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Hauvasocs usmepenue

B HeliTpuHHOM npoekTe KATRIN

Heiirpuno, BeposiTHO, camasi pacripoCTpaHEHHas 4a-
cTulla Marepuu Bo BceeneHHOM, siBisieTcs eMHCTBEHHOM
JJIEMEHTApHON YacTHULIEH, Macca IT0KOsl KOTOPOU U3BECTHA
TOJIBKO B IpUOIM3UTENbHBIX Ipeaenax: 0,05 <m, < 23B.
[puuem cumBoa M, 0603HaYaET TaK Ha3bIBaeMYyI0 dhdek-
TUBHYIO MAacCy SJIEKTPOHHOTO aHTHHEHTPHHO, MCCIEI0-
BaHHYIO B siZICPHOM [(-pacmae.

OHO3HAYHOE DKCTIEPUMEHTATBHOE TOATBEPIKIACHHUE
HEHUTPUHHBIX OCIWULALIUN CBHICTEIHCTBYET O TOM, YTO
HEHUTPHUHO, BO3HUKAIOIIME B CJIA0BIX B3aUMOJEHCTBUIX
(HampuMep, AIMEKTPOHHOE aHTHHEHTPHHO, POXKICHHOE CO-
BMECTHO C 3JIEKTPOHOM B pacmaje Tputus -H — 3He +
+ € + V), IPEACTaBIA0T cOOON KBAHTOBO-MEXaHHUE-
CKYI0 CYHNEpHO3HLHUI0 TPEX COCTOSIHUI ¢ Maccamu My, My
n m3. 3HaueHUs PTUX MACC MTOKa HEBO3MOYKHO BBIUYHMCINTH
WA W3MepuTh. J[0 CHX TOp YIANIOCh M3MEPUTH TOIBKO
BepXHUH npenen and 3GQeKTUBHOM Maccel M, KOTOpas

OIpeAesseTcsl KOMOMHALMEH 3HAaYeHUH M; U 3IEMEHTOB
MaTpHIbl CMEMINBaHUs HeldTpuHO. HukHssa rpanuna ams
m, OblIa ompeneneHa U3 U3MEPEHUH B HEHTPUHHBIX OC-
UIIHAX, KOTOPbIC M3-32 X WHTEP(EPEHIIMOHHOTO Xa-
pakTepa Upe3BhIYaHO UyBCTBUTEIBHBI K 3HAUEHUIO pa3-
HOCTH KBaJpaToOB Macc HEUTPUHO, HO IIPH 3TOM HE MOTYT
IPeJOCTaBUTh HH(POPMALIUIO O 3HAYEeHUHU M,,.
Mo/iennbHO-HE3aBUCUMBIM  METOJ, OmpeleNeHus M,
6t mpemioxken O.®epmu. OH mokasan, uyTo Qopma
B-criektpa B ero BepxHeii yactu 3aBucut or m2. Ha oc-
HOBaHMH aHAJIN3a UMEIOMNXCS TOT/a J-CHEKTPOB OH Clie-
JlaJl BBIBOJ O TOM, YTO «Macca HEUTPUHO MEHbILE MacChl
UIEKTPOHA W, BEPOSATHO, paBHA Hymto». TakuMm xe oOpa-
30M 3Ha4€HHE M, MBITAETCAd U3MEPUTh yKE TPEThE IMOKO-
nenue Gu3nkoB. bpul paszpaboraH psia f-CreKTPOMETPOB
C MOCTENEHHO YITyYIIAOIUMCS COYETAaHHEM BBICOKOTO
SHEPreTUYeCKOro pa3pelieHus U BBICOKOW CBETOCHJIBI,

A. Kovalik, A. Ch. Inoyatov, D. Vénos, O. Dragoun

Measurements in the KATRIN

Neutrino Project Started

Neutrino, apparently the most abundant particle of
matter in the Universe, is the only elementary particle
whose rest mass is known only in approximate limits:
0.05 < m, < 2 eV. By the symbol m,, the so-called effec-
tive mass of the electron antineutrino studied in a nuclear
B decay is denoted.

Unambiguous experimental evidence for neutrino
oscillations confirmed that neutrinos arising from weak
interactions (e.g., electron antineutrino emitted together
with electron in the tritium decay H — 3He + e~ + V) is
a quantum mechanical superposition of three states with
masses My, M, and m;. However, we still did not calculate
or measure their numeric values. So far, we have been able
to measure only the upper limit of the effective mass m,,
which is given by the combination of the values of m; and
elements of the neutrino mixing matrix. The lower limit
for m, has resulted from measurements of neutrino oscil-
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lations which, due to their interference character, are ex-
tremely sensitive to differences of the squared neutrino
masses but cannot provide information about the values
of m,,

A model-independent method for determination of m,,
was proposed by Enrico Fermi. He showed that the shape
of B spectrum in its upper part depends on m2. He con-
cluded from his analysis of the available f spectra that “the
neutrino mass is less than the electron mass and is probably
equal to zero”. The third generation of physicists is trying
to measure M, in the same way. A number of § spectrome-
ters were developed with a gradually improving combina-
tion of high energy resolution and high luminosity, which
is necessary to examine the weak effect close to the end
point of B spectrum. So far, the best result of m, <2 eV
has been independently achieved by physicists from the
University of Mainz, Germany, and the INR RAS, Troitsk
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YTO SBIACTCS HEOOXOIMMBIM ISl M3YYEHHUS caboro 3¢-
(exTa BOMM3M BepxHEH rpaHHIE! B-criekTpa. o cux mop
JTydmui pe3ynsrar M, < 2 3B Obl HEe3aBUCHMO JOCTHUT-
HyT ¢pmsuxamu 3 Yameepcurera B Maiinie (I'epmanms)
u AU PAH (Tpournxk, MockBa) B n3MepeHUsX P-crexTpa
TIPY pacrajie TPUTHUSL.

