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Description

The invention relates to the method defined in the
introductory section of patent claim 1.

The invention also relates to the apparatus defined
in the introductory section of patent claim 11.

The method and apparatus of the invention are par-
ticularly related to processing output signals from
SQUID sensors and generally from other sensors with
corresponding electric properties.

The SQUID sensor, or SQUID (Superconducting
Quantum Interference Device) is used for measuring
weak magnetic fields. The output impedance of a
SQUID is only about 1 - 5 Q. Its operative temperature
is typically 4.2°K, down to which temperature it is suita-
bly cooled. The operative temperature depends on the
superconducting material used in the SQUID, and is
therefore as low as the superconductor needs in order
to work. The noise in the output is very low; itis not much
higher than the thermal noise of resistors used in atten-
uating Josephson junctions. The SQUID sensor is often
used for measuring low-frequency signals within the
range of 0.1 Hz - 10 kHz.

A drawback in the sensors described above is that
it is difficult to amplify the output signal without increas-
ing noise. The reason for this is that the frequency fluc-
tuation of the output signal is relatively small, about 10
uV - 100 uV from peak to peak. Moreover, the noise of
the SQUID in the output roughly corresponds to the ther-
mal noise of resistors used in attenuating Josephson
junctions. If the noise temperature of the amplifier fol-
lowing a a SQUID with the temperature of 4.2° K is be-
low 10° K, the amplifier does not remarkably increase
the incertainty in the measurement of the magnetic flux.

None of the ordinary dc-coupled amplifiers operat-
ed at room temperature have sufficiently low noise ca-
pacities when used directly with a SQUID sensor. This
is due to the low output impedance of the SQUID, as
well as to the fact that it is often used for measuring low-
frequency signals within the area 0.1 Hz - 10 kHz. Within
the frequency range 1 kHz - 100 kHz, the FET amplifiers
have an extremely low noise temperature and therefore
there is employed a flux modulator and a transformer
functioning at low temperatures in connection with a dc
SQUID sensor, in order to adjust the low impedance to
the FET amplifier. When proceeding in this fashion, the
uncertainty in the measurement of the magnetic flux is
defined by the noise of the SQUID solely. Moreover, it
can be proved both theoretically and empirically that
when the noise from the SQUID is decreased, the mag-
netic flux - frequency modification grows, and conse-
quently the requirements for the signal processing elec-
tronics are not increased.

However, problems arise when several SQUID sen-
sors are coupled together to form multichannel devices.
Among such devices, let us mention a multichannel
magnetometer. They have been lately manufactured for
measuring weak magnetic fields of the brains and the
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heart. At present the goal is to accomplish a magnetom-
eter with 30 - 120 channels. If such a multichannel mag-
netometer is realized by means of SQUID sensors, by
utilizing flux modulation techniques, the expenses
caused by the signal processing electronics grow re-
markably, because for each SQUID and channel there
is needed a cryogenic transformer, a preamplifier, a
modulator etc. The electronics in this kind of a mul-
tichannel magnetometer become really complicated
and costly.

It is known that by using positive feedback, the am-
plification of the amplifier is grown. However, this meth-
od has the risk that the amplifier becomes unstable and/
or is drifted aside from its operating point.

In addition to this, in connection with positive feed-
back it is difficult to realize the signal processing device
sothat the noise of the sensor, such as a SQUID sensor,
were not dependent on the noise of the next amplifica-
tion level, too. The reason for this is that to arrange suf-
ficient amplification means to make the device nearly
unstable. If, on the other hand, the device is designed
to be extremely stable, the strengthened amplification
caused by positive feedback is not enough to ensure
that the noise of the next amplification level should not
affect the total noise.

US 4 906 930 discloses a SQUID for detecting a
weak magnetic field. The output voltage of the SQUID
is fed back to the sensor via a superconducting pho-
totransistor which is controlled by light signals generat-
ed by an electrooptic converter. The converter is con-
trolled by the output voltage via an amplifier and an in-
tegrator. The purpose of the feedback is to adjust the
operating point of the SQUID.

US 4 851 776 describes a sensitive magnetometer
for determining the strength of a weak magnetic field
having at least one Josephson junction. An harmonic
separator detects a selected even harmonic component
from the current flowing in the junction to obviate the
need for null flux calibration. A negative feedback circuit
is used with the aim to make the effective gain of the
magnetometer stable.

US 4 663 590 discloses a single frequency noise
reduction for SQUIDS including a feedback transformer
loop.

The object of the invention is to eliminate the above
described drawbacks, or at least remarkably alleviate
their effects.

A particular object of the present invention is to in-
troduce a method and apparatus for realizing positive
feedback in adaptive form, so that a sufficient amplifica-
tion is achieved without unstability.

When positive adaptive feedback is employed, the
flux modulation technique is not necessarily needed.
When it is left out, the temperature dependency of the
critical currents of the Josephson junctions causes tem-
perature dependency in the flux under measurement.
The object of the present invention also is to introduce
a method and apparatus for connecting adaptive posi-
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tive feedback to the elimination of the flux noise created
by the temperature dependency of the critical current.

Another object of the invention is to suggest various
methods for providing negative feedback.

The method of the invention is characterized by the
novel features enlisted in the patent claim 1.

The apparatus of the invention is characterized by
the novel features enlisted in the patent claim 11.

The method of the invention relates to processing
the output signal of a low-noise sensor, particularly one
or several sensors based on the Josephson junction,
such as a SQUID. According to the invention, the output
signal is coupled back to the sensor input by means of
a resistor in order to create positive feedback; and the
amplification is set to be suitable by adjusting the rate
of the resistor.

The apparatus of the invention is characterized in
that in between the output and input of the sensor, there
is arranged an adjustable resistor in order to realize pos-
itive feedback, and that the rate of the said resistor is
adjusted to be suitable in order to achieve the desired
amplification.

In a preferred embodiment of the apparatus, the ad-
justable resistor is controlled from outside the sensor by
means of voltage, current or light. Advantageously the
adjustable resistor is a channel transistor, such as a
GaAs JFET or MESFET.

In a preferred embodiment of the method, at the be-
ginning of the measuring process, the amplified output
signal is observed, and amplification is set on a suitable
level by adjusting the rate of the resistor, whereafter the
measurements proper are carried out.

In another preferred embodiment of the method, in
the amplified output signal there is observed a noise sig-
nal located externally with respect to the measuring
band, advantageously above it, and the rate of the re-
sistor is adjusted according to this noise signal.

In another preferred embodiment of the apparatus,
it comprises a detector for detecting the noise from
above the measuring band, and a regulating unit for set-
ting the resistor rate and thereby the amplification, so
that the output noise corresponds to the predetermined
rating.

In another preferred embodiment of the method, in
the sensor there is fed an ac-current signal with a certain
frequency, advantageously a sinusoidal signal, and the
amplified output signal of this is observed, and the re-
sistor rate is adjusted suitable on the basis thereof.

In another preferred embodiment of the apparatus,
it comprises an oscillator coupled to the sensor outlet,
and a detector for detecting the oscillator signal and a
modulator for setting the resistor rate so that the ampli-
fied output signal from the oscillator corresponds to the
predetermined rating.

In another preferred embodiment of the method, the
amplified output signal is brought, through the regulating
unit, back to the sensor input in order to create a nega-
tive countercoupling, and the final measurement is car-
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ried out from the feedback voltage.

In another preferred embodiment of the apparatus,
the apparatus comprises a second regulating unit,
wherethrough the amplified output signal is brought
back to the sensorinput in order to create negative feed-
back.

