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Fluid modeling of the laser ablation depth as a function of the pulse duration for conductors
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Laser ablation of an aluminum target as a function of the pulse duration, for fluences up to 3@ud¢tm
wavelength of 0.8um, is investigated by means of a fluid code. For a given fluence, the ablation depth shows
a minimum for a pulse duration of 10 ps between a maximum obtained for pulses shorter thamps and a
lower maximum obtained for pulses in the nanosecond range, in qualitative agreeement with published experi-
mental results. The decrease in ablation depth with increase in pulse duration observed between 1 and 10 ps
results from the reduced temperature rise near the surface due to increased inward heat transport. The increase
in the ablation depth above 10 ps is due to the increase in electron density gradient length while the laser
pulse intensity is close to maximum, which thus enables the plasma to absorb more of the laser pulse energy
for increased ablation.
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[. INTRODUCTION down and reaches the critical point in the phase diagram.
Near the critical point, the matter undergoes growing space

Removal of matter by means of a laser beam, or lasedlensity variations, which, in the framework of our one-
ablation, is used in many applications including microma-dimensional model, can be interpreted as high-density drop-
chining [1], thin film deposition[2], and chemical analysis lets within a low-density plasma. This result seems to pro-
[3]. The laser ablation dynamics depends strongly on th&ide further justifications for the assumptions made in Ref.
pulse duration. For subpicosecond laser pulses, most lasE0] to explain the annular interference patterns observed in
energy absorption occurs near the cold matter density sind@eir experiments.
little matter displacement is possible during such a short The purpose of the present work is to investigate the de-
pulse. The heated matter then expands nearly adiabaticallpendence of the ablation depth as a function of the laser
For longer pulse durations, significant heat conduction takeBulse duration by means of a fluid code similar to the one we
place inside the target while the matter is ablated and lasefsed in Refs[8,11]. It is shown here that our model can
energy absorption occurs within the expanding plasma.  reproduce, at least qualitatively, the experimental behavior

Several experimental papers have characterized the abland help to provide a physical interpretation of the results.
tion depth(which is the one-dimensional equivalent of the The discussion here is restricted to the case of an aluminum
amount of ablated matteas a function of the pulse duration target, because this metal, which has a simple band structure,
7. The main conclusion of Ref4] is that the effective abla- has been used to model successfully the absorption of sub-
tion depth per unit fluence in several metals as a function opicosecond laser puls¢8,12,13. We also consider fluences
the pulse duration shows two maxima. The highest maxinot larger than 30 J/cfn For higher fluencegsuch as those
mum occurs forr in the subpicosecond range and the smallecconsidered in Ref.5]) effects not taken into account in our
one occurs in the nanosecond range. The minimum occur®odel, such as radiative losses and transfer, and radial
for 7 in picoseconds. The same observations have been r@lasma expansion, are probably very significant. Similar
ported in Ref.[5], in the case of steel at high fluences fluid modelings of the ablation depth have already been re-
(~102_104 chrn?-) One can also deduce the same tendenported in Ref[14] While in that work the highest ablation
cies from the results of Ref6] for the ablation depth in depth occurred for subpicosecond pulses, in agreement with
copper as a function of the laser fluence (0—10 3jcfor ~ experiments, the chosen fluence (1.6 J)cwias presumably
various pulse durations. In Ref7], ablation experiments t00 small to show the most interesting experimental features.
made with copper samples in the range 0—10 ps, at a fluence The following section describes the model used in this
of 21 \]/Cfﬁ, C|ear|y show a maximum in the ablation depth paper, while Sec. I presents the simulation results. A dis-
for subpicosecond pu|se3_ cussion and the conclusion are given in Sec. IV.

In Ref. [8] we had modeled the ablation process for a
500-fs laser pulse incident on aluminum using a fluid code
which includes an equation-of-stateOS model(the model
QEOSJ[9)) taking into account the unstable states of matter. The code used here is a one-dimensiqaél) Lagrangian
(It has been assumed that the equilibrium vapor-liquid EOSfluid code, which includes the EOS model QEQ®H. The
arranged according to the Maxwell construction, is not adthermal and dc electrical conductivities are given by the
equate for the fast phenomena of inteneQur modeling model of Lee and Morgl5]. The laser field is modeled using
showed that a clear separation between the ablated mattétre Helmholtz equation in which the complex ac electrical
and the remaining target occurs as the ablated matter coofermittivity of the plasma is defined by means

