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The time dependence of electric field E on the surface of cylindrical

HTSC—cermics sample irradiated by low frequency electromagnetic wave
investigated theoretically and experimentally.
curve E(t) correspond to different stages of a.c.
The comparison between experimental data and theoretical
calculation using critical state model allows to obtain values of
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In accordance with widely used model HTSC
ceramics can be considered as a sistem which
consists of superconducting grains connected by
weak links. El ic properties of such
medium in a low magnetic field can be described
by critical state model’. It is necessary to

into account a strong of
critical current d?sj.ty Jc on ic field
(see, for example,< ”). The model' was widely

used to analyse the distribution of magnetic
induction, to calculate a.c. losses and etc. as
for the traditional low temperature hard
superconductors as for the HISC ceramicaZ™4,

In the framework of critical state model
it was studied a response of hard superconductor
to incident electroma ic wave of finite
amplitude on its surf . In this paper it
was measured an electric field E on a surface of
sample induced an incident wave. The
degendence of this field on time had been used
in? to find out and to investigate such
importante characteristic as surface barrier
which prevents to penetrate Abricosov vortices
into a wvolume of sample. In principle, a
function E(t) containes the complete information
about superconductor critical state.

In this we have investigated a
behavior of electric field E{t) in application
to HTSC ceramics. It has been shown that using a
function E(t) one can study a penetration of
a.c. magnetic flux into a volume of sample. 1In
particular it has been found a simple method of
determination of a.c. external magnetic field
amplitude B, at which magnetic field reaches a
centre of a sample.

Experiment

We have studied a behaviour of electric
field on a surface of cylindrical sample of
HTSC ceramics YBayCujO7_s . An external magnetic
field H(t) = HCos wt oriented along axis of
sanple was produced by solenoid wounded by
copper wire. For registration of signal
proportional to E(t) monolayer pick-up coil
wounded directly onto the sample by copper wire
30 um in diameter and contained 120 turns was
used. Preliminary amplification of signal was
carried out by PAR 124A amplifier working in
wide-band regime.

The gr. desonstrating the behaviour of
field E(t) for cylindrical sample with diameter
0.9 cm have on fig.1. The curves have
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Fig.l Electric field E(t) on the surface of
cylindrical sample in a.c. magnetic

field with frequency w/271 = 1kHz and
amplitude B =22,5 Oe (a), H,;=80 Oe(b).
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been obtained at a frequency f = w/2x =1 kHz
and field amplitudes 22.5 and 80.7 Qe.
when amplitude is less, then 22.5 Oe the
dependense E(t) 1s similar to curve on fig. la.
There are two types of features on a curve E(t).
The first one takes place at moments tE = n/2f
(n -~ integer) when external magnetic field
reaches H;. At these moments on the curve E(t)
the kinks . The second series of features
exists at moments displaced in time on 1/4f from
tf;n .":l\gd corresponds to zero external magnetic
1eld.

At the amplitude Hy, higher then 22.5 Oe,
a new type of kinks appears on the curve E(t)
(see fig 1b). When Hj encreases, the positions
of these kinks are moving from t, = n/2f to
n/2f - 1/4f. The position of amother features
does not depend on H,.

Theory and Discussion

Let us consider a cylindrical sample with
radius R, inserted in external a.c. magnetic
field H,= H Cos wt oriented along axis of sample
(z—direction). Axially symetric electromagnetic
field in a sample depends only on radial
coordinate r. Magnetic field has only
z-component, and electric field - only
azirmathal.

Electric field E(t) is connected with
magnetic flux & by relation:
E(t) = - ( &&/5t)( 1/2=Rc), (1)

where ¢ is light velocity. The calculation of
B(r) distribution is based on critical state
modelt. In our case the magnetostatic
equation for B(r) takes a form:

8B/8r = =+ 4] (B)/c. (2)

Here |. - magnetic permeability of ceramics
without Josephson links between the grains<,
jo - critical current density and signs = are
defined by direction of electric field. Critical
current density in HTSC ceramics 1is very
sensitive to a magnitude of induction B. To take
into account this dependencg we enployed well
known Kim-Anderson relation® ‘:

jo(B) = jo/(1+|B| /B") (3)

Below we shall dimensionless yariables:
h=8B/B; hy = uH,/B; by = pHy/B; o =
4'n:j°p,R/B*c; £ = r/R. In this case equation (2)
transforms to following:

dh/de = = «/(1 + |h|) (4)

The boundary condition has a form: h(1l) = h,.

At time t = 0 when the field h, on a
sample surface has maximum value a solution
of equation (4) with boundary condition 1is
described by formula:

hig) = ({1 + b2 + 22 - DIV2 - 1. (5)

Let the next condition be satisfied
o < hythy2/2, or by > hy = (2er)V/21, (6

In this case the equality (5) is correct at
arbitrary value of &. If hy < hp' formala (5)
is true only in region

Eo € € <1, &g = 1-hy/ahy2/2x A

h(g) = 0). This means,
that in the case h( superconducting current
shields the sanple Yolume r < R, but in the
case (6) is so high that field penetrates
into the whole volume of sample.

