We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 186,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



10

Helium Circulation System (HCS) for the MEG
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1. Introduction

This chapter describes newly developed helium circulation system (HCS) for the
magnetoencephalography (MEG) that re-liquefies all the evaporating helium gas using GM
(Gifford-Macmahon) cryocoolers operating at 4.2 K. It consumes far less power than
conventional systems which cannot be applied for MEGs because of their high noises. Warm
helium gas at about 40 K collected high above the surface of the liquid helium in the dewar
is used to keep the dewar cold, and cold helium gas just above the liquid helium surface is
collected and re-liquefied while still cold. A special transfer tube with multi pipes has been
developed to make the system operate efficiently. The system can produce up to 35.51/D of
liquid helium from the evaporated helium.

A MEG (PR2440 440 CH system, Yokokawa Electric Co. Ltd., Tokyo) with the HCS was used
to measure human brain responses for several years without any noise problems. An
improved HCS is now operating at Nagoya University, Japan. The noise level is below 10
fT/Hz/2 for 2-40 Hz, below 30 fT/Hz!/2 at 1 Hz, and 200 fT/Hz/2 at 60 Hz, which is the
power supply frequency. The maintenance cost of the MEG has become less than one-tenth
of the previous cost.

2. Requirements for the HCS

MEGs are very expensive to run because of their cooling system. They use about 10 litters
per day (1/D) of liquid helium (LHe), and commonly waste all of it by letting it escape into
the atmosphere, necessitating the troublesome task of refilling the dewar with LHe once or
twice per week, which must be done by a trained technician.

The most common and efficient LHe producing system uses a Collins-type liquefier (Shigi
et. al.,, 1982) . As this system uses very high pressure, it becoms very large and is unsuitable
to use for MEGs. Although a cooling system that can achieve LHe temperatures by direct
cooling with a small cryocooler has been developed, it is too noisy for MEGs (Kang et. al.,
1998). Other small systems that collect the evaporating helium at room temperature and
return it to the dewar after liquefaction have also been developed (e.g., TRG-350D,
TaiyoNissan Co. Ltd., Tokyo; HRT-K212, Sumitomo Heavy Industries Ltd., Tokyo). They
cool the collected evaporated helium to about 40 K using sub-cryocoolers, then to below 4.2
K using the main cryocoolers, and then return the liquefied helium to the cryostat. However,
the liquefaction requires much electricity because the evaporated helium approaches room
temperature before being cooled and because the specific heat capacity of helium is
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196 Magnetoencephalography

relatively high. Moreover, they are also still noisy for MEGs. Therefore there had been no
cooling system specifically suited to MEGs.

As MEG sensor coils must be placed near to the patient’s head to detect their very weak
magnetic fields, a liquid nitrogen heat shield, commonly used for Magnetic Resonance
Imaging (MRI), cannot be used with MEGs. Hence, LHe is used to cool the dewar as well as
the Super conducting Quantum Interference Devices (SQUIDs). In fact, because SQUIDs
produce little heat, the LHe is mostly used for the former purpose, which is very inefficient.
It would be more efficient to use relatively higher temperature helium gas (HeG) rather than
LHe, to cool the dewar (Takeda et. al., 2001, 2005).

In light of all the above serious drawbacks of the existing cooling systems, the requirements
of an efficient small cooling system for MEGs to develop are (1) a noise level should be low
enough, (2) it need not be refilled the liquid helium frequently, and (3) it should be cheap
enough to maintain.

