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3. SQUIDs 
SQUID is a superconducting quantum interferometer, i.e. a ring of 

superconducting material closed through one or two Josephson Junctions 
with a circuit for reading out the information about the interferometer's 
state. Besides the Josephson effect in SQUIDs works an effect of magnetic 
flux quantization in the ring, making them non-linear active elements with 
a non-singular state of steady equilibrium. Naturally that with operation 
temperature T increasing, and hence with increasing thermal fluctuation 
current in Josephson junctions i , a probability grows of spontaneous 
jumps of the operation point from one steady equilibrium state into 
a'nother. To provide stable interferometer operation the inductance L of 
their superconducting ring is restricted: L must not exceed considerably 
the fluctuation inductance L , first introduced in [1]. 

F 
The fluctuation inductance is such inductance of interferometer at 

which thermal fluctuation energy becomes equal to energy needed to 
transfer an operating point into one of the neighbouring states of steady 
equilibrium: 

Ф 2 
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At T=77K L «10"10H. 

F 

At higher L value a possibility of spontaneous jumps of the 
L 

operation point Р1ф, t) grows proportionally to «ехр(—=- -j—). 
s 

According to [2], at L «(4-5)L P(^, t)<*0.1 in the time ut«5r , where x 
S F о о 

is a time constant of the SQUID . Practically it means a complete loss of 
the operation ability of the device. In order to provide L slO" H in thin 
film Interferometers the superconducting ring diameter has to be not more 
than «SOum [3]. 

As a general remark to section 3 we would like to stress that 
existing SQUID theory Is written for L « L case. In practical both 
high-T thin film and bulk SQUIDs at T=77K this condition is not mainly 
satisfied. Hence, before using the expressions to exist for signal and 
noise characteristics of low temperature SQUIDs, one has to estimate an 
error which they may imply if L <<L is not satisfied. 

For practical purposes two types of SQUIDs are developed: with one 
and with two Josephson Junctions. By ti.e method of bias and of their state 
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readout they were named alternative and direct current (DC) SQUIDs, 
respectively. Depending on the bias frequency the alternating current 
SQUIDs can be named either radiofrequency (RF) or SHF-SQUIDs. 

We should point out several excellent reviews in this field dedicated 
to both types of SQUIDs operated at liquid helium temperature [4, 5). The 
dynamics of ceramic SQUIDs Is mainly similar to that of niobium SQUIDs, 
thus, not to repeat known facts, in the following section we shall briefly 
introduce only the notions of their main signal and noise parameters and 
then shall give the values of these parameters for the best to date 
ceramic devices at T=77K. 

3.1. Radiofrequency SQUIDs. Principle of operation. Main relations 
According to [6) an expression for magnetic flux inside the 

superconducting ring closed through one Josephson Junction can be written 
as follows: 

Ф=Ф -L I sin(2ii4/4 ), (3.2) 
e s c о 

where Ф is a full external magnetic flux applied to the SQUID, L is 
e -IS s 

related to the SQUID inductance, Ф =«2,07 10 Wb Is a magnetic flux d$ quantum. In (3.2) Is assumed that C=0 and -rr—=0. 
It is convenient to write down the expression of (3.2) in a 

normalized form: 
ф=ф -Jsin*, (3.3) 

e 2nL I 
where ф=2пФ/Ф , ф =2иФ /Ф , 1= — ^ . 1 is a main parameter of the о е е о Ф r 

о 
interferometer determining its operation regime. If 1<\, ф=£(ф ) function 
is single-valued, and the device operates in a nonhysteretic regime like 
a parametric inductance. At 1>1 the ^=f(^ ) dependence contains hysteresis 
loops as it is indicated in fig. 1. 

According to the theoretical evaluations made in [7, 8], in a 
non-hysteretlc mode one can in principle reach a better signal/noise 
relation than in case with I>1. In practice, however, this mode is not 
used as it is difficult to provide a steady work of real SQUID systems 
without making them too sophisticated. Nevertheless, taking into 
consideration a single-valuedness of ф-{1ф ), this mode can be useful in 
order to obtain current-phase relation in Josephson Junction in explicit 
form as it has been already mentioned in Part I. 

Real measurement systems are based on RF SQUIDs, operated at 1>1. It 
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Fig.1. (&=f(# ) dependence for 
rf-lnterferometer operating 
in hysteretic mode. 

is easier to understand the operation principle of the RF SQUID In that 
mode using separate circuits for ElF-blas of Interferometer and for 
information readout as shown in fig.2. In the present case SQUID operates 

i r f =i{Pfcosft>t to ampifier 

Fig.2. Superconducting quantum interferometer with the separated circuits 
of bias signal L and reading-out of its states L С . 6 Is the measurement i к к x 
magnetic flux. 
as a classical parametric element. A radiofrequency current with a fixed 
amplitude is passed through the inductance L originating magnetic flux 
bias of ф =ф cosu t. At changing of the measured magnetic flux Ф the Trf rf rt x 
peak values of the total flux Inside the circuit ф is changing as is shown 
in fIg.1 for 0=f(0 ), where ф =ф *ф . The flux inside the ring Is readout 

3 



via tank circuit L С т т which can be tuned on и frequency as well as on 
higher harmonic components, I.e. nu , where n=2, 3, 4... . 

Information readout using separate pumping haven't been applied in 
SQUIDs operating in liquid helium (LH). Partly it is because this method 
requires an additional coupling cable, entering from room temperature and 
hence increasing the LH evaporation rate. When working with liquid 
nitrogen it would be useful to examine more carefully the separate pumping 
as according to 18] the latter enables to provide a high forward transfer 
function steepness most of all if a radlofrequency bias current of a 
special form is used. 

A standard scheme of an RF SQUID is given in fig.3. The 

6rf 

M 

£>-? 

.or 7b 
J 

T ¥ 

Fig.3. The standard scheme of rf SQUID. Grr is the generator of rf bias 
current, A is the rf preamplifier, and D,C,R are the amplitude detector. 

interferometer in the scheme is inductively coupled to the tank circuit 
L С , which matches Interferometer to the low noise preamplifier, i is 
an rf bias current from the current generator G . The interaction of the 
interferometer with the tank circuit consists essentially in the 
following: passing through the hysteresis loops in ф=Т(ф ) (fig.1) the 
interferometer brings active losses into the tank circuit and thus 
modulates the amplitude of a radiofrequency voltage across it. The 
modulation depth depends on the amplitude of the bias current i and the 
measured magnetic flux ф . 

