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OUTLINE

« Background
— Importance of variation
— Why should fundamental constants vary?
— Current state of affairs

e Our experiment
— Producing cold, slow laboratory OH
— Measuring A-doublet transition frequencies

e Future work
— New experiment based on Th-229 nuclear transition



Why should we care If the fundamental
constants vary?

 They're supposed to be constant

* Varying fundamental constants violate
both Lorentz invariance and CP
symmetry.




wWhy should we think the fundamental
constants could vary?

« Attempts to unify gravity predict (or allow for)
space-time varying fundamental constants

) (2004).
. Interac_th dark

energy quintessence field leads to varying

fundamental constants.

—Quintessence - photon interaction — oo # 0
—Quintessence - electron interaction — om_ # 0

Physics Today 57, No. 7, 40 (2004).



Oklo Natural Nuclear Reactor
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e Currently 238U ~ 99.3% and 23°U ~ 0.7%

» 2 billion years ago 23°U ~ 4% (typical
reactor concentrations)

* Neutron capture cross-section for 1499Sm

The uranium isotopes found at Oklo strongly sensitive to Ao because of 97.3 meV
resemble those in the spent nuclear fuel resonance

generated by today's nuclear power plants.

Taken from: http://www.ocrwm.doe.gov/factsheets/doeymp0010.shtml



Oklo Reactor
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Atomic clock measurements

Simple ldea:
Measure atomic transition frequencies and see if they vary with time

Problem: Optical transitions:

To measure a frequency you need a ‘clock’ v. ~ Ry F(a)
(i.e. another frequency)

Hyperfine transitions:
Solution: Vi T o (Ul Hp)RY Fj(OC)

Use Cs hyperfine transition as a reference

Relativistic Correction:
F(a) ~ oN

Fractional variation:

d VO tical :|
—In i = (N ica
dt [ Ve Optical

S




Atomic clock measurements

171YDb+* |level scheme

Several excellent experiments:

F_ 5/2].,
199Hg+ vs. Cs " F:EIJ [3,2]1.3
H vs. Cs ; o
935.2 nm 638.6 nm
lyptvs.Cs SR
Rb vs. Cs

Future: Sr, Yb, Ca,
Al+. ..
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Oklo Analysis




Ao/a Status

Atomic Clock Data;
PRL 98 070801

e (Oklo Analysis
e Atomic Clock Data
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Astrophysical measurements

Quasar Absorption:

» Conceptually the same as atomic clock measurements.
» Quasars emit over a large spectrum

» Look for absorption from gas between the quasar and us

Other possibilities from astrophysics:

 Non-zero Ao causes change to the

CMB pattern. Look back to z ~ 1000,
Ao ~ 103

PRD 60, 023516
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« Big Bang Nucleosynthesis

1.5
Redshift

Taken from: R.Srianand et al PRL, 92 121302



Ao/a Status

Atomic Clock Data;
PRL 98 070801

e (Oklo Analysis
e Atomic Clock Data
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Ao/a Status

Oklo Analysis
Atomic Clock Data
Quasar Data

as
Re-analysis by different group yields a sﬁﬁv

/ ®
Later results show no shift.
Mon. Not. R. Astron. Soc. 327,
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Quasar Data:
PRL 87 091301
PRL 92 121302

Atomic Clock Data:
PRL 98 070801




Recap

 Modern epoch (and then some) consistent

with zero
e Constraints are rapidly improving with no end in sight

« Early universe not so clear

e Lack of control of systematics in astrophysical
measurements neccesitates the need for an ‘ultimate’
check

OH Mega-masers allow interrogation of the early universe AND have

an ‘ultimate’ check for systematics



Molecular structure: What 1s a molecule?

ICNEYeYi ]  © Electronic potentials
~300 THz (~ 1.5 eV)

e Vibrational levels
~0.1-1THz

e Rotational levels
~0.1 -1 GHz

Internuclear distance R Two levels for qubit



PA Primer: Electronic state labeling

» Heteronuclear diatomic molecules possess only axial symmetry
- different good quantum numbers than for atoms

c Q=|A+3
« J=Q+N

» Electronic potentials are labeled as 2**1A,
-2, I1L A, ... statesfor A=0, 1, 2, ...
(i.e., 3%, state has A=0, =1, Q=1)

* Good quantum #’s are A, 2, Q, J, m; (or just 2, J, m,)




Using OH transitions to constrain o

Hyperfine
interactions ~ a 4

OH megamasers

7

High redshift z > 1

Darling, Phys. Rev. Lett 91, 011301 (2003).
Chengalur et al., Phys. Rev. Lett. 91, 241302 (2003).
Kanekar et al., Phys. Rev. Lett. 93, 051302 (2004).

