotopcs by the group of P. Leiderer/Konstanz [I31 : woulcl increase t h e  fraction of inelastic scatteriilg 

in t.lic-! T2 f i l~n  as be-ing looked for (see fig. 5 c). 

3.3 Roughening transit ion of hydrogeiz films 

Figure 6: Roughening transition of a '12 film (gray) quench condenser1 on a s\~bsi.r;r.tc: (black).  The 
c.rnitt,ecl electrons undergo a. larger amount  of' inelastic scattering within the rough film. 

'li, answer the  cluestion, whelher rouglier ling ~ r a ~ l s i  t,iorls of hydrogen filrrls can be sul,pressecl by 

proper choices of the backing2 or whether  it car, be sufXcieri~ly slowed down rrot to  d i s ~ . t ~ r t ,  the l r i t , iu~n 

,3 spectrum a series of investigatioiis was  done at Mainz in collaboration with the liorlstanz group. 

[ I2 ,  I-ID ancl D2 were used to  s tudy systematicallj~ the 1)eha.viour of the  hg~drogen isotopes anrl to  be 

able to ext rapola te  t h e  resu1t;s t o  'Y2 .  'rhi11 filrns were quench condensed OII  grapl-li te a.t i-,en~peratures 

helow 2 I< ancl arinealed at higher temperatures (at e.g. z ii in the  case of D2.  ) The d ~ . ~ l a ~ i ! i ( : ~  of the 

~nughen ing  transit.ion cvas studied during annealing by detecting t be increase of ligb t scczt.t~sing from 

[,he film surface (see figure 7 ) .  T h e  results of tllese i ~ i u e s t i ~ a l i o n s ~  are: Mic did not fo \ ,n( l  ilny hacliing, 

iv!iich suppresses the  roughening trztnsi tion, bu t  the transit  ion speccl i s  slowed down drasbical ly for t.he 

1lea.vier isotopes (like T2) ancl by going to  lowel- t . c n ~ p c r a l , ~ ~ r e s .  This is unclerslootl from tile fact tl1a.t. 

t.he speed of the  roughening transitiorl is determined by the activation energy for surfa.ce diffusion for 

the  gi\len isotope compared to  the  kinetic energy a t  a gi\:en ternpcra t~i rc .  

The estrapolat,ing from t.he results obtained for tl-he stable isotoj~es ancl fronl a few m e a s u r e m e r ~ t . ~  

done with T2 leads to  a t ime cons ta~ l t  for the  roug l l c~~ing  transition of a 'T'? film at. 2.5 1; of' many 

years. This extrapolat.jon i s  valicl; as long as ihe ,3 decay of triti  urn w i t h  i t.s energy rlcposi tiilg processes 

( recoil of the  nucleus and excil.at ion of electron shell by the ;jl decay, inelitst,ic s c a t t . e r i ~ ~ g  of ;I cblect-,rons j 

does not play a significant role for the  transition process. A first test  with a T-, filrn: l i ~ p t ,  o \ ~ l -  -4 days 

a t  1 .S I(: gave no indication for roughening. 

? ' rbe  parameters of l,lle backing can bc in flue^-lced by condensing layers of other gases (c.y. noble gases) Letwc?c~~ the 

graphlte substrate and the hydrugen film. 
?4\dditionnlly to t lle ~nerllioned invest.igat.iorls done by scattered light Lecliniql~e (,he roughening r r a ~ ~ s i t  ion \rere 

confirnled as well by energy loss nleasucernents of '"[{l(r co~lversion elect,ro~~s withln  D? films a l  diffeferel~r. t,crl-rpera~ures, 
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Figure 7 :  trlvestigat ion of roughening transition by t h e  measurement of light scatt.erecl from D2 films. 

:i DZ film was clucnch condensed at 1.S K .  Afterwards t h e  film was kept oi7er a period of about :3000 s 

at. a teniperature of 3.8 I(, 4.0 I\' or 4.4 I< respectively while mea.suring the intensiiy cnh:uicementn of 

(,he scatter light due to t he  st.arting roughening t.ransition. To check t l ~ c  kackgrol~rid lighb in tens i ty  

1.l1e D 2  films were desorbed at a temperature of about 5 I< h e r  on. (7'he desorption rat(! i ~ t .  4.4 1;: w a s  

already not negligible as the decreasing scatter light inte~1sit.y C L I ~ V C  ~ 1 1 0 ~ s . )  

3.4 The current status of the negative rn? probleln 

O u r  investigatio~ls sllow, that, t.he roughening t.ransitio11 of thf: 'T? film can be avoided in fu1ul.e mea- 

si.~retnents by going t o  very low temperatures. But i t  ]nay have taken place for the ~ n u c h  warmer T? 
filnls of the %lajnz measurements ir.1 1991 (T2 filrn preparation a.t T z 4.2 I\, (j spec t run~ me;rsurcrnent 

at 'I' > 2.9 I<)  and in 1991 (T > 2.9 I < ) :  pl.obal)ly ca.using the problem oc negati\ e \.alncs of ~ n z  for 

larger energy intervals. 

'rl.le Troi tsk collaboration recent.] y fouild, that their  rend botvarcls negative values o f  ~n: fol. larger 

c?nergy int.erva.1~ was caused by unclerestirnating the fra.ctio11 of electrons trapped in the tritium sourc:e, 

which escape by large angle scattering into the spect,rorneter [ I , ] .  

In vie\,\, of the results quoted abovc:. i t  seems to  be likely that. t,he ;~roblem of liegative values of ln; 

is tit. least irk part due to  unaccounted or underestimated s;st.ernatic uncertainties of the experiments. 

