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Recent development of “dry” dilution refrigerators has used mechanical cryocoolers and Joule-
Thomson expansion stages to cool and liquefy the circulating 3He. While this approach has been
highly successful, we propose three alternative designs that use independently-cooled condensers. In
the first, the circulating helium is precooled by a mechanical cooler, and liquified by self-contained
4He sorption coolers. In the second, the helium is liquefied by a closed-cycle, continuous flow 4He
refrigerator operating from a room temperature pump. Finally, the third scheme uses a separate 4He
Joule-Thomson stage to cool the 3He condenser. The condensers in all these schemes are analogous
to the “1-K pot” in a conventional dilution refrigerator. Such an approach would be advantageous in
certain applications, such as instrumentation for astronomy and particle physics experiment, where
a thermal stage at approximately 1 K would allow an alternative heat sink to the still for electronics
and radiation shielding, or quantum computer research where a large number of coaxial cables must
be heat sunk in the cryostat. Furthermore, the behaviour of such a refrigerator is simplified due to
the separation of the condenser stage from the dilution circuit, removing the complex interaction
between the 4-K, Joule-Thomson, still and mixing chamber stages found in current dry DR designs.
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I. INTRODUCTION

Ultra-low temperature cryostats, such as dilu-
tion refrigerators (DRs), traditionally require the
use of liquid helium baths to precool the circulat-
ing 3He gas to 4K, followed by a pumped 4He stage
at ∼1K (the “1-K pot”) to condense the gas. The
need to transfer liquid helium makes such refrig-
erators specialised systems requiring considerable
experience to operate successfully. A considerable
number of working hours are required to cool a
cryostat to 4 K, while the cost of liquid helium to
cool and maintain the temperature of large liquid
cryostats may be an issue. A common cause of
problems with conventional systems once operat-
ing is the pumped condenser stage, which, feed-
ing from the main helium bath, is prone to block-
ages. In an effort to simplify the design of the DR,
a system including a heat exchanger and Joule-
Thomson expansion stage was developed (usually
referred to as a Joule-Thomson (or JT) heat ex-
changer). The enthalpy of the 3He gas pumped
from the still is used to cool the incoming gas in
a counterflow heat exchanger, followed by Joule-
Thomson expansion through an impedance. The
expansion cools the helium to 1–2 K at low pres-
sure. The 3He then liquifies in the still heat ex-
changer [1, 2].

Liquid cryogen-free, or “dry”, cryogenic systems
have become prevalent in recent years. Such de-
signs are typified by ease of operation over conven-
tional liquid cryogen cryostats. Once the develop-
ment of mechanical cryocoolers made coolers ca-
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pable of reaching near-liquid helium temperatures
readily available, it was a logical step that ultra-
low temperature refrigerators such as the dilution
refrigerator would be matched to these coolers to
produce fully dry systems. Numerous examples of
these dry refrigerators have been described, var-
iously using Gifford-McMahon coolers [3], hybrid
Gifford-McMahon/pulse tube coolers [4], and later
two-stage pulse tube coolers [5]. Early GM-type
cryocoolers generally did not reach base tempera-
tures of 4 K; this was not a problem for the dry
dilution refrigerator designs, since the JT stage
would cool the instreaming gas below the inver-
sion temperature in the counterflow exchanger. As
cryocoolers with greater cooling power and base
temperatures below 4K have become available, the
practice of using the JT stage continued. More re-
cently, development on improvements to the heat
sinking of the incoming 3He capillary by using the
cooling power of the pulse tube regenerator [6] has
allowed cryostats to be constructed with lower in-
put temperatures at the JT stage, reducing the
cooling demands on the expansion stage [7, 8].
Later development has removed the JT stage al-
together [9].

There are disadvantages to the use of Joule-
Thomson exchangers. Since the temperature at
the output of the JT stage may be as high as 3 K,
applications that require a thermal sink at ∼1 K
are required to utilise the cooling power of the still,
since there is no pumped 4He stage. This is also
true for newer cryostats without JT stages. Use of
JT stages already places greater demands on the
still cooling capacity than in a conventional DR
in order to fully liquify the 3He [2], and further
loads due to the experiment may begin to degrade
the performance of the mixing chamber. Further-
more, interaction between the JT and other tem-
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perature stages complicates the behaviour of the
DR in comparison to refrigerators with separate
condenser stages, where an unknown or varying
heat load on the pumped 4He stage has little ef-
fect on the operation of the dilution circuit. DRs
using JT stages and cryocoolers operate with high
condensing pressures during the early stages of cir-
culation and condensation of the helium mixture.
This often requires the inclusion of a compressor
in the circuit. Operation in this way is contrary to
the usual practice of keeping the condensing pres-
sure below 1 atmosphere to avoid leaks out of the
DR.