X 

RF voltage-current characteristics of the tank circuit coupled to the 
interferometer at ф =n and ф =(n+l/2) are given in fig.4. If the amplitude 
of RF bias current Is fixed (1° in fig.4), then at ф =n we shall obtain 

rf x 
the maximum value of the peak voltage across the circuit V and at 
ф =(n+l/2) the- minimum V one, respectively. At ф values lying in the 
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range between n and (n+1/2) V will have Intermediate values between V 
and V In the insertion of fig. 4 the V on ф dependence is shown at 
fixed amplitude of RF bias current I . This dependence is called a 
volt-flux characteristic of the RF SQUID. 

7)= -^r— is flux-to-voltage conversion steepness of the 
ov LnoperatingpoUt 

RF SQUID. According to [9J, 

*—тг-^/тг- < 3 < > 
where a is step slope parameter introduced first in (101. The method of 
its determining Is shown in fig. 4. Here also и is RF bias signal 
frequency, к is the coupling coefficient of the interferometer to the tank 
circuit. 

Naturally, expression (3.4) has a satisfactory accuracy in the 
defined Intervals of the composing parameters. Thus, in [11] was found 
that for a maximum i) attainment it is necessary to satisfy a condition 
к Q=*n/2, where Q Is a quality factor of the tank circuit without the 
Interferometer. 

At liquid nitrogen temperature the tank circuit has a low quality 
factor if its inductance is made as a thin spiral-like planar coil. Thus, 
to satisfy а к Q=n/2 condition in thin film RF SQUIDs is not an easy task. 
The original solution of this problem was proposed by the authors in [121. 
In that work for an effective quality factor Q increasing the tank 
circuit and part of rf-preamplifier was embraced by local positive rf 
feedback. Thus, we get 

Q.rr = 1-K (u)0 (u) ' ( 3 S ) 

о о 
where К (w)0 (и) is a loop amplification of the local positive feedback. 

о о 
Of course, К (w)0 {ы) shouldn't be too close to 1 as a SQUID may 

о о 

transit into an auto-oscillation (autodyne) mode. It can give rise to the 
beating the self-oscillating and bias current frequencies, which will lead 
to instability of SQUID operation in general. 

We shall remark Incidentally that if a RF SQUID is built in the 
integrated design the controllable autodyne mode might appear more 
preferable than a standard one since it doesn't require a radiofrequency 
bias current generator. A good schematic implementation of the mode Is 
described in [13]. 



3.2. Thermal noise in radiofrequency SQUIDs 
The summary spectral density of the SQUID flux noise is determined by 

the following expression 

9 9 9 9 
where S,, S^, S. are noise spectral densities of the Interferometer, 9 9 9 
preamplifier and tank circuit, referred to the Interferometer input. For 
further RF SQUIDs improvement it is important to know which element 

£ X 
contributes more into the S,. The problem of summary noise S. separation 

9 9 
into the components, in case of the interferometer operating at T=77K, 
appears to be more difficult because we cannot use an analytical 
expression for S,, obtained earlier for the niobium SQUIDs through the 

9 
parameters of the RSJ model, due to not satisfied L <<L condition. S F Z In [14], however, an attempt was done to evaluate S. components using 

9 
the substitution measurement method, the general theory of the circuit and 
a specially designed cooled preamplifier. In order to determine the 
amplifier and tank circuit noise the following relations have been used: 

s!! = (l/7))24k T R (3.7) 
9 b p d 

s' e=(l/D) 24kT H|/R „ (3.8) 
ф b TC d TC 

where T is the preamplifier noise temperature, R =Qw L , R is a 
p TC rf T d 

dynamic resistance of the tank circuit coupled to the interferometer in 
the point of the RF ЧСС of the SQUID, where the summary spectral density 
S. was measured. 9 

The result of the evaluations and measurements makes it clear that 
the noise of the bulk interferometer may be determined with a satisfactory 
accuracy via the expression first derived in [10] and then in a slightly 
modified form in [9] 

2 .2 
П к* (3.9) 

Ф U-T,) 2* , 
Unfortunately, the detailed measurements of the S. components for 

9 
interferometers from thin monocrystalline film were not performed yet. 

The relation between S* S^, ST.C for rather a high quality 9 9 9 polycrystalllne interferometer is given in Table 1. From Table 1 we see 
that s' exceeds many times S^+S^C. As s' for polycrystalline ceramic 

9 9 9 9 
SQUIDs coincides with (10-20)'/. accuracy with S. measured in [15, 16] for 

9 
thin film SQUIDs it can be assumed with great probability that in the 
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Table 1 

RF-bias 
frequency 
f=w f/2it, 
MH2 

Noise 
temperature 
of amplifier 
T ,K Р 

*c Spectral density of flux 
noise, *_/Hz 

RF-bias 
frequency 
f=w f/2it, 
MH2 

Noise 
temperature 
of amplifier 
T ,K Р 

*c 

< s £ ) 1 / 2 <S= ) 1 / Z 

we 

10 80 1.8 1.83 10" 4 -4 2.5 10 

20 50 1.7 1.35 10~ 4 -4 1.6 10 

40 90 1.7 0.95 10" 4 1.2 10~ 4 

latter the picture is the same. 
It has been found also that experimental S. value exceeds 

considerably a theoretical value s'<*0.25-10~l<Va/Hz, obtained with RSJ 
model [17]. The reason of such a divergence will become clear after a 
current to phase relation in Josephson contact is obtained in the explicit 
form [10, p. 215]. One cannot say with certainty that f(0)=sin# as, for 
instance, VCC of a weak link reported in [16] is characteristic to a 
junction with a Josephson-like behaviour due to the coherent vortices 
motion. 

To compare noise properties of SQUIDs with different L inductances 
of the circuit a parameter called energy resolution is used 

e=S?/2L (3.10) 
Ф s 

As the main part in S, is that of the interferometer according to 
9 

(3.9) energy resolution must decrease proportionally to the bias signal 
frequency ы . This law Is satisfied as far as 360 MHz [14, 15, 18]. 

