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Abstract—A low temperature-sensitive microwave-vacuum
integrated cavity (MVIC) for Ramsey interrogation in Cs fountain
clocks is proposed and experimentally prepared. This cavity is a
typical TEon1 cylindrical microwave resonator (CMR), which is
made of a titanium (Ti) tube with two oxygen-free copper (OFC)
end caps. The quality factor Q of cavity is improved by thin layers
of copper and gold coating on the inner surface of the tube. The
cavity resonance frequency (RF) changes are compensated thanks
to the different thermal expansion of the different parts. Each
coupling hole is sealed with a ceramic window first and then
covered by a rectangular waveguide. Thus, the MVIC itself can be
functioned both as the microwave resonator and a part of the
vacuum chamber of the clock physical package. In contrast to the
design with a cavity installed inside a vacuum chamber, the
physical package with this MVIC is more compact, and more
convenient for assembling. Additionally, the RF of the MVIC can
be finally tuned after vacuum baking. The design and preparation
processes of this Cs MVIC are introduced. And the results show
that, for this prepared Cs MVIC, the sensitivity of its RF to the
temperature variation is measured to be -48.1 kHz/°C, 3.2 times
superior to a traditional OFC cavity with the same sizes.
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I. INTRODUCTION

Cesium atomic fountain clocks have been used as the
primary frequency standards to realize the definition of the
second and to steer the International Atomic Time. At present,
Cs atomic fountain clocks have achieved the uncertainties of a
few parts in 10'® [1-4]. They have made considerable
contributions to the fields such as time-keeping [5], precise
timing and frequency comparation [6], and stringent tests of
fundamental physics [7]. Many applications urgently demand
these fountain clocks to be robust, transportable and having the
capability of operating in a large range of ambient temperature.
The Ramsey cavity is a key element where the atomic transition
is excited [8]. And this cavity is also one of the key elements
making the atomic fountain clock sensitive to the ambient
temperature variations [9, 10], since its resonance frequency
(RF) is determined by its geometric dimensions.

There are two ways to assemble a Ramsey cavity. One is that
the Ramsey cavity made of oxygen-free copper (OFC) with its
rigid microwave coaxial cables is arranged inside the vacuum
chamber of the clock physical packages [11, 12]. Though the
temperature-sensitivity of the resonance frequency (RF) of the
cavity is slightly lowered in vacuum due to the temperature
fluctuations are reduced, it makes the physical package large
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and heavy, and the cables difficult to be installed, and the
microwave leakage unavoidable in the interrogation zone.
Besides, the RF of the cavity cannot be finally tuned after the
vacuum baking, which is more likely to shift the cavity
resonance frequency by a few hundred kHz. Another layout is
that the Ramsey cavity constructed of OFC also forms a
vacuum tight structure, which can function both as the
microwave resonator and a part of the vacuum chamber of the
physical package [13-15]. Though it can overcome some
drawbacks mentioned in the first design, the RF of the cavity is
more sensitive to the temperature variations. A typical RF
thermal-coefficient of a traditional cylindrical TEg;; Ramsey
cavity made from OFC for Cs fountain clocks reaches up to -
150 kHz/°C [16].

Previously, two main approaches are usually adopted to
reduce the adverse effect of the temperature-sensitivity of
Ramsey cavity on fountain clocks. The first is to reduce the Q-
factor of Ramsey cavity, but it may result in a higher distributed
cavity phase induced frequency shift. The second is that the
temperature of Ramsey cavity is controlled, including the
physical package of fountain clock is located in a room where
the temperature is stabilized with air conditioning, the Ramsey
interaction region is surrounded by heat pipe made of a thin
layer of vacuum tube filled with pure water [17], and so on.
However, these temperature control methods are impractical to
achieve a best transportable-fountain clock. In particular, the
optimum operating temperature of atomic fountain clocks is
confined to a fairly small range.

In this paper, a low temperature-sensitive microwave-
vacuum integrated cavity (MVIC) for Ramsey interrogation in
Cs fountain clocks is proposed and experimentally prepared.
This cavity is a typical TE¢1; cylindrical microwave resonator
(CMR), which is made of a titanium (T1) tube with two oxygen-
free copper (OFC) end caps. The quality factor Q of cavity is
improved by thin layers of copper and gold coating on the inner
surface of the tube. The cavity resonance frequency (RF)
changes can be compensated thanks to the different thermal
expansion of the different parts. Each coupling hole is sealed
with a ceramic window first and then covered by a rectangular
waveguide. Thus, the MVIC itself can be functioned both as the
microwave resonator and a part of the vacuum chamber of the
clock physical package. The design and preparation processes
of this Cs MVIC are introduced. And its RF sensitivity to
temperature is also measured.



II.  PRINCIPLE AND PREPARATION

The Ramsey cavity uses a typical two or four azimuthally
distributed feeds [13, 18]. The schematic diagram of MVIC and
its layout on clock physical package is shown in Fig. 1.