3. Basic idea of the HCS (Takeda et. al., 2008)

The main principle of the HCS is to use relatively warm HeG to counter heat flowing into
the dewar from the surroundings, while using the LHe to cool the SQUID. The basic design
is outlined in Fig. 1. In the dewar, the HeG near the surface of the LHe will be much colder
than the HeG near the top of the dewar. The colder HeG goes through pipe B to the
condenser at the second cooling stage where it is liquefied, and then the LHe flows under
gravity back to the dewar through pipe A. The outlet of pipe A is near the surface of the
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Fig. 1. Helium circulation system. A: pipe to lead LHe from condenser to dewar, B: pipe to
lead lower temperature HeG from dewar to condenser, C: pipe to circulate higher
temperature HeG, D: pipe to add pure HeG. EV: electric valve, MFC: mass flow controller.
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LHe and about 10 mm below the inlet of pipe B. The warmer HeG, which is at about 40 K at
the outlet of pipe C, cools the dewar as it passes through its neck. The warmed HeG is led to
the first stage of the cryocoolers at a flow rate governed by a small pump and a mass flow
controller (MFC). The outlet of pipe C is about 200 mm above the outlet of pipe A. Having
the outlet of pipe C high above the LHe ensures that the temperature gradient between the
outlet of pipe C and the LHe is relatively small, thus lowering the heat flow into the LHe. If
the LHe level drops for some reason, the helium gas from a reservoir can be supplied
through pipe D and liquefied, which recovers LHe level.

Since the amount of helium that evaporates, and thus the amount that has to be liquefied,
depends on the ambient temperature, a large capacity cryocooler is essential to cope with a
wide range of ambient temperature. On the other hand, if the cryocooler liquefies too much
helium, the pressure inside the system may drop, causing air to flow into the system.
Therefore, our system uses two 1.5W@4.2K GM (Gifford-McMahon) cryocoolers to ensure
sufficient cooling capacity and, under feedback control from the pressure in the dewar, a 3
W heater attached to the condenser to prevent overcooling.

The transfer tube is shown in Fig. 2. The transfer tube is attached to the dewar such that a
vacuum separating pipes A, B and C, which are concentric, is a continuum of the vacuum in
the wall of the cold chamber shown on the far left. The vacuum also separates pipe C from
the ambient air. The connection flange (E) allows thermometers to be replaced.

The shield shown in section figure D is made of a thick copper pipe and protects against
incoming thermal radiation. It is connected to the first stage of the cryocoolers by flexible
copper wires. The copper wires and the flange with bellows enable the transfer tube to be set
up through a hole in the wall of the magnetically shielded room (MSR). The heat flowing from
the surroundings to the LHe through the transfer tube was estimated to be lower than 0.2 W/m.

Fig. 2. Transfer tube consisting of seven concentric pipes. A, B, C, D are cross sections of TT
at the indicated places. E is the structure of the elbow connecting the horizontal and vertical
parts of TT. The lengths of the horizontal and vertical parts are about 2 and 1 m,
respectively, and their diameters are 76 and 38 mm, respectively.
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198 Magnetoencephalography

4. Performance of the HCS with an experimental Dewar (Takeda et. al., 2008)

Fig. 3 shows how the temperature in different parts of the system changed during the first
two and a half days after the system was started up. It also shows the change in the level of
the LHe in the dewar. At start up, HeG at room temperature was filled to the system and it
was automatically admitted into the system through pipe D according to the temperature
drop and helium liquefaction under pressure feedback control. About 5 hours after start up,
TA, the temperature of the first stage of the cryocoolers, had decreased from room
temperature to 4.2 K, and about 13 hours after start up, T1, the temperature of pipe C just
after the first stage of the cryocoolers, had decreased to 40 K. The temperatures at elbows of
the TT (Ce, Be, Ae) stabilized at about 22 hours after start up. Though the temperatures at Be
and Ae fluctuated in an interesting manner, it is beyond the scope of this report, but its
analysis using computer simulation will be discussed elsewhere.

The LHe in the dewar started to increase about 24 hours after start up. As there was a 14-
mm gap between the bottom of the LHe level meter and the bottom of the dewar, LHe had
started to accumulate about two hours previous. The level reached the height of the inlet of
HeG (the inlet of pipe B) about 34 cm above the bottom of the level meter at about 27 hours
after start up, and blocked the path of the HeG to the condenser, stopping further increase in
the LHe. The level of LHe, however, fluctuated for about 4 hours when the LHe first came
into contact with TT due to heat flow from TT. LHe increased at a rate of about 5.51/D on
average (the diameter of the dewar was250 mm). After the heater on the condenser was
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Fig. 3. Typical data showing temperature change, from start up, at different locations of the
system, and the LHe level in the dewar. TA: temperature at the second stage of the
cryocooler, T1: temperature of the pipe C just after the first stage of the cryocooler, Ce, Be,
Ae are temperatures of the pipes C, B, A at the elbow part of the TT. LL: level of LHe.
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turned on about 55 hours from start up to keep the pressure of the HeG at about 1 kPa (101
kPa in absolute pressure), the LHe level remained stable.

