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Quantum mechanics consideration, supported by a concrete example, yielded standard
sources of direct voltage measured by frequency (which is the most accurate measurable phys-
ical quantity) and extremely sensitive instrument for measuring magnetic induction SQUID
(which is an acronym based on the term Superconducting Quantum Interference Device).
The possibility of these measurements is based on the Josephson junction. In this paper, the
influence of gamma radiation on the measurement uncertainty Type A, of a commercial
Josephson compound, is investigated. The conclusion is that both dynamic gamma radiation
and the dose of gamma radiation, under the conditions of the experiment, have a negligible ef-
fect on the measurement uncertainty of the Josephson junction. Based on the obtained result,
it was concluded that in the primary metrological conditions, the measurement uncertainty
type A of the Josephson junction is negligible, i. e., that the secondary cosmic radiation does
not affect the standard of the DC voltage source.
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INTRODUCTION

Josephson B. D. showed that when a supercon-
ductor is intersected by a narrow insulator barrier, the
thickness of which is less than the actual length of the
Cooper pair, a superconducting current will still flow
through the barrier. Part of the superconductor with a
thin barrier acted as a kind of electronic component,
the so-called Josephson element which has a complex
U-I characteristic. It is shown that in one place of the
U-I characteristics of the tunnel connection, there is at
the same time a DC voltage U, and also an alternating
voltage component with frequency /1, 2].

The DC voltage and frequency are related by ex-
pression [3, 4] A
U=_f (1)

2e

where the coefficient of proportionality 4/2e between
voltage and frequency is determined by the values of
two fundamental constants. This means that this coef-
ficient is also a natural constant. Equation (1) can be
compared to Faraday's law of induction

=92 A _

1 = A —Adf 2

* Corresponding author, e-mail: dusan@vin.bg.ac.rs

Comparing egs. (1) and (2), it is concluded that
the term //2¢ has the dimension of magnetic flux and
that it represents the elementary quantum of magnetic
flux. The numerical value of this quantum is [5-8]

¢o =2067833636-10""° Wh (3)

In principle, the quantum of magnetic flux is
given by the equation Af= h/q where q is the charge. In
superconductors, the carriers of charge are Cooper
pairs g =2¢[9, 10].

Based on the SQUID theory, the Josephson com-
pounds were first realized, with which the correctness
of'the theoretical work was experimentally confirmed.
The term of the Josephson effect and the term of a ra-
dio-frequency magnetometer are connected with the
Josephson junction. The Josephson junction magne-
tometer is the most accurate magnetometer [11, 12].

U-I FORMS OF JOSEPHSON
JUNCTION CHARACTERISTICS

There are a number of techniques for the
Josephson junction production like evaporation,
chemical corrosion and ion photolithography. Some of
these types of Josephson junction consist of a thin
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Figure 1. (a) Josephson junction obtained by
inserting a layer of insulator (or conductor) between
two superconductor and (b) the connection made by
narrowing the superconductor

layer of insulator inserted between two superconduc-
tors. One example of such a junction is shown in fig.
1(a). Niobium alloyed with elements such as gold, in-
dium and others, is used as a superconducting mate-
rial. The insulating layer can be silicon oxide about ten
nanometers thick. Instead of an insulator, it is possible
to use a layer of some usual conductors or semicon-
ductors, that do not reach the superconducting state. In
some microscopic constructions, the Josephson junc-
tion is achieved without inserting another material
through the narrowing of the superconductor, fig.
1(b). The conduction of current through the junction is
based on the tunnel effect, which is why the Josephson
junction is also called the tunnel element [13-17].

The invention of high temperature superconducting
materials has enabled their successful application in the
manufacture of Josephson junction. Ceramic Josephson
Jjunctions give less repeatability of results than Josephson
junctions based on metal alloys.

The DC voltage-current characteristic of the
Josephson junction has the hysteresis shape shown in
fig. 2.

