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Ionic crystals in a linear Paul trap
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We describe a configuration for a linear Paul rf ion trap. This trap can store a long string of ions with
a small second-order Doppler shift, comparable to that achieved with a single ion in a quadrupole Paul
trap. Crystallized strings of trapped ions, as well as more complicated structures, have been observed in
the trap. We report an observation of the 40.5-GHz ground-state hyperfine interval of 99Hg* by
microwave-optical double-resonance spectroscopy and discuss prospects for a microwave frequency

standard based on a trapped string of ions.

PACS number(s): 32.80.Pj,32.30.Bv, 95.55.Wk, 36.40.+d

L. INTRODUCTION

Experiments with trapped and laser-cooled ions have
been motivated by the possibility for high-accuracy spec-
troscopy, improved frequency standards, and experi-
ments in fundamental physics: ‘For a large range of spec-
troscopic experiments, the goal for ion confinement is the
Lamb-Dicke regime, in which the extent of the motion of
each ion is much less than the wavelength of an atomic
transition. For an optical transition this requirement is
severe. In a quadrupole rf Paul trap, the total kinetic en-
ergy of a single trapped ion can be on the order of the
secular kinetic energy, and confinement of a single laser-
cooled ion to the Lamb-Dicke regime for an optical tran-
sition has been verified spectroscopically in Ba* [1,2] and
Hg™ [3]. Laser cooling -can significantly reduce the
second-order Doppler shift due to the ion motion, which
can otherwise limit the accuracy of a spectroscopic mea-
surement. As an example, for a single ?Hg* ion laser-
cooled to the Doppler limit [4], the fractional second-
order Doppler shift is

(Av/vy)=—2.3X10718

(Ref. [5]). 7

In many experiments it is advantageous or even neces-
sary to work with a larger number of ions. However, in a
quadrupole rf Paul trap, two or more ions are pushed by
their mutual Coulomb repulsion from the center of the
trap to regions where the rf field is stronger. This leads
to increased amplitude of the micromotion [6-8], limits
the achievable confinement, and may inhibit laser cooling
[7,8]. One way to circumvent this problem is to design a
trap in which the rf field vanishes along a line instead of
at a single point. This goal has led to the development of
the linear trap. '

The linear-trap design descends from a “racetrack”
configuration rf quadrupole trap first used by Drees and
Paul for the short-term confinement of an electron-ion
plasma [9] and later used by Church to trap atomic ions
for longer times [10]. The racetrack trap resembles a
quadrupole mass filter bent into a closed path. Charged
particles are confined to trajectories along the closed path
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formed by the electrodes. Dehmelt first suggested using a
string of ions in a linear trap to suppress the second-order
Doppler shift [11]. In addition to confining the ions radi-
ally, it is desirable to fix the axial positions of the ions. In
racetrack traps, axial localization can arise from patch
effects on the trap electrodes, which pin ions in one re-
gion of the trap. Coulomb repulsion among the ions then
localizes the remaining ions. The traps described here
and in Ref. [12] provide axial confinement with a pur-
posely applied static electric field. This allows the trap to
confine the ions more strongly to their axial positions
than racetrack traps do and gives more control over the
axial positions. The static field weakens the radial
confinement, as will be discussed below. Also, racetrack
traps can confine both positively and negatively charged
particles simultaneously, while traps such as ours, which
use static confining potentials, cannot.

Prestage, Dick, and Maleki have trapped a cloud of
9Hg™ ions elongated along the axis of a linear trap and
have demonstrated a Hg™ microwave frequency stan-
dard with excellent frequency stability [12]. Crystallized
strings of laser-cooled **Mg™ ions have been observed in
a racetrack-type trap at the Max Planck Institute for
Quantum Optics [13]. We have constructed a linear rf
trap and observed simple crystallized linear structures of
up to 33 "Hg™ ions [14]. By varying the strength of the
axial confining potential, we have also observed more
complex structures.

In Sec. II we discuss the theory of the linear trap and
provide details of our trap. We then present images of
trapped crystallized structures of ions and compare these
observations with the results of numerical simulations.
We next describe an observation of the 40.5-GHz
ground-state hyperfine transition wusing microwave-
optical double-resonance spectroscopy with a trapped
string of ®Hg™ ions and discuss the potential for a mi-
crowave frequency standard based on this transition. We
conclude with a discussion of future experiments and
prospects.

