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sure . 

CRYOGENIC COOLING APPARATUS AND A number of these challenges are addressed in our earlier 
METHOD patent application Wo2010 / 106309 . In that application 

there is described a system in which a sample holding device 
REFERENCE TO RELATED APPLICATION is arranged to be coupled releasably via a thermal connector 

5 to one or more cold bodies within the vacuum chamber of 
The present application is a National Stage of Interna - the system so as to provide one or more stages of pre - cooling 

tional Application No . PCT / GB2012 / 051965 , filed Aug . 13 , of the sample supported by the sample holding device . This 
2012 , Published as WO2013 / 021217 on Feb . 14 , 2013 , and apparatus is effective in providing staged pre - cooling of the 
claims the benefit of GB Patent Application No . 1113844 . 3 , sample prior to it attaining its operational or base tempera 
filed Aug . 11 , 2011 , whose disclosures are hereby incorpo - 10 ture . Nevertheless , some challenges remain , particularly 
rated by reference in their entirety into the present disclo - surrounding the need for extensive manual intervention in 

order to effect the sequential thermal couplings required to 
cool the sample . 

FIELD OF THE INVENTION For the case of cryogen cooling apparatus which com 
15 prises a dilution refrigerator system , any significant heat 

The invention relates to a cryogenic cooling apparatus and load which is applied rapidly to the system may cause a 
a method for using such an apparatus . catastrophic failure in the relatively delicate components of 

the dilution refrigerator . There is therefore a need to provide 
BACKGROUND TO THE INVENTION automatic cooling and safe loading of samples , into cooling 

20 apparatus ( particularly cryogen - free apparatus ) which con 
When operating cryogenic equipment for low tempera tains a dilution refrigerator for operating at ultra - low tem 

tures ( less than 100 kelvin ) or ultra low temperatures ( less peratures . It is these problems which the present invention 
than 4 kelvin ) , there is often a need to change a sample at the has been devised to address . 
cold part of the equipment . With conventional equipment 
using liquid cryogens such as helium or nitrogen , this is 25 SUMMARY OF THE INVENTION 
usually done by warming the equipment up and opening the 
equipment , or removing a part of the equipment and warm In accordance with a first aspect of the present invention 
ing that up . The sample is then changed at room temperature . We provide a method of operating a cryogenic cooling 
As this can be a slow process , some conventional cryogenic system , in which a target region for receiving a sample is 
systems using liquid cryogens are fitted with more rapid 30 cooled by a dilution refrigerator containing an operational 
sample change mechanisms that allow the majority of the fluid , the method comprises : a ) removing the operational 
system to remain cold . A key challenge with these systems fluid from the dilution refrigerator ; b ) moving target appa 
is that the sample is entered into the equipment at room ratus comprising the sample from a high temperature loca 
temperature , typically around 300K and then moved to tion to the target region ; c ) pre - cooling the target apparatus 
another position where thermal contact is made with a body 35 in the target region to a first temperature using a mechanical 
at a much lower temperature which in some systems can be refrigerator ; d ) providing the operational fluid to the dilution 
lower than 1K . In systems using liquid cryogens the sample refrigerator ; and e ) operating the dilution refrigerator using 
and associated mounting and connection equipment is usu - the operational fluid so as to cool the target apparatus in the 
ally pre - cooled either by passing it through cold cryogen gas target location to a second temperature that is lower than the 
on its way in to the system or by passing cold cryogen gas 40 first temperature . 
or liquid through the sample transfer mechanism , this The invention provides for the “ warm ” loading of the 
reduces the thermal shock both on the sample and on the sample to the target region . Notably , the apparatus is not 
equipment . required to be brought up to atmospheric conditions during 
More recently , cryogenic systems that do not require the such loading and , furthermore , no pre - cooling is applied 

addition of liquid cryogens or that only require liquid 45 before the target apparatus is installed at the target region . 
nitrogen during the initial cool down have been developed . This is made possible by the removal of the operational fluid 
These are generally known as cryogen - free systems . These from the dilution refrigerator and the pre - cooling of the 
systems use a mechanical cooler such as a GM cooler , target apparatus once it is in situ . The operational fluid is 
Stirling cooler or a pulse tube to provide the cooling power . returned to the dilution refrigerator once much or all of the 
Because the cooling power of commercially available cool - 50 pre - cooling has been achieved . The dilution refrigerator 
ers is somewhat lower than the cooling power available from thereafter may take over the cooling and further cool the 
a reservoir of liquid cryogen , these systems can typically target apparatus to an operational base temperature . 
take longer to warm up , change the sample and cool down . The invention provides comparable loading and unload 
There is therefore a considerable need for a method of ing times with other known methods . However , the inven 
changing samples in cryogen - free systems without the need 55 tion is advantageous over such methods in that the use of in 
to warm up the entire system . situ pre - cooling allows greater automation of the method 

With cryogen free systems there are a number of technical since the process is simpler and does not involve as many 
challenges when attempting to load a warm sample in to a intricate mechanical procedures ( such as thermal pre - cool 
cold cryostat . Firstly , the internals of the system are usually ing using the radiation shields of a cryostat ) . 
contained within a sealed vacuum vessel to reduce heat load . 60 The removal of the operational fluid from the dilution 
Secondly , within that sealed vacuum vessel , the sample refrigerator according to step ( a ) prevents damage to the 
space is usually enclosed by one or more radiation shields to relatively delicate dilution refrigerator caused by the rapid 
further reduce the heat load . Thirdly , there are no liquid and large heat input resulting from the insertion of the target 
cryogens available to pre - cool the sample as it moves from apparatus from a high temperature environment . Whilst in 
room temperature to the cold mounting body . Also , electrical 65 principle the operational fluid may be removed in its liquid 
contacts need to be remotely made to the sample when it is form , it is preferable to convert the liquid to a gas and then 
loaded in the cryostat . remove the gas from the dilution refrigerator . Thus the 
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method typically comprises heating the operational fluid so Prior to the loading of the sample and in particular prior 
as to cause it to become fully gaseous and removing the to step ( a ) of the method , the system is typically already 
operational fluid to an external location . operational at its normal " cold ” temperature and pressure 

In principle , additional pre - cooling could be used in conditions . Thus , prior to step ( a ) , the dilution refrigerator is 
association with the removal of the liquid from the dilution 5 typically at a temperature such that part of the operational 
refrigerator , however the method is more efficient and also fluid within the dilution refrigerator is liquid . In contrast , 
more amenable to automation if the method comprises only having removed the operational fluid and later , at step ( d ) 
performing a cooling operation upon the target apparatus re - charged the dilution refrigerator with the operational fluid 

( but before this is partially liquefied ) , the temperature at this once the target apparatus is positioned within the target 
region . Typically the positioning of the target apparatus in 10 stage , with the sample loaded , is less than about 10 kelvin . 

