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Atomic	clocks	sensitive	to	variation	
of	the	fine	structure	constant	



Motivation	
•  Manifestation	of	new	physics	(NP)	at	low	energy	
is	expected	to	be	small	=>	high	accuracy	is	
needed.	

•  The	highest	accuracy	of	the	measurements	is	in	
optical	clocks,	e.g.	for	the	1S0	– 3Po0	transition	in	
Yb,	δω/ω ~	10-18!	

•  Optical	frequencies	depend	on	the	fine	structure	
constant	α.	NP	may	manifest	itself	via	apparent	
variation	of	α.	
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ω0 =ω α =α0( )where																																			and	q	is	a	sensitivity	coefficient	
found	from	atomic	calculations	as	a	numerical	derivative	

For	any	atomic	frequency	
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Searching	for	time	evolution	of	alpha	can	be	done	by	
monitoring	time	evolution	of	dimensionless	ratio	of	two	atomic	
frequencies:		
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K=2q/ω	is	an	enhancement	factor.	
We	need	two	transitions	with	large	and	different	K.	



Two	ways	to	get	large	K=2q/ω	:	
	
1.  Large	q.	
2.  Small	ω.	

Looking	for	large	K	due	to	small	ω	is	wrong	because	
accuracy	of	the	measurements	(δω)	is	equally	
important.	
	
Figure	of	merit:																															-	does	not	depend																																																																																																																	
on	ω.	
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Example:	Dy	atom.	
	
1.  4f105d6s		3[10]10			E=19797.06	cm-1,	q=6008	cm-1.	
2.  4f95d26s		3[10]010		E=19797.06	cm-1,	q=-23708	cm-1.	

1
α
∂α
∂t

= −5.8± 6.9( )×10−17yr−1
Leefer	et	al,	

PRL	111,	060801	(2013)	(Dy/Cs)	

1
α
∂α
∂t

= −1.6± 2.3( )×10−17yr−1
Rosenband	et	al,	

Science	319,	1808	(2008)	(Al+/Hg+)	

1
α
∂α
∂t

= −0.7± 2.1( )×10−17yr−1
Godun	et	al,	

PRL	113,	210801	(2014)	
(Yb+/Yb+)	

I.e.	Dy	is	good	due	to	large	q,	not	small	ω	.	

	K	~	108	

Lange	et	al,	
PRL	126,	011102	(2021)	

(Yb+/Yb+)	
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Ways	to	get	large	q	(	q	=	ΔEa	– ΔEb):	
	
1.  Large	|E|	(highly	charged	ions).	
2.  Large	Z.	
3.  Large	Δj	(i.e.	s1/2-	f7/2,	p1/2-f7/2,	etc.	transitions).	
	

How	to	get	large	q?	
	
Relativistic	energy	shift:	
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Can	we	have	all	three?	
HCI	with	p-f	or	s-f	level	crossing	

Experiments	in	progress:	
Ho14+:	
	
RIKEN,	Japan;	
	
Ir	17+:		
	
MPI,	Germany.	
	

4 f 6 5s 8F1/2 − 4 f 5 5s2
 

6Ho
5/2

4 f 135s 3Fo
4 − 4 f 12 5s2

 
3H 6

J.	C.	Berengut,	V.	A.	Dzuba,	V.	V.	Flambaum,	A.	Ong,	PRA	86,	022517	(2012).		



Progress	for	HCI	is	slow	

Experimental	problems	
	
	
	
Theoretical	problems	
	 •  Low	accuracy	of	the	calculations,		

																		hω	=	Ea+δa	– Ea-δa;							δa-δb	~	hω	.	
•  No	experimental	data	to	test	the	methods.		

•  Almost	no	data	–	need	to	start	from	scratch.	
•  No	strong	optical	E1	transitions.	
•  Poor	support	from	theory.	

HCI	are	still	promising	but	more	efforts	are	needed.	