II. THEORY AND DESIGN OF THE LINEAR TRAP

The starting point in the discussion of our linear trap is
the quadrupole mass analyzer [15,16]. This device con-
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sists of four parallel rods. Typically, each rod has circu-
lar cross section in the plane perpendicular to the axis of
the trap, as shown in Fig. 1. A time-varying rf potential
VocosQt is applied to two opposing rods. The remaining
two rods are held at rf ground. The rf electric fields are
transverse to the axis of the mass analyzer. The time-
varying potential near the axis can be approximated by

y=—"

5 cosQt ,

2__,2
1+ 2= (1)
R

where R is the distance from the axis to the surface of the
electrodes. For sufficiently high drive frequency (, a par-
ticle of mass m and charge ¢ moves in an effective pseu-
dopotential

gV
4mQ*R*

where

(x2+y2)=%a)3(x2+y2) , )

=gV, /(V2mQR?) 3)

is the angular frequency of oscillations in the radial direc-

tion [12,15,16].

To reduce the anharmon1c1ty of our trap, We chose the
rods to have radius R'=1.03R. The anharmonicity is
minimized with a ratio of 1.146 [17], but is not dramati-
cally worse for our design. A numerical multipole expan-
sion of the field for the geometry of our trap shows that
near the axis the harmonic term in the pseudopotential is
1% smaller than that predicted by Eq. (2). The total con-
tribution of anharmonic terms in the pseudopotential, up
to order (r /R )™, is less than 0.1% of the quadratic term
for (r/R)<0.2, where r is the distance from the trap
axis. While electrodes with hyperbolic cross sections
would give a more nearly harmonic pseudopotential, the
use of circular rods facilitates construction and is a good
compromise since we are primarily interested in confining
the ions near the axis. Such a geometry has found wide
use as a mass analyzer, but it cannot function as a trap

Vpcos 2t

v
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FIG. 1. Cross section of a linear quadrupole trap. An alter-
nating rf voltage V,cosQt is applied to a pair of diagonally op-
posite rods. The other pair of rods is maintained at rf ground.
In the actual trap, the radius R’ of the rods is 0.794 mm, 1.03
times the distance R (0.769 mm) from the trap axis to the sur-
face of the rods. - S
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since particles can move freely along the axis.

To confine the ions axially, a static potential can be ap-
plied from opposing sides along the axis, creating a re-
gion in the center in which particles can be trapped. Fig-
ure 2 shows how this is accomplished in our trap. Each
of the circular trap rods is divided into two sections of
unequal length. The static potential of the longer “cen-
tral” sections is maintained at ground and a static bias
voltage Uy is applied to the shorter “end” sections. The

~ segmented desrgn divides the trap into three regions

along the axis: two end regions where the end segments
of two rods overlap the central segments of the other two
and a central region where all four central segments over-
lap. As a function of axial position, the static potential
has a minimum in the central region of the trap. The
static potential thus provides axial confinement, but is ex-
pected to add far greater anharmonicity to the trap po-
tential than does the use of circular rods.

A schematic diagram of the actual trap is shown in

--Fig. 3. Four circular rods, 12.6 mm long and 1.588 mm

in diameter, are aligned with their axes parallel at a radi-
al distance of 1.563 mm from a common axis (the z axis).
Each rod is made of two segments of beryllium copper:
an end segment 5 mm long and a central segment 7.5 mm
long. The central region of the trap, where the four cen-
tral segments overlap, is 2.5 mm long. The two segments
are electrically isolated from each other using spacers of
alumina and machinable ceramic, as shown in Fig. 4.
This configuration allows independent static potentials to
be applied to the segments of the rods. The insulating
spacers are hidden from the outside of the rods, as shown
in Fig. 4, to avoid perturbations caused by surface charge
on the insulators. The ends of the rods are held in two
machinable ceramic fixtures (not shown), which are
themselves held together by four outer support rods (also
not shown). The fixtures were coated with titanium, ex-
cept where the trap electrodes are held, and grounded in
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FIG. 2. (a) End view and (b) side view of the linear trap,
showing how the axial confining potential is applied. For sim-
plicity, the rf potentials are not indicated on this figure. Each
trap rod is divided into two sections that are rf common and

