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Effect of a magnetic field on sonoluminescence

Kyuichi Yasui
National Industrial Research Institute of Nagoya, 1-1 Hirate-cho, Kita-ku, Nagoya 462-8510, Japan

~Received 10 September 1998; revised manuscript received 3 May 1999!

The effect of a magnetic field on single-bubble sonoluminescence in water reported experimentally by
Young, Schmiedel, and Kang@Phys. Rev. Lett.77, 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.
@S1063-651X~99!10808-0#
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I. INTRODUCTION

In 1990, Gaitan@1# reported single-bubble sonolumine
cence~SBSL! where a stably oscillating bubble driven by th
standing acoustic wave in the liquid emits light at the c
lapse. The pulse width of the light is experimentally me
sured to be 40–350 ps@2,3#. The spectrum of the light can b
fitted by the blackbody formula with the effective temper
ture of 6000–50 000 K@4,5#. In 1996, Young, Schmiedel
and Kang@6# reported experimental evidence of the effect
magnetic field on SBSL intensity. They reported that t
SBSL intensity decreases as the magnetic flux density
creases@6#. It is also reported that the acoustic pressure
quired for SBSL increases as the magnetic flux density
creases; the acoustic pressure for SBSL ranges from 1.3
atm when magnetic field is off, while it ranges from 1.5–1
atm when the magnetic flux density is 10 T@6#. These results
indicate a dramatic modification of bubble dynamics
magnetic fields@6#; however, it has not yet been understo
theoretically.

II. THEORY

Physical properties of liquid water at rest is hardly a
fected by magnetic fields@7#. However, moving water mol-
ecules interact with the magnetic field by the Lorentz fo
acting on their electrical-dipole moment. A water molecu
suffers a torque ofN5PH2O3(v3B) from the magnetic field

B when it moves with the velocityv, where PH2O is the

electrical-dipole moment of a water molecule (uPH2Ou56.5

310230C m). Thus a moving water molecule has the pote
tial energy ofU5*N•dw52PH2O•(v3B), wheredw is the
element of the rotation vector, and tends to lie in the dir
tion of (v3B). It implies that a part of the kinetic energy o
each water molecule of the liquid is transferred to the ro
tional energy of the molecule, which is finally transferred
heat by the frictional force acting between water molecu
of the liquid. The energy transferred from the kinetic ener
to the rotational energy per water molecule is crudely p
portional toU52PH2O•(v3B), which is finally transferred
to heat. Thus the total energy transferred from the kine
energy of liquid water to heat by the rotational m
PRE 601063-651X/99/60~2!/1759~3!/$15.00
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tion due to the interaction with the magnetic field (DEB) in
time Dt is crudely estimated by

DEB5Cn lDtE
R

L

uPH2OiviBu
rNA

MH2O
4pr 2dr, ~1!

whereC is a constant (0,C!1), n l is the frequency of the
thermal vibration of the liquid~the frequency of the ‘‘pho-
non’’ of the liquid!, L is the distance between the bubble a
the wall of the liquid container,R is the bubble radius,v is
the macroscopic velocity of the liquid water,r is the liquid
density, NA is the Avogadro number,MH2O is the molar
weight of water, andr is the radius from the center of th
bubble. The termn l in Eq. ~1! means that the direction o
each water molecule is always perturbed by thermal vib
tions of the liquid. The coefficientC is proportional to the
probability of the displacement of the dipole~a water mol-
ecule! from the direction of (v3B) by the perturbation per
thermal vibration of the surrounding liquid; hence, it is mu
smaller than 1. The velocity of the liquid water is given b
uvu5R2Ṙ/r 2 @8#, where the dot denotes the time derivati
(d/dt). Thus

DEB54pCn l uPH2OuuBu
rNA

MH2O
R2ṘLDt, ~2!

whereR!L is used.
Now we will derive the equation of bubble radius~R!

including the above effect. First, we calculate the kine
energy of the liquid (Ek) @8#.

Ek5E
R

L 1

2
ruvu24pr 2dr52prR3Ṙ2, ~3!

whereR!L is used. Thus the change of the kinetic ener
per unit time is

dEk

dt
52prR2Ṙ~3Ṙ212RR̈!. ~4!

Next, the work done by the bubble~W! is calculated@8#.
1759 © 1999 The American Physical Society
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W5E
R0

R

~pB2p`!4pr 2dr, ~5!

whereR0 is the ambient bubble radius,pB is the liquid pres-
sure at the bubble wall, andp` is the pressure at a poin
remote from the bubble@p`5p01ps(t), where p0 is the
ambient pressure andps is a nonconstant component such
a sound field#. Thus the rate of the work done by the bubb
is

dW

dt
5~pB2p`!4pR2Ṙ. ~6!

The energy balance is given by

dW

dt
5

dEk

dt
1

dEB

dt
, ~7!

which leads to the equation of bubble radius~R!.

RR̈1
3

2
Ṙ25

1

r FpB2S ps~ t !1p01Cn l uPH2Ou
rNA

MH2O
uBuL D G .

~8!

