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Compact atomic vapor cells fabricated by laser-induced heating
of hollow-core glass fibers
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325 Broadway, Boulder, Colorado 80305-3328

(Received 6 December 2002; accepted 3 March 2003

A method for fabricating atomic vapor cells with physical dimensions of order £ ombelow is
described. Cells with integrated lenses are made from hollow-core glass fiber, and fused shut at
either end using highly localized heating from a Cl@ser beam. Such cells, subsequently loaded
with alkali atoms and a buffer gas, could form the basis for future generations of compact frequency
references or magnetometers. 2003 American Institute of Physic§DOI: 10.1063/1.1575925

I. INTRODUCTION tact, chemical bonding, or alternatively a frit or other glass-
blowing technique. A fill tube is attached to the cell tube wall
A method for fabricating compact glass cells filled with and sealed with a torch after the cell has been filled with the
an alkali atom vapor and buffer gas is outlined. Such cellsalkali vapor and buffer gas. Cell fabrication using these
may find application in highly miniaturized (volume methods becomes increasingly problematic at sizes below 1
<1 cn?) atomic clock$ and magnetometers, which are cur- cm due to the difficulty in locally heating one part of the cell
rently receiving increased attention due to a range of botlwith a conventional gas torch, while keeping other parts cool
military? and civiliar? applications. Historically, the size re- enough to maintain their structural integrity. While cells
duction of physics packages for atomic frequency referencesiade from other materials such as métair silicon'* may
using microwave cavitiéshas been limited by the wave- prove useful, glass has the advantage of simple processing
length of the atomic ground-state hyperfine splitting. This isand reactivity with alkali atoms that is small and well under-
because of difficulties associated with making resonant cavistood. We describe here a method for fabricating small vapor
ties with dimensions significantly smaller than the resonantells out of hollow-core glass fibers. The hollow fibers are
microwave wavelength in air, which is in the range of 3—21fused by use of light from a CQlaser, which allows for
cm for the atoms '¢XCs, &Rb, 8’Rb, and H typically used extremely localized heating of the glass. In addition, the
for atomic frequency standards. beads formed in sealing the ends of the fiber make acceptable
As a possible solution to this problem, designs of com-lenses for coupling light from a small source, such as a diode
pact frequency references using all-optical excitatfomave  laser, into and out of the enclosed volume.
recently gathered increased attentlowith this excitation
method, no microwave fields are applied to the atoms dii|. METHOD
rectly. Instead, a laser field, modulated with an external os- ) ) L
cillator at a subharmonic of the ground-state hyperfine fre- The_ steps in-a tyP'Ca' cell fabrication proc_edure are
quency, excites a coherent population trappi@PT)" shown in Fig. 1. A piece of hollow-core Corning 7740

resonance in the atomic sample, which can be used to Ioc(ilDyre>§ glass fibet” of length~5 cm, inside diameter 1 mm,

the external oscillator frequency to the atomic hyperfine tranf’m_d outside d|amet9r L5 mm was rotated slowly about its
xis to allow for uniform heating. Roughly 5 W of power

sition. Atomic frequency references with physics packagea :
volumes as small as 14 @mhave been built with this from a CQ laser was focused somewhat beyond the tip of

technique’. The fabrication of ultrasmall vapor cells may the f'b:"z a;r;]d 1\:{\1/)3.5 |n(;|d(_el_r;;[ a; an aclpgle ?f aboutth45f.bW|t:1.
well be the limiting factor for the miniaturization of atomic respegc 50t' € nber a)l(lls. h N ;amd. |ami3 er r:ceterl]r f?b ' .e':hlp
frequency references. Combined with miniaturized electrony'@s °—> times smatler than the diameter ol the Tiber, the

ics, physics packages using all-optical excitation, and conlaser beam was moved across the tip of the fiber throughout

S . . he heating process. Since light at the wavelength of the CO
taining cells of small size, may lead to future generations o :
. aser(10.6 um) is strongly absorbed by glass, the tempera-
ultrasmall atomic frequency references. ) . ; :
. o . ture of the fiber tip rose to near the softening point and the
Existing methods for cell fabrication rely heavily on tra-