held at different static potentials. The dashed lines show the

divisions between the sections of the rear rods (which are hid-
den behind the front ones). The short segments of the rods are
held at a positive static potential U, and the long segments at
static ground, as indicated for the front rods. With this ar-
rangement, we create an axially confining potential for positive
ions in the region where the four longer segments overlap. In
our trap, this region has length 2zy=2.5 mm.
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FIG. 3. Linear-trap configuration. An rf voltage Vycos{)z is
applied to diagonally opposite electrodes as shown. The seg-
ments of each rod are rf common so that each central segment
can be biased at a different static potential AU, yet remain at the
same rf potential. The end segments of the electrodes are 5 mm
long, much longer than the 0.769-mm radial distance from the
axis of the trap to surface of the rods, so the rf electric fields in
the center section of the trap are nearly parallel to the xy plane.
The region in the center of the trap in which the four central
segments of the electrodes overlap is 2.5 mm long. To trap posi-
tive ions along the z axis, the four central segments are held
near static ground potential and a positive static potential Uy is
placed on the end segments. Small potentials AU, -AU, can be
applied to the central segments to compensate for contact and
patch potentials on the electrodes. The axial position of the
ions can be varied by applying a bias AU to one set of end seg-
ments. The ions are detected by an imaging photomultiplier
tube that looks along an axis normal to the z axis and 45° to the
x and y axes. i

order to minimize effects due to charging of exposed insu-
lators.

An rf potential is applied to two opposing rods, while
the two other rods are kept at rf ground. The two seg-
ments that make up each rod are rf common. The end
segment of each rod is biased at a static voltage U, >0,
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FIG. 4. Section through two trap rods (the front rods in Fig.
2). The end segment of each trap rod is a sleeve that fits over an
insulating spacer, which in turn fits over an extension of the
central segment. The insulating spacer is completely hidden
from the outside of the rod to prevent surface charge on the in-
sulators from perturbing the trap potential.

1:588 mm .-
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- and the central segment is nominally held at zero. This

arrangement confines positive ions within the central re-
gion of the trap. To compensate for contact and patch
potentials on the trap electrodes, there are provisions for
applying small static bias potentials (AU;-AU, in Fig. 3)
to the central segments of the individual rods and to one
pair of end segments (AU5).

The rf voltage is supplied by a helical resonator, which
acts as a resonant transformer with a 40:1 turns ratio. To
allow the different segments of the rods to have different
static potentials while remaining at the same rf potential,
the secondary winding of the helical resonator is a trifilar
coil, whose three filaments supply the voltages
ViocosQt +AU,, VycosQt+ Uy, and VycosQt+AU,, as
shown in Fig. 3. The rf-grounded rods are capacitively
coupled to one another. The resonator produces up to
about 700 V amplitude at its 12.7 MHz resonant frequen-
cy when driven with about SW. The high-voltage output
is monitored with a capacitive voltage divider, which has
been calibrated with 10% accuracy.

Because there is so little symmetry to the trap, describ-
ing the static potential in detail would require a full
three-dimensional numerical solution. However, the re-
gion of interest is near the midpoint of the trap axis, a
saddle point of the static potential. In this region the
static potential can be approximated by the harmonic po-
tential

U
2 [22—Lx+y?)]
Zo

¢ =

=

—w;(z
2 q r4 [
where z; is half the length of the central region of the
trap (zo=1.25 mm for our trap), « is a geometric factor
(k=0.31 for our trap; see below), and

—x?+yH)], )]

)1/2 (5)

is the angular frequency of axial oscillations in the trap.
The factor « depends on the geometry of the trap, and

w,=(2kqUy/mz}

.. .-+ -hence will vary with zg, so the secular frequency does not
" scale SImply as l/zo The pseudopotentlal well in the ra-

“-dial direction is weakened by the addition of the static

k3

potentlal and is glven by

¢','—é——<w —Le?)(x2+y?)

2
;%m; P(x2+y?), ©6)
Where '
w (wz,_ 1(02)1/2 '

T

is the angular frequency of radial oscillations in the pres-
ence of the static potential.

The radial size of the trap was chosen to allow
confinement of Hg™ ions near the Lamb-Dicke regime
for a 194-nm optical transition. We define the Lamb-
Dicke regime by the criterion that the rms motion of
each ion be less than A /2w, where A is the wavelength of
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the transition. Lamb-Dicke confinement in the radial
direction is expected for a 12.7-MHz rf drive with an am-
plitude ¥, of 1.1 kV applied to the trap rods, assuming
that the ions have been cooled to the 1.7-mK Doppler
limit (this limit applies when motion along each axis is
cooled equally [4]). Axial confinement is typically
achieved with a static voltage U, of 1 V or less. Extrapo-
* lating from measured axial secular frequencies, we expect
that a static potential of about 400 V would confine the
axial motion of a single ion to the Lamb-Dicke regime at
the Doppler limit of laser cooling.

