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Abstract—We report on work directed toward the system- 2p F=1 199Hg+
atic evaluation of an optical frequency standard based on the 12
281/2-2Ds , transition of a single, laser-cooled, trapped #° Hgt
ion, whose resonance frequency is 1.0610"%Hz. For the purpose 2D, —— F=3
of the evaluation, a second'®®HgT standard has been con-
structed. In the cooling-laser system built for the second standard,
an injection-locking scheme has been applied to a CW Ti-sapphire
laser. We also report optical frequency measurements of the

Repumping transition

Cooling transition “Clock” transition

clock transition performed over the past 21 months with the first (A=194nm) (A=282nm)
standard. During this term, the variation of the clock transition ) (f~=1.06x10"Hz)
frequency is found to be less thant1 x 107%. Sin oo
Index Terms—njection-locked laser, mercury ion, optical fre-
quency standard. Fig. 1. Partial energy level diagram f6t°Hgt.
|. INTRODUCTION ticular, we describe a second light system for laser cooling that

N OPTICAL clock based on a single trapped ion promiseussefS a CW injection-locked Ti-sapphire laser. We 9!30 report
. - Optical-frequency measurements of the clock transition of the
higher stability and accuracy than those of present-d

. 7 Hg™ ion, of which measurements have been performed over
time standards. Significant recent developments have made, @l : : . i
) . : o € past 21 months. During this period, the variation of the clock
optical clock more feasible. First, the realization of sub-her{%ansition frequency was found to be less thanx 10~
linewidth laser systems [1], [2] and the development of mode- '
locked femtosecond lasers as coherent frequency-comb genera-
tors [3]-[5] have now made possible accurate measurements of
absolute optical atomic frequencies [6], [7]. Second, an all-op-A partial energy-level diagram df°Hg™ is shown in Fig. 1.
tical atomic clock comprising a femtosecond comb that is refeFhe 2S5, /»(F = 0, Mp = 0)->D;,5(F = 2, Mp = 0) elec-
enced to a narrow transition in a single trapp&tHg™ ion has tric-quadrupole transition at 282 nm provides the reference for
been demonstrated. A fractional frequency instability (Allan dé¢he optical standard. The natural linewidth of D transition
viation) of 7x107'° at 1 s was obtained for this clock [8]. Theis about 2 Hz at a resonance frequency of x06'® Hz. The
quantum-limited instability of a laser locked to the Hipn is 282 nm radiation used to drive the clock transition is generated
expected to be aboutxd10~'°7=1/2 wherer is the measure- in a nonlinear crystal as the second harmonic of a dye laser oscil-
ment period in seconds, with a fractional frequency uncertainigting at 563 nm. A laser linewidth below 0.2 Hz for averaging
approaching 10'¥[9], [10]. To achieve this goal, experimentalperiods from 1 to 10 s is realized by locking the frequency of the
evaluations of the uncertainty, which can be made by comparidge laser to a high-finesse Fabry—Pérot cavity that is tempera-
two independent systems, are indispensable. ture-controlled and supported on an isolation platform [1]. The
In this paper, we report our progress in the development ¥, »(F = 1)-2P; »(F = 0) transition at 194 nm is used for
a second Hg ion frequency standard built for the purpose ofaser cooling. Another 194-nm light beam (the repumper) tuned
a systematic evaluation of the first frequency standard. In pmtheQSl/Z(F = 0)—2P1/2(F = 1) transition is employed to
return the ion to the ground state= 1 level. These transitions
Manuscript received June 17, 2002; revised November 12, 2002. TRIEE also used for state preparation and detection.
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system prevents this loss and has made it possible to confine PZT qo o15om AL
single'¥Hg™ ion continuously for more than 100 days. vV aser
Transitions to the) state were detected using the technique BBO .
“ . e To iodine cell
of “electron shelving” [11], [12], which infers the presence of D and reference cavity
the atom in the metastable level through the absence of sci 257 nm 194 nm
tering from the strong laser transition at 194 nm [9]. Laser cLd Totrap

cooling, state preparation, excitation of the clock transition, an
subsequent detection comprise one measurement cycle. Af
the ion was laser-cooled to near the Doppler limit of 1.7 mK
the ion was prepared in tf?&Sl/Q(F = 0, Mr = 0) state by

blocking the repumping laser. Following this, the cooling lase
was also blocked, and in the absence of any 194-nm radiatio
the ion was irradiated by the 282-nm light for a period betwee! 5
10 and 120 ms. Finally, the 194-nm lasers were re-applied ar 2
the presence or absence of scattered light was used to det
mine whether the clock transition occurred. The next cycle corr

