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Femtosecond Growth Dynamics of an Underdense lonization Front
Measured by Spectral Blueshifting

Wm.M. Wood, C.W. Siders and M.C. Downer
Phvsics Department, The University of Texas at

Austin Austin TX 78712

Abstract

We present a comprehensive report of time-resolved spectral blue shifts of 100-
femtosecond laser pulses caused by ionization of atmospheric density N5 and noble gases
subjected to high (10'4 W/cm?2 - 106 W/cm?2) light intensities. Included are data for two
experiments: 1) self-shifting of the ionizing laser pulses for varying peak intensities,
pressures (1-5 atm.), and gas species; and 2) time-resolved blueshifts of a weak co-
propagating probe pulse for the same range of ionization conditions. The self-shift data
reveal a universal, reproducible pattern in the shape of the blueshifted spectra: as laser
intensity, gas pressure, or atomic number increase, the self-blueshifted spectra develop
from a near replica of the incident pulse spectrum into a complex structure consisting of
two spectral peaks. The time-resolved data reveal different temporal dependence for
each of these two features. We present a quantitative model for a simplified cylindrical
focal geometry which explains the presence of the two spectral features in terms of two
distinct ionization mechanisms: collisionless tunneling ionization, which dominates early
in the ionizing pulse profile, and electron impact ionization, which dominates during the

intense maximum of the ionizing pulse. Transient resonant enhancements may also
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contribute to ionization near the peak of the pulse.
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Femtosecond Growth Dynamics of an Underdense lonization Front
Measured by Spectral Blueshifting

Wm.M. Wood, C.W. Siders and M.C. Downer
Physics Department, The University of Texas at
Austin Austin TX 78712

1. Introduction

Interest in highly ionized plasmas approaching atmospheric density, as a potential
future source of coherent x-rays'-3, and as a potential medium for charged particle
accelerationt 5, has been renewed by the recent capability of creating such plasmas on
femtosecond time scales®. Tonization by intense, femtosecond laser pulses holds promise
for precise control of initial plasma conditions (temperature, ionization state, density)!. 7
which are critical to these applications. Theories treating the ionization rates of atoms
under extremely high field conditions®. 9 can now be studied and compared directly with
experiments involving laser pulses with electric field amplitudes that surpass the fields
binding the electrons to atoms. Most recent experiments in this regime have been based
on measurements of intensity dependent ion yields!® or photoelectron energy spectra!l.
Typically, such experiments require low pressure (1076 - 10-4 torr) noble gases, in order
to allow collisionless ion or electron collection and to avoid space charge effects. At
these pressures, the microscopic behaviour of single atoms interacting with the laser field
is revealed. On the other hand, at gas pressures in the atmospheric range inter-atomic
effects, such as ionization via electron impact, and collective effects begin to play a
significant role. Here, the vacuum diagnostic techniques of ion-yield and photoelectron
spectroscopy can no longer be employed as tools to monitor the atomic ionization

dynamics.
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At these higher gas densities, the alternative diagnostic technique of frequency
upconversion, or blueshifting, caused by radiation interacting with an ionization
front!2.1415 can be utilized to investigate the dynamics of ionization in intense laser
fields. Moreover, the blueshifting technique is readily amenable to femtosecond time-
resolved pump-and-probe measurements26, and can therefore provide information on the
temporal dependence of ionization within the ionizing pulse. In contrast to Doppler
shifting in reflection from a moving critical surface (or mirror), frequency shifts induced
at a moving ionization front involve no net increase in the energy of the blueshifted
pulse, and must be described differently!2.15. In the experiments reported here, we
consider a specific interaction geometry in which a focused laser pulse - either the
ionizing pulse itself or a separate probe pulse of the same visible wavelength -
copropagates in free space with an underdense ionization front created by the ionizing
pulse. In this case, the velocity of the ionization front equals the group velocity of the
pulse throughout their interaction length 'lI', the upper limit of which is set by the
Rayleigh length of the focused pulse(s). Consequently the front maintains a constant
position within the temporal profile of the pulse throughout the interaction. In this case,
the spectral blueshift is described most simply as a rapid decrease of the index of
refraction during the pulse!2:16, Specifically, the index n of an underdense free electron
plasma can be expressed in terms of the plasma frequency wy:

2

n(w,) = (1 - (0—;"5)“2 (1)

(]

If the index of refraction changes during the laser pulse, the portion of the pulse

experiencing the change is subjected to a frequency shift given by!2:
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Here, w is the angular frequency of the incident laser, and n is given by expression (1)
above. The spectral shift imposed on the light occurs at the moment of ionization!7.25.
An alterative numerical procedure for describing the blueshift in this geometry, in
which we solve Maxwell's equations for the wave propagation consistently with the
electron dynamics using an electromagnetic plasma simulation code has been developed
in a separate paper!8. Frequency upshifts resulting from a rapidly generated overdense
plasma have been discussed by Wilks et al. !9. In addition to ionization fronts, traveling
density waves in pre-ionized plasmas can also induce frequency shifts on copropagating
light pulses, opening the possibility of novel radiation sources and diagnostic
experiments on plasma wakefield oscillations20:21. A related frequency upshift occurring
in a different interaction geometry - microwave radiation impinging upon an ionization
front created in a microwave cavity by an ultraviolet pulse - has recently been
predicted?? and experimentally confirmed23:24. In this case, in contrast to the
experiments discussed here, the microwave radiation and the ionization front propagate
at substantially different velocities. Moreover, the dispersion of the microwave cavity
must be taken into account. Consequently, the physics of the microwave frequency
upshift in the ionization front is described differently22.23.24,

Femtosecond duration pulses are essential for a clean diagnosis of the ionization
front in our experiments. When using laser pulses longer than several picoseconds,
blueshifting of the pulse spectrum caused by plasma creation is accompanied by a red
shifting due to plasma expansion out of the focal region!2, The resulting spectrum
appears asymmetrically broadened after the ionization. However, with laser pulses of
only 100 femtosecond duration, the pulse has departed from the focal region before the
plasma can expand or recombine significantly; furthermore, spectral broadening caused
by non-ionizing sources of phase modulation can be rendered negligibie with a
sufficiently tight focal geometry. As a result, only blue shifting of the laser pulse, due to

