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Development of a High-T, SQUID Cryo-System for the
Measurement of a Remanent Magnetic Field of Rock

Saburo TANAKA®), Member, Ryouji SHIMIZU!, Yusuke SAITOf,

SUMMARY A portable cryo-system using a high-T.. SQUID
for the measurement of the remanant magnetic field of a rock
specimen was designed and fabricated. The sensing surface of the
SQUID faces upward in our system, although the system for bio-
magnetics faces down. The SQUID is cooled by liquid nitrogen
via a sapphire heat transfer rod. The total heat transfer of the
system was measured by means of a boiling-off method and was
found to be 1.65W. It was demonstrated that the system can
be operated for more than 17 hours without any maintenance
such as filling with liquid nitrogen. The system was applied to
the measurement of the remanent magnetic field distributions of
rock samples cored from deep underground. We have successfully
measured the distributions.
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1. Introduction

There are many advantages to the use of high-T, su-
perconducting quantum interference devices (SQUIDs)
such as easy thermal insulation, easy handling and low
running costs, although a high-T, SQUID is typically
an order of magnitude less sensitive than a 4.2K low-
T, SQUID [1],[2]. Recently a SQUID microscope was
developed and used in biology and metallurgy, among
other fields [3]-[11]. For these applications, portabil-
ity is an important factor. The key element of such a
system is the development of a small cryostat, which
keeps the SQUID sensor at the same temperature for
a long time. Random telegraph signals on the high-
T, SQUID resulting from the hopping of a single flux
vortex are sometimes observed. In that case, the tem-
perature of the SQUID is raised up to more than its
transition temperature to eliminate the trapped flux.
Conventionally, the elimination is performed by having
a 77K SQUID come into contact with a room temper-
ature vacuum window so that the temperature of the
SQUID can be increased. However, an installation of
a trap elimination heater provides us with an easier
trap elimination. We have developed a cryostat with
a heater and evaluated its performance. This high-T,
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SQUID cryo-system was applied in the measurement of
a remanent magnetic field of rock core specimens. Since
a SQUID magnetometer has a high magnetic field res-
olution, it is suitable for the measurement of a weak
magnetic field from some specimens within the granite
category in the area of paleomagnetic measurements.
The design and the thermal properties of the cryostat,
and the results of the measurements of the rock speci-
mens are described in this paper.

2. Experimental Set Up

A cross-sectional view of the cryostat is shown in Fig. 1.
This cryostat design concept is based on the system de-
veloped at U.C. Berkeley and modified here [4]. The
size of the cryostat is 250 mm in diameter and 280 mm
in height. Most of the parts of the cryostat are made
of G-10 fiberglass. They are nonmetallic except for a
copper reservoir and stainless steel tubes for filling lig-
uid Ny (LN3). The volume of the LN3 copper reservoir,
which is suspended from a 30 mm thick upper disc by
four 10 mm dia.- fiberglass columns, is 0.64 liters. The
side and the bottom of the reservoir are superinsulated
by layers of a single-sided aluminum evaporated my-
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Fig.1 Sectional side view of the cryostat. The size of the cryo-
stat is 250 mm in diameter and 280 mm in height. Most of the
parts of the cryostat are made of fiberglass.
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Fig.2 Schematic drawing of the system. The cryostat was
located inside a three-layered highly permeable metallic cylinder.
The rock core samples can be rotated manually.

lar sheet (50 nm thick Al on 12 um thick mylar) with a
spacer. The inside of the cryostat can be evacuated by
a high vacuum pump and sealed off by an o-ring valve.
An adjustable-height sapphire window assembly is con-
nected to the top disc via two o-rings. These o-rings
are lubricated with silicon grease to make the assembly
slide smoothly. The height can be adjusted by three
height-adjusters with stainless-steel micrometer heads.
A sapphire window with a thickness of 200 um is sealed
by an o-ring.

