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L.A. Rivlin
Nuclear gamma-ray laser: the evolution of the idea.
Quantum Electronics 37 (N8) 723-744 (2007)

The evolution of the foreign and native search for solving the problem of a
nuclear gamma-ray laser (NGL), which has been attracting attention for
almost half a century despite the absence at present of any convincing data
about its experimental solution, is considered. It is shown that the key
conflict inherent in any conception of the NGL is the antagonism between
the necessity to accumulate a sufficient amount of excited nuclei and the
requirement to narrow down the emission gamma-ray line to its natural
radiative width. The critical analysis of different approaches for solving this
coneict (Mossbauer scheme, deeply cooled ensembles of free nuclei with the
hidden inversion, nuclear inversionless ampliecation, two-quantum gamma
emission in counter-propagating photon beams, hypothetical amplifying
medium of long-lived isomers in a Bose e Einstein condensate) shows that
this search is important not only due to the expected result, which could
stimulate the development of quantum nucleonics as a new branch in physics,
but also is of interest due to a variety of physical disciplines and experimental
approaches used in this search.



AoepHbIn y-nasep oNTUYEeCcKoro AnanasoHa

CdopmynupoBaHbl yCrioBUS NPU KOTOPbIX BO3MOXHO YCUINEHuUe y-
nanydyeHua ontudeckoro (VUV) ananasoHa CTUMYJIMPOBaHHbIM
n3ny4yeHuem aHcamona nsomepHsoix agep *2°Th (3/2*, 7.6 V)

YcuneHue y-U3JTYyH4eHUsI sieJisiemcs pe3y/ibmaimomM:

1) BO3OyXxaeHns naomepos *2°"Th, pa3mMeLleHHbIX B AN3NEKTPUKe C
OOSIbLUOW LUMPUHOU 3anpeLLeHHON 30Hbl, Na3epPHbIM U3JTy4YeHUeMm;

2) co3gaHUA MHBEPCHOM 3aCerieHHOCTU AiAepPHbIX YPOBHEN B
oXxJlaXXaAeHHOM obpasue BcrneacTBMe B3aMMoaeucTBua sgep ¢
BHELWWHUM MarHUTHbIM NoJsieM, WS BHYTPEHHUM 3J1IeKTPUYECKUM
nofiem Kpuctanna;

3) MCNyCKaHUA U NOrnoLweHna onTu4eckux hoToHOB AAPOM TOpPUA B
Kpuctanne 6e3 otaauun (3cdpdekt Meccbayapa B onTUHECKOM
AnanasoHe);

4) cnMHOBOM pernakcauuu (yctaHoBrieHMs bonbuMaHOBCKOro
pacnpeneneHns 3aceneHHOCTN) NpyY B3aumMoaencTBUM Agpa c
3JyIeKTpOHaMM NPOBOAMMOCTU B MeTasniIn4eCKOM NMOKPbLITUM.



OHEepPrmst U3OMEPHOro COCTOSIHUS
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Energy of the isomeric level

Phys.Rev.Lett. 98, 142501 (2007)
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KaHan pacnaga B ON3NeKTpuke

‘Ane 1 cetr”

E.B.Tkansa. BeposmHocmb crioHmaHHO20 u3rydyeHus 05si M1

rnepexoda 8 duanekmpu4deckol cpede: pacnad 22°mTh(3/2+,
c 3.5%£1.0 3B) . MNMucbma B XKATD 71 (2000) 449.

§ ) E.V.Tkalya et al. Decay of the low-energy nuclear isomer
~ N 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.
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Structure and parameters of LiCaAlF,

S. Kuze et al. J. Solid State S. Kuck et al. Laser Phys. 11
Chem. 177 (2004) 3505 (2001) 116

? ° Symmetry:  Trigonal
Band gap: 110 nm (11.1 eV)
Melting temperature: 825°C

\

229Th:LiCaAlF,
o 7 e "The N i Light" ©,=7.6eV
Fig. 1. The structure of LiCAF at 300 K with Ca (blue), Al (red), Li
(yellow) and F (green) atoms. <\ Tl ” ~ 25 min
fév if the refractive
- - index &72=1




The amplification coefficient

_ﬂ’lzs Frad 1 n _h — K 1
T Aw, 11al o

g
EiS — 7.6 i 0.5 eV 2Jgr +1
8=%7 41 7
A, =163£11 nm 8
I (Mlis — gr)~3x10"19 eV T,), =25 min

W.G. Rellergert et al. Phys.Rev.Lett. 104, 200802 (2010).
The sample 23?Th:LiCAF , n (**?Th) = 10'8 cm3

229mTh:LiCaAlF

Aw,, <7x10""ev (=1kHz) a=0 x=0.01 cm’!

fot —



229-|-h S E(keV)

