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Fine-Structure Constant o

e Dimensionless fundamental constant

e Characterizes the strength of all electromagnetic
interactions

e Energy of atomic levels o« m,c?-a? -(1+ka®+...)

e’ 1
hc 137.035 999 710 (96)

o= [0.70 ppb]

G. Gabrielse et al, Phys. Rev. Lett. 97, 030802 (2006)




A gross variation

We search
for small
temporal

variation of
a

Professor Enrico Fermi [Famas



Are the constants of Nature constant?
(A fundamental question)

= Sir A. Eddington
= A. Emnstein

= P. A. M. Dirac

= E. Teller

= (. Gamow
= R. H. Dicke

“Fagcinating, The siran geng of canatants han drawn the grastast
minds of physice and cosmology.® —Tha Waeshington Post Beok Warld
Tll"I e

Coistoynts

f Nature

The Numbers that Encode the
Deepest Secrets of the Universe

John D. Barrow

2006 Templeton L
Foundation Award @+ T\



The constants:

. p=10"%gram - em~

e=3-10"em - sec™ !, velocity of light

h=1.05-10"%*erg - sec, Planck’s constant

e =4.8:10"%yrg'/2em'/?, elementary charge

my = 1.6 - 107 gram, mass of the proton

g=1.4-10"%erg - em?®, Fermi’s constant of weak interactions

G =6.7-10"%erg - cm - gram~2, constant of gravitation

. H = 1.6-10""®sec™!, Hubble's constant (1/H =~ 2 - 10'? years gives the

“age” of the Universe)

¥ mean density of mass in the Universe

Dimensionless
combinations do not
depend on units :

'P'-"

o =efhe = 1/137

g =(gme)/h* =9-107°

= (Gm3)/(he)
(HR)/(mye?) = 10742

=5-107%
0=

e = (Gp)/H* =210

Conventional Wisdom:

o ,B,y-constant; o~t-1, e~t!

Dirac’s Large Number Hypothesis and Variations ;
o ~ 1L~

3, f-_ = mnm‘

P

c (1937):

Dirg
R e }gu: ¢

eller |

r.""'-

o Gamow (1967): le — 0 Qn- r /yf“‘ .

dict, variatjons -

. i



size of Universe ct

B N, = . = ~10%
classical electron radius e°/m.C
N — Electromagnetic force between e, p e’ ~10%
*  Gravitational force between e, p Gm,m,
c’t

N = Number of protons in Universe ~ ~10%

GmIO

Dirac’s Large Number Hypothesis:
N, =N, = JN ot



Large variations are out...

... but BIG QUESTIONS are 1n:

= Are there small changes of “‘constants’ over the
past 13 Gy or so ?

Observations

= May the “constants” be changing as we speak ?

Laboratory ?



Astrophysical searches for a-variation

BT seaston spocsgrm
N

Quasar Host Galaxies HST « WFPC2

PRC96-35a « ST Scl OPO + November 19, 1996
J. Bahcall (Institute for Advanced Study), M. Disney (University of Wales) and NASA




e Astrophysical evidence for smaller a in the past:

Red=shift
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Fractional lock—bagk time

J. K. Webb, et al. , Phys. Rev. Lett. 87, 091301 (2001)



o Astrophysical evidence for a smaller a in the past:

&/o (x 10716 /yr)

1999 14 + 5 J. K. Webb, et al. , Phys. Rev. Lett. 82, 884 (1999)
2001 72+18 J. K. Webb, et al. , Phys. Rev. Lett. 87, 091301 (2001)

M. T. Murphy, et al. , Mon. Not. R. Astron. Soc. 345, 609
2003 64+14 (2003)

Victor V. Flambaum




e However, other groups see no variation:

(using a different telescope and higher quality but smaller data set)

a/a (x 10716 /yr)
2004 05+4 R. Quast, et al. , Astron. Astrophysics. 415, L7 (2004)

2004 06 +0.6 R. Srianand, et al. , Phys. Rev. Lett. 92, 121302 (2004)



More Controversy: claim for variation of #=m,/m,

S . . . ek endi
PRL 96, 151101 (2006) PHYSICAL REVIEW LETTERS 21 APRIT. 2006

Indication of a Cosmological Variation of the Proton-Electron Mass Ratio Based
on Laboratory Measurement and Reanalysis of H, Spectra

