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Two fundamental problems with the development of a primary frequency standard based on stored
ions have long been apparent—the second-order Doppler shift and the low signal-to-noise ratio. Both
problems have been addressed in experiments at the National Bureau of Standards (NBS)—the first by
the development of the laser cooling technique and the second by the development of laser-optical-
pumping techniques with high detection efficiency. Also, a hyperfine transition in 2Mg™ has been
observed by rf-optical double resonance with a linewidth of 0.012 Hz and a @ of 2.4 x 101, A possible
microwave frequency and time standard based on a ground-state hzyé)erﬁne transition in 21Hg™ and a
{)ossible optical frequency standard based on the two-photon 5d° 6s “Dg, <— 5010 63 23,5 transition in
9Hg* or 21Hg" are described.
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1. Introduction

It has long been realized that microwave or optical
transitions of ions stored in electromagnetic traps might
form the basis for new types of frequency standards. The
basic advantage of such devices is that very long interro-
gation times (up to many seconds) and, therefore, high
transition line @’s can be achieved, while the perturba-
tions which usually accompany the confinement of atoms,
such as collisions with buffer gas molecules or the cell
walls, can be substantially avoided. Ground-state hyper-
fine transitions of *He* [1], *"Hg™* [2-4], and ¥"Ba* [5]
ions stored in rf quadrupole traps have been observed
with high resolution by direct or indirect optical pumping
techniques. In fact, @’s greater than 101 have been ob-
served on the 40.5 GHz hyperfine transition of "Hg™*.
The accuracies of the measurements were limited largely
by the uncertainty of the second-order Doppler (time di-
lation) shift. The signal-to-noise ratios were relatively
low, because.the maximum number of ions stored was
about 10° — 10°% and the transitions were detected with an
efficiency much less than one. Techniques developed at
NBS in the last three years address both of these prob-
lems. Resonant light pressure has been used to cool
stored ions to temperatures below 1 K, thus reducing the
second-order Doppler shift. Laser-optical-pumping tech-
niques have been developed which are, in principle, capa-
ble of detecting transitions with nearly unit efficiency, so
that the signal-to-noise ratio is limited only by the sta-
tistical fluctuations in the number of ions that make the
transition.

2. Laser Cooling an“c,I Double Resonance of
9

Laser cooling of Mg* ions stored in a Penning trap has
been investigated in a series of experiments at NBS
[6—10). Ground-state hyperfine transitions have been
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detected with extremely high resolution by rf-optical
double resonance techniques [10]. Laser cooling of Ba*
ions stored in a quadrupole rf trap has been demon-
strated in a related series of experiments at Heidelberg
[11].

2.1 Apparatus

In a Penning trap, ions are confined by a combination
of a uniform magnetic field and a quadrupolar electro-
static potential [12,13]. The trap used had dimensions
ro = 1.64 z¢ = 0.63 cm in the notation of Ref. [12]. Typi-
cal operating parameters were Vo= 7V and By= 1T,
where Vg is the potential across the electrodes and B is
the magnetic field. The storage time for Mg™ jons in the
ultrahigh vacuum environment (P < 1077 Pa) was about a
day.

Narrowband, tunable radiation resonant with the 3s
2812 — 3p *Pap transition at 279.6 nm was required for
the laser cooling and the double resonance experiments.
This was produced by frequency doubling the output of a
single-mode ew Rhodamine 110 dye laser in a 90° phase-
matched AD*P crystal. Between 5 and 30 pW of UV
power was generated in a bandwidth of about 1 MHz.
The dye laser could be long-term stabilized at discrete
frequencies to less than 1 MHz by locking it to saturated
absorption features in I,. Fine tuning could be accom-
plished by varying the trap magnetic field to Zeeman
shift the Mg~ levels.