We	focus	on	optical	transitions	in	neutral	or	nealy	
neutral	systems	with	large	Z	and	large	Δj.	

	
The	transitions	must	have	features	of	optical	clock	

transitions	

The	features	are	(H.	Katori)	
	
•  Optical	transition:	5000	cm-1	<	hω	<43000	cm-1.	
•  From	ground	to	a	metastable	state:	100	s	<	τ	<	10000	s.	
•  The	transition	is	not	sensitive	to	perturbations	(BBR,	Zeeman,	

Stark,	etc.).	
•  There	are	other	transitions	with	rates	>	103	s-1.	



Clock	states	with	large	q	in	neutral	or	nearly	neutral	
systems.	

Transition	 hω	 q	 K	

Ag	I	 4d105s	2S1/2	-	4d95s2	2D5/2		 30242	 -11300	 -0.75	

Yb	I	 4f146s2	1S0	-	4f146s6p	3Po0		 17288	 2714	 0.31	

Yb	I	 4f146s2	1S0	-	4f135d6s2	J=2		 23188	 -44290	 -3.82	

Yb	II		 4f146s	2S1/2	-	4f136s2	3Fo7/2		 21418	 -56737	 -5.30	

Yb	II	 4f146s	2S1/2	-	4f145d	2D5/2	 24333	 12582	 1.03	

Yb	III	 4f14	1S0	-	4f135d	J=2	 33385	 -38150	 -2.29	

Yb	III	 4f14	1S0	-	4f135d	J=0	 45277	 -32800	 -1.45	

Au	I	 5d106s	2S1/2	-	5d96s2	2D5/2		 9161	 -38550	 -8.4	

Au	I	 5d96s2	2D5/2	-	5d96s6p	4Fo9/2		 39536	 24200	 1.2	

Hg	II	 5d106s	2S1/2	-	5d96s2	2D5/2		 35514	 -52200	 -2.94	

Green	–	working	clocks;	black	–	old	proposals,	red	–	new	proposals;	
Flambaum	and	Dzuba,	CJP	87,	25	(2009);	
Dzuba,	Flambaum,	Schiller,	PRA	98,	022501	(2018);	
Dzuba,	Allehabi,	Flambaum,	Li,	Schiller,	PRA	103,	022822	(2021).	



Energy	levels	of	Au	
At	least	two	clock	states	in	
optical	region.	Both	are	
sensitive	to	α-variation	
(6s1/2-5d5/2	and	6s1/2-6p3/2	
transitions).	
	
States	are	not	sensitive	to	
perturbations.	
	
Laser	cooling	is	possible.	
	
	

5d 6s   D5/2

5d  6s  S1/2

2

2

5d  6p  P1/2
2

clock
1092 nm

cooling
268 nm

repumping
628 nm

5d 6s6p  F9/2
4 o

clock
253 nm

5d 6s6p  F7/2
4 o

o

E=0

E=9161, q=-38550, τ=44 s    

E=21935 

E=37359

E=41174

E=45537

E=48697, q=24200, τ=2 s     

10

9 2

5d 6s   D3/2
29 2

10

5d  6p  P1/2
2 o10

9

9

V.A.	Dzuba,	Saleh	O.	Allehabi,	V.V.	Flambaum,		
Jiguang	Li,	S.	Schiller,	

PRA	103,	022822	(2021).	
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Energy	levels	of	Yb	

At	least	two	new	clock	states	
in	optical	region.	One	is	
sensitive	to	α-variation	
(4f7/2	-5d3/2	and	6s1/2-6p3/2	
transitions)	.	
	
States	are	not	sensitive	to	
perturbations.	
	

V.A.	Dzuba,	V.V.	Flambaum,	S.	Schiller,	
PRA	98,	022501	(2018).	



New	clock	states	have	large	J		
(due	to	large	Δj),	is	this	a	problem?	