J E (keV) 11/2°  195.71

11/2°  163.26

9/2" 125.41

The M1 transition
92" 9743 9/2+(97.13 keV)—7/2+(71.82 keV):

M1

T~ me  BMl)y,, =0.038, 0.024, and 0.014

712" 42.44

52 29.19 The Coriolis interaction between
) rotational bands enhances the transition
5/2" 0.0 3/2 0.0076 .
R probability by a factor of 1.2—1.3

5/2[633] 3/2[631]
\ The ‘‘enhanced’’ average value

for the transition
The value of the radiative 3/2-+(7.6 €V)—5/2+(0.0):

width: T’y =3x101 eV B(M1)y, . =0.032



2PTh:LiCaAlF,

The Abundance Ratio The ground state

of the Isotopes, % Spin Wy 0, eb
Li: SLi 7.5 1+ +0.822 -0.818%10-3

"Li 92.5 3/2- +3.2564 -0.0406
Ca: Ca  96.94 0+

2Ca  0.647 0+

BCa  0.135 7/2- -1.31726 -0.043

“Ca  2.09 0+

%Ca  0.004 0+

BCa  0.187 0+
Al: 27A1 100 52+  +3.64 +0.1402
F: OF 100 12+  +2.6289
Th: 2Th 52+  +0.46 +4.3

22Th 100 0+



Excitation of 22°"Th(7.6 eV) by laser radiation

Initial Conditions

dn, /dt = opn,, — Ayn,—gopn; n . (0)=0
dn, /dt=—cpn, + A n,+gopn, n,(0)=10"  cm?
o= ﬂ“i Ll ~10% em? .
27 Aw, g
Aw, /o, =107° “
A, =T =In2/T% o o
M

20
p~107 cm2s!




VUYV Lasers

The energy of the isomeric level 1s known roughly, and we can
not tell now, what VUV laser will be used for the pumping of the
229mth jsomers.

1. We can use one of the available lasers (see in Springer handbook of
atomic, molecular, and optical physics. G.W.F. Drake (Ed.), Springer, 2nd ed., 2006).

Commercially available lasers have the power P =1-3 W,
Molecular CO and H, lasers span region around 164 nm.

2. It will be necessary to develop a special laser with the
corresponding wavelength.

3. We can use a free electron laser (such lasers have a good
tunability).

For irradiation of the sample we need density of the photon flux 10%°
cm~2 s~!. Such flux density can be reached relatively easily by
focusing of the radiation of middle power laser.



The Mossbauer effect in the optical range

The energy lost £, due to the recoil 1s negligibly small:

E, —w’ /2M =1.4x1010eV

(M 1s the Th-229 nucleus mass, o = 7.6 V)

The Debye-Waller factor  f =exp(-3E,/260,) =1
because £,/ 0, <<1 (0,1s the Debye temperature)

Emission of the y—ray photons by the 2™Th isomers and the
resonant absorption of these photons by the 2*°Th nuclei in a solid
should occur without recoil.



Splitting in external magnetic field

Populations of the Zeeman sublevels are described by
eXp(_lngr(iS)H / T)

The magnetic moment of the ground state 4, =0.454,
The magnetic moment of the i1someric state
(theoretical estimation) My =—0.084,

M, 1s the nuclear magneton

The population of the ground state sublevels falls down much faster,
than the populationof the 1someric sublevels because

| g, /s |= 6



Splitting in magnetic field /7= 100 T at 77=0.01 K

229-111,h 229111
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Population of the sublevels of the ground state and the isomeric state corresponds to the
folloving case:

Laser: P=30 mW
Density of Th-229: n,(0) = 10'% cm

The amplification coefficient for “red” transitions
y=3cm’!



Structure and parameters of LiCaAlF,

J.B. Amaral et al. J. Phys.: Condens. Matter 15 (2003) 2523

Table 1. Experimental and calculated lattice parameters for (i) LiCaAlFg

Parameter Exp. Calc. Diff. (%)

(i) LiCaAlFg [9]

o

a=>b(A) 501 5.03 0.42
¢ (A) 9.64 9.62 —0.24
y (deg) 120.00  120.00 0.00

a ~—
: ] - - Interstitial sites

Figure 1. Unit cell representation of the LiCaAlFs/LiCaAlFs. The grey circles indicate the
positions of the three interstitial sites.



Structure of 2**Th:LiCaAlF,

R.A. Jackson et al. J. Phys.: Condens. Matter 21 (2009) 325403

Computer modelling of thorium doping in LiCaAlF,
Site  Reaction

Ca?* ThF,+ Ca,, — Th',+ 2F, +CaF,

. . Interstitial positions Unbound Bound

Solution energies (eV) P

1 1 1 - ; :
4+ . . . {3 3 0). {3 00) 243 0.97
for

or Th*" doping in LiCAF (330).(3 70 2.30 1.00
(320).(330) 2.42 0.83
(300), (330 2.31 1.08
(300). (230 2.43 0.98

0).(2 L0 2.30 0.96



Quadrupole splitting.

