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A B S T R A C T   

The design and performance of the first millikelvin cryocooler (mKCC) is presented. The mKCC is based upon a 
tandem Adiabatic Demagnetisation Refrigerator (ADR) that uses two single ADRs operated out of phase and 
connected to a common cold stage to provide continuous cooling. Development of this mKCC is part of an on- 
going research program to ultimately achieve sub-100 mK continuous cooling and builds upon our previous 
research, with each single ADR in the mKCC being a fast thermal response miniature ADR using a single crystal 
tungsten magnetoresistive heat switch as detailed in our 2015 publication [1]. With the mKCC operating from a 
3.6 K bath temperature, the goal is to achieve continuous cooling at 250 mK (sub-100 mK is not possible without 
additional pre-cooling). The mKCC has dimensions of 120 × 56 × 228 mm and a mass of 4.67 kg. It can operate 
on very fast timescales – each superconducting magnet can be ramped to 2 Tesla in 30 s and the Chromium 
Potassium Alum pills have a measured sub-second thermal response, resulting in each miniature ADR being 
recycled in minutes. Unconventionally, the mKCC uses single crystal tungsten magnetoresistive heat switches. 

We present the performance of the first version of the fully automated mKCC (from a 3.6 K bath temperature), 
which has been determined by undertaking a range of tests analysing the cool down from 3.6 K to the operating 
temperature, the baseline performance, the thermal stability at the continuous stage, the reliability and 
repeatability in performance and the cooling power at a range of operating temperatures. The base temperature 
has been measured to be 750 mK and we have demonstrated that the mKCC can be operated at any temperature 
between 750 mK and 3 K, with the program-controlled transition between operating temperatures taking 
approximately 60 s. The cooling power of the mKCC (in addition to parasitic load) has been measured at a range 
of temperatures between 800 mK and 3 K by applying a heat load to the continuous stage via a heater; the 
maximum cooling power at 800 mK is 6 µW, increasing to 32 µW at 1 K and 412 µW at 3 K. In addition we 
conducted a six-week continuous test during which each ADR undertook 5,498 5.5 min cycles with no significant 
variation in performance detected. To conclude, we compare the measured performance of the mKCC to the 
expected performance based on mathematical thermal modelling and the performance of the miniature ADR. 
Whilst the measured performance does not meet the expected performance in terms of base temperature or 
cooling power, we have identified the limiting factors and discuss them here.   

1. Introduction 

The millikelvin cryocooler (mKCC) is based upon a tandem Adiabatic 
Demagnetisation Refrigerator (tADR), which utilises two single ADRs to 
provide continuous cooling of a common cold stage. A schematic of a 
tADR is shown in Fig. 1; two ADRs are connected to the cold stage via 
heat switches – within each ADR there is a paramagnetic material 
(commonly referred to as the ‘salt pill’) suspended within the bore of a 
magnet via low thermal conductivity supports and connected to the heat 
bath via a heat switch. 

ADRs use the process of magnetic cooling to reach millikelvin 

temperatures whereby cooling is achieved by reducing and controlling 
the entropy of a paramagnetic material. The practical operation of a 
single ADR can be divided into two phases; the recycling phase and the 
cold operation phase. During the recycling phase, the operational pro-
cedure is as follows: 1) magnetisation of the salt pill with the heat switch 
closed so that the magnetisation energy is extracted to the heat bath; 2) a 
cooling period during which the salt pill is allowed to cool to the bath 
temperature via the heat switch; 3) isolation of the salt pill from the bath 
by opening the heat switch followed by partial demagnetisation to the 
required operating temperature. The time taken to complete the recy-
cling process is referred to as the recycling time. During the cold 
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operation phase, a constant operating or ‘hold’ temperature (Th) is 
achieved by removing the remaining magnetic field at a rate such that 
the cooling produced from demagnetisation counteracts the heat flows 
into the paramagnetic material. Typically, an automated control pro-
gram is used to maintain the hold temperature, which can be held until 
zero magnetic field is reached. The total amount of energy Qa that can be 
absorbed by the salt pill at the hold temperature is given by nTh(Sf-Si) as 
depicted by the shaded area in Fig. 2, where n is the number of moles of 
the paramagnetic and Si and Sf are the initial and final entropies. 

The duration for which the paramagnetic material can remain at the 
hold temperature is referred to as the hold time th, which is equal to the 
total energy that can be absorbed Qa, divided by the total heat load 
(power) onto the salt pill (this is comprised of both the ADR parasitic 
heat loads and the external heat loads due to any mounted sample/ 
detector). 

