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Effect of a magnetic field on sonoluminescence
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The effect of a magnetic field on single-bubble sonoluminescence in water reported experimentally by
Young, Schmiedel, and KandPhys. Rev. Lett77, 4816(1996] is studied theoretically. It is suggested that
bubble dynamics is affected by the magnetic field because moving water molecules of the liquid suffer torque
due to the Lorentz force acting on their electrical dipole moment, which results in the transformation of some
of the kinetic energy into heat. It is shown that the magnetic field acts as if the ambient pressure of the liquid
were increased. It is suggested that the effect increases as the amount of the liquid water increases. It is
predicted that nonpolar liquid such as dodecane exhibits no effect of the magnetic field.
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[. INTRODUCTION tion due to the interaction with the magnetic fieldEg) in

In 1990, Gaitar{1] reported single-bubble sonolumines- time At is crudely estimated by

cence(SBSL) where a stably oscillating bubble driven by the L

standing acoustic wave in the liquid emits light at the col- AEB:CVIAtf |P.olvIB|
lapse. The pulse width of the light is experimentally mea- R Z
sured to be 40-350 (&,3]. The spectrum of the light can be

fitted by the blackbody formula with the effective tempera-whereC is a constant (6:C<1), v, is the frequency of the
ture of 6000—50000 K4,5]. In 1996, Young, Schmiedel, thermal vibration of the liquidthe frequency of the “pho-
and Kang 6] reported experimental evidence of the effect ofnon” of the liquid), L is the distance between the bubble and
magnetic field on SBSL intensity. They reported that thethe wall of the liquid containemR is the bubble radiusy is
SBSL intensity decreases as the magnetic flux density inthe macroscopic velocity of the liquid water,is the liquid
creases6]. It is also reported that the acoustic pressure redensity, N5 is the Avogadro numberM H,0 is the molar

quired for SBSL increases as the magnetic flux density inweight of water, and is the radius from the center of the
creases; the acoustic pressure for SBSL ranges from 1.3—1ippble. The termy, in Eq. (1) means that the direction of
atm when magnetic field is off, while it ranges from 1.5-1.8each water molecule is always perturbed by thermal vibra-
atm when the magnetic flux density is 1Q6]. These results tions of the liquid. The coefficien€ is proportional to the
indicate a dramatic modification of bubble dynamics prrobabiIity of the displacement of the dipole water mol-
magnetic fieldg6]; however, it has not yet been understoodecylg from the direction of ¢x B) by the perturbation per
theoretically. thermal vibration of the surrounding liquid; hence, it is much
smaller than 1. The velocity of the liquid water is given by

|v|=R?R/r? [8], where the dot denotes the time derivative
(d/dt). Thus

Physical properties of liquid water at rest is hardly af-
fected by magnetic fieldg7]. However, moving water mol-
ecules interact with the magnetic field by the Lorentz force
acting on their electrical-dipole moment. A water molecule
suffers a torque o= PH20>< (vXxB) from the magnetic field |\ harer<L is used.

B when it moves with the velocity, where P, ¢ is the Now we will derive the equation of bubble radiyR)
electrical-dipole moment of a water moleculkP}gzo|=6.5 including the above effect. First, we calculate the kinetic

% 1039C m). Thus a moving water molecule has the poten-energy of the liquid E,) [8].

tial energy ofU=[N-dp=— Ph,0° (vXB), wheredg is the .

element of the rotation vector, and tends to lie in the direc- Ek:f Ep|v|24wr2dr=27rpR3R2, 3)
tion of (vXB). It implies that a part of the kinetic energy of R2

each water molecule of the liquid is transferred to the rota-

tional energy of the molecule, which is finally transferred towhereR<L is used. Thus the change of the kinetic energy
heat by the frictional force acting between water moleculeger unit time is

of the liquid. The energy transferred from the kinetic energy

to the rotational energy per water molecule is crudely pro- - 2esmin .

portional toU = — Py, o- (vXB), which is finally transferred i~ 27PRR(3R*+2RR). )
to heat. Thus the total energy transferred from the kinetic

energy of liqguid water to heat by the rotational mo- Next, the work done by the bubb(®V) is calculated8].
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R TABLE I. Calculated results for various ambient pressures
W= j (Pg— P-)4mr2dr, (5)  (po). The frequency and amplitude of the acoustic wave are 43.1
Ro kHz and 1.68 atm, respective[$]. The ambient bubble radius is

