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Hactb 1

CBoMCTBa HU3KOJeXallero USOMepHoro
ypOBHSA B agpe Th-229.



OHEeprust N3OMePHOro COCTOAHUSA.

icTopuna oTKpbITUSA

MeToAa: aHanu3 aHepru U UHTEHCUBHOCTEN y-nepexoaoB B 22°Th nocne a-pacnaga 33U
Idaho National Engineering Laboratory

1976 E; <100 eV L.A. Kroger and C.V. Reich. Nucl. Phys. A2359, 29 (1976)

1990 E;, <5eV C.V. Reich and R.G. Helmer. Phys. Rev. Lett. 64, 271 (1990)

1994 E;, =3.51£1.0 eV R.G. Helmer and C.V. Reich. Phys. Rev. C 49, 1845 (1994)
[resolution ~ 17 eV/channel]
Lawrence Livermore National Laboratory and Los Alamos National Laboratory
2007 E;,=7.810.5eV B.R. Beck et al. Phys. Rev. Lett. 98, 142501 (2007)
[energy resolution ~ 26 eV (FWHM)]

+ ewe oKoso 10-15 akcnepuMeHTasnbHbIX paboT, B KOTOPbLIX BNOCIeACTBMU ObInu
BbISIBfIeHbI rPyoOble OLNOKM.

MeTopa: neTekTMpoBaHMe 3NIeKTPOHOB KOHBEPCUU
Germany: Ludwig-Maximilians-Universitat Munchen, GSI Darmstadt, Helmholtz-Institut Mainz,
Johannes Gutenberg-Universitat Mainz

2016 6.3 <E; <18.3 eV L. von der Wense et al. Nature 333,47 (2016)

MeToa: saepHble peakuun (M3mepeHue cnektpa t B peakumm °Th(d,t)*>*Th npu E; =17 MeV)
Canada, McMaster UniversityTandem Accelerator [resolution ~ 6-7 keV in 1990]

1990 E; <6 keV D.G. Burke et al. Phys. Rev. C 42, R499 (1990).

2008 E; ~ 0.1 keV D.G. Burke et al. Nucl. Phys. A 809, 129 (2008).



OHEeprust N3OMePHOro COCTOAHUA.
IcTopusa oTKpbITUSA

KINn A1 J "

229Th

5/2[633] 7/2"
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QHeprus

M30MEPHOr0 COCTOAHMS

Phys.Rev.Lett. 98, 142501 (2007)

Jr keV
af2+ a97.13
T RN wv | B-.R.Beck, J.A.Becker, P.Beiersdorfer et al.
(54.70) P 712 71.82 Lawrence Livermore National Laboratory,
o l P Los Alamos National Laboratory,
r___L__\ 5/2+ 29.19 NASA Goddard Space Flight Center
\42.43) :
e | . . 0.008 Nctounuk: U-233 (105 uCi)
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KaHanbl pacnana

E.B.Tkana. Ceoticmea onnmu4yeckozo riepexoda 8 siope 22°Th. YOH 73 (2003) 323

e e B.®.Ctpwmxos, E.B.Tkans. KaHasnb! pacrnada HU3Konexau,ea2o
\/
% U30MepHO20 cocmosiHus sidpa Th-229. XXOT® 99 (1991)
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KaHanbl pacnana

_\/_
S E.B.Tkans. be3paduayuoHHkIlU pacrnad
'S HU3Kosiexaueao si0epHo20 usomepa 229Th(3.5
. 0 . 3B) e memarne. lNucbma B XKOTD 70 (1999) 367.
N’ N

MeTann: KOHBEpPCUS Ha 3MEKTPOHAX NPOBOANUMOCTU
(Heynpyroe paccesiHue 3f1eKTPOHOB MPOBOAVMMOCTM Ha aapax).
OHepreTuyeckm Nopor y peakuunmn 22°mTh(e,e’)?2°Th oTcyTcTBYET.

Bpems xun3Hu nsomepa B "craHgaptHoMm" metanne <1 ¢

1
T S O, Uy n,~6x10” cm?

Uy = \/2EF/me ~4.6x107

o, =107 =107 cm?