Single ADRs are ‘single shot’ coolers – they can only provide cooling 
for a finite amount of time before needing to be recycled. Continuous 
cooling can be achieved by using multiple ADR stages, which can either 
be operated in a series [2] or tandem configuration. Continuous ADRs 
also have the added advantage that they can be made considerably 
smaller than a single ADR; the size of an ADR is governed by the heat 
loads within the ADR itself (parasitics), the heat load from any attached 
application/detector and the hold time required. For single ADRs, the 
external heat load and typically long hold time requirements (in order to 
minimise operational ‘down time’ for the application/detector), tend to 
result in large coolers with large hold to recycle time ratios. In com-
parison continuous ADRs in both series and tandem configurations with 
the same application/detector heat lift requirement as a single ADR, 
only need to be sized to accommodate the recycling phases within the 
system. They can therefore have much smaller hold to recycle time ra-
tios than a single ADR, resulting in a smaller cooler. 

The mKCC uses two single ADRs in a tandem configuration – the 
ADRs operate out of phase with one providing cooling whilst the other 
recycles. The operation of a single ADR as part of a tADR, is the same as 
described above, with the additional step of having to switch the upper 
heat switches between the single ADRs and the cold stage; the upper 
heat switch needs to be on (highly thermally conducting) when an ADR 
provides cooling and off (low thermally conducting) when an ADR is 
recycling. The time taken to switch these heat switches on and off is 
included as part of the recycle time. For successful and continuous 
operation of a tandem ADR, the hold time of a single ADR must exceed 
the recycle time. The recycle time therefore becomes key to the size of a 
tADR – the faster an ADR can be recycled, the smaller the tADR can be. 

Miniaturisation and speed of operation were the key drivers in the 
design of our millikelvin cryocooler. To achieve this, we focussed on the 
development of the individual components (CPA pill, heat switches and 
magnets) before bringing them together to form the millikelvin cry-
ocooler. The ultimate goal of our mKCC research is to achieve sub-100 
mK continuous cooling, however it is not possible to achieve this 
when operating our mKCC from a ~4 K bath and only using 2 Tesla 
magnets around the CPA pills. The goal for this phase of our mKCC 
development is to achieve an operating temperature of 250 mK – this 
target has been set based on our mathematical thermal modelling and 
the performance of the miniature single ADR [1]. To achieve sub-100 
mK with the mKCC, we would need to further pre-cool the mKCC to 
sub-2 K either using an additional intermediate mKCC stage (to form a 
two-stage mKCC) or by using a commercially available ‘1 K’ cryocooler. 

We present the design of our millikelvin cryocooler in section 2, the 
performance in section 3 and we compare the measured performance to 
the expected performance in section 4. 

2. The millikelvin cryocooler 

The millikelvin cryocooler is comprised of two fast thermal response 
Chromium Potassium Alum (CPA) salt pills, four 7-layer single crystal 
tungsten magnetoresistive (MR) heat switches, six magnetically shielded 
superconducting magnets (one for each CPA pill and each heat switch) 
and a gold-plated copper cold stage. There are four low thermally con-
ducting Vespel/G10 support structures which suspend the CPA pills 
from the base plate and the cold stage from the CPA pills; they sit around 
the four heat switches thereby also providing strain relief for the heat 

Fig. 1. Tandem ADR schematic.  

Fig. 2. Total energy that can be absorbed by a paramagnetic material at hold 
temperature Th. 
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switches. In addition there are two gold-plated copper thermal straps 
connecting each ADR to the cold stage. The mKCC insert prior to as-
sembly with the magnets is shown in Fig. 3 (left), with the fully 
assembled mKCC mounted in the cryostat shown in Fig. 3 (right). The 
mKCC has dimensions of 120 × 56 × 228 mm and a mass of 4.67 kg, of 
which 3.96 kg is the mass of the magnets and magnet shields and 0.3 kg 
is the mass of the continuous stage. 

The CPA pills were specially designed for use in the mKCC as a fast 
thermal response is required – the CPA pill design is discussed and 
presented in detail in Bartlett et. al. [3]. The pills are 24 mm in diameter 
and 30 mm long with each one containing 22 g of CPA giving a packing 
density of >99%. The CPA pill thermal bus is made of gold plated 
copper, contains 364 0.5 mm diameter gold plated copper wires and has 
been designed to minimise eddy current heating – see Fig. 4 left. This 
design gives a contact area between the thermal bus and the CPA crystals 
of 87.36 cm2. 