If the current increases from zero to the value
shown by Point A, the junction behaves as an ideal su-
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current junction
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Figure 2. The U-I Josephson junction characteristic

the current, according to Ohm's law. With a gradual
decrease in current, the voltage moves through the up-
per part of the characteristic. Starting from Point D and
moving to 0, there is a steep part of the characteristic
on which the junction acts as a voltage-frequency con-
verter used in Josephson's standard voltage sources.
When the current changes direction, a symmetri-
cal characteristic is obtained in the region of negative
voltages where the co-ordinate origin represents the

point of symmetry [18-24].

The current-voltage characteristic is used in two
ways:

— in the case of a SQUID-based magnetometer, the
junction is used in the range starting from Point B
and further in the ohmic region and

— for standard voltage sources, the junction operates
in the steep part of the characteristic between
Points D and 0.

PRACTICAL APPLICATION
OF SQUID

The SQUID is intended for measurements of
weak magnetic fields, several orders of magnitude
smaller than the usual fields originating from geomag-
netism, or from the operation of telecommunication or
electromagnetic devices [25-27]. A prerequisite for
measuring very weak fields is that the interfering fields,
the so-called magnetic noise, be reduced as much as
possible. This is mostly achieved in dedicated rooms
that are protected from external fields with several
sheets of high permeability. However, such rooms exist
only in larger metrological institutes [28, 29]. Theoreti-
cally, ideal protection from external magnetic ficlds
would be achieved in a room whose walls consist of a
superconducting material. However, due to technologi-
cal difficulties, this method of protection is not used in
practice.

When measuring induction, the principle of
transformer for flux transfer from the measuring point
to SQUID, is applied. Transformer windings are
superconducting which allows the primary and sec-
ondary to be spaced apart, unlike transformers with re-
sistant conductors where the windings must be close.
For SQUID, itis desirable to be away from the measur-
ing point because it is surrounded by wires for power
supply and transmission of the output signal which, to-
gether with parts of the cooling system, partially dis-
turb the field to be measured. At the measuring point,
there is only the primary winding of the flux trans-
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former called the tentacle, fig. 3. The primary is con-
nected to the secondary winding which is close to the
SQUID and is inductively coupled to it [30-32].

If the primary has N windings of the area mean
value 4, by changing the inductiond B it's changed pri-
mary flux 6@, = NASB,,. This creates a change of the
current 67 in the circuit, according to the eq.

(L +1y)6i=9, “

where L; and L, are the inductors of the primary and
secondary. If the inductive coupling coefficient of the
secondary and the SQUID is M, the flux change in the
superconducting ring of the SQUID is
MNA (5)
L +L,

From eq. (5), it follows that the change of the in-
cident flux is proportional to the change of induction,
at the place where the measurement is performed.

The application of SQUID to record magnetic sig-
nals of the human brain is done by multichannel mea-
surement of the change in magnetic induction on the sur-
face of the head, that provides a visual representation of
brain activity in real time (magnetoencephalography).
Changes in the magnetic field are the result of a change in
the current inside the brain that is also recorded by a num-
ber of electrodes arranged on the surface of the head.

A plastic helmet is placed on the patient's head,
under the surface of which there is a matrix of several
tens of primary windings of superconducting trans-
formers. The windings and SQUID are in a cryostat
part cooled by liquid helium. Each primary winding is
connected to a secondary thatis inductively coupled to
the SQUID. The visual representation is based on a
computer program in which the brain is modeled by a
conducting sphere in which circular currents are
formed. Regardless of the simplicity of the model, the
system provides, every millisecond, the useful visual
information about brain activities during real psychic
processes. Thermal insulation of the head is realized
by a thin vacuum gap. A prerequisite for successful re-
cording of magnetoencephalogram is a low level of
other magnetic fields, which is achieved by magnetic
protection of the laboratory.

