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Preface

The Fifth Topical Meeting on Short-Wavelength Coherent Radiation: Generation and Applications
was held in Monterey, California, April 8-10, 1991. This volume contains the papers delivered at
the conference, which chronicle the major advances in short-wavelength laser physics and technol-
ogy since the last meeting in this series in North Falmouth, Massachusetts in September 1988. These
proceedings are an important record of the rapid advances in this exciting field.

Ninety-eight scientists and students participated in the conference, which had representation
from North America, Europe, the Far East, and Australia. The number and diversity of contributions
to this conference series continues to grow. In keeping with pest tradition, no sessions were held in
parallel. The number of oral presentations was kept to 39 in order to ensure adequate time for
discussion.

To accommodate the additional contributions there were 37 posters. These were presented in
two sessions and provided focal points for lively discussions at breakfast and between the oral
sessions. Included among the posters were nine postdeadline papers, representing last minute
advances in short-wavelength laser physics.

Short-wavelength coherent radiation generation is inextricably linked to high-intensity laser-
matter physics, and this meeting had more emphasis on the basic high-field light-matter interaction
than ever before. There were three sessions devoted entirely to this subject, with additional papers
on high-field technology and physics scattered throughout the meeting.

Since the last meeting in this seties in 1988, short-wavelength projection lithography has emerged
as an application of great potential commercial importance. In recognition of the broad connections
between short-wavelength laser sources and this new application, the fifth Short-Wavelength
meeting was held in conjunction with a special topical meeting on Soft-X-Ray Projection Lithog-
raphy. The lithography conference ran from April 10-12, and the overlap on Wednesday, April 10,
wasadayofjmntsmonsbetweendletwomeeungs Some of that day s presentations are contained
in this volume; the rest are to be found in the OSA Proceedings on Soft-X-Ray Projection

Lithography, vol. 12.

This meeting required the efforts of many people. We particularly wish to express our appreci-
ation to the Technical Program Committee for their help and advice. The Optical Society provided
logistical support through their meetings department. We especially thank Barbara Hicks and Kevin
Fitzpatrick for their efforts. Alan Tourtlotte of the Optical Society directed the publication of this
Proceedings with great efficiency. Finally, we gratefully acknowledge the generous support of the
U.S. Air Force Office of Scientific Research, the Office of Naval Research, the U.S. Department of
Energy, the National Science Foundation, and the Optical Society of America.

Philip H. Bucksbaum
University of Michigan

Natale M. Ceglio
Lawrence Livermore National Laboratory
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Towards Extreme VUV by Harmonic Generation
in Strong Fields

L. A. Lompré, A. L'Huillier, and G. Mainfray
Centre d’Etudes de Saclay, 91191 Gif-sur-Yvette cédex, France

Abstract
Extreme VUV radiations may be produced by harmonic generation in rare gases
exposed to intense laser fields. Posibilities and limitations will be discussed.

1- Introduction

The absorption of a large number of photons by an atomic system may lead to very
interesting features, and significant advances have been made in this domain : above
threshold ionization, multiply charged ion production and more recently high order
harmonic generation. As far as harmonic generation is concerned, most of the
experiments ih a gaseous medium use short incident wavelength in order to obtain the
shortest generated wavelength!-S. McPherson et al* have reported up to the 17th
harmonic in Ne (A = 15 nm; 85 ¢V) using a KrF laser (A = 248 nm; 5 eV) for a laser
intensity of the order of 1016 W/cm?2. More recently, Sarukura et al5 using the same type
of laser but with a laser intensity of the order of 1017 W/cm2 have observed the 23rd
harmonic in Ne and the 17th harmonic in He. But recent experiments have shown that
with a photon energy of 1.165 eV (YAG laser), it is also possible to generate short
wavelength through harmonic generationS:7.

The purpose of the present paper is to discuss some VUV or XUV light emission
by harmonic generation in a rare gas medium irradiated by an intense 1064 nm laser
field. The main results obtained in the 1013-1014 W/cm?2 intensity range will be presented
in order to explain the main features which govern short wavelength production. The
different processes which may affect the harmonic production will be discussed, mainly
the Stark shift effect induced by the laser intensity and the limitation due to jonization of
the medium which occurs at such laser intensity and their consequences on the
propagation of the harmonics.

2- Experiment and main features.
The experimental setup has been described in details elsewhere7. A brief
description will be given here. The laser used is a 30 ps mode-locked Nd-YAG laser

Proceedings on Short- Wavelength Coherens Radiation, 2
Vol 11, Philip H. Bucksbaum and Nasale M. Ceglio (eds.)
© 1991 Opeical Society of America




Short-Wavelength Coherent Radiation 3

operating at 10 Hz. It is focused into a vacuum chamber by a lens with a focal length of
200 mm. The gaseous target is provided by a pulsed gas jet. At 0.5 mm from the nozzle,
the gas density has been measured to be 15 Torr, for a baking pressure of 150 Torr3. The
use of a gas jet limits the reabsorption of the VUV radiation and enables the detection of
very short wavelengths. The VUV or XUV radiation (350 - 10 nm) emitted along the
laser axis is analyzed by a monochromator. It is composed of a toroidal grating which
forms an aberration free image of the interaction region. The collection solid angle is
imposed by the grating size, not by the entrance slit. The VUV radiation is detected by a
photomultiplier or a windowless electron multiplier depending on the spectral range.
When a spectrum is recorded, several major points come out : (1) only odd
harmonics are observed. That is due to the fact that harmonics are created in an isotropic
medium with inversion symmetry which excludes even harmonics. (2) the maximum
number of harmonics created at the maximum laser intensity is strongly dependent on the
rare gas investigated: up to the 21st in Xe, 29th in Kr and 33rd in Ar. (3) other lines than
the harmonics seen in the first and second orders of the grating can be observed. They
correspond to fluorescence from discrete levels of excited atom or ion’. These
fluorescence lines can be easily resolved temporally and exhibits a significant delay with
the infrared laser pulse excitation, typically few tenths of ps.
Taking into account the efficiencies of the gratings and the detectors, harmonic
intensity distribution shows three different regions (Fig.1): a rapid decrease from the
third to the fifth or seventh harmonic followed by a “plateau” which extends differently
from one atom to the other, and then a cutoff. This is the first important observation on
harmonic distribution. The second one concemns the intensity dependences of the number
of harmonic photon. They behave as the number of ions versus the laser intensity. Fig.2a
and 2b show the intensity dependence of the seventh and 13th harmonics. The signal first
rapidly increases with the laser intensity then a saturation is observed when the medium
beomes ionized®. It shows that the harmonic production is strongly influence by the

' {
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Fig.1 Fig.2a Fig2.b

Fig.1 : Harmonic distribution in Xe and Ar at 3 10!3W/cm2.
Fig.2 : Intensity dependences of the 7th (a) and the 13th (b) harmonics in Xe.




4 Short-Wavelength Coherent Radiation

presence of ions in the interaction volume. This observation has been made for all the
hatmonics in all the rare gases studied. Below saturation, the harmonics vary as some
power law of the laser intensity. The lower harmonics (q<9) vary as predicted by the
lowest perturbation theory. The 11th and the 13th harmonics exhibit a more complex
intensity dependence. The highest harmonics vary all in the same way approximatly as
the 12th power of the laser intensity. Table 1 summarizes the effective order of
nonlinearity determined by a least-square fitting procedure for the different harmonics in
Xe.
3- Discussion.

The theoretical interpretation of these experimental results has to take into account
two steps : (1) the determination of the photon spectrum emitted by an atom exposed to a
strong laser field, (2) the resolution of Maxwell equations using as a source term the sum
of the atomic dipole moments created in the medium!9. If the first step can be done by
solving numerically the time-dependent Schridinger equation, the second step points out
the importance of the phase relation between the different dipoles. In strong fields, phase
matching affects the conversion efficiency very strongly. But these phase matching
conditions are directly related to the behavior of the atomic medium towards the laser
intensity. Two important consequences of the medium properties will be discussed now :
AC Stark shift effects on harmonic production, and the limitations due to ionization of
the medium.

3.1- AC Stark shift effects.
One question we may ask is the following : “What could explain the behavior observed
on harmonic intensity dependences ?”. In fact, the laser intensity used for these
experiments is of the order of 1013 W/cm?2. At such a laser intensity, we have to take into
account the AC Stark shift of the atomic levels. If we assume that the AC Stark shift is
directly correlated to the ponderomotive shift given by Up= 9.33 10-14 I(W/cm?) A2(um),
then at 1013 W/cm2 and A = 1.064 pm, Up = 1 eV, close to the photon energy (1.165 eV)
for the YAG radiation. The shift of the Rydberg levels has been directly measured for a
laser intensity of 101® W/cm2 and shows lower shift values!!. Indirect measurement
through electron energy reveals that all the levels are shifted as the ionization potentiall2.
But, whatever the exact value of the Rydberg level shift is, it leads to resonance effects
which have to be considered. It is well known that resonances will affect the ion
production, and consequently the harmonic production. In the Xe atom case, the first
possible resonant statc will require a minimum of 9 photons. Resonances are then
expected to take place at 9, 10, 11 and possibly 12 photons. Consequently we may expect
that for the lower harmonics (q<9) resonances would not play any role, which means that
the behavior will be as expected (19). For the 11th or 13th harmonics, due to resonances
we may expect some influences from the resonances : slopes are not any more reflecting
the I9 power law (as shown in Fig2b and Table 1). For higher harmonics, it will be very
difficult to predict what could be the intensity dependence : the vaiue of the siopes is
meaningless!3. Futhermore, as for resonant electron production, in the interaction region,

Tablel. Harmogic Power Laws*
3 5 7 9 1] 13 18 17 19 21
39202 6205 15407 83207 17407 53105 11.740.7 12541 1321 12541
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Fig.3 : Maximum number of harmonics versus laser intensity for Xe, Kr and Ar
Fig.4 : Harmonic distribution in Ne at around 5 1014 W/cm?, laser pulse width 1.2 ps.

when the laser intensity is increased, the different region of the interaction region would
not experience the same laser intensity, and therefore will contribute differently to
harmonic production and phase matching because the suceptiblity in the vicinity of a
resonance will change dramatically!4. A carefull treatment of such a behavior will be
very difficult but must be taken into account in any theoretical treatment.

3.2- Limitations due to ionization.

As mentioned previously the intensity dependences of the harmonics show a clear
saturation when the laser intensity is increased above a given value which corresponds to
the saturation of the jonization. This information is important because it clearly shows
that the ionization strongly influences the harmonic production, but it may have two
possible explanations. Either the harmonic production efficiency is much smaller in an
ionized medium than in an atomic medium via the relative susceptibilities which could be
different, or the presence of the free electrons in the interaction volume seriously affects
the phase matching conditions. The contribution of the free electrons will introduce a
positive phase mismatch changing the propagation conditions. Unfortunatly, the
experiment does not allow to conclude which effect is the major one. But this limitation
due to ionization have an important consequence. The harmonic distributions, as in Fig.1
show a clear cutoff. Similar distributions were obtained in Xe and Kr for different laser
intensities. Fig.3 shows the maximum number of harmonics detected, plotted versus laser
intensity for Xe, Kr and Ar. It appears clearly that, for each rare gas, when the laser
intensity is below the saturation intensity, experimental cutoff points lie on the same line,
independently of the gas considered. The maximum number of harmonics which can be
generated is only intensity dependent, while the conversion efficiency depends on the
atom. When the laser intensity is higher than the saturation intensity, the maximum
harmonic order stops increasing, indicating that ionization of the medium perturbs the
harmonic production or its detection. This observation confirms that the harmonics are
mainly created in an atomic medium and not in an ionic medium. Let us point out that in
the case of Ne or He, which have much higher saturation intensities, of the order of 5
1014 W/cm?, an extrapolation of the curve shown in Fig.3 "predicts” the creation of
greater number of harmonics.
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4- Experimental results in Ne at 5 1014 W/cm?2. Conclusion.

Fig.4 shows a very recent experimental result obtained in a 15 Torr of Ne, at 5 1014
W/cm2, using a picosecond Nd-Glass laser system developed in our laboratory. The laser
wavelength is 1053 nm and the system may deliver up to 1 J in 1.2 psi3. Only a fraction
of this energy has been used (25 mJ) for avoiding damaging of the VUV grating of the
monochromator. After a rapid decrease for the first harmonics (up to the 13% harmonics
where resonances may begin to play a role), there is a slow decay of the relative
harmonic amplitude extending up to the 53 harmonic (62 eV, 20 nm). These
preliminary results are encouraging because one may expect to reach shorter wavelengths
and higher efficiencies by increasing laser intensity. But it appears that effects such as
AC Stark shifts (dynamic resonances), ionization or Kerr effects (which has not been
discussed in the present paper) may influence considerably the production or the
propagation in the medium of very short radiations in the XUV domain produced by

harmonic generation in rare gas in intense laser fields with a photon energy of around
leV.
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1 Abstract

We report both theoretical calculations and experimental observations of second harmonic
(SHG) and third harmonic generation {THG) in long scale-length underdense plasmas. Sec-
ond harmonic generation, normally forbidden in a uniform plasma, is allowed by a radial
electron density profile that results from the laser-intensity dependent ionization. Experi-
mental measurements of the scaling of the harmonics with density and laser intensity are
presented.

2 Introduction

Modest power lasers interacting with a neutral gas have been observed to produce coherent
harmonic radiation (up to the 61°' harmonic) at odd multiples of the fundamental laser
frequency[1]. This is a result of the laser field causing the bound electrons to oscillate in the
anharmonic atomic potential. Increasing the fundamental laser intensity, however, leads to
ionization of the gas and to the production of unbound electrons. Multiphoton ionization
in the long wavelength, high intensity tunneling limit may also lead to harmonic generation
[2). A very high-power laser interacting with a fully ionized plasma, however, may lead
to the generation of large levels of coherent radiation at high harmonics (including even
harmonics) of the incident laser frequency based on an entirely new mechanism. If the
laser pulse is sufficiently intense, the plasma electron mass becomes modulated because of
nonlinear relativistic effects [3]. We describe in this paper the theory and some experiments
in which we may have observed signatures of these mechanisms.

3 Theory

The theories of harmonics produced by lasers interacting with neutral gases and by tunneling
ionization of gases are both given elsewhere [1] [2]. We will therefore only outline in this
section the theory of harmonic generation by high intensity lasers interacting with a plasma.

3.1 Relativistic Harmonics

When a laser beam interacts with a fully ionized plasma, the intense electric field of the
laser beam causes the plasma electrons to oscillate at the fundamental frequency of the
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laser. As the laser intensity increases, the electron quiver motion develops higher harmonic
components due to nonlinear relativistic effects. The process by which relativistic effects
produce coherent harmonic radiation may be understood by a simplified single-particle
model. This model includes only the effects of the relativistic electron quiver motion.
Other effects, such as the plasma density response, will be neglected. A linearly polarized
laser field will be assumed, a,(z,t) = &) sin Ye,, where @ = eA/mc? is the normalized vector
potential and ¥ = kz —~ wt, where k and w are the wavenumber and frequency of the laser
field.

In the single-particle model, the transverse plasma current is J;, = —engv,, where v, is
the relativistic electron quiver motion and ng is the ambient plasma density. In the 1D limit,
ve = ca1/71, where 7, = (1 +a?)!/? is the relativistic factor associated with the transverse
electron motion. This expression for J, acts as the source term in the wave equation which
drives the harmonic radiation, (V2 — 8%/¢%01%)a = S, where

-1/2
§ = kXaysin v (1 + a3 sin? ) &

and wpo = ckyo = (4re®ng/m)}/? is the plasma frequency. In the limit a? << 1, the
denominator in the source term S may be expanded and the component driving the eth
odd harmonic (w; = &w) may be determined. For example, the ratio of the third harmonic
power to the fundamental is P3/ P, = (63k%L,/16k)* = R,,, where L, is the laser-plasma
interaction length. In the single particle limit, P; ~ n3I3, where I (~ @?) is the incident
laser intensity.

