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Effects of ionization in single-bubble sonoluminescence
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We studied the effects of ionization in a sonoluminesdi®b) bubble within the hydrodynamic framework.
The thermodynamic variables and the degrees of ionization inside the bubble throughout an oscillation cycle
are obtained by solving the hydrodynamic equations assuming spherical symmetry. Several models are used to
compute the emitted radiation, which are then compared with experimental data. Numerical results show that
shock waves are absent in the stable SL regime, and compressional waves are already strong enough to produce
moderate temperature and ionization. The degrees of ionization at the bubble center are found to be within 7%
to 30%, and A¥ is the only dominant ion. Moreover, an opacity-corrected blackbody radiation model gives the
peak power, pulse widths, and spectra that agree very well with the experimental data.
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I. INTRODUCTION widths using a modified blackbody radiation model account-
ing for the small emissivity and absorption of a weakly ion-
The remarkable discovery that acoustic energy can b&ed gas[17]. However, the assumed uniformity of the
converted to light through an oscillating air bubble trapped inbubble content is unrealistic given the rapid collapse of the
water has triggered widespread interest in single-bubbl®ubble around the short duration of light emission.
sonoluminescencéSBSL) [1]. Under certain conditions, a  The validity of most of these models depends on the de-
narrow and regular flash of blue-white light with a width of tails of the hydrothermal processes inside the bubble, and
about 40—-350 ps is emitted in each cycle of the bubble ostherefore a realistic hydrodynamic model is essential. Recent
cillation during the strong collapse of the bubp®-4]. The  Studies[18-232 that include parts or all of the effects of the
bubble can oscillate synchronously and stably for a few day§ansport processes demonstrate that the shock wave is not
through billions of acoustic cycles. Moreover, such a converessential for stable SBSL. Rather, a smooth compressional

sion of sound into light represents a high concentration ofvave emerges naturally in a collapsing bubble, and a large
energy by 12 orders of magnitude. fraction of the bubble content is heated to moderate tempera-

The mechanism of SBSL light emission is still under de-tures for a short duration. Nevertheless, the predicted tem-
bate. A number of models were proposed to explain the caugeerature is of several $0K and can indeed induce chemical
of light emission, which include blackbody radiatigf],  reactions and ionization.
shock wave model[6—10], collision-induced emission  We study in this paper the degrees of ionization occurring
[11,17, quantum vacuum radiatiofil3], confined-electron at the SBSL conditions and their relevance to the light-
model[14], and even fusiof8]. emission mechanism of SBSL based on a realistic hydrody-

Previous hydrodynamic calculations have presented rathér@amic calculation. Our major conclusions af@) shock
contradictory pictures of the bubble interior during light waves are absent in the stable SBSL regif@gthe degrees
emission. On the one hand, calculations based on invisci@f ionization are found to be within 7 to 30 %, and Ais the
spherical hydrodynamids—9] suggested that a converging only dominant ion;(3) with this moderate ionization, the
shock produced high temperature and pressure and the reubble becomes optically opaque, and a refined blackbody
flected diverging shock quenched them in picosecond timéadiation model taking into account the opacity and absorp-
scale[8—10,6. Xu et al. reported very strong multiple ion- tion of the bubble content gives the peak power, pulse
izations, up to At", based on this scenar{d5,16. This  Widths, and spectra that fit the experimental data very well.
model could explain the emergence of a picosecond time
scale as well as the large energy concentration. But the ef-
fects of transport processes, surface tension, the equation of
state (EOS, and the compressibility of liquid were also In this section, we extend a hydrodynamical framework
largely ignored. One recent calculation that includes &by Yuanet al.and Chenget al.[21,22 to include the calcu-
temperature-dependent surface tension and thermal conduetion of ionization and recombination processes. In the
tion shows that most of the trends of experimental data camodel, the Navier-Stoke@\S) equations are coupled to the
be explained based on a shock-induced cool dense plasnRayleigh-PlessefRP) equation which describes the bubble-
model[10]. On the other hand, assuming a uniform bubblewall motion. The energy equation for the surrounding water
interior, which therefore leads to a considerably lower maxi-is also solved at the same time. The effects of viscosity,
mum temperature, Hilgenfeldtt al. could explain the SL surface tension, equation of std#€0S, and the compress-
spectral shape and the wavelength independence of the puldlity of liquid are taken in account.

Il. HYDRODYNAMIC MODELS
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A. RP equation for bubble-wall motion 3. 1
RR+ -R?= p—[P,— Ps(t)—P..]

For a spherical bubble in liquid, the equation for the 2
bubble-wall motion was formulated by RayleidR3] in
1917 and modified by Plessgi4], and Noltingk and Neppi- " R E[P P (1)] ©6)
ras[5] in 1950. The equation is called the Rayleigh-Plesset pxC, dtt TS

(RP) equation.