In another preferred embodiment of the method, the
negative feedback is arranged so that it is effective only
within the particular frequency zone where the measur-
ments are performed.

In another preferred embodiment of the method, the
negative feedback of the SQUID is arranged through an
external magnetic field brought from room temperature,
thereby neutralizing the magnetic field affecting the
SQUID.

In another preferred embodiment of the apparatus,
at room temperature, in the vicinity of the SQUID, there
is provided a separate coil wherethrough the amplified
output signal is coupled back to the SQUID input, in or-
der to realize negative feedback and to neutralize the
magnetic field.

In another preferred embodiment of the method,
there is employed a pair of SQUIDs, the sum signal of
the output voltages of these two SQUIDs is detected,
and the negative countercoupling of the sum is arranged
via the magnetic fields back to each SQUID; and the
difference signal of the output voltages of the two
SQUIDs is detected, and the negative countercoupling
of the difference is arranged via the magnetic fields back
to each SQUID; and the gradient of the magnetic field
is comparable tothe current, whereby the negative feed-
back of the sum signal is created, and where the
strength of the magnetic field is comparable to the cur-
rent, whereby the negative feedback of the difference
signal is created.

In another preferred embodiment of the method, for
processing the output signal from a sensor based on
one or several Josephson junctions, such as a SQUID,
in order to eliminate the flux noise created by the tem-
perature dependence of the critical current of the
Josephson junction, there is arranged a temperature-
dependent resistor in the vicinity of the junction.

In another preferred embodiment of the method, for
eliminating the flux noise from the critical current of the
Josephson junction, a bias current and/or bias voltage
is modulated at a high frequency, and the flux is simul-
taneously shifted for half of the length of the cycle.

An advantage of the invention is that positive feed-
back can be effectively applied in connection with low-
noise sensors for amplifying weak signals.

Another advantage of the invention is that positive
feedback is realized in an adaptive fashion, so that the
system remains stabile and in optimal state during the
measurement.

Another advantage of the invention is that fewer
parts of the apparatus are located at a low temperature
than in the previous art. This helps cut maintenance and
production costs.
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Another advantage of the invention is that in addi-
tion to positive adaptive feedback, various negative
feedback procedures can be made use of.

Yet another advantage of the invention is that the
method allows for simplifying the processing device for
the output signal of the sensor.

Owing to the invention, the complicated flux modu-
lation technique can be given up, at least in the process-
ing of the output signals from SQUID sensors.

Inthe following the invention and its advantages are
explained in more detail with reference to the appended
drawings, where

figure 1 is a schematical illustration of a SQUID sen-
sor and the processing of the output signal in the
prior art;

figure 2 is an illustration of the dependence of the
output voltage of the SQUID sensor on the incoming
magnetic flux in the system of figure 1;

figure 3is a schematical illustration of the apparatus
of the invention for providing positive adaptive feed-
back in connection with the SQUID sensor;

figure 4 illustrates the dependence of the output
voltage of the SQUID sensor on the incoming mag-
netic flux in the system of figure 3;

figure 5 is a schematical illustration of how to ar-
range negative feedback via an external coil to the
SQUID sensor,;

figure 6 illustrates how the system of figure 5 is ap-
plied to a multichannel magnetometer;

figure 7 is a schematical illustration of how a mag-
netometer and/or gradiometer is realized, accord-
ing to the invention, by means of a pair of SQUIDs;
figure 8 is a schematical illustration of an apparatus
for measuring a magnetic field and the gradients of
a magnetic field;

figure 9 is a schematical illustration of an apparatus
where the rate of the feedback resistor is adjusted
by means of noise;

figure 10 illustrates how the output voltage of the
SQUID sensor is dependent on the strength of the
external magnetic flux, when the bias current is
modulated at a high frequency; and

figure 11 is a schematical illustration of an appara-
tus of the invention, where the temperature depend-
ence of the SQUID sensor can be compensated in
two different ways.

Figure 1 represents a schematical illustration of a
SQUID sensor 1 and an ordinary processor for the out-
put signal. The apparatus comprises a transformer 2, by
intermediation of which the sensor is fitted in a FET
preamplifier 3. The outlet of the preamplifier is connect-
ed, via a demodulator 7 and regulating unit 4, to a flux
modulation coil 5, where the modulator 6 also is con-
nected. The output signal of the processing device is
obtained from the outlet of the regulating unit 4. The ap-
paratus also includes a signal coil 8, wherethrough the
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current or magnetic field under measurement is shifted
to the ring a of the SQUID 1.

The SQUID 1 is formed of a superconducting ring
a, as well as of one or two Josephson junctions, which
are located at a low temperature of for instance 4.2°K.
At the same temperature, there is also located the trans-
former 2 and the coils 5 and 8 (i.e. the components in-
dicated by dotted lines). In this case the ring a comprises
two Josephson junctions, b and c. Now the sensor is
called a dc SQUID. This kind of sensor transforms the
flux @ of the magnetic field passing through the super-
conducting ring to the voltage U. A typical outlet voltage
U of a SQUID, as the function of the flux @, is cyclic
according to figure 2, and contains a standard element
U,, which is dependent on the critical current of the
Josephson junctions. The length of the cycle is one flux
quantum @° = 2,05 x 1015 Wb.

In connection with the SQUID sensor 1, there is em-
ployed a modulator 4, i.e. a so-called flux modulator, and
a cold-operated transformer 2, for adjusting the low im-
pedance of the SQUID for the FET preamplifier 3. Within
the frequency range of about 1 kHz - 100 kHz, the noise
temperature of Field Effect Transistors, i.e. FET ampli-
fiers, is extremely low.

In the flux modulator 4, the amplitude having the
shape of a rectangular wave is adjusted to correspond
to half of the cycle of the response (see fig. 2); for each
cycle @, there are thus provided two operating points,
so that the flux modulation does not cause voltage fluc-
tuation in the SQUID outlet. If, however, the external flux
shifts the operating point, the rectangular wave appears
over the SQUID and is amplified in the amplifier 3 locat-
ed next to the transformer 2. The regulating unit 4 re-
turns the flux back to zero by feeding the required cor-
rective current to the coil 5 provided in connection with
the SQUID.

Figure 3 is a schematical illustration of an apparatus
of the invention. The SQUID 1 is composed of a super-
conducting ring a and Josephson junctionsb, ¢. The out-
let d of the SQUID is coupled back to the inlet, i.e. to the
feedback coil 14 via an adjustable resistor 9. The current
or magnetic field under measurement is brought to the
SQUID ring via a signal coil 8. All components of the
apparatus, i.e. the SQUID 1, the feedback coil 14, the
signal coil 8 and the adjustable resistor, are arranged in
a suitable vessel, such as a dewar 17, at a low temper-
ature, for instance 4.2°K. It is essential that at least the
adjustable resistor 9 is at a low temperature together
with the SQUID. Generally the SQUID is biased by in-
troducing current via the wire 10. The measurement is
carried out by measuring the outlet voltage U of the
SQUID in between the outlet poles 11 and 12.

According to figure 3, the feedback of figure 3 re-
sults in that the dependence of the oulet voltage U of
the SQUID on the magnetic flux ® under measurement
becomes asymmetrical; every second cycle is a gentle
A, i.e. an area of negative feedback, and every second
cycle is a steep B, i.e. an area of positive feedback.
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In figure 3, the adjustable resistor 9 is realized so
that its rate can be adjusted by means of the voltage fed
in via the wire 13. The resistor rate is adjusted by oper-
ating from the room temperature, in which case the in-
crease in the amplification, caused by positive feed-
back, can in principle be adjusted near to infinite. Thus,
in spite of the parameter fluctuations of the SQUID, an
effective amplification is achieved owing to positive
adaptive feedback.