The target apparatus is preferably moved to the target the target region comprises attaching the target apparatus to region with the use of associated loading apparatus in the a thermally conductive member so as to provide thermally form of a loading assembly . Once within the target region , 
conductive cooling of the target apparatus using the con the target apparatus is connected thermally to an appropriate 
ductive member . Such an attachment may be performed by 15 component such as a docking station within the target 
various mechanisms such as using biased clips . However , in region . It is possible that the loading assembly may remain 
order to ensure a good thermal contact , typically the cou positioned within the apparatus during its normal operation 
pling is performed using bolts . after step ( e ) . However , the presence of the loading assembly 

The pre - cooling according to step ( c ) is an important part causes an undesirable heat load and therefore it is preferable 
of the method since , during this step , extraction of the 20 that the target apparatus is released from the loading assem 
majority of the heat from the target apparatus occurs within bly and the loading assembly is retracted either to a nearby 
the cooling system . The pre - cooling is typically achieved by location within the cryostat chamber , or entirely removed 
causing coolant ( such as helium gas ) to flow within a from the apparatus . 
pre - cooling circuit located in thermal contact with the As mentioned earlier , the invention according to the first 
mechanical refrigerator and the target region . Thus , the 25 aspect provides significant practical advantages over known 
cooling power of the mechanical refrigerator is transmitted methods since it allows for increased automation of the 
to the target region and indeed to other parts of the appa - method . The method is therefore typically performed under 
ratus . Whilst the pre - cooling circuit is advantageous to the control of a control system . The control system prefer 
deliver the pre - cooling effect , it also acts as a potential ably controls the removal and charging of the dilution 
source of heat thereby providing a heat load to the dilution 30 refrigerator , the pre - cooling using the mechanical refrigera 
refrigerator once at the base temperature . In order to reduce tor and the later operation of the dilution refrigerator once at 
this effect , typically the coolant is removed from the pre - the cold temperature . Therefore much of the method may be 
cooling circuit following step ( c ) . automated , particularly the operation of the apparatus asso 

Whilst in step ( a ) , the operational fluid may be removed ciated with the cooling of the sample within the cryostat . 
by the use of heaters attached to one or more of a still and 35 Unlike in other systems the manual part of the method is 
mixing chamber of the dilution refrigerator , the pre - cooling typically confined to the physical loading of the sample into 
circuit may also be used to great effect to assist in this the cryostat . 
process . Thus during step ( a ) , the method preferably com - In accordance with the second aspect of the present 
prises providing coolant at a high temperature into the invention we provide a cryogenic cooling system which 
pre - cooling circuit so as to heat the target region . It will be 40 comprises a dilution refrigerator arranged to use operational 
appreciated that the cryogenic cooling system typically fluid to cool a target region at which target apparatus , 
comprises a cryostat which has an interior volume which is comprising a sample , is positioned when in use ; a pre - cool 
evacuated during use and in which the cooled parts of the system , comprising a mechanical refrigerator , for cooling 
mechanical refrigerator and dilution refrigerator are posi - the target apparatus in the target region ; and , a control 
tioned when in use , together with the target apparatus in the 45 system adapted when in use to remove the operational fluid 
target region . The low temperature and low pressure envi - from the dilution refrigerator before the target apparatus is 
ronment within the cryostat represent significantly contrast - received at the target region , to operate the pre - cool system 
ing conditions with respect to the external environment . The so as to pre - cool the target apparatus in the target region to 
first temperature is typically the base temperature of the a first temperature using the mechanical refrigerator , to 
coldest stage of the mechanical refrigerator ; a typical 50 provide the operational fluid to the dilution refrigerator and 
example of such a temperature is 3 to 4 K . The second to operate the dilution refrigerator using the operational fluid 
temperature is typically only attainable using the dilution so as to cool the target apparatus in the target location to a 
refrigerator and may be a few millikelvin . The high tem - second temperature that is lower than the first temperature . 
perature location referred to in step ( b ) is typically the It is preferred therefore that the cryogenic cooling system 
ambient environment having a temperature of approxi - 55 according to the second aspect of the invention performs the 
mately 293 to 298 kelvin . It will be appreciated that such an method according to the first aspect . It is also preferred that 
ambient environment is also typically at atmospheric pres the system further comprises a storage vessel for storing the 
sure such that a sample may be loaded into the target operational coolant , the storage vessel being selectively 
apparatus under ambient conditions . connectable to the dilution refrigerator . Thus in use , the 