In the set up used to measure the performance of the system, there was an additional heater
at the bottom of the dewar which was used to measure the residual capacity of the
cryocoolers to maintain the level of the LHe. The capacity was found to be 1.1 W. When the
TT was not attached to the dewar, about 35.5 1/D of helium evaporated from the dewar,
estimated by supplying 1.1 W of heat to the LHe. In the real situation, some more heat
would be flowing from the inserted TT. Therefore, it was confirmed that at least 35.5 1/D of
LHe could be re-liquefied in the experimental system. This amount is adequate for nearly all
the existing MEG systems, which require about 101/D.

Fig. 4a and 4b shows vibration, measured by a vibrometer (Showa Sokki Inc., Model-2403)
on the top plate of the dewar before and after the cryocoolers were turned on. As the
operation of GM cryocoolers were very stable, measurements were taken on only several
occasions and the figure is representative. The amplitude of the noise doubled when the
cooler was turned on but was still only about 1 ump.p,, which is quiet enough to measure
magnetic fields of the brain by MEG.
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Fig. 4. Vibration on the top plate of the dewar when the cryocoolers were (a) not in
operation and (b) in operation.

5. Performance of the HCS with an experimental MEG (Takeda et. al., 2009)

Fig. 5 is a photograph of the setup of the HCS on an operation MEG (PR2440 440 CH system,
Yokokawa Electric Co. Ltd., Tokyo; Takeda et. Al., 2004). In the MEG, sensors are located at
300 points over a head and seventy of them are vector sensors. They are distributed roughly
equal and mean distance between the sensors are about 20 mm. The total sensor number is
440. All the vector sensors are made by axial type gradiometers. Sensors for Z direction (the
axial direction) are two oppositely wound circles and the sensors for X and Y direction are
two oppositely wound squares. The areas of the squares are smaller by some 10 %, but the
gain is tuned to make the output voltage to be comparable. The system noise is lower than
ofT / JHz and a bit better than common MEG systems. EEG can be measured
simultaneously up to 64 CH. There are also 64 external input lines which enables flexible
trigger set up.
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A special dewar is developed which has a long insert to prevent invading heat from outside
of the dewar. The insert is divided into two and has narrow gap to let the helium gas, whose
temperature is about 40 K, flow through the gap and the neck tube of the dewar getting rid
of the heat invading into the dewar.

The magnetically shielded room (Daido Plant Industries Co., Ltd.) has three permalloy
layers with 2 mm thick each and 5 mm thick aluminum layer. Its inner size is 3000 x 3920 x
2900 (width x depth x height). The shielding factors are 60 dB at 0.1Hz, 82 dB at 1Hz and 100
dB at 10 Hz. There is a hole 400 x 600 (width x height) with a long sleeve that enables image
projection through it.

We put the TT through a magnetically shielded room (MSR) wall and firmly fixed it to the
MSR to reduce vibration generated by the GM cryocoolers. The hole of 100 mm diameter
that lets the TT penetrate the MSR is covered by a permalloy box (PB) to reduce invasion of
magnetic noise into the MSR from the environment. It was confirmed that the hole did not
add any detectable magnetic noise.

The cryocoolers are attached to the base of a cold chamber, which is placed on a mount
made of aluminium frame shown at the right. The TT is connected to the cold chamber with
a welded bellows, which considerably reduces the transfer of vibrations generated by the
GM cryocoolers to the TT. The cryocoolers are covered with a small and simple MSR to
reduce magnetic and acoustic noise. Acoustic noise on the top plate of the dewar in the
MSR, measured using a sound level meter (Yokokawa, LY20), was 34.7 dB. This is small
enough for MEG measurements.