The superconducting magnets were developed specifically for the 
mKCC as small, fast-ramping, low current magnets were required (see 
Fig. 4 right). The mKCC magnets can ramp at a rate of 0.1 A/s, achieving 
0 to 2 Tesla in 30 s. Each magnet has a slightly different performance due 
to some initial design and manufacturing issues which resulted in the 
first few magnets exceeding the performance specification of 2 T and 3 A 
by varying amounts; the four heat switch magnets operate between 
2.1–3 T and 2.95–3.48 A (giving ramp times of 30–35 s) whilst the two 
CPA pill magnets operate as specified at 2 T and 3.0 A (ramp time is 30 
s). All magnets are 30 mm in length and have an outer diameter of 43.6 
mm. The inner diameter of the heat switch magnets is 26 mm, whilst the 
inner diameter of the CPA pill magnets is 28 mm. Each magnet has its 
own mild steel magnetic shield. For more information on the magnet 
design and shield performance refer to Bartlett et. al. [4]. 

MR heat switches are solid state heat switches that are naturally in 
the high thermally conducting (on) state with the heat flow dominated 

by conduction via electrons. They are switched off by the application of 
a magnetic field perpendicular to the direction of heat flow, which 
suppresses the electronic conduction; the heat conducted due to the 
electrons decreases with increasing magnetic field, with the thermal 
conductivity ultimately being dominated by phonons [5]. The MR heat 
switch developed at MSSL for the mKCC is shown in Fig. 5. Each heat 
switch was wire EDM (electronic discharge machine) cut from a single 
crystal of tungsten (99.999% purity), is 12.5 mm in diameter and has a 
height of 32.3 mm (12 mm excluding mounting flanges). The slotted 
design [6], gives the heat switch an effective 1.5 mm square cross sec-
tion and a free path length of 31 cm. 

The thermal performance of the four MR heat switches could not be 
measured prior to integration with the mKCC due to test cryostat 
availability constraints. However, the Residual Resistivity Ratio (RRR) 
of each switch was measured as the RRR can be used as an indicator of 
the thermal conductivity. From experiments and research conducted at 
MSSL on a range of tungsten heat switches and samples, we have 
observed that there is little change in the thermal performance for 
tungsten heat switches with a RRR above 20,000. This was validated by 
analysing the performance of the miniature ADR [1] which used one of 
the mKCC heat switches with a RRR of 32,000. Using the mathematical 
thermal model of the miniature ADR, it was demonstrated that the 
measured thermal conductivity of a different heat switch with a RRR of 
20,000 was an excellent approximation for the performance of the 
32,000 RRR heat switch. Below a RRR of 20,000 our research has shown 
that the thermal performance is significantly degraded as RRR decreases 
– a 4,000 RRR heat switch was measured to be 6 times less conducting 
when ‘on’ compared to a heat switch with a RRR of 20,000 and was 1.3 
times more conducting when ‘off’. The measured RRR of the four heat 
switches in the mKCC range from 32,000 to 5,000 (see Table 1). Whilst 
all of the heat switches were produced by the same manufacturer, it is 
believed that the differences in RRR are due to different tungsten 

Fig. 3. The millikelvin cryocooler. Left: The mKCC insert (comprising the CPA pills, MR heat switches and support structures) attached to the continuous stage prior 
to assembly with the magnets. Right: The complete mKCC mounted in the cryostat. 
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crystals being used and unfortunately the funds did not allow us to 
replace the two 5,000 RRR heat switches, which are not of sufficient 
thermal performance for the mKCC. 

With different magnets and heat switches, we have combined the 
worst thermally performing heat switches (lowest RRR) with the mag-
nets with the highest maximum magnetic field to endeavour to offset 
some of the heat switch underperformance. To maximise the perfor-
mance of the mKCC, all magnets are operated at their maximum ca-
pacity. Table 1 shows the properties of each magnet and heat switch 
within the mKCC for reference. 

2.1. Estimated mKCC performance based on the miniature ADR 
performance 

As part of the mKCC development, a miniature ADR was assembled 
and tested in order to demonstrate the performance and usability of the 
MR heat switch in the mKCC. The miniature ADR (shown in Fig. 6) was 
comprised of one of the mKCC CPA pills, the 32,000 RRR MR heat 
switch, two of the mKCC superconducting magnets and one low ther-
mally conducting Vespel/G10 support. 

Full details of the test set-up and performance of the miniature ADR 
are given in Bartlett et. al. [1]. A brief summary of the miniature ADR 
and its performance relevant to the performance of the mKCC, is given 
here. The miniature ADR was operated from a 3.6 K bath provided by a 
Cryomech Pulse Tube Refrigerator (PTR) and the temperature of the 
ADR was measured using a Ruthenium Oxide thermometer mounted on 
the cold stage. The miniature ADR was manually operated during 
recycling using pre-programmed power supplies to control the ramp of 
the magnets and an automated servo control program was used to 
achieve a stable operating temperature during the hold time. 