BBOPZT

P

mences when the ion is again in the ground state (determined ¢

the presence of scattered light at 194 nm). The linewidths of tr

observed resonance are limited by the probe time of the 282-n To reference cavity PZT

light. When the clock transition was probed for a period of 12(

ms, a linewidth of 6.5 Hz was obtained [9]. For the purpose o

locking the frequency of the laser to the clock transition of the

single ion, the duration of the 282-nm light was set typically be-

tween 20 and 40 ms, which gave a linewidth of approximatefyy. 2. Schematic diagram of the second 194-nm light source for the cooling
40 to 20 Hz, respectively. Usually, 48 measurements were madgasition. ECDL: extended cavity diode laser; PD: photodetector; PZT:
on each side of the resonance before correcting the frequenC{/n%%oelectrlc transducer; CL: cylindrical lens; BS: beam splitter.

the laser toward line center.

cavity mirror. Some of the output power of the stabilized argon
ion laser is guided into a confocal Fabry—Pérot cavity that is 10
ll. SECONDHg" OPTICAL FREQUENCY STANDARD cm long and whose mirrors are coated for both 515 and 792
nm. The long-term drift of this cavity is reduced by locking it
In order to aid in the evaluation of the systematic shifts arid the stable 515-nm source. When the frequency of the 792-nm
their uncertainties, we built a second mercury optical frequensgurce is then locked to a fringe of the cavity, the stability of the
standard comprising a second cryogenic'Hmap and a second argon-ion laser is transferred to the 792-nm laser and thereby to
194-nm light source. Narrow-band 563-nm radiation is providétie 194-nm radiation.
to both systems from the same light source. The frequency ofThe main difference between the two 194-nm sources is
the 563-nm radiation is independently doubled and shifted intiloat the 792-nm radiation in the second system is produced
resonance with the clock transition of each standard by medrysan injection-locked Ti-sapphire laser [14]. This choice was
of acoustooptic modulators. primarily dictated by experimental convenience given available
Fig. 2 shows a schematic diagram of the second 194-nm ligifuipment, but it nonetheless forms an interesting laser. This
source. The 194 nm radiation is produced by sum-frequenmethod requires only simple optics in the Ti-sapphire laser
generation with a beta-barium borate (BBO) crystal, where tlkavity (the four cavity mirrors plus Ti-sapphire crystal).
wavelengths of the fundamental beams are 257 and 792 nnThe master laser at 792 nm is an extended-cavity diode laser
[13]. The power of both light sources at 792 nm is enhancéuthe Littman configuration. The power of the zeroth-order re-
in a resonant cavity, while the 257-nm light is single passdkction beam is 11 mW, and the continuous scanning range is
through the BBO. The power enhancement cavity at 792 rabout 2 GHz. This beam is mode-matched to the Ti-sapphire
is locked to resonance with the radiation source at 792 roavity with two lenses followed by two successive isolators that
that is used to sum-frequency generate the 194-nm light usgde an isolation greater than 60 dB. Because of losses through
for Doppler cooling. The 194-nm beam used as the repumpbe isolators, only about 8 mW of power from the master laser
is also generated in the same BBO crystal by phase-offseaches the Ti-sapphire cavity.
locking a second extended-cavity diode laser to the primaryThe Ti-sapphire cavity consists of a 10-mm-long, Brew-
792-nm source such that it is simultaneously resonant with ther-cut Ti-sapphire crystal, two mirrors with a common radius
281/5(F = 0)-2Py/5(F = 1) transition and with a second of curvature of 15 cm, a flat mirror, and a flat output coupler
axial mode of the cavity. The 257-nm radiation is generated lyith a reflectivity of 97.6%. All of the other mirrors have a
frequency-doubling the 515-nm light from a single-frequenageflectivity exceeding 99.9%. The round-trip length is 157
argon-ion laser and is similar to that described in [13]. cm and the minimum beam waist, located in the Ti-sapphire
The frequency of the 515-nm light is locked to a hyperfinerystal, is 33um. No other optical element is necessary since
component of molecular iodine by feedback to a piezo-mountdte master laser forces single-frequency and unidirectional
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Fig. 4. A chronological record of the average daily frequency of the clock
i o ) ) transition measured since August 2000. The dotted lines indicate the 10-Hz
Fig. 3. Output power of the injection-locked Ti-sapphire laser. The pumgystematic uncertainty of the optical frequency measurements.
power is corrected for the transmission of the 532-nm light through the cavity
mirror, which is highly reflecting at 792 nm. ) )
about 110. The cavity length is locked to the frequency of the
operation. A commercial, frequency-doubled Nd:Y)@ser 792-nm source by use of the Hansch—Couillaud method .[17]'
. The 257-nm beam is focused through the BBO crystal with a
at 532 nm is used as the pump laser. ) . : X
. R highly reflective mirror that has a radius of curvature of 10 cm.
As in [14], the frequency of the extended-cavity diode Iaseirhe incident angle is adjusted so that both fundamental beams
IS locked to the resonance of the Ti-sapphire cavity by there collinear ins%de the i:r stal. With 14 mW of power at 257
Pound-Drever—Hall technique [15]. The current of the diod& ystal. P
. . o nm and 400 mW of power at 792 nm, 48V of output power
laser is modulated at 16 MHz. A beam splitter is msertea 194 nm is obtained. For the Maexoeriments. we operate
in the Ti-sapphire laser beam such that 0.5% of the poweér ' EXp ' P