Along with the increase in the amplification, the out-
let noise also is increased. With a weak amplification,
the noise is determined from the noise of the amplifier
next in succession after the SQUID. When the amplifi-
cation is sufficiently increased, most advantageously
multiplied by 5 - 20, the noise is determined from the
noise of the SQUID, and the effective outlet noise of the
amplifier is increased.

One solution to accomplish the adjusting system for
the resistor 9, according to the apparatus of figure 3, is
as follows. The outlet noise apparent outside the meas-
uring band, particularly above it, is detected at a suitable
frequency or frequency band, such as 10 kHz - 100 kHz.
A rating is set for this noise. The rate of the adjustable
resistor 9 is increased, until the output noise reaches
the said rating. The regulating unit locks the amplifica-
tion of the preamplifier, so that the said noise level is
attained. Thus it is possible automatically to supervise
that the total amplification of the output signal from the
SQUID is sufficient, so that the preamplifier operated at
room temperature should not remarkably add to the
SQUID noise. The reading of the adjustable resistor can
only be set at the beginning of the measurement, if the
SQUID parameters can be supposed to remain constant
at an adequate accuracy.

The apparatus described above in figure 3 also
comprises a preamplifier and a regulating unit which are
not illustrated in the drawing. This embodiment will be
referred to later on. The amplified output signal of the
SQUID is brought back to the SQUID input via the reg-
ulating unit in order to create a negative countercou-
pling. The final measurement is realized so that in the
particular frequency or frequency range where noise is
being measured, negative feedback is not effective, at
least to any noticeable degree.

The second solution for realizing the adjusting sys-
tem for the resistor 9 in the apparatus of figure 3 is as
follows. In the SQUID there is fed an ac-current signal
with a suitable frequency, advantageously a sinusoidal
signal. The frequency of this type of signal may fluctuate
within the range 10 kHz - 10 MHz. This is amplified in a
preamplifier, and compared to a predetermined signal
rate. The amplitude or other corresponding value of the
ac-current signal is again adjusted by changing the rate
of the resistor 9 in the output of the preamplifier to cor-
respond to the predetermined signal rate.

In principle this method corresponds to the above
described method based on measuring noise. The ap-
plication of this method requires the adding of a sepa-
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rate oscillator to the processor of the output signal of the
SQUID. This method can be advantageously applied in
cases where several SQUIDs are employed simultane-
ously; one oscillator or ac-current generator can feed
several SQUIDs.

According to the invention, an essential element in
adaptive positive feedback is the adjustable resistor 9.
Most advantageously it is realized by using a channel
transistor operated at lowtemperatures, such as a GaAs
JFET or MESFET, a silicon-based MOSFET or HEMT
based on a quantum trap. The through resistance of the
channeltransistor is easily adjusted by adjusting the grid
voltage. The GaAs JFET was tested in the apparatus of
the invention for increasing the SQUID amplification,
and it was found out that the system noise can be made
dependent only on the noise of the SQUID.

One possibility to realize an adjustable resistor is to
use highly temperature-dependent resistor material and
to adjust the resistor temperature by means of current.
A suitable semiconductor is well applicable to this pur-
pose. The transition taking place in superconductors at
certain temperatures can also be utilized for realizing an
adjustable resistor. An adjustable resistor is also creat-
ed by illuminating a piece made of a superconductor or
a resistor made of a semiconductor. A thin wire made of
a superconductor can even be integrated as a perma-
nent component of a SQUID circuit. The use of light or
infrared radiation in adjusting a resistor made of a su-
perconductor is based on the fact that the Cooper pairs,
of which the superconductor is composed, can be bro-
ken up by means of light. The strength of the radiation
determines the number of pairs eliminated per time unit,
and consequently also the effective resistivity of the "su-
perconductor”. It is also possible to use a silicon base
in making the semiconductor resistor, which can then
be employed as a light-sensitive resistor. Along a light
fiber, light or long-wave radiation can easily be trans-
ported to a resistor arranged in a dewar.

The above described adaptive positive feedback
can be applied together with flux modulation techniques.
If the output voltage of the SQUID is measured directly
without flux modulations, the output voltage is also de-
pendent on the fluctuations of the critical currents of the
Josephson junctions, as well as on their temperature de-
pendencies. The temperature dependency can be sim-
ply eliminated by providing in the vicinity of the SQUID
a temperature-dependent resistor, and by adjusting a
voltage thereupon, so that the current, while passing
through the feedback coil, cancels the effect of the tem-
perature dependence of the SQUID on the result of
measurement. The employed temperature-dependent
resistor can be for instance a resistor made of some
semiconductor material. Generally SQUIDs are manu-
factured on a silicon base, wherefore the temperature-
dependent resistor can also be realized by integrating it
in the same base with the SQUID.

SQUID sensors are used in magnetometers. In cur-
rent magnetometer applications, negative feedback is
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realized by transporting and connecting the wires from
room temperature, from the outlet of the preamplifier,
back to a low-temperature SQUID, and particularly to
the coil coupling the magnetic field connected thereto.
Figure 1 is referred to.

According to the invention, negative feedback can
also be realized from outside the SQUID, and from room
temperature, as is illustrated in figures 5 and 6.

In the embodiment of figure 5, the outlet ot the
SQUID 1, located in a dewar 17 or other corresponding
cooled vessel, is connected to a room-temperature am-
plifier and to a possible regulating unit 15. The outlet of
the amplifier 15 is connected to a coil 16 located at room
temperature, which coil is arranged in the immediate vi-
cinity of the SQUID, so that the feedback from the coll
16, through the magnetic field created therein and
through the flux ® passing through the ring of the
SQUID, to the SQUID is attained.

Figure 6 is a schematical illustration of a multichan-
nel magnetometer particularly desinged for the magnet-
ic measurements of the brain. The magnetometer com-
prises a cooled vessel, such as a dewar 17, wherein, at
a low temperature, there is provided a number of indi-
vidual magnetometers, i.e. SQUID sensors 18. Below
the dewar 17, for instance attached to the bottom sur-
face thereof, there is supplied a number of coils 19,
which exist at room temperature. They are placed at the
separate SQUIDs 18. By feeding the output signal of
each SQUID 18 from the amplifier 20 back to the SQUID
via the respective coil 19, the magnetic field affecting
the SQUID can be neutralized.

If the above described procedure is followed with
every single magnetometer, i.e. channel, outside the de-
war 17 there is created, by means of the coils 19, a
number of current dipoles which neutralize the magnetic
field in all SQUIDs 18. This kind of feedback remains
stabile, although the external coil 19 with its stray fields
should somewhat affect other nearby SQUIDs. If, how-
ever, the feedback is unstable as regards the adjusting
technique, a feedback from each SQUID can easily be
arranged both to nearest dipole source and to other
nearby dipole sources. By suitably choosing the feed-
back amplifications, problems arising from such cross-
coupling can be eliminated.

When the coils 19, i.e. the group of dipole sources,
are attached to the dome 21, which can be fitted for in-
stance in the head of the patient, the position of the cur-
rent dipole arranged in the patient's brain can be locat-
ed, because the dipole sources provided in the "cap”, i.
e. the hood 21, are easily located in relation to the pa-
tient. If this procedure is followed, attention must be paid
to make the "cap" remain relatively accurately in its
proper place with respect to the SQUID sensors 18 ar-
ranged in the dewar 17. This ensures that the feedback
remains stable.