Whilst the majority of the cooling of the sample occurs 60 storage vessel may contain a mixture of helium - 3 and 
within the vacuum chamber , typically the sample is placed helium - 4 isotopes to enable the operation of the dilution 
in a low pressure atmosphere which is similar to that within refrigerator . The storage vessel is typically at room tempera 
the chamber of the cryostat at a location external to the ture and contains a pressure slightly below that of the 
cryostat wall , such as when mounted to a gate valve . This atmosphere , for example 0 . 75 atmospheres . This ensures 
may be achieved using a separate vacuum vessel which may 65 that the possibility of coolant gas leaks to the external 
be mounted to the exterior of the cryostat thereby providing environment is reduced since helium - 4 and , in particular , 
a “ vacuum lock ” . helium - 3 are increasingly precious and expensive resources . 
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The system also preferably includes a pre - cool system mechanical refrigerator such as a GM cooler , Stirling cooler 
which comprises a pre - cooling circuit arranged to supply a or pulse tube refrigerator ( PTR ) . 
cooling fluid between the mechanical refrigerator and the The principle of the invention may be achieved using 
target apparatus at the target region . Such a cooling fluid various cryostat and sample loading configurations . For 
may take the form of helium - 4 although the storage vessel 5 example , the system may be a top - loading system , as is 
is preferably selectively connectable to the pre - cool system primarily described herein . However the system may alter 
such that the cooling fluid in this case is the operational fluid . natively be configured to be a bottom - loading system , in 
The coolant in the pre - cool system is therefore typically a which case apertures with baffles may be provided through 
mixture of helium - 3 and helium - 4 . the radiation shields so as to allow the sample to be loaded . 

The apparatus arrangement within the chamber may take 10 Other configurations including side - loading systems are also 
a number of different forms . Preferably , it comprises a contemplated . The choice of loading configuration is depen 
plurality of spatially dispersed stages to which parts of the dent upon a number of factors including performance , 
mechanical and dilution refrigerators are coupled . Such intended functionality and engineering requirements . For 
stages may take the form of thermal conductivity platforms example the cryostat may include a superconducting magnet 
spaced for example vertically above one another and held in 15 which is cooled by the mechanical refrigerator allowing the 
relative position by very low thermal conductivity supports . performance of various experiments upon a sample placed 
Preferably one or more of the plurality of stages has an within the magnet , such as nuclear magnetic resonance 
aperture for receiving the target apparatus , the said one or procedures . The presence of such a magnet makes a top or 
more apertures therefore defining a bore through which the bottom - loading system preferable since such magnets nor 
target apparatus is caused to pass prior to arrive at the target 20 mally are designed with a bore which is aligned with an axis 
region . Typically at least one of the apertures is provided by along which the sample is passed into the cryostat . 
a baffle which is movable between an open position in which 
the aperture is accessible and a closed position in which the BRIEF DESCRIPTION OF THE DRAWINGS 
aperture is closed . Such baffles may be moveable using a 
drive mechanism ( such as a rod ) or may be biased into a 25 An example of a cryogenic cooling system and associated 
closed position and only caused to open when the target method are now described with reference to the accompa 
apparatus is present to deflect them . This significantly nying drawings , in which : 
reduces the heat load at the coldest parts of the system . FIG . 1 is a schematic representation , partly in section , of 
When in use , each stage is typically at a different operational a system according to the example ; 
temperature . 30 FIG . 2 shows an example sample carrier for use with an 

A further advantageous feature of the system may be optional magnet in the cryostat ; 
provided when the system comprises one or each of elec - FIG . 3 shows a lower part of a loading assembly ; 
trical and optical communication lines for communicating FIG . 4 show the upper part of the example sample carrier 
with the sample within the target region . Said lines are with which the loading assembly engages ; 
typically fixed within the apparatus , independently of the 35 FIG . 5 shows a vacuum vessel arrangement for loading 
presence or absence of the target apparatus and the said lines the sample ; and , 
are typically provided from an external location ( for FIG . 6 is an example of a flow diagram showing the 
example the control system ) to the target region . Thus it is 
preferred that the communication lines do not pass through 
any of the said one or more apertures . This allows the “ heat 40 DESCRIPTION OF PREFERRED EXAMPLE 
sinking ” of the lines which typically is effected by ensuring 
the lines are placed in good thermal contact with the various An example of suitable apparatus for performing the 
stages of the apparatus . Thermal contact may be achieved invention is now described , followed by a description of an 
using clamps for example . This arrangement therefore sub - example method of using the apparatus . 
stantially reduces the heat load caused by the lines which is 45 With reference to FIG . 1 , there is illustrated a schematic 
a problem in known systems where the lines are provided sectional view of the interior of a cryogen - free cooling 
along the “ bore ” of the apparatus . Electrical or optical apparatus the main part of which is a cryostat 1 . Cryostats 
connection , as appropriate , between the lines and the are well known in the art and are used to provide low 
sample , is preferably effected using releasable push - fit con - temperature environments for various apparatus . The cry 
nectors . For example high density co - axial connectors may 50 ostat 1 is typically evacuated when in use , this being to 
be used with a typical frequency of up to 40 GHz . High improve the thermal performance by the removal of con 
density D . C . connectors may also be utilised , typically in vective and conductive heat paths through any gas within the 
addition to the co - axial connectors . This allows sample cryostat . The cryostat 1 in the present example is a cryogen 
holders of up to 100 leads or 30 - 40 co - axial connections to free cryostat in that it does not contain a reservoir of liquid 
be used . Utilising a “ straight plug " design allows remote 55 helium , the cooling of the cryostat instead being achieved by 
connection of the connectors in a single operation , thereby use of conductive cooling from a mechanical refrigerator . 
avoiding the need to screw multiple individual connectors However , as will be explained , despite the " cryogen - free ” 
together when loading the apparatus . term , some coolant ( in this case helium ) is typically present 