. . . with a power of about 2xW in order to avoid saturation of the
is monitored with a photodetector. The ac component of tf La(F = 1)2P, jo(F = 0) transition,

monitored signal is demodulated and used as the error signal.’ . .
! 'gna’ | u u '9 Finally, a second, cryogenic, ion-trap system, which has the

The feedback circuit consists of a fast and slow loop. The . . X
. same dimensions as the first standard [7], has been constructed.
fast component of the error signal controls the master la

5§5 far, single ions have been loaded and laser-cooled. Work is

rrent and the slow component i rr h \ ! .
current and the slow component is used to correct the ca nX directed toward locking the frequency of the clock laser

length of the master laser. When free-running, the resonanc%oo he S—D transition in the second system and comparing its
the Ti-sapphire laser cavity is driven by acoustical noise alfld '
requency to that of the first Hg standard.

fluctuates about 20 MHz. We reduce this jitter by locking the
frequency of the Ti-sapphire laser to the reference cavity th
is stabilized to the argon-ion laser. With the servo loop closed,
the jitter can be reduced below 1 MHz. Optical frequency measurements of the clock transition are
Fig. 3 shows the output power of the injection-lockedhade by use of an optical frequency comb [3]—[7]. The 563-nm
Ti-sapphire laser as a function of pump power for a constdight is transferred to the comb through an optical fiber. If we
master-laser power of 8 mW. The output power is measuredoose thenth mode of the comb whose frequency is lower
following the beam splitter used to derive the error signal. Ahan the fundamental laser frequengys, the laser frequency
pump powers higher than 3 W, the injection lock becomés given by fs¢s = fo + nf, + fi, Wheref, is the frequency
unstable. The locking range has been shown to depend aifset common to all modes of the comf,is the repetition fre-
the ratio between the power of the master laser and thatcfency of the comb (which is about 1 GHz), afyds a beat fre-
the slave laser [14], [16]. Either by using a master laser witjuency betweelrfss3 and thenth mode of the comb. The offset
more power or by better coupling of the master laser into tlieequencyf, and the beat frequendy are locked to a hydrogen
Ti-sapphire cavity, we could make the injection-locked lasenaser by controlling the pump power and the cavity length of
stable at higher pump powers [14], [16]. the mode-locked femtosecond laser, respectively. To obtain the
A power-enhancement cavity for the 792-nm radiation is usedlue of f5¢3, we countf,. with a high-resolution counter that
for the sum-frequency generation of the 194-nm radiation. Thealso referenced to the hydrogen maser. The frequency of the
792-nm enhancement cavity is formed by two 10-cm radius—afiaser [18] is calibrated by comparing it to the local NIST pri-
curvature mirrors and two flat mirrors. The round-trip lengtimary standard NIST-F1 [19]. The fractional uncertainty in the
of the cavity is 72.5 cm, and the minimum cavity waist size i§equency of the reference maser reaches<1L8'° for these
approximately 3um. A 3 mmx 3 mmx 6 mm, Brewster-cut measurements.
and angle-tuned BBO crystal is placed at this waist. For thisFig. 4 summarizes the frequency measurements ofidgde
configuration, we can obtain a power-enhancement factor loftween August 2000 and May 2002. The second-order Zeeman

