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Recommendations to Design of the Integrated lead and Intermediate Cooling Station 
This memo is based on design aspects of Alexi Radovinsky analytical memos: “Thermal FEA of Intermediate Cooling Station” [1] and “Thermal Analyses of the Copper Current Leads” [2]. One of the most important result of Alexi’s analysis is that he took into account the real cryocooler diagram “power load – temperature” and showed that temperatures of the cooling plate of the first station as well as cold end of the copper current leads are much less than 60 K taken for previous LBNL thermal analysis [3]. Any reasonable design will work safely for the cooling plate temperature of 30-40 K and about of 1.0 K delta T in a thin electrical insulation of the current lead copper block-cooling plate. The other very important result is that the side cryocoolers are loaded much more than the middle one. Very good thermal connections for all three separate cooling plates of separate cryocoolers need to redistribute more equally thermal loads to cryocoolers and equalize temperatures of cooling plates. 

The thermal model [2] is changed compared with the last LBNL design [4]. In [2] the copper block of the current lead connecting the copper and HTS current leads is turned by 180 degrees in a way that the copper lead terminal is located close to the central cooling plate. This position of the copper block is preferable to minimize the temperature of the cold end of the copper conductor. However, this design requires a full redesign of supports of HTS current leads and their connections with the magnet. I’d like to recommend as few changes as possible compared with the LBNL design [4]. Taking into account the huge margin in the allowable temperatures of the warm end of the HTS current leads and in the cooling power of cryocoolers, I’d like to return position of copper blocks and HTS current leads to the initial position according to [4]. Even without any thermal analysis I can postulate that with such design the temperatures of the warm end of the copper lead and corresponding terminal of the copper block increase only by a few degrees but they are still kept at a very safe low level of temperatures.

Copper block connecting the copper current lead with the HTS current lead and thermally anchored to the cooling plate

I like the LBNL design [4] with a less bumpy upper surface of the copper cooling plates connected with cryocoolers (fig. 1). Application of MLI atop of the cooling plates is much easier in this design compare with an upper position of copper blocks and other items. Alexi’s thermal model of the copper block is based on my recommendations for an electric insulation and a method of thermal anchoring of the block with the cooling plate [5]. The suggested design is shown in fig.2. 

The copper block is mounted at the lower part of the side cooling plate. The downward facing terminal of the block is connected with the warm end of the HTS CL as it is in the LBNL design. The copper CL terminal can be designed facing down or facing up. The upward facing terminal penetrates through a cut in the cooling plate above it to be connected with the cold end of the copper CL. I prefer the upward facing Cu CL terminals because this orientation permits much easier assembling/disassembling the Cu current leads compare with the existing design. Also the copper current leads can be made shorter [2]. In fig. 2 I showed both orientations of the Cu CL terminal (down - by solid lines, up – by dashed lines in the side view).

The copper block has all rounded sides with the minimal radius about 2 mm (fig. 2). The copper block is wrapped with 2 mils Kapton film all around including the upper terminal in the part facing the cooling plate slot (with gaps in the slot not more than 1.0 mm). The thickness of the electric insulation is chosen for a voltage limited by 1 kV [6]. I recommend using Kapton type MT as an electric insulation instead of usually used Kapton type HN because the latter type has a higher thermal resistance at cryogenic temperatures [7]. The bolts, which compress the copper block to the cooling plate, are installed with tiny gaps (or no gaps) to Kapton film. In fig. 2 the gaps to the bolt-holes in the cooling plate are about 0.5 mm. A very thin layer of Apiezon N grease has to be spread on the cooling plate surface contacting the copper block to improve heat transfer in vacuum.

The copper block and the cooling plate are sandwiched between compressing stainless steel plates (3.5-4.0 mm thick). The compressing SS screws (3x2=6) are #10 with OD = 0.19" = 4.8 mm. The thread of the screws is silver plated to avoid galling in vacuum. Holes in the cooling plate are 5.2 mm in diameter (#6 drill, 0.204”). Holes in the compressing plates are 5.6 mm in diameter (#2 drill, 0.221”). Only six nuts, Bellville washers, screw ends and top SS compressing plate are located at the upper surface of the cooling plate. The plate for a MLI support can be easy installed above these bumps atop of the cooling plate.

