
+ +H
/L %H % & 1 2 ) 1H
1D 0J $O 6L 3 6 &O $U
. &D 6F 7L 9 &U 0Q )H &R 1L &X =Q *D *H $V 6H %U .U
5E 6U < =U 1E 0R 7F 5X 5K 3G $J &G ,Q 6Q 6E 7H , ;H
&V %D /D +I 7D : 5H 2V ,U 3W $X +J 7O 3E %L 3R $W 5Q
)U 5D $F

&H 3U 1G 3P 6P (X *G 7E '\ +R (U 7P <E /X
7K 3D 8 1S 3X $P &P %N &I (V )P 0G 1R /U

&DQGLGDWHV�IRU�FRROHG�DQG
WUDSSHG�RSWLFDO�VWDQGDUGV
-�NH\�IHDWXUHV�IRU�WKH�SHUIHFW�DWRP�LRQ

6WHSKHQ�/HD
1DWLRQDO�3K\VLFDO�/DERUDWRU\��7HGGLQJWRQ��0LGGOHVH[�7:����/:�8�.�

With thanks to the members of the NPL frequency standards group:

Patrick Gill, Geoff Barwood, Peter Blythe, Witold Chalupczak,
Christopher Edwards, Dale Henderson, Kazumoto Hosaka,

Guilong Huang, Hugh Klein, Valliappan Letchumanan, Helen Margolis,
Mark Oxborrow, Sarika Pugla, Dick Rowley, Alastair Sinclair,

Krzysztof Szymaniec, Stephen Webster, Peter Whibberley



+ +H
/L %H % & 1 2 ) 1H
1D 0J $O 6L 3 6 &O $U
. &D 6F 7L 9 &U 0Q )H &R 1L &X =Q *D *H $V 6H %U .U
5E 6U < =U 1E 0R 7F 5X 5K 3G $J &G ,Q 6Q 6E 7H , ;H
&V %D /D +I 7D : 5H 2V ,U 3W $X +J 7O 3E %L 3R $W 5Q
)U 5D $F

&H 3U 1G 3P 6P (X *G 7E '\ +R (U 7P <E /X
7K 3D 8 1S 3X $P &P %N &I (V )P 0G 1R /U

2XWOLQH�RI�WDON
'HVLUDEOH�IHDWXUHV�RI�WKH�LGHDO�DWRP�LRQ
•��ZK\�KDV�FDHVLXP�EHHQ�VR�VXFFHVVIXO��a����\HDUV�"
$OORZHG�DQG�IRUELGGHQ�WUDQVLWLRQV
+\SHUILQH�VWUXFWXUH�DQG�FKRLFH�RI�LVRWRSH
7UDSSHG�LRQV
•��VWDELOLVDWLRQ��TXDQWXP�MXPSV
•��DONDOL�OLNH�LRQV���&D���6U���+J���<E���«
&ROG�DWRPV
•��VWDELOLVDWLRQ��DWRP�LQWHUIHURPHWHU
•��DONDOLQH�HDUWK�DWRPV���0J��&D��6U��<E��«
2WKHU�FDQGLGDWHV
6WDELOLW\
6RPH�FRQFOXVLRQV

1�%���PDLQO\��QRW�D�UHYLHZ�RI�FXUUHQW�VWDWXV�±�VHH��3URF���WK
6\SP��)UHT��6WGV��0HWURO���HG�3��*LOO��:RUOG�6FLHQWLILF������



+ +H
/L %H % & 1 2 ) 1H
1D 0J $O 6L 3 6 &O $U
. &D 6F 7L 9 &U 0Q )H &R 1L &X =Q *D *H $V 6H %U .U
5E 6U < =U 1E 0R 7F 5X 5K 3G $J &G ,Q 6Q 6E 7H , ;H
&V %D /D +I 7D : 5H 2V ,U 3W $X +J 7O 3E %L 3R $W 5Q
)U 5D $F

