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CTAHAOAPTbI BPEMEHU U

[ocyoapCTBEHHbIN 3TanoH BPEMEHN U
yacToTbl PP paboTaeT ¢ TO4YHOCTLIO Ha
ypoBHe 5x107°. B pesynkrare
mobanbHas HaBUrauMoHHasa
cnyTHukoBasi cuctema (ITTIOHACC)
obecneymBaeT TOYHOCTb
NO3NLMOHNPOBAHNA OOBLEKTOB Ha
YPOBHE 1-2 METpPOB.

Tounocts 10715 — 10716

CerogHs MocnesaBTpa

<

Tounocts 10717 — 10718

TounocTs NO3ULIMOHNPOBAHUNS JOCTUTHET
HECKOINbKMX AECATKOB CAHTUMETPOB U
obecneynT BbICOKOTOYHOE ynpaBrieHue
00BbeKTaMM B peXXume yaaneHHoro
aocTyna.

CTtaHOapT TaKoro ypoBHSI YYBCTBUTENEH K 4
BEITMYNHE CUTbI TSPKECTU B pasHbIX TO
3eMnu 1 OTKPOET NYTb K CO3AaHUIO
rpaBUTaLMOHHbIX HABUraLUMOHHbIX
KapT KaK ansTepHaTUBbl CErogHsLLIHe
CMYTHUKOBOW HaBUrauum.

Tounocts 10717 — 1020

BricokoTounbie U3MepeHnsd
rpaBUTALMOHHOWN KapTbl 3eMJIx ITO3BOJISAT
IIPOBOJIUTH AUCTAHLMOHHOE
OOHapyXeHue Nosie3HbIX UCKoNnaeMblX.
[Mpu Takon TOMHOCTH (!) MOXHO
NpPOBEPUTL MNOTE3Y 06 UBMEHEeHUN
cdyHaameHTanbHbIX hU3NYECKNX
KOHCTaHT CO BPEMEHEM.
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O6nako (R~1 Mm) u3 10*
oxnaxaeHHbix (T~1 MKK) aTtomos 87Sr B

M el
MarHMTOONTHMYECKOM JIoBYLLUKE

& ey,

“€/\d BHADTPA

McTOYHMK aTOMOB

CTPOHUMA 3eeMaHOBCKMM

3aMeanTelib

JlasepHbie nyuun (1-7) obecneymsatoT
3aMep/ieHue, oxnaxaeHue u popmupytoT
MarHMTOONTMYECKYIO JIOBYLUKY

. 06pa3oBaHHOM NepeceKaMMUca

15 2e1 OMTUHECKUE HYACDBI HA XOINOAHbIX ATOMAX CTPOHLUUA

ATOMbBI CTPOHUMA B
ONTHMYECKOM pelleTke,

Na3epHbIMU JTy4amu

B NIST BocTUrHyTa TOMHOCTb 2.1x107!8
Ha YacoBOM nepexope 'S -°P,
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iz gen o 229Th isomer level:

5/2+
@ . 7.6(0.5) eV
29 18\

"4 e 10%-10° s lifetime

|
@ J@ B. R. Beck et al., Phys. Rev. Lett. 98 (2007)
29.19

5/2+ Y 0 3/2+ T' 0.008 4
5/2 [633] 3/2 [631] N
229TH \B. R. Beck et al., Proceedings Materials (2010)
P03240-jab-u-001 229Th isomer level
Partial level scheme of 2*°Th with E., in keV. (improved result):

. 7.8(0.5) eV
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snapshot
Bo3MOXXHble NpUMEHEHUS:
PRL 106, 162501 (2011) PHYSICAL REVIEW LETTERS 2 APRIL 1 PRL 108, 120802 (2012) PHYSICAL REVIEW LETTERS Y

YeM uHTEpPECEH TOpUiA?