A specific example of an application requiring a
∼1 K stage is that of astronomical instruments op-
erating detectors at milliKelvin temperatures, such
as the SCUBA-2 camera [10]. This instrument uses
a pulse tube DR to cool arrays of superconducting
detectors to <100 mK, with amplifiers and a large
radiation shield (approximately 100 kg mass), at
∼1 K cooled by the still (see Ref. [11] for details of
the thermal design). The still of this dilution re-
frigerator runs at a temperature of ∼0.95 K, rather
than ∼0.7 K as normally expected for a DR [12].

Future astronomical instruments of this type
(for example, the shortwave camera for the
Cornell-Caltech Attacama Telescope [13]) will
place even greater demands on the 1K cooling ca-
pacity of cryostats. For such applications, it would
be a considerable advantage to have a thermal
stage at ∼1 K capable of condensing the circulat-
ing 3He as well as providing a cooling sink for cold
electronics and structures. This would isolate the
still from the considerable external loading, allow-
ing the circulation rate in the dilution circuit to be
controlled by electrical heating.

The cooling power required at the condenser
stage may be estimated from the heat capacity and
latent heat of evaporation of 3He. Taking the load
on the condenser to be the power required to cool
3He from ∼4 K to ∼1 K and condense the gas, the
estimated condenser load as a function of the cir-
culation rate of 3He in the dilution circuit is shown
in Fig. 1. In order to be useful for the application
discussed, the condenser stage would need to be
capable of providing 5–10 mW of capacity in ad-
dition to the cooling power required to condense
the circulating 3He. Also plotted are the maxi-
mum cooling powers of the DR mixing chamber
at temperatures of 10, 25 and 100 mK, taking the
maximum cooling capacity, Q̇max, to be [12]

Q̇max = 84ṅ3T
2
mc (1)

where ṅ3 is the 3He circulation rate and Tmc is the
temperature of the mixing chamber.

To achieve this goal, but maintaining the dry
design, we propose three DR designs with a 1-K
condenser. The first concept uses closed-cycle 4He

FIG. 1: Plot of the predicted load on the condenser
due to the circulation of 3He in the dilution circuit as a
function of circulation rate, ṅ3 (solid line). Also shown

are the maximum cooling powers, Q̇max, as a function
of 3He circulation rate for mixing chamber tempera-
tures of Tmc=10, 25 and 100 mK (broken lines).

sorb-pumped coolers. Such an approach is com-
mon to provide a condensation point in pumped
3He refrigerators (e.g. [14]). As an alternative
to this, the second scheme uses a continuously-
operating 4He refrigerator, with a room temper-
ature pump circulating the gas. The third concept
uses Joule-Thomson expansion of 4He in a stage in-
dependent from the dilution circuit to cool the 3He
condenser. This paper outlines the three designs.

II. SORPTION COOLED CONDENSER

A schematic of the proposed design is shown in
Fig. 2. A pulse tube cooler precools the incoming
3He gas to ≤4 K before the gas flows in to the con-
denser stage. The condenser is cooled to ∼1 K by a
4He sorption cooler. Combining 4He and 3He sorp-
tion coolers to pulse tubes is an established con-
cept, described previously by a number of authors
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FIG. 2: Schematic of the proposed sorption cooled con-
denser scheme. For details, see text.

(e.g. Duband et al. [15].) Cryostats providing 0.3
or 1 K temperatures in this way are available com-
mercially from several suppliers such as Janis [16]
and Air Liquide [17].

In order to provide continuous cooling to the
condenser, a second sorption cooler is used, such
that one cooler may be recycled while the other
is operating. The operating cooler is shorted to
the condenser via a gas-gap heatswitch (HS1b in
Fig. 2), while the recycling cooler is isolated by a
similar switch in the off state (HS2b). Similarly,
the charcoal pump of the operating cooler is con-
nected to the second stage of the pulse tube cooler
by a switch (HS1a), while the pump of the recy-
cling cooler is isolated by opening the equivalent
switch (HS2a). The recycling cooler uses the sec-
ond stage of the pulse tube as a condensation point
for the helium.

A conceptual cycle of the condenser stage could
take the form of the following. Once one sorp-
tion cooler expends its liquid helium supply, the
evaporator and the charcoal adsorption pump are
isolated from the condenser and the 4 K plate re-
spectively by opening the appropriate heatswitches
(for example, HS1b and HS1a), while the second
cooler takes the load by closing the equivalent
heatswitches to maintain the condenser tempera-
ture. The exhausted cooler is then recycled. Once
the other sorption cooler is expended and isolated,
the heatswitch to the condenser (HS1b) is closed.