E. Reinhold,' R. Buning,! U. Hollenstein."* A. Ivanchik.” P. Petitjean,™” and W. Ubachs'*
'Laser Centre, Vrije Universiteit, De Boelelaan 1081, 1081 HV Amsterdam, The Netherlands
*Laboratorium fiir Physikalische Chemie, ETH Ziirich, CH-8093, Zurich, Switzerland
Joffe Phvsical Technical Institut, Polytekhnicheskava 26, 194021 Saint Petersburg, Russia
nstitur d ‘Astrophysique de Paris—CNRS, 9&8-bis Boulevard Arago, F-75014 Paris, France
*LERMA, Observatoire de Paris, 61 avenue de 1'Observatoire, F-75014 Paris, France
(Received 13 May 2005; revised manuscript received 6 October 2003; published 17 April 2006)

Based on highly accurate laboratory measurements of Lyman bands of H, and an updated representa-
tion of the structure of the ground X ]Z;f and excited B'X} and C'I1,, states, a new set of sensitivity
coefficients K, is derived for all lines in the H, spectrum, representing the dependence of their transition
wavelengths on a possible variation of the proton-electron mass ratio p = m/m,. Included are local
perturbation effects between B and C levels and adiabatic corrections. The new wavelengths and K;
factors are used to compare with a recent set of highly accurate H, spectral lines observed in the Q 0347-
383 and Q 0405-443 quasars, vlelclmg a fractional change in the mass ratio of Ap/w = (2.4 + 0.6) X
10~ for a weighted fit and A o/ = (2.0 = 0.6) > 107 for an unweighted fit. This result indicates, at a

These measurements are based on the different dependences
of molecular energies on L:

* Electronic  oc m &’

 Vibrational oC mea2

» Rotational P oMo




More Controversy: limit on variation of #=m,/m,

Enhanced sensitivity to time-variation of m,/m, in the inversion spectrum of ammonia

V. V. Flambaum!? and M. G. Kozlov*!

LSchool of Physies, University of New South Wales, Sydney, 2052 Australia
2 Institute for Advanced Study, Massey University (Albany Campus),
Private Bag 102904, North Shore MSC Auckland, New Zealand and

3 Petersburg Nuclear Physics Institute, Gatchina, 188300, Russia
(Dated: April 19, 2007)

We calculate the sensitivity of the inversion spectrum of ammonia to possible time-variation
of the ratio of the proton mass to the electron mass, p = mp/me. For the inversion transition
(A = 1.25 em™?) the relative frequency shift is significantly enhanced: dw/w = —4.46dp/p. This
enhancement allows one to increase sensitivity to the time-variation of p using NHs spectra for high
redshift objects. We use published data on microwave spectra of the object B02184+357 to place
the limit du/p = (0.6 £ 1.9) x 107° at redshift z = 0.6847; this limit is several times better than
the limits obtained by different methods and may be significantly improved. Assuming linear time

dependence we obtain ji/u = (—1£3) x 107*¢ yr=".

arXiv.org > astro-ph > arXiv:0704.2301



Laboratory Searches

= Looking for present-day variation [e.g., a(t =now)]
= Level of present interest: 1/10° per 10 Gy
= Which is 1/10'° per year (assuming linear variation)

= This 1s about where best atomic clocks are today

= (Clock laboratories search for variation of constants

" (We do not rely on fancy clock, but still would like to have one )



e Laboratory limits (1o):

Year |&/af ( Method Ref.

2007 < 1.5 Hg* optical vs. Yb™' optical’  T. Fortier et al, Phys. Rev. Lett, 98, 070801 (2007)
2004 e Ybt optical vs. HgT opticall  E. Peik et al., Phys. Rev. Lett, 93, 170801 (2004)
2004 38 H (1S-2S) vs. Hg* opticall M. Fischer et al., Phys. Rev. Lett, 92, 230802 (2004)
2003 ) Hg+ opti(zal vs. Cs fountain'™  S. Bize et al., Phys. Rev. Lett, 90, 150802 (2003)
2003 < 1.6 Rb fountain vs. Cs fountain™  H. Marion et al., Phys. Rev. Lett, 90, 150801 (2003)
1995 < 37 H-maser vs. Hgt hyperfine'™  J. D. Prestage et al, Phys. Rev. Lett, 74, 3511 (1995)

fCombined with results from Hg* optical vs. Cs fountain comparison
tTSensitive to other fundamental constants

Rapid progress with trapped
single 1ons and femtosecond
frequency combs !