3.3. Practical realization of rf SQUIDs. Figures of merit 
Historically HTSC rf-interferometers were first made from bulk 

polycrystalline ceramics. They consisted of a superconducting ring, 
connected through a weak link which was formed mechanically from one or 
several natural intergrain boundaries. Although the SQUIDs of the type 
with similar signal and noise characteristics were obtained in several 
laboratories practically at the same time, chronologically the first 
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reported in press was that of Zimmerman's group [19]. It is very symbolic 
and it renders Justice to the outstanding merits of this scientist who 
made a decisive contribution into the niobium SQUIDs development and 
understanding of dynamics of their intrinsic processes and who gave a 
powerful impulse to their practical applications. 

Investigation of bulk ceramic Interferometers enabled at an early 
stage to come to two conclusions that it is possibly: a) to develop 
practical SQUIDs operated at liquid nitrogen temperature and also b) to 
reach at the same temperature energy resolution close to the quantum limit 
e<*h [20]. These conclusions overcame the pessimism about the future of 
HTSC electronics and enabled the large scale works on the investigation 
and synthesis of regular Josephson structures in integrated design. 

The interest towards the bulk SQUIDs has reduced by now due to their 
considerable overall noise in a.low-frequency region and the lack of thin 
superconducting at T=77K wire for coil fabrication. It should be noted, 
however, that at the moment when this paper is being written this SQUID 

-29 
exhibits the record values of energy resolution е«2.6-10 J/Hz among rf 
SQUIDs and sensitivity at magnetic field 5B»5-10~ 1 4T/Hz , / 2 among rf and dc 
SQUIDs In the white noise region [18]. 

The development of the radiofrequency interferometers from thin 
epitaxial film was almost simultaneously reported in two works [15, 16]. 
In both devices the weak links were prepared on the artificially grown 
intergrain boundary of a step-edge configuration. The main parameters of 
the best rf SQUIDs and frequency dependencies of their energy resolutions 
are given in table 2 and fig. 5, respectively. 

As In [15, 16] there are no clear diagrams of radiofrequency 
volt-current characteristics, noise temperature of the preamplifier and 
because the condition L <<L is not satisfied, at present stage it is 
Impossible to infer If the experimentally obtained parameters agree with 
an existing theory of rf-SQUIDs. 

A great achievement should be considered the result obtained in [15] 
in a 1/f noise region. As it can be seen in fig. 5 at energy resolution 
1.5-10 J/Hz an overall low-frequency noise begins to manifest Itself only 
from 0.3 Hz. This is a serious break through for a number of practical 
applications. 
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Fig.5.The frequency dependence of the energy resolution of rf- and dc 
SQUIDs operating at T=77K. 

3.4. DC SQUIDS 
A dc SQUID consists from a superconducting ring connected through two 

Josephson Junctions and a bias and readout circuits as shown in 
fig.6a.Volt-current characteristic of a two-contact interferometer is 
given In fig. 6b. As well as in the radlofrequency interferometer at the 
external magnetic flux ф changing VCC oscillates between two extreme 
curves at ф =n and ф =n+l/2. If a direct bias current I is passed through 
the interferometer then its voltage will be a 2n-perlodlc ф function 
(flg.6c). 
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3 %/% 

Fig. 6. a - schematic drawing of the DC SQUID interferometer, b - DC SQUID 
voltage-current characteristic, с - DC SQUID voltage-flux characteristic. 

According to [5,21] the dynamics of the DC SQUID is described by the 
set of differential equations: 

dv 

^1? 
dr 2 

dr 
da 
dr 

+sini»cos6=i+i (т) 
n, I/ (3.11) 

+cosi>sinS+ 
с 

where (3 
2*1 R С с N Ф *Ф 

&= 
Ф ~Ф 

ф ,ф are the phase differences 

of the order parameter across the junctions, т= 
2ifR I N с t i s normalized 

time. 1=2L I / • 
s с i Г=2як.Т/1 Ф , b с о 

<i (т+ДтЦ (т)>=<1 
n, V n,V : 

в(Дт) i s the Dirac func t ion . 

,{т+Дт)1 Лт)>=Г6(Лт), , о n,o 

At present there have not been found a general analytic solution of 
the equation system (3.11) regarding to S and u. Owing to the above fact 
in practice a numerical calculations of this system are being performed. 
The results of these calculations at the different DC SQUID parameters are 
systematically summarized for example in 121,5]. Mot to repeat the well 
known results we shall not give here their description but only one 
general remark about the dc SQUID dynamics. 

The dc SQUID like the rf SQUID is a parametric element. According to 
[22] a ultimate energy resolution for parametric elements Is e«k T/«, 
where и is a pumping, frequency. At bias current I =21 passing through the 
DC SQUID Josephson junctions begin to switch by turns from the 
superconducting state into the normal one and back as if reading out each 
other. The detected DC voltage of the interferometer depending on ф is a 
result of these switches'. If the Josephson junction capacity is neglected 
0 « D , then at the shielding factor i«l the characteristic frequency is 
determined by the time constancy of the interferometer и =R /L . From here 

p N S 
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к Т L 
е=к — =к -=2_к Т, (3.12) р и р R ь Р я 

where к Is a proportionality coefficient, к =6.7 in [5] and к =9 in [21j. p p p 
The investigation in [231 of the high-T dc SQUIDs built on the 

bicrybtaliine weak links has shown that their heat noise agrees well with 
'.he (3.12) expression at к =9. 

P As the characteristic frequency of the two-contact interferometer 
u /2K>10 H Z and the readout circuits of the one-contact SQUID became 
p 
rather sophisticated at this bias signal frequency range one can assume 
that it is preferable to build high sensitive Integrated high T 
SQUlD-systems like L.TGC ones on the two-contact interferometers. 

According to (3.12), in order to improve energy resolution In DC 
SQUID at fixed temperatures one has to decrease L and to increase R . 
Evidently in practical SQUIDs the possibilities of L decreasing and R 
increasing are somewhat limited. Thus, at Ц.-*0 the SQUID cannot be 
connected with the outer world and according to [24] in order to avoid 
serious losses at signal transmission from the input circuits to the 
interferometer L value should be maintained of about 10" H. 

s 
The possibilities of R increment are limited by characteristic 

voltage of Josephson junctions V =1 R from the one hand and from the 
othar hand by the condition of sraallness of thermal fluctuations Г<<1 
according to which at T=77K I must be greater than (20-30)uA. As can be 
seen from Table 2 [Part I], characteristic voltage in most Josephson 
junctions lies in the range of (50-300)uV at T=77K. Thus, the attainable 
to "ate energy resolution for SQUIDs with these Josephson junctions at 
T=77K and L =10~ 1 0H is e=(10~ 3 l-10~ 3 0)J/Hz. !J.S.Martens, T.E.Zipperian, 
G. A.Vawter, D. S. Ginley, V.M.Hietala, and C.P.Tigges have reported recently 
the creation of TICaBaCuO step-edge Josephson Junction with I R product 
(5 to 8)mV at T=77K. In this case there is a hope to reach с better than 
10~ 3 2 J/Hz). In practice DC SQUID has already shown e*3-10~31J/Hz in the 
white noise region at T=77K [23]. It is the best result by now. Such 
energy resolution is good enough for most of practical applications. 