Several forms of the RP equation have been used in th@hich is labeled as RP1.
literature, which differ in the terms that account for the com-
pressibility of the liquid surrounding the bubble, character-

ized by the bubble-wall Mach numbdt=R/c, , wherec, is
the speed of sound in the liquid. It has been shown that Neglecting mass diffusion, which is a much slower pro-
whether shocks emerge depends strongly on the form of theesg27], the dynamics of the gas inside a spherical bubble is
RP equatiorf21,22. An SL bubble undergoes an enormous described by the compressible NS equations, which represent
compression; the surrounding liquid should also be greatlghe conservation of mass, momentum, and energy. They can
compressed, and hence the speed of sound in the liquid valpe written into a conservative form with source terms

ies during a SL cycle. To account for the effect of the liquid

compressibility better, we use a more complete RP equation ’9_P+ i(pv)= _ zﬂ @

that includes terms to first order M and allows for a vari- at  or r’

ablec, [25], giving

B. Conservation equations for gas in bubble

. 2
1-M RR+ 3-M R2—H. Ps(t’)+ trHb 1 ﬁ(pv)+i(pv2+ P)=— 2py +ii(r2m) o
1+M R T S E VRN gt or rooorror r ©
Here overdots denote time derivativeig=R/c|, t'=t
+1tgr, p. IS the ambient densityP (t')=—P,sin(wt’) is d(pE) o (pE+P)v
the pressure of the sound field with frequeneyand ampli- i T (PE+Pu=— ;
tudeP,. The enthalpies of the liquil, andc, are given by
PdP dP +£i{r2( +k£”
lef I_, C|2:—. (2) r2 ar U Ty r .
P.. P dp
©)

For water,c; andH, are obtained using an equation of state
of the modified Tait forn{26]

P+B [ p n
P.+B |p./ "’

Here E=e+v?/2 is the total energy per unit mass,

r, p, v, P, T, 7, k, ande are the radial distance from
&) the center of the bubble, gas density, radial velocity, pres-

sure, temperature, normal viscous stress, coefficient of ther-
mal conductivity, and internal energy per unit mass, respec-
tively. If we are dealing with inviscid flow, the last two terms
in Eq. (8) and the last term in Eq9) should be ignored, and
the resulting equations are called the Euler equations.

where B=3049.13 bar anch=7.15. Combining Eqs(2)
and (3), we get

n
n—1

P+B P.+B
P P

H = IZZM (4)
p

, C

In computingH, andc,, the pressur®,(t) on the liquid side
of the gas-liquid interface is related to the pressRgeR,t)
on the gas side of the gas-liquid interface by

In order to keep track of the densities of tNg species,
Ns—1 more species conservation equations are required in
addition to Egs.(7)—(9). The ion densities change due to
ionization and recombination, and so source terms must be
added to the right-hand side of the species conservation
equations. The maximum ionization level is taken to be five,

which should be adequate for the present temperature range.

20 Our results indicate that even the second ionization level can
=3 be safely ignored in practice. _

For convenience, left; be the mass fraction of AT (with
which states that the pressure on the gas side differs fro=0,1,2,3,4,5) or electrofwith j=e). Thereforepf; repre-
that on the liquid side due to the effects of surface tensiorsents the mass density of an individual species, and the num-
and the normal component of viscous stre§963. ber density of an individual species is related to its mass

Equation(1) is used for most of our simulations. To be fraction by n;=pf;/m;, wherem; is the mass of an atom
consistent with Refl21], Eq. (1) is labeled as RP3. Another (for j=0), or an ion with a chargg (for j=1-5), or an
form of the RP-type equation will also be used as a comparielectron(for j=e). The mass fraction of & can be found
son, in which the liquid is taken to be incompressible and théy f5=1—fe—2f:0fj . The species mass conservation
Mach number is kept only to the zeroth-order term equations is given by

49R
Pg(Rit)_Trr|r:R:P|(t)+T+ R’ )
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a(pf ) 9 2pfjv term represents the total energy required for ionization. Note
ot T ptiv)= +(Ss)j - (100  that the EOS itself is thermally inconsistent.

A more realistic EOS for argon has been adopted in recent
studies[19,22. Here we modify this EOS by taking into
gccount the ionization processes and denote it MYEOS. The
FOS is constructed so that the presguend internal energy

can be decomposed into three partd) the zero-
temperature partp., €., (2) the nuclear motion part
Pn. €,, and(3) the electron motion paf., €,

Here, the extra termS); is the source term fopf; arising
from ionization and recombination processes. The sourc
term (S;); depends on the net rate of change of the numbe

density of the species; by

(So)y=mjn;. (11)

In this case, the rate of change wof is determined by the
ionization and recombination processes. Therefore, for the
ions (j=0,1,2,3,4,5), the net rate of change is given by

p(p,T,f) = pc(P) + pn(P:va) + pe(p,T,f),
e(p,T.H)=ec(p)+enp,T.)+edp,T,1). (16)

- ion ion The zero-temperature part is exactly the same as that in Ref.
Nj=Nj—1Nedj—1 .~ NjNedj_j11 [19]. The nuclear motion part includes the ideal gas contri-
bution and a configurational soft-sphere piece that represents
the nonideal behavior of the dense fluid,

trec rrec trec
+n,+1ne(aj+l_,1+aj+1_>]) NiNe(a; =1t a5 1)

(12)
° L1
Herea™; ., a5 ;, ande{®_, denote the rates ofion-  p,=kgpT >, — TekerTain(int4)7 Inf® 1’32 m
ization, radiative recombination, and three-body recombina- =om =o my’
tion of particles with a charge ¢f The formulas for them are

5 5
given in[16]. 3 9 13
The net rate of change of the number density of electrons kBTE _+ kBTq<ln+4) 7o EO m;’
is simply given by charge conservation. Knowing that (17)
> wherer=T,/T, T, is a reference temperature set as 1 eV,
= 2 (13)

and = p/pg, With p, the density of the cold solid g&=0.
The parameterg and j, are fitted to be 0.2 and 6, respec-

we take the time derivative and multiply both sidespyo  tively [19].

obtain The electrons are treated as ideal gas particles so that the
electron pressure and energy are
5
- (Sy);- (14) fo 3 e, Lo,
=0 =—kgpT, e.,=5 —kgT+kg —
Pe meBp e™ 5 eB lezml
(18)

C. Equation of state

The hydrodynamics of the bubble is affected by the EOS.

