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Search for temporal variation of the fine-structure
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Result: Phvs. Rev. Lett. 98. 040801 (2007)

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

Dysprosium
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Result: Phyvs. Rev. Lett. 98. 040801 (2007)

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

Dysprosium
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Independent of other
fundamental constants
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Result: Phvs. Rev. Lett. 98. 040801 (2007)

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

Dysprosium
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PHYSICAL REVIEW A 76, 062104 (2007

Investication of the gra\it;’i_'f_iﬁhul-pulentiul dependence nl:_!]jg fine-structure constant “
using atomic dysprosium

S. ). Ferrell.” A. Cingdz.” A. Lapeermre.” A.-T. Nguven.” N. Leefer.” D. Budker. ™ V. Flambaum_*
S. K. Lamoreaux md J. R. Torgerson
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Future. ..

e Explore laser cooling of atomic beam
P a

e Operate new apparatus optimized for the «-dot
experiment .

1. 107'%/ yr
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B Measure frequency to ~1 mHz
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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 =« m_c%a® -(1+ka®+..)

e |

————
“ T he 137.035 999 084 (96)

[0.37 ppb]
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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 « m,c%o? -(1+ka?®+.)

e |

o
“ T he 137.035 999 084 (96)

[0.37 ppb]

D Hanneke. S Fogwell. and G. Gabnelse, Phvs. Rev. Lett. 100, 120801 (2008)
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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 =« m_c%a® (1+ka®+..)

t’: l
fic  137.035 999 084 (96)

o = [{;}-37 ppb]

D. Hanmeke. S. Fogwell. and G Gabrielse, Phys. Rev. Lett. 100. 120801 (Z2008)

Page 11/122




irsa: 08070019

Protessor Enrico Fermm



A gross variation
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A gross var 1ation

We search
for small
temporal

variation of
@
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[Laboratory Searches
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[Laboratory Searches

Looking for present-day vanation [e.g.. a(t =ow))
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Laboratory Searches

Looking for present-day vanation [e.g.. a(t =now))

Level of present interest: < 1/10° per 10 Gy
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[Laboratory Searches

Looking for present-day vanation [e.g.., a(t =now)|

Level of present interest: < 1/10° per 10 Gy

Which 1s 1/10'° per year (assuming linear variation)
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Which 1s 1/10'° per year (assuming linear variation)

This 1s about where best atomic clocks are today



[Laboratory Searches

Looking for present-day vanation [e.g., a(t =now)|

Level of present interest: < 1/10° per 10 Gy

Which 1s 1/10'° per year (assuming linear variation)
This 1s about where best atomic clocks are today
Clock laboratories search for variation of constants



Laboratory Searches

Looking for present-day vanation [e.g.. a(t =now)|

Level of present interest: < 1/10° per 10 Gy

Which 1s 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 r ely on fancy clock, but still would like to have one )
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Laboratory limits (1c):

‘ombmed result with other optical clock vs. Cs fountam c

“‘Lr'i-_-.ﬂ'i'-._'i : T
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Rb fountain vs.
He™ optical vs. Cs fountain

Method

H-maser vs. He™ hvperfine'?

(s fountain'

H (1S-2S) vs. Cs fountain’
Yb™ optical vs. Cs fountain’

Dv vs. Dy

other mndamental constants

TN P: fl'i-wq IS Ta i i,t'-'il

Reference

J. D. Prestage et al., PRL. T4, 3511 (1995
H. Marion et al.. PRL. 90, 150801
S. Bize et al.. PRL. 90. 150502
M. Fischer et al.. PRL. 92, 230802
E. Peik et al., PRL. 93. 170801

2003)
2003
2004)
2004

e
ALY

of publication
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Laboratory limits (15):

ear a/a (XMW ._\n-l" Method

19495 < 37 H-maser vs. He™ hvperfine'
2003 —04+1.6 Rb fountain vs. Cs fountain'
2003 < b2 Hs™ optieal vs. Cs fountain

29 H (1S-2S) vs. Cs fountain’

2.0 Yb™ optieal vs. Cs fountain’
2.6 Dy vs. Dy

Reference

J. D. Prestage ef al.. PRL. T4, 3511 (1995

H. Marion «f al.. PRL. 90. 150801 (2003)

S. Bize et al.. PRL. 90, 150802 (2003

3

M. Fischer ef ol.. PRL. 92. 230802 (2004)

E. Peik et ol, PRL. 93. 170801 (2004)
A. Cingéz et al. PRL. 98, 040301 (2007)

‘ombined result with other optical clock vs. (s fountam comparisons to date of publication

Sensitive to other ndamental constants
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Laboratory limits (1c):

H-maser vs. He™ hvperfine'
Rb fountain vs.

