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MagnetohydrodynamiaqMHD) surface waves on liquid metal are studied theoretically and
experimentally in the small magnetic Reynolds number limit. A linear dispersion relation is derived
when a horizontal magnetic field and a horizontal electric current is imposed. Waves always damp
in the deep liquid limit with a magnetic field parallel to the propagation direction. When the
magnetic field is weak, waves are weakly damped and the real part of the dispersion is unaffected,
while in the opposite limit waves are strongly damped with shortened wavelengths. In a table-top
experiment, planar MHD surface waves on liquid gallium are studied in detail in the regime of weak
magnetic field and deep liquid. A noninvasive diagnostic accurately measures surface waves at
multiple locations by reflecting an array of lasers off the surface onto a screen, which is recorded by
an intensified-CCQicharge-coupled devigeamera. The measured dispersion relation is consistent
with the linear theory with a reduced surface tension likely due to surface oxidation. In excellent
agreement with linear theory, it is observed that surface waves are damped only when a horizontal
magnetic field is imposed parallel to the propagation direction. No damping is observed under a
perpendicular magnetic field. The existence of strong wave damping even without magnetic field
suggests the importance of the surface oxide layer. Implications to the liquid metal wall concept in
fusion reactors, especially on the wave damping and a Rayleigh—Taylor instability when the Lorentz
force is used to support liquid metal layer against gravity, are discuss@@0®American Institute

of Physics[DOI: 10.1063/1.1822933

I. INTRODUCTION currents becomes crucial for the success of this new applica-
tion.

The effect of a magnetic field and electric current on the A first step towards this goal is to understand the physics
dynamics of liquid metals with a free surface facing aof magnetohydrodynamiéMHD) surface wave'sin a static
vacuum or a nonconducting flui@.g., aiy, is a century-old  pool subject to an externally applied magnetic field and a
problem, studied first by NorthrLPpHowever, the progress in current parallel to the unperturbed surface. The past work on
their understanding has been very limited, especially in thehe subject, including theory and experiment, has been very
laboratory. Recently, a new interest has arisen in this probimited. Murty? studied linear waves when the externally ap-
lem, electrically conducting liquids, such as liquid lithium or plied magnetic field and current are in the same direction. An
liquid salt (Flibe), are proposed as the material facing theinstability due to the pinch forcé&he Lorentz force directed
burning plasma in fusion reactors, directly handling the heainward to the fluid was found, consistent with the phenom-
flux and breeding tritium from neutrofis: The Reynolds ena described by Northrbpvhen only the current was im-
number of such flows is typically large=10°) due to the posed. Similar instabilities in a current-carrying cylinder
required fast flow rates, and the liquid is under extreme theralong an axial magnetic field were also studié@.
mal stresses due to the high heat flux on the free sufface. The first serious theoretical effort on a more general
typical magnetic fusion reactor uses a strong magnetic fieldase, where the magnetic field has an arbitrary angle with
(on the order of 10 Yto confine plasma. Often, an electric current was made by Shercliff When the resultant Lorentz
current is driven in the conducting, plasma-facing materiaforce is upward and is larger than gravity, the surface be-
by either induction or an externally supplied voltage. In ad-comes unstable, as in the Rayleigh—Taylor instability. Earlier
dition, unstable plasma modes can be coupled to free-surfagxperiments had observed this instability> Shercliff also
modes of liquid walf A comprehensive understanding of found that a magnetic field and current introduces anisotropy
dynamics of such liquids in magnetic fields and with appliedin the propagation of surface waves. In addition, Shercliff

estimated the effects of ohmic damping when the waves
dElectronic mail: hji@pppl.gov propagate parallel to the magnetic field. A similar theoretical
Ppresent adgress: Physics Department, Massachusetts Institute of Techngt-ud)}4 was performed earlier on the subject but using more
o, Cambridge, Massachusetts. . involved calculations. In both these studies, the magnetic
resent address: Department of Physics and Astronomy, University of Cal. . .
fornia, Los Angeles, California. field generated by the current was ignored so that the pinch
Ypresent address: Enig Associates, Inc., Silver Spring, Maryland 20904. instability was absent in the analysis.
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z d Po . :
E =-pgt ]OxBOy - JOyBOxa (1)
h free surface
,:, where p is the mass density of liquid metal and

=9.8 m/£ is the gravitational acceleration. Here, the mag-

netic field generated by the current flowing internally in the
liquid metal Bgg;, Which is on the order ofipjgh is assumed
FIG. 1. The coordinate for surface wave analysis. The waves are assumedto be negligible compared to the imposBgl (u is magnetic
propagate along direction while the magnetic fi(.eld and current are homo- permeability of the vacuum and, by assumption, the quuid
geneous and parallel to the free surfacBy=(B,Boy,0) and jg . . L.
=(joxsioy:0)- metal) Ignorlpg the selB f!eld enforces thg equ.|I|br|um
Lorentz forcejy X By to be directed only vertically in the
direction, eliminating the pinch instabilﬁ;discussed earlier.
Another assumption used by Shercliff was that the fluidWe note that this assumption is justified in the applications
velocity is two dimensional, restricted to the plane spannedor fusion reactors, where the external magnetic field is typi-
by the vertical(gravity) and the vector of wave propagation. cally strong and the needed external current, if any, is small.
This assumption was relaxed only more than 20 years latehssuming jo~pg/By, an estimate is given byBg. /By
by Shishkov® and Korovin'® While the former author did = ojoh/By=puopgh/B5=3x107 for the typical
not elaborate on the consequences, the latter author claime@ndition$ of p=500 kg/n? (lithium), h=5 mm, andB,
that the resultant dispersion relation and damping rate are10 T. This assumption is also well satisfied in the experi-
significantly different except for some special cases. ments reported later in this paper where no external current is
Experimentally, there have been almost no quantitativémposed.
studies of wave propagation and damping when a magnetic An important parameter characterizing dynamics of the
field or current is imposed parallel to the free surface. ExJiquid metal layer is the magnetic Reynolds numb®y,
periments that we referred to earfiéf*focused on the pure =uoVh/7 whereV is a characteristic velocity ang is the
growing mode due to the pinch force. The only publishedelectrical resistivity. For the present problem on surface
experiment fount{ used a magnetic field oscillating in time waves in a static liquid metal layer, an appropriate choice for
to simulate a perfectly conducting liquid metal facing to dcV is the phase velocityw,,=w/k, where w is the angular
field. frequency. For typical parameters available in the experi-
Herein we report a detailed theoretical and experimentaiments described latéR,~1072<1. In this smallR,, limit,
study of the propagation and damping of MHD surfacethe wave-induced magnetic field is negligible, resulting in
waves on liquid gallium. Gallium was chosen simply due tothe so-called electrostatic approximation to Faraday’s law
its easy use for the intended experiments. We begin in Sec. iB;/dt=-V XE;~0 so the perturbing electric field must
with a detailed derivation of the linear dispersion relationtake the formE;=-V ¢, while Ampére’s law is replaced by
when both magnetic field and current are parallel to the fre& -j;=0. In addition, the wave-Lorentz force due By is
surface. It is found that the two-dimension@D) assump- negligible, i.e.,
tion made by Sherclitf does not impact the result, in con- lioX Byl |
trast to the claims of Korovit® In Secs. Il and IV, we J_O—l ~Joko ,uo_ng =10°
describe the experimental apparatus and results in detail. The i1 XBol Bok Bok
dispersion reI.ation and dampin'g rgtes are measur'ed f”md Corﬁéing the aforementioned numbers with a wavelength on the
pared to the linear theory. Implications to the application of &, jar of 1 m.
liquid metal first wall in fusion reactors are discussed in Sec.
V, followed by conclusions in Sec. VI.