It will be understood that the cryogenic system described within the cryostat when in use , including in the liquid 
above is typically a cryogen - free system . Whilst such a 60 phase . 
system is not entirely absent any cryogenic fluids , the The main cooling power of the cryostat 1 , which enables 
cryogen - free description is intended to mean that the it to be a cryogen - free system , is provided by a mechanical 
achievement of a stable cold temperature in parts of the refrigerator ( these also being referred to in the art as “ cryo 
system does not rely on the evaporation of coolant from a coolers ” ) . In the present case the mechanical refrigerator 
coolant reservoir to which the cold part of the system is 65 takes the form of a pulse tube refrigerator ( PTR ) 2 . PTRs are 
connected thermally . Typically therefore the primary cool - also known for use in cryogen - free applications and typi 
ing within such a cryogen - free system is provided by a cally provide cooling power at one or more low temperature 
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stages within the cryostat 1 . In the present case , the PTR 2 carrier which supports a sample ( described below ) . The 
cools a first stage 3 of the PTR to about 50 to 70 kelvin and docking station 20 also includes connectors 21 so as to 
a second stage 4 of the PTR to about 3 to 5 kelvin . The provide optical and / or electrical contacts with the sample 
cryostat 1 is typically formed as a large hollow stainless steel carrier . As is indicated in FIG . 1 , each of the first to fourth 
cylinder which comprises an outer vacuum vessel 5 which 5 stages contains an aperture 25 , these being positioned cen 
contains an access opening via a central port 6 in a top trally in each disc such that each of the apertures 25 aligns 
surface of the vessel . The port 6 is fitted with a gate valve to provide a central bore passing vertically through each of 
7 positioned within the port 6 so as to allow suitable the upper four stages . The apertures also align with the gate 
apparatus , such an experimental " probe ” to pass into the valve 7 of the port 6 . The purpose of the apertures is to allow 
interior of the cryostat 1 whilst maintaining the vacuum 10 for the insertion of a loading assembly which contains the 
within the vacuum vessel 5 . sample retained in a sample carrier . Thus the system in this 

A multi - stage assembly 10 is positioned within the cry - example is a “ top - loading ” system . 
ostat , this acting as a tiered platform within the vacuum Since the alignment of the apertures 25 provides a bore 
environment and to which is mounted most of the various from the coldest part of the system in a “ target region ” 
apparatus within the cryostat for performing low tempera - 15 ( which contains the docking station 20 ) and the warmer part 
ture procedures such as experiments . In the present case , the of the system adjacent to the gate valve 7 , each of the 
multi - stage assembly is suspended from the upper part of the apertures 25 is provided with a corresponding baffle 26 . The 
cryostat 1 and takes the form of a number of similar circular apertures are generally circular in shape and each baffle 26 
discs arranged one above another in a vertical array . The is also in the form of a disc . Each baffle is hinged ( not shown 
discs are formed from high conductivity copper and are 20 in FIG . 1 ) to a region adjacent to the edge of the aperture 25 
spaced apart from one another by low thermal conductivity and is biased to a closed position , for example using a 
rods . A total of five discs are provided in this case , each spring , such that the baffle 26 covers the aperture 25 in each 
representing a different “ stage ” and having a different opera case . This reduces any possible convection or radiation heat 
tional temperature when the system is in use . load between the port and the target region . In an alternative 

The topmost stage 11 is connected directly with the first 25 mechanism the baffles may be manually rotated away from 
stage 3 of the PTR 2 . During operation of the PTR 2 , the their apertures by turning a drive rod that has a rotating seal 
topmost stage 11 is cooled to the operational temperature of mounted on the top of the cryostat . 
the PTR first stage 3 . Therefore , the topmost stage achieves Optionally the cryostat may comprise a magnet for pro 
a temperature of around 50 to 70 kelvin . The copper disc is viding a strong magnetic field ( for example , in excess of 10 
also connected thermally with an outer radiation shield 40 30 tesla ) within a bore in the magnet and in which bore the 
which is therefore also held at about 50 to 70 kelvin during sample is positioned when loaded . In such cases the magnet 
the operation of the PTR 2 . A second disc having similar may be located in the lower part of the cryostat , beneath the 
form to the topmost stage 11 forms a second stage 12 and is multi - stage assembly 10 . Such a magnet may be cooled to 
positioned beneath the topmost stage 11 and spaced there around 3 - 4K using the PTR 2 . In this case the disc forming 
from . In a similar manner to the connection the topmost 35 the fifth stage may also be provided with an aperture and 
stage 11 to the first stage of the PTR , this second stage 12 baffle which are aligned with the apertures in the stages 
is connected directly to the second stage 4 of the PTR 2 . In above . This allows for the use of a sample carrier which is 
addition , an inner radiation shield 41 is also connected to elongate and has an upper section connected to the fifth stage 
this second stage 4 of the PTR 2 . Each of the outer 40 and and a lower section which projects downwards through the 
inner 41 radiation shields substantially encloses the remain - 40 aperture into the centre of the magnet at which position the 
ing discs ( forming third to fifth stages of the multi - stage sample itself is located . The invention is particularly ben 
assembly 10 ) and associated equipment ( which may include eficial for use with cryostats containing magnets since the 
a magnet ) , with the outer radiation shield 40 also substan - thermal mass of such magnets causes them to require 
tially enclosing the inner radiation shield 41 . During use of significant cooling periods ( for example about 30 hours for 
the PTR 2 , the PTR second stage 4 , together with the second 45 a 12 tesla magnet ) in order to achieve operational tempera 
stage 12 , and inner radiation shield 41 achieve a temperature tures . The present invention reduces the frequency of such 
of between 3 . 5 and 4 kelvin . lengthy cooling periods being needed , by avoiding the need 

A third disc in the " stack ” of discs , forming a third stage to warm the magnet when changing the samples . 
13 , is positioned beneath the second stage 12 and again With reference to FIG . 2 , external to the cryostat 1 , a 
spaced therefrom . This is used as a platform for supporting 50 sample 50 is mounted to a sample carrier 51 . The sample 
the still 14 of a dilution refrigerator 15 . During use , for carrier is shown without the sample attached in FIG . 2 
example when performing experiments upon a sample , the although the position of the sample when attached is indi 
temperature of the third stage 13 and still 14 is typically cated by the reference numeral 50 . The sample carrier is 
between 0 . 6 and 0 . 8 kelvin . A further disc in the form of a elongate in this example having a large upper section and a 
fourth stage 16 is positioned beneath the third stage 13 . The 55 narrower lower section . The lower section which contains 
function of this fourth stage is to act primarily as an the sample 50 is designed to be lowered within the bore of 
intermediate thermal stage . Finally , beneath the fourth stage a magnet ( not shown in FIG . 1 ) , whereas the upper section 
is a fifth disc acting as a fifth stage 17 which functions as a is designed to be connected thermally to the lowest tem 
platform for supporting a sample when in use and for perature stage 17 of the multi - stage assembly 10 using three 
holding a mixing chamber 18 of the dilution refrigerator 15 . 60 socket screws 52 . The lower section comprises copper rods 
The fifth stage 17 typically reaches an operational tempera - which cool the sample 50 by thermal conduction . The 
ture of about 7 to 10 millikelvin and therefore the fourth sample carrier 51 has space for a number of electrical and / or 
stage 16 achieves an operational temperature of about 70 to optical connectors 54 to allow connection to connectors 21 
150 millikelvin when the dilution refrigerator 15 is fully on the docking station 20 in the target region of the cryostat . 
operational . 65 This arrangement allows multiple push - fit connectors to be 

