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INTRODUCTION

Many physical processes such as atomic and electronic motion in isolated molecules,
intermolecular energy transfer and nuclear rearrangement, gas-phase-surface equilibration, and the
dynamic response of lattices proceed in the picosecond and sub-picosecond time domain. As laser
pulses have become shorter and shorter in recent years, it has become possible to initiate and to
observe faster and faster phenomena. Thus each improvement in short pulse laser technology
initiates new fundamental measurements and opens new phenomena to closer inspection.

The very notable achievements in sub-picosecond laser technology in recent years have
thus allowed novel classes of experiments and the posing of questions into a time domain hitherto
owned exclusively by theorists. While advancement has been substantial, strict experimental
limitations still exist in techniques employed in this time domain because photon sources
are frequently limited to a narrow range of wavelengths over which short optical pulses are
produced.

The goal of our research work was to extend the commonly available wavelength range for
intense ultrashort pulse lasers and to develop techniques for recording, processing, and measuring
the spatial and temporal shape of ultrashort light pulses. This effort was intended to allow us to
carry out novel experiments on isolated molecules subjected to very short laser pulses, photo-
electron and photofragment spectroscopy in very intense laser fields, and phase conjugation in the
sub-picosecond time domain.

The research described below was carried out using the SRI short pulse laser facility. The
results obtained have expanded our fundamental understanding of the interaction of ultrashort laser
pulses with matter and provided key knowledge, particularly in the field of interaction of intense
short pulse radiation with atoms and molecules, as well as the application of such laser light as a
diagnostic of the nonlinear response of matter and for surface diagnostics.




SUMMARY OF ACHIEVEMENTS

Our initial task in this project was to expand our experimental laser facility, including the
design and development of a tunable, amplified dye laser system that delivers the most intense
tunable light currently available. This sub-picosecond source reliably delivers focal intensities
reaching 1 x 1015 W/cm?2.

In the course of this project, the resulting laser system was used in a variety of novel
experiments, such as multiphoton dissociation and multiphoton ionization, studies of the
competition between the two processes, four-wave mixing experiments, and surface analysis.
These topics are discussed in detail below and in the appendices. Parts of the work have been
presented at six conferences so far, and the principal investigator has been asked to give four
invited lectures on these topics at international conferences this year.

Below we describe the specific achievements on the laser development and in the
application of very intense laser pulses in novel experiments carried out under this project.

PRISM DYE AMPLIFIERS

A first effort was devoted to setting up an amplifier system for the output of a short pulse
dye laser. For amplification up to pulse energies of approximately 500 J/pulse we chose three
stages of prism amplifier cells, with diameters of 1 mm, 3 mm, and 6 mm, respectively. Our cell
design is similar to that described originally by Bethune! for amplifiers pumped by an excimer
laser. We have adapted this scheme to the beam profile of a Q-switched YAG laser by using
cylindrical lens telescopes to match the pump beam geometry to the geometry of the prism cells.
The cells are mounted on individual positioning stages that allow easy alignment, and spatial filters
are placed between each stage to minimize the amplified spontaneous emission (ASE) With the
three stages of amplification we routinely achieve amplification factors of 5 x 105, which allows
us to boost ten pulses per second of the output of the home-built modelocked dye laser from the
nJ range into the 0.5 mJ range. A schematic diagram of the laser setup with amplifiers is given
in Figure 1.
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Figure 1. Layout of the tunable high power sub-picosecond laser system.

A dye laser is synchronously pumped by a commercial modelocked frequency
doubled YAG laser. The dye laser is tunable from 5700 to 6700A using the
dyes R6G and DCM. The dye laser output is chirped and compressed first

and then amplified in four successive dye amplifier stages.




AXICON AMPLIFIERS

A fourth amplification stage has been added to the system in the form of a reflective axicon
amplifier of a novel design. The amplifier medium is currently a liquid dye. A schematic diagram
is given in Figure 2.

Our aluminum axicon amplifier forms a cost-effective final power stage capable of
generating 2 mJ in pulse energies single-pass mode and over 4 mJ in a retroreflecting, double-pass
geometry when pumped by 220 mJ from a frequency-doubled Nd:YAG laser. Peak intensities
greater than 1015 W/cm? are reached in the amplified dye beam, with focusing geometries having
f-numbers <20.

Because nonlinear effects can produce phase-front distortions in the final stage of high-
gain-saturated amplification, it is desirable that the beam introduced into the final amplifier be as
large as possible. Axicon amplifiers easily permit this large beam amplification while avoiding
beam distorting effects. In addition, the conical geometry of the axicon is particularly well-suited
to pumping by doughnut-mode lasers and can be easily scaled-up in size for higher power
applications.

Our axicon reflector is machined from a 10-inch diameter, 2-inch-thick disk of type
7076-T6 aluminum. Dimensions of the reflector are tailored to a doughnut-shaped beam profile
with a 7.5-cm inner diameter and a 17.5-cm outer diameter at 1/e2 intensities. The reflector's
surface is polished to produce an average reflectivity of 85%. Mounted at the center of the axicon
is a flowing dye cell 2.5 cm in diameter and 6 cm long.

The output of the synchronously pumped dye laser operating on DCM dye is amplified to
500 pJ by the prism cell triple-stage amplifier chain and is expanded to 1.75 cm (1/e2) diameter
before being delivered into the axicon. Two amplifier configurations are used. With both
geometries, the pump laser is expanded, collimated, and reflected into the axicon by a 75-cm-
radius mirror. In single-pass mode, the dye beam is directed through the back of the amplifier and
picked off by a 45° reflector. A double-pass amplifier geometry is accomplished by retroreflecting
the tzam immediately back through the axicon and using a polarizer/quarter-waveplate combina-
tion, in addition to about 2 meters of time-path length, to isolate the triple-pass amplifier from the
backward-travelling light and couple out the amplified beam. Pulse energies exceeding 4 mJ in
<2 picoseconds over a wavelength range from 610 to 660 nm are readily attained in this geometry.
Frequency doubling in KDP yields conversion efficiencies averaging 25% and energies
>1 mJ/pulse. A publication? describing this amplifier is included as Appendix A.
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Figure 2. Axicon design and optical layout for double-pass amplification.

The clear diameter of this stage is 22 mm.




PULSE COMPRESSION

Several modes of pulse compression have been experimented with. From these
experiments, two permanent setups have emerged, one for compression of the modelocked pulse
train from the Nd-YAG laser and a second for compression of the tunable dye laser.

After the output of the modelocked Nd-YAG laser is frequency-doubled, approximately
8 W of infrared (IR) radiation is left over. This left-over radiation is either dumped into a water-
cooled beam stop or directed into a pulse compression system that uses it to produce short IR
pulses with a high repetition rate (78 MHz). The system is configured according to literature
descriptions of pulse compressors3 but is unique in its compact layout.

Figure 3 gives the details of this infrared pulse compressor. The 90-ps, 1064-nm pulses
from the Antares laser enter at the top left. This beam is expanded using a 2:1 telescope. Using a
combination of a half-wave plate and a polarizer permits injection of a variable amount of IR power
into a 40-m fused silica fiber by using a microscope objective. The length of the single-mode fiber
was chosen for optimal chirping of the 1-3 W of IR radiation that we typically launch into the fiber.
Self-phase modulation in the fiber expands the frequency spectrum of the light, and the associated
positive group velocity dispersion sweeps the color content of the pulse in such a way that the red
portion is on the leading edge and the blue portion on the trailing edge of the pulse. The red-to-
blue chirp of the light that exits the fiber is compensated by a grating pair geometrically laid out so
that the associated negative group velocity dispersion of the diffracted beams just compensates the
chirp, thereby resulting in a temporally compressed pulse. In our home-built pulse compressor,
the chirped beam exciting the fiber is first reconstructed with polarization in the plane of Figure 3
by using a quarter-wave plate. This beam is reflected onto a first grating in near-Littrow configura-
tion. The angular dispersion introduced by the grating on the beam is not drawn in Figure 3, but
a single ray leaving the grating at 65° is shown. This beam reaches an identical grating after
reflection on three mirror surfaces. The three mirrors are merely introduced to fold the required
dispersion length (75 cm) between the two gratings to fit in as small as possible a lab space. After
travelling this distance, the dispersed beam fills the 2-inch grating length and is reflected back onto
itself. This arrangement has the effect of a second grating pair; it doubles the compression factor
and compensates for the spectral walk-off. A small tilt in the second grating permits the incoming
and returning beams, before they reach the quarter-wave plate, to separate spatially just enough so
that the compressed beam can be picked off with a 45° mirror and directed out of the compressor.
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In our experiments, we can compress 90-ps IR pulses so that frequency doubling of the
compressed output produces light with pulse lengths of ~5 ps. This light allows us to pump a
second synchronously pumped dye laser system.