&H 3U 1G 3P 6P (X *G 7E '\ +R (U 7P <E /X
7K 3D 8 1S 3X $P &P %N &I (V )P 0G 1R /U

'HVLUDEOH�IHDWXUHV�RI�D�SULPDU\�IUHTXHQF\�VWDQGDUG

It must …
•  show significant gain in
   accuracy and stability (> � 10)
   over previous standard
•   provide useful output signal
    – easily compared with
       existing standards
•   be reproducable by (at least)
    several standards laboratories
Would like …
•  to make commercial version
•   to relate directly to fundamental
    constants (quantum standard)

                       Atoms/ions
                        4 > 1014

         laser linewidth
Dn < 1 Hz

•   femtosecond comb

•    wavelengths accessible with
    existing laser technology

•   probably challenging…
•  theoretical understanding of
    atomic structure
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1950s: thermal beam standard
•   Easy to make caesium thermal beam
•  HFS transition at 9.2 GHz – X-band mW
•  Simple enough to make commercial product

1990s: laser cooling – fountain standard
•   cooling transition at 852 nm – diode lasers
•   low vapour pressure – vapour cell MOT
•  HFS � Sisyphus cooling to Yrms ~ 3.5 mm/s
•   fountain geometry – interaction time ~ 1 s

2000s: present status
•   accuracy Dn/n = 1.0 � 10-15
•   stability sy = 5 � 10-14 t-1/2
•   limits: collisions; LO stability; QPN
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Reference or clock transition:

� ‘forbidden’ transition to ground state
���L�H��metastable state,�lifetime t < 1 s
�  transition frequency  Ã  n/Dn = 4  > 1015

�  narrow linewidth laser:   Dn < 1 Hz

Cooling transition:
�  strongly allowed transition
���atomic motion cooled to ~ mK
�  ions: electrodynamic (Paul) trap
�  atoms: magneto-optical trap (MOT)

– long interaction times
Suitable atoms/ions:
�   S ground state – zero orbital angular momentum
�   one valence electron outside closed shells – spin 6 = ½ � 2S1/2
�   two valence electrons outside closed shells – spin 6 = 0 � 1S0

Three-level atom
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4 PS:Rate F$ U=

Angular frequency – Rydberg constant:
nm5722~ À � �� F5F5 wp

00 5~PS:elementMatrix DD �U
182

0
3 s10225 -� �= Ã DF5$

MHz30ns,5~  Ã
Selection rules:  D/ = �1 (states of opposite parity)

D6 = 0 (no change of spin)

6

3

1
rmsBD ms3.0~mK,1~2MHz30 ~ -=Ã YN7 h

Doppler cooling:

( ) 1
rmsB

2
recoil ms01.0~K,1~ -m= Y0NK7 $

Photon recoil limit – momentum exchange with cooling light:
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Electric quadrupole ((2) transition

(1 forbidden (parity)

�6���

�'

H�J� alkali-like ions: Sr+, Yb+, Hg+…

&ORFN�WUDQVLWLRQ��(��IRUELGGHQ

425 DS F4$�
2
0~DS D4

14
0

5 s3 -� =  DF5
Hz5.0s,5.0   Ã

Quadrupole matrix element
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Two photon (2(1) transition

(1 forbidden (parity)

Ê�
P

425 DPPS F$ UU
2-photon transition via virtual P-states

Hz3.1s,12.0 ==Ã
Hydrogen 1S – 2S $ = 8.23 s -1

6

6 '

Also atoms with alkali-like structure H�J� Ag

Electric quadrupole ((2) transition
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Intercombination transition (2-electron systems)

Singlet (6 = 0) – triplet (6 = 1) transition –  D6 = 0

)1(,PPP 2
1

1
1

3
1 ($$�+=

142
0

33 s1025 -� =  DF5$
kHz1ms,1.0   Ã

[ ] 22 ~structuregrossstructurefine~

�3�
�3�

�6�
H�J� alkaline earth atoms: Mg, Ca, …   also In+

Two photon (2(1) transition

Electric quadrupole ((2) transition
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7KH�=HHPDQ�HIIHFW�DQG�K\SHUILQH�VWUXFWXUH
/LQHDU��ILUVW�RUGHU��=HHPDQ�VKLIW
D( = P-J-m%%�Ã No shift for P- = 0 � P-� = 0
1 electron H�J� 2D5/2 level Ã P- = �½, �3/2, �5/2

