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ABSTRACT ATOMIC SPECTROSCOPY

We present an overview of recent work to develop chip-
scale atomic devices such as frequency references and
magnetometers. These devices take advantage of advances over
the last ten years in the fields of micro electro mechanical systems
(MEMS), precision atomic spectroscopy and semiconductor lasers.
The convergence of processes and techniques from these three
disparate areas allows for highly compact, low-power sensors with
exceptional sensitivity and stability. We will discuss in detail
several important ongoing activities in our laboratory including
recent advances in alkali cell fabrication and new physics package
designs for chip-scale atomic clocks and magnetometers. Finally,
we discuss opportunities related to the coupling of resonant,
magnetic microstructures to atoms for highly compact, low power
sensor applications.

INTRODUCTION

Instruments based on precisely measured transitions in atoms
include clocks [1], magnetometers [2, 3], gyroscopes [4, 5],
accelerometers [6] and RF power meters [7]. Many of these
instruments provide, or have the potential to provide, the most
sensitive measurements of basic quantities (time, magnetic field,
angular rotation rate, linear acceleration) available. However, in
their most precise form, they are typically large and complex, and
require several person-years of effort to construct. A key challenge
in moving these instruments into widespread use in applications is
miniaturization, and the associated gains in power consumption
and cost. MEMS micromachining appears to provide an excellent
avenue for achieving this miniaturization and enabling precision
instrumentation in the increasing spectrum of portable, battery-
operated systems.

The development of chip-scale atomic clocks, for example,
has progressed rapidly from concept [8] to component-level
demonstration [9] to subsystem demonstration [10, 11] to
prototype  [12]. Physics packages for chip-scale atomic
magnetometers have also been demonstrated [13] and it is
anticipated that even more atom-based sensors and instruments
could be miniaturized using MEMS technology. We describe here
one possible approach that may find general use in achieving these
goals.
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Atoms in the gas phase hold a somewhat unique position in
the world of precision measurement because of several important
properties. First they are fairly simple quantum mechanical
systems, with energy spectra composed of a few well-separated
states rather than a continuum found in many solid-state systems.
Particularly important for spectroscopic purposes are alkali atoms,
which have a single valence electron. Because high interaction
energies are required to perturb a closed electron shell, almost all
properties of the atoms are determined by the position and
orientation of the valence electron with respect to the nucleus.
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Figure 1. (a) The internal state of the atom and orientation in
an external magnetic field (By) determine its energy. ()
Transitions between energy levels (not to scale in the figure)
may be induced by optical (4), microwave (B) and RF (C)
electromagnetic fields.

We may consider a somewhat generic situation in which
atoms at room temperature are confined in an otherwise evacuated
volume and subjected to an external magnetic field (see Figure 1).
In this case, four properties of the valence electron in the atom
almost completely determine the enmergy spectrum: the mean
distance of the electron from the nucleus, its orbital angular
momentum about the nucleus, the orientation of the electron spin
with respect to the nuclear spin and the orientation of the electron
spin with respect to the external magnetic field. Transitions
between these electron states can be excited by electromagnetic
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fields with a frequency equal to the energy difference between the
states divided by Planck’s constant, 4. Typically, transitions
between states involving the electron-nucleus distance and orbital
angular momentum are excited by optical fields with frequencies
above 100 THz. Transitions between orientations of the electron
spin with respect to the nuclear spin are excited with microwave
fields in the 1-10 GHz range. And transitions between orientations
_of the electron spin with the external magnetic field are induced
with RF fields below 1 MHz, for magnetic fields less than 100 uT.
Alkali atoms in the gas phase can be made to interact only
weakly with their surroundings; the random perturbations of the
atomic energy levels in this case are rather small. As a result, the
level energies are very well defined, as are the frequencies of the
electromagnetic fields that connect any two levels. It is therefore
possible to obtain detailed information about the internal state of
the atom by measuring the frequency of the transition precisely.
Alternatively, the universal and long-lived nature of the internal
states can _be used to stabilize the frequency of an external
oscillator and make a precise and/or accurate frequency standard.