OB

O, =0iM =

device

MEASUREMENT
UNCERTAINTY TYPE A

Measurement uncertainty type A is determined
exclusively by the method of statistical processing of
results [33-35]. It follows that the measurement uncer-
tainty Type A exists only if it is a measurement that has
been repeated several times. The result of repeated
measurements is represented by a sample x,, x5, ..., X;,
... x,. If the elements of the sample are equal, i. e., if the
repeated experiments are performed in the same way
and with the same measuring equipment, the measure-
ment result is obtained as the mean value

(6)

Since the mean value represents a random vari-
able whose standard deviation is given by the eq.

Xs =l in
n

, 1 s =5

x.x n ’\/;
which is v/ times smaller than the standard elemen-
tary sample. By definition, the measurement uncer-
tainty type A is equal to the standard deviation of the
mean value

S (7

e -xg)?
% n(n—1)

The mean value of the measurement, for a suffi-
ciently large number of samples, satisfies the condi-
tions of the Central limit theorem, which means that is
joined by the Gaussian distribution (or Student's distri-
bution if a smaller number of samples are involved)
[36-41].

®)

EXPERIMENT

The experiment was performed on an experi-
mental animal with a human-like head shape (which
means that it was not necessary to make any adjust-
ments to the professional instrument used). During the
measurement, the experimental animal was placed in a
shallower level of coma and protected from ionizing
radiation. The room in which the measurement was
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performed was in the dark and the possibility of any
event that could affect the sedated experimental ani-
mal was excluded. As a result of the measurement, the
intensity of brain activity at five points of the brain was
taken and translated into a numerical value. The pause
between two consecutive measurements was 3 min-
utes. Three series of measurements were performed:
— without any effect on SQUID,
— with the effect of gamma radiation on SQUID, and
—  afterreceiving a dose of gamma radiation on SQUID.
As a source of gamma radiation Co-60 was used
which has two close lines in the spectrum of gamma ra-
diation with values of 1.17 MeV and 1.33 MeV. Coin-
cident with gamma radiation, the Co-60 emits a beta
particle that could not penetrate SQUID, so it can be
ignored for analysis of the results. The kerma in the air
was measured by reference with an ionization cham-
ber and an electrometer verified by the primary stan-
dard. Both during dynamic measurement and during
dose administration to SQUID, gamma radiation was
collimated and directed to the center point of the
SQUID axis. The doses given to SQUID were [Gy]:
20,30, 40,50, 60, 70, 80,100,200 and 1000 [42, 43].
The experimentally obtained results were pro-
cessed in the following way:
— doubtful results were rejected wusing the
Chauvenet's criterion,
— the results were tested by the U-test for belonging
to a single statistical distribution,
— the affiliation of statistical samples to the Gaussi-
an distribution was tested by the y*-test, and
— the measurement uncertainty type A was deter-
mined [44].
All the measurements were repeated 50 times,
which enabled the conclusion of the test to be credible
(according to the Student's distribution) [45].

RESULTS AND DISCUSSION

Figure 4 shows a diagram of the dependence of
the measurement uncertainty Type A on the ordinal
number of measurements (taken chronologically).
The parameter of the results shown in fig. 4, related to
applicability (or the non-application of gamma radia-
tion during the experiment).

Based on the results shown in fig. 4(a), it can be
concluded that the direct (dynamic) effect of gamma
radiation on the measurement uncertainty Type A of
SQUID exists, but at a level within 1-2%. It can also be
concluded that the absorbed dose of gamma radiation
in SQUID affects its measurement uncertainty Type A,
but not significantly, fig. 4(b). The effect of the ab-
sorbed dose on the measurement uncertainty Type A of
SQUID increases to 4% with very large dose differ-
ences (which can be considered negligible). Since nei-
ther direct gamma radiation nor the absorbed dose of
gamma radiation can disturb the Cooper pair system,
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Figure 4. (a) Measurement uncertainty Type A of SQUID
(ordinate) depending on the chronology of measure-
ments (abscissa): © without radiation, ® with dynamic
gamma radiation of 100 Gy and (b) measurement uncer-
tainty type A of SQUID (ordinate) depending on the
chronology of measurements after receiving a radiation
dose: ® without radiation, © 20 Gy, * 50 Gy, o 100 Gy, =
1000 Gy

the only explanation for the observed effect is through
the electronic component.