I-laui~lg solved or at least fotrncl some possible explana.t.ions for. t , l~e "old pro l~ ler~~ ' '  of negative 

values of rnz a new puzzle a.rose [2]: In a.11 Troitsk meczsurements starting in 1991 an excess c o ~ ~ n t  rate 

\vas reported to  appear close below the tritium endpoint. This excess seem t.o be ;t rno11oenerget.i~ 
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Figure 8: The i~nproved and extended Mainz setup 

line n:it.h a relative fraction of less t.han 10-lo oi all tri~i11~1.1 /9 decays. Its posibion and arnplitudc 

varies from ~neasurement to measurement. There is no cxplanat,ion by csperirncnla! errors or within 

standard physics. This excess is to small t o  be checked bv the Mainz data  of 1991 and 1994. 

The extended Mainz setup 

Looking for a non-zero neutr i~lo mass i r i  the range of a f e : ~  c.!V/c2 i s  more and rrlorc i nlport,anl for t,hc 

seasons lnentio~icd in section 1. Addit io~~al ly wc! like to t,est the hypothesis tha t  t h e  excess count rate 

further below the endpoint observed at Mainz was duc t,o ro~rghening transit.ion of t,he T L  film. Ancl 

Inoreover the monoenergetic ailomaly just helow the end point report c-:d by l h c  Troi t , sk  experil-nent [2] 

clearly need ar: indepencleril experimental check.-' 

To fulfil these expect.atio11s t l ~ e  h:Ia.inz cxperimerlt h a d  to solve the following pro\,lenls: 

t o  decrease the backgrou~ld 

to increase the signal 

to increase the energy resolution of the spectrometer 

to make long tel-m runs feasible 

to avoid the T2 f i lm  roughening transition 

t o  avoid the  condensation of H? on the T2 f i lrn 

For these reasons [.he Mairix experinlent has impl.o~.ecl its setup substautially (see figure 8 )  hy 

the fol101vi11.g items: 

A new, automatically controlled source cryost,at was installed to slo\v down the 'l'? film roughening 

trailsition to a negligible speed by working a t  temperatures dowlr to 1.6 I<. 

its about. 3 times larger source .area allows to optirnise the source strength anti tile ~na.sin-ium 

starting angle of 3 electrons accepted by the s p e c t r o m e t e r . V I ~ i s  enables us t o  illcrease the  

'Tt~c last two statements are strongly supported by the fact, that  the. I'arricle Data C:roup renou~lcetl i n  their la~t 

edition 1.0 ext,ract an upper limit 011 111, froln the tritium 3 decay experiments due  to the unsolved problems. 
'?'he ratio of the ~naxilrlurn magnet.ic field B,,, and the field a l  the detector Bd defines the size of virtual electroll 

source placcd a t  the masirnun1 field B,,,. By moving the source to a position at. a lower field in irorlr of this field 
~ l l a s i n n l n ~ ,  electro~ls from a larger source area are accepted by the spectromeler at. the expense of a decrease of  he 



~ i g n a l  rate with respect to the uncertainties o:' the inelastic scattering. 

a A new doublet of superconducting solenoids, ro t a t ed  by 20" t.o each other, was in~tallecl. The 
sourc,e is now placed in the leftmost solenoid. ,8 decay electrons asr guidecl into the spectl-ornetel- 

without losses as before, whereas tritium rnolcc~~les evaporating from the source are prohibited 

from conta~ninating the spectronleter as well as 1.esidua.l gas molecules of the spectrometer fr-o~n 

condensing on top of the T2 film. These two problerrls were the biggest sources of 1)a.ckground 

and of systematic uncertainty for the 1994 run. 

Additionally the spatial separatiori of the source and the spectro~net.er allows a valve to be closed 

by a control system in case of any problems, which is an essential feature for automstic running.  

0 The ele~t~rodes in the high ma.gnetic f eld were redesigned to lower the backgroullcl con~.ri b u t i o ~ ~  

f r o ~ n  the  spectrometer itself. The number of electrodes 1va.s increased f r o ~ n  23  to 27 ikesulti~lg 

i l l  a reduc,tion of the potential differences between then1 i l l  order to improve t-he high voltage 

st.a.bility. A small change in geometry prohibits high energy electrons from the eleclrocle surface 

to i)~: guided onto the detector, which was a problem for the old setup (see set:tion 2.2). 

An experiment control system was setup in order to run the experiment fully aut.omaticallv 

except the ncxesssry 1,Hc and LK2 fillings. This was a very important improvement because the 

pote~liial o f  Ih(: Ma.inz experiment has never fully been exploited in the past. since the lrtcli of 

l~uinan power in t.he sma,ll collaboration did not allow longer measuren1ent.s than periods of a 

few weeks. The old cryoslat a.s well 3s the rilissi~lg possibility to prevent the spect.rorncter from a. 

tritium contatninstio~i in case o f  emergency prohibited to run the esperiment without permanent. 

l ~ u m a n  corltrol. 

5 First measurement with the improved Mainz setup 
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Figure 9: Mail12 trit,iurn /3 spectra close to the er~clpojnt 

~ n a s i m u m  accepted stact.ing angle. Thereby the effective source strengtll call be choselr h ~ ~ t  at the aanle time t.l\e 
fracst,iol~ of inelasticallv scattered electrons which depend st.rongly an the path 1engt.h wit.hin T p  fill]) \.arks rts \veil. The 
3 times larger source area allows this variation and an optirnisation i r ~  a mucb bigger range. 



