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We discuss time and frequency standards based on laser-cooled 199Hg+ ions confined in a
cryogenic linear rf trap.  In one experiment, a 40.5 GHz source, referenced to a hydrogen maser,
is servoed to the ions’ ground state hyperfine transition.  The stability of this clock is better than
10-14 using 100 s Ramsey periods, and its measured accuracy is around 10-13.  In a second
experiment under development, a strong-binding cryogenic trap will confine a single ion used for
an optical frequency standard based on the narrow S → D quadrupole transition at 282 nm.  The
cooling laser at 194 nm and the probe laser at 282 nm are being converted to compact, efficient,
solid-state systems.

Introduction

At this workshop, groups at JPL and CSIRO describe highly stable clocks that use linear

rf (Paul) traps to store buffer-gas-cooled ions [1, 2].  In these traps, most of the ions lie away

from the nodal line of the trap’s rf electric field.  For these ions, the atomic motion driven by the

oscillating trap field (“micromotion”) induces significant second-order Doppler (time-dilation)

shifts of the average atomic transition frequency.  At NIST, our goal is to develop time and

frequency standards that achieve high accuracy in addition to high stability.  We confine strings of

laser-cooled 199Hg+ ions in a linear rf trap such as that depicted in Fig. 1 [3, 4].  A linear trap can

confine many laser-cooled ions along the rf nodal line, where Doppler shifts and AC Stark shifts

are minimum [5, 6].   Furthermore, if all the ions crystallize along the rf nodal line, there is

minimal heating from the trapping fields.  Thus, (perturbative) cooling laser radiation can be

removed during the long probe periods of the clock transition.  We use 199Hg+, which offers a

microwave clock transition at 40.5 GHz and an optical clock transition at 1.06 × 1015 Hz (see

Fig. 2).  To first-order, both transitions are insensitive to magnetic and electric fields at zero

fields. Using linear crystals of 199Hg+ ions, we expect to reduce all systematic shifts to less than a

part in 1016.  If the fluctuations of the atomic signal are due only to quantum statistics, then the

stability of a frequency source servoed to the atomic transition is given by [7, 8]
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where ω0 is the frequency of the atomic transition, N is the number of ions, TR is the Ramsey

interrogation time, and τ is the averaging time of the measurement.  For the ground state

hyperfine transition, ω0/2π = 40.5 GHz.  It appears feasible to use N = 100 ions and TR = 100 s,

which gives σy(τ) ≈ 4 × 10-14 τ-1/2.  For the 282 nm 5d106s 2S1/2 → 5d96s2 2D5/2 electric quadrupole

transition, ω0 /2π = 1015 Hz, so that using N = 1  and TR =  25 ms gives σy(τ) ≈ 10-15 τ-1/2.

We report a preliminary evaluation of a clock based on the 40.5 GHz ground state

hyperfine transition in 199Hg+.  We also discuss the development of a frequency standard based on

the 282 nm electric quadrupole transition.  We describe the laser systems for these experiments,

and the progress towards more compact solid-state systems.

Cryogenic Linear rf Trap

Figure 1 shows the linear rf trap used in the 40.5 GHz microwave clock.  Two diagonally

opposite rods are held at static and rf potential ground.  The potential of the other two rods is

V0 cos(Ω t), where V0 ≈ 150 V and Ω/2π = 8.6 MHz.  The resulting pseudopotential confines the

ions radially in a well with a secular frequency ωr/2π ≈ 230 kHz.  To confine the ions axially, two

cylindrical sections at either end of the trap are held at a potential of approximately +10 V.  The

resulting axial potential well has a secular frequency of ωz/2π ≈ 15 kHz.  The ions are laser-cooled

using the 194 nm, 5d106s 2S1/2 → 5d106p 2P1/2 electric dipole transition shown in Fig. 2.  Typically,

a string of approximately ten ions is confined along the axis.  By minimizing the ion micromotion

in all three dimensions, we assure that the laser-cooled ions lie along the rf nodal line [9].