HI. ION CRYSTALS IN THE LINEAR TRAP

The trap is located in a vacuum chamber maintained at
a base pressure of about 1078 Pa (1Pa~7 5 mTorr) by a
sputter ion pump. To load 199H ions into the trap, the
pump is turned off and neutral *Hg vapor (1sotop1c puri-
ty 91%) is bled into the vacuum chamber to give a pres-
sure of approximately 107¢ Pa. Neutral atoms in the
trap are ionized by electron bombardment from a field
emission point. After the trap is loaded, the pump is
turned on to return the chamber to near its base pressure.
The ions are laser-cooled using the 6s3S,,,—6p 2P, ,,
transition [3]. A few microwatts of 194-nm laser radia-
tion is sufficient to cool the ions.

Because optical pumping between hyperfine levels of
the *Hg" ion can inhibit laser cooling, two lasers at 194
nm are requlred Figure 5 shows the hyperﬁne levels for
the 25, ,, and 2P, ,» states of "Hg* in the absence of a
magnetic field. The ions are cooled and detected using a
laser (laser 1 in Fig. 5) that is tuned slightly below reso-
nance on the

F:]_ R — - ) _ A
L 3 § Py
F=0 - ,
laser 1 laser 2
F=1
281/
F=0 — L -

FIG. 5. Energy-level structure for the 6s S, n ground state
and 6p’Py, state of Hg* near zero magnetic field. The
28, ,(F=0)—(F=1) hyperfine splitting is 405 GHz, and the
P, ,(F=0)—(F=1) hyperfine splitting is 6.9 GHz. The inter-
vals are not drawn to scale. Lasers 1 and 2 are used for cooling,
optical pumping, and detection, as described in the text.
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2S1/2(F=1)—>2P1/2(F=0)

transition. This is a cychng transmon,” since selection
rules requlre that the ions in the *P, ,,(F =0) level decay
only to the 28, ,2(F=1) level. Ions are detected by col-
lecting photons scattered as the ions cycle on this transi-
tion. Laser 1 can also weakly excite the

28, ) (F=1)=2P, ,(F=1)

transition (the laser frequency is detuned 6.9 GHz from
this resonance, whose natural linewidth is y/27=70
MHz). From the 2P, ,,(F=1) level, the ions can decay to
the 28, ,2(F =0) level. This decay path acts to optically
pump the ions into the %S, ,,(F=0) level, and ions in this
level are not cooled by laser 1. To prevent optical pump-
ing into the 25, ,(F=0) level, a second laser (laser 2 in
Fig. 5) is used to repump ions from the 28, ,,(F=0) level
into the 2S,,(F=1) level via the 2P, ,,(F=1) state.
Laser 2 is offset about 47.4 GHz to the blue of laser 1,
putting its frequency near the

28, p(F=0)—2P, ,(F=1)

resonance. In addition to the above considerations, it is
necessary to prevent pumping into the
2S15(F=1,mp==+1) levels. To this end, we apply a
magnetic field of approximately 5X 107*T (5G) at about
45° to the electric-field vector of the laser radiation.

The laser is directed through the trap at an angle of ap-
proximately 9° from the trap axis in order to cool both ra-
dial and axial motion. At this angle, the theoretical
Doppler limit of laser cooling is about 1.1 mK for the ax-
ial motion and 24 mK for the radial motion [4]. Fluores-
cence is collected by a fast lens system that produces an
image, magnified 22 times, on the front surface of an im-
aging photomultiplier tube. The spatial resolution of the

lens and detector systéfn, defined as the full width at half

maximum of the image of a single localized ion, corre-
sponds to 6 um at the center of the trap. The imaging
system looks along an axis normal to the trap axis and at
45° to the x and y axes. At the Doppler limit of laser
cooling described above, the rms secular motion along
the z axis is calculated to be 1.4 um for w,/27=25 kHz,
the smallest secular frequency used in these experiments,
so the extent of the secular motion of the ions is less than
the spatial resolution of the detector. As the secular fre-
quency is increased, the ions are pushed closer together
along the trap axis. For sufficiently high secular frequen-
cies, the ion spacing will decrease below the 6-um spatial
resolution of the imaging system and we will be unable to
resolve the individual ions. With two ions in the trap,
this should occur at a secular frequency of about
@, /27m=400 kHz.