In addition, we have worked on amplification of chirped pulses from the dye laser (see
Figure 1). We first send the dye laser output through a short piece of optical fiber to broaden
the frequency spectrum and spread the pulse to ~60 ps duration, and subsequently compress the
chirped pulse to typical pulse lengths of 300 fs. The average output power from the compressor is
on the order of 30-50 mW and is fed through an optical diode into the four-stage amplifier chain.
We have observed that a slightly chirped pulse needs to be injected into the amplifier chain to
achieve the shortest output pulses from the amplifier. This observation shows that the dispersion
of the pulse in the amplifier chain can be compensated for by injecting a slightly chirped pulse.
This mode of operation has now been permanently adopted to achieve amplified pulses in the range
of several milli/Joules at final pulse lengths below 1 ps. Figure 4 shows beam profiles of the dye
laser before amplification and after pulse compression and amplification.

MULTIPHOTON IONIZATION

To demonstrate the high peak intensity that can be achieved with our short pulse laser, we
have performed multiphoton ionization experiments; details of these experiments are reported in
Appendix B.

Very intense laser fields drastically alter the energy level structure of atoms. Such
modification occurs when the force exerted on the electron by the electromagnetic field of the laser
becomes comparable to the atomic forces that bind the electron. As a consequence, multiphoton
ionization in very intense laser fields is fundamentally different from low intensity multiphoton
processes. A laser that is initially nonresonant with energy levels of the unperturbed atoms can
become resonant as the intensity of the laser field grows, because the energy level structure of
atoms can be drastically modified by the external electromagnetic field.> A series of experiments
on this subject have been performed over the past few years3-7 and nearly all of the experiments
have used fixed-frequency lasers. At high frequencies of laser light, and over a limited range
of photon energies, current theory predicts a one-to-one relationship between the detuning from
the zero-field resonance and the field intensity required for the ac Stark shift to become resonant.
We have begun to test this basic relationship in a systematic study of the ac Stark shift in xenon
as a function of wavelength. To check our apparatus and laser setup, we first repeated Freeman's
fundamental experiment on the ac Stark shifted resonance peaks in xenon at 6200 A. Our photo-
electron energy spectrum is shown in Figure 5. It was obtained using pulses of 40 juJ at about
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Figure 5. Photoelectron energy spectrum from 7-photon ionization of Xe at 200 pJ
at 6200A, ~2 ps.

This spectrum shows that ac Stark shifting of excited xenon leads to resonant 6+1
photo ionization. Above-threshold ionization features carry the signature of mutt-
photon absorption by the electron before it Ieaves the atom.
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1.5 ps. Nonresonant 7-photon photoionization at this wavelength should produce photoelectrons
at 1.8 eV for the production of Xe*(2P3/2). What is observed, however, are peaks that are shifted
to lower energies, corresponding to resonant ionization via the shifted 4f and 5f levels. These
shifts indicate that focal intensities exceed 1.5 x 1013 W/cm?2 for this laser condition. Since the
laser was attenuated to 1% of its average pulse energy, we conclude that at full illumination the
peak intensity exceeds 1015 W/cm?2. The discrete energy structures disappear if the full laser
intensity is applied.

We then used the narrow UV light generated by the amplifier described above to study
wavelength dependence of resonant multiphoton ionization of xenon. In the wavelength range
from 305 to 330 nm, we recorded photoelectron spectra at pulsewidths of 1-2 ps at intensities
reaching 1014 W/cm2. We observed sharp peaks in the photoelectron spectra that shift approxi-
mately linearly with the applied photon energy. These peak shifts indicate ionization paths that
become resonant through the ac Stark shift, and for a number of peaks we have identified the
contributing energy levels of xenon. Appendix B describes this work.

TIME-DELAYED TWO-PHOTON IONIZATION

As a first step to test the feasibility of wavepacket experiments using single, isolated atoms
or molecules, we transported the short pulse laser beam over a distance of 35 m to the fast neutral
beam spectrometer, which is situated in a nearby laboratory. At that point the laser beam, which
had expanded to about 2 cm in diameter, was recollimated using a telescope and split into two
beams, one of which could be time-delayed up to 1 ns with respect to the other. The laser was
tuned into resonance with the 3d-2p transition in triatomic hydrogen (5978 A). The time-delayed
portion of the beam was used to photoionize the 3d state, and the resulting H3 ions were detected.
At modest beam intensities, the picosecond laser was able to saturate both the excitation and the
ionization steps by using a single molecule per laser shot.3 We were able to delay the ionization
step by up to 1 ns and still fully recover the ionization signal. This achievement indicates that
experiments on an electron wavepacket formed in states with high principal quantum number by
using a single atom are quite feasible, and promises the ability to demonstrate the predicted revival
of electron wavepackets.9-10

OPTICAL PHASE CONJUGATION

Degenerate four-wave mixing (DFWM) is a nonlinear optical technique that is widely used
as a spectroscopic tool and as a method of producing optical phase conjugation.# This technique
has potential application to data and image processing and, when used with short light pulses,
is also a useful diagnostic tool for measuring the response and decay time of nonlinear optical
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materials. We have set up a computer controlled experiment for measuring absolute phase-
conjugate reflectivities and for determining the temporal response of materials in the picosecond
regime. The general layout is shown in Figure 6.

A combination of a half-wave plate and a Glan polarizer is used to define the polarization
and power of the laser beamn delivered from the pulsed dye amplifier. The beam is split into two
pump beams that counterpropagate through the material contained in the quartz cell. A weak
(typically 10%) probe beam with polarization perpendicular to that of the pump beams is directed
at a small angle into the region illuminated by the pump beams. The phase-conjugate beam is
produced antiparallel with the probe beam, and a portion of each beam is monitored on a shot-to-
shot basis with calibrated photodiodes. A typical example for the signal-to-noise level that can be
achieved is shown in Figure 7, which gives the phase-conjugate signal as a function of the probe
intensity on a log-log scale. The slope of 3 indicates the order of nonlinearity of the DFWM
process. The temporal response of the medium is monitored by varying the delay time between the
pump and between the probe and pump pulses, which is done using computer controlled stepping
motors that drive the retroreflectors in Figure 6.

The experimental sample used for generating Figure 7 is a novel high-temperature
porphyrine based polymer that was developed in another laboratory at SRI. We have measured
the third-order nonlinear susceptibility of this polymer, as well as of a range of solvents, as a first
calibration procedure of the DFWM setup.

SURFACE ANALYSIS USING VERY INTENSE LASER LIGHT

Surface analysis by laser ionization (SALI), a technology developed recently at SRI for the
chemical analysis of surfaces, uses nonresonant multiphoton ionization (NRMPI)!! and offers a
unique capability of sensitivity and quantitation. SALI's growing importance as an analytical tool
is reflected in its recent commercialization by Perkin-Elmer Corporation. In practice, typically
an ion beam sputters atoms and molecules from a surface under vacuum and the sputtered flux,
predominantly neutral in charge, is photoionized by NRMPI. In the past, a standard excimer laser
or common nanosecond Nd:YAG system operating at 266 nm was used for photoionization,
delivering about 1010W/cm?2,

A long-standing difficulty with these common lasers has been their very inefficient
photoionization of atoms with high ionization potentials (because 3 or 4 photons are required
with these UV wavelengths), which results in losses in sensitivity and quantitative ability. For
example, the oxygen content of thin corrosion passivation films has been difficult to quantify.
Much higher intensities are required to efficiently ionize oxygen atoms by NRMPL.

12
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However, the high intensities needed have been achieved with our picosecond laser system
which delivers about 1014W/cm? for such SALI experiments. As a demonstration, numerous
inorganic samples were examined, including SiO> from a 600-A SiO; layer on Si (shown in
Figure 8). The stoichiometry from the raw data is actually fairly good, reflecting a correction
factor of roughly 4 for Si relative to O. Even though the O is efficiently ionized here, this higher
sensitivity for Si is easily accounted for by differences in the effective ionization volumes, because
Si is readily ionized and therefore the wings of the laser beam are more effective. Such effects are
readily accounted for to make data from unknowns highly quantitative. Also, note in Figure 7 the
presence of Si*3 and a modest amount of Ar*3 at m/z 13.3. The Ar is from the gas discharge ion
gun used, and Hj is a background gas in the vacuum chamber.
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—Abstract

The performance of a conical axicon dye amplifier pumped by a frequency-
doubled Q-switched Nd:YAG laser is evaluated. The open aluminum axicon
described here forms a relatively inexpensive power amplification stage
capable of routinely delivering pulse energies of several millijoules in under
l ps from DCM over wavelengths between 610 and 660 nm. Measurements of the
transverse mode quality indicate near-diffraction limited performance for
maximum focusability.