We place the trap in a cryogenic environment to reduce problems associated with

background gas.  Previously, we used a linear rf trap at room-temperature with a background

pressure of approximately 10-8 Pa [10].   At this pressure, background neutral Hg atoms cause

Hg+ loss, presumably by forming dimers with ions excited by the cooling laser.  The resulting

lifetime of ions in the trap was about ten minutes.  At liquid helium temperatures, however, Hg

and most other background gases are cryopumped onto the walls of the chamber.  In this low-

pressure environment, we have trapped Hg+ ions in the presence of laser radiation without loss for

periods of over ten hours.  Without laser excitation, we have confined strings of approximately

ten ions for several days.  With this low background pressure, most pressure shifts should be
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negligible, although since helium is not efficiently cryopumped it may cause a pressure shift.

Finally, operation at 4 K also reduces the shifts due to blackbody radiation.  For the ground state

hyperfine transition, at T = 4 K, the fractional blackbody Zeeman shift is -2 × 10-21, and the

fractional blackbody Stark shift is -3 × 10-24 [11].  This is significantly smaller than the fractional

blackbody Stark shift for neutral cesium (1.69(4) × 10-14 at T = 300 K [11]).

Laser-atom Interactions

Laser beams at 194 nm are used for both cooling and state detection.  For cooling, the
2S1/2, F = 1 to 2P1/2, F = 0 transition is used because it is the closest to a cycling transition (see

Fig. 2). The frequency of a primary laser is resonant with this transition, but can off-resonantly

excite the ion into the 2P1/2, F = 1 level, from which the ion can decay into the 2S1/2, F = 0 level.

To maintain fluorescence, a repumping laser beam, resonant with the F = 0 to F = 1 transition, is

overlapped collinearly with the primary laser beam.

To determine the atomic state, the primary beam is pulsed on for a time comparable to the

time necessary to pump the ions from the 2S1/2, F = 1 to the 2S1/2, F = 0 level (typically 10 ms).  If

the ion is found in the 2S1/2, F = 1 level, it will scatter about 104 photons before it optically pumps

into the 2S1/2, F = 0 level.  We detect and count approximately 1% of these photons.  If the

transition is not saturated, the number of photons scattered before the ion is optically pumped can

be made nearly insensitive to laser power.  Thus the signal-to-noise ratio of the state detection

signal can be limited only by “quantum projection noise” [8] if the ions are monitored individually.

Currently, however, the state-detection signal is simply the combined fluorescence from all the

ions.  As a result, we think that fluctuations in the frequency and intensity of the 194 nm radiation,

and its overlap with the ions, limit our typical stability to about twice that of Eq. (1).

The 199Hg+ ground state Zeeman structure complicates laser cooling and state detection.

For any constant laser polarization and zero magnetic field, two superpositions of the 2S1/2, F = 1,

mF = 0, ±1 levels are dark states.  After the ion optically pumps into these states, the fluorescence

vanishes.  To constantly pump the ions out of the dark states, the laser field must couple each
2S1/2, F = 1, mF = 0, ±1 level to the 2P1/2, F = 0 level.  Also, each of these three couplings must

have a different time dependence.  We satisfy these conditions with two non-collinear laser beams.

One beam passes through a photo elastic modulator whose calcite crystal axes are tilted ±45°

relative to the beam polarization.  The mechanical compression along one of the crystal axes is
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90° out of phase with that of the other.  The resulting changes in the crystal birefringence

continuously cycle the laser beam’s polarization state between orthogonal circular and linear

polarizations.  The linear polarization of the second beam remains fixed in the plane formed by the

two beams, which overlap with the ions at a 40° angle to each other.