He™

H

He™ optical vs. (s fountain’

-

Ho

Method

Cs fountain'’

optieal vs. (s fountam

l"'-'.'--‘_"\" Vo

Dv vs. Dy

. Cs fountamn’

Yb™ optical vs. Cs fountain’

optical vs. (s fountamn
optical vs. Al

optical

Reference

J. D. Prestage ef al.. PRL. T4, 3511
H. Marion et al.. PRL. 90. 1503801

S. Bize ef al.. PRL. 90. 1505802 (2003
M. Fischer ef al.. PRL. 92, 230802
E. Peik et al., PRL. 93. 170801
A. Cingéz et al. PRL. 98, 040801 (2007)
T. Fortier et al.. PRL. 98. 070801 (2007
5. Blatt et al.. PRL. 100, 140801

T. Rosenband ef al.. Science. 316, 1508

1 U=
1% _l__}

2004)

MMkt)

gl [l

HOs

‘ombined result with other optical clock vs. (s fonmntam comparisons to date of publication

Sensitive to other mndamental constants
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Laboratory limits (15):

ear a/a (X102 [yr) Met hod Reference

1995 < H-maser vs. He™ hivperfine'™  J. D. Prestage et al. PRL. T4, 3511 (1995
2003 —041+16 Rb fountain vs. Cs fountain'® H Marion ef ol. PRL. 90. 150801 (2003)
2003 < 1.2 Ho™ optical vs. Cs fountain'’  S. Bize e al.. PRL. 90, 150802 (2003)

2004 —09x29 H (18-2S) vs. Cs fountain® M. Fischer ef ol. PRL. 92, 230802 (2004)
2004 —0.3 2.0 Yb™ optieal vs. (s fountain® E. Peik et oL, PRL. 93. 170801 (2004)
2007 27126 Dv vs. Dy A. Cingéz et al. PRL. 98, 040801 (2007)
2007 —0.55 £ 0.95 He™ optical vs. Cs fountain'  T. Fortier ef al. PRL. 98, 070801 (2007)
2008 —g. 3T U3 Sr optical vs. Cs fountain'  S. Blatt et al. PRL. 100, 140801 (2008)
2008 —0.016 = 0.023 Ho™ optical vs. Alf optical T. Rosenband et al.. Science, 316, 1208 (2008

“ombined result with other optical clock vs. (s fountain comparisons to date of publication

Sensitive to other mndamental constants

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

Taocmias B Staliaal-se
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ecision Atomic Spectroscopy for Improved Limits on Variation of the Fine Structure Constant
and Local Position Invariance

_M. Fortier,"~ N. Ashby.” J. C. Bergquist.” M. J. Delaney.™* S. A. Diddams.~ T.P. Heavner.” L. Hollberg.” W. M. [tano.”
S.R. Jefferts.” K. Kim.™ F. Levi.™® L. Lorini.” W. H. sskay,” T.E Parker.” J. Shirley.” and J. E. Stalnaker
P22 Phesics Divimmon M8 HR023, Los Alamos National Laboratory, Los Alames, New Mexico 87545, USA
Dwvision MS 847, Naniowal Instinre of Standards and Technoloev. Bowulder Coaforado 50305, USA

Time and Freguency r
Received 5 September 2006; pubfished 16 February 2007)

We report tesis of local posinon invanance and the vanation of findamental consaais from measure-
ments of the frequency ratio of the 282-nm "“He™ opoical clock transition o the ground state hyperfine
spiitting in *>Cs. Analysis of the frequency ratio of the two clocks. extending over 6 yr at NIST. is used to

place a It on #s fractional vanation of <38 % 107 per change m normalized solar gravitational
potental. The same frequency ratso 5 also used 1o obtam X Ird:i IMprovVEmen! OVeT previous fumis on the
fractional varmation of the fine structure constant of | —l I ¥r ., ASsHmang imvarance of other

tundamental constants. Compansons of our resuits ‘with me: previousiy reported for the absolute op-
tical frequency measurements in H and “'Yb™ vs other 'Cs standards vield a coupled constraint of

~LSX 0T <a/fe<Q4XI0N~ w and 27X 107~ <£ 2 86X 1075 i

B HrwCs N=S
Hws Cs N2 3
Yo s N=-13

b

d/dt In( pgy / B ) X108
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requency Ratio of Al" and Hg"
ingle-lon Optical Clocks; Metrology
t the 17th Decimal Place

Rosenband,* D. B. Hume, P. 0. Schmidt,{ C. W. Chou, A. Brusch, L. Lorini,f W. H. Oskay,$§
. E. Drullinger, T. M. Fortier, ]. E. Stalnaker, || S. A. Diddams, W. C. Swann,
. R. Newbury, W. M. Itano, D. ]. Wineland, ]. C. Bergquist

cience 319, 1808 (2008) N
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PHYSICAL REVIEW A &9, 022105 (2004)

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

A. T. Nguven®
Departmemt of Physics, University of California ar Berkelev, Berkelev, California 94720-7300, 'S4

D. Budker

Department of Physics. University of California ar Berkelev. Berkelev. California 947