Please, pay attention that in Alexi’s thermal model the copper block width is decreased to 60 mm compared with 82 mm in [3 and 4]. At the same time the full width of the copper block compressing plates in fig.2 is 94 mm, which is 6 mm wider per side compared with LBNL design. The non-insulated copper block in the LBNL design is located at the distance of 1.0 mm from the radiation shield wall (which is dangerously close). To keep the same distance of the SS compressing plate from the shield wall the copper block position needs to be moved to the center (out of the cooling plate side) by 6 mm. If 6-mm movement is too big ( the other side moves to the cooling plate center by 12 mm) I can recommend decreasing the copper block width by 4.0 mm to 56 mm, which is only 6.7% of decrease, and moving the copper block to the center only by 2 mm to keep the 1.0-mm distance of the copper block structure to the radiation shield wall.

The upper orientation of the Cu CL terminals as well as the compressing plate footprint are shown in fig. 2 by dashed lines. The lower orientation is shown in solid lines.

The existing design of copper blocks [4] is unnecessary complicated, with a very thick low thermal conductive G-10 insulator and clamping bolts with G-10 insulating sleeves. The sides of the blocks don’t have any electric insulation at a very small gap to the radiation shield of 1.0 mm (in the narrowest place). The design has a relatively big temperature rise of the copper block with respect to the cooling plate.

Current leads

After consideration of thermal analysis [1, 2] we suggest to use the copper current leads about 300 mm long made of usually used copper wires with a low RRR. A thermal performance of conductors made of copper with high RRR (50, 100) don’t have any advantage compared with low RRR conductors. The usually used low RRR conductors are much easy to buy, easy to handle and bend without a danger to spoil a high RRR quality by application of a cold work, they are stronger resist bending Lorentz forces, which are calculated as 12 N for 300 mm conductor [1]. The short 300-mm copper conductor shrinks by less than 0.7 mm after cooling of the cold end to 30-40 K. This change of the length can be easy accommodated by a conductor bend. An electric insulation tape has to be wrapped around the entire copper conductor.

If the finally designed copper CL length significantly differs from 300 mm the optimal cross section of the copper conductor needs to be recalculated according to [2]. To bring the CL length close to 300 mm the position of a room temperature feed in LBNL design can be moved closer to the copper block terminal in the horizontal direction. An even a better option is to zig-zag the copper conductors from the room temperature feeds to the copper block terminals (maybe at about 45 degrees to the vertical direction).

The LBNL design of Cu CL [4]  is acceptable but for a much longer conductor than recommended (longer than 500 mm). Of course, the G-10 insulator supporting the conductor in the cooling plate needs to be redesigned. It can be about 3 mm thick with only three-point loose contacts to a hole in the cooling plate. The forces on the insulator are very small [1] and point contacts can be used to limit heat transfer between the conductor and cooling plate and to center the conductor in the hole.

The LBNL design [4] of installation of the HTS current leads, their supports, thermal links for the cold ends and connections with the magnet electric circuit looks reasonable.

Thermal anchors and thermal joins 

The so-called flexible brackets between three cooling plates in the LBNL design [4] are practically not flexible at 8-mm thickness of the U-shaped copper (fig. 3). I fully agree with the item 5 “Conclusion and Comments” of [1], where more flexible thermal anchors are suggested. Instead of low mass flexible thermal links [8] developed for a space application and recommended in [1], I recommend the flexible laminated copper assemblies from Watteredge [9] (Watteredge, Inc., 567 Miller Rd., Avon Lake, Ohio 44012). The Unique Press Weld manufacturing process for terminal connection is available from Watteredge. The company advertises that Press Weld laminated connectors have electrical (and thermal) resistance values equal to a flat copper bar. Laminated copper links have a higher thermal conductivity compared with braded copper flexes and at a proper application they provide an acceptable flexibility.

