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Ultrashort pulse laser ionization of ions in a plasma
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Theoretical calculations are presented that show that optical field ionization of an ion in a plasma medium,
induced by an intense ultrashort laser pulse, is sensitive to the plasma screening of the binding potential of the
target ionic electrons by surrounding plasma electrons. Hence experimental measurements of ionization rate
versus plasma electron density would provide a direct test of theoretical plasma models for hot, dense matter.
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[. INTRODUCTION strate for LIBA-produced vapor targets. This is because
within the laser intensity range of interest ionization would

In this paper theoretical calculations are presented thate limited to the production of Mg and Md'? ions.
demonstrate a new application of optical-field ionization OFI rapidly reduces the refractive index within the focal
(OFI) induced by an intense, ultrashort laser pulse. Whewolume of the pulse, causing electron density and refractive-
OFl is carried out in a target plasma whose density and temindex gradients. The time dependence of the index change
perature are well characterized in a prior backablation stefollows the time dependence of the rate of growth of plasma
[1,2], then it is possible experimentally to control the laserelectrons generated during this interaction and is manifested
intensity, which governs the barrier width against Q84| as a spectral modulation of the laser waveform predomi-
of a target ion in the plasma, and the plasma density andantly toward shorter wavelengtkislueshiftg [1,14].
temperature, which govern the screening length of the effec- It has already been demonstratel]?] that the use of
tive potential binding the target ionic electrons, such thafpolarization-gated frequency-resolved optical gating
barrier width and screening length have comparable lengttPGFROG can provide time-dependent spectral shift mea-
scales. The exponential dependence of the OFI tunnelingurements with femtosecond resolution. With this diagnostic
ionization rate on barrier widt{3,4] and Fig. ) causes a it is possible to determine a time-dependent comparison be-
slight change in barrier width due to screening by plasmdaween measured spectral shifts and those predicted by OFI
electrons to significantly affect the ionization rate. We dem-ates. This can be done in both single and double-pulse ex-
onstrate this effect by calculating the OFI rate as a functiorperiments. For this paper we consider the double-pulse case
of screening length according the simple Debye-HuckeWwhere preionization is set by the first pulse and can be lim-
model[5].

Greater interest, however, lies in regimes of the plasma U

coupling parameted=e?/r kT [wherer, is the radius of
the average ionic sphere,= (3/4wn), for an ion density
n and plasma temperatufg, in which more sophisticated
theoretical plasma mode]§—9] are appropriate, namely for g, .

I'>1. The dependence of more accurate theories of ioniza-
tion rate(as opposed to the simple tunneling model used in
this paper on plasma-electron densitjor a given plasma
temperature and laser intengitghould also be invoked to
interpret experimental measurements and thus provide a test
of the plasma models. Existing experimental tests of theory
are based on absorption spectroscopy in a plasma whose den-
sity and temperature are well characterizad].

II. OUTLINE OF THE EXPERIMENT

n/” \o n
Neutral high-density metal vapor targets can be fabricated U
using the laser-induced backablation techniguA ) [1,2].

It has been demonstrated that with appropriate masking a
highly localized thin slab geometry can be produced. The
waveform corresponding to the incident laser pulse can be FiG. 1. Typical representatiofRef. [15]) of the unscreened
approximated as a plane wave when the target slab depth igfective potentials in parabolic coordinatésr+z and n=r—z

less than the Rayleigh range defined by the focusing opticser a bound electron in the presence of the electric field realized at
Refractive off-axis scattering of laser energy can be supa single amplitude and phase of a laser pulse. Thepotential
pressed in this way. Mg is a suitable choice of metal sub{lower) shows a barrier against ionization.
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FIG. 2. Fractional frequency shift versus plasma-electron den-
sity for the cycle-averaged, hyperbolic-secant-pulse model for an
intensity of 1.7 10 W cm 2. Upper curve, unscreened potential;
lower curve, screened potential. The nonlinear behavior at higheLli
densities reflects the approach to critical density.
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FIG. 3. (Color) Ratio at peak laser field strength of screened to

nscreened ionization rates vs Debye lengtrtical axis and bar-
rier width (horizontal axi$ measured in angstroms.

ited to production of Mg? as a target for the second pulse. (Fig. 2, uppey. However, when the Debye-Huckel model is
One could envisage a series of double-pulse measuremeniged to account for the screening of the binding potential by
in which the preionization step prepares the target plasma ghe plasma electrons, the ionization rate is dramatically sup-
the desired levels of plasma density. pressed within a certain range of parameter space and the
The temperature of the target plasma is expected to bgjueshift is suppressetFig. 2, lowe relative to the un-
low because laser-induced tunneling ionization is known t%creened case. For examp|e1 F|g 3 shows how the ratio of
prOduce a cold electron distribution. In faCt, we can estimat%creened to unscreened rate varies with Debye |ength and
the electron temperature from calculated photoelectron eryarrier width in angstroms. Figure 4 shows correspondingly
ergy distributiond11]. For example, from Fig. @) of [11],  the reciprocal relationship between plasma-electron density

90% of the electrons have an energy below 10 eV. To projp
duce a similar distribution in the first “preionization” step
one should use an 800 nm, X0 W cm2 pulse. We
arrive at this estimate for the laser intensity by scaling result:
of [11] according to the cube of the ionization potential
[12,13. We estimate an average electron energy of a few eV

The following considerations are also important for the
design of such experiments. The first group of electrons pra
duced in the preionization stage are expected to possess<
thermalized energy in the range of a few eV before the ar =
rival of the second pulse. When the second pulse arrives it i §
not expected to increase the temperature of the first group 5
electrons; there will be a quiver energy along the direction 01§
the laser polarization but this energy is not expected to ran
domize because at the relevant temperature and density tl
collision time for randomization is expected to be longer
than the duration of the second pulse.