KaHanbl pacnaga

E.B.Tkana. BeposmHocme crioHmaHHo20 u3sydyeHus onsa M1
nepexoda 8 duanekmpu4yeckol cpede: pacnad 22°mTh(3/2+,
3.56+£1.0 3B) . NMucbma B XKOTP 71 (2000) 449.

"Ane 1 cBeT"

E.V.Tkalya et al. Decay of the low-energy nuclear isomer
229mTh(3/2+, 3.5+/-1.0 eV) in solids (dielectrics and metals):
A new scheme of experimental research. Phys.Rev.C 61
(2000) 064308.

AVAVAVAV,
~<

A.M.[bixHe, E.B.Tkansa. Mampu4Hbit
Conduction band arileMeHm riepexooda aHoMaslbHO HU3KOU

T 3Hepauu 3.5£0.5 3B 6 s0pe 229Th u
——E

i Energy gap 8peMs XU3HU u3omepa. l'ncbma B
Y AN A>E, KOTO 63 (1998) 2233
2 B(M1),,,= 4.8 x10-2c y4eTom
—_—l KOpuosincosa B3aMMogencTBus
Valence band
Dielectric 3aBNCUMOCTb BEPOSATHOCTWN CMOHTAHHOIO
M1 y pacnaga oT nokasaTerns
Bpems xun3Hun ypoBHsa npu £ = 7.8 eV: npenomnexusa cpeabl "n":
10-25 MmuH. B 3aBucumocTtu ot n LICAF W = n3W

medium vacuum



KaHanbl pacnaga

a- Pacnag coctosiHuA
3/2+(7.6+/-0.5 3B)

J K [NnA| Th-229

[631]
5/2" 5/2 [633]

a

E Ra-225

a

72 4838 MeV_ 743 56

5" _4.901 MeV 179.75

86 keV

4.930MeV 000 .. |
3/2'[631]

E.B.Tkans u gp. Anbga-pacnad nepeozo
8036y>KOeHH020 ypoe8Hs 0pa Th-229. INucbma
B XKOT® 64 (1996) 319 ; Anbcha-criekmp
pacnada 22mTh (3/2+, 3.5 3B). 3BecTna PAH,
cepua omsnyeckas, 61 (1997) 38.

o-CnekTp npun pacnage CoOCTOAHUSA
3/2+(7.6 aB) otnnyaeTcsa oT cnekTpa

7.6+/-0.5 eV OCHOBHOTO COCTOsIHMA siapa Th-229.

ByayT 3acendartbcq

E NPeUMYyLLLECTBEHHO
4.761 MeV YPOBHWN POTALMOHHOW MOMOCHI

321.76

3/2+[631] sppa Ra-225.

. 4.814 MeV

267.92

sy 2845MeV s BeposmHocmb a-pacnada

5/271633] cocmosiHusi 3/2+(7.6 3B) e 3-4

pa3a 6osbwe eepossimHocmu
pacrnada 0OCHO8HO20 COCMOSHUS
Th-229.



HacTtb 2

Jlazep Ha AgepHOM nepexoae
OonTU4YeCcKoro guanasoHa



[1Be oCcHOBHbIE NpobemMbl

L.A. Rivlin.

Nuclear gamma-ray laser: the evolution of the idea.
Quantum Electronics 37 (8) 723-744 (2007)

...the key conflict inherent in any conception of the NGL is
the antagonism between the necessity to accumulate a
sufecient amount of excited nuclei and the requirement
to narrow down the emission gamma-ray line to its
natural radiative width...

“Never say never”

...Thus, however, will a nuclear gamma-ray laser or any
other device emitting stimulated nuclear gamma-ray
radiation be created one day (and when)?..



E.V.Tkalya, PRL 106, 162501 (2011)

“...We can overcome now the basic difficulties
and develop a unique y-ray laser working on
the magnetic dipole transition in the VUV
range between the first excited level 3/27(7.6

eV) and the ground state 5/2*(0.0) of the 2*°Th
nucleus...”