Proposal for a Nuclear Gamma-Ray Laser of Optical Range Single-Ton Nuclear Clock for Metrology at the 19th Decimal Place
E.V. Tkalya /. Flambaum,” and A. Derevianko®
Institute of Nuclear Physics, Moscow State University, Moscow, Russia

30332-0430, USA

CBoIiCTBa H30MEPHOTO IIEPEXO/IA B
snpe “*°Th:

= JHeprus nepexoaa:
8.09 +0.133B [1]
8.28 £ 0.17 3B [2]

= JlamHa BOJHBI ~155 HM

= Bpems u3iay4yarejbHOro pacnana
HU30MEPHOro cocTosinus ~ 1 yac

= Manas ecrectBeHHasi mupuHa ~ 1 mI'y

= DKpaHMpPOBaHHUE APA ATOMHBIMH
JICEKTPOHAMH IIPUBOAUT K YMCHBLIIICHUE
YYBCTBUTCJIBbHOCTH SIICPHOIO MEPEXoaa K
BHCIIHHUM BOSMYIICHUAM HA HECKOJBKO
NOPSIIKOB
[1] Bestimmung der Isomerenergie von ?*°Th mit dem

hochauflésenden Mikrokalorimeter-Array maXs30 Geist, Jeschua.
- PhD Thesis, Heidelberg, (2020)

[2] B. Seiferle, et al, Energy of the 229Th nuclear clock transition,

(Received 2 November 2010; published 21 April 2011)

A possibility of the amplification of the 7.6 ¢V y radiation by the stimulated y emission of the ensemble
of the **Th isomeric nuclei in a host dielectric crystal is proved theoretically. This amplification is a

result of (1) the excitation of a large number of **Th isomers by laser radiation, (2) the creation of the

inverse population of nuclear levels in a cooled sample owing to the interaction of thorium nuclei with the
crystal electric field or with an external ma ield, (3) the emission or absorption of the optical
photons by thorium nuclei in the crystal without recoil, and (4) the nuclear spin relaxation through the

conduction electrons of the metallic covering

DOL: 10.1103/PhysRevLett. 106162501 PACS numbers: 23.20Lv, 27.90.+b, 42.72.B)

ustralia

, US
(Received 7 October 2011; published 22 March 2012)

The 7.6(5) eV nuclear magnetic-dipole transition in a single 2 Th** ion may provide the foundation for
an optical clock

of superb accuracy. A virtual clock transition composed of stretched states within the
ground level of both nuclear ground and isomeric manifolds is proposed. It is shown to
ystematic shift suppression, allowing for clack performance with a total fractional
X 1077,

offer un y
inaccuracy approachin

DOL: 10.1103/PhysRevLett. 108.120802 PACS numbers: 06.20.fb, 06.20.Jr, 21.10.Tg, 24.80.+y

Nature volume 573, (2019)



G OGLWenpPUHATLIN MeToA
NMPOMDBILLAEHHOCTMU 229 233
: UccnepoBaHue saep otaayum 22°Th npu pacnage 233U
Copepxar 2% siaep 3acerieHHbIX B U3OMepHoe

X. Zhao, Y. N. Martinez dgFQOR IO A @s, E.-M. Bond, A. Moody, and D.J. Vieira
Los Alamos National Laboratory, Los Alamos, USA

PRL 109, 160801 (2012)

(a) (b)
229mTh
(3/2* 7.8(0.5) eV ssgazmTh JL
Ml — MgF e
5/2* \ \
6 50 ‘ogime (s) 150 o0y

22%Th e
NamepeHus y-pacnana nsomepa *°"Th: aapa otaadm *°Th oT a-pacnaga 32U umnnaHTupyoT
B MgF, B TeYeHMe HEeCKOMNbKMX 4acoB. VCTOYHMKM *°U 3aTeM yaansioT, perucTpupyetcs

aMumccmst (POTOHOB C NMOBEPXHOCTU MgF, ¢ nomMoLLbto ®JY.
Oka3zanocsb, YTo MmeToa HeadhdekTnBeH! CurHan onpegenseTcs

doOHOM OT KOPOTKOXUBYLLIMX AOHEPHUX MPOAYKTOB pacrnaaa U-233
[E. Peik, K. Zimmermann, Phys. Rev. Lett. 111, 018901 (2013)](comment)

nt rate (mHz)
3

in PMT cou

Difference



DB e )
% MPOMBIWIAEHHOCTY UccnepoBaHue LULMPOKOMOMOCHbLIX KPUCTanNMoB C
) Ha nctoyHunkax CU B ynstpacdmnonetoBom cnekrTpe

Hudson’s group (The University of California, Los Angeles) L| CaAl F

Th: @smlFb

Can
NazThF6

Lns daHHOU cucmeMbl epyrnou XadcoHa He
0bHapyxeHO noodmeepxx0eHuUU cyuiecmeogaHusi
S0epHO20 U3MepPHO20 riepexoda 8 s0pax mopus 8
Ouaria3oHe 3Hepautl 7.3-8.8 3B ¢ epemeHeM XU3HU
2000-5600 c.

