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Quan tum me chan ics con sid er ation, sup ported by a con crete ex am ple, yielded stan dard
sources of di rect volt age mea sured by fre quency (which is the most ac cu rate mea sur able phys -
i cal quan tity) and ex tremely sen si tive in stru ment for mea sur ing mag netic in duc tion SQUID
(which is an ac ro nym based on the term Super con duct ing Quan tum In ter fer ence De vice).
The pos si bil ity of these mea sure ments is based on the Josephson junc tion. In this pa per, the
in flu ence of gamma ra di a tion on the mea sure ment un cer tainty Type A, of a com mer cial
Josephson com pound, is in ves ti gated. The con clu sion is that both dy namic gamma ra di a tion
and the dose of gamma ra di a tion, un der the con di tions of the ex per i ment, have a neg li gi ble ef -
fect on the mea sure ment un cer tainty of the Josephson junc tion. Based on the ob tained re sult,
it was con cluded that in the pri mary metrological con di tions, the mea sure ment un cer tainty
type A of the Josephson junc tion is neg li gi ble, i. e., that the sec ond ary cos mic ra di a tion does
not af fect the stan dard of the DC volt age source.
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IN TRO DUC TION

Josephson B. D. showed that when a su per con -
duc tor is in ter sected by a nar row in su la tor bar rier, the
thick ness of which is less than the ac tual length of the
Coo per pair, a super con duct ing cur rent will still flow
through the bar rier. Part of the su per con duc tor with a
thin bar rier acted as a kind of elec tronic com po nent,
the so-called Josephson el e ment which has a com plex
U-I char ac ter is tic. It is shown that in one place of the
U-I char ac ter is tics of the tun nel con nec tion, there is at
the same time a DC volt age U, and also an al ter nat ing
volt age com po nent with fre quency f [1, 2].

The DC volt age and fre quency are re lated by ex -
pres sion [3, 4]

U
h

e
f=

2
(1)

where the co ef fi cient of pro por tion al ity h/2e be tween
volt age and fre quency is de ter mined by the val ues of
two fun da men tal con stants. This means that this co ef -
fi cient is also a nat u ral con stant. Equa tion (1) can be
com pared to Far a day's law of in duc tion
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Com par ing eqs. (1) and (2), it is con cluded that
the term h/2e has the di men sion of mag netic flux and
that it rep re sents the el e men tary quan tum of mag netic
flux. The nu mer i cal value of this quan tum is [5-8]

f0
152067833636 10= × -. Wb (3)

In prin ci ple, the quan tum of mag netic flux is
given by the equa tion Df = h/q where q is the charge. In
su per con duc tors, the car ri ers of charge are Coo per
pairs q = 2e [9, 10].

Based on the SQUID the ory, the Josephson com -
pounds were first re al ized, with which the cor rect ness
of the the o ret i cal work was ex per i men tally con firmed. 
The term of the Josephson ef fect and the term of a ra -
dio-fre quency mag ne tom e ter are con nected with the
Josephson junc tion. The Josephson junc tion mag ne -
tom e ter is the most ac cu rate mag ne tom e ter [11, 12].

U-I FORMS OF JOSEPHSON
JUNC TION CHAR AC TER IS TICS

There are a num ber of tech niques for the
Josephson junc tion pro duc tion like evap o ra tion,
chem i cal cor ro sion and ion photo lith ogra phy. Some of 
these types of Josephson junc tion con sist of a thin
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layer of in su la tor in serted be tween two su per con duc -
tors. One ex am ple of such a junc tion is shown in fig.
1(a). Ni o bium al loyed with el e ments such as gold, in -
dium and oth ers, is used as a super con duct ing ma te -
rial. The in su lat ing layer can be sil i con ox ide about ten
nanometers thick. In stead of an in su la tor, it is pos si ble
to use a layer of some usual con duc tors or semi con -
duc tors, that do not reach the super con duct ing state. In 
some mi cro scopic con struc tions, the Josephson junc -
tion is achieved with out in sert ing an other ma te rial
through the nar row ing of the su per con duc tor, fig.
1(b). The con duc tion of cur rent through the junc tion is
based on the tun nel ef fect, which is why the Josephson
junc tion is also called the tun nel el e ment [13-17].

The in ven tion of high tem per a ture super con duct ing
ma te ri als has en abled their suc cess ful ap pli ca tion in the
man u fac ture of Josephson junc tion. Ce ramic Josephson
junc tions give less re peat abil ity of re sults than Josephson
junc tions based on metal al loys.

The DC volt age-cur rent char ac ter is tic of the
Josephson junc tion has the hys ter esis shape shown in
fig. 2.

