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IV. Inverted Dilution Refrigerator 

Conventionally, dilution refrigerators are oriented such that warmer thermal stages 

are positioned towards the top of the system with the thermal stages getting increasingly 

colder as the 3He/4He mixture progresses to the bottom of the dilution refrigerator. The 

inventors have recognized and appreciated that an inverted geometry, with the coldest 5 

stage disposed at the top of the system (e.g., furthest from the floor) may simplify the 

operation and use of a dilution refrigerator by making the experimental volume more 

accessible to a user and offer improved thermodynamic qualities compared to a 

conventional dilution refrigerator. Accordingly, the inventors have developed an inverted, 

dry dilution refrigerator. 10 

FIG. 12A is a schematic diagram of an inverted dilution refrigerator 1200, in 

accordance with some embodiments described herein. The inverted dilution refrigerator 

1200 may include a pump system 1202 configured to circulate the 3He/4He mixture 

through the dilution refrigerator 1200. The inverted dilution refrigerator 1200 also may 

include a cryocooler 1204. The cryocooler may be coupled to a cryocooler support (not 15 

pictured) as described in connection with cryocooler support 103 herein.  

In some embodiments, the inverted dilution refrigerator 1200 may include an outer 

vacuum chamber 1206 and a series of thermal stages 1208a-1208f disposed inside of the 

outer vacuum chamber 1206. The series of thermal stages 1208a-1208f may be held at 

same or similar temperatures as the thermal stages 108a-108f described in connection with 20 

FIG. 1 herein.  

In some embodiments, the inverted dilution refrigerator 1200 may include an 

opening in the outer vacuum chamber 1206 and/or through the inner radiation shields to 

provide ease of access to the coldest stage of the inverted dilution refrigerator 1200. In 

some embodiments, the opening may comprise hermetic seals and/or an opening 25 

mechanism 1225 that may withstand the vacuum within the outer vacuum chamber when 

the inverted dilution refrigerator 1200 is in operation. For example, the opening 

mechanism 1225 may include a hinged door and/or a removable panel.  

In some embodiments, the inverted dilution refrigerator 1200 may include a 

number of components arranged along the length of the dilution refrigerator (e.g., from 30 

within the vacuum chamber 1206 to within the sixth thermal stage 1208f). The components 

may be arranged with the coldest thermal stage, the mixing chamber 1224, disposed above 

warmer thermal stages (e.g., the still 1214, impedance stages 1212 and 1216, heat 

exchangers 1218, 1219, 1220, etc.).  
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In some embodiments, the inverted dilution refrigerator 1200 includes a de-mixing 

chamber 1222 coupled to the mixing chamber 1224. In some embodiments, the de-mixing 

chamber 1222 may be thermally coupled to the mixing chamber 1224 by a heat exchanger 

1223 (e.g., a co-flow heat exchanger). The de-mixing chamber 1222 may be fluidly 

connected to the mixing chamber 1224 such that 3He may be transported from the de-5 

mixing chamber 1222 to the mixing chamber 1224 to provide additional cooling to the 

mixing chamber 1224. The de-mixing chamber 1222 may additionally have 4He injected 

into the de-mixing chamber 1222 to provide a co-flow of  3He and 4He in order to mitigate 

a concentration gradient forming between the still 1214 and the mixing chamber 1224. 

FIGs. 12B and 12C are schematic diagrams of exemplary internal components of 10 

an inverted dilution refrigerator, in accordance with some embodiments described herein. 

It should be appreciated that the exemplary components of FIGs. 12B and 12C could be 

implemented within inverted dilution refrigerator 1200 of FIG. 12A (e.g., within the third 

thermal stage 1208c).  

As shown in the example of FIG. 12B, in some embodiments the inverted dilution 15 

refrigerator may include a 4He line 1226 configured to transport 4He from the still 1214 to 

the de-mixing chamber 1222. In some embodiments, the 4He line 1226 may include a 

pump 1228 configured to assist in the transportation of the 4He to the de-mixing chamber 

1222. The pump 1228 may be, for example, a fountain pump in some embodiments. 

Alternatively or additionally, the 4He line 1226 may include additional heat exchangers to 20 

cool the 4He as it travels to the de-mixing chamber 1222. 