The width of each of four thermal links is about 60 mm in the LBNL design (fig. 3). Each side cooling plate is connected with the central one by two links. Our recommendation is to increase the amount (or cross section area) of flexible thermal links between three cooling plates as much as possible to redistribute heat loads between cryocoolers more equally. I think that an increase of a thermal conductance by these links by 1.5 – 2.0 times is the goal of a proper design. If the available surface of cooling plates (see fig. 5) doesn’t permit installation of extra thermal links they can be installed also at both vertical parts of the thermal shield below cooling plates (above windows in the shield, see fig.4). Braded type links should be used on vertical walls of the shield due to the unfavorable direction for laminated links of mutual movements of connected items.

In my opinion the thermal links designed by LBNL for various tubes (fig. 6) couldn’t work properly. Due to differential contraction the tube copper clamp moves along the surface of the stainless steel tube during cooling and warming of the magnet. It means that in the surrounding vacuum a thermal contact at the tube surface will be mostly lost. The best thermal links in vacuum space provide permanent high-pressure thermal contacts of joined surfaces (without any relative movement) with a flexible high thermal conductive connection of terminals. This can be achieved by using laminated or braided flexible copper links. (There are springy thermal contacts, which permit a relative movement of joined items, but their thermal resistance is much higher compared with non-moving connections.)

The LBNL thermal link shown in fig. 7 also doesn’t work properly. The link is made of ten 0.276-mm laminated copper straps soldered at the ends together and to the copper collar of a big diameter stainless steel tube. First, the ends of laminations should be soldered/brazed into solid copper terminals, which are fastened or soldered/brazed to the connected items. Second, looking at this copper strap in fig. 1, I don’t see that the strap can provide a real flexibility of the connection when the SS tube moves vertically. The flexible laminations should be shaped in a way to permit the vertical movement of the tube without bending forces. The other option is to use a braded copper wire link. 

In all thermal analysis the thermal resistances of contacts in structural joints were neglected [1, 3]. It means that the design has to be made to minimize temperature gradients in joints. The production of low thermal resistance contacts in surrounding vacuum requires a careful attention. The contacting surfaces have to be strongly compressed to each other over a large surface. Apiezon N grease or indium foil gaskets are placed between contacting surfaces. Soft copper plates/flanges/terminals (annealed copper with high RRR) should be compressed between strong stainless steel plates. The stainless steel bolts/screws tightening joints can not be screwed into a soft copper. Spring (Belleville) washers have to keep the strong compression of the joint after structural shrinking due to cooling. The pitch of compressing bolts should be reasonably small. Stainless steel threads need a silver plating to avoid galling in vacuum. Brass bolts and screws can be used with SS nuts for the same reason.

Attachment of the serpentine tube to the cooling plates also raises questions about thermal contact (fig. 8, 9). I think that this tube serves to pre-cool the cooling plate by flow of the cold exhausting gas. In any case, it looks that the purpose of the design is to provide good heat transfer between the tube and the cooling plate. The copper serpentine tube is compressed to the cooling plates by 8 local brackets. This design can not provide a good tube-plate thermal contact through a vacuum space. If a good thermal contact is the aim of the design I recommend to solder the tube to the plate. Straight parts of the tube about 40-50 mm long can be soldered to the plate by a low temperature soft solder at both sides of the tube to increase the heat transfer surface. A pitch between soldered places can be about 20-30 mm. Unsoldered straight and curved parts of the serpentine serve to accommodate a tube-to-plate differential contraction.

Cooling system 

The first stages of cryocoolers are under-loaded according to the thermal analysis [1]. At the same time the second stages of cryocoolers are loaded with a very small margin to the maximum power of cryocoolers. I suppose that not all heat leaks to liquid helium are considered in the thermal analysis. When considered they can reduce the margin and maybe even eliminate it fully. It means that all measures should be taken to decrease the heat load to liquid helium.

In fig. 1 and 9 I can see only three tubes between the room temperature wall of the cryostat and the liquid helium vessel. All of them are thermally anchored to the cooling plate of the radiation shield. As it was discussed above all three thermal links need to be redesigned to provide the proper intercept of the heat. 