The ADR had a measured recycle time of 82 s (magnetisation, cooling 
to the bath and demagnetisation) and a base temperature of 178 mK 
after full demagnetisation to 0 T. The thermal response of the CPA pill 
was determined to be sub-second with the thermal response measure-
ment limited by the thermometry readout time of approximately 1 s. The 
hold times of the miniature ADR at a range of temperatures were 
measured with just the parasitic heat loads and then with an additional 
applied load so as to reduce the hold time to 3 min (i.e. approximately 
twice the recycle time). 

Table 2 shows the measured hold times of the ADR with just parasitic 
heat load and the maximum cooling power of the ADR to give a 3 min 
hold time. The latter was ascertained by applying power through a 10 
kΩ heater mounted on the cold finger. The parasitic heat loads are due to 
the MR heat switch, the support structure and radiation. These heat 
loads were estimated using thermal conductivity data and validated by 
comparing our mathematical thermal model hold time estimations with 
the measured hold times without an applied heat load (discussed in 
detail in [1]). 

Since the mKCC is comprised of two miniature ADRs, the expected 
cooling power of the mKCC can be estimated from the miniature ADR 
performance; when integrated into the mKCC, the miniature ADR will 

Fig. 4. Left: The CPA pill thermal bus. Top: side view. Bottom: end view showing the end plate design that minimises eddy current heating. Right: Fast-ramping small 
superconducting magnet with magnetic shield. 

Fig. 5. Single crystal tungsten MR heat switch for the mKCC with a 31 cm free 
path length. 

Table 1 
Individual magnet and heat switch properties within the mKCC.  

Component Properties 

ADR 1 ADR 2 

Magnet H/SBath-CPA 3.00 A & 2.1 T 2.95 A & 2.5 T 
Magnet CPA 3.00 A & 2.0 T 3.00 A & 2.0 T 
Magnet H/SCPA-stage 3.48 A & 3.0 T 3.30 A & 2.7 T 
H/SBath-CPA 32,000 RRR 18,000 RRR 
H/SCPA-stage 5,000 RRR 5,000 RRR  
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also have an additional heat load from the recycling ADR. This heat load 
has been estimated using the mathematical thermal model and sub-
tracted from the measured cooling power of the miniature ADR to give 
an estimated cooling power of the mKCC as shown in Table 3. Since the 
calculated recycling heat load is based on the peak heat load (i.e. when 
the recycling ADR is at its maximum temperature during magnet-
isation), the estimated mKCC cooling power shown is expected to be a 
lower limit. These estimated cooling powers are used as a benchmark for 
assessing the measured performance of the mKCC in section 4. 

3. The mKCC performance 

The mKCC was tested from a 3.6 K bath provided by a Cryomech 
Pulse Tube Refrigerator (PTR). 11 thermometers are used to monitor the 

temperature of the PTR and the mKCC; eight are Cernox thermometers 
and three are Ruthenium Oxide (RuO) thermometers. The Cernox 
thermometers are mounted on: the 1st and 2nd stages of the PTR 
(labelled T1 and T2 respectively); the 3.6 K baseplate mounted on the 
2nd stage of the PTR (T3); the mKCC baseplate (T4); both CPA pills (T5 
on CPA 1 and T7 on CPA 2); the continuous stage (T9) and the top of the 
magnet stack (T11). The three RuO thermometers labelled T6, T8 and 
T10 are mounted on CPA pill 1, CPA pill 2 and the continuous stage 
respectively. The thermometers are read out via two separate read-out 
systems; for fast sub-second read-out, a Cryocon Model 24C is used for 
thermometers T4, T6, T8, T10. The remaining thermometers (T1, T2, T3, 
T5, T7, T9 and T11) are read-out using an Agilent high speed multimeter 
and a MSSL designed and built battery operated constant current source. 

Four TTi PL303QMD-P quad-mode dual power supply units (PSUs) 

Fig. 6. Miniature ADR with tungsten heat switch. Left: ADR insert comprising CPA pill, MR heat switch and support structure. Right: Complete miniature ADR.  

Table 2 
Measured miniature ADR performance.  

Cold finger 
temperature 
(mK) 

Calculated 
parasitic heat 
load (µW) 

Measured hold 
time with parasitic 
load only (mins) 

Measured maximum 
cooling power for 3 
min hold time (µW) 

250  13.13 11 20 
300  13.11 17 45 
400  13.05 30 85 
500  12.98 43 122 
800  12.67 85 240 
1000  12.38 112 317 
1500  11.31 193 511 
2000  9.70 302 706 
2500  7.49 472 900 
3000  4.55 924 1094  

Table 3 
Predicted performance of the mKCC.  

