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4 It is well known that the magnetlc freld acts w1th consrderable mecha-
‘nical forces upon the electromagnet’s coil. .In the solenoids a large amount

wof. mechamcal energy may be accumulated For instance, in magnetlc field "

B '—'6T the: density of the ‘accumulated energy is B* [8n = 14 MJ/m In the

_:case of superconductlon solen01ds the magnetic field penetrates as a vortex -
-~ lines in the volume of the type-II superconductlng wires, which the coil is made .
s of. These hnes are/pmned at.the defects - normal metal grams for example e

' embedded in the volume of the type-II superconductor of the wire.

“In the case of the hoppmg of the superconductmg vortex hnes the mag-}_
- netic_field” s energy accumulated in the system may generate ‘acoustic oscrlla-

~ tions.. Tt is observed in expenments that varying the current in normal or -’
superconductmg magnets sometlmes squeaks cracks and moan alike sounds -

'may be ,heard. The magnitude ‘and the ‘repeating frequency of these. srgnals

“.increases’ when current reaches the values, where the transition of the magnet

- to n1rma1‘state begins/! /. If the value of current is too high, s0 that the sole-
noid ' is. near to: the transrtlon to normal state it is natural to increase the fre- )
'quency of vortex- hne reconnectlons with the pmmng centers, -This creeprng :

- of the magnetic flux is; able to excite elastic waves propagatmg in the super-

conductor s.volume. The aim of the present paper is the mvestlgatlon of the o
K drspersmn of ‘the magnetoacoustlc waves.in homogeneously magnetlzed type-II e
- superconductor. The approach we use to denve this dlspers1on is the conside-

{

‘ration of the hnear magnetoelastlc equatrons Preclsely, we will analyse the .

. ‘hybndlzatlon between the magnetohydrodynamrc Alfven waves, investigated -
ina. conductmg ﬂu1d and transversal acoustlc ‘waves 'in. elastrc medrum ‘non’

ex1st1ng in-a: fluid at all. The poss1ble expenments for observatrons of these
“waves are dlscussed : : ; . .

THE MODEL

. Before we begm our con51derat10n it should be pomted that for apphca-v :
- tion of ‘the magnetohydrodyna.rmcs it ‘is necessary that wavelength and the -

wave period must be considerably greater than the length and the time of the
mean free paths of the cun'ent carriers (electrons and 1ons in normal metal)
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Further m thls work we w1]l show that the MHD equatlons can be apphed o

for type-II superconductor with strong pinning force :

In the normal metal the averaged Lorentz force, acting upon the electrons*
acts also upon the. crystal. lattice, because of the electrons scatterlng over -
the 1mpur1t1es The Ohm’s law j =‘oE(o = ne Ttr/m) supposes that the Hall’s - 1
~angle (of the order of w 7, ) is extremely small. That is, using the cyclotron .
frequency . w, = eB/(mc), it can. be obtained that Hall s, angle is small for mag- ‘

net1cf1e1dB<<mc/(ertr S Pl e

- The scattering is that effectlve momentum exchange mechanlsm between Ee
electrons and. ions, wh1ch makes 1t poss1ble to consider the Lorentz force vo-
lume density ]X B as an external force actmg upon the ion’ component as .
The frequency E

in the magnetohydrodynamrcs or magnetoelastodynarmcs
“of collisions’ between : the electrons and the Jimpurities in: the normal metalv
prov1d1ng small -Hall’s angle in the case of small magnetrc frelds plays the

same role as the frequency of colhsrons between the electrons -and ions w1th[
‘maxwellian dlstrrbutlon ofthe: veloclty in gaseous “plasma. Here it should: be.
mentioned ‘that. the vector jX'B is extemal force density in the’ MHD cons1-,j‘
deratlons apphcable for example in the’ mvest1gat1on of Alfven waves in:.o
~11qu1d mercury and-in’ plasma In’ the superconductors formally o=o and |

,’-/

o The last lntegral is: calculated over an arbltrary surface S crossmg the vortex 3

“-line w1th s1ze cons1derably large than GL coherent length £, i, e. the vortex :
hne core s12e For a v1scousless flu1d the Helmholtz theorem 1s fulfllled

(gt+ \'V) Q= ((IV)V = O .