-

-7 [U'54

and Nuclear Science Division. Lawrence Berkelev National Laboratorv. Berkelev. Califormia 94720, U'SA

S. K. Lamoreaux* and J. R. Torgerson’
University of California. Los Alamos National Laboratorv. Phvsics Division, P-23. M5S-HR03. [os Alamos, New Mexico 87545, US4

(Recerved 28 August 2003; published 12 February 2004)

It has been proposed that the radio-frequency electnic-dipole ( £ 1 ) transition between two nearly degenerate
opposite-panty states m atomic dvsprosium should be highly sensitive to possible temporal vananon of the
fine-structure constant () [V. A. Dzuba, V. V. Flambaum, and J. K. Webb, Phys. Rev. A 59, 230 (1999)]. We
analyze here an experimental realization of the proposed search in progress n our laboratory. which involves
monitormg the £1] transion freguency over a penod of me using direct frequency counting techmques. We
estimate that a statistical sensitivity of |a/al— 107 ""/yr may be achieved and discuss possible systematic

effects that may himnt such a measurement.

DOI: 10.11053/PhysRevA.69.022105 PACS numberis): 0620 Jr. 32.30.Bv
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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'
transitions in atomic dvsprosium

A. T. Nguyen®
Departmemt of Phyvsics., University of California ar Berkelev., Berkelev. California 94720-7300, USA

D. Budker’
Department of Physics. University of California ar Berkelev, Berkelev. California Y47 20-7300, US4

and Nuclear Science Division. Lawrence Berkelev National Laboraiory, Berkelev. Califormia 947210, US4

S. K. Lamoreaux* and J. R. Torgerson’
University of California. Los Alamos National Laboratorv. Phyvsics Division., P-23. M5-HR03. Laos Alamos. New Mexico 87545, US4

{Received 28 August 2003 published 12 February 2004)

It has been proposed that the radio-frequency electnc-dipole ( £1 ) transiion between two nearly degenerate

opposite-panty states m atomic dvsprosugs shoul e sorsinetopossithle temy varnanon of the
hne-stoucture constant (af | V. A. Dzuba, V. V. Flambau Webb, Phys. Rev. A 59, 2350 (] ‘:_:_F,,.-“::

-

¥
=
I

|

om. and J. K
analyze here an expenmental realiahicmor P - e e 1 aory. whnch involves
monnormg the £1 transiion frequency over a penod of time using direct frequency counting techmgues. We
|-|.

estimate that a stanistical sensitivity of a/al— 10 yr may be achneved and discuss possible systematic

effects that may hmnt such a measurement

DOI: 10.1105/PhysRevA 69022105 PACS numberis): 06.20Jr, 32.30.Bwv
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The periodic table of the elements
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a-Variation in Atomic Dysprosium

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

20000 | A .
} A
E A~ (3-2000) MHz
S
-
~ 15 o
0 G6round State d\/dt ~ 2x10"° Hz a/a

For &/a ~ 10 /yr

irsa: 08070019 Rage-34/4122
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A and B States

e Opposite parity
e \E ~ 3-2000 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 (Auv/ v)
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A and B States

e Opposite parity
e \E ~ 3-2000 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 (Auv/ v)

1 Hz

irsa: 08070019 Page 3 2£

1 GHz




Statistical Sensitivity

e Transition linewidth ~ 20 kHz

e Counting rate ~ 107 s!

— Sensitivity: v~ 0.6 Hz s'/?
T2

After an hour of data taking, 3v ~ 10 mHz which allows for

a sensitivity of

al 1077

o 5,
irsa: 08070019 (94 f Page 34/122
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Population

26953 W0 car
=05 us
=10 A B 10
19707 o cnx! 19797.96 cm
T="9 us T = 200 ps
=
€ —3
=10 n=s
= G
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* Three-step scheme:

Pirsa: 08070019

Population

EVEN

B =10
19797 96 cm
T = 100 s
————————— ‘: Iﬁ-’
R —— € o
T=16 n=

0 D D Page 36/122



Population

| =

15955 (0) |;|1'|'.'
=05 ps

*Three-step scheme:

e

19707 Oy cox’
T="0 us

1st & 2nd - cw laser
excitation

=3

Pirsa: 08070019

EVEN

833 nm
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Population

= f
_'_.-n'.l'== iy {m"-

T=103 us

*Three-step scheme:

=i A B =10
19797 96 cox! 19797 .96 cm
t="0 s T = 00 ns
Ist & 2nd - cw laser 669 nm —c ks
excitation
Pry>it Al KEWik 4 .8 T e =3
E flicient population transfer im a muitilevel svstem using diverging laser beams =
DS — @
: July 2000: published 5 December 2004 833 nm
= G
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Population

T=t
16055 00 cnorl

T=0L3 us

* Three-step scheme:

=i
19707 G oy’

T=T.9 ns

1st & 2nd - cw laser
excitation

TYSICAL RES

Eflicient population transfer in a multilevel svstem using diverging laser beams

= K &1 = = L1

3rd - spontaneous

A

emission = G

Pirsa: 08070019

B =0
19797 06 cm
t = i) L=
cC ==
e =8
=16 ps

833 nm
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rf Transition and Detection

= IR
2695500 cux'
= 1E
o :i B =10
ge= 19797 06 cm
=79 ps =
—— . 2
S — e =E
=16 us
=3 G
EVEN
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rf Transition and Detection

= f

IHOSS ””1;“]-'.

