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What Is dysprosium?
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Experimental investigation of excited states in atomic dysprosium

Dmitry Budker, David DeMille, and Eugene D. Commins
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Radio-frequency spectrum
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The Dy parity violation experiment
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Search for parity nonconservation in atomic dysprosium
A. T. Neguyen,' D. Budker,"? D. DeMille,"* and M. Zolotorev?
|H,| = |2.3 & 2.9(statistical) & 0.7(systematic)| Hz
PRL 113, 081601 (2014) PHYSICAL REVIEW LETTERS 22 AUGUST 2014

also
PRD 90, 096005 (2014)

Limiting P-Odd Interactions of Cosmic Fields with Electrons, Protons, and Neutrons

B. M. Ruherts,” Y. V. Stﬂdnik,"T V. A. Dzuhﬂ,' V. V. [~'Iﬂml‘mum,"2 N. Leel"e:r,3 and D. Budker**’



Experimental detalls
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Atomic beam apparatus
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A. Cingoz, et. al., Phys. Rev. A 72, 063409 (2005)
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http://link.aps.org/abstract/PRA/v72/e063409

)
.w
©
M
Q.
Q.
qv
-
M
D
O
O
-
®,
e
<




o, (7) (Hz)

50

b
-

Sensitivity

4 Hz/VHz
’ L
» .-
I-....-
I‘"
.-'.i. é
. ..'niii |
ii!*i-; _

6v/v ~2x10710 * 047 00

(SV/Y ~ 10—5

1 5 10 50 100

Averaging time, T (8)

500 1000



@ Constra®
variation of
constants
Lorentz |
symmetry tests

atomic parity
violation




Why look for variation?

7 39%p DARK ENERGY

J.-P. Uzan, Rev. of Mod. Phys. 75 (2003)

® There is no reason to expect parameters of
our theories to be constant.

Acaj/a = (—0.57 £ 0.11) x 103

® Astrophysics evidence . |
PhY 10 Dbillion year time scale



How do we look?

® Direct methods

® Indirect methods



Method: Direct measurement

e? 1

he  137.035999 074(44)

* Precise measurement at
0.5 ppb level by electron g-
factor

% <5x107"/ yr

* \We can do better!



Method: Indirect measurement
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atom

® | ook for relative shift of atomic transition
energies

0
V. A. Dzuba et. al., Phys. Rev\A 68, 022506 (2003)

E=E, +@(Zz 1)

Requires theory input



L aboratory searches

® Every frequency measurement is a ratio

Ua
Uy,
® Look for fractional changes of ratio

A(Ua/l)b) Av, Av, /2qa qu\Aa

Ua/Ub ) Ua Uy \ U, U, /) &
KO[
® Any comparison can be written
A(U /Ub) 0[ | K A(rne/rnp) | K A(mq /AQCD)

€

g
v, /U, o m,/m, M, /Agcp



L aboratory searches

A(Ua/l)b)_K Ao K A(me/mp) K A(mq /AQCD)

v, /V, o m,/m_ Tomg [ Agep

Ratio K, K, K, Reference
164162Dy /Cs  (—2.6, +8.5) X 10® —1 —0.002 This work
Rb/Cs —0.49 0 -—0.021 10]
Yb™ /Cs —1.83 —1 —0.002 [11]
CSO/Cs 3 —1 0.1 [12]
Hg™ /AlIT —2.95 0 0 13]
Sr/Cs —2.77 —1 —0.002 14]
H(1S-2S)/Cs —2.83 —1 —0.002 16]




L aboratory searches

® Short time scale, high precision ® Controlled environment

Single ion clocks Optical lattice clocks (ensemble)
Al+,Yb+ Hg+.... Sr, Yb, Hg
Optical frequency Optical frequency

Atomic fountain clocks

Dysprosium thermal beam

Rb, Cs Radio-frequency

Microwave frequency

A_v~ 10—16 A_UN 10—10
(), (),
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PRL 111, 060801 (2013) PHYSICAL REVIEW LETTERS 9 AUGUST 2013
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New Limits on Variation of the Fine-Structure Constant Using Atomic Dysprosium

N. Leefer,! C. T.M. Weber,” A. Cingr'jz,j‘ J.R. Tu::rgf'.:rﬁ.u:m.,‘L and D. Budker'~’
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afe (1077 yr!)

Summary of results

Rb/Cs Hg*/Cs H/Hg" Yb*/Hg*Dy/DyHg*/Yb* Sr/Cs Hg*/Al'

PRL 113, 210801 (20149 Nlew Yb+/Cs data
PRL 113, 210802 (2014)



Test of Lorentz symmetry

Special relativity: laws of physics are
Invariant under Lorentz transformations.