The 40.5 GHz Microwave Clock

The measurement cycle for generating the error signal to steer the microwave frequency is

as follows.  First, to cool the ions, both the primary and repumping 194 nm laser beams are pulsed

on for 300 ms.  Next, the repumping beam is turned off for about 90 ms, so that most of the ions

are optically pumped into the 2S1/2, F = 0 level.  Both beams are then blocked during the Ramsey

microwave interrogation period, which consists of two 250 ms microwave pulses separated by the

free precession period TR.  Finally, the primary beam is turned on for about 10 ms while we count

the number of scattered photons.  This determines the ensemble average of the atomic state

population.  The microwave frequency is alternately stepped to either side of the central Ramsey

fringe at the beginning of each measurement cycle.  A digital servo using a second difference

algorithm [12, 13] adjusts the average frequency to maintain a constant number of fluorescence

photons during each state detection step.  In this way, the microwave frequency is steered to

resonance with the F = 0 to F = 1, mF = 0 ground state hyperfine transition (a 1-5 × 10-7 T

magnetic field breaks the degeneracy of the F = 1 states).  We synthesize the microwave

frequency from a low-noise crystal quartz oscillator locked to an active hydrogen maser [14].

Figure 3 shows the two-sample Allan variance σy(τ) of the average microwave frequency

when it is locked to the ion resonance.  For averaging times τ comparable to TR, the calculated

value of σy(τ) is erroneously small, because the digital integrator has little gain at these times.  As

τ increases, the integral gain grows until fluctuations in the detected ion signal dominate σy(τ).

Here, σy(τ) decreases as τ-1/2
  as expected.  For TR = 100 s, the stability approaches the expected

value of σy(τ) ≅ 1.1 × 10-13
 τ−1/2 for τ » TR.

For each run in which the microwave frequency is continuously servoed to the atomic

transition, we average the recorded frequency.  Figure 4 is a summary of the fractional deviation

of the average frequencies for several runs made over nine days.  The error bars are not uniform

because during this time, N, TR, the total run time τ, and other parameters were deliberately

varied.  The normalized value of chi-squared for this data set is 2.5, which we do not yet
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understand.  Although the evaluation is not yet complete, the scatter in these data indicates that

our fractional accuracy is probably better than 10-13.

We have begun to search for systematic effects that could shift the frequency of the

microwave transition.  Table 1 summarizes the present status of our measurements.  We measure

the average ion temperature by monitoring the width of the 282 nm transition after the cooling

beams have been blocked for time TR.  This determines the second-order Doppler shift and the AC

Stark shift due to the trap’s rf electric fields.  The width also gives an upper bound on the heating

rate of the ion due to background gas (presumably helium) collisions, which is approximately

proportional to the helium density nHe.  The measured shift from helium at pressure PHe at room

temperature is  4 × 10-11 PHe (where PHe is in Pa) [15], or 1.6 × 10-31 nHe (where nHe is in m-3).

Assuming that this shift has the same dependence on density at 4 K, the upper bound on density

nHe = 1.6 × 1012 m-3 implies an upper bound on the fractional frequency shift of approximately

3 × 10-19.  We do not measure the temperature after each run in the present experiments.  The

uncertainty in the quadratic Zeeman shift is due to fluctuations and inhomogeneities in the

magnetic field.  We determine the average magnetic field at the site of the ions from the

frequencies of the Zeeman components of the hyperfine transition.  The width of these

components gives an upper bound on the field inhomogeneity since the ion positions are fixed.

Currents flowing in the trap electrodes may cause an rf Zeeman shift; we have searched for this

shift by varying the rf power delivered to the trap.  Microwave chirp may occur as the 40.5 GHz

radiation is switched on and off, and is measured by varying the Ramsey precession time.  Finally,

we calculate shifts due to blackbody radiation [11] for ions in a 10 K environment.  (We think that

the background temperature is greater than 4 K due to the quartz windows in the system and

power delivered to the trap.)

Optical Frequency Standard

A frequency standard with high stability can be based on the 199Hg+ 282 nm electric

quadrupole transition, which has a natural linewidth of 1.7 Hz [16].  A laser stabilized to less than

20 Hz over one minute has been locked to this transition in a single ion confined in a room-

temperature rf trap [17].  With improvements to the high-finesse cavities to which the laser is

locked, we expect to reduce the laser linewidth to about 1 Hz over one minute.  We are

developing a second cryogenic system that will house a trap for this experiment.
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All Solid-state Laser Systems

To make the 194 nm and 282 nm radiation sources more compact and reliable, we are

converting them to an all-solid-state design.  The system we currently use to generate 194 nm

light starts with radiation from a single-frequency argon-ion (Ar+) laser at 515 nm.  About

500 mW is frequency-doubled in a cavity containing a BBO crystal to produce 257 nm radiation.