plasma creation, is observedS. In a previous Letter!3 we briefly reported experiments
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which measured the self-blueshift of a femtosecond ionizing pulse in 1- to 5-
atmospheres noble gas samples, and femtosecond time-resolved pump-probe experiments
which used the probe blueshift to measure ionization dynamics throughout the intense
ionization pulse. In addition, a model based on strong-field tunneling ionization rates,
supplemented by a slower collisional ionization process was briefly presented to explain
the results. The main purpose of the current paper is to expand the presentation of these
experimental results. Complete self-blueshift and time-resolved blueshifting data of 100-
femtosecond laser pulses caused by ionizing breakdown in the noble gases He, Ne, Ar,
Kr, Xe, and N, at pressures ranging between 1 and 5 atmospheres are included. A
second purpose is to expand upon and clarify two features of the model which were not
discussed previously: 1) evaluation of the minor contribution of non-ionizing sources of
phase modulation to the spectral changes under our experimental conditions; and 2) the
effect of electronic excitation of target ions on the electron impact ionization cross-
sections used in the model. Finally, the possible contribution of transient resonant
enhancements of ionization near the peak of the pump pulse is discussed qualitatively.
The paper is organized as follows: In section II, the experimental procedure is
described, followed in section III by the results of the self-blueshifting experiments over
a range of pressures, peak intensities, and gases. Femtosecond, time-resolved spectral
shifts are then presented. Section IV evaluates several non-ionizing sources of phase
modulation. Finally, in section V we propose a quantitative model which relates
observed blueshifted spectral features to two distinct ionization mechanisms:

collisionless strong-field tunneling ionization, and electron impact ionization.

II. Experimental Procedure

The experiments used a 10 Hz, 90-fs dye laser system described elsewhere®.
Figure 1 shows the experimental set-up. The incoming 90-fs pulse with center

wavelength of 620 nm is focused at f/5 through the 20x microscope objective (focal
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length = 1.7 cm.) into a gas cell containing pressures ranging from 1 to 5 atmospheres of
He, Ne, Ar, Kr, Xe, or N5. For the single pulse experiments, beamsplitter at A is
removed, and the polarizing beamnsplitters at B and C are replaced by neutral density
filters whose sum is constant, enabling variation of the pulse energy at the interaction

while ensuring that a constant energy reaches the spectrometer. At low intensity, the

minimal e-! focal spot diameter is measured as 7+0.5 microns. Pulse energies are less
than or equal to 0.4 mJ. (A 90 fs. pulse of 0.4 mJ energy focused to 7+0.5 micron
diameter will achieve a peak intensity of 1016%0-1 W/cm2.) As focused intensity
increases above the ionization threshold, an increasingly bright breakdown spark is
observed, while the exiting far field beam profile increasingly expands because of
defocusing in the reduced-index plasma. Nevertheless, all of the light transmitted
through the focal region (typically > 95% of the incident energy) is captured by a large
collection lens, and sent to the spectrometer/Optical Multichannel Analyzer via a bundle
of optical fibers. Care is taken to avoid excessive intensities in the fiber bundle. The
bundle itself transmits a homogeneous spatial light distribution to the spectrometer. A
pulse duration measurement before and after the focus (fig. 2a) reveals that the focusing
and recollimating optics broaden the initial 90 fs. pulse to 100 fs.; the presence of a
spark breakdown in 5 atmospheres pressure Ar does not broaden the pulse further.
Finally, the gas cell is positioned carefully with respect to the microscope objective to
avoid X(3) effects in the glass walls of the cell. Absence of a spectral shift after
transmission through the evacuated cell confirms that spectral shifts are due solely to the
interaction of the laser with the gas.

Time-resolved investigations were carried out using 115 fs pulses. In figure 1, the
incoming laser pulse is split into a pump beam and a probing beam with approximately
4% of the beam energy. The pump beam creates the ionizing breakdown as before. The
probing beam travels through a retroreflecting delay arm to vary the time of arrival of the

probe with respect to the pump. The probe beam is polarized orthogonally to the pump
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beam with a zeroth-order half wave plate, then recombined with the pump beam in a
polarizing beam splitting cube. The two beams co-propagate through the interaction
region, with relative divergence of less than 0.1 mrad. After the interaction with the gas,
the light is recollimated with the large collection lens with n=gligible radiation loss, and
the probe is separated from the pump beam by using a second polarizing cube at point (.
We verified that the transmission of the polarizer was negligibly affected as the exiting
pump and probe beam divergences changed because of ionization-induced defocusing.
The spectrum of the probe beam after the interaction is then further isolated from
depolarized, scattered pump radiation by real-time spectral background subtraction, and
recorded in the optical multichannel analyzer. T, the temporal overlap between the
pump pulse and the probing pulse, is determined to within ~20 fs. by first, purposely
misaligning the recombination beamsplitter to mix the pump and probe beam
polarizations, adjusting the probe delay to maximize the contrast in the resulting

interference fringes, and then realigning the beamsplitter to its original position.

I1I. Experimental Results

A.  Self-Blueshift Data

Fig. 2b) shows the common input pulse spectrum. Figures 3 through 6 present the
measured self-blueshifts of linearly polarized, 90-fs. pulses after ionizing each of the
gases. Vertical bars indicate the center wavelength (620 nm) of the unshifted spectrum
in each figure. Bach spectrum is the result of averaging 100 laser pulses. Figures 3 and
4 show the self-blueshifted spectra as a function of increasing calculated peak intensity
constant sample pressures of 1- and 5- atmospheres, respectively. Heavy horizontal bars
indicate spectra corresponding to the threshold peak intensity at which a recombination
spark is first visible. In every case, this threshold coincides with both the threshold for

spectral blueshifting and the onset of defocusing, confirming their common origin in
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generation of a plasma. Figure 5 shows self-shifted spectra as a function of gas pressure
at constant peak intensity of 10!6 W/cm?2. Figure 6 compares the shifts between the
various gases measured for the highest pulse peak intensities at 1- and 5- atmospheres
pressure.

Several general observations about the self-blueshifted data can be made. The
threshold energy at which the recombination spark, defocusing, and the blueshift are first
observed decreases as the noble gas atomic weight is increased. This can be explained by
the decrease of the ionization potentials U; of the atoms with increasing atornic weight.
For the same reason more ionization, and therefore greater blueshifting, occur as atomic
weight increases. The dimer gas N, is expected to display somewhat more complex
behaviour because the ionization occurs on a time scale which dves not allow the two
atoms to separate by a significant amount, and indeed does not fit exactly with these
trends. The breakdown threshold pulse energy decreases in each gas as pressure is
increased, because a smaller percentage of the atoms must be ionized to create an
observable breakdown spark, and therefore a lower intensity is needed.