INTRODUCTION

The use of multiple-stage amplification schemes! ™3 has been widely
applied to raise the low energy, short pulses produced by sync-pumped and
colliding-pulse dye lasers to microjoule levels. In schemes where
concentrated pump laser beams and dye solutions are used, phase perturbations
across an initially well-behaved wavefront due to high intensities can occur
within short time scales. Specifically, in the final stage of high gain-
saturated amplification, phase front distortions limit the ultimate
intensities which may be reached through focussing. Therefore it is desirable
to introduce to the final amplifier a beam as large as possible while avoiding
hot spots from uneven pump geometries. Axicon amplifiers permit amplification




of large beams while avoiding beam distorting effects on nanosecond and
femtosecond pulses, as demonstrated by Kuhnle® and Woods, respectively.
Additionally, the conical geometry of the axicon is particularly well-suited
to pumping by doughnut-mode lasers, and may be easily and economically
upscaled in size for higher power applications. The currently published
designs, however, suffer from an important drawback, namely a singularity in
the pump intensity at the axicon center. This singularity leads to
undesirable generation of an intense amplified spontaneous emission (ASE)
spike.

The main emphasis in this paper is to describe an axicon design that both
avoids this ASE problem and addresses the problem of radially-even dye flow
conditions to minimize beam distortion from liquid turbulence. This new
design has been tested for pump-energies up to 500 mJ and is also fairly
inexpensive, an important consideration in scaling axicon reflectors for

larger beam geometries.

AXICON DESIGN

To optimize the clean amplification of high-power subpicosecond pulses we
have developed an open axicon design that incorporates several essential

features not investigated before.%"6

A diagram of the axicon amplifier is
shown in Fig. 1. To avoid intensity-driven self-phase modulation effects, the
size and design were chosen to accommodate as large a dye laser beam as
possible, given our practical constraints of 1" clear aperture beam-line
optics, doubling crystals and vacuum access ports. Also, a large area of the
axicon’s reflector meant that high pump energies could be introduced without
the danger of exceeding the damage threshold of uncoated aluminum.

The reflector was machined from a 10" diameter, 2" thick disk of Alcoa
type 7075-T6 small-grain aluminum, the dye cell mounting plate and window
hardware from stainless steel, and all other components from standard
aluminum. Dimensions of the reflector were tailored to a doughnut-shaped beam
profile with roughly 7.5 cm inner and a 17.5 cm outer diameters at 1/e2
intensities. The reflector’s surface was polished "in-house" on a lathe in
four steps, finishing with a 0.5 micron alumina suspension that produced an
average reflectivity of ~85%. The glass dye cell measured 2.5 cm outside
diameter by 6 cm in length and was mounted in the center of the axicon with
three 1 mm diameter rods threaded at either end. Both windows were AR-coated

for reduced ASE and maximum transmission.
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Critical to minimizing refractive index changes across the diameter of
the amplified beam was the smooth introduction and flow of the liquid dye
through the window mounts and across the cell. Initial designs neglected the
effects of a turbulent flow, and subsequent observations of the unamplified
dye laser beam through a spatial filter revealed wildly fluctuating
transmissions which were dependent on flow rate. New mounts were constructed
which smoothly distributed liquid dye around the circumference before
injection into the dye cell volume. Additionally, the inlet "ring" was
relieved and polished to permit the liquid to gradually expand into the gain
region, thus minimizing changes in the index within the active volume and
reducing the potential for turbulent flow evolution. Spatial filter analyses
were then repeated to show that the mode fluctuations had dropped dramatically
to produce under 5% peak-peak transmission variations under flow rates of ~5
l/min. This liquid inlet design7 is shown in Figure 2.

The amplifier was optically pumped by splitting the 450 mJ 532 nm output
from a Quanta-Ray DCR-II doughnut-mode laser; 150 mJ was reserved for the

transversly-pumped, triple-stage Bethune®

prism amplifiers, and the remainder
directed into the axicon. The pump beam was expanded through a -6 cm lens
onto a 23 cm diameter, 75 cm fl aluminum-coated telescope mirror, where it was
collimated and sent back toward the axicon. The large central hole in the
beam permitted clear passage around the optics and mounts, with the exception
of 5 mm diameter posts which were positioned in-line with the dye feed tube.
The total pump energy reaching the dye cell was 220 mJ, and due to the large
size of the pump beam at the telescope and axicon reflectors, peak intensities

never reached beyond 0.5 MW/cm2

on the reflectors, well below the damage
threshold for unprotected aluminum. Optimal dye absorptions at 532 nm varied
from 0.9 to 1.2 em™! (.022 - .030 g/1) depending upon the wavelength under
amplification, and total output exhibited a fairly broad dependence on
concentration with ASE increasing at higher concentrations.

The output of a synchronously-pumped dye laser operating on DCM was
amplified to ~ 400 uJ by the three prism amplifiers and expanded to 1.75 cm
(1/e2) diameter before delivery into the axicon. Two beam configurations were
investigated. 1In single-pass, the dye beam was directed from the back of the
amplifier and picked off by a 45% reflector. Single-pass typically yielded
1.5-2 mJ for 250 mJ pump, increasing the energy from the triple-stage by
roughly a factor of five. The double-pass geometry, shown in Fig. 1, was
accomplished by retroreflecting the single-pass amplified beam immediately
back through the axicon, and using a polarizer/quarter waveplate combination,

in addition to about 2 meters of path/time distance to isolate the triple-pass

A-3




amplifier from the backward-travelling pulse, and couple out the amplified
beam. Pulse energies exceeding 4 mJ in 2 picoseconds over a wavelength range
from 610 to 660 nm were readily attained in this geometry. Also, frequency
doubling in KDP yielded conversion efficiencies averaging 25% and energies of
over 1 mJ/pulse at 320 nm.

Although the net energies available from this device were initially
impressive, a fairly large ASE component complicated the determination of the
output energies and analysis of amplified beam spatial profiles. Attempts to
reduce the accumulated ASE from the earlier amplifier stages met with reserved
success. Spatially filtering between stages improved the isolation from ASE
produced by the earlier stages, but nothing removed the ASE primarily
generated by the axicon amplifier.

In order to better diagnose and optimise the spatial characteristics of
the gain produced by the axicon, the gain profiles were measured using near-
and far-field optical configurations for imaging with a Beamcode beam
profiling package. Fluorescence profiles taken of the pumped volume with a
two-dimensional CCD array reflected the convolution of a radial dependence and
the logarithmic absorption of the pump by the dye, close to the theoretically
expected form of a cylindrically uniform radial flux into an absorbing medium:

I - IR R'l ( e+C(R'R°) + e‘c(R+Ro) ) (1)
(o]

where R is the radial position from the axicon center, R, is the diameter
of the dye-flow cell and IRo is the pump intensity at the perimeter of the dye
cell and ¢ is the linear absorption coefficient.

For dye concentrations producing at least 25% of optimum amplification,
these data revealed a strong superfluorescent central spike (as predicted by
the singularity in equation (1)). This spike contributed a significant ASE
component to the overall energies and damaged the amplifier’s input window, as
well as some of the optics located up- and downstream. Only when the
concentrations were high enough to strongly absorb the most of the pump within
a few millimeters of the dye cell wall was the spike sufficiently attenuated.
This, however is undesirable because the center of the dye volume is then left
virtually unpumped.

The successful method of smoothing the gain profile, as suggested by
Woods, involved sandblasting the dye cell to an evenly diffusive white finish.

The outer surface was selected because roughening the inner surface did little
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to diffuse a significant fraction of the pump light, and causes greater drag
on the flow, thus raising the potential for deposit formation and damage.
Fluorescence profiles taken following this modification revealed that the gain
profile was homogenized tremendously. The total pump intensity reaching the
dye was reduced only slightly by ~-8%, as determined from transmission
measurements on glass disk diffuser with a Scientech laser calorimeter.
Figure 3a,b illustrate the differences observed in fluorescence for the two
configurations. Overall, no decrease in total energy extraction was observed,
and the diffusely-coupled pump produced an amplified beam with near-negligable
ASE (~5%). Since the ASE energy measured was integrated over the 10 ns
envelope of the Nd:YAG pump laser, while the energy contained in the amplified
sync-pumped dye lasts only 10"% times as long, the intensity of the amplified
spontaneous emission compared with the short pulse intensity was effectively
negligible, and therefore, techniques to reduce ASE further were not pursued.
Illustrated in figure 4 are three-dimensional maps of the dye beam
spatial mode after passage through the axicon unamplified (a) and amplified
(b). As expected, the profile exhibits a slight narrowing of the gaussian
input beam due to the higher gain at the center of the radially pumped cell;
however, the ASE spike is virtually eliminated. One would anticipate that
this technique of close-coupled diffusive "spoiling" of the pump beam could be
taylored further to reduce this narrowing with little loss in efficiency.