Results of a direct search using synchrotron radiation
for the low-energy 229Th nuclear isomeric transition
// PRL 114 (2015)

Th:LiSAF
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/5 E ORI AEHES T In 2015, within the framework of the FET project
. (Future and Emerging Technologies)
The European consortium "nuClock” was created

3 https: //www.nuclock .eu
The consortium includes 8 partners e e
focused on the study of the nuclear NUC lock
transition in thorium-229: e s st Bt b iicstrs s Q
PTB (Germany) G L= NN AL R

LMU (Germany)

University of Juvaskyla (Finland)

Max Planck Institute of Nuclear Physics
(Germany)

University of Vienna (Austria) Max
Planck Institute (Germany)

Toptica Photonics

“... STANDING ON THE SHOULDERS OF GIANTS.”

- Isaac Newton
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WELCOME TO THE WEBSITE OF NUCLOCK!

Participants of the consortium for 2015-2020
a number of breakthrough results were obtained

The transition energy remains "Terra Incognita”
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ATOMIeH i The Munich %2°™Th recoil ion experiment

L. v. d. Wense, P. Thirolf et al., Nature 533, 47 (2016)
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l ATOMHOM PRL 118, 042501 (2017) PHYSICAL REVIEW LETTERS 27 JANUARY 2017
[POMBINAEHHOCTIA [pogomkeHne paboThbl Q

Nature Lifetime Measurement of the **°Th nuclear isomer

Benedict Seiferle, Lars von der Wense, and Peter G. Thirolf
Ludwig-Maximilians-Universitit Miinchen, Am Coulombwall 1, 85748 Garching bei Miinchen, Germany

(Received 23 November 2016; published 26 January 2017)
N3mepeHne XapaKkTepuUcTuK
n3oOMepHOro pacrnaga ny4dyka WMOHOB
} o— szomTh Pl S 229mTH3* (CuHSAS KpuBas) "
zzonTh WEETEE s i cpaBHUTENbHOE u3MmepeHue c 23U3
. * . » . ’ (KpaCHas KOUBEBPREMENT —229(m)qy, 3+
’ . » é 2333+
08¢
\ 06 1
Sueiika OCTaHOBRn/\ p Paiiiciacioisil » Hannbis 06YCﬂOBﬂe|'
i I acnagom
Paanouacrornas WRRRIRRE KBaxpynoabHblii Macc-cenapatop ﬂ 0.4 P A
BOpPOHKaA H CHCTeMa \ \ M3OMepH bIX
NOCTOSIHHOIO0 TOKA  Comto JlaBaas ](onbueable/ MKII zetektop 02r anep 229m-|-h
JeKTPOAbl
0 1 I 1 i
50 60 70 80 90 100 110

t[us]
NMepunop nonypacnaga M3oMepHbIX AAep Ha NOBEPXHOCTU TBEpPAOro Tena: 71 us

Cornacyetcd c oueHkamu Tkansa E.B. [Sov. Phys. JETP 72, 387 (1991); PRC 92, 054324 (2015)]

BakHoe HabntogeHne: BpeMsi XXNM3HN N30MEPHbIX 94ep A8 NOHOB B NTOBYLUKE 3aBUCUT OT 3apsa4HOCTU NOHOB
TOpUS

Th*: <10 ms - BO3MOXXHO OrpaHM4YeHo pacnagom Yepes KkaHan anekTpoHHOro MocrTa (?)

Th?*:<60's - OrpaHMYeHO XMMUYECKUMN peakLMsIMM C aTOMaMmn OCTaTOYHOIO rasa

(ODNANMA \/MANWALIIAA I1ALIAD D IMADV/ITHIVa )
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arXiv.org > nucl-ex > arXiv:1709.056325

Nuclear Experiment

Laser spectroscopic characterization of the nuclear clock isomer 229mTh
Johannes Thielking, Maxim V. Okhapkin, Przemyslaw Glowacki, David M. Meier, Lars von der VWense, Benedict Seiferle, Christoph E. Dillmann, Peter G. Thirolf, Ekkehard Peik

(Submitted on 15 Sep 2017)