A universal, reproducible pattern in the shape of the blueshifted spectra in the
heavier gases is observed. Specifically, with increasing laser intensity, gas pressure, or
atomic number, the self-blueshifted spectra develop from a near replica of the incident
pulse spectrum inio a complex structure consisting of two spectral peaks: a narrow peak
shifted between 5 and 10 nm towards the blue from the original spectrum, whose position
is independent of pulse energy and pressure above some threshold energy; and a broad
shoulder or peak shifted further towards the blue whose position and width depend
strongly on the gas pressure, gas species, and the laser pulse energy. (In He and Ne, this
broad blue shoulder is not observed under most of the conditions which we investigated,
although the beginnings of such a shoulder can be seen in Ne at the highest pulse energy
in 5 atmospheres pressure.) The breadth of the blue shoulder depends on gas species, gas
pressure, and pulse peak intensity. As the breadth of the blue shoulder increases with
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increasing pulse energy, the height of the narrow, less-shifted peak decreases, indicative
of a trade-off of total energy between these separate features. In both Xe and Kr, the
blue shoulder becomes a distinct spectral peak which is much broader, and shifted much
further, than the narrow peak. Because the magnitude of the shift is proportional to the
ionization rate of the gas, the presence of two distinct peaks in the shifted spectra implies
the existence of two distinguishable rates of ionization during the laser pulse.

These data reveal two important clues to the underlying ionization dynamics: First,
as can be seen in figure 6, both He and Ne gases show a significant portion of tne final
pulse energy remaining "unshifted,” i.e. remaining around 620 nm, the center of the
original pulse. At | atmosphere pressure, this appears as a relatively small shift of the
spectral peak (2 nm) compared to the other gases. At 5 atmospheres pressure, this
"unshifted" energy appears as a red "shoulder” on the He and Ne blueshifted spectra, with
Ne displaying a smaller shoulder than He. This feature is also observed in Ar at 1-atm.
In contrast, in each of the other gases, and Ar at S-atm., this "shoulder” is completely
absent, and the absence of spectral energy near 620 nm indicates that almost the enfire
pulse energy has been spectrally shifted. These observations imply that, since the
spectral shifting is caused directly by the temporal modulation of the index of refraction,
ionization is occurring during only part of the pulse in He and Ne gases, whereas
ionization is occurring during the entire pulse for the other gases.

Several other observations bear comment. First, the appearance of a breakdown
spark and spectral blueshifting is always accompanied by a defocusing of the laser beam
leaving the interaction. The degree of defocusing is correlated with the amount of
jonization occurring in the sample, ranging from only a slight change in the emerging
beam profile in the case of He at | atmosphere pressure, to a greater than 3x expansion of
the outgoing cone of light in the case of 5 atm. Xe. Also in each case, the spatial profile
of the emerging laser pulse is changed from a nearly gaussian profile before the

experimentS to a ring profile after the ionization. A second observation is that the use of
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circularly polarized light to ionize the gases, measured by inserting a quarter wave plate
into the beam path before the initial focusing microscope objective, reveal shifted spectra

which are indistinct from those measured using linearly polarized light.

B. Time-Resolved Data

Figure 7 shows the autocorrelation for the pulses used in the time-resolved
experiment, which had a somewhat longer pedestal than the shortest pulse measured from
the amplifier (fig. 2b.) Figures 8 and 9 show the measured time-resolved probe spectra
in 1- and 5- atmospheres pressure, respectively, using a (calculated) peak pump pulse
intensity of 1016 W/cm?2. The time delay between the ionizing pulse and the probe pulse
varied between -640 fs. and 480 fs. Each spectrum is the average of 50 1aser pulses. In
each figure, time increases towards the top, with negative times referring to the probe
pulse preceding the ionizing pulse, and positive times to the probe frailing the ionizing
pulse. Time t=0, zogesponding to exact pump-probe overlap, is demarcated further by
an emboldened spectrum. In each of the series of spectra, the spectral shift first appears
as a second peak towards the blue of the original spectrum, at times between -500 and -
400 fs. This early appearance is caused by ionization in the energy "pedestal” of the
ionizing pulse. As the probe peak approaches but still precedes the ionizing pulse peak,
both the broad, blue shoulder and the narrow less-shifted peak appear (except in He and
Ne, where the shoulder never appears.) In each gas significant blueshifting occurs early
in the pump pulse. When the pump and probe pulses temporally coincide, the probe
spectra closely resemble the self-shifted spectra. When the probe trails the ionizing
pulse, the blue "shoulder” disappears from the probe spectra, whereas the narrow, less-
shifted peak remains. After 300-400 fs, the probe spectra return to the original spectrum
centered at 620 nm.

To facilitate analysis of these time-resolved data, figures 10 and 11 have been

created, representing the integrated energy in each of the time-resolved probe spectra in
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small bands around 610 nm and 615 nm. These plots display the different temporal
evolution of each of the two parts of the spectra, in each of the gases. .e temporal
evolution of the narrow, less-shifted peak is revealed by the curve at 615 nm, whereas the
temporal dependence of the broad, blue shoulder is shown by the curve at 610 nm. (The
temporal behaviour at wavelengths < 610 nm is the same as that at 610 nm to within
limits of instrument sensitivity) Within each graph, the spectral energy near 610 nm
consistently peaks well before the most intense part of the ionizing pulse at t=0. In He
and Ne gases at 1 atm., this peak occurs nearly 300 fs before t=0. In each of the other
gases, the maximum of the 610 nm feature occurs between 200 and 100 fs before t=0.
The spectral energy at 615 nm, on the other hand, peaks well after the 610 nm feature.
This means that the index modulation giving rise to the narrow, less-shifted peak occurs
after that process giving rise to the broad, blue shoulder in each gas. In Ar, Kr, Xe and
N, gases at 5 atm., and in Kr and Xe at 1 atm., this peak of the 615 nm feature lies
between 50 fs and 100 fs after t=0. In Ar and N, at 1 atm., and Ne and He at 5 atm., this
peak is right about at t=0. In both He and Ne at 1 atm., blueshifting maximizes before
t=0 at all wavelengths.

IV. Non-ionizing sources of phase modulation

Before proceeding with a model of our experimental blueshifts based solely on
ionization, we first discuss the possible role of non-ionizing sources of phase modulation.
In all of the above data, we consistently observe a pure spectral sluft of the spectrum of
the tightly focused pump or probe pulse. Without exception, new spectral components
arise to the blue side of the original pulse spectrum, while components to the red side are,
within measurement sensitivity, entirely absent. This contrasts sharply with the wide
spectral broadening, or supercontinuum generation, produced by interaction of intense
short pulses with neutral noble gases in longer focal geometries when ionization was

minimal or negligible?’. The basic explanation for this contrast is that ionization induces
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a temporally monotonic reduction in refractive index from n = 1 to n = (1 - (@p%/w,2) /2,
whereas the nonlinear index ny of the neutral gas induces a temporally symmetric index
modulation n,I(t), which rises, then falls, with the pulse intensity envelope I(t). The
observation of pure blue shifts, coincident with recombination luminescence and
defocusing, thus provides prima facie evidence that ionization is the dominant source of
phase modulation in our experimental geometry. Conversely, self-focusing (often
eviden. in "filamentation" of the transmitted pulse), which has a common origin with
spectral broadening in the nonlinear index nyl of the gas, is completely absent. In
addition, in proceeding through the noble gas series, we observe a smooth progression of
increasing blueshifts despite n, values which vary by a factor of more than 200. Finally,
Corkum et. al.27 observed no supercontinuum from Ne under any conditions, whereas its
blueshift fits in smoothly with the noble gas sequence under ionization conditions.