47th this improved setup a first n-iea.surement of the tritium 13 spect.ruln was p e r t o r m d  in J u l y  

and August 1997 over 4 weeks. T h e  requirements mentio~led a.bove for the  current goals of the kIai11z 

csperiment could be satisfied very nicely as illustrated by t h e  following items: 

The  full sctup, especially the new cryostat runni~lg a t  a temperature of' 1.53 I< within a range of 

f 0.03 I<, the new soler~oids and the improved electrode system of the spectrorl~eter were working 

stable over 4 weeks. 'I'his behal~iour allowed to do the whole run fully automatically, human 

ir~tervention was needed only for filli~lg of LHe ar~cl LN2. 

Although the T p  film of about 282 monolayers was about 7 tirnes thicker than in 1993 the 

background was even lower (see figure 9). The background ratc of 0.016 s- ' \vils only 50 '% largcr 

than the rate without any t.ritiuin source. This de~nonstrates that  t.he cryotrap in t.he bendilig 

magnets prohibits nearly completely the tritium cont;arnin,ztion of the spect.ro~neter. Therefore 

the signal to background ratio was increased by a factor of 10 compared to the measure~nent in 

1994. 

The t.hickness of the T2 film was measurcd before a.nd after the runs with ellipsometry. Within 

the precisio~l of a fetv percent the film thickness was reduced by the same amount as the source 

strc-:ngt.h d e ~ r e a s e d . ~  Therefore no significant signal of conde~lsi~lg residua.1 molecules were found, 

clemonstcating again the performance of the cryotrap. 

The cryostat was running a temperature of 1.83 I(, but t h c  T2 film itsc-!lf was a t  a t,empera.t,urc: of 

2.5 I< due to a temperature gradient between the copper I-*cad of t,llc cryostat and the: graphitc 

substrate. This gradient; was deterrriincd by measuring the temperature clepeilcle~~ce of desorpt.ior1 

rates of Dq film co~rdensed on the graphite substrate.  This 'I?? film temperature shoulcl be still 

low enough to slow down the rougheni~lg tra.nsition strongly as stated above and was significant 

lower than in 1994.' 

bile to a better alignment of the whole system the spectro~neter could run at  il higli(:r encrgy 

resolut.ion of 4.4 eV compared to 6.3 eV in 1994 (tllese widths corresponcl l o  t h e  0 to 100 rise 

of the transmission function of' the spectrometer: see figure 2 ) .  

5.1 Statistical sensitivity of the  data 

Thc triciurrl ,b' spectrum was investigated by taking measurements at a. fixed retarcling potential over 

10 s to G O  s. The  retarding potential was changed i n  steps of 1 eV to 10 t:V by cha.nging t,he elect.ric 

p o t e ~ ~ t i a l  of the tritium source. A whole cycle running over the last 200 eV of the ,3 spectrum took 

40 11.1ir1 (or 2 hours using different settings respectively). Within the 4 weeks of clata taking the 

nleasurcrnent a t  each retarding potential was repeated about 1400 t,irnes. 

The da ta  taking was suffering from instabilities due to micro sparking of the high voltage elec- 

trodes of the spectrometer. The data were clea~tned from these disturbances is1 two steps: 

1,arge discharges are clearly visible in the data by a significant increa.se of the coulll; rat.e over 

",Ieasured by the  time dependence of the /3 electron count rate t.he T? film had an effective half'life of about 320 days, 

which is about one order of magnitude shorter than the half life of t , r i t i ~ m  This  loss of t.ritiu111 is likely due t,o the facc, 
the recoil ener3 given by the ,ijr decay to a l~ucleus is about two orders of magnitude larger than the binding energy 

of t h e  T? c rys~a l  enabling tritium molecules to be sl~utterecl off the film. 
'The cryostat temperature in 1994 was ahout 2.9 K. but a temperature gradient, between b he cryostat and iht graphite 

substrate was very likely existing similar to che one in 1997. 
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Figr~rc-: 10: 3 spectrum of the 1997 measurement close to t . 1 ~  erldpoint alt.er cleaning from events by 

micro sparks. The line is a preliminary fit. 

several rr~inutes. This 1)appens about once a day. 111 such a case the da ta  of a cvllole cycle were 

rejected. 

In  order to detect also very srnall instabilities a Poisson dist.ribut.ion was fitted by the maximum 

likelihoocl rnet,hod to the distributio~l of courrt,~ recordcd at. the same retarding potential of' the 

different cycles. High count n~easurenlents w i t h  a probabili t ,~ level less than lo-" were: rejected. 

The  spectrum aft.er cleaning is shown close to its endpoint in figure 10 together wit,h a pl.eliininar_v 

fi!.. ?'he residuals of this preliminary fit over the la.st 70 e V  of the [3 spec t run~ (see figure 11) show no 

inc.lic:;tt.ion of remaining unstatistical disturba.nces in the cleailecl data .  

This prelin~ina~ry fit with the frce fit parameters A ,  Lo, RC; and m: ( a s  described in sectio~l 3 
and more detailed in reference [3]) was repeat;ecl for different truncatio11 points of the energy i nterva Is 

of the data. contributii~g to the fit. Figure 12 shows the la uncertainties for n-12 obtai~iecl Ily these fits 

cornpnred to the same numbers for the 1994 data. T h e  lorlger c1at.a taking period arld nloreover the 

10 times higher signal to background ratio of the 1997 da ta  result in an i~nprove~nent  of t.he sta.t,istical 

se~lsjtivity on rn; by about a factor 5. 

5.2 Systematic uncertainties 

Since t.he study of t1.1~ systemat,ic ~~ncertaint ies  of the  July/,?\ugl~st 1997 rneas~~rernent is not corrll>leted 

yet, only prelin~inary results are given here, as they were presented at the  Erice school. 

