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Direct Link between Microwave and Optical Frequencies
with a 300 THz Femtosecond Laser Comb

Scott A. Diddams,* David J. Jones, Jun Ye, Steven T. Cundiff, and John L. Hall’
JILA, University of Colorado, and National Insti; of Standards and Technology, Boulder, Colorado 80309
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Ronald Holzwarth, Thomas Udem, and T.W. Hénsch

Max-Planck-Institut fiir Quantenoptik, 85748 Garching, Germany
(Received 17 February 2000)

We demonstrate a great simplification in the long-standing problem of measuring optical frequencies
in terms of the cesium primary standard. An air-silica microstructure optical fiber broadens the frequency
comb of a femtosecond laser to span the optical octave from 1064 to 532 nm, enabling us to measure the
282 THz frequency of an iodine-stabilized Nd:YAG laser directly in terms of the microwave frequency
that controls the comb spacing. Additional measurements of established optical frequencies at 633 and
778 nm using the same femtosecond comb confirm the accepted uncertainties for these standards.

PACS numbers: 42.65Re, 06.20.—f, 42.62.Eh

—e—

@bgoncalves

Phase Coherent Vacuum-Ultraviolet to Radio Frequency Comparison
with a Mode-Locked Laser

J. Reichert, M. Niering, R. Holzwarth, M. Weitz, Th. Udem, and T. W. Hédnsch
Max-Planck-Institut fiir Quantenoptik, Hans-Kopfermann-Strafe 1, 85748 Garching, Germany
(Received 18 November 1999)

‘We demonstrate a versatile new technique that provides a phase coherent link between optical fre-
quencies and the radio frequency domain. The regularly spaced comb of modes of a mode-locked
femtosecond laser is used as a precise ruler to measure a large frequency gap between two different mul-
tiples (harmonics or subharmonics) of a laser frequency. In this way, we have determined a new value
of the hydrogen 1S5-2S two-photon resonance, fi52s = 2466061413 187.29(37) kHz, representing now
the most accurate measurement of an optical frequency.

PACS numbers: 06.30.Ft, 31.30.Jv, 42.60.Fc, 42.62 Fi
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‘We demonstrate a great simplification in the long-standing problem of measuring optical frequencies
in terms of the cesium primary standard. An air-silica microstructure optical fiber broadens the frequency
comb of a femtosecond laser to span the optical octave from 1064 to 532 nm, enabling us to measure the
282 THz frequency of an iodine-stabilized Nd:YAG laser directly in terms of the microwave frequency
that controls the comb spacing. Additional measurements of established optical frequencies at 633 and
778 nm using the same femtosecond comb confirm the accepted uncertainties for these standards.
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Phase Coherent Vacuum-Ultraviolet to Radio Frequency Comparison
with a Mode-Locked Laser

J. Reichert, M. Niering, R. Holzwarth, M. Weitz, Th. Udem, and T. W. Hénsch

Max-Planck-Institut fiir Quantenoptik, Hans-Kopfermann-Strafe 1, 85748 Garching, Germany
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We demonstrate a versatile new technique that provides a phase coherent link between optical fre-
quencies and the radio frequency domain. The regularly spaced comb of modes of a mode-locked
femtosecond laser is used as a precise ruler to measure a large frequency gap between two different mul-
tiples (harmonics or subharmonics) of a laser frequency. In this way, we have determined a new value
of the hydrogen 15-2S two-photon resonance, f1s2s = 2466061413 187.29(37) kHz, representing now
the most accurate measurement of an optical frequency.

PACS numbers: 06.30.Ft, 31.30.Jv, 42.60.Fc, 42.62.Fi
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Phase Coherent Vacuum-Ultraviolet to Radio Frequency Comparison
with a Mode-Locked Laser

J. Reichert, M. Niering, R. Holzwarth, M. Weitz, Th. Udem, and T. W. Hinsch
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We demonstrate a versatile new technique that provides a phase coherent link between optical fre-
quencies and the radio frequency domain. The regularly spaced comb of modes of a mode-locked
femtosecond laser is used as a precise ruler to measure a large frequency gap between two different mul-
tiples (harmonics or subharmonics) of a laser frequency. In this way, we have determined a new value
of the hydrogen 15-2S two-photon resonance, fis.2s = 2466061413 187.29(37) kHz, representing now
the most accurate measurement of an optical frequency.

