
9.6 Infrastructure and services

9.6.1 Cryogenic System
Two methods have been proposed to provide refrigeration for the MICE experiment, either to use a large dedicated helium refrigerator to supply all of the cryogenic requirements, or to use a small refrigerator for the decay solenoid and a series of closed cycle refrigerators for cooling the magnets and absorbers. This second option has many advantages for MICE in terms of the funding profile and supporting an incremental build: the staging of MICE means that a large refrigeration system would have to be installed at an early stage in order to service the decay solenoid, which is one of the first items to be installed in the beam line. The cryocoolers for the magnet systems, on the other hand, would be procured by the host institutions and would facilitate testing prior to delivery. The use of cryocoolers also lowers the electrical power and water cooling requirements: the heat load in the transfer lines was found to dominate the cryogenic cooling requirements. The drawback of the cryocooler option can be a longer cooling time (weeks vs. days) due to a much lower cooling capacity (1-1.5 W at 4.2K) of the cryocoolers. In principle, the cool down time can be accelerated if the magnets are pre-cooled with LN2 (see chapters 4 and 6).
Each component of MICE has its own cooling constraint: The Decay Solenoid requires supercritical helium, while the MICE magnets are designed to use two–phase helium and shield cooling at 14K. The hydrogen absorbers need helium flow at 14K, and finally, the VLPC Detectors (chapter 8) require temperatures < 10K. These requirements can all be met by the use of cryocoolers except for the muon decay solenoid which will require its own cryogenic system based on a TCF20 refrigeration unit. gives an indication of the heat loads, and the anticipated costs.
Table 9.6‑1. Approximate coil heat loads for the MICE elements and the cryocoolers estimates.

	Coil
	Heat load at 4K
	Coolers
	Cost k£

	Coupler A
	1.6
	1
	25

	Coupler B
	1.6
	1
	25

	Focus magnets A
	1.7
	2
	50

	Focus magnet B
	1.7
	2
	50

	Focus magnets C
	1.7
	2
	50

	Detector Magnet A
	1.4
	4
	100

	Detector Magnet B
	1.4
	4
	100

	Detectors
	
	4
	100

	Totals
	11.1
	20
	500


To provide the same level of refrigeration at the magnets (etc) with a wet system would cost of the order of £1.4M - £1.7M (+VAT). 
The absorber is a special case as refrigeration is required at 14K. The heat load on the absorber is very low so that the requirement can be met from the intermediate stage of a crycoooler. The cryocooler developed (e.g.) for the ALMA project has cooling stages at 90K, 12K and 4K (Figure 9‑7). It is possible to use a helium flow from the compressor of the cryocooler – the only problem here is that the heat exchanger in the absorber will have to withstand 40 bar. If this is not possible then an extra small compressor will have to be used.

The SC Magnets in MICE should not present a particular problem as this is a well known technology. The principle design considerations should be to use High Tc superconducting leads with heat intercepts off the intermediate stages (chapter 4).
The VLPC detectors are a prime candidate for the use of cryocoolers and steps are already in place to consider designs incorporating this technology (chapter 8).
Figure 9.6‑1. The Alma[image: image1.wmf] 

 cryocooler.

9.6.2 Cooling the decay solenoid

The proposal is to cool the decay solenoid using a small dedicated refrigerator. This concept fits well with the staging of MICE as the decay solenoid will be required as part of the beam line. This will therefore be installed and commissioned at an early stage. The cooling power requirements for the decay solenoid are modest. Around 14W is required for the solenoid with perhaps an extra allowance of up to 1W/m for the transfer line. The refrigerator is required to provide supercritical helium to the solenoid and shield cooling at between 70-90K.

The proposed cryogenic cooling system for MICE uses a number of two-stage cryogenic coolers to cool the superconducting magnets [10] and the liquid hydrogen absorbers [11]. Two stage coolers can develop refrigeration at a 4 K (up to 1.5 W at 4.2 K) on the second stage while simultaneously generating a moderate amount of refrigeration (say 40 W at 60 K) on the first stage. At liquid hydrogen temperature (20 K), a small low temperature cooler will develop between 18 and 20 W at 20 K on the second stage while the first stage produces about 40 W of cooling at 60 K [11].
The superconducting coils for the MICE magnets will be cooled by conduction from liquid helium in a space on the outside of the magnet coils.  A simple gravity feed heat pipe supplies cold liquid from the helium condenser to the bottom of the magnet.  The boil off gas is re-liquefied on a condenser surface and the dense liquid helium is sent back to the bottom of the magnet helium tank.  The amount of liquid helium in contact with the magnet depends on the amount of liquid helium reserve that is needed to keep the magnet cold while it is being discharged during a power failure without quenching.   The volume of liquid helium in the solenoids will be quite low (say 10 litres). The advantages of using small coolers for the magnets are: 1) the cost of a number of small coolers is lower than the cost of a central refrigerator and the helium transfer lines needed to carry the cooling to the load; 2) The coolers are closed cycle so no helium purification is needed; and 3) the cooler compressor units are small and are located the experiment hall six meters from the cooler cold head.  The compressor, the cooler cold head and the helium gas lines between the compressor and the cold head are purchased as a unit.  The only things that the MICE cooler compressors must be supplied with are about 120 kW of electricity.  The virtually all of the input power to the compressor is removed from the compressors by either air or water-cooling.