About 5.5 W pumps a Ti:sapphire laser to make 500 mW of 792 nm radiation. The 792 nm and

257 nm beams are each enhanced in separate optical cavities, whose foci overlap in a second BBO

crystal.  This creates about 100 µW of 194 nm radiation through sum-frequency mixing.  The

Ti:sapphire laser can be replaced by an injection-locked diode laser that produces over 500 mW of

792 nm radiation [18, 19]. The Ar+ laser will be replaced by a 1 W single-frequency, diode-

pumped, frequency-doubled Yb:YAG laser at 1.029 µm [20].   Since the doubling efficiency in

KNbO3 can be 50% [21], we expect to generate about 500 mW of 515 nm radiation.

The present system for generating 282 nm radiation consists of an Ar+ laser pumping a dye

laser that produces 500 mW of 563 nm radiation.  The 563 nm light is frequency-doubled by

single-passing it through a 90° phase-matched AD*P crystal to give up to 100 µW of 282 nm

radiation.  To convert this to a solid-state system, the dye laser and pump laser will be replaced by

a diode-pumped Nd:FAP laser at 1.126 µm.  Approximately 100 mW of single-frequency

radiation from the Nd:FAP laser has been frequency-doubled in KNbO3 to produce 7 mW of

563 nm radiation.  The light at 563 nm can be frequency-doubled as before to generate about

2 µW of 282 nm radiation.  When the light is focused to about 25 µm and there is no broadening,

less than 1 pW of 282 nm light will saturate the quadrupole transition.

Summary

We have locked a synthesizer to the 40.5 GHz transition in laser-cooled strings of 199Hg+

ions in a linear cryogenic rf trap.  With Ramsey periods of up to 100 s, this clock has

demonstrated stabilities of better than 10-14.  Preliminary investigations of systematic frequency

shifts indicate an accuracy of better than 10-13.  In the future, we plan to use Ramsey times of

100 s and a smaller, more tightly confining trap that stores up to 100 ions.  We  will soon resume

work on a cryogenic 282 nm optical frequency standard, whose potential stability is

σy(τ) ≈ 10-15 τ-1/2.  Finally, we are converting our laser systems to an all-solid-state design, which

should allow longer continuous running times.
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Figure 1:  Linear rf trap, and an image of a string of twelve ions.  The ions are spaced
approximately 10 µm apart.  The spatial extent of the ions is exaggerated for clarity; in reality the
laser beams overlap all of the ions.
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Figure 2:  Partial energy diagram of 199Hg+.  The 70 MHz wide 194 nm transition is used for laser
cooling and detection.  The 40.5 GHz and 282 nm transitions are the clock transitions.
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Figure 3:  Stability plots for the 40.5 GHz microwave clock, using N = 13 ions, and both
TR = 10 s and TR = 100 s.  Also shown are the theoretically expected stabilities from Eq. (1), and
the stability of the hydrogen maser reference clock.
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Figure 4:  Summary of average frequencies over a nine-day period.  The frequencies are plotted in
the order in which they were measured, but the spacing of the data points does not otherwise
correspond to the time in which the data were taken.
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Shift Scaling Uncertainty

Second-order Doppler -<V 2/c 2> 1.6 × 10-17

Quadratic Zeeman (static) +<B 2> 3 × 10 -15

Quadratic Zeeman (rf) + <B2> 3 × 10 -14

AC Stark (rf) -<Erf
2> 3 × 10 -18

Microwave chirp 1/TR 3 × 10 -15

He pressure shift nHe 3 × 10-19

Blackbody AC Zeeman (T = 10 K) -T 2 1.4 × 10 -20

Blackbody AC Stark (T = 10 K) -T 4 1.2 × 10 -22

Table 1:  Measured uncertainties in the microwave clock.  Effects below the dashed line are
expected to be negligible compared to those above the dashed line.