. . . . ) glass began to deform. Drawn towards the fiber axis by sur-
ditional glass-blowing techniques. Typically, glass windows : . .
) ; . . face tension, the walls of the fiber near the tip eventually
are attached to a piece of glass tubing using an optical con- : .
collapsed in on themselves and melted together, sealing the
end of the fiber shut with a hemispherical bead of glass hav-
dpermanent address: Laboratory of Frequency Standards, P.N. Lebedev ing a diameter roughly equal to the outer diameter of the
stitute of Physics, 53 Leninsky Prospect, 119991 Moscow, Russia. : : : :
YAuthor to whom correspondence should be addressed; also at JILA, Th]:elbe_r' The deformation and seallng typlcally pccurred overa
University of Colorado, Boulder, CO80309; electronic mail: Period of several tens of seconds, depending on the exact

kitching@boulder.nist.gov power level and strength of focusing of the laser. The lens
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FIG. 2. The end of a Pyrex fiber sealed using light from a,d&3er. The
arrow indicates a distance of 1 mm.

was consistently high. A similar melting technique has been
used to form glass microcavities of extremely high
factor’® A photograph of a typical sealed fiber end is shown

(c) in Fig. 2. Although our studies concentrated on Pyrex, tests
with fused-silica tubing also gave promising results.

The correct power level is important for avoiding two
common problems associated with the seals. If the power is
too low, a sort of hollow cusp can form within the hemi-
spherical glass bea@lso shown in Fig.  which can pre-
vent the seal from being airtight. If the power is too high, gas

bubbles can form inside the bead. These bubbles scatter light
passing through the glass and reduce the effectiveness of the

(d) bead as a lens for coupling light into the enclosed volume. To
avoid creating bubbles, the laser intensity was reduced and
the heating time lengthened. The optimum laser intensity
was found to be roughly 10 kwW/cm

This sealing method can be used in the following way to
make vapor cells. After sealing one end of the fiber, a hole is
made in the wall of the fiber 1-2 mm from the sealed end, in
order to attach a filling tubgsee Fig. 1b)]. To do this, the
laser beam is focused onto the wall of {m®nrotating fiber

(e) and the pressure inside the fiber is changed through a rubber
tube attached to the open end. Roughly 10 W of laser power
is focused to a diameter of 0.5 mm on the wall of the tube,
which softens the glass at that location. The fiber’s internal
pressure is then cycled from above to below atmospheric

Propane ) ) pressure, thinning the glass in the vicinity of the laser spot;

Torch Fill Wlth eventually a hole with an outward-protruding edge is created
alkali + in the fiber wall with a final strong increase of internal pres-
buffer gas sure. This hole typically has a diameter of 0.4—0.8 mm, large

FIG. 1. Steps in the fabrication of small cells from hollow-core glass fibers:enOngh to a-'”OW the atta.Chment-Of a fill tube. Holes can a}lso
(a) one end of the fiber is fused shut with focused light from & @@er;(b) Pe made without changing the mtgrnal pressure of the fiber
a hole is made in the fiber wall for attaching a fill tutée) the other end of (i the process needed to be carried out in a vacuum, for
the fiber is fused shutd) a fill tube is attached; an@) after filling, the fill example by focusing the laser beam more tightly a di-

tube is sealed shut. ameter of~0.1 mm).

Next, the fiber is cut to the desired lendisually 5-6
formation and final quality were very tolerant to the opticalmm) and the other end of the fiber is sealed in the same
and alignment conditions provided the power was not toananner as the firgFig. 1(c)], creating a cell preform, sealed
high (<5 W) and the focusing was not too sharp. The reli-at both ends with lens-like glass beads, and with a hole in the
ability of this step was high since the deformation of theside wall to allow for the attachment of a filling tube. The
glass occurs as a result of surface tension. While the numbéiling tube was attachefsee Fig. 1d)] by placing a second
of bubbles and the length of the cusp-shaped void variethollow-core fiber perpendicular to the first, with the hole at
slightly with heating conditions, the quality of lens surfacethe end of the second fiber coincident with the hole in the
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FIG. 3. A cell fabricated from a hollow-core Pyrex fiber using Cl@ser 5
fusion. The arrow indicates a distance of 1 mm. §
'_
side wall of the first. The two fibers were then fused together E
by heating the junction between the fibers with Ll@ser ®
light while rotating the two pieces together at the same rate g
about the axis of the filling tubgFig. 1(d)]. The seal was Z  0.9995 J———————e———
facilitated by controlling the gas pressure through a rubber -40 -20 0 20 40
blow tube attached to the side tube. The reliability of this last Microwave Detuning (kHz)
operation was good when the diameter of the outward-
protruding edge of the hole in the first fiber was close to the (b)