The feedback procedure described above in con-
nection with figures 5 and 6 can be applied, apart from
a magnetometer, also to a gradiometer. In connection

10

15

20

25

30

35

40

45

50

55

with a magnetometer, the gradient can be measured for
example by subtracting the currents of two adjacent cur-
rentdipoles, i.e. coils 19 (cf fig. 6). By using the subtrac-
tion technique, gradiometers of a higher order can also
be easily constructed.

Negative feedback can also be realized by using the
arrangement illustrated in figure 7. This feedback is par-
ticularly suited to a gradiometer with a relatively long
base. This type of gradiometer has an extremely high
resolution. When the methods and apparatuses for
processing SQUID outlet signals specified in this appli-
cation are applied for instance to magnetometers and
gradiometers, extremely large dynamics are attained for
the created apparatus; the differences between the
smallest and largest quantity are most advantageously
in the range of 108,

It is well known that by employing modern produc-
tion techniques for manufacturing SQUIDs, the rings
serving as antennas can be produced in standard size,
with the inaccuracy of a few micrometers. Although
there should be slight differences in the rings, the size
of the loop as a function of time remains strictly stand-
ard. Thus it is possible to manufacture at least one pair
of SQUIDs with essentially similar SQUIDs.

The apparatus of figure 7 for measuring the strength
and/or gradient of a magnetic field comprises two
SQUIDs 22, 28, i.e. a pair of SQUIDs, their preamplifiers
24, 25 and the first feedback coils 26, 27 provided in the
vicinity of the SQUIDs, and the second feedback coils
28, 29. The apparatus also comprises a summing mem-
ber 30 and a first regulating unit 32, as well as a sub-
tracting or discriminating member 31 and second regu-
lating unit 33. The outlets of the preamplifiers 24, 25 are
connected, via the summing member 30 and the first
regulating unit 32, in same directions to the first coils 26,
27 of both SQUIDs 22, 23, which coils are coupled in
series. The outlets of the preamplifiers 24, 25 are also
connected, via the subtracting member 31 and the sec-
ond regulating unit 33, in opposite directions, to the sec-
ond coils 28, 29 of both SQUIDs 22, 23, which coils are
coupled in series. In connection with the first coils 26,
27, and the second coils 28, 29, there are also coupled
resistors 34, 45 respectively.

In the apparatus of figure 7, the sum of the amplified
output signals from the two SQUIDs 22, 23, is fed back
to the first feedback coils 26, 27 of each SQUID, paral-
lelly so that the output signals from both SQUIDs are
decreased. In other words, the sum signal from the
measurements has a negative countercoupling, via the
magnetic flux, back to the input of the SQUIDs. On the
other hand, the subtraction of the amplified output sig-
nals is fed back via the second set of coils 28, 29, so
that the output signal of the first SQUID 22 is decreased,
and the output signal of the second SQUID 23 grows.
In other words, the difference of the measurements has
a negative countercoupling, via the magnetic fluxes,
back to the input of the SQUIDs.

When the system of figure 7 is in balance, the gra-



11 EP 0 528 885 B1 12

dient is obtained simply by measuring the current |4 fed
in the second set of coils 28, 29, which current creates
the fluxes in the SQUIDs 22, 23 in opposite directions.
The rate of the magnetic field is obtained by measuring
the current |, fed in the first set of coils 26, 27.

The mutual inductances in between the SQUIDs 22,
23 may somewhat deviate from each other. In order to
compensate these deviations, the apparatus comprises
a corrective circuit 36, which in figure 7 is connected in
between the feedback circuits, so that a small part of the
voltage comparable to the magnetic field, such as the
voltage U, influential over the resistor 34, is summed to
a voltage comparable to the gradient of the magnetic
field, such as the voltage U, influential over the resistor
35.

By following the principles of the apparatus of figure
7, avery well balanced gradiometer can be realized, be-
cause the structures of the SQUIDs are exiremely sta-
bile, and because there is little need for electronic cor-
rections. This type of gradiometer does not have to be
electrically tuned but for once. Another advantage of this
embodiment also is that by using the same arrange-
ment, both the magnetic field and the gradient can be
measured. By adjusting the area of the coils and the mu-
tual distance of the SQUIDs, the sensitivity of the mag-
netometer on one hand and the sensitivity of the gradi-
ometer on the other can be separately adjusted. Con-
sequently suitable gradiometers and magnetometers
can be constructed for different applications, such as
geomagnetic measurements.

By following the principles of the apparatus of figure
7, there can be realized an apparatus for measuring the
strength and/or gradient of a magnetic field in three spa-
tial dimensions. In this embodiment, three pairs of
SQUID sensors 22a, 23a; 22b, 23b; 22¢, 23c are cou-
pled on opposite sides of acube, as isillustrated in figure
8. Each pair of SQUIDs is in turn provided with the output
signal processor of figure 7.

By means of this arrangement, the rates of the mag-
netic field and the gradients can be measured in three
spatial directions. This amount of measurements is suf-
ficient for completely characterizing the magnetic field.
The arrangement is particularly well suited for geologic
surveys in measuring magnetic fields. It is pointed out
that in the cube arrangement, the location of the
SQUIDs is not very critical. Moreover, it suffices if the
planes of opposing surfaces remain in place with re-
spect to each other, as a function of time and tempera-
ture.

Figure 9 incorporates a block diagram of an appa-
ratus of the invention. In this apparatus, positive feed-
back is applied in order to increase the amplification of
the output voltage of the SQUID, and the adaptive ad-
justing of the feedback is realized by observing the
strength of the noise signal. In addition to this, in this
apparatus the temperature dependence of the Joseph-
son junctions of the SQUID is neutralized by means of
a temperature-dependent resistor.
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The apparatus of figure 9 comprises a SQUID sen-
sor 1, a signal coil 8, an adjustable resistor 9 and a feed-
back coil 14, which are arranged at a low temperature
in adewar 37 or equivalent. The signal coil and the feed-
back coil are located in the immediate vicinity of the ring
a of the SQUID 1. Through the signal coil 8, the current
or magnetic field under measurement is shifted to the
superconducting ring a of the SQUID. The adjustable
resistor 9 is coupled in between the SQUID output and
the feedback coil 14 in order to create positive feedback.

The apparatus also comprises a small-size pream-
plifier 38, a regulating unit 39 and a feedback resistor
40 existing at room temperature. The output signal from
the SQUID 1 is amplified in the preamplifier 38, where-
after the amplified output signal is compared to the ref-
erence voltage U,4, and the voltage difference is cou-
pled, via the regulating unit 39, such as a Pl regulating
unit, and feedback resistor 40, to the feedback coil 14
and further to the SQUID in order to create negative
feedback. The measuring signal U, is taken out of the
output of the regulating unit 39.

The apparatus further comprises an amplifier 41, a
filter 42, advantageously a band-pass filter, a detector
43 and a regulating unit 44, advantageously a Pl regu-
lating unit, which are coupled to each other and further
to the adjustable resistor 9. For detecting noise or other
adjusting signals, the output signal from the SQUID is
brought, after the preamplifier 38, via the amplifier 41
and the band-pass filter 42, to the detector 43. The out-
put voltage of the detector 43 is compared to the refer-
ence voltage U,,, and the offset voltage is brought, via
the regulating unit 44, to the adjustable resistor 9. The
reference voltage U, represents a reference rate for the
noise signal, which reference rate is attempted to be at-
tained. On the basis of the subtraction of the noise signal
and the reference rate, i.e. on the basis of the voltage
difference, the resistor rate of the adjustable resistor 9
is set so that this predetermined reference rate is
achieved.