As shown in the example of FIG. 12C, in some embodiments, the inverted dilution 

refrigerator may include a heat exchange stage 1230 configured to cool the incoming 

3He/4He mixture prior to the primary impedance stage 1212. As should be appreciated 

from the description of FIG. 1, such a configuration may increase the efficiency of the first 25 

impedance stage and/or eliminate or reduce the need for pressurization of the incoming 

3He/4He mixture. 

 

V. Distributed Cooling 

Dilution refrigerators generally include an integrated cryocooler (e.g., such as a 30 

pulse tube or a Gifford-McMahon cryocooler) to pre-cool the 3He/4He mixture gas below 

5 K. Conventionally, a dilution refrigerator is paired with at least one of these cryocoolers, 

and dilution refrigerators do not share cooling systems. Such small-scale dilution 

refrigeration systems typically rely on low-power cryocooling systems that are relatively 
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CLAIMS 

 

What is claimed is: 

 

1. A distributed refrigeration system comprising a pre-cooling system configured to 5 

be thermally coupled to two or more cryogenic devices and to provide a first cooling 

stage to the two or more cryogenic devices, wherein: 

the distributed refrigeration system is configured to be integrated into one 

or more server racks, 

the pre-cooling system is integrated into a first server rack, and  10 

the two or more cryogenic devices are integrated into second server racks 

different than the first server rack. 

 

2. The distributed refrigeration system of claim 1, further comprising the two or 

more cryogenic devices thermally coupled to the pre-cooling system. 15 

 

3. The distributed refrigeration system of claim 1, wherein the two or more 

cryogenic devices comprise at least one dilution refrigerator. 

 

4. The distributed refrigeration system of claim 1, wherein the two or more 20 

cryogenic devices comprise two or more of a dilution refrigerator, a low-temperature 

microscopy system, a 3He refrigeration system, and/or a superconducting CMOS system. 

 

5. The distributed refrigeration system of claim 1, wherein the first cooling stage 

has a temperature at or below 5 K. 25 

 

6. The distributed refrigeration system of claim 5, wherein the pre-cooling system 

comprises a cryocooling system. 

 

7. The distributed refrigeration system of claim 6, wherein the cryocooling system 30 

comprises a pulse tube. 

 

8. The distributed refrigeration system of claim 6, wherein the cryocooling system 

comprises a Brayton cryocooler. 
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9. The distributed refrigeration system of claim 6, wherein the cryocooling system 

comprises a helium liquefier system. 

 

10. The distributed refrigeration system of claim 5, wherein the two or more 

cryogenic devices comprise a dilution refrigerator having a second cooling stage 5 

configured to reach a temperature at or below 1 K. 

 

11. The distributed refrigeration system of claim 10, wherein the second cooling 

stage is configured to reach a temperature at or below 100 mK. 

 10 

12. The distributed refrigeration system of claim 1, wherein: 

the two or more cryogenic devices comprise a dilution refrigerator. 

 

13. The distributed refrigeration system of claim 1, further comprising thermal 

coupling components configured to transfer heat from the two or more cryogenic devices 15 

to the pre-cooling system. 

 

14. The distributed refrigeration system of claim 13, wherein the thermal coupling 

components comprise one or more fill lines. 

 20 

15. The distributed refrigeration system of claim 13, wherein the thermal coupling 

components comprise one or more heat pipes. 

 

16. The distributed refrigeration system of claim 15, wherein the one or more heat 

pipes comprise one or more pulsed heat pipes. 25 

 

17. The distributed refrigeration system of claim 13, wherein the thermal coupling 

components comprise a superfluid loop. 

 

18. The distributed refrigeration system of claim 13, wherein the thermal coupling 30 

components comprise one or more vacuum insulated pipes. 

 

  