If the condition of smallness of thermal fluctuations Г«1 is not 
satisfied, in • Josephson junctions of the SQUID a process of 
thermoactivated synchronized phase slippage begins to manifest itself 
[25], which, as shown in [26, 27], leads to the decrease of i)=3V/3* and 

X 

consequently, in accord with (3.10), to e decline. By the way, at Г«1 and 
the shielding factor i«l the flux to voltage conversion steepness r> is 
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Kaln performance* of RF SQUID» 
Table 2 

Type of weak 
link 

Interferometer 
Inductance, 
V и 

Bias 
frequency 

•Гц. 

Main 
parameter, 

1 

Nature 
grain 
boundary 

2 I D " 1 0 360 • 8 

Step-edge 
Junctions 

0.6 Ю " 1 0 27 1 Step-edge 
Junctions 

1.5 t o " 1 0 27 1 

Step-edge 
Junctions 

1.25 l O " 1 0 150 1 

Table .2 (continue) 
Slope 
parameter, 

a 

Forward trans
fer function, 
4.J.V/*, 

Flux 
noise, 

(sJ) 1 / 2 . v .V 2 

References 

- - s io" 5 118) 

0.5 36 t.S 10"* 1161 

0.5 36 1.5 lO*4 US] 
- 40 0.8 10"* [15] 

Table 3 
Main performance of DC SQUID*. 

Type of weak 
links 

Interferometer 
Inductance, 
L_, H 

!i- Hyeteretlc 
parameter, 

h 
blcrystal 

0.7 1 0 M 0 1.7 <2 10"3 
blcrystal 

0.13 lO" 1 0 1 ю-
Ы-epitaxial 

1.1 10"° - -
step-edge 
Junctions 0.2 10-" 1 -
YBaCuO/Ag/ 

1.0 1 0 M O - -

12 



proportional to I R /ф^ [21]. It Illustrates the imperative necessity of 
V c increasing in Josephson junctions. 

The one figure of merit more of the thin film DC SQUIDs Is a 
hysteretic parameter Ь=Л0/Д# , where Л0 is a shift of volt-current 
characteristic points by the magnetic flux at its passing back and forth, 
i.e. at ф changing from 0 to йф and back. For first high T SQUIDs high 
h values were characteristic (28). With film quality and Josephson 
junctions improvement, h parameter is decreased to Ю" 4, which is quite 
close to that of niobium devices. 

The direct current SQUIDs are built using all types of the weak links 
described in section 2 [Part I]. The most important parameters of the best 
devices of the type operated at liquid nitrogen temperatures are given In 
Table 3 and fig.5. 

Table 3 (continue) 

FTF of VFC 
I), MV/* 

Energy resolution, J/Hz 
Reference 

FTF of VFC 
I), MV/* 

Theor Experlm . 
Reference 

17 
-29 4.3 10 

(10 Hz) [29] 

3 10" 3 1 
3 ID' 3 1 

(70 kHz) [23] 

1.5 - 5 10' 3 0 

(3 kHz) [30,31] 

50 -
-29 1 10 

(5 Hz) [32] 

0.2 - - [33] 

3.5. 1/f noise in SQUIDs 
The energy resolution attained In DC SQUIDs In the white noise region 

-31 
c<*3 10 J/Hz is satisfactory for almost all possible applications. 
However, the experiments show that at this e In a low frequency region 
beginning from f«10 -10 Hz the excessive fluctuations with energy 
spectral density S° x proportional to 1/f prevails over the white noise. 
The sensitivity decrease due to these fluctuations is so strong that In 
the case If It would be Impossible to considerably suppress them, the 
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high-T SQUIDs will not be used in some very important applications, among 
them, for example, magnetoencephalography. So the most important problem 
now became that of searching for the sources which produce the excessive 
noise. 

At the moment when this review is being written a number of 
theoretical works have been published on the 1/f noise in high temperature 
superconductors, e.g., [34, 35, 36 et al.l. Their approach to this matter 
is often universal. First an assumptions had been made about possible 
existence of some thermoactivated jump-like physical process with randomly 
distributed time intervals between the jumps. Afterwards, Lorentz ensemble 
average of Jumps was taken and the 1/f component presence in the resulting 
spectral density was explicitly shown. 

There is no point to give an analysis of theoretical works here. The 
1/f noise Is omnipresent. It can be found in all physical objects and in 
real physical processes. Due to this fact It is impossible to identify 
unambiguously a 1/f noise origin without a knowledge of microscopic nature 
of high temperature superconductors and, in this particular case 
additionally of the microscopic nature of the weak link behaviour. At this 
extent we should only briefly touch on the experimental facts obtained in 
the course of the investigations of high quality thin films and regular 
Josephson structures. 

1. Measurement of YBaCuO thin films local magnetization using the 
SQUID has shown explicitly the presence of a telegraph-like noise In the 
film , which arises due to thermally activated jumps of the isolated 
magnetic vortexes &mo»g two pinning states in a narrow temperature range 
[37i. Therefore, it can be taken for granted the existence of a 1/f noise 
source in the SQUID due tc the shift of magnetic field lines of rindom 
vortices jumps (magnetic noise) [38]. 

2. In [26] is shown that in SQUIDs made from high quality films 
magnetic noise manifests In a temperature range 82-85K. At T=77K the 1/f 
noise of Josephson Junctions dominates completely. 

3. The excessive noise in Josephson junctions built on intergraln 
boundaries can be Interpreted as critical current fluctuations, if a bias 
current I «I , or as conductivity fluctuations, If 1>>^C (39]. It was, 
therefore, found that critical current and conductivity fluctuations are 
correlated processes. 

4. According to [27] critical current fluctuations in large-angle 
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intergrain boundaries cannot be satisfactorily explained within the 
framework of a model of tunnel barrier potential fluctuations owing to a 
presence of electron traps in it [40], or in the framework of a model of 
thermal fluctuations inside the correlated volume of superconductor [41], 
which operated well In low temperature tunnel Josephson junctions. 