The UV radiation was focused at the center of the
trap, passing through holes in the ring electrode. Reso-
nance fluorescence photons emitted by the ions in the
backward direction were detected by a photomultiplier
tube and counted. The net detection efficiency for a pho-
ton emitted from an ion, taking into account the collec-
tion solid angle, mirror reflectivity, transmission of the
lenses and filters, and 5photomultiplier quantum effi-
ciency, was about 2 X 107°,



2.2 Laser Cooling

The basic principle of laser cooling of free or harmoni-
cally bound atoms [14, 15] can be explained as follows:
Consider a monochromatic, directed beam of light whose
frequency is slightly below that of a strong resonance
line of the atoms. Atoms whose velocities are directed to-
ward the light source see a frequency Doppler shifted
closer to resonance; if their velocities are directed away
from the source, the frequency shift is away from reso-
nance. Therefore, the atoms tend to absorb photons when
their velocity is directed toward the source. This slows
them down, since the momentum of the absorbed photons
reduces the atomic momentum. (The photons are re-
emitted in random directions.) All velocity components
could be reduced with six laser beams directed along the
+X, *y, and *z directions. A single beam suffices to cool
all oscillational modes of an atom bound in a three-
dimensional harmonic potential, if the modes are nonde-
generate and if the beam is not directed along one of the
principal axes [11, 15, 16].

For an ion in a Penning trap, cooling of the axial and
cyclotron modes takes place in the same way as for har-
monically bound atoms, if the laser is tuned below reso-
nance [16]. Cooling of the magnetron mode, which is an
E x B drift of the center of the cyelotron orbit around
the trap axis, can be accomplished by focusing the laser
beam so that it is more intense on the side of the trap
axis on which the magnetron motion recedes from the
laser [6—9, 16].

It is easiest to achieve very low temperatures with
small numbers of ions. This is because the radial electric
field due to space charge increases the magnetron veloc-

ity. This problem does not exist for a single, isolated ion,.

_and the lowest temperatures were observed for this case
[9]. A recording of the fluorescence intensity from a
small number of #Mg" ions is shown in Fig. 1. After the
ions were cooled and localized at the trap center, an oven
containing Mg was heated in order to induce the
resonant charge exchange reaction (¥Mg* + Mg -—
2Mg + ®Mg™*). The resulting ®Mg* ions were ejected
from the trap by resonant cyclotron-magnetron rf excita-
tion. We attribute the step decreases in the fluorescence
to individual charge exchange events and the last plateau
above background to the fluorescence from a single ion.