The fifth stage supports a docking station 20 , this being used which gives high flexibility in use . It also allows for the 
arranged to receive target apparatus in the form of a sample wiring between the sample and external apparatus to pass 
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between the stages of the multi - stage assembly 10 in a gaseous coolant within the line further , to a few kelvin . 
manner such that this is spaced separately from the apertures Further heat exchangers are also provided upon each of the 
25 , rather than down the loading assembly “ probe tube ” and remaining 3 ( third , fourth and fifth stages ) , an example being 
this provides significant thermal benefits . illustrated at 35 . A return line 33 provides a continuation of 

A loading assembly 53 is also provided , the lower part of 5 the cooling line 31 allowing the coolant path to flow in a 
which is shown in FIG . 3 , to which the sample carrier 51 is counter - flow manner , thereby providing counter - flow cool 
coupled when loading and unloading the sample carrier 51 ing of the cooling line 31 , the return line passing up through 
from the cryostat . The loading assembly 53 is generally the cryostat . With the use of appropriate valves the coolant 
formed from three elongate rods 55 each being connected in the return line may be circulated back into the cooling line 
with a respective hex key 56 , which project from the ends of 10 or returned to the external storage vessel 32 . The cooling and 
the rods 55 . Each hex key has a thread formed in its return lines are placed in fluid communication with the 
circumferential surface at a distance from the end of the hex external storage vessel during filling and emptying opera 
key 56 . The hex keys are designed to fit into an upper part tions of the pre - cool circuit 30 . At other times , when the 
of the corresponding socket screws 52 . However , in order pre - cool circuit is performing a cooling function the valves 
for each hex key 56 to engage with the socket screws of the 15 are operated to connect the top of the cooling and return 
sample carrier 51 , each must firstly pass through a bore 57 lines , at a location external to the cryostat , so as to provide 
in the upper section of the carrier 53 . These bores 57 are a pumped circuit . This way , the pre - cooled system transmits 
shown in FIG . 4 . Each bore is fitted with a screw thread in the cooling power of the PTR stages 3 and 4 to each of the 
its inner wall , this being complementary to the screw thread stages 11 , 12 , 13 , 16 , 17 . This pre - cooling system is effective 
upon each hex key 56 . In order for the hex key 56 to reach 20 in cooling the lower stages discs to a temperature approxi 
the socket screws it must be inserted into the bore 57 until mately equal to that of the second stage of the PTR ( between 
the respective threads clash . The rod ( and hex key 56 ) much 3 . 5 and 4 kelvin ) . Notably , such a temperature also ensures 
then be rotated such that the complementary threads pass that the dilution refrigerator 15 may operate since it is 
through one another and allow the hex key to engage in the sufficient to cool a mixture of helium - 3 and helium - 4 which 
socket of the socket screw . 25 comprises the operational fluid of the dilution refrigerator 15 

FIG . 5 illustrates how the sample carrier 53 is loaded into and maintain the mixture in the required liquid phases . As 
the cryostat 1 . A tube and flange assembly forms a vacuum will be explained , following the use of the pre - cooling 
vessel 58 positioned on the top of the cryostat 1 ( since this system , a second coolant circuit is used in association with 
example is a top - loading arrangement ) . The vacuum vessel the dilution refrigerator 15 to cool the sample down to 
58 surrounds the rods of the loading assembly 53 , the ends 30 millikelvin temperatures . 
of these rods being visible as projecting from the top of the The second coolant circuit is provided to operate the 
apparatus in FIG . 5 . The vacuum vessel 58 is open at a lower dilution refrigerator 15 . Here a first line in the form of a 
end , this end being sealed by the gate valve 7 when condensing line 36 connects a first side of the cooling 
assembled to the cryostat 1 . At the opposite end of the circuit , via external pumps 37 , to the interior of the dilution 
vacuum vessel 58 , each of the rods of the loading assembly 35 refrigerator 15 . A second line , as a still pumping line 39 
passes through a pair of vertically displaced o - ring seals . connects a second side of the dilution refrigerator 15 to the 
The small volume between the seals provides a separate pumps 37 , the first and second lines providing the second 
vacuum space 60 . The vacuum vessel 58 and vacuum space coolant circuit . One of the pumps 37 is a powerful turbomo 
60 are each connected to a vacuum port 61 and 62 respec lecular pump for providing a high vacuum on the low 
tively . Each of these ports is connected , through a respective 40 pressure side of the circuit ( for example less than 0 . 1 mbar ) ; 
valve to a vacuum pump . Thus , port 61 is used to evacuate another is a small compressor pump for pumping coolant in 
the vessel 58 and port 62 allows any air leaking through the the condensing line ( at 0 . 5 to 2 bar ) . Appropriate valves are 
first seal , when the rods of the loading assembly 53 are also provided , external to the cryostat to connect the second 
moved , to be pumped away through the corresponding valve cooling circuit to the interior of the external storage vessel 
in the port 62 . 45 32 . Hence the valves and pumps may be used to fill and 

