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Abstract

We present the design and the preliminary evaluation of a cryostat equipped

with a low power Pulse-Tube cryocooler intended to maintain near 5 K a high-Q

factor sapphire microwave resonator. This cooled resonator constitutes the fre-

quency reference of an ultra-stable oscillator presenting a short term fractional

frequency stability of better than 1 × 10−15 . The proposed design enables to

reach a state-of-the-art frequency stability with a cryogenic oscillator consuming

only 3 kW of electrical power.

Keywords: Ultra-stable oscillator, Pulse-Tube cryocooler, frequency stability.

1. Introduction

The advent of reliable two-stage cryocoolers makes it possible to replace the

out-dated liquid helium facilities in number of very demanding scientific appli-

cations [1, 2]. In the field of Time and Frequency metrology, the most stable

frequency source is based on a microwave whispering gallery mode sapphire res-5

onator cooled near 6 K [3]. Provided the resonator environment is sufficiently
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free of vibration and temperature fluctuation, the Cryogenic Sapphire Oscilla-

tor (CSO) presents a short term fractional frequency stabilitiy of better than

1 × 10−15. The recent demonstration of a low maintenance CSO based on a

pulse-tube cryocooler paves the way for its deployment in real field applications10

[4, 5, 6]. Nevertheless, the current CSO technology needs to be improved to

enable the largest range of potential users. The large electrical consumption

(three-phase 8 kW peak / 6 kW stable operation) of the current system is the

main obstacle to the deployment of the CSO technology.
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In this paper, we describe an optimized cryostat designed to operate with

a low consumption cryocooler requiring only 3 kW single phase of input power

to cool down to 4 K a sapphire resonator. We demonstrate that the proposed

design is compatible with reaching a state-of-the-art frequency stability.

2. CSO design and cryostat specifications20

The CSO is based on a dielectric resonator made in pure sapphire (Al2O3)

monocrystal. Sapphire presents the lowest dielectric losses in X-band, and thus,

permits building high Q-factor microwave resonators. A typical 10 GHz cylin-

drical resonator is shown in Fig. 1. It is 54 mm diameter and 30 mm thick

[7]. The resonator is placed in the center of a copper cavity whose external25

dimensions are 120 mm × 70 mm.

The confinement of the electromagnetic field inside the sapphire is ensured

by the use of a high-order resonance mode called whispering gallery mode. Near

4 K, the Q- factor reaches 109, and leads to exceptional short-term stability. For

longer integration times, the resonator frequency is affected by environmental30

perturbations and especially by the temperature fluctuations. The sapphire res-

onator frequency shows near 6 K a turnover temperature for which the resonator

sensitivity to temperature variations nulls at first order. The appearance of this

turning point results from the presence in Al2O3 of paramagnetic impurities as

Cr3+ or Mo3+. These ions introduce a magnetic susceptibility whose thermal35
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Figure 1: Left: 10 GHz Sapphire resonator. The 10 mm spindle is used to maintain the

resonator in its cavity. Right: Inside the 6 kW cryostat: the cavity attached to the cryocooler

2nd stage.

sensitivity is opposite to the natural sapphire sensitivity [8, 9]. The resonator

is used in transmission mode in a regular oscillator loop. The amplifier stage is

placed outside the cryostat at room temperature. The system is completed by

two active control loops that stabilize the phase (Pound servo) and the power of

the signal injected in the resonator. Details on the design and on the techniques40

that have to be applied to get an ultimate frequency stability can be found in

[7, 10, 11, 12]. The main requirements for the cryostat are:

- Autonomy: some applications as Very Long Baseline Interferometry (VLBI),

are operating in remote sites with no liquid Helium facilities. The use of

a cryocooler is mandatory.45

- Experimental Volume and Mass to be cooled: The volume necessary for the

implementation of the microwave cavity is a cylinder of diameter 180 mm

and 150 mm in height. The mass of the cavity is approximately 6 kg.