3.2 Collective Effects

The single-particle model assumed that the plasma response is dominated by the electron
oviver motion. This is an oversimplification and collective plasma effects, i.e., the plasma
¢~usity response, cannot be neglected. Including the density response, én{z,t), in the
transverse current, gives J; = ~e(ng +6n)v, . Letting vy = v, gives § = k3a(1+ én/ng —
a?/2), where the term a2/2 arises from expanding the relativistic factor. Using 1D cold
fluid theory, the density response dn(z,t) may be calculated, giving

.2 2
S= k:oil siny (1 - :—‘ + -1%%’22&¥ cos2t{:) .

Hence, the effect of including the density response is to reduce [3] the source term for the
third harmonic, ~ exp(%3iy), by the factor 3w§°/4w2 << 1 as compared to the single
particle model. The power in the third harmonic will be reduced by the square of this
factor, P3/P, = R,(3k3%/4k*)?. Hence, in the 1D limit, P; ~ ndJ3. Physically, this
reduction arises from the longitudinal ponderomotive force, F, ~ ~V,a2. This modulates
the density, §n/no ~ exp(£2iy), in such a way that it nearly cancels (to order w}o/uz) the
contribution from the relativistic factor, a?/2. In the absence of the space charge potential,
w:o — 0, this cancellation is exact and no third harmonics are generated in the 1D limit.

3.3 3D Effects

When a laser pulse interacts with a plasma with finite radial density gradients, harmonics
are also generated at even multiples of the incident laser frequency. Radial density gradients
arise when a Gaussian laser pulse produces intensity-dependent ionization of a neutral gas.
Electrons undergoing quiver motion in the presence of a density gradient produce density
oscillations of the form ény ~ & siny - Vynf/k. This produces a source current S; ~
k;o(ﬁnl /no)éy sin ¥ which drives the second harmonic radiation. For a broad laser profile,
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Figure 1: Spectrum of SHG signal in the forward direction from hydrogen, p = 1 Torr, with
w pulse energy ~ 200 mJ; the frequency-shift is due to rapid ionization of the gas. The
reference spectrum was obtained from a doubling crystal.

1/kr, << 1, where r, is the radial dimension of the laser field, the power in the second
harmonic scales as P,/ P, ~ (@1k%L,/k%r,)?. Hence, P,/P; ~ n3I®. Furthermore, radial
density gradients also produce additional source currents which drive the thitrd harmonic
radiation. In the limit r2k2, << 1, the 3D terms dominate the 1D term and the power in

the third harmonic scales as P3/P; ~ R,p(1/k*r?)? and, hence, P; ~ n3I°.

4 Experiment

In order to study harmonic generation, laser pulses from a glass laser of wavelength 1.053
pm, up to 200 mJ in energy, and 1 ps FWHM in duration were focused into a backfilled
vacuum chamber using an f/16 lens. The w light—after passing through the chamber—was
blocked, first by an HR mirror, followed by two IR filters. The spectrum of the SHG in the
forward direction was recorded by a 1/3 m spectrometer coupled to an optical multichannel
analyzer with an intensified linear photodiode .rray. The resolution of the system was
estimated to be ~ 1.6 A.

Harmonic generation was observed from various plasmas: hydrogen, helium, and nitro-
gen. The SHG spectrum for a hydrogen plasma is shown in Fig. 1, with a reference 2w
spectrum obtained using a frequency doubling crystal. The scalings of SHG and THG with
gas pressure and intensity. shown in Fig. 2, were measured with a photomultiplier tube and
appropriate band-pass filters.

4.1 Preliminary Analysis

The frequency shift and broadening of Fig. 1 may be explained by the rapid change of
the index of refraction during the ionization of the gas [4]. The neutral gas density ng is
assumed to be linearly proportional to the pressure through the ideal gas law, p = nokT.
The electron density n, is assumed to be a large fraction (n./ng > 0.1) of ng. Calculations
indicate that tunneling ionization is the dominant ionization mechanism. Ignoring collisional
damping for the low pressures considered here, the index of refraction of the plasma is
n? = 1 —wy(1)?/w? = 1 - (47n.(t)e?/m)/w?, where the electron density n.(t) increases with
time during the risetime of the laser pulse. The frequency shift due to this index change
can be written as AA/A = —Aw/w = (z/c)dn/dt, where z is taken to be the Rayleigh range
of the laser focus. For A = 1 uym, z ~ 1 cm, and supposing that n.(t) increases from 0
to 10'8cm~3 within 100 fs, then we would expect AX ~ 1 A. The shift in SHG spectrum
is assumed to be induced by the shift in the laser and the cross-phase modulation by the
laser, which is in approximate agreement with the observed frequ¢ y shift.
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Figure 2: Scaling of SHG and THG in a hydrogen plasma. (a) Scaling of SHG with intensity
for fixed pressure. At iow laser intensity, the SHG scales as F; o« I'®. At higher laser
intensity, far above the ionization threshold, the SHG scales as P, « I'5. (b) Scaling of
SHG with pressure for fixed intensity. (c) Scaling of THG with intensity for fixed pressure
agrees with the prediction, P; o I3, at intensities abave the saturation threshold. (d)
Scaling of THG with pressure for fixed intensity. The measured scalings of the SHG and
THG with pressure shown in (b) and (d), P23 ~ p?, are identical to the predicted scalings.

We also measured the polarization of SHG and THG. For linearly polarized laser input,
the ratio of SHG parallel with the laser to perpendicular SHG was about 10:1. The THG
was parallel with the laser. However, whereas circularly polarized laser light was found to be
more efficient (a few times higher) in producing SHG than linear polarization, it produced
no THG (the signal was about 2 orders of magnitude smaller than the linear polarization
case, which we attribute to imperfect circular polarization produced by the waveplate}. As
shown in Fig. 2(a), the scaling of the SHG at low intensities agrees with the prediction of
Bethune [5], in which P; would scale with intensity approximately as the number of photons
required to ionize Hydrogen (~ 10). In this case, the origin of the SHG is attributed to
electric-field-induced third-order mixing, driven by charge separation, arising from either
the initial kinetic energy of the ejected electrons, observed by Malcuit, et al. [5), or by the
ponderomotive force of the laser, observed by Augst, et al. [5]. At higher laser intensity, far
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above the ionization threshold, the SHG scales as P, « I'5. The THG also scales differently
above the saturation intensity threshold than below it; above it scales as predicted by the
theory of Sec. 3, Py « I3. Finally, it is predicted that odd harmonics may be driven by
nonlinear currents due to muitiphoton ionization {2], and—although nc theory has yet been
done to treat this case—it is possible that a density non-uniformity may allow for SHG
as it did in the theory of Sec. 3.3. In order to unambiguously determine the importance
of this competing mechanism, experiments are under w-y in which the the plasma will be
produced with a pre-ionizing laser pulse.
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ABSTRACT

Two-photon resonant, difference frequency four wave mixing using the Spy2 (J=0) level
in krypton has been performed to generate tunable VUV radiation for photoabsorption
measurements of oxygen resonances in the 1200 - 1300A region. This has yielded the
highest resolution spectra to date of the E3Zy™ - X3Zg" (0-0) bands in 1602, 1302 and
160180. Striking differences in the appearance of rotational structure between the isotopic
species are observed, in some cases for the first time.

INTRODUCTION

Previous VUV high resolution absorption and photo-dissociation studies of molecular
oxygen in our laboratory have used stimulated anti-Stokes Raman scattering to produce
tunable VUV radiation(1,2), However, such studies are limited in practice by low
conversion efficiencies to wavelengths >1500A i.e. the Schumann-Runge band and
continuum region.

In the present work, use is made of the versatility of four-wave difference-frequency
mixing in krypton to generate radiation over a more extensive range of VUV wavelengths
down to the LiF window cutoff (1050A). This technique enables high resolution (~0.15

cm-1) spectroscopy of oxygen below 1300A i.e. the band systems in the window region of
the O7 spectrum. The present work is concerned with obtaining absolute cross sections of

photodissociating resonances in the 1200 - 1300A region (3) which have been measured
previously using conventional monochromator techniques to a resolution of ~ 3cm-1 (4:5),

EXPERIMENT

The present experiment used the excimer pumped, dual dye laser system described at the
1988 Short Wavelength meeting(6) (fig. 1). The first dye laser was operated at 425.1nm
and was frequency doubled using BBO to produce 2 radiation two-photon resonant with

the 5p(1/2) (J=0) level in krypton. The second laser (Rhodamine 700) was difference
frequency mixed with the 212.55nm radiation to generate VUV radiation in the 125.3 -
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123.8nm region. This technique has been proposed(7) and demonstrated(8) elsewhere 1o
generate other VUV wavelengths , but is used here to generate radiation in this region for
the first time.

The generated VUV radiation was filtered by a monochromator and passed through an

oxygen absorption system used previously(l). Scans were taken using a monitor
photomultiplier prior to the oxygen cell to remove shot-to-shot VUV intensity fluctuations.

[:] trigger line

krypton

Figure 1. Schematic of the four wave difference frequency mixing experiment.

RESULTS

High resolution scans were obtained of the longest (1244A) oxygen band in the Tanaka
Yrogrcssion at low (<0.1 torr) pressures for which pressure-broadening is negligible. For
609 the spectra in fig. 2 showed smooth P and R branches with no rotational structure,
which were identical with spectra obtained previously by conventional techniques(®) and

were in good agreement with theory(4),

However, the measured cross sections using isotopic 1307 revealed detailed rotational
and fine-structure (fig.3) which had been observed previously only by photographic
techniques(9). The triplet fine-structure in the R branch shown in more detail in fig. 4.
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Figure 4. Detailed triplet structure in the R-branch of fig.3.

The spectra obtained using 160180 revealed even more striking structure (fig. 5) on a
wavelength scale much smaller than for 1307, The structure at low rotation near the band
head shown is the narrowest of the three isotopes studied. The poor signal to noise ratio is
mainly caused by the reduction of the data from spectra which include overlying
contributions due to the other isotopic constituents.
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Figure 5. The same band showing finer structure for 160180,
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IHEORETICAL PREDICTIONS

Our measured absolute cross-sections for the isotopic species were again in good
agreement with theoretical predictions obtained using coupled Schrodinger equation theory.
This theory used diabatic potentials to model the E3Zy" - X3Zg' absorption bands of 02
which are predissociated and asymmetric due to strong electronic interactions between the
valence and Rydberg 3%y- states. The resultant effects are highly dependent on the
isotopic species, with small changes in the rovibrational energy levels producing large
changes in the rotational linewidths. These linewidths were measured experimentally for
the first time here due to the use of these high resolution, nonlinear laser techniques.
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Figure 6. Rotational linewidths for 1802 showing experimental values.

The triplet fine structure observed in the 1807 spectrum exhibited a marked variation in
linewidth with rotational quantum number. The R branch linewidths shown in the fig. 6 (as
well as those of the weaker NP3 transition) reveal a pronounced non-zero minimum at N'
=22. The non-zero linewidth minimum is due to an orbit-rotation interaction between the

E3%y" and 31Ty states. Both contributions to the linewidth are well predicted by the
theoretical model.

CONCLUSIONS

The four-wave, difference-frequency mixing technique has proved versatile in the
generation of high resolution, high signal-to-noise VUV spectra which will have wide
applicability in future gas phase molecular spectroscopy. The novel features associated
with rotational fine-structure observed in the isotopic spectra of the oxygen bands in the
1200 - 1300A window region demonstrate the usefulness of this technique.
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Instrumentation for Genperating Tunable VUV
Radiation Near 1215.6 A (H 1s + kv -> 2s) and
1202.8 A (He 1s% + 2 hv -> 152515)

Xiaoxiong Xiong and Thomas J. Mcllrath

Institute for Physical Science and Technology, University of Maryland,
College Park, Maryland 20742

Chris L. Westbrook

Center for Atomic Molecular and Optical Physics, National Institute for
Standards and Technology, Gaithersburg, Maryland 20899

Abstract

A system using only one tunable dye laser has been constructed for
generating efficient vacuum ultraviolet (VUV) radiation by near
resonant third-order frequency mixing, wyyy =20yy - O, in krypton
(wyyv, Oyy and op are the frequencies of vacuum ultraviolet,
ultraviolet, and infrared radiation respectively). Enhancement effects
on the generation efficiencies using various intermediate resonances
and phase matched mixtures of rare gases have been investigated. This
instrumentation and the schemes can be used to generate hydrogen
lyman-a at 1215.6 A and helium 1s2 - 1s2s 1S two-photon resonance
radiation at 1202.8 A.

Introduction

Since the earliest nonlinear frequency mixing experiments by New and
Ward [1,2], many efforts have been made to develop mixing schemes for
generating vacuum ultraviolet (VUV) radiation in gases and vapors [3-
6]. Among the well-established techniques are the use of intermediate
resonances and the use of phase matching of the nonlinear media [3,4].
In this paper, we discuss a simple system (one dye laser and one
pumping laser) constructed for generating tunable VUV radiation
suitable for high resolution spectroscopy. Our special considerations are
focused on the capability of generating hydrogen lyman-u at 1215.6 A
and helium two-photon excitation radiation at 1202.8 A, and on the

Proceedings on Short-Wavelength Coherent Radiation, 18
Vol. 11, Philip H. Bucksbaum and Natale M. Ceglio (eds.)
© 199] Opxical Society of America




Short-Wavelength Coherent Radiation 19

capability of monitoring both the intensity and the wavelength of the
generated VUV radiation for precision spectroscopy. Third-order sum-
difference frequency mixing, wyyy =2w0yy - WyR, is used to generate the
VUV radiation in rare gases of Kr, Xe, and Ar. The input UV frequency
is tuned near, but not on, two-photon intermediate resonances (Kr: 4p -
5p) to enhance the nonlinear susceptibility x(3), and to provide the
tunability of the VUV radiation. The optimal phase matching condition
is achieved by mixing two oppositely dispersive gases.

Apparatus

Fig. 1a shows a parametric sum-difference frequency mixing process,
wyyy =20yy - OR, using the near resonant enhancement (4p - 5p) in Kr.
In the scheme shown in Fig. 1b, the input UV radiation in the region
from 2125 A to 2167 A is produced from the dye laser (LDS 867 dye)
radiation by two successive doubling processes in nonlinear crystals
(KDP and BBO). In another scheme, the input UV radiation in this
region is produced by summing the Nd: YAG fundamental at 1.06 p
with doubled dye laser (Fluoresein 548 dye) radiation. The input IR
radiation for the two schemes is a part of the radiation from either the
YAG fundamental or the fundamental of the dye laser.

T Oscilloscops [+ Inereromeer
Wy 864 nm
b low,  [NeYAG o= Dl;,‘;“g;r -1 X2 X2
Puv VUV uv
“'(;;L 4" ® | | "

Figure 1. (a) Near resonant sum-difference frequency mixing, @yyy =
20yy - OR, in Kr (4p - 5p). (b) Schematic block diagram of apparatus
for generating VUV radiation by sum-difference frequency mixing.

Since near resonant schemes are used for the generation of tunable
VUV radiation, only one tunable dye laser is needed in the above
parametric processes, Oyyy = 20yy - Og. This allows the output VUV
wavelength and the linewidth to be conveniently monitored during the
experiment by measuring those parameters of the input tunable
radiation. The generated VUV radiation is separated from the input
UV and IR radiation by a dispersive lens mounted off the center axis. A
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knife edge in the focal plane of the VUV allows all the generated VUV to
pass through into the detector system, and blocks the remaining input
UV and IR radiation. The detector system consists of a NO ionization
tube and a PMT mounted to a 0.2 m monochromator. The absolute
intensity is determined by measuring the NO ion current. A wavemeter
and an Fabry-Perot interferometer are used to monitor the wavelength
and linewidth of the driving fundamental radiation.

Results and Discussions

In addition to the dependence on the input UV and IR powers, the
generated VUV power for sum-difference frequency mixing (oyyy =
2oyy - OR) i8 given by (7]:

Pvuv oc [x(a)]zNze—lNCbl , 1)

where %(3) is the third-other susceptibility, N is the number density of the
medium, b is the confocal beam parameter, and C (= Ak/N) is the
wavevector mismatch (Ak) per atom defined as:

VUV radiation from 1180 A to 1240 A has been generated using
different intermediate resonances in Kr (4p - 5p). The experimental
results (UV to VUV conversion efficiencies) are presented in Table 1 for
on resonance sum-difference generation using pure Kr and the mixture
of Kr and Xe. At each resonance, the input IR radiation is taken from
either the YAG fundamental or the dye laser radiation. An
enhancement factor of 2 - 10 has been obtained at different VUV
wavelength by phase matching two oppositely dispersive gases.