In operation , a sample 50 is loaded on to the sample empty the dilution refrigerator 15 as well as to operate the 
carrier 51 and electrical or optical connections are made . dilution refrigerator by connecting the first and second lines 
The sample carrier 51 is then mounted on the end of the and provide a pumped circuit . When in use operational fluid 
loading assembly 53 . The rods are retracted through the ( a mixture of helium 4 and helium 3 isotopes ) is provided 
sliding O - ring seals until the sample carrier is fully within the 50 from the external storage vessel 32 , liquefied in the dilution 
vacuum vessel 58 . The vacuum vessel 58 is then attached to refrigerator and then circulated according to the normal 
the gate valve 7 and air is pumped out of the vacuum vessel operation of such a refrigerator . The operational coolant in 
58 through ports 61 and 62 . When a similar vacuum is the vessel 32 is the same coolant as is used in the pre - cool 
established on both sides of the gate valve 7 , the system is circuit . 
ready for the gate valve to be opened . 55 A control system 38 is illustrated connected with the 

Returning to FIG . 1 , the wiring provided between the wiring 27 . However , in practice the control system controls 
stages within the cryostat is illustrated at 27 , this notably each of the parts of the system including the operation of the 
being separate from the apertures 25 and providing electrical refrigerators , the pumps and associated valves , the monitor 
( in some cases optical or a combination of each ) connection ing of sensors and the operation of other ancillary equipment 
with the connectors 21 . 60 to perform desired procedures on the sample . A suitable 
As is also illustrated in FIG . 1 , a pre - cool circuit 30 is also computer system may be used to achieve this . 

provided , this comprising a closed loop system in which a An example method of using the apparatus is now 
cooling line 31 provides a path for gaseous coolant from an described with reference to FIG . 6 . The method begins at 
external storage vessel 32 via an external pump 34 into the step 100 in which the apparatus is already in a “ cold ” state . 
cryostat 1 , and into a heat exchanger arranged to exchange 65 Specifically , in this state the PTR 2 is operational and 
heat with the first stage 3 of the PTR2 . The cooling line 31 cooling the outer 40 and inner 41 radiation shields together 
continues to a second heat exchanger so as to cool the with the topmost stage 11 and second stage 12 of the 
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multi - stage assembly 10 . It will be recalled that the opera - remove any small amount of air that leaks through the 
tional temperatures are about 50 - 70K for the components primary seal as the drive rods of the loading assembly slide 
cooled by the first stage 3 of the PTR 2 , and 3 . 5 - 4K for those downwards ( or upwards in the event of the rods being 
components cooled by the second stage 4 . retracted ) . 
At this time the dilution refrigerator 15 is also operational 5 The loading assembly 53 with sample carrier is loaded 

in a conventional manner , this cooling the lower stages manually so as to move the sample carrier through the gate 
13 , 16 , 17 to temperatures of about 0 . 6 - 0 . 8K , 70 - 150 mK and valve 7 to the first stage 11 position . The downward motion 
7 - 10 mK respectively . The interior of the cryostat 1 is held of the assembly 53 deflects the baffle 26 to one side , against at high vacuum , having an air pressure of less than 10 - 6 the biasing , and the sample carrier 51 is pushed down mbar and the pre - cooling circuit comprising the cooling line 10 progressively through the apertures 25 and baffles 26 of the 31 and return line 33 are each evacuated to a pressure of stages 12 , 13 , 16 at step 106 . about 0 . 1 mbar or less . The evacuation of the pre - cooling 
circuit is achieved using the same turbomolecular pump of The loading assembly 53 is then driven to a final position 
pumps 37 which operate the dilution refrigerator 15 . to allow connection of the sample carrier 51 to the docking 

As described earlier , at step 101 , a sample 50 , upon which 15 stat ich 15 station 20 . At step 107 the sample carrier 51 is coupled with 
ultra - low temperature experiments are desired to be per the docking station 20 . Attachment and thermal contact 
formed , is mounted , in a manual process , to the sample between the sample carrier 51 and the docking station 20 is 
carrier 51 ( the target apparatus ) . This involves the rotation of achieved through bolted contacts using the socket screws 52 . 
the rods 55 of the loading assembly 53 such that the threads The screw threads on the socket screws 52 on the sample 
on the hex keys 56 pass through their complementary 20 carrier are engaged in mating screw threads on the docking 
threads within the bores 57 in the sample carrier 51 . The station 20 . The hex keys 56 located upon each of the drive 
target apparatus is then attached to the loading assembly 53 rods 55 mate with conformal M5 socket heads in the socket 
and the whole assembly mounted to the top of the gate valve screws 52 allowing a torque of up to 10 Nm to be applied to 
7 of the apparatus . The sample carrier is retained within the each “ bolt ” to ensure strong coupling with the docking 
vacuum vessel 38 which is then evacuated at step 102 so as 25 station . Meanwhile the connector 54 on the target apparatus 
to equalize the pressure with that of the interior of the mates with the connector 21 installed upon the docking 
cryostat 1 . This procedure takes about 20 minutes . station 20 . This is a push - fit connection which is releasable 

During or shortly after the performance of step 102 , at by applying a modest force . 
step 103 the system controller 38 operates heaters ( not Once the sample carrier is connected to the docking 
shown in FIG . 1 ) on each of the still 14 and mixing chamber 30 station 20 by means of the socket screws 52 the loading 
18 so as to warm the dilution refrigerator 15 , causing the assembly 53 can then be retracted . This is achieved by 
evaporation of the helium isotope mixture within the dilu - retracting the hex keys 56 a small distance to disengage them 
tion refrigerator 15 . The valves in the second cooling circuit from the socket screws 52 . The rods 55 are then lifted and 
allow the gas to vent into the external storage vessel 32 . rotated to pass the threads upon the hex keys through the 

