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ABSTRACT 

The technique of partial 'K-rcsummation is used to obtain scraiclassical, 

i.e. average current distributions in the body fixed system of heavy nuclei. 

It thereby turns out that this average intrinsic current only flows in the 

nuclear surface. A Strutinsky smoothing of the current is also performed and 

gives nice agreement with the semiclassical results. He also show how one -

can incorporate superfluidity into the scmidassical treatment. To lowest 

order in'if we find that the moment of inertia of superfluid nuclei is zero. 

The- same result is obtained by a quantum mechanical calculation if the gap 

goes to infinity. The importance of including ̂ -corrections is pointed out. 



1. Introduction 

The study of current distributions in rotating nuclei has recently regained 

1-4) some interest . He here «ant to study heavy rotating nuclei where a 

scmiclassical approach should be valid in representing fV.e current distribution 

at least on the average. He first investigate as a model case non superfluid 

nuclei and arc particularly interested in the current distribution in the 

rotating body fixed coordinate system. The Bohr van Leeuwcn theorem tells us 

that in the classical limit (K -»• 0) the intrinsic current is zero so that any 

remaining current is due to 'h-corrections which as vill be sh^wn involve gradients 

of the potential. For potentials of Hoods-Saxon-like-form it is then evident that 

the intrinsic current "is going to be peaked around the surface. In order to show 

this explicitly we use the formalism of partial "n-resummation ' which is free 

of the well known difficulties with the divergencies at the classical turning 

point inherent to the Wigner-Kirkwood h expansion of the density matrix . 

In the rotating case an 'h-expansion of the Wigner Kirkwood type implies at the 

same time a power series expansion in the rotational frequency restraining its 

applicability to' slow rotation only. In our formulas presented all powers of the , 

rotational frequency are resunmed cprrectly so that quantum mechanical 'rotation 

in infinite matter' is described exactly. Our formalism is therefore in principle 

able to handle also fast rotations. However, we here still restrict ourselves 

to slow rotations since we consider a fixed potential. 

It is well known that many nuclei are superfluid; this is also true for the 

nucleus on the average ' ; this of course strongly influences the flow ' 

and therefore the moment of inertia of rotating nuclei. In this paper we derive 

for the first time the moment of inertia for superfluid nuclei in .the'ft'-» 0, 

i.e. the'Thomas Fermi limit and find that its value is zero. The same result is 

found in a quantum mechanical calculation where the value of the gap A takes 

on artificially large values; so the limits-If-;- 0 or a •* •> turn out to be the 

same in an analogous way as the limits 1Î -• 0 or deformation £-•<•> arc the noma 

in the non superfluid case leading to the rij;id body moment of imnrtia. Wo also 



shortly discuss the importance of the inclusion of "h-corrcctions in the 

•upcrfluid case. 

2. Partial Ti-rcsunmation for rotating nuclei 

He consider a prolate nucleus with the z-axis as symmetry axis that 

rotates around the x-axis. Neglecting the spin which can be treated 

separately we have for the Hamiltonian in the body fixed system : 

H - H c - ' ^ , * x - yp 2 - z P y ; H o - £ - M&i CI) 

As usual we want to determine scmiclassically the Bloch density 

C=e .It can be verified by direct insertion into, the Bloch equation 

(9/3$+H)C=0 that the Uigner transform of C under the neglect of all deri

vatives of the potential V is given by 

C {.r-.PfBI » 2g+e exp [ité;^X]-k_ 
(2) 

1 . . ' - c i sinh tiiaB 
*» " 1+cosh "hug . * 8 - 2 1-cosh Hug 

Concerning this expression it should be noted that the usual Wigncr-Kirkwood 

9) expansion in the rotating case implies a power scries in u and is thus a 

priori only valid for slow rotational motion. On the contrary expression (2) 

sums the whole Higncr-Kirkwood series neglecting all derivatives of V; it 

is therefore valid for arbitrary rotational frequencies . 