The  rnain systematic uncertainties are caused by the inelastic scattering of B electrons within the 

T2 f i l r r )  due to the large thickness of the film comparecl t o  previous measure~nent~s. A second source of 

u n c e r t a i n t , ~  is the charging up of the T2 film. This new eflect has never heen not.iced before because 

il has not; been import,ant for previous measurements. The  charging is not unifol-~n o\.cAr the film arld 

therefore decreases the energy resolution, but it might give a handle to monitor a, possible roughening 
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Figure 1 1: Resid~.~als of a prelinlinary fit t o  t.he da ta  after cleaning from micro irlstabilities ( y 2  = 

23,  d.0.f. = 23). 

transition. All other sources of uncert.ainties a.re small a.ncl will not be discussed here farther. 

5.2.1 Inelastic scattering 

Tlie T2 film thickness of dT, = 282 monolayers was 'I t i~nes  larger than in t h c  1994 rncasurement and 

corresponds to about. 90 % of the mean free pa.th for 18.6 keV electrons. But i,he increase of systerr~atic 

uncertainties is modest since 3 items are partly con-~perisating the larger film thicliness: 

'The rriaxirllum starting angle for electro~ls accepted by the spectro~neter was set, to 0,,,, = 45" 

by the choice of t h e  magnetic field at the source (+ maximum path in the T2filril: 1.4 . dT2) 

compared to dm,, = 78.5" in 1994 (-+ masirnun1 path in the Tafilrn: 5 . dr, ) 

The much higher signal to background ratio allows to use much smaller energy intervals below 

the endpoint, for the final analysis. T11js recluces the f ~ a c t  ion of irlelas tically scat.tered electrons 

in tho fitted data ,  since they appear at energies reduced by their energy loss. In  t.he iciea.1 c u e  

t,he last 9 eV of the spectrum should be analysed. This interval is completely free of any 

contri b~lt~ion from itrelastic.ally sca.tt.ered 9 electrons, since the minilnum energy loss possible in 

T2 is about 9 eV.8 

Avoiding the colldensation of H2 011 top of the T2 film in 1997 by t.he cryotrap in t.he bending 

solenoids eliminates for 1997 the biggest: contribution Lo the  inelastic scattering uncertainties of 

the  1991 measurement. .. 1 

Concerning the inelastic scattering in the  T2 film the followi~lg uncertxin~ies are taken into 

account: 

a) 10 'j7, uncertainty of the mean free path 

"he inelastic scattering cross section would only affect the signal rate hy changing the fiaction of not scitltercd 

electrons cont,ributing to t.he very end of the 9 spectrum. 
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Figure 12: St.atistical sensit.ivity of the 199 7 data (filled circ,les) in cornparison with 1994 (open circles). 

Shown are t h e  lo stat.istcal uncertainties for rn; obtained by tile prelirnir~a~ry fit in dependence on the 

trllncation point of the energy intervals of the data  contributing to the fit. 

b) 20 % uncertainty of the rneasured film thickness. Although the thickness determjuatiori by cl- 

lipsometry is in principle much more precise, there are still some items to be clarified -like t.he 

questio~l whether there was a significant amount of  pores within the T2 film or how to trilnsfc:r the 

~esu l t s  obt,ained for the previous th in  T2 films to the n ~ u c h  thicker one of the 1997 me;~surerncwt. 

c )  The new investigations of the shape of the  energy diff~rent~ial i~lclaslic cross section recently per- 

formed a t  Troitsk 121 seem to co~ltradict our ow11 ~neasuceme~lts [12]. :Is long as this discsttpancy 

is not clarified the difference between t.he results on  rn? for both shapes are taken illto account 

as syste~rlatic u~~certaioty.  

A l l  three points are currently under investigations a t  Mai~lz by eriergy loss rr1ea.suren~1ent.s ~\ . i i .h  

c,o~~version electrons from ""'Kr and by intensive studies of ellipson~etry on thick hyclrogen films. 
, , I herefore. all these results are preliminary and the uncertainties are expected to decrea.se. 

5.2.2 T2 fi lm charging 

The  e~ldpoint energy of the P spectrum rneasurecl in 1997 is shifted Ly ;tl>out 13 el: t.o\varcls lower 

energies compared to the prev ious  measu~.e~nerlts. 'This stlift, is d u e  to a charging of the film, whit-11 
is ~~uczlitatively understood by the fact that fro111 a T2 source of about ,40 nlCi act,i\:ity ruore than one 

l ~ i l l i o ~ ~  3 electrons per second are leaviug the film, whereas the positive daughter nuclei are remainil~g 

within the T2 film. If the  charge compensation current; is not large enough the film will chnrge up 

positively. 

We have investigated the surface potential of the T2 film a t  the end of t.he 3 ivecks data taking by 

conclensing a sub  monolayer of 83mKr on  top of' the T2 film. The shift, of the position of I< conversion 

line ~vii;h respect to a reference rr~easurement using a 240 monolayers thick D 2  film is a measure of the 
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Figure 13: Positio~l of the K conversioa line from s3mlir condensed on T p  filins of different activity or 

thickness respectively, or on a Dz film (reference tneasurernent). A straight line is shown to guide the 

eyes. 

sul-face pot,cntial dlict to t h e  cha.rging up. For several T2 films of different thicknesses th is  mcasurernent 

was repeatecl. Figure 13 shows the positions of the K cotlversion line from these meas~~rernents.  The 

line posit.io~~s see111 to  depe~ld linearly on the T2 film t#hickness. More Lests with  a. ""'Iir suh  monolayer 

between 2 T2 layers show that the shift only depend on the T2 film t.hickness bet.wce11 the graphite 

substrate and the 83n'I<r layer, hut  not OII the  thick~less of the second T2 layer on top of t h e  S"n'l<r. 