Cold Chamber

Bellows £

Fig. 5. Setup of HCS on MEG with 440 CH.
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5.1 Helium circulation

Fig. 6 shows how the temperatures in different parts of the HCS changed during the first 3
days after HCS operation was started. As the MEG has 440 channels (CH) of SQUIDs, which
is the largest number of sensor channels in the world, its dewar has a large heat capacity.
Though we could fill up the experimental dewar whose container volume was 5.6 1 in 2 days
starting from room temperature helium gas in the dewar as described in reference 3, it was
estimated that we need to cool the system over two weeks to make liquid helium from the
helium gas in the dewar by gradually cooling it with the GM cryocoolers. Thus, we decided
to transfer LHe to the dewar on the third day.

Fig. 6a depicts the temperature change at various points in the HCS, where 1 - denotes the
temperature at the second stage of the GM cryocooler, 2 - denotes the temperature of its first
stage, 3 - denotes the temperature of pipe C in Fig. 1 after the refiner, 4 - denotes the
temperature at pipe A near the condenser, and 5 - denotes the temperature of pipe B near
the condenser. The figure shows that the temperature 1 dropped to about 5 K after 2.5 h
from start up, and temperatures 2 and 3 dropped similarly to about 50 K after 9 h from start
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Fig. 6. Temperature change at various points in HCS from start up of HCS for 3 days (a);
1: at second stage of cryocooler, 2: at first stage of cryocooler, 3: at pipe C in Fig. 1 near
cryocooler, 4: at pipe A, 5: at pipe B; (b) temperature change in the dewar, and (c) change of
liquid helium level in dewar.
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up. The temperatures 4 and 5 also descended similarly for 3 h after start up. While 5
continued to descend for one more hour after that time and dropped to about 5 K, 4 started
to ascend from about 100 K at 6 h from start up to about 150 K at 10 h from start up. This is
probably caused by warm helium gas sucked from the dewar through pipe B. Temperature
4 suddenly dropped from about 100 K to about 60 K at 22 h from start up, when we
estimated partial liquidation started in the condenser. Temperatures 2, 3 and 4 gradually
decreased as the dewar became cool, as shown in Fig. 6b.

Interesting temperature changes occurred after liquid helium was transferred at 50 h from
start up. The flow of relatively warm helium gas from the dewar pushed up the
temperatures at 2, 3 and 5 from 50 to 53 h, when cooling of the dewar finished and liquid
helium began to accumulate in the dewar. The lower panel shows the liquid helium level in
the dewar and indicates accumulation of LHe was completed in about 0.5 h, after which it
decreased rapidly for 9 h to cool the dewar. Temperature 4 increased slightly and then
suddenly dropped from about 70 K to 4 K at about 61 h after start up, which indicates
helium liquidation continuously maintained and circulation of helium began at that time.

In the experimental setup used to measure the performance of the HCS before its installation,
there was an additional heater at the bottom of the experimental dewar, which was used to
measure the residual capacity of the cryocoolers to maintain the level of the
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Fig. 7. Flow rate (FR) of the 40 K helium gas was changed for 8 days (a), and resulted in the
change of liquid helium level (LL) in the dewar (b).
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LHe. This capacity was found to be 1.1 W. When the TT was not attached to the dewar,
about 35.5 1/D of helium evaporated from the dewar, as estimated by supplying 1.1 W of
heat to the LHe. Therefore, it was confirmed that at least 35.5 1/D of LHe could be re-
liquefied in the experimental system. This amount is adequate for nearly all the existing
MEG systems, which require about 10 1/D.

In the real situation, more heat would be flowing from the inserted TT into the dewar. Fig. 7
shows the change of LHe level in the dewar (Fig. 7b) according to the change of HeG flow
rate at the neck tube of the dewar (Fig. 7a). This means that the helium level decreased when
the flow rate was below 6 1/min and increased when the flow was over 10 1/min. As the
time constant of the change of the liquid helium level (LL) is very long, the dependence of
the LL on helium gas flow rate (FR) is not clear from Fig. 3b. Later, it was determined by
several supplemental experiments that 7 1/min is about the minimum flow rate to maintain
the liquid helium level for this system. It was also estimated that the HCS can increase the
LHe by 2.11/D at most in this system.