Jason E. Stalnaker




7 ! J : week endin
PRL 98, 070801 (2007) PHYSICAL REVIEW LETTERS 16 FEBRUARY 2007

Precision Atomic Spectroscopy for Improved Limits on Variation of the Fine Structure Constant
and Local Position Invariance

T.M. Fortier, "> N. Ashby.” J. C. Bergquist.” M. J. Delaney,>* S. A. Diddams,”" T.P. Heavner.” L. Hollberg. W. M. Itano.”
S.R. Jefferts,” K. Kim,>* F. Levi,>* L. Lorini,> W. H. Oskay.” T.E. Parker.? I. Shirley.” and I. E. Stalnaker?
'p-23 Physics Division MS H803, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA

“Time and Frequency Division MS 847, National Institute of Standards and Technology, Boulder, Colorado 80305, USA
(Received 5 September 2006; published 16 February 2007)

We report tests of local position invariance and the variation of fundamental constants from measure-
ments of the frequency ratio of the 282-nm '®Hg™ optical clock transition to the ground state hyperfine
splitting in '**Cs. Analysis of the frequency ratio of the two clocks, extending over 6 yr at NIST. is used to
place a limit on its fractional variation of <5.8 X 107 per change in normalized solar gravitational
potential. The same frequency ratio 1s also used to obtain 20-fold improvement over previous limits on the
fractional variation of the fine structure constant of [£] < 1.3 X 1071 yr~!, assuming invariance of other
fundamental constants. Comparisons of our results with those previously reported for the absolute op-
tical frequency measurements in H and ""'Yb* vs other '**Cs standards yield a coupled constraint of

—15X107° <a/a <04 X107y~ and =27 X 1078 <4 Ipbe <86 X 1071 yr7l.
Mg

d/dt In{e) x10-13

15] B Hg*vs Cs N=8
Hvs Cs  N=28
Yb*vs Cs  N=-18
101
5;_ ]
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PHYSICAL REVIEW A 69, 022105 (2004)

Towards a sensitive search for variation of the fine-structure constant using radio-frequency E'l
transitions in atomic dysprosium

A. T. Nguyen™
Department of Physics, University of California at Berkeley, Berkelev, California 94720-7300), USA

D. Budker’
Department of Physics, University of California at Berkeley, Berkeley, California 94720-7 300, USA
and Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkelev, California 94720, USA

S. K. Lamoreaux* and J. R. Torgerson®
University of California, Los Alamos National Laboratory, Physics Division, P-23, MS-HK03, Los Alamos, New Mexico 87343, USA
(Received 28 August 2003; published 12 February 2004)

It has been proposed that the radm—f'requem,y electric- dlpnle (E1 } tmm]tmn br.-:mreen two nearly degenerate
[]p]{]i}‘sltﬂ pdnty states n dt:}mIL 5 SIL—&H : - : ; ¥ ] drld‘rmn of the

dl‘ldl}-‘IE here an E.'K[]'El'lmt‘.l'ltdl realizanion of the sedsesreh W ILh 1111.1111.3'1

monitoring the £1 transition frequency over ap of time using direct f'requen::y counting techniques. We
estimate that a statistical sensitivity o m may be achieved and discuss possible systematic
effects that may limit such a measurement:

DOIL: 10.1103/PhysRevA.69.022105 PACS number(s): 06.20.Jr, 32.30.Bv



The periodic table of the elements

f

4

A H
o Li[Be
N
i [GaSc|Ti [V [cr e Cofi [Culzn|Galel
RS [7¢|Neoof T ol Pa g[G50}
GoBal L || 7a| w|RelOs| ir [Pt |Aufiio| 1
Flral A

L [Calcelpr [Nafprismeu/Gol Dyl
Ao Th|Pal U [Np|Pufamiaml B [

B ctals
B hictaloids
B on-metals

Blc

FmjMc

B Transition Metals
B Gases




a.-Variation in Atomic Dysprosium

e Two nearly degenerate states in dysprosium (Dy, Z=66)
are highly sensitive to a-variation:

20,000 | A E
1
5 A ~ (3-1000) MHz
;
Croondic s dA/dt ~ 2x10%5 Hz o/«
0

For a/a ~ 10715 /yr
= dA/dt~2 Hz/yr |

Dzuba, Flambaum, Kozlov, et al



A and B States

e Opposite parity
o AE ~ 3-1000 MHz

— E1 transition connecting the states can be driven
with rf electric field

— small enough to allow accurate direct counting of
transition frequency

— relaxed requirements on reference clock (Av/ v)



Statistical Sensitivity

e Transition linewidth ~ 20 kHz

e Counting rate ~ 10° s’!