. The temperature of the jons was not measured spec-

~ troscopically [3], but we can place an upper bound on the

temperature by noting that the images of the ions were

about 6 um full width at half-maximum. We think that

this width is due largely to the spatial resolution of the
imaging system, but even if the width were entirely due to
motion of the ioms, we would have Z.ms =~ 3um, from
which T, ~5 mK for w,=25 kHz. If the sizes of the im-



ages of the ions were primarily due to thermal motion,
the images would be elliptical, since the secular frequen-
cies in the radial and axial directions are different. The
lack of eccentricity in the images supports our supposi-
tion that the widths are due to the imaging system and,
hence, that the axial temperature is significantly less than
5 mK for w,=25 kHz.

The secular frequencies of the ions are measured by ap-
plying a drive to the trap electrodes and observing a drop
in the fluorescence as the drive sweeps through resonance
[18]. The drop in fluorescence when the amplitude of the
secular motion increases is due to the combined effects of
the ion’s motion taking it out of the laser beam and of
Doppler shifts detuning the ion resonance. These mea-
surements permit a quantitative comparison between the
observed ion configurations and numerical simulations.
The secular frequencies were measured at several
different rf and static voltages and showed the expected
functional dependence on the voltages. The measured
values for the axial secular frequency w, were proportion-
al to the square root of the static voltage. The constant k
in Eq. (5) was determined from the measured secular fre-
quencies to be 0.31 with an uncertainty of about 10%.
The unperturbed radial secular frequency w, was deter-
mined from the measured secular frequenc1es o, and o,
using Eq. (7). The values for w, were proportional to the
rf voltage and were consistently 17% = 10% lower than
predicted by Eq. (3), where the uncertainty is dominated
by a systematic error in measuring the rf voltage applied
to the trap. For very small axial voltages (less than about
100 mV), the effects of local static fields, due to surface
charge or patch potentials on the electrodes, make it
difficult to characterize the axial potential.

By varying the neutral Hg background pressure and
the duration and intensity of the electron bombardment
when loading the trap, we can capture different numbers
of 'Hg™ ions. We have observed single ions and crys-
talline structures of up to 33 ions, as well as much larger
clouds that did not crystallize. The simplest crystalline
configuration of ions is a linear string, which is obtained
when @, >>w,. We have observed crystallized linear
strings of 2 to 33 iomns.

Flgure 6 shows images of linear crystals contammg 15
and 33 ions. The number of ions we can observe in such
crystals is limited by our ability to image the entire string
while resolving the individual ions. Large strings, such as
the string in Fig. 6(b), are longer than the approximately
200-um-long region in which the laser intersects the trap
axis, and it is not possible to illuminate the whole string
at once. To obtain this picture, it was necessary to sweep
the position of the laser beam back and forth to il-
luminate the whole string. A more powerful laser could
illuminate a larger area with sufficient intensity to ob-
serve the ions easily. Alternatively, more ions could be
confined within the illuminated region by increasing ,,
but the imaging optics cannot resolve ions less than about
6 um apart, so this approach would require improved im-
aging optics. We have formed crystallized strings with
enough ions that when the spacing between the ions was
sufficient for the imaging system to resolve them, the
strings were longer than the field of view of the imaging
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. FIG. 6. (a) A picture of a linear crystal of 15 ions. (b) A pic-
ture of a linear crystal of 33 ions. This string was longer than

" the region of the trap axis illuminated by the cooling laser. To

obtain an image of the entire string, it was necessary to sweep
the laser beam back and forth.

system (about 300um). The fact that only part of the

~string was illuminated by the cooling laser did not seem

to inhibit cooling and crystallization, although when
much larger clougs of ions were trapped, crystallization
was not observed. A limitation to forming extremely
long strings may be our inability to compensate for the
effects of local perturbations to the static potential due to

“ patch fields or surface charge. In the present trap, static

potentials can be independently applied to three of the

" four trapping rods to compensate for such perturbations.

This technique works well for short strings, but as the
length of the string approaches the radial dimension of
the trap (about 750 pm), the patch fields may vary over
the length of the string. In this case, we expect the static
compensation to be less effective.

Figure 7(a) shows the measured positions of eight ions
in a string and the positions calculated by a numerical
simulation. The simulation, performed with no adjust-
able parameters, determines equilibrium positions for the
ions by minimizing the potential energy of a given num-
ber of particles in harmonic radial and axial wells, with
Coulomb repulsion between the particles. The secular
frequencies used for the simulation were determined by
scaling previously measured secular frequencies by the
static and rf voltages applied to the trap. The linear
configurations of ions are quite insensitive to the radial
secular frequency, because the ions are confined to the
axis of the trap.

