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[ ONroXusylliee U30MepHOe COCTOSIHUE B U30Tone

TOopUA-229

YHUKanlbHaaA cuctema B AfgepHoii  cusuke:
o6napaer M30OMepHbIM COCTOAHUEM C 3Heprueit
BO30OY)XAE€HUA B ONTMYECKOM Auana3oHe U B
AnanasoHe 3/1IeKTPOHHbIX MepexofAoB BHELWHUX
06o0no4eK

3Heprua nepexopa 7.6 * 0.5 3B (o6nactb
BaKyyMHOro ynbrpadmonerta)

AnvHa BosHbI ~160 HM
Manas ectectBeHHast wwmpuHa ~ 1 mlry,

AKpaHUpoBaHue fAApa aTOMHbLIMU 3/1eKTPOHaMU
NPUBOAUT K YMeHbLleHUe YyBCTBUTE/IbHOCTU
SIlEPHOrO NepexoAa K BHELUHMM BO3MYLLEHUAM Ha
HECKOJIbKO NOpsiikoB

Bpemsa Xn3sHn nsomepHoro coctossHusa ~1 yac

Mepexop, AOCTYNEeH Ans UccnefoBaHUsA Na3epHOii
cnekTpockonueii

|7 = 5/2) * I =3/2)

229mTh [somer
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M1 transition
t=3000s
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b Qm=5.1028¢e-m?

229Th Ground State



NepcnekTuBbI UCNOSIb30BaHUA N30OMEPHOro nepexoga
B Aape Topua-229

G 3 SR ¥ ¥ G week
EUROPHYSICS LET 15 January 2003 PRL 108, 120802 (2012) PHYSICAL REVIEW LETTERS 23 MARCH 2012

Europhys. Lett., 61 (2), pp. 181-186 (2003)
Single-Ton Nuclear Clock for Metrology at the 19th Decimal Place

2]

.. Campbell."* A.G. Radnaev,' A. Kuzmich,' V. A. Dzuba,” V. V. Flambaum,” and A. Derevianko®
f Physics, Georgia Institute of Technology, Atlanta, Georgia 30332-0430, USA
dney 2052, Australia

'School

hool af Physics, University of outl Wales, §

DMhislenr laser spienponciipy Departmient of Physics, University of Nevad, Re
of the 3.5¢V transition in Th-229 {Received 7 October 2011; published

6(5) eV nuclear magnetic-dipole transition in a sin;
an optical clock of superb aceuracy. A vinual clock wansition composed of stretched states within the

E. PEIK(*) and CHR. TanmM

5Fs» electronic ground level of both nuclear ground and isomeric manifolds is proposed. It is shown to
Physikalisch-Technische Bundesanstait - Bundesailee 100 offer unprecedented systematic shift suppression. allowing for clock performance with 2 total fractional
38116 Braunschweig, Germany inaceuracy approaching 1 X 10°1

DOL, 11 103PhysRevLete. 108, 120802 PACS numbers: 06.20 b, (6.20Jr, 21,10z, 24.80.+y

{received 17 June 2002; accepted in final form 11 November 2002)

’ ’ . . e = - =
PACS. 23.20. -g - Electromagnetic transitions Effect |Shift| (1072%) Uncertainty (10~2%)
PACS. 42.62.Fi - Laser spectroscopy. Excess micromotion 10 10
PACS. 33.40.+f - Multiple resonances (including double and higher-order resonance processes i

e 5 B =P Gravitational 0 10
such as double miclear magnetic resonance, electron double resanance, and & =
microwave optical double resonance). Cooling laser Stark 0 5
Electric quadrupole 3 3
Secular motion 5 1
Linear Doppler 0 1
Abstract. — We propose high-resolution laser spectroscopy of the 3.3¢V nuclear transition Linear Zeeman 0 1
in Th-2 isolated atoms. Laser excitation of the nucleus can be detected efficiently in a Badkground collisions 0 1
donble-resonance method by probing the hyperfine structure of a transition in the electron shell Blackbody radiati 0.013 0.013
It is shown that for a suitably chosen electronic level, the frequency of the nuclear transition ackbody radiation : :
is independent of external magnetic fields to first order and of electric fields to second order. Clock laser Stark 0 < 0.01
This makes Th-220 a possible reference for an optical elock of very high accuracy. The nuclear- Trapping field Stark 0 < 0.01
electronic double-resonance method can be conveniently applied to a laser-cooled ion of “*Th™* Quadratic Zeeman 0 0
in a radiofrequency trap. Further applications of nuclear laser spectroscopy are discussed.
uency trap pp pe E Total 18 15

week ending

PRL 106, 162501 (2011) PHYSICAL REVIEW LETTERS 22 APRIL 2011

estimated clock inaccuracy is 1.5x10719,

Proposal for a Nuclear Gamma-Ray Laser of Optical Range

E.V. Tkalya*
Institute of Nuclear Physics, Moscow State University, Moscow, Russia
(Received 2 November 2010; published 21 April 2011) H eTOLl H OCTb Hp'e pH oro CTaHp'apTa

A possibility of the amplification of the 7.6 eV y radiation by the stimulated y emission of the ensemble
of the 29" Th isomeric nuclei in a host dielectric crystal is proved theoretically. This amplification is a OXn ‘ﬂ'aeTCﬂ Ha ypOB He 10'19
result of (1) the excitation of a large number of 2°"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 magnetic field, (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.

