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Miniature vapor-cell atomic-frequency references
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We propose a sub-millimeter-scale vapor-cell atomic-frequency reference based on a
micromachined vapor cell, all-optical excitation, and advanced diode-laser technology. We analyze
theoretically the performance of such a device as a function of cell size. Initial measurements on
small-scale vapor cells support the theoretical treatment2082 American Institute of Physics.
[DOI: 10.1063/1.1494115

Quantum-mechanical transitions in atoms have longorobed with light from a current-modulated diode laser. The
been used as references for highly stable frequency staurrent modulation creates a number of sidebands on the
dards. Compared to mechanical oscillators based on, for exptical spectrum of the laser’s output. When the modulation
ample, quartz crystals, atoms are less sensitive to externfequency is near the frequency of the ground-state hyperfine
perturbations such as temperature changes, and also has@litting, two frequency components of the optical spectrum
much lower frequency drift rates. The use of atomic clockscan become simultaneously resonant with the two optical
in some applications requires reducing their size, power contransitions from the hyperfine-split ground state to the ex-
sumption, and cost. The smallest commercial atomic clocksited state. This forms A system, and a coherence between
built to date have physics packages with volumes near the ground states is excited through the phenomenon of co-
cm® 22 a total power dissipation near 1 W, and cost a fewherent population trappin¢CPT) (Ref. § [see Fig. 1b)].
hundred dollars. Their long-term fractional frequency insta-The detected signal is the change in absorption of the optical
bility (over about one dayis near 10, substantially lower radiation as the laser modulation frequency is scanned near
than that of quartz crystal oscillators. Current applicationghe frequency corresponding to the hyperfine splitting. Be-
for such devices include the synchronization of telecommucause of the exceedingly long radiative decay time of these
nications networksand advanced global positioning system ground states, the coherence can be very long lived, resulting

(GPS receiverst in a narrow transition suitable for a microwave frequency
Attempts to further miniaturize the frequency reference

component of atomic clocks have encountered a number o” 0.5 mm 1 mm 0.5 mm

difficulties. One is the construction of ultrasmall glass cells “—>

by use of conventional glass-blowing techniques. Another Diode Micro-cell  Photo-

has to do with the microwave cavity required to excite the
atoms by means of a conventional optical-microwave
double-resonance technique. In order for typical microwave
field modes to be resonant, the cavity dimension must be a:
long as the wavelength of the microwave radiation. This
wavelength is roughly 1 cm and it is not clear how to reduce
the size of a frequency-standard physics package signifi-
cantly below this value by means of a conventional cavity| [ gcal
design. We propose to solve these difficulties using a combi{ Oscillator | q_Feedback
nation of micromachining technology and all-optical
excitation®® The design described below is a roadmap for (a)
the realization of an atomic-frequency-reference physics

1P

package with submillimeter dimensions, capable of a long- f "

term frequency instability significantly lower than that Optical |

achieved with state-of-the-art quartz crystal oscillators. Transition | Bichromatic
The basic frequency reference design, shown in Fig. . Optical Field

1(a), is based on our previous woflalkali atoms such as

X . . . F+1
Rb or Cs are confined as a vapor in a miniature cell that is P i
designed to be transparent to radiation at the wavelength of Transition . "
specific optical transition in the atom. The atomic hyperfine
transition, on which the frequency reference is based, is (b)
3Also at: JILA, The University of Colorado, Boulder, CO 80309; electronic FIG. 1. (a) Basic design for a sub-millimeter-scale atomic clock éncthe
mail: kitching@boulder.nist.gov atomic level scheme and optical tunings for all-optical excitation.
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reference. Broadening of the microwave transition due td is the diffusion constant of the alkali atoms in the buffer
transit-time effects, collisions of the atoms with the cellgas;R is the cell size; and is a constant of order unity
walls, and the Doppler effect can be reduced significantlyelated to the geometry. For the relevant range of operating
with either a buffer gas or a wall coatirig. conditions,y, and D are, respectively, proportional and in-