PERFORMANCE TESTS

Measurements of the gain integrated over the entire spatial modes of the
input and output beams were made of the axicon amplifier on a single-shot
basis with pyroelectric energy probes as the input energy was varied using a
half-waveplate, polarizer combination. The results of this are shown in
Figure 5a. As illustrated, saturation appeared to occur at roughly 300
microjoules for a pump energy of 220 mJ. For the maximum dye input, the
Nd:YAG source into the axicon was also varied in energy to determine if pump
saturation appeared as a roll-off in the gain versus pump energy. As shown in
Figure 5b, no saturation was seen for our pump laser, leading us to the
conclusion that this amplifier could handle even larger pump sources for
greater dye laser energy yields. As a demonstration of this, a second Nd:YAG
source was installed in parallel, allowing pump energies into the axicon up to
700 mJ. The pump beams were propagated side-by-side on the optics leading up

to the axicon and overlap of both beams on the dye cell was easily
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accomplished without any loss of pumping symmetry. Increased timing jitter
between the two pump lasers and the sync-pumped dye laser led to a more
unstable output, but peak energies were found to reach past 6 mJ for this
pumping scheme.

In order to determine the focusability of the amplified beam, we
attenuated the output by reflecting off several quartz flats and focussed it
through a spatial filter, varying only the size of the pinholes used at the
focus. The filtered beam energy was then measured and profile observed with
an CCD array. This provided a direct measurement of the spot size and coupled
with a temporal profile taken with an autocorrelator, we found the peak
intensity to be greater than 1013 W/cm2 when focussed with a 12.2 cm "best-
form" lens.

Extending this technique to shorter pulses was straightforward. The
decision to frequency-chirp and grating-compress the output of the 78 MHz
sync-pumped dye oscillator was made in order to preserve the tunability of the
dye laser system. To achieve this, the 2.5 ps, 300 mW output of the dye
oscillator was first passed through a Faraday isolator, then coupled in and
out of a 7 meter long polarization-preserving, single-mode fiber (Newport)
using 20X microscope objectives. This broadened the spectral envelope from 6
A to > 20 A, and lengthened the temporal width to 30 ps. These pulses were
then compressed in a double-pass off a 2400 lines/mm holographic Littrow
grating (American Holographic) and 5 mm retro-reflecting prism positioned to
allow approximately 2.7 cm between grating bounces. Pulses of 300
femtoseconds and 0.6 nJ exiting the compressor were then fed into the
amplifiers. Total gain on these pulses reached 5-106, producing pulse
energies averaging 3 mJ. Although passage through the amplifiers did impose
an additional chirp, the pulse could be narrowed by adjusting the cavity
length of the sync-pumped dye laser to compensate slightly. Measurements with
a single-shot autocorrelator of the amplified compressed pulses indicated that
after compensation, the widths at half-maximum remained on average below 1
picosecond.

In conclusion, we have demonstrated a large aperture, axially-pumped
amplifier stage for the production of short, high energy pulses. The open
axicon design is well-suited for high power doughnut-mode pumping, allows for
optimal diffusive coupling of the pump beam into the dye medium, and serves to
overcome the cost restrictions of scaling up all-glass conical reflectors. In
scaling gain volume to reduce potential wavefront perturbations due to high

intensities, we have also addressed the issue of turbulent dye flow, and the
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feasibility of combining multiple pump sources was demonstrated to illustrate
the potential for even greater energy yields.
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Figure 3 Spatial distribution of end-on fluorescence from the dye gain volume for
the (a) conventional axicon, and (b) axicon with diffused pumping.
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ABSTRACT

We report photoelectron energy spectra from seven-photon ionization of xenon using
pulse-lengths of 2 ps and peak intensities from 10 to 120 TW/cm?2. The spectra appear structured,
showing very large ac-stark shifts following resonance enhanced multiphoton ionization. Shifts up
to 1 eV are observed for 7p state resonances and up to 2 eV for 6p state resonances. The

, Tesonance structures are also resolved in above-threshold ionization photoelectron peaks.
!
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The recent discovery of substructures in the photoelectron energy spectra recorded with
subpicosecond laser pulses shows that n-photon ionization can proceed efficiently!»2 at intensities
at which an excited atomic state is shifted into resonance with the (n-1)photon dressed ground state
of the atom. The initial observations of substructure by Freeman et al2 have been confirmed by
work of the groups of Agostini3 and of Feldman* and they are predicted in recent theoretical
work.36 A simple interpretation uses the following key ideas: In an intense electromagnetic field
all atomic energy levels can experience significant ac-Stark shifts prior to ionization. The up-
shifting of the ionization limit arises primarily from the quiver energy, €p, that the free electron
acquires in the em-field. The shifts of the continuum and of the highly excited states of the atom
are generally much stronger than those of the ground state level of either the neutral or the ion’
which we neglect in the following discussion. In such a situation, a dynamic resonance may arise
at a specific intensity at which an excited level becomes resonant with the neutral ground state
dressed by an integer number of photons. At this intensity, I, the photoionization probability can
be strongly enhanced over the purely nonresonant process, giving rise to an electron with drift

energy

Eq=Nhv-E; - gy(Iy) )]

where E; is the unperturbed ionization potential and I is the local intensity at which the ionization
process occurs. Several such resonances can be encountered within a single laser pulse owing to
the temporal and spatial distribution of intensity. In the case that a temporally short laser pulse is
used the photoelectron finds insufficient time to "surf" off the focal volume8 and thereby convert
the quiver energy into drift energy. Without this "ponderomotive scattering"® the photoelectron
appears at the detector with an energy given by (1), revealing the resonance induced by the Stark

effect at intensity I.




In the current paper we report observations of these effects, however using a laser with
pulse length of ~2 ps. The specific case investigated is seven- to ten-photon ionization of xenon
involving six-photon Stark-induced resonances. Substructure in the photoelectron spectra appears
readily at this pulse length. Some differences are noted in comparison to previous work.1:2,3.9,10

These are possibly due to different pulse lengths and peak intensities.

The photoelectron spectra are recorded in a magnetic bottle, time-of-flight spectrometer that
uses permanent magnets.1! Photoelectrons are detected on a multichannel plate at the end of a
64 cm drift distance. The electron signal is monitored by a constant fraction discriminator whose
output feeds a chain of time-to-digital converters, each with 1-ns resolution. Up to sixteen
electrons can be recorded per laser shot and the pressure in the ionization region is adjusted
(between 1 x 10-8 and 1 x 10-6 Torr) to ensure that the number of photolectrons remains below
this limit. In low-intensity, resonant ionization of Hp we have demonstrated a resolution of

50 meV at 1 eV electron energy using this device.12

The home-built laser uses DCM-dye in an optically flat sapphire jet which is synchronously
pumped by a mode-locked frequency doubled YAG (1.6 W) at 78 MHz. A two-plate birefringent
filter permits tuning over the range from 610 to 660 nm at pulse lengths of ~2 ps. The dye-laser
output mirror has a transmission of 30%, yielding 400 mW at 620 and 650 nm. The mode-locked
laser is synchronized with a 10 Hz, frequency doubled Yag laser (450 mJ) that pumps four
amplifier stages. The first three stages are Bethune prism amplifiers!! with 1 mm, 3 mm, and
6 mm bore diameter. An amplification to 500 pJ is typically achieved in these three stages. The
forth stage is an open axicon amplifier!2 using a 25-mm diameter dye-cell (length 70 mm). The
dye beam is telescoped to a diameter of 2 cm and boosted to 4 mJ in double-passing the axicon. In
order to be able to enter the narrow aperture into the magnetic bottle the laser beam is collimated to
1 cm diameter after the axicon and focused into the center of the spectrometer using a 15-cm lens.
Based on the near gaussian and diffraction limited beam profile!2 we estimate that the focal

diameter (1/e2) to be around 14 pum although a direct measurement of the focal properties at full
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power have not yet been carried out. Intensities quoted below are lower limits, averaged over a

conservatively chosen 20 um spot diameter using a 2 ps envelope, obtained from autocorrelation

measurements assuming a sech? pulse shape.