DO 10.1103/PhysRevLett.106.162501 PACS numbers: 23.20.Lv, 27.90-+b, 42.72.Bj



Direct detection of the (229)Th nuclear clock

transition.
L.v.d.

Buffer-gas stopping cell
e

Wense, P. Thirolf et al.,

Laval nozzle

Nature 533, 47 (2016)

Electric aperture Triodic extraction system Detection system
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MpopgomxeHue padotbl Nature

o . } week ending
PRL 118, 042501 (2017) PHYSICAL REVIEW LETTERS 27 JANUARY 2017

Ef

Lifetime Measurement of the 22?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)

M3mepeHne xapakTepucTuk W30MEPHOro

o pacnaga nyyka WOHOB 22"Th3* (cuHAs
0 =Tz 220mTh Pacita uepes KpuBas) M CpaBHWUTE/IbHOE U3MEpeHue C
wnTh tiz > 1 min tiz ~ 7e e g 2333+
. P U3+ (KpacHas kpuBasi)
. =) 6 +F ! "MEASUREMENT [ o55(m) o+
_233U3+
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Mepuop nonypacnaga n3oMepHbIX sgep Ha NOBEPXHOCTU TBepAoro tena: 7+1 ms
Cornacyertcs ¢ oueHkamu Tkania E.B. [Sov. Phys. JETP 72, 387 (1991); PRC 92, 054324 (2015)]
BaxHoe HabnwogeHne: BpeMs X13HU N30MepPHbIX 4ep 419 MOHOB B JI0BYLLKE 3aBUCUT OT 3apsA4HOCTU MOHOB TOPUSA
Th*: <10 ms - BO3MOXHO OrpaHMyeHo pacnajom Yyepes KaHan 3/1eKTPOHHOro MocTa (?)
Th?*:<60's - orpaHM4YeHO XMMUYECKMU peakuusMmn ¢ aTomammy OcTaTouyHOoro rasa
(Bpems yaepaHusi MOHOB B J10BYLLIKE)
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Nuclear Experiment

Laser spectroscopic characterization of the nuclear clock isomer 229mTh

Johannes Thielking, Maxim V. Okhaplkin, Przemyslaw Glowacks, David M. Meier, Lars won der Wense, Benadict Seiferle, Christoph E. Dillmann, Peter G. Thiralf, Eklehard Peil

(Submitted on 15 Sep 2017)

CpaBHeHMne pe3ynsLTaToB NasepHoli CNeKTPOCKONUM MOHOB TOpKSA-229 B 2-X NOBYLLIKAX:
1 - Physikalisch-Technische Bundesanstalt (PTB) 3arpyxaetcs 2°Th?* meTofoM nasepHoi abnsauuu; 20% IOHOB B NOBYLLKE LMU HaxoAATCA B
2 - Ludwig-Maximilians-Universitat (LMU) 3arpyxaetcsa 2°Th?* noHamun otgauv ot o-pacnaga U
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Llenn paGoT Hawen Hay4YHOW rpynnbl C TOPUEM
B KBaAgpyno/ibHOW NIOBYLUKeE:

MpoBeaeHne nccnenoBaHnii N30MEPHOro nepexoaa B agpe 22°Th :
[MonbITKN BO3BYXAEHNA N30MEPHOro nepexoaa

Co3pgaHune NHPaCTPYKTYpbl 418 peannsaumm aaepHbIX YacoB:



MHorocekuymoHHaa KBagpynosibHad noByluka Nayna
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CTPYKTYpPHbIe 3/1EMEHTbI 3KCNEePUMEHTA/IbHOIA

YCTAaHOBKU
IlasepHasa abnauns MOBOPOTHbLIN 3HEproaHaIn3aTop Cucrtema
FKO3a-PoxxaHCKoro perucrtpaumm NOHOB

4

— .'
e G
Nd:YAG nasep, pa6otaoLii B TpaekTopumn MOHOB, BTOPWYHO - 3N1EKTPOHHBbIIA
pexume mMmoaynaumm cMmogesnimpoBaHHbIE B NakeTe Simion: YMHOXWNTE/Ib KaHaUTbHOTO

,D,O6pOTHOCTI/I = 1. 1x10 Mmm BXO4HasA Lesb Tvna B3Y-6

MapameTpbl nasepa : AN NOHOB
2. BHYTpeHHsa obknaaka
dnntensHocTb umnysbca ~ 25 He dHeproaHasmsaropa

3. BHeLLHAs1 06kNnaaka
3HeproaHasusaropa

4, BuixofHas Lwenb,
| dhuHanbHas yacTtb
dmneTpauuy no Maccam

5. flechnekTop

6. Bxopg BO BTOPUYHbIiA
9M1EKTPOHHBIA yCUnnTenb

B kauecTBe MULLEHN UCMO/b30BasICaA MeTasl/Tndecknin 232Th.