Operating 
temperature (mK) 

Calculated peak heat load expected 
from recycling ADR in mKCC (µW) 

Estimated cooling 
power of smKCC (µW) 

250  17.13  2.87 
300  17.12  27.89 
400  17.06  67.94 
500  16.99  105.01 
800  16.69  223.32 
1000  16.39  300.61 
1500  15.32  495.68 
2000  13.71  692.29 
2500  11.50  888.50 
3000  8.57  1085.43  
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are used to control the six superconducting magnets – the lower heat 
switch magnets are controlled on one dual PSU and the CPA magnets on 
another. The upper heat switch magnets require a dual PSU each oper-
ated in ‘ganged’ mode due to their maximum operating current 
exceeding the single-mode 3 A limit. 

Control of the mKCC is via a custom LabView control program 
developed at MSSL. It enables operation of the mKCC to be fully auto-
mated, controlling both the cool down from 4 K to the operating tem-
perature and the operation at the required temperature. The LabView 
program, which has a control loop time of 0.5 s, controls all thermom-
eters and PSUs and logs all data. To change the operating temperature, 
the user simply needs to input the desired temperature into the number- 
input control box. The program will detect magnet quenches and will 
automatically warm up the mKCC to 4 K in the event a quench happens. 
Overall the cooler has been designed to be simple to operate and suitable 
for use by a non-ADR expert. 

Fig. 7 shows a photo of the front panel of the control program when 
the mKCC is operating at 850 mK; on the left hand side is a schematic of 
the mKCC, showing the six mKCC magnets (with the green bar and scale 
showing the current in each magnet) and the temperatures of the 11 
thermometers, approximately corresponding to their location on the 
mKCC – the top of the schematic is the continuous stage and the bottom 
of the mKCC is at ~4 K. ADR 1 is shown on the left and ADR 2 on the 

right, with the tabs highlighting which is the active (cold) ADR. Labels 
on the magnets clarify which magnet it is, either HS2 (lower heat switch 
also called heat switch 2), CPA or HS3 (upper heat switch/heat switch 
3). It should be noted that in Figure 7, T2, T5, T7 and T9 are showing 
− 1.00 K due their read-out system being switched off at the time with 
− 1.00 K being our default out-of-range value. On the right hand side of 
Fig. 7 are two graphs showing the current in the magnets with time 
(upper graph) and the temperatures of the CPA pills and the continuous 
stage (lower graph). Several other tabs allow all program parameters to 
be controlled, including the operating temperature (not pictured). 

The performance of the mKCC is presented in the following sections: 
section 3.1 describes the mKCC cool down, section 3.2 discusses the 
baseline performance, the thermal stability of the continuous stage and 
the controllability and reliability of the mKCC are analysed in sections 
3.3 and 3.4 respectively. Section 3.5 presents the measured mKCC 
cooling power at a range of operating temperatures. 

3.1. Cool down process of the mKCC 

The mKCC cool down process from room temperature to 1 K is rep-
resented in Fig. 8. The mKCC is pre-cooled by the PTR to ~4 K (which 
takes ~12 h) and after connecting to and initialising the hardware 
(power supplies and thermometry readout), the ‘Start’ button on the 

Fig. 7. Photo of mKCC LabView control program front panel. Taken with the mKCC operating at 850 mK.  
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control program front panel is pressed, starting the mKCC cool down to 
the chosen operating temperature (the default is 1 K). There are two 
stages during the cool down phase before the operating temperature is 
achieved and the program can enter the ‘Auto’ stage, which refers to the 
standard operation mode. In Stage 1, both CPA pills are magnetised 
simultaneously, cooled to the 4 K bath temperature and then demag-
netised, with CPA 1 demagnetising fully and CPA 2 partially demag-
netising to ~1 K. During this double demagnetisation, the continuous 
stage is thermally connected to both ADRs. ADR 1 is then isolated from 
the continuous stage via its upper heat switch and Stage 2 commences. 
During Stage 2, the ADRs are recycled alternately, with each ADR only 
partially demagnetising to the real-time continuous stage temperature – 
the cold, non-recycling ADR then demagnetises slowly in order to pro-
vide further cooling of the continuous stage. No servo control is used at 
this point and the continuous stage temperature is allowed to fluctuate 
as it cools. There is a requirement in Stage 2 that each ADR must be 
recycled at least once before ‘Auto’ operation can be achieved as this 
allows a pre-check of each ADR’s performance – in the future, this will 
allow larger masses to be cooled. Once each ADR has been recycled and 
the operation temperature has been met, ‘Auto’ operation starts and the 
continuous stage is constantly maintained at the operating temperature 
by the servo control component of the program. 