After the dewar is filled with LHe, we need not add any LHe to the dewar for one year
during normal operation. As the GM cryocoolers require regular maintenance once a year,
the cryocoolers were warmed up to 300 K by heaters attached to the condenser (with a
capacity of 3 W) and on two refiners (each with a capacity of 200 W) for about 10 h. The
temperature was kept at about 300 K by controlling the heater with a computer (Fig. 8a). As
heat was added to the HCS, the liquid helium evaporated completely in 2 days, as shown in
Fig. 8c. The temperature of the dewar began to increase half a day after the final evaporation of
the liquid helium. It took about 3 days to warm up the dewar to room temperature (Fig. 8b).
Vacuum pumping of the dewar’s vacuum layer was done from the fifth to eighth day for
about 3 days. The maintenance was performed during the sixth day, and the liquid helium
transfer was done on the eighth day (Fig. 8c).
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Fig. 8. Temperature change at various points in HCS during cryocooler maintenance for 8
days (a), temperature change in the dewar (b), and change of liquid helium level (c).
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5.2 Noise reduction

Fig. 9a shows the locations of 14 representative CH (closed dots) of the 440 CH MEG sensors
spread almost evenly over the head, viewed from above the head with the sensor locations
projected onto a horizontal plane. The up direction is the direction of the subject’s forehead.
Because the data from those 14 channels indicate the general characteristics of the noise in
all the MEG sensors, these channels” data will be used in the following paragraphs.

Fig. 9b depicts the temporal wave of magnetic noise measured by the MEG, where the noise
added by the installation of the HCS is removed as much as possible. Although most
channels show acceptable noise levels, several channels, such as channels 96 and 384, have a
bit larger (apparently 50 Hz) power line noise, which will be suppressed in the near future
by further improvements.

Fig. 10a depicts the amplitude spectrum of magnetic noise measured by the MEG before the
HCS was installed. The noise levels are roughly below 10 fT/Hz1/2 for 2-1000 Hz, similar to
that in common MEGs. The amplitude spectrum has a typical 1/f noise pattern below 2 Hz.
It is below 35 fT/Hz1/2 at 1 Hz and 170 fT/Hz/2 at 50 Hz, which is the power supply
frequency.

Fig. 10b depicts the amplitude spectrum of magnetic noise measured just after the HCS was
installed. It shows noise of about 200 fT/Hz!/2 at 1 Hz, which was apparently produced by
the vibration of the TT driven by the GM cryocoolers. The GM cryocoolers produce a strong
1 Hz vibration when the compressed helium gas expands adiabatically in the cryocoolers.
The amplitude spectrum also has a very large noise spectrum at other frequencies,
especially at the higher harmonics of 1 Hz and 50 Hz.

To reduce the noise levels, thick plates were placed between the aluminium frames where
the cryocoolers are mounted to act as stiffeners. Fig. 10c shows the amplitude spectrum of
magnetic noise measured after the modification of the cryocooler stage. The magnitude of
the amplitude spectrum at 1 Hz was reduced considerably, to about 100 fT/Hz!/2. However,
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Fig. 9. The location of selected 14 CH sensor channels (a), and their typical noise (b).
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Fig. 10. Noise amplitude spectra of the selected 28 channels of the system, (a) before HCS
installation, (b) just after HCS installation, (c) after stiffness increase of the HCS mount, and
(d) after grounding improvements.

there remained considerable noise caused by the HCS, especially at 50 Hz and its higher
harmonics. The noise amplitude at 50 Hz was about 7 pT/Hz!/2, which was more than ten
times of that in Fig. 10a.

Various improvements were made to reduce the noise added by the HCS. As the details of
those measures are not in the scope of this paper, they are not explained here. The most
effective measure was to reduce current leak from the power supplier to the TT by various
methods in the electrical grounding of the MEG and the HCS. Fig. 10d depicts the amplitude
spectrum of magnetic noise measured after the improvements. The noise level at 1 Hz is
reduced to less than 30 fT/Hz!/2, which is a bit smaller than that in Fig. 10a. The noise level
at 50 Hz is reduced to 200 fT/Hz!/2, which is still a little bit bigger than before HCS
installation. There are also slight noise increases in the range of 30-50 Hz and at the higher
harmonics of 50 Hz.