The ‘‘temperature’’ of a single ion was determined
from the Doppler width by optical-optical double reso-
nance (see Fig. 2). (We define the ‘‘temperature’” of a
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single ion in terms of its average kinetic energy.) When
the light is polarized perpendicular to the magnetic field
and is close to resonance with the (®Sye, M; = -1/2) -
(®P3, M; = —3/2) Zeeman component, most of the 28,
population is pumped into the M, = —1/2 sublevel by the
following mechanism [8]: The electric dipole selection
rules allow M; to change by *1 in the 28,5 — 2Py transi-
tion and by 0 or *1 in the subsequent 2Py» — 2315 decay.
Thus, the —1/2 — —3/2 and +1/2 — +3/2 transitions (we
denote the %S, and 2P3p M,-values by the first and
second numbers respectively) do not optically pump the
ground state, since the ion must decay back to the same
sublevel. The other allowed transitions, +1/2 — —1/2 and
—1/2 — +1/2, do cause optical pumping, because the ion
can decay to either sublevel. These off-resonance transi-
tions are driven in their Lorentzian wings (the Zeeman
splitting -is much greater than the Doppler broadening),
at a rate > 1 s71, which is much faster than any other re-
laxation rate between ground-state sublevels. The detun-
ing of the light from the —1/2 - +1/2 transition is four
times its detuning from the +1/2— -1/2 transition.
Hence, the M; = +1/2 ground-state sublevel is depopu-
lated 16 times faster than the M; = —1/2 sublevel. In the
steady state, 16/17 = 94% of the population is in the
M; = ~1/2 sublevel. Since the photon scattering rate is
proportional to the number of ions in the M; = —1/2 sub-
level, any process that changes this number is detectable
as a change in the fluorescence intensity. This is the
basis of the double resonance technique. To obtain the
data shown in Fig. 2, one laser was tuned slightly below
the —1/2 —> —3/2 transition, in order to provide cooling
and fluorescence detection, while a low power laser was
swept across the —1/2 — —1/2 transition in order to de-
plete the M; = —1/2 sublevel. The resulting lineshape
reflects both the natural and Doppler broadenings. Also
shown in Fig. 2 are simulated curves for temperatures
T = 0K and 100 mK. We estimate from this data that
T = 50 = 30 mK. Since the light beam was incident at an
angle of 82° with respect to the magnetic field, this is
primarily a measurement of the cyclotron-magnetron (x-
y) temperature. The axial (z) motion was not cooled as
efficiently as the cyclotron-magnetron motion because of
the beam angle. The axial temperature was estimated to
be about 600 mK by lowering the well depth and noting
the decrease in the fluorescence due to the decreased
fraction of time the ion spent in the laser beam. Accord-
ing to a theoretical model, it should be possible to obtain
a cyclotron-magnetron temperature of about 1 mK and an
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FIGURE 1. #Mg"* fluorescence as a function of time. Each point represents a
10 s integration. The three large steps are due to single charge exchange
events, which remove the “Mg* ions, one at a time. The last plateau above
background is due to a single ion. (From Ref. [9].)
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FIGURE 2. Optical-optical double resonance of a single AMg
ton. The ﬂuorescence due to a strong laser tuned to the (*2S 5,
M; = -1/2) - (P;/;, M; = —3/2) transition is plotted as a
Sfunction of the frequency of a weak laser, which is tuned con-
tinuously across the (%S, M; = ~1/2) > (*Pyy, M; = —1/2)
transition. Each dot represents a 10 s integration. The dashed

curves are simulated data for ion “‘temperatures” 0 K and
100 mK. (From Ref. [9].)

axial temperature of about 11 mK for these conditions
[16]. At present, the discrepancy is not understood, but
may be due to the presence of impurity ions in the trap.

2.3 RF-Optical Double Resonance

The microwave Zeeman transition in the ground state
(®S1e, MJ = —1/2 — +1/2) also can be detected by a de-
crease in the fluorescence intensity [8]. This ‘‘flop-out”
detection method can be very efficient. In effect, a tran-
sition due to a single microwave ‘‘photon’’ interrupts the
stream of scattered optical photons until the ion is
pumped back to the M; = —1/2 sublevel by weak, off-
resonance scattering. Since the decrease in the number
of scattered photons can be very large, it is possible to
make up for poor light collection and detector quantum
efficiencies, so that the transition can be detected with
nearly unit efficiency. ‘‘Flop-in’’ detection where a large
increase in the number of photons scattered is caused by
absorption of a single microwave photon, is also possible
[17]. Similar detection methods have been proposed
previously [18].

Various ground-state rf and microwave transmons in
®Mg* were detected by double resonance. ®Mg* has nu-
clear spin I = 5/2; in a high magnetic field, the ground-
state sublevels can be denoted by (M;, M J) If the laser
is tuned to the (®3Sye, M; = =52, M; = —1/2) = (?P3p,
M; = =52, M; = -3/2) transition pumping into the
My = -1/2 ground state manifold takes place in the same
way as for 2*Mg*, which has I = 0. The pumping of
nearly all of the population into the M; = —5/2 sublevels
occurs because of hyperfine coupling in the excited state
[7, 8]. The excited-state sublevels which are labeled (M;,
M; = —3/2) all contain small admixtures of states with
lower M;, except for (M; = —5/2, M; = —3/2), which is
pure. Hence, if an ion in the (M;, —1/2) ground-state sub-
level is excited to the (M, —3/2) excited-state sublevel,
it has a small probability of decaying to a ground-state
sublevel with lower M;, unless M; = —5/2. Eventually,
the ions are trapped in the M; = —5/2 sublevels. After
this pumping takes place, the (=52, —1/2) - (—5/2,
+1/2) electronic spin flip transition and the (—5/2,
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—1/2) = (—8/2, —1/2) nuclear spin flip can be detected by
a decrease in the fluorescence intensity when resonant rf
is applied. When the laser is tuned to the (3S,, M; =
+5/2, My +1/2) — ((Pgp, M; = +5/2, M; = +3/2)
transition, most of the population is pumped into the
(+5/2, +1/2) sublevel, and the (+5/2, +1/2) — (+5/2,
—1/2) and (+5/2, +1/2) — (+3/2, +1/2) transitions can be
observed.