MEMS ALKALI CELL FABRICATION

Perhaps the most significant technological advances so far in
enabling MEMS-based atomic devices are methods for fabricating
highly miniaturized evacuated cells containing vapors of alkali
atoms. The difficulty here is in maintaining a very pure
environment inside the cell. This is required to prevent
contaminants from reacting with the alkali atoms and from
perturbing their energy levels. Traditionally, vapor cells for almost
all atom-based instruments have been fabricated either with ultra-
high vacuum technology or by using glass-blowing techniques, in
which discrete glass elements are fused and shaped by heating the
material to near its softening point. The difficulties with this
process are that the resulting cells tend to be fairly large, difficult
to integrate with other components, and are usually made one-by-
one resulting in high cost.

MEMS-based assembly processes promise to revolutionize
the way in which alkali atom cells are fabricated and used. Perhaps
the simplest design [9], is shown in Figure 2. In this design, a hole
is etched in a Silicon wafer and glass wafers are bonded to the top
and bottom surfaces, forming an empty cavity. Alkali atoms are
then confined in this sealed volume, along with a controlled
environment such as a pure buffer gas, which lengthens the
coherence time of the alkali oscillating moment by preventing
frequency collisions with the cell walls.

Excite/detect atoms

Glass

Silicon

Buffer gas

Alkali atoms

Figure 2. Design of a MEMS-based alkali atom vapor cell for
chip-scale atomic devices.

The processes by which alkali atoms are introduced into the
cell vary substantially. Pure alkali elements are metallic substances
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for which a vapor phase coexists with either a solid or liquid phase
at room temperature. The atoms in the vapor phase are those that
have the properties necessary for precision spectroscopy. But since
the vapor phase is present whenever the solid or liquid exists,
Alkali material can be directly deposited into cell as a solid or
liquid under a controlled environment such as that produced inside
a glove box or anaerobic chamber [9, 11, 14].

It is also possible to fill the cells in a manner similar to
conventional glass-blowing, in which a filling tube is connected to
the cell interior through a hole in one of the glass surfaces [15, 16].
The cell can then be evacuated with a vacuum pump and alkali
atoms distilled into the cell with thermal gradients. A third method
involves a chemical reaction to produce the pure alkali metal. This
reaction can be carried out either inside the cell before it is bonded
[9] ot in an external ampoule with an opening placed near the cell
opening [17]. Waxes have also been used to seal cells closed once
the alkali atoms have been distilled into the interior volume [18].
Compact systems for confining laser cooled atoms at microKelvin
temperatures are also under development [19].

A new technique being developed at NIST that shows
considerable promise for wafer-level batch fabrication is the
evaporative deposition of CsNj into the cell preform, followed by
ultra-violet dissociation of the azide material into Cs and N, after
sealing [20]. This technique allows a careful control of the final
buffer gas (N,, in this case) pressure in the cell through the
adjustment of the time the cell is subject to the UV light. This
could be used to advantage in fabricating temperature-
compensated cells with two or more buffer gases. Finally, a
technique based on diffusion of alkali atoms through the glass
windows at high temperature has is also under development [21],
which may enable very low-cost cell production.

A common advantage of all of these schemes, in addition to
the capability for small sizes, is the possibility of fabricating large
numbers of vapor cells with the same process sequence on a single
wafer. A conceptual view of how a final wafer of cells might look
in shown in Figure 3.
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Figure 3. Conceptual implementation of wafer-level cell
fabrication.

PHYSICS PACKAGE DESIGNS

The integration of the MEMS vapor cells with miniature
optical components provides an interface that connects the atomic
states and coherent oscillation with the outside world. Transitions
in the atoms are excited with a modulated laser field [22], which
can be decomposed into components of an optical spectrum that
differ in frequency by the modulation frequency. This combination
of spectral components allows a wide range of atomic transitions
to be excited. A single spectral component, tuned into resonance
with an optical transition in the atoms, will excite transitions
between atomic energy levels with different electron-nucleus




Local Oscillator Physics Package

ISR SSE RN

r
RF PACKAGE

Photo- —p[— H
diode ’ !

