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Core NIST metrology role 
Time by far the most accurately realized SI unit (<1 x 10-15) 
Other units depend on time (length, ampere, candela) 
+ more? 

Support for U.S. industry 
Enhanced timing capabilities: femtoseconds vs. picoseconds 
Optical communications systems 
New methods for distribution of length standards 
High sensitivity transducers for other quantities (e.g., geodesy) 

Precision metrology and fundamental science 
Tests of fundamental physics 
Improved timing for high energy physics and astronomy 
Search for new physics 

OFM Group – overview and motivations 

Optical Frequency Measurements Group 
~ 30 scientists (5 postdocs, 11 grad students, 3 visiting scientists) 
Focuses on neutral atom optical frequency standards (Andrew Ludlow) + 
fs-laser frequency combs (NIST Fellow Scott Diddams) 
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Optical clock uncertainty through the years 



Building blocks of an optical atomic clock 

  

 E = hν0  
    υ 

Δν 

 ν0  
    

Laser linewidth ~ 1 MHz Laser linewidth ~ 1 Hz 

Frequency Comb 

Freq Shifter 



 
     Lattice clocks based on Sr (~18), Yb (~9), and Hg (~3), and Mg

  

 
     Confine atoms tightly in a 1-D or 3-D standing light wave 

Why use an optical lattice? 

• 	  	  Tight	  con+inement	  	  	  	  	  	  	  	  	  	  Doppler	  &	  recoil-‐free	  

• 	  	  Long	  interaction	  time	  	  	  	  	  	  	  	  	  high	  Q	  

• 	  	  Large	  numbers	  (~104)	  	  	  	  	  	  	  high	  S/N	  
   N τ σy(τ)   =  
Τ 

   ν0 

Δν 



 
(1)   Choose a J = 0 → J = 0 transition to remove ê dependence  

        (Katori 2001)  
(2)  Tune λlattice to λmagic  →  α1 = 0   (Δνclock / Δνlat ~ 10-8) 
 
(3)   Investigate higher order shifts (e.g., Δα2), M1, E2 effects 

   residual ê dependence 
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Δα1 = α1(1S0) - α1(3P0) 

Δν = Δα1(νlat, êlat) I + Δα2 I2… 

Controlling the lattice-induced shifts 



λprobe 

399 nm 
MOT 
 50 ms 

N ~ 106 

T ~ 5 mK 

556 nm 
MOT 
 50 ms 

N ~ 106 

T ~ 50 µK 

Probe atoms 
in lattice 
 ~ 360 ms 

N ~ 104 

T ~ 2-15 µK   

Normalized 
shelving  
detection 

  

λlattice 

Lattice clock measurement sequence 
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171Yb 
Τ = 300 ms 

ΔνFWHM ≅ 3 Hz 

Spectroscopy of atoms in an optical lattice 
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Spectroscopy in an optical lattice 
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Averaging time τ (s)

gravitational variation (at 3cm)  

First demonstration of atomic clocks averaging into 10-18 s 

An optical clock with 10-18 instability 

Hinkley et al., Science 341, 1215 (2013) 

3.2 x 10-16τ-1/2 



Instability for different clock systems 

fountain: J. Guena et al., TUFFC 59 391 (2012), single ion:  Chou et al., PRL 104, 070802 (2010)  
Still above the instability formula limits 



Cavities – present and future 

Continual improvement of optical reference cavities and 
locking techniques are a critical part of our program 

Low atom projection noise limit for optical lattice clocks means clock laser 
frequency noise (i. e., clock pre-stabilization) often limits lattice clock stability  

- Newly installed cavity has a Finesse of 
700,000 and a linewidth of 590 Hz.   

- Multi-layer shield yields residual drift = 
35 mHz/s, compensated to 0.2 mHz/s.  

��IWXMQEXIH�XMQI�GSRWXERX��H

   time scale temp fluctuations

Future plans include building cavities with lower fundamental thermal 
noise limits, even at cryogenic temperatures  

5	  K	  



Spectroscopy of atoms confined in an optical lattice Recent spectroscopic results 
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Preliminary results indicate lowest clock stability to date worldwide 

Upper limit of 1-2 x 10-16 @ 1 s for 
clock laser and atom signal 

Δν = 1.4 Hz Δν = 0.65 Hz Q ≈ 1015 



Blackbody  -250 25 

Lattice polarizability 37 21 

Cold Collisions -161   8 

First-order Zeeman    4   4 

Second-order Zeeman -17   1 

Probe light 0.5   2 

AOM phase chirp 0   1 

Others 0   1 

Total -38.7 3.4 

Effect                      Shift (10-17)  Uncertainty (10-17)	  

Systematic Total: 3.4 x 10-16 

Lemke et al, PRL 103, 063001 (2009) 

Frequency uncertainty for NIST Yb clock 



2 x 10-5 

uncertainty  
<1 x 10-3 
uncertainty 

~ 0.03 K effective temperature uncertainty 

1 x 10-18 BBR clock uncertainty 

Reducing the blackbody uncertainty 
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Scans of the 1S0-3P0 clock transition:

Beloy et al. PRL 113, 260801 (2014).  