Table 1 Absolute conversion efficiencies from UV to VUV at
different Kr intermediate resonances. (a) in pure Kr; (b) in
mixture of Kr and Xe. Pyy=10kW, Pr = 1 MW,

Resonance [5/2, 2] [32,2] (172, 0]

VUV Wavelength (A) 1206 1238 194 127 181 1215
Peak pressure (torr) 28 4 2 25 10 L
Efficiency (a) (10-5) 100 12 55 2 12 6
Efficiency (b) (10-5) 200 N.A* NA* D 0 0

* Not Applicable (both Kr and Xe are positively dispersive)

We have measured the dispersive properties of Kr gas and found they
agree with the theory very well except when the output radiation is
within ~ 2 A of a resonance in the nonlinear medium. The VUV power
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dependence on the gas pressure is shown in Fig. 2. At 1215 A, the
wavevector mismatch per atom is experimentally determined to be C
=-1.1x 1017 ¢m2, which compares favorably with the calculated value of
Cca; =-1.0x 10-17 ¢cm? [8,9]. However at 1238 A, which is close to the first
excitation line (Kr 4p - 5s) at 1236 A, Cp,, =4x 1017 cm?2, while Ccq =19
x 10-17 ¢cm2 (8,9). The rapid change of the dispersion characteristics
around this excitation line, and the possible line shift due to the AC
stark effect are partially responsible for the above large discrepancy.

7..,..',.rﬂ...‘
__100 aL ® 1
> 35kW UV % ]
< 50 torr Kr N
— 1

> o }

3 -1
£ eoe’ ~140cm 1
'Yy 3 3

001 RS 1

0 10 20 30 40 50 1200 1202 1204 1206 1208
Krypton Pressure [ torr ] Wavelength (A1)

Figure 2 The VUV power dependence Figure 3 The VUV power versus
on the krypton gas pressure at 1238 the wavelength near Kr 4p - 5p
Aand 1215 A. [5/2, 2] resonance.

Several schemes in Table 1 can be used to generate the radiation at
1202.8 A and 1215.6 A by tuning the input UV off the exact resonance.
The conversion efficiencies in pure krypton are much less for the off (but
near) intermediate resonance situation than for the on resonance
configuration. However, the enhancement due to phase matching is
much higher for the off resonance situation. Fig. 3 displays the relative
efficiencies from 1200 A to 1208 A when the UV frequency is tuned on
and near resonance 4p - 5p [5/2, 2] in Kr. The input IR radiation is kept
fixed (from YAG 1.06 ). We can see that when the input UV is tuned
away from the exact resonance by 70 cm-l, the efficiency could drop as
much as two orders of magnitude. At resonance, 320 W VUV radiation
(1206 A) was obtained in the phase matched mixture of Kr and Xe using
120 kW input UV. This conversion efficiency is less than we would
expect, indicating possible saturation effects. For the off resonant
situation, e.g. at 1203 A (225 cm'! off resonance), 80 W VUV has been
generated in the mixture of Kr and Xe with 200 kW input UV (the above
phase matched results are represented by “%” in Fig. 3). Similarly 40 W
(~101! photons/pulse) at hydrogen lyman-o radiation of 1216 A (650 cm-!
off resonance) has been generated with 100 kW input UV radiation in a
phase matched medium. Proper phase matching of the Kr and Xe gases
with opposite dispersion provides an enhancement of more than two
orders of magnitude for the non-resonant generation scheme. The
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enhancement for resonant up conversion was never more than a factor
of 10. Ar and Kr, having opposite dispersion in this region, have also
been used in the experiment to enhance the conversion efficiency.

Conclusion

Operating near, but not on, intermediate resonances allows an efficient,
tunable system with only one tunable laser. The use of phase matching
with a mixture of rare gases raises the off resonance conversion
efficiency to within an order of magnitude of the saturated on resonance
value. Both the intensity and the wavelength of the generated VUV can
be controlled with this system. The schemes of using the dye laser
radiation to provide the input IR radiation and also to produce the input
UV radiation (in nonlinear crystals) can be applied to the Ti: sapphire
laser system, which has a maximum efficiency at 840 nm ([10].
Experimental results provide useful information for generating 1202.8 A
and 1215.6 A radiation for spectroscopy applications. This work was
supported by the National Science Foundation.
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Spatial Distribution of High-Order Harmonics
Generated in the Tunneling Regime
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ABSTRACT

High-order harmonic production in a jet of krypton or xenon gas is studied using a
1.053-um wavelength laser. All the harmonics in the 9th to 31st range display
approximately equal angular widths with cone angles that are approximately half that of the
laser. Lowest order perturbation theory predicts the angular widths to decrease with
harmonic order N as N'12,

The study of highly nonlinear processes in an intense laser field has become a topic of great
interest. Among the possible effects is harmonic production of the laser field. In atomic
gases the dipole approximation predicts the presence of only odd harmonics. We have
studied the angular distribution of high-order odd harmonics (9th through 31st) and we
find the results to be inconsistent with predictions of lowest order perturbation theory
(LOPT). As expected, the harmonics are present when linearly polarized light is used and
absent with circularly polarized light.

General features of the harmonic spectra are in agreement with previous experiments. A
plateau in the intensities of the 9th through 31st harmonics is observed with a cutoff at the
23rd harmonic in xenon and the 31st harmonic in krypton. This is similar to the plateau and
cutoff, which have been observed previously by several groups [1-4]. The laser intensity
required to produce high-order harmonics is consistent with the findings of these other
groups.

The laser used for these experiments is a Nd:glass laser, which uses the chirped pulse
amplification and compression technique to produce high-intensity 1-ps laser pulses. It has
been described in detail elsewhere [5,6]. Using /20 optics (60-cm focal length lens)
intensities ranging from 1013 to 1015 W/cm2 were obtained. We have previously
performed low gas density experiments to measure the degree of ionization versus laser
intensity [7,8]. These experiments show that intensities of 1015 W/cm? are sufficient to
produce Xe3+ and Kr#+ in the absence of collisions. The laser has also been operated in a
more conventional manner with a bandwidth limited 55-ps pulse and focused intensities in
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the 1014 W/cm? range. The maximum charge states obtained with this pulse were Xe5+
and Kr¥+,

The harmonics are produced in a jet of krypton or xenon gas. The gas is introduced into
a vacuum chamber using a Lasertechnics model LPV puised nozzle. The nozzle is directed
into the mouth of a 2-in. diffusion pump, which keeps the chamber pressure from rising
above 10-5 Torr when the jet is fired. The laser is focused approximately 0.5 mm from the
nozzle opening. Two nozzle sizes were used: 1000 um and 300 um. No harmonics were
seen with the 1000-um nozzle since the confocal parameter of the laser was less than the
width of the jet. Phase-matching conditions for harmonic generation require the interaction
length to be less than the confocal parameter of the focused bearn [9].

The backing pressure for the gas jet is approximately 1 atm. Xenon and krypton can
form dimers at these high pressures resulting in a broadband fluorescent emission, which
spans the wavelength range of the harmonics {1]. This signal cannot be detected with our
spectrometer since its low collection efficiency reduces the signal-to-noise ratio to the point
where the fluorescence light has an intensity at or below the noise level.

The spectrometer used in these experiments is shown in Fig. 1. It consists of a slit with
approximate dimensions of 100 um x 2.5 cm followed by a bare gold wire transmission
grating. The slit is aligned to be parallel to the grating wires. The grating consists of
0.5-um diam gold wires, which are separated by 1 um (center to center). Following the
grating is a microchannel plate (MCP) image intensified phosphor screen (Galileo model
8081). The MCP intensifier is not UV enhanced so it cannot detect harmonics lower than
the ninth. The screen is positioned colinearly with the laser beam. The light incident on the
slit and grating is dispersed by the grating and produces spectral lines on the phosphor
screen. The spec'ral content of the light can be measured in the direction perpendicular to
the grating lines and the angular distribution of the harmonic lines can be measured parallel
to the slit. Thus we simultaneously obtain information about the spatial distribution as well
as the spectral content of the light.

Laser and
harmonics

4——>l—-—>

MCP screen

—80 —

Gas jet

ES913

Figure 1. The spectrometer configuration. Laser and harmonic signals pass through a
100-um slit and are dispersed by the gold wire transmission grating. The spectral lines are
detected with an MCP intensified phosphor screen. The frequency spectrum is measured in
the vertical direction and the angular distribution is measured in the horizontal direction.
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«  Measurements of the harmonic distribution have also been done with the slit and the
transmission grating removed so that the laser and harmonic beams directly strike the
surface of the MCP. We were able to compare the spatial distribution of the harmonics to
that of the laser by pulsing the gas jet on every other shot. Although the MCP is not
sensitive to 1-wm wavelength light we were able to see a signal from the laser itself by
increasing the bias voltage on the plates from 1.0 kV to 1.8 kV (a gain increase of ~1000).
The extremely high intensity of the laser was sufficient to create a small signal. When the
slit and transmission grating were in place, however, the laser beam alone would not create
a signal on the MCP using comparable voltages. This is due to the large amount of
1.053-um light, which is reflected by the grating.

A calibration of the gas pressure at the laser focus was performed by measuring the
visible light emission perpendicular to the direction of laser propagation. The backing
pressure of the jet was varied and the scattered signal measured. The entire chamber was
then backfilled to various pressures, which produced similar signal levels. The spatial
extent of the gas is clearly less in the case of the gas jet, which means there are fewer atoms
from which the light can scatter. If low laser intensities are used, however, most of the
scattered light will come from a very short region near the beam waist so the back-filled
chamber should give only a slightly larger signal than the gas jet would at equal pressures.
We estimate the output pressure of the gas jet at the laser focus to be ~5 (x 3t!) Torr
(particle density = ~1017 cm3).

The angular distributions of some harmonics is shown in Fig. 2. The peak heights have
been normalized so that their widths can be compared. The small spatial structure could be
due to many things such as defects in the grating or MCP, density variations in the gas jet,
structure in the incident laser beam, or harmonic generation due to resonance effects. Some
of these effects could be reduced by signal averaging, but the harmonics in Fig. 2 represent
data from a single laser shot. We do not yet know if the structure is a significant feature of
the data shown.

Fourier transform methods can be used to calculate the beam profile at the focal and
detector planes [10,11] (if cylindrical symmetry is assumed, Hankel transforms are used).
A comparison of the calculated and measured focal spot sizes suggests a nearly diffraction-
limited spot size. If the harmonics are assumed to have an /N dependence as predicted by
LOPT, the spatial distribution of the harmonics at the focal plane can be calculated by
raising the laser beam profile to the Nth power. The beam profile at the detector can then be
calculated by performing an inverse Fourier transform. The results of these calculations are
shown in Figs. 3-5, which assume (1) a Gaussian beam (Fig. 3); (2) a super-Gaussian
(Fig. 4); and (3) a circular ring shape at the focus (Fig. 5), which would be the case for
resonant harmonic production due to atomic levels being Stark shifted into resonance.

Clearly the LOPT prediction does not coincide with the experiment. Even though a
Gaussian shape for the incident laser beam is not a realistic representation of the actual
beam profile, almost identical results are obtained by using a super-Gaussian of the form:
exp(-laxtan(6)13). The “best-fit” width to the curve is obtained with the value a = 50. The
super-Gaussian laser beam profile shown here is at the plane of the MCP detector
approximately 60 cm from the focus.
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Figure 2. Experimental measurement of
the spatial extent of high harmonics
relative to that of the incident laser. The
peak heights have been normalized so that
their widths could be compared. Note that
the laser beam profile represents a
different laser shot from the other three
curves.
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Figure 4. Comparison of the laser beam
spatial profile to a super-Gaussian and the
calculated harmonic widths using the
super-Gaussian profile as described in the
text.

Figure 3. Lowest order perturbation
theory prediction of the spatial extent of
high harmonics relative to that of the
incident laser. The width depends on
harmonic order N as N-172,
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Figure 5. Angular distribution of the 11th
harmonic assuming a circular ring
distribution at the focus. A ring distribution
might arise from resonant harmonic
generation.

Harmonic production due to resonances would create harmonics in a circular ring at the
focus. Figure 5 represents a calculation assuming a circular ring at the focal plane. Note
that this calculation assumes a two-dimensional source whereas the actual source would
more likely be some sort of ellipsoidal shell. Figure 5 is included for interest purposes
only, and we do not suggest that this is the actual profile that would be expected from
resonant harmonic production.
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A recently proposed theoretical model of harmonic generation accounts for the presence
of free electrons in the focal volume [12]. Those calculations do a good job of modeling the
intensity dependence of the harmonics for large N. We are presently calculating the spatial
profiles that are predicted by this model.
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Resonantly Enhanced Harmonic Generation and
Above-Threshold Ionization in Krypton
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Abstract

We describe the results of experiments performed in Krypton to observe the effect of an
isolated atomic level on harmonic generation at intensities above 1013 W/cm?2- We have
measured the intensity of harmonics produced as a function of laser intensity and focal
conditions as well as recorded the photoelectron energy spectra in complementary
experiments. We discuss a simple model fit to our data that describes an atomic level ac
Stark shifting through resonance.

In the search for an intense source of vacuum ultraviolet radiation, nonpertubative high-
order harmonic generation (NHG) is being studied carefully by a number of experimental
and theoretical groups.l:2.3 This research followed closely the exploration of above
threshold ionization (ATT), and more than one worker has suggested a strong connection
between the two processes.4.S In this paper we present the results of our experimental
investigation of the connection between NHG and ATI, focussing in particular on the effect
of an intermediate state resonance on these two processes. We chose krypton for this work
because it contains two atomic levels, the 4p3(2P37)5s and the 4p3(2Py12)5s”, that are
isolated from the higher lying levels and can be expected to ac Stark shift into coincidence
with five photons at 532 nm with intensities in the 1013 - 1014 W/cm? range (the 55 state
lies 1.6 eV below the five-photon energy while the 5s' state is 1.0 eV below the energy of
five photons ).
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The experimental conditions for observing ATI and NHG are quite different. ATI
measurements are made with an electron spectrometer that operates at relatively low
densities(~1010 cm-3) so that space-charge effects on the electron flight times are
minimized. In contrast, harmonic generation is proportional to the density squared and
yields large signals at the high, localized densities(1015 - 1018 cm-3) of a supersonic
nozzle. To satisfy the quite different density requirements of ATI and NHG while
maintaining all else the same, we used separate chambers with identical focussing
conditions. The laser system consists of a mode-locked Nd:YAG laser that seeds a
regencrative amplifier, which is frequency doubled to produce up to 125 mJ energy ina 75
ps pulse.6 For the NHG experiments the laser is focussed at the output of a pulsed
supersonic gas jet. The generated harmonics pass through the entrance slit of a normal
incidence vacuum monochromator, are dispersed by a 1200 lines/mm grating, and are
detected by a CsI-coated dual microchannel plate (MCP) detector. An identical lens is used
to focus the laser between the pole pieces of a magnetic bottle photoelectron spectrometer
for the ATI experiments. The use of 75 ps iaser pulses means that the ponderomotive
energy of the electrons in the intense field is completely recovered: the observed
photoelectron time-of-flight is therefore independent of the laser intensity. To determine
the laser intensity per pulse we simultaneously measure pulse energy, using a calibrated
photodiode, and the beam profile at the focal plane, using a CCD-based beam profiling
instrument. The focussed beam is Gaussian and slightly elliptical. In both experiments the
signals are binned according to laser intensity and each recorded point is an average of 20-
100 individual laser shots.