Jlasauume ecnomuum, umo nepevle
JIA3SEPot pabomanu ¢ Mukpogoinogom
ouana3sone u Hasviganiuco MA3EPamu



1)

2)

3)

4)

YcnoBusA Nosny4eHns KOrepeHTHOoro y-n3ny4eHus
ONTUYECKOro AManasoHa Ha A4epHOM nepexoae C
3Hepruen 7.8 eV B cucteme nsomepoB 22°mTh,

YcuneHue y-usnyyeHusi usomepamu **’"Th sensiemcs
pe3ynbmamom:

BO30OYyXaeHnsa naomepos ***"Th B AU3aneKTpuke ¢ 6onbLIon
LUMPUHON 3arnpeLeHHOU 30HbI NTa3epPHbIM U3NTyYEeHUEM;

cOo34aHUA UHBEPCHOMN 3aCerieHHOCTU AAepPHbIX YPOBHEN B
oxriaxgeHHoOM obpasue BcrieacTteBme B3aumMoaencTBua sgep ¢
BHYTPEHHUM 3J1IEKTPUYECKUM NoJieM Kpucrtanna;

CMMHOBOM periakcauumn (yctaHoBreHUA bonbumMaHOBCKOro
pacnpeneneHus 3aceneHHOCTN) BCrneacTBMe B3aMMoaeucTBus
anep € ANeKTpoHaMu NPOoBOAMMOCTU B MEeTalNlNIM4eCKOM NMOKPbITUMN.
UcnyckaHus u nornoweHust ontudyeckmnx gpotoHoB sapamu Th-229 B
Kpuctanne 6e3 otaaum (3c¢pcekt Meccbayapa B onNTUHECKOM
AnanasoHe).



BapuaHT npocTtenLiero
aaepHoro nasepa Ha 229Th



Unest HCOJB30BaATh KPUCTAJLI ¢ 00J1bIION
IHUPUHOH 3aNpPelieHHOH 30HbI poauiach B 2000 r.

E.V. Tkalya.
Spontaneous Emission Probability for M1 Transition
in a Dielectric Medium: 2**"Th(3/2+, 3.5+ 1.0 eV)

Decay.
JETP Lett. 71 (2000) 311.

E.V. Tkalya, A.N. Zherikhin, and V.I. Zhudov.
Decay of the low-energy nuclear isomer 22" Th(3/2+,
3.51t/-1.0 eV) in solids (dielectrics and metals): A new

scheme of experimental research.
Phys.Rev.C 61 (2000) 064308.



B ananekTpuke ¢ wWnpuHon 3anpelteHHon 30Hbl A = 10 aB
pe30HaHCHble POTOHbI C 3Heprmen w = 7.8 3B (T.e. POTOHbI,
0119 KOTOPbIX BbIMOSIHAETCH COOTHOLWEHME w < A) byayT
B3anmMogencTesoBaTb 6€3 omoayu HernocpeocmeeHHOo C
ssapamu 229Th B ocHoBHOM |5/2*,0.0 > 1 nsomepHom |3/2*,7.8
eV> COCTOAHNAX MUHYSA B3aUMOOEeNCTBUE C SNEKTPOHHOU
000JSI04KOM.

<\ Conduction band
f
f(+)< Y __Eis Energy gap
= . = e | V- A=K
N* N Th |

Valence band

S. Kuck et al. Laser Phys. 11 (2001) 116. Dielectric
LiCaAlF,: CumMmerpus: Trigonal
[[Tupuna 30861 110 nm (11.1 eV)

Temneparypa nnaBnenus: 825°C



b dekT Meccbayapa
B ONTUYECKOM AMnana3oHe

JOHeprusa otoaym E, npeHebpexnmo mana:

E,=w"/2M =15x10"eV

(M — macca agpa Th-229, w=7.8¢V)

[ebaeBckuin akTop f =exp(-3E,/20,) =1,
T.K. E,/0,<<1 B ntobom cny4ae (6, — Temneparypa [ebas)

N3nyyeHne dpoToHOB n3omepamu >2°Th n nornoLieHue
pe30HaHCHbIX OTOHOB apamMu 2>°Th B Kpuctanne byaer
npoucxoauTb 6e3 oTaauw.