inner diameter of the filling tube. Once the filling tube was

pushed against the conical protrusion around the hole in thEIG. 4. (a) A Cs optical absorption spectrum measured in the small cell and

first tube and the end of the fiIIing tube was heated. surfac ) a dark-line CPT resonance. In both cases, the resonance is normalized to
. . . T ff- t intensity.

tension constricted the edge of the tube and it fused easily go- orresenantin ensity

the edge of the hole. Again, the deformation of the glass was

caused by surface tension was quite predictable and the se&f. alomic frequency references, some simple spectroscopy

ing process worked reliably for several connections we atVas carried out. A diode laser was tuned to thetiansition

tempted. The shape and quality of the T connection could? CS @t 852 nm and the frequency swept over the optical
also be improved after the initial seal by local heating with ransition. A two-peaked resonance indicating the two hyper-
the CG laser combined with simultaneous variation of the?clne _absorpnon components separated by 9.2 GHz is _shown
pressure inside the cell with the blow tube. in Fig. 4(a), and _|nd|cates the presence Qf Cs vapor in the

The filling tube was then attached to a conventional ceII-C?"' The large yv|dth of these transitions is a rgsult of colli-
filling manifold and Cs metal was distilled into the cell, be- Sional broadening due to the Ne buffer gas. Finally, the cell
fore backfilling with Ne to an appropriate pressure as mea’@S placed in a magnetic shield and heated-#0°C. A
sured with a capacitance manometer. Finally, the filling tubdl@Tk-liné CPT resonance was excited by modulating the di-
was sealed using a micropropane tofatthough a CQ laser

ode laser injection current at the first subharmdniear 4.6
could also be usedcreating a cel[Fig. 1(e)]. A photograph GHz) of the hyperfine splitting. The transmitted intensity as

of a cell fabricated in this manner is shown in Fig. 3. The Nethe microwave modulation frequency was scanned over the

pressure in the final, cool cell was estimated to-b&3 kPa hyperfine transition is shown in Fig.(. While the CPT

by a measurement of the pressure-induced frequency shift ggsonance Is fairly broats kHz), it was possmle touse It t_o
the Cs hyperfine resonance. stabilize an external quartz crystal oscillator and synthesizer;

a fractional frequency instability of 5510 ° was obtained
at an integration time of 1 s.
The 5 kHz wide CPT resonance measured in this cell
To determine that the cell was indeed sealed, and also twas substantially power broadened by the optical field. The
demonstrate the utility of such a compact cell in applicationswidth extrapolated to zero power wasl kHz. This intrinsic

Ill. RESULTS
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resonance width is substantially larger than widths obtainetbcalized deposition of energy into the glass, allowing small-
in larger (>1 cm) cells, which can be below 100 Hz, prima- scale structures to be made with a high degree of control
rily because collisions of the atoms with the cell walls occurover the heating parameters. In addition, this new method
more often in the smaller cell. However, the width is consis-allows for glasswork to be carried out in a vacuum or other
tent with theoretical predictions based on the diffusion ofenvironment unsuitable for a flame. Cells made in this man-
atoms in the buffer gak* We expect a reduction in the ner and filled with a vapor of alkali atoms and a buffer gas
linewidth could be obtained by further optimizing the buffer are suitable for use in ultrasmall devices based on atomic
gas pressure in the cell or through the use of a wall coatingapor cells. Such small cells may become increasingly im-

such as paraffin. portant as size reduction for atomic clocks and magnetome-
ters gains momentum and as applications for such devices
IV. DISCUSSION AND OUTLOOK become apparent.
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