- rf E-field excites atoms o A e

1-0 S-rafe A 16797 96 car! w 19797.96 cm

t=T9 us T = 200 ps
€ ==
€ =i
=16 pu=
= G
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rf Transition and Detection

f
. ' - rf E-Field
rf E-field excites atoms oo YW o
_ = € =o
— € FS
=16 pus
- State A decays and .
564-nm light is detected
=3 G y
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HYSICAIL REVIEW A
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The experiment evolved from a
arity nonconservation search in Dy

NOVEMBER 19

VOLUME 56. NUMBER 5
Search for parity nonconservation in atomic dvsprosium

A T Nzuven.' D Budker'— D DeMlfille * and M. Zolotorev
' Phrysics Deparmment. University of Califormia, Berkelev, California 94720-7300
O. Lawrence Berkeley Narional Laborarorv. Berkelfev. California
Berkelev. Califormia 94720

~Nuclear Sciemnce Division, E Q4720
‘Center for Beam Phvsics. E O. Lawrence Berkelev Natiomnal Laborator

(Recewed 2 June 1997)

Resulis of a search for pariy nonconservaton (PNC) in a pair of neariy desenerate opposiie-parity siaies in
atomic dvsprosnmm are reporited. The sensitivity to PNC mixing 1s enhanced in this system bv the small emeroy
which can be crossed bv applvinz an extemal masnenc field The metastable

separation berween these levels
A mapidly oscillatime electric field is apphed 1o

odd-panitv sublevel of the nearly crossed pair is fitst populated
max thas level with i1s even-paniry parmner. By observins nme-resolved quannmm beats berween these sublevels.
we look for mterference between the Stark-induced mixing and the mmch smaller PNC mixing. To guard
against possible systematic effects. reversals of the signs of the clectrnic field the masnetic field and the

= |2 3+ 2 9 (smanstical) >0 _Tisystemaric)|

decrossine of the sublevels are emploved We repost a value of | H | A e
Hz for the maomimude of the weak-mmteraction mairix clement A derailed discussion is given of the apparams.

dara smalysis. and sysremanc offecrs. [S1050-294T(97TH211 1-2)
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T=1150°C

Apparatus

Dy atomic

beam
<y>=5x10* cmi/s

T@mo a0 T

Qven

Collimator

Multi-nozzle collimator array
Cylindrical lenses

Laser & rf interaction region
Cylindrical mirror

Lucite light pipe ragean22

. & |. Filters



Apparatus

T=1150°C y
—~ Dy atomic
beam

O%/\/ .-:”i“ <v>=5x10* cmis

a \
CW laser beams diverged -
for adiabatic passage b o >

Cylindrical mirror

. Lucite light pipe rage 45122
. & |. Filters

Pirsa: 08070019

a. Oven
v : b. Collimator
e i3 1 c. Multi-nozzle collimator array

‘ QN - d. Cylindrical lenses

o e. Laser & rf interaction region
f.
g
h



Interaction Region
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Experimental Setup

CDMA
Clock

Frequency RGA
Cowmter
s Atonmc
Clock u

to EField

D b, I Plates Hugle\ oo
L gl A rf Svnthesizer | rf Amplifier i Cleamber
and Control : l I
i—10 " T

‘ S0 |

10 kiHz A lodniaiion
Frequency

Lock-In

10K
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Experimental

Setup (with lasers)

sk

Tic Sapphane

W b Liser
| et

Holdlow Cahwowle

Fabwv -Pet 1 [l ! Ly
Specimm Andvar 0
SN =1
—_—
L 3 === ]
Won et ——— Lick-In
— Lick-In -
i
Precisam =1
Current Rk o
-.- v * * CDMA | Freguemo Cs :’-.1~ll1 '
Chock Coumilier Chck T-

- 3 —————

Diata Acyuesatnn T Laser &rf

and “— = i Svoheseser —= il umphiney mt. re!:.'u“
viid ] 5 A

— FAaIl
hodine Abs. [ ——il— +! = —
Comtrod Bow
- - —
Fabr-FPem 2 — )
Spectmum. Aoy — lock-In  ~=
Worvemmeter — l Hestod bowdamee Wy k0
) | Cedl
- S + --
v {
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Lock-In Signal (mV rms)

irsa: 08070019

Lock-in Detection Technique

- rf field is frequency modulated at 10 kHz with a

modulation index of 1
» Reduces asymmetries in the line shape caused by drifts
(laser and atomic beam fluctuations)

First Harmonic Second Harmonic

>

i
-

i
-
W

il (mVY rmes )