A close-up view of the seven-photon substructure observed in the photoelectron spectrum
at 620 nm is shown in Figure 1. To record this spectrum the laser pulse energy was held to 200 pJ
corresponding to an average peak intensity exceeding 3x1013 W/cm2. Two clear substructures
appear in this spectrum, shifted down in energy from the seven-photon energy limit,

E7 =7 hv - E;. Here E; is the energy of the lowest ionization limit of Xenon, Xe(2P3/2). While
we consider the absolute energy scale to be only precise to approximately 100 meV, (from
calibration measurements using nanosecond pulse multiphoton ionization), the relative separation
between the two peaks is very accurately 0.31 eV, approximately the zero-field separation between
the 4f and 5f manifolds of xenon.13 Also the shift of either peak from the position of the
nonresonant seven photon ionization process is closely equal to positions predicted by

Equation (1), under the assumption that these states have ac-Stark shifts equal to the quiver
energy. We therefore assign these peaks to the Stark-shifted resonances 4f and 5f. This
identification is in accordance with that in previous work although only weak evidence is found for
contributions from the 8p level, and higher states, which appeared with significant intensity in
some spectra of previous work.l:3 The magnitude of the ponderomotive energy calculated for this

laser energy (1.1 eV at 3 x 1013 W/cm?2) is certainly sufficient to account for the observed shifts.

In Figure 1 the observed photoelectrons are collected into 2 meV wide energy bins and their
number is normalized to the chamber pressure and the number of laser shots. In order to indicate
the statistical significance of individual features we also quote respective absolute numbers: At the
peak of the feature assigned to 4f a total of 160 electrons per 2 meV bin were recorded in a run
where 14,000 laser shots fell within the specified laser energy. This means that of the structures in
Figure 1 only the two main peaks, labeled 4f and 5f bear statistical significance. Also, the

electrons shown in Figure 1 represent only about 10% of the total number of electrons detected in
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this run (18,000 electrons). The remaining electrons are distributed over above-threshold
ionization (ATI) peaks, some of which are shown in the lower trace in Figure 2. We recognize
similarly shifted resonance structures, corresponding to 4f and 5f that appear at this intensity in the
first and second ATI interval, that is for 8-hv and 9-hv ionization, while again, no electrons appear

at the nonresonant multiphoton energies.

Figure 2 further shows the development of peak structures with intensity. As the intensity
is raised two modifications appear in the spectra: For one, a strong population shift into the higher
ATI peaks occurs. Secondly, an intensity switching towards peaks at lower energy occurs within
each n-photon interval. To a first approximation this switching of intensity from one resonance
peak to the neighbor is not accompanied by a continuous shift of the resonance position.

Switching of the resonance peaks with intensity has previously been observed by Agostini et al.14

The switching reveals that at higher intensity resonances that are further separated from the
zero field six-photon energy can be forced into resonance. We see that the 5f subpeak apparently
disappears in the 7-hv spectrum as the intensity grows. At least one new peak appears for the 8-hv
spectrum as the intensity increases. This peak becomes the prominent feature for the nine-photon
case and it lies just below the position marked 7p. At yet higher intensity (top trace in Figure 2,

I > 1.2 1014 W/cm?2) this trend continues with an additional peak appearing (marked by arrows).
Higher intensities were not investigated in order to avoid complications from background
photoionization. The background pressure is ~1.5 10-8 torr, however no background subtraction

is required at the intensities used here.

Each of the three traces shown in Figure 2 is taken from a run where ~18,000 electrons
were collected at the specified laser energy. The energy bins into which the counts are distributed
are 20 meV wide in Figure 2. In order to compare the three traces on a normalized scale
(electrons/shot Torr) the curves have to be multiplied by the factors quoted in Figure 2. On the
scale in Figure 2 the 5f peak in the seven-photon spectrum decreases as the intensity grows.

However when accounting for the normalization factors we see that the the height of the 5f peak
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rises by a factor of 15 when going from 200 to 400 pJ. It rises however less than the 4f feature in
the 8-photon spectrum, and both are dwarfed by the new feature which switches in between 200
and 400 pJ and shows up with relatively higher importance in the higher ATI peaks. These rather
complex partial photoionization rates inherently reflect the ratio of rates for six-photon excitation of

the ground state to (n-6) photon ionization of the Stark-shifted state.

Similar observations were made at 650 nm. Typical results are presented in Figure 3. For
a wavelength of 650 nm the six-photon energy is just below the unshifted 8p levels of xenon. The
4f peak is thus the first peak that could be shifted into resonance (provided that all levels shift up in
energy), and it is the only feature appearing in the low-intensity seven-photon spectrum. We note
that this peak has a sharp leading edge at the higher energy end, in contrast to the 4f peak at
620 nm. This may in fact indicate that the width of the 4f peak observed actually reflects the
ionization dynamics rather then the apparatus resolution. The 4f level is only within 450 meV from
the six-photon resonance energy at 650 nm. Provided this level shifts like the free electron, the
resonance condition is reached at intensities as low as 5 x 1012 W/cm2. At this low intensity the
six-photon rate to drive the transition may be insufficient to efficiently drive the six-photon
transition, causing the sharp cutoff of the peak at the higher energy end (corresponding to "lower”
ac-Stark shift). We note that evidence for contributions from levels intermediate between 6p and

7p at higher intensity.

Provided the ac-Stark shifts of the excited states are independent of wavelength, the
magnitude of the shifts as a function of wavelength should reflect the intensity dependence of the
Stark shifts. On this basis, Agostini et al3 converted the shifts they observed at various

wavelengths into a function of intensity.

An alternative presentation of experimental shifts which does not assume wavelength
independence is used in Figure 4. This plot, inspired by Figure 3 of Potveligde and Shakeshaft>
shows the energy level diagram of the region of interest in xenon as a function of intensity, on a

scale relative to the continuum shift. States which have ac Stark shifts equal to the quiver energy
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appear in this plot as constant with intensity. Thus the six-photon dressed ground state level (the
ac-stark shift of the ground state is neglected here) appears on a negative slope (full lines in

Figure 4), falling with the quiver energy as the intensity grows. The quiver energy is given by16

gplemrl) =750 1A2 (2)

where I is the intensity in TW/cm2 and A is the wavelength in um. In case that the ac-Stark shift of
the ground state is negligible and that no ponderomotive scattering of electrons occurs then the
photoelectron resonances observed at the energy E4 have to lie along the 6-photon curves, at an

energy given by

Er =E;j - Eq- (N-6) hv (3).

The experimentally observed resonance features in 7, 8, and 9-photon ionization at various

intensities are plotted in Figure 4 as the full squares.

Excited states with an ac-stark shift equal to that of the free electron appear constant with
intensity in the representation chosen in Figure 4. We have indicated this situation for selected
excited states by the thin lines. They merely serve as a guide to the eye. From the location of the
experimental points it appears that the 4f states undergo shifts rather similar to that of the
continuum. On the other hand a group of experimental point falls the 7p and above the 6p

energies.

In general, shifts quite different from that of the free electron are expected for bound states
from which other excited states can be reached in near resonance.5 In the case of xenon this is
certainly expected for the 7p states. These connect at visible wavelengths to the autoionizing ns'
and nd' members of the series converging to Xe(2P1p2). A second-order Stark shift calculation for

the J = 0 7p level by Agostini et al.3 predict a rather stong wavelength dependence of its ac-Stark
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shift. The results of these calculations at the two wavelengths used in this work are shown in
Figure 4 by the open circles. The circles mark the positions where the 7p[0%] o State is predicted3 to
intersect the 620 and 650 nm curves. It is impossible to guess where the other J components
would lie. Nevertheless, similar shifts (less than ponderomotive), may occur for the J = 2 states of
7p at this wavelength since the wavelengths used fall short in energy of pumping the 8d'
resonance (see Figure 3 of Ref. 3). Calculations predict a much stronger role for J = 2 states in
peak formation than for the J = 0 states. Another explanation for the peaks that fall intermediate
between 6p and 7p could be to assume that they originate from ionization into Xe(2Py ).

However, in this case no energy shift that is consistent for 620 and 650 nm results. A more
realistic alternative may be to invoke a five-photon resonance with the Stark shifted 6s levels. At
zero field these peaks are off resonance by 1.56 and 1.10 eV at 620 and 650 nm respectively.

Since these peaks never show up in the 7-photon spectrum at least 3 additional photons were
required to ionize these Stark-shifted intermediate. Very clearly, the experiment cannot guide us at

this point to a definitive answer.

For the 6p states transitions to the 8d(2P3/2) bound levels are near resonant, and these may
influence the ac-stark shift pattern. In addition, in order to Stark-shift the 6p-levels to the six-
photon energy, the intensity has to rise above the threshold intensity at which the number of
photons required to ionize Xe(1S,) increases from 7 to 8 photons. This threshold is 31 TW/cm? at
650 nm and 52 TW/cm? at 620 nm. It is therefore conceivable that a mixture of 6- and 7-photon

resonances contribute to the peak that appear above the position of the 6p levels.
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

FIGURE CAPTIONS

Energy spectrum of photoelectrons produced in seven-photon ionization of Xenon

at 620 nm. The pulse duration is ~2 ps and the peak intensity is ~3.1013 W/cm2.