Figure 1 presents results from an NHG experiment where the laser was focussed with a
50 cm lens (the confocal parameter b=0.8 cm). The MCP signal is converted to photon
number by correcting for the grating and MCP efficiencies at each harmonic wavelength
and the fractional transmission of the monochromator input slit. We estimate this
conversion is within a factor of five in absolute value but better than 50% when comparing
the individual harmonics. We show data for the 3rd, 5th, and 7th harmonics. The higher
orders were not observed above the background from the bright plasma formed at the laser
focus. The 3rd harmonic was observed to increase as I3 where I is the fundamental
intensity. The 5th harmonic increases as 15, but levels off at 3 x 1013 W/cm? then begins to
rise again. The 7th harmonic shows a dip or step at the same intensity as the Sth.
Harmonics measured with a shorter confocal parameter (b=0.3 cm) behaved similarly, with
the exception that the 7th harmonic actually overtakes the 5th harmonic at the intensity near
the step. With a shorter focal length lens we see the 9th harmonic above the background
fluorescence. Figure 3 shows harmonic intensities from shorter confocal parameter NHG
experiments (b=0.3 cm) for several peak laser intensities. At the lowest intensity we see
the harmonic signal fall precipitously with order. At 2.8 x 1013 W/cm?2 the 5th and 7th
harmonics have increased with respect to the 3rd, forming a small plateau where the 7th has
actually surpassed the fifth. At the highest intensity the 9th harmonic is also beginning to
catch up to the lower orders, causing the plateau to widen.
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Figure 1. Number of harmonic photons
detected, b=0.8 cm.

Figure 2. Integrated electron signal, seven
photon ionization of Krypton, b=0.8 cm.

Figure 2 presents the results of ATI experiments using the longer focal length lens (b=0.8
cm). Each point is the integrated area of a peak in the time-of-flight photoelectron
spectrum, corresponding to the production of Kr* in either the 2Py, or 2P3; spin states by
absorption of seven photons. The 2P3y; signal rises as IS, but otherwise displays no
notable features. Conversely, the 2Py signal clearly shows a step similar to the feature
observed in the harmonic data. A similar feature is also seen on the cight-photon 2P ATI
data. We do not see a similar step in the higher ATI peaks; however, the effect of a five-
photon resonance may be washed out at the higher orders as was seen for the 9th
harmonic. Additionally, we are unable io resolve the ion spin states for the higher ATI
peaks, so the step is probably softened by the 2P3/; signal. The presence of the resonance
feature in the 2Py, ATI data but absence in the 2P3/; data suggests the resonant state has a
2Py, core; we assign the 4p5(2P12)5s ‘excited state as the intermediate state at work in our
ATI and NHG experiments.
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To model the effect of this resonance, we calculate the total ions produced per laser shot
when a state is nearly five-photon resonant.” The model is based on the five photon
excitation to a level that is ac Stark shifted through resonance, followed by a two photon
ionization to a continuum state. We integrated the following equation over the known
temporal and spatial profile of our laser:

2
= 1 )

Nions=IdV’d'4 2 (7 7
(50-w, - a,) —(72)

where Q is the five photon Rabi rate given by Q2 = as/5, as is the five-photon Rabi
coefficient, 7, is the two-photon ionization rate and is given by 73 = of2 (o' is the two-
photon ionization cross section), & is the ac Stark coefficient, and Sw-wy is the five-
photon frequency offset. The fit results give as=2 x 10-137 cm10-sec3, =8 x 10-4% cm#-
sec, and @=6.5 x 1014 eV-cm2/W; the solid curve in Fig. 2 is the plot of Eq. (1) for these
values of the three parameters. Clearly the better way to determine the ac Stark shift of this
excited state is to record the ATI spectrum using short (1 ps) laser pulses; these
experiments are currently underway.

In conclusion, we have shown the first direct evidence of the role that intermediate
resonances play in producing the patently nonperturbative behavior that has become the
trademark of high order harmonic generation in the regime of laser intensities greater than
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1013 W/cm2. In particular we showed a single, isolated level being ac Stark-shifted through
resonance, causing the selective enhancement of the seventh harmonic and the beginning of
plateau formation. In addition, by measuring the ATI spectra in a complementary
experiment we have associated the state with a particular ion core state, which enabled us to
identify the resonance as the 2P}, 55" state. Based on these results that show a single level
being shifted through resonance to form a small plateau we suggest that the extended
plateaus seen by several groups consist of many levels being shifted in and out of
resonance as the atom is excited into the high density Rydberg and continuum states.
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Photon accelerator: A novel method of frequency upshifting
sub-picosecond laser pulses

Scott C. Wilks
Lawrence Livermore National Laboratory,
Universsty of California, Livermore, CA 94550

Abstract

A novel method of frequency upshifting subpicosecond pulses of laser light, which
makes use of relativistic plasma waves, is described in this paper. This method
makes use of the fact that the response of a plasma to either a short laser pulse
or a short relativistic electron beam is nearly identical. Thus, the wakefields, or
electric fields, that are left behind in the plasma as either of these drivers pass,
are also very similar. Since electron acceleration in plasma waves can effectively
be thought of as the simple superposition of wakes, this analogy brings about
the interesting question of whether the superposition of short laser pulse wakes
would produce “acceleration” (or equivalently, frequency upshifting) of a trailing
laser pulse. We estimate the rate of frequency upshift possible, and discuss some
important physical limitations.

Two recent particle acceleration schemes, the plasma beat wave accelerator (PBWA)m and
the plasma wake field accelerator (PWFA),[2] employ relativistic plasma waves to generate
large electric field gradients (~ 1 GeV/cm)m for the acceleration of charged particles to ultra-
relativistic energies. A third method, which was actually the proposed method in the original
laser accelerator article by Tajima and Dawson [1] will be implicitly included in our references to
the PBWA. This method relies on a short (< A,/2, where ), is a plasma wavelength) powerful
laser pulse to create the plasma wave. Each scheme relies on using a finite-length, electrical
disturbance (in the PBWA, an intense laser pulse; in the PWFA, a relativistic electron beam)
propagating through a plasma to set up plasma waves that have a phase velocity of nearly the
speed of light in vacuum. Once generated, one then injects a trailing bunch of electrons into the
accelerating phase of the plasma wave, so that energy can be transferred from the wave to the
trailing electrons (this is referred to as “beam loading.”)4.5.:6)

We will discuss the results of replacing this trailing bunch of electrons with a short (less
than 1/2 of a plasma wavelength) pulse of electromagnetic radiation. It will be shown that
the frequency of the radiation is continuously upshifted, in analogy with the energy gain of the
trailing bunch of electrons in the original concept of plasma accelerators. First, we will review
the process of accelerating electrons with plasma waves. The acceleration of charged particles
via plasma waves can be viewed in the following way. Consider it is as the superposition of the
longitudinal electric fields (also referred to as wakefields) of an accelerating wave, which we take
to have been generated some type of driving beam, and a trailing beam that lags the end of the
driver by a few plasma wavelengths. We find that the density perturbation left behind by the
driving beam is given by

ny = bnsinky(z — ct).

where we have taken én to he the amplitude of the disturbance in an otherwise hiotnogencous
plasma of density ng, and we have also assumed that the phase velocity of the wave is approxi-
mately the speed of light (c). The wavenumber. kp, i1s related to the plasma frequency through

the dispersion relation &, =~ wp/c; the plasma frequency being defined as u,. = (47ngc”)/m..
When a second bunch of clectrons is then injected with te appropriate phase. we find that the

field behind the trailing pulse is zero. This can be understood by saying that the driving beam
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put energy into the plasma in the form of plasma waves, which we now call the accelerating
field. As the trailing beam follows, it extracts this energy that was stored in the plasma waves.
This energy finally shows up as an increase in the kinetic energy of the trailing beam electrons.

The idea of “loading” the plasma wave with a laser pulse can be explained in a manner
similar to that of electron beam loading. This time we will assume that the driving beam is
also a short laser pulse, aithough a driving electron beam would also create a suitable wake.
As discussed above, this light pulse traveling through a plasma leaves behind it a “wake,”
or density perturbation given by the above equation. (The amplitude can be shown to be
én/ne = (eEp)/(m.woc), where Ey is the amplitude of the electromagnetic wave associated
with the laser pulse of frequency w,.) Now consider a second, identical, pulse placed 1% plasma
wavelengths behind the first pulse. This second pulse will create an identical wake that is 180
degrees out of phase with the first wake. The superposition of the two wakefields behind the
second pulse results in a lowering of the amplitude of the plasma wave. It is clear that the
second laser pulse will absorb some fraction of the energy stored in the wake created by the first
laser pulse. Assuming photon conservation, this increase in energy implies that the frequency
of the second pulse can be upshifted, i.e.,

AU = NhAw.

This follows from the fact that the energy of the pulse is U = Nhw, N being the total number
of photons in the packet.

We obtain an estimate on the rate of frequency upshift possible in the presence of a relativistic
Langmuir wave of amplitude én in an otherwise homogeneous plasma with density ng, that moves
with the velocity of the driver, u,. We first find that the laser pulse can be represented by an
equivalent charge similar to our trailing electron beam discussed above. Once this is recognized,
the electron beam loading formalism developed in previous section can be used to investigate
the “acceleration” of the laser pulse. Computer simulations of both a short laser packet and a
short trailing electron beam provides further evidence that this is a valid analogy. We find the
rate of frequency upshift per unit distance to be

du  wick,

dz = W’
where ¢ is now the maximum density perturbation, normalized to the background plasma density;
i.e., € = én/ny. It is found that this increase in frequency of the accelerated laser packet exactly
accounts for the loss in the energy of the accelerating plasma wave. Numerical examples will be
given, assuming the initial laser pulses come from KrF and Nd :glass, or YAG lasers. Various
physical limitations will begin to limit the upshift possible after the pulse has propagated some
finite distance, and these will also be discussed.

Computer simulations have been performed with the plasma simulation codes WAVE [7) and
ISIS, and they confirm this upshifting mechanism. We will now describe a simulation in which
photon acceleration was observed. The plasma wave was set up by a wakefield driver [4] with
initial 4 = 22. The density perturbation, ¢ ~ (.25, set up by this driver produced a wake into
which was injected a laser pulse of width Lpuise & 2.5¢/wp, the initial frequency w; = 18w,.
After a distance of 237¢/w,, we found that there was an upshift of 10% in the laser frequency,
or a final frequency of & 19.8w,. The above equation for the rate of frequency upshift predicts
an upshift to = 19.5wp. This slight difference is attributed to the fact that even at density
perturbations of 25%, the wake shows nonlinear wave steepening.

In conclusion, we will present a novel method of continucusly upshifting short (Lputse < Ap/2)
pulses of electromagnetic radiation by use of relativistic electron plasma waves. By choosing
the length of time the packet interacts with the plasma wave, any frequency between the initial
frequency and the final frequency can be obtained. It is found that frequency increases of a
factor of five may be possible. 1 and 2-D PIC simulations have confirmed the existence of this

effect.
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Generation of Ultrafast VUV Radiation by
Reflection from a Relativistic Ionization Front

Henry C. Kapteyn and Margaret M. Murnane
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Abstract

Tunable radiation can be produced by Doppler upshifting light from a laser-generated
moving ionization front. We analyze this technique as a way of generating ultrashort
tunable short-wavelength light pulses, and demonstrate the possibility of making pulses
of duration ~] femtosecond in the UV and XUYV. The demonstration of this technique
should be possible using the curmrent generation of high power ultrashort-pulse
(0.1 Joules in 100 fsec) laser systems.

1. Introduction

Herein we propose a method of producing short-wavelength radiation, which has the
potential to produce optical pulses shorter than any that have been generated to date.
This method is based on the process of upshifting light by reflecting it off a moving
ionization front. Reflection from an ionization front has been considered in detail as a
method for upshifting microwave radiation.! We show that by using an intense
femtosecond light pulse to generate an ionization front through multiphoton ionization
(MPI), it is possible to upshift a single-cycle far-infrared light puise to optical and
ultraviolet wavelengths. Since the ionization front created by MPI can be very sharp, the
reflection process adds little dispersion to the pulse, making it possible to generate
nearly single-cycle light pulses at wavelengths as short as 100-200 nm. This upshifi
process should be experimentally realizable using the current generation of high energy
femtosecond (0.1 Joule in 100 fsec) lasers. We discuss several physics issues unique to
the generation of short-wavelength light using this technique. In particular, more
detailed calculations of MPI rates would be helpful to determine the efficiency of the
reflection process, as will be discussed.

2. Fundamental physics

Consider an intense optical pulse (the “driver pulse”) traveling through a gas. It can
generate a sharply rising ionization front at the leading edge of the pulse through the
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process of multiphoton ionization. To calculate the interaction of a counterpropagating
pulse (the “probe pulse”) with this "moving mirror”, we shift to a reference frame

moving at the velocity Pc with the ionizaton front. In this reference frame, the
frequency of the probe pulse will not change upon reflection. The frequency of the probe

1
pulse before it encounters the ionization front is ' = @y Y (14B) , where y= (I-Bz) h ,
and @, is the frequency of the probe in the lab frame. The plasma dispersion relation is

invariant under Lorentz transformation, since (; %) is a four-vector and thus
@3 -k3c2=w'?-k'%c2= «}.' Therefore, in the moving reference frame the upshifted
pulse will reflect off the ionization front for frequencies ®' < o, After reflection, the

probe frequency in the lab frame will be @" =y w'(1 + B). In the absence of dispersion,
the number of cycles in the pulse is unchanged, and the duration of the probe pulse is

reduced by the same factor ¥ (1 +B)° as the frequency upshift. This is exactly
analogous to a mirror which is physically moving. However, in contrast to a real mirror,
for the ionization front the electrons that make up the plasma are streaming away from
the interface in the moving reference frame and thus can carry energy away with them.

This reduces the energy in the reflected pulse by a factor of @ fo independent of the
details of the ionization profile.!

If the velocity of the ionization front is the group velocity of the driver pulse in the
plasma, B=4/1- (“’p/md)2 , the maximum reflected upshifted frequency will be

Q" <ywy(l +B) = my(1 +PB), while the maximum initial probe frequency @, must be

W, S md(l - [3) . For B close to 1, the maximum upshifted frequency corresponds to
twice the frequency of the driver pulse. A UV driver pulse thus will allow the generation
of VUV light. However, if the driver pulse is converging to a focus, the position of the
ionization front relative to the peak of the pulse will advance. This effect can be used to
obtain arbitrarily large upshifts. We have done simple simulations?> which indicate that
upshifts to a few times the driver frequency appear feasible. Thus the generation of
VUV and XUV radiation should be possible even using visible-wavelength driver
pulses.

3. Simulation

The initial wavelength of the probe pulse can be very long. If a single-cycle duration far-
infrared (FIR) pulse®* is used, it may be possible to create nearly single-cycle duration
pulses at optical wavelengths. Since multiphoton ionization is a high-order process, it
should readily be possible to create an ionization front which has a risetime much
shorter than the length of the ionizing pulse, minimizing dispersion of the probe pulse.
In order to investigate this dispersion, a model was developed. The simulation assumes a
driver pulse of wavelength 400 nm, upshifting from a single-cycle far infrared pulse
centered at 600 pm, with 1.2 psec pulse width, up to a pulse with a center wavelength of

250 nm. The gas density to provide the necessary upshift is 1.2 x 10" cm™, and the gas
was assumed to be hydrogen for simplicity. The light pulse was taken to be
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100 fsec (FWHM), with a peak intensity of

2x10"* W cm™2. Two models for multiphoton
ionization (a Keldysh a })prommanon’-‘ and a
threshold approximation’) were used to model
the ionization front. Given an ionization
profile, group velocity dispersion of the pulse
can be calculated in the moving reference
frame using the WKB approximation, in which
the phase function of the reflection process is

given by @(w’) = [ k' dx

The results of the simulation are shown in
figure 1. Figure 1(a) shows the electric field of
the incident FIR pulse as a function of time.
Figure 1(b) and (c) show the electric field of
the reflected pulse for each case. For the case
of the Keldysh model, the ionization front
risetime of ~20 fsec necessitates additional
group-velocuy pre-compensation in the form of

a grating pair, which reduced the probe pulse
width from 20 fsec to the shown 3 fsec. In the
case of the threshold model with an ionization
risetime of a few femtoseconds, nearly single-
cycle pulses are produced without any GVD
compensation.