CpaBHeHVie pe3ynsTaToB fasepHON CNeKTPOCKOMMM MOHOB TOPUA-229 B 2-X MOBYLLKaX:
1 - Physikalisch-Technische Bundesanstalt (PTB) 3arpy»aetcs 22°Th?* meToioM nasepHon abnaumu;
2 - Ludwig-Maximilians-Universitit (LMU) 3arpyxaetcs 22°Th?* noHamu otaaum ot a-pacnaga 2*3u

2% VOHOB B NoByLLKe LMU
HaxogAaTcs B USOMEPHOM

COCTAAHUMN
jonization radiation tazarabiation ) ion trap PTB - nuclear ground state 1=5/2 /l,
\ fluorescence detection §93goscfg1" - nuclear isomeric state 1=3/2 / 'l l'
484 nm radiation ik . 1 -
»l : ‘ 459 nm radiation E 4 n\-» 21784 e 200 - 229Th2++229mTh2+i F=9/2- 7/2 ’qzl F_7/2_,5/2_’5/2
1164 nm radiation = ¢ b g S = i ¥
% 20711 o' e— P — 229 24| O J / 3 1/2,_'5/2 ; 52
22971 target J=1.506d S R e 3 100 2 4; / l , \
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484 nm radiaton _) 3 < 2B /lﬂ ” / Fmdsi2 31232
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buffer-gas / supersonic 172,607 e 0 Em" § 1 0 ] / \
stopping cell Laval-nozzle SR80 @ Fm=1/2—>ﬂ 2—3/2
o {
p= | 4
Mo cBepXTOHKOMY pacluensieHnIo " 51
MAMBRREM 0MnonbHbIN MOMeEHT
M30MepPHOro cocTosiHUsA u™ = -0,37 (6) p PTB
T T T

KBa4pynosibHbI MOMEHT
M3oMepHOro cocTosiHust Q"= 8.7 (3) eb

JHeprusa nepexona ocraerca «Terra

InrancanidEaw |

Frequency detuning at 1164 nm (GHz)



75 ATOMHOM [NoaroToBKa YUCTLIX KPpUCTArNNoB

I‘IPOMbILLI/lEﬁHOCTM 229Th3+

UccnepnoBaHue sgepHOro nepexoaa
ONTUYECKOro AnanasoHa v nepcrneKkTuBbI
CO34aHMA KBAHTOBOIO perucrpa Ha
MOHAaX C UCNOJIb30BaHMEM
KBagpynonbHoun noBywku MNaynsa

6D,

676 ns

6D;, %, Llenoyka oxna*KgeHHbIX MOHOB TOPUS

1090 ns

‘o5,

Phys. Rev. Lett. 106, 223001



Observation of a many-body dynamical
phase transition with a 53-qubit quantum
simulator

nang B8, G. Pagano, P. W. Hess, A. Kyprianidis, P. Becker, H. Kaplan, A

Nature 551, 601-604 (30 November 2017)

3 EX 0 CrrOm O D N O 3 S RO ORI NSO e ey 20 6 Oy

TIAQl

-
- O W
-.‘

TRAPPED ION QUANTUM INFORMATION

CHRISTOPHER MONROE, Principal Investigator. University of Maryland Department of Physics, Joint Quantum Institute,
and Center for Quantum Information and Computer Science

Group Members Publications -~ Research - Resources -~ Popular Press
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sompOrpaMmMmpyemMbin KBAaHTOBbIU KOMMNbIOTEP Ha

npN. 1 Acuun

5 pum

camera == \
. Detection optics

L . lon chain

-

4/

;g , 2um pixels
6254'6&131‘2151'61'3252'22'42'62'8353‘2 -, Hm p

Harris Corp
32channel AOM

Counts
o 8 B 888 B3 E

H7260 32-channel Individual
PMT Array Jlaman beams

f" Coherent laser

Control RF inputs

<=

PHOTONIS OURBUSINESS S. Debnath, et al., arXiv:1603.04512 (to appear in Nature, 2016)
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T Atomic Qubit Detection

v/2n = 20 MHz
2
I31/2
369 nm
2 1
S1/2

12

| 2.1 GHz

Probability

|17,

0 ﬁ————v—** .......
0 5 10 15 20

# photons collected in 500 ps

I ®, /21 =12.642 812 118 GHz
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T Atomic Qubit Detection

_ >99%
2 } 2.1 GHz 5 efficiency
Py | E
o
|1,
o el ey e
0 5 10 ) 15 20
# photons collected in 500 ps
2g 17 ®, /21 =12.642 812 118 GHz
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A quantum computer must: A quantum computer must:
Get information from the qubits Scale to many qubits