- Minimum achievable temperature: The exact operating temperature depends

on the type and density of the paramagnetic impurities contained in the50

resonator. For the best resonator material, it is typically found between

5 K and 8 K. To be able to efficiently stabilize the resonator at 5 K, the
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minimum achievable temperature has been set to 4.5 K.

- Temperature stability: The residual resonator temperature sensitivity imposes

a temperature stability of 1 mK rms, for integration times between 1 s and55

1000 s.

- Displacement or Acceleration: Assuming a stimulus well below the mechanical

resonances of the sapphire piece, the sensitivity of the resonator frequency

to acceleration is 3.2 × 10−10/g [13]. For a mechanical vibration at 1

Hz, which is almost the typical cryocooler cycle frequency, the acceptable60

maximum displacement is 1 µm.

- Electrical consumption : Less than 3.6 kW, which is in most of the places the

maximal power for a common single phase power outlet.

3. Cryostat Design Overview

The main drawbacks in the use of a cryocooler are the mechanical and ther-65

mal disturbances induced during the thermodynamical cycle. A Pulse-Tube

cryocooler with a remote rotay valve is preferred as it has no moving part,

and thus induces less vibrations that a Gifford-McMahon cryocooler. Our de-

sign is based on a 3 kW PT-403 cryocooler from Cryomech delivering typically

0.25 W at 4 K. For this cryocooler the frequency of the thermodynamical cy-70

cle is about 1.4 Hz. The levels of mechanical displacement and temperature

fluctuations induced by the gas flow inside the Pulse-Tube are still too large.

Typical displacements of the 2nd stage cold plate are 25 µm peak-to-peak in

the vertical direction and 12 µm peak-to-peak in the horizontal one [14]. To

maintain the resonator displacement well below 1 µm a mechanical damping of75

at least 40 dB is mandatory. The temperature variation on the PT 2nd stage is

typically 100 mK rms.

Several solutions have been proposed to mitigate these problems. Caparelli in

[15] has designed an active system which provides more than 40 dB attenuation

of the PT vibrations. Wang and Hartnett designed a new cryostat where the80
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heat link between the PT 2nd stage and the cryogenic device is achieved with

a liquid-gas phase change of Helium [16]. These sophisticated solutions provide

a high degree of vibration attenuation, but are complex and not easy to imple-

ment. Our main objective is to develop a cryostat as simple as possible avoiding

a high cost and a complex optimisation. Thus we choose a simple passive fil-85

tering inspired from Tomaru et al. [17]. Fig. 2 shows an overview of the CSO

cryostat.

sensors
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Figure 2: CSO cryostat: design overview (left), picture of the prototype (right). The rotary

valve is located remotely from the cryostat. The resonator is linked to the external circuits

by 4 microwave cables: two are needed for the oscillating loop. The others are needed for the

control of the power and the phase of the injected signal (only two cables are represented).

The microwave resonator is rigidly attached to the top flange of the cryo-

stat whose external surrounding walls are made as rigid as possible keeping

reasonable mass and space. The rotary valve unit, which could generate large90

vibrations, is separated from the cold-head. The cold-head itself still remains
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an important source of vibrations. Thus it is supported by a set of 8 springs

providing the vibration insulation. A bellows makes the connection with the

vacuum can. The remaining vibrations come from the pressure oscillation in

the pulse tube and regenerator transmitted to the cold-stage through thermal95

links. The vibration reduction is obtained by using flexible metal heat links

(copper braids). The temperature variations are passively filtered by the ther-

mal ballast constituted by the stainless steel top flange of the 2nd stage thermal

shield. Associated with the thermal resistance of the flexible thermal link it is

equivalent to a first order filter. The cavity is attached to the thermal ballast.100

A thermal sensor and a 25 Ω resistive heater are anchored in the cavity foot.

They allow the control of the resonator temperature. Four microwave UT-085

semirigid Be/Cu cables link the resonator assembly to the external circuits.

These cables are thermalized on each stage. To optimize this design with re-

gard to the CSO performance, trade-offs have to be made between the vibration105

attenuation, the thermal conductance of the links and the ballast thermal mass.