When the magnetic field is off (B50), Eq.~8! reduces to the
Rayleigh-Plesset equation@8#. From Eq.~8!, it is seen that
the magnetic field acts as if the undisturbed ambient pres
(p0) were increased. It is also seen that the effect increa
as the magnetic flux density increases. The effect also
creases as the size of the liquid container increases. In o
words, it increases as the amount of the liquid water
creases. It is also concluded that if the molecules of the
uid have no electrical dipole moment the effect of magne
field vanishes; for example, dodecane for which sing
bubble sonoluminescence has been observed@5#.

III. NUMERICAL CALCULATION

In Eq. ~8!, the numerical value of the coefficientC is
unclear. In order to determineC, numerical simulations of a
bubble collapse under the experimental condition@6# are per-
formed based on the quasiadiabatic compression model@9#.
The model used in the present simulation is fully describ
in Ref. @9#. The equation of bubble radius~R! used is the
modified Keller equation, in which the effect of the liqu
compressibility and that of evaporation and condensation
water vapor at the bubble wall are taken into account@10#. In
the model@9#, the pressure is assumed to be spatially u
form inside a bubble and the temperature is assumed t
spatially uniform except at the thermal boundary layer n
the bubble wall whose thickness isnl8 wheren57 @11# and
l8 is the mean free path of gas molecules. In the model@9#,
the effect of nonequilibrium evaporation and condensation
water vapor at the bubble wall, that of thermal conduct
both inside and outside a bubble, and that of chemical re
tions inside a bubble, are taken into account.

In another paper by the author@12#, it is clarified that the
light-emission mechanism for a noble gas bubble is a ra
tive recombination of electrons and ions when the degre
ionization is fairly high and that the intensity of the light~I!
is estimated by
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I 5 4
3 pR3q2N2s f bv̄ehn̄, ~9!

whereq is the degree of ionization,N is the number density
of noble gas molecules,s f b is the cross section of radiativ
recombination,v̄e is the mean velocity of electrons,h is the
Planck constant, andn̄ is the mean frequency of the emitte
light @hn̄5(3/2)kT is assumed, wherek is the Boltzmann
constant andT is the bubble temperature#. The degree of
ionization ~q! is calculated by the Saha equation@12#.

In Table I, the calculated results are listed forp051.0,
1.05, and 1.1 atm. The frequency and amplitude of
acoustic wave are 43.1 kHz and 1.68 atm, respectively@6#.
The ambient bubble radius (R0) is assumed to beR0
53 mm. It is seen that as the ambient pressure (p0) in-
creases the maximum bubble radius decreases and the
lapse becomes milder as seen in Fig. 1. Accordingly,
maximum bubble temperature decreases and the maxim
light intensity decreases. Young, Schmiedel, and Kang@6#
reported that the number of photons per burst decrea
from 33107 to 0.63107 as the magnetic flux density in
creases from zero to 6 T. Thus it is expected from Tabl
that the effect of the magnetic field of 6 T corresponds to tha
of the ambient pressure of 1.1 atm. Thus the coefficientC in
Eq. ~8! is crudely estimated to beC;1027 using the value
n l;1012Hz @13#, which is consistent with the requiremen
C!1.

TABLE I. Calculated results for various ambient pressur
(p0). The frequency and amplitude of the acoustic wave are 4
kHz and 1.68 atm, respectively@6#. The ambient bubble radius i
assumed to be 3mm. Rmax is the maximum bubble radius,Rmin is
the minimum bubble radius,Tmax is the maximum bubble tempera
ture, I max is the maximum intensity of the emitted light, and ‘‘puls
width’’ is that of the light.

p0 1.0 atm 1.05 atm 1.1 atm

Rmax 46.7 mm 43.1 mm 39.6 mm
Rmin 0.47 mm 0.48 mm 0.48 mm
Tmax 25 300 K 23 100 K 20 600 K
I max 18 mW 7 mW 2 mW
pulse width 60 ps 60 ps 60 ps

FIG. 1. The bubble radius~R! as a function of time for one
acoustic cycle forp051.0 atm~solid line! andp051.1 atm~dotted
line!.
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Recently, Kondic, Yuan, and Chan@14# studied theoreti-
cally the effect of ambient pressure on SBSL. They repor
that the acoustic pressure required for SBSL increases a
ambient pressure increases@14# that is consistent with the
present prediction that magnetic field acts as if the amb
pressure were increased because it is reported@6# that the
acoustic pressure for SBSL increases as the magnetic
density increases.

IV. CONCLUSION

The effect of a magnetic field on single-bubble sonolum
nescence in water reported experimentally@6# is studied
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theoretically. It is shown that some of the kinetic energy
liquid water is transferred to heat by the interaction with t
magnetic field because moving water molecules suffer tor
from the magnetic field due to the Lorentz force acting
their electrical-dipole moment. It is concluded that the ma
netic field acts as if the ambient pressure were increased.
suggested that the effect of the magnetic field increase
the amount of the liquid water increases. Results of the
merical calculations based on a quasiadiabatic compres
model of a bubble collapse@9# are consistent with the presen
analysis. It is predicted that nonpolar liquid such as dodec
exhibits no effect of magnetic field.
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