1) Anisotropy of speed of Ilghtﬁa

"
;@%

Michelson-Morley experiments

2) Anisotropy of maximum speed in particle
Lorentz transformation

kinematic constraints, Hughes-Drever experiments



Test of Lorentz symmetry for electrons

V. A. Kostelecky and C. D. Lane, Phys. Rev. D, 60 (1999)

modified electron Lagrangian

l .- o _
L = 5“7[/(71: T C,upfyﬁ)Dplxb — ymy

modified maximum speed of electron

~ AR ~

(Vi€j)max = 1 — cjx€;éx — cojé;

For a bound electron

0H = (c11 + c22 — 2¢33) (P + p2 — 2p2)



Test of Lorentz symmetry for electrons

For a bound electron atomic calculations “,g,

6H = (c11 + c22 — 2¢33)(p] + p3 — 2p3) \ “

energy shift of anisotropic electron orbital
depends on alignment of quantization axis

B B
A

O > O

look for oscillations of transition
frequencies at sidereal day




week ending

PRL 111, 050401 (2013) PHYSICAL REVIEW LETTERS 2 AUGUST 2013
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Limits on Violations of Lorentz Symmetry and the Einstein Equivalence Principle
using Radio-Frequency Spectroscopy of Atomic Dysprosium
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— M. A. Hohensee,™ N. Leefer, and D. Budker
Physics Department, University of California, Berkeley 94720, USA

C. Harabati, V. A. Dzuba, and V. V. Flambaum

School of Physics, University of New South Wales, Sydney 2052, Australia
(Received 14 March 2013; published 29 July 2013)

Combination New limit Existing limit

0.10cx_y — 0.99¢cx,  —9.0 % 11 27+19%x1007 Best limit
0.99cx_y + 0.10cy, 3.8+5.6 —32+62 X107V .

0.94cyy — 0.35¢cy,  —0.4+28 a3+19x107 At time
0.35¢cxy + 0.94cy, 3.2+ 7.0 53+23x 107"

0.18¢rx — 0.98¢cr(y+z 0.95*+18(3.3) —0.7+ 13X 107D
0.98crx + 0.18¢cry+z 5.6 £7.7(24) —1.4£54Xx1071

Criy—7, —21+19(2.2) .002 = .004 X 10~13
Crr —88*514) 107°2=*2)x107°
crr (gravitational) —14 +28(9) 4600 * 4600 X 10~°

Cx-Y =Cxx —Cyy
CT(Y+2) = CTy COST) + Crzsinn

Cr(y—_z) = Cry sinn — crz cosn 7 = Earth’s axial tilt



LETTER

Michelson-Morley analogue for electrons using
trapped ions to test Lorentz symmetry

T. Pruttivarasin]‘z, M. Ramm?, S. G. Porsev>?, 1. 1. TupitsynS, M. S. Safmnmra‘“, M. A. Hohensee"’ & H. Hiffner’

doi:10.1038/nature14091
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Searching for dilaton dark matter with atomic clocks

Asimina Arvanitaki®]

Perimeter Institute for Theoretical Physics, Waterloo, Ontario, N2L 2Y5, Canada

Junwu Huanéﬂ and Ken Van Tilbur
Stanford Institute for Theoretical Physics, Department of Physics,
Stanford University, Stanford, CA 94305, USA

(Dated: February 3, 2015) 1405.2925
N B PRD 91 015015 (2015)
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Search for ultralight scalar dark matter with atomic spectrosopy

Ken Van Tilhurg,l-'- Nathan Leefer._g‘ Lykourgos Bc:ugas,z-'- and Dmitry B11£11{01‘2=3‘4=
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Summary and Outlook

® With a single experiment we have placed
constraints on a wide range of ‘new’ physics

® Results are applicable for any metrological
spectroscopy

® We did not foresee 2/3 of results presented
here

® With large model space for DM/DE,
documenting and storing data Is extremely
Important
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Why look for variation?

Electron FEM 2/a

. ~1040
Fe Gm mp/a

age of universe 107 s
period of orbit ~ a,/a c

G/ - 1A-10,,p1
/G"’ 10 " yr

Dirac, 1937, Large Numbers Hypothesis

~ 1040

Ruled out by lunar laser-ranging: G/G < 102 yr—1

J. Miiller and L. Biskupek, Class. Quant. Grav. 24, 4533 (2007)



Astrophysics searches

Absorption features in quasar spectra encode local
value of a throughout the umverse M.T. Murphy

Positive shifters

Atom ®, q
Fe ll 62065.528 1100 |; Negative shifters
Fe ll 42658.2404 1210

Atom W, q
Fe ll 42114.8329 1590 :

Ni Il 57420.013 -1400
Fe ll 41968.0642 1460 :