•  Yb	(for	isotopes	with	I=0,	F=J,	J=2)	electric	quadrupole	shift	

							Averaging	over	states	with	Jz=0	and	Jz=±2		
							suppresses	both	quadrupole	and	liner	Zeeman	shifts.	
	
•  Au	(I=3/2,	J=5/2,	F=1,2,3,4;			J=9/2,	F=3,4,5,6)	

								ΔEQ=0	for	F=3,	Fz=±2;	
								Linear	Zeeman	shift	can	be	suppressed	by	
								averaging	between	Fz=+2	and	Fz=-2.	
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Search	for	NP	using	King	plot.	

3

FIG. 1: Visualization of the data from Table IV for the elec-
tronic structure factors D related to new boson. Solid and
dashed lines correspond to the results of numerical calcu-
lations. Crosses represent the results of analytical estima-
tions [3]. Red colour corresponds to the 6s state, blue and
green colours correspond to the 5d3/2 and 5d5/2 states re-
spectively.

comes from very accurate fully ab initio calculations. In
fact, good agreement presented in previous section, is the
result of fitting. The values of the nuclear quadrupole
deformation parameter � (and the electron structure pa-
rameter G(4) for Yb) are chosen to fit the experimental
data for non-linearities. Although the found values of �
are close to the predictions of the nuclear theory, the non-
linearities are so sensitive to the small changes in � that
there is no chance that similar results can be obtained
in ab initio nuclear calculations. It is clear that fitting
can absorb any source of the non-linearity, including new
bosons. Therefore, to get reliable constrains on the new
interactions, it is safer to assume that this is the only
source of the observed non-linearities. For this reason we
neglect terms with G(2) and G(4) in (2) and add a term
responsible for the new interaction between electrons and
nucleons via a massive scalar boson.

⌫FISa = Fa�hr2i+
↵NP

↵
Da�N. (5)

Here ↵NP = qnqe/~c, qn and qe are unknown coupling
constants for neutrons and electrons, ↵ = e2/~c is the
fine structure constant,D the matrix element of Yukawa-
type interaction, D = e2hexp(�Mcr/~)/ri, M is the bo-
son mass, and �N is the di↵erence in neutron numbers
between two isotopes (�N = 2 in our case). Then the

FIG. 2: Upper limits on the strength of new interaction vs
the mass of new boson. Solid blue line corresponds to the
results of comparison of two transitions in Yb+, dassed red
line corresponds to the comparison of a line in Yb vs a line in
Yb+.

equation (3) for the King plot takes a form
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Note that the only factor in the last term, which de-
pends on isotopes, is µij (�N = 2 for all considered pairs
of isotopes). The rest of the expression is the isotope-
independent electronic structure factor, i.e., it can be
presented in a form A/µij . Here A is a factor which
depends on boson mass and the strength of the inter-
action. We found that if A = �81.8 kHz for Yb+ and
A = 287 kHz for Yb, then the observed non-linearities of
King plot are almost perfectly fitted in both cases (see
Table III). Therefore, to put limits on the strength of
the new interaction we use the following expressions (we
also take into account than �N = 2)
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and
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Da
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= 144 kHz, for Yb I, (8)

in which electronic structure factors D are taken from
calculations.
Electronic structure factors Da and Db depend on the

mass of the extra boson. We perform the calculations in
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Note that the only factor in the last term, which de-
pends on isotopes, is µij (�N = 2 for all considered pairs
of isotopes). The rest of the expression is the isotope-
independent electronic structure factor, i.e., it can be
presented in a form A/µij . Here A is a factor which
depends on boson mass and the strength of the inter-
action. We found that if A = �81.8 kHz for Yb+ and
A = 287 kHz for Yb, then the observed non-linearities of
King plot are almost perfectly fitted in both cases (see
Table III). Therefore, to put limits on the strength of
the new interaction we use the following expressions (we
also take into account than �N = 2)
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in which electronic structure factors D are taken from
calculations.
Electronic structure factors Da and Db depend on the

mass of the extra boson. We perform the calculations in
M	–	mass	of	new	boson.	