Fig. 9 shows the temperature and magnet current profiles of the 
mKCC during the cool down process to an operating temperature of 1 K; 
the upper figure shows the temperatures of both CPA pills and the 
continuous stage, with the other graphs showing the magnet current 
profiles of the CPA pill magnets (top), upper heat switch magnets 
(middle) and lower heat switch magnets (bottom). It can be seen that the 
mKCC achieves Auto mode within 12 min of starting the program – since 
the continuous stage has a mass of only 300 g, Auto mode could have 
been achieved quicker if Stage 2 didn’t require both ADRs to recycle. 
After 12 min, the continuous stage is maintained at 1 K. 

3.2. Baseline performance of the mKCC 

When thermally connected to the continuous stage, the individual 
CPA pill base temperatures were measured to be 235 mK and 236 mK, 
with the stage base temperature measured to be 353 mK. These mea-
surements were made by simultaneously fully demagnetising both CPA 
pills when operating the cooler using the control software in manual 
control mode. These CPA pill base temperatures are in good alignment 
with the miniature ADR base temperature of 178 mK which had no 
thermal load (the pills in the mKCC were cooling the stage). The large 
temperature difference between the CPA pills and the continuous stage 

highlights that there is a limitation in the thermal path between the pills 
and continuous stage and/or there are additional parasitic heat loads on 
the continuous stage – this is discussed in more detail in section 4. 

When operating in continuous mode, the lowest continuous oper-
ating temperature was measured to be 750 mK with parasitic load only – 
lower temperatures could be achieved, but these could not be main-
tained long enough to allow continuous cooling. It should be noted that 
750 mK was only achievable by ramping the upper heat switch magnets 
at a much slower rate than anticipated, resulting in a magnet ramp rate 
of 90 s instead of 30 s. This was due to unexpected heat loads occurring 
whilst ramping the heat switch magnets as discussed in section 3.3. 

Fig. 10 shows the performance of the mKCC when operating 
continuously at 850 mK, zoomed in over a period of 10 min to give a 
detailed view of the CPA pill and continuous stage temperatures as well 
as the currents in the CPA pill magnets. During recycling, the magnet-
isation, cooling to the bath and demagnetisation temperature profiles 
can be clearly seen, along with the effect the recycling ADR has on the 
cold ADR as the latter compensates for the recycling ADR heat load in 
order to maintain the continuous stage at 850 mK. During continuous 
operation, the recycle time (and therefore hold time) of each ADR is 5.5 
min. 

3.3. Thermal stability of the continuous stage and performance of the 
servo control 

Fig. 11 shows the temperature of the continuous stage during normal 
operation, when servo-controlled at 850 mK. As can be seen, the stability 
is within + 16 mK and – 23 mK. This period of 60 min equates to ~ 5–6 
cycles of each ADR and whilst the continuous stage does fluctuate in 
temperature, the fluctuations follow a repeatable pattern. 

A zoomed-in view of Fig. 11, showing just one cycle of each ADR, is 
given in Fig. 12; the continuous stage temperature (left-hand axis) is 
shown with the CPA pill temperatures and the upper heat switch magnet 
currents superimposed (right-hand axis). Fig. 12 shows that the large 
temperature fluctuations on the continuous stage are due to specific 
events during the mKCC operation; the largest variations, highlighted by 
the blue-circled peaks (numbered 1, 4, 5, 6 and 9) coincide with the 
beginning and end of the upper heat switch magnets being ramped, 
whilst the green-circled peaks (numbered 2, 3, 7 and 8) coincide with 
the magnetisation and demagnetisation of the recycling CPA pill. The 
latter is due to the varying heat load to the continuous stage via the 
upper heat switch in the recycling ADR. The former is due to eddy 
current heating in the copper components linking the ADRs to the cold 
stage – the magnitude of these peaks is dependent on the ramp rate of the 

Fig. 8. Process flow diagram of mKCC cool down from room temperature. Top level steps shown in grey, sub-steps shown in white.  
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upper heat switch magnets; the +16 mK and –23 mK peaks shown in 
Fig. 12 are for a 90 s ramp time. When the ramp time is reduced to 60 s, 
the temperature fluctuations increase to ±60 mK and when the ramp 
time is reduced further to 30 s, the temperature fluctuations are so large 
that 850 mK cannot be maintained and the mKCC starts to warm up 
(continuous operation ceases). 

The 2 subsequent fluctuations immediately after those circled in 
Fig. 12 are due to the servo control program both under and 

overshooting the target 850 mK temperature in an attempt to stabilise 
the temperature of the continuous stage. Aside from these explained 
deviations, the continuous stage temperature stability is in the region of 
±2 mK as highlighted by the horizontal purple lines in Fig. 12, which 
have been added at 848 mK and 852 mK for clarity. 