Ni Il 57080.373 -700
Fe ll 38660.0494 1490 o

+ Hydrogen emission
Fe ll 38458.9871 1330 / from quasar
e Hydrogen a

|
P absorptlon :
,\. W
1 uetal absorption Imes\
B ﬁj}/\jj

4000 5000 6000
Observed Wavelength [Angstroems]

>




Astrophysics searches

Absorption features in quasar spectra encode local
value of a throughout the universe

Fractional look—back time

0.4 0.6 0.8
1 _l i i 0 11 ] | | I i |

1 1 1 1

i _ 1 1 1 I 1 1 1 1

Redshift

M.T. Murphy, et. al., ACFC Proceedings 74, 131 (2004)

Aa/a=(-0.57+0.11)x 107> | 10 billion year time scale



Astrophysical searches

Year Method Aa/o (x107°) Redshift a/a (%1071 /yr)

2006 CMB —800+£ 1850  z = 1100 584 + 1350
2004 CMB  —1500+1750 2z = 1100 1095 + 1277

2005  OIII 6 + 16 0.3 <z<0.8 —8.7+23

2004 QSO Abs. —0.04+0.33  z=1.15 0.05+ 0.4

2004 QSO Abs.  1.1+1.1 2 = 1.149 ~1.3+1.3 VLT

2004 QS0 Abs. —-0.064+0.06 04<2z<23 0.06 = 0.06

2003 QSO Abs. —-0.543+£0.116 02 <z<3.7 0.45 £ 0.097

2001 QSO Abs. —-0.72+£0.18 05<z<3.5 ~ (.61 +£0.15
KECK 1999 QSO Abs. —1.1+0.4 0.0 <2< 1.6 ~ 12404

* Conflicting data come from different telescopes,
observing different regions of the sky

revisited in 2011



Spatial variation?

) } o I | :vles25I atlasolrbelrs B
I per bin j
h"" J. K. Webb, et. al. (2011) Phys.
Rev. Lett.
A«

— =(1.1£0.25) x 107 °r cos @

| 1 1 1 i | 1 1 |

0 50 100 150

O, angle from best—fitting dipole (degrees) J. C. Berengut and V. V. Flambaum (2012) Euro. Phys. Lett.

oo — 1.35 x 10~ cos @ r—1
Analysis of absorption lines in north / hﬂ'b 39 U lab Y
and south hemispheres COS me ~ 0.07

Movement of Sun relative to CMB



Oklo natural reactor

® 1976: Y. Petrov and A. Shlyakhter
propose using isotopic abundances
to search for a variation

n + 1498m — 1°0Sm -+ v

® Resonance energy of reaction is
97.3 meV

==> Cancellation of strong nuclear
force by coulomb interaction

== Neutron capture cross section
very sensitive to changes in
resonance energy, I.e. changes in
a and as

-
. St
T

The uranium isotopes found at Oklo stronghy
resemble those in the spent nuclear fuel
generated by today’s nuclear power plants.

1972 : 0.717 % %3°U found
0.720 % 2%°U expected



Oklo natural reactor

* |[sotopic abundances of strong vs * Dependence of cross section on
weak absorbers to calculate cross energy shift
sections | -
1004 ®m X _ i
g S - Theory 160 V| Petrov, et. al.,,
107 O -- Experiment 140 V:hep— .
| " 2 5 1o )506186v3 (2005) |
107 O " _
- X By ® LUL 1007 |
EZ 10 = 14ssom ﬂ'\u 80 .
T« ] T D S T R N T A |
- 10"‘—; x e e |
*Gd o™ 40 - N
10_5'% 3 20 -
E 15?Gd
10° T . . : , . , : 0 ' | ' | ' . ! . | .
144 148 152 156 160 -150 -100 =50 0 50 100 150
A AE , meV
— ~ la/al <4.6 x 107 yr
o 1.1 MeV

C.R. Gould, et. al., Phys. Rev. C 74, 024607 (2006)

T. Damour and F. Dyson, Nuclear Physics, B480, 37 (1996? b | | | | on year t| me Scal e

* Model dependent, large uncertainties
due to reactor models



Search in dySPrOSiU

energy
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Atomic beam apparatus

oven .
5 layer, Ta heat shield
f c
S / thermocouple
' = 11 H*-%
; : Mo oven tube
e - ! _
I Ta heater coll
II
2 a il
d ) [ water cooled jacket
It

Goas" — b— |
b i
beam flag —

sweep electrode



Atomlc beam apparatus

rf electrodes

polished Al light
collector




Atomic beam apparatus

magnetic shielding

Cu ‘cold fingers’

lin. polarizer rotating lin. polarizer

removable L/4 plate

light collection region
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