5. Frequency at which the 1/f noise begins to prevail over the white 
noise in a step-edge junctions is approximately of an order lower the 
similar characteristic frequency in bicrystalllne and bi-epitaxial 
junctions (32, 26, 42). 

6. As is shown in [43) the weak link behaviour of diverse types of 
Josephson junctions can rest upon different mechanisms of transport 
properties suppression in superconductors. Hence, the 1/f noise sources in 
different types of Josephson junctions can be different. Investigation in 
[43, 44) of the specific resistance dependencies of heteroepitaxial 
YBaCuO/PrBaCuO/YBaCuO structure from temperature and thickness of PrBaCuO 
layer has shown the following: 

-weak link behaviour of Josephson junctions of the present type are 
fully determined by the PrBaCuO layer; 

-the obtained experimental curves can be explained better if the 
heteroepitaxial junction is considered as a SNINS structure and if It is 
assumed that in the PrBaCuO layer there are strong centers of magnetic 
destruction of Cooper pairs. 

All these experimental data interpretations are given In the 
papers cited here as well as in references of these papers. 

4. Electronics 
4.1. SQUID in a flux-locked regime 

In order to exclude an error from the non-linearity of the SQUID 
voltage-current characteristic and to provide a linear analogous response 
on the ф influence from fractions of flux quantum to tens or hundreds ф , 
the interferometer as a rule is mounted into the system with a feed back 
loop as a zero-indicator of magnetic flux (fig. 7a). In this system 
functionally coupled with Ф voltage across the interferometer is. 
amplified by a preamplifier 2. If the preamplifier Is built on the base of 
field-effect transistors the measures should be taken to prevent the 
amplifier noise, referred to its input, being greater than that of the 
interferometer and thus declining the general sensitivity of the SQUID 
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Fig.7. а - the SQUID-system block-diagram, demonstrating the function of 
the interferometer in flux-lock mode; b - the circuits matching the 
impedances of the interferometer and the preamplifier. 

system. With this end, first, the amplifying path of the system with a 
feed back loop Is built like М-Ш (modulator-demodulator) conversion. The 
role of the modulator is played by the SQUID itself. It multiplies the 
measured signal ф with a rectangular modulating flux ф , applied from x mod 
the modulation generator 6 through the inductivity L The frequency 
spectrum of ф is transmitted into the neighbourhood of the modulation 
carrier frequency ы , which value is chosen depending on the required 
bandwidth of the whole SQUID system. Secondly, between the interferometer 
and the amplifier a circuit-1 matching their impedances is provided. The 
types of the most frequently used matching circuits are represented in 
fig. 7b. The comparative theoretical analysis of the circuits is done in 
[45]. According to the results of this analysis at liquid nitrogen 
temperature it is possible to choose the conditions when the noise of the 
matching circuit and preamplifier would be lef . than that of the 
interferometer. 

Furthermore in fig. 7a a synchronous detector 3, which demodulates the 
output amplifier signal, an inertial section 4 and a feedback loop 5 are 
shown. If a system should have an astatic character, then as an inertia 
section an integrator is used, if a principal criterion is an attainment 
of maximum possible feedback depth, then it is preferable to use a 
low-pass filter synthesized by Bode-method [46]. 

4.2. SQUID system model by the envelope 
If a condition 2JIAF»U » и is satisfied (UF is a bandwidth of the 

mod m 
matching circuit 1 In fig.7a, и is a modulating carrier frequency, и 

Mod m 
is a small-signal bandwidth of the SQUID system), then we can neglact the 
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modulating carrier when consider the SQUID systen dynamics. A block-scheme 
of the SQUID system by the modulation envelope is given in fig.8. In this 

nil» 

% T)* U m s i r , y —0-- J 
K(P) 

U out 

Mb 

U m s i r , y —0-- J 
K(P) —0-- J 

«/» «/» 
Fig.8. Block-diagram of the SQUID-system by the envelope. 
figure U is the volt-flux characteristics swing, n(t) is a summarized 
noise of the interferometer, matching circuits and preamplifier. Both U 

m 
and n't) are referred to the output of synchronous detector. 

It can be seen that In a flux-locked mode the SQUID system is a 
non-linear one with a non-singular state of stable equilibrium. Thus the 
relationship between the main system parameters, the useful signal ф 

velocity changing and spectral noise density n(t) - N could not be taken 
о 

arbitrary. If one of the cited factors will exceed the limits of 
permissible values we face a failure in operation, i.e. undesired jumps of 
operating points to the neighbouring branches of the volt-flux SQUID 
characteristic, which leads to a systematic error or makes further 
measurements impossible. Let us accept n(t)=0 and K(p)= pr. 

Then the equation of motion for the SO.UID-system will be 
ф=ф - и sln0, (4. 1) 

U К, 
where и =- '0 (4.2) 

Using the substitution of y=tg -̂  j- I, we obtain the particular 
case of the Riccartl equation: 

у+ку2+£=0, (4.3) 
where к-4" ["-**„]• « " T [".-•„]• 

Provided that 0<ф <и> the solution of (4.3) is as follows x * 

t g [ f - 7 vTT- €thv£~r t 

£=2arctg- -+2n(n+l/4). (4 .4) 

vCT-tg [-g 2---*-]* t h f*~z *• 
<p(l) represents the time function with the max! mum ф —arcsin($ /w ) at t-*» 
(curve 1 In fig.9). 
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.„.arcsinljL^») % .-arcsinlJ-^) 

Fig.9. (on the left) Time dependence of noncompensated flux ф. Curve 1 is 
is the maximum frequency of the at ф «•> . 'x m is at Ф >ч> 

Tx ™ bandwidth. 
РИС. 10. (righth The phase plane of the SQUID-system by the envelope. 
Curve 1 Is at ф «•> (stable operation mode), ф Is the point of steady X m о 
equilibrium, curve 2 is at ф >u (phase slip mode). 

In a phase plane (fig. 10, curve 1) it can be seen that in the preset 
range Ф , ф Is a point of stable equilibrium (attraction point) to which 
the operation point will approach on the interval 

-n-arcsin(i /u )<#<n-arcsin(0 /u ) (4.5) 
X m 9 X M 

Hence, one can infer that at 0<^ <a the system functions In a normal 
operating node (retention mode). 