— Sensitivity: dv~ 0.6 Hzs!?
Tl/2

After an hour of data taking, &v ~ 10 mHz which allows

for a sensitivity of

la/a| ~5 x 10718 /yr |




Population

26955.00 cm™!
t=0.5pus
*Three-step scheme:
=10 A B J=10
19797.96 cm’! 19797.96 cm’!
t=79 us ©> 200 us

1st & 2nd - cw laser 669 nm o
excitation

PHYSICAL REVIEW A, VOLUME 63, 013406 e -3

Efficient population transfer in a multilevel system using diverging laser beams t=16ps

A. T. Nguyen,",* G. D. Chem,' D. Budker,"* and M. Zolotorev®
'Department of Physics, University of California, Berkeley, California 94720-7300
*Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720
3Center for Beam Physics, Lawrence Berkeley National Laboratory, Berkeley, California 94720
(Received 23 July 2000; published 5 December 2000) 8 3 3 nm

3rd - spontaneous
emission <

EVEN ODD



rf Transition and Detection

=9 f
26955.00 cm™!
t=0.5pus
: : rf E-Field
rf E-field excites atoms . W\ -
.l.o 51.0.'.6 A 1979796 e Ttteea. 19797.96 cm™
t=T9ps Tt T>200 ps
i C J=9
’ e =8
T=16 us
- State A decays and 2o nm .
564-nm light is detected .
=8 G '.’

EVEN ODD



The experiment evolved from a
parity nonconservation search in Dy

PHYSICAL REVIEW A VOLUME 56. NUMBER 5 NOVEMBER 1997
Search for parity nonconservation in atomic dysprosium

A. T. Nguyen.,'! D. Budker,'* D. DeMille.""* and M. Zolotorev’
1 Physics Department, University of California, Berkelev, California 94720-7300
*Nuclear Science Division, E. O. Lawrence Berkeley National Laboratory, Berkeley, California 94720
3Center for Beam Physics, E. O. Lawrence Berkeley National Laboratory, Berkeley, California 94720
(Received 2 June 1997)

Results of a search for parity nonconservation (PNC) in a pair of nearly degenerate opposite-parity states in
atomic dysprosium are reported. The sensitivity to PNC mixing is enhanced in this system by the small energy
separation between these levels. which can be crossed by applying an external magnetic field. The metastable
odd-parity sublevel of the nearly crossed pair is first populated. A rapidly oscillating electric field is applied to
mix this level with its even-parity partner. By observing time-resolved quantum beats between these sublevels,
we look for interference between the Stark-induced mixing and the much smaller PNC mixing. To guard
against possible systematic effects, reversals of the signs of the = It the magnelic - the
decrossing of the sublevels are employed. We report a value of |H,,|=|2.3+2.9 (statistical) =0.7(systematic)
Hz for the magnitude of the weak-interaction matrix element. A defai iscuasion is given of §
data analysis. and systematic effects. [S1050-2947(97)02111-2]




interference filter

Apparatus



Interaction Region




Experimental Setup

CDMA
Clock
Frequency [*® RGA
Counter -8
Cs Atomic
Clock
Acquisit l 2 I];Zl—;ézld High-Vacuum
Data Acquisition o 1 Synthesizer f——| tf Amplifier - Chamber
and Control 6
I (~10 " Torr)
50Q
A
10 kHz Modulation
Frequency PMT

Lock-In
Amplifier

10 kQ






Dr. A.-T. Nguyen, UCB—LANL



Arman Cingoz



First Data

Amplitude Modulation:

3.1-VMHz Transition — 12/16/03 — File: 1216.025
vy =3 073 937(52) Hz
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rf Frequency Modulation

041304 025 — st Harmonic
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Fixed Frequency Technique

Measure the

o

normalized by the

2nd Harmonic

S\~

Ratio (157/2M) = const.(v - vo)




Systematic Effects

Systematic shifts Estimated size (Hz)
ac Stark® ~(0.1-30)
Doppler effect <0.2

Room temp. black-body radiation =0.1

Oven black-body radiation =0.02

dc Stark® ~(107%=107%)
collisional effects (1-10)x107*
Millman effect =5x1074
Quadrupole moment =107°
Zeeman shift in stray B field =107°

“Transition dependent.