3.1. Mechanical decoupling

As a first approach, we neglect the displacement of the PT 1st stage and

thus consider only the 2nd stage suspension. Fig. 3-a shows how the experiment

of mass M can be suspended from the frame by a set of three vertical rigid rods110

of length L.

b) c)a)

Rigid Frame

M

Figure 3: a) Simplified model of 2nd-stage suspension. The experiment to be cooled has a mass

M. a) Displacement induced in the axial direction. b) Displacement induced in a transverse

direction. c) 6 tilted rods suspension to stiffen the suspension in the transverse direction.
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The mass M ∼ 10 kg includes the microwave resonator, the thermal ballast

and the 2nd stage thermal shield. The rods counteract any axial displacement

with a stiffness k0. The mass M is also linked to the PT 2nd stage by the flexible

thermal link presenting a stiffness k1. An over-simplified mechanical model for115

the 2nd stage is represented in Fig. 4.

k1

Z
Z 1

(    )

k0

k1

z(t)

M

k0

f0

f

z (t)1

Rigid frame

2nd stage
PT

(     )

Figure 4: a) Simplified mechanical model. Assuming a displacement z1(t) = Z1 cos 2πft of

the PT 2nd stage, the displacement of the device will be z(t) = Z cos 2πft. For k1 � k0, a

simple calculation gives the ratio Z/Z1 = k1/k0 for f � f0 = 1/2π
√
k0/M .

At a frequency below the mechanical resonance frequency f0 ∼ 1/2π
√
k0/M ,

the attenuation of the vertical displacement is given by the stiffness ratio: k1/k0.

In the following, these stiffness are evaluated by considering beams subjected

to traction or flexion. The useful equations are [18]:

Traction : k =
ES

L
; Flexion : k =

3EI
L3

(1)

where E is the Young’s Modulus, L is the beam length, S its cross-section and I

the second moment of area of the beam’s cross-section. The distance separating

the two stages in a typical commercial PT set the rod length to L ≈ 10 cm.

Different materials have been considered (see Tab. 1): 304L stainless steel (SS)120

8.5× 7.8 mm tubes, G10 fiber or Mylar 8.5 mm diameter rods.

We designed OHFC copper braids to realize the thermal link to the PT 2nd

stage. The braid is made of Φ = 0.05 mm diameter OFHC wires. Its length
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Table 1: Mechanical parameters of the suspension rods and wires.

E S I

(GPa) (mm2) (mm4)

Mechanical Suspensions:

304 L SS tubes 210.0 9.0 74.5

G-10 rods 36.0 56.7 256.2

Mylar rods 8.8 56.7 256.2

Thermal link:

OFHC wires 140.0 2× 10−3 3× 10−7

is 5 cm, its cross-section is 5.25 mm2 for about 2700 wires. The ends of the

braid are crimped in OHFC copper heads that can be firmly screwed on the125

pieces to be thermally linked. Depending on the available space, between 10

and 20 braids can be implemented between the PT 2nd stage and the device

to be cooled. Neglecting the curvature of the wires and the friction between

them, each elementary wire can be treated like an independent beam submitted

to a flexion force. Considering 16 braids, i.e. 43, 200 wires, the stiffness of the130

thermal link is k1 ≈ 50 N/m. The thermal resistance of the braids is 1 K/W.

Conversely the suspension rods are submitted to traction. As demonstrated

in Tab. 2, it is easy to get a high axial stiffness such as k0 � k1 even with

non-metallic materials.