B T0 e Bpems cTajlio MOHATHO, YTO BO3MOXKHOCTH
CIIEKTPOMETPOB TOYTH HcuepnaHbl. [losTomy B sHBape
2001 r. B bag-JInGennemnne (I'epmanust) ObITIO TIPOBEICHO
MEXIyHapOIHOE COBEIIAaHHE, COOpaBIlce OKOIO IMSTH-
Jecatd (pU3MKOB, C IENbI0 OTBETUTH Ha J[Ba BayKHBIX BO-
Ipoca: CTOUT JIM CTPEMHUTHCS K JallbHEHIIEMY MOBBIIIE-
HUIO YyBCTBUTEIBHOCTH B OMpEAEICHUN M, 3TUM ITyTeM
1 BO3MOXHO JIM 3TO B YCJIOBHUSAX COBPEMEHHOTO COCTOS-
Hus TexHukn? OTBeT Ha 00a Bompoca OBUT OXHO3HAYHO
TTOJIOKUTENBHBIM, U 1T03ToMy B mioHe 2001 . Hemenkwe,
poccHiickue, aMepuKaHCKUE U Yelickue (pU3nKn OCHOBA-
i MexxIyHapoaHyto komradopamnio KATRIN (KArlsruhe
TRItium Neutrino) [1]. B kauecTBe MecTa NMpOBEACHUS
9KCTIepUMEHTa OblT BEIOpaH TeXHONIOTHUECKUH MHCTHTYT
B Kapmncpys (KIT) (I'epmanmust), TOCKOIBKY B HEM HaXo-
IUTCA KpymHeiias B EBpone TputueBas saboparopus.

ITepBoHavanbHOE HaMepeHue KOJIaboparun
KATRIN 3axmo9anoch B CO3IaHAH TUTAaHTCKOTO TIIABHOTO
JJIEKTPOHHOIO CIIEKTPOMETpa AMAMETPOM 7 M M JJIMHOMN
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23 M. DTOT yHUKAJIBHBIA MPHOOP IOHKEH ObUT 00aaaTh
YyBCTBUTEIBHOCTBIO K Macce HEHTPHHO M, Ha ypOBHE
0,35 »B. Menee uem uepe3 rof MeXIyHApOAHAs TpyIna
HE3aBHCUMBIX CIICIIHATNCTOB BHOBb PACCMOTPENA TIPOEKT.
BBuy ero yHHKanbHOCTH B II00ATFHOM MacIiTadbe ObIIo
PEKOMEH/IOBAHO TIOTIBITATHCS MOTYUUTD €IIe Oosiee BBICO-
KyIO 9yBCTBUTEIBHOCTh K Macce HEHTPHHO.

B 2004 . nccrnemoBareny, 3aAeHCTBOBaHHBIE B TIPO-
exte KATRIN, mpumumi K BEIBOAY, YTO C HCTIOIB30BAHUEM
(PM3MUECKUX METONOB M TEXHOJOTHI Ha CaMOM IIpefere
COBPEMEHHBIX BO3MOXKHOCTEH BIIOJIHE PEAIbHO IIOBBI-
CHUTh YyBCTBHUTENIBHOCTh B ompeneneHun M, mo 0,2 3B.
[Tockombky m3MepsieMasi BeTMUMHA MPEICTABISET COOOM
KBaJIpaT Macchl M2, TO HaMedeHHas IeJb 3aKIIouaach B
JOCTHKEHUH OECTPELeIEHTHOTO CTOKPATHOTO yBEIn4e-
HUSI 4YyBCTBUTEIBHOCTHU. [IJIs1 3TOTO NPHUILIOCH YBEIUIUTH
JuaMeTp crekTpomerpa 1o 10 m.

3aKIIIOYUTENBHBIN 3TAll TPAHCHOPTHPOBKU BaKyyM-
HOM KaMmepsl criekTpomeTrpa Maccoi 200 T ¢ 3aBoa-m3ro-
tosutens B KIT (a ato mout: 9000 kM myTH BOTHBIM
TPAHCIIOPTOM) TTIOKa3aH Ha (OTO.