The requirements that must be met in order for the MICE magnets to be cooled with small coolers are: 1) the heat load at 4.2 K must be less than the cooler (or coolers) capacity at that temperature (1 to 1.5 W at 4.2 K per cooler on the second stage); 2) the temperature drop from the highest temperature point in the superconducting magnet coil to the cooler second stage cold head should be less than 0.2 K; and 3) there must be enough liquid helium in contact with the magnet to permit the magnet to be fully discharged in the event of a power failure.  The heat leak into the cooler second stage is heat flow from the 50 K through cold mass supports and cryostat neck, radiant heat from the shields (< 0.2 W m-2), and the heat-flow down the current leads.  The heat flow into the 4 K region is dominated by heat flow down the current leads.  In order to limit this heat flow, high temperature superconducting (HTS) current leads are used from 50 K to 4 K.   The 4 K lead heat leak is less than 1 W per kA lead pair.  As a result, a magnet coils have an operating current of less than 300 A.

In addition to the requirements above, there must be enough refrigeration capacity from the first stage of the cooler (or coolers) at 50 K to cool the current leads, to intercept heat down the cold mass supports and necks, and to cool an intermediate temperature shield.  The heat flow at 50 K is usually dominated by the heat leak down the current leads (about 70 W per 1000 A lead pair).  This is good reason that the magnet current is less than 300 A.

The magnet cooler requirements for the magnets are as follows: 1) The coupling magnet, which has one pair of 300 A leads, requires a single 4 K cooler to keep it cold.  2) The focusing magnet, which has two pairs of 300 A will require two 4 K coolers to keep the magnet cold.  3) The detector module requires three coolers to keep the magnet cold.  There will be three pairs of 300 A leads and two pairs of 60 A leads needed for this magnet.  The projected heat budget for each type of magnet is shown in Table 4.6.  All of the magnets for MICE channel and detectors will require fourteen coolers.      

The method for reducing the T between the cooler cold head and the hot spot in the magnet is to have liquid helium on the outside of the magnet coils.  The helium gas boiled off from the magnet is re-condensed on an extended surface condenser attached to the cooler second stage cold head [12].  The cold liquid is returned to the magnet at the bottom of the helium tank.  As the liquid warms up, it rises around the coil and eventually boils.  This method can ensure that the liquid helium in contact with the magnet is less than 0.1 K warmer than the cold head (see Figure 4.9).  By putting the liquid helium all around the outside of the coils rather than at one place on the coil, one can shorten the heat transfer path from the magnet hot spot to the helium in the cryostat.  With careful design of the liquid helium region, the T between the magnet hot spot and the cold head can be < 0.2 K [13].

Theoretically the superconducting magnets can be cooled down using the small coolers.  The time for a magnet cool down using a cooler alone is the better part of one-month, so for practical reasons, liquid cryogens will be used to cool down the MICE magnets from room temperature to 4 K.  The liquid cryogens required to cool the MICE magnets is given as follows: 1) The focusing coils, with a cold mass of 650 kg, require 380 L of liquid nitrogen and about 150 L of liquid helium to cool it down.   2) The coupling coils, with a cold mass of 1160 kg, require about 540 L of liquid nitrogen and about 275 L of liquid helium to cool it down.  3) The detector magnet, with a mass of 1720 kg, requires about 1000 L of liquid nitrogen and about 400 L of liquid helium to cool it down.  Once the magnets are cooled down, they will be kept at 4 K, even during maintenance or an absorber change.

Table 9.6‑2.Magnet and Absorber Heat Loads and Cooler Stage Temperatures

	                       Parameter
	Coupling

Magnet 
	Focusing 

Magnet
	Detector

Magnet
	LH2

Absorber

	1st Stage Multilayer Insulation Heat Leak (W)
	5.2
	4.8
	15.0
	1.0

	1st Stage Cold Mass Support Heat Leak (W)
	3.0
	3.0
	4.0
	---

	1st Stage Piping Heat Leak (W)
	1.0
	1.0
	2.0
	2.4

	1st Stage Instrumentation Heat Leak (W)
	0.3
	0.4
	0.8
	0.1

	1st Stage Current Lead Heat Leak (W)
	21.0
	42.0
	77.0
	---

	    Total First Stage Heat Leak (W)
	30.5
	51.4
	98.8
	3.5

	    First Stage Temperature (K)
	45
	40
	46
	27

	2nd Stage Multilayer Insulation Heat Leak (W)
	0.40
	0.35
	0.85
	0.73

	2nd Stage Cold Mass Support Heat Leak (W)
	0.10
	0.10
	0.13
	0.20

	2nd Stage Piping Heat Leak (W)
	0.20
	0.20
	0.25
	0.1

	2nd Stage Instrumentation Heat Leak (W)
	0.01
	0.01
	0.01
	0.01

	2nd Stage Current Lead Heat Leak (W)
	0.29
	0.59
	1.16
	---

	    Total Second Stage Heat Leak (W)
	1.00
	1.25
	2.40
	1.04

	    Second Stage Temperature (K)
	3.8
	3.5
	3.7
	4.0*


*  Because this temperature is 4 K, heat must be added to the second stage to keep the H2 condenser at 15 K.