OHeprusa B numnynbce ~ 300 mx
OnameTtp cqhoKyCcMpoBaHHOIO
nAaTHa ~ 100 Mkm




MapameTpbl IMHEMHON KBAAPYNO/NLHON NOHHOMN

IR,
S D

NIOBYLLUKUN
@ 80 Mm
71 Mmm
Q1 Q2 Q3 Q4 Q5
15 mm 150 mm 100 mm 50mMm 30 Mm
[Onametp cTepXHenr, Mm 80
PaccTosiHne mexay npoTUBOMNOSIOXHBIMU CTEPXHAMN, MM 7,1
HanpsixeHue cmelleHus, B <400
YacTtoTta nepemeHHOoro HanpsxeHuns, My 1,22
AmMnAnTyga nepemMeHHoro HanpskeHus, B 2,7-338
BenuunHa NnocToAAHHOro HanpshkeHus, B 0,24-30,4
[nanaszoH macc A0CTYNHbIX ANns ounstTpaLmm 2-250
HanpsikeHne Ha B3Y, B 3000




Ia. u

XapaKTepnctuku MOHOB #2Th, nonyyeHHbIX npu
NoMoLLM NTa3epHOU abnaunmn

1.0 Th' 104 T o232
Th'
0.8+ 0,8 1
Th**
0.6 4 0,6
=
0.4 0,4
0.2 Th 02 -
0 4 0,0
AL DL L DL L AL T T T T T T T T T 1
50 100 150 200 250 0 100 200 300 400 500 600 700 800 900 1000
m/z, Da E eV

OHepreTnyecknii CMekTp WOHOB TOpus-232 MOSlyYEeHHbIX B

Macc cnektp MOHOB TOpuA-232 MNOJTyYEHHbLIX B pesynbrare = N
pesynbsrare nasepHol abnauun METIIMYECKOR MULLEHW.

na3epH0|7| abnauum MEeTa1INYeCKOl MULLEHN.

MPOAEMOHCTPMPOBAHO Ha/NMuMe TPEXKPATHO  3apsKEHHbIX m

MNOHOB Th* 120
Th2 200
Th3* 375

OnTumMasibHble 3Ha4YeHUs noTeHUyuana Ha ocu Kksagpynons.

Z — 3apsiHOCTb MOHa,
(¢ — noTeHymas ocn



NnniocTpauus npouecca 3axsarta
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OTH. ef.

MomeHT Hayana nogaym
3anuparoLlero HanpskeHus Ha
AvadparMmy pacrnosioKeHHy Ha

BbIX04€ JTOBYLLKN \

MoMeHT Hayana nogayn
HanpshkeHns Ha
3M1EKTPOONTUYECKNIA 3aTBOP
abnauMoHHOro nasepa,
COOTBETCTBYIOLLMI fla3epHOMY
NMNyNbCy
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Anadpparmy pacnosioKeHHy Ha

BXOZ€e /T0BYLUKU



XapaKTepucTuku npouecca 3axsata UIOHOB
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MOHOB,

PerncTpmpyembix Ha BbIXO[e W3 NOBYLLUKA B
3aBUCKMMOCTI OT BPEMEHW UX perncrpaummn
L1 Pa3INYHbIX BPEMEH YaepXXaHus.
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BpeMs yaep»XaHus, C

Mpadhmk 3aBUCMMOCTM 06LLIEro u4nucna
BbICBOOOX/AAEMbIX M3 NOBYLLKA UOHOB OT
BPEMEHM yaepXaHus.



OTnnunTesibHble 0COGEHHOCTU UCNONbL3YEeMOin B
paéoTe NOHHOW JIOBYLUKM:

* [ATb cekuuii
* BO3MOXHOCTb OCYLECTBNATL (hunbTpaymto no maccam
* BO3MOXHOCTb OCYLLECTB/ATb (PUNLTPAaLMIO MO IHEPTUSAM

* BO3MOXHOCTb pa60TaTb C pa3/in4HbIMN NCTOYHNKaMWN NOHOB



CTpyKTypa ypoBHeu noHoB Th3*
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Cnacmnbo 3a BHUMaHune