[locme  MHOTONETHHMX  yCcWIMHA  Koymaboparuu
KATRIN ymanock 3aBepIIiTb CTPOUTEIHCTBO CEMHUACCS-
TUMETPOBOTO coopyskeHusl. Ero wacTeio siBisiercst Ge30-
KOHHBIM MCTOYHUK MOJEKYISIPHOTO TPUTHS ATUHON 16 M

Kaprncpys (I'epmannst). 3akiIr04nTeNbHbIH STall TPAHCIIOPTHPOBKH
BaKyyMHOH kamepbl MaBHOro crekrpomerpa KATRIN

Karlsruhe (Germany). The final phase of transporting
the vacuum chamber of the main KATRIN spectrometer
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LSRUHE TRITIUM NEUTRINO EXPERIMENT (KATRIN)

Kapncpya, 11 utons. TopaxecTBEeHHBIH 3aIlyCK U3MEPEHHH
B-criextpa Tputust B TexHonormdeckoM HHCTUTYTE B Kapcpya.
Cpenu 16 noyetHsIx rocreil U ydyacTHUKOB poekra KATRIN,
KOTOpBIE CHMBOJINYECKH HaXaIn KHONKY «CTapTy, ObUIH
T.Kamxura u A. B. Maknonansa, norygusmue HoGeneBckyro
npemuio 1o ¢u3uke B 2015 I 32 OTKPHITHE OCHMILISIHI
HEUTPUHO

(Moscow), Russia, in the measurements of beta spectrum
observed in the decay of tritium.

At the same time, the authors realized that the pos-
sibilities of their spectrometers were almost exhausted.
Therefore, in January 2001, an international meeting of
about fifty physicists, experts from various professions
was held in Bad Liebenzell, Germany, to answer two im-
portant questions. Is it worthwhile to strive to further in-
crease of the sensitivity in the determination of m,, in this
way? Is this possible under the current state of technology?
The answer to both questions was unambiguously positive.
Therefore, in June 2001, German, Russian, American, and
Czech physicists founded the international collaboration
KATRIN (KArlsruhe TRItium Neutrino) [1]. Karlsruhe
Institute of Technology (KIT) was chosen as the place of
the experiment since it houses the largest tritium laborato-
ry in Europe.

The original intention of the KATRIN collaboration
was to build a giant electron spectrometer with a diam-
eter of 7 m, 23 m long. This unique device should have
a sensitivity of 0.35 eV to m,. After less than one year of
the project existence, the international group of indepen-
dent experts considered it again. Taking into account the
uniqueness of the project on a global scale, it was recom-
mended to try to obtain an even higher sensitivity to the
neutrino mass m,,.

In 2004, the researchers of the KATRIN collaboration
came to the conclusion that it should be realistic to increase
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Karlsruhe, 11 June. The ceremony of launching the trititum
B-spectrum measurement at the Karlsruhe Institute

of Technology. Among sixteen distinguished guests and
KATRIN collaborators, who symbolically pressed the START
botton, were also T. Kajita and A.B.McDonald,

awarded jointly by the Nobel Prize in Physics 2015

for the discovery of neutrino oscillations

the sensitivity in the determination of m, to 0.2 eV using
physical methods and technologies at the limit of the cur-
rent possibilities. Since the measured value is the square of
the mass mZ, it is an unprecedented hundredfold increase
in sensitivity in one step. To reach this, the diameter of the
spectrometer vacuum chamber was increased up to 10 m.

The photo shows the final phase of transporting the
vacuum chamber of the 200-ton spectrometer by the rivers
and seas from the factory to KIT (nearly 9000 km).

After many years of effort, the KATRIN collabora-
tion has succeeded in completing the 70-m-long device.
Its part is also a windowless source of molecular tritium
of 16 m length and weighing 20 tons, whose 30 K tem-
perature is stabilized with a relative accuracy of 1-1073,
The pre-spectrometer leaves only electrons from a narrow
region of the B spectrum containing information on m,
to pass to the main spectrometer for the energy analysis.
This results in a substantial suppression of the undesirable
background. The electron detector consists of 148 inde-
pendent parts that allow possible corrections for minor
device inhomogeneities.

Finally, on 11 June this year, the ceremony of launch-
ing the trittum B-spectrum measurement took place at
the Karlsruhe Institute of Technology, in which more
than 400 people took part, including the JINR Director,
V.Matveeyv. It should, however, be noted that the spectrom-
eter system was filled with tritium as early as on 18 May
for the first time, and the first short-term measurement of
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u Maccoit 20 1, Temneparypa kotoporo (30 K) crabumm-
3UpyeTcs ¢ OTHOCHTENbHOM TouHoCThI0 1 - 1073, TonoBHOM
CIIEKTPOMETP MPOIYCKAET VISl SHEPreTHIECKOrO aHai3a
B IJIaBHOM CHEKTPOMETPE TOJBKO JJIIEKTPOHBI W3 Y3KOH
obnactu B-criekTpa, coneprkaiiue HHGOPMAIIUI0 O Macce
HEUTPUHO M,, YTO NPHUBOAUT K CYILECTBEHHOMY I107a-
BJIIGHUIO HEXeNlaTeJIbHOro (oHa. JleTeKTOp 3JIEKTPOHOB
cocTouT u3 148 HE3aBHCHMBIX YacTE€H — IHKCEJIOB, YTO
TI03BOJISIET BHECTH IONPABKH HA HE3HAYMTEIbHBIC HEOJ-
HOPOAHOCTH yCTPOMCTBA (eciIi OHU OyAyT UMETh MECTO).