. . D. Energy equation in liquid
The most widely used van der Waals EOS can be modified to

take into account the ionization proces§es] To include the heat transfer between the bubble and the

surrounding water, the energy equation for the water is also

(25: f, fe) kgpT needed
p=1. PO T )
Fom e AL AR A XAl (19
3 5 ¢ ¢ 5 5 ¢ at = Var r2ar ar |’
e EkBT(Z L+ 2 tkgX, X —T;, (19
j=om; e j=1i=j m; whereT,, v,, andD, are the temperature, velocity and the

, o , ) ] thermal diffusion coefficient of the liquid.
where T; is the ionization energy of an ion with charge

-1, andb is the excluded volume. Thereforef; /m; gives
the number density; of At andpf./m, gives the number
density of electrome We denote this EOS by MVEOS. Since the gas is ionized, the ions and electrons will inter-

The physical meanings of Eq&L5) are clear. The pres- act with photons. Photons can be absorbed by free electrons,
sure contributed by different species are taken into accourwith an ion acting as a third partner to conserve energy and
separately in proportion to their abundance. The internal enmomentum. The process is called the free-free absorption of
ergy of the gase consists of both the thermal energy and light by ions. Since Af is the dominant ion in the bubble,
ionization energy. The first term in the right-hand sideeof we will only take into account the absorption by ArThe
represents the thermal energy of the gas, while the secorabsorption coefﬁcienkif+ is given by[28]

E. Photon absorption due to ionized gas
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4/ 24 \12 e\ 3 teresting, and we have considered them in a recent paper for
KM= —( ) 32 NiNe, (20)  a static bubbld31]. However, it is beyond the scope of the
313meksT/  (47meg)®hc’m, present paper to incorporate these finite-size effects into the
, , , case of a rapidly oscillating bubble.
wheren, is the number density of Arande is the vacuum Due to the short mean free path in the “black” inner core,
permeability. we assume that light traversing through the core is com-

Photons can also be absorbed by free electrons with giately absorbed. Therefore, light can only be emitted out-
neutral atom as a third partner. The process is called thga g from the surface of the core. We also assume that pho-
free-free absorption of light by atoms. The absorption coefyqng emitted from the outer shell passing through the core is

ficient «," is obtained as a function of the temperature andzompletely blocked, which we account for by introducing a

number densities of neutral atoms and electrons correction factor
o=y <2kBT)3/2< - )n n O(r=7 1+ —m} (24)
= , r=— .
» (4mey)mcs TMe " 3kg o7'e ( 2 r

(21
Second, in the “gray” outershell, theurface emission

where ¢,~1.6x10"2° m?/eV, d,~—0.6x10%° m?, v,  from the “black” core is further subjected to the absorption

is the velocity of the interacting electrons, ang is the effect of the “gray” outershell, as described by a damped

number density of the neutral atoms. intensity in the small-opacity approximati¢@9]. The emit-
Finally, a photon can be absorbed by the transition of aried intensity therefore decreases along the path by the expo-

electron into the continuous energy spectrum. The correnential of the absorption coefficient integrated along the path

sponding absorption coefficient is given [89]

R
I(r)zl(ro)exp(—f 2Nr"ydr’ |, (25)
fo

bf
K

327" emeng keT 4 p(_ Eion)
3\/§ (47760)5h604 Eion I(BT

hc/

OB KeT

We sum over the above three absorption coefficients t
obtain the overall absorption coefficierf™",

wherer is the emission point, which can be either from the
surface of the black core or within the gray shell, &ig the
(22 bubble radius.
By putting Eqgs.(24)—(25) together and integrating over
he whole bubble, we obtain the total spectral radiance
(%power emitted per wavelength interyaf the bubble con-
tent at wavelengti to be

X

K= (M (MO BT, (23 R
P{"(t)=f 167 xY(r,t)RY(r 1)
F. Power radiated by bubble Re
We calculate the emitted light spectrum using a blackbody % exp( _ fRKg\ot(r ’)dr’)@(r)rzdr
radiation model refined in two ways to accommodate the r
effects of ionization[30]. First, the presence of ionized R
plasma in the core of an SL bubble greatly reduces the pho- +47R2RP(R, ,t)exp( _f K;"t(r’)dr’),
ton mean free path, and hence we divide the bubble into a .
strongly absorbing core and a weakly absorbing outershell, (26)
according to the calculated mean free path, which is also
wavelength dependent. We define the radius of the “blackwhere
core R, to be the point where the mean free path,t,\)
equals a fraction of the bubble radiud,(R;,t,\) ol 2mwhc? 1
=R(t)/ns,. Furthermore, we define anner core whose ra- RYT(r.D]=—= - (27)
. ) R o ) A5  exphc/akgT)—1
dius R is related to the bubble radius in a similar manner:

I(Rei, t. M) =R(t)/ngj, with ng>ne,. The surface tempera- g the spectral emissive power, and the overall absorption

ture of the corel(r =R) is increased because photons emit-¢eficient«' is wavelength dependent and is greater for red
ted in the inner core are absorbed by the surface layer of thﬁ‘ght than for UV.