We also can sum all first derivatives of V such that the expression for 

C becomes exact in the case of a ramp potential. The result is : 

+ 2.. 2 
. . ( r- • V +V * V , T I 

(r.p.B) = 2 E + exp J-B |_V-yVy-.VB • - ^ f - - - ^ fi2 J j 

•?(s[*;M*V>]-=Çj 
(3) 
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From studies in the non-rotating case it became evident that second deri

vatives of the potential are also important and we want to keep these per-

turbatively (one could also resum the second derivatives but this would lead 

to heavy formulas yielding not necessarily better results; the resummation 

of the first derivatives being however necessary to get rid of divergencies 

" at the classical turning point) : 

r.«) _ n<1> £H* 2A3 

ACr,?.B) = - I; V 2V + 1^2- [p.v - m2..(r" x ft ] V W ) 

We used the expression (4) to calculate the intrinsic current distribution ; 

c+i» ' " / 3 •* •*• > 

c-i« 

where X is the Fermi energy. The p-integration can be performed analytically 

and the remaining fi-integration is approximated with the stationary phase 

method (keeping (j + 4» À] as a prefactor to the phase factor). 

We would like to point out here that our final expression (4) together 

with (3) yields, after reexpanding everything consistently in powers oi-if, . ' 

the correct Wignor Kirkwood expansion in powers of "n- up toHj of C = exp(-fill). 

The use of expression (4) is in fact twofold : i) we resummed partially the ' 

whole Wigner Kirkwood scries involving only first derivatives of the potential;' J 

this is a by now standard trick ' to get rid of the disturbing divergencies 

at the classical turning point-which does not change anything basic to the 



original Wigncr Kirkvood expansion, ii) in the Wigncr Kirkwood expansion 

9) for the rotating case appears another subscrlcs in powers of the rotational 

frequency which has also been rcsumntcd in (4) because otherwise our formula 

would only be valid for small angular velocities. This, however, is given only 

for reasons of completeness and future applications because, in feet, in this 

paper, we only will deal with slow rotations for which an expansion of (4) in 

powers of the angular frequency is perfectly valid. Our approach consists there 

for essentially in a systematic fi-expansion of C » exp(- BH) with a few 

refinements in order to cure some shortcomings of the original formalism. 

Furthermore we see that the Ts -correction teras in (4) involve derivatives of 

the potential giving rise to the surface phenomenon we talked about in the 

introduction: 

3. Results 

We have calculated the currents for 

i) a deformed harmonic oscillator 

i , / 3 (« „r \ I . T 2 . 2 2, 2 2~| 2 4 1 . C 
V(x,y,z) = •^••m u.Cx +y ) + uz z ; a u>z • *•'. * 

ii) and for a deformed Woods-Saxon potential 

V ( x' y' z ) = HexpUtc.y.z» ' f " a TWf 

ï = v 2 + (u2-1XA+Bu2) ; u = |g ; v = 4_a_ 

1 _ H . . „ _ ÇH . „ _ , „ A1/3 
c~ 10 ' " " 2 

V •= -44 MeV a - 0.67 fm 
o 

168 
As a model nucleus we take 6 BKr with a deformation of e » 0.27 or c- 1.2 and 

a rotational frequency of liu n 1 MeV. 



.In Fig. 1 we show the current distribution» He see that even for the very 

smooth harmonic oscillator potential the current distribution peaks at the 

surface; this effect becomes much more pronounced in the case of the more 

realistic Woods-Saxon potential (Fig. 2a). He must emphasize however that wo 

have not introduced any dynamical constraints as for instance the influence 

of the rotational motion on the consistency between density and potential shapes. 

This could alter-the intrinsic currents and their effect will be 

particularly important'for high angular frequencies. He thus had to limit our

selves in this model to study rather low values of b). Thé main result of our study 

is therefore that for rotating nuclei the semiclassically calculated intrinsic curre 
for 
a fixed potential (non self consistent cranking) is concentrated in the surface 

region (<y> t* 6 fm,<z>'b& fm). This comes of course from the fact that' in the 

limit "ft + .0 we have rigid rotation as is also seen from expression (2) and 

intrinsic currents are therefore .due-to quantum.corrections involving derivations ol 

the potential as seen from eq. (4).It should also be^noticed that the intrinsic. 

current is rather small compared to the rigid one (maximally 43) and.has opposite 

direction. Along with this goes a reduction of the moment of inertia from its 

rigid value by about 4Z. Not included in this' is the contribution from 

the spin which reduces the 4% to 1Z; but we think that the part coming 

from the spin and the one coming from orbital motion should be considered 

separately. The effect is in spite of its smallness a nice analogue to 

the well known fact that in solids the diamagnctism is a surface pheno

menon and no diamagnetism exists on the purely classical level ' ' 