. FREQUENCY MEASUREMENTS OF THECLOCK TRANSITION



248 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 52, NO. 2, APRIL 2003

shift was corrected for all values. The statistical uncertainty of REFERENCES
the freQ_UenCy. measuremems is limited by t_he fractional fre-[1] B.c. Young, F. C. Cruz, W. M. Itano, and J. C. Bergquist, “Visible lasers
guency instability of the reference maser, which reaches about with subhertz linewidths, Phys. Rev. Lettvol. 82, pp. 3799-3802,

15 - . ; 1999.
1.6x10 in our measurement time of 20 000 s. The we|ghted [2] J.C.Bergquist, R.J. Rafac, B. C. Young, J. A. Beall, W. M. Itano, and D.

mean of our measurements of the'Hgjock tranSition_i#282 = J. Wineland, “Sub-dekahertz spectroscopy®¥fHg*,” in Proc. SPIE

1064721609899 145.9(1.6)(10) Hz, where 1.6 Hz is the sta- vol. 4269, 2001, pp. 1-7.

tistical uncertainty and 10 Hz is the conservative estimate of thel3 T- Ydem. J. Reichert, R. Holzwarth, and T. W. Hansch, “Absolute op-
. . tical frequency measurement of the cesilimline with a mode-locked

systematic uncertainty. o laser,”Phys. Rev. Lettvol. 82, pp. 3568-3571, 1999.

It should be possible to reduce the uncertainties of all[4] S.A.Diddams,D.J.Jones, J. Ye, S. T. Cundiff, J. L. Hall, J. K. Ranka, R.

; ; iy — S. Windeler, R. Holzwarth, T. Udem, and T. W. Hansch, “Direct link be-

‘;’yStemath shifts 10 v;':llues approachlng ﬁllO]. .T.he tween microwave and optical frequencies with a 300 THz femtosecond

S1/2(F = 0,Mp = 0)-*D5,5(F = 2, Mp = 0) transition laser comb,Phys. Rev. Lettvol. 84, pp. 5102-5105, 2000.

has no linear Zeeman shift, but it does have a quadratic Zeemai3] D. J. Jones, S. A. Diddams, J. K. Ranka, A. Stentz, R. S. Windeler, J. L.

shift, a second-order Stark shift (such as the shift due to the Hall, and S. T. Cundiff, “Carrier-Envelope phase control of femtosecond
! .. . . . mode-locked lasers and direct optical frequency syntheSghcevol.
blackbody radiation), and a shift due to the interaction between  2gg pp. 635-639, 2000.

the electric-field gradient and the atomic electric-quadrupole[6] K. R. Vogel, S. A. Diddams, C. W. Oates, E. A. Curtis, R. J. Rafac,
moment. None of these shifts has yet been measured accurately - M- ltano, J. C. Bergquist, R. W. Fox, W. D. Lee, J. S. Wells, and

. L. Hollberg, “Direct comparison between two cold-atom-based optical
but their values haV_e re(_:enﬂy been Ca'“{'ated by one of us [10].  frequency standards using a femtosecond-laser co®t” Lett, vol.
The largest uncertainty is expected to arise from the quadrupole 26, pp. 102-104, 2001.

; ; : ; ; i~[7] T.Udem, S. A. Diddams, K. R. Vogel, C. W. Oates, E. A. Curtis, W. D.
shift, which is caused by the interaction between the atomic Lee, W. M. Itano, R. E. Drullinger, J. C. Bergquist, and L. Hollberg, “Ab-

quadrupole-moment of th%‘Da/2 state and a static electric solute frequency measurements of thetHand Ca optical clock transi-
field gradient. In spherical Paul traps, no static field gradientis  tions with afemtosecond laseRhys. Rev. Lettvol. 86, pp. 4996-4999,

i iad- ; i 2001.
de“berately applied; however, a g_radlent can exist due 1o prSltd-fS] S. A. Diddams, T. Udem, J. C. Bergquist, E. A. Curtis, R. E. Drullinger,
potentials that are randomly distributed on the trap electrodes. ~ | Hollberg, W. M. Itano, W. D. Lee, C. W. Oates, K. R. Vogel, and D.
For example, in our trap, a static potential of 1 V betweenring  J. Wineland, “An optical clock based on a single trapp¥dg* ion,”

; ; Sciencevol. 293, pp. 825-828, 2001.
and endcaps could give a quadrUp(')le shiftas large as1Hz [101['9] R. J. Rgfac B. C.F:Poung J. A. Beall, W. M. Itano, D. J. Wineland, and