solid wall

As a result, linear waves in the liquid metal layer at rest
(Vo=0) are well described by a set of incompressible, invis-

cid but resistive MHD equations,
Il. LINEAR THEORY OF MHD SURFACE WAVES

A. Basic assumptions and governing equations p&a—\{[l =j1 X Bg— Vpy, (2
Aflat layer of liquid metal with a free surface is assumed

to be at rest sitting on top of a nonconducting wall with large - v ¢+ V; X By = 7j;, (3)

horizontal dimensions compared to the layer thickrredse

define a Cartesian coordinate system as shown in Fig. 1, y \j1=0, (4)

where surface waves are assumed to propagate along the

direction with a wave vectork=(k,0,0. Following V=0, (5)

Shercliff the externally imposed magnetic field and electric

current are homogeneous and parallel to the free surface athereV,; and p,; are the perturbed velocity field and pres-
rest: Bo=(Box,Boy,0) and jo=(jox,joy,0). Here, the sub- sure, respectively. In the momentum equation, the linearizing
scripts 0 and 1 denote equilibrium values and oscillatorycondition to ignore the convective derivative terms

values in the wave, respectively. p(V1-V)V; can be shown to bka<1, wherea is the am-
An internal pressure profilpy(z) is set up to maintain plitude of the surface displacemeikia is the wave “steep-
static equilibrium(Vy=0) by ness.” The linear theory is thus valid when the waves are not
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steep; effects like breaking waves are inherently nonlinear ] X)) dy  od 1

phenomena where the steepness becomes infinite. Finally, 711= =" X~ Bo ¥~ 2 (13
note that every oscillatory quantitift,x,z) can be assumed

to take the form off(z)exdi(wt—kx)], wheref(z) is a func-

tion of only z. The boundary conditions shall be discussed inC. Free-surface boundary conditions

the following section.

Let z=4(t,x)=6 exfdi(wt—kx)] represent the wavy free

B. Solving velocity and current fields surface of the liquid metal. By definition,

. . . . 96 I
Tp sgtlsfy the incompressibility condition, EgS), the — =Vilms=Vidmo=— —|
velocity field can be assumed to take the following shape at IX | 20
Vi(x,2) =y X V (x,2) + Va,(X,2)y, (6)  Where “<~’represents linear approximation, again satisfied

for small wave steepness. Thus
S0 thatV = diyl 9z and Vy,=—ayl ax. (Unlike Shercliff™ we P

include V, for the sake of completenesdJsing Eqg. (6), b‘:AEsinr(Kh)exp{i(wt—kx)]. (14)
Ohm’s law, Eq.(3) or o)

7j1=~ V (¢~ Boyth) + V1,Boy — ViyBouz, (7) The second boundary condition on the free surface is that the
current must be confined within the liquid metal, i.e.,

(jo+jil=0) -A=0, (15)

wheren is the unit normal vector of the free surface. lfet
=z- 4, then we have

must satisfy Eq(4) to yield
. V.
7V j1= = VH($ = Boy) = —Bp= 0. (8)

Sincedp,/dy=0, they component of Eq(2) simply be- 5
comesp dVyy/ dt=(j; X Bg)y=j1,Box, Wherejy, is supplied by A= V|V = iAk—sinr(Kh)exr{i(wt — KX + Z.
Eq. (7). Solving forV,, yields )

__0(¢-Byih) By Taking the first order of Eq(15), we havejgn+j,=0

Viy= Jz ipnow+B3, © " which become<=iAjo, K7/ w, leading to
Hence Eq(8) is rewritten to a simple form of D= iAJOXKncosliK(z+ ) Jexdi(t - kx)]. (16
;o , @
= = K2,
07

) ) D. Dispersion relation
where ® = ¢-By,¢ and K?=k3(1-iBj /pyw) =k3(1-ia). _ _ _ _
Solving the above equation using the insulating boundary ~ Without losing generality, let the ambient pressure above
condition (ji,/,-.,=0) or equivalently ilz|z:—h°<V1y|p—h the liquid metal be zero, which must balance with the pres-
% g/ dz| ~_,=0, yields the solutions fod sure right underneath the surface plus a force due to surface

® = ¢— By = C cosliK(z+ h)Jexdi(wt—kx)], (10 tension,

. d Po )
whereC is a constant. Pil=0 + —J| o+T5=0,
A second equation is obtained through theomponent #0
of the curl of Eq.(2), pd(VXVy),/dt=[VX(j;XBo)l,  whereT is the surface tension coefficient. Thus, using Eq.
which reduces to (1), we have
ALY djy B3AVy B2 Ay k
— L =By X=Xz x_ & = A—sinh(Kh)(pg = jo.Boy + jouBoy + K2T
p It 0X Ix 7 dx 7 %2 pl|z=0 o h(Kh)(pg — jox oy * JoyPox )
by using Eq.(7). Therefore, we again have xexdi(ot—kx)].
&/l — K2y Applying this to thex component of Eq(2),
23 ' Vi dp1 .
. . . p— =~ ~l1Boy (17)
which can be solved by using the boundary condition at dX
Vidz=-n=-0/ X|=,=0 to yield at z=0 yields the dispersion relation for MHD surface waves
= A sinfK(z+ h)]exdi(wt —kx)], (11

k2
2 _ H 27T —
whereA is a constant. With solutions fab and ¢ given by pw”=(pg + jo,Box + KT) Ktanf(Kh), (18)