Il. THE MODEL
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of the Drude model. The model takes into account the counmost of our ablation depth calculations had also been done

terpressure of a shock wave in an ambient gas by assuminging 7..—0 (or g—«), and only minor differences have

that the shock is at equilibrium with the velocity of the been found with respect to the results presented here. How-

plasma-gas interface. More details are given in R&dl].  ever, the ablation thresholds presented in Sec. Il B are some-
In this paper, we take into account the fact that electronsvhat more sensitive with respect to this parameter.

and ions are not always at thermal equilibrium by solving the In the low-density plasma, we used an energy relaxation

pair of temperature equations time 7,m;/2m,, wherer, is the mean collision time for mo-
mentum transfer in the low-density plasma, as given by the
U, dT, U, p, |dp model of Lee and More, anth; and m, are the ion and
~ S lar =S (1)  electron masses, respectively. Since the energy relaxation
JdTy /) dt ap p?|dt : S
p Ty time is in general too small when extrapolated to the cold

solid, we have used the expressiof=max(z,s,7,M/2m,)

where the indexx refers either to electrong) or the ion  for all temperatures and densities.
lattice (). Here T, is the temperaturelJ, is the internal
energy per unit mas$y is the pressure, ang is the mass
density per unit volumel, andp, are functions off¢, T;, Ill. RESULTS
and p given by the EOS modgl The source terms ar§,
=Q;+K; andSe=H+ X+ K. HereHy=p 19,(kod,Te)
is the electron heat conduction teion thermal conduction We show here a sample of the simulated plasma profiles
is neglectegl wherez is the axial coordinate and the coeffi- which have been used to obtain the time-integrated quantities
cient k is given by the one-temperaturg@ € T,) model of  presented in this paper. In the example shown in Fig. 1, the
Lee and Mord15]. In the above formulasX, is the laser- Gaussian laser pulse has a fluence of 10 J/amd a full
energy absorption rateQ; is the usual artificial viscosity width at half maximum(FWHM) duration 7=100 ps. The
term, andK.,=—K; is the energy exchange rate betweenplasma profiles are taken at the tirtre 250 ps, the maxi-
electrons and the ion lattice. The latter term is expressed asum intensity of the pulse being defined at200 ps(i.e., at
Ke=p 19(T;—T.), where g=C./7,. Here C, twicethe FWHM after the sudden onsetat0). Figure 1a)
=p(dU./dT,), is the electron specific heat and is the shows the electron density profile and the absorbed power as
mean energy exchange time for electrons in an ion-latticé function of the positiorz. The electron density profile de-
background. creases continuously from the solid density valuel.4

The determination of the coupling constanin metals at < 10?® cm ™23 nearz=0 to a value ong="5.2x 10?°° cm™2 at
solid density is a rather controversial subject and values difz=2.82 um. The absorbed power per unit volume, also rep-
fering by orders of magnitude can be found in the literatureresented in Fig. (), shows a maximum near the plasma
For instance, in the case of aluminum, a valge-5 critical density, which isn,=2.73x10?cm™2 for the
x10** Wm 3K~ has been estimated using strong shock(Ti:Sapphirg laser wavelengtih =0.8 um of interest here.
wave radiation emissiofiL6]. This value is about four times The absorbed power per unit volume shows oscillations with
smaller than the value obtained in REL3] by fitting short  a period of approximately/2 (since the index of refraction
pulse absorption data, nearly ten times smaller than the value close to 1) due to interferences between the incident and
calculated in Ref[17], and up to 20 times smaller than that the reflected laser fields. In most simulation results presented
used in Ref[18] in their short pulse reflectivity simulations. in this paper, more energy is absorbed within the bell-shaped