The ions can be pushed into planar or three-
dimensional configurations by increasing «, relative to
®,. The simplest structure beyond a linear string is a pla-
nar zigzag. Figure 8 shows such a structure composed of
11 ions (10 °Hg™ ions and 1 impurity ion, which did not
fluoresce). We think that the impurity ion is another iso-
tope of mercury, which would be consistent with the
91% isotopic purity of the mercury vapor used to load
the trap. This structure was obtained by lowering the rf
voltage on the trap. Figure 7(b) compares the measured
positions of the ions to the predictions of a calculation.
To obtain agreement between the zigzag configuration
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and a numerical simulation with 11 Hg™ ions, it was
necessary to introduce into the calculations an ad hoc
asymmetry of about 20% between the secular frequencies
in the x and y directions. This azimuthal asymmetry
forces the ions to lie in a plane; without it, the calculation
predicts a quasihelical structure that disagrees
significantly with the observed ion positions. The axial
secular frequency o, and the smaller radial secular fre-
quency co"v were determined by scaling previously mea-
sured secular frequencies by the voltages present on the
trap when this crystal was observed. The larger radial
secular frequency o) was set to 1.2w),.

The source of the azimuthal asymmetry in the poten-
tial well is not known. One possible cause is unequal con-
tact or patch potentials on the trap rods. Another possi-
ble cause is the azimuthal asymmetry of the static trap-
ping field. At the geometric center of the trap the static
field should be the same in the x and y directions. How-
ever, the position of the ions along the axis was not neces-
sarily at the center and varied from load to load. We
suspect that this was due to surface charge deposited dur-
ing loading. When the ions are not at the midpoint of the
trap axis, there is a quadrupole component to the radial
static field, which breaks the azimuthal symmetry of the

20""]""]""]{"‘
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FIG. 7. Observed positions of ions in the trap (crosses) and
positions predicted by a numerical simulation (circles). The
arms of the crosses extend to the half-maximum intensity points
of the images (about 4 um radius). The coordinates are as in

Fig. 3: z represents the displacement along the trap axis and y;

represents the projection of the radial displacement onto the im-
age plane. (a) A linear crystal of 8 ions. The secular frequencies
used for the calculation are w; /27=435 kHz and w, /2m=41.7
kHz. These frequencies were determined by scaling secular fre-
quencies measured under different conditions by the voltages
present on the trap when this image was acquired. (b) A non-
linear crystal of 11 jons. One site in the crystal was occupied by
an impurity, which did not fluoresce. An asymmetry between
the x and y directions was introduced ad hoc to make the re-
sults of the calculation agree with the data. This asymmetry
makes w;=1.2w, and confines the structure to the yz plane.
The secular frequencies used for the calculation are
@y /27=92.4 kHz, 0, /2m=77 kHz, and w, /2m=31 kHz._The
frequencies w;, and w, were determined by scaling frequencies
measured under different conditions by the voltages present on
the trap when this image was acquired.
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- FIG. 8. A picture of a crystal of 11 ions in a zigzag
configuration. The crystal consists of 10 **"Hg* jons and 1 im-
purity “ion, which did not fluoresce. This is the same crystal
shown in Fig. 7 (b).

effective radial potential given by Eq. (6). In the case of
Fig. 7(b), the axial secular frequency is approximately
40% of the mean radial secular frequency, and it seems
plausible that the quadrupole asymmetry could produce
the observed planar structure. However, further work is
required to characterize the asymmetry more completely.
- The observed crystalline structures are closely related
to the structures predicted for cold ions in storage rings
[19]. With many ions and small w,, we have observed
complex crystallized structures which appear to be non-
planar and require further study. To conduct a systemat-

--ic and quantitative study of two- and three-dimensional

crystallized structures, we will have to eliminate the az-
imuthal asymmetry from our trap or characterize it more
completely.

IV. MICROWAVE-OPTICAL DOUBLE RESONANCE

A string of cold ions is of great interest for high-
resolution spectroscopy and improved frequency stan-
dards. With imaging techniques, each ion can be treated
as an independent atomic clock. Using Dehmelt’s “elec-
tron shelving” technique, we should be able to detect the
clock transition with 100% efficiency in each ion
[1,3,20,21]. This would make the signal nearly immune
to fluctuations arising from, for example, fluctuations in
the laser intensity.