> — 1

0

Quantum simulation with individual control
of 53 gubits

nple> pped ion qubits,

1871

with each qubit fluo
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MHorocekumoHHas KBagpynonbHasa nosyuka lNayns
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AGNAUMOHHBIN

nasep Nd:YAG
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MueHb j f

Cucrema Cuctema

(bOoKycMpoBKM CKAHMPOBaHMA
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1,0 .Th+
e
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® ool |
© @ ' Ly
o O O Y Lo O i
°0 @ @
Q 0,6 - 24
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dokycupoB y 1 N e
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Nd:YAG Electro-optical shutter L L N EL A EL R SR SRR L B I

-100 0 100 200 300 400 500 600 700 800 900 10001100

CraHupywiuas E eV
cucremMa PacnpeneneHune no aHeprusam MoHoB *°Th*,

232Th2*, 232Th3*, cdhopMMpPOBaHHbIX NPW NasepHoW
[ITupuaa uMITysIbCa ~ 25 HC abngaunmn TBepaoTENIbHON MULLEHU
Max. sHeprus B uMmyisce ~ 300 Mk MeTannmyeckoro >2Th
[IstHO hokycupoBku ~ 100 MKM

Laser parameters :



,p'l;aHOBKa Kad.78 I/IHCTMTyTa Nallnaz HUAY

M - — ;Hp'amm p—— 7 doTorpadum aKCNEPUMEHTaNbHON YCTaHOBKM.
[ ] wwarpynons - | q | a. OGszopHaa doTtorpaduma YCTaHOBKA MO MOMYYEHWUIO,
ap” ) Kavtepa o permerpann cnrana 3axBaTy W1 OXNaXAEHMI0 MOHOB TOPKS,
: (yopeciern 6, B doTorpadmm onTUYeCKon CXembl;

r. dortorpaua, [OeMOHCTpupylolaa BBOL Jla3epHOro
N3rydeHnsa B BaKyyMHYI KaMepy Yyepes OKHO BO (prnaHue
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Cucrema CKaHAPOBaHUA MULICHU

[NepecTpanBaemMbin ANOLHbLIN Nasep,

Brnok ynpasneHus nasepowm,

OnTtnyeckun nsonartop,

MnacTtuHka A/2,

CeeToaennTenbHbIn KyOuk,

3epkano,

BxogHown ceHcop namepuTens ofnH BOSH,
N3amepuTenb OnnH BOSH,

Konnumartop anst BBoga nany4yeHnss B ONTOBOSIKHO

BBoj1 1a3epHOTO H3ITy4eHNs B
BaKyyMHYO
Kamepy

©I0 N0 01 Ao N

Baxyymnas kamepa
KBaJPYIOIbHOH JTOBYIIKA
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UHcTutyT Jlallna3 peanusyet nporpammy:
KBaHTOBasA metponorus

Cneu.Kypcbl nNo KBaHTOBOU MHOpMaTUKe
Kad.78

BBegeHne B KBAHTOBYH MHPOPMATUKY
[1peyn3noHHbIE N3MEPEHUS

ATOMHagA CreKTPOCKOoMNus

Kad.32

BBeaeHmne B TeOputo KBAHTOBbLIX BblYUCIEHUN
(MeToabl KBAHTOBOM MEXaHUKU B KNDEPHETUKE)
ONeMeHTbl KBAHTOBOW MHPOPMaTUKK

Kad.37

JlazepHas cnekTpockonusa n oxnaxaeHne atoMmoB
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’ Y Previous experiments in MEPhI on the excitation of isomeric ““°™Th
nuclei by an electron beam in local thorium silicon oxide compound

1 000 Bq — 10*> atoms

229Th

d=10?% cm — diameter of thorium spot

S=10* cm? - square of electron beam

n., =10%° cm?— atomic density

A_ =10 cm — IMFP in ThSiO4 for 30 keV electrons
N(**’Th)=n_-S-A_ ~ 10* atoms
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Local electrochemical deposition of thorium-229 compound

X-ray emission spectra

Th M(J(l.2

Th L0(1_2
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MPOMbBIWAEHHOCTH Production of isomeric thorium-229 nuclei

by electron beam irradiation

TABLE I. Average energy of primary &, and secondary &, electrons, effective penetration depth Z.4, average length of
trajectory of primary electrons L.g, multiplication factor k (ratio of secondary electrons to primary electrons), average time of
flight of primary electrons 7, and parameter A, which is the output speed of isomeric thorium-229 nuclei related to the current
of the primary beam, calculated for different energy values of incident electrons E in the ThSi,30,, compound.