We now present theoretical estimates which confirm that phase modulation from
ionization should indeed strongly dominate non-ionizing sources under our experimental
conditions. Four non-ionizing sources of phase modulation could potentially play a role
in the experiment: Prior to ionization, the laser experiences the nonlinear refractive
index (nyoeutraly = (2x/ny) x(3(—w,0,0,~0) of the neutral gas, where n, ~ 1 is the linear
index of the neutral gas and x(® is its third order nonlinear susceptibility. While the gas
remains neutral, the total index varies as n(t) = n, + (nzﬂe“ml) I(t), resulting in a phase
modulation ¢(t) = n(t)@/c. After ionization, the neutral gas disappears, but the resuiting
plasma gives rise to a new nonlinear index (nPlasma) = (nyion_core) 4 (nyfree_electron) 4
(n2°°“°°ﬁ"°) which is a summed contribution of three additional sources of modulation:
2) The nonlinear index (n2i°“-°°“3) from the hyperpolarizability of the ionic cores, 3) the
nonlinear index n,free_electron) arising from relativistic motion of the free electrons in the
strong light field, and 4) nonlinearities (nocollective) arising from collectiv«'s jonic or
electronic motion induced by ionization or ponderomotive pressure of the light pulse.

Nonlinear optical effects from free electron motion can be ruled out immediately. These
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become significant only when the v x B force from the light magnetic field becomes
comparable to the electric force28. This occurs when the electrons are driven
relativistically, corresponding to pulse peak intensities above approximately 1018 W/cm?2
at visible wavelengths, much higher than our intensities. Similarly, nonlinear optical
interactions of the light with collective ion acoustic modes can be neglected, since these
modes require acoustic time scales to become significant?%:30, much longer than the
pulse duration. Moreover, collective electron oscillations induced by ionization or
pondermotive pressure, can be shown to be too small in magnitude and too high in
frequency under our experimental conditions to modulate the light pulse significantly31.
Thus we concentrate on evaluating (n,yeutral) and (n,ion_core)

We first compare the ionization-induced index modulation near the ionization
threshold directly with the hypothetical index modulation (n,reutral) I(t) which would be
induced by the same light intensity in the neutral gas. Following a closely analogous
calculation by Dawes32 for the linear susceptibilities X () and the third harmonic
coefficients y(3)(-3w,0,w,w) of the noble gases, we calculate the approximate
contribution to the nonlinear index change at the ionization threshold. We use the
approximations i) that the atoms are in their electronic ground state and ii) that the laser
photon energy ho = 2.0 eV is much less than the energy of any atomic resonances, thus
allowing all excited state energy denominators to be approximated by a common
denominator E, = hy, which in turn is very closc ‘o the ionization potential. In close

analogy to Dawes' result, these approximations lead to a straightforward formula:

Nyethd 5E.2-2E,2
3 _ -0 0 —__
AOND—0.0,—0) =3 3T E (E 7~ 4 B 2)E? - Eg)? 3

where Dawes treats E, and N, as fitting parameters, the latter representing an effective

number of electrons. Since Dawes showed that the y(w) and xG)(-30,0,0,0),

calculated with common fitted parameters, agreed with measured values33: 34 in the
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noble gases to within an experimental error of +50%, we can expect comparable
accuracy for our x(3)(-—<n,(o,(o,—0)) values, for which we adopt Dawes' fitted values
without change. The resulting calculated ratios of the neutral gas nonlinear index change
(Antl = 2 ® N, () E2) to the ionization-induced index change (AnPlasma = 2 & N
e2/mw?), assuming an intensity of 10!6 W/cm2, are shown in the first row of Table 1.
Subsequent rows show the estimated ratios for icns of different charge, in the ground
state. These estimates show that, within the intensity range of our experiments, the
contributions to the index changes should be dominated by plasma effects.

The ratio of (Aniot_core) to (AnPlasma) can also be estimated from more general
arguments, which are not restricted to assuming the atomsf/ions are in the ground
electronic state. This is done by finding an upper limit to this contribution and
comparing it with the contribution from the free electrons. Since we only need an upper
limit on the electron motion, we consider the most loosely bound electrons as classical

oscillators. The polarization can be written:
P(®) = Nyex(w) 4

The position x(w) of the electron can be expanded in terms of the harmonics of the field:

x(t) = Z x(nw) cos(nat + ¢p) (5)
a

Because we are only interested in the index of refraction at the fundamental frequency,
and not in harmonic generation, we need only consider the contributions at . Requiring
that the electron remains bound entails that the kinetic energy of the oscillator remain
less than the negative of the electric potential throughout the electron trajectory. This

results in an upper limit on the electron amplitude before it must become free:

x(w) < 10.94 {/Z‘ (6)
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Here, Z is the net charge of the ion binding the electron in question, and 'x’ is in meters.
In eqn (4), this amplitude provides an upper limit on the total contribution to the
polarization from a single, bound electron.

Because the polarization from the w-term in equation (5) includes contributions
from any nonlinear terms (e.g. (3, x(3),) we will over-estimate the amplitude of an
electron trajectory if we suppose that the amplitude of oscillation decreases linearly with
the laser electric field. It is now assumed that the electric field giving rise to the
maximum amplitude of expression (6) corresponds to the ionization threshold value in
the Ammosov formulation of strong-field ionization. Graphical analysis of the formula
given by Ammosov® yields the electric field amplitude of linearly polarized light
required to strip an electron from the atom. Using 620 nm radiation, the probability of

ionization in one light cycle 2/ exceeds unity when:

I—E-“"’P“‘“’l>0.l

'Eatom|

N

The electric field in the classical atom scales as the square of the ionization energy. This
allows us to use the tabulated ionization energies to estimate E, oy in expression (7).
Adding the contributions from each electron yields the estimate on the upper limit for the
bound electron polarization. We compare the ratio of this limit to the contributions from
the free electrons for various stages of ionization in Table 2.