In contrast to frequency references based on convensersely proportional to the buffer-gas pressure. When a wall
tional optical-microwave double resonance, this all-opticalcoating, rather than a buffer gas, is used to narrow the reso-
design does not require a microwave field to be directly apnance width, the atomi€ factor becomes
plied to the alkali atoms. As a result, the cell size is no longer
limited by the wavelength of the microwave radiation. There Que=——
are associated benefits regarding power dissip4tmrther- Y Lagw
malv(i/(()an:)rroo}p?)r;g (t:r?stéxtension of this technique to subcenti\fvhereg 's another ge_ometrlcal_ constant of ‘?Fder untyts

) . . - the mean atom velocity; and, is the probability of hyper-
meter size scales using micromachining technology. Pro:

cesses for selective chemical etching of Si-based materials fine decoherence for an atom upon collision with a cell wall;
. 9 {Phas been assumed for simplicity that the entire cell is illu-
form complex, sub-millimeter-scale structures are well

10 - . . . minated by the optical pumping light.
known:™ Advantages of such machining techniques, in addi- The intrinsicQ factors in Eqs(2) and(3) are reduced by

tion to the size reduction, include: the ability to S|mu'lt§1— two additional effects: spin-exchange collisions between al-

%ali atom€ and power broadening by the optical field used to

and_ r_n_aterlals uniformity leading to go<_)d frequen_cy reF)ro'pump the atomic systefi?.These effects can be included as
ducibility, and low overall cost per unit. Packaging tech-

nigues also exist for sealing a controlled environment 1 1
(vacuum or gasinside a small enclosure for long periods of o —~=@§ + Bngyait Clopt, (4)
timel! It, therefore, appears possible to effectively seal a i nirinsie
vapor of alkali atoms, along with a buffer gas if desired, inwhereny,; is the number density of alkali atomis;, is the
such a compact structure. Issues related to the reactivity dhcident optical intensity; an& andC are constants.
the atoms with the surface and the associated lifetime of the ~We next estimate the maximum detection signal-to-noise
cell remain to be addressed. The combination of a small celfatio, the detected signal is proportional to the absorbed
a diode laser, and compact Si photodetector would allow theptical intensity it can be writteB= 8l ,,A(aL), whereg is
construction of a physics package such as that shown in Fighe fractional change in atomic absorption when the
1. microwave-modulated light is appliedA is the cross-
We turn now to an estimation of the fundamental limits sectional area of the light beary;is the absorption coeffi-
to the performance of compact frequency references as @ent of the atoms; ant is the length of the cell; it has been
function of size. We proceed by evaluating theoretically theassumed that the cell is optically thin. Assuming shot-noise-
frequency instability, as determined by the Allan deviation.limited detection, the noise is given ByN= ZRvP
The Allan deviation is given in terms of the atomic reso- = 2hvloA(1—al), wherePy,nsis the power transmitted
nanceQ factor and detection signal-to-noise rat®/N) as?  through the cell andhv is the energy of one optical photon.
The expressions for the signal and noise can then be
X combined with Egs(4) and (1) to obtain an expression for
UY:Q(TN)\/? (1) the Allan deviation that is a function of the two main con-
figurational parametersi,; andl . For a given cell size,
where is the integration time ang is a parameter of order the Allan deviation can be optimized with respect to these
unity related to the method of interrogation of the resonancéwo parameters. We take,,,; to be such that the optical
signal. The goal, then, is to determine tke factor and thickness of the atomic sample is a constantindependent
signal-to-noise ratio for the frequency reference as a functioof length,L: nyai=wW/(oapd ). Here,o4nsis the cross sec-
of cell size, for transitions narrowed with either buffer gas ortion for absorption of light by the atoms. It is then straight-
wall coating. forward to find an optimum value fdr,,;. The final result
When a buffer gas is used, the frequency width of thefor the optimized Allan deviation, as a function of cell size,
atomic microwave resonance is determined by both colliis
sions with the buffer-gas atoms and diffusion to the cell