PACS numbers: 06.30.Ft, 31.30.Jv, 42.60.Fc, 42.62 Fi
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[rade Imbalance
Nncoming citations - Outgoing ctations
AS = Szn — Sout

AS >0 'Exporter - source of Knowledge
AS <0 ‘Importer - Sink of Knowledge
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Network Bvolution
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<nowledge Diftusion Proxy

AS]|
/Fij Sout

Lij = wij — wjq

F.. — T3] if Ty <0
o1 0 otherwise
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<nowledge Diftusion Proxy

AS]
Sout

Table 1 | Rankings from Knowledge diffusion proxy algorithm for top 3 producer cities in 2009. In bold, we highlight cities that are present in
top 10 consumers ranked according to the knowledge diffusion proxy but do not appear in top 10 cities ranked according to local citation
unbalance
Boston Berkeley New Haven
Diffusion proxy Citation unbalance Diffusion proxy Citation unbalance Diffusion proxy Citation unbalance
Athens Madrid Athens Athens Berlin Vancouver
Madrid Athens Gwangiju Madrid Athens Paris
Vancouver Vancouver Bratislava Bratislava Mainz Trieste
Gwangju Moscow Madrid Paris Vancouver Athens
Bratislava Paris Vancouver Vancouver Gwangiju Gwangiju
Berlin Tokyo Trieste Gwangiju Trieste Bratislava
Trieste Trieste Waco Moscow Bratislava Madrid
Mainz Beijing Paris Trieste Coventry Liverpool
Paris Berlin Berlin Seoul Valencia Oxford
Waco Gwangju Mainz Waco Madrid Santa Barbara
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Top Producers and Consumers
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Table 3 | Percentage of top 100 ranked cities in continents in 1990
and 2009
Continent 1990 2009
Sclentific Production Ranking &, 0% 5o
N. America 72.0% 56.0%
HO\/\/ d@ y@u diﬁuge 103% T Endn gk 1 o T S T
sclentffic credit’s > |
- | :
é I Shanghai - i i
. " — Waco . I
Which ciies have the g 10 Berlin.. E
Most Impact’” S | eeiing: 1
o | : '
O I I **e -
= i
= 10’ - Piscataway il
2 = [ i I @
PIIQZ,—F(l—q)Z Oit Wﬂ—|—(1—q)Z,ZP]A(5]0”t) G_J 1 ° Chlcagﬂ I
o f' 3 I :
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ranking based on the number of publications
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City Ranking Over Time

2000

Piscataway

rank 1990 1995

1 Piscataway Boston-

5 __>< E———
3 Berteley e

4 Palo Alto Los Angeles

5 Yorktown Heights New York City

6 Los Angeles Urbana

7 New York City {

8 Los Alamos //-— Lemont

9 Princeton Palo Aitc\

10 Batavia \

11 .« Philadelphia ~—.__ S

12 Madison 2 '
13 Rochester \_""r ¢ /
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16 Santa Barbara Fﬂnr:emn
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20 Batavia Santa Barbara ———_
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ISCLISSION Sci. Rep. 3, 1640 (2013)

¢ \/\le analyze over 50 years of APS citation data,
® |Ne addition of geolocation information allows for new analyses and insignts,

e [Ne kKnowledge diffusion proxy can chart the diffusion of knowledge, going beyond local
measures,

¢ \/\l& can observe the rise of new Physics production centers, indicating a less Us
centric era,

e Network measures are reguired to provide a global view of scientific production anc
mpact,

e Our methodologies can be easlly applied to other fields and datasets,
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