This shift can be eliminated by averaging theD tranSition J. C. Bergquist, “Sub-dekahertz ultraviolet spectroscopj?8Hg™*,”
frequency over three mutually orthogonal, equal-magnitude  Phys. Rev. Leitvol. 85, pp. 2462-2465, 2000.
magnetic field orientations [10] [10] W. M. Itano, “External-field shifts of thé’°Hg* optical frequency stan-

dard,”J. Res. Nat. Inst. Stand. Technebl. 105, pp. 829-837, 2000.
[11] H.G.Dehmelt, “Proposed 10Av < v laser fluorescence spectroscopy
on TI* mono-ion oscillator I1,"Bull. Amer. Phys. Sogcvol. 20, p. 60,
1975.
V.. CONCLUSION [12] J. C. Bergquist, W. M. Itano, and D. J. Wineland, “Recaoilless optical
absorption and Doppler sidebands of a single trapped ®Bhys. Rev.
) » A, vol. 36, pp. 428-430, 1987.
We have measured the optical clock transition of fi&¢1g™  [13] D. J. Berkeland, F. C. Cruz, and J. C. Bergquist, “Sum-frequency gen-
ion on several occasions spanning more than 21 months. eration of continuous-wave light at 194 nnAbpl. Opt, vol. 36, pp.

. . 4159-4162, 1997.
The weighted average frequency for these measurements %] E. A. Cummings, M. S. Hicken, and S. D. Bergeson. A 1 W in-

faga = 1064721609899145.9(1.6)(10) Hz. We anticipate jection locked cw titanium:sapphire laser. [Online]. Available:
that the largest uncertainty in the clock transition frequency  http://arXive.org/abs/physics/0 112014

. . . . . ] R. W. P. Drever, J. L. Hall, F. B. Kowalski, J. Hough, G. M. Ford, A. J.
is due to the atomic quadrupole shift, which is dependen Munley, and H. Ward, “Laser phase and frequency stabilization using

on the orientation of the applied magnetic field, and which an optical resonatorAppl. Phys. Bvol. 31, pp. 97—105, 1983.
we have not corrected so far. To assist in the evaluation dfié] A.E.Siegmaniasers Mill Valley, CA: University Science, 1986, pp.

: : : : 1129-1170.
the systematic uncertainty experimentally, we have built Efl?] T. W. Héansch and B. Couillaud, “Laser frequency stabilization by po-

second Hd' standard. We have applied an injection-locking larization spectroscopy of a reflecting reference cavidpt. Commun.
scheme to generate high-power 792-nm radiation as one of Vvol. 35, pp. 441-444, 1980.

. _ - [18] T. E. Parker, “Hydrogen maser ensemble performance and characteriza-
the fundamental sources used in sum frequency generatl(ﬁ'lS tion of frequency standardsProc. 1999 Joint Meeting of the Eur. Fre-

of 194-nm light. With 400 mW of 792-nm light enhanced in quency and Time Forum and the IEEE Int. Frequency Control Syspp.

a cavity and 14 mW of 257-nm light, 48W of the 194-nm 173-176, 1999.
radiation is obtained. [19] S. R. Jefferts, J. Shirley, T. E. Parker, T. P. Heavner, D. M. Meekhof,

C. Nelson, F. Levi, G. Costanzo, A. DeMarchi, R. Drullinger, L. Holl-
berg, W. D. Lee, and F. L. Walls, “Accuracy evaluation of NIST-F1,”
Metrologia, vol. 39, no. 5, 2002, to be published.

ACKNOWLEDGMENT

The authors alre' grateful to T. Parker, S. ‘]eff.erts’_ and J'Tanaka, photograph and biography not available at the time of publication.
Heavner for providing the absolute frequency calibration and

to A. Bartels of Giga-Optics GmbH for his valuable assistance
with the femtosecond laser. They also thank R. Windeler of

]Egcent Technologies for providing the microstructure OptiCQ! C. Bergquist, photograph and biography not available at the time of publi-
Iber. cation.



TANAKA et al: OPTICAL FREQUENCY STANDARDS BASED ON THE®“Hg* ION 249

S. Bize photograph and biography not available at the time of publication. L. Hollberg, photograph and biography not available at the time of publication.

W. M. Itano, photograph and biography not available at the time of publication.

S. A. Diddams photograph and biography not available at the time of publica-
tion.

C. E. Tanner, photograph and biography not available at the time of publication.

R. E. Drullinger, photograph and biography not available at the time of publD. J. Wineland, photograph and biography not available at the time of publica-
cation. tion.



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