If the cur rent in creases from zero to the value
shown by Point A, the junc tion be haves as an ideal su -

per con duc tor, i. e., the volt age on it is equal to zero. At
Point A, the volt age rises sharply, pass ing to Point B.
With a fur ther in crease in cur rent, the char ac ter is tic
has a smaller slope up to the crit i cal cur rent Ic when the
junc tion loses its super con duct ing prop er ties. With a
fur ther in crease in cur rent I > Ic, the char ac ter is tic has a 
con stant slope, i. e., the volt age in creases lin early with
the cur rent, ac cord ing to Ohm's law. With a grad ual
de crease in cur rent, the volt age moves through the up -
per part of the char ac ter is tic. Start ing from Point D and 
mov ing to 0, there is a steep part of the char ac ter is tic
on which the junc tion acts as a volt age-fre quency con -
verter used in Josephson's stan dard volt age sources.

When the cur rent changes di rec tion, a sym met ri -
cal char ac ter is tic is ob tained in the re gion of neg a tive
volt ages where the co-or di nate or i gin rep re sents the
point of sym me try [18-24].

The cur rent-volt age char ac ter is tic is used in two
ways:
– in the case of a SQUID-based mag ne tom e ter, the

junc tion is used in the range start ing from Point B
and fur ther in the ohmic re gion and

– for stan dard volt age sources, the junc tion op er ates 
in the steep part of the char ac ter is tic be tween
Points D and 0.

PRAC TI CAL AP PLI CA TION
OF SQUID

The SQUID is in tended for mea sure ments of
weak mag netic fields, sev eral or ders of mag ni tude
smaller than the usual fields orig i nat ing from geo mag -
ne tism, or from the op er a tion of tele com mu ni ca tion or
elec tro mag netic de vices [25-27]. A pre req ui site for
mea sur ing very weak fields is that the in ter fer ing fields,
the so-called mag netic noise, be re duced as much as
pos si ble. This is mostly achieved in ded i cated rooms
that are pro tected from ex ter nal fields with sev eral
sheets of high per me abil ity. How ever, such rooms ex ist
only in larger metrological in sti tutes [28, 29]. The o ret i -
cally, ideal pro tec tion from ex ter nal mag netic fields
would be achieved in a room whose walls con sist of a
super con duct ing ma te rial. How ever, due to tech no log i -
cal dif fi cul ties, this method of pro tec tion is not used in
prac tice.

When mea sur ing in duc tion, the prin ci ple of
trans former for flux trans fer from the mea sur ing point
to SQUID, is ap plied. Trans former wind ings are
super con duct ing which al lows the pri mary and sec -
ond ary to be spaced apart, un like trans form ers with re -
sis tant con duc tors where the wind ings must be close.
For SQUID, it is de sir able to be away from the mea sur -
ing point be cause it is sur rounded by wires for power
sup ply and trans mis sion of the out put sig nal which, to -
gether with parts of the cool ing sys tem, par tially dis -
turb the field to be mea sured. At the mea sur ing point,
there is only the pri mary wind ing of the flux trans -
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Fig ure 1. (a) Josephson junc tion ob tained by
in sert ing a layer of in su la tor (or con duc tor) be tween
two su per con duc tor and (b) the con nec tion made by
nar row ing the su per con duc tor

Fig ure 2. The U-I Josephson junc tion char ac ter is tic



former called the ten ta cle, fig. 3. The pri mary is con -
nected to the sec ond ary wind ing which is close to the
SQUID and is in duc tively cou pled to it [30-32].

If the pri mary has N wind ings of the area mean
value A, by chang ing the in duc tion dB it's changed pri -
mary flux dFp = NAdBp. This cre ates a change of the
cur rent di in the cir cuit, ac cord ing to the eq.

( )L L i p1 2+ =d f (4)

where L1 and L2 are the inductors of the pri mary and
sec ond ary. If the in duc tive cou pling co ef fi cient of the
sec ond ary and the SQUID is M, the flux change in the
super con duct ing ring of the SQUID is

¶ f ¶ ¶s iM
MNA

L L
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(5)

From eq. (5), it fol lows that the change of the in -
ci dent flux is pro por tional to the change of in duc tion,
at the place where the mea sure ment is per formed.

The ap pli ca tion of SQUID to re cord mag netic sig -
nals of the hu man brain is done by mul ti chan nel mea -
sure ment of the change in mag netic in duc tion on the sur -
face of the head, that pro vides a vi sual rep re sen ta tion of
brain ac tiv ity in real time (magnetoencephalography).
Changes in the mag netic field are the re sult of a change in 
the cur rent in side the brain that is also re corded by a num -
ber of elec trodes ar ranged on the sur face of the head.