Spectroscopic quadrupole moments

The ground state spectroscopic quadrupole moment
le’ = 3.149+0.032 eb (4.310.9 eb - from the optical determinations )

We make the standard assumption that the intrinsic quadrupole
moment @, = 8.816 eb remains the same for the rotational bands
K=15/2 and K= 3/2 in Th-229.

_ 3Kz‘i _Jis(']is +1)
YU+ D2, +3)

Ono

Then the isomeric state spectroscopic quadrupole moment
0..,=18¢b (2.4 eb).



Quadrupole splitting.
The electric field gradient (EFG)

“Wien2k”: EFG at the Ca?" ion site in LiCAF is
¢..=-12x10"7 V/cm?

In the > Th:LiCaAlF, crystal the leading contribution to EFG
at the Th*" ion site comes from F~ions, which compensate the
extra charge 2+.

These ions are located in interstitial sites in the vicinity of Th**.
An estimation gives

¢ =-108 V/cm?
at the Th*" site.



Quadrupole splitting.

The Sternheimer antishielding factor

K.D. Sen and P.T. Narasimhan. Quadrupole antishielding factors and polarizabilities
in ionic crystals. Phys.Rev.B (Solid State) 15 (1977) 95.

Froe [on
Frloirk
and Crysial [on
on Prosont Johnacn Otherp Prepsent Othars Exparimental
Frt —1 82,085 —185a.01v —388.968
Ratt —150,748 —151.80% —541.254
Ao™ —-125.049 -~ 186,06 -198.517
-120 - -110 g
0 Th*:y_=-143 At 30 o]
y = Al*exp(-x/tl) +y! B
-160 = y0=-310.31962 130_5 Th4+
A1=4123.5073 I
-180 - 3t t1=0.30919
Ac _ 140 3
0. ¥(0.99) = -142.558 7/ ~ 1 OO
-150 4 ~y/
220 E o0

The Sternheimer Factor, Crystal

1,3 1.4

Ionic radius, A

The Sternheimer Factor, Free Ton

-160 3
170 3
-180 4

-190 4

12 13 14 15 1.6 17 18

Tonic radius, A



Quadrupole splitting

Jn Th m B m
< s < =2 The sublevels energies are given by
32" 32"
' I 3m:—J  (J . +1
' b Em _ ngr(iS)(l . yoo)gpzz gr(ls)( gr(is) )
R [ B— R T g4+ 4Jgr(is) (2Jgr(is) _ 1)
5/2*~< 3 5/2+‘< £3n LS =5 AV
' 12 all e |IS A — 3.6 X 1() Cc
(2) (b) gr> A=4x10" eV
The amplification coefficient A=2x10"° eV

(a) y=2cm! (b) y=3 cm’!

At large values of EFG the effective inverse population and the
amplification condition will hold up to the temperature 7= 0.1 K.



Duration of the y-ray laser emission, 7

r=10°s if D=10?cm,L=5cm,y =3 cm’!

| LS 2
Lt | TRT{(L/D) expl(-12)
- D<<L r<<T",, L<<y'In(N,/2)
2
The Fresnel number F =7zD’/4LA, N_ =n, ”2 L~4x10"

F=101tfL=0.5 cm, F=11fL=5cm yucro ®peHerisi xapakTepusyeT ANMPaKLMOHHbIE

noTepu pesoHaTopa
The emission will be a sequence of pulses with the repetition frequency

In2
Jrep =0.(D/L)* =10 -10*s!  where O, :Tn_isN,-S ~2x10" ¢!

1/2

The mean power of the y-ray laser will be P = 1077 W.
The gain: exp(yL) = 3x10°



Nuclear spin relaxation process.

Inelastic scattering of the conduction electrons on nucleus
or “internal” conversion on the conduction electrons

Energy of the Zeeman (or quadrupole)
splitting of nuclear sublevels

Metal AE =1 0—6 . 10—7 eV
i cTort e Energy of the conduction electrons
E,=E,=55 eV
p; = \/2meEF pr= \/2me(EF + AE)
The virtual photon
0, =AE §,=p,—p,—>q" =AEJm /2E, %, =——~01-1cm

q,
m,=\q, - =g Atx~h/m. |r, =cAt~1/m. ~0.1-1 cm !
Y Y Y Y 4 4 Y ) ’