3.4GHz | [ FRAC-N

1
1 1 [}
1 1 ]
1 1 1
1 1 1
i i i
! 7] veo DIVIDER |}
1 H 1 1 1 i
1 1 1 1 1
veel— 1| [ ] 1 i
: A . 10 Miz :
1 e 1 ' TCXO :
: OptiCS E 2 :l : | :
)
: B == I -
] 1
1 1
|| Laser — | L
) 1
I P i
{"'"1’""'"?? """" K 2NN 2
' | CELL LASER LASER LO !
| TEMP TEMP TUNING || TUNING | !
i 4 L L 4 i
i v :
| ANALOG || MICRO- I}
i INTERFACE PROCESSOR |1
1

i
| ELECTRONICS PACKAGE :

© 10 MHz OUT v

Figure 4. (a) Chip-scale atomic clock physics package and
local oscillator integrated on a single substrate. (b) Control
electronics design. (c) Schematic indicating major CSAC
subsystems and interconnections.
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separation and/or orbital angular momentum. A combination of
two spectral components can excite microwave and RF transitions
in atoms through the fundamental nonlinearity of atomic systems
[23]. A nonlinear resonator, driven by two fields with differing
frequencies, can be made to oscillate at the sum or difference of
those frequencies. Parametric amplification is one example of this
process. When atoms are illuminated by two optical fields
therefore, a coherent oscillation can be excited at the difference
between the frequencies of those fields; the amplitude of this
oscillation is particularly large if the difference frequency
corresponds to a natural resonance in the atoms.

A typical physics package, therefore, consists of a modulated
diode laser, some optics to adjust the light intensity, polarization
and divergence to suitable values, a vapor cel, and a
photodetector, that detects the transmitted optical power [10, 13].
A geometry typical of most of NIST’s physics packages is shown
in Figure 4(c). The physics package in this case is a passive
device: it takes as its input a signal from an external oscillator and
generates an output that depends on the difference between the
frequency of the input signal and that of the atomic resonance.

NIST has recently demonstrated a chip-scale atomic clock
physics package integrated with a compact, low-power oscillator
based on a micro-coaxial resonator. Both the physics package [10]
and local oscillator [24] are similar in structure to ones described
previously. The integrated subsystems are shown schematically in
Figure 4(a). The atomic resonance, as measured by the modulated
diode laser, is shown in Figure 5(a) and the stability of the
compact local oscillator, both when it is free running and when it
is locked to the physics package, is shown in Figure 5(b). A
compact control system has also been designed; the layout is
shown in Figure 4(b). It is based on a microprocessor, which
implements the four main servo systems required to run the clock.
These servo systems actively stabilize the laser temperature, the
cell temperature, the laser frequency (optical tuning) and the LO
frequency. The microprocessor is interfaced with the physics
package and local oscillator through an analog interface circuit.
The main electrical connections between the different subsystems
are shown in Figure 4(c).

Complete chip-scale atomic clock prototypes, which include
not only the physics package and local oscillator but also compact
implementations of the control system needed to run them have
been demonstrated recently [12]. These devices have a volume
near 10 cm’, require approximately 200 mW of electrical power to
operate and achieve a short-term fractional frequency instability of
a few parts in 10'* at one second of integration. While the long-
term frequency instability has not been well characterized in these
systems, a recent experiment has demonstrated that MEMS-based
alkali vapor cells are capable of supporting an instability below
10" at one hour of integration and 10 at one day [17]. It appears
likely that commercial systems with the specifications above and
with steerable 10 MHz output will be available in the 1-2 year
timeframe. This will represent an improvement by an order of
magnitude in size and by over an order of magnitude in power
dissipation from the current state of the art in compact atomic
clocks.

Further miniaturization to 1 cm® and power reduction to near
30 mW also seems feasible. Physics packages dissipating less than
10 mW of power [11] and local oscillators dissipating below 5
mW have already been demonstrated [24]. It remains to develop a
suitable compact, low-power control system and integrate all
subsystems together.

Chip-scale atomic magnetometers have recently emerged as
another type of sensor enabled by MEMS-based alkali cell
fabrication. While atomic clocks are based on atomic transitions




that are first-order insensitive to magnetic fields, chip-scale
magnetometers use' transitions whose frequencies depend on
magnetic field. The first chip-scale magnetometer, demonstrated at
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Figure 5. (a) Atomic resonance excited with a modulated
diode laser. The resonance width is 3 kHz FWHM based on the
modulation frequency of 3.4 GHz (b) The fractional frequency
instability, as measured by the Alan deviation, as a function of
integration time for the free-running local oscillator and one
locked to the chip-scale physics package.