Finally we assume that for the duration of the seconc
pulse the screening is produced only by the first group o
electrons and is static. In other words, electrons generated t
the second pulse also quiver along the polarization directiol
of the laser; however, they are born at a laser intensity abot
an order of magnitude higher than that of the first pulse witt
insufficient time for energy randomization so that they are
not expected to contribute to Debye screening.

cm 2 and laser intensity in W cit for the same ratio.
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FIG. 4. (Color) Ratio at peak laser field strength of screened to

In the absence of plasma screening the spectral blueshifihscreened ionization rates vs plasma-electron defwtgical axis

increases in a predictable way with plasma-electron densitin

cm3) and laser intensityhorizontal axis in W cm?).
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The plasma temperature is 3 eV and the critical density is 7 m-1 1

1.75x 10°* cm 2 (for a laser wavelength of 800 nm U,=—5—+—55F7» (1d)
The effect of plasma screening on the ionization rate can 4n  8yp* 8

be understood with reference to Fig. 1. Plasma screenin .

causes the effective potential to be of shorter range than Co%ee Fig. 1 for plots of Eqglc) and(1d) for m>1]. In Egs.

lombic. In the presence of the laser field the shorter rang&t): Z i the nuclear chargan is the azimuthal quantum

causes the barrier against ionization to be widened by Simupu(rjnber,F is the strefngth_ of an a;]pplled Stg.t'c electric field,
taneously shifting the inner barrier turning poingf in-  a"dx1.x2 are wave functions in the,» coordinates, respec-

wards and the outer barrier turing poingg) outwards, tively. Use of Egs.(1) leads to the well-known static-field

where Fig. 1 shows a reference barrier for an unscreenggnization rate formuld3,4]

Coulomb potential. For example, at a laser intensity of 3.5 5/2

X 10" W cm™2 and an electron density of cm™2 a 12% W= 4wy ——el~2IETIF) )
lengthening of the barrier widtfarising from a 6% change at F
either turning pointreduces the ionization rate by 30%. This
sensitivity arises from the well-known exponential depen
dence of the tunneling ionization rate on the integral over th
electron’s local momentumi3,4]. Hence plasma screening
can dramatically suppress the ionization rate, as shown i i .
Figs. 3 and 4. This suppression can be observed by meas low compared tay . Whenw is small compared to the

ing the dependence of the blue spectral shift on the plasm inding frequ_ency, then one is justified in averaging &).
electron density(Fig. 2, lowe). over one optical cycle #/w [3,4].

We consider a range of plasma electron densitie¥ 10 Th(_a Schrdinger equation is nqt separable ip 'parabolic.
<n.<10? cm2 and laser intensities <1< 3.5x 104 coordinates for a screened potential; however, it is approxi-
chm‘z in which a large effect is observeBigs. 3 and 4 mately separable for large screening lengths, as we show

For lower intensities the ionization rate becomes slower thahater' The Debye-Huckel potentigs] is
the pulse duration and for higher intensities the barrier width

‘wherewy=4.13x10'® s is one atomic unit of binding fre-
Suency. In reality the field varies in time for a laser and is
written F = §,(t)sin(wt), where o is the optical frequency
ﬁmd gp(t) is a pulse envelope whose temporal variation is

Z
becomes much shorter than the Debye length. V=— Te_rMD’ (33
Ill. THEORETICAL MODEL KT )1’2 b
= . 3
In the remainder of the paper we give the details of the 4e’n,

calculations on which our conclusions are based. For math-
ematical convenience we assume that the plasma-electrfife assume with others3,4] that Z is given by the hydro-
ion screening is described by the Debye-Huckel mg&gl ~ genic relationz’=E;, whereE; is the ionization energy in
For our plasma temperatuf8 eV) and density(maximum  Rydbergs. We calculaté for an assumed ionization energy
107! cm™3) the plasma coupling parameter is well into the Of 15.04 eV, which is close to that for Mg Clearly the
intermediate coupling strength rangE~£1), where more further assumption is implied that,>ro, wherer is the
sophisticated models are physically appropri@®]; how- average radius of the bound state in the absence of the laser
ever, our purpose here is to demonstrate the sensitivity of the o~ 1/VE;). This condition is easily satisfied here.
tunneling ionization rate to a screened potential having a In other work on laser ionization in the tunneling regime
generic form and to motivate experimental examination of 3,4] A\p—©, such thatV is separable in parabolic coordi-
plasma density-dependent ionization rates. nates[Egs. (1)]. For finite A\p, however,V is clearly not

In order to carry out this program, we use a modified formseparable,
of the tunneling-ionization model described previoysy].