Table 2: Mechanical characteristics for several suspensions using vertical beams. L = 10 cm.

axial mode pendulum mode

k0 f0 kT fT

(N/m) (Hz) (N/m) (Hz)

304 L SS tubes 58× 106 379 140× 103 19

G-10 rods 61× 106 394 83× 103 14

Mylar rods 15× 106 194 20× 103 7

In every case the axial displacement is strongly attenuated as k0 � k1. How-135
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ever we should also consider the transverse displacement as shown in Fig. 3 b. In

this direction the same rods have a much lower stiffness kT . The first transverse

mode (pendulum mode) has thus a low resonance frequency fT ∼ 1/2π
√
kT /M

(see Tab. 2). Transverse modes can be excited by the PT 2nd-stage displace-

ment and can induce detrimental effects on the CSO frequency stability at short140

integration time. Fig. 3 c shows the solution we implemented to stiffen the sus-

pension in the transversal direction. Each vertical rod is replaced by two rods

forming a V (V-shaped suspension). Whatever the direction of the mechanical

disturbance, the 6 tilted rods are submitted both to traction and flexion notably

increasing the stiffness for a transverse displacement.145

3.2. Thermal Analysis

Fig. 5 shows the thermal model we used to evaluate if a 3 kW cryocooler is

able to maintain the resonator at its turnover temperature.

TA

T1

PR1 PC1R1

P1
T  =300 K0

1st stage shield

cold plate

1st stage

Figure 5: Thermal model for the 1st stage.
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3.2.1. 1st stage

The unknown of the problem is T1: the temperature of the 1st stage thermal150

shield. The table 3 gives the characteristics: temperature, material, area and

emissivity assumed for each surface entering in the thermal model.

Table 3: Characteristics of the surfaces entering in the thermal model.

Temperature Material Area ε

(m2)

Cryostat T0 = 300 K 306 SS 0.52 0.20

1st stage T1 Aluminium 0.35 0.08

2nd stage T2 Aluminium 0.18 0.04

At the thermal equilibrium a power P1 = PC1 + PR1 is transferred to the

thermal shield. PC1 is the heat flow conducted through the suspension rods and

the microwave cables. The section of the rods are those given in Tab. 1. PR1155

is the radiation heat flow coming from the vacuum can at 300 K. The classical

equations for the heat transferred [20] enable one to calculate the power P1

that should be removed to maintain the resonator temperature at T1. We plot

T1 = f(P1) for several configurations as shown in Fig. 6.

160

The power P1 is evacuated by the 1st stage through R1 ∼ 1 K/W the ther-

mal resistance of the braids. We consider the PT-403 cryocooler, which is the

least powerful model of the range from CryoMech. TA, the temperature of the

PT 1st stage, depends on the applied heat flow P1. The function TA(P1) can

approximated from the cryocooler capacity curve provided by the manufacturer165

[19]. On the same figure, we plot the function T1 = g(P1) = TA(P1) + R1P1.

For a given thermal configuration the intersection of the two functions f(P1)

and g(P1) gives the operating point (P1, T1). With the Mylar suspension, the

1st stage shield will stabilize at 80 K with a 3 kW PT cryocooler while it will be

57 K with a 6 kW unit. In this configuration, the heat transferred by radiation170

is the dominant process. Thus the operating point is not greatly affected by the
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Figure 6: Simulation of the PT 1st stage. f(P ) for several suspensions: stainless steel (dotted

line), G-10 fiber (dashed line), Mylar (bold line). g(P ) for two types of cryocooler consuming

3 and 6 kW respectively (solid lines).

suspension material.

3.2.2. 2nd stage

The 2nd stage is analysed with the same method. It is surrounded by

the 1st stage shield assumed at the temperature T1 previously determined, i.e.175

T1 = 80 K (see Fig. 7).

For the 2nd stage, the conduction through the suspension rods is the dom-

inant process. With stainless steel rods the 2nd stage will stabilize at 4.1 K,

which is just below the specification, i.e. T2 < 4.5 K. A lower temperature180

T2 = 3.5 K is obtained with G10-fiber or Mylar suspensions.

In our preliminary prototype we choose to use Mylar suspensions for both

stages. Following the simple previous analysis, Mylar rods allow of reach the

temperature specification with a sufficient margin. Moreover the V-shaped My-185
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Figure 7: Simulation of the PT 2st-stage. f(P ) for several suspensions: stainless steel tubes

(dotted line), G-10 fiber rods (dashed line), Mylar rods (bold line). g(P ) for a 3 kW cryocooler

(solid line).

lar suspensions can be simply realized using a 3-D printer. Fig. 8-a shows the

copper braids and the 3-D printed V-shaped Mylar suspension.