Instead of choosing a constant value doat solid density  absorption profile near the critical density than in the remain-
in our simulations, we rather definegl by means of the ing underdense plasma.
above expression using a constant electron relaxation time in Figure Xb) shows the average degree of ionization, the
the solid,7,s=1 ps. This value ofr_¢ is in agreement with electron and ion temperatures, and the plasma velocity as a
measurements performed in gold uplp=1 eV[19]. Simi-  function of position for the same time and the same laser
lar relaxation times have also been found for different metalgparameters as in Fig(d). The average degree of ionization
at lower temperaturg0,21]. The electron specific heat for (Z) is about 2.4 in the cold solid, as determined experimen-
aluminum at solid density, given by QEOS, can be approxitally, and about 5 in the low-density plasma. The temperature
mated by C,~3.2x10%(T,/300) Jm 3K~ for tempera- profile has a maximum of about 12 eV in the low-density
turesT, (in Kelvin) between room temperature and below aplasma and decreases continuously to the room temperature
few eV. (For larger temperatures;. grows slower with inside the targetZ<0), at some distance from the initial
respect toT,.) This yields a coupling constamf that in-  solid surface, due to thermal conduction. Differences be-
creases with the temperaturfgl9], giving ~3.2x10'®  tween the electron and the ion temperature are rather small in
Wm~3K™! at room temperature and 1018 Wm 3K ! at  the case shown here. The velocity is of the order df hds
1 eV. The latter value of would likely be somewhat reduced within the ablated matter, which corresponds approximately
if one tried to make corrections due to the band structure ofo the plasma sound velocity,= v/5(1+(Z)) To/3m;. At z
aluminum, as done for gold in Reff19]. Although there is ~—0.6 um, one observes the front of a weak shock wave,
obviously much room for improvement in the determinationpropagating to the left, inside the target.
of g near solid density, it is not the purpose of the present For subpicosecond laser pulses, the plasma profiles are
paper to solve this difficult issue. It should be mentioned thaualitatively similar to those shown in Fig.[11] except that

A. Plasma profiles
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FIG. 2. Threshold fluence for ablation as a function of the pulse
duration .

fact that no mixing and heat conduction are allowed between
the plasma and the ambient gas in our model. This point will
be discussed further in Sec. Il C.

B. Ablation threshold

An essential feature of laser ablation is the existence of a
threshold fluencgwhich depends on the material, wave-
length, and pulse duratipmelow which no ablation is pos-
sible. Figure 2 shows simulation results for the threshold
fluence for ablation of aluminum as a function of the pulse
durationr. Matter is determined to be ablated when a sharp
jump appears in the plasma density profile, as explained in
Ref.[8]. One observes in Fig. 2 two distinct regimes, with a

FIG. 1. (a) Electron density and absorbed power per unit volumetransition occurring between 1 and 10 ps. For subpicosecond
as a function of positiomy is the height of the electron density step Pulses, the threshold fluence takes the constant value of

in front of the plasma(b) Electron temperaturel(), ion tempera-
ture (T;), plasma velocity, and average ionizatigiZ)) as a func-
tion of positionz. The profiles are taken at the tirhe 250 ps while
the maximum intensity of the pulse is definedtat200 ps. The

~0.4 Jlcnd, while for pulses longer than~10 ps, the
threshold fluence rises as'?. Figure 2 is in qualitative
agreement with experimental results obtained for dail,

fused silica, and calcium fluoridg23]. The value of the

solid surface was initially at=0. The laser pulse is characterized threshold fluence obtained here for subpicosecond laser

by a duration of 100 ps and a fluence of 10 Fcm

pulses is within the range of the measurements made for
various metalg24] while somewhat higher than for alumi-

most laser energy is absorbed before ablation begins armbm (~0.08 J/cr) [25].

larger differences are observed betwé@grandT; during the

laser pulse.

Taking into account an ambient gaésuch as air at a

The physical interpretation of the two regimes observed
here follows a rationale similar to that used for the damage
threshold(interpreted as a melting point threshpléhvesti-

pressure ranging from zero to the atmospheric pressure hasted in[26], that shows the same qualitative behavior as in
practically no influence on the results presented in this papeFEig. 2.

This is due to the fact that the plasma pressure is much larger It is well known that ther'? behavior of the damage
than the shock wave pressure for the early times considerdtireshold for long pulse duration is due to the thermal con-
here. However, later on, when the plasma pressure decreasdsiction inside the target which drains the heat from the target
the air at atmospheric pressure restrains the plasma expasurface/27]. For later use, let us express the incidiestan-
sion to a few millimeterg11], in agreement with measure- taneous fluencas f(t) =Ft/7 for 0O<t<r7 andf(t)=F for
ments. The discontinuities in front of the plasma profilest= 7, whereF is the fluence of the laser pulse. Let us also
shown in Fig. 1(at z=2.82 um) are a consequence of the express the fluence absorbed in the matter Adit)
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~pCT() 5(t), wherepg is the solid mass density is the [T

fraction of the laser energy absorbétkreafter calledotal
absorption coefficientC; is the ion specific heaf(t) is the
temperature, assumed uniform within the thermal conduction
length 7(t)~/2kt, wherek, is the electron thermal con-
ductance. One obtain3 (t)~T.t/7 for O<t<r and
TU)~Tha/r/t  for  t>7,  where Tpa=T(7)
=AF/psCi\ 2Kk is the maximum temperature reached. This
simple estimate indicates that, for a given valueAdt, the
maximum temperature near the target surface goes 4%