. . . . - _assumed to be @M. Ry is the maximum bubble radiuRy,, is
whereR, is the ambient bubble radiupg is the liquid pres the minimum bubble radiug;, is the maximum bubble tempera-

sure at the buhbblg \ggln’ an_ﬂ“ is the preshsure at.a ;?]omt ture, | haxis the maximum intensity of the emitted light, and “pulse
remqte from the bu 'épw—p0+ ps(t), wherepg is the | idih is that of the light.
ambient pressure arg, is a nonconstant component such as

a sound field Thus the rate of the work done by the bubble 1.0 atm 1.05 atm 1.1 atm
is
Rmax 46.7 um 43.1 um 39.6 um
dw . R 0.47 pm 0.48 um 0.48 um
i _ 2 min
gt~ (Pe—P=)47RR. 6) Tonex 25300 K 23100 K 20600 K
o | max 18 mw 7 mw 2 mw
The energy balance is given by pulse width 60 ps 60 ps 60 ps
dW dE, dEg .
at - dt dt @) | = 4 7 RPN20 Voh, ©
which leads to the equation of bubble radi&s. whereq is the degree of ionizatiorNl is the number density
of noble gas moleculesr;, is the cross section of radiative
. 3. 1 pNa recombinationy, is the mean velocity of electronk,is the
- 2:_ — - Ve ]
RR+ 2 R p Pe (ps(t)+ p0+CV'|PHzO| MH20|B|L) } Planck constant, and is the mean frequency of the emitted

(8 light [hv=(3/2)kT is assumed, wherk is the Boltzmann
constant andr is the bubble temperatukeThe degree of
When the magnetic field is of§=0), Eq.(8) reduces to the ionization(q) is calculated by the Saha equatidr2].
Rayleigh-Plesset equatid8]. From Eq.(8), it is seen that In Table I, the calculated results are listed foy=1.0,
the magnetic field acts as if the undisturbed ambient pressure05, and 1.1 atm. The frequency and amplitude of the
(po) were increased. It is also seen that the effect increasescoustic wave are 43.1 kHz and 1.68 atm, respectil@ly
as the magnetic flux density increases. The effect also infhe ambient bubble radiusRf) is assumed to beR,
creases as the size of the liquid container increases. In other3 um. It is seen that as the ambient pressupg) (in-
words, it increases as the amount of the liquid water increases the maximum bubble radius decreases and the col-
creases. It is also concluded that if the molecules of the liglapse becomes milder as seen in Fig. 1. Accordingly, the
uid have no electrical dipole moment the effect of magnetionaximum bubble temperature decreases and the maximum
field vanishes; for example, dodecane for which singledight intensity decreases. Young, Schmiedel, and KEsig

bubble sonoluminescence has been obselséd reported that the number of photons per burst decreases
from 3x 10’ to 0.6x10" as the magnetic flux density in-
Il. NUMERICAL CALCULATION creases from zero to 6 T. Thus it is expected from Table |

that the effect of the magnetic field ® T corresponds to that
In Eq. (8), the numerical value of the coefficie@ is  ©Of the ambient pressure of 1.1 atm. Thus the coeffioiirt

unclear. In order to determin@, numerical simulations of a EQ. (8) is crudely estimated to b€~10" " using the value
bubble collapse under the experimental condifishare per- ¥~ 10"Hz [13], which is consistent with the requirement
formed based on the quasiadiabatic compression ni@fel C<1.
The model used in the present simulation is fully described
in Ref. [9]. The equation of bubble radiu®) used is the
modified Keller equation, in which the effect of the liquid
compressibility and that of evaporation and condensation of
water vapor at the bubble wall are taken into accg@ft. In
the model[9], the pressure is assumed to be spatially uni-
form inside a bubble and the temperature is assumed to be
spatially uniform except at the thermal boundary layer near
the bubble wall whose thicknessna’ wheren=7 [11] and
N\’ is the mean free path of gas molecules. In the mpél
the effect of nonequilibrium evaporation and condensation of
water vapor at the bubble wall, that of thermal conduction
both inside and outside a bubble, and that of chemical reac-
tions inside a bubble, are taken into account.

In another paper by the authg?2], it is clarified that the TIME (us)
. S . . . us
light-emission mechanism for a noble gas bubble is a radia-
tive recombination of electrons and ions when the degree of FIG. 1. The bubble radiu¢R) as a function of time for one
ionization is fairly high and that the intensity of the lighii  acoustic cycle fopy=1.0 atm(solid line) andp,= 1.1 atm(dotted
is estimated by line).
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Recently, Kondic, Yuan, and Chdf4] studied theoreti- theoretically. It is shown that some of the kinetic energy of
cally the effect of ambient pressure on SBSL. They reportediquid water is transferred to heat by the interaction with the
that the acoustic pressure required for SBSL increases as thgagnetic field because moving water molecules suffer torque
ambient pressure increasgB4] that is consistent with the from the magnetic field due to the Lorentz force acting on
present prediction that magnetic field acts as if the ambieneir electrical-dipole moment. It is concluded that the mag-
pressure were increased because it is repd¢dhat the netic field acts as if the ambient pressure were increased. It is
acoustic pressure for SBSL increases as the magnetic fliyggested that the effect of the magnetic field increases as
density increases. the amount of the liquid water increases. Results of the nu-
merical calculations based on a quasiadiabatic compression
model of a bubble collapg®] are consistent with the present

The effect of a magnetic field on single-bubble sonolumi-analysis. It is predicted that nonpolar liquid such as dodecane
nescence in water reported experimentdlb} is studied exhibits no effect of magnetic field.

IV. CONCLUSION
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