W A  

activation L+'paszi = e ' Ecric . dm, 

11 n+l layer n 
"+I layer 

Figure 14: Sinlple pict.ure of charge transport through one layer of a co~~clensed hydrogen film for the  

example of posit.ive carriers. a) wit.hout E field, b) with a critical E fielcl. 

A first description of this effect was given at the Erice school and is repeatetl lieu:: 

I t  is clear that a quench condensed 'T2 film is not regularly arranged in coritrast (.o a real crystal. 

Severtheless for simplicity we will use in this description the 11ict.ure of a T? film arranged in rnonolayers. 

iu which the charge trarisport takes place by charge carrier rnoving fronl one monolayer to tile next. 

This sirriplification still represents still the fact., that in a qucnch condensecl film t.he carries ~nove  from 

one place to t h e  next.  

Tlle charge mobility inside the condensetl T2 filrr~ is much too low for carriers [l/i] to serve for a 



r ~ . ~ r r e n f  of 0.2 nA, which is needed to  compensate a 40 mCi activity. This llolds also for negative 

carriers, since the  charge movement of free electrons is ha~idicapped by the fact, that they build up . 
nanometer sized vacuum bubbles becamuse they occupy space due to the Pauli pt-inciple. In  a s in~ple  

pictures there exists an activation energy for carriers of both signs LO pass a layer as irldicated in 

figure 14a. Typical activation energies [14] are about 2 orders of magnitude larger than the therinal 

energies of a particle prohibiting them to pass the barrier. The  result of this is a clmrgir~g u p  of the Tz 
film by the re~naining positive ions. The corresponding space charge changes the piclure by creating 

an electric field as indicated in figure 14b. There is not only 1he harrier which hampers the charge 

transport through a layer of thickness d,,!, but there exists also a driving force from the electric field 

E, resulting in a energy gain of W,,,( = q . E . d,,,, per monolayer. Above a critical field stre~jgth E,,it 
this  energy gain is large enough to allow the carrier t o  pass the barrier.' 

Does this simple picture reflect the reality at least partly? 

LVe espect from  his picture a linear depencler~ce of the  surface potential = E,,i, , dr, on the 

T2 film thickness dT, due to the overall consta~lt  crjtica.1 fielcl s t re~lgt  h ECri,. This esl>ect,ation is 

coslfirmecl by figure 13 and the measurements with T2- S3mKr- TZ s a l ~ d ~ i ~ h e s .  

T h e  slope of the  straight line of figure 13 gives the crit.ical ficld ECri, and should corrt~spuud to the 

activation erlergy as indjcated i11 figure 14b .  From the value of t,he slope ECri, z 6 V / 2S2  non no layer 

the energy gain per monolayer can be calculated to be Mj,,I = q .  E,,;, . (I,,,, = 21 me\! = 247 I i :  
~vhich agrees very well wi th  activat.ion energies inea.sured in solid hydrogen of Mi,;, = 230 ks K 
and b\',+,, = 21.5 . kB K [ I I ] .  

Therefore we  state that the charging of the T2 FIIIYI seems to be unclerstood. This effect has 

the consequence of a varying potential for the different layers of the Tz film which increases linea.rly 

with the cljstailce to the substrate. I ts  existence is bad, beca,use the energy resolution, with which 

the (3' spectrum is investigated is smeared out  from 3.5 e V  width of the spectrornetcr o~ l ty  (he1.e 10 %; 
t.o 90 O/o rise of transmission) to  6.0 eV a.fter convolution with the potential clist;ribut.ion over the 

282 rnorlola.yers. 

h i e  co~lsicier thc charging effect in the ailalysis Ily applying all energy shift for every ,/3 electron, 

\vI)ich depends on the distance between the layer, where the /3 decay takes place, and the graphite 

sr~bstrat~e. The  correlation of the inelastic scattering probability for 3 electrons from a given layer in 

respect to its clistance t o  the surface of the T2 f i l r ~ i  is taken into account in this cor~lext as well. Since 

h i s  picture simplifies probably too much the reality we take into account conservntively 50 % of the 

whole effect on rn; as systeruatjc uncertainty. 

5.2.3 Film roughness 

The disadvantage of the existence of the charging of the 'l'? fill11 may also have a11 ildvantage. 'The 

pot.entia1 at the  surface of the T2 film could serve as a roughness rnoriitor. If the surface potential 

clepends only on its distance to the graphite substrate then a Tz fil~n of very inhornogeneous thickness 

should be recognised by either one of the following two ways: 

a) If the charge mobility on the surface is also as small as in t.he bulk nu inhomogeneously thick T2 
filnl should still have an inhomogeneous surface potential. This should reflect i l l  a broadening 

"uiinelling processes will of course reduce the necessary strength of ECrjL a b i ~ .  
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Figure 15: Estimated systematic uncertainties on rn; for the  1997 rneas~ircrl.lei.~i frorn the various 

sou rcc-s ( prelirni~lai-y ) . 

of the conversion line. The  width of the li conversion line of "3"'I<r 011 the T2 film after 4 weaks 

wa.s determinet1 to be 2.91 & 0.15 eV compared to a natural line width of 2.S3 41 0.1:' eV [ I l l .  