At the velocity of the external signal changing ф >ы , a trajectory 
of phase (fig. 10, curve 2) doesn't intersect the ф axis. From here and 
also from the solution of (4.3) for the present case the solution of (4.1) 

^=2arctg Ч-г-т]^ Cthv-к С t 
+2n(n+l/4), (4.6) 

is an Infinite monotonously growing function (fig.9, curve 2), which means 
that the system transits into the mode of the reduced value of the 
noncompensated magnetic flux ф slips, I.e. the operating point jumps into 
the neighbouring branches of F(^)aKJ sln#. 

From the analysis of (4.1-4.6) follows that in order to raise the 
figures of merit of the system one has to increase u . However, the и 
couldn't be infinitely Increased. For illustration we shall add n(t) to 
(4.1). Here, we assume that n(t) is a white noise with a zero mean value 
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and unilateral spectral density N /2. Let ф =0. Then 

i+c^sin^^jS-nlt). (4.7) 
l 

Let us define the nunber of ф slips during the preset tine range At as 
• — £ - . (4-8) 

where t = \р1ф,t) dt Лф (4.9) 

о - ^ 
is a mean time to first intersection of the Markov random process ф 

through the preset absorption boundary ф . 
The probability density function р(ф,t) is found with the 

Fokker-Plank equation composed for (4.7): 

MhiL.' ( ( „ . i ^ p ^ t m ^ J E t f i i L (4.Ю) St аф m 4T _ .2 1 dp 
with initial and normalizing conditions: 

p(0,O)=5[0-0(O)l at {ф\<Фь, 

p(tf,t)=0 at |0|£Л 
According to [47,48], at ф =п/2 we get 

г я 

ы I 2U 
*= exp 

о • 
it. (4.11) 

Thus, maximum u value must be selected from the point of view of the 
reasonable number of the device operation failures during certain 
measurement time At. 

The problems of SQUID system dynamics with the account of noise 
influence are described in more details in [49, SO]. 

4.3. SQUID system model with the account of modulation carrier 
According to (4.11) at the spectral density of the flux noise 

(S^) 1 / 2=(N ) 1 / 2/ч«10" 4Л / H z I / z it is possible to provide « less than once 
ф о о 

In several days for a system with u /2ir»25kHz. At present principal 
difficulties in building a system with such a bandwidth have been 

V 1 /p *» 6 1 yp overpassed. However, (S.) «10 ф /Hz makes potentially possible to 
ф о 

build a stable system with a bandwidth u /2n of few tens of MHz. In that 
case it is more complicated to satisfy 2irAF»u » u the condition. First 

Mod m 
and foremost becomes a problem of the interferometer and the preamplifier 
matching. With и . growth the preamplifier starts to operate in a •od 
frequency range where its noise is not a minimum one and its input current 
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starts to increase. All this factors decline noise and dynamic parameters 
of the system. Even in low temperature SQUIDs a problem of a matching 
device building cannot be considered as a solved one. On the contrary, an 
Intense work is being done in order to find a solution and many new 
schematic variants, alternative to those of the fig.7b, arise. 

Here it should be stressed: 
-the interferometer input signal transformation into a digital form 

via the additional dc SQUID with hysteretic Josephson junctions [51, 52]; 
-double dc SQUIDs using [S3, 54]; 
-work with several dc SQUIDs connected in series [55]; 
-matching circuit excluding [56], when a high sensitivity on 

magnetic field is conserved due to increment of the internal inductance of 
the interferometer. 

It should be found out if one can use alternative matching circuits 
In the high speed response integrated high-T SQUID systems. It would be 
useful to know how AF, и and и should relate to each other to provide 
the absolute stability of the system and admissible dynamic error. For 
this purpose a refined SQUID system model must be analyzed, which should 
include a lag of the matching circuit К (s) and also modulation M and 
detection CD circuits (fig, 11). This analysis has been done in [57] using 

rtsM 

FIST] 

K,(sl 

emod 

"out 

Fig.11. Block-diagram of SQUID-system with account of modulated carrier. 

mathematical instrument of equivalent transmitting matrices. According to 
calculations if parasitic lags are absent in the loop the system is 
absolutely stable at и e(1.2-1.3)u . The aF/u relationship produce 
less effect on frequency characteristics than ы /ы 

• od I 
и /и =(1.5-2) the 2TIUF»U aod m mod 
periodic pulse signal arising In a system loop at 2ui frequency 

Mod 

However, if at 
condition is not satisfied it leads to a 

As a 
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result of multiplying of this signal with a modulation carrier, low 
frequency fluctuations appear in the output. If an admissible error 
related to them should not exceed г=*0.01ф , one has to provide 
UF*(4. 5/2n)u 

•od 
To conclude this section we should note one more important factor. If 

an excessive noise in the dc SQUID is really produced by the critical 
current fluctuations then it could be reduced by an order and even more, 
by reversing the bias current I , synchronously with the magnetic flux 
modulation [58]. Using this approach, the authors of [59,60] succeeded in 
getting 1/f noise decrease in high-T DC SQUID magnetometer more than 3 
times at the frequency of 10Hz. It makes possible to look- more 
optimistically into the future of the high-T SQUIDs. 

5. HTSC SQUIDS application 
As we have already seen, the SQUIDs are sensitive elements reacting 

on magnetic flux changes. However, being coupled to the primary 
converters of physical quantities into magnetic flux, they become 
amazingly versatile [91. Owing to their exceedingly bijh energy 
resolution all SQUID systems built to date may be characterized by the 
ability of not only to register supersmall signals but also to minimally 
Influence the object under measurement, i.e. they distort minimally the 
information of the source under investigation. Hence it is difficult to 
imagine the modern state of art of medicine, technique of physical 
experiment, metrology, geophysics and other fields of science and 
technology without the SQUIDs. 

It should be mentioned that from the point of view of SQUID-based 
sensitive elements building, energy resolution improvement is not the end 
in itself. It is well known that making L -«0 one can attain e close to 
quantum-mechanical limit h with V values which we already have. However, 

с 

applying the measured signal to the SQUID with the extremely low L (i.e. 
with a small diameter of superconducting loop), one might have so great 
losses that the achieved advantage in с will result in a general loss in 
sensitivity towards the measured signals. Very illustrative in this matter 
is already cited work [56]. Having made the diameter of the 
superconducting loop greater than usual and thus losing In energy 
resolution, the authors, having simplified the system and improved its 
dynamic characteristics, kept the magnetic field sensitivity on the level 
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of the best SQUID-aagnetometers due to rise of the conversion steepness of 
magnetic field into magnetic flux. 