To determine the experimental feasibility
of this technique, the energy requirement for
the driver pulse must be estimated. This energy
requirement is determined by the time its takes
the incident pulse to reflect from the ionization
profile. If Ly, is the length of the ionization
front in the laboratory frame, in the moving
reference frame this length is YLy by relativistic
length contraction. The velocity of the probe
pulse in the moving frame is near c, so that the

time required for reflection is t,= Z:%ﬁ .
Shi.ting back to the laboratory frame, time
dilation must be taken into account so that the

interaction time will be Tiep = Eilj—

The minimum confocal parameter of the
driver pulse necessary to completely reflect
the pulse will be given by b = ¢ Tiap. Self-
defocusing of the driver pulse due to plasma
creation is the major factor limiting its confocal
parameter; an effective plasma defocusing
confocal parameter can be estimated to be

b=2 r‘/ﬂ .This yields an energy require-

(a)
-4 Time (psec) 4
b
-10 Time (fsec) 10
©
-10 Time (fsec) 10

Figure 1: Simulation of reflection

and upshifting of a FIR pulse.
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ment of Eq= /4 b2(1-B) Iyt = %mm:l% Igt Other considerations on the puise energy,

such as depletion of the driver pulse through ionization, and diffraction of the beam, are
less stringent limitations. Dispersion of the driver pulse over the interaction length can
also be shown to be small in comparison to the length of the driver pulse; thus the driver
pulse and the ionization front can remain intact during the interaction process. For the
simulation of Figure 1, the energy requiremert of the driver pulse works out to 70 mJ--
well within the range of technological feasibility using the current generation of high-
energy femtosecond laser systems.

The amount of energy in the ultrashort pulse that one could obtain from this process
can be estimated. Very large area photoconductive antennas® are in principle a feasible
method of producing high pulse energies of FIR radiation. As was discussed previously,
the reflection process has a theoretical maximum efficiency of o/« , which for the

simulation parameters is 4 x 10?4, Collisional absorption can be shown to be
insignificant compared with this factor. However, muldphoton absorpton of the
reflecting pulse is not negligible. An exact calculation of this absorption mechanism is
difficult, but the magnitude can be estimated. Light with the maximum reflected
frequency has a frequency of Y @p= Wy in the lab frame at the point of reflection. Thus,
at this point the reflected light must have the same absorption depth as the driver

I
photons, which is just 1= —F - Ly , where F is the driver photon flux, R is
Ran’ cnhv;

the ionization rate, n is the gas density, n* is the average number of photons required to

. . hv;
ionize an atom, and the final expression assumes that R = 9/11, and n* = W;' For the

above simulation, this results in a transmission coefficient of 0.044 over the interaction
length. Thus, the total reflection efficiency of the ionization front would be expected to

be about 10™. It should be possible to generate ultrashort light pulses with an

experimentally useful energy of ~10 - 107 Joules using this technique. A calculation
of multiphoton ionization rates in the case of an intense pulse and a less intense pulse of
differing frequency and polarization would be a useful theoretical extension of this
analysis.

References

1. M. Lampe, E. Ott and J. H. Walker, "Interaction of electromagnetic waves with a
moving ionization front,” Physics of Fluids 21 (1), p. 42 (1978).

2. H.C. Kapteyn and M.M. Murnane, “Relativistic Pulse Compression,” to be
published in J. Opt. Soc. Am. B, August 1991.

3. P.R. Smith, D. H. Auston and M. C. Nuss, "Subpicosecond Photoconducting
Dipole Antennas,” IEEE Journal of Quantum Electronics 24 (2), p. 255 (1988).

4. J. T. Darrow, B. B. Hu, X.-C. Zhang and D. H. Auston, "Subpicosecond
electromagnetic pulses from large-aperture photoconducting antennas,” Optics
Letters 15 (6), p- 323 (1990).

5. N. H. Bumett and P. B. Corkum, "Cold-plasma production for recombination
extreme-ultraviolet lasers by optical-field-induced ionization,” Journal of the Optical
Society of America B 6 (6), p. 1195 (1989).

6. L. V. Keldysh, "Ionization in the field of a strong electromagnetic wave,” Soviet
Physics JETP 20 (5), p. 1307 (1965).

7. S. Augst, D. Strickland, D. D. Meyerhofer, S. L. Chin and J. H. Eberly, "Tunneling
Ionization of Noble Gases in a High-Intensity Laser Field,” Physical Review Letters




Section I: Sources of Short-Wavelengh Radiation

Incoherent Generation




X-Ray Spectral Determination of Electron
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ABSTRACT

The electron density of the x—ray emitting volume in a plasma produced by intense
subpicosecond ultraviolet irradiation of UV-transparent targets is determined by
measurement of the line ratio of dielectronic satellites from lithium-like ions.

I. DISCUSSION OF RESULTS

Plasmas produced by subpicosecond laser excitation of solid targets can produce
powerful short duration x-ray pulses [1] for x-ray laser excitation [2]. X-ray
spectroscopy can provide a simple and convenient diagnostic on the properties of
these high—density plasmas. In this work, we explore the use of dielectronic
satellite transitions from lithium-like (Li-like) ions for the determination of the
electron density of the plasma. The experiments under discussion were conducted
with intensities up to ~ 10'7 W/cm® with a 248-nm source (3].

The dielectronic satellite transitions of Interest are situated spectrally on
the long-wavelength side of the resonance lines emitted by the He-like ions and
are produced by spontaneous radiative decay from autoionizing states of the
corresponding Li-like species. In the low density corona model for these satellite
line intensities ([4,5], one assumes that the autolonizing levels are populated
either by inner-sheil electron collisional excitation or by the radiationless electron—
capture process which is the initial step in the two-step mechanism of dielectronic—
recombination described by Burgess [5]. However, it has been demonstrated by
Jacobs and Blaha (6] that, with increasing plasma density, the population of
these autoionizing levels can be substantially and selectively aitered from their
low density values by collisional mechanisms. In particular, angular~-momentum-
changing collisions have high rates and can efficiently redistribute population
among the metastable autoionizing states. This redistribution of excited state
population gives rise to a dramatic density-dependent enhancement of the dielectronic
satellite spectra that is particularly evident in the high—density region.

The sets of satellite lines under investigation are, following the notation of
Gabriel (4}, the 1s2p® D — 1s%2p *P (k). 1s2p® P — 1s’2p ?P (a.b,c.d) and
152p(*P)2s P — 1s%2s ?S (q.r) transitions. The (j.k.!) lines, which depend only
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on the He-like ion abundance, provide a convenient reference, since the intensity
of these lines has been predicted [6] to vary quite weakly with electron density.
On the other hand, the (a,b.c.d) lines, which are vanishingly weak at low density,
exhibit dramatic enhancement [6] at high plasma densities due to the collisional
mixing of thc autoionizing states noted above. For Z = 12 - 14, this effect is
significant at electron densities in the range of 10* to 10 cm™.

The KrF (248 nm) laser [3] employed in these experimental investigations has
a pulse duration of ~ 600 fs and a pulse energy of ~ 150 mJ. The laser system
was focused with a CaF, lens onto flat targets, composed of either SiO, and
MgF,, and produced intensities up to ~ 10'7 W/em?® at the target surfaces.

High-resolution x-ray spectra were recorded on DEF film by flat potassium acid
phthalate (KAP, 2d = 26.6A) and pentaerythritol (PET, 2d = 8 7A) crystal spectro—
meters. Each spectrum was generated by an integrated exposure derived from 25
laser shots. A question of particular concern in this work is the influence of a
low density plasma potentially produced by the prepuilse, sinc2 it could alter the
nature of the interaction of the subpicosecond puise with the dense target
material. Independent measurements have shown [7], however, that for UV-
transparent MgF, and SiO, targets, the prepulse plasma is not present for the
range of intensities involved in these studies.

The dependence of the intensity ratio of the dielectronic satellite transitions
to changes in this electron temperature has been experimentally investigated by
varying the intensity of Irradiation for the MgF, and SiO, targets over a factor
of ~ 30. The x-ray spectra obtained by means of this procedure are shown in
Fig. (1). No substantial variation can be seen in the relative intensities among the
various satellite lines. This behavior is in agreement with the previous calculations
of Jacobs and Blaha [6] which predict that the relative intensities of these transitions
are weakly dependent upon the electron temperature. Conversely, with the same
variation of focused laser intensities, the intensity ratios exhibited by the hydrogen—
like 2p — 1s and the helium—like 1s3p — 1s® resonance lines of Mg and Si are
found to change by approximately a factor of ten. This observed behavior of the
resonance lines reveais the existence of a strong temperature variation with laser
intensity.  Furthermore, the optical opacity for the satellite lines is estimated to
be small, on the order of 0.1. This estimate takes into account only thermal Doppler
broadening and assumes that the emission occurs from a plasma with an ion tempera—
ture of 0.5 keV, that the electron density is 5 x 10** cm™, and that the path length
(7] is 2500 A.

The theoretical predictions [6] for the dielectronic satellite intensities have
been made with the assumptions (1) that the electron—ion encounters involve
electrons with a Maxwellian velocity distribution and (2) that the autoionizing
level populations and charge state distributions are determined by the time-
independent equilibrium balance established by the elementary atomic processes
occurring in the plasma. A consideration of the collisional and radiative time
scales, similar to that presented by Cobble et al. [8], reveals that electron-electron
collisions are sufficiently rapid, even for subpicosecond excitation, to justify the
assumption that the plasma electrons have a Maxwellian velocity distribution.
However, the electron—ion collision times are generally not sufficiently short to
satisfy the requirement for the establishment of the corresponding equilibrium
values for the bound-state densities and charge state distributions. The exception
to this for the lon levels is the case of the angular-momentum—changing electron—
ion collisions that are responsible for the density enhancement of the satellite
transitions [6,8]. These collisional rates are sufficiently rapid to fulfill the
conditions for the establishment of a local statistical-equilibrium distribution of
populations among the autoionizing leveis. Since the rate coefficients for the
(j.kl) lines used in the model calculations are insensitive to both the electron
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Fig. (1). Dielectronic spectra associated with the 1s2p ‘P — 1s* 'S resonance
lines of heiium-like Mg and SI, obtained for various focused laser intensities.
The alphabetical designation of the satellite transitions has been introduced by
Gabriel [Ref. (4)]. The pair of spectra for sets (a), (b), and (c) have the intensity
indicated in the Mg column.

temperature and density, these lines serve as a good reference for comparison
with the density sensitive (a—d) lines.

The observed vaiues of the Intensity ratios I(a,b.c.d)/I(j,k,)) for both Mg and
Si are 0.9. In addition, the intensity ratio between the 1s2p(‘P)2s *P — 15%2s
?S(q,r) satellite iines and the 1s2p® D — 1s72p 2P (j,k.L) satellite lines is observed
to be between 0.7 and 0.8 for both Mg and Si. This latter case also represents
a substantial enhancement in comparison with the low density prediction. The
comparison with the theoretical findings {6} obtained for the (a—d) satellite fine
in intensity ratio, shown for Si in Fig. (2), leads to the result that the electron
density is on the order of 10*®® em™. A similar resuit is found for the (q.r) line.

Since the spectra are space-time integrated, it is necessary to understand the
possible role of other mechanisms in producing 1s2p® °P states which can resuit
in a—d emission. Inner-shell excitation from the 1s®2p state of Li-like lons, which
requires both a high temperature and a large Li-like ion abundance, is an alternative
mechanism. At fow electron temperature (<65 eV), Li-like ion (1s’2p) abundance
is less than 10%, based on a Saha equilibrium estimate. until the electron density
exceeds 10** c¢cm™. At such a low electron temperature, the inner-shell excitation
rate for the 1s2p® P state is extremely low and, therefore, this process will give
a negligible contribution to the a—d emission. As the efectron temperature increases,
the minimum density required to produce Li-iike ions also increases rapidly reaching
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abundance of Li-like ions.

~ 10 cm™ at 100 eV for 10% abundance.

electron temperature (>300 eV), gives a Li-like
the electron density is the order of 10 cm™.
in Fig. (3). ’
is hot and dense.

Plot of the Saha relationship indicating the curves for 99%, 60%, and 10%

Furthermore, even a relatively high
ion abundance that is small unless
These relationships are illustrated

Therefore, significant a—-d emission is only expected when the plasma
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Time integration does not change this conclusion. The time span during which
the relevant plasma conditions are satisfied is expected to be very short due to
rapid cooling by electran thermal conduction. Consequently, space-time—integration
of the emission is not expected to change the results significantly. These conclusions
are supported by comparison with the spectra observed with long puise irradiation
in which hot low density plasmas are generally produced. In this case [9]. the
strength of the a—d emission, relative to the (j.k,2) transitions, is low. a finding
in conformance with the picture described above.

1L CONCLUSIONS

In conclusion, the analysis of high-resolution satellite spectra of multi-charged
lithium-like ions, produced by the interaction of high—intensity subpicosecond
uitraviolet irradiation of solid surfaces, shows that the properties of these spectra
can give a direct measure of the ambient plasma electron density in the radiating
zone. In the case presented in this paper, it is found that the satellite transitions
originate from a region having a plasma density on the order of 10*’ cm™. It
is the sensitivity of these spectral features to a selective collisional process,
particularly active in the high density regime, that gives rise to the enhancement
of their strength.
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Abstract

We have studied the interaction of 290-fsec, 308-nm laser puises with Aluminum targets
at irradiances exceeding 5x1018 W/cm?2 (5 EW/cm2). The x-ray spectrum shows a hot
electron component with a characteristic temperature of 30 keV, and a low temperature
component of 1 keV. Imaging of the x-rays shows an emission region of few
micrometers for the hot component and a larger region for the 1 keV emission. The x-ray
spectrum is dominated by the hydrogen- and helium-like lines from Aluminum, with the
brightest lines radiating 0.6% of the incident laser light energy. The spectral luminosity
of the L, line was measured to be 3x1014 W/cmZ2/eV/sr.

Introduction

The interaction of ultrashort laser pulses with matter has become a significant method of
generating very short x-ray pulses.[1,2] These x-ray pulses couid be useful in the
pumping of inner shell x-ray lasers where the instantaneous power requirements are very
high. We have been advocating the use of selected x-ray lines to pump these inner shell
x-fay lasers,[3] rather than using continuum radiation as has been suggested
previously.[4,5] This selective method of ionization reduces the x-ray pump energy
requirements as well as the extraneous heating that accompanies the pumping by
broadband radiation.

In this present paper we investigate the effect of increased laser irradiance on the
interaction of a short (290 fsec) laser pulse with an Aluminum target. We present data
that shows that when the laser irradiance was increased from 1x1017 W/em? to 5x1018
W/cm2, the x-ray spectrum changed from a helium-like dominated spectrum to one
where the hydrogen-like Aluminum lines became as intense. However, the peak x-ray
conversion efficiency into each line did not change significantly.

These encouraging results lead us to believe that irradiating higher Z targets with
higher irradiance, in the presence of amplified spontaneous emission (ASE) prepulse,
will produce significant line emission at much shorter x-ray wavelengths permitting the
pumping of shorter wavelength inner-shell x-ray lasers.
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Experiment

The experiments were carried out at the Los Alamos Bright Source Laser-4i. A detailed
description of the laser system has been given elsewhere.[6] The faser (308 nm)
produces 250 mJ in a 290 fsec puise. A 10 ns long ASE prepulse with up to 15 mJ of
energy precedes the main laser puise. The pulse is focused, using a reflective f/1.9
off-axis parabola with 18 cm focal length, to irradiances (1) exceeding 5x1018 W/iecm2. A
10-mil thin flat plate made from Schlieren quality quartz and polished to 1/20 quality is
used as a blast shield to protect the parabola from target debris. A planar diamond
turned aluminum target was placed normal 1o the laser axis and the best focus of the
laser was determined by adjusting the target axial position to maximize the x-ray
emission. The x-rays generated in the interaction region were detected and analyzed
using a variety of diagnostics as shown in Fig. 1. Fiitered Silicon-pin-diodes were used
to measure the broadband x-ray emission in various energy ranges. Other pin-diodes
were used, with interference filters, to measure the scattered laser light and some of its
harmonics. A flat pentaerythritol (PET) crystal spectrometer was used to record the
hydrogen- and helium-like spectral emission from aluminum between 1.6 and 2.2 keV.

Figure 1. Schematic diagram of
the target interaction region and
the associated diagnostics.