A plas tic hel met is placed on the pa tient's head,
un der the sur face of which there is a ma trix of sev eral
tens of pri mary wind ings of super con duct ing trans -
form ers. The wind ings and SQUID are in a cryostat
part cooled by liq uid he lium. Each pri mary wind ing is
con nected to a sec ond ary that is in duc tively cou pled to 
the SQUID. The vi sual rep re sen ta tion is based on a
com puter pro gram in which the brain is mod eled by a
con duct ing sphere in which cir cu lar cur rents are
formed. Re gard less of the sim plic ity of the model, the
sys tem pro vides, ev ery mil li sec ond, the use ful vi sual
in for ma tion about brain ac tiv i ties dur ing real psy chic
pro cesses. Ther mal in su la tion of the head is re al ized
by a thin vac uum gap. A pre req ui site for suc cess ful re -
cord ing of magnetoencephalogram is a low level of
other mag netic fields, which is achieved by mag netic
pro tec tion of the lab o ra tory.

MEA SURE MENT
UN CER TAINTY TYPE A

Mea sure ment un cer tainty type A is de ter mined
ex clu sively by the method of sta tis ti cal pro cess ing of
re sults [33-35]. It fol lows that the mea sure ment un cer -
tainty Type A ex ists only if it is a mea sure ment that has
been re peated sev eral times. The re sult of re peated
mea sure ments is rep re sented by a sam ple x1, x2, ... , xi,
... xn. If the el e ments of the sam ple are equal, i. e., if the
re peated ex per i ments are per formed in the same way
and with the same mea sur ing equip ment, the mea sure -
ment re sult is ob tained as the mean value

x
n

xs i= å
1

(6)

Since the mean value rep re sents a ran dom vari -
able whose stan dard de vi a tion is given by the eq.

S
n

nS
s

n
xs

= =
1 2 (7)

which is n times smaller than the stan dard el e men -
tary sam ple. By def i ni tion, the mea sure ment un cer -
tainty type A is equal to the stan dard de vi a tion of the
mean value
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The mean value of the mea sure ment, for a suf fi -
ciently large num ber of sam ples, sat is fies the con di -
tions of the Cen tral limit the o rem, which means that is
joined by the Gaussi an dis tri bu tion (or Stu dent's dis tri -
bu tion if a smaller num ber of sam ples are in volved)
[36-41].

EX PER I MENT

The ex per i ment was per formed on an ex per i -
men tal an i mal with a hu man-like head shape (which
means that it was not nec es sary to make any ad just -
ments to the pro fes sional in stru ment used). Dur ing the
mea sure ment, the ex per i men tal an i mal was placed in a 
shal lower level of coma and pro tected from ion iz ing
ra di a tion. The room in which the mea sure ment was
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Fig ure 3. Mea sure ment of
mag netic in duc tion us ing
SQUID with sig nal
trans mis sion by flux
trans form ers



per formed was in the dark and the pos si bil ity of any
event that could af fect the se dated ex per i men tal an i -
mal was ex cluded. As a re sult of the mea sure ment, the
in ten sity of brain ac tiv ity at five points of the brain was 
taken and trans lated into a nu mer i cal value. The pause
be tween two con sec u tive mea sure ments was 3 min -
utes. Three se ries of mea sure ments were per formed:
– with out any ef fect on SQUID,
– with the ef fect of gamma ra di a tion on SQUID, and
– af ter re ceiv ing a dose of gamma ra di a tion on SQUID.

As a source of gamma ra di a tion Co-60 was used
which has two close lines in the spec trum of gamma ra -
di a tion with val ues of 1.17 MeV and 1.33 MeV. Co in -
ci dent with gamma ra di a tion, the Co-60 emits a beta
par ti cle that could not pen e trate SQUID, so it can be
ig nored for anal y sis of the re sults. The kerma in the air
was mea sured by ref er ence with an ion iza tion cham -
ber and an electrometer ver i fied by the pri mary stan -
dard. Both dur ing dy namic mea sure ment and dur ing
dose ad min is tra tion to SQUID, gamma ra di a tion was
collimated and di rected to the cen ter 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 ex per i men tally ob tained re sults were pro -
cessed in the fol low ing way:
– doubt ful re sults were re jected us ing the

Chauvenet's cri te rion,
– the re sults were tested by the U-test for be long ing

to a sin gle sta tis ti cal dis tri bu tion,
– the af fil i a tion of sta tis ti cal sam ples to the Gaussi -

an dis tri bu tion was tested by the c2-test, and
– the mea sure ment un cer tainty type A was de ter -

mined [44].
All the mea sure ments were re peated 50 times,

which en abled the con clu sion of the test to be cred i ble
(ac cord ing to the Stu dent's dis tri bu tion) [45].

RE SULTS AND DIS CUS SION

Fig ure 4 shows a di a gram of the de pend ence of
the mea sure ment un cer tainty Type A on the or di nal
num ber of mea sure ments (taken chro no log i cally).
The pa ram e ter of the re sults shown in fig. 4, re lated to
ap pli ca bil ity (or the non-ap pli ca tion of gamma ra di a -
tion dur ing the ex per i ment).