The necessary element of practically all primary converters of 
physical quantities into magnetic flux ф is an Input coil, inductively 
coupled to the Interferometer and transmitting ф onto it via this 
inductive coupling. In the integrated detectors the input coil is a planar 
spiral made from thin superconductive film as a result of using a 
three-layer in situ deposition process. Input coil is schematically shown 
in fig.12b (61]. In order to provide maximum coupling coefficient a 

h 
a) b) 

Fig.12. Schematic drawing of a SQUID (a) and Input spiral coil(b), which 
are pressed to each other through the thin insulated layer. 

between the input coll and the superconducting loop of the interferometer 
one has to bring In line their geometric centers as precisely as possible 
and to provide the minimal distance between them. Therefore the coil is 
mechanically pressed to the Interferometer through a thin maylar layer 
(621, If it is prepared on a separate substrate, or it is fabricated 
through the submlcron dielectric layer on the common chip with the 
Interferometer (311. 

It should be emphasized that the smaller becomes the distance between 
the coll and the interferometer, the greater becomes the capacitive 
coupling between them. This capacitive coupling leads to tiie 
redistribution of high frequency currents in the Interferometer which 
origin from switching weak links, forms parasitic resonant circuits and as 
a result considerably modifies a dc SQUID volt-current characteristic and 
•ay in general decline Its signal and noise parameters. Hence the problems 
of the dc SQUID matching with the input coil are very important and they 
even had become a separate area of research. There were proposed the 
following methods of solving the problem for LTSC SQUIDs: 

-Junction shunting with capacitance [63, 64), resistors [65], 
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inductance [66J; 
-multiloop SQUIDs [67]; 
-multistage transformers for the Input signal [68] and others. 
For the HTSC integrated structures the work on the problem under 

discussion Is in future as at present (10-20)-turn coils have relatively 
low values of the input inductance (50-75)nH and the coupling coefficient 
a not excesds 0.3-0.5. The more urgent is now the perfection of the 
technology of coil fabrication, where some specific difficulties are 
present owing to the extremely small coherence length. One has to avoid 
weak links appearance in the interface from the lower electrode to the 
spiral and in places where the turns of the spiral cross the edges of the 
window In the dielectric layer between the lower electrode and spiral and 
of the lower electrode itself. It seems that in [31, 42, 69, 70, 71] they 
haven't succeeded to completely avoid the weak links as the averaged 

4 5 2 
critical current density in the coils was equal to 10 -10 A/cm . 

5.1. Magnetic measurements with HTSC SQUIDB 
The simplest magnetometer based on a bulk high-T SQUID was described 

first in [721. As it has been mentioned above in the white noise region a 
bulk SQUID may show energy resolution on magnetic field better tiian 
10 T/Hz as having a diameter of the superconducting ring 1mm it is 

— 4 1/2 easy to obtain a flux noise s!0 ф /Hz and a focusing factor ч>10. But о 
the lack of the real perspective to decrease the excessive low frequency 
noise in bulk granulated superconductors makes one to assume with 
certitude that In great majority the practical magnetometers will be built 
in the integrated design. In the integrated HTSC magnetometers with the 
purpose to Increase their sensitivity it is preferable to use a 
superconducting n.4gnetic flux transformer. The transformer is a 
superconducting loop connected to the electrodes of tha input coil L both 

p 
of which usually are deposited and patterned simultaneously. According to 
[73] a magnetic field gain of such a transformer is 

A a(L,L ) 1 / 2 

s 1 p 
where A is the area of the pick-up irop, i)A is an effective area of 

P s 

the SQUID quantum loop, and magnetic field sensitivity of the magnetometer 
is 
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sf(w) s 7)As|G| в (5.2) 

where S (ы) is the spectral density of the magnetic flux 
noise caused by the flux transformer. 

Scrupulous explorations of the transformers with the low temperature 
SQUIDs have shown [73] that in low frequency region S (w) consists of two 
components: 

a) "direct contribution" from magnetic vortices jumps; 
b) "indirect" component from the shielding currents generated in the 

closed superconducting loop by the motion of vortices. 
The "indirect" component dominates in the transformer's noise. 
According to [73] at present the summary sensitivity of integrated 

magnetometers, operated at T=77K, is determined by the SQUID noise. The 
best to date of SE(lKHz)=0.09pT/Hz1/Z at T=77K is reported in [42]. In 
this work a pick up loop area is A = 81mm , a coupling coefficient is 

p 
a=<0.5 and a gain factor is G=83. The transformer and the SQUID are built on 
different substrates. 

A higher gain factor was attained with magnetometers where the SQUID 
and the transformer were built on the common chip [31]. This chip consists 
of eight- or fifteen-layer heteroepitaxial structures. Although its noise 
parameters haven't been reported yet, the stable work of the fabricated 
monolithic integrated magnetometer at liquid nitrogen temperatures permits 
to refer the device as a major impact in the field of the superconducting 
electronics. 

One of the traditional areas of SQUID system application is 
magnetocardiography. Registration of magnetic field of human heart was 
performed several times with a bulk SQUID [74] as well as with a thin film 
one [75]. Rather a good signal to noise relationship has been attained 
approximately equal to 10:1 (fig.13). Nevertheless, it would be difficult 

°U I* 

Fig.13. The magnetocardiogram measured with high-Tc SQUID in aluminium 
box. 
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to predict at the time a future of hlgh-T SQUID magnetometers. Even if 
the pick-up loop of the flux transformer would be built in a form of a 
fiist order planar gradiometer, It would hardly be possible to fully avoid 
the external disturbing factors and to conduct measurements outside the 
shielded area, u-metal shielding rooms are very voluminous and expensive. 
In this situation helium magnetocardiometers excellently operating in the 
open space have a decided advantage. More optimistic is the perspective of 
multichannel supersystems development with adaptive compensation of the 
external interferences. Here, if the 1/f noise will be reduced to the 
admissible level, a substitution of liquid helium by liquid nitrogen will 
be a serious advantage. 