To decrease the temperature fluctuations on the continuous stage, 
the eddy current heating in the copper components needs to be reduced 
by both minimising the stray field from the upper heat switch magnets 

Fig. 9. Automatic cool down of the mKCC from the 3.6 K bath to the 1 K operating temperature. Top: CPA and continuous stage temperatures during cool down. 
Other graphs: Magnet currents for CPA magnets (upper), upper heat switches (middle) and lower heat switches (lower). 
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and altering the design of the copper components themselves. In addi-
tion, the performance of the upper heat switches as well as the thermal 
contact between components needs to be improved. We are currently 
undertaking component level research and development to address 
these limiting factors. 

The inherent stability and accuracy of the servo control has been 
measured to be ±200 µK as shown in Fig. 13, although it should be noted 
that the servo has not been fully optimised and could therefore be 
improved. This baseline performance of the servo was ascertained when 

maintaining the continuous stage under stable parasitic load – this was 
achieved by using a wait period in the control program just prior to the 
switchover between the ADRs – the cold ADR maintained the continuous 
stage temperature and the recycling ADR had finished recycling and is 
itself under a mini-servo control at 850 mK. No heat switches are 
ramping and therefore the only heat loads are via radiation and con-
duction along the support structures and heat switches between the bath 
and CPA pills, which remain constant during this wait period. 

Fig. 10. mKCC continuous operation at 850 mK: This graph shows the measured continuous stage and CPA pill temperatures over a 10-minute period as well as the 
current within the CPA magnets. 

Fig. 11. Measured continuous stage temperature over a period of 1 h when servo-controlled at 850 mK.  
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3.4. Automation, control and reliability 

The mKCC control program has been designed and developed to 
simplify the use of an ADR based cooler, with the goal of enabling the 
mKCC to be used as a research tool for other disciplines. To demonstrate 
full automation, user ease of operation and reliability we conducted two 
tests; 1) The first was a temperature ‘step’ test, with the operating 
temperature varied between 750 mK and 3000 mK over a period of 12 

min as shown in Fig. 14 (top). Any operating temperature between 750 
mK and 3500 mK can be chosen (the PT base temperature is ~3.6 K) and 
as the lower graphs in Fig. 14 show, transitioning between temperatures 
only takes ~1 min; 2) The second test was a six-week continuous 
operation test, during which each ADR undertook 5,498 cycles, 
demonstrating the reliability of the mKCC hardware and software. 
Fig. 15 shows the performance of the mKCC over the six weeks, with the 
mKCC operated at several different temperatures; it was operated at 1 K 

Fig. 12. Temperature fluctuations (ΔT) on the continuous stage when operating at 850 mK compared to the ramping of the upper heat switches and recycling of the 
CPA pills. It can be seen that the large fluctuations (circled) coincide with the beginning and end of a heat switch ramp (blue circles 1, 4, 5, 6, 9) and the mag-
netisation and demagnetisation of the recycling CPA pill (green circles 2, 3, 7, 8). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 13. Baseline performance of servo at 850 mK with only passive parasitic heat loads (without any magnets ramping).  
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during weeks 1 and 4, 850 mK during weeks 2, 5 and 6 and 1.5 K during 
week 3. To show the repeatability and consistency in performance over 
the six weeks, we have chosen two random 10 min periods of operation 
from weeks 2 and 6 (when the mKCC was operating at 850 mK) and 
compared them, as shown in Fig. 16; the temperature profile from week 
2 (solid grey line) has been overlaid with the temperature profile from 
week 6 (dashed line) and as can be seen, there are only very minor 
differences of ~1 mK at some of the peaks, validating the reliability and 
performance of the mKCC over time. 

3.5. Cooling power of the mKCC 

The maximum cooling power has been measured at a range of 
operating temperatures in order to fully characterise the mKCC perfor-
mance. This was achieved by applying increasing heat loads to the 
continuous stage via a 10 kΩ heater until the mKCC could no longer 
maintain the operating temperature (i.e. continuous operation failed). 
Table 4 gives the maximum measured cooling power of the mKCC at a 
range of temperatures between 800 and 3000 mK. As shown, the mKCC 
has a cooling power of 6 µW at 800 mK, 32 µW at 1 K, increasing to 412 
µW at 3 K. 