Though there are small noise increases, it can be said that noise level is roughly the same as
before the HCS installation. As it is common to use a band pass filter of 1-40 Hz in the MEG
measurement to get rid of power supply noise, which is very difficult to eliminate
completely, the remaining noise has virtually no negative effect. Fig. 10a shows the noise
level after the band pass filter was applied (a 6th-order Butterworth filter with a 1-40 Hz
band). There could be found no prominent noise there. Fig. 10b shows the amplitude
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spectrum of the remaining noise. It clearly shows that there remains virtually no influence
from the noise produced by the HCS after the band pass filter is applied.

Acoustic noise in the hollow of the dewar, measured using a sound level meter (Yokokawa
Ltd., DT-805), was 34.7 dB while the cryocoolers were running. There is a hole (300 mm x
250 mm; width x height) in our MSR to allow visual image projection through the hole by a
liquid crystal projector, and the acoustic noise level could be lowered to 33.0 dB if this hole
was closed. This sound noise level is small enough for MEG measurements.

6. Control system of the HCS

Fig. 11 shows schematic gas flow (a) and control diagram (b) of the HCS. Evaporated helium
gas in the dewar is absorbed to the condenser and liquefied. It then drops to the dewar by
the gravity.

The controller of the HCS uses compact Field Point (cFP-2020 : National Instrument) and the
software is based on LabVIEW Real-Time. The cFP has three RS-232C ports and one RS-485
port. External module has 8 CH A/D (cFP-AI-110) and two 8 CH relay modules (cFP-RLY-
421).
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Fig. 11. Block diagram of the gas flow in the HCS (a), and the control interfaces of various
control elements in the system (b). P: pressure gauge, EV: electromagnetic valve.

Fig. 12a shows the gas flow control system which has several electric valves, mass flow
controller and several pressure gauges. Fig. 12b shows the temperature monitors, liquid
helium level meter and PC for the control of gas flow system and monitoring of the whole
HCS.

7. Installation the HCS to a commercialized MEG

The most serious problem remained to be improved was that the HCS had a TT insert tube
with diameter of 3/2 inches. As all the existing MEGs have 1/2 inch insert hole to refill
liquid helium, extensive redesign or reconstruction of MEGs was required to use the
developed HCS. Hence, we have tried to reduce the diameter of the TT insert tube to 1/2
inch to avoid the requirement. Though it was very hard to reduce the diameter of the multi-
pipe TT insert tube to 1/3, we managed to achieve the goal. Once we have succeeded to
develop a TT with standard insert tube diameter of 1/2 inch, there is no need to modify the
MEG per see. So we could easily install the HCS on a commercialised MEG produced from
Yokokawa Electric Corporation Inc. (PQ1160C) as shown in Fig. 13.
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Fig. 12. Hardware of the gas control system of the HCS (a), and computer to control the gas
flow together with temperature minitors and Liquid helium level meter (b).

As the MEG has been installed in a magnetically shielded room (MSR) about a year ago
without any plan to add a HCS to it, there isn’t any proper hole to let through the TT just
behind or left/right side of the MEG, which enables to use simple straight pipe TT same as

Fig. 13. Multi-pipe TT of the HCS installed on the commercialized MEG (PQ1160C,
Yokokawa Electric Cor. Inc., Japan). As the TT has 1/2 inch insert tube, there was no need to
modify the MEG to install the HCS. TT is twisted twice to use the ventilation hole located
upper light to get through the MSR. It is tilted 5 degrees to get the LHe drop to the dewar.
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Fig. 14. Noise amplitude spectra of the selected 10 channels of the system (Yokokawa,
PQ1160C); (a) before HCS installation, (b) after instalation. There isn’t any noticable
difference. Instalation of the HCS is successful.

used in an experimental MEG at the University of Tokyo. It was rather difficult to make a
suitable hole through the existing MSR, because it requires extensive modification of the
MSR. We planned to utilize the ventilation hole located right upper in the MSR, whose
diameter was 170 mm. To use the hole, we designed a new TT with reduced diameter of 60.5
mm from 76.3 mm used for the experimental MEG. We also vented the TT twice to use the
hole as shown in Fig. 5. The TT is tilted about 5 degrees to let the LHe flow by the gravity.

It took about a week to install the HCS on the MEG in May, 2011. HCS can increase the LHe
by about 3 litters per day and add no extra noticeable noise in the MEG noise recording. As the
compressor of the cryocooler is located another room next to the MEG room and cryocooler is
located outside of the MEG room, there is no noticeable additional acoustic noise.