Bo3oyxaeHue 22°"Th(7.8 3B) nazepHbIM
n3ny4yeHmem (LLMPOKUN NYYOK)

dnis /dt = qungr — A,'S nl‘S _gaqonis

s 18

dn, /dt=—-cpn, + A n, +gopn,

2
_ ﬂ‘is Fmd 1 ~10—24 sz y

HavyanbHble ycrnoBus
n,(0)=0

n,(0)=10"  cm?

O =
2r Aw, g

Aw, /o, =107° .

Ais :Frad :ln2/]"1i/52 -

20
¢~=10" cm?2s!




[na goctmkeHns 60nbLUOK BENUYMHBI FTpagueHTa
ariekTpu4deckoro nons Ha sgpe 22°Th HeobxoaMmo, YTOObI:

a) aToMbl TOPMS 3aMeLlan B KpUCTarnnmM4eckon peLleTke
aTOMbl C BaneHTHoCTbo OoT 1 Ao 3;

0) KOMneHcupyroWUe UOHbI pacnonarannce B

MEXO0Yy3nmax OKomno noHa Th4+.

Th4+ ®

-

Crpykrypa LiICAF — u3 paboTsl
S. Kuze et al.
J. Solid State Chem. 177 (2004) 3505.

L]ﬂy
Lidt

\Q \‘ Q;\Q [TonoxeHus JOMOJIHUTEIbHBIX HOHOB
gi’ dbTopa HaliileHbl B paboTe
R.A. Jackson et al.
J. Phys.: Condens. Matter 21 (2009) 325403.

229Th LiCaAlF,



KBagpynonbHoe paciienneHue B LICaAlF,

The Electric Field Gradient (EFG)
“Wien2k”: EFG Ha noHax Ca’" B LiCAF paBeH
¢ =-1.2x10"7 V/cm?

B kpucranne ***Th:LiCaAlF, ocHoBHOM Bknag B EFG
Ha noHax Th** gatoT noHbl F~, KOTOpblE KOMNEHCUPYIOT
«TULWLHNINY 3apag 2+.

MoHbl F~ pacnonaratotcsi B HenocpeacTBeHHOW 6nmM3ocTu OoT
Th**. OueHka EFG Ha Th*" s mo4Yye4yHo20 noHa TakoBa:

@, =-2x1018 V/ecm? .
The Sternheimer antishielding factor y_~-177.5

F.D.Feiock and W.R.Johnson, Phys. Rev. 187, 39 (1969)

EFG=(1-v,) 9. ~-3x10?° V/cm? '
3



[TonyyeHne 6onNbLUMaHOBCKOro pacnpeaeneHms B
3acefieHnn noaypoBHEN OCHOBHOIMO COCTOAHUA
aapa 229Th nocpeacTBOM BbIAEPXKKN KpUcTanna
229Th:LiCaAlFg npu H13KOM TemnepaType.

C < -
Population of

gm

112

the sublevels
Uniform Boltzmann
distribution distribution

>

time

MexaHM3M peiakcalum —
HEYIIPpyroe paccesiHue
3JIEKTPOHOB IIPOBOAUMOCTH

Ha siapax Th-229.

\
/) )

JINDNEKTPUUECKUN KPUCTAILI
JOMMPOBAaHHBIN sapamu >>°Th




Bo30yxxaeHne 3Ha4YnTeNbHOro Yncna aaep
Ha N30OMEPHbIN YPOBEHL J1a3epPHbLIM
usslyd4eHUeM v cosfgaHue uUHeepcHou
3acesieHHocmu B cucteme aaep 22°Th.
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Creation of inverse population in the Th-229 ground-state doublet

by means of a narrowband laser
E.V.Tkalya, L.P.Yatsenko. Laser Phys. Lett. 10, 05808 (2013)

E,ev Jﬂ m
+ g o i +1/2 §
7.6 32— AEjq «— AE. =1.5x10" eV
AR 1 | I | +3/2 o
) |
Y — =WV
J \
AE S S K1 - - 12 -
g vy — AE, =1x107 eV
. - I B I N +3/2 gr
0.0 52— s
AEgrz_________ - oy AE,.,=2x107 eV