The MICE liquid hydrogen absorbers are also cooled using small coolers.  The reason that one can cool the MICE absorbers using small coolers is that there is no muon beam heating in the liquid hydrogen.  In order to cool the liquid hydrogen absorber with a small cooler, the total heat leak into the hydrogen absorber must be less than 10 W.  If the MICE absorber is also a liquid helium absorber, the heat leak must be reduced to about 1 W.  In order to achieve heat leaks into the absorber of less than 1 W, the entire absorber must be insulated with MLI, including the windows.  The hydrogen windows must be insulated by at least four layers of MLI.  This will increase the effective radiation thickness of the absorber windows by about 8 percent.  The MLI on the windows also reduces the heat influx into the absorber when the absorber vacuum fails, thus reducing the mass flow through the relief valve [14].  The cold mass support between the absorber and the warm bore of the magnet must be designed to carry a longitudinal force of 2000 N.  The cold mass support may be fabricated from a composite such as G-10.  In addition, one can reduce the heat leaks down the absorber ducts by staging them to the first stage of the cooler.  The instrumentation leads must also have heat intercepted by the first stage of the cooler.  The heat budget for the liquid helium absorber is shown in Table 4.6.  One cooler is needed to cool each of the three liquid absorbers.  

The basic design of the absorber does not have to be changed.  The only change that is required is the addition of a 5 mm ID tube into the bottom of the absorber that allows the liquid hydrogen that is condensed to be fed directly to the bottom of the absorber.  Once the absorber is filled with liquid hydrogen, the absorber is cooled from the small cooler is the same way a MICE magnet is cooled with a small cooler.  A liquid hydrogen thermal siphon system will circulate condensed cold hydrogen to the bottom of the absorber.  The hydrogen boil off from the absorber circulates upward back to the condenser to be re-condensed (see Figure 4.10).   If the condenser is properly designed, the total T between the liquid hydrogen in the absorber and the cooler second stage cold head should be less than 0.5 K.

The heat exchanger built into the wall of the absorber can be used to cool down the absorber.  Liquid nitrogen is circulated through the heat exchanger to cool the absorber body down from 300 K to 77 K.  About 40 litres of liquid nitrogen is needed to cool the absorber body to 77 K.  The absorber body can be then cooled to 4 K using liquid helium.  About 20 litres of liquid helium are needed to cool the absorber body from 77 K to 4 K.  By this time the cooler second stage cold head should be at 15 K.  The helium in the absorber heat exchanger is pumped out with a vacuum pump.   Alternatively, one can cool the absorber body from 300 K to 20 K using the cooler.  In order to do this, the heat must be carried from the absorber body to the cooler second stage through a copper braid strap.  It will take about 18 hours to cool the absorber body from 300 K to 20 K using the cooler alone.   The copper strap is one of the limiting factors in the absorber body cool down rate.

To fill the absorber with liquid hydrogen, hydrogen gas is fed into the absorber at a pressure of 0.12 MPa (1.2 atm).  The hydrogen gas entering the absorber is pre-cooled with a liquid nitrogen heat exchanger and a heat exchanger cooled by the first stage of the cooler.  The hydrogen gas enters the condensing chamber at 35 K.  The rate of hydrogen condensation is determined by the amount of excess refrigeration available at 21 K (the condensation temperature for hydrogen at 1.2 bar).  For an absorber heat leak of 1 W, the available excess refrigeration is about 17 W.  The fill time for the absorber will be about 14 hours.  If one allows for the conversion of hydrogen from the ortho to para state, the absorber fill time is extended to about 18 hours. The lowest absorber temperatures will not be reached until the ortho to para conversion is complete.  If one wants to fill the hydrogen absorber quickly, the cold absorber should be filled directly with liquid para hydrogen from a storage dewar.

Small coolers will also be used to cool the VLPC sensors for the scintillating fibre detectors. Through multiplexing the fibres and having a reduced first stage temperature, the refrigeration requirement at 5 K is reduced.   The estimate of the required VLPC cooling is about 4 W at 5 K.  The first stage of the cooler is more than adequate to handle the lead losses that are in the 30 to 40 W range.  The first stage temperature is around 45 K.  Two 4.2 K coolers will handle the VLPC heat load.
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Figure 9.6‑2. A Schematic Representation of the Cooler Cooling Circuit for a MICE Coupling Magnet
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Figure 9.6‑3. A Schematic Representation of the Cooling Circuit for a MICE Absorber
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