core. We treat this effect approximately by redistributing the
radiation energy of thénner core to the gas in the surface
layerR<r<R.. In practice, we choose;, n.,to be eight
and four, respectively, but our results are hardly changed if The value of the ambient bubble radiRg is determined
they are chosen to be ten and five instead. Note that the siz®y experimentally controllable parameters, such as the driv-
of the core and the mean free paths are smaller than thieg pressure, the water temperature, the gas concentration in
wavelengths of the emitted light. A careful investigation of water, etc. Experimental results have shown that a change of
the possible intricate effects this may cause is certainly inonly 20% in the bubble radius is associated with a factor of

G. Choice of Ry and physical parameters
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200 change in the intensity of the emitted ligB®]. There- (a)
fore, we should choose the values of the ambient radius care 1.1
fully. Stable and stationary values for the ambient radRys 1t
can be predicted by considering stable mass diffusive equis~ o9 |
librium [33,34]. We simply use the values &, from Ref. §,o.a -
[28] based on the calculation of diffusive equilibrium for the <, 07
driving frequencyf =20 kHz with water temperature 293 K Z 06 |
at dissolved gas concentrationg./co=0.20%. We 05
chooseP,=1.275, 1.3, 1.325, and 1.35 atm aRg=2.6, 04
4, 4.7, and 5.4um, respectively. We use standard values
of the material constants:P,=101325 Pa,»=1.01
X103 kgm ts ! ¢..=1483 ms? p=998 kgm 3, o
=0.0728 kg5?, k=0.609 Wm *K™', and c,;=4179
Jkg 1K1

P (10%atm)
o

Py
T

[=]
(4]

IIl. NUMERICAL METHODS ®0 o0z o4 08 o o0z 04 06
r {pmy) r {um)
Before we solve the whole set of governing equations, we (b)
usex=r/R(t) to transform the gas dynamics equations Eqs. 1, , . . 1
(7)—(10) to a fixed coordinatxC[0,1]. The resulting equa-

tions are )
E 09
iQ  IF(Q) 200
T —HQ+F(Q+S(Q). 28 27}

i}

v (krln/s)

0.6
Here Q=R(pf,p,pv,pE)T. The inviscid fluxes
are F=(pf(v—xR),p(v —XR),pv2+p—pvXR, (pE+p)v
—pExRT, and the spherical sources areH=
—2v(pf,p,pv,(pE+p))"/x. The diffusive transport terms
are given by F,=(0,00,(X%7,)+X7 0 X?(v 7y
+ kd, TIR]) /X2, where 7., =4u(dw —v/x)/3R is the nor-
mal viscous stresss is the coefficient of thermal conductiv-
ity, u is the dynamic viscosity. The source teBnaccounts Yo 02 04 06
for the mass production due to ionization and recombination r {um) r{pm)
processes.

We apply a second-order total-variational-diminishing
(TVD) scheme[35] to the inviscid flux terms of Eq(28),
with a simple arithmetic average of the interface variable
[36].' We treat .the terms in the right-hand side' of E&8) —7 ps, 18=17 ps, 19=27 ps, t16=38 ps, 1150 ps, and
explicitly. Details of the scheme can be found in R&1]. {15 g5 ps, where=0 is the time that the bubble attains its mini-

We use 400 grid points for the NS equations in the bubblgnym radius.(a) and (b) show the evolution from t1t7) until t6
and 80 points for the water temperature equation. We employ; o).

the RP solution alone assuming isothermal and uniform gas

distribution up to the point wherR@= 3R, prior to the main 14 ps(t5), 3 ps(t6) beforethe moment of minimum bubble
collapse. We then switch to the solution of the full hydrody- radius, whereas the six shown in Figbjlcorrespond to 7 ps
namic equations. The initial number densities of ions andt7), 17 ps(t8), 27 ps(t9), 38 ps(t10), 50 ps(t1l), and 65 ps
electrons are estimated using the Saha equ4f®h Both  (t12) after. It can be seen in Fig.(4) that the contraction of

T(10°K)

FIG. 1. Snapshots of the spatial profiles of density, velocity,
pressure, and temperature 5=1.325 atm andR;=4.7 um us-
ing MVEOS and RP3. Here, t-68ps, t2=-51 ps,
S3=—-37ps, 4=-25ps, (5=—14ps, (6=—3ps, (7

the MVEOS and MYEOS can be adopted. the bubble between t1 and t4 results in a rapid increase in the
temperature, pressure, and density near the bubble center.
IV. NUMERICAL RESULTS However, the enormous buildup of the density and pressure

(up to 0.7 g/cc and 810° atm, respectivelyat the bubble
center begins to reverse the inward collapse at smsthrt-

In Figs. A& and Xb), we show snapshots of the spatial ing at t4. Between t4 and t8, materials near the bubble center
profiles of several thermodynamic variables around the moexpandoutwardwhile the outer layer of the bubble continues
ment of minimum bubble radius for the case wily,  to contractinward. As a result, a small layer of gas is com-
=1.325 atm andRy=4.7 um. Such a combination of the pressed, shown as small bumps in the density and pressure
driving pressure and ambient radius represents a typical coprofiles, and this “compressional wave” moves inward be-
dition of stable SBSL. Six profiles are shown in Figa)l  tween t4 and t8. Upon reaching the center at t9, the compres-
corresponding to 68 p&l), 51 ps(t2), 37 ps(t3), 25 ps(t4), sional wave produces a surge in temperature, pressure, and

A. Effects of ionization on hydrodynamic variables
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1 L
ME .
2087 <
me q-o
F 06 . z
B~
1 e
—~ 6 r 7
‘e (b)
2
. . . . . g 4r 1
0.2 04 0.6 0 0.2 04 0.6 ]
7 (um) r (um) ©
FIG. 2. Same as Fig. 1, but using VEOS and without consider- g 2 1
ing ionization. Here, t¥ —52 ps, t2=—-24 ps, t3=—-1 ps, t4 =
=20 ps, and t544 ps. 0 .