The operating point of the SQUID 1 is set by means
of the adjustable resistors 45 and 46. The resistor 45 is
used for setting the bias current |,,, and the resistor 46
for setting the bias voltage U, to be suitable. The voltage
U,3 is coupled, via the temperature-dependent resistor
47, to the feedback coil 14 of the SQUID 1. When cor-
rectly tuned, the output signal of the SQUID is linearly
dependent on the input current, i.e. on the incoming sig-
nal under measurement, and its noise level is deter-
mined on the basis of the noise of the SQUID itself. If
also the resistor 47 adjustable according to the external
temperature, and/or the voltage U, are correctly cho-
sen, the output signal is independent of the fluctuations
and operating temperatures of the critical currents of the
Josephson junctions in the SQUID.

Another way to eliminate the fluctuation and tem-
perature dependency of the critical currents of the
Josephson junctions is to modulate the bias current I,
or the bias voltage U, at a high frequency. Simultane-
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ously the magnetic flux ® must be shifted for half a cycle.
By measuring the average output voltage of the SQUID,
it is observed that it is a flux-dependent sinusoidal volt-
age with an average of zero, if the current/voltage char-
acteristic of the SQUID is symmetrical.

Figure 10 represents an illustration of the output
voltage U of the SQUID as a function of the external
magnetic flux ®. When the bias current |, of the SQUID
is modulated, the output of the SQUID jumps between
two alternating voltages U, and U,. Simultaneously and
synchronically with the modulation of the current |, the
flux @ is shifted for half a cycle, in which case the aver-
age voltage U, is made nearly sinusoidally dependent
on the external flux ®@. Because the zero points O of the
average voltage Uy are independent of the amplitude
and average voltage of the original response, the zero
point is not dependent on temperature either. If the
SQUID is locked at one zero point, the output signal of
the SQUID is made independent of the temperature,
and on the time dependence of the parameters of the
SQUID.

Figure 11 represents, in block diagram, another ap-
paratus of the invention. The SQUID 1, the feedback coil
14 and the adjustable resistor 57 are arranged in a ves-
sel 37, which is cooled down to a low temperature. The
apparatus is provided with adaptive positive feedback
and negative feedback. In this apparatus, the tempera-
ture dependence of the SQUID 1 can be compensated
in two alternative ways, which are described below.

The biasing of the SQUID 1 is realized by means of
a voltage source which in the first application is a dc-
voltage source 48. The dc-voltage is brought, via a re-
sistance distributor 54a, 54b, to the SQUID, and further
via the resistor 49, back to the feedback coil 14. The
temperature dependence of the SQUID is compensated
by means of the resistor 49 adjustable according to the
temperature, in similar fashion as in the embodiment of
figure 9.

The biasing of the SQUID 1 is realized by means of
a voltage source 48, which in the second application is
an ac-voltage source, i.e. the biasing voltage is modu-
lated. The necessary flux shift is carried out by means
of the resistor 49, which in this case is a resistor inde-
pendent of temperature. The resistor 49 is chosen so
that the change of the biasing voltage from positive to
negative causes the magnetic flux to shift half a cycle in
the SQUID response. While employing ac-voltage in the
biasing, the SQUID 1 is followed by a filter 50, whereby
the influence of the biasing on the output signal U is fil-
tered. Among others, the filter 50 comprises condensa-
tors 51, 52 and a resistor 53.

It is pointed out that the apparatus operates in sim-
ilar fashion irrespective of the fact whether the bias volt-
age of the SQUID is modulated or not. The output volt-
age U of the SQUID contains an ac-voltage component,
in case the bias voltage is realized by means of ac-volt-
age. This ac-voltage component is removed by means
of a low-pass filter. The modulating frequency of the bias
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voltage is remarkably higher than the top limit frequency
of the filter 50 set for the SQUID input.

In the apparatus of figure 11, the output signal of
the SQUID is taken in the preamplifier 55, and fed back
to the SQUID via the resistor 56. Because with low fre-
quencies the amplification of the operational amplifier
serving as the preamplifier 55 is extremely high, the cur-
rent passing through the feedback resistor 56 sets the
input of the amplifier of the output signal U in the SQUID
to be equal with the noise voltage.

The apparatus also comprises an adjustable resis-
tor which is realized by usingthe FET 57. This is coupled
in between the output of the SQUID, if the filter 50 is
employed, and the feedback 14, in order to realize pos-
itive feedback.

The apparatus also includes an amplifier 58, a filter
and detector 59 and a regulating unit 60 for adjusting
the resistor of the FET 57. The output voltage of the filter
and detector is compared to the reference voltage U,,,
and on the basis of the obtained difference, the rate of
the adjustable resistor is set, i.e. in this case the resistor
in between the S and D poles of the FET is set by ad-
justing the grid voltage H of the FET. The operating point
of the FET is set, by means of a potentiometer 61,
through a resistor 62.

The apparatus further comprises a low-noise
preamplifier 38 at room temperature, a regulating unit
39 and a feedback resistor 40, exactly as in the embod-
iment of figure 9. The output signal of the SQUID 1 is
amplified in the preamplifier 38, whereafter the amplified
output signal is compared to the reference voltage U4,
and the voltage difference is coupled via the regulating
unit 39, such as a PI regulating unit, and the feedback
resistor 40 to the feedback coil 14 and further to the
SQUID in order to create negative feedback. The meas-
uring signal U, is taken out of the output of the regu-
lating unit 39.

The noise voltage of the preamplifier connected to
the output of the SQUID 1 passes through the adjustable
resistor, i.e. the FET 57, to the feedback coil 14. It is
intensified in the SQUID, thus creating in the SQUID a
voltage comparable to the amplifier noise, which by a
suitable rate of the adjustable resistor cancels the influ-
ence of the noise voltage in the output of the preampli-
fier. It is easily proved that with the reading of the feed-
back resistor or adjustable resistor 57, which in the case
of the coupling given in figure 2 creates an almost infinite
amplification, the noise voltage of the amplifier is neu-
tralized in the embodiment of figure 11. In figure 11, the
response of the SQUID, when measured in the output
of the preamplifier 55, corresponds to the curve U; of
the drawing, without voltage modulation, and to the
curve U, with voltage modulation.

A critically tuned positive feedback is expressed in
that during the first half cycle, the noise is determined
in the preamplifier, whereas during the second half cycle
the noise is only dependent on the internal noise of the
SQUID, or on the noise of the target under measure-
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ment. Owing to the negative feedback directed to the
SQUID output, the response is not dependent on posi-
tive feedback. In other words, the response corresponds
to that of figure 10. When the amplification of the open
loop of the preamplifier 55, multiplied by the additional
amplification caused by the positive feedback, is de-
creased when the frequency grows for less than the ratio
determined as the ratio of the feedback resistor 57 and
the dynamic resistance of the SQUID, the noise in the
output of the preamplifier in a low-noise slope depends
on the noise of the preamplifier and on the noise of the
SQUID multiplied by the additional amplification caused
by the positive feedback. In other words, with frequen-
cies where the amplification of the preamplifier, in this
case the operational amplifier 55, is not sufficient for
feeding back to the plus-input potential of the operation-
al amplifier of the SQUID, the output of the SQUID and
consequently the output of the amplifier 55 make noise
as if the SQUID were read by a voltage amplifier without
current feedback. In this frequency range it is advanta-
geous to carry out a measurement of the amplification
connected to the adjusting of the feedback, i.e. the rate
of the resistor 57, either by making use of noise or a
signal made up by means of an oscillator.