Whilst some of the operational coolant within the dilution 35 complementary threads upon the sample carrier 51 . This 
refrigerator 15 still remains as a liquid , in order to increase allows the loading assembly 53 to be fully retracted from the 
the speed of the evaporation process , at step 104 , the cryostat through the gate valve 7 in order to further reduce 
controller 38 operates a valve and pump 34 in the cooling the heat load . The retraction of the loading assembly 53 
line 31 to supply a helium gas mixture from the vessel 32 therefore allows the biased baffles 26 to close . This occurs 
( this being the gas mixture received from the dilution 40 at step 108 . 
refrigerator 15 ) into the pre - cooling system . It should be It will be understood that the sample loads into the system 
noted that the PTR 2 remains operational throughout the from room temperature . Hence upon achieving thermal 
steps of the method described here . However , during this contact with the docking station , the target apparatus is 
stage , the influx of gas into the circuit is provided at a high rapidly cooled by the combination of the low temperature 
flow rate which means that the heat load is higher than that 45 and thermal mass of the lowest stage of the multi - stage 
which the PTR stages 3 , 4 are able to extract over a short time assembly . The thermal contact with the docking station 
period . The warm gas , despite being partially cooled by the provides a large heat load which causes the remaining liquid 
PTR stages 3 , 4 , arrives at the three lowest temperature within the dilution refrigerator to evaporate . As before , this 
stages ( discs ) of the system and causes them to warm to a gas is passed to the external storage vessel . The sample 
temperature of about 10K . This provides a further heat load 50 carrier 51 at this time is at a temperature of about 20 to 30K 
at the dilution refrigerator , therefore increasing the evapo - and it therefore requires further cooling to achieve the 
ration rate of the coolant mixture . desired base temperature . The further cooling is applied in 
Once the target apparatus has reached an equal pressure to two stages . 

the cryostat chamber , the gate valve 7 is opened and each of The first of these stages occurs at step 109 , where the 
the loading assembly and the coupled target apparatus is 55 controller 38 operates the pre - cooling system . The pump 34 
driven manually downwards through the gate valve 7 into in the pre - cooling circuit is operated such that the helium 3 / 4 
the cryostat 1 at step 105 . mixture is circulated through the cooling line 31 and the 

It will be appreciated that , during the movement of the return line 33 , back through the pump 34 and into the 
loading assembly 53 , parts of the assembly move between a cooling line 31 again in a closed circuit . The pressure within 
low pressure region and an ambient pressure region . The 60 the pre - cooling circuit is controlled as a function of the 
vacuum vessel 38 with double “ O ” - ring sliding seal protects temperature and is gradually reduced ( from an initial 2 bar 
the main vacuum chamber within the cryostat during loading to about 0 . 5 bar ) as the temperature drops . The operation of 
and unloading operations . Each of the vacuum vessel 58 and the pre - cooling circuit reduces the temperature of the multi 
vacuum space 60 is evacuated using a turbomolecular pump . stage assembly 10 . 
When the gate valve 7 is opened a valve connecting the 65 The pre - cool system is then evacuated at step 110 by 
turbo molecular pump to the port 61 is closed . A similar returning the coolant to the vessel 32 , since otherwise this 
valve for the port 62 remains open to allow the pump to will cause a heat load on the lowest temperature stage . A low 
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pressure of 0 . 1 mbar or less is achieved in the pre - cool b ) moving target apparatus comprising the sample from a 
system using the turbomolecular pump of the pumps 37 . high temperature location to the target region ; 
Once the lowest stage achieves a temperature of about c ) pre - cooling the apparatus in the target region to a first 

1OK , the controller 38 , operates the pumps 37 and associated temperature using a mechanical refrigerator ; 
valves to fill the dilution refrigerator with a predetermined 5 d ) providing the operational fluid to the dilution refrig 
" charge ” of helium 34 mixture ( step 111 ) . The temperature erator ; and 
of all parts of the dilution refrigerator 15 is such that the e ) operating the dilution refrigerator using the operational 
mixture remains gaseous at this time . fluid so as to cool the target apparatus in the target 

Further cooling of the gas mixture in the dilution refrig location to a second temperature that is lower than the 
erator 15 is achieved by circulating the gas mixture in the 10 first temperature . 
condensing line 36 and still pumping line 39 . A pressure in 2 . A method according to claim 1 , wherein the target 
excess of 1 bar is used . The gas in the condensing line 36 region is at a lower temperature than the high temperature 
undergoes heat exchange with the first and second stages of location during step ( b ) . 
the PTR 2 ( this not being shown in FIG . 1 ) . Furthermore , the 3 . A method according to claim 2 , wherein said lower 
gas is expanded across an impedance on the entry to the 15 temperature is below 30 kelvin and wherein thermal contact 
dilution refrigerator which causes a further cooling effect . As of the target apparatus with the target region during step ( b ) 
a result the gas mixture condenses within the dilution causes a heat transfer from the target apparatus to the target 
refrigerator as the temperature reduces to below 4 kelvin . region . 
Once sufficient condensation within the dilution refrig . 4 . A method according to claim 1 , wherein the target 

erator has occurred , the dilution refrigerator is operated in a 20 region remains at a temperature below 100 kelvin during 
conventional manner at step 112 , this being effected by the steps ( a ) - ( e ) . 
circulation of operational coolant through the condensing 5 . A method according to claim 1 , wherein the cryogenic 
line 36 and still pumping line 39 . This causes the lowest cooling system comprises a cryostat having an interior 
three stages of the multi - stage assembly to achieve their volume which is in an evacuated state during steps ( a ) - ( e ) . 
operational base temperature . It will be appreciated that the 25 6 . A method according to claim 1 , wherein step ( a ) 
above description is a simplification of a known dilution comprises heating the operational fluid so as to cause it to 
refrigerator cycle in which helium 3 atoms are pumped become fully gaseous , and removing the operational fluid to 
across a phase boundary in the mixing chamber . external location . 