: That is, the 5-type’ s1ngular1t1es at the vortex hnes, follow the movement of

.7, =%, But the’ mechamsm rof averaged Lorentz force acting upon the crys- S0 1

tr=

tal: lattice by. means of superconductrng current of the Cooper pairs, absolu-g; s
tely differs from- the normal metal case “In’ the type-II superconductors the » | -
’magnetlc f1e1d penetrates by means of vortex llnes Around every line .a’ mag-‘ L
~ netic flux &, = 21rhc/( 2e) s concentrated at a, dlstance of the order of the: + f .7
penetratnon depth AL Let us cons1der for- sunphcrty the type-II superconductor Gl ‘
_superconductors © * |

“with large szburg-Landau - parameter (such as’ high T,

crty equatlons

r

or those, used for technlcal apphcatrons) K= )\/5 >> 1, where ¢ is the super- e s

conductmg ‘coherence length_ Ata distance: r from the core of the vortex llneif i
(F<<r<< X)-itis poss1ble to con31der the. superconductlon current as a per-
fect: v1scousless 1ncompress1ble ﬂuld The curl of the veloclty field" I‘ 1s quan- :

trzed

DR

1rh/m,

where v(r) is the Cooper palrs velocrty and m is the1r mass When thls vortex R
» line is flowed by the: flux with average . dnft veloc1ty "drz +s accordlng to the . . RE
- Zukovski theorem/? ! a lifting force acting per unit lengt ‘of the vortex' line L

isvy,; ﬂl‘ Let us consrder the curl of the Cooper palrs veloclty field .

~

N Q = rotv

For the Cooper parr superﬂurd the f1eld Q has a B-type smgulantles at the, e '

vortex hne cores S : ¢

T o , F fvdr —‘/rotvds = fﬂds | A :: | .’

Y )

the superconductmg crystal 1n the same way as the magnetlc f1eld whlch :
will be discussed later. _
~ On the other hand, the vortex llnes are connected with the crysta.l lattice
by plnnmg forces ‘Roughly speakmg, the superconductmty (Cooper pa1rs),
.is destroyed . by the centrifugal forces at ‘a: distance' & from the center of the'

T vortex 11ne In other words, the creat1on of the vortex lme requlres an- add1-,‘

tlonal energy B w c,', where " w ¢ Is the superconductrng condensat1on energy.
‘This energy is not necessary if ‘the vortex line core passes through normal' ,
~ metal grain in the composite superconductor This decrease of energy 1s exactly o
‘the energy of the vortex line pinning to the crystal latt1ce - :

S In’ this way the averaged Lorentz force’ (2e)v drift X B acts upon the vor-; :
‘tex lines and the- latter transfer it to the crystal lattice. ‘So, for the type-II
superconductors (as'in the magnetohydrodynam1cs) we can regard. that iXB
“is ‘the averaged externa.l magnet1c force wh1ch should be added to the elastl-

2 X 3 . S P "‘ SR
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“1In the hnear equatlon (1) we suppose that all the conponents of the deforma-
t10ntensor T R . 2 )

_(a,-uk+6ku.-) ’—"-‘Uik' L RN

'../

are small enough and 1ntroduce the followmg symbols p for the mass den51ty,‘ e
‘u for the displacement: vector of the isotropic elastic med1um ¢j-and.c, are

the veloc1t1es of the transversal and longitudinal acoustic waves ‘B is the mag-

netlc f1eld averaged over the Abrikosov. lattlce (in' the: sense. of the electro-f’k-

dynamrcs of the continuous med1a) That is, we regard ‘that the magnetic
' field does not vary” considerably at a d1stances of the order of the Abrikosov
 lattice cell -size ~+/®,/B. When a vortex line hoppes between two-pinning

- centers (for instance under the influence of a strong electric current of heat .

ﬂuctuat1ons) this will cause a generatron of the magnetoelastlc waves in the

g superconductors volume whose 1nvest1gat10n is the aim- of our paper

~
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S As we ment1oned above ‘the magnet1c f1e1d in the type II superconduc-, s * T ( c kz i wz)v,‘=
tors is connected (or ”freezed”) to -the, elastic medlum (crystal 1att1ce) by Lot : RSO
 means of pinned vortex lines'in a dn'ect sense That is why the magnetohydro-- R e B (L k‘ R + Bo k’) VO\k

dynam1c equatlon Is- automatlcally fu1f111ed " Ly 4

s ou, ‘{:,ZB—k K u, (fk ;o + 5B k") =0- AR ol

ot ("V)B (BV)"' YCao - e T

The equat1ons (1), (2), (3) form the closed set of equat1ons of the magne-‘ o F1nally we get the followmg d1spers10n equatlon :
~toe1astodyna.m1cs .The e1genmodes of these homogeneous ‘equations represent , } SRR e ~ S e
a magnetoelastic waves, Similar waves; connected with fluid compressibility - o w{k) [ k‘ + z/A(nk)]l/2 ‘ n - B/B , TR R
are investigated in the magnetohydrodynamms ('t ’, sect1on 69) That i is'why. - e = ol ;‘f AL DR DR S
we will concentrate our mterest over.a purely transversal (to the. wave vector‘ o where v A lS def1ned by L N SN R R
and’ 'to the external’ magnetlc f1e1d) waves, representmg a hybr1d1zat1on ‘bet-. - "'; SRR R T T R R