4. Measured vs predicted performance 

Based on the performance of the miniature ADR as summarised in 
section 2.1, the mKCC was expected to have a base temperature of 250 
mK and an individual ADR recycle time of ≤3 min. In comparison, the 
mKCC has a measured base temperature of 750 mK and an individual 
ADR recycle time of 5.5 min. In addition, the measured cooling power of 
the mKCC is significantly lower than expected; Fig. 17 compares the 
measured cooling power given in Table 4 (round markers) to the mKCC 
predicted cooling power as given in Table 3 (square markers), however, 
the latter assumed an individual ADR recycle time of 3 min and therefore 
provides a limited comparison – the third line in Fig. 17 (diamond 
markers) is the predicted cooling power of the mKCC taken from Table 3, 
but adjusted for the increased measured individual recycle time of 5.5 
min (a longer individual ADR recycle time requires a longer individual 
ADR hold time, thereby reducing the available cooling power). Even 
after the adjustment for the recycle time, the measured performance is 
still much lower than would be expected. However, this is unsurprising 
as we have observed additional heat loads within the mKCC which are 
causing the large temperature fluctuations on the continuous stage as 
shown in Fig. 12. 

Analysis of the results have identified three performance limiting 
factors; 1) Eddy current heating in the copper linking components 

Fig. 14. Temperature control of the mKCC: Top: Step-test of the mKCC between 750 and 3000 mK; Bottom: Temperature of the continuous stage when stepping 
between 850 and 1500 mK (left) and between 1500 and 1000 mK (right). 
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between the CPA pills and the continuous stage caused by stray mag-
netic fields from the upper heat switch magnets – this has been identified 
by observing additional heat loads when the upper heat switch magnets 
are ramping, which increase with increasing ramp rate; 2) Insufficient 
thermal contact between the components linking the continuous stage to 
the CPA pills which has been identified by observing larger than ex-
pected temperature differences between a) the base temperatures of the 

CPA pills and the continuous stage after a simultaneous demagnetisation 
of both pills whilst connected to the continuous stage; b) the cold CPA 
pill and the continuous stage when heat loads are applied; 3) Under-
performing upper heat switches whereby the ‘on state’ thermal con-
ductivity is insufficient and the ‘off state’ thermal conductivity is too 
high. This was expected from the upper heat switch RRR measurements 
and has been validated by observing temperature variations on the 

Fig. 15. Stage temperature during a continuous six-week cooler test – the cooler was operated at 1 K, 850 mK and 1.5 K and changed at weekly intervals.  

Fig. 16. Comparison of the measured continuous stage temperature during week 2 (temperature 1) and week 6 (temperature 2) of the six week test.  
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continuous stage aligned with the recycling CPA pill cycle. In depth 
analysis of the mKCC performance limitations and methods to improve 
the performance will be the subject of a follow-on publication. We 
already have funding from the Engineering and Physical Research 
Council (EPSRC) to perform component level development and research 
in order to address the identified limiting factors and significantly 
improve the mKCC performance. Results on the upgraded mKCC are 
expected in 2023 and will be presented in a future publication. 

5. Conclusions 

The first millikelvin cryocooler (mKCC), which is a tandem ADR 
using fast thermal response Chromium Potassium Alum (CPA) pills and 
single crystal tungsten magnetoresistive heat switches has been suc-
cessfully built and tested. This is the next step in our mKCC research 
program which aims to build a sub-100 mK millikelvin cryocooler. 

The mKCC provides continuous cooling, has a base temperature of 
750 mK (with parasitic load only) and can be operated at any temper-
ature between 750 mK and the bath temperature of ~3.6 K (provided by 
the Pulse Tube pre-cooler). The operating temperature is easily changed 
by the user by entering the required temperature into a text control box - 
the program then transitions the mKCC to the new operating 

temperature in ~1 min. The mKCC is fully automated and controlled via 
a custom LabView program, making the mKCC extremely versatile and 
easy-to-use and enabling the mKCC to be used by non-cryogenic 
specialists. 

Several tests were conducted to ascertain and demonstrate the mKCC 
performance; the cooling power has been measured for operating tem-
peratures between 800 mK to 3000 mK; the maximum cooling power (in 
addition to parasitic load) when operating at 800 mK is 6 µW, which 
increases to 32 µW at 1 K and 412 µW at 3 K; the thermal stability at the 
continuous stage has been measured to be +16 mK and – 23 mK at 850 
mK, although negating the large spikes, the baseline thermal stability is 
±2 mK; a continuous six-week test was conducted to demonstrate the 
reliability of the hardware and software and repeatability in perfor-
mance after each ADR had undertaken 5,498 cycles. 

Based on the performance of the miniature ADR and our mathe-
matical thermal modelling, we expected the mKCC to achieve a base 
temperature of 250 mK with significantly higher cooling powers at 1 K 
and below. We have identified three limitations with the mKCC hard-
ware that are restricting the mKCC performance in terms of base tem-
perature and cooling power. These are eddy current heating in the 
copper components at the top of the mKCC, insufficient thermal contact 
between components and underperforming upper heat switches. We are 
currently undertaking component level research and development to 
address these issues, with results and a demonstration of continuous 
cooling at 250 mK expected in 2023. 
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