. _ o -500 0 500
density for a brief momen(of less than 10 psand it is then time (ps)
reflected from the bubble center and moves outward between
t9 and t12. FIG. 4. The time variations df) the temperaturgp) the num-

Similar profiles are shown in Fig. 2 using the Van derber density of At at the bubble center foP,=1.325 atm and
Waals EOS without considering ionization. The velocity isRo=4.7 um using MVEOS and RP3. Here, the bubble attains its
approximately linear im and the pressure is nearly uniform, minimum radius at=0.
while a boundary layer shows up near the bubble wall for
both the density and temperature. Comparison of Figs. 1 anabout 90% of the bubble radius. We found that" As the
2 shows that ionization tends to lower the temperature andnly dominant ion(at most about 30% as shoywvith very
hence the speed of sound in the gas, which in turn leads tofaw Ar?* present(below 1%; higher ionization states are
steepening of the compressional waves. virtually absent. This is in stark contrast to the strong mul-

We show in Fig. 3 the spatial profil€solid lineg of the tiple ionizations reported in an earlier work by Xtial.[15],
density fractionsf, andf,, of the Ar" and A" ion species based on inviscid hydrodynamics ignoring effects of heat
in the bubble around the instant of maximum compressiontransport, surface tension, and the compressibility of the sur-
The ionized core is quite wide with a radius extending torounding liquid. On the other hand, the degrees of ionization
we found here are much higher than thdbelow 1% re-
ported in Refs[17,28, which assumes a uniform interior of

0.01 the bubble.
B. Time variation of temperature
0.005 As shown in Fig. 4a), the central temperature increases at
first. The number density of Ar at the bubble center is
shown in Fig. 4b), and we found that there is no ionization
08 at that time. At about=—125 ps, the central temperature

suddenly drops from about 43000 K to about 32 000 K, and
ionization starts at the same time.

The temperature and the Adensity continue to rise after
t=—125 ps, and they reach the local maximum slightly be-
fore the time that the bubble attains its minimum raditis (

8 =0 ps). Numerical results also show that there is a sudden

increase in the temperature and the”Adensity arounc

=17 ps(t9 in Figs. 1 and B corresponding to the conver-

0 02 o4 06 0.8 gence of the compressional wave to the center of the bubble,
r (um) which lasts for a very short duration only.

FI(i. 3. Snapihots of the spatial profiles of the density fr_actions C. Near upper threshold of SBSL
of Art and AP' for P,=1.325 atm andR,=4.7 um using ) _ _ B
MVEOS and RP3. The values of t1, t3, etc., are the same as those in According to Ref[28], the parametric surface instability
Fig. 1. restricts the ambient radius to less than about pr5. Be-
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0.008

0.006 N7~C

0.004 |

0.002

08

0 0.2 0.4 0.6 0.8 0 0.2 04 0.6 0.8
7 {um) 7 {um)

FIG. 5. Same as Fig. 1, but witkP,=1.35 atm andR,
=5.4 pum. Here, tE=—-50 ps, tZ=-22 ps, t3=1 ps, t4 0 0.2 0.4 0.6 0.8
=24 ps, and t547 ps. r (um)

FIG. 6. Snapshots of the spatial profiles of the proportions of
yond this radius, the bubble becomes unstable, and it wilzr+ and AP* for P,=1.35 atm andRy=>5.4 um using MVEOS
either shrink or burst after a short time. Here we discuss whaind RP3. The values of t1, t2, etc., are the same as those in Fig. 5.
happens near the upper threshold of SBSL. The conditions
used are: driving frequency=20 kHz, driving pressure jonized inner region. It should be noticed that the spatial
P,=1.35 atm, anRy=5.4 um. profiles are smooth at the instant t1. At this time, the “igni-

We show in Fig. 5 snapshots of the spatial profiles oftion temperature” has not been reached to ignite ionization,
several thermodynamic variables around the moment ois discussed before, and so the profiles are as smooth as
minimum bubble radius. A compressional wave starts tahose shown in Fig. 2. A pressure wave moves outward from
form in the velocity profile at the instant t3, and it developsthe bubble center at t3, reflecting at the bubble wall between
into a steep compressional wave at the instant t4, which lastg and t4, and goes inward at t4. This motion of the pressure
for a very short time only. The pressure profile also shows @vave produces the multipeak structure of the temperature
steep change at the instant t4. Finally the compressiongrofiles in Figs. 1, 3, 5, and 7, and the subsequent tempera-
wave is reflected at the instant t5. We conclude that shoclure variations are reflected also in the ionization profiles
waves cannot develop even near the experimental UppgFigs. 4 and 1L As the bubble continues to collapse, the
threshold of the driving pressure. temperature is high enough to ignite ionization, and so there

Although the compressional wave is steeper compared t@ a drop of temperature in the inner region at the instant t2.
that as shown in Fig. 1, the maximum gas density, pressure, The corresponding spatial profiles of the proportions of
and temperature attained are nearly the same. Also, the dpins are shown in Fig. 8. As expected, ionization has not
grees of ionization are shown in Fig. 6, which is similar to
that shown in Fig. 3. Only Ar is the dominant ior(about 1
30% at the maximumnwith a few A" presentbelow 1%). 0o |
Therefore, neglecting the sudden increase as it only lasts fo~ . |
a very short time, we estimate the maximum degree of ion-§
ization « near the upper threshold of SBSL to be about 30%, % 07T
which is still much lower than that reported in Rgf5].

