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+ 1997: Laser cooling (Since 1986) (F¢tARBLE SR T)
v' S. Chu, B. Philips and C. Tonugui

+ 2001: Bose-Einstein Condensation (since 1995) (FH3%
{8 R 5e45)

v C. Wiman, E. Cornell, W. Kettler

+ 2005: H9999;3recision measurement and Comb laser

(since 1 (FH IR TFEHDE)
v' R. Clauber, T. Hansch, J. Hall

+ %EOll: Quantum manupilation and control (FH &%
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6S-8S one-photon is even more
sensitive to parity violation

3S

4 A
Heavy nuclear offers an
excellent basis for testing 2Dy,

electric-weak theory I Y A 205 nm
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Clock transitions
411 nm: °S,,— D, 7=7ms  Robertsetal, PRAEO, 2867 (1999)

435 nm: 251,.“2 — 1[:]3}.2 T=52 ms Tamm etal, PRA 80, 043403 (2009)
467 nm: °S,;, —*F;; 7~ 4000d Huntemann etal, PRL 108, 090801 (2012)
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frequency instability 40 Hz _  cesium 6S-8S
Over 3.2*10% Hz duty cycle dipole not allowed transition
4 30 MHz
Opt. lett. 32, 563 (2007)
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Advantage for a intracavity scheme

F=3 — 5to

F=4 — 6to 2
Journal of the Phyvsical Society of Japan
I ) Waol. 74, No. W, September, 2005, pp. 2487-249]
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laser power: 32 W/mm?
Il Ti;S:~100 thousand USD

Freq.

P

65, 5—6D, ), F=4—F=6-2

68, ,~6D; ), F=3—F=5-1

Opt. lett. 36, 76 (2011)

I
- laser power: 0.2 W/mm?
diode laser:~3 thousand USD

perfect beam overlapping

X §5 5 &k 3% 9 % % (Laboratory for comb laser based spectroscopy)
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‘4_ T = 1/A _,‘ Phase velocity = Group velocity

D. J. Jones, S. A. Diddams, J. K. Ranka, A. Stentz, R. S. Windeler, J. L. Hall, S. T. Cundiff, Science 288, 635 (2000).

f,=nA-6
/ A = repetition rate=1/T
6 = Comb offset from
) 1 A A harmonics of A
¢ Phase slip b/t carrier &
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1. no 1f-2f interferometer scheme

2. all comb parameters referring to
atomic cesium transitions TR
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(Optics Letters 38, 3186 (2013))

Opt. Lett. 38, 3186 (2013)
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Center uncertainty: 300 Hz

Why It Is a pretty

composition in the eyes of
a spectroscopist?

The spectrum could be
performed step-by-step
for each step as tiny as

one wish
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high symmetric fitting residual 10-2 fitting residual
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Absolute frequency of cesium 65-85 822 nm two-photon transition by a high-resolution scheme

Published in Optics Letters, Vol. 38 Issue 16, pp.3186-3189 (2013)

by Chien-Ming Wu, Tze-Wei Liu, Ming-Hsuan Wu, Ray-Kuang Lee, and Wang-Yau Cheng
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Spotlight summary: Optical frequency measurements made a giant step forward 13 years ago when Ted Haensch and Jan Hall
and their colleagues showed how to use a mode-locked laser to count optical frequencies. This Nobel-prize winning research made
it possible to measure laser frequencies with mind-boggling precision. Scientists were suddenly able to spend less time babysitting
lasers and to spend more time on atomic physics -- perfecting the science of stabilizing lasers to atomic transitions. The world
record in this game is held by NIST, where a fractional frequency instability of only 1.6 x 10'® has been demonstrated.
Ultra-stable lasers have applications in geodesy, interferometry, metrology. time-keeping, and communication. They are also used
to challenge scientific ideas on a very fundamental level. in areas ranging from testing QED calculations in simple atoms, looking
for parity non-conservation, and searching for possible variations in the values of fundamental constants.