11 wrons 2018 1. B TeXHOIOTHYECKOM WHCTHUTYTE
B Kapicpys cocrosiics TOp)KECTBEHHBIH 3aIyCK H3Mepe-
HUH B-cIieKTpa TPUTHSA, B KOTOPOM TPUHSIIO yyacTue 00-
nee 400 genosek, B ToM uucie u aupekrop OUAU axa-

Puc. 1. Pesynbrar nepBoro u3MepeHusi 3-CrieKTpa TpUTHS B MPO-
ekte KATRIN
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nemuk PAH B.A.Marsees. HeoOxonumMo OTMETUTB, YTO
BIIEPBBIC TPUTHII OBUI BITYILCH B CHCTEMY CIIEKTpPOMETpa
yxe 18 Mas1, a mepBoe KpaTKOBPEMEHHOE M3MEPEHHUE €T0
B-cektpa mposeneno 19 mas (puc. 1). Temeps Hawanach
Jqoirocpounas (haza cOopa TaHHBIX, B KOTOPOM MPUHUMA-
eT yuactue 6onee 160 (HpU3NKOB, HHKEHEPOB U TEXHUKOB.
O 3naunmoctu npoexkra KATRIN nans Hayku u camoit
I'epmannu roBopuT TOT (Qakt, yto Aot DemepanbHOrO
MHUHHCTEpPCTBA OOpa30BaHUs M HAay4YHBIX HCCIIEIOBa-
HUM ['epmMaHMN B 3TOM MpOEKTE COCTaBIsAeT OKoio 75 %.
MNuBectunuu B 3qanue u otaeibHbie yacTu KATRIN co-
CTaBJISIIOT OKOJI0 50 MJIH €BpO.

Ilens mpoekTa — TMOJIY4YEHHE UYyBCTBHTEIBHOCTH
k M, Ha yposre 0,2 5B/c? (¢ 90 %-M ypoBHEM 10CTOBED-
HOCTH), €€ TUIAaHUPYETCsl JOCTHYb B TEUSHHE TPEX JIeT Ha-
6opa cratucTuku (puc.2). [TaBHBIA CIIEKTPOMETpP MPOCK-
Ta KATRIN (uHTErpanbHbIi 3JI€KTPOCTATUYECKHUH CIIeK-
TPOMETpP C MAarHUTHOW aanabaTHYecKON KOJITMMAITHei)
JIOJDKEH o0ecriednTh IpHOOpHOE paspeleHne okomo 1 »B
MIPU HEPTUHU IEKTPOHOB 18,6 k3B (rpaHmuHas 3HEprus
B-criexTpa TpuTHs) M TpaHcMHccHIO OKoio 18% ot 4m.
OnHUM W3 BaKHEWNINX TPEeOOBAHMUIT [UIsl JOCTHKEHHS Ha-

Puc.2. 3aBHCHMOCTD UyBCTBUTENHFHOCTH K Macce MOKOSI aHTH-
HEHTPHUHO M, OT BpeMeHH HA0Opa CTATUCTUKI
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Fig. 1. The first tritium P spectrum measured in the KATRIN
project

its beta spectrum was carried out on 19 May (Fig. 1). Thus,
a phase of the long-term data collection has started, in
which more than 160 physicists, engineers and technicians
take part. The importance of the KATRIN project for the
science of Germany itself is indicated by the fact that the
share of the Federal Ministry of Education and Research of
Germany in this project is about 75%. Only its investment
in the building for the KATRIN apparatus reached about
50 million euros.

It is planned that the project goal (the sensitivity of
0.2 eV/s? to m, at 90% CL) will be achieved within three
years of the measurement (Fig.2). The main spectrome-
ter of the KATRIN (the so-called Magnetic Adiabatic