@ 0 (© (@ (@
2.0

15N Mizn | i)
1.0}

0.0 05 1.0 15 20




KnHemaTtumka npouecca paccesaHus

OHeprusa KBaapynosnbHOro paclienneHus

Metal AE =107 eV

OHeprus 3NeKTPoOHOB MPOBOANMOCTHU
E,=E,. =55 eV

NUMnyJabChI 3JICKTPOHOB

Dielectric

pi:\/zmeEF , pf:\/zme(EF+AE)

CsoucTtBa BupTyanbHoro ootoHa

o, =AE | 4" =p;—p,=AE\m,2E, | X, =1/¢]" ~0.01 cm

* * 2 2 i
®oroH cymiecTByer B Tedenne At ~hii/m, , rae m, = \/ q, -0, ~q,"

Obaacmo pacnpocmpanenus pomona ry —cAt~1/ m: ~ 10_2 cm !




[Mpouecc penakcauum agepHbIX CMMHOB

1 AE

Bpemsa “cnuH-pewieTo4yHON” penakcauum T1 —RN,—/O0, L

I, Ly
MnoTHOCTb anekTpoHos nposoanmoctu (Au, Cu, Ag) n, ~ (6 +8)x10* cm?3

o, (M1, u=045u,,, AE=10" eV)~107"  cm?
E.Tkalya, PRC 86 (2012) 054605.

Oy =+2E, /m, =4.6x107
7, <100 d

E.Klein, Relaxation Phenomena. In: Low-Temperature Nuclear Orientation.
Eds. N.J.Stone and H. Postma, (North-Holland, Amsterdam, 1986) p.579.

...In insulators without electronic moments... (i.e. in pure crystals)... at
millikelvin temperatures... 7, would exceed the age of the Universe...




YcuneHue ramma-nsnyyvyeHua 7.8 aB 3a cuer

CTUMYNUPOBAHHOIO N3ry4eHnsa aHcambns
N30MEPHbIX Aaep 22°MTh.

A’i Frad 1 ng’”
- 229Th - X = n. — — K
J 27 Ao, 1+« g

— 1312
3/2"<
\/\\/\/ikli2 n (t20)=1018 n. ~2x10" cm?3
JVV\V/\— - 8gr IS
sy A, =2rn/E_ =163+11 nm
5/2+< £3/2 I, = 1112/T1l72 ~3x107" oy
£172 .
1)), =25 min a=0
Koagppuuuenm

W. Rellergert et al., PRL 104 (2010) 200802
Aw,, <Tx107°  ev

k=1 (k—0.01) cm'
(the linear attenuation coefficient)

ycunenus y = 3 cm’!



[Ipocreiimuii ga3ep, KOTOPbIM OyJAET caM F€HEPUPOBATH UMITYJIbCHI.

I — -
p() " —— o

% D <<L

x=3cm!, D=0.1mm,L=>5cm, the gainexp(yL)~ 10°

29Th: m=1 g ng,(0)=10'5+10" cm n, =2x107 cm
I/I3nyqu|/|e 6y,£|,eT MMETb BU rnocrieoBatesyibHOCTU NMMNYJibCOB C YyacToToM NOBTOPEHUA
In2
~10*% 5 -1 _ e ~ 10
Jrep = O.(D/L)’ =10* +10° s, where Q’S_T N, =2x10" g1
1/2

[Ipo10IKUTEIILHOCTh U3JTYUEHHUS Y-JIa3epa
t~T" (L/D)* exp(—yL)~100 s

CpenHsas MolHocTs y-nasepa P = 107+107 W.



Kakyro BoIOpars cxemy?
KBagpynosrnbHOe Unm seemMaHOBCKOE

pacLienneHmne?
The 22°Th:LiCaAlF, crystal:
229Th 220
E, eV J" m n Th m
3 E,evV J s
7.6 1 312" 17 . 4 . -5
u=-0.08 X 0 7.6 7 32 . A, =1.5x10" eV
J AE, =2x 107 eV 0=1.76¢b 1172
=~
H=100T (1-y,)e,, = -(10*+10%") V/cm?
-5/2
-3/2 52
0 | e 0t 5/2*—< / i3
12 .
) . 0,=3.149 ¢b ; i
-5
/ A, =(1-2)x10" eV
AE, =6x107 eV
2
lurisH 3m _Jris(Jris +1)
AE,, == E, =eQu(1=7.)0.. 4] : (23] - 1
J griis) gr(z's)( gris) )
Heo0xoauma 3KkcTpeMaibHO HU3KAA IKCIMEPUMEHT BO3MOKEH

temneparypa 7 =0.01 K (k7 =8.6x10"eV) mnpu temneparype 7=0.1 K



[lepcneKkTuBHbIE KpUCTaNb
W.G. Rellergert et al. Phys.Rev.Lett. 104, 200802 (2010)