Based on the re sults shown in fig. 4(a), it can be
con cluded that the di rect (dy namic) ef fect of gamma
ra di a tion on the mea sure ment un cer tainty Type A of
SQUID ex ists, but at a level within 1-2%. It can also be 
con cluded that the ab sorbed dose of gamma ra di a tion
in SQUID af fects its mea sure ment un cer tainty Type A, 
but not sig nif i cantly, fig. 4(b). The ef fect of the ab -
sorbed dose on the mea sure ment un cer tainty Type A of 
SQUID in creases to 4% with very large dose dif fer -
ences (which can be con sid ered neg li gi ble). Since nei -
ther di rect gamma ra di a tion nor the ab sorbed dose of
gamma ra di a tion can dis turb the Coo per pair sys tem,

the only ex pla na tion for the ob served ef fect is through
the elec tronic com po nent.

Min ia tur iza tion of elec tronic com po nents, as a
ba sic tech no log i cal pro cess that has en abled the dy -
namic de vel op ment of many branches of tech nol ogy,
is con di tioned by their re sis tance to the for ma tion of
ion pairs in elec tronic cir cuits. The small cross-sec tion 
of the lay ers of multilayer in te grated cir cuits causes
one formed ion-elec tron pair to dras ti cally in crease the 
cur rent den sity in them. As the es sen tial laws of elec -
tri cal en gi neer ing (Maxwell's equa tions) re late to the
cur rent den sity (and not to the cur rent), the noise gen -
er ated in this way can af fect the mea sure ment un cer -
tainty Type A of SQUID.

CON CLU SION

Since the o ret i cally the Josephson junc tion is the
most ac cu rate mag ne tom e ter (for sev eral or ders of
mag ni tude it sur passes all other types of mag netic field 
gauges in terms of ac cu racy) and since the Josephson
junc tion is a stan dard source of di rect cur rent, the in -
flu ence of ra di a tion on it is ex tremely im por tant. Since
it is im pos si ble to avoid the ef fect of sec ond ary ra di a -
tion, it is nec es sary to know whether it has any ef fect
on such a sen si tive in stru ment as the stan dard of a DC
volt age source. In other words, it is nec es sary to know
whether the Josephson junc tion is sta ble un der nat u ral
con di tions, i. e., whether gamma ra di a tion af fects the
ex pres sion of its mea sure ment un cer tainty Type A.
Tests by in di rect mea sure ments have shown that there
is a small in flu ence of gamma ra di a tion on the mea -
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Fig ure 4. (a) Mea sure ment un cer tainty Type A of SQUID 
(or di nate) de pend ing on the chro nol ogy of mea sure -
ments (ab scissa): B with out ra di a tion, C with dy namic
gamma ra di a tion of 100 Gy and (b) mea sure ment un cer -
tainty type A of SQUID (or di nate) de pend ing on the
chro nol ogy of mea sure ments af ter re ceiv ing a ra di a tion
dose: C with out ra di a tion, B 20 Gy, * 50 Gy, ~ 100 Gy, �
1000 Gy



sure ment un cer tainty Type A, in ap pro pri ate med i cal
de vices. How ever, based on the quan ti ta tively ob -
tained re sults, it can be stated with cer tainty that, un der 
max i mally con trolled con di tions, it is pos si ble to elim -
i nate any in flu ence of ra di a tion on the mea sure ment
un cer tainty of the Josephson junc tion.
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UTICAJ  GAMA  ZRA^EWA  NA XOZEFSONOV  SPOJ

Kvantno mehani~kim razmatrawem koje je podr`ano konkretnim primerom dobijeni su:
etalonski izvori jednosmernog napona koji se mere pomo}u frekvencije ({to je najta~nije merqiva 
fizi~ka veli~ina) i ekstremno osetqiv in stru ment za merewe magnetne indukcije SQUID ({to
predstavqa akronim baziran na izrazu Super con duct ing Quan tum In ter fer ence De vice). Mogu}nost ovih
merewa zasniva se na Xozefsonovom spoju. U ovom radu je na komercijalnom Xozefsonovom spoju
ispitivan uticaj gama zra~ewa na mernu nesigurnost tipa A Xozefsonovog spoja. Zakqu~ak je da i
dinami~ko gama zra~ewe i doza gama zra~ewa, u uslovima eksperimenta, zanemarqivo uti~u na
mernu nesigurnost Xozefsonovog spoja. Na osnovu dobijenog rezultata zakqu~eno je da je u
primarnim metrolo{kim uslovima merna nesigurnost tipa A Xozefsonovog spoja zanemarqiva tj.
da sekundarno kosmi~ko zra~ewe ne uti~e na etalon izvora jednosmernog napona.

Kqu~ne re~i: Xozefsonov spoj, gama zra~ewe, merna nesigurnost tipa A