Figure 8: a) Picture showing the 2nd stage Mylar suspensions and the copper braids. b) CAD

model used for mechanical analysis.
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4. Finite Elements Simulations

The previous calculations demonstrate that the principle of a low power

consumption cryostat is possible. However these simple models are not able to190

report on the whole complexity of the cryostat. For example, thermal gradients

or more complex mechanical resonance modes are not taken into account. These

perturbations could have detrimental impact on the CSO frequency stability.

Finite Element Models have thus been implemented to confirm the previous

results.195

4.1. Mechanical FE simulations

Fig. 8 b shows the mechanical FE model used to simulate the behavior of

the 2nd stage suspension. The thermal shield as well as the resonator assembly

are considered as infinitely rigid and thus are replaced by masses attached to

the stainless steel ballast. We neglect the shape of the copper braids and thus200

assume that they behave like straight beam submitted to a flexion force. A

copper braid containing 2700 wires is modelised as a unique equivalent copper

beam. Its diameter has been chosen to get the same stiffness of 2700 independant

wires acting in parallel. As the stiffness of a flexion beam is proportional to the

4th power of its diameter, the equivalent beam diameter is Φ× 4
√

2700 ≈ 0.4 mm.205

Fig. 9 shows the first mechanical modes for the two types of Mylar suspension:

vertical rods and V-shaped suspensions.

In a second step, a periodic displacements z1(t) at 1 Hz is imposed to the

PT 2nd stage. The resulting displacement z(t) at the center of the thermal210

ballast is calculated. The amplitude ratio Z/Z1 gives the mechanical damping

in the axial direction. The same procedure has been applied for the transverse

direction. The results is given in the table 4.

As expected in the simplest configuration using three vertical rods, the axial

stiffness k0 is high leading to a resonance frequency f0 = 190 Hz and a large215

mechanical damping. Conversely the pendulum mode appears at 13 Hz and the
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Figure 9: First mechanical modes of the 2nd-stage for the two types of suspensions made in

Mylar. Upper figures: Mylar rods. Lower figures: Mylar V-shapped suspensions.

Table 4: Mechanical damping in the axial and transverse directions.

Suspension type Axial Transverse

damping damping

Cylindrical rods 85 dB 43 dB

V-Shaped 85 dB 62 dB

mechanical damping is only 43 dB. The V-shaped suspension allows an increase

in stiffness in the transverse direction without affecting too much the behavior

in the axial direction. The torsion mode can not be evaluated in the previous

approach. Its resonance frequency is 20 Hz and 62 Hz for the vertical rod and220

the V-shaped suspensions respectively.

4.2. Thermal FE simulations

We simulated only the 2nd stage assuming the 1st stage stabilized at 80 K.

Fig. 10 shows the thermal ballast and the cavity. The hottest points (∼ 5.2 K)

correspond to the suspension fastening, the coldest (∼ 2.8 K) to those of the225

copper braids. The temperature is homogeneous in the whole cavity volume,

with a maximal gradient of 1 mK.
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Figure 10: Finite elements simulation of the 2nd stage. Only the thermal ballast and the

cavity are represented.

A this step of development and in spite of their relative simplicity, the pre-

vious models are considered reliable enough to undertake the construction of a

prototype. The models can be possibly refined in a second stage if needed.230

5. Resonator validation

A resonator was assembled and mounted inside the cryostat. The sapphire

resonator is made from a Kyropoulos monocrystal [9]. It presents a high Q-

factor mode at ν0 ∼ 10 GHz. The temperature evolution during the cool down

is shown in Fig. 11:235

The minimum achievable resonator temperature is 4.1 K, fully compliant

with the specification. Fig. 12 shows the modulus of the resonator response

around the whispering gallery mode at ν0 ∼ 10 GHz measured at 4.1 K. The

bandwidth is 7.2 Hz equivalent to a loaded Q-factor QL ∼ 1.4× 109.