Laser Energy dependence of photoelectrons from multiphoton ionization of xenon
at 620 nm. At a pulse width of ~ 2 ps the peak intensities are ~3 x 1013 W/cm?
(bottom spectrum), ~6 x 1013 W/cm? (center spectrum), and ~1.4 x 1014 W/cm?2
(top spectrum). The energetic positions for the unshifted energy from 7, 8, and

9 photon ionization are indicated as well as the center positions of the 7p, 4f, and

5f manifolds as they would appear if their ac-Stark shift was purely ponderomotive.

Same as Figure 2 but for a wavelength of 650 nm. The peak intensities are: ~1.2
1013 W/cm? (bottom), ~2.2 1013 W/cm2(center) and ~4.4 1013 W/cm?2 (top
spectrum).

Position of six-photon resonances in xenon as a function of laser intensity for two
wavelengths, 620 and 650 nm. Four sets of data are shown: 1) The thin horizontal
lines mark the position of even-parity states of xenon in the case that their ac-Stark
shift is ponderomotive. 2) the two descending full lines give the energy of the six-
photon dressed ground state (for 620 and 650 nm light) under the assumption that
the ac-Stark shift of ground state xenon is negligible. 3) The full squares mark the
absolute energies of resonance levels, obtained by subtracting the one-, two-, and
three-photon energy from the sum of the ionization potential and the energy of the
photoelectron peaks observed in seven-, eight-, and nine-photon ionization
respectively. 4) The two open circles represent the position for the 6-photon

resonant 7p[%]] = ( level, obtained in a second-order ac Stark calculation.2
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PHOTODISSOCIATION DURING PHOTOIONIZATION
IN INTENSE LASER FIELDS
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ABSTRACT

A high resolution photoelectron study of the response of molecular hydrogen to
very intense laser fields (>1013 W/cm2) at wavelengths between 309 and 330 nm shows
that with increasing intensity direct multiphoton ionization of the molecule is surpassed
by photodissociation of the neutral. This process leads to the formation of excited atomic
hydrogen photofragments which are subsequently photoionized. Photoelectrons from this
process form the dominant signature in the electron spectra at high field strength. The
photoelectron spectra remain strongly dependent on wavelength at even the highest
intensities investigated (8 x 1013 W/cmz). By contrast, the total ionization rate does not
change perceptibly in the wavelength range studied.

The molecular response is discussed in the framework of combined effects of AC-
Stark shifting of molecular Rydberg states and predissociation of the molecular Rydberg
states induced by the intense laser field.

Introduction

At intensities above 10 TW/cm? atoms exhibit above threshold ionization (ATI)
phenomena, that is they absorb more photons than required for ionization.1-3 The
photoabsorption is generally followed by emission of photoelectrons, and the measurement
of the photoelectron energy is a primary diagnostic tool for ATI. Molecules respond
similarly as atoms do, however an additional degree of freedom appears in the form of their
dissociation continua. Thus in multiphoton excitation the dissociation process can be a
competitor to ionization, or cause the photodissociation of the molecular ion produced.
Photodissociation of neutral Hy has been observed in many stepwise photo-excitation
experiments and has been interpreted as resulting from of sequential excitation, first to
singly excited states, followed by excitation of the core electron. 436

Here we report observations of intensity-dependent photodissociation of Hj that
competes with the direct ionization channel. This phenomenon is seen as a manifestation of
(1) the deformation of molecular bonds that arises from bound-free absorption of the
molecular ion core and (2) the AC-Stark shifting of molecular Rydberg states in the intense
laser field.



Experimental

The experiment is carried out in a magnetic bottle photoelectron spectrometer using
light from a tunable dye-laser system with frequency doubling. The tunable oscillator is a
synchronously pumped dye laser operating with DCM dye. The 3-500 mW average output
of the dye laser is fed into 7m of single mode fiber to chirp and a double pass grating stage
to compress the pulses down to 400 fs leading to an average output of typically 50 mW on
the compressed light. Ten pulses of this train are amplified per second by a four stage
amplifier system consisting of three Bethune prism cells with increasing bore diameters of
1,3, and 6 mm. The beam is then expanded to a diameter of 20 mm and it double passes
an open axicon amplifier. The amplifiers are pumped by a 4-ns 450-mJ frequency-doubled
YAG laser at 532 nm. The final output at the red wavelengths is between 2 and 4 mJ at
pulse lengths between 400 fs and 2 ps. Frequency doubling in KDP leads to pulses up 10
1 mJ in energy.
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Figure 1.  Schematic of dye laser system and amplifiers. The pulses from the synch pumped dye-laser
are chirped and compressed and then amplified in three prism amplifiers. The final stage
amplifier is a reflective axicon design for even amplification of the 20 mm diameter laser
beam.




The photoelectron spectrometer is a magnetic bottle design? that uses permanent
magnets and a 64 cm time-of-flight section. The photoelectron signal is monitored by a
constant fraction discriminator whose output feeds a chain of 16 time-to-digital converters,
each with 1 ns resolution. The pressure in the interaction region is adjusted such that
several (typically less than 10) electrons are recorded per laser shot. In studies of resonant
ionization of H3 at low intensity we have demonstrated® a resolution of 50 meV at leV
electron energy using this device. The laser energy is encoded with the arrival time of each
electron detected and stored on hard disk of an IBM personal computer. Final data are
restricted to laser energy bins that fall within  20% of the quoted value. Experiments are
carried out using linear laser polarization unless otherwise specified.

The base pressure in the photoionization region of the spectrometer is around
1 x 10-8 Torr, and the hydrogen pressure added reached as high as 5 x 10-6 Torr at the
lowest intensities studied. The laser beam is focused using a 15 cm lens. Based on the
near Gaussian and near diffraction limited beam profile we estimate the focal diameter
(1/€2) to be around 14 um although a direct measurement of the focal properties at full
power have not yet been carried out. All of the hydrogen work described below was
obtained with the dye laser output of ~2 ps, obtained from autocorrelation measurements
and assuming a sech? pulse shape. The bandwidth of the laser falls typically in the range
of 5 A. Intensities quoted below are assumed lower limits, averaged over a conservatively
chosen 20 um spot diameter.

Experimental Results

The wavelength range chosen for this investigation is such that the three-photon
energy lies below the CIIT, state (3-photon threshold: 300 nm) while the four-photon
energy lies near the ionization limit. Thus at the wavelengths employed here (309 -330 nm)
three-photon resonances are only expected to involve the B1X; state while four-photon
resonances may occur with a variety of vibrational levels of the Rydberg manifolds
belonging to n = 3 and higher. We observed that scanning the dye laser in 5 A intervals
over a portion of the wavelength range studied (328 to 318 nm) showed no noticeable
wavelength dependence in the total ionization yield at intensities around 3 x 10!3 W/cm?2.
The yield was comparable at the other wavelengths investigated where photoelectron
spectra were recorded at intervals of 25 A. Despite the insensitivity of the total ionization
rate to wavelength we observe that the intensity distribution in the photoelectron energy
spectra is strongly wavelength dependent.

In order to introduce the photoelectron features we first discuss relevant potential
energy curves of molecular hydrogen. In Figure 2 we show a simplified diagram of
molecular excited states, together with the lowest states of the molecular ion. Also
indicated in this figure are the three, four, and five photon energies for photoexcitation at
325 nm, together with the vibrational wavefunction of ground state H, v=0.

It is evident that in this case the Franck Condon overlap into the B1Z] state is poor
and that the first "good" resonant states occur at the four-photon energy. This leads us to
assume that an important ionization channel may involve four-photon excited states of the
molecule:

Hy +4hv —» H5 (v) 1)




that are subsequently ionized by a fifth photon forming molecular hydrogen ions in specific
vibrational levels v*:

% +
Hz (v)+hv -5 Hy(vt) +e. )
Alternatively a non-resonant five photon process might occur
Hy+5hv 5 H3(vH) +¢ (3)
which could also form molecular hydrogen ions in a variety of vibrational levels.
The observation is that indeed, at low intensities, the spectra show photoelectrons

with energies that are consistent with the formation of H3. As an example we give in
Figure 3 spectra obtained at 3175 A at various intensities.
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Figure 2.  Selected potential energy curves of H2 and the ground states of Hi. Also indicated are
the resonant energies for 3, 4, and S photons at 325 nm together with the vibrational wave
function of v = 0 of ground state H2. The bound and repulsive Rydberg states are shown for
zero quantum defect.
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Figure 3.  Photoelectron spectra of H at 3175 A as a function of intensity. The tickmarks at the top
refer to photoelectron energies as they should appear from five-photon nonresonant ionization
forming H2. The tickmarks at the bottom refer to photoelectrons produced in one-photon
ionization of excited atomic hydrogen fragments H(nL).