The embodiment of figure 11, provided with ac-cur-
rent modulation of biasing, is advantageous if the volt-
age modulation of the SQUID is high (over 50 nV) and/
or if several SQUIDs are used simultaneously. If the volt-
age modulation of the SQUID is high, the voltage drift
of the preamplifier, i.e. the operational amplifier 55, does
not essentially affect the setting of the operating point
of the SQUID. On the other hand, while using voltage
biasing, changes in the critical currents of the Joseph-
son junctions do not have much effect on the amplifica-
tion of the open loop of the SQUID.

As for the coupling of room-temperature electron-
ics, the coupling of figure 11 resembles that of figure 9.
While using ac-current, the output of the preamplifier 55
does not include a dc-component, wherefore the output
of the amplifier can be coupled directly back via the in-
tegrating regulating unit 60, without the bias voltage U,,
(fig. 9). If the bias voltage is brought in the dewar by
means of a separate coaxial cable, and if one symmet-
rical transformer is additionally placed at a low temper-
ature, it may be possible to realize a multichannel sys-
tem with one grounded wire and four wires for each
SQUID channel. Because in the coupling of figure 9,
when using ac-current modulation, the grounded wire
from the SQUID to room temperature is practically with-
out current, disturbing couplings are not created in be-
tween the separate channels.

It can be shown that in a well-planned processor for
the output signal of the SQUID, the output noise is
somewhat higher than the thermal noise corresponding
to the dynamic impedance of the SQUID. Thus the rate
of the adjustable resistor performing the positive feed-
back must be of the same scale as the dynamic re-
sponse of the SQUID. The dynamic response of the
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SQUID normally is only about 1 - 5 ohm, which means
that the voltage noise of the SQUID at its lowest is within
the range of 50 pV only. Because the noise of a good
operational amplifier employed as a preamplifier is
about 1 nV, the additional amplification created by pos-
itive feedback must be at least 20. Additional amplifica-
tion in this scale is very difficult to realize without the
adaptive positive feedback of the present invention.

The invention is not limited to the above described
preferred embodiments only, but many modifications
are possible within the scope of the inventional idea de-
fined in the appended patent claims.

Claims

1. A method for processing the output signal (U) of a
low-noise sensor (1), particularly a sensor based on
one or several Josephson junctions (b,c), such as
a SQUID,
characterized in that

- the output signal (U) of the sensor (1) is fed
back to the input (14) of the sensor (1) by
means of a resistor (9; 57) in order to create a
positive feedback loop for amplifying the output
signal; and

- the amplification is set to be suitable by adjust-
ing the rate of the resistor (9; 57).

2. The method of claim 1, characterized in that in the
beginning of the measuring procedure, the ampli-
fied output signal (U) is observed, and the amplifi-
cation is set on a suitable level by adjusting the rate
of the resistor (9; 57), whereafter the measurement
proper is carried out.

3. The method of claim 2, characterized in that in the
amplified output signal (U), the focus of observation
is the noise signal external to the measuring band,
advantageously located on top of if, according to
which the rate of the amplification is adjusted.

4. The method of claim 2, characterized in that into
the sensor (1) there is fed an ac-current signal with
a certain frequency, and the amplified output signal
(U) thereof is observed, and the rate of the resistor
(9, 57) is adjusted to be suitable on the basis there-
of.

5. The method of any of the preceding claims, char-
acterized in that the amplified output signal (U) is
brought via a regulating unit (4) back to the sensor
(1) input in order to create negative feedback, and
the final measurement is made from the feedback
voltage.

6. The method of claim 5, characterized in that the
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negative feedback is adjusted in order to be essen-
tially influential only in the frequency range where
measurements are carried out.

The method of claim 5 or 6 for processing the output
signal (U) of a sensor (1) based on one or several
Josephson junctions, such as a SQUID, character-
ized in that the negative feedback of the SQUID is
realized through an external magnetic field brought
from room temperature, thereby neutralizing the
magnetic field affecting the SQUID.

The method of claim 7, characterized in that in the
measuring arrangement, there is used a pair of
SQUIDs (22, 23), that the sum signal of the output
voltages of these two SQUIDs is detected, and the
negative countercoupling for this sum is conducted,
via the magnetic fields, back to each SQUID; and
that the difference signal of the output voltages of
the two SQUIDs is detected, and a negative coun-
tercoupling of this difference is conducted, via the
magnetic fields, back to each SQUID; and that the
gradient of the magnetic field is comparable to the
current whereby the negative feedback of the sum
signal is created and that the strength of the mag-
netic field is comparable to the current whereby the
negative feedback of the difference signal is creat-
ed.

The method of any of the preceding claims for
processing the output signal of a sensor based on
one or several Josephson junctions, such as a
SQUID, characterized in that in order to eliminate
the flux noise created by the temperature depend-
ence of the critical currents of the Josephson junc-
tion, a temperature-dependent resistor (49) is ar-
ranged in the vicinity of the junction.

The method of any of the preceding claims for
processing the output signal (U) from a sensor (1)
based on one or several Josephson junctions, such
as a SQUID, characterized in that in order to elim-
inate the flux noise of the critical current of the
Josephson junction, a bias current and/or a bias
voltage is modulated at a high frequency, and the
flux is simultaneously shifted for half a cycle.

An apparatus for processing the output signal of a
sensor based on one or several Josephson junc-
tions, such as a SQUID, characterized in that in
between the output and input of the sensor (1),
there is arranged an adjustable resistor (9; 57) for
realizing positive feedback, the rate of which resis-
tor is adjusted to be suitable in order to create the
desired amplification.

The apparatus of claim 11, characterized in that
the adjustable resistor (9; 57) is a resistor controlled
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by means of voltage, current or light from outside
the sensor.

The apparatus of claim 12, characterized in that
the adjustable resistor (57) is a channel resistor, i.
e. a FET, such as a GaAs JFET or MESFET.

The apparatus of claim 11, 12 or 13, characterized
in that the apparatus comprises a detector (43) for
detecting the noise above the measuring band, and
a regulating unit (44) for setting the rate of the re-
sistor (9) and thereby the amplification, so that the
output noise corresponds to the predetermined rat-
ing.

The apparatus of claim 11, 12 or 13, characterized
in that the apparatus comprises an oscillator which
is coupled to the sensor output, a detector (43) for
detecting the oscillator signal, and a regulating unit
(44) for setting the rate of the resistor, so that the
amplified output signal of the oscillator corresponds
to the predetermined rating.

The apparatus of any of the preceding claims 11 -
15, characterized in that the apparatus comprises
asecond regulating unit (39), wherethrough the am-
plified output signal is taken back to the SQUID in-
put in order to create negative feedback.

The apparatus of claim 16 for processing the output
signal of a sensor based on one or several Joseph-
son junctions, such as a SQUID, characterized in
that in the vicinity of the sensor, at room tempera-
ture, there is provided a separate coil (14), where-
through the amplified output signal is coupled back
to the sensor input in order to realize negative feed-
back.

The apparatus of any of the preceding claims 11 -
17 for processing the output signal of a sensor
based on one or several Josephson junctions, such
as a SQUID, characterized in that the apparatus
comprises a temperature-dependent resistor (49)
arranged in the vicinity of the sensor (1), in order to
eliminate the temperature dependence of the
Josephson junction.

Patentanspriiche

1.