Finally , at step 113 , the system achieves a stable opera - 7 . A method according to claim 1 , wherein step ( b ) 
tional base temperature and the desired experiments to be 30 comprises only performing a cooling operation upon the 
performed upon the sample are then implemented . It will be target apparatus once the target apparatus is positioned 
appreciated that the time taken from the loading of the within the target region . 
sample to the achievement of the operational base tempera - 8 . A method according to claim 1 , wherein the positioning 
ture is about 6 to 8 hours . of the target apparatus in the target region comprises attach 
Once the required experiments or other procedures have 35 ing the target apparatus to a thermally conductive member so 

been performed on the sample then the method is repeated as to provide thermally conductive cooling of the target 
in order to withdraw the sample . In particular , the loading apparatus using the conductive member . 
apparatus is positioned above the gate valve and evacuated . 9 . A method according to claim 1 , wherein step ( c ) 
The dilution refrigerator is then evacuated and the pre - cool comprises causing coolant to flow within a pre - cooling 
system charged with warm coolant in order to assist this . The 40 circuit located in thermal contact with the mechanical refrig 
loading device is then passed into the cryostat 1 and docks erator and the target region . 
with the target apparatus already mounted to the docking 10 . A method according to claim 9 wherein the coolant in 
station . The rods and hex keys 56 are then operated to couple the pre - cooling circuit and the operational fluid are the same 
the loading assembly to the sample carrier 51 of the target coolant . 
apparatus and decouple the target apparatus from the dock - 45 11 . A method according to claim 9 , where , following step 
ing station 20 . The loading assembly with the target appa - ( c ) the coolant is removed from the pre - cooling circuit . 
ratus is then withdrawn through the apertures , with the 12 . A method according to claim 9 , further comprising , 
spring - loaded baffles closing behind the sample carrier 51 as during step ( a ) , providing coolant at a high temperature into 
it is withdrawn . Once outside the gate valve 7 , the vacuum the pre - cooling circuit so as to heat the target region . 
vessel 58 is vented with dry nitrogen to warm the sample 50 13 . A method according to claim 1 , wherein the high 
carrier 51 without causing ice build up . The procedure may temperature location is positioned within an ambient envi 
then be repeated with a new sample . Here the steps 103 to ronment . 
105 will not need repeating since the pre - cooling system will 14 . A method according to claim 1 wherein , prior to step 
already contain warm gas and the dilution refrigerator 15 ( a ) , the dilution refrigerator is at a temperature such that part 
will have had its operational coolant removed . The tempera - 55 of the operational fluid is liquid . 
ture of the fifth stage will already be at about 20 - 30 kelvin 15 . A method according to claim 1 , wherein , prior to step 
due to the recent thermal contact with the warm loading ( d ) the temperature of the dilution refrigerator is less than 
assembly 53 when removing the sample carrier 51 . about 10 kelvin . 

16 . A method according to claim 1 , wherein in step ( b ) the 
The invention claimed is : 60 target apparatus is moved to the target location whilst the 
1 . A method of operating a cryogenic cooling system , in target apparatus is attached to a loading assembly and 

which a target region for receiving a sample is cooled by a wherein , once in the target region , the target apparatus is 
dilution refrigerator containing an operational fluid , the released from the loading assembly and the loading assem 
method comprising performing the following steps ( a ) - ( e ) in bly is retracted . 
order : 65 17 . A method according to claim 1 , wherein steps ( a ) and 

a ) removing the operational fluid from the dilution refrig - steps ( c ) to ( e ) are performed automatically under the control 
erator ; of a control system . 
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18 . A cryogenic cooling system comprising : 23 . A cryogenic system according to claim 18 , wherein 
a dilution refrigerator arranged to use operational fluid to the operational fluid is a mixture of helium - 3 and helium - 4 . 

cool a target region at which target apparatus , compris 24 . A cryogenic system according to claim 18 , further 
ing a sample , is positioned when in use ; comprising a plurality of spatially disposed stages to which a pre - cool system , comprising a mechanical refrigerator , 5 gerator : 5 parts of the mechanical and dilution refrigerators are for cooling the target apparatus in the target region ; coupled . 

a control system adapted when in use to remove the 25 . A cryogenic system according to claim 24 , wherein 
operational fluid from the dilution refrigerator before one or more of the plurality of stages has an aperture for 
the target apparatus is received at the target region , to 1 receiving the target apparatus and wherein the said one or 
operate the pre - cool system so as to pre - cool the target more apertures defines a bore through which the target 
apparatus in the target region to a first temperature apparatus is caused to pass . 
using the mechanical refrigerator , to provide the opera 26 . A cryogenic system according to claim 25 , wherein at 
tional fluid to the dilution refrigerator and to operate the least one of the apertures is provided with a baffle which is 
dilution refrigerator using the operational fluid so as to moveable between an open position in which the aperture is 
cool the target apparatus in the target location to a 15 accessible and a closed position in which the aperture is 
second temperature that is lower than the first tempera closed . 
ture . 27 . A cryogenic system according to claim 18 , further 19 . A cryogenic system according to claim 18 , wherein comprising one or each of electrical and optical communi the mechanical refrigerator comprises any of : a Gifford 

McMahon cooler , a Stirling cooler or a pulse tube refrig 20 cation lines for communicating with the sample , the said 
lines being fixed within the apparatus , independently of the erator . presence or absence of the target apparatus and the said lines 20 . A cryogenic system according to claim 18 , further being provided from an external location to the target region . comprising a storage vessel for storing operational coolant , 

the storage vessel being selectively connectable to the 28 . A cryogenic system according to claim 27 , wherein 
dilution refrigerator . 25 the communication lines do not pass through any of the said 

21 . A system according to claim 18 , wherein the pre - cool one or more apertures . 
system comprises a pre - cooling circuit arranged to supply a 29 . A cryogenic system according to claim 18 , wherein 

the cryogenic system comprises a cryogen - free system . cooling fluid between the mechanical refrigerator and the 30 . A non - transitory computer readable medium storing a target apparatus at the target region . 
22 . A cryogenic system according to claim 21 . wherein 30 program causing a controller to perform the steps ( a ) and ( c ) 

the storage vessel is selectively connectable to the pre - cool to ( e ) of the method of claim 1 in order . 
system and wherein the cooling fluid is the operational fluid . * * * * 
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