EI

Fig.2. Dependence of the sensitivity to m, as a function of data
taking time

Collimator combined with an Electrostatic Filter) should
provide an instrumental resolution of about 1 eV at the
electron energy of 18.6 keV (the endpoint energy of the
beta spectrum of tritium) and a transmission of about
18% of 4m. One of the most important requirements for
achieving the intended goal is the stability of the retard-
ing/analyzing voltage (about —18.6 kV). According to
the calculations, its instability within £60 mV can intro-
duce a systematic error of 0.007 eV2/s* in the square of
the antineutrino rest mass obtained from the measured
beta spectrum. Such an error represents a significant con-
tribution to the maximum permissible systematic error of
0.017 eV?/s* to achieve the planned sensitivity to the neu-
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MEUEHHON IeNu SBISETCS CTaOMIBHOCTH TOPMO3SIIETO/
aHaMM3upyromero Hampsokerus (oxomo —18,6 kB). Ilo
MIPOBEZICHHBIM PAcueTaM, €ro HeCTaOMIBHOCTH B IIpese-
nmax =60 MB MOXeT BHECTH CHCTEMAaTHYECKYIO TOTpeI-
HOCTh Ha ypoHe 0,007 5B2/c* B 3HaueHMe KBagpaTa Mac-
CBI TIOKOS aHTHHEHTPHHO, IOJyYEHHOE M3 M3MEPEHHOIO
B-criexTpa. Takas TOTpENIHOCTH MPEJICTABISACT 3HAYH-
TENBHBIA BKJIAJ B MAaKCHMAJIGHO JIONyCTUMYIO CHCTEMa-
THYecKyto norpewmwHocts 0,017 9B2/c* mis mocTmKeHUS
3aIUIaHMPOBAHHON YyBCTBUTEILHOCTH K Macce HEUTPUHO.
JlosrocpouHbIii MOHUTOPHHT CTA0MIBHOCTH HAIPSKEHUS
—18,6 kB B npenenax orxinonenus +60 MB (T.e. ¢ oTHO-
CUTENBHOM morpemHocTsio =3 - 107°) B Teuenue aByx Me-
cs1eB (TIaHupyemast IpoJ0KUTEIFHOCTE OJTHOTO ceaHca
WU3MEPEHHI) SABISETCS TOCTAaTOYHO CJIOKHOM 3amadei 1yst
COBpPEMEHHOW TeXHHMKH. [103TOMy CTaOMIBLHOCTH TOPMO-
3SIIETO HANpPsDKEHUS OyeT MpOBEepPATHCS OAHOBPEMEHHO
JIByMsI HE3aBUCUMBIMH CIIOCOOAaMHU: a) C MOMOIIBIO BHI-
COKOTOYHOTO BOJIBTMETpPA B COYETAHWHU CO CHELHATIbHBIM
JICTTUTEJIEM BBICOKOTO HAMPSDKEHHUS M 0) MOHHTOPHUHIOM
TIOJIOKEHUST CTAOWIIBPHON BO BPEMEHH PENepHOH JHMHUN
MOHOYHEPTETHIECKNX 3JIEKTPOHOB, SYMHUTHPYEMBIX €CTe-
CTBEHHBIM HCTOYHHMKOM, B CIICIIMATEHOM MOHHTOPHPYIO-
IIEM CHEKTpOMeTpe (TOTO K€ THIA, YTO U IJIABHBII CIIeK-
tpometp npoekra KATRIN), koTopsiii OyaeT moAKIIoueH
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K o0ImeMy MCTOYHHKY HampspkeHus — 18,6 kB. B takom
ciydae JI000€ M3MEHEHUE TOJIOKEHUST PENIePHON JTHHUH
OyZeT CBHICTEIbCTBOBATH O HECTAOMIBHOCTH B OOIIECH
CHUCTEME TOPMO3SIIETo HampspkeHusl. B pa3paboTke ecte-
CTBEHHOTO HCTOYHHKA PENEPHBIX 3JIEKTPOHOB, YIOBIET-
BOPSIIOIIETO BBIMICYTIOMIHYTHIM TPEOOBAaHUSAM, BMECTE C
kosuteramu u3 US® AH YP (Pxex) mpuHUMAIN ydacTue
corpynaukn Jlaboparopun smepHBIX mpodiaem OUSAU,
KOTOPbIE 3aHUMAIOTCSI IPEU3NOHHOM SIAEPHOM JIEKTPOH-
HOW CIIEKTPOCKOIHEH YK€ HECKOIBKO IECATKOB JICT.

B cBs13u ¢ 3TUM HEOOXOAMMO HAIIOMHHTh, YTO, B OTJIH-
Yhe OT raMMa-CIIEKTPOCKOIIUH, B SICPHOU 3IEKTPOHHOU
CIEKTPOCKOIIHH JI0 CHX TTOP HET KOMMEPUYECKHU JOCTYITHBIX
TBEPIOTEIFHBIX JHEPTETUYCCKUX PEICPOB KOHBEPCHUOH-
HBIX DJICKTPOHOB WM MEKTPOHOB OJKe C MOTPEITHOCTHIO
menee 0,1 5B. [maBHasi mpuunHa COCTOUT B TOM, YTO KH-
HETHYCCKUC SHEPTHH ATHX DJICKTPOHOB HAMPSIMYIO 3aBU-
CSIT OT DHEPTUil UX CBs3U B aToMe. Kak M3BECTHO, SJHEPTUU
CBSI3U 3JICKTPOHOB YYBCTBUTEIBHBI K (PU3UKO-XUMHUYCCKO-
My OKPYKCHHUIO aTOMOB, YTO BIIOCJICACTBUHU MPUBOIUT K
SHEPreTUYECKUM CIIBUTaM B CIIEKTPaxX KaK KOHBEPCHUOH-
HBIX AIIEKTPOHOB, TaK U 3MEKTPOoHOB Oke, B 0COOEHHOCTH
B CJIy4ae TBEPIIOTEIbHBIX HCTOYHHKOB. 13 hoToaneKTpoH-
HOM CIEKTPOCKOINUU U3BECTHO, YTO ITOT SHEPreTUUECKUN
CIIBMI, KOTOpBIﬁ HpI/IHf{TO Ha3bIBaTh XUMHYCCKUM CABUTOM,

trino mass. The long-term monitoring of the —18.6 kV
voltage stability within a deviation of £ 60 mV (i.e., with
a relative error of £3-10-9) for two months (the planned
duration of one measurement cycle) is quite a challenge
for modern technology. Therefore, the stability of the re-
tarding voltage is checked simultaneously by two inde-
pendent methods: a) using a high-precision voltmeter in
combination with a special high-voltage divider; and b) by
monitoring of the position of the time-stable reference line
of monoenergetic electrons emitted by a natural source in
a special monitoring spectrometer (of the same type as the
main spectrometer of the KATRIN project), which will
be connected to a common high-voltage power supply of
—18.6 kV. Thus, any change in the position of the reference
electron line will indicate instability in the common sys-
tem of the retarding voltage. Together with the colleagues
from the NPI of the CAS (ReZ), researchers from DLNP,
JINR, who have been engaged in the precision nuclear
electron spectroscopy for several decades, participated in
the development of a natural source of the reference elec-
trons that meets the above requirements.