The resonator temperature is stabilized using a commercial temperature con-240

troller. The sensor is a Cernox type CX-1050 with a sensitivity of approximately

−430 Ω/K. By changing the temperature set-point step-by-step we obtain the

resonator frequency evolution (see Fig. 13). The resonator presents a turnover

temperature equals to 5.24 K. Stabilized at this point, its frequency is no longer
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Figure 11: Temperatures evolution during cool-down. Resonator temperature (bold line),

2nd-stage shield temperature (dotted line), 1st stage shield temperature (dashed line).
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Figure 12: Transmissiom resonator response around the resonance frequency ν0 ≈ 10 GHz.

sensitive to the temperature fluctuations and a high frequency stability can be245

obtained.
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Figure 13: Resonator frequency evolution around the turnover temperature.

6. Oscillator preliminary evaluation

This resonator has been inserted in an oscillator loop complemented with

a Pound servo and a power stabilization. The oscillator delivers 10 dBm at

ν0 = 10.02 GHz.250

We implemented in our laboratory a set of three ultra-stable 6 kW CSOs.

This set constitutes one of the reference of the Oscillator IMP metrological plat-

form dedicated to the measurement of noise and short-term frequency stability

of oscillators. The exceptional performance of these CSOs have been reported255

in [21]. These three CSOs have recently been moved in a temperature stabilized

room at 22◦C ±0.5◦C. The new prototype stays in another experimental room

equipped only with the standard air-conditioning system of the flat. Depending

on the sunlight the temperature near the cryostat can vary of several degrees

during the day.260

In a first step, the close-to-carrier phase noise of the prototype has been
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evaluated. Its 10 GHz output signal is mixed with those delivered by one of

the ultra-stable 6 kW CSO. The obtained 26 MHz beatnote is sent to a Sym-

metricom 5125A phase noise test set. The observed phase noise is shown in265

the Fig. 14. The upper curve was recorded when the springs supporting the

PT cold-head were ntentionally blocked: the bolt getting through every spring

was tightened. In this case the vibration of the cold-head are almost integrally

transferred to the cryostat. The spectrum shows a large line at 1.47 Hz and

its harmonics, which are the signature of the cold-head vibration. The other270

smaller line at 1.41 Hz comes from the 6 kW CSO. When the springs are re-

leased (see Fig. 14 lower curve), the 1.47 Hz line almost completely disappears

and its harmonics are also strongly attenuated. From this second spectrum, the

resonator displacement is estimated to be less than 0.1 µm.
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Figure 14: Upper curve: Phase noise when the bellows springs are blocked. Lower curve:

bellows springs realesed.

To evaluate the frequency performance of the prototype, it has been simul-275

taneously compared to two high stability 6 kW CSOs. The three-cornered-hat
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method [21, 22] has been used to extract the prototype fractional frequency

stability. The result is presented in the Fig. 15. The new instrument presents
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Figure 15: Fractional frequency stability of the 3 kW prototype evaluated using the three-

cornered-hat-method with two ultra-stable 6 kW CSO used as references [21].

a fractional short term frequency stability below 1 × 10−15. At long integra-

tion time the fractional frequency stability is degraded proportionnaly to τ .280

The observed drift (approximately 3 × 10−14/day) could result from the large

temperature variations inside the laboratory.

7. Conclusion

A new cryostat has been designed to cool-down a sapphire microwave res-

onator intented to serve as the frequency reference of an ultra-stable oscillator.285

This new cryostat is equipped with a 3 kW PT cryocooler sufficient to reach

a temperature of 4.1 K. A specially designed suspension permits to filter the

1.4 Hz vibration generated by the pulse-tube. A preliminary performance eval-

uation shows a short term fractional frequency stability below 1 × 10−15 for

1 s≤ τ ≤ 2000 s.290
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