VOLUME 67, NUMBER 25

PHYSICAL REVIEW LETTERS

16 DECEMBER 1991

Measurement of Femtosecond Ionization Dynamics of Atmospheric Density Gases
by Spectral Blueshifting

Wm. M. Wood, C. W. Siders, and M. C. Downer

Physics Department, University of Texas at Austin, Austin, Texas 78712
(Received 5 August 1991)

The new plasma diagnostic technique of spectral blueshifting of femtosecond pulses is used for the
first time to analyze quantitatively the ionization of noble gases under the influence of intense, fem-
tosecond illumination. The two processes of strong-field tunneling ionization and electron impact ioniza-
tion are found to play competing roles on these time scales.

PACS numbers: 52.40.Nk, 32.80.—t, 34.80.Dp, 52.25.Jm

Highly ionized plasmas approaching atmospheric den-
sity are a potential future source of coherent x rays [1],
and a potential medium for charged-particle acceleration
[2]. lonization by intense, femtosecond pulses holds
promise for precise control of initial plasma conditions
(temperature, ionization state, density) [3] which are
critical to these applications. At the same time, new,
quantitative, experimental diagnostics compatible with
the high gas density and ultrafast time scale are needed
to measure the ionization and subsequent plasma dynam-
ics which give rise to these conditions. A number of au-
thors have shown, both experimentally and theoretically,
that a laser pulse which rapidly ionizes a gas experiences
a frequency blueshift caused by the creation of a free-
electron plasma [4,5]:
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Here, wq is the angular frequency of the light, / is the
longitudinal distance over which the interaction occurs;
n=(—wp/w§) 172 is the index of refraction of the medi-
um through which the pulse travels, and is found using
the Drude model (w, is the plasma frequency.) In exper-
iments which used pulse durations long with respect to
ion-ion collision times [4], plasma expansion and recom-
bination following the ionization contributed to and com-
plicated the phase modulation induced on the pulse. In a
previous publication [6], we showed for the first time that
femtosecond pulses, tightly focused to intensities above
the ionization threshold, experience a “pure” blueshift,
i.e., with no trace of components redshifted from the orig-
inal pulse spectrum, indicating qualitatively that the
phase modulation on the laser pulse is caused entirely by
ionization. Furthermore, complicating nonlinear optical
interactions with neutral gas, which can induce spectral
broadening (supercontinuum) and self-focusing on fem-
tosecond pulses focused more loosely (below the ioniza-
tion threshold) in dense (p > 40 atm) gases [7], were
suppressed at near atmospheric pressures because of the
lower density and rapid plasma growth early in the tight-
ly focused pulse [6]. This preliminary result suggested
that femtosecond time-resolved measurement and anal-
ysis of the spectral shifts could measure detailed growth
dynamics of the ionization front over a broad range of gas
pressures and gas species, distinct from the subsequent
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plasma dynamics and optical nonlinearities of the neutral
gas. In a wider context, such frequency upshifts might
also quantitatively diagnose plasma density oscillations in
plasma-based particle accelerator schemes [8].

The purpose of this Letter is to demonstrate, for the
first time, the quantitative use of this plasma diagnostic
technique in analyzing the breakdown of noble gases
caused by intense, femtosecond illumination. This will be
done in three stages: (1) We report systematic observa-
tions of the self-blueshifting of laser pulses after ionizing
1-5-atm pressure samples of He, Ne, Ar, Kr, and Xe,
which reveal a universal, reproducible pattern in the
shape of the blueshifted spectra. Specifically, with in-
creasing laser intensity, gas pressure, and atomic number,
the self-blueshifted spectra develop from a near replica of
the incident pulse spectrum into a complex structure con-
sisting of two spectral peaks: a narrow peak shifted be-
tween 5 and 10 nm towards the blue from the original
spectrum, and a broad peak shifted further towards the
blue whose position and width depend strongly on the gas
pressure, gas species, and the laser-pulse energy. (2) We
report time-resolved spectral shifts of a weak probing
pulse which show different temporal evolution for each of
these two spectral features. (3) Finally, we propose a
quantitative, ab initio model which relates these two spec-
tral features to two competing ionization mechanisms:
collisionless tunneling ionization, predicted to dominate
early in the ionizing pulse profile, and electron-impact
ionization, predicted to dominate in the maximum of the
pulse profile.