Na,ThF, - (?) DHeprus SIEKTPUYECKOTr0 KBAAPYIIOILHOTO
B3aMMO/JICHCTBUS, BEPOSITHO, MaJIa B KPUCTAILIIE
Na,ThF, , T.x. HET TOMOJHUTENBHBIX
(KOMIICHCUPYIOIIUX ) OTPUIATEIbHBIX HOHOB B
okpecTHOCTH noHa Th*" .

LiCaAlF, Licar) Ca’* — Th*" + 2F-
LiSrAIF, (LisAF) Sr2*— Th** + 2F
LiYF, (YLF) Y3t — Th* + F

CaF, Ca’" — Th*" + 2F

A. Ritucci et al. LLNL Preprint UCRL-JRNL-219656 (2006)
LiF - 13.6-14.5¢V, BaF,-9.1¢V, §Si10,-89¢V



HacTtb 3

AlaepHble Yyachl



EUROPHYSICS LETTERS

Europhys. Lett., 61 (2), pp. 181-186 (2003)

Nuclear laser spectroscopy
of the 3.5eV transition in Th-229

E. PeIK(*) and CHR. TAMM

Physikalisch-Technische Bundesanstalt - Bundesallee 100
38116 Braunschweig, Germany

week ending

PRL 102, 233004 (2009) PHYSICAL REVIEW LETTERS 12 JUNE 2009

Multiply Charged Thorium Crystals for Nuclear Laser Spectroscopy

C.J. Campbell,l A. V. Steele,1 L.R. Churchill,l M. V. DePalatis-,l D.E. Naylor,1
D.N. Matsukevich,"? A. Kuzmich,"* and M. S. Chapman1

School of Physics, Georgia Institute of Technology, Atlanta, Georgia 30332-0430, USA

“Department of Physics and Joint Quantum Institute, University of Maryland, College Park, Maryland 20742, USA
(Received 19 February 2009; published 12 June 2009)

We have produced laser-cooled crystals of 2*>Th** in a linear rf Paul trap. This is the first time that a
multiply charged ion has been laser cooled. Our work opens an avenue for excitation of the nuclear
transition in a trapped, cold 2?Th*" ion. Laser excitation of nuclear states would establish a new bridge
between atomic and nuclear physics, with the promise of new levels of metrological precision.



week ending

PRL 108, 120802 (2012) PHYSICAL REVIEW LETTERS 23 MARCH 2012

Single-Ion Nuclear Clock for Metrology at the 19th Decimal Place

C.J. Campbell,l’* A.G. Radnaev,l A. I{uzmich,1 V. A. Dzuba,2 V. V. Flambaum,2 and A. Derevianko®
'School of Physics, Georgia Institute of Technology, Atlanta, Georgia 30332-0430, USA
2School of Physics, University of New South Wales, Sydney 2052, Australia
'%Depm'ﬂnem of Physics, University of Nevada, Reno, Nevada 89557, USA
(Received 7 October 2011; published 22 March 2012)

The 7.6(5) eV nuclear magnetic-dipole transition in a single > Th*"

an optical clock of superb accuracy. A virtual clock transition composed of stretched states within the

ion may provide the foundation for

5Fs5, electronic ground level of both nuclear ground and isomeric manifolds 1s proposed. It is shown to
offer unprecedented systematic shift suppression, allowing for clock performance with a total fractional
inaccuracy approaching 1 X 10717,

/ mg =4 . .
2 1631] SF., z Partial energy-level diagram of the 5F' .,
= 10-10° s Y t r-2 W, _, ¢lectronic ground levels within the nuclear
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