The crystal spectrometer was also used in an imaging mode, Fig. 2. In this mode a knife
edge was inserted in front of the spectrometer with its edge parallel to the dispersion
direction. The spatial information was used to determine the size of the emission region
for each recorded line. Animaging XUV grating spectrometer viewing the target parailel
to the surface was used to look at the spectrum between 30 and 100 Angstroms. A
vacuum ultraviolet spectrometer monitored the laser harmonics at 25 degrees to the
target normal. Various diodes monitored the prepulse energy, the laser energy, and
their relative timing. A 12.5-um diameter pinhole camera with a 10-mil thick beryllium filter
was used to image the x-ray emission region. A Faraday cup was also used 10 measure
the speed of the ion expansion normal to the surface.
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Figure 2. Comparison between the x-ray spectra from an aluminum plasma at
1012 W/em?2 (LABS 1) and 5x1018 W/ecm2 (LABS ).

Hot Electron Temperature

The hot electron temperature (Ty) was measured using two diagnostics. The first used
fitered pin diodes to measure a temperature of 25-35 keV from the slope of the
Bremsstrahlung spectrum above 8 keV.[7] This Ty agrees with previous(8,9]
measurements at the same 112 parameter.

The second method[10,11] relates Ty to the speed of the fastest ion. This was
measured with a Faraday cup to be 2x1 05| cm/sec, resulting in a Ty of 22 keV.

X-Ray Line Spectra

The time-integrated line spectra from the target were observed using both crystal and
grating spectrometers. A comparison of typical crystal spectrometer spectra from an
aluminum target taken at irradiances of .1 and 5 EW/cm2 are shown in Fig. 2. The low
irradiance spectrum was obtained with a .7-ps 248-nm laser. Note that at higher
irradiance the hydrogen-like emission increases relative to the helium-like emission, the
energy per line increased with irradiance signifying constant conversion efficiency, and
the ratios of the He, sateliites changed apparently due to the intercombination line.
Curiously, the width of each line increases weakly with n, signifying that the plasma was
formed at low density. Using the spectral line broadening code of R. W. Lee[12] for the
4-1 and 3-1 Helium like lines, we obtain an electron density of 6x1021 cm=3
corresponding to fully ionized aluminum at a density of 4.6x1020 cm-3,

Other indications as to the density of the plasma come from the satellite and the
intercombination line intensities.[13,14] The ratio of the a,b,c,d to the j k,| component is
sensitive to the electron density because the a-d emission is not normally allowed,
except when electron collisions mix the autoionizing states. At high irradiance the ratio
2.5/3.5 gives an electron density of 6x1021 e/cm3, below the critical density at 308 nm
(ne=1.2x1022 ¢/cm3).

Imaging

The imaging of the plasma in the different x-ray spectral regions are indicative of the
plasma behavior. We used a pinhole camera, with a 12.5 um diameter aperture and
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filtered with 10-mils thick Beryllium, to image the x-rays emitted from the target at
energies above 4 keV. The emission region was found to be circular with a diameter of
11 um at its base and with a FWHM diameter less than 3.5 um. The emission region was
thus a few times larger than the diffraction limit of the laser beam.

The spatial extent of the hydrogen- and helium-like lines emission regions were
determined using the shadow of an edge in a crystal spectrometer, as shown in Fig. 3.
Using the width of the penumbra of the image, the emission was found to come from a
spot that has a full width at the base of 144 um. This region is larger than the region from
which the harder x-rays were emitted from.

Aluminum Target

Stes! Blade [\
/' Figure 3. Schematic diagram

- of the PET x-ray crystal
spectroineter used in the
imaging mode.

Discussion

From the present data one can present a simple model that describes the method by
which the laser energy is deposited and then converted into x-ray energy. The ASE
prepulse energy from the laser is absorbed by inverse bremsstrahlung. A self-similar
expansion of the resultant cool plasma ensues with a scale length that is determined by
the ASE energy.[15) When the high irradiance main pulse arrives, it is partially absorbed
by inverse bremsstrahlung and multiphoton ionization in the prepulse plasma. The
electron density increases rapidly and a new critical density region is generated at some
point in the prepulse plasma. This new critical density region is in front of the ASE
generated critical der:ity and may be well in front of the initial solid target interface.
Resonance absorptior: then dominates. Hot electrons are generated and the region
gets heated, emitting high energy bremsstrahlung.

The origin of the keV He- and H-like aluminum line radiation is not entirely clear. One
can think of two limiting cases. If the electron temperature is sufficiently high for a long
enough time to completely strip the aluminum, the line radiation is due to subsequent
recombination. This mechanism favors emission at a lower temperature and hence at a
later time to allow expansion and cooling. The line emission would come from a larger
region over a longer time.

On the other hand, if the electron temperature is not sufficiently high over a long
enough time to completely strip the aluminum, it may be enough to strip through Li-like
aluminum and excite He-and H-like ions, leading to rapid radiative relaxation. In this
case the line radiation would be emitted from the small absorption region for a short time
prior to cooling and expansion. We suspect that experiments[15] on our 1017 W/cm?2
system were in the (atter regime, and our present experiments at 5x1018 W/cm? in the
former.

The data show that the hot electron temperature is close to what is expected given
the input faser irradiance, and that the spot size is aiso close to what is expected. Thus
we have no evidence for defocusing of the laser beam. Since electrons of 30 keV
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temperature lose their energy primarily by ionization which causes atomic radiation,[16]
one can use the spot size at low x-ray energies to infer an ion density. A continuous
spectrum of electrons has a range of only 0.2 mg/cm?2 corresponding to a range of
0.7 um of solid aluminum.[17] The observed image of the x-ray lines was, however,
72 um in radius. This range corresponds to an aluminum density 0.01 solid density
(6x1020 jon/cm3) or an electron density 2/3 critical density. This electron density.
8x1021 e/cm3, is consistent with that derived from the satellite ratio measurements.

Conclusions

We have investigated the effect of increasing the laser irradiance to 5x1018 W/cm2 on
the interaction of a 290 fsec laser pulse with an aluminum target. We found that the
plasma heats up sufficiently to burn through to the hydrogen-like aluminum. We
measured a hot electron temperature that is compatible with the predictions from
measurements at lower irradiances and longer pulses. Though absorption occurs at low
ion density, the energy conversion efficiency into individual hydrogen- and helium-like
lines is close to the 0.6% that was measured at lower irradiance. However, at the current
laser irradiance, higher ionization states are now observed. With faster (f/1) optics.
irradiances in excess of 2x1019 W/cm?2 will soon be available to us, permitting the
observation of H-like lines for even higher Z material with higher x-ray energies and
hopetully similar conversion efficiencies.
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Soft-X-Ray Emission Characteristics of Line-Shaped, Laser-Produced Plasmas
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Shanghai 201800, China

Line-shaped plasmas produced by laser irradiating solid targets in line focus are of a
large aspect ratio. Such plasmas are useful for x-ray laser demonstration and
amplification and absorption spectroscopy as well. Soft x rays emitted from line-shaped
plasmas can provide accurate information of such plasmas. Here, we report the studies
of x-ray radiation transfer and spatial uniformity of line-shaped plasmas with a pinhole
transmission grating spectrometer (PTGS), with a spectral resolution of 2-5 A and a
spatial resolution of 60 pm, and a soft-x-ray streak camera, with a time resolution of 30
ps.

The line-shaped plasmas were created by 1.051?:1\ Jaser beam with pulse width of
500-700 ps and an average power density of 10 -1 w/ em?. Slab targets of low- and
medium-Z elements such as Al, Si, and Cu were used.

The key element of the PTGS is a free-standing gold transmission grating witha
period of 2000 lines/ mm in a 25-um-diameter pinhole. The PTGS was mounted along
or off the plasma axis to measure axial or off-axis soft-x-ray spectra in the range 5-150
A and the corresponding one-dimensional spatial images of the line-shaped plasmas at
each wavelength.

Time-integrated spectra were recorded on film. Real emission spectra were obtained
involving the response of the film used and the correction of the transmission grating's
higher-order diffraction.

Comparisons of off-axis and axial spectra of different plasma length indicate that
plasma opacity has a remarkable effect on resonance line radiative transfer. This effect
may cause a detrimental influence on the realization of maximum x-ray laser gains in
the case of long line-shaped plasmas.

Measurements of spatial unifarmity along the line focus of different wavelength
emission images show that spatial nonuniformity of higher-charged-state ions are more
serious than that of lower-charged ones. With uniform and coherent laser illumination,
the nonuniformity can be decreased but cannot be eliminated. Time-resolved
measurements indicate that such nonuniformity oocurs during optical laser heating.
Various instabilities can be excited owing to long scale length in line-shaped plasmas to
produce the nonuniformity.
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Characteristics of Sub-100-ps Laser Irradiation ot Cylindrical Cavities
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Laser irradiation of cylindrical cavities has attracted considerable interest in the con-
text of soft x-ray laser experiments because the confined plasma may act as an x-ray
waveguide.') W ‘veguiding requires a concave, radially symmetric density profile
and thus unitorm plasma ablation inside the cavity. In the case of transverse irradia-
tion presented in this work, the uniformity of plasma ablation is primarily determined
by the mechanisms which redistribute the energy from the initial location of plasma
generation by the incident laser. Among the mechanisms to be considered are x-ra-
diaticn, hot electrons, and laser light reflected at the primary spot. Experimentally,
evidence was found that for short-pulse, long-wavelength, high-irradiance conditions,
the redistribution of energy is dominated by reflected laser light.

In our continuing experiments, 300-pm diameter, 1-2 mm long Al cavities were irra-
diated at up to 10"* Wiem? with 1.05 Um/40 ps laser pulses directed through a 100-
um wide longitudinal entrance slit. Off-center slits were used to reduce direct reflec-
tion losses. A schematic of the irradiation geometry is shown in Fig. 1a. In order to
study the basic characteristics of plasma ablation from the cavity walls, a point focus
was chosen in most of the experiments. The distribution of the soft x-ray emission
from the cavities was imaged onto the cathode of an x-ray streak camera by means
of a 30-um diameter pinhole. Alternatively, a Nomarski-type interferometer was used
for diagnosing the density profiles.

A typical recording of the soft x-ray emission (0.1-6 keV) from an Al cavity with the
streak camera in focus mode is shown in fig. 1b. Clearly, more than one region of
strong x-ray emission is observed. A comparison with the resuit of the ray tracing
calculation in Fig. 1a, shows the locations of plasma ablation to exactly coincide with
the locations of (multiple) reflections of laser light at the cavity walls. Similar findings
have been obtained in earier work on time-resolved x-ray pinhole photography of
laser-irradiated cylindrical cavities.?) The area of brightest emission at the lower left
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can be attributed to the directly irradiated spot (primary plasma). Along the upper
wall of the cavity a less intense but larger region of emission is seen (secondary
plasma). In addition, most of the cavity's interior as well as part of the slit region are
seen to be filled with a third, rather inhomogeneous zone of emission which resuits
from the collision and interpenetration of plasma streaming in from all sides.

Fig 1a Fig 16

The setup of the Nomarski interferometer used for diagnosing the density profiles
has been described previously.a) For the experiments to be reported here, the f-
number of the imaging optics was changed from 3.5 to 2.4, with the consequence ot
higher plasma electron densities being diagnosed. An upper limit of about
Ng = 3-10% cm3 is estimated for the present experimental conditions, mainly limited
by the 527-nm probe beam wavelength. In addition, the shorter probe pulse duration
{40 vs. 80 ps) results in reduced smearing of the fringes due to plasma motion.

The delay of the 2w probe pulse was adjusted from 40 ps to 3 ns with respect to the
main laser pulse. Fig. 2a shows a typical interferometer recording of an Al cylinder ir-
radiated at 6-10'3 W/em? and diagnosed 370 ps after the main laser pulse.

Later on in time (1.5 ns after the peak of the laser pulse, Fig. 2b), severe fringe dis-
tortion at the center indicates that the plasma is piling up near the axis of the cavity.
The dark central region is the result of the corresponding probe beam missing the
aperture of the imaging optics. interesting features to be observed are jet-like struc-
tures protruding from the cylinder walls radially in towards the center. The origin of
these jets is not clear to date; similar structures observed in short pulse experiments
with spherical targets have been suggested to be caused by plasma instabilities.?

The information on the change in optical path length obtained from the interfero-
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Fig 2a Fig 2b
grams can be used to reconstruct the electron density distribution. A modified Abel
inversion assuming an elliptical distribution of the refractive index was adopted to
account for the nearly planar expansion typical of short pulse interactions.
Fig. 3 shows the tempo-

ral evolution of the un- {

derdense electron den-  neme | o o

sity along the line A-B % . s &

for a series of shots as o1 ¢ DV%% <§>°..’ B wos .
shown in Fig. 2. The '.‘Ooo 00: O 1400s |
plasma is seen to ex- ! . ° o ;::":
pand with slight asym-  °° 2% 9 £ f ;

metry. The density scale 1’\ ‘0 © 5a

length at a delay of | . > a

230 ps is about 17 um °°°‘»1;o o 50 o 5‘0 - io

for the primary (A) and pm]

10 um for the secondary Fig 3.

(B) plasma. Interferograms at times when plasma collision has occurred couid not be
analyzed, since Abel inversion requires undisturbed fringes at the centre. Improve-
ment of symmetry and the mechanisms of jet formation is a matter of further
investigations.
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Multiphoton Spectroscopy Using Tunable VUV
Radiation from a Raman-Shifted Excimer Laser

Gregory W. Faris and Mark J. Dyer

Molecular Physics Laboratory, SRI International, 333 Ravenswood Avenue,
Menlo Park, California 94025 '

Abstract

Raman shifting an ArF excimer laser in D2 and HD, and applications to two-photon
spectroscopy in the vuv and near-vuv are described. Preliminary results on generation of
vuv by two-photon-resonant difference-frequency mixing of an ArF laser and frequency-
doubled dye laser are reported.

Multiphoton spectroscopy has proved to be a valuable technique at visible and uv
wavelengths, allowing access to high-lying states and the excitation of transitions not
allowed for one photon excitation. Using vuv radiation for muitiphoton excitation allows
probing even higher states, but high powers are required to obtain reasonable signals.
Two-photon excitation-with vuv radiation has been performed using tunable excimer {aser
radiation! and by Raman-shifting a frequency-doubled dye laser.2

We are using the technique of Raman-shifting a tunable ArF excimer laser for the
production of high powers in the vuv. Raman-shifting can provide relatively high
efficiency for frequency conversion compared to non-resonant four-wave-mixing
techniques. By Raman shifting an ArsF laser, which provides high energy radiation tunable
around 193.4 nm, anti-Stokes orders in the vuv can be obtained with low order Raman
shifts. This allows high powers and lower power fluctuations than when using higher
order Raman shifting. Raman shifting an ArF laser in Hj for production of vuv radiation
has been reported previously.3 We have investigated Raman shifting in D2 and HD. The
use of different isotopes of hydrogen for Raman shifting allows greater spectral coverage.
compensating in part for the limited tuning range of the ArF laser.

The apparatus used for our experiments is shown in Figure 1. The laser is a Lambda
Physik EMG 150 dual discharge laser. Because the laser mode quality is very important
for multi-wave mixing, we have made a number of modifications to the laser. The laser is
operated as an oscillator triple-pass amplifier instead of an injection-locked amplifier. The
output from the oscillator is passed through a spatial filter, which also magnifies the beam.
The beam is then passed through the amplifier discharge in a vertical zigzag path. saturating
the amplifier on the last pass. Optimum energies of over 60 mJ have been obtained through
pressure optimization of the oscillator and amplifier discharge timing. We have found that
depolarization of the beamn can be reduced by careful alignment of the excimer laser's MgF>
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Doubler

Nd:YAG Laser N Dye Laser ‘B '\ 280 nm
\
Telescope \w
- o N\
N 84—

Grating tuning . .
193 nm \ lchrow
o)

ArF Laser

Energy
Probe

Computer ]
Control
& Data
Acquisition

Figure 1. Experimental arrangement for multiphoton excitation
using a Raman-shifted using a Raman-shifted excimer laser.

windows. This is performed by passing polarized light at 193 nm through the windows
and rotating and tightening them to minimize the depolarization. Polarization of 200:1 has
been obtained and the pulse-to-pulse amplitude stability is improved.