NIST in 2004 [13], achieved a sensitivity of 40 pT/\/Hz at a
frequency of 10 Hz. Subsequent table-top experiments have shown
that magnetic sensors incorporating MEMS-based vapor cells can
achieve a sensitivity near 1 pT/NHz at 10 Hz. This sensitivity is
comparable to that achieved by fluxgate sensors but the atom-
based device offers the advantages of being non-magnetic and of
measuring the magnitude of the field, rather than the component
along a single axis. The scalar nature of atomic magnetometers
makes them largely insensitive to rotation and therefore suitable
for use on moving or vibrating platforms.

The magnetometer described in Ref. [13] had a bandwidth of
approximately 20 Hz that was limited by magnetic fields produced
by the thin-film resistive heaters used to heat the cell to its
operating temperature. The current running through the heaters
was modulated at 40 Hz to move the effects of the associated
magnetic field out of the low-frequency band where the sensor
operated. However, considerable improvement in the bandwidth
could be obtained with a MEMS-based cell heater that generated a
magnetic field below 1 pT while producing 50 mW of heat from a
3.3 V supply.

DIRECTLY COUPLED ATOM-MEMS SYSTEMS

In the work described above, MEMS techniques are used
primarily for confining the atoms to a small volume. However, it is

also conceivable that the quantum states of atoms in a vapor could
be altered or probed with a MEMS device directly. Consider, for
example, the experimental arrangement shown in Figure 6. Here a
mechanically resonant microcantilever with a magnetic tip is
coupled to an ensemble of atomic spins in an external magnetic
field through their collective magnetic moment. Both the
cantilever and the atoms have independent resonant frequencies:
the cantilever’s is determined by its geometry and material and the
atoms’ is determined by their magnetic moment and the applied
DC magnetic field. If the cantilever is caused to oscillate at its
resonant frequency, the motion of the cantilever tip causes an
oscillating magnetic field at the location of the atoms. If the DC
magnetic field is such that the atomic precession frequency
(typically ~ 10 GHz/T for alkali atoms) is equal to the frequency
of the cantilever motion, this oscillating magnetic field can excite
a coherent spin precession in the atoms. Alternatively, if the atoms
are caused to precess by some other means, the cantilever can act
as a very sensitive detector for the atomic motion. It may even be
possible for the coupled resonator/atom system to oscillate on its
own if the coupling could be made strong enough. Such a
possibility was investigated theoretically Bargatin and Roukes in
Ref. [25].

In some ways this idea is similar to recent work on the
detection of single atomic spins embedded in solids using
magnetic resonance force microscopy [26]. While the spatial
resolution of this type of detection is superior in solid-state
systems due to the highly localized nature of the spin, it may be
that longer coherence times can be attained in atomic vapors due
to the very weak interaction of atoms in the vapor phase with their
surroundings. We anticipate that a device such as that shown in
Figure 6 could be used as a very compact, sensitive magnetometer
by comparing the atomic precession frequency, which is
proportional to the magnetic field, to the cantilever resonant
frequency.

Magnetic B
Tip y

Figure 6. Atomic spins coupled directly to the motion of a
micro-cantilever with a magnetic tip through their magnetic
moment.

CONCLUSIONS

We have described in this paper an overview of some recent
efforts to develop MEMS-based devices based on precise atomic
transitions. The use of MEMS fabrication techniques offers the
potential for small size, low power dissipation and parallel
processing of many units for low cost production. Chip-scale
atomic clocks are well under development. Most of the underlying
physics and fabrication issues have been addressed and
commercial devices are expected to appear soon. Physics packages
for chip-scale atomic magnetometers, utilizing the same cell
fabrication technology and with sensitivities in the range of
1 pT/N Hz also seem feasible. Initial demonstration devices have
yielded promising results. Finally, a scheme for the direct
excitation and/or detection of atomic spins with a magnetic,
mechanically resonant microstructure is proposed.
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