In this regard, it should be noted that (in contrast to
gamma-ray spectroscopy) in nuclear electron spectro-
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scopy there are still no commercially available solid-state
energy calibration sources of conversion or Auger elec-
trons with an uncertainty better than 0.1 e¢V. The main rea-
son of this situation is that the kinetic energies of these
electrons directly depend on the electron binding energies.
It is well known that the electron binding energies are sen-
sitive to the physicochemical environment of atoms that
results in energy shifts in both the conversion electron and
Auger electron spectra especially in the case of solid-state
sources. As it is known from the photoelectron spectrosco-
py, these energy shifts (called chemical shifts) amount to
+7 eV and are strongly correlated with the valence state
of the emitting atoms. It is also known that the binding
energies of electrons in solids are usually by 2-10 eV
smaller than for free atoms (the so-called solid-state shift),
and for atoms adsorbed on the surface of solids by 1-3 eV.
However, it is necessary to emphasize that from the point
of view of meeting the requirements for a natural source
of the reference electrons for monitoring the high voltage
in the KATRIN measurements, the accuracy of the deter-
mination of the absolute value of the energy of reference
electrons does not play any decisive role but only the tim-
ing stability.
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JocturaeT +7 3B 1 CHIIBHO KOPPENUPOBAaH ¢ BaJIEHTHBIM
COCTOSIHUEM H3JIy4aeMoro atoma. VI3BECTHO Takke, 4To
SHEPTUH CBSI3M JICKTPOHOB B TBEPIBIX TEIaX, Kak Ipa-
Bui0, Ha 2—10 5B MensbIe, yeM I cBOOOIHBIX aTOMOB
(Tak Ha3pIBAGMbIN TBEPAOTEJBHBII CIIBUT), a JUI aTOMOB,
a/7IcOopOMPOBAHHBIX HA TOBEPXHOCTH TBEPBIX TEJ, — Ha
1-3 »B. Heobxoammo, omHaKo, MMOTYEPKHYTh, YTO C TOU-
KM 3pCHHSI BBHINOJIHEHHsS TPeOOBAaHWN K E€CTECTBEHHOMY
WCTOYHUKY PETICPHBIX IEKTPOHOB JII MOHUTOPHHTA BBI-
coxoro HampsokeHust B u3MepeHusix KATRIN, tounocTts
olpeziesieH st aOCOIIOTHOTO 3HAYESHUS SHEPTUH PETICPHBIX
SJIEKTPOHOB HE MI'PAcT pEIIaloIieil poin, HO BaKHA ee
BpEMEHHas CTaOMIBHOCTD.

Kak ¥ B mpenplaymux HpsMBIX 3KCHEPUMEHTaxX IO
OTIPEJICJICHUIO MAacChl TOKOSl 3JIEKTPOHHOIO aHTHHEH-
TPHUHO, B KaueCTBE PETIepHBIX IEKTPOHOB ObLTa BHIOpa-
Ha K-KOHBEpPCHOHHAs JHMHUA (E€CTEeCTBEHHAas IIUpUHA
(2,70 £ 0,06) 5B) suepnoro y-nepexozna 32 k3B B 83MKr
(K-32), smeprus xotopoit (17824,3 £0,5) »B orHOCH-
TEIHHO ONMM3KA K TPAaHUYHOHN SHEPTHUH [(-CIIEKTpa TPUTHS.
TIMockonbKy nepuos noiypacnana $3MKr gocrturaer Beero
1,83 4, TO OH HE MMOAXOMUT JUIS JOITOBPEMEHHOTO MOHUTO-
punra. Corpymaukamu JIAIT 0T IpeTokeH TBEPAOTEITh-
HBII UCTOYHMK MaTepUHCKOro u3otona S3Rb ¢ mepuomom
noxypacnaza T, = 86,2 cyT, uTo 0oJblile, 4eM IJIaHupye-
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Mast IPOJIOJKUTEIEHOCTD OTHOTO CeaHca u3MepeHus (1Ba
MecsIIa).