Pacnap N3OMEPHOIo COCTOAHUA B METAlllle

\)/e_ E.B.Tkansa. be3spaduauuoHHbilt pacrnad

> HU3Konexauieao s10epHo20 uzomepa 22°Th(3.5 aB)
'i e memarsine. INucema B KOTO 70 (1999) 367.
~

MeTann: KOHBEPCUS Ha ANEKTPOHAX NPOBOANMOCTU (HEYNPYroe paccesiHne ayIEKTPOHOB
NPOBOAMMOCTU Ha siapax). QHEPreTUYECKNN Nopor y peakumm OTCyTCTBYET.
Bpems Xn3Hu nsomepa B "craHaaptHoM" metanne <1 c

CeueHne Heynpyroro paccesaHus

iw]F—R| o R
Bsaumopeictene  H. =g’ ”d3rd3R v, (P v (F)g,, |e# P |‘Pff (R)J Y, (R)
’/' —_—

B® anekTpoHa — NnocKkue BOrHbI

4F

3277
=27 2 n SB(MD)mow AE<<E, <<m,

CeyeHue O




Nuclear spin relaxation process
1 AE

s - S -
The “spin-lattice” relaxation time I, —=n,—0O, ff » Up

I Ep
The conduction electron density (11, Cu, Ag)n, ~(6+8)x10* cm3

o, (M1, t=045u,,, AE=10°+10"7 eV)=10™" cm?>

vy, =+2E, Im, ~4.6x10° &, =0,(D)/o,

E,(D=0.0lcm)=0.1 T1 <50 4

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...



UTto nenatb?

1. OnpegennTb SHEPIUO N30MEPHOIO YPOBHSA C TOYHOCTLIO ~10° 3B

a) Ha nydke CWU, Bo3byxgast usomep 4yepes npomMexxyTOYHbIN
ypoBeHb 5/2+(29.19 keV) B ananekTpmnyeckon matpuue;

b) Ha onTn4yeckomM CMHXPOTPOHE NpsiMbIM BO30YXXAEHNUEM U30MEpa.
2. N3rotoBuTb 06pasel *2°Th:LiCAF.
2. lamepuTb Bpems cnvHoBon penakcauumn T, B 229Th:LiCAF.

3. lameputb BENNUMHy kBagpynonbHoro pacuwennenuns B 22°Th:LiCAF.
4.

5. [NogobpaTb Nnasep n oCyLEeCTBUTb «HaKa4vky» U3omepa.
N T.0.



OnpepeneHne 3Heprum N3oMepHOro yYpoBHS

CaMmbI NpaBuUIlbHbINM 3KCMEPUMEHT - BO30YXXOEeHME Yepes NMPOMEXYTOUHbIN YPOBEHb
CUHXPOTPOHHbLIM U3Ny4YeHneMm

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

Advanced Photon Source at ANL

“Th Tok | = 100-300 mA,

9/2* 97.13 OHeprus anekTpoHoB E =7 GeV,

7/9* 2178 Kputnyeckas sHeprua o = 32.6 keV
712" 42 44 CKOpOCTb BO3BY»KOEHMUS:

5/2" 2919 108 sgep/c B mMuweHn u3 1 mr 229Th

\ B=0.8

312"

5/0* 0.0035

5/2[633] 3/2[631]



Nuclear spin relaxation process

The Fermi-Dirac distribution for electrons

B
AE=T P T

1 2 3 4 5 6 7



Nuclear Gyroscope

P3Nb: 17=9/2*, u=6.17 py

H=10T Do laria
T=0.02 K olarization

E.

N 1
E. = uHm, n=e /Zni /i =72mini =0.894
93Nb205 - dielectric, A= 3.9 eV

O ~107 cm? T,~1h



	Nuclear Gamma-Ray Laser �of Optical Range
	Ядерный g-лазер оптического диапазона
	Energy of the isomeric level
	Канал распада в диэлектрике
	Structure and parameters of LiCaAlF6
	The amplification coefficient
	Excitation of 229mTh(7.6 eV) by laser radiation
	VUV Lasers
	The Mossbauer effect in the optical range
	Splitting in external magnetic field
	Splitting in magnetic field H = 100 T at T = 0.01 K
	Structure and parameters of LiCaAlF6
	Structure of 229Th:LiCaAlF6
	Quadrupole splitting.�Spectroscopic quadrupole moments 
	Quadrupole splitting.�The electric field gradient (EFG)
	Quadrupole splitting.�The Sternheimer antishielding factor
	Quadrupole splitting
	Duration of the γ-ray laser emission, 
	Nuclear spin relaxation process. �Inelastic scattering of the conduction electrons on nucleus  �or “internal” conversion on th
	Распад изомерного состояния в металле
	Nuclear spin relaxation process
	Что делать?
	Определение энергии изомерного уровня
	Nuclear spin relaxation process
	Nuclear Gyroscope