In the framework of our ablation modg3], the matter needs

to be heated above the temperattiieof the critical point
(which is ~1 eV in the equation-of-state model QEOI®

be ablated. The threshold fluence must thus be proportiona
to 72 to raise the temperature to the appropriate value.

The near constancy of the ablation threshold observed for ©
short pulses is basically due to the fact thgtr) is on the
same scale as, or smaller thay(r.s), so that the plasma Pulse duration (ps)
characteristics and evolution will be nearly the sametfor
= 7,5 (provided the absorbed laser energy is nearly constant, FIG. 3. Ablation depth as a function of the pulse duration for
which is the case here, as shown in Sec. )I[26]. There- different fluences.
fore, the ablation threshold is expected to be rather constant
providedr=r7,=1 ps, as observed in Fig. 2. In the limiting  In order to understand regions Il and Ill, let us express the
case wherer,—0, i.e., within the framework of a one- ablation depth a®$,= r,v, where r, is the duration of the
temperature model, the ablation threshold would still show ablation process angl, is the velocity of the matter ablated
deviation from ther'/2 behavior for pulses short enough that from the surface, which can be estimated -a§ T q,/M;.
V2ker=a 1 [22]. The timer, is approximately the time during which the tem-

In the case of aluminum, our code indicates that'  perature at the target surface remains above the temperature
~12 nm andk,~1.7x10 % m?/s at solid density for tem- T. of the material critical point. Let us assume for simplicity
peratures neaff;~1 eV. One obtains,2k.7,/a 1~1.5.  that the pulse duration is not much larger thagor that the
The fact that this ratio is close to 1 explains why most resultdluence is close to threshold, so that one can still assume that
presented in this work are not much influenced by the use afhost part of the absorbed laser energy lies in the solid target
either r,s=1 ps orr,s=0. When usingr,s=0, Fig. 2 re- with the mass density,. Using the estimate of Sec. Il B for
mains qualitatively the same although the ablation thresholthe temperature, one obtaing~ r¢(1— 72/7%), where 7
for short pulses is somewhat higher Q.7 J/cn? at 100 f3 =(AF/TpC\ke)? is the time when ablation ends.e.,
than the value obtained here, while still in reasonable agre@yhenT=T, for t> 7). One then finds that, , v,, ands, all
ment with experimentf24]. The explanation for this higher increase a#\F increases and decreasemamcreases.
threshold seems to be that less laser energy is absorbed in the|n order to apply these considerations to the interpretation
latter case at low fluences. of Fig. 3, one must examine the total absorption coeffichent

defined as

1 | n | m | W

100 150

Ablated depth (nm)

50

C. Ablation depth

Figure 3 shows the ablation depth of aluminum as a func- A= F‘lj I(t)a(t)dt, 2
tion of the pulse duration as obtained by our model for vari- 0
ous fluences. One observes that the general shape of the
curves for fluences higher than 10 Jfcare in qualitative  wherel (t) is the laser intensity anal(t) is theinstantaneous
agreement with the experimental results described in Sec. Absorption coefficientNote thata(t), at a given instant,
For the fluences of 10, 20, and 30 Jfcrone can distinguish  depends only on the plasma profiles and on the laser wave-
four main regions denoted with Roman numbers. A mini-length. Figure 4 shows our simulation results for the total
mum in the ablation depth occurs between regions K¢l  absorption coefficienf as a function of the pulse duration.
=10 ps) and Ill (16 7=10® ps). The relative constancy of One observes tha is rather constant in regions | and II,
the ablation depth in region I 1 ps) is explained by the increases in region Ill, and decreases significantly in region
same arguments as those used in Sec. IlI B for the thresholy. Beyond region IV the laser pulse is nearly completely
fluence in the ranger<=r,s. The decrease of the ab- reflected at the target surface, since the fluence is smaller
lation depth in region IV ¢£=10° ps) is obviously due to the than the threshold fluence and no plasma is created. From the
fact that for the given fluence, the pulse duration passeabove estimates and the near constancy of the total absorp-
eventually in the region, shown in Fig. 2, where no ablationtion coefficient in regions | and I, one concludes that the
is possible. ablation depth should decrease in region Il, as is effectively
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FIG. 4. Fraction of the laser energy absorbed as a function of the FIG. 5. Instantaneous absorption coefficiet) as a function
laser pulse duration for different fluences. of time for a laser pulse with the parameters of Fig. 1. The vertical
dashed line, at=162 ps, denotes the critical tintg, i.e., when