This cavity is mainly a vertical CMR resonating in the TEo1;
mode at the hyperfine frequency of the atoms. The CMR is
composed of a Ti cylindrical tube with two face-to-face
coupling holes (C-holes) in its wall at the midplane, and the
upper and bottom end caps (UEC and BEC) made of OFC, each
with a cut-off waveguide along their central axis. In vacuum,
the cavity RF is determined by the height and the radius of the
CMR. Based on the cylindrical tube material Ti having a
thermal expansion coefficient (TEC) lower than the end caps
material OFC, the RF change of the CMR induced by the
temperature-induced size variation of its radius can be self-
compensated by that induced by its height, then this cavity can
be immune to temperature fluctuations. By increasing the
length of the caps extending into the tube, the cavity RF
sensitivity to temperature can be reduced.

The C-holes are distributed symmetrically around the tube
axis, and each of them is sealed with a ceramic window first,
then covered by an OFC-based rectangular waveguide. The
sealing part is shown in the enlarged view of Fig.1(b). The
microwave radiation is coupled into the CMR through any of
rectangular waveguides via ceramic windows. The Ramsey
cavity itself can be functioned both as the microwave resonator
and a part of the vacuum chamber of the clock physical package.
Then, both the cables and the rectangular waveguide cavities
are out of the vacuum chamber.
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Fig.1. (a) Schematic diagram of MVIC and its layout on the clock physical package;
(b) vertical section through the MVIC and its H-field distribution (TEq;; mode).
CMR, cylindrical microwave resonator; MSC, microwave synthesizer chain; MOT,
magneto-optical trap; FT, feed-through. Individual parts are distinguished by different
shading. Not shown are the screws for fastening one part to the others and details of the
vacuum seals

The inner diameter of the tube is 2x24.2 mm, the height of
the CMR is 34.01 mm, and the diameter of each C-hole is 4 mm.
Both the lengths of the OFC-based UEC and BEC extending
into the cylindrical tube is 20.4 mm. Both the cut-off
waveguides with a length of 78 mm and a radius of 5.5 mm can
not only be arranged for the atoms passing through, but also
eliminate the microwave leakage from the CMR.

Due to the bulk conductivity of the Ti is 31 times smaller
than that of the copper, the O-factor of the Ramsey cavity with
pure Ti tube is quite low and resulting in a higher distributed
cavity phase induced frequency shift. As the bulk conductivity
of gold is much larger than Ti, and its antioxidant property is
much better than copper. A scheme that the surface of the Ti
cylindrical wall coating with thin copper and gold films is
proposed. The calculated skin depth of copper and gold under
9.19263 GHz is 0.68 mm and 0.79 um, respectively.
Considering the coating operation and the uniformity of layers,
a scheme that the surface of the Ti cylindrical wall is coated by
a copper layer with a thickness of 3 pum first and then a gold
layer with a thickness of 0.2 pum on the top, is adopted
eventually. Using a high vacuum ion beam sputtering technique,
the Ti tube coating with films is obtained and its physical map
is shown in Fig. 2(a). Sealing with a ceramic window on each
C-hole, the cavity itself can be as a part of the vacuum chamber.
As it belongs to a metal-non-metal seal, a twice-soldering way
is used in order to diminish the thermal deformation of the tube
wall. The metallization of the ceramic window is performed on
the edge of its surface firstly. Then, the window is soldered on
the pedestal in vacuum welding furnace. After that, this
pedestal is soldered on the outer tube wall by laser welding.
Eventually, the cylindrical tube coating with films and sealing
by ceramic windows is performed and its photo is shown in Fig.
2(b).

Fig. 2. Photos of Ti tube after (a) the coating and (b) sealing processes, and (c)
prepared MVIC body

Before assembling the cavity, a high vacuum bake-out
process is done for the cylindrical tube and the UEC (BEC)
firstly. This process can not only facilitate the clock physical
package with a high vacuum degree, but also enable the stress
release, thereby the cavity RF will be stable and controllable.
Next, the cavity RF is tuned closely to f5=9.19263 GHz. The
tuning method and processes are widely used and not given here.
Then the two rectangular waveguides, UEC and BEC are tightly
fixed on the cylindrical tube with titanium screws to form the
assembled piece, before that with indium wires mounted among
them as microwave seals, which are important measure to
prevent microwave leakage. The photo of the assembled MVIC
body is shown in Fig. 2(c). Following this piece will be
mounted on the clock physical package. This piece is directly
connected into the Ramsey interaction region as a part of the
vacuum chamber, tightly fixed with titanium screws, and before
that with indium wires mounted between them as vacuum seals.
In order to lower the background pressure in vacuum chamber,
the further bake-out of the fully assembled physical package is
done for a few hours.