Verfahren zur Verarbeitung des Ausgangssignals
(U) eines rauscharmen Sensors (1), insbesondere
eines Sensors, basierend auf einem oder mehreren
Josephson-Kontakten (b,c), wie einem SQUID,
dadurch gekennzeichnet, daB

- das Ausgangssignal (U) des Sensors (1) auf
den Eingang (14) des Sensors (1) Uber einen
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Widerstand (9; 57) rickgekoppelt ist, um eine
positive Rickkopplungsschleife zum Verstar-
ken des Ausgangssignals zu erzeugen; und

- daB die Verstarkung geeignet festgelegt wird,
indem der Wert des Widerstandes (9; 57) ein-
gestellt wird.

Verfahren nach Anspruch 1, dadurch gekennzeich-
net, daB bei Beginn des MeBvorganges das ver-
starkte Ausgangssignal (U) beobachtet wird und
daB3 die Verstarkung auf einen geeigneten Pegel
durch Einstellen des Wertes des Widerstandes (9;
57) festgelegt wird, wonach die eigentliche Mes-
sung durchgefihrt wird.

Verfahren nach Anspruch 2, dadurch gekennzeich-
net, daB in dem verstarkten Ausgangssignal (U) der
Fokus der Beobachtung das Rauschsignal auBer-
halb des MeBbandes ist, vorzugsweise Uber die-
sem angeordnet, entsprechend dem der Verstar-
kungsfaktor eingestellt wird.

Verfahren nach Anspruch 2, dadurch gekennzeich-
net, daB dem Sensor (1) ein Wechselstromsignal
mit einer bestimmten Frequenz geliefert wird und
sein verstarkies Ausgangssignal (U) beobachtet
wird und daB der Wert des Widerstandes (9; 57) auf
seiner Grundlage geeignet eingestellt wird.

Verfahren nach einem der vorhergehenden Anspri-
che, dadurch gekennzeichnet, da3 das verstarkie
Ausgangssignal (U) iber eine Regeleinheit (4) zu
dem Eingang des Sensors (1) zurickgefuhrt wird,
um eine negative Rickkopplung zu erzeugen und
die endgultige Messung aus der Ruckkopplungs-
spannung vorgenommen wird.

Verfahren nach Anspruch 5, dadurch gekennzeich-
net, daB die negative Ruckkopplung eingestellt
wird, um nur in dem Frequenzbereich, in dem die
Messung durchgefihrt wird, wesentlich beeinflus-
send zu sein.

Verfahren nach Anspruch 5 oder 6 zum Verarbeiten
des Ausgangssignals (U) eines Sensors (1) auf der
Grundlage von einer oder mehreren Josephson-
Kontakten, wie einem SQUID, dadurch gekenn-
zeichnet, daf3 die negative Rickkopplung des squid
Uber ein externes Magnetfeld, erzeugt durch Raum-
temperatur, realisiert wird, wodurch das den SQUID
beeinflussende Magnetfeld neutralisiert wird.

Verfahren nach Anspruch 7, dadurch gekennzeich-
net, daB in der MeBanordnung ein Paar von
SQUIDs (22, 23) verwendet wird, da das Sum-
mensignal der Ausgangsspannungen dieser zwei
SQUIDs detektiert wird und die negative Gegen-
kopplung fir diese Summe Uber die Magnetfelder
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zuriick zu jedem SQUID gefiihrt wird, und daf das
Differenzsignal der Ausgangsspannungen der zwei
SQUIDs detektiert wird und eine negative Gegen-
kopplung dieser Differenz Uber die Magnetfelder
zuriick zu jedem SQUID gefiihrt wird, und daB3 der
Gradient des Magnetfeldes vergleichbar zu dem
Strom ist, wobei die negative Ruckkopplung des
Summensignals erzeugt wird und daB3 die Starke
des Magnetfeldes vergleichbar mit dem Strom ist,
wobei die negative Ruckkopplung des Differenzsi-
gnals erzeugt wird.

Verfahren nach einem der vorhergehenden Anspri-
chen zum Verarbeiten des Ausgangssignals eines
Sensors auf der Grundlage von einem oder mehre-
ren Josephson-Kontakten, wie einem SQUID, da-
durch gekennzeichnet, daf3 ein temperaturabhan-
giger Widerstand (49) in der Nahe des Kontaktes
angeordnet ist, um das durch die Temperaturab-
hangigkeit der kritischen Stréme des Josephson-
Kontaktes erzeugte FluBrauschen zu eliminieren.

Verfahren nach einem der vorhergehenden Anspru-
che zum Verarbeiten des Ausgangssignals (U) von
einem Sensor (1) auf der Grundlage eines oder
mehrerer Josephson-Kontakten, wie eines SQUID,
dadurch gekennzeichnet, daB3 ein Vorstrom und/
oder eine Vorspannung bei einer hohen Frequenz
moduliert wird und der Fluf3 simultan far einen hal-
ben Zyklus verschoben wird, um das FluBrauschen
des kritischen Stroms des Josephson-Kontakies zu
eliminieren.

Vorrichtung zum Verarbeiten des Ausgangssignals
eines Sensors auf der Grundlage von einem oder
mehreren  Josephson-Kontakten, wie einem
SQUID, dadurch gekennzeichnet, daB zwischen
dem Ausgang und dem Eingang des Sensors (1)
ein einstellbarer Widerstand (9; 57) fur die Realisie-
rung einer positiven Riickkopplung angeordnet ist,
wobei der Wert des Widerstandes geeignet einge-
stellt wird, um die gewlinschte Verstarkung zu rea-
lisieren.

Vorrichtung nach Anspruch 11, dadurch gekenn-
zeichnet, daB der einstellbare Widerstand (9; 57)
ein durch eine Spannung einen Strom oder Licht
von auBerhalb des Sensors gesteuerter Wider-
stand ist.

Vorrichtung nach Anspruch 12, dadurch gekenn-
zeichnet, daf3 der einstellbare Widerstand (57) ein
Kanalwiderstand, d. h. ein FET, wie ein GaAs JFET
oder MESFET ist.

Vorrichtung nach Anspruch 11, 12 oder 13, dadurch
gekennzeichnet, daB3 sie einen Detektor (43) zum
Detektieren des Rauschens lber dem MeBband
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und eine Regeleinheit (44) zum Festlegen des Wer-
tes des Widerstandes (9) und dabei der Verstar-
kung umfaBt, so daB3 das Ausgangsrauschen einer
vorbestimmten NenngréBe entspricht.

Vorrichtung nach Anspruch 11, 12 oder 13, dadurch
gekennzeichnet, daB3 sie einen Oszillator, der mit
dem Sensorausgang gekoppelt ist, einen Detektor
(43) zum Detektieren des Oszillatorsignals und eine
Regeleinheit (44) zum Einstellen des Wertes des
Widerstandes umfaBt, so daB das verstarkte Aus-
gangssignal des Oszillators dem vorbestimmten
Nennwert entspricht.

Vorrichtung nach einem der vorhergehenden An-
spriche 11 - 15, dadurch gekennzeichnet, dafi sie
eine zweite Regeleinheit (39) umfaBt, Gber die das
verstarkte Ausgangssignal zuriick zu dem Eingang
des SQUID gefluhrt wird, um eine negative Rick-
kopplung zu erzeugen.

Vorrichtung nach Anspruch 16 zum Verarbeiten des
Ausgangssignals eines Sensors auf der Grundlage
von einem oder mehreren Josephson-Kontakten,
wie einem SQUID, dadurch gekennzeichnet, daf3 in
der Nahe des Sensors, bei Raumtemperatur, eine
getrennte Spule (14) vorgesehen ist, Uber die das
verstarkte Ausgangssignal zu dem Sensoreingang
zurickgekoppelt wird, um eine negative Rickkopp-
lung zu realisieren.