Eqgs.(10) and(11), the velocity, and current fields are known

22 1.2(1 —i _R2
through Eqs(6), (7), and(9) except the constants andc ~ WhereK*=k%(1-ie) anda=Bg/pno. _ _
A few observations on the above dispersion relation Eq.
_ f7_llfx_ i@(l 1 ) d ) (18) are in order. First, setting,=j,=0 recovers the usual
0z BOX Jz 1- | o

Vi Y-z (12

X surface wave dispersion relation in neutral fluid,
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2 — 2 2
pw? = (pg + k2T)k tanh(kh). a0 = 2, exp[_ Et] |

Second, the added imaginary componerdue to the mag- P
netic field along the propagation direction, will cause thesince v=da/dt=wa. Setting t=x/v,,=kX/w in the above
surface wave to damp due to ohmic heating. A transversequation leads ta(x)=ay exp(kix), where
magnetic field has no effect at all on the waves, because the B2k
perturbing motion does not bend field lines. The wave damp-  k;=—- —
ing shall be discussed in detail in the later sections. Third, pnw

the second component of Lorentz force in the vertical direchis is consistent with Eq21) within a factor of 2 when the
tion joBp, does not appear in the dispersion relation. Theg rface tension is ignored.

reason for the disappearance can be found in(EQ.where WhenBy, is strong so that:> 1, the dispersion relation
the second term on the right-hand sidg By, cancels the | q|axes to a different form,

JoxBoy term contained in the first termdp,/dx. Since the
perturbed currenj,, arises because of the waviness of the
free surface when a uniform curreig, flows along the
propagation(x) direction, this is a special effect due to the ] o
free surface facing a nonconducting fluid or vacuum. How-'f @ is set to be real an@i=0 for simplicity,
ever, this effect leads to an instabilitRayleigh—Taylor in- 2

stability) when the Lorentz force is used to put a liquid metal pw? = (pg+ JoyBowkr \/:

layer up against gravity in applications like in fusion
reactor” The detailed implications shall be discussed in Sec.
V.

. k .
pw’ = (pg + jo,Box + sz)—Jz—(l +i). (22
Ve

ki:_kr!

which predicts that a strong magnetic field along the propa-
gation direction shortens the wavelength, and, more impor-
E. Deep liquid limit tantly, leads to strong damping of surface waves within one
o _ wavelength. Note that the values af are typically larger
The deep liquid limit, defined aeh>1 when the wave-  than unity in the fusion reactor application for parallel propa-
length is short, simplifies the dispersion relation by usinggating waves whilex<1 in the experiments reported in the

tanh(Kh)~1 to following section.
2 _ H 2: k
po”=(pg+ joyBox + k T) Toia (19
A F. Viscous effects
When By, is weak so thaix<1 and(1 —_ia)_1’2”1+ia/2, Viscosity has been ignored in the theory described so far
and if we assume thab is real andk is complex,k=k.  pecause of its smallness. Here we estimate the viscous damp-
+ik; (k->k;), the real and imaginary parts of E4.9) give  ing rate as following. Lev be characteristic fluid velocity
5 _ 5 due to the wave motion, then the dominant viscous force is
pw”=(pg + joyBox + K Dk, (200 given in deep fluids by
Pv
Bawk F,=pv—sp ~ p1ko,
(= 2 wk, 21 VIV 5~ prkiy

29(pa?® + 2T
where v is kinematic viscosity. Therefore, the wave energy
respectively. The convective damping rate is given by Egqdecays as
(212), which reduces to simplk =—(a/2)k, if T=0. A small g /1
shortening of the wavelength enters in second ordet.in —<-pv2> =-F=-prk??
Here it is appropriate to provide a heuristic derivation of It\2

the damping rate Eq21). The ohmic dissipation is esti- | 1ioh jeads to

mated as
a(t) = ay exp(— vk?), (23)
5 vB\? v?B? . . : .
=yl —| =—, sincev =dal dt=wa. We note that Eq(23) is consistent with
7 K more rigorous derivatiot&*° within a factor of 2. Setting
wherev is the characteristic fluid velocity. Then the wave =x/vpn=kx/w in Eq. (23) leads toa(x) =a, expkx), where
energy decays as K3
oy deeay k=— . (24)
J(1 )\ B, @
_ _pU =——v7 s . . . . . . .
at\2 7 Since viscosity for liquid metal is typically sm&f,the nor-
malized viscous damping ratg/k is small. For liquid gal-
which leads to lium, ki/k is on the order of 10 (see latey.
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There is also a viscous drag effect due to the friction Top view: Coils
between the oscillating fluid and stationary tank / \
boundaries® Landau and Lifshitz calculate the temporal
damping rate to be
1 2h+w —

_ LW 25
22 wh ¢ 29

Y

which depends the fluid depth and the tank widthw. This
calculation requires that the viscous effects be confined to a
narrow boundary layer near the walls, small enough so as not S_—
to change the dispersion relation calculated assuming ideal
fluid motion at the boundary, i.e., that the boundary layer
thickness is much less than the depth. This requirement is Water tank
well satisfied: the width of the boundary layer is of the order — .
Vvl w=1072 cm, negligible compared to the typical depth of Side view:

1 cm. Regarding the dissipation formula, as might be ex- laser

pected, since the damping gives the energy dissipated per - optics I_—_l‘

unit energy in the fluid, and all the energy dissipation occurs Camera wave
at the boundary, the expression incorporates the ratio of the

area of contact with the wa{h+w per unit length to the — ,I—l.
fluid volume (wh per unit length. For liquid gallium,k;/k is plexiglass  /
estimated to be on order of T0(see latey, which is still
small.

driver

G. Summary of linear theory of MHD surface waves

A short summary on theory of the linear MHD surface |
waves with horizontal magnetic field and current is in order L] -
before describing detailed experimental apparatus and re-
sults. In the small magnetic Reynolds number limit or when
the induction is negligible and the self-field due to imposed
electric current is small, the wave dispersion is given by Eq. - U d -
(18). Only the c.omppnent Qf the Lorentz fprce Wlth Pa_rallel FIG. 2. Experimental setup for study of MHD surface waves in liquid gal-
B and perpendiculaj contributes to the dispersiofthis iS  jium: top view (top panel and side view(bottom panel
due to a cancelling ofo by j1, Which arises to keep the
current confined to the gallium surfgcés a result, a mag-
netic field perpendicular to the propagation direction affectd»eams off the surface and onto a screen, which is filmed by
neither the wavelength nor damping of surface waves. A para camera. A PC-based Labview program with a National In-
allel magnetic field damps waves in liquid with depth on thestruments PCI-1671E board controls the experiment by con-
order of a wavelength and deeper while viscous damping igolling the magnetic field strength, gathering data, gating the
small. The magnetic damping efficiency depends on the diwave driver, and digitizing the images from the camera. Be-
mensionless parameten=B3 /pnw and the waves are low we briefly describe each component of the above experi-
weakly damped whemr<1 and strongly damped whem  mental apparatus; a more detailed discussion of the experi-
>1. mental setup, including photographs, can be found in one of