Comparison of the values found in Table 1 with those in Table 2 indicate that the
actual values for bound electron contributions to the polarization will be much smaller
than our upper limit. Only in the case of resonance might the limit be approached; in this
case we expect such resonances to be too transient to affect the pulse significantly33.
Also, in atomns where bound electrons might have an effect comparable to the free
electrons, computer modelling has shown that pulses with peak intensity above 1015

W/cm? ionize the atoms early enough during the pulse so that only a small portion of the
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light energy would be affected. This is an especially important observation when
considering pulse propagation through the plasma region. I can be concluded that any
phase modulation caused by bound electrons during the early part of the ionizing pulse
will be dominated by the ionization effects. As an aside, it would be a very interesting
experiment to investigate a regime (in singly ionized Xe, or perhaps a heavy alkaline
earth such as Ba) where nonlinear effects might possibly dominate free electron effects

on the polarization.

V. Model of Ionization-Induced Phase Modulation

We now present a quantitative model of the blueshifts based solely on ionization,
neglecting other sources of phase modulation. The model accounts for the major
experimental observations: 1) the narrow, less shifted peak and the broad blue shoulder
observed in Ar, Kr, and Xe, 2) the contrasting temporal behaviour of these two universal
features in the shif.ed spectra, and 3) the unshifted portions of the spectra observed in He
and Ne. The central concept of the model is that the ionization rate under these
experimental conditions is governed by two separate mechanisms. The first is
collisionless, radiative ionization of each atom solely through its interaction with the
intense light field. A number of theories based on quantum mechanical tunneling?: 9 or
Coulomb barrier suppression!0 have been used to describe this process in low density
media. Regardless of which theoretical model is used, however, calculations show that
for the noble gases, this solely strong-field process saturates early in the temporal profile
of the focused ionizing pulses, and thus can explain only the blueshift of the leading
edge. To explain the persistence of ionization, and therefore blueshifting, into the peak
of the pulse, a second ionization mechanism must be invoked. In the following
discussion, we will consider two possible mechanisms for the "extra” ionization near the
peak of the pulse: 1) impact ionization induced by electrons freed early in the pulse,

which derive oscillatory impact energy from their quiver motion in the intense light field.
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This model will be discussed in quantitative detail. 2) Resonant enhancement of
ionization as ionic excited states are AC Stark shifted into resonance with a harmonic of
the light field!!. This model will be discussed only qualitatively. The current
experimental results do not permit definitive disconfirmation of either model, but do
strongly support the existence of extra non-tunneling ionization near the peak of the
pulse.

It is not difficult to see why the first (collisional) mechanism can become important
near the peak of the pulse. In a light field of 106 W/cm2, the amplitude 2¢E/me? ~ 75 A
of quiver motion exceeds the average interatomic spacing N; 13~ 20 A in a5 atm. gas.
Thus impacts of the electron with nearest neighbors of its parent ion, as well as with the
parent ion itself, can be expected to become frequent under these conditions. Mecreover,
the quiver energy (~300 eV) is at a value at which impact ionization cross sections are
maximum.

Collisionless ionization of noninteracting atoms can be quantitatively modeled
using an appropriate strong-field tunneling theory. A recent analysis of ion yield data in
the rare gases by Augst et al.!0 has shown that the formula of Ammosov? describes
strong-field ionization of the rare gases in our intensity range reasonably accurately; the
agreement with data improves as atomic number increases. Accordingly, the Ammosov
formula has been used in modelling the ionization rate, but we also compare model
results based on a Keldysh formula8. From the Ammosov theory, the probability per unit
time P; for an atom to change from i- to (i+!)-times ionized is calculated in terms of the
ionization potential and the optical field strength. As in ion yield analysis, the role of AC
Stark-shifted intermediate resonance states is neglected because, with the possible
exception of the peak of the pulse!l, any resonances are too transient to significantly
affect ionization rate35. The time evolution of the density N; of ions in a particular
ionization state 'i' is then determined from the P; through a series of coupled differential

equations of the following form:
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dN.
ar = @it Nig - Pi Nj) (8)

The density of free electrons Ng(t) can then be found in terms of the ion densities N;(t)

by the following equation:

Ne(t) = ;‘_iNi(t) 9
i=0

where 'h' is the ionization state of the atom. The rate of ionization at each of a sequence
of time steps within the light pulse is calculated from Eq. (8) assuming a quasi-static
instantaneous intensity, then convolved with the pulse intensity envelope. A Runge-
Kutta scheme is employed to solve the differential equation for the populations of the
various ionization states as a function of time. The density of free electrons is then used
in eqn (1) to calculate the index of refraction as a function of time, and the resulting
phase modulation and blueshift induced on the laser pulse is found according to eqn (2).

Figure 12a) shows calculated electron density N,(t) for He, Ar and Kr gases (solid
curves) for a 100 fs. pulse with peak intensity 1016 W/cm? using the Ammosov formula.
Ne(t) calculated with the same pulse parameters using the Keldysh formula, is shown
(dashed cnrves) for comparison. The ionizing pulse profile (dotted curve) is also shown
for reference. Although the Ammosov formulation yields higher ionization rates
(implying larger spectral shifts) than the Keldysh formulation, both formulations show
ionization beginning very early in the pulse, then saturating near the peak of the pulse in
each gas. Consequently only the first half of the pulse will become blueshifted
according to this model; the trailing part of the pulse will remain unshifted, resulting in a
spectral "shoulder" on the red side of the calculated spectra.

To calculate the shifted spectra, Ng(t) must be computed for a spatially varying

peak intensity along the propagation direction, converted to an index modulation via Eq.
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(1), then convolved with the transverse intensity profile of the ionizing pulse through the
interaction region. We have performed such calculations using realistic models of the
transverse intensity profile. Nevertheless, the choice of quantitative details in these
models is very uncertain because defocusing introduces pressure-, intensity-, and species-
dependent variations in the transverse profile through the interaction region. On the
other hand, we have also performed the calculations using a simplified cylindrical
interaction region with a constant transverse intensity. In these simplified calculations,
the product of peak intensity x interaction length can be varied to fit the averaged
magnitude of the blueshift for each measurement. In general, a range of peak intensity /
interaction length products yield the same overall shift, and thus constitute an "isoshift"
curve. We find that the same qualitative spectral features are reproduced not only along
a substantial region of the isoshift curve in the simplified calculations, but also in
calculations using a more complex focal geometry, although widths and amplitudes of
spectral peaks vary. Thus the simplified calculations appear to illustrate the essential
physics of ionization with fewer arbitrary assumptions, and have therefore been chosen
for presentation in the following discussion. We caution that quantitative details of the
focal geometry and peak intensity cannot be derived from our experiment. However,
certain conclusions regarding the shape of the blueshifted spectrum, its time
development, and its relation to time-varying ionization rate, appear to be independent of
these quantitative details. Only such geometry-independent conclusions are drawn in the
following discussion.