Zeroing in on the magic wavelength 
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Yb clock: Present status/upcoming measurements 

- Finish evaluation of systematic effects at the 10-18 level  
Blackbody  -250 25 

Lattice polarizability 37 21 

Cold Collisions -161   8 

First-order Zeeman    4   4 

Second-order Zeeman -17   1 

Probe light 0.5   2 

AOM phase chirp 0   1 

Others 0   1 

Total -38.7 3.4 

- Frequency comparisons with other clock systems 

JILA Sr lattice clock 

NIST Al+, Hg+ ion clocks 

NIST Cs fountains 

- Construction of a third, transportable system 

- overcome time transfer limitations 

- prototype for new, optically-based NIST Timescale 

atomic sample to the 2 µK, with a final population of 1 x 106 
atoms.  

 

 

Figure 4.  Top: Section view of the 1st generation strontium atomics 
package. The extension of the vacuum system is ca. 110 cm x 35 cm x 40 cm 

(150 liters). Bottom: clock breadboard with some of its laser subsystems. 

 

Figure 5.  Absorption images of the 88Sr sample and time-of-flight (TOF) 
measurements of the atom cloud size (graphs) at the end of the “broadband” 

(top) and “single-frequency” (bottom) phase. 

 

Figure 6.  Optical setup of the vertical optical lattice at 813 nm, showing 
also the clock radiation input. 

Subsequently, the 88Sr atoms are then loaded into a vertical 
1D optical lattice, realized by means of the external-cavity 
diode laser at 813 nm developed for this project. In Fig. 6 the 
design of the optical setup implemented for the vertical 1D 
lattice is shown. Light coming from the 813 nm laser source 
is sent through a beam expander, focused on the atomic cloud 
at the center of the main chamber, recollimated and then 
retro-reflected. With an available power of 280 mW and a 

waist of 50 µm, the estimated lattice trap depth is about 5 µK. 
The infrared beam has been aligned on the cold atomic cloud 
with the help of a resonant blue beam copropagating with the 
infrared beam.  
Fig. 7 shows an absorption image of the atomic sample 
trapped in the optical lattice after the single-frequency 2nd 
stage MOT phase. About 50% of the atoms (5×105) are 
transferred from the latter into the lattice trap. The observed 
lifetime of the atoms in the trap is about 1.4 s, indicating that 
heating effects due to amplitude or frequency noise coming 
from the (unstabilized) 813 nm source are low. 
For a preliminary clock spectroscopy test, the stationary 698 
nm clock laser developed in Firenze  [8] was used, which has 
a frequency stability of 10-15 for integration times between 10 - 
100 s. Laser light, resonant with the 1S0-

3P0 clock transition, is 
coupled through a dichroic mirror along the direction of the 
lattice (Fig. 6). An AOM is employed to precisely control the 
timing, frequency and intensity of the excitation pulse on the 
atomic cloud. Preliminary results of magnetic-field-induced 
spectroscopy on the clock transition for the 88Sr isotope are 
shown in Fig. 8. For these measurements we applied a 
constant magnetic field B (along the polarization of the clock 
laser field and the trapping field) by inverting the current on 
one of the MOT coils. By reducing the magnetic field (B = 1.1 
mT) and the interaction time (T = 300 ms) we observed a 
minimum linewidth of about 410 Hz (left plot in Fig. 8).  

As demonstrated in [9] it is possible to find the transition on a 
day-to-day basis even without a precise calibration of the laser 
frequency by adding a 200 kHz chirping (with 2 s period)  on 
the clock laser frequency and increasing the interaction time to 
1 s. 

 

 

Figure 7.  Left: absorption image taken 12 ms after turning off the 689 nm 
beams, while the 1D lattice (813 nm) is applied. A significant fraction of the 
atoms remain trapped in the lattice, while the untrapped fraction falls in the 

gravitational field. Right: Determination of the lifetime of 88Sr atoms trapped 
in the lattice via measurement of the number of atoms remaining trapped for 

different durations of the applied optical lattice. 

Doppler shifts, blackbody shifts, density effects 

- Continued development of a compact, commercialized optical clock based on Ca 



Ca thermal beam clock 

- Clock built for low instability, not small uncertainty – consistent with 
requirements of many applications 

- Possible applications include low noise microwave generation, compact 
optical reference, ultra-stable reference oscillator for accurate clocks 

Extended�interaction�region�and�optics

Pushing�to�higher�resolution

Ramsey�probe�beams

In�progress:
Ͳ Resolution�to�<�2�kHz�
Ͳ Improve�S/N�ratio�at�high�resolution
Ͳ BiͲdirectional�measurement
Ͳ Stability�measure�vs.�Yb lattice�clock

Previously:�4.8�kHz�FWHM

Now:�2.8�kHz�FWHM

Fully�separated�recoil�components!

Laser�stabilization:�RamseyͲBorde

- Based on research first performed at NIST in 1979 by Barger, Bergquist, et al. 

Ramsey-‐Bordé	  Interferometer	  

- Working with two US companies to construct field-able prototypes 

4s2	  1S0	  

657 nm 
clock 

4s4p	  3P1	  

Δν =  
400 Hz 



Compact Ca thermal beam clock - results 
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Competitive with more complicated systems (and cavities?) on short time scales? 
~ 100x lower instability than any other thermal-atom based system 



Beam reversal to cancel 1st order Doppler  

..….	   ..….	  

1-D retro-reflector 

0.5 x 6 mm 
beam waists 

Reverse the laser beam direction: 

Or reverse the atoms! 