Ep. keV Epe. keV Ese. €V Zefr, um Lefr, um K r.x107 B3¢ A, 1isomeric nuclei/(mA c)
1.0 0.6 20 0.01 0.05 30 0.3 42
5.0 3.6 25 0.08 0.46 140 1.9 1.6 x 103
10.0 7.4 27 0.25 1.44 260 5.7 9.7 x 103
15.0 11.2 28 0.51 2.84 370 9.9 2.5x 104
20.0 15.1 28 0.77 4.44 440 14.9 4.5 x 10*
25.0 19.6 29 1.07 5.80 560 16.7 C 67x108 D
AIP Advances 6, 095304 (2016);
doi:10.1063/1.4962661 /. .\
If electron beam is 1 mkA
=

the expected level of the desired signal is
1-10 counts/second



ﬁ ot - The conventional method
g POMREARRROCTIA Investigation of recoil nuclei 2°Th in the decay of 233U
Contain 2% of the nuclei populated in the isomeric state

X. Zhao, Y. N. Martinez de Escobar, R. Rundberg, E.M. Bond, A. Moody, and D.J. Vieira
Los Alamos National Laboratory, Los Alamos, USA

PRL 109, 160801 (2012)
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Measurements of the y-decay of the isomer #>°™Th: the recoil nuclei ?*Th from the a-decay of U
are implanted in MgF2 for several hours. The 233U sources are then removed, and photon emission
from the MgF2 surface is detected with a PMT.

It turned out that the method is ineffective! The signal is determined by the
background from the short-lived daughter products of U-233 decay

[E. Peik, K. Zimmermann, Phys. Rev. Lett. 111, 018901 (2013)](comment)
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Pioneer work [V.F. Strizhov and E.V. Tkalya, Sov. Phys. JETP 72, 387 (1991)]

When intense laser radiation is applied to thorium-containing
targets, the electrons of the laser plasma from states of the
continuous spectrum with energy E populate the levels of the Th +
ion, that is, they enter the states of the discrete spectrum with
energy Eb. The nucleus is then excited by a virtual photon, which is
produced at this transition. The process in consideration is the
inverse of the process of decay of the isomeric nuclear state through
the internal electron conversion channel of gamma rays and has an
extremely high cross section as compared to direct excitation by
electrons or plasma photons.

~ 108 cores 2*°™Th
for one laser pulse

Questions for the experimental implementation:
_‘ How to obtain information about the isomeric state from
o0 \ the complex spectrum of a laser plasma?
u How to exclude conversion channels of decay?
‘ ' How to measure energy?
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Excitation of isomeric thorium-229 nuclei in a laser plasma by the inverse electron conversion
mechanism and their injection into the near-surface region of a thin SiO2 / Si (001) layer

229g THn+

Important:

/V . \

Flight time 2®™Th™ < 1 us
® @ 29mpnt

JIazepmpiit E\ @ o . Life time 2°™Th > 7 us
VIMITYIIBC ~ - h

~10 TBT/cM2 @ @ & @ @ The overwhelming majority of
229MTh nuclei remain in the excited

° = 2 Y0e ? state after implantation

1oky = *e o ° p
- i(001)
*—

The wide-gap (Egap=9.0 eV) dielectric crystal doped with
229mThn +
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. ultraviolet range. Conducting spectral analysis

Schematic of the system for analyzing the spectral characteristics of secondary electrons,
the emission of which is recorded during the decay of excited thorium-229 nuclei
implanted in a thin-film silicon oxide matrix. The silicon wafer acts as a photocathode.
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D ELECTRONIC SPECTROMETER NRNU MEPhI
Preparation % Semispherical
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The schematic of the device and the appearance of the UHV complex for pulsed
laser deposition and in situ studies of the electronic structure of the surface,
ultrathin layers by the methods of XPS AES, UPS, and REELS, created in NRNU
MEPhI based on the XSAM-800 Kratos electronic spectrometer.
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Th/Si02/si(001)
A=100 kBq
232Th/ 229Th=13.6