c*

nS
observed in Fig. 3. The increase of the ablation depth in

region Il can be explained by the increase of the absorption ) i _ _
observed in Fig. 4. i.e., when its electron density falls belaw. Figure 6 is for

The increase of the absorption in region Ill can be under10 Jient but the results are essentially the same for 20 3/cm

stood by examining the electron density profiles as a functio@nd 30 J/crh One observes that for<1 ps, t is practi-

of time obtained in our simulations. Simulations show thatcally constant and larger thanr2indicating that the critical
the electron density step of heighg in front of the plasma fime occurs well after the peak of th_e pulse. However, for
[see Fig. 1a)] starts from the electron density in the cold 7=3 PS, one observes that~27, which means thaa(t)
solid, att=0, and becomes eventually smaller tharas the becqmes s_|gn|f|cant_near the time when the Ia_ser_ intensity
plasma expands. For the parameters of Fig. 1 this event oé{t) is maximum. Using Eq(2), one can see that s likely
curs at thecritical time t.= 162 ps. At that time, the electron 10 increase whea(t) andi(t) overlap significantly, which is
density gradient Iength\(t)zwzIn(ne)|r:el:nc at the plasma
critical density f is the electron densiiychanges abruptly
from zero to a finite value. The analytical investigations of
Ref. [28], connectingA and the instantaneous absorptian
(made, however, for electron density profiles simpler than
those of interest heyeindicate that the plasma absorption e
increases withA/N, which suggests that in our case the &
plasma absorbs the incoming laser energy more efficiently™~"
whent=t.. This translates in an increase afft). g

Instead of trying to demonstrate this point by means of a*
tedious quasianalytical calculation, we illustrate it by means?o)
of an example drawn from the code. Figure 5 shows simula-=
tion results for the instantaneous absorption coefficéi) o 2t
as a function of time for the laser parameters of Fig. 1. One
observes that, as stated aboaét) becomes significant for
t=t.,=162 ps. Actuallya(t) starts increasing somewhat be-
fore t. (i.e., att~130 ps) because the laser energy absorp-
tion takes place within a relatively large region around the — — ‘———od ol oo
critical density, compared with the size of the plasma, as 0.1 1 10 100 1000
shown in Fig. 19). 27 (ps)

Figure 6 shows the critical timiz extracted from the code
as a function of 2, the time when the maximum intensity of  FIG. 6. Critical timet, (ns=n,) as a function of two times the
the Gaussian laser pulse is achieved. This critical timis  pulse durationr (the time at which the maximum intensity of the
the time at which our first plasma slice becomes underdens@ser pulse occuygor a fluence of 10 J/cf

100 1000
Al

r
0
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the case here wher=3 ps. This value is consistent with the the allowable range of the usual formulas based on Maxwell-
onset of the increase @ (whered?A/d72~0) in region Il ian distributions and the weak coupling approximatida].
of Fig. 3. Nevertheless, if one imposes a lower limit of 2 g, as

To summarize the last argument, the increase of the ablglone elsewhere for the electron-ion Coulomb logariftif,
tion depth in region Ill is due to an increase in the totalthen one obtains.~2 ps. Given this effective limit, one can
absorptionA in that same region, as seen in Fig. 4. In turn,thus indeed conside¥/L to be small when is of the order of
this increase inA is due to the increase in electron density 10 ps, which corresponds to a value ©f t/2 in region Il
gradient lengthA(t) while the laser intensity is close to Where absorption starts increasing.
maximum(i.e., while much of the laser energy remains to be
delivered, which thus enables the plasma to absorb more of IV. CONCLUSION
the laser pulse energy.