However, both the vacuum seals and the further bake-out
processes shift the cavity RF slightly, so it has to be performed
the final frequency tuning. The frequency mistuning amount
between the RFs of the rectangular waveguide cavity and the
CMR will affect the Ramsey cavity RF. Thus, the RF is tuned
closely to Cs clock transition frequency by changing the RF of
rectangular waveguide cavity. Note that, the influence
coefficient of the RF of rectangular waveguide cavity on that of
CMR is extracted with a value only about 0.005 in experiment,
then the influence of the temperature-induced RF change of
rectangular waveguide cavity on that of CMR is small.
Eventually, the RF and Q-factor of this Ramsey cavity are
measured by the Vector Network Analyzer (N5247A, Agilent
Technologies Inc., USA), and the results are shown in Fig. 3. It
shows the Q-factor is 10027 and the RF matches the Cs
transition frequency within 31 kHz.
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Fig. 3. Tested RF curve for the prepared MVIC

Notably, comparing to the traditional OFC-based Ramsey
cavities, we found that the resonance frequency (RF) of this
temperature-immune Ramsey cavity shifts slightly and stably
during the vacuum-baking, vacuum seals and vacuumizing
processes owing to the high-strength of Ti-based cylindrical
tube. Additionally, the cavity RF can be final tuning after
performed a further bake-out for the fully assembled physical
package.

III. TEMPERATURE-SENSITIVITY AND

DISCUSSION

MEASUREMENT

In order to compare the RF temperature-sensitivities
between this prepared MVIC (Ti&OFC-based cavity) and the
traditional Ramsey cavity, an OFC-based Cs cavity is also
prepared. Note that these two cavities are with the
approximately same main dimensions, and the major difference
between them is that the cylindrical tube of the OFC-based
cavity is made of OFC.

Both these two cavities are put into the temperature-
controlled copper boxes with a precision of 0.001 °C. The
temperature is calibrated and set from the lab temperature
Tv=22.27 °C to 34.27 °C with the temperature step of 3 °C, and
the heat preservation times after each step is 72 hours to make
the cavities sufficiently stable. After each heat preservation
process, the RFs (f1) of these two cavities are measured by the
Vector Network Analyzer. And the measured curves (dotted
lines) of the relative change of RF (fr -f10) versus temperature
T are shown in Fig. 4. fro is the measured RF at the lab
temperature. The results show that, both the measured relative

changes of RF are approximately linear to 7'for these two cavities.
Extracted from their fitted curves, the RF thermal-coefficient is
-48.1 kHz/°C and -154.4 kHz/°C for the Ti&OFC-based cavity
and OFC-based cavity, respectively. And it shows the sensitivity
of the RF to temperature for the Ti&OFC-based cavity is about
3.2 times lower than that for the OFC-based cavity.

To wverify the effectiveness of this self-compensating
theoretical model, the relative changes of RF (fr-fro) versus
temperature 7" for the Ti&OFC-based, and OFC-based Ramsey
cavities are simulated with the referenced TEC values
(a1=8.5%10" /K, aorc=16.8x10"¢/K) [19, 20], and the simulated
curves (solid lines) are also shown in Fig. 4. The f1o is the RF
of the cavities when 7p=22.27 °C. Note that the main
dimensions of the OFC-based Ramsey cavity are approximately
same as those of the Ti&OFC-based cavity. Form these two
simulated curves, each the relative change of RF is linearly related
to temperature. And the extracted thermal-coefficient is -44.1
kHz/°C and -154.4 kHz/°C for the Ti&OF C-based and OFC-based
cavities, respectively. The experimental and simulated results
show that the prepared MVIC has an obvious self-
compensating effect on the temperature-induced RF change.
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Fig. 4. Relative changes of RF versus T for two cavities with same sizes.
Ti&OFC cavity represents the prepared MVIC

Though the prepared MVIC shows an obvious self-
compensating effect, there is a deviation of RF thermal-
coefficient about 4 kHz/°C between the simulated and
measured results shown in Fig. 4. The main reasons inducing this
may include that, the actual TEC values of the materials (Tiand
OFC) using in our system deviate from the referenced ones.
And the influence of the mutual coupling interaction among
CMR, rectangular waveguides, cut-off waveguides and C-holes
on the RF thermal-coefficient is not considered when the
temperature increases.

IV. CONCLUSIONS

A low temperature-sensitive microwave-vacuum integrated
cavity (MVIC) using for Cs atomic fountain clocks is proposed
and experimentally demonstrated. Utilizing the cylindrical tube
material Ti has a thermal expansion coefficient (TEC) lower
than the end caps material OFC, a total self-compensating effect
can be achieved to yield a zero thermal-coefficient of the RF
value of Ramsey cavity. Thus, the Ramsey cavity can be
immune to temperature fluctuations. The Q-factor of the cavity
can be improved by using thin copper and gold films coating on



the surface of the Ti cylindrical wall. Owing to the high-
strength of the tube, the RF of the cavity will be shifted slightly
and stably during the vacuum-baking and vacuumizing
processes compared to the traditional OFC-based Ramsey
cavity.

For the constructed Cs MVIC with a Q-factor of ~10000, the
measured RF thermal-coefficient is -48.1 kHz/°C, 3.2 times
superior to a traditional OFC cavity with the same sizes. This
temperature-immune microwave cavity can strongly promote
the development of transportable atomic fountain clocks
commercially available, and significantly improve their
tolerance of ambient temperature range. For the next work, the
temperature-immune Ramsey cavity with a near zero thermal-
coefficient will be prepared, and its performance improvements
on fountain clocks will be also evaluated and analyzed.
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