Consider a clock that uses the Ramsey separated-field
method in the time domain to interrogate the clock tran-
sition at angular frequency w,. The clock transition is ex-
cited by two phase-coherent pulses of radiation, each of

“duration ATy, separated by a time T (ATy <<Tj). By

probing the clock transition on each side of the Ramsey
peak, we can obtain an error signal to correct the average
frequency of an oscillator to match the atomic resonance
g [16,22]. The fractional frequency stability of such a
locked oscillator, as characterized by the two-sample Al-
lan variance [23], is

a),(*r)=(‘rNTRa>(2))—1/2 ) (8)

where 7 is the averaging time (7> Tz ) and N is the num-
ber of atoms. Thus, it is advantageous to use large N, w,,
Ty, and 7. The trap environment can make long interro-
gation times T possible (T =550 s has been achieved
with *Be* ions in a Penning trap [22]).

To achieve high accuracy, we must minimize and ac-
count for external perturbations due to electric, magnet-
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ic, and gravitational fields. These include ion-trap and
ion-ion interactions, collisions with neutral background
atoms, external magnetic and electric fields, and gravita-
tional red shifis [5,6,11,24,25]. For a microwave transi-
tion in a cold string of ®Hg™ ions, it should be possible
to reduce these effects to the point where the uncertainty
in the transition frequency is dominated by the uncertain-
ty in the second-order Doppler shift. When the secular
motion is cooled to the Doppler limit, the fractional
second-order Doppler shift can be as low as —2X 107 1%
[16]. This limit can be realized if the ions lie exactly
along the axis of the trap, where the rf trapping fields ap-
proach zero. In this case, the kinetic energy in the rf mi-
cromotion is about equal to that in the secular motion,
and the two make approximately equal contributions to
the second-order Doppler shift. If contact or patch po-
tentials on the trap electrodes push the ions away from
the region of minimum rf field, the kinetic energy in the
micromotion, and hence the second-order Doppler shift,
can be significantly greater. Thus, in a clock based on
this trap, it will be necessary to adjust the static shim-
ming potentials AU, -AU, on the trap rods to compen-
sate for contact and patch potentials.

This potential for very high accuracy has led us to in-
vestigate the possibility of a microwave frequency stan-
dard based on the 40.5-GHz ground-state hyperfine split-
ting of ’"Hg™ with a trapped and laser-cooled string of
ions. This transition is, to first order, independent of
magnetic field at zero field. For a Ramsey interrogation
time of T =100 s and w,/27=40.5 GHz, the frequency
stability of a clock “ensemble” of N =50 ions would be

o, (T)=5.5X10"1r"172,

where 7 is expressed in seconds.

As a first step toward this goal, we have recently ob-
served the 40.5-GHz ground-state hyperfine transition of
a string of *Hg™ ions by microwave-optical double reso-
nance. In this preliminary observation the total fluores-
cence of the entire string of ions was detected. Fluctua-
tions in the fluorescence from the ion cloud due to ampli-
tude and frequency noise in the cooling and detection
laser were too large for us to detect tranmsitions with
100% efficiency. To describe the measurement sequence,
we rely on the discussion of laser cooling and optical
pumping given in Sec. III and on the level diagram
shown in Fig. 5. To prevent optical pumping into the
2, p(F=1,mp==1) levels of the ground state, it was
necessary to apply a magnetic field while the cooling
lasers were on. However, we also wanted to observe the

microwave transition in near-zero magnetic field, so we

used two sets of Helmholtz coils. One set was used to
nearly cancel the ambient magnetic field in the trap. No
magnetic shielding was used. The residual field near the
trap was measured to be approximately 1.6X107° T
(0.16 G). A second set of coils produced the field used to
prevent optical pumping when laser 1 was on. The
current in the second set of coils was sw1tched off and on
to switch the ﬁeld between 1.6X107° T and approxi-
mately 5X 107* T, respectively. The sequence of the ex-

periment is the following.
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(a) Imtlally, lasers 1 and 2 and both sets of Helmholtz
coils are on. This allows the ions to be laser-cooled.

(b) Laser 2 is turned off and the ions are optically
pumped by laser 1 into the F =0 ground state.

(c) Both lasers are turned off. The second set of
Helmholtz coils is switched off, reducing the magnetic
field to approximately 1.6 X107° T. The

2S1/2(F=0)—>2S1/2(F:1)

ground-state hyperfine transition is driven using the
Ramsey method with two microwave pulses, each of
duration AT, and separated by a time TR. The pulse
duration ATy is adjusted to be close to the value that
gives a 7/2 pulse at the resonant frequency. At the mi-
crowave intensities used here, this was obtained for
ATR,=0.13s.