In Fig. 6, the fact that,>27 for very short laser pulses This paper has presented simulation results and physical

was predictable because the matter does not have time { terpretations of the ablation depth as a function of the pulse

move during the laser pulse. The explanation for the con= uratlor)._ The ablation process appears to be the resul_t of a

stancy oft, for =1 ps is the same as for the constancy Ofcompetltlon between laser heating and thermal losses in the
c =

the threshold fluencéFig. 3). The relationt,~27 for target'_[. The Iattgr i{r;]cre?sezt as .Tss:l PS, i.el., ast_thet_pulsgrh
=3 ps observed in Fig. 6 is due to the fact that the ablatiorﬁjura lon exceeds the electron-ion energy relaxation ime. The

starts close to the maximum intensity of the pulse. Then thgcrease in the ablation depth, starting-a10 ps, is due to

plasma expansion accelerates as the laser intensity increa mcrea_setrl]n thle rt)lasma tgtalta}bsozﬁtlon, |rt1hturr: due to i.n
and eventually the conditiong<<n. is met near the peak Increase In the electron gracdient length near the piasma criti-
: : _ cal density while the laser intensity is close to maximum.
intensity of the pulse, at=217. o mulati learly indicate that the ab i £ th
The step in the electron density profiles at the front of theI ur simuiations clearly indicate that the absorption of the
aser energy by the expanding plasmareaseshe amount

plasma is essential to our justification of the minimum in the )
ablated depth as a function of the pulse duration. Such 8f ablated matter through thermal conduction toward the tar-

o S ; ; . t surface, and does not prevent ablation as one might think.
density discontinuity, though usual in fluid dynamj@$], is getsur ) . )
only an approximation in which the ion velocity departures While the code seems to include the essential physical

from the mean value are neglected. The use of a kineti eghanisms to reprodgce_ qualitatively the experimental be-
model would reveal a transition over some finite widit) avior, several factors indicate that the ablation depth could

in front of the plasma instead of the discontinuity Obtainedgtimsc%mtilve\z/?:;rgngvei;izsnt::rggttiit Ii: Séroémlg?:trﬁir;; tgfnr g::}
here. Unfortunately, convincing estimations &ft) would ' P

require detailed kinetic modeling, which would deserve ture of aluminum is overestimated by a factor of about 2

study by its own. This is particularly obvious in the cas:.[31]' As a consequence, more energy is required for ablation

where the plasma expansion takes place in vacuum becal the simulations, which results in an underestimation of the
S(t) is determined by the particle velocity distribution near & lation depth. In addition, when much energy is absorbed in

the front of the plasma. Even in the more straightforwardtr:)euﬁ?ﬂi?g'f?grﬁlﬁ]semﬁ(’)tr?gﬁgzzsei:n'Sfég?égaggglén}gaﬁb_
case where the plasma expands in an ambient gas, an esto yp

mation of §(t) is not without difficulty. Here the width(t) u{e, W'th.the help. of the. normal therma[ conduction, to heat
is determined by the plasma diffusion in the shocked and'’P the high-density region where ablation takes place, thus

- : e T increasing the ablation depth. However, the latter effect
Lﬁn'z de.]?f pgrt of thf?. gast, "ffr(]t)Nlett c\j/vherep~tﬁ th7c 'Z. tcould be compensated by the transverse thermal losses in the
€ diffusion coetiicient of the ablated 1ons in the ambien target(not taken into account in our one-dimensional model

gas,vyy is the ion thermal velocity, and. is the ion collision

ime in the shocked hat f - qf which could become important for long laser pulses, when
tlm_e in the shocked gagote that for, sayne=nc andlora the thermal conduction length becomes comparable to the
tﬁplcal temperhatL;]re ofvloliav, the Dedbye Ihenﬁth is smaller: focal spot diameter (i.e ”\/m in comparison to
than 1 nm which is small compared with the size of the _ e -
plasma, so that diffusion is ambipolar and thus controlled by L0 um). Improvements to the model are currently in

the ions) Estimating the plasma size a$t)~uv,t, one gets progress.
SIL~ \Jr./t. Unfortunately, an estimation of. for the pa-

rameters of interest herge., ng~n., (Z)~4, T~10 eV,

ambient air at atmospheric pressure and singly ionized in the This work was financed partly by the National Science
shocked pajtyields a value for the Coulomb logarithiv and Engineering Research Council of Can@d8ERQ un-

for the ion-ion interaction close to zero, which is far below der Strategic Grant No. STR 21898-98.
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