(Bohr-van Leeuwcn theorem J 



4. ScmiclassicB versus Strutînsky averaging 

In order to see- in which sense wc have to interpret our scmiclassical results 

wc also performed for Che harmonic oscillator a Strutinsky type cranking model 

calculation in order to obtain Strutinsky averaged intrinsic currents and 

moments of inertia and compare them with the corresponding temiclassical 

quantities. It is however known " ' that Strutinsky averaging docs not neccssar 

yield a completely smooth spatial behaviour for the density; a fortiori one can 

expect this to be the case for the current density, since it involves 

derivations on the density matrix; this effect very clearly showed up also 

It i 

in our calculation up to a smearing parameter of y - 2.2 nia . Since the 

plateau extends for a harmonic oscillator up to Y " 3nu we could take 

i> if . 
values for Y close to Y and obtain smooth current distribution very close 1 'max ' 

to the scmiclassical ones. The effect that the momentum distribution becomes 

**» ^ . « . 
smoothly only for Y - Y can also be seen in a recent investigation on the 

Vigner transform of the density matrix for a harmonic oscillator . In the 

following we mainly use the somewhat more convenient but equivalent tempera

ture smooching' where one extrapolates back to I = 0 at the end. 

First we investigate the mpments of inertia', especially we evaluate the 

deviation ÀÎ of the moment of inertia from its rigid value where it is 

convenient to use the expression (see Appendix A) 

û > = 5 - % * AV-.,
2A (7) 

Xn Fig. 3 wc show aft f or the nucleus Er as a function of the temperature T 

and the basis size, i.e. the number of oscillator shells (N+1). He see that 

. H *= 20, i.e. 21 oscillator shells is completely sufficient up to temperatures 

as high as 10 McV. He notice Chat Ajt is practically independent of T in the 

range considered and wc therefore do not have to extrapolate back to zero 

temperature as the temperature Strutinsky method would require. He also 

independently checked that usual Strutinsky smearing yicldc the same value for 



A & for all values of y in the plateau rc&ion. The rigid moment of inertia 

increases quadratically with temperature (S^j.W " 0) « 83.21'Ti HcV ). 

It is known that for a harmonic oscillator cj-- 0 for T - 0 and equilibrium. 

It is gratifying that A ^ T ^ O as veil in the Strutinsfcy smeared case as in 

the scmiclassical case; furthermore both methods perfectly agree and yield 

a 4Z reduction of the moment of inertia. This again demonstrates the 

well known equivalence of the semiclassical and the Strutinsky method and 

gives a perfect meaning to our semiclassical results because of the clear 

interpretation of the Strutinsky method as an averaging procedure. The fact 

that A"t ^ 0 for a Strutinsky smeared harmonic oscillator can be easily understoc 

(see Appendix A) from AjJ-"v> <3H/3u) >, i.e. Ajf « 0 at a stable equilibrium 

deformation, but A?-* 0 for a Strutinsky or semiclassical average since no 

stable deformation exists. 
r ; 
He should mention once more that spin is not taken into account here, 

see however ref. 9. Strutinsky type calculations for the moment of inertia 

have also been performed before with the same result of a "42 reduction 

of the moment of inertia. 

He now turn to the current distributions. With increasing temperature the 

shell effects in the current disappear and the intrinsic current j. 

becomes very smooth. In Fig. 4 va show the current distribution at T » 5 MeV 

(calculated with 11 shells). He find almost perfect agreement with the semi-

classical picture (Fig. 1). This agreement is expected from the two facts, that 

with increasing temperature the intrinsic current "converges" to be the smooth 

current (see e.g. Fig. 4) and that the deviation A?-stays constant up to quite 



high values of the temperature (Fig. 3). Note, that in the cranking model 
2 3) 

current and moment of inertia arc-related as follows *' 

. jf-Sj ; J . 5 x r d 3r • (8a) 

and consequently 

The intrinsic current at high temperatures (T » 5 MeV) therefore corresponds 

to the Strutinsky smoothed current distribution extrapolated to zero temperature 

because of the constancy of A"> in this temperature region (Fig. 4); to say it 

again the close agreement of the currents of Figs;' I and 3 is the main point we 

wanted to make in this section allowing us a clear cut interpretation of the 

semiclassical result. Loosely speaking the smooth intrinsic current can be. • 

considered as an average over many nuclei and to exhibit this feature we present 

in Figs. 5a,b, the exact intrinsic currents for Er and 0 at deformations 

e « 0.272 and c « 0.205 respectively.' It should be realized that these 
-of the harmonic oscillator in analogy 

déformations are not the equilibrium deformations "to the seoiclassical or 
Strutisnky case where a'finite deformation never represents an equilibrium 

situation (the liquid drop minimum is always spherical). Such situations are 

for example realized in the process of spontaneous fission. 