Next, experimental studies of MHD surface waves in athe author’s Bachelor thesl8.
table-top device are described in detail. The experiments do
not cover the full parameter regimes in which the theory isA. Gallium tank

valid. More specifically, the experiments are limited to the Gallium, which melts at a low temperature of about

cases _when no current Is |mposed ames1l in th_e de_ep 30 °C, is believed to be nontoxic, and the oxidation is con-
liquid I|m_|t._The small magnetic Reynolds condition is al- fined to a skin layer. It is an ideal metal for table-top liquid
ways satisfied. metal studies than other candidate metals such as
mercury’??which is highly toxic and has a high vapor pres-
sure, and lithium and sodium, which are reactive with
We have constructed an experiment to study the propemater?* Approximately 1400 cc of gallium is held in a
ties of liquid gallium surface waves in an applied magneticsquare plexiglass tank which has a side length of 37.8 cm
field. Figure 2 illustrates the major components of the experiand a height of 5 cm. The depth of the gallium layer is about
mental apparatus: the gallium tank, wave driver and paddld).9 cm, which satisfies the condition for the deep liquid limit
magnetic field coils, and surface diagnostics. A noninvasiveéor the most cases in our experiments. The size of the tank is
diagnostic measures the waves by reflecting multiple laseconstrained by the cost of gallium, but must be large enough

Hot plate Cu

IIl. EXPERIMENTAL APPARATUS

Downloaded 24 Nov 2004 to 192.188.106.101. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



012102-6 Ji et al. Phys. Plasmas 12, 012102 (2005)

to minimize boundary effects. The gallium tank sits in a  The paddle motion is driven in by the wave driver, an
larger water tank, which serves as a heat reserg@allium  electromechnical devicgviechanical Vibrator SF-9324 from
has about 1/10 the specific heat of watdihe water tank, Pasco Scientificsimilar to a speaker, but more robust and
which has a copper bottom plate, is in turn heated from bemagnetically shielded. The input sinusoid comes from a sig-
low by a hot platgby Thermolyne Corp. Model 5PA10258 nal generator, gated by the experiment control, through a
the water temperature was monitored with a thermocouple.power amplifier. Prior to experiments using gallium, the
In finding a minimum width of the gallium tank in the  wave driving hardware was tested using water with and with-
direction, a few characteristic lengths need to be consideredut magnetic field. It was found that the driven waves in
The first length concerns the thickness of viscous boundarwater were not affected by presence of a magnetic field,
layers, which is only on the order om~ 102 cm. Sec- confirming that the wave driving hardware is insensitive to
ond, there is a characteristic length for the wave-inducedhe magnetic field.
current in they direction[see, e.g., Eq13)] j,, to return at
the side boundaries. Because of snigllor large resistivity, C. Magnetic field coils
the current return areas are expected to extend from the side
walls for about half a wavelength, a distance over whigh
reverses its direction. Since the longest wavelength in ou
experiments is about 6 crisee latey, this characteristic

In our experiment we have used two pairs of “L-2” coils
'W a magnetic mirror configuration to provide a relatively
uniform, dc magnetic field. The coils, of outer diameter

length is about 3 cm. Finally, the tank width should be much49'8 cm, are separated by 50.8 cm. Current; of up o 500 A
. [ create a field of up t8,=400 G at the center in between the
longer than the capillary lengtR;T/pg~0.34 cm. However, ; . o :
. . . coils. Because the gallium tank sits in the midplane of the
the capillary boundary effects are more pernicious, and, in

fact, the tank must be made as wide as possible. The galliunC"nO"S.’ th_ere is no vertical component to the magnetic field at
. the liquid surface.
generally does not wet the plexiglass walls evenly, and the
nonuniform meniscus at the boundaries scatters the single ) _
incident waves and creates nonplanar waves, and interfel- -@ser surface diagnostic
ence, downstream. Thus, in contrast to larger water wave To measure the surface waves, we reflect lasers off the
experimentgwith flumes less than meter wide and tens ofsurface and onto a screen fiimed by an ICQBtensified
meters long this small gallium experiment is nearly square charge-coupled devigecamera(by ITT Corp). A passing
in aspect ratio. wave distorts the local angle of the gallium surface and per-
The end boundary also needs special attention. Since otirbs the laser spot on the screen from its flat-surface posi-
aim was to observe traveling waves, one possibility is to findion. When the wave amplitude is small, the deflection of
some boundary at the far end that simulates an infinite tankhe laser spot is proportional to the slope of the passing
such as impedance matching on a transmission line. Reflegvave; the diagnostic thus directly measures the wave steep-
tions from the end boundarppposite the side from which nesska, wherek is the wave number. Measuring the relative
waves are drivencomplicate the patterns on the surface, andphases of multiple points on the surface determines the wave
the seven-point laser diagnostic we used does not adequatelymberk, and wherea.
resolve the counter-propagating waves. In the end, itis found The experiment, once configured, is triggered off of a
that the best way to make a precise measurement of the wavamera gating pulse. Thus, the camera frames correspond to
is to use transient data, taken before reflected waves coulskactly the same points in time in each experiment, confirm-
return to the measurement location. ing that the experiments are highly repeatable. A similar
technique was implemented in a recent experimentnam-
MHD) surface wave in mercufy.