The laser is focused into a cell containing HD or D7. To minimize absorption from the
oxygen Schumann Runge bands, almost the entire beam path up to the cell is either
evacuated or purged with argon. Because of the low Raman gain coefficient in HD, the
Raman cell is cooled to liquid nitrogen temperature. This cooling increases the gain
through redistribution of the HD ground state population, reductior of the Raman
linewidth, and reduction of losses as impurities are frozen out. The Raman cell and
surrounding liquid nitrogen jacket are contained in a vacuum for insulation and to avoid
condensation on the cell windows. The different Raman orders exiting the Raman cell are
separated using a MgF prism.

Raman shitting in D7 at room temperature, we have observed at least eight anti-Stokes
orders (to 132 nm) and five Stokes orders. Up to 60% conversion into the first Stokes has
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been obtained. In HD at room ternperature, 10% conversion into the first Stokes, and low
order anti-Stokes were seen. At liquid nitrogen temperature, four anti-Stokes and four
Stokes orders have been observed using HD. Competition from rotational Raman
scattering and phase matching effects lead to a well defined maximum density for anti-
Stokes conversion. By optimizing the second anti-Stokes radiation in HD, we have
obtained 1 mJ at 170 nm at a density of 3 amagat.

We have applied the Raman-shifted source to two-photon-resonant excitation of a
number of states. Detection is through ions produced by absorption of a third photon.
Using the first Stokes radiation in D2 at about 205 nm, we have excited the lﬂg (v'=3)
state of Fy from the ground X lZg
state. This is the central spectrum
shown in Figure 2. The band heads
correspond to the O and P branches. -

The top profile in the figure is the PYLY ""““*“s\
power of the first Stokes radiation. The - e ' "
dips in the power are due to Schumann " f" ,
Runge absorption of the fundamental
ArF beam in the small length of beam
path that is not purged. The bottom
trace in the figure is a calibration
spectrum for the fundamental ArF l L

10N SIGNAL (V)
T
=
S
=3
<

beam. It is obtained in a cell containing
a mixture of Ha, HD, and krypton, all
of which have two-photon resonances ‘ ‘ ‘ .
within the ArF tuning range. The 5 P T 5 a8 4L
accuracy of the calibration is limited by LASER WAVELENG™ (n=i

the ac Stark effect. We have also

observed single lines for two-photon

excitation of F atoms and Hj. Using Figure 2. Two-photon resonant spectrum
radiation at about 169.67 nm produced for excitation of the lﬂg (v' = 3) state of Fa.
as the second anti-Stokes ;me of ArFin The x axis denotes the fundamental
HD we have excited the 2D state in wavelength of the ArF laser.

atomic fluorine from the “P3; ground_
state. A single rotational level of the H,H IZg has been excited using two photons at about
173.53 nm produced as second anti-Stokes radiation using D».

Through understanding of the Raman process and optimization of the laser beam
quality, Raman shifting an ArF excimer laser can provide large energies in the vuv even
when shifting in D7 and HD. The generated vuv power is more than adequate for two-
photon spectroscopy.

To produce continuously tunable vuv radiation, we have begun to examine the capa-
bilities of the ArF laser for two-photon-resonant difference frequency generation in
krypton. By combining two ArF photons at w; with a photon from a tunable laser at wr,
vuv photons may be generated through the difference-frequency process

Wyyy = 201 - OF.
When the two photons at w) lie near a resonance, this process is efficient, as has been

shown for the 5p{5/2.2] « 4pb IS, (Ref 4) and 5p(1/2,0] « 4p® IS, (Ref 5) resonances.
Two-photon resonances for the 6p « 4p6 IS, transitions in krypton lie within the tuning




Short-Wavelength Coherent Radiation 61

range of the ArF laser. The high peak powers and good mode quality of the ArF make vuv
generation using this technique attractive.

The apparatus for these experiments is also shown in Figure 1. A Nd:YAG-pumped
frequency-doubled dye laser is used as the tunable laser. The pulse timing of two lasers is
synchronized and they are overlapped using a dichroic mirror. A I m lens focuses the two
beams into a cell containing krypton.

The generated vuv is filtered withavuav ~ +-%
monochomator and detected with a solar
blind photomultiplier. Light at 147 nm
has been generated. The pressure
dependence of the vuv radiation is
shown in Figure 3. The optimum
pressure is about 60 torr. By varying
the input intensities, it is determined that
both beams are saturating at the input
energies of 6 mJ and 20 mJ for the ArF
and frequency-doubled dye lasers,
respectively. Experiments to measure
the linewidth and energy of the vuv are _
in progress. ooodt 1 i)

This work was supported by the ° % e SuRE (Tar 32
OAOI:)(gSRdulgg;g;(?%agm 620-88-K- PRESSURE DEPENDENCE OF VUV RADIATION
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Figure 3. Pressure dependence of vuv
radiation.
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Recombination Lasers Pumped by
Multiphoton Ionization

N. H. Burnett, F. Brunel, P. B. Corkurn, and G. D. Enright

Steacie Institute, National Research Council of Canada, Onawa,
Ontario K1A OR6, Canada
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ABSTRACT:

Recent advances in ultra-short pulse visible and uv laser
technology make it practical for the first time to consider the
production of multiply ionized laboratory plasmas in which ionization
is moderated by an external optical field rather than by electron
collisions. Such plasmas will be remarkable for the high degree of
disequilibrium that can be achieved between the distribution of
ionization and the electron energy distribution. In particular it
should be possible to produce plasmas in which the electron energy
distribution is much cooler (either locally or over a distance
comparable to an electron mean free path) than the ionization
temperature. This leads naturally to consideration of the use of these
plasmas for short wavelength recombination lasers':?.

The laser intensity required to produce multiply ionized hydrogen
or lithium like ions suitable for xuv recombination lasers in the 100A
wavelength range can be estimated from generalized tunnelling rates or
more simply from the "over the barrier" intensity threshold’ which is,

Ed
- 9 “ion 2 1
Typmax10°—2 (Watts/cm?) (1)

where E,,, is the 1ionization potential in eV to produce the final
ionization state Z. The above threshold energy of the photo-ionized
electrons associated with multiphoton ionization in the tunnelling
regime can be understood as originating from classical "half inverse-
bremstrahlung" which predicts an excess electron energy of about 10%
of the ponderomotive energy corresponding to the laser field into which
the electrons are released in the case of a linear.y polarized ionizing
field and an excess energy about equal to the ponderomotive potential
for a circularly polarizea ionizing laser. Multighoton ionization thus
affords considerable control over the photo-ionized electron energy by
varying the ionization potential of the candidate ion and the
wavelength of the ionizing laser. Perhaps egually importantly for xuv
laser plasmas, photoionization offers a means of controlling spatiail
gradients of electron temperature and 1icnization potential. In
conventional plasmas where ionization is moderatci by binary electren
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collisions it is impossible to achieved large changes in ionization
potential through distances which are small compared to the mean free
path of the electrons responsible for ionization. In general, for xuv
recombination lasers this means that it is probably impossible to cool
these plasmas by diffusion of electrons from an external cold reservoir
and that instead, recombination is strongly dominated by hydro-dynamic
effects. In the case of optical field induced ionization, on the other
hand, it is clear that spatial gradients in ionization potential are
limited only by the wavelength of the optical driver. This can be seen
most clearly by <considering photo-ionization in a standing
electromagnetic wave or some more general optical interference pattern.

The simplest (and perhaps most practical) conceptual geometry for
an xuv laser pumped by multiphoton ionization is a filament of highly
ionized plasma surrounded by a cold blanket of less highly icnized
material. In the case of non self-terminating laser transitions, the
central highly ionized region can be of sufficiently small diameter to
cool rapidly by thermal diffusion with little or no hydrodynamic motion
prior to recombination. The production of a suitable plasma filament
may be complicated by refraction effects associated with multiphoton
ionization itself. For a Gaussian pulse focused onto a partially
ionized gas halfspace at an intensity only slightly above the threshold
for ionization, this effect will be significant when the incremental
electron density change introduced by multiphoton ionization is
sufficient to cause a ®/2 prhase change upon propagation through its
Rayleigh range, ie.,

3n, 1 A2

[~

Such refraction effects can be largely avoided by the axicon focusing
of an intense short pulse laser into a volume of uniform density gas.
More efficient use of the icnizing light might be pcssible if an axicon
were used merely to preionize a column of gas which would ke allowed
to expand hydrodynamically to form a guiding structure for an axially
injected ultra-intense pulse to produce the desired final ionization
state'.

The degree of cooling required te produce useful gain in a
recombining plasma and the feasibility of a self terminating c¢r ground
state laser will depend on plasma heating effects associated with the
optical frequency ionizing pump. Nonlinear inverse brehmsstrahlung, for
example, appears to place an acceptable lower bound on electron
temperature even for ground state lasers in the 100 A range. Above
threshold ionization (ATI) will in general produce low energy electrons
for the initial stages of ionization but detrimentally high electron
energies from the final ionization stages. For small diameter plasma
filaments or rapid recombination schemes (ground state lasers) it
appears possible to collisionaly decouple these final photo-electrons
from those produced in earlier ionization stages so that they play no
important role in the recombination kinetics. More severe ccnstraints
on the photo-ionized plasma temperature appear t¢c come from collective
plasma heating effects associated with the high £field pump, In
particular, various Raman modes.

We have used a one dimensional PIC simulation code to study
several of the constraints imposed by plasma phenomena on the
propagation of ultrashort high intensity laser pulses in uniform, low
temperature underdense plasmas. We observe that pulses of duration much
shorter than At = 2w"* trongly couple to a plasma wake field” ana
that for v,./c in the range from .l to .3, pulses ¢f duraticn as long
as twenty times @, undergo significant Raman backscattering. In the
parameter range of interest for xuv laser piasma roducticon we
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generally observe electron heating associated with Raman scattering
which, for sufficiently long driver pulses, saturates the instability
by heating the bulk of the electron distribution to a temperature
corresponding to the onset of strong Landau damping, ie. 2kcA, ~ 1, or
T, ~ 1.1x10° n./n. eV. A more comprehensive set of PIC simulations under
conditions of relevance to ground state xuv lasers (and with lower
initial electron temperatures than we have used) has been reported from
researchers at LLNL'. Starting at a plasma temperature of 25 eV they
observe that sigriificant heating can be delayed for up to about 15
times the instability e-folding time’ for backward Raman scattering and
they conclude that this is probably sufficient to allow useful ground

state population inversion in some systems in the 100A wavelength
range. :

We have used a simple atomic kinetics computer code to model time
dependent population inversion in the recombination of plasma filaments
such as might be produced through multiphoton ionization of hydrogen
or lithium like ions of ionization potential up to about 350 eV . An
example of such a calculation for a lithium-like neon plasma is shown
in figure 1. In this case we follow the population inversion on the 4f-
3d transition of a 50 Mm diameter filament at an initial electron
density of 2x10 cm'®. The initially fully ionized central filament at
temperature T, is assumed to be surrounded by a constant temperature
(T,) cooling blanket of non-recombining plasma to which its temperature
is tied by flux limited thermal conduction. That is, electrons in the
recombining filament are heated by superelastic collisions associated
with collisional recombination and cooled by thermal conduction to the
surrounding reservoir. Such a plasma filament might be produced by
multiphoton ionization in a 100fsec duration, .25 um laser pulse which
achieves a peak intensity of about 4x10'" W/cm’. In this case, inverse
bremstrahlung heating might be expected to produce a plasma temperature
of 5-10 eV and stimulated Raman backscatter would be strongly damped
at about the same temperature ( 2k,As=1 for T, = 10 eV). The curves in
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Figure 1. Inversion density (N, -(g,/g,JN,} cn 4f-3d transition in
Ne IX.
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Figure 1 show time dependent population inversion and estimated small
signal gain on the 4f-3d transition (A = 290A ) assuming various
initial filament and cooling blanket temperatures. An inversion density
of 7x10'* cm® corresponds to a gain of about 10 cm™ under these
conditions. It is clear that gain depends strongly on the assumed
initial cooling blanket temperature. Although experiments to confirm
collisional and other heating rates are clearly required, it seems
possible that a useful xuv laser based on this transition could be made
with a uv driver energy of a about a joule.

In order to scale such a thermal conduction cooled, quasi-steady-
state recombination lasers to wavelengths shorter that about 100A it
is apparent from equation 1 that the required driver intensity would
become relativistic even for a .25 um ionizing laser. Relativistic
driver intensities in conjunction with the higher electron density
demanded by the recombination kinetics for shorter wavelength operation
inevitably imply large ponderomotive force driven ion acceleration.
This acceleration will occur on a time scale of W, ' and result in MeV
ion kinetic energies. That is, at relativistic intensities most of the
dissipated driver energy will likely go into ion kinetic energy rather
than potential energy of ionization in contrast to the Li-like neon
example cited above. The use of a self-terminating transition to the
ground state principle quantum number of the stripped ion would be an
alternative approach to short wavelength operation.

As an example of such a’ situation, we consider the achievement
of population inversion on the resonance line of hydrogen-like boron
at a wavelength of 48A. The complete ionization of boron on a ~100fsec
time scale would require a driver intensity of about 5x10!* W/cm’. The
maximum temporal duration of inversion on this transition is about
equal to the radiative lifetime of the resonance level®?, ie, about
2psec. Achievement of significant gain requires an electron density of
about 10?° cm™ or greater. An example of the time dependent population
inversion in the recombination of a fully stripped boron plasma with
an initial temperature of 20 eV and electon density 1x10%° cm™ is shown
in Figure 2. An inversion density of 10'* cm™ on the Lyman « line

cm *)

INVERSION DENSITY

Figure 2. Inversion density on 3-2 and 2-1 transitions in B V.
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correspends to a gain of about 30 cm™., It is apparent that simultaneous
gain on both the 3-2 and 2-1 transitions is possiple in this case. This
calculation includes reheating by super-elastic collisions but =

thermal conduction. (Thermal conduction cooling on a psec time scale
would require a filament of impractically small diameter.). The key to
producing such a cold initial plasma iies in the suppression of plasma
instabilities. An analysis of the constraints imposed by Raman
backscatter on population inversion on the self-terminating 3s-2p
transition in lithium like neon has been made by D. C. Eder et al’.
This potential laser operates of necessity at a much higher electrcn
density than the 4f-3d neon scheme discussed above.
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Recent advances in soft-x-ray laser research
Brian J. MacGowan
University of California, Lawrence Livermore National Laboratory
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Soft x-ray laser experiments at the Lawrence Livermore National
Laboratory, Nova laser will be described. Much of the work involves the
study of collisionally pumped Ne-like and Ni-like lasers! although some
studies of recombination pumped and resonantly photo-pumped x-ray
lasers will be discussed. These experiments have produced nickel-like
collisionally pumped x-ray lasers at wavelengths near to, and below that of
the K absorption edge of carbon (43.76-A)2. Recent work has concentrated
on the development of the Ni-like Ta amplifier as a high power source at
44.83-A. Amplification occurs in a laser produced plasma created by
irradiating a thin foil of Ta with two beams of the Nova laser. Up to 8
gainlengths have been demonstrated so far, with a gain coefficient of

3 an’! and a gain duration of 250 psec. The Ni-like Ta amplifier at 44.83-A
lies at the edge of the water window, and provides the basis for the design
of an x-ray laser source that should fulfili some of the requirements for
holography of living cells. It remains to optimize the coherent output
power of the amplifier to use it as a source for future x-ray holography
experiments. Experiments utilizing normal incidence x-ray optics to
enhance the power output from this laser will be described.

Ne-like experiments have been investigating the utility of Ne-like Y
which lases at 155-A as a high power laser at a wavelength where high
reflectivity normal incidence optics are currently available and hence laser
applications are easier. Experiments with both solid and exploding foil
Ne-like amplifiers will be described.

Recently a laser has been discovered in collaboration with LLE, Rochester
that may be driven by resonant photo-pumping3. The laser operates at
326.5-A in Ne-like Ti and is believed to be pumped by resonances between
2p - 4d and C- and N-like 3d - 2p transitions. This laser exhibits very
narrow divergence (~ 4 mrad) and may be a useful testbed for studies of
soft x-ray laser coherence.
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Plasmas by Thomson Scattering

D. M. Villeneuve, B. La Fontaine, H. A. Baldis, J. Dunn, and
G. D. Enright

National Research Council of Canada, Ottawa,
Ontario K1A OR6, Canada

M. D. Rosen, P. E. Young, and D. L. Matthews
Lawrence Livermore National Laboratory, Livermore, California 94550

Abstract
Thomson scattering diagnostics were used to measure electron and ion temperatures in
plasmas similar to those used for x-ray lasers. These measurements were compared with
predictions of a hydrodynamic simulation.