o-spectrum

Ta rget 229Th
J L-: %E‘%i % Z‘/é ﬁ *’ﬂf ? |H aaaaaa th223pdp. — 299 s In::n Dec 07 10:04:53 2015 ﬂua::::fr%:ﬁ%
[ rowm =T [ & KX500 %
Warepenmie Otpatora | oreer |
MsoTons! g Coctas m’f\‘n. :;( Z;, @ Cannel  keV - '——
.ﬂ 0.01756 534 10 450, f
!ZIZ-PO 0.03295 1002 525 7
.2!3470 0.13515 4112 2.15e+3 3 405,
!ZIS-PO 0.06045 1839 963 5
B e |
.ﬂ 0.13906 4231 221843 3.
m 0.05829 1773 928 6 215,
.ﬂ 0.13971 4250 2.22e+3 25
!ZZE-h-I 0.05638 1715 898 5
— e
Isotope Number of atoms Atomic mass Mass Portion, %|
Th-228 7.81E+10 228 3.4259E+08 0.01092
Ra-224 4.12E+08 224 [1.8388E+06 0.00005862
Rn-220 7.24E+04 220 B.2923E+02 0.00000001049
Po-216 1.89E+02 216 B.7454E-01 0.00000000002788
Pb-212 4.99E+07 212 2.3552E+05 0.000007508
Bi-212 4.74E+06 212 2.2340E+04 0.0000007121
Po-212 2.50E-04 212 1.1778E-06 0.00000000000000003755
Th-229 7.18E+14 229 8.1367E+12 99.98806
Ra-225 4.00E+09 225 1.7756E+07 0.0005660
Ac-225 2.68E+09 225 1.1916E+07 0.0003798
Fr-221 9.12E+05 221 4.1281E+03 0.0000001316
At-217 1.00E+02 217 4.6129E-01 0.00000000001470
Bi-213 8.49E+06 213 3.9845E+04 0.000001270
Po-213 1.30E-02 213 6.1033E-05 0.000000000000001946
TI-209 8.56E+03 209 4.0957E+01 0.000000001306
Pb-209 3.64E+07 209 [1.7402E+05 0.000005547
3.1371E+12
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Hemispherical
Analyzer

Preparation
chamber

SAMPLE WITH THORIUM-229 AFTER
IMPLANTATION IN THE ELECTRONIC
ENERGY ANALYZER CHAMBER
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SIGNAL DETECTION!
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Energy spectra of electrons, the emission of which is recorded after laser
implantation of thorium-229 nuclei. The inset shows an enlarged image of the
radioactive background, measured 16 hours after implantation. The intensity of
the background corresponds to the number of nuclei 22°Th ~ 10*2
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Decreasing of the laser ablation intensity
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The decay of a long-lived state in the near-surface region of the SiO2 / Si
(001) substrate after laser implantation of thorium-229

3004
' Monotonically damped signal
2501 " after implantation 22°Th™ t =225+ 25 sec
8 \'\ in a thin (6 nm) oxide of Si02
% 200; '\- —
= \ Background signal after implantation 22°Th"*
8 150 -—-—_-)Tf: in a thick (600 nm) SiO2 oxide
\ “‘—--—_________
= 100 A T
ucn '~ © . Absence of a signat-after. implantation ***Th™
B 50 - ~._ in a thin{6 ni oxide of |02 .“";‘--—‘
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Wide spectra of electrons emitted from the Th:SiO02
samples due to the alpha decay (A =30 Bq)

w / Narrow spectra of electrons emitted from the
Th:SiO2 samples collected after laser implantation
of thorium-229 immediately

0 1 2 3 4 5 6 7 8 9
Kinetic Energy,
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0.51

0.01

- 100% Fr-221 decay shifted on 30 seconds
T / (As the thorium-229 decay daughter with
\‘\\th\e most shorten half-time)

AN =
N g

.