I
4
i
Lock-In S
L

St ] - '

153461 2363 234.65 233.67 234.69 23471 114 61 Y4 &3 »14 65 i &7

- T - — T

Frequency (MHz) Freguency (MHz

Y14 59 Y14 T
“Page 49/122 —



Two-step Measurement Process

First/Second Harmonic Ratio

» Use ratio of 15t to 2"@ Harmonic

to reduce drifts 5 ™y
- First step: Calibration between : L™
ratio, R, and frequency, v. | I
R=C(v-v,) 100
f v - 234 661 000 Hz
Referenced to Cs -
frequency standard Fixed frequency
« Second Step: Take ratio at = | P & T, G
fixed carrier frequency. o et S MR T
v -v.=-<R>/C 3 = "
Pirsa: 08070019 . a 10 5 30 10 Ea}ge 50/122*“.

— Fixed carrier frequency
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Discussion of systematics
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Discussion of systematics

R —
— —

In 2 minutes! '
\\“m
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Results

235-MHz transition 3. 1-MHz transition

. 120F 3 95 F 3
bt n s —
N N = ] ~ —=
= 7k T 3 = 100 I . 1
- = E T | 1 - _: T __. — .
= 110F : T b ] = -105F l P 5
L= - 4 — - e i — e 5 i .
< el = - ] ~d : | IS I ]
- 15F | ' T — S 210 T T s 3
z : :I | T Eoel :_
" 100F T - . L 3 15 F . 3
- - 3 = E - 1 1
= 95t i : 120 F - :

Oct 05 Dec 05 Feb D6 Apr 06 o D& Oct 05 Dec 05 Feb 06 Apr 06 Jum 06

_0.6 +6.5 Hz/yr 9.0 + 6.7 Hz/yr

v

a/a= (-0.3 £3.6) x 10-15 yr (-5.0 £3.7) x 1015 yr
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Result: Phyvs. Rev. Lett. 98. 040801 (2007)

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

/ot = (2.7 £ 2.6,y o) X 10715 yr
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Result: Phvs. Rev. Lett. 98, 040801 (2007)

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

Dysprosium

: ' ¥ 4 el ) 15 1 Independent of other
o= (-2 [ X 2'6“’2511'; 'E.«EI)] X 1m41? “/r”

fundamental constants
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Result: Phyvs. Rev. Lett. 98, 040801 (2007)

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

Dysprosium

. Unimoz.™ A Lapeerre.” A-1. Nzuven = N. Leefer.' D. Budker.'* 5. K. Lamoreanx.~* and J. R. Torgerson~
" Department of Physecs. Umnsversity of Caftforne af Berkeley. Berkeley. Califormea 9 720-7300. US4
e

. — = : Independent of other
Cf./Cf. — (‘2 " - - 2-6,-”{:.5'[” Sygt) X 1 O - yr'1 fundamental constants




Summary of Laboratory Tests

Year &/a (%1071 /yr) Method Reference

1995 < 37 H-maser vs. He™ hvperfine’" J. D. Prestage et al.. PRL. 74, 3511 (1995)

‘'ombined result with other --imr':..“ul clock vs. (s fountain "I'IEl['-H'i"-H!l'- to date of [JHll“{'H:’i* 11}
'Sensitive to other lundamental constants
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Summary of Laboratory Tests

Year o/ (> 1”_1'-' VT ) AMethod

Reference

1995 1 H-maser vs. Hg™ hvperfine'

2003 —-04+16 Rb fountain vs. Cs fountain'
j”' !:i < ]l He™ '*I”i"ﬂl vs. (s fountain’
2004 —09+29 H (1S-2S) vs. Cs fountain

2004 —0.34+20 Yb™ optical vs. Cs fountain’

J. D. Prestage et al., PRL. T4, 3511 (1995)
H. Marion et al.. PRL. 90. 150301 (2003)
S. Bize et al. PRL. 90. 150802 (2003)

M. Fischer ef al. PRL. 92. 230802 (2004)
E. Peik et al. PRL. 93. 170801 (2004)

‘'ombined result with other “i‘fii"éii clock vs. Cs fountain o LIll[‘-'!!'i"-uli'-- to date of I”l!}“i'sifitlll

'Sensitive to other hindamental constants
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Summary of Laboratory Tests

I{t’ft‘17’11f1'

Year a/a (> 1”_1'-' VT ) AMethod

1995 < 34 H-maser vs. He™ hyperfine'
2003 —04+16 Rb fountain vs. Cs fountain'
2003 <12 Hg™ optical vs. Cs fountain'’
2004 —09+29 H (1S-2S) vs. Cs fountain
2004 —0.34+20 Yb™ optical vs. Cs fountain'
2007 —27+26 v vs. Dn

2007 —0.55 = 0.95 Hg™ optical vs. Cs fountain
2008 —0.33+03 Sr optical vs. Cs fountamn'