We used a YBayCu3O7—, (YBCO) SQUID mag-
netometer for the system. This SQUID is a product of
Sumitomo Electric Ind., Ltd.[13]. The junctions uti-
lized in the SQUID are of the step-edge type. The
washer size of the SQUID is about 5.0x5.0mm? and
the effective area is 0.2mm?2. The typical field noise

SY% of the SQUID is 400 to 500 fT/Hz!/2 at 10 Hz.
The SQUID chip is silver pasted on top of a sapphire
rod (8 mm-dia. X 50 mm), which is thermally anchored
with the LNs reservoir. Electrical wiring to the SQUID
chip are made by applying conductive silver paint to the
bonding pads and the side of the SQUID chip. A 6-turn
modulation coil for SQUID operation in a flux-locked
loop is installed just below the top of the sapphire rod.
In our system, a heater for eliminating any trapped
flux is installed. The heater wire made of CuNi alloy is
non-inductively wound on the sapphire rod in order to
avoid the generation of a magnetic field. The nominal
resistance is 40 ohms/m and its diameter is 0.15mm.
The temperature of the SQUID can be raised up to
more than its transition temperature and lowered to
77K again.

Figure 2 shows the schematic drawing of the sys-
tem. The cryostat was located inside a three-layered
highly permeable metallic cylinder with an inner di-
ameter of 380 mm, an outer diameter of 480 mm and
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a height of 550mm. Rock core samples (50-80mm-
dia. x 50 mm) can be rotated by a handle connected to
the sample housing via a timing-belt. The handle has
an angular index showing the measuring point of the
sample. This design enables us to measure the radial
component of the magnetic field of the sample. The
distance between the sample surface and the SQUID
magnetometer is approximately 6 mm. The SQUID is
operated in a flux-locked loop with a flux modulation
frequency of 100 kHz [3]. The output signal was directly
measured by a voltmeter without a band-pass filter. A
bias reversal scheme, which dramatically reduces 1/f
noise in the lower frequency range, was not used here
[12].

3. Experiment
3.1 Performance of the System

We have measured the total heat transfer by measuring
the boil-off rate of LN3. The heat transfer was calcu-
lated by the following equation,
VDL

Q=—— z. (1)
Here, Q: is the total heat transfer per second, V is
the volume of an Ny gas bag, D is the density of Ny
gas 1.15g/1 (at 300K, 1 atm), L, is the latent heat
of vaporization of the nitrogen 199.1 [J/g] and ¢ is the
collection time. Theoretical values Qyp, are given by

_ 1 Sno (T —T4)
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where €, and €. are the emissivities of hot and cold
surfaces, respectively, Sy, is the area of the hot surface
0.27m?, S, is the area of the cold surface 0.061m?2,
T}, is the hot surface temperature 300 K, T, is the cold
surface temperature 77K, o is the Stefan Boltzmann
constant 5.67x1078 W/m?K*, and N is the number of
aluminum mylar sheets [14].

We put aluminum foil on both the hot and cold
surfaces with good thermal contact and used 0.056 for
both of the radiation coefficients {14]. Figure 3 shows
the average heat transfer as a function of the number of
aluminum mylar sheets. The cryostat was evacuated to
1.0x1076 Torr before filling with liquid nitrogen. The
heat transfer is saturated when the number of layers is
more than 20 and is 1.65 W. This value corresponds to
a consumption of liquid nitrogen of 0.037 liter per hour.
This means that this cryo-system can be operated for
more than 17 hours without refilling with liquid nitro-
gen. The theoretical value of the heat transfer is also
depicted in Fig.3. The value is saturated at 20 layers
and is 0.04 W. There is a difference of about 0.6 W. The
additional heat transfer comes from the sapphire rod
and the thermal conduction of the inter-mylar sheets.



46

Heat Transfer [W]
N W
(/5

0 5 10 15 20 25 30 35
Number of Mylar Layers

Fig.3 Average heat transfer as a function of the number of
aluminum mylar layers. The heat transfer is saturated when the
number of layers is more than 20 and is 1.65 W. The theoretical
value is saturated at 20 layers and is 0.04 W.
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Fig.4 Average heat transfer as a function of the number of
aluminum mylar layers. The heat transfer of the cryostat evacu-
ated to 1.0x10~23 Torr is a factor of two or three larger than that
evacuated to 1.0x10~8 Torr.