+\SHUILQH�VSOLWWLQJ� interaction of total electron
angular momentum - with nuclear spin ,
Mass number $ even Ã�,�= 0, $ odd Ã�,�= ½ …
D( � $,�-�Ã  Splitting into levels described by )

Ã   1-e systems Ã odd isotope
       2-e systems Ã even isotope

2 electrons H�J� 3P1 ) = ½ level Ã P) = �½

2S1/2

2D5/2

) = 1

) = 0

3
2

H�J��for , = ½, ) = - � ½
1 electron H�J� 2D5/2 ) = 2 level Ã P) = 0, �1, �2

-1
P- = +1 0

-�= 0,�P- = 0

-�= 1

2 electrons H�J� 3P1 level Ã P- = 0, �1
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Harmonic oscillator potential:
2
0

2
2
1

2
1

2
1

total [097( $=+=
nm50~

1
0

$0[ h= 10~1
2
1 ÜÝ

ÛÌÍ
Ë -=Q

mK1~2MHz30 ~ BD N7 h=Ã
Doppler cooling:

Paul (elecrodynamic) trap, drive frequency WRF:
Ion’s motion has two components:
������6HFXODU motion, wr,z = ½ br,zWRF

         where b is a function of the trap geometry,
�������0LFURPRWLRQ at the drive frequency WRF.

Typical values:
 WRF ~ 10 MHz
  br,z ~ 0.2
  wr,z ~ 1 MHz

[0 < l Ã Lamb-Dicke regime, Doppler shift eliminated
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Frequency offset from line centre (kHz)

Stabilisation:

Count number of quantum jumps
in time t > tD at half-height on
each side of line centre

In practice turn cooling light
off while probing clock
transition (ac Stark shift)
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$ONDOL�OLNH�LRQV�±�TXDGUXSROH�WUDQVLWLRQV
         cool   repump      clock           
          nm       nm       nm     Hz

Ca+   397      866      729    0.15
Sr+    422    1092      674    0.46
Ba+   493      650     1761   0.003
Hg+   194       —       282    1.6
Yb+   369      935      411    20

                      435    3.1
�6���

�3���

�3���

�'���

�'���

40Ca+ – l’s ~ OK; no HFS Ã P- � 0 � 0
88Sr+  – l’s ~ OK; no HFS Ã P- � 0 � 0        NRC, NPL
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Zeeman components of the 2S1/2 – 2D5/2
transition at 674 nm in 88Sr+

 

87Sr+  – P) = 0 � 0 but , = 9/2 …        NPL
 137/138Ba+ – clock l in the infrared
        199Hg+  – l’s hard, cryotrap – but NIST currently world-leading
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$ONDOL�OLNH�LRQV�±�\WWHUELXP$ONDOL�OLNH�LRQV�±�\WWHUELXP

lS-F = 467 nm

       GS-F ~ nHz
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171Yb+ 2S1/2 ()=0) – 2F7/2 ()=3, P)=0): projected shifts

Systematic shift           D(mHz)          u(mHz)

2nd-order Doppler     0.0   0.3
Gravitational potential (uh = 1 m) 64
Quadrupole (uVdc=0 = 0.2V) �12 10
dc Stark   -0.3   0.1
ac Stark (probe)   10   0.2
ac Stark (blackbody) -90 30
2nd-order Zeeman   -0.0024   0.0003
2nd-order Zeeman (blackbody) -13   4

Total -93 72

adapted from Blythe et al., -��3K\V��% �� (2003) 981 – NPL
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&ROG�DWRP�LQWHUIHURPHWU\