.ween the 'Alfven. waves 'in the magnetohydrodyna.m1cs and -the’ transversal_"'; ~"f‘-4-,DUA = Bz/87r SRS e

. acoust1c ‘waves in the theory of the isotropic elastic continuum. o '(‘ ! e 2N phE ol I

‘ Cons1denng an “external magnetlc f1e1d . directed  along: the x -axis BO = Sl For the group veloc1ty We obtam ‘
(BO, 0,.0), using the 11near approx1matlon for the equat10ns (1), (2), (3),~ ‘f,

we get the followmg relat1ons for the perturbatlons v and b (B»— B, .+ b)
foie aU,_- : P Y R
; 6t

U L o, o\ .
S Auy : (c' ~-,)aydw ue 47pr° (c’)y 3:)75 g
’ R ‘ ab ab N

_U_— Au,+(c,—ct) djv u——i4—-B ( —-———)

= 00/0k= (c?k + vA(kn)n)/w(k o

= ctAu, + (c, ~ c,) d1v u g Formally, when the shear module K ctp 1s equaJ to zero we get the well-f ,

o known result for the Alfven waves group veloc1ty

:Zf-»aw/ak —[B/\/@’gn (Bk)’

v (cf"" formula (69. 9)) ‘ s =
[T S R R R 1 ~For-all ‘the real superconductors however ct >> VA and we obtam only
N SR SR A ‘ R S 1 small amsotroplc terms to the sound velomty S

e “*" “=‘°' ¢ “"=“‘V) TR w/k—Cz[1+(Bk/k)2/87r#] ety

Bt az aa:

o

ab v

t‘.

k After a Founer transfornxatlon

uJBo

L »w;j 79, = c,k uy + (Cl = Ct )k (k ) ", U" b bv){,"‘:[,_ ST ff '_ Th1s shlft can’ be observed not only in the 1nvest1gatlon of the elgenmo-k
0 o : LR des of the superconductmg specimens ‘but also in the case of: normal ‘metal
w u, = ctkzu, + (c, -~ Ct)k (ku ‘ ‘WBo(k b = L b ) ‘;J S R oo crystals in _high magnetlc fields at low temperatures; In normal metals. an _

“oy. .o o attenuation of the 1nvest1gated waves amphtude g7 where (see the prob-

' ‘lem 1n"‘ !5 s section 69) o ,

S “ Vi o wb——(Bok )v o ‘, ¢

Takmg into account that we conSIder 1ncompres51b1e (d1vu = 0 ie. (ku) SEREEE I 5 . 2,
= 0) perturbatlons N A e e Ul i AN "y/w~ (k5) 5 = c/(27raw) /

I

5

i
i
¥

[y




“electron mean free path). : ’
) superconductors leads to.only small changes 1n the oscrllat1on S frequency‘
.of the superconductmg specunen R R R

i

“,Co'NCLUSloN"i‘ . S

L .

Where 5'is the penetrat1on depth for the normal skm effect (6 << l 1 is the

Taking into account the final conduct1v1ty of’ the

DISCUSSION i

) Unfortunately, there -are .too. few d1rect expenments’ 17 clanfylng the .
role of the mechanlcal tensions due to the pmmng forces in the superconduct- :
‘ing magnets.- We think that the magnetoacoust1c waves, d1scussed in the pre-
sent . work can be percelved by a gramophone p1ezocrystal in the reglme of .
the flux creep, attached to the superconductor The mvest1gat10n of the chan- -

‘ges of the . e1genmodes frequency of superconductwe specimen in a homoge-f

‘nious magnetic . f1eld 1s-another poss1b111ty We: obtalned that the change of. .
the velocity is h1ghly an1sotrop1c Moreover the same an1sotropy of the sound -
velocity should be observed “for : normal metals as, well External magnet1c’;‘
fields can also exc1te magnetoacoustlc waves in- metal Unfortunately, ‘we do ;
not- have proper data to make certain estlmatlons “but:principally a magnetlc" '

storm may brmg into action: a- comc1dence scheme of alummlum detectors

for gravity waves. If we’ want to mterpret the coincidence of the reg1stered o
.signals from metal’ detectors as’ gravity: waves,’ we have to take into account~
such weak effectsas the one, d1scussed here S s
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Unfortunately, for the ex1st1ng magnetlc f1elds there is not such a mate-

nals for which the sound velocity is comparable (of the same order) with the

Alfven velocity. This case of strong hybridization can be observed in compo-
site' material of superconduct1ve partlcles (for. example high T, granules),
“buried in bubble plastics or elastic net with relat1vely low shear module (com- .
parable ‘with the density of the magnetic field),: armourmg liquid mercury., =
In conclus1on we think that systematlc measurements of the noise assocmted'f
- with the flux creep should be carned out.:
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