(=)
06 &
e =

0.5

D. Onset of SBSL 94T

We next discuss the situation at the onset of SBSL. We se
the driving frequencyf=26.5 kHz, driving pressure?, E
=1.23 atm, and ambient radilR,=2.2 um. The surface 5 06 |
tensiono is set to be 0.05 kg¥ in order to fit an experi- &
mentalR(t) curve[27]. The values of other parameters are
the same as before. 04

Figure 7 shows snapshots of the spatial profiles of the
thermodynamic variables around the time when the bubble
attains its minimum. Comparing it to Fig. 1, we find that the  FIG. 7. Same as Fig. 1, but witl,=1.23 atm andR,
compressional wave becomes weaker. The compressional2.2 um. Here, tE=-28 ps, t2=—14 ps, t3=—1 ps, t4
wave is associated with a salient drop of temperature in the-12 ps, and t526 ps.

0 0.1 0.2 03 0 0.1 0.2 03
r (um) r (um)
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FIG. 8. Snapshots of the spatial profiles of the proportions of 0 02 Of‘;, \ 0.6
Art and AP* for P,=1.23 atm andRg=2.2 um using MVEOS r {(um)

and RP3. The values of t1, t2, etc., are the same as those in Fig. 7.
FIG. 10. Snapshots of the spatial profiles of the proportions of

. . . Art and AP for P,=1.325 atm andRy,=4.7 um using MYEOS
started at the instant t1. Even after it has, the density of Ar and RP3. The values of t1, t2, etc., are the same as those in Fig. 9.

which is the dominant ion, is greatly reduced to about 7% at
the maximum. Second ionization Af is hardly found(less
than 10°%). Therefore, the maximum degree of ionizatien ~ pared to that obtained using MVEQ8bout 0.6 um). This

is only about 7% at the onset of SBSL. is clearly due to the absence of the excluded volume term in
the MYEQOS. As a result of the greater compression ratio
E. Effects of EOS (Rmin/Ro), the gas density and pressure attained are nearly

Since an SL bubble is compressed to a very small volumedoubled, and a higher temperature of 60000 K is reached.

it can be sensitive to the treatment of the short-range repu[é‘lthc,’ugh the bubble is compressed t_o a smaller radius, the_re
sion of the gas molecules. In the MVEOS5), this is 'S still no shock wave developed. Slr_me the temperature is
handled by an ad hoc excluded volume term. Therefore, it i§1creased, the proportion of Ans also increased slightly as
worth using a more realistic EOS, MYEQ6), for com-  Shown in Fig. 10. The first ionization Arcontributes about
parison. 24% with a few AF" present(about 1%. Neglecting the

We again study the case witR,=1.325 atm andR, sudden increase as it only lasts for a very short time, we
=4.7 um. Figure 9 shows snapshots of the spatial profilegstimate the maximum degree of ionizatianto be about
of several thermodynamic variables around the moment 080%.
minimum bubble radius, using MYEOS. We notice that a The time variations of the temperature and number den-
smaller bubble radiuR,,, (about 0.45 m) is reached com- sity of Ar* at the bubble center are shown in Fig. 11. The
variations are generally the same as those in Fig. 4. The
central temperature increases smoothly at first before there is
any ionization. It suddenly drops when ionization starts at
aboutt=—175 ps; the “ignition temperature” is found to be
about 43000 K. The temperature and the Atensity reach
local maxima slightly before the time that the bubble attains
its minimum radius. A sudden increase in the temperature
and the A" density occurs at=30 ps, which is captured in
Figs. 9 and 10 at the instant t4.

Table | summarizes the extreme values attained for the
different driving pressures and ambient radii with the two
different EOS’s used. We find that the minimum bubble radii
Rmin reached are at least 20% smaller when using MYEOS
: instead of MVEQOS. Besides, the maximum gas densities at-
0 . . 0 . . tained are approximately doubled, while the pressure, tem-

0 °'2r(um) 04 06 0 °-2r(um) 04 06 perature, and the Mach number only increase relatively
slightly. On average, MYEOS gives a higher degree of ion-

FIG. 9. Same as Fig. 1, but using MYEOS. Here=t1 ization for the same driving pressure, except at the sudden
—72 ps, t2=—33 ps, t3=1 ps, t4=34 ps, and t570 ps. increase.

25

N
T

p(16° kg/m®)
Pt
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(@

T (10°K)

0 0.2 0.4 0.6 0.8 o] 02 0.4 06 0.8

p(Ar)(10° mole/m’)
o

r (um) 7 (um)
0000 250 © 250 500 750 FIG. 12. Same as Fig. 1, but using MVEOS and RP1, and with-
time (ps) out considering surface tension, heat conductivity, and viscosity.