A.- T. Nguyen et al. PRA Phys. Rev. A 69, 022105
(2004)

* However, it is not the size but the stability of these effects that is important
= preliminary analysis shows that systematic effects can be controlled to

a level corresponding to |o/a| ~ 5 x 10-18 /yr



Powerful Check for Systematics

Since Dy has many isotopes (some with hfs), more than
one rf transition frequency can be measured

For example, Two transition frequencies can be simultaneously measured:

® : 2 2P
/ ®; + ®, = Insensitive o a variation

®; - ®, = a variation is twice as large
W)




Collisional Effects

e Collisions with residual background atoms perturbs a
radiating (absorbing) Dy atom

— lineshape broadening and shift

e Collisional effects in high-vacuum (10-® Torr) have
rarely been measured

e Simple estimate:
c ~ 1014 cm?
n ~ 3x101° molecules/cm3 at 1uTorr
v ~ 4x10% cm/s

=dév~(2n)lnov=2Hz



Collisional Data

vo - 234 661 000 (Hz)

Collisional Shifts due to N, e 235MHz = 3.1 MHz
100 100
80 - 80
60 - y=-1.61 (2)x+ 115 (1) | 60
40 - - 40
20 - 20
0- - 0
-20 A - -20
-40 - -40
-60 1 y=1.63 (4)x- 119 (2) - 60
-80 - - -80
-100 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ -100
0 10 20 30 40 50 60 70 8 90 100

N, Pressure (uTorr)

vo - 3074 000 (H2)




Collisional Shifts

Cas Shift Coefficients (Hz/uTorr)
3.1-MHz 235-MHz
H, -0.09 (8) -0.02 (4)
He 127 (6)  +1.25(3)
Ne -0.02 (6) -0.01 (3)
N, +172(7)  -171(5)
0, <5 -1.97 (30)
Ar w214 (11)  -2.21(7)
Kr +2.78 (9) -2.78 (7)
Xe +275(10) -2.74 (7)

e Conclusion:
= collisional effects are consistent with those found
in 1I-Torr measurements

PHYSICAL REVIEW A 72, 063409 (2005)

Collisional perturbation of radio-frequency E1 transitions in an atomic beam of dysprosium

v Lk 1,2 1 g 2 Al ] 2
A. Cingoz, ™ A. -T. Nguyen, * D. Budker, ™" S. K. Lamoreaux,” Alain Lapierre, and J. R. Torgerson



Laser Detuning Effect

Laser Detuning Effect for 754-MHz Transition
1000
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Results

125 ¢ 90 ¢ : —
120 F 95F .
N 2 _ = : ]
= 115 F T -100 | -
S 10k 18 a0 T :
= 10 l - w05 T L _ =
; 105 F T T 4 5 -110 ¢ ¢ ]
o ] o e ]
T 100F l - t 1 1 oa215f ] ]
" - ] S [ 1 ]
. 9 | 3 120 f k
90 £ 125

Oct05  Dec05 Feb06 Apr06  Jun06 Oct05  Dec05 Feb06  Apr06  JunO06

-0.6 £ 6.5 Hz/yr 9.0 £ 6.7 Hz/yr

| |

a/a= (-0.3+3.6)x10Byr!  (-5.0%3.7)x 105 yr



Result: Phys. Rev. Lett. 98, 040801 (2007)

Limit on the Temporal Variation of the Fine-Structure Constant Using Atomic
Dysprosium

A. Cingéz,' A. Lapierre," A-T. Nguven,? N. Leefer,! D. Budker,? S. K. Lamoreaux,? * and J. R. Torgerson?
!Department of Physics, University of California at Berkeley, Berkeley, California 94720-7300, USA
“Los Alamos National Laboratory, Physics Division,
P-23, MS-H803, Los Alamos, New Mezxico 87545, USA
YNuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
(Dated: Aungust 30, 2006)

/o= (2.9  2.6,,05, syst) X 10718 yr?

Independent of other
fundamental constants
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