We see that the exact currents arc dominated in the interior by large vortices 

which arc completely washed out by the Strutinsky smoothing as well as by 

the semiclassical procedure. Ue therefore, conclude that vortices of slowly 

rotating nuclei are entirely due to shell effects. Another well known way 

To interpret the semiclassical ,• nd/or Strutinsky results consists in saying 

that they represent microscopically large nuclei extrapolated back to actual 

size. So we could also say that macroscopic drops of Fermi liquid (e.g. drops 
3 of liquid lie) constrained to a certain deformation nnd put into slow rotation 

will not exhibit any vortices in their intrinsic flow structure. They will 

however show the surface peaking of the intrinsic current as discussed in this 
paper. 



As a last point vc want to mention that.we found fro» the Strutinsky cal

culation a linear dependence of /Jim.A except for very light nuclei; this 

is easily explained fro* the scmidassical correction term to the rigid 

9) 

.body value of the nouent of inertia which i* proportional to the.level 

density g. For e harmonic oscillator g - A /(fadi ) , i.e. A*t> A. In the 

same way it is clear that there is no deformation dependence of ôj. In Fig.6-

wc show ÂJ/A as a function of deformation for several nuclei. It is 

interesting to see that the Strutinsky smeared posent of inertia stays finite 

at zero deformation, as does the semiclassical expression, i.e. a semi-

classical spherical nucleus can rotate. This result is in contrast to the 

pure quantum mechanical case, where the moment of inertia vanishes for 

spherical nuclei (with good angular uomcntum). The current in the semiclassical 

case for vanishing deformation is .purely rigid 

j(r) - f(r) u x r 

since the irrotational component of the current yanished. 

S. Superfluid Nuclei 

It is of course well known that most deformed nuclei are also super-

fluid and that this lscter feature has a drastic effect on for instance 

the moment of inertia reducing it by roughly a factor of two compared 

to its rigid body value. In this section wc want to sketch how super-

" fluidity can be incorporated into the semiclassical evaluation of the moment 

of inertia. 

With pairing the Inglis fonoula goes over to the one giver, by licliaev 

One can show t h a t 1 7 , 1 8 , , 9 ) 

Celiac» " 2 £ k. <M
 B* ^ ^ ' « k V " "v.'V^V'V^'^J' 1* 

t^C (5) 

* » 

where u is an effective mass. This means that in Iheli - 0 limit for 

slow rotation '.he fluid docs not .follow the rotation. The result (9) 



is at variance with a preliminary study where we investigated the influence 

of pairing on the normal part of the density response only. It turns however 

• out that this part is exactly cancelled by the response of the supcrfluid 

component of the fluid. This can be seen as follows. From 6t.(§] • 0 where 

% and <fc arc the usual generalized mean field and density operators ' we 

obtain upon linearisation in the rotational field (K = l^+X-jol" 6^*6^) 

and neglecting 7C1 >' i.e. the readjustment of the mean field to the rotation 

(approximation ox Inglis) : 

Vl-Pl V V* " K/c - U U x p o-Po*x>. < 1 0 a > 

Vl + K 1 H o - V * - p 1 A o = *" «WVk > < 1 0 b > 

where K i s the l inear response of the abnormal density and H,is given in ' 

eq. ( f ) . I t is straightforward to evaluate eqs . (10) to lowest order in n 

keeping in mind that to th is order terras l ike 3V/3R; 3A /3R; 3A /3p 

are neglected s 

m 3 £ ÏR o 1 1 o 3 * m aep 

Here all quantities are in their Wigner representation i.e. p. • p.(R,p) 
2 

etc. and h •= E + V(R) with E = p /2m. Neglecting K • we obtain the result 

of ret. , inserting however (lib) into (11a) yields 

*i-•*"«, 4 . * -£ %> -«» 
The bracket in (12) is identically zero and we arrive thus at the result 

p, • 0 which means that for slow rotation the moment of inertia is zero 

in the limit Ti « 0 in su^rf luid nuclei. This result has its analog in 

superfluid Helium, which cannot be put into rotation by simply (slowly) 

22) 
rotating its (spherical) container . 