Allows for measurements of multiple transitions from the same gas cloud
(Doppler shifts constrained and self check on systematics from closure)
Previous uncertainly in laboratory based experiments is 100-200 Hz, which

leads to Ao/a ~ 10
ter Meulen & Dymanus, Astrophys. J. 172, L21(1972).



Using OH transitions to constrain o

Astronomical observation:
O = Ay 0 O - 12(Ay,-Ayy) 0, * + RSy,
Wy = Ay 0 O+ 1/2(Ay.-Ay,) o, *+ RS,

Lab measurement:
Wy = AA (AOL T OLo) Y - 1/Z(AHJF'AHjL) (AOL T OLo) !
W) = AA (AOL T OLo) 4+ 1/ 2(AH+'AH+) (AOL T OLo) )




First make the molecules : Sourcery

Valve Body

- Discharge Plate \\Q__\ >

Supersonic
Expansion:

-Cold molecules
moving at a few 100
m/s.




Stark deceleration

Second step: slow the molecules in to the rest frame of the lab

/\

Position

Conservative process, no cooling
Phase space selection

Phase space area linked to the
deceleration angle (¢,)

Phase space rotation
(constant density)

Resembles a pendulum driven
by a constant torque



Basic energy structure of OH

Basics:
-Discharge H,O in Xe

-Ground State 115,

-A doublet spacing
~1.7 GHz

-u=1.67D



pulsed

skimmer

69 pairs of slower electrodes electrostatic trap
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Photon Counts (300 Records +)
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Photon Counts (300 Records +)
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3D Monte Carlo Simulation Results

OH LIF Signal [arb.u.]

| ' | '
2.0 2.5 3.0

Time from discharge [ms]



Experimental Set-up

* All metal detection area
e Slowed OH beam

Decelerator

Detection can

Excitation laser

Microwave cavity







Hyperfine structure

F = me=-2 -
f
F' =

1]

F=1

(Me)+2 = 2 X (Me)+ 1

Transition dipoles are
different by a factor of two.



Double Rabi flopping
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Rabl flopping (F’ =2 —F =2)

Molecular beam  Microwaves on Detect population
for VARIABLE time in initial state
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Rabl flopping (F’ =2 —F =2)

Molecular beam Microwaves on Detect population
for FIXED length in initial state
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Transition lineshape and center

F=2"'— F =2 Transition
I At fixed
beam speed
and pulse
duration:

Vary
detuning
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Ramsey Spectroscopy, 2— 2
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Ramsey Spectroscopy, 2— 2
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Ramsey Spectroscopy, 2— 2
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Line Center Summary
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Ao/o?

This measurement will allow an order of magnitude
Improvement:

Aa/o. =1 ppm over 10! years

» Same as atomic clocks if assume time derivative is linear
» Can probe spatial changes

Still waiting on astrophysical result...

— Over 100 hours of data taken on GBT, but analysis is bogged
down by some terrestrial noise

— New data set from Arecibo being analyzed (N. Kanekar)

The future is bright
— Because the frequency is in the cooled L-band no resolution
limits yet
— New telescopes coming on-line in the next 10 years can
approach our resolution with only a few hours of data collection



Using OH transitions to constrain o

Astronomical observation:
O = Ay 0 O - 12(Ay,-Ayy) 0, * + RSy,
Wy = Ay 0 O+ 1/2(Ay.-Ay,) o, *+ RS,

Lab measurement:
Wy = AA (AOL T OLo) Y - 1/Z(AHJF'AHjL) (AOL T OLo) !
W) = AA (AOL T OLo) 4+ 1/ 2(AH+'AH+) (AOL T OLo) )

Dirty secrets:
1. Aii+==~AH_ reduces the effect of the.c:*term

Use Satellite lines
ese trarsiions depend weas.on Q.

Use all 4 lines... really just want to see something first

hado VYV AAGRL SRR/ U A S wamnw w— ——o0 -



Measuring the Satellite Lines

 Satellite lines are much more
sensitive to magnetic fields 12,0.f> —|1,0,e>
Afy = 1720529887(10) Hz

 Main lines: ~ kHz/Gauss
o Satellite lines: ~MHz/Gauss

* In our experiment we could
apply a very uniform field

200 300 400 500 600
B-field (mG)

v, = 1612230 825 (15) Hz
v, = 1720 529 887 (10) Hz
Ao/a, = 30 ppb over 10!V years