N Exponential
\. decayline2
The decay of a long-lived
state in the near-surface
region of the SiO2 /Si (001)
/ substrate after laser

Exponential \ implantation of thorium-229

decaylinel \ =
\

Not exponential decay!
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An increase or decrease in the probability of spontaneous emission in the presence of
boundaries (for example, in a resonator) as compared with the speed of spontaneous
emission in a space without boundaries
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. Half-life

The experimental data are described by a single free parameter - the half-life of an isomeric state in
a bare nucleus in avacuumT1 /2 =1850s
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A Calibration of photoelectron spectra

e when working with ultraviolet sources
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The initial analysis of the electron spectra and band structure shows that the
detected signal is due to the decay of isomeric thorium-229 nuclei

The cross-check shows that the signal is not recorded when:

.Defocusing of the laser beam and lowering of the plasma temperature
JImplantation of thorium-232 ions

JImplantation of thorium-229 ions in pure silicon
JImplantation of thorium-229 ions in thick oxide
JImplantation of graphite, silicon, silicon oxide

The transition energy: 7.1 (+0.1/- 0.2) eV
Half-life: 1850 +/- 150 sec

NECESSARY UPDATE BY METHODS OF PRECISION OPTIC
SPECTROSCOPY



|, counts/sec

350

300
250
200
150
100-

50 -

L. Preliminary Study of Photons

POMDBIWWAEHHOCTMU

4

? 100, ZAEm EA  TPMSBO128EB
) 100
P
s = I,' ]\ [ CATHODE RADIANT
| a ~ ]
= — % SENSITIVITY
£ < RADIANT E
o 10 ™ SENSITIVITY — 10 i
> g N g }
e \ £ !
L =1 X 20 t
= 2Z ‘\ | st
25 ; =0 :
o o
[T18 4 4
0 T /\ b oE 1
i \
=z QUANTUM X Eu
== EFFICIENCY, Y <= \
8¢ \ o \
.. zz \ <5 T\
< \ o= [——QUANTUM L
aa \ wa EFFICIENCY| .\
g A [a¥e}
o 0.1 ¥ o 0.1
@ S [ a = ~
< N
S 3 K
‘ 3 AN
\‘ N
@ 0.01 001 3
80 100 120 140 160 180 200 220 100 200 300 400 500

WAVELENGTH (nm) P————

% o PMT PMT R6835 PMT R166
Y X No Signal Signal Detected!

PMT
Background

o

100 200 300 400 500 600 700 800 900 1000
t, sec



BKITIOYEHUE cTtaHgapTa 4acToThbl Ha AAepHOM nepexoae B TOpUKN-229 5507 o\

B nnaH pa3sutua LM NMOHACC go 2030 roaa

BHELLUHWW/ B/ 1 COCTAB

Bo30yxaaroLwm Y3kad

Y cnekTpansHa
nasep S

TBepaoTernbHbIN
paboynn Kpuctansn

CTPYKTYPHAA CXEMA

CraBAQpT 9aCTOTHI
HA AAEPHOM IIEPEXO0AE °

Cucrema
KOHTPOAS 1

D eMTOCEKYHAHBIN
CHHTE3ATOP OIITHYIECKOM
YaCTOTHI

Omrrrnueckuia
pesoHarop

TBepAOTEABHBI]
KPUCTaAA

AaszepHasn

cucrema
IIATAHUSA °

MEPCIMEKTUBbI PASBUTUA U NMOBJIEMHbBIE BOINMPOCHI !\I

* B Poccuun, N'epmanmn n CLUA cyuiecTtBytoT TonbKo nabopaTtopHble
obpasupbl; Sﬂ ‘
B 2018 roay npu coBmecTHon pabore HUAY MUDPU n DUAH O
3aperncTpupoBaH CUrHas oT BO30yXXAeHHbIX aaep T
TOpUA-229;

N 3G G
~~ —
OCHOBHbIE XAPAKTEPUCTUNKA
» JlabopaTopHbIn NPOTOTUMN SAEPHO-ONTUYECKOrO CTaHaapTa
4acTOTbl HA ONTUYECKOM Nepexoae B aape nsotona
TOPUS-229 C ANIMHOW BOSHbI BONM3M 160 HM («AgepHbIn POCKOCMOC

cTaHOapT YacToThl») "
[my6okas aKkpaHnpoBka agpa Topusa obecneyunsaeT =
pac4eTHyo HecTabunbHoCTb 1x107%° ona BpemeH
MHTErpupoBaHns 1 cek 1 1x102° ans 1 cyTok. R
B0O3MOXXHOCTb peanvsaumm CBEPXKOMMNAaKTHOrO CTaHaapTa 18.32
4acTOTbl B pamKax TBepAoTeNnbHOM KoHLUenumm 6e3
HeobxoanMOCTM BOCMONHeHNst paboyero Tena =
(LUnpokononocHble AN3INEKTPUYECKNE KPUCTamNTbI C AapamMm % to-ze .~
TOpMA-229) g N
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