Fig. 14 shows noise amplitudes of the MEG (Yokokawa, PQ1160C) at the Nagoya University
before (a) and after (b) the installation of the HCS. There is no noticeable noise difference in the
two measurements. So, it can be said the installation of the HCS has no negative effect on the
MEG measurements and eliminate necessity of liquid helium transfer for at least a year.

8. Discussion and future HCS

MEGs would be cheaper to run if high-Tc SQUIDs, cooled by liquid nitrogen, could be used.
Unfortunately, high-Tc SQUIDs are currently too noisy, so costly LHe systems must be
used. The develloped HCS would reduce the cost to run MEGs because almost none of the
He, a rare material, is allowed to escape into the atmosphere, eliminating the hazardous task
of replacing lost LHe, which requires trained personnel. Also, although helium itself is not a
major pollutant, because our system consumes less energy, it is indirectly more
environmentally friendly.

Since we wanted to do maintenance including vacuum pumping of the dewar, we warmed
up the dewar completely. However, the vacuum level of the dewar could be sustained low
enough for several years. Thus, we could skip vacuum pumping, and can perform the
maintenance by just warming up the cryocoolers. We will warm the cryocoolers overnight,
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replace wearing parts of the GM cryocoolers the next day, cool the cryocoolers down
overnight during the following night, and resume circulation on the third day. From Fig. 4
data, it is estimated that about 60 % of the liquid helium in the dewar is lost into the
atmosphere for 48 h. Hence, about 40 1 of liquid helium and about 48 h of time are necessary
for the maintenance.

In the experimental MEG at the University of Tokyo, the magnetic noise level between 2 and
40 Hz is below 10 fT/Hz!/2, which is about the same as the noise level before the HCS is
installed. Although the noise level at 50 Hz was about 170 fT/Hz!/2 before the HCS
installation, the noise level of 200 fT/Hz!/2 at 50 Hz is a little bit bigger after HCS
installation. There is also a slight noise increase in the range of 40-50 Hz and at the higher
harmonics of 50 Hz. However, the noise level of the Nagoya university is roughly same
between before and after the installation of the HCS (Fig. 14). So, it can be said, the HCS has
no bad influence for the commercialized MEGs.

The acoustic noise level was 34.7 dB at the center of the head hole in the MEG dewar in the
MSR. The noise level is about the same as before the installation and quiet enough to
perform ordinary MEG measurement.

Our system can produce at least 35.5 | of LHe per day from the evaporated helium with two
1.5W at 4.2K GM cryocoolers (Takeda et. al., 2008). The total cooling capacity of the system
was estimated to be about 2.4 W. We are still improving our system and hope to be able to
produce 101/D of LHe using only one 1.5 W GM cryocooler in the near future.

Though we designed our HCS for MEGs, the HCS, with its advantages, can be used for
other devices in the field of cryogenics. Several low temperature physical property
measurement devices, which measure magnetic or electrical properties at low temperatures
by cooling materials with liquid helium, could serve as promising applications. We are now
developing HCSs suitable for such purposes.

9. Summary

We have developed a helium circulation system that uses two 1.5 W at 4.2 K GM cryocoolers
and has dual helium streams; one to collect evaporated HeG immediately and return it as
liquefied helium to the Dewar, and the second to use higher temperature HeG
(approximately 40 K) to cool the Dewar. We installed this mechanism on an experimental
MEG system with 440 CH measurement SQUIDs (Yokokawa PR2440) and operated it for
three and a half years. We also installed a new model on a real commercialized MEG system
(Yokokawa PQ1160C) at the Nagoya University and operated it for five months.

It has been confirmed that magnetic and acoustic noises added by installing the HCSs have
no problem for MEG measurements.

The HCS can increase the level of liquid helium by at least 3 1 per day with the Yokokawa
PQ1160C. Without needing to perform Dewar pumping, regular cryocooler maintenance
can be done in 2 full days, losing approximately 40 1 of liquid helium in the process. The
maintenance cost (electricity charges and cryocooler maintenance fee) of the MEG has been
reduced to be less than one-tenth of the previous cost (liquid helium and maintenance fees).
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