2008 —0.016 =0.023  Hg™ optical vs. AlT optical

J. D. Prestage et al.. PRL. T4. 3511 (1995)
H. Marion et al. PRL. 90. 150801 (2003)

S. Bize et al.. PRL. 90. 150802 (2003)

M. Fischer ef al. PRL. 92. 230802 (2004)

E. Peik et al.. PRL. 93, 170801 (2004)

A. Cingoz et al.. PRL. 98. 040801 (2007

T. Fortier et al.. PRL, 98. 070801 (2007

S. Blatt ef al, PRL. 100. 140301 (2008

T. Rosenband ef al. Science. 316, 1308 (2008

‘'ombined result with other “!‘fif":ii clock vs. (s fountain f"HIll[‘-'lI'iHHIlf- to date of I”li}“i"éifiull

'Sensitive to other himdamental constants

Pirsa: 08070019

Page 63/122



Results: Gravitational Variation

 Can analyze for Gravitational Potential Dependence of «
due to the eccentricity of Earth’'s orbit around the Sun
(~0.02).

» Parameterize as:
o AU(1t) _ AU
—_— = ,L;Q = =2 o(Ar)=—-18 x 102 k, '_q{ - Hz
08 % & il
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Results: Gravitational Variation

-
I

- - -
-

b - -
-y

0 —
-4 e T SRR
L=

k =(-1.1+92)x10° kK,=(-16.9+£9.4)x10°

=

k_ =(-8.7 +6.6) x 10

irsa: 08070019
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Results: Gravitational Variation

{ ] -S0LT
I i i
= J "
i ] i
= r ] f
L. k. T { — L
- 1 = : ¥
2 r . 1 = -1004
3 2 ] S i
E :. - 1 - :
o i T — E
- r 14 i r
-y - -
= ] 8 -
100 1 Or
3 i = i
0L a L
O Dec ety 08 e wn 26 Dt Do ez 06 A & wn 5
v v

k,=(-1.1+92)x10° k,=(-16.9 +9.4) x 10°

k. =(-8.7 +6.6) x 105
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Results: Gravitational Variation

Comparison Parameter Constraint (<10™") Exp. Ref.
Het vs Cs k. +0.17k. 0.35 + 0.6 1]
H maser v« Cs £k, ——H,[.’LIE.;11 01177 -1;'1'
I} K. —-8.{ +6.6 3
Sr vs Cs k. + 0.36k,. —22 32 4

{_ |.|||_‘1|El| |E_ I.Ij ['-. I..l' 'II.;::.'-1 _' { "[,i!ll-',:.l.}""]'_""

s —

Combmation of optical clock vs Cs comparisons
ko 25131 4
2 —13+17 4]

kq —19+27 4

" After sign correction in Hg™ and H maser comparisons
11| T. Fortier et al.. PRL. 98. 070801 (2007).
.}J N. Ashby ef al.. PRL. 98. 070802 (2007).
= Seokierrell ef al.. PRA. 76. 062104 (2007).

(4] S Blatt ef al.. PRL. 100 140801 (2008).




Systematic Effects

- 1st generation apparatus not optimized for this experiment

Pirsa: 08070019

1s* Generation Apparatus Systematic Effects

Shift

Stray B-field/ Laser light polarization

Collisional

Detuning effect

ac Stark™
Doppler

Room temp. black-body radiation

Oven temp. black-body radiation

dc Stark™

Transition dependent

Estimated/Measured Size (Hz)
2_5

-2

<0.4

~(163-1)

<02

<0.1

<0.02

~ (104 — 10
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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:
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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:

\-7
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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:

\‘7
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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:

m, + ®, = Insensitive to « variation

\-7
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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:

m, + ®, = Insensitive to a variation

®, - ®, = o variation is twice as large

Pirsa: 08070019 Page 73/122



Stray B-fields

» |If unresolved Zeeman sublevels are:

sym. populated — leads to broadening ., but no shifts
asym. populated — |leads to broadening and shifts
AviIB=AGaght Mg, ~2 KHZ/MG
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Stray B-fields

» |f unresolved Zeeman sublevels are:

sym. populated — leads to broadening ., but no shifts
asym. populated — |leads to broadening and shifts
Av/IB=Agagit Mg, ~2 KHZ/MG B
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Stray B-fields

» |f unresolved Zeeman sublevels are:

sym. populated — leads to broadening . but no shifts
asym. populated — |leads to broadening and shifts
AvIB=AGagit Mg, ~2 KHZ/MG

Pirsa: 08070019
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Stray B-fields

« |f unresolved Zeeman sublevels are:

sym. populated — leads to broadening . but no shifts
asym. populated — |leads to broadening and shifts
AviIB=AGaghtMema~2 KHZ/MG

E |
'-nc‘\'-\.ﬂ "l'-_T:'

me>0

« Nominal config.: linearly polarized pop. beams — aligned state: no shifts

Pirsa: 08070019
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Stray B-fields