Minimum	data:	
2	transitions;				4	isotopes.	
Yb	has	7	stable	isotopes	(5	with	I=0)	
	
Work	is	in	progress	for	Yb/Yb+	(see	
Dionysios	Antypas’	talk	yesterday).	

Isotope	shift	for	two	transitions	can	be	linked	as	
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A	Scalar	term	in	SME	

Leads	to	dependence	of	
atomic	frequencies	on	
the	date	in	the	year	
(EEP	violation)	
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More	new	physics	… 	



Interpretation	for	the	scalar	term	
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a.	Non-relativistic	limit	

Using	Virial	theorem	(ΔP2	=	-2hω)	we	get	
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The	effect	is	unobservable	in	ratios	ω1/ω2	(both	optical)	!	

δω	can	still	be	measured	using	Cs	clocks.		



b.	Relativistic	case	

δω
ω
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Very	similar	to	the	case	of	α-variation!	
Same	transitions	can	be	used.	
Measurements	are	the	same,	interpretation	is	
different.	

δ lnω1

ω2

=
δω1

ω1

−
δω2

ω2

= (R1 − R2 )C(U)

R	is	relativistic	factor	

For	two	transitions	 R = −ΔE2 −ΔE1
2ω
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(fAl/fHg	-1.05287)	x	10-16	

Example:	Comparing	Al+	and	Hg+	clocks	between		
11/2006	and	11/2007	

(Rosenband	et	al,	Science	319,	1808	(2008))	
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Fitting	the	measurements	with	
	
Acos(ωt)+B	we	get	
	
c00=(-3.0+/-5.7)x10-7	
	
V.	A.	Dzuba	and	V.	V.	Flambaum		
PRD	95,	015019	(2017)	

See	also	Sanner	et	al,	Nature	567,	204	(2019),	
Lange	et	al,	PRL	126,	011102	(2021),	
and	a	talk	by	E.	Peik	on	8.7.2021,	17:30.	



A	Tensor	term	in	the	SME	

z	-	Quantization	axis	
(Vertical	magnetic	field		
			at	experiment	site).	

Earth	axis	

leads	to	dependence	of	atomic	frequencies	on		
the	orientation	of	the	system.	

€ 

ΔE ∝ 3Jz
2 − J(J +1)

Metastable	states	with	J	≥	1	
are	needed.	
New	clock	states	of	Yb	and	
Au	are	good	candidates.	
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LLI	violation	



Recent	progress	in	experimental	study	of	LLI	violation	

•  Dy,	Hohensee	et	al,	PRL	111,	050401	(2013).																																																								
State	A:	4f105d6s,			J=10,	E=19798	cm-1																																																																																			
State	B:	4f95d26s,			J=10,	E=19798	cm-1	

											Monitoring	rf	A-B	transition	limits	LLI	violation	at	10-17.	
																																																											
•  Ca+,	Pruttivarasin	et	al,	Nature	517,	592	(2015).	
						Monitoring	transitions		between	Zeeman	components	of	the	3d5/2,m	state		
							limits	LLI	violation	at	10-18.	
	
•  Yb+	(proposal)	Dzuba	et	al,	Nature	Physics,	(2016).	
						Monitoring	transitions		between	Zeeman	components	of	the		
						4f136s2	2Fo7/2,m			state	may	limit	LLI	violation	at	10-23.	
	
•  Yb+	Sanner	et	al,	Nature	567,	204	(2019).	
							Comparing	two	Yb+	clocks	over	6	months	limits	LLI	violation	at	10-21.	



Conclusion	

New	clock	states	in	Yb	and	Au	bring	new	
opportunities	in	search	for	new	physics,	
such	as	α-variation,	new	boson,	EEP	and	
LLI	violations,	etc.	