The observed resonances were broadened by magnetic
field fluctuations. However, the magnetic field deriva-
tive of the (—3/2, +1/2) «— (-1/2, +1/2) transition fre-
quency goes to zero at By = 1.2398 T. The transition was
observed near this field with linewidths as narrow as
12 mHz [10]. The following method was used to detect
the transition: The ions were optically pumped into the
(—=5/2, —1/2) sublevel. Some population was transferred
to the (—3/2, 1/2) sublevel by saturating the (—5/2,
—1/2) «— (=5/2, +1/2) and (—=5/2, +1/2) «— (=3/2, +1/2)
transitions with rf. The (-3/2, +1/2) — (-1/2, +1/2) tran-
sition was driven with the light blocked and the saturat-
ing rf off. The laser and saturating rf were turned on
again, and the number of transitions made to the (—1/2,
+1/2) sublevel was indicated by a decrease in the fluores-
cence level. The Ramsey interference method [19] was
implemented by pulsing the rf, resulting in an oscillatory
lineshape (see Figs. 3a, 3b). Several transition frequen-
cies were measured in order to determine the hyperfine
constant A = —596.254 376(54) MHz and the nuclear-to-
electronic g factor ratio g;/g; = 9.299 484(75) x 1072 [10].
(Estimated standard deviations in parentheses.) The un-
certainties of A and g,/g; are dominated by the uncer-
tainties of the field-sensitive transitions, which are due
to fluctuations of about 1 ppm in By. Further experimen-
tal efforts are directed toward developing a trap with
greatly improved light collection efficiency in order to
continue studies of Mg* and to initiate similar studies of
Be™.
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FIGURE 3a, (M;, M) = (=32, +1/2) < (~1/2, +1/2) *Mg™*
ground-state hyperfine resonance. Each circle represents the
average of four measurements (total fluorescence detection in-
tegration time of 8 s). The oscillatory lineshape results from
the use of the Ramsey method. Two coherent rf pulses of dura-
tion v = 1.02 s separated by T = 20.72 s were applied. The
solid curve is a theoretical fit. The vertical arrow marks the
central minimum, which corresponds to the resonance fre-
quency. The magnetic field By was set so that the ( —5/2,
—1/2) < (—=5/2, +1/2) electronic spin flip resonance was in
the range of 36 248.37, + 0.750 MHz, which corresponds to
Bo=12398T.
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FIGURE 8b. (—3/2, +1/2)«— (—1/2, +1/2) “Mg* hyperfine
resonance. The total fluorescence detection integration time
was 16 s per point and T was 41.40 s. The experimental condi-
tions were otherwise the same as for Fig. 3a. The vertical ar-
row marks the central minimum. (From Ref. [10].)

3. Proposals for HgJr Frequency Standards

Here we outline proposals for a microwave frequency
and time standard based on a hyperfine transition in
2lHg* and for an optical frequency standard based on a
two-photon transition in ¥*Hg* or ®'Hg*. These propo-
sals incorporate the laser cooling and laser-optical-
pumping techniques demonstrated with Mg®. They use
the Penning trap instead of the rf trap because cooling
(of more than one ion) appears to be easier. Preliminary
experimental work on these devices has begun at NBS.
Further details are published elsewhere [17].