« |f unresolved Zeeman sublevels are:

sym. populated — leads to broadening ., but no shifts
asym. populated — |eads to broadening and shifts ] :
AvIB=AGagitMema~2 KHZ/MG - =

"ﬂq:‘\'-\.ﬂ "I‘..::ﬂ m:}ﬂ

« Nominal config.: linearly polarized pop. beams — aligned state: no shifts

» Systematic due to: spatially varying stress-induced birefringence on optics

— run-to-run variations due to laser pointing variations
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Stray B-fields

« |If unresolved Zeeman sublevels are:

sym. populated — leads to broadening ., but no shifts
asym. populated — |leads to broadening and shifts

AvIB=AGagt,Mema~2 KHZ/MG - =

mg <0 me=0 mie >0

« Nominal config.: linearly polarized pop. beams — aligned state: no shifts

- Systematic due to: spatially varying stress-induced birefringence on optics

— run-to-run variations due to laser pointing variations

« pafore mod

669-nm Laser Misalignment - w0 pol

= W poi

s
[
h &
]

R
a8
N

vo - 234 661 000 (Hz)
i
o
[
N

B @ & b L}
D W o oD = =
2 th & th © n
L]
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Collisional Effects

e Collisions with residual background atoms perturbs a
Dy atom undergoing rf transition

— lineshape broadening and shift

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

e Simple estimate:
c ~ 10 cm?
n =~ 3x10%° molecules/cm3at 1uTorr
v = 4x10%* cm/s

— {3\ o (ZE)-]' n - V - 2 Hz Page 80/122
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Collisional Data: N,

Vi - 234 661 000 'I”.I:I

-411[1-1:{.

N- Pressure (L Torm)

Collisional Shifts due to N: e 235 Mz
1)
| !'E«. 7 8 :i‘qu.'
- &"'!t y=-1.61 (2}x+ 115 (1) | s0
= g
4 = — i g
— |
- | - — i
T =%
- 4 _:l_l
— .“{ —_ _..’.lb
rd
F T y=163 (Hx- 119 - -60
1 Il L -80
-
i} 1k 0 ) iy 5 i) T L Qi | i}

vio - 3 074 000 (Hz)
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Collisional Shifts

Shift Coefficients (Hz/uTorr)

Gas

3.1-MHz 239-NHz
H, -0.09 (8) -0.02 (4)
He -1.27 (6) +1.25 (3)
Ne -0.02 (6) -0.01 (3)
N, +1.72 (7) _1.71 (5)
O, =5 -1.97 (30)
Ar +2.14 (11) -2.21 (7)
Kr +2.78 (9) -2.78 (7)
Xe +2.75 (10) -2.74 (7)

e collisional effects are consistent with those found

in 1-Torr measurements

Collisional perturbation of radie-frequency E1 transitions in an atomic beafii%## sprosiu

PHYSICAL REVIEW A 72. 063409 (2005)



Laser Detuning Effect
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Collisional Shifts

Shift Coefficients (Hz/uTorr)

Gas

3.1-MHz 235-N\Hz
H, -0.09 (8) -0.02 (4)
He -1.27 (6) +1.25 (3)
Ne -0.02 (6) -0.01 (3)
N +1.72 (7) -1.71 (5)
0, <5 -1.97 (30)
Ar +214(11) -2.21(7)
Kr +2.78 (9) 2.78 (7)
Xe +275(10) -2.74(7)

e collisional effects are consistent with those found

in 1-Torr measurements

Collisional perturbation of radio-frequency E1 transitions in an atomic beafii%§ # sprosiu

PHYSICAL REVIEW A 71 063409 (2005)




Laser Detuning Effect
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833-nm Laser Freguency ( MiHz)
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Laser Detuning Effect
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2" Generation Apparatus

* Ultra high vacuum system: ~10-'° Torr

—y 1 |

— collsional shifts ~0.2 mHz

i |

» New rf-electrode design

££

- ¥ a-- = TS - " r-a-n---a-—-a--"|.-*-- = P o " .-:': i
suppress effects associated with rf iInhomogeneit

o
)]
(/)]

« Better magnetic shielding to control stray B-fields, better laser light
polarization control and 3-axis B-field coils

—l 1 - " E -r-— = ey [ — P~ —— — e - TT
— supress B-field associated effects to 1TmH:

et

« Temperature control of the interaction region and ovens

reduce and control Black-Body shifts

~10 mHz sensitivity possible = |&/a]~5 x 1078 yr!
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2"d Generation Apparatus

Differentially pumped
chambers

1. Oven chamber
2. Gate valve
o dnteraction chamber

W)

o

F)

A. Dy effusive oven
B. Collimator

C. Laser access port

D. Two-layer magnetic shield

E. 4x Optical collection system
F. PMT viewport Page 83/122
G. RF electrodes



RF Interaction Region

Pirsa: 08070019

« Terminated rectangular coax. transmission
line = no cutoff for TEM mode: Broadband