As an illustration, Fig. 12 b) shows self-shifted spectra calculated from the
Ammosov Ng(t) curves shown in Fig. 12 a) for peak intensity 1016 W/cm?2 and
interaction length 7 pum. While quantitative details depend on the assumed interaction
geometry, the blueshifted position of the spectral peak, and the prominent shoulder of
unshifted light on the long wavelength side, are common to a wide range of assumed

geometries. This model, using only tunneling jonization, appears adequate for describing
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the qualitative aspects of the blue shifting observed in He and Ne gas breakdown.
However, calculated blueshifted spectra for the heavier gases Ar, Kr, N,, and Xe also
display a large amount of unshifted light, inconsistent with the data. Another ionization
process which occurs during the peak of the ionizing pulse and for a significant time
afterwards is therefore necessary to account for the observed spectra in the heavier gases.
This conclusion is independent of the assumed interaction geometry.

The process of ionization by impact with a quivering electron provides the proper
qualitative behavior to complete the ionization model. The impact ionization rate is
N.0;ve (N = density of free electrons, v¢(t) = electron velocity, oj(v,) = cross section for
impact ionization), and is included in the model by adding a pair of collisional terms to

each of the coupled Egs. (8):

%i. = (P,N, - R N)+ N, o,v.N,-N o v,N) (10

and by coupling another equation to those above,

L0 S(dev).

The last equation represents the transfer of energy from the light field to the ordered
quiver motion of the electrons (univ = quiver velocity), to random thermal motion in the
plasma (v, = thermal velocity)”. The impact ionization rate is highest near the peak of
the 1016 W/cm? laser pulse, for three reasons: 1) in the noble gases, the cross sections
o;(E,) reach a maximum for electron energy in the range 100 eV < E. < 500 eV,
corresponding closely to the quiver energy at this peak intensity; 2) N is large
because of strong-field ionization earlier in the pulse; and 3) the average velocity v, of

the free electrons reaches a maximum at the peak of the pulse. Nevertheless, in order for

impact ionization to contribute significantly to the total ionization rate, the characteristic
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time T = (Neoive)‘1 must be smaller than the pulse duration. As an example, the time t
for a typical impact ionization process such as (A* + e- —> A2+ + 2e-) can be estimated
in 5 atm. of gas "A." N, ~ 1.5 x 1026 m"3, assuming complete single ionization of the 5
atm. gas. The r.m.s. value of v is 1.0 x 107 m/s at 1016 W/cm? (thermal contributions to
ve are much smaller for plasma temperatures kT, < 100 eV, as is the case in these
experiments.) For ground state Het, o; ~ 5.0 x 10-18 cm?, yielding © > 1 ps, significantly
longer than the pulse duration. For ground state Ar*, on the other hand, ; ~ 1.2 x 10-16
cm?, yielding T ~ 50 fs, implying that impact ionization of Ar* would be likely to occur
during the pulse. In general, G; increases with atomic number in the rare gas series, so
for Xe and Kr gases, the times are even shorter. Such straightforward estimates therefore
provide the rationale for invoking impact ionization.

For more precise calculations, however, considerable care is required in choosing
the cross section O;(E,) values which are relevant to our experiment. As a first
approximation, the above estimates used extensively tabulated experimental values,
based on measurements of ion collection from e-beam excited gases36, or equivalently,
values calculated from empirical formulae designed to fit this experimental data3?. The
form of the cross section as a function of electron energy is shown in fig. 13a)36. 37,
However, these o;(E;) values describe the impact ionization of electronic ground state
atoms or ions, whereas the ions in our experiment, being dressed in an intense light field
up to 1016 W/cm2, are likely to be in highly excited electronic states when impact
jonization becomes most important, namely at the peak of the pulse. Indeed, a recent
experiment has shown evidence of large excited state populations remaining after short
pulse ionization of rare gases8. In addition, recent dressed atom calculations of
differential cross sections for (e,2e) electron-impact ionization processes in atomic
hydrogen support the idea that such processes will be significantly enhanced in strong
light fields39. Consequently, some enhancement of G{E,) is expected. Estimating the

degree of enhancement is rendered difficult both by the lack of theoretical tools for
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estimating the excited state distribution and by the lack of experimental measurements of
o;(E.) for excited state species. Nevertheless, Lotz recognized long ago that the o;(E,)
of highly excited species could be an order of magnitude or more larger than the cross
section of the corresponding ground state species3’. Furthermore, Lotz pointed out that
his (now widely used) empirical formulae for ground state species could be extended to
calculate o;(E,) for particular electronic excited states of a parent atom or ion. Although
the experimental excited state distribution may be highly uncertain, such calculations can
at least provide guidance in estimating the range of oj(E,) values which are physically
reasonable to consider in analyzing our experimental data. Accordingly, in Fig. 13b),
results of Lotz formula calculations of 6;(E,) for Ar?* in the first few excited states are
shown. The peak cross section nearly doubles when one electron is promoted to either of
the first two excited states (3d and 4s), and is 2.5 times larger when the electron begins in
the 4p excited state. As well, the threshold for impact ionization decreases. Similar
calculations in each of the other noble gases reveals a similar magnitude increase of the
peak impact ionization cross section. Larger enhancements are calculated for multiple
electronic excitation. In view of these significant calculated enhancements of oy(E,), a
sensible approach to modelling the data is to leave G;(E.) as an adjustable parameter
within physically reasonable limits, with the ground state value of ¢ ;) serving as a
lower bound.

With these considerations, we now present quantitative calculations of plasma
growth Ng(t) and blueshifting based on the combined tunneling/electron-impact
ionization mechanisms described by Eq. (10). Fig. 14a) shows the calculated Ng(t) in
He, Ar and Kr gases for a 100-fs laser pulse with gaussian temporal profile and peak
intensity of 1016 W/cm?2, calculated using the Ammosov formula both with and without
collisions at 1 and 5 atm. pressure. The root-mean-squared velocity of an electron
oscillating in the laser electric field is used for the collisional ionization. The tabulated

values for the cross sections have been increased by a factor of 2.5, based on comparison
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of the appearance of the calculated spectra with the data. Collisions begin to dominate
the ionization process after approximately 3 or 4 electrons have been ionized, and the
collisional process continues well beyond the peak of the ionizing pulse. This effect is
least pronounced in He at 1 atm., and increases significantly both as pressure is
increased, and as heavier gases are used. Figure 14b) shows calculated spectra using the
density of free electrons found in 14a) in conjunction with the one-dimensional model for
the focal region described above. Indeed, a much larger part of the pulse spectrum is
shifted in Ar and Kr gases when collisional ionization is included, whereas the calculated
spectrum for He is virtually unaffected. For the case of Kr, Figure 14b) shows calculated
spectra for both linearly and circularly polarized excitation. The somewhat higher
tunneling ionization rate in the leading edge for circular polarization shows up as a slight
enhancement of the more blueshifted peak. This slight polarization dependence is
evidently too subtle to distinguish in the current experiments where the actual focal
geometry is considerably more complicated then the cylindrical one assumed in the
calculation. Similar slight polarization dependencies are calculated for other gases, and
appear consistent with our observation of negligible polarization dependence.