For some of these applications, it is not enough to have a stable laser. Its absolute frequency must also be known. As of right now,
the amazing stability of NIST-class lasers is not routinely available. The clockwork required for absolute frequency measurements,
while available commercially, is not always convenient to have on hand. So it is important to have well-known "secondary"
frequency standards that can be conveniently and inexpensively reprocduced in nearly any laser lab where an absolute frequency
needs to be measured.

The paper by Wu et al. is an impressive example of one such secondary standard. They measured the absolute frequency of the Cs
6S-8S transition at 822 nm. Their approach is a variation of modulation transfer spectroscopy using cw lasers. They use a
semiconductor laser at 822 nm to excite the two-photon transition and measure the fluorescence cascade photons in the blue. The
cw laser frequency is measured using a self-referenced fs-laser-based frequency comb.

While the methods are somewhat routine. their result is astonishing. Finding that their measurements disagreed with high accuracy
results in the literature, Wu et al. measured the 6S-8S transition frequency in 10 different Cs vapor cells. In former times, research
groups made their own cells, repeatedly distilling and purifying Rb or other elements before sealing them off. But nowadays it is
simply more convenient to buy cells from one of many different vendors. It has long been believed that commercial vapor cells
were clean enough to allow accurate spectroscopy at the 10 kHz level, corresponding to a fractional frequency uncertainty of 3 x
107!, The surprising result from Wu’s work is that the 6S-8S transition varies by hundreds of kHz in their cells. Cells with the
largest shifts correlated with broader line widths, up to nearly a factor of 2. This is not pressure broadening due to Cs in the cell--
that has been taken out in their work. The shift and width are due, evidently, to impurities in the cell. Without a reasonable theory
to guide them, they chose to quote their measured transition frequency from the cell with the narrowest line width -- the transition
width that was closest to the natural linewidth.

This work has significant implications. Not only is every commercial vapor cell suddenly suspicious. but measurements that used
a Rb or Cs or 12 or other vapor cell as a secondary frequency reference are called into some doubt, Wu’s work included.
Cell-based spectroscopy, when used as a secondary frequency standard, is in the uncomfortable situation of having potentially
large and unknown uncertainties. A high-accuracy measurement in an ultrapure and collision-free environment is certainly
warranted. Atomic theory also has a near-term opportunity to explain what Wu et al. have measured, and to guide future
measurements in this field.

The need for reliable secondary frequency standards is not going away. Wu’s results are a challenge to the field of spectroscopy.
Cell manufacturers may need to develop some way of testing and validating their products. But until this is resolved. it looks like
spectroscopists have a little more work to do.

--Scott Bergeson
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PHYSICAL REVIEW A 00, 002500 (2015)

Quantum interference in two-photon spectroscopy for laser stabilization and cesium-cell comparison

Chien-Ming Wu."* Tze-Wei Liu."»*® and Wang-Yau Cheng’+"
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Journal of Physics B, Vol. 47, 225205 (2014)

Nathan D Zameroski', Gordon D Hager~, Christopher J Erickson” and
John H Burke”

'Space Dynamics Laboratory, Logan, UT 84341, USA
*Department of Engineering Physics, Air Force Institute of Technology, Wright Patterson Air Force Base,

OH 45433, USA
* Air Force Research Laboratory, Space Vehicles Directorate, Kirtland Air Force Base, NM 87117, USA



2.9. Helium diffusion and implications on glass vapor cell
atomic frequency standards

cell and it is baked. The results of Wu er al [51] may be
explained by helium diffusion. In their experniments, the
absolute frequency of the Cs 65 — 858 (822nm) two photon
transition was found to vary by ~400kHz 1n ten vapor cells.
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vV ska 3 7k (Review of Scientific Instrument, 2005)
v 37k 47 48 % (Optics Letters, 2007)

VATFR KT B (Applied Phys. B, 2014,2008)

VA2 % f247 % 2 (Optics Letters, 2011)

v R 3 BT 5% s £ 2 (Optics Letters, 2013)

VS § 3 F e g % (Physical Review A, 2015)
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