Vorrichtung nach einem der vorhergehenden An-
spriche 11 - 17 zum Verarbeiten des Ausgangssi-
gnals eines Sensors auf der Grundlage von einem
oder mehreren Josephson-Kontakten, wie einem
SQUID, dadurch gekennzeichnet, daB sie einen
temperaturabhangigen Widerstand (49) umfaft,
der in der Nahe des Sensors (1) angeordnet ist, um
die Temperaturabhangigkeit des Josephson-Kon-
taktes zu eliminieren.

Revendications

Procédé pour traiter le signal de sortie (U) d'un cap-
teur & faible bruit (1), en particulier d'un capteur a
base d'une ou plusieurs jonctions Josephson (b, c),
tel qu'un SQUID, caractérisé en ce

- lesignalde sortie (U)du capteur (1) estrenvoyé
a l'entrée (14) du capteur (1) au moyen d'une
résistance (9 ; 57) afin de créer une boucle de
réaction positive pour amplifier le signal de sor-
tie, et

- Il'amplification est réglée de fagon a étre appro-
priée par ajustement de la valeur de la résis-
tance (9, 57).
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Procédé selon la revendication 1, caractérisé en ce
qu'au début de la procédure de mesure, le signal
de sortie amplifié (U) est observé, et I'amplification
est réglée sur un niveau approprié par ajustement
de la valeur de la résistance (9 ; 57), aprés quoi la
mesure proprement dite est exécutée.

Procédé selon la revendication 2, caractérisé en ce
que, dans le signal de sortie (U) amplifié, le foyer
d'observation est le signal de bruit a I'extérieur de
la bande de mesure, avantageusement placé au-
dessus de cette derniére, la valeur d'amplification
étant ajustée en fonction de ce signal.

Procédé selon la revendication 2, caractérisé en ce
qu'un signal de courant alternatif d'une certaine fré-
quence, est introduit dans le capteur (1), et le signal
de sortie (U) du capteur, amplifié, est observé, et la
valeur de la résistance (9 ; 57) est ajustée de fagon
a étre appropriée sur la base de ce signal.

Procédé selon une quelconque des revendications
précédentes, caractérisé en ce que le signal de sor-
tie (U) amplifié est renvoyé, a travers une unité de
réglage (4), a l'entrée du capteur (1) de maniére a
créer une réaction négative, et la mesure finale est
exécutée a partir de la tension de réaction.

Procédé selon la revendication 5, caractérisé en ce
que la réaction négative est ajustée de facon a
n'étre essentiellement influente seulement dans la
plage de fréquences dans laquelle les mesures
sont exécutées.

Procédé selon la revendication 5 ou 6 pour traiter
le signal de sortie (U) d'un capteur (1) a base d'une
ou plusieurs jonctions Josephson, tel qu'un SQUID,
caractérisé en ce que la réaction négative du
SQUID est réalisée a travers un champ magnétique
extérieur engendré par latempérature ambiante, en
neutralisant ainsi le champ magnétique qui affecte
le SQUID.

Procédé selon la revendication 7, caractérisé en ce
que, dans le dispositif de mesure, on utilise une pai-
re de SQUID (22, 23), en ce que le signal somme
des tensions de sortie de ces deux SQUID est dé-
tecté et que le contre-couplage négatif pour cette
somme est renvoyé a chaque SQUID, par le biais
des champs magnétiques, et en ce que le signal
différence des tensions de sortie des deux SQUID
est détecté et qu'un contre-couplage négatif de cet-
te différence est renvoyé a chaque SQUID par le
biais des champs magnétiques ; et en ce que le gra-
dient du champ magnétique peut étre comparé au
courant, de sorte que la réaction négative du signal
somme est créée et que la force du champ magné-
tique peut &tre comparée au courant, de sorte que
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la réaction négative du signal différence est créée.

Procédé selon I'une quelconque des revendications
précédentes, pour traiter le signal de sortie d'un
capteur a base d'une ou de plusieurs jonctions Jo-
sephson, tel qu'un SQUID, caractérisé en ce que,
pour éliminer le bruit de flux créé par la dépendance
des courants critiques de la jonction Josephson vis-
a-vis de la température, une résistance sensible a
la température (49) est agencée dans le voisinage
de la jonction.

Procédé selon |'une quelconque des revendications
précédentes, pour traiter le signal de sortie (U) d'un
capteur (1) a base d'une ou de plusieurs jonctions
Josephson, tel qu'un SQUID, caractérisé en ce que,
pour éliminer le bruit de flux du courant critique de
la jonction Josephson, un courant de polarisation
et/ou une tension de polarisation est ou sont modu-
Iés & une haute fréquence, et le flux est simultané-
ment décalé d'un demi-cycle.

Dispositif pour traiter le signal de sortie d'un capteur
a base d'une ou de plusieurs jonctions Josephson,
telqu'un SQUID, caractérisé en ce que, entre la sor-
tie et I'entrée du capteur (1), est intercalée une ré-
sistance ajustable (9 ; 57) servant a réaliser une
réaction positive, la valeur de cette résistance étant
ajustée de fagon a étre appropriée pour créer I'am-
plification désirée.

Dispositif selon la revendication 11, caractérisé en
ce que la résistance ajustable (9 ; 57) est une ré-
sistance commandée au moyen d'une tension, d'un
courant ou d'une lumiére provenant de I'extérieur
du capteur.

Dispositif selon la revendication 12, caractérisé en
ce que la résistance ajustable (57) est une résistan-
ce canal, c'est-a-dire un FET, tel qu'un JFET ou un
MESFET (AsGa).

Dispositif selon la revendication 11, 12 ou 13, ca-
ractérisé en ce qu'il comprend un détecteur (43)
servant a détecter le bruit au-dessus de la bande
de mesure, et une unité de réglage (44) servant a
fixer la valeur de la résistance (9) et, par consé-
quent, I'amplification, de maniere a ce que le bruit
de sortie corresponde au taux prédéterminé.

Dispositif selon la revendication 11, 12 ou 13, ca-
ractérisé en ce qu'il comprend un oscillateur qui est
couplé a la sortie du capteur, un détecteur (43) ser-
vant a détecter le signal de l'oscillateur, et une unité
de réglage (44) servant afixer la valeur de la résis-
tance, de sorte que le signal de sortie amplifié de
I'oscillateur correspond a la valeur prédéterminée.
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Dispositif selon I'une quelconque des revendica-
tions 11 a 15, caractérisé en ce qu'il comprend une
deuxieme unité de réglage (39) sous l'effet de la-
quelle le signal de sortie amplifié est renvoyé a I'en-
trée du SQUID pour créer une réaction négative.

Dispositif selon la revendication 16, destiné a traiter
le signal de sortie d'un capteur & base d'une ou de
plusieurs jonctions Josephson, tel qu'un SQUID,
caractérisé en ce qu'il est prévu au voisinage du
capteur, a la température ambiante, une bobine sé-
parée (14), sous l'effet de laquelle le signal de sortie
amplifié est renvoyé a I'entrée du capteur pour réa-
liser une réaction négative.

Dispositif selon une quelconque des revendications
précédentes 11 a 17, destiné a traiter le signal de
sortie d'un capteur a base d'une ou de plusieurs
jonctions Josephson, tel qu'un SQUID, caractérisé
en ce qu'il comprend une résistance (49) sensible
a la température agencée au voisinage du capteur
(1) pour éliminer la dépendance de la jonction Jo-
sephson vis-a-vis de la température.
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