7Tf0

R, ©)

's di ion i - 2V2 1 1 Bw
walls. If the cell's Fj|menS|o_n is much larger than the mean 0Pt X JhoC= n . 5)
free path of alkali atoms in the buffer gas, the ator@c Yo Jmpwyr RV Qintrinsic  Tapd-
factor is related to the lowest-order diffusion mode and is
given by’ With the use of the expressions for the intrinGidactors for
transition widths narrowed by a buffer gd=q. (2)] and wall
_fo wfy 5 coating[Eq. (3)], the optimized Allan deviation is plotted as
ng_Afbg_ D&’ 2) a function of cell size in Fig. 2. It can be seen that buffer-gas
Yt R cells and wall-coated cells perform comparably over a wide

range of cell sizes. The change in slope for the buffer-gas
wheref, is the resonance frequenayf is the full width at  curve neaR=2 mm is related to the change in the dominant
half maximum(FWHM) of the transition;y, is the coher- decoherence mechanism from collisions with cell wadls

ence decay rate due to collisions with the buffer-gas atomssmall cell dimensionsto collisions with buffer-gas atoniat
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FIG. 2. Allan deviation as a function of characteristic cell size for a wall- of the buffer gas () pressurgsquarel Also shown is a fifsolid ling) to

coated cell witha,=0.002 (solid line) and a buffer-gas cell witppyre =% 2"

=10 kPa (dashed ling Parameters used arg=0.1, w=0.1, B=3.7 .

X102 P, Coatconted= 15X 107 /(uW/en?)  and  Cpyergas=7.3 For a millimeter-scale frequency reference based on Cs
X 107% (uWicm?). in a N, buffer gas, the stability would be optimized for a

buffer-gas pressure of 25 kPa, assuming that the resonance

. . contrast is independent of buffer-gas pressure. QHactor
large cell dimensions For a constant buffer-gas Pressure, for this optimum pressure can then be used in &j.to

frequency references based on buffer-gas cells have perfofeiermine the fundamental limit to the short-term stability of
mance inferior to those based on wall-coated cells at very,qp, 5 frequency reference if all other parameters were equal
small length scales because of the increasing surface-195 yose assumed in the theory. This limit would be roughly
volume ratio. In small cells, the hyperfine decoherence ofy 19-11 4t gn integration time of 1 s. We note, however,
atoms in a buffer-gas cell becomes dominated by interactiong,at 5 variety of other factors including laser FM néisad

with the (uncoatedi walls, which reduce th factor signifi-  hgadening of the alkali optical transition due to the buffer

cantly more than in a wall-coated cell. _ gas could significantly degrade the stability predicted from
We conclude by reporting a preliminary experimentalipase measurements.

investigation of CPT resonances in cells of small dimension, e have analyzed the expected performance of minia-
based on the experiment in Ref. 7. The injection current of g6 yapor-cell frequency references based on all-optical ex-
diode laser was modulated at the first subharmonic of the CSitation and a micromachined vapor cell and provided a the-
hyperfine splitting frequencyics; the two first-order side- o atical scaling relationship for the instability as a function
bands on the optical carrier were, therefore, separated byt || size. Experimental measurements of @éactors of
fcs. Light from the laser was circularly polarized with @ cg atoms contained in a millimeter-scale cell with a buffer
waveplate and then passed through a glass cell with a vap@gis agree with the theoretical predictions.

thickness~ 1 mm and diameter 19 mm and containing Cs

and a N buffer gas. The walls of the cell were uncoated and  The authors acknowledge helpful discussions with H. G.
the cell temperature was stabilized near 60 °C. The transmiRobinson, J. Vanier, W. Riley, D. Emmons, R. Lutwak, and J.
ted power was detected with a Si photodiode as the modulavioreland. The authors thank FTS/Datum for providing the
tion frequency was scanned over the hyperfine resonanceells used in the experimental part of the work. This work is
Four cells were used, respectively, containing buffer-gas contribution of NIST and is not subject to copyright.
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