(d) the second set of Helmholtz coils is switched back
on, laser 1 is turned on, and the number of photons
counted by the detector during a gate time is recorded.
Only those ions that made the microwave transition are
in the (F=1) hyperfine level of the ground state, so only
those ions fluoresce. With laser 2 off, these ions are even-
tually optically pumped into the (F=0) level and cease
fluorescing. The gate time is chosen to be shorter than
the optical pumping time. In these experiments, gate
times of 30—-40 ms were used (at the laser intensity used
here, the time constant for optical pumping was about 50
ms).

40 T T T

(4]
o

20

Photon counts

—_
o

-0.2 0.0 0.2 0.4
f — 40 507 348 013.3 Hz

0
-0.4

FIG. 9. Microwave-optical double-resonance spectrum of the
28, p(F=0)—2S| ,(F=1)

ground-state hyperfine transition in 'Hg™* at 40.5 GHz. This
figure shows the central peak of a Ramsey resonance, obtained
using the measurement sequence described in the text, with a
linear string of eight ions in the trap. The circles represent the
measured fluorescence, and the solid line is a cosine function fit
to the data. For this measurement TR =1.8 s, AT, =0.130 s,
and each point is the average of 27 measurements. Including
time for cooling, pumping, and detection, each measurement cy-
cle takes about 3 s.
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At the end of this sequence, the frequency of the mi-
crowave source is stepped, and the sequence is repeated.
The results of many scans of the microwave frequency
are averaged together Several sets of data were acquired,
with T ranging from 0.32 to 1.8 s. The result of one ob-
servation, using a string of eight ions, is shown in Fig. 9.
The linewidth, determined by a least-squares fit of a
cosine function to the data, i IS 251j:6mHz giving a frac-
tional resolution of 6.2 X 107!2, and showing good agree-
ment with the 254-mHz theoretical linewidth for the

0.13-s pulse duration and 1.8-s free precession time used

in this measurement. Because we did not take advantage
of the nearly 100% detection efficiency that would be
possible if we counted the fluorescence from each ion in-
dividually, the signal-to-noise ratio is limited by fluctua-
tions in the jon fluorescence caused by intensity and fre-
quency noise in laser 1. With this amount of noise, the
difference between a pure cosine and the central lobe of a
Ramsey profile is insignificant. The amount of technical
noise from laser 1 also means that the stability ﬁgure
given by Eq. (8) is not applicable.

V. FUTURE PROSPECTS

Future experiments will measure the fluorescence from
each ion individually. It should be possible to detect the
microwave transition with 100% efficiency if the fluores-
cence detection efficiency is high enough that when laser
1 is turned on, many photons are detected from each ion
in the (F=1) level before it is optically pumped into the
(F=0) level. If laser 1 is detuned by half a linewidth
from the ' '

281 p(F=1)—2P, ,(F=0)

transmon, the number of photons scattered by an ion in
the 2S; ,(F=1) level before it is pumped into the (F=0)
level is approximately the square of the ratio of 6.9 GHz
[the detuning of laser 1 from the
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251/2(F=1)—>2P1/2(F=1)

transition] to 35 MHz (half the radiative linewidth). This
gives about 4X10* photons. Therefore, the detection
efficiency must be significantly greater than the inverse of
this number, 2.5X107°% If this condition is met, it
should be possible to detect the microwave transitions
with nearly 100% efficiency. By observing the rate of

- quantum jumps by a single ion in the trap, we determined

the rate at which the ion fluoresced [26], and by compar-
ing this rate to the count rate from the detector, we mea-
sured the overall detection efficiency of our present ap-
paratus to be about 1X 1074, which is marginally accept-
able.

To reach the very high accuracy which should be pos-
sible with such a clock, it will be advantageous to use
longer interrogation times. To reduce the effects of col-
lisions with neutral background gas atoms and molecules
during long interrogation intervals, we plan to use cryo-
genic pumping. Although in our preliminary measure-
ments the fluorescence was collected from the entire
string, it should be possible to treat each ion as an in-
dependent clock, since our imaging system resolves the
individual ions in the string. Beyond the applications to
high-accuracy spectroscopy, the possibility of confining a
string of ions so that each is in the Lamb-Dicke regime
should permit experiments in fundamental physics, such
as studies of interference, cavity QED, and collective be-

“havior.
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