1 Introduction

One of the outstanding uncertainties in modelling x-ray laser experiments lies in determining
the actual plasma parameters which crucially affect the prediction of laser performance.
Electron temperatures are commonly inferred experimentally from x-ray emission spectra
or from the Landau damping cutoff of stimulated Raman scattering. neither of which directly
measures the temperature with sufficient precision at the location where lasing occurs.

Therefore hydrocodes are usually used to estimate the plasma conditions. but there
is still uncertainty in their predictions. LExperimental measurements which can test the
accuracy of the codes’ predictions can be used to “calibrate™ the codes, and he:ce lead to
either code improvements or an increased confidence in the codes’ accuracy.

Experiments were performed with plasmas produced from a laser spot focussed on solid
targets of carbon, germanium and tantalum. The electron temperature could be measured
as a function of time at different locations in the plasma. for various laser intensities.

2 Thomson Scattering

Thomson scattering is the very weak scattering of an optical probe beam by individual
electrons in a plasma. Depending on the arrangement. the scattered fight spectrum can be
used to determine the parameters of the ewectron and ion distribution functions. such as
electron and ion temperat ires ( I..T,; and drift velocities (v., 1y 1.

The LP2 Nd:glass laser system was used to produce piasmas with parameters typical of
x-ray laser conditions. A 500 mJ. 355 nm probe pulse was {ocussed into the plasma and
the 90° scattered light was dispersed in a spectrograph and recorded on a streak camera.
The plasma volume being probed was a cube of approximately %0 um on each side. This
volume could be moved around within the plasma between shots to determine the spatial
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variation of parameters. The temporal history was recorded by the streak camera on each
shot. The plasma density profile was measured by means of a 20 ps interferometer.

3 Results

Figure 1 shows a streak photograph of the Thomson scattered light spectrum. The plasma
was produced with about 100 J of 1.064 um light in a 1.5 ns pulse. focussed onto a solid
germanium target. The peak laser intensity was about 2 x 10" W/cm?. The measuring
volume was at an electron density of about 10?0 cm~3, 100 um from the target surface.

Two peaks are seen in the spectrum, and since their separation is approximately propor-
tional to the square root of the sound speed, T. may be determined. The width of the peaks
and the depth of the valley are related to T;. Lineouts of the spectrum taken at different
times were fitted to theoretical spectra and four fitting parameters were determined. namely
Tey 2}7 Vey Vs

Figure 2 shows such a fit and the parameters which were deduced. One additional pa-
rameter to the fit is the electron density n.. In principle this may be determined from the
intensity of the scattered light. but this is very difficult to measure. Instead the interfer-
ograms are used to determine the density of the scattering volume. although this varies
during the pulse. Fortunately, for the scattering geometry used. the fitting parameters are
quite insensitive to density.

Fig. 1. A typical streak record of the Thom-
son scattered light spectrum for a germa-
nium target. Two peaks can be seen which
increase in separation as the plasma tem-
perature increases.

- ,‘FGFL“

= H {

z : .

;' ﬂrnu; € .
Fig. 2. A lineout of the data (o) at one : ’
time fitted to a theoretical spectrum (—- ¢ : :
The inferred temperature is 7, = 130+ 15 il BT
eV, ! Y
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Figure 3 shows the temporal evolution of the electron temperature of germanium targets
for two intensities. Figure 4 shows the temporal evolution of the measured T, for carbon
targets in comparison with 1D and 2D LASNEX simulations. It can be seen that the
simulations over-estimate the temperature, although the 2D results are quite close at the
peak of the pulse. Ion temperature measurements shown in Fig. 5 are in very good agreement
with the 2D simulations.

L-shell x-ray spectra were recorded with a flat crystal spectrometer. Figure 6 shows
such a spectrum from a germanium target. Figure 7 shows a spectrum recorded from a
line-focus germanium plasma during a separate x-ray laser experiment. It was found that
the pump laser intensity had to be sufficient to produce fluorine-like emission in order for
laser gain to be observed. The Thomson scattering experiments with a spot focus produce
a similar x-ray spectrum, suggesting that the plasma conditions are quite close to those of
a line-focus plasma.

Part of this work was performed under the auspices of the U.S. Department of Energy
by the Lawrence Livermore National Laboratory under Contract No. W-7405-ENG-48.
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Fig. 4. Measured evolution of T, relative
to the peak of the pulse (o). Also shown
are 1D and 2D LASNEX simulations.
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Fig. 5. Measured evolution of T, relative
to the peak of the pulse (0). Also shown
are 1D and 2D LASNEX simulations.

Fig. 6. X-ray spectrum from germanium
target with a spot focus at 2x 10'3 W /cm®.

Fig. 7. X-ray spectrum from a germanium
target with a line focus at 2x 10'® W/cm?.
This plasma achieved an x-ray laser gain
of 4 em™ on the 232 and 236 Alines. The
presence of the fluorine-like emission was a
necessary condition to observe gain. Thus
the conditions of Fig. 6 during the Thom-
son scattering experiments simulate actual
line-focus conditions.
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Future Directions of Laboratory
X-Ray Laser Research

Mordecai D. Rosen

Lawrence Livermore National Laboratory, P.O. Box 5508, L-477,
Livermore, California 94550

Abstract

We explore ways to make iaboratory x-ray lasers and their applications more accessible
to a wider community of users. This includes oplical pump facilities that are affordable
due to progress in optical laser technologies, from nsec 1KJ sources, to 100 fsec 1J
tabletop sources. Based on these possibilities, the future for x-ray lasers seems bright.

Introduction

X-ray lasers(XRLs) produced in the laboratory hold great promise for applications such
as holography of wet biological samples, probing of high density plasmas, and non-linear
x-ray optics. Many current XRLs are pumped by very high power, high energy optical
lasers. An important example i the recent achievement of gain-length products
exceeding 8 with the Ni-like (Ta and W), 4d-4p x-ray iaser scheme {1] at wavelengths
just inside and just outside the water window, near the carbon K edge at 43.7 A which
are optimal for x-ray holography [2). This achievement required the utilization of two
of the ten arms of Nova, the worid's most powerful laser, to pump the exploding foils (3]
that served as the amplification medium. This is a costly facility, and relatively
inaccessible to most potential users. If applications of x-ray lasers are to become a
reality, we must devote some thought and effort to schemes that can produce such short
wavelength lasing using more user friendly and less costly facilities. It is the purpose of
this paper to explore some of those possibilities.

Sct in 1 .

The current Ni like success is achieved with a pump duration of about 1/2 nsec. In
principal, the nsec regime allows for muitipassing of the beam through the amplification
medium via the use of synthetic multilayer mirrors. This increases the signal
exponentially without requiring further pump power. Moreover, by proper placements
of mirrors and pinholes, more coherent output can be achieved. These methods of
increasing the efficiency of the XRL will be attempted in the very near future. However
these still use two arms of Nova.
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The first important point we wish to make in this paper, is that the technology of
high energy glass lasers has progressed significantly in recent years. While the cost of
laser energy on Shiva (late 70's) was about $2,000/J, it dropped to $500/J for Nova
(late 80's) , and is projected to be about $150/J for the Nova Upgrade (late 90's).
Thus a several kJ facility should be rather affordable (few million $ level, including the
cost of a classroom sized building ) and could serve as a dedicated, stand alone, user
friendly facility for XRL applications [4]. By using 1.06 um light, which heats an
exploding foil ampiifier medium more efficiently than the currently used 0.5 um light
[5], we believe we can achigve the conditions necessary for Ni-like iasing using only 1
KJ of laser- pump light. This belief is based on calculations [6] using our mast
sophisticated modeling tools, which have been successful to within about a factor-of two
in predicting the performance of our Ni like XRLs to date. This then, is our lowest risk
path to successful XRLs in a Iaboratory conducive to users and dedicated to applications.

Scf in the 10 .

A further substantial savings in required optical pump energy can be achieved by
considering a double pulse method for creating the amplification medium [7]. Typically
the single optical laser pulse explodes a foil to create the relatively uniform plasma gain
medium that heats the plasma to the requisite high temperature (typically about 1 keV)
so that the target element is ionized to the proper state and inverted as well. For an
optimized Ni-like W target, requiring 5 x 1014 W / cm? irradiance. with a predicted
gain coefficient ot 5 cm-1, a 200 um line focus height , a 1/2 nsec pulse, and a 4 cm
line focus length in order to achieve saturation (gl of 20), this implies 20 KJ of
required optical (0.53 um ) pump energy.

We propose a double pulse method that delivers only the requisite energy when it is
needed. A 1 nsec pulse of only 40 J of green light irradiates the same foil (of thickness
100 ug/cmz) focussed somewhat better to 100 um high by 2 cm long. The irradiance of
2x 1012 W/ cm? is predicted to heat the foil only moderately, to about 100 eV. By the
peak of the 1 nsec puise, we predict that the foil will have expanded to about a 100 um
scale size, with an electron density of about 1021 cm-3. These energy and power
requirements are quite modest and commercially available. In fact. we can probably
achieve these conditions by using any number of alternative technologies such as gas jets
or capillary discharges.

Having created the proper density for the amplifier medium, we then bring in a
very short pulse, of about 20 psec duration, with an even better line focus of about 50
um in height, at the required irradiance of 5 x 1014 W/ cm2. This corresponds to an
energy requirement of 40 J for the plasma forming pulse, and 100 J for this short
pulse pump, a savings of over 2 orders of magnitude in required pump energy. In many
laboratories around the world, by using chirping technigues, such high power short
pulse facilities are being built on “tabletops,” thus making this approach accessible and
feasible for applications. Under that irradiance , and despite the short pulse length, we
predict that the plasma temperature will rise to over 1 keV, that about 25% of the ions
will be in the proper, Ni-like state, and that some of those ions will be inverted.
leading to a predicted gain of about 10 cm'!. These predictions are based on the same
modeling tools mentioned above, and are shown explicitly in Fig. 1 a)-d). Thus the 2 cm
foil will achieve saturation (gl of about 20). Of course it takes 60 psec for the x-ray
laser beam 1o propagate the full 2 cm, while the gain is predicted to last only on the
order of the 20 psec pulse duration. Thus, the 20 psec pump pulse will have to be phase
driven down the 2 cm length. There are well known techniques to accomplish that [8].

The two-puise scheme mentioned above has not been demonstrated to date in a line
focus, XRL amplification geometry. However, a proof of principle expenment has been
performed (9], and within the usual factor of two of the predicted required irradiances,
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Ni-like and Co-like Yb has been produced and has shown sensible sensitivities to the
relative timings of the long pulse (2 nsec) plasma-former vs. the short pulse (10 psec)
ionizer/inverter. Thus there is good reason for optimism that this scheme could work,
leading to substantial drops in the pump energy requirements and possibly bringing
XRLs to the table top regime.

Scl in_tt .

Space limitations do not allow a full discussion of some of the more exotic sub psec
approaches to tabletop XRLs. These include femtosecond, multiphoton ionized gas targets
that lase in a transient recombination mode, and femtosecond laser irradiated solid
targets that serve as radiation sources for inner shell photoionizing schemes. in both
cases the exciting developments of 1J / 100 fsec tabletop lasers allow us to consider
these as real possibilities. A systematic study [10] of the transient recombination
mode, multiphoton approach reveals that efficiencies as high as 0.01% can be achieved
at 98A, though extrapolating to shorter wavelengths may be very difficult due to plasma
instabilities heating the medium and interrupting the rapid recombination required for
inversion.

The scheme using fsec radiation to pump K shell vacancies depends critically on
the efficiency of creating the radiation. This scales favorably with absorbed irradiance
[11]. Moreover, recent success at increased absorption at high irradiance has been
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Figure 1. Time history, at foil center, of a) electron temperature, b) electron density,
¢) gain coefficient, and d) fraction of ions in Ni-like and Co-like ionization states.
Arrow indicates onset of high irradiance short puise.
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reported by groups at Berkeley and Stanford by using roughened surtaces. Thus . if the
radiation from the roughened surface targets stilt proves to be of short duration, th's
approach also holds out great promise for table top XRLs.

Summary

We have shown that there are a wide variety of approaches for future XRLs that utilize
pumps that are either room size or smailer ("true tabletop”). In either case the age of
usefui XRLs that are accessible and dedicated to the user interested in applications is
rapidly approaching.
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X-Ray Laser Consortium, Central Laser Facility,
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Abstract

Extension of the Na Balmer-alpha recombination laser to larger gain-
length product has been made with a simultaneous lasing of F Balmer-
alpha line under short pulse pumping. Up-to-date report including the
collisional excitation Ge laser 1s also presented.

We present recent progress in solt x-ray laser research at the Institute
of Laser Engineering.. Detailed characterization of the expleosive mode
Balmer-aipha soft x-ray laser has been made. Zxtension of the Balmer-
alpha laser to a larger gain length product has been tested. Wwe also
tested the collisional excitation Ge laser with large gain length
product and good beam quality.

The Recombination Pumped Balmer-Alpha Lasers

In our previous experiment(l,2], a stripe target coated with NaF and
MgF2 were irradiated with a 351 nm, 130 ps laser pulse with the maximum
enerqgy of 150 J, line-focused to a 7 mm length and 50 um width. In this
“long pulse” experiment,a time-inteqrated again of 1.2 cm * ~n Na NI
Balmer-alpha at 5.42 nm was obtained, Since the pulse width 1n this ex-
periment was long compared with the reqguired characteristic expansion

time of 30 ps for Na, we have i1mplemented a rovised "short pulse" ..x-
periment where a folil target was 1irradiated with a 28 ps, 22 J laser
pulse. The measured time 1ntegrated gain 2f 4 <m ~ was : L1mes nisher

than the value obtained 1n lona pulse experimentl 3],

In order to characterize the explosive mode Balmer-alpgha laser o
more detail, space and time resolved measurements were made on the a1
Balmer-alpha line. The intensity of the Ralmer-iipha line 1ncreases »x-

Proceedings on Short- Wavelength Coherent Radiation. 77
Vol 11, Philip H. Bucksbaum and Narale M. Ceglio (eds.)
© 1991 Oprical Society of America




78 Short-Wavelength Coherent Radiation

.3 en™) is located

ponentially with the gain lengtn. The peak aqain of 3%
it 60 um from the original target surtace.

Based on these results we have done an experiment using Gekko XII to
demonstrate 3 larger aain length product i1n NafF *hin foi1l target which
was composed of 0.4 pm thick 7 um wide NaF strize coated on the 0.2 pm
thick CH substrate. ~ laser beam of 30 J eneray ot 2C ps at 0.53 um was
tocused on to 4 thin g1l lurget with a o mm iong, 3 pm wide line

focusing optics. The tocused intensity on the target was S x 10*°W/cm®.

Typical space resolved on-axis spectra are shown in Fig. 1. We can see
the two lasing lines of Na and F Balmer-alpha transitions(5.4.nm and

3.09 nm), The time- .:nd space-integrated Na and F Balmer alpha gain
coefficients of 6.8 cm - and 6.0 cm -, respectively were obtained from
the calibrated on- and of f-axis spectra. The gain-length products of

4.1 and 3.0 were obtained for these lines. The peak gain of the F line
1s located 150 um from the original target position while that of Na 1is
60 pum from the original position. These values are reasonable consider-
ing the atomic number dependence of the temperature and density, 1.e.,
F gain occurs 1in lower temperature and density region compared to Na
gain,
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The Collisional Excitation Ge Lasers

The collisional excitation soft x-ray lasers includ:ina
_ike 1soelectronic sequences have been 1nvestigated
Ll d, 5. Several pavers on Ne-lix<e Ge lasers hawve

and Ni-
“nsively  at
~ublishea

oy other aroupsit,?7] where the relatively small lasers iroducea =z
iztinitive aain lenagth product. Do oinvestigate thee rrouertiss of the
7al1n medium having large gain l=nath product it the Lrler -7 ten, we
ested the Ne-like Ge laser whose gain Lenath was oup ot 7 omy The
schematic diagram cf the wxperimental setup 5 shown 