In our experiments, 100-fs laser pulses with center
wavelength of 620 nm and energies up to 0.4 mJ are fo-
cused at f/5 to a peak intensity of 10'°T%3 W/cm? into a
glass cell containing 1-5 atm of He, Ne, Ar, Kr, or Xe.
All of the light transmitted through the focal region is
collected and analyzed by a spectrometer. Typically, less
than 1% of the pulse energy is lost in ionizing the gas.
Autocorrelation measurements [6(b)] after the interac-
tion region show only ~10% temporal broadening. Fig-
ure 1(a) shows the measured spectrum of the ionizing
pulse after breakdown in 5 atm Kr. As pulse energy in-
creases, the spectrum blueshifts with little change in
shape until the pulse energy reaches 0.1 mJ [log(inten-
sity) =15.0], after which the position of the peak changes
very little. As the energy increases further, a shoulder
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FIG. 1. (a) Spectra after interaction with 5-atm pressure Kr

as a function of pulse energy. Pulse energy is increasing to-
wards the bottom in steps of x10%2 (b) Spectra after interac-
tion of 0.25-mJ pulses in 5-atm pressure of each of the noble
gases studied.

appears on the blue side of the spectrum, then broadens
and shifts further towards the blue. Figure 1(b) shows
self-shifted spectra after ionization of 5 atm of each of
the noble gases using 0.25-mJ pulses. The center of the
unshifted pulse spectrum is indicated by a vertical line,
showing that a blueshift occurs in all cases. However, the
shape of the blueshifted spectrum depends strongly on gas
species. In Ar, Kr, and Xe, the narrow, less-shifted peak
and the broad, blue shoulder are clearly discernible, the
latter becoming a separate peak in Kr and Xe. In He and
Ne, the blue shoulder is absent, and a different feature
—a “red shoulder” corresponding approximately to the
unshifted spectrum— appears showing that some of the
initial pulse energy remains unshifted. Although the am-
plitude and width of each of these spectral features de-
pend on the focal profile, chirp, and other details of the
ionizing pulse, numerous measurements have confirmed
that the qualitative trends shown in Fig. 1 and described
above are universal, reproducible features of femtosecond
ionization of the noble gases. Modest defocusing of the
transmitted pulse and a visible breakdown *“spark” (i.e.,
recombination luminescence) always accompany, and are
precisely correlated with, the onset of the blueshift, con-
sistent with their common origin in the rapid formation of
a reduced index plasma [6].

Time-resolved pump-probe experiments show that each
of these spectral features also has a characteristic tem-
poral evolution within the pump pulse. To obtain time-
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FIG. 2. (a) Time-resolved spectra in krypton at 5 atm using
pump pulse energy of 0.22 mJ. There are 27 fs between spec-
tra; time increases towards the top of the figure, with negative
times corresponding to the probe pulse arriving before the pump
pulse. Coincidence of the pump and probe pulses is indicated
by an emboldened spectrum. (b) Energies at 600, 610, and 615
nm as functions of time for time-resolved spectra in 5 atm Kr.

resolved blueshifted spectra a weak probe pulse, derived
from the pump with a beamsplitter, was polarized orthog-
onally to the ionizing pulse, then copropagated through
the focal region before (At < 0), coincident with, or after
(At > 0) the pump pulse. The probe was separated from
the pump after the interaction region by a polarization
analyzer, and its spectrum recorded for different Ar. Fig-
ure 2(a) shows a series of time-resolved probe spectra re-
sulting from ionization of 5 atm Kr by a pump pulse cen-
tered at Ar=0. Coincidence was determined to within
+20 fs by slightly turning the pump polarization, and
then adjusting an optical delay line to maximize the con-
trast of the resulting pump-probe interference fringes.
The probe spectra around At =0 exhibit the same dual
structure seen in the self-shifted spectrum [Fig. 1(a)l.
However, close examination shows that the less-shifted
peak and the broad bluer shoulder evolve differently in
time. To show this contrast quantitatively, we have plot-
ted in Fig. 2(b) the area under the spectra in small re-
gions around 615, 610, and 600 nm. The values at 610
and 600 nm display the same temporal behavior, with
maxima at approximately 100 fs before the maximum of
the ionizing pulse, indicating that the process giving rise
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to the blue shoulder occurs in the early part of the pulse.
The values plotted for 615 nm show a maximum approxi-
mately 50 fs after the maximum of the pump pulse, indi-
cating that the process causing the narrow, less-shifted
peak occurs near or slightly after the maximum of the
ionizing pulse. A similar time development is observed
for the two corresponding blueshifted features for Kr and
Ar. The single blueshifted peak for He and Ne, on the
other hand, evolves early in the pump profile, with little
or no probe blueshift observed for Ar > 0. Again, quanti-
tative details of the temporal evolution depend on focal
profile, but the qualitative trends are observed reproduci-
bly [9].