7 77¶

Ramsey-Bordé interferometer         Ã    Ramsey fringes

~ 107 atoms cooled to ~ few mK in MOT;
then free expansion of atom cloud

n0            n
Stabilise to half-height
either side of central
Ramsey Fringe

Phase uniformity of laser wavefronts Ã Doppler shifts
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$ONDOLQH�HDUWK�DWRPV�±�LQWHUFRPELQDWLRQ�OLQH
                1S0 – 1P1      1S0 – 3P1            l      G         l         G
          nm    MHz   nm    kHz

Mg     285    79      457   0.03
Ca      423    35      657   0.33
Sr       461    32      689    7.6
Ba      554    18      791   114
Yb      399    28      556   181�6�

�3� �3��3��3�

Doppler cooling limit for 40Ca:
      1S0 – 1P1 7D = 0.8 mK  � 3 mK achieved

�6�

�3� �3��3��3�

�/-

Quench cooling: intercombination line broadened by
mixing of 3P1 state with higher 1/- state – G ~ 5 kHz
     �  7 = 4 mK (NIST), 6 mK (PTB)  À  7recoil = 2mK
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��&D��6��±��3���SURMHFWHG�VKLIWV

Systematic shift  T = 3 mK (Hz)       6 mK (Hz)

residual 1st-order Doppler 2.6 0.15
2nd-order Doppler 0.005 0.000025
lineshape asymmetry 0.05 0.05
other phase contribution 4 0.10
magnetic field [60 Hz/(mT2)] 0.1 0.08
quadratic Stark 0.06 0.02
blackbody radiation 4.3 0.05
servo electronics 3.2             0.10
cold atom collisions 1.8 0.26

Total 7.4 0.35

from Wilpers et al., 35/ �� (2002) 230801
and Helmke (private communication) – PTB
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$ONDOLQH�HDUWK�DWRPV�±�LQWHUFRPELQDWLRQ�OLQH
                1S0 – 1P1      1S0 – 3P1            l      G         l         G
          nm    MHz   nm    kHz

Mg     285    79      457   0.03
Ca      423    35      657   0.33
Sr       461    32      689    7.6
Ba      554    18      791   114
Yb      399    28      556   181�6�

�3� �3��3��3�

Strontium/ytterbium:
Don’ t need to quench to cool on intercombination
line – then can use 3P2 – 1S0 as clock transition
Optical lattice – many non-interacting atoms

In+: spin-forbidden 3P0 – 1S0 clock transition – no quadrupole shift
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atomsofnumber-1   withtime,cycle 77 >-

timeaveragingoffunctionasstabilityfractional

Allan variance

Quantum projection noise: statistical fluctuations in
– number of detected atoms (atom interferometer)
– number of detected quantum jumps (ions)

in cycle time 7.

H�J� single ion, 1 = 1, 7   1/G ~ 1 s, 4 ~ 1015 Ã 10-16 t-1/2

 (calcium) atoms, 1 ~ 107, 7 ~ 10-3, 4 ~ 1012 Ã 10-18 t-1/2
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121.5 nm

2  243 nmx

� �/6V

� �/6V

+)6

+\GURJHQ�±�WKH�VLPSOHVW�DWRP"

Possibility of a true quantum
standard?  Second À 5�
But:
Reduced mass PH�PS
Lamb shift – QED
HFS
Proton charge radius

Other 2-photon transitions – H�J� Ag – atomic fountain?

Laser cooling at 121.5 nm – hard, but considerable effort
underway for hydrogen/antihydrogen comparison
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7KH�LGHDO�DWRP�LRQ"
$ERXW����±����V\VWHPV�FXUUHQWO\�VWXGLHG
• ��DOO�KDYH�VRPH�DGYDQWDJHV
• ��DOO�KDYH�VRPH�GLVDGYDQWDJHV
Ã��7KH�LGHDO�DWRP�LRQ�KDV�\HW�WR�EH�FUHDWHG�

%XW�IV�FRPEV�PD\�HQDEOH
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