In [76] a bulk SQUID was applied for measurement of magnetic moment 
relaxation in HTSC single-crystals, i.e. it played the role of a simplest 
susceptibility measurement device. A miniature thin film high-T SQUID 
susceptometers could find rather a widespread application in many fields 
of science and technology where it is necessary tc investigate the 
properties of the materials. Experience of creation of such instrument 
operated at liquid helium temperature is described in [77]. In [78] it was 
used to study magnetic spectra of a semiconductors with a picosecond 
resolution. 

A number of works were published describing the HTSC shields 
investigation with the aid of high-T SQUID. 

HTSC shield is in itself the important element of high sensitive 
measurement system. Noise level estimation inside the shielded area 
performed using hlgh-T SQUIDS stimulated the works on synthesis of 
materials with increased pinning energy. The YBaCuO shields doped with 
Ag-Sn alloy powder and cooled in a quasi-zero field do not produce an 
excessive magnetic noise on the level of bulk SQUID sensitivity [79]. The 
shielding factor towards external magnetic field is experimentally found 
to be k«107. The penetration fiold is more than 10 Oe. Thus this shield 
may be successfully applied for sensitive measurement circuits shielding 
from Earth's magnetic field variations and industrial magnetic 
interferences. In addition a SQUID placed inside a superconducting tube 
enables with high precision and sensitivity to study a dynamics of 
penetration of the external magnetic field and the behaviour of a high 
temperature superconductor in a super-weakly-resistive state. 
Particularly, Increasing the external magnetic field one can explicitly 
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observe a transition of the superconductor consecutively through: 
a regime of thernoactivated jumps of weakly interacting vortices; 
a regime of thermoactivated creep; collective jumps of magnetic 

vortices; 
a regime of magnetic flux flow. 
The sensitivity attained in the high-T SQUID magnetometers is 

sufficient for them to be applied In geophysical [80J and nondestructive 
testing systems [811. Although to date serious calculations haven't been 
done In these fields to show what new information one could obtain by 
replacing the traditional devices with superconducting ones. 

5.2. Electrical measurements using high-T SQUIDs 
The development of the integrated hlgh-T SQUID became possible due 

to a new qualitative breakthrough in the thin film technology. Hence, the 
organization of this devices producing may be restricted by its 
expensiveness, which would have made, In the case of the lack of the 
commodity market, these devices very expensive and reduce the number of 
the provisional users. In [4] an opinion worth of attention was expressed 
that if it were even only one area of a widespread SQUID application it 
would make their price quite reasonable and would open thf. possibility of 
their application even in those areas where the tentative commodity market 
is not so wide. 

As it was already mentioned in the Introduction to Part I the more 
active user of hlgh-T SQUIDs may be the electrical measurement area. 

According to a general conception of the measurement technique one 
can build a precise, with a high speed of response and high sensitivity 
system provided that one has a precise but not of high speed of response, 
weak sensitive element, an element with a high speed of response but not 
so precise and weak sensitive, and at last - a high sensitive but not of a 
high speed of response and not precise element. Therefore, if a task Is 
set to rise the general sensitivity level of the whole stock of 
measurement devices and systems without affecting other figures of merit, 
a hlgh-T SQUID can play a role of the fundamental component which could 
ensure the accomplishment of the task . 

In fig.14 a functional scheme of an amplifier (or a picovoltmeter) 
based on a bulk ceramic rf-SQUID is given. Experimentally measured 
spectral noise density on voltage S of the system is shown In fig.15. It 
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Fig. 14. Functional schpme of the picovoltneter (amplifier) based on 
high-Tc rf SQUID. 
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Fig.16. The dependence of noise temperature on output impedance of the 
useful signal souj-ce. Curve 1 - RF SQUID-preampllfier (experimental), 
curve 2 - semiconductor amplifier 183), curve 3 - DC SQUID amplifier 
(calculated) 
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is clearly seen that In the white noise region S Is 40pV/Hz,/'i. The 
comparison with the best semiconductor amplifiers shows that this hlgh-T 
SQUID amplifier has a decided advantage in noise level at the signal 
source R <15C2 (fig. 16). According to [82] in the given system the SQUID 
had an energy resolution 5-10" J/Hz and the input coil was prepared from 
thin copper wire which made it a source of considerable noise. The 

-30 
calculations show that the integrated SQUID application with e*10 J/Hz 
and with a superconducting input coll would permit to decrease the thermal 
noise of practical amplifier to subpicovolt level and besides to provide: 

-an input resistance >10 ft; 
-a bandwidth 0-lMHz; 
-a dynamic range 120-140 Db. 

A simultaneous combination of these parameters can be achieved only 
in amplifiers built with high-T SQUIDs. 

Probably the introduction of high-T SQUID amplifiers into production 
should be started from: 

1. a picovoltmeter development for high sensitive four probe 
measurements in physical and metrologic laboratories; 

2. as well as a low noise integrated operational superampllfier with 
a high speed of response operating fully at liquid nitrogen temperature, 
where a SQUID-channel would play a role of referent one. 

An operation amplifier is an Indispensable element in all devices, 
information-measurement systems used In medicine, technique of physical 
experiment, In communication technique, etc., and its parameters determine 
in many respects their figures of merit. Thus, via the operational 
amplifier for HTSC SQUIDs a considerable commodity market can be created. 

6. Conclusions 
In the present review we haven't touched on several possible 

applications of HTSC SQUIDs. One can make acquaintance with them in [9]. 
In conclusion we would like to point out the following. From the point of 
view of electronics of a wide scale of application to operate in liquid 
nitrogen is better than In liquid helium but at the same time considerably 
worse than in normal conditions. At present ceramic SQUID systems occupy a 
thin intermediate position between the low temperature SQUID systems and 
semiconductor ones. HIgh-T SQUIDs development is carried out in a hard 
competition with fast developing neighbours. In order to survive and to 
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stabilize their position new detectors have to produce some veiy strong 
reasons in their favor. As we have seen there are such reasons. If the 1/f 
noise will be decreased, then the high-T SQUIDs will be applied in many 
fields occupied so far by the low temperature ones, and also they will be 
applied in place of semiconductors, in the fields where an elevated 
sensitivity and accuracy are provided by the sophisticated schematic 
solutions or by the processing of large information volumes. We should 
emphasize that the new SQUID can become a basis for the development of the 
next generation technique, if a complete set of integrated analogous and 
digital elements of the nitrogen cooling level is developed, which will 
permit to implement any measurement system based on the new circuit 
engineering. This systems wouldn't be voluminous as the problem of 
fabrication of compact closed-cycle cooling systems is already solved 
[84). 
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