Here, tE=—-51 ps, tZ=-40 ps, t3=—-33 ps, t4—23 ps,
FIG. 11. Same as Fig. 4, but using MYEOS. Here, the bubbleand t5= —17 ps.
attains its minimum radius d@t=0.
gating inwards again after the instant t9. It was already
F. Effects of physical parameters pointed out in Refg.21,27 that the use of RP1 makes shock
waves more likely to develop, and a very high temperature

devel h hvsical effect leF2acR. | can be reached due to the absence of thermal conduction.
ec\j/e (ip\’\i ?jn ;(])meﬁp ¥S'??he ecfs are; neg eﬁth 2. T On the other hand, as shown in Fig. 14, argon atoms are
order to study the etfect ol the suriace tension, therma COnétrongly ionized. More argon atoms are ionized near the

Svl;?stl\ggyﬁew\?\/tii: (t:r?(gzrisesilr?g:ljlItr):ésllg?:tt\elzisc\c/)\ztyéoallvzlTr:j;atll:ouTeEUbble center; nearly all atoms are ionized tc Awithin a
equations and RP1 instead of the Navier-Stokes equationsOre of radius 0.054m at the bubble center.
and RP3, respectively. The parameters and material constants
used are the same as those used in R&E5] with P,
=1.425 atm anRy=4.5 pum. The total power of radiated visible light versus time at

The results shown in Figs. 12 —14 are significantly differ-different driving pressures is shown in Fig. 15; the solid lines
ent from those obtained by solving the Navier-Stokes equadenote the results obtained by the refined blackbody radia-
tions and RP3, but the results are very similar to those showtion model, and the dashed lines denote the results without
in Ref.[15]. absorption. Because of the absorption, the peak power drops

As shown in Figs. 12 and 13, we find that a very highby about 33% aP,=1.275 atm, in which case the degrees
temperature up to fOK is reached, and shock waves are of ionization are not very high. As the driving pressure in-
formed. A very steep shock wave has already developed atreases, the degrees of ionization increase, and the drop in
the instant t1, and it propagates toward the center of ththe peak power becomes more significant. AR,
bubble. The shock wave reflects out between instants t3—t8; 1.35 atm, the maximum degree of ionization is about 30%
and it is weakened to become a compressional wave propand the peak power drops by about 75%.

Yuanet al.and Chenget al. have shown that shock waves

G. Calculated pulse widths and spectra

TABLE I. Extrema values for argon bubble collapse using different EOS’s. Hglt&is the maximum
density at the bubble centesy® the maximum density at the bubble wall, aRd™ and T{'® are the
maximum pressure and temperature, respectively, at the bubble center.

P, EOS Runin pmax pax pmax Tmax Macha

(atm) (pem) (kgm~3) (kgm™3) (10° Pa) (16 K)

1.275 MVEOS 0.33 710 953 1.7 4.4 1.69
MYEOS 0.26 1384 1998 2.0 48 1.71

1.30 MVEOS 0.50 784 1022 3.0 5.4 1.97
MYEOS 0.39 1589 2360 3.1 5.9 2.01

1.325 MVEOS 0.59 871 1043 4.9 6.2 2.04
MYEOS 0.45 1954 2489 46 6.8 2.08

1.35 MVEOS 0.68 923 1056 6.9 6.8 2.06
MYEOS 0.52 2353 2616 7.0 7.9 2.10
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FIG. 13. Same as Fig. 11, but the starting time is t6 witk t6 FIG. 15. Blackbody radiation power versus time for different
—13 ps, t=—-8 ps, t8=0 ps, t9=9 ps, and t16:20 ps. driving pressures. The solid line denotes the power calculated using
the refined model, and the dashed line denotes the power without
We find that the peak power and the pulse width are largegapsorption. Heret=0 refers to the time that the bubble attains its
at larger driving pressures. The peak power and pulse widthinimum radius.

increase from about 5 mW and 69 ps to 70 mW and 206 ps

as the driving pressure increases within the stable SBSL recore will appear earlier and disappear later, and so the small

gime. In the refined model, both the peak power and theirops and the shoulders will be shifted down. However, the

pulse widths are comparable to the experimental re§Rlts  overall shapes of the curves and the spectra are not changed
Figure 16 shows the time variations of the normalizedsignificantly by the choice off.

blackbody radiation power for “UV”(300-400 nm and Finally, we compare the calculated spectra with the ex-

“red” (590-650 nmlight at various driving pressures. The perimental ones. Figure 17 shows the spectra at different

pulse shapes and widths are very similar in the two wavejriving pressures averaged over one acoustic cycle. Again,

bands. the squares denote the experimental data for Ar taken out
The origin of the small drops and the shoulders in thefrom Fig. 56 in Ref[1]. The shapes of our spectra are very

power is the appearing and disappearing of the inner corgimilar to the experimental ones. The spectrum Ryt

The size of the inner core increases very rapidly at first, and-1 275 atm is just like the shifted-up spectrum of the ex-

this leads to a sudden increase of photon absorption. Thergerimental one.

fore, the emitted power drops suddenly. We test this by The spectra calculated assuming an optically thin bubble

changing the value of'. If the value ofl}" is larger, the are shown in Fig. 18. There are two obvious differences

1 0.8 ' . ' 1 , , i
08 | 06 | 5 \ Pa=1.275 atm L Pg=1.30atm
06 | z \
0.4 4 _g. \
04T @05} .
0.2 Hf+- 2
02} ; i =
' £
0.6 08 S
0411 1 0 . . . = . T
04 T 03 |1 -100 -50 0 50 100 -200 0 200 400
X time (ps) time (ps)
02 | 0.2 1 7 T . . T
, 0.1 5 3 Po=1.325 atm
0.6 o §- A
04 { o8 . Bost _
A+ =
0.3 pAr)p | o6 p(Ar)p g
0.2 0.4 e
0.1 02 ] 0 . . . L
o , , ) o A ) ) ) 2200 o -100 100 300
02 04 06 08 0 02 04 06 08 time (ps) time (ps)
r {(um) 7 (um)