One of the tube serves as a vacuum jacket for instrumentation wires (a cable). The thermal link to the cooling plate cools only the stainless steel jacket. Copper wires inside the tube present a straight heat load from the room temperature to the liquid helium temperature level practically without any interception of the heat by the cooling plate. Additionally, a convection of helium gas, which I suppose fills the vacuum jacket, presents some extra heat load to liquid helium. This convective heat load can be multiplied many times in case of thermo-acoustic oscillations of a gas helium column.

My suggestion is to install a welded hermetic connector at the top of the liquid helium vessel and remove the vacuum jacket of the instrumentation cable. The cable should be thermally anchored to the cooling plate before it is connected to the room temperature connector. If the cold connector needs to be immersed in liquid helium due to a high voltage limit for the helium vapor, the connector can be installed below the liquid level at the end of a tube welded to the helium vessel top (as a well in the helium vessel). The suggested design eliminates heat loads associated with the vacuum jacket and helium gas convection.

As I understand the big diameter, partially corrugated tube between the room temperature and helium vessel top surrounds the small diameter helium cooling/filling tube. If the big tube serves as a gas helium exhaust or for a safety blow out when the helium circuit is over-pressurized, the LBNL design needs to be changed. Helium gas surrounding the helium cooling tube is a source of additional heat load to the cooling helium flow or to the liquid helium vessel during a re-condensing operation. The inlet helium cooling tube has to be located in the surrounding cryostat vacuum. It has to be wrapped by MLI insulation tapes and doesn’t need any stainless steel jacket and heat links. The suggested design provides the minimal heat load to the helium cooling tube. 

If the helium vessel needs a safety helium line connected with the room temperature relief valves and burst disks this line has to be designed separately of the thin long cooling helium tube and from the serpentine tube, which present a big hydraulic resistance for blow out flow. The stainless steel safety line needs a thermal link to the cooling plate.

To minimize the heat load to liquid helium the cold surfaces (including tubes) and radiation shield surfaces need to be covered with adhesive aluminum foil (aluminum tape 425-427 M3 type). The total emissivity of this foil in the temperature interval 77 – 4 K was measured as 12.4 [10], which corresponds to a very low radiation heat flux of about 20 mW/m2. For the 80-4 K temperature interval the heat flux for “as received” aluminum is 160 mW/m2, for mechanically polished aluminum it is 140 mW/m2 and for electropolished aluminum it is 70 mW/m2, for mechanically polished copper it is 46 mW/m2, for mechanically polished stainless steel it is 160 mW/m2 [11]. Application of the highly reflective aluminum foil can decrease the radiation heat load from the radiation shield to the 4-K cold mass by several times. The cold surfaces covered with aluminum foil don’t need expensive mechanical and electro polishing to reach a low emissivity. Aluminum foil adhesive doesn’t present extra outgassing in the vacuum space at low temperatures because the adhesive staff is frozen. 

I’d like to note that MLI placed between the radiation shield and 4-K surface doesn’t work at temperatures below 20 K because its layers are practically transparent to the infrared rays at these temperatures. This is why the proper application of aluminum foil on the 4-K and shield surfaces has a big importance for decreasing the radiation heat load to the cold mass.
Resume

In the text of this memo I made several recommendations how to change the existing LBNL design to get a better cryogenic thermal performance of cooling stages and copper current leads of the MICE Coupling Coil.
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Fig. 1. LBNL design. Bottom view of cooling plates
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Fig. 2. Suggested design of attachment of the current lead copper block to cooling plate.

The copper block is wrapped all around by Kapton MT 2 mils thick.
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Fig. 3. BLNL design. Thermal link bracket.  
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Fig. 4. LBNL design. Copper radiation shield
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Fig. 5.  LBNL project. Assembly of cooling plates (bottom view)

[image: image6.jpg]



Fig. 6. LBNL design. Thermal link between cooling plate and tube
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Fig. 7. LBNL design. Thermal strap connecting the cooping plate with exhaust tube

[image: image8.jpg]



Fig. 8. LBNL design. Serpentine tube
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Fig. 9. LBNL design. Cooling circuit
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