From these values an illhon~ogei~ei ty of the surface potential larger than +I el' (:an I x  escludecl. 

b) If t.he charge mobility on the  surface is large con~pared to the one in the b u l k ,  a. 'IYz film of 

inhomogeneous thickness should have an I~omogeileous surfa.ce ~>ot,erit ial. B u t  the: line shift 

should be smaller bec,ai~se the compensation currcrit could use the smallest; clistalice to the 

graphite. Such an evideilce of a inhorlzogeneous T2 film is 11ot C ; L V O I I I ' ~ C ~  by the ]>lot of figure 113 

showii~g: that  the test measurements with 1 hour old T2 films lie on the sarne s~rnigllr,  l ir~e as the 

measurement wit11 the 4 weeks old film. This indicates that the time const.ant for the rougilcning 

transition seelns to be long compared to the 4 weeks as expected (see sectioi,i 3 ) .  

Frorn tl.iese argu~nents  a roughening transit ion of the film of the 1997 rnea.surement. canilot he 

rulecl out beyond doubt, but they and the investigations presented in section :3 give very good reasons 

to  beliew, that t.he T q  film was not sigtlificantly inhomogeneous. 

5.2.4 Co tnpa r j son  of systematic uncertainties 

The depe11dence of the individual sjlstematic uncertainlies a.s well as the total systetllatic unc.ertainty 

AIY. shown in figure 15 in tlependence 011 the t.runcation point of the 9 spet:trum. 

5.3 First interpretation of the data and sensitivity on m, 

Figure 16 shows the compilation of the statistical, the preliminary syst.err-latic, ancl the total uncertain- 

ties on rn? in dependence of the trurlcation point of the ,3 spect~.uin. T l ~ e  total uncertaintj-: calculated 

as quadratic s u m  from t.he stat.ist.ical and systematic uncertainties, is clominated h!7 systematics for 
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Figure 16: Statistical a.ncl es t in~ated systematic la u11certai1lt.ies srld total uncertainty o f  rri: for t1.w 

1997 measurelnerlt (preliminary). 

large energy in1,erva.l~ and hy statistics for tru~ication points close to tlie endpoint, Eo. For intermedia t.e 

truncation points at 50 eV t o  70 eV below the  endpoint the total uncertainty reaches a flat mininium 

of about rn; 10 eV2/c4. 

Since the analysis of the  systematics, especially of the inelastic scat t,ering wi l l l i r~  111e T-, film, is 

not yet, conlpleted, the values of mZ obtaitlecl by the fit may chai~ge w i t h i n  t h e  preliminary uilcertainties 

given in figure 15. These values of ill:, as presented a t  the Erice school: are all compa~ible  ivith zero 

within la total uncertainly giving no h i~ t t  for a non-zero neutrino mass, but they are lying in a. range 

of-0.3 t o  -I o in the negative, u~iyhysical region. The values X2/d.o.f. of the fits are all about 1. The  

cIa.La give rio hint for a non-zero neutri~zo mass. 

Additionally the  values of rn; do not show ally lrend to  more negative values as a func,tiolt of the 

decreasing trunca.tion point in col~trast  to the data shown in figure ,4 iron1 1994. The most prol~able 

interpretation of this fact is. t1)a.t thc T2 film has not undergone a significant rougl~ening transition 

in 1997, whereas the T.2 fil~rl did it. in  1994. 'l'his explanation rvoulcl match the l.esult,s frorn the 

investigatio~ls o11 roughening trarisitions presented in sections 3.3 and 5.2.3. A1 tho1.1g11 following these 

argun~ents  the roughening transition of' the T2 seems to  be responsible for the prol~leln of negative n)?, 

of the previo~is Mainz  ~rieaslirement.s, the  preliminary systematic ii~lcertainties are too la;.ge to rea.lly 

exclude a t  present the corripatibility of the 1997 results on m: with the Zil91 results as shoivn in figure 

4. Therefore the exact source of negative m i  of t h e  previorls measui~erne~its in 1991 ancl 1994 cannot 

be locatccl, until the ii~vestigations on the systematics are completetl resulting in probahl!. smaller 

uncertain ties. But  the general rt:ason, rlamely en banced energy loss, should be clea.1- now. 

The cluestion whether these slightly negative values o f  m i  are a serious problem call only be 

answered ivl.iei-, the  current investigations of systematics are completed: Either the energy loss func- 

tion under i11vestigatio1-1 with its probably smaller uncertainties will bring rn;  close^, to zero. or the 

discwpancy will exceed the l a  level and has to be t.akcri seriously. T.,Jilfortl~nat.el~ the question, w]lp\,her 

this discrepancy is reflecting the nlonoerlergetic a~~orna ly  in the $ spcctrum c.lose be1oi.v its entlpoint 



as reported by the Troitsk esperime1ltl2] can be investigated only when !,he itlvestigat.ior~s on the 

svsternatics have been completed. 
Z 

In spite of the prelimjnary character of the results it might be i11terest.ing to raise the question 

of' the sensitivity on rn, of the Mainz 1997 rneasure~nent. In  order to consitler the fact, that the fit 

result,s ate not final, t.he followi~ig statements are given under the ~ i~npl i fy ing  a.ssumption tha.t the fit 

would give a value of rn; x 0. 'rhe total 10 uncertainty of Am: z 10e\;'/c4 would give all upper limit 

for m,, with 95 % CL of 4.5 eV/c2 (using the Bayesian method: m, < 6) or 4.0 eV/c2 respectively 

( u s i ~ ~ g  the met,hod of confidence intervals: rn, < Jm).lO' " 

6 Perspectives and outlook 

6.1 Obtainable sensitivity of the Mainz setup 

Further significant irnprovemer-rts of the sensitivity on  m, require sul>stantial tlecreases of both t.he 

statistics! and systerllatic uncertainties. 