To illustrate the effect of changes in laser pulse intensity, fig. 15 shows calculated
spectral shifts in 5 atm. Ar and Kr for a range of peak pulse intensities. Figures 15a) and
b) show the calculated shifts for Ar and Kr for the same range of intensities as the
experiment using the one-dimensional model without collisions. Both in Ar and K, the
model displays a shift of the spectral peak which increases with intensity, and eventually
becomes a broad, blue shoulder. At the higher intensities a second peak is observed
which remains near the original, unshifted, pulse spectrum. 15¢) and d) show the results
of including collisions in the model. Here, the results at the lower intensities are very
similar to those obtained without collisions; at higher intensities, however, there is

significantly less energy remaining near the original pulse spectrum.
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A more dramatic contrast is seen between the calculated time-resolved spectra from
the model without collisions and the model including collisions.. Figs. 16a) and 16b)
display calculated time-resolved spectra using the Ammosov model without collisions,
and a 100-fs. pulse with peak intensity 1016 W/cm2. Figs. 16¢) and 16d) show calculated
time-resolved spectra for the same pulse, with collisions included in the model. With the
inclusion of collisions in both Ar and Kr, it is seen that the pulse experiences
significantly more shifting around t=0, and that the peak of the spectrum after t=0
remains shifted for a much longer time. This behaviour is compared in a more
quantitative way in figure 17. 17a) and 17b) display plots of the temporal behaviour at
610 nm and 615 nm of the spectra in Ar and Kr, respectively, for the model without
collisions, and figs. 17¢c) and 17d) show the corresponding plots for the model with
collisions included. (Spectral broadening and the rise at t > 200 fs. in the model are
artifacts of a finite array size in the program.) In both cases without collisions, the
behaviour of the spectra at 610 nm correspond very well with measured data. However,
the behaviour of the spectra at 615 nm in Ar displays a peak well before t=0. In Kr, a
peak in the 615 nm temporal behaviour also exists before t=0, but is masked by a large
dip as the bulk of the spectral energy is blue-shifted to shorter wavelengths. When
collisions are included in the model, it is seen that in both Ar and Kr there is a peak in
the temporal behaviour at 615 nm right at t=0, significantly after the peak in the 610 nm
behaviour. Thus, the model including the collisional ionization appears to yield a much
better correspondence with the data.

The results of the modelling suggest that the two features in the measured spectra
can be adequately explained by the two processes of strong-field ionization, and impact
ionization. In general, the broad, blue shoulder on the shifted spectra arises from the
primarily strong-field ionization early in the pulse, and the narrow, less-shifted peak can
be ascribed to collisional ionization occurring during the peak of the pulse and

immediately afterwards. Although collisions are not expected to play a significant role in
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He or Ne, the two different rates of ionization observed in He and Ne at | atm. pressure,
illustrated in figs. 10a) and 10b) can perhaps be attributed to the different rates of strong
field ionization which occur early during the pulse ir both of these gases. Fig. 14a)
shows that the strong field ionization of both levels in He occur during a long enough
time that the 100-fs. probe can sample the process. This would suggest that experiments
with shorter probing pulses and more sensifivc measurements of the spectral shifts might
reveal more details of the ionization dynamics, indicated by the Ny(t) models in Figs. 12
and 14.

The two main conclusions which can be drawn from the experiment and model are
that, under our intense field ionization conditions: 1. There is a large blueshift (signifying
large dn/dt) which saturates in the leading edge of the ionizing pulse, which is well-
explained by the Ammosov et al. theory of tunneling ionization. 2. There is an extra
smaller blueshift (signifying small dn/dt) near the temporal peak of the ionizing pulse
(not observed in the He and Ne data), which cannot be explained by a pure tunneling
ionization mechanism. While we have shown that impact ionization in a strong light
field explains the latter feature reasonably well - especially its occurrence at At = 0, its
absence in He and Ne, and its approximate magnitude - we cannot rule out other non-
tunneling ionization mechanisms which might produce, or contribute to, the same effect.
One interesting possibility is resonant enhancements of ionization cross section resulting
from transient AC Stark shifts of excited ionic states into temporary resonance with a
harmonic of the light field. Such resonances, first reported by Freeman et al.4C, have
recently been extensively observed!! in the photoelectron spectra of neutral rare gas
atoms when multiphoton-ionized by ultrashort laser pulses. The narrow width of the
observed photoelectron resonances has shown that such resonances are only effective
near the temporal peak of the ionizing pulse, where they are slowly varying in time.
Stark shifts in the leading or trailing edges of an ultrashort pulse cause excited state

levels to sweep too rapidly through resonance to significantly enhance the ionization rate.
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Thus this mechanism appears consistent with extra ionization near At = 0. Nevertheless,
to our knowledge, such resonances have so far been observed only in first-stage
ionization of neutral atoms at peak intensities lower than in our experiments. If present
under our experimental conditions, such a mechanism would have to occur in several-
fold ionized species which were tunnel-ionized early in the pulse. While an interesting

possibility, theoretical tools and supporting experiments are not yet available to warrant

more detriled discussion.