The diagnostic consists of a laser rail, on which the laser
The paddle design is another way in which this experi-(2 mW, He-Ne by Uniphase Model 110jRand associated
ment deviates from larger hydrodynamics experimentsoptics are mounted, a screen near the gallium surface, and an
While those experiments use large paddles hinged to the bok€CD camera. Following optics to focus the laser spot on the

tom or large wedges to drive waves, early tests we conducteslrface, a diffracting beam splittéa dot-matrix projection

in water and gallium found that wedge-type wave drivershead from Edmunds Optigsplits the laser beam into a di-
caused splashing if the wedge angle is lafg8°). For the verging matrix of beams, and a mask blocks all but the cen-
experiments reported here, we used a wedge with a smalléral row of up to seven beams. The resultant beams lie in a
angle of 31° or an edge of 1/16 inch copper sheet. Unlikglane, whose intersection with the plane of the gallium sur-
the wedge-type paddles, which drive waves by moving volface is a line parallel to the direction of wave propagation.
umes of fluid, this kind of paddle pulls up and down on the  The camera takes 60 frames per sec(atinterlacey
surface with surface tension. Both paddles were about 34 cwhich are digitized by a National Instruments NI-1407 series
wide, about 90% of the width of the tank. To drive planarframe grabber board and saved to disk. The image intensifi-
waves with a singlé, it is very important to have uniform cation hardware on the camera allows for controlled gating
contact along the length of the paddle. When setting up exef the exposure time; typically, gate widths of 108—1 ms
periment runs, it was important to optimize the planarity ofwere sufficient to freeze the laser spot in each frame.

the waves, which we checked using the laser diagnostic de- We now present a way to map the laser spot measure-
scribed below. ments back to the wave motion, valid for small-amplitude

B. Wave driving hardware
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(@)

Ar(t) = d tan(26 - ;) — d tan(— 6,)
=~ 2dka cogkx; - wt), (26)

if /~ka<1 and6d,<1. The factorkx, affects the phase of
the laser motion on the screen. Since the reflection positions
{Xo} can be precisely calibrated, it is possible to experimen-
tally measurek by comparing the phases of the seven laser
spots.
Xo We now discuss the lowest order corrections to these
formulae. First, in the expression above we have used small-
angle approximations for the tangent; thus corrections to the
(b) above formula will be proportional only to second-order
products ofka and §,. We also introduce errors by assuming
that the reflection always occurred &t;,0). The next
fo approximation of the reflection point s [Xg
= 8(Xg,t) By, 8(Xg,t)]. The small shift of the reflection position
has two effects: first, there will be a correction to the surface
8(X,t) normal, and second, the laser will reflect from a different
surface height. The former can be evaluated from a Taylor
expansion of the surface normal aboyt

gallium surface

an
FIG. 3. Laser reflection from the fluid surfa@ flat surface angb) surface n, ~ + _X (X=Xo).

; X0
with waves. X0

The correction to the above formul26) is therefore of order

waves and diagnostic laser beams that come in close to vel%o: Since taking the derivative afis proportional tok and

tical. Figure 8b) shows a picture of the laser reflection in the € Eosmon sh|f(tj|s of or(rj]eaﬁo. This correction, then Enters o
x-z plane for waves propagating in tixedirection. at the same order as the corrections to tangent. Next, the

Figure 3a) shows a schematic picture of a laser reﬂect-second finite amplitude effec_t_ changes the total distance the
ing from a flat surface at, and intersecting the screen at the laser travels, shifting the posmon. of thg spot on the screen by
position ro. When a wave passes, the angle of the surfac@20Ut 2(t)tan dy=2ad,. Comparing this to our linear for-
changes and the laser spot shifts §e Ar. We now correlate Mul2(26), we can see the correction is of oragid, which is
the motion of the spot on the screan(t) with the motion of small in our setupa~0.1 mm whiled~10 cm.
the free surfaceS(x,t)=a sin(kx— wt).

The angle of incidence of the laser bea#g, will be a
different value for each of the seven incident laser beams,
because the beams diverge from one another. It will howeve
be treated as small; the largest incident angle was 4°. We
discuss below how to precisely calibrate thgs from a few To calibrate the laser diagnostic, first the beam splitter
simple,in situ measurements. The flat-surface position of thewas carefully characterized to determine the interbeam diver-
laser spot on the screenrig=xy+d tan(—6,), whered is the  gence. Once this is known, a few still frames taken with the
distance of the screen from the gallium surface. laser in place in the experiment is sufficient to calibrate the

In general, a passing wave not only changes the anglangle 6, of each ray and the height of the screen, to better
that the ray reflects off at, but also changes the positiothan 1%. The first still frame is taken with the screen moved
where the ray intersects the surface, and thus the surfadetersect the beams on the way to the gallium. The second is
point that the laser samples. However, this effect can be neaken with the screen in its normal position, so that the laser
glected in the first order, as discussed below. In this firsbeams intersect the screen after reflecting off the flat gallium
approximation of smalld, and wave amplitude, the laser surface. The difference in laser spots between the two frames
always reflects off the surface at the pairiz)=(xy,0). The s only due to the path of the lasers between the plane of the
surface normal at this point due to traveling waves screen and the plane of the gallium surface. From knowledge
=V[z-68(x,t)]=[ka cogkxy—wt),0,1]. (The laser rays also of the interbeam divergence and these measurements, one
have a finite component in the direction. However, the can determine the height of the screen, the amglef each
projection of the incident and reflected rays onto the laser, and the location on the surface that each laser mea-
plane does not depend on)iLet # be the inclination of the sures. Finally, a still frame taken of a grid of points in place
surface normal, tam(t) =ka cogkxy— wt). of the screen maps pixels to real-world units and in principle

With this definition of# and 6,, simple geometry shows allows for correction of any optical distortion in the camera
that the angle of reflection isé2 6,. Thus, the motion of the optics.(We did not, however, observe any distortions in our
spot on the screen will be optical setup.

. Calibrations
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FIG. 4. Examples of measured movements of reflected laser spots on thr  0.02|
screen as functions of tim@iamonds$. Solid lines indicate fitted curves to
the measurementsee text

0.00L . R A
2 4 6 8 10
x (cm)

F. Procedures for data analysis FIG. 5. The wave phasgop) and amplitudgbottom) as functions of for

. . . _the example given by Fig. 4. The uncertainty of each point is smaller than
The camera takes images of the laser spot motion, whlcip‘e Symbé), sge_ o Y P

are digitized and saved. For analysis, an I@Diteractive data
languagé program was written to find the laser spots in each
frame, by finding the regions with the brightest points. The
location of the spot is determined consistently by a mass
weighted average of the light intensity over a small region  Arg=2dka. (28)
containing the spot, after removing background light. Th

Arg is related to the wave amplitude by E@6),

in the locai £ th i ter ianed 1o b ®The fitting is performed by a nonlinear fitting procedure pro-
errorin the location of the Spot center 1S assigned 1o be i‘/ided by the IDL package, and the fitted curves are shown by
pixel (since the centroid is determined more accurately than ;.4 jines in Fig. 4. The wave frequendyz o/ 27 is accu-

this). As mentioned before, because we can control the CarTk’;\tely determined the fitting and is 10.13+0.03 Hz for the

era shutter gating, we can gate for a short enough time sQ : . e .
. xample given by Fig. 4. The wave phaseés fitted linearl
that the laser spots do not smear in the frames. Pi€ 9 y 9 phas y

ith iti h h lid line in Fig.
After finding the lasers in each frame, a time series ofWIt positionx as shown as the solid line in Fig.(€p), and

t motion i bled at h surf location. It is f the slope of the line determines the wave numkeor
spotmotion 1s assemblied at each surface focation. 1 1s foun quivalently the wavelength which is 2.20£0.01 cm for
that a sinusoid is an excellent fit to each time series, consi