3.1 Microwave Frequency Standard

The basic advantages of Hg* for a microwave fre-
quency standard are the large hyperfine structure (hence
high @ for a given linewidth) and high mass (hence low
second-order Doppler shift for a given temPerature).
Other groups [2—4, 20] have worked with the ®Hg* (F,
Myp) = (1,0) «— (0,0) transition using a 2?Hg™ lamp for
optical pumping and an rf trap near zero magnetic field.
For a Penning trap, the best transition appears to be the
MYg+ (F, Mp)= (1,1) «— (2,1) transition, which is
field-independent to first order at B, = 0.534 T, with fre-
quency =25.9 GHz. If By can be controlled to slightly
better than 0.1 ppm over the volume of the ion cloud, the
fractional second-order field shift can be kept below
1071, A laser tuned just below a particular hyperfine-
Zeeman component of the 6s 2S5 — 6p 2Py, 194.2 nm line
could be used to cool the ions. All of the ground-state
sublevels would have to be rf-mixed, in order to permit
cyclic interaction with the laser. Essentially all of the
ions could then be pumped into the (F, My)= (1,1)
sublevel by leaving it unmixed by the rf. The laser and
mixing rf could then be shut off, and the (1,1) —» (2,1)
transition driven. The number of ions that made the tran-
sition could be determined by turning the laser on,
rf-mixing all but the (1,1) sublevel, and counting the
scattered photons. In order to keep the second-order
Doppler shift below 1075, the ‘‘temperature’’ must be
kept below 1.45 K. This should be easy for the cyclotron
and axial modes, but the space-charge-induced mag-
netron velocity is a problem for a large cloud of ions. If
the shift is to be kept below 10715, and the ions are to be

contained within a 1 cm diameter spherical volume, the
maximum number of ions is about 8.2 x 10%. All other
systematic shifts, such as those due to collisions, the trap
fields, or thermal radiation, appear to be much less than
1071, For an interrogation time of 50s, a Q of 2.6 x 102
would be obtained using the Ramsey method. With
8.2 x 10* ions and a signal-to-noise ratio limited only by
statistical fluctuations in the number of ions that make
the transition, the fractional frequency uncertainty for
measurement time, 7, is calculated to be o, (1) = 2 X
1071 +712 for v > 100 s. Actual short-term stability may
be limited by available local oscillators.

Various possibilities exist for the required 194.2 nm
source. One is a narrowband, high repetition rate ArF*
excimer laser. Another, which is being pursued at NBS,
is sum-frequency mixing in a KB5 crystal of the output of
a single-mode 790 nm c¢w ring dye laser and the second
harmonic, generated in an ADP crystal, of the output of
a 514 nm stabilized, single-mode cw Ar™ laser. The basic
method has been demonstrated previously with pulsed
lasers [21].

3.2 Optical Frequency Standard

It has previouslgr been pointed out that the two-
photon-allowed 5dY 6s 2S,, — 5d° 6s® 2Dy Hg™ tran-
sition, which has a @ of 7.4 X 10", could be used in an
optical frequency standard [22]. The first-order Doppler
effect can be eliminated by driving the transition with
counter-propagating 563.2 nm laser beams. Hyperfine-
Zeeman components whose magnetic field derivatives
vanish at particular values of By exist in *Hg" and
Do+, The fractional frequency shifts are much smaller
than for the microwave frequency standard for the same
fractional change in By. The second-order Doppler shift
can be reduced to the same degree as for the microwave
standard by cooling with a 194.2 nm laser. The two-
photon transition can be detected with high efficiency by
a change in the 194.2 nm fluorescence intensity. Taking
full advantage of the high @ transition would require a
laser with a linewidth of less than 1 Hz, which does not
exist at present. However, linewidths =100 Hz appear
feasible and could be used for initial experiments. The
largest systematic shift appears to be the ac Stark shift
due to the 563.2 nm laser beams. If the laser linewidth is
less than the natural linewidth, and the transition is near
saturation, this shift is about 2 x 10715, Assuming ideal
lasers are available, the stability of this standard is cal-
culated to be oyl(q-) =2 x 1078 7712 for 8.2 x 10* ions and
oy(1) =6 X 10716 1712 (1 > 1 s) for a single ion.
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