The surprising observation in Figure 3 and in the spectra recorded at other
wavelengths is that as the laser intensity is increased the photoelectron signal from the
molecular hydrogen ion channel is apparently surpassed by the signal from one-photon
ionization of excited atomic hydrogen

HnL)+hv > H*+e )
where n 2 3. This observation is interpreted as being due to a multiphoton dissociation

process. Plausible channels for the formation of excited atomic hydrogen are either the
photodissociation of molecular Rydberg states:

"%
H> (v) + hv = H(ls) + Hn) 5
or also dissociative ionization processes involving at least eight photons:

Hy +nhv—->H*+HMnL) +e. (6)
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In Figure 3 we indicate at the top of the figure the electron energy peak location expected
for non resonant five-photon ionization (process (3)) when the molecular ion is formed in
the lowest rotational level. The one-photon ionization process of atomic hydrogen gives
rise 10 a unique energy position that unambiguously identifies the excited atomic hydrogen
fragment H(n4) and the energies expected from process (4) are marked at the bottom of the
figure. The rather distinct and simple features in the photoelectron spectrum at high
intensities clearly suggest that reaction (4) is the dominant channel there.

As mentioned above we find that the intensity distribution in the photoelectron
spectra is strongly wavelength dependent. This dependence exists at low intensities where
the presence of many individual peaks indicates that processes (1-3) lead to the formation
of H3 ions in a variety of vibrational levels but also at higher intensities where the spectrum
simplifies and specific atomic excited states are the dominant final products.

As an example we give in Figure 4 photoelectron spectra obtained at 3250 A for a
range of intensities. The spectra appear quite different from those obtained at 3175 A. An
additional surprising feature in the spectra in Fig. 4 is that the dissociation process tends to
favor lower dissociation limits H(n®) as the intensity grows. While dissociation into H(n
= 3) is only a weak channel at the lowest intensity (see the lowest trace in Figure 4) this
channel dominates the spectrum the highest intensity value. We also note in this figure the
appearance of the first ATI peaks of the photoelectron spectra at the higher intensities. ATI
peaks of similar magnitude are present at all other wavelengths studied.
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Figure 4.  Photoelectron spectra of H2 at 3250 A as a function of intensity. An intensity dependent
shifiing of population into lower dissociation limits is apparent.
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Discussion

Numerous papers have appeared in recent years on photoionization of molecular
hydrogen in intense fields.9-12 The sole common feature than can be extracted from
reading this literature appears to be that the ionization process remains wavelength specific
at even high intensities such that no single common rule has yet emerged. This fact is
different from the atomic case where the dominant path appears when selected bound states
are AC-Stark shifted into resonance - giving rise to specific ionization features that can be
correlated with individual bound states.

The phenomenon of strong wavelength dependence is not surprising in view of the
various electronic, vibrational and rotational degrees of freedom of the intermediate excited
states that can participate in the multiphoton excitation process Hz. The data presented here
add another dimension to the ongoing discussion on molecular hydrogen in strong fields
and their interpretation must be viewed as applicable to the specific wavelength range
investigated. We have carried out similar studies at wavelengths from 610 to 660 nm and
find photoelectron spectra that are quite different from those reported here in that individual
peak structures are lost at high intensity at the red wavelengths.

Before we discuss the mechanism of photoionization and photodissociation via
four-photon excited intermediate states to explain the observed photoelectron features we
first discuss specific properties of the excited states of molecular hydrogen as well as the
effect of ponderomotive forces on the appearance of the photoelectron spectra.

Potential Energy Diagram

The potential energy diagram for molecular hydrogen given in Figure 2 is highly
schematic in its representation of the bound and dissociative Rydberg states. The states
shown are drawn assuming zero quantum defect. The full diagram known to date for the
excited singlet manifold of states is considerably more dense owing to the fine structure
arising from the non zero quantum defects of the various £-components in each principal
quantum number. Furthermore, the avoided crossings!3 between states of the same
symmetry that are either the singly excited Rydbergs (orbital configuration (1s6g)(nLA) or
the doubly excited states (2po,)(nLA) modify the appearance of the adiabatic states at large
(R>4a,) internuclear distances. In addition, the 1X state potential energy curves are
modified at large separation by the strongly attractive ion-pair character. This is apparent
for the B1Z] and the HH !X curves which are included in Figure 2.

Despite these simplifications the potential energy diagram in Figure 2 serves to
indicate the strongest transition expected for reaching excited states at the wavelengths
considered in this paper: At the internuclear distance of the vibrational wavefunction of the
v = 0 level of the ground state of H, a vertical multiphoton excitation may find a first
energy resonance with either the BIZ state (3-photon transition) or else with the gerade
states of the manifolds n = 3 or higher at the four photon energy. At the short internuclear
separation where vertical excitation can be efficient the latter are nearly purely the singly
excited states (1sog)(n2Ag) with £ =, d, f and h. At the wavelengths of this experiment
the Franck-Condon factors to reach the bound B-state levels is always at least an order of
magnitude smaller than the best overlaps with vibrational levels of the four-photon excited
states. We therefore initially concentrate on ionization processes that involve four photon
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excitation of H to the bound Rydberg states and only later discuss the role of three-photon
resonances with the B-state.

Ponderomotive Effects

When photoelectron energy spectra are recorded with intense lasers and short pulse
lengths it is paramount to consider the effect that the ponderomotive forces can have on the
measured photoelectron energy. We note that the pulse lengths utilized here (~2ps) are
sufficiently small, and the interaction volume sufficiently large (2 15 um) such that the
ponderomotive energy is not recovered by slow photoelectrons because they cannot exit the
laser focus during the time of the laser pulse. To prove this point we used our laser in a
photoionization experiment in xenon for which numerous previous data exist for
comparison. We show a typical photoionization spectrum of xenon recorded at 620 nm in
Figure 5. At this wavelength seven photons are required to reach above the zero-field
ionization threshold. We have marked in the figure where photoelectrons were expected
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Figure 5.  Photoelectron energy spectrum obtained in xenon at -3-1013 W/ecm2. The pulse length is
2 ps and the wavelength is 6200 A. The Photoelectron peak position expected from non-
resonant 7-photon ionization to form Xe+(2P3/2) is marked at the top of the figure. The peak
energies in the 7-photon peaks as well as the higher ATI peaks are consistent with resonant
excitation via the 4f and 5f resonance levels.
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from non-resonant seven photon ionization to forma Xc‘*(2P3/2). We note that the observed
electron energy peaks are shifted to lower energies by an amount that is consistent with the
process]-3 where a six-photon resonance of bound neutral xenon is shifted into resonance
as the intensity of the field grows and is subsequently ionized by an additional photon. To
the extent that the excited states that form intermediate resonances experience an AC-Stark
shift that is similar to the ponderomotive shift of the free electron

ep =750 12 (cm) %)

the photoelectron's kinetic energy in the field is reduced from that of the non-resonant
process

Ec=7hv-IP ®)

by an amount equivalent to €,. In Eq. 7, I is the laser intensity in units of 1012 W/cm?2 and
A is the wavelength in um. %he ponderomotive energy of Eq. 7 is converted into kinetic
energy of the electron if the laser is on over a time span sufficient for the electron to "surf”
off the focal volume!5 thereby converting the gradient of the ponderomotive potential into
kinetic energy. If on the other hand the laser pulse is short compared to the time required to
exit from the focal region the ponderomotive energy remains with the electromagnetic field
and the electron's energy is given by

Ee=7hv-IP-g, )

For an orientation to the magnitudes involved we note that an electron of 2.7 eV energy
travels 1 umin 1 ps. The energy positions in the photoelectron spectra in Figure 5 indicate
that the intermediate states 4f and 5f are the dominant contributors to the ionization process
in xenon at this wavelength and that the AC-Stark shift of these states is quite similar to that
given by Eq. 7 for the free electron. We note that no contributions from intermediates of
the 7p and 8p manifolds of xenon appear and that this shifted resonance structure is
reproduced in the higher order ATI peaks although the experimental resolution diminishes
somewhat there.

Therefore we expect that under the laser pulse and focal properties employed in our
experiment on molecular hydrogen the ponderomotive shifts of the free electron are not
recovered from the electromagnetic field.