. . NS1She example given by Fig. 4. Consequently, the wave ampli-
tent with Eq.(26). From the fitting parameters, we can fmddtude at each laser is determined by E2g) since all other

the frequency, relative phase of the spots, and the amplitu cfuantities(Aro d,k) are known. The obtained amplitudes are
of the spots motion, from which we firkk at each surface i Fig ’5(,bottom)

location. In order to measure the dispersion relation of the MHD
surface waves, the driving frequency is varied from about
IV. EXPERIMENTAL RESULTS 4 Hz to about 12 Hz. The lower frequency is limited by the

Descriptions of experimental results are divided into twosize of the gallium tank which can only accommodate few
sections: wave propagation and wave damping, which corrévavelengths at lower frequencies. The upper frequency is
Spond to the real and imaginary parts of the dispersion re|dimited by the time resolution of frame acquisition rate of
tion, respectively, as exemplified by Eq&0) and(21) inthe 60 Hz. While there is no Nyquist frequenger s¢ because
deep liquid and weak magnetic field limits. Discussions aréhe waves are monochromatic and the wave frequency is

included in each section following the descriptions of resultsapproximately known, the fitting routine used still requires
good time resolution to converge.

The measured dispersion relation with no imposed mag-
_ netic field is shown in Fig. 6 as diamonds, which is com-
Figure 4 shows an example of the measured movemenisared with theoretical predictions by EG.8) with | oy=Box
of seven reflected laser spots on the screen as functions efy,

time. We focus on waves in the early times after the initiation - )
before they are reflected from the end boundary to minimize ~ P®° = (P9 + KTk tank{kh) (29)
the effects due to standing waveee Sec. Ill B. The move-  ysing the published value of surface tension coeffiéfent

A. Wave propagation without magnetic field

ment of each reflected laser is fitted to the function of (SOlld |ine)_ Agreement is found between experiment and
1 t—t, ' theory only for the low frequencies, but not for high frequen-
Ar(t) = §<tanhT + l)No sin(wt = p) +c, (27)  cies. The measured wavelengths are shorter than predicted

values for a given driving frequency. However, ad hoc
where all parameters excepare fitting parameters. Hetg  surface tension coefficient, lowered by a factor of 2.5, agrees
represents the arriving time of the waves at each laser arfairly well with the experiment at all frequencies.
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L i FIG. 7. The fitted surface tension coefficient normalized by published value
(1] I L w0 vv Lo vy Lo v ey (Ref. 20 for clean galliumT,=0.718 N/m as a function of imposed mag-

0 1 2 3 4 netic field.
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FIG. 6. The measured dispersion relation of MHD surface waves in galliumh d hlori id soluti th f b hi
without magnetic fielddiamond$ and with B,=380 Gausgcross. Theo- ydrochloric acid solulion, the surrace became very shiny as

retical curves by Eq(29) are shown for three case$=T,=0.718 N/m  the acid cleaned the oxide layer from the surface. At the

(solid ling); T=To/1.5 (dashed ling andT=T,/2.5 (dotted ling. same time the surface was cleaned, the gallium pulled itself
up into a tight ball, implying increased surface tension. Later,
as the acid evaporated and the surface reoxidized, the gal-

The validity of direct comparisons of “transient "waves lum lost its uniform tight shape, implying that the surface
(Fig. 5) with the theoretical predictiongEq. (29)] derived tension dgcrgased. In addition, attempts to keep thg surface
under the assumption of continuous waves deserves sonfg€ Of oxidation were made by displacing oxygen with pure
discussions here. Recall that the quani§ in Eq. (29)  Nitrogen and argon gases, however, without apparent success.

originates from the second time derivative of a continuouslyccording to separate _experime??tso study surface atomic
oscillatory wave:Z'=-w?z where z=a exfiot]. Like Eq. physics of pure gallium, controlled oxidation can be

(27), a transient wave can be expressed as achieved only under ultrahigh vacuum with a base pressure
of 10°° Torr and an oxygen partial pressure of ¥0Torr.
7= 1(tanh£ + 1>a exdiot], These conditions were not available for the experiments re-
T ported here.

without losing generality. After some algebra, the second ) ) o
time derivative is given by B. Wave propagation with magnetic field
2 secR(t/tanht/7) The_ effech of a h_orizontal magnetic field on the surface
22 tant(tn + 1 wave _dlsper5|o_n relat|_0n are studied by repea_ltlng_the above
@ T experiments with varying strength of the applied field. Also
2i  sech(t/7) shown in Fig. 6 are the results obtained under a parallel
o tanht/n) + 1] imposed field o8=500 G at the measurement locations. At
a given driving frequency, the wavelength is observed to
where typicallyor=27fr>1 as evident in Fig. 5. Wheh  jncrease withB. At B=500 G, the lengthened wavelength is
<1, the above equation leads to an angular frequency of still shorter than the predictions usinB=T,, but the ob-
—i/7, which represents a “growing"wave aroutwl0. When  seryed changes are more than 10%f at12 Hz. Interest-

Z":—wzz[1+

t> 7, the above equation reduces to ingly, the measurements agree well with the predictions us-
4 2t\ 4 2t ing T=Ty/1.5. To quantify the observed changes better, the
Z=-w’Z 1+ ﬁexy{— :) - E—eXp<_ 7) . measured dispersion relation is fitted by E2p) with T as a

free parameter. The fitte®l is shown as a function dB, in
The correction terms t@ are very smal(<10) since typi-  Fig. 7.
cally the data at least up to=57 are used. Therefore, the The observed change in the dispersion relation of the
continuous wave assumption is justified for the transient dataurface wave propagation due to magnetic field cannot be
described here. simply explained by linear theory. According to E48), the