The statistical uncertainty can be decreased by taking clata over periocls of several months, which 

seems t.o be feasible co~~s ide r i~ lg  tlie experience obtained for the improved Mainz se tup during the 4 

weeks measurement. 

By using only a small part of t h e  j3 spectrum below t8he endpoint Eo (i.e. to set tile t.runca.tio~~ 

poini; close to Eo) also the systematic u~icertainties are reduced, except. for the prob1el.n originating 

frorn the charging u p  of the T2 film. Since there is presently no feasil~le idea how t.o eliminate this 

prc)l~l<:~n t h e  only possible way i s  to  reduce its influerlce by using thinner Tz films again. Of course 

this means cz loss of signal rate, but it can be mainly compensated by: 

a) enhauci~lg the rnaxirnu~n angle accepted by the spectronleter from currently 45' to GO0. from which 

a signal gain of 20 % cau be expected.12 

b )  inlproving the tritium content of our  source film. Due to exchange processes at the walls of our 

gas inlet system the source film i l l  1997 had a trit.iu~n content of about, 60 % only, the rcst, of Lhe 

film corlsisted of hydrogen. \Ye have already demonstrated that we can rcacll a tritium content 

of more  than SO % with a fresh sarriple of T2. This inlprove~nent \vi!l c-:nha~ice tile signal rate hj. 

at; least 33 5% keeping t.he systerrlatic u~lcertainties co11sta.nt. 

'Therefore we expect, to keep 80 96 of the signal rate for a source film of half' the tllickness of t,he 

film of 1997. Suc,h a filni will have half of the systematic uncercair~lies caused by tlie charging of the 

source film and a litt!e bit rrrore than half of the uncestainties orig;i~lating from the inelastic scatt.ering. 

For the future 2 scenarios have been roughly estimated: 

a) Near future: 
LVi t l~ou t  further i~nproveinen ts of the setup except the already clemonstrated enl~ar~iccrnerlt of the 

'"In the ficld of tritium d esperin1ent.s most oftell the more conservative Bayesian metnhocl is uscrcl 1.0 give all upper 

limit. 
"The systernritic urlcertaillties do not. include any correlatiol~ to a line-like anomaly, as reported Ily t.lle Troi~sk 

experiment (21. 
""Ween optitnising the maxinlunl accepted angle to 45' for the 1997 measurement, (.he chargi~jg eff~ct. was not. taken 

into account.. Including it also into the considerations the  optimum s11ift.s tomlards larger angles. 



4,ritium content i n  the source filrn thc  following scerlario soerns to be very realistic: k'or a period 
@ 

of da ta  taking of 2 nlonths in total with 80 $4 of the signal rate and the same background rate 
b 

as in 1997 the statistical la uncertainty would be Am$L,, z 1.5 eV2/c4 using: the last; 70 eV of 

the ,!3 spectrum. Expecting conservatively only to improve the uncertainty of the f i l~n thickness 

from 20 % t.o 10 % by tihe curre~l t  irlvesligalio~~s the Lola1 systen~at.ic ~ ~ n c e r t ~ a i n t y  would be 

Am:,, = 3.8 eV2/c4. The total uncertainty of 4111; o 5.9 eV2/c4 corresponds for m: -- 0 to a 

limit on the neutrino mass of 3.4 eV/c2 (Bayesian method) or :3.1 cV/c2 (method of confideuce 

i~ltervals) a t  95 ';70 CL. 

b) Sensitivity limit of the present Mainz setup: 

M7e consider a period of 6 months of da ta  taking in total t.o be feasible wit,h present 54ainz setup 

under the same co~lditions as in scenario a but under the assumption of a L;~cligroul~d reductioil 

by a factor 2.  This backgrou~ld improvement seems not t o  be t~nrealist,ic, because many ideas to 

reduce the spectrometer background have been not tested yet. St~cll a long t,crrrl rneasllre~nent 

will give a statistical uncertainty of Am:,, z 2.0 eV2/c4 closer to t.he endpoirlt I)y using 

the last 50 eV of t,he /3 spectrum. Concerning the systeinatics we also expect t,he cliscrepancy 

between the energy loss functions measured at Troitsk and at Mainz to be clarified. result,ing in a 

total systemalic rincertaiilty of Am:,, = 1.7  eV2/c4. The  total uncertainty of Anr: = 2.6 eV2/c" 

corresponds for m: z 0 t o  a limit on t.he neutrino mass of 2.3 eV/c"Bayesia~~ rnetliotl) or 

2.1 eV/c2 (method of confidence intervals) at 95 % CL. 

Irl both cases a )  and b) the inonoe~iergetic anomaly report.ed l ~ y  the Troitsk group should be 

dctect able. 

Scenario b) seerns Lo be t.he final limit of the present. Mainz setup.  Any IurLher irill>roveineut 

below a se11sitivit.y of 2 eV/c '  clearly needs a stronger spectromet.er. 

6.2 Perspectives for a new experirneirt 

Depending cn  the outcorrle o l  the various puzzles in neutrino physics ailcl due to the importailce of 

neutrino masses in the 1 eV/c2 region for the dark matter problem the direct test or' a ~lon-zero Inass 

of the elec,tron ant.ineutrino by investigation the  tritium 3 decay spect,rul~l should be inlpr-oved furt,her. 