Wavelength Dependence

The absence of any marked wavelength dependence in the total photoionization
yield indicates that either a non-resonant ionization process dominates over one that utilizes
resonant intermediates or else that the manifold of excited states that participate in resonant
intermediate formation is sufficiently dense as well as sufficiently broadened by the
presence of the intense laser field such that excited state ro-vibrational resonance structures
merge into a quasi-continuum. At least three processes can be identified that contribute to
this broadening, and most likely all three participate with varying degree in our experiment.

For one, an energy broadening of the excited state will arise from the short lifetime
of the excited state against one-photon ionization. Typical values for these lifetimes can be
calculated using the generalized cross section formula given by Huestis.16 A value of
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200 fs is obtained for n = 4 at 1013 W/cm?2. It is quite evident that one-photon ionization
of excited states should be quite efficient.

A second process responsible for broadening is related to the intensity dependent
lifetimes of the molecular Rydberg states against photodissociation. We note here that this
process involves the core electron of the Rydberg and we will discuss this process in detail
in the next section.

A third factor is that even if no resonance appears at the four-photon energy at zero
field, the AC-Stark shift of the excited states can shift rovibrational excited states into
resonance at sufficient intensity, giving the appearance of continuous, wavelength-
independent ionization. While the exact magnitude of the AC Stark shifts are not known,
an order of magnitude estimate may be obtained from the ponderomotive shift (Eq. 7). At
our wavelengths €p is about 100 mV per 1013 W/cm2. The process of shifting
intermediates into resonance is known to dominate atomic photoionization!-3 at high fields
and the example of xenon given in Figure 5 falls under this category. It it tempting to
suspect a similar process in the molecular case but we must also consider the possibility of
purely non resonant ionization.

If non-resonant ionization were an important contribution at our wavelengths then
we would expect that the wavelength dependence of the electron energies formed in process
(1) follows a five-photon dependence. This is contrary to what we find in the electrons’
spectra. We show in Figure 6 the location of the dominant electron energies observed at
the various wavelengths. It appears from the guiding lines drawn at a slope of one that
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Figure 6.  Energy of dominant features of the photoelectron spectra at wavelengths between 309 and
330 nm. Most peak positions follow short segments of slope of one, indicating that one-
photon ionization of bound states that are AC-Siark shifted inlo resonance is the origin of
these photoelectrons,
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most peaks fall onto segments that vary with the one-photon energy. Also - if the five-
photon process occurs in a purely non-resonant fashion at the intensities utilized in this
work we would expect that the variation in the ponderomotive shift of the photoelectrons
that are created at widely different intensities should lead to a distribution of electron
energies for each final state v+ generated.

We conclude that the most likely ionization channels involve four-photon excited
intermediates that are shifted into resonance at a specific intensity. The photoionization of
the shifted state will lead to a photoelectron energy that shifts linear with the one-photon
energy over a wavelength range over which the Stark shift can be accomplished by the
intensities employed.

Four-Photon Resonance Formation

The existence of four-photon resonant intermediates can be used to develop a
picture that can explain the observed shifting from ionization of excited H» to dissociation
into neutral fragments and it can also convey the origin for the switching to lower
dissociation limits H(n4) as the intensity grows.

One aspect of this picture involves the AC Stark shift of the Rydberg electron. At
50 TW/cm? the ponderomotive energy of a free electron amounts to 0.5 eV. If the highly
excited states of Hy experience AC-Stark shifts like that of a free electron, then the excited
state manifold will shift upwards with respect to the four-photon dressed ground state as
the intensity grows.

It would thus appear that bound states that lie for zero field strength at energies
below the four-photon energy can be shifted into resonance as the intensity grows.
Ionization may then be envisioned to occur whenever the four-photon dressed ground state
encounters a resonance with good transition strength. This picture similar to that generally
accepted in the atomic ionization case.

The open question is of course what is the actual Stark shift of the four-photon
excited states at high field strength. At the wavelengths used here no bound transitions can
be driven with one photon from Rydberg states with n 2 3. A good first-order assumption
may therefore be that the AC-stark shift of the higher Rydberg states is comparable to that
of the free electron. However how will the core respond to the field? In the classical
picture of a Rydberg state we may consider the ionic core as being separate from the
Rydberg orbital. If we neglect electrostatic shielding of the core by the Rydberg orbital we
should consider the response of the isolated core ion, HE to the field. This response has
been the subject of several recent papers and we use the picture developed by Bandrauck et
al.17 and Gusti et al.18 in the following discussion.

Dressed State Picture

We now combine the predicted response of the isolate core ion!8 with the picture of
a Rydberg electron that experiences an AC-Stark shift as if it were a free electron. This
leads to a potential energy diagram of adiabatic potential energy curves such as shown in
Figure 7. The full curves give a simplified representation of the Rydberg states that
originate from the dissociation limits H(1s) + H(n = 3) and H(1s) + H(n = 4), calculated
for a field strength of 50 TW/cm2. The unperturbed ground state of Ha* is indicated by the
dashed line and the 4-photon energy at 325 nm is indicated at the left. The potential energy
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curves are the results of a Floquet calculation!8 that we performed for the diabatic singly
and doubly excited states, 1sognf Ay and 2poynlig, for 50 TW/cm2. In this calculation
the Rydberg states with n = 3 and n = 4 are considered separately, with no matrix element
connecting them. In the dressed state picture the coupling between the singly excited
gerade states and the doubly excited ungerade states leads to avoided crossings between the
states {(n = 3)gerade + even photon number} and {(n = e)ungerade+odd photon number},
with different numbers of photons, N, and likewise for 4g and 4u. At molecular distances
this coupling reduces the number of bound states, and remaining bound states are affected
by predissociation through higher order couplings with the continua labelled 3,4g N =2
and 3,4u N = 3.

160000
B-ty 4 325 nm 50 TW/cn @
o —H+H
140000 |— ag N=0
— 3g N=0
TE
4-hy
E 120000
>
o
[, = 4U N=I
e
3u N=1i
Ll
100000 }—
3-hy —
r—
3,4u N=3
| ﬂ\ | | | ] ] B |
80000 1.6 3.2 4.8 6.4 8.0

Internuclear Distance (ao]

Figure 7. Results of a Floquet calculation for the n=3 and n=4 states of Hy with the orbital configura-
tions lsognlkg and 2poynd A, at 50 TW/cm2 and 325 nm. The ponderomotive shift for th
location of the four photon energy relative to the unperturbed potential energy curve of Hp
(dashed curve) is also indicated.

As the intensity of the laser field increases a reduction of the number of bound
levels occurs in the excited state manifolds and concurrent with this effect the four-photon
resonant energy continually sweeps through the excited state manifold. In this fashion an
intensity dependent competition between neutral dissociation and ionization occurs because
with increasing intensity the higher vibrational levels in the Rydberg states will appear as
continuum states that dissociate rapidly. The classical times for dissociation of molecular
hydrogen is extremely short, it takes typically 10 to 20 fs 1o accelerate to distances of 10 A.
Consequently dissociation in competition with direct ionization of the neutral excited
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molecule is rather plausible in this adiabatic picture. Concurrent with opening the
molecular bonds of the Rydberg the shifting of states in energy at short internuclear
distance leads to a progressively better overlap with states from lower principal quantum
number - thereby explaining the switching to lower dissociation limits as the intensity
increases.

Conclusions

The wavelength and intensity dependence of photoelectron energies observed from
molecular hydrogen at intensities above 1013 W/cm?2 and at wavelengths where five
photons are required to reach the ionization continuum show that the most likely ionization
channels involve four-photon excited intermediate states from the Rydberg manifolds with
n = 3 - 6. While specific rovibrational assignment of these states cannot be given at this
point (primarily because little experimental information exists about hydrogen states at these
high energies) this identification allows to develop a framework of the behavior of
molecular Rydberg states in intense fields. This framework should be generally applicable
to molecules in strong fields.

In molecular Rydberg states the AC-Stark effects on both the Rydberg electron and
on the core ion need to be taken into account. If the core ion has a transition that is strongly
driven by the applied electromagnetic field then the core's response to the field must play a
major role. In the framework of dressed states that are adiabatic in the electromagnetic
interaction the core's response results in both a level shift (that is generally opposite to the
direction of the ponderomotive shift cf a free electron) and in a level broadening owing to
predissociation and dissociation. The combination of this effect with the AC-Stark shifting
of the Rydberg orbital provides a qualitative explanation of the observed switching from
ionization to form H'f to dissociation into neutral excited atomic hydrogen, as well as the
observed switching in dissociation to progressively lower dissociation limits as the
intensity grows.

This simple discussion of a Rydberg electron and a core ion that respond
independently of each other to the electromagnetic field appears useful in rationalizing the
experiments performed. There remain many quantitative questions that need to be investi-
gated both experimentally and theoretically.
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