This scheme would require relatively large, high-
power 4He sorption fridges to be practical. A sys-
tem using 1 mole of liquid 4He would be capable
of providing 10 mW of cooling power at 1 K for
around 2.4 hours, and would require ∼ 100 g of
charcoal in the sorption pump volume [18]. As-

suming a condenser load of 30 mW (enough to
support a 3He circulation rate of 400 μmol/s with
an additional 6 mW of background loading from
the experiment) as an example, a hold time of 8
hours could be achieved with 10 moles of 4He and
1 kg of charcoal. The size of the sorption coolers
represents a potential limitation of this condenser
approach.

III. PUMPED 4HE CONDENSER

It has been demonstrated previously that helium
may be liquified using a 4 K pulse tube cooler [19].
A condensation stage for a DR could therefore be
provided by a continuously-operating 4He refriger-
ator, fed from a closed-circuit reliquefaction sys-
tem. A schematic of such a system is shown in
Fig. 3. As before, the 3He in the dilution circuit is
cooled by the PTC second stage and the condenser,
while 4He is cooled and condensed in a separate cir-
cuit. The pressure of the liquid 4He in the return
line of the second circuit is reduced by pumping,
cooling the condenser stage.

The estimated evaporation rate of 4He (and
therefore the minimum liquefaction rate) for DRs
with circulation rates up to 600μMol/s is shown in
Fig. 4. The evaporation estimate assumes that the
available cooling power of the pumped 4He stage
is � 0.5ṅ4L, where ṅ4 is the evaporation rate and

FIG. 3: Schematic of the proposed pumped 4He cooled
condenser scheme. For details, see text.
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FIG. 4: Estimated evaporation rate of 4He in litres
per day as a function of 3He circulation rate, ṅ3 in the
dilution circuit. Curves are shown for the predicted
condenser load (see Fig. 1) with an additional 5 and
10 mW heat input.

L is the latent heat of of 4He [12]. Evaporation
rates are given assuming additional capacities of
5 mW and 10 mW. These liquefaction rates could
easily be sustained. For example, Ref. [20] reports
a liquefaction rate of 21.4 litres per day.

While this scheme potentially provides consider-
ably more cooling power than the sorption-cooled
condenser described above, there are disadvantages
in that a continuous flow cooler would require a
room temperature pump and plumbing, although
this is no different from a conventional wet DR.

IV. INDEPENDENT JOULE-THOMSON
CONDENSER

An alternative continuous flow condenser
scheme employs a closed cycle Joule-Thomson cir-
cuit to cool the 3He condenser. Using 4He, such a
circuit is capable of reaching temperatures <1.5 K.
Such coolers are available commercially [21], and

FIG. 5: Schematic of the proposed Joule-Thomson ex-
pansion cooled condenser scheme. For details, see text.

are capable of providing the necessary cooling
power for this application. The system referenced
operates the JT circuit with an open cycle, how-
ever a closed cycle JT expansion cooler may be
produced with the inclusion of a suitable compres-
sor and cold trap arrangement.

A schematic for this scheme is shown in Fig. 5.
The approach is similar to the pumped 4He con-
denser described above, but in this case a J-T valve
is included on the input side of the 4He circuit.

V. CONCLUSIONS

We have described the concept of three alterna-
tive schemes for the construction of the condenser
stage of a dry dilution refrigerator, based either on
4He adsorption coolers or a continuous flow cooler
operating from room temperature, in place of the
expansion stages used in current designs. Such de-
signs would be advantageous for applications, such
as astronomical instruments, that require a ∼1K
thermal stage for heatsinking electronics, optical
components and large cold structures, as an al-
ternative to relying on the cooling capacity of the
still. The use of self-contained sorption coolers has
an advantage over the continuous flow schemes in
that no additional room temperature pumps are
required and there are no impedances in the con-
denser stage to plug. The disadvantage of the sorp-
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tion scheme is that it requires two separate cool-
ers and heat switch systems to provide continuous
operation. Furthermore, continuous flow schemes
potentially offer more cooling power, as would be
required for large, high-flow rate dilution refriger-
ators. All schemes have further advantages in that
the operation of the DR is simplified by separa-
tion of the condenser stage from the dilution cir-
cuit, removing the complex thermodynamics asso-
ciated with conventional dry designs using a Joule-
Thomson expansion stage.

Many current dry DR designs are able to sup-
port high 3He flow rates using small PTCs provid-
ing 0.5 W at 4 K on the second stage, although
some designs (e.g. those of Leiden Cryogenics [22])
use larger pulse tubes (1–1.5 W at 4 K) as stan-
dard. Given the need of the designs discussed here
to cool and condense circulating 4He for the 1-
K stage, it is likely that a larger PTC would be
required. The demands on the second stage of
the PTC would be minimised by utilising the heat

exchanger designs for the pulse tube discussed in
Refs. [6, 9].

Although an alternative approach would be to
combine a readily-available dry DR with an inde-
pendent 1 K cooling system for radiation shielding
and wiring, this may not be a practical solution for
all applications. The dilution refrigerator designs
described herein have an advantage of simplicity
in that both cooling stages are combined within a
single system.
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