We now propose a simple, ab initio ionization model
which accounts for (1) the two blueshifted features ob-
served in Ar, Kr, and Xe, (2) their respective temporal
behavior, and (3) the “‘unshifted” portions of the spectra
and the absence of the blue shoulder observed in He and
Ne. In the presence of a strong light field, the ionization
of the atoms can be modeled using the strong-field tun-
neling theory due to Keldysh or Ammosov, Delone, and
Krainov [10], which yield similar results for the lower
stages of ionization. The coupled equations governing the
densities V; of atoms of a particular ionization state i are
written in the following way:

dN;
— =(Pi=Nj—1 —PiN))+ (N.6;—1v,Ni—) = N.oiveN;) .

dt @)

The first parenthetical term on the right describes the
rate of growth of the ith ionization stage, where Py is the
probability per unit time [10] for electrons to tunnel from
k-times ionized parent ions. The second term describes
collisional ionization via electron impact, where NNV, is the
free-electron density, v, is the rms electron velocity, and
o is the cross section [11] for the process. Intermediate
resonant states can be ignored under our conditions [12].
The density N.(z) of free electrons and the resulting in-
dex of refraction n(t) calculated from Eq. (2) yields a
calculated blueshift upon substitution into Eq. (1). The
model using only the tunneling ionization terms P ade-
quately describes the observed blueshifting in He and Ne.
Because tunneling ionization occurs almost entirely dur-
ing the first half of the laser pulse, only the leading edge
of the pulse becomes blueshifted; the trailing part of the
pulse remains unshifted, and appears as the spectral
“red” shoulder observed in the He and Ne gas break-
down.

At Ar, Kr, and Xe pressures > 1 atm and with max-
imum pump intensity, the red unshifted shoulder disap-
pears, and the entire pulse spectrum is shifted [Fig. 1(b)].
This observation implies that ionization occurs during
and after the peak of the ionizing pulse, and can be ex-
plained by including electron-impact ionization [the
second parenthetical term of Eq. (2)]. Collisional ioniza-
tion is strongest near the peak of the laser pulse because
(1) the cross sections are maximal for electron energies in

the range 100-500 eV [11], very close to the electron
quiver energy at the peak (370 eV for 10'® W/cm?); (2)
N, is large due to the strong-field ionization early in the
pulse; and (3) the rms velocity v of free electrons is maxi-
mal at the peak of the pulse. Stated from a different
viewpoint, for the first few charge states, the thresholds
for semiclassical barrier suppression ionization (BSI)
[13] are less than those for collisional ionization (defined
as the intensity at which the quiver energy equals the
low-field ionization energy), while for subsequent ioniza-
tion stages the collisional threshold is reached before the
barrier suppression threshold [13]. Estimates of typical
ionizing collision times in both He and Ne, where obser-
vations imply little or no collisional effect, yield ©
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FIG. 3. (a) Calculated self-shifted spectra for ionization of 5
atm Kr by 100-fs pulses of varying peak intensities, using Am-
mosov strong-field and collisional ionization terms. (b) Calcu-
lated spectra for ionization of 5 atm Kr without collisions in the
model. (c) Degree of ionization vs time calculated both with
and without collisions in 5-atm Kr gas peak intensity of 10'
W/ecm?2,
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=(N,ov) ~'~200 fs, significantly longer than the light
pulse duration. In Ar, Kr, and Xe at S5-atm pressure,
however, these collision times are significantly shorter
than the pulse duration (z <30 fs), resulting in signif-
icant ionization near the peak of the pulse, and a shifting
of the entire pulse spectrum.

Figure 3(a) shows the calculated spectra after break-
down of 5 atm Kr, for peak intensities ranging from 10'*
to 10'®* W/cm?, calculated using Eq. (2) with collisions
and a simplified cylindrical interaction region with con-
stant transverse intensity [14]. Figure 3(b) shows the
spectra calculated without collision ionization: Signifi-
cant unshifted energy remains in these spectra as peak in-
tensity increases [Fig. 3(b)]. With collisions in the mod-
el, the entire pulse spectrum is shifted, following the same
trend as observed in the data. The broad, blue shoulder
observed in the data for Ar, Kr, and Xe corresponds to
strong-field ionization (and thus has the same origin as
the blueshifts observed in He and Ne), while the narrow,
less-shifted peak corresponds to slower collisional impact
ionization. The calculated temporal behavior of the two
features further corroborates this interpretation. Figure
3(c) shows the calculated degree of ionization as a func-
tion of time in 5 atm Kr illuminated by a 100-fs pulse
with a peak intensity of 10'® W/cm?, both with and
without collisions. Collisional ionization, like the smaller
blueshift which it causes, occurs during and after the
peak of the pulse, and is slower than strong-field ioniza-
tion, which causes the larger blueshift early in the pulse.
This temporal behavior is also observed in Xe at lower
pressures, and in 5 atm Ar. Because of the tight focus
and the early onset of ionization in the pulse profile, the
calculated blueshift is negligibly affected by including
self-phase modulation caused by n; of the neutral gas,
ions, and electrons, as shown in detail elsewhere [6(b),
15].

In conclusion, the model predicts a high rate of ioniza-
tion early in the laser pulse due to collisionless strong-
field ionization, followed by collisional ionization at a
lower rate near the peak of the laser pulse, in good agree-
ment with the data. A more detailed report of the experi-
ments and model will be published separately [16].
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