11: is the feeling of the Mairlz group that  we should invest.iga.te how far one can push [.he pro\.en 

technique of a solenoid retarcling spectronret.er. As pointed out in section 6. I the influence of  systematic 

uncertajnt ics can be reduced by determining the neut.rino mass from a small part, of the spectrurn close 

to its endpoint. In  this case tlle advantage of a different.iating spectromet.er against an i~lt.egi~ating: 

one. like the solenoid retarding spectrometer, vanjshes for the j'3 spec t r~un  at it.s very elid duc to 

the hig!~ energy cut off a t  the endpoint. Progress can be ~ n a d e  by illcreasing lu~r~irlositg and energy 

rc:solutior~. Both irnprovernent.~ could be achieved by scaling up t.he a~>para tus .  Ln view of source 

questions ctiscussed above, the concept should also consiclcr a gaseous T2 source. 

Without performing a detailed sirnulati011 it seelr~s to be rather reasonable t h a t  a s u b  eV/c2 

sensitivity 011 m, can be reached only, if the signal \vould emerge f'ro~n backgrou~ltl a t  a n  energy 1 eL! 

below the e~ldpoint  Eo of the j3 spectrum i~lvest~igated with a.n energy resolution of allout, 1 eV.  This 

resolution of A E  z 1 el' will be 1.eachec1 accorclirlg to equation 5 by setiting: the ratio of magnetic fields 



,This goal can be reached by increasing t h e  dial-neter of the analysing plarlcr frorn 1 irk to 5 rn. 
e 

'The diameter of the virtual source positioned at the  ~ ~ l a s i r n ~ ~ c n  field R,,, would then be 10 cm2, 

resulting in a lumi~losity of ' 2 ~  . 30 cm'. The  effective source strength is limited By the fact, t.hat 

electrons contribute orlly to the very end of the [? spectrum if t;hey have not undergone an inelastic 

scattering process. This means that even in the case of an itlfitritely thick source only electrons from 

a thickness equivalent bo t be meal) free path will contribute. Averaging over all starting angles the 

inasirnum effective source thickness of the virtual source placed at B,,,, is about 160 ~nonolayers, 

or the equivalent mass derlsity of a gaseous Tz source respectively, which corresponcls to an effective 

source strength of 6 . 10' Bq. Considering that  the fraction of electl.ons which are accepted by the 

spectrometer within the last 1 eV of the 9 spectrum amourrts t o  about 1 . l O - I 3  of all 3 decays and 

taking into account the convolution with the spectrometer t.ransmission function t.he signal count rate 

S would be 1.5 . 1 0-4 s-' a t  a retarding energy of 1 eV below the endpoint,. The measuseinei:t time t 

necessa,ry to see an excess above a backgrou~rd rate E3G at a 20 level is givcm by: 

Assuming a background rate of the sarrie order as the  present background r a t e ' h f  lo-' s-' a Inea- 

surernent t ime of t = 20 days would be required to fulfil equation 12. A full measurement coverirlg: the 

last 10 eV of the  ,O spectrum and background would require less than one year. 

This rol~glt cstirnate shows that ii seems possible to  reach a sub eV/c%ensitivity on m, hy 

upscaling the  proven technology of a solenoid reta.rding spectrometer by a factor of 5 .  Of ;course this 

short exercise can not replace a full sirnulationll' of the problen-r and a discussio~r of the syst,ernatic 

uncertaint.ies for such a. scenario. 

7 Conclusions 

The Mainz rneaslirement, in 1994 shows a significant trend towards negative values of n>t for larger 

i~blervals of Ihe $I spectrum below tbe endpoint used for the analysis similar t.o the one report.ed in 19913. 
,' , l o  our unclerstanding this behaviour is due to underestimated or u~~ac,coullt~ecl energy loss processes. 

.4 soi~lglre~ling transition of the 'r2 film would explain this sit.uation. Our illvestigatioils show: that such 

a roughe~iing transitjo11 can be slowed dow11 to  insignific,ance h_v keeping the 'T2 fill11 at temperatures 

\>elo\v 2.5 I<. 

The klainz group has improved its setup to run with very high signal to backgrou~ltl ratio over 

longer periods of time fully automatically. The success of this upgrade was demonstratec[ by a first, 

13[1 is not obvious how the spectrometer backgroutid would scale with the size of the spectrometer. Volume and 
sorfaces increase buc, on the ot.her hand the electric gradients decrease. reducing the micro spark inducecl hackgl.ou~ld. 

Anot.lier source of background, the natural 7 background in 1,he detector, will increase by scaling the setup. but. advanced 

detectors could be made thinner and shielded better to cornpensale t h i s  effect. Therefore it seems to bc reasonable to 

estilnatc for a larger setup about the same 1)ackground rate as for the presei~t one. 
14,45 an indication for the relabion bet,xvee~l the sensitivity on the ~leutrino mass aud the point at wllich the count 

r a w  clearly exceeds t he  background level may serve the  fact t h a t  for llle 199 1 and the 1994 results, as well as for the 
sensitivib es~irnation of the 1997 data  he following rule seems to be fulfilled: The upper limit on m, i s  aboub half of the 

clistance lo the endpoirlt, at rvhich the signal clearly exceeds the backgrorlnd le\rel. This wol~ltl point t.o an achievable 

sensitivity on rn, of about 0.5 eV/c2. 



n~ci-lsyrernent over 4 weeks, showing a much better stat.istica.1 accuracy than ill our previous mca- 
, 

surements. No indication for a rougliening transition of  the. Tz film ha.s been observed in the 1997 
4 

experiment. The ongoing data ana.lysis will very likely result in a sensitivity on the neutrino mass 

below 4.5 eV. The apparatus is now ready to check the anonlaly in the ,i3 spectrum very close to its 

endpoint reported by the Troitsk group ancl to reach our final serlsitivity limit on m, of a.hout 2 eV/c2. 

.L\ scale u p  of this t y p e  of spectrometer would opc:si t h e  possibilities to a sub eV/c2 sensit.ivity. 
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