This m(_)del is ba_sed on 'Fhe S(':'U'fng_er equaj[ion_for a hy- __ 2Z e (E+mi2\p. (4)
drogenlike atom in a static electric field, which is separable ¢ty

in the parabolic coordinates=r +z and =r —z. In atomic

units the model i$15] However, one recognized-ig. 1) that the motion in theé

coordinate is always confined to the region close to the
nucleus where screening due to the free electrons outside the

d?x1 ion is negligible ¢<\p). Thus we introduce the separable
1 F2E-Uon=0 aa o "egigble €<to) P
1 2Z 2Z
V=_| ———— ——e "2p|, 5
P, 2\ &y E ©
— +2((E=U,)x,=0, (1b)
dz where screening occurs only in thevariable. Equation(5)

is simply the average of unscreened and screened Coulomb
7 w1 1 fields appropriate for the region in whick<\p apd 7
Ug=——+——+=F¢, (1o  <AMp. which reduces to the unscreened Coulomb field when
4¢  gg 8 Ap—. A quantitative measure of the accuracy of this ap-
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proximate form of the potential is obtained by comparing the wf, 12
outer turning point¢, with the average of the barrier inner n,=<1—;2) , 8
0

and outer turning pointg; and 5, , respectively. A sampling

of the most important region of parameter space considere\g,herew is the line center laser frequen¢g00 nm), and

here shows us that, although=3¢&,, still 3(7;+ 7,) where 0 ’

=3¢, which is an average range parameter for the tunnel-

ing process. The assumption that- a few ¢ is reasonable. (47-re2n> 12
wp=

Furthermore, the magnitude of the difference between Eqgs. 9
(4) and (5), divided by Eq.(5), to first order inn/2\ is

approximately 7/4\p, which is fairly small compared to s the plasma frequency. Thus the frequency shift is ex-

m

unity over the entire range of. S pressed in terms of the ionization rate as
Under these assumptions the static-field ionization rate is
[13] (1)2 T w t) toyer ’
Aw=—p‘; o|tL2«y(t)e-fodt 7t (10)
w= w7y Z3 2w/ 0 n;
Z2 1 e 720 1 2 where y(t) is the cycled-averaged rate ang, is the con-

70
Xe_Z”i_ZJ dn

i

Z a2 z 27 —ZFW : stant.plasma frequency as determined by the init.ia_l target ion
density. The temporal dependence of the rate originates from

(6)  the time-dependent pulse envelaggt) [12] and the upper

limit of the integral in Eq(10) is 125 fs[16]. Figure 2 shows

When\p—, Eq. (6) agrees with Eq(2) on using the ap-  he fractional frequency shift versus density at a laser inten-
proximations of[15] to evaluate the integral analytically. sity of 1.7< 104 W cm2.

Here the integral is evaluated numerically both for the
screened and unscreened potentials.

Our results are presented as the ratio of the screened to
unscreened static-field rates in Figs. 3 and 4. The ratios are In summary we have demonstrated the sensitivity of the
plotted only at laser intensities for which either rate is greaterate of tunneling ionization of ions embedded in a preionized
than 182 s™%, and typically at the higher intensities the ab- plasma to the long-ranged screening of the binding potential
solute rates are in the range’4010" s™*. We have made by the surrounding plasma electrons. Screening is observed
similar plots for the cycle-averaged rates where, althouglhy measuring the dependence of the spectral blueshift of the
their absolute values are smaller, their ratios are not qualitdenizing pulse on plasma electron density.
tively different. These plots show that screening can lower The Debye-Hucke[5] screening model is characterized
the ionization rates in this regime of density and laser intenpy a single screening-length parameter, governed by the
sity substantially; thus our calculations suggest that effect oplasma temperature and density, which can be compared
screening is experimentally observable. with the characteristic length scale in the laser-plasma-ion

The observation can be made by measuring the blue spefnteraction, namely the barrier width against ionizati{&ig.
tral frequency shift of the transmitted laser pulse induced byg). The screening effect is found to be important in a regime
the change of refractive index caused by the generation dh which the plasma coupling parametér 1, whereas the
electrons in the focal volume of the ionizing pulse?] as a  Debye-Huckel model is usually considered to be valid in the
function of the density of plasma electrons surrounding theegimel’<1. Nevertheless we believe that the model is re-
embedded target ions. Spectral shift measurements at l@ble in a qualitative sense to indicate a strong dependence
single plasma density are described in an earlier pelder  of ionization probability on plasma-electron density. In the

The frequency shift integrated over the duration of theinterpretation of experimental data, however, more sophisti-

IV. SUMMARY AND CONCLUSIONS

laser pulse i$1,12] cated plasma models and theories of OFI should be used.
T T
Aw= dta“’_(t)z _f d @ (t)an, @) ACKNOWLEDGMENTS
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