Jlyist TecTHpOBaHMS CBOMCTB MPUTOTOBJIEHHBIX HCTOU-
HukoB 83Rb MCIIONB30BAIMCH TPH OJIEKTPOHHBIX CIEK-
TpoMeTpa, a UMEHHO: 1) muddepeHnnaTbHbI KOMOMHH-
poBaHHBIA 3reKkTpocTaTuueckuil cnexkrpomerp ESASO,
COCTOSAIIMIA W3 TOPMO3SIIeH chepbl U TBOWHOTO LHJIHH-
JIPUYECKOTO 3epKajia C PeryJIupyeMbIM MPUOOPHBIM pas-
pelleHneM B quana3zoHe dHepruil »nexrponos 0-50 x»B
(JIAIT OUAAN); 2) muddepeHunanbHblil AJIEKTpOCTaTH-
yeckuil cnexrpomerp ESAI2 Tuna muimHApHYECKOE
3epKajio ¢ (OKYCHPOBKOH BTOPOTO IOpsIJIKA, OCHAIICH-
HBII TOpMo3siied (yckopsitomeid) aunzoi (USID AH YP,
Pxex); 3) WHTErpajbHBIA 3JIEKTPOCTAaTHYECKUH CIIeK-
TPOMETP C MarHUTHOM aanabaTnvyeckod KoJUTMMAaluei
(Muctutyr dusukn, YHuepcuter Maiinua, [epmanus).
CHavasia IPOBOJMJINCH MCCIIENOBAaHUs HCTOUHMKOB $3Rb,
KOTOpbIE OBUIM M3TOTOBJIEHBI METOJOM HCIApEHHs B Ba-
KyyMe€ Ha pa3HbI€ ITO/UIOXKKH 110 METOIHKE, pa3paboTaH-
Hoit B JIAII [2]. Beero 6p110 H3rOTOBIICHO 29 MCTOUHHUKOB
83Rb, u3 HUX 16 Ha aMIOMUHMEBOH MOMNOXKKE (OKHCIIEH-
Hasl €CTECTBEHHBIM IyTeM Qoibra), 12 — Ha yriepomHoi
(monmukpucTamMyeckass oybra) U OAWH Ha TOIUIOKKE
n3 HOPG (BBICOKOOPHEHTHPOBAHHBIA MHPOIUTHIECKUI
rpadur). Jonrocpounsie u3mMepeHus (0T 2 10 6 MecsIeB)

As in the previous direct experiments for determi-
nation of the rest mass of the electron antineutrino, the
K-conversion line (natural width of (2.70 + 0.06) eV)
of the 32 keV nuclear y transition in $3MKr (K-32) was
chosen as reference electrons because its energy of
(17824.3 £ 0.5) eV is relatively close to the end point en-
ergy of the B spectrum of tritium. Since the half-life of
83MKr is only 1.83 h, it is not suitable for long-term mon-
itoring. Researchers from DLNP, JINR proposed to use
a solid source of the parent isotope $3Rb with a half-life
Ty, = 86.2 d which is longer than the planned duration
of one measurement cycle (i.e., two months). Three elec-
tron spectrometers were employed to test the properties of
the prepared 83Rb sources, namely: 1) the ESA50 differ-
ential combined electrostatic spectrometer consisting of
a retarding sphere followed by a double pass cylindrical
mirror analyzer with an adjustable instrumental resolution
operating in the electron energy range 0-50 keV (DLNP,
JINR); 2) the ESA12 differential electrostatic spectrom-
eter of the cylindrical mirror type with second-order fo-
cusing equipped with a decelerating lens (NPI, Re¥); and
3) an integral electrostatic spectrometer with magnetic
adiabatic collimation (Institute of Physics, University of
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Mainz, Germany). First, 83Rb sources prepared by evap-
oration in vacuum on different substrates [2] according to
the method developed at DLNP, JINR were investigated.
Altogether, 29 sources of 83Rb were prepared, 16 on alu-
minum substrates (naturally oxidized foil), 12 on carbon
substrates (polycrystalline foil), and one on HOPG (high-
ly oriented pyrolytic graphite) substrate. But only five of
them were used for long-term measurements (from 2 to
6 months). In four cases, the sources were removed sev-
eral times from the spectrometer, stored in air, and then
placed in the spectrometer again. For all sources studied,
the measured values of the energies of the selected con-
version lines increased with time, and these changes could
be described by a linear function. The drifts were within
the interval (2.3+12) - 107 per month, which is noticeably
more than the above requirement +3 - 10-¢ in two months,
and were clearly caused by changes in the spectrometer
work function (due to the changes in the composition of
the residual gases in the spectrometer chamber) as well as
by the dynamics of physicochemical processes in the sur-
face layer of 83Rb. To minimize the influence of some un-
favourable factors, it was decided to place the 83Rb/33MKr
atoms in more stable surroundings by implantation of
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MIPOBOAMIINCE C IISITBIO Pa3sHBIMH MCTOYHHKaMH. B ueTsl-
pex ciy4asx MCTOYHHMKH B XOJE M3MEPEHHIl HECKOIBKO
pa3 M3BICKaIM M3 CIEKTPOMETPA, XPaHWIM Ha BO3IY-
Xe U MOTOM OIISITh MOMEIIau B criekTpoMeTp. s Bcex
H3yYaeMbIX HCTOYHHMKOB H3MepseMble 3HAUCHUS IHEp-
Uil BBIOPAHHBIX KOHBEPCHOHHBIX JIMHHH CO BpPEMEHEM
YBEJIMYHMBAINCH, 3TO W3MEHEHHE MOXXHO OBIJIO ONHUCaTh
C TIOMOIIBIO JIMHEHHON QyHKIMH. [peiid, Haxoasmuics
B mpenenax (2,3+12)- 107 B MecqI], 9TO 3aMETHO OOJb-
1€, YeM BBINIEYNIOMAHYTOE Tpebosanue +3-107° B snBa
Mecsla, ObUl SIBHO BBI3BaH M3MEHEHHEM PabOTHI BBIXOIA
CIIEKTPOMETpa IO BIUSHUEM H3MEHEHHSI COCTaBa OCTa-
TOYHBIX Ta30B B KAMEpE CHEKTPOMETpa, a TaKXKe AMHAMU-
KOH (PM3MKO-XMMHUYECKUX MPOLIECCOB B TOBEPXHOCTHOM
cinoe $3Rb. UTo6sl MUHUMHU3MPOBATH BIMSHUE HEKOTOPBIX
HeOIaronpusaTHEIX (pakTopoB, OBUIO PEIICHO IMOMECTHTh
arombl 33Rb/33MKr B Gosiee cTaOMIIBHYIO CpELy MMILIAH-
tanueii nonos S3Rb npu suepruu 15 u 30 k3B B nomukpy-
CTAUTMYECKYIO 30JI0TYIO H IUIATHHOBYIO (DOJIBTY BBICOKOM
YHCTOTHI. Bcero ObLIO MPUTOTOBJIEHO YETHIPE NCTOYHMKA
83Rb [3]. 3 HUX Tpu ObUIM C IUIATMHOBOI MOJIOXKKOM
W OAMH C 30JI0TOH. DHepreTHdeckue Apeidnl Hanbomee
4acTo m3MepsieMoil KoHBepcuoHHOH nmHMK K-32 B ciy-
Yyae IUIATMHOBOW ITO/UIOKKHM HAaXOJWJIMCh B HpenesiaXx OT