Solutions of (4) may be obtained at

{in region 0 < & < g,

arbitrary moments of time. Neglecting simple but
enormous calculations, we write here the
finished relations for electric field on a
surface of sample:

E(t) = (RwpBp/2c)F (o, by, t). (8)

The dimensionless electric field F(t) has a
various form at different values of parameters «
and hﬂ; In the case H < = /1. function
F(t) s different form at different intervals
of time:

F(t) = o 2Sinwt (hy+1)(-(2/3) (h+D)3 -
“2cc(hgtl) + + [(1/2)(hg+ D2 + (hyt1)211/2 (9)
[2c + (5/6)(hg+1)2 ~ (hy+1)2/61}

0 < wt < =/2 (10)

F(t) = o 2Sinwt (1-hy) {~2ct(hy+1)+(2/3) (hy3-1)-

—2ho+(hm2/2+r¥, - hy2/2 + by + 1)1/2
[2cc - (hyt1)2/6 + 5/3 - (5/6) (hy -1)21} (11)

/2 { wt ¢ 7 (12)

Let us note that current density in
equation (3) is even function of induction B and
odd function of electric field. As a result, an
electromagnetic field inside a sample contains
even harmonics of external signal only. This
means, that we do not need in calculation E(t)
in interval w < wt < 2. Here F(t) is defined by
relation

F(t) = - Flt-/w). (13)

So, electric field is described by formulae (8),
(9), (11) and (13) at any time. Analysing these
formilae, we find out that a function E(t) is
continious but its derivative has Jjumps at
points wt = nmc + /2. By other words, a  plot
E(t) has kinks at points where external magnetic
field reaches extremm values = or becomes
zero. Existence of these features 1s coursed by
sharp change of character of magnetic field
penetration into a sample in corresponding
moment. .

It is necessary to note that there is
principal difference between features of
function E(t) at points wt = nr and wt = nr +
+m:/2. The kinks of E(t) at points maltiply
c/w are specific for any critical state model.
They exist at any dependence of critical current
Je on induction B, even in a case J? = Const.
Contrary, the peculiarities of E{t), taking
place at wt = nx + ®/2 when H reaches zero
occure only if there is a strong dependence of
j-(B).

¢ Let us discuss a behaviour of E(t) in more

high magnetic field (6). In this case the whole
interval (6) of changing of parameter « is
divided onto two regions:

hp2/8 +hy/2 < o < /2 4 by, (14)

o < (278 + hy/2). (15)

In the first one an external field I at a moment

wt = /2 becomes zero at the boundary r = R and

only then the induction B begins to change on
axis of sample at the moment:

wt = wty = amcos{-(l/hT)[2(hp+l)2 -
~(hyt1)211/2 -3y (16)

In the second case (15) these occurences start
in reverse sequence: decreasing of B at a point
r = 0 begins at time

wt = wty = arccosi{{1/hy)
[hyt1)2 - 4 11/2 - 1} < ww/2, an
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and only then external field becomes zero at wt
= 1t/2. As a result, expressions for F(t) differ
from each other in situations (14) and (15).

In the case (14) up to wt, (16) the field
F(t) is described by the same relations (9) and
(11) , as in the case < . The expressions
for E(t) in other intervals a form:

F(t) = (a2Sinwt) (1-hy) [42/3) (hy-1)3 -

~2ce(hy+1) + 2h 2 - ho, *
+(2/3) (1+2h-h,2+2c0)3/2]. (18)
wtg < wt < wty = arccos(-hy/hy). (19)
F(t) = (o 2Sinwt) (1-hy)1(2/3) (hy-1)3-2c(h-1)+
+ (2/3)(hy-1)2 - 2 1372, (20
wtg C wt < 7v (21)

HBere parameter wty defines a moment when the
field on axis becomes zero.

Electric field describing by four relations
(9), (11), (18) and (20) is continious function,
but its derivative, as in the case < Igl,t has
jumps at points wt = nc and nc + /2. now
there is the new kink at point t = wty. When
hy, increases, the positions of these %eatures
are changing from point wt = n® + /2 to point
wt = nr.

In the region (15) we have not observed any
qualitative changes on curve E{(t). But the
relations for F(t) have changed. At 0 < wt <
{wty forrmla (9) is correct. Then the field F(t)
has ‘a form

F(t) = « 2(Sin wt) (1+h,) 1-(2/3) (hy+1)3-

(22)
~20¢ (hy+l) + (2/3)1(hg+1)2 + 213/2},

wty < wt < /2 (23)

In a rest half of period the function F(t) is
described by relations (18) and (20).

The results of calculations of magnetic
field F(t) for o« = 24, }[l-m = 6 and }zn = 24 are
demonstrated on fig. 2. For hy = the curve
corresponds to penetration field and is
agree with experimental record E(t) oh fig 1la
qualitatively. At higher h; the function F(t)
has additional kink at a point wt = wty. This
kink is observed distinctly on a curve with }fnm =
24 (fig. 2) This curve has almost the same form
as the experimental curve E(t) on fig.1b. So, we
can conclude that the amplitude H= 22.5 Oe
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Fig.2 'fhe results of calculation of function
E(t) in dirensionless form for two

values of parameter h;: h; =24 - upper
curve h =6 - lower curve.

begining from which it is observed an additional
kink on experimental records corresponds to the
penetration field Hg;

Comparing the Iculated and experimental
curves, we can define the par: ters of used
theoretsical model: j, = 120 A/c;f B = 2.5 Oe,
m = 0.5.

So, the study of electric field behaviour

permits to get an information about critical
state of HISC ceramics. We consider that this
method will be effective to investigations
another magnetic and electric properties of new
superconductors.
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