For a spherical nucleus our result is of course easily understandable since 
it is in accord vith the irrotational flow value. The fact that wo obtain' a 
vanishing moment of inertia even for deformed nuclei is at.first sotneuhat 
surprising. We should however keep in mind that chett* 0 limit corresponds 
in fact to the strong pairing" limit (A - - ) 2 * M since, as uc already said 
above, the fi -> 0 limit is equivalent to the large particle number limit; in 
this case the level spacing becomes very small compared to A, so that we can 
study alternatively to the Hi * 0 limit the A -» - limit in the ;ase of an 
actual finite system. This we have done for our pure harmonic oscillator plus 

BC5 model for the nucleus Er at c » 0.272 in solving the usual quantum 
mechanical equations. In tabic 1 we list the different values of *̂ ~ for increasing 
values of a and we indeed find that the moment cf inertia decreases strongly 
with increasing gap in agreement with our semiclassical result. This fact is 
further substantiated in looUing at the corresponding flou patterns. Already 
for A = 1 MeV we have a very efficient smoothing of the current as shown in 
Fig. 7b which should be compared to Fig.7a (same as Fig.7b'but for A=0). Increasi 
the gap artificially makes the flow pattern look completely irrotational but 
at .the same time the absolute value of the flow decreases dramatically (Figs.7c.,d, 
This goes of course along with a decrease of the moment of inertia (table 1). The 
fact that the irrotational flow becomes smaller for increasing gap values can be 
understood in looking at the density distribution. Increasing the gap makes the 
density much diffuser and at the same time more spherical. In turn this 
decreases the matter transport during rotation, i.e. the flow decreases and the 
moment of inertia goes to zero. 

It is thus very gratifying that our quantum mechanical calculation for the 
strong pairing limit (A -» ») fully confirms our scmiclassical result (n - 0). 
This result tor the suporfluid case is the analogue to the well known situation 
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in non supcrfluid nuclei s as discussed above the moment of inertia becomes 
the rigid body one forTi » 0 but also a quantum mechanical calculation tends 
to the rigid body value for c + ». • . 

We think that it became clear from the above discussion that the strong 

pairing limit (h = 0) is interesting in itself and to our knowledge we derived 
this here for the first time in applying a systematic seniclassical approach. 

For realistic deformed nuclei the moment of inertia is of course not zero and 
the inclusion of "n-cqrfections to our lowest order result seems very desirable. 
This will be the subject of a future publication. 
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6. Conclusion 

. In this work we hove shown that the well known fact that diamagnetistu 
" is a surface phenomenon (Bohr-van Lecuwcn theorem) has a nice analogue 
in rotating nuclei. Titers the averaged current in the center of mass system flows 
only in the surface layer of the nucleus. Since nuclei are very small 
objects this effect is hidden by quantum fluctuation (sec Figs. 5a,b) 
considering individual nuclei but nicely brought out in looking at nuclei 
on the average. This can be performed cither by a semiclassical or a 
Strutinsky type treatment. Both methods lead to almost identical results 
showing once more their equivalence. The effect gives quite precisely a 4% re
duction of the moment of inertia from its rigid body value if one considers orbital 
motion only» as ve did in this paper. This quite small but physically 
interesting effect is - as is known - dramatically changed for superfluid 
nuclei. / ' 

He here give £of. the first time a systematic semiclassical treatment of rotating 
superfluid nuclei and find that the linear response and therefore the. 
corresponding moment of inertia is zero in thejn* - 0 limit. This is exactly 
the opposite to what happens in the nonsuperf luid .case where one obtains 
rigid rotation in this limit. 

This drastic effect of superfluidity is fully confirmed in a pure quantum 
mechanical calculation where however the gap is artificially increased (strong 
pairing limit ( a -> »)). The corresponding flow pattern shows irrotational 
behaviour however the magnitude of the current and consequently the moment of 
inertia strongly decreases with increasing gap (Figs. 7c-e) an effect due to 
the simultaneously increasing diffusivity of the surface of the nucleus. He 
thus arrive at the familiar result that the *h * 0 limit is the same as 
increasing the collective parameter to infinity (the gap in our case, yielding 
a vaniching moment of inertia). In the nonsupcrfluid case the i\ -• 0 limit 
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con IJC interchanged with the deformation c •» «• liait yicldins both the 
rigid body moment of inertia. 