VL. Summary

We have presented a comprehensive set of blueshifting data of 100-femtosecond
laser pulses caused by ionizing breakdown in Nj and in the noble gases He, Ne, Ar, K,
and Xe at pressures ranging between | and 5 atmospueres. Nonlinear polarization effects
have been shown to play a negligible role in the modulation which causes the spectral
changes, and also in the propagation of the pulse. Modelling on the phase modulation
based soiely op strong-field ionization appears to adequately describe the qualitative
features of the spectra after breakdown in He and Ne gases. The data, however, reveal
two distinct ionization rates in the heavier gases which are not well described by the
strong-field theory alone: a fast rate of ionization which occurs early during the light
pulse; and a slower rate, which occurs during the peak and latter half of the ionizing
pulse. We have shown how the inclusion of a second, collisional, ionization process can
provide a reasonable and adequate solution to this problem: early during the pulse,
strong-field ionization occurs at a rapid rate. Near the peak of the pulse, the collisional

process dominates the ionization, with an overall lower rate of ionization.
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I1X. Tables
Gas: He Ne Ar Kr Xe
And-1./Applasma
(neutral) 3.6x103 | 6.6x 103 0.10 0.24 0.68
(+D)
77x105 | 64x104 | 8.6x103 | 1.9x102 | 42x102
(+2) - 60x105 | 1.2x103 | 22x103 | 5.1x103

Table 1: Ratio of the calculated nonlinear index change of neutral atoms (20d
row), singly (3™ row), or doubly (4 row) ionized ion cores to the index

change caused
intensity [ = 10

/em2 .

ll?l a plasma consisting of a single free electron per ion at
W

Degree of

Ionization 1x 2x 3x 4x 5x 6x 7x
He 0.084 - - - - - -
Ne 0.40 0.15 0.067 0.036 0.020 0.010 0.004
Ar 1.0 0.39 0.19 0.11 0.058 0.028 0.012
Kr 1.31 0.51 0.26 0.15 0.082 0.039 0.019
Xe 1.69 0.65 0.33 0.19 0.11 0.058 0.029

Table 2: Ratio of the maximum index change from bound electrons to the

index change from a plasma.
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X. Figure Captions

Figure 1: Experimental set-up for the single-pulse and time-resolved investigations of
the blue shift. The single-pulse experiments are done without the beamsplitter A, and
with the polarizing cubes B and C replaced by neutral density filters whose sum is
constant. Time-resolved experiments utilize a probing beam containing 4% of the pump
beam energy split off with beamsplitter A, sent down a retroreflecting delay arm, and

recombined with the pump pulse after being orthogonally polarized.

Figure 2: a) Autocorrelation traces for A, the amplified pulse; B, the amplified,
attenuated pulse traversing the experiment with no breakdown; and C, the spectrally
shifted pulse after ionizing breakdown. b) Laser pulse spectrum from the amplifier,

befire ionizing breakdown.

Figure 3: Spectral shifting data for single pulses as a function of pulse peak intensity, at
1 atmosphere pressure. Peak intensity increases towards the bottom of each figure, with
a) helium ranging between 4 x 1014 W/cm2 and 1016 W/cm2, b) through e) ranging
between 1014 W/cm2 and 1016 W/cm2, and f) xenon ranging between 2.5 x 1013 W/cm?
and 1016 W/cm2. The peak intensity at which a recombination spark is first visible is
indicated by a heavy horizontal bar. The vertical bar indicates the center of the unshifted

spectrum.

Figure 4: Spectral shifting data for single pulses as a function of pulse peak intensity, at
5 atmospheres pressure. Peak intensity increases towards the bottom of each figure, with
a) helium ranging between 4 x 1014 W/cm?2 and 10!6 W/cm?, b) through e) ranging

between 1014 W/cm2 and 1016 W/cm2, and f) xenon ranging between 2.5 x 1013 W/cm?
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and 1016 W/cm2. The peak intensity at which a recombination spark is first visible is

indicated by a heavy horizontal bar. The vertical bar indicates the center of the unshifted

spectrum.

Figure 4: Spectral shifting data for single pulses of peak intensity 1016 W/cm?2 as a
function of gas pressure. Pressure increases towards the bottom of the figures, and

ranges between 1- and 5- atmospheres. The vertical bar indicates the center of the

unshifted spectrum.

Figure 5: Spectral shifting data for single pulses with peak intensity 1016 W/cm? as a
function of gas species, for |- and 5- atmospheres pressure. Noble gas atomic weight
increases towards the bottom of the figures, with nitrogen inserted between argon and

krypton. The vertical bar indicates the center of the unshifted spectrum.

Figure Error! Bookmark not defined.: Autocorrelation measurement for the pulses used

in the time-resolved experiments.

Figure 8: Time-resolved probe spectra in each of the gases in 1 atmosphere pressure,
using peak pump pulse intensity of 1016 W/cm2. Time ranges between -640 fs. (probe
arriving before the pump pulse) to 480 fs. (probe arriving after the pump pulse.) Time
t=0, corresponding to the overlap of the peaks of the pump and the probe pulses, is

marked by an emboldened spectrum.
Figure 9: Time-resolved probe spectra in each of the gases in 5 atmosphere pressure,

using peak pump pulse intensity of 1016 W/cm2. Time ranges between -640 fs. (probe
arriving before the pump pulse) to 480 fs. (probe arriving after the pump pulse.) Time
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t=0, corresponding to the overlap of the peaks of the pump and the probe pulses, is

marked by an emboldened spectrum.

Figure 10: Temporal behaviour of those portions of the spectra around 610 nm and

615 nm for each of the gases at 1 atmosphere pressure.

Figure 11: Temporal behaviour of those portions of the spectra around 610 nm and

615 nm for each of the gases at 5 atmospheres pressure.

Figure 12: Degree of ionization as a function of time predicted from the model, without
collisional ionization, using pulse peak intensity of 10!6 W/cm2. The ionizing pulse
temporal profile is shown for reference. a) compares results from the Keldysh and
Ammosov formulations in He, Ar and Kr gases. b) shows calculated spectra using the

Ammosov formulation.

Figure 13: a) Functional form for the collisional ionization cross-sections of atom "A":
(At + e -> A** + 2¢°) as a function of electron energy for each of the noble gases. b)

Increase of cross section predicted by Lotz for Ar*+ in the three lowest excited states.

Figure 14: Degree of ionization as a function of time calculated from the model
including collisional ionization, using pulse peak intensity of 1016 W/cm2. The ionizing
pulse profile is shown for reference. a) compares results from the Ammosov formulation
with and without collisions in He, Ar and Kr gases at 5 atm. pressure. b) shows the

calculated shifts when collisions are included.
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Figure 15: Calculated blueshifted single pulse spectra in 5 atmosphere pressure Ar and
Kr gases using pulse peak intensities in the range 1014 W/cm? to 10!6 W/cm?2, comparing

the Ammosov model without collisions, a) and b), and with collisions, ¢) and d).

Figure 16: Calculated time-resolved blueshifted pulse spectra in 5 atmosphere pressure
Ar and Kr gases using pulse peak intensity of 10!6 W/cm2, comparing the Ammosov

model without collisions, a) and b), and with collisions, c) and d).

Figure 17: Calculated temporal behaviour of those portions of the laser spectra at 610
nm and 615 nm in 5 atm. Ar and Kr gases using pulse peak intensity of 1016 W/cmz2,
comparing the Ammosov model without collisions, a) and b), and with collisions, c) and

d).
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