Ao/o Status

Oklo Analysis
® (Quasar Data
e Atomic Clock Data
—— OH Projected
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Quasar Data:
PRL 87 091301
PRL 92 121302

Atomic Clock Data:
PRL 98 070801




Ao/o Status

Oklo Analysis
Quasar Data
Atomic Clock Data
OH Projected

Ao/ax 107° yr'1

Quasar Data:
PRL 87 091301
PRL 92 121302

Atomic Clock Data:
PRL 98 070801




Th-229 (Yale)

* Transition frequency is (probably)
fantastically sensitive to constant
variation:

V. Flambaum, arXiv:physics/0604188
29.19

 Linewidth is ridiculously small:
<100 uHz

B~08

572" - ———

5/21633] 3/2[631]
165 nm
Figure taken from PRC 61 064308

 The greatest clock ever



Th-229

How do you optically observe a nuclear transition?

Previous proposals (incomplete):
Vapor cell-like experiments

Hayan drinohjptiga Ge Hedessibd alminietastizebisi nooleav stytamvigue.

Whatvans ¢haferoptdoesvitrbisnthahdl éotdotior transytionthdonatd:
photons and alphas.

1. LesdsensidatallpHypefmvineibsaint (heosylectronic transitions.

2. Trapnlasersdoelad Thdr and ddtéet temetastable state by
monitoring the frequency of a hyperfine sensitive transition

3. of thecwalpnedielectrons as you scan a laser hoping to excite
the nuclear state.

poys.
1+2+3— Putitina sohd to look for transitions (and
do NMR spectroscopy or look for decay products)



Th-229

General Idea (first we just need to see the state):

A few notes about detection:

1. TIR makes solid angle of
detection ~ 41
2. PMTs are excellent here

(QE ~ 40%!)
VUV transmissive material 3. Use of monochromator and
doped with Th-229 exploiting the long time scale
should give excellent
Tunable laser @ 165 nm + 10 nm background discrimination.
* H, Raman Cell 4. NMR detection of the change in
» Eventually you’ll want a nice CW laser I is potentially background free.
* VUV comb (Th232 has I = 0)

5. Also look at decay spectrum.



Th-229

What are the possibilities for VUV transmissive materials?

Ionization Energy

Readily available

1. CaF, Th |6.1¢V
2. MgF, } Th, ThF,, or ThF,? Thtl| 11.5eV
3. LiF Th+2 20 eV

4. Modified Fused Silica (157 nm photo-lithograpy)? Th3 | 28.8 eV
Not so easy

1. Ce:LiSAF

2. Ce:LiCAF
 High transmission down to 110 nm

 Developed for tunable UV lasers around 300 nm based on Ce>*.

* Crystal developed specifically to handle large amounts of UV power
AND to maintain the Ce** level structure!

* Would expect Th3* to not be modified so could verify its presence
by strong absorption on the d — f line (t ~ 10 ns).



4 Conduction ban

d of LiCAF

5d levels
of Ce**

‘%‘J A
Absorption

(A) Absorption
(B,C)

Fluorescence
(~290 nm)

A 4

4f levels

‘774, of Ce**

Valence band of L

iCAF

 5s and S5p level shield 4f electron from crystal

field

» Seems band gap is large

WTCETNISICY (arQ, wnics)

Absorption CoefMcient cm )

Taken from: J. Crystal Growth 211 (2000) 302.

Excitation Spectrum

- Ce:LiISAF
— Ce:LiSCAF
Ce:LICAF
(B)
12nm  Ahsorption Coefficient
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| ' 1% Transmission li
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Cryst. Res. Technol. 36 801 (2001)




Th-229

Back of the envelope signal-to-noise calculation:

Resonant cross-section:

AT

o=
2w Aw,

Parameters:
['=2r (10 uHz)
A= 165 nm

For Aw; =1 cm, P =10 pJ, 10 ns pulse, ] mm X 1 mm XTAL:

NExcited = NTotal G N

photons

Th-229 Specific Activity:

0.161 pug/uCi

After one pulse:
Nroa I Negeitealt = 0)
1 uCi 0.3
10 uCi 3
100 uCi 30
1 mCi 300

AAtesorpldns:
IENp| .6 £ Q)
Lapb)
200 ppH
1241p6)
PGPl



Th-229

Possible “flies”:

1.

2.

Th-229: $50, 000 per mg

Fabrication of XTAL, Thorium is radioactive (7900 yr half life)
165 nm laser system

Electron Bridge mechanism

Background from long-time scale fluorescence in crystal (?)
Forming of color centers, leading to more of #5.

Broadening due to Hyperfine coupling to electronic cloud and/or nuclear electric
quadrupole moment
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