Deformed superfluid nuclei in practice of course have a finite moment of 
inertia, an effect which should be explainable scmiclassically in adding 
"h-corrections to our lowest order result. 
Work in this direction is in progress. 
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A [McV) rJMcvJ 
0 62.28 

J.O 31 .A3 

5.0 2.82 

40.0 0.76 

25.0 0.09 

TABLE I 

168 Tabic caption : Moment of inertia for Er at e - 0.272 in harmonic 

oscillator + BCS model as a function of increasing values 

of Che gap parameter. 
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Appendix A 

He give a ncv derivation of the veil known theorem, that independent 

particle* in a deformed harmonic oscillator potential at their ground 

state deformation rotate with the moment of inertia of a rigid rotor. 

The cranking model expression for the moment of inertia reads 

,2 

n*o "n ~o 
"J- 2 I l < nI.M° > | 2 <*» 

Inserting the relation 

ix - [C,H| (A2) 

with the operator C 

c " -* -T-2• < ! foz+ &* * h v,> < A 3 > 
z 

the cranking sum (A1) can be closed : . 

$«<0J [C^J |0> '. (A4) 

Evaluation of the commutator yield 

&•£ * - / T < ? <4 * 4> <y2-*2> - h <*î$ } ( A 5 > 

z *L 

Inscrting this commutator and making use of the virial theorem» ve find 

after a simple rearrangement of the operators 

"J- m < o|y 2+z 2|û > + -g^-g- < O|u£y 2-*>V|0 > <A6) 

Thus, the cranking moment of inertia consists of two parts. The first part 

is just the rigid moment of inertia J *„• The second part is the deviation A 

of the cranking moment of inertia from the rigid moment of inertia. It 
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vanishcs at equilibrium deformation, where the condition 

< "lis 1° » ' sj * °lV 2"V 2I° > - ° < A 7 ) 

' for an axially symmetric density distribution is satisfied. 

Using the virial theorem one can see immediately that eq. (A7) also im

plies an isotropy of the momentum distribution ; 

< P^ > = < Py > = < Pf > (A8) 

This isotropy is often invoked to obtain the rigid rotor value for the 
. 23) " moment of inertia . 

Expression (A6) for the moment of inertia remains valid at finite temperature, 
if one replaces the ground state density by the corresponding "hot" density; 
however (A7) might then not be fulfilled and? * J . .. even for a harmonic 
oscillator. 
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Fîp.urc captions 

Fie» I Scmiclassically calculated current distributions in the 

body fixed systems of a rotating deformed Iiarnionic oscillator 

(for details sec text). The continuous line represents envelope 

to arrow ends. The half density line can be seen on the 

equivalent Fig. 4. 

Fig- 2a + b Semiclassically calculated current (a) and velocity (b) 

distributions in the body fixed system of a rotating Woods 

Saxon potential (for details see text). 

Fig. 3 Dependence of A J" (deviation from the rigid body value 

of the moment cf inertia) on the temperature and the 

configurations included in the. calculation. 

Fig. 4 Smooth intrinsic current distribution foi' a rotating 

harmonic potential from a Strutinsky type calculation. 

To be cos:pared with Fig. 1. (The half density line is 

indicated.) 

1Ê8 238 
Fig. Sa + b Exact intrinsic currents for Er and U in the 

rotating, harmonic oscillator model. 

Fig. 6 Dependence of the Strutinsky smeared A?/A (deviation 

from the rigid body value of the moment of inertia) 

on deformation. 
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Fig. 7 (a-c) ' Currents in the laboratory frame for Er at c » 0.272 
in the harinonic oscillator.plus BCS mo'dcl. The conti
nuous line represents half density . Fig. 7a-c corres
ponds to values of the gap of 0., I., 5., 10., 25. HcV 
respectively (see table I). The length of the arrows 
in Fig. 7 b, c,d,e, has been magnified uith respect to 
Fig. 7a by factors 4, 20, 40, 200 respectively; this illus
trates the dramatic decrease of the magnitude of the 
current. 
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