FIG. 16. Normalized refined blackbody radiation power for dif-
FIG. 14. Snapshots of the spatial profiles of the proportions offerent parts of the spectrum versus time. The solid line denotes the
the neutral atom and ions for the same condition as that in Figs. 1PV part, and the dashed line denotes the red part. Her®, refers
and 13. The values of t1, t2, etc. are also the same. to the time that the bubble attains its minimum radius.
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FIG. 17. Refined blackbody radiation spectra at different driving FIG. 19. The squares denote the experimental spectrum for Ar

pressures averaged over one acoustic cycle. The squares denote ltg'ﬁen out of Fig. 56 in Barbet al. [1]. We setP,=1.263 atm and
. 1. a=1.

experimental data for Ar taken out of Fig. 56 in Bartetral. [1]. Ro=2.6 um, and the spectrum obtained using the refined model

(solid line) nicely fits on the experimental one. The spectrum cal-
when we compare them to those shown in Fig. 17. First, theulated without considering absorptiédashed lingis also shown
spectra are shifted up due to the lack of absorption. The shifbr reference.
up is more significant for large driving pressures, because

fthtorZ abr?tor%u?n dIiS tznzre ngp:rtwt\:nltr:]os{ﬁ C?Seii' rSecon how Fig. 19 only to show that our refined blackbody model
€ amount of radiation at fong wavelengins Is inc e.asg.may bring down the magnitude of the red light portion of the

This again reveals that red light is absorbed more signifi- o o X

cantly. spectrum, resulting in a better qualitative agreement with the
We setP,=1.263 atm and?y=2.6 um, and the corre- expenimental speciral shape.

sponding spectrum, shown in Fig. 19, nicely fits the experi-

mental spectrum. The spectrum calculated without consider- V. SUMMARY

;T‘g abs_I(_)rr]onn f's also ish(k))wn by the fdazhledhllrklje '?1 thbe E‘g:ne We have presented a hydrodynamical framework to study

igure. The preferential absorption of red light by the bubbley, dynamics of the ionized gas inside an SL bubble. Con-

content is important for the agreement between the calcu-

. . servation laws with source terms are solved to monitor the
lated and the experimental spectra. We caution the readers ... i
ensities of argon atoms, ions, and electrons. We also take

that a quantitative comparison between the theoretical an to account the processes of collisional ionization, radiative
experimental spectra cannot be made at this point, becaud® P '

the precise experimental driving pressure is not known. Wéecomblnatlon, and threefbody recombma}tlo'n.
In the stable SBSL regime, our results indicate that shock
- waves are absent, and the compressional waves are already
' ' T Pa=1"275atm' strong enough to produce moderate temperature and ioniza-
S -—-- Pg=1.30 atm tion, which in turn strengthens the compressional waves.
\\\\\\\ Tl Syl This again confirms our vie22] that shock waves are not
0° L T _— el 1 needed to explain SBSL.
i — T -4 We have shown that the maximum degree of ionization is
NNNNN ~~=d about 7% near the onset of SBSL and about 30% near the
~~~~~~~~~~ upper threshold of SBSL using MVEOS. Slightly higher de-
107 ¢ grees of ionization is obtained using MYEOS. The degrees
of ionization are much lower than the dramatic multiple ion-
izations reported by Xuet al. [15] but significantly higher
than that(below 1% reported in Refs[17,28. The partially
ionized core of an SL bubble becomes optically opaque,
e which bears important consequences on the emitted light.
Finally, we presented a refined blackbody radiation model
107" 200 v 0 200 a0 700 800 which takes the finite opacity into account. We model an SL
Wavelength (nm) bubble by a “b!ack” core and a “gray” ou'ger shell qnd cal-
culate the emitted light accordingly, using the time and
FIG. 18. Same as Fig. 17, but the blackbody radiation spectraadius-dependent mean free path obtained in our hydrody-
calculated ignoring absorption are shown instead. namics simulation. The resulting peak power, spectra, pulse

Radiance (W/nm)

=
<
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widths, and their wavelength dependence all agree with thbubble, and hence we do not expect the presence of a large
experimental observations very well. electric field such as reported by >ai al. [16]. Our results
Several effects not considered here may be important for mdicate that the bubble interior is relatively mild and uni-
realistic simulation of SBSL. We have ignored the presencéorm, and large temperature or electric-field gradients are
of water vapors, which may play a role in SBE37-39. We  easily smoothed out when more realistic physical processes
also have not taken into account possible modifications ofre considered. In particular, the presence of water vapors is
the various reaction rates due to the high pressure at SBSknown to bring a significant cooling of the bubble interior
condition. Another high-pressure effect that we have left ouf37_39. The degree of ionization in an SL bubble will likely
is the possibility of solidification of air, which may lead to a pe even lower when processes not considered here, such as

substantial change of the EOS. o aspherical deformation and evaporation/condensdtai-
The basic blackbody light emission model is inadequate3g), are included.

for SBSL because it gives rise to a larger pulse width for red

light than blue light. This is because the bubble interior

reaches a temperature high enough to emit blue light only ACKNOWLEDGMENTS

during a short duration compared to that for red light emis-
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