83Rb ions at 15 and 30 keV energy into the high-purity
polycrystalline gold and platinum foils. As a whole, four
83Rb sources were prepared [3], three of them in platinum
and one in gold. The energy drifts of the most frequently
measured K-32 conversion line in the case of the platinum
substrate were within the range of —(0.96 £ 0.17)- 10 to
(1.02 £ 0.16) - 10%/month and (2.64 £ 0.16) - 10-%/month
for the gold substrate. Thus, the 83Rb/33™Kr sources in the
platinum matrix quite satisfied the above requirement for
the time stability of the energy of the reference electrons
for monitoring. The difference in energy drifts between the
platinum and gold substrates can be caused by the differ-
ent physicochemical properties of these two noble met-
als, in particular, by the faster recovery of the platinum
crystal lattice after the ion implantation. In the future, it is
also desirable to investigate a possibility of replacing the
platinum substrate by a substrate of a material with a low
atomic number in order to substantially reduce the prob-
ability of inelastic scattering of reference electrons in the
substrate material (while preserving the small energy drift)
and to find out the cause of the observed “fine structure” of
some reference electron lines. These tasks will be primari-
ly investigated by researchers from DLNP.
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—(0,96£0,17)- 10 10 (1,02+0,16)- 1076 B Mecs, a mns
3051070l noaoxku —(2,64+0,16)-10°° B mecsn. Takum
o6paszom, uctounuku $3Rb/BMKr B natuHOBON MarpHIE
BIIOJIHE Y/IOBJIETBOPSIIN BBINICYTIOMSHYTOMY TPEOOBaHHIO
K CTaOMJIBHOCTH SHEPTHH PETICPHBIX IEKTPOHOB JISl MO-
HUTOpHHTA. PazHuna B sHEpreTHUeCKUX apeidax Mexmy
HCTOYHUKAMH C IJIATUHOBOW U 30JI0TOM IOJUIOKKAMH MO-
JKET OBITh BbI3BaHA PA3HBIMH (PU3NKO-XMMHUYECKUMH CBOM-
CTBaMH ATUX JIBYX OJIarOpOHBIX METAJIOB, B OCOOCHHO-
cTH 6oee OBICTPHIM BOCCTAHOBICHHEM KPUCTAIITHYECKOM
PCHICTKH IIJIATUHBI TTOCJIC HOHHOM UMILIAHTAl U, B Jajib-
HEWIIeM JKeNaTelIbHO HMCCIIEIOBAaTh TaKKe BO3MOXKHOCTD
3aMEHbI TUTATHHOBOW ITO/UIOKKH Ha MOAJIOKKY W3 MaTe-
puajia ¢ HU3KMM aTOMHBIM HOMEPOM JJId CYIIECTBEHHOI'O
YMEHBIICHUS BEPOSITHOCTH HEYIPYTOTO pacCestHUs perep-
HBIX JIEKTPOHOB B MaTe€pHaJIe MOATI0KKHI IIPH COXPAaHEHUH
9HEPreTUYeckoro apeiida, a Takke BBISCHUTh HNPUUUHY
HaOJIfOaeMOl «TOHKOM CTPYKTYPbI» JIMHHH peTepHBIX
SIIEKTPOHOB. DTHMH BOIIPOCAaMH OyJeT 3aHUMATHCS B IIEp-
BYIO ouepenpb rpymnna corpyaaukon JISIT OVIAN.
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