Miniaturization of electronic components, as a
basic technological process that has enabled the dy-
namic development of many branches of technology,
is conditioned by their resistance to the formation of
ion pairs in electronic circuits. The small cross-section
of the layers of multilayer integrated circuits causes
one formed ion-electron pair to drastically increase the
current density in them. As the essential laws of elec-
trical engineering (Maxwell's equations) relate to the
current density (and not to the current), the noise gen-
erated in this way can affect the measurement uncer-
tainty Type A of SQUID.

CONCLUSION

Since theoretically the Josephson junction is the
most accurate magnetometer (for several orders of
magnitude it surpasses all other types of magnetic field
gauges in terms of accuracy) and since the Josephson
junction is a standard source of direct current, the in-
fluence of radiation on it is extremely important. Since
it is impossible to avoid the effect of secondary radia-
tion, it is necessary to know whether it has any effect
on such a sensitive instrument as the standard of a DC
voltage source. In other words, it is necessary to know
whether the Josephson junction is stable under natural
conditions, i. e., whether gamma radiation affects the
expression of its measurement uncertainty Type A.
Tests by indirect measurements have shown that there
is a small influence of gamma radiation on the mea-
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surement uncertainty Type A, in appropriate medical
devices. However, based on the quantitatively ob-
tained results, it can be stated with certainty that, under
maximally controlled conditions, it is possible to elim-
inate any influence of radiation on the measurement
uncertainty of the Josephson junction.
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Henag M. KAPTAJIOBUR, Camka [I. BEKWU,
Cama b. BEKUh, Y3axup P. PAMAJTAHMW, Nywman I1. HUKE3Wh

YTHUIIAJ TAMA 3PAYEIbA HA IIO3E®COHOB CIIOJ

KBaHTHO MEXaHUYKHUM pa3MaTpambeM KOje je NOAp>KaHO KOHKPETHUM IIPUMEPOM JJOOUjEHH CY:
€TaJIOHCKU N3BOPH jeTHOCMEPHOT HAallOHA KOjH ce Mepe moMohy ppekBeHumje (ITo je HajTauHuje MepIbUBa
(pu3mUKa BENIWYNHA) U EKCTPEMHO OCETJHMB MHCTPYMEHT 3a Mepetbe MarHeTHe uapykinuje SQUID (tro
npejcTaBba aKpOHUM Ga3upat Ha u3pasy Superconducting Quantum Interference Device). Moryhuoct oBux
Mepema 3acHuBa ce Ha [lo3edconoBoMm crojy. Y oBOM papy je Ha komepuujairaoM [lozedconoBom cnojy
WCNUTUBAH YTHIIAj TaMa 3paderha Ha MepHy HecurypHocT tumna A [lozedconoBor cnoja. 3akibyvak je a u
AMHAMUAYKO raMa 3pavyere U J03a rama 3paudera, y yCIOBUMa eKCIepUMEHTa, 3aHEMap/buBO YTUUY Ha
MepHy HecurypHocT [lozedconoBor cmoja. Ha ocHOBY jjoOmjeHOr pes3yaTara 3aKJbydeHO je Aa je y
IIpYMapHUM METPOJIOLIKUM YCIOBUMa MepHa HecurypHocT tuna A Ilo3edconoBor croja 3aHemMapibuBa Tj.
la CEKYH/IJapHO KOCMHMYKO 3payelbe He YTUYe Ha €TaJIOH U3BOpa jeJHOCMEPHOT HallOHa.

Kwyune peuu: [lozegpcoros ciioj, 2ama 3paqerse, mepHa HecuzZypHocill iniuiia A