The apparent reduction of surface tension is likely due taeal part of the dispersion relation does not depend on mag-
a thin oxide layer formed on the gallium surface. The oxidenetic field if the dc current density is zero. This is better seen
layer becomes visible when a clean liquid gallium is exposedn Eq.(29), which is valid in the limit of weak magnetic field
to air for a few hours if left still, or appears in only a few («=B3 /pnw<1), a condition well satisfied in our experi-
minutes if surface waves are driven. A decrease in surfacments. For example, fdr=12 Hz andB=500 G, «=0.022.
tension due to oxidation is qualitatively consistent with aThe next order corrections to the dispersion is on the order of
small chemistry experiment performed by the authors. Aftera®~5x 1074, which is much smaller than the measured
covering of small blob of gallium with a coating of 1 mole changes. Furthermore, the observed changes cannot be ex-
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plained by nonlinear effects, which is on the order of the —0.00[
ratio of p(V;-V)V, to padV4/dt (see Sec. Il A or simply
ka~ 1072 The effect due to omission of the wave-induced I &>
magnetic fieldB; is also small —0.05¢

k/k

B ' \Y I
B1  Mol1 _ Mo 1~M0wa~6><10‘5. : ® :
BO kBO k77 k77 —0.10} RS -

We therefore seek explanations outside of the physics ir
the linear MHD dispersion relation. One possible explana- [
tion of the observed changes in effective surface tensior -0.13 . ‘ .
force with an imposed magnetic field is changes in atomic
physics in the surface oxide layer or the adjacent pure gal-
lium layers. The structure of surface of liquid metal has beerFiG. 8. The normalized wave damping r&ték vs k without magnetic field.

a hot topic in recent years, especially after rapid development

of experimental techniques, such as x-ray reflectivity mea-

surements, to directly study the surface structure. A recent Absent a magnetic field, waves can be damped by finite
review paper is given by Penfold on this toﬁ?oo\ theoreti- ViSCOSity, which has been ignored in the linear theory de-
Ca”y predicted phenomenon called surface-induced atomiéCfib@d earlier because of its smallness. The normalized
layering’ due to the sharp discontinuity in density across adamping rate due to bulk viscous forces is estimated via Eq.
liquid-vapor surface has been confirmed experimentally. (24),

The effect of oxidation on the liquid gallium free surface has | K2

also been studiéflby x-ray scattering. It was found that the SE=-—=-(1-4x 10"

oxide layer has a uniform thickness of about 5 A, which does @

not increase with further oxygen exposure and temperaturesing the published valg® for gallium viscosity v=3
increase. The dependence of these surface properties on thel0'm?/s and the measured values for other quantities.
magnetic field has been reported neither experimentally nofFhe damping rate due to boundary viscous layers can be
theoretically. However, it would not be surprising to haveestimated via Eq(25)

k (rad/cm)

some dependences on magnetic field since liquid gallium has

ki 1 2h+W 14
larger degrees of covalenajess close to a free-electron Sz ————/—=-(2-4 x 1073,
meta) and directional bondin® We should note that the k 2y2 wh Vo

dispersion relation remains unchanged when the magnetigy,; , is jarger than that due to bulk viscous effects, but i,

field is !mpgose(_j horizontal t.)Ut perpendicular to WaV€40, is too small to explain the observed wave damping with-
propaganonl. This fact constrains a theory of surface ten- out magnetic field

sion modification by a magnetic field: the magnetic field can An alternate explanation again can be based on existence

only qu|fy the surface tension along the direction of theof the surface oxide layer, which has been described in Secs.

magnetic field. A and llIB. It was found from the x-ray scattering
experiment%8 that the thermal capillary waves, which limits
the x-ray reflectivity at higher temperatures on an unoxidized

C. Wave damping without magnetic field gallium surface, were largely suppressed by oxidization. This

The linear theory predicts that waves interact with a par—f’rlégggStS stuﬁf/vtgde %ﬂ?fh?(l)iriéz ?asgﬁspgisci’ igismztjr Sg:ﬁ i
allel magnetic field, leading to damping in deep flu[&s. by y P » SUg9

511, However. as shown in Fia. 5. wave damoin existsing that the oxide layer is rigid but not elastic, and can cause
Eave?l]w' without m,a netic field. To gLJar'1tify the WavF()a dgam in wave damping. Qualitatively, it was observed that the gal-
rate. the am Iituges are fittéd toqthe function of PNYjium surface becomes less excitable as the oxide layer forms.
' P In fact, deviations from the exact exponential decay, as seen
a(x) = ag exg ki(x = xg)1, (30) in Fig. 5, may be due to nonuniformness of the oxide layer,
- . . which often is visible. We note that in general the wave
whereaQ andk; are fitting parameters ang IS thex position damping due to this mechanism can also depend on the wave
of fche first laser measurement. _The magmt_ude(iafharac- _amplitude, and this effect was not investigated in our experi-
te_nzes the damping ratg. The f'Fted Curve 1 also S“O_W” Mhent (Fig. 8. On the other hand, quantitative theoretical
Fig. 5, where the error ik, dk;, is estimated by equating estimates are not possible without detailed knowledge of

the measurement uncertaintiei(x) 10 a(x-X)exikiX  ynusical properties of the layer, which is beyond the scope of
-Xg)]6k;. (One should note that there exist also systemati he present paper

errors ink; due to deviations from the perfeetfolding be-
yond statistical uncertainties in the measurements. Using r
sidual fitting errors, the systematic errorskinare estimated
to be about four times larger than the statistical counterparts.  According to the linear theory described in Sec. Il, MHD
Figure 8 shows that the normalized damping ratk, in-  surface waves in the deep liquid limit are not damped by a
creases withk, but saturates at about 0.1 at laige perpendicular magnetic field to the propagation direction, but

%. Wave damping with magnetic field
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FIG. 11. The normalized wave amplitudes as functionsxdbr several

B (gauss) magnitudes of magnetic field parallel to the propagation direction.

FIG. 9. The wave amplitude measured by the first laser as a function of
magnetic field perpendicular to the propagation direction for several o ) . o )
frequencies. the predictions, but would be consistent with predictions if

instead &x was used in Eq.31) as also shown in Fig. 10 as
the dashed line. Here we need to point out that the wave
not by a perpendicular magnetic field. These predictions ardamping given by Eq(31) accounts only for the MHD ef-
basically confirmed by experiments. Figure 9 shows thdects during the waveropagation but not for the waveen-
wave amplitudes as a function of magnetic field perpendicueration by the paddle, which is also subject to the MHD
lar to the propagation direction for several frequencies whilgnteractions. Such MHD effects are well conceivable since
everything else is kept the same. No wave damping by maghe cross-field motions tend to bend the magnetic field lines
netic field is observed. In contrast, the waves are damped by a probably nonlinear fashion, although detailed theoretical
an imposed magnetic field along the propagation directionmodeling is beyond the reach of the present linear theory.
as shown in the single point measurements, Fig. 10. Théhe observed damping enhancement likely reflects such
plotted amplitudes are normalized by the amplitude withoutMHD effects during the wave generation. Note that experi-
magnetic field. It is seen that the wave amplitude is reducedhents in water did confirm that the wave driving hardware
by a factor of 2 when a magnetic field of 500 G is imposed.alone is unaffected by the magnetic fiefd.
Linear theory predicts wave damping by a parallel mag-  Furthermore, the wave damping due to magnetic field
netic field as shown in Eq21). The damping rate, given by parallel to the propagation direction is observed in between
B2 uk the measurements at seven locations. As an example, Fig. 11
exp{— . st S x] ' (31)  shows the normalized wave amplitudes as functions fofr
27(pa’® + 2TK) B=0, 206 G, and 501 G, respectively. It is clearly seen that

where Ax=4.1 cm is the distance between the paddle and_he wave is_damped more rapid_ly when a stronger magnetic
the measurement location, is also shown in Fig. 10 as thgmd is applied. To better quantify the wave damping, mea-

dotted line. The observed damping rates are much larger thayrements at each given magnetic field are fitted to the func-
tion shown in Eq.(30) to obtain a spatial damping rate.

