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Abstract — A cryogenic Whispering Gallery sapphire resonator
oscillator has been investigated using a 4 K pulse-tube
cryocooler. The turnover temperature of the chosen mode in the
sapphire crystal was 9.169 K with an unloaded Q-factor of 7 x
10%. The prototype SLC oscillator was designed to oscillate at
9.195 GHz and exhibited a fractional frequency stability of 2 x
10" at integration times of 10 s. We project a fractional
frequency stability better than 1 part in 10™* for integration
times of 1 s to 100 s with a better temperature stabilized housing
and with improved vibration isolation.
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1. INTRODUCTION

Microwave oscillators based on cryogenic sapphire resonators
operating below about 10 K has been implemented with the
highest possible short-term stability of any frequency source
[1], [2]. Due to the exceptional frequency stability the
oscillators have been used as local oscillators (LO) for a Cs
atomic fountain [3] and for a trapped mercury ion frequency
standard [4]. The excellent performance of this system is
primarily due to the high-Q factor of the sapphire resonator,
which operates on a Whispering Gallery mode [5]. The
sapphire resonators have been cooled below 10 K in a
cryostat with liquid helium or with a cryocooler, which does
not require liquid helium. Since atomic standards require
practically a continuous operation of the LO, it is essential to
use a cryocooler, which can be operated continuously for
periods of a year or more.

Cryocoolers have been used to cool the sapphire
resonators by a couple of authors [4], [6]. Pulse-tube
cryocoolers are attractive tools due to their intrinsically
higher durability and lower level of vibrations than other
regenerative coolers, e.g., Gifford-McMahon or Stirling
coolers. Since the pulse-tube cryocoolers have no moving
piston, this reduces the mechanical complexity, increases
durability, and reduces induced vibrations. Therefore we
implemented a cryogenic sapphire oscillator with a 4 K two-
stage pulse-tube cryocooler, which allows operation at
temperatures down to 4.2 K.

At the National Metrology Institute of Japan / AIST, a Cs
atomic fountain has recently become operational. For this
standard, we plan to use the cryogenic sapphire oscillator as
an LO. Our performance target is a stability below 10™* (1 s
<1t <100 s) at 9.192 GHz, which is sufficient to operate an
atomic clock at the quantum projection noise limit [3].

II. OSCILLATOR DESIGN

Fig. 1 shows the configuration of the cryogenic sapphire
oscillator (CSO). The sapphire-loaded cavity (SLC) in the
cryocooler is the primary frequency-determining element of
the free-running loop oscillator. The circuit losses are
compensated by the gain of the two microwave amplifiers
(JCA Technology, JCA711-323 and JCA910-4153). A
bandpass filter with a loaded Q-factor of 7 x 10 was used to
select the required sapphire resonator mode. The loop
electrical length was adjusted by a phase shifter to tune the
oscillation frequency to the resonance of the SLC. Fig. 2
shows a diagram of the cryogenic system based on a 4 K two-
stage pulse-tube cryocooler manufactured by Sumitomo
Heavy Industries, Ltd. The cryocooler has a specified cooling
power of 16 W at 50 K at the first stage and 0.45 W at 4.2 K
at the second stage. The SLC is suspended by oxygen-free
copper from the 4 K stage. A heater was placed on the copper
cavity, and a temperature sensor was mounted on the side of
the cavity. The sapphire cylinder placed in a copper cavity
has a diameter of 45.3 mm and a height of 30.0 mm, with two
15.08 mm-diameter and 11.83 mm-long support spindles all
machined from a single piece of sapphire. Coupling to the
resonator was accomplished with a straight probe at the input
cavity port and a magnetic field loop probe at the output port.
A Whispering Gallery mode, E; ;s (quasi-transverse
magnetic polarization) of 9.195 GHz around 9 K was
chosen due to its small frequency difference from the Cs
transition frequency of 9.2 GHz.
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Fig. 1. Layout of the 9.195 GHz free-running loop oscillator incorporating a
cryogenic SLC.
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Fig. 2. Schematic of our cryogenic sapphire-loaded cavity and the cryogenic
system based on 4 K two-stage pulse-tube cryocooler.

III. EXPERIMENTAL RESULTS

The temperature turnover and unloaded Q-factor for the
SLC are shown in Fig. 3. An unloaded Q-factor as high as 1 x
10° at 9.195 GHz was measured at 5.4 K. The 4 K stage
achieved a temperature of 3.76 K. Turnover temperature was
9.169 K with unloaded Q-factor of 7 x 10® and the couplings
measured were f; = 0.31 and B, = 0.45. The frequency
stability of the CSO was measured by a 15.29 MHz beat
between the CSO and the reference signal from a hydrogen
maser as shown in Fig. 4. The Allan standard deviation was
calculated to be 2 x 10" at 1 s and 2 x 10" at 10 s as shown
in Fig. 5. The oscillator exhibited a fractional frequency drift
of about 10"%day during the course of the measurement. We
attribute this to the insufficient temperature control of the
sapphire resonator. It is most likely that the degradation of
stability around 0.2 s < t < 1 s is due to vibrations of the
cavity caused by expansion and contraction of helium gas at
the cryocooler cycle frequency of 1 Hz. We project a
frequency stability of 10 for this oscillator with an
improved temperature stabilized housing and with the
implementation of vibration isolation techniques.
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Fig. 3. Frequency (a) and unloaded Q-factor (b) as a function of temperature
for the sapphire resonator for the E;;;; mode. This resonator shows a
turnover temperature of 9.169 K by using a curve fit.

Phase
H-MASER »| locked |—» CSO

oscillator

9.180 GHz l 9.19529... GHz
LPF
1 15.29... MHz

10 MHz | Frequency
counter

Fig. 4. Arrangement for measuring the frequency stability of the CSO by
counting the IF signal.

IV. CONCLUSION

A cryogenic-sapphire microwave oscillator using a 4 K
pulse-tube cryocooler was implemented. Unloaded Q-factors
of 1 x 10” at 5.4 K and 7 x 10® at the turnover temperature of
9.169 K were measured for the E; ; s mode in the SLC. Our
first tests of the CSO exhibited an Allan standard
deviation of 2 x 10" at 10 s integration time. We are
currently working to reduce vibrations at the cavity induced
by the cryocooler and to improve temperature control. A
further two orders of magnitude improvement in performance
should be possible.
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Fig. 5. Measured frequency stability for the CSO against a hydrogen maser.
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