- Impedance maitched coax. rf feedthru
joined to main region by a conical transition

« Wire grid electrodes with 50um Be-Cu
wires — transparent to atoms and light

= Two rf feedthrus for systematics

Page 89/122



Status and Future

- Has been operational for several months

- Differential pumping works: int. region pressure down to 10° torr
dominated by H,, (limited by baking)

« Laser detuning improved
» B-field effects: in progress
» Improve shielding with cryogenic

» Building some additional coils

» Cooled interaction region

- Improving laser locking

Pirsa: 08070019
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Status and Future

» Has been operational for several months

- Differential pumping works: int. region pressure down to 10° torr
dominated by H., (limited by baking)

» Laser detuning improved = -
» B-field effects: in progress

* Improve shielding with cryogenic

v, « T53 513 000 (1ie)
L]
L]
.
L ]
L

» Building some additional coils

833-nm Laser Freguency { MHz)

» Cooled interaction region

« Improving laser locking
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Status and Future

« Has been operational for several months

- Differential pumping works: int. region pressure down to 102 torr
dominated by H, (limited by baking)

» Laser detuning improved - a
» B-field effects: in progress

» Improve shielding with cryogenic

v, TASS13 000 (He)
.
.
L]
L]
)

» Building some additional coils

833-nm Laser Frequency (MHz)

» Cooled interaction region

» Improving laser locking

Pirsa: 08070019 Page 92/122
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Investigation of Dy Laser
Cooling
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Dy Laser Cooling
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Investigation of Dy Laser
Cooling
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Dy Laser Cooling
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Dy Laser Cooling

» Dy has never been
laser cooled

Pirsa: 08070019



Dy Laser Cooling

» Dy has never been
laser cooled

* Increase Beam
Brightness
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Dy Laser Cooling

» Dy has never been
laser cooled

* Increase Beam
Brightness

« Additional handle on
systematics

9999999999



Dy Laser Cooling

« Strong cycling
transition at 421 nm
but...
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Dy Laser Cooling

« Strong cycling
L el transition at 421 nm
LS pbut...

- Many possible trap
states exist
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Dy Laser Cooling

« Strong cycling
transition at 421 nm

but...
- Many possible trap

states exist

 Branching ratios are
not known, but
expected <104

22222222222



SHG Generation of 421 nm

« Use 1 cm PPKTP crystal with
TizSaph pump at 842 nm

Pirsa: 08070019



SHG Generation of 421 nm

« Use 1 cm PPKTP crystal with
TizSaph pump at 842 nm

« Single Pass Conversion
Efficiency about 1% at 650 m\W
pump power

PPETP Smale Pass Tomees Cwrve: 650 miV hapuot

irsa: 08070019




ldentification of Transition

« Used hollow cathode
lamp to find transition
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ldentification of Transition

« Used hollow cathode
lamp to find transition

* Five even and two
odd isotopes with
I=5/2 — rich structure
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ldentification of Transition

« Used hollow cathode
lamp to find transition

* Five even and two
odd isotopes with :
1=5/2 = rich structure
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ldentification of Transition

» Used hollow cathode
lamp to find transition

 Five even and two
odd isotopes with

I=5/2 should make for

rich structure
 Try again with atomic
beam

Pirsa: 08070019
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Identify Isotope Shifts and Hyperfine Coefficients for Odd
Isotopes

Dysprmosmm 421 am J=8—>9 Transzhon

| ¥]

Ld4
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Attempt to Push Atomic Beam

« Use strong pump beam with
weak counter-propagating
probe beam downstream
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Attempt to Push Atomic Beam

Use strong pump beam with
weak counter-propagating
probe atoms down stream
With 3.5 mW no significant
pushing

irsa: 08070019 Page 111/122




Pirsa:

Still Have Optical Pumping

By blocking and
unblocking pump
beam we see ~30%
gain in probe
fluorescence

0000000000000000000



Cavity-Assisted Doubling

« Cavity-enhanced second harmonic generation
* Promising results, but temperature stability of crystal is an issue
« Best conversion efficiency achieved: 90 m\W @ 335 mw Pump, 27%
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Cavity-Assisted Doubling

PPECTE Smmle Poss Timms e 65990 mW ypat

« Cavity-enhanced second harmonic generation

« Promising results, but temperature stability of crystal is an issue

« Best conversion efficiency achieved: 90 m\W @ 335 mw Pump, 27%
« About to try again with pushing/cooling
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But what about
parity nonconservation in Dy ?
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But what about
parity nonconservation in Dy ?

» The new apparatus 1s projected to have sensitivity to H _at mHz level
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But what about
parity nonconservation in Dy ?

* This 1s to be compared to

Pirsa: 08070019

mearch for parity monconservation in atomic dysprosinm

T 28 gt o RS
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But what about
parity nonconservation in Dy ?

* The new apparatus 1s projected to have sensitivity to H_ = at mHz level

e This 1s to be compared to

» We are working on 1it!

Pirsa: 08070019
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