The results are shown in Fig. 12 as squares. Despite certain

192 T T T T T T scatters in the obtained damping rates, a trend for increased
I f=11.8Hz ] damping rate with magnetic field is apparent. The theoreti-
10F . cally predicted damping rates given by E@1) k(B) are
[ ] calculated by using the measured values for all other param-
o8l ] eters. Plotted also in Fig. 12 as the dashed line;(®)
[ ] +k;(B) wherek;(0) is the measured damping rate Bt0.
S osf 3 The agreement is reasonable given the scatter and errors in
° [ ] the experimentally determined damping rates.
04f .
[ V. IMPLICATIONS TO FUSION APPLICATION
02r ] Given theoretical and experimental results and their
o.o: _________ L Lo o Lo Lo Lo physics understanding described in the previous sections,

-100 0 100 200 300 400 500 e0o  discussions are in order with regard to their implications to
B (G) the proposed application of a free-surface liquid metal first

wall in the fusion reactors.* Below we discuss two specific

FIG. 10. The wave amplitude measured by the first laser as a function oé . : ; ; i
magnetic field parallel to the propagation direction. The dotted and dashe ffects: magnetic damplng of surface waves, and an instabil

lines represent predictions by linear theory using actual distance between tHB/ V_Vhen the Lorentz force is U_59d to support a free-surface
paddle and measuremehk and a distance ofx, respectively. liquid metal layer against gravity.
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FIG. 12. The wave damping ratequaresas a function of magnetic field
parallel to the propagation direction. The dashed line represents predictio
by linear theory(see text

B. Stability of a liquid metal layer supported by
Porentz force against gravity

In order to completely cover the plasma in a fusion re-

actor, some parts of a liquid metal layer need to be supported
A. Magnetic damping of surface waves against gravity. One proposed method is to use the Lorentz
force by inducing electric current in the liquid metal with an
appropriate angle to the background magnetic field so that
the resulting Lorentz force is upward to offset the gravity
force? This scheme works if the supported liquid metal is
table. However, the obtained dispersion relation, @§),
uggests that this is not the case.

An important dimensionless parameter here ds
=B2/pnw. For a typical magnetic field strength of 10 T in
the magnetic fusion reactors;, is much larger than unity
unlessf>100 kHz for lithium or f>10 kHz for gallium.
However, the surface tension becomes important an§

strongly stabilizing[Eq. (21)] at these high frequencies. Using the coordinate shown in Fig. 1, now the gravity

Therefore, one expects that the large magnetic fields in th : .
L . i . orce oints upward and the Lorentz forcgo®B
magnetic fusion reactors will stabilize surface disturbances Pg P P fio® Byl

) . Ce > ~“=|joxBoy ~joyBox| = pg, points downward. Thus the terpg in
very effecnye_ly alon.g.the f|g|d d|rect|on. in the deep ﬂu.|d Eqg. (18) needs to be replaced byg. As discussed in Sec.
limit. In addition, a finite vertical magnetic component will

further stabilize the surface as shown in reviousII D, only one of the two terms of the Lorentz forgg,Bo,
studiest52L:2° P appears in the dispersion relation. This only term will also

disappear when thedirection or the propagation direction is

Howe_zver{ there 'S ho magnetic dampl_ng on d!stur_banceget to be perpendicular #,. The resultant dispersion rela-
propagating in a horizontal, but perpendicular, direction, 3%i0n then becomes

shown in the previous sections. Even for the case when the
disturbances propagate parallel to magnetic field, the damp- pw?= (= pg + k*T)k tanh(kh), (32

ing effect does not exist if the wavelength is much longer, . C - -
than 27h so that the liquid is shallow, i.ekh<1. This is which predicts instability for sufficiently smak or long

. . . wavelength. This is essentially the Rayleigh—Taylor instabil-
seen by taking tar(Kh) ~Kh in Eq. (18) to yield ity. Figure 13 shows the growth rates for both lithium and
pw® = (pg + joyBox + K°T)k?h, gallium cases. The critical wavelength is determined by the
surface tension, which may vary depending on the surface
conditions, as described in this paper. The typical growth
. o . ; - "Sime is on the order of 0.1 s for lithium, which sets the maxi-
energy in bending field lines when fluid motion in the verti- mum time scale for the liquid metal to stay in the layer

cal d|rect|or_1_|s suppressed in the shall(_)w I|m|thH:_5 mm, supported by the Lorentz force. This can be translated into a
then the critical wavelength above which there is no large

stabilizing effect from maanetic field is about 3 cm. Visco Sminimum speed with which liquid metal is forced to flow

d nzing EQ(25)] | ?h Ic Tield 1 b u n. Vi . ut across certain distances in the reactor chamber. For example,
ampmg[e.g., A 5)].|n he case may become important. ¢, gistance of 1 m, the minimum speed is 10 m/s if only

Therefore, in the application of a free-surface liquid metal

first wall in a fusi tor it b ible to d pne e-folding time is allowed for this instability to grow.
rstwailin a fusion reactor, it may not be possible to depen Again, the existence of a surface oxide layer can slow down
on magnetic damping to suppress disturbances. Howev

Gt
- . . its growth.
surface conditions, such as existence of an oxide layer, may 9

provide more effective stgblllzatlon for pos&blg dlstur'- VI. CONCLUSIONS

bances, as observed experimentally in the preceding section.

Of course, the detailed atomic physics and chemistry, as well  Effects of magnetic field on small-amplitude surface
as their manifestation as surface tension, need to be underaves on liquid metal are studied in detail both theoretically

where the damping effect does not appear to first ordihin
Intuitively, this can be understood as waves do not stor
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