We evaluated how the vacuum pressure inside the
cryostat affects the heat transfer. The cryostat was
evacuated to 1.0x10~2 Torr before filling with liquid
nitrogen in this experiment. Because at the time the
liquid nitrogen is filled the moisture inside the cryostat
should be condensed at the surface of the LNy reser-
voir, therefore, the pressure must be below the mea-
sured value. We only measured the pressure at a point
near the high vacuum pump, about 1 m away from the
cryostat, before filling with the liquid nitrogen because
of difficulties. The heat transfer was evaluated by the
same boil-off method. The results are shown in Fig. 4.
The results at 1.0x 10~ Torr are also depicted for com-
parison. The heat transfer of the cryostat evacuated to
1.0x10~3 Torr is a factor of two to three larger than
that evacuated to 1.0x10~8 Torr. This suggests that
the heat transfer due to the motion of gas molecules
and conduction among the contact surfaces was greatly
increased. Under these conditions the SQUID could not
show a superconducting properties because the temper-
ature was higher than its transition.

We have tested the performance of the installed
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Fig.5 Angular dependence of the remanent magnetic field of
core samples. The number following the “AF” indicates the ver-
tical depth in meters at the cored location. All the samples have
a peak at around 120 degrees.

trap elimination heater. The temperature of the rod
was estimated by measuring the resistance of the
YBCO thin film. As a result, it was found that the
temperature was elevated up to 100 K by having a cur-
rent of 500 mA flow to the heater for 40 sec.

3.2 Measurement of Remanent Magnetic Field of
Rock Samples

We measured the remanent magnetic field of rock sam-
ples. The core samples were taken from underground
at a depth of 900 to 1000 m in 1990 in Ogachi, Akita
Prefecture in Japan. The place is famous for being
a geothermal area. The samples had been kept in a
wooden box with each at a random direction since 1990.
The samples are in the granite category. The shape of
all of the core samples is 50 mm-dia. X 50 mm. They
have an orientation index showing the relative orien-
tation among the samples. We named the samples
AF923.2, AF925.8 and AF929.9, where the number fol-
lowing the “AF” shows the vertical depth in meters at
the cored location. The differences in depth among the
samples is approximately 3m. No magnetic treatment
such as degaussing was performed before measurement.
The sample was manually rotated, stopping at intervals
of 15 degrees, so that the SQUID output signal could
be recorded. It took about 120 sec. for one cycle of mea-
surement from 0 to 360 degrees. The results are shown
in Fig.5. The base magnetic field at zero degrees was
subtracted to indicate the angular dependence of the
remanent magnetic field. The base magnetic field was
on the order of 1000 pT. All the samples have a peak
at around 120 degrees although they were kept in a
box at random directions. From this fact we can as-
sume that the specimens have kept their magnetic field
almost unchanged since they were cored out. The mea-
sured fields at 360 degrees were not equal to those at
zero degrees. We found that this phenomenon is due
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to a signal drift. When there were no samples, no drift
could be seen. The drift comes from the thermal radia-
tion from the sample which is at ambient temperature
and emits heat flow to the 77K SQUID. The insertion
of a thermal shield between the sample and the SQUID
may be helpful. :

It is worthy of note that we sometimes observed
random telegraph signals resulting from a single flux
hopping when we opened and closed the lid of the mag-
netically shielded cylinder. In these instances, acti-
vating the installed heater successfully eliminated the
trapped flux.

4. Conclusion

A portable cryo-system using a high-T, SQUID with
a flux trap elimination heater was designed and fabri-
cated. The total heat transfer of the system was 1.65 W.
The magnetic field distribution of rock samples cored
from an underground location in Ogachi, Akita Prefec-
ture was measured by using the SQUID system. All
the samples had a similar distribution of the magnetic
field around them with the peak in the same direction.
This indicates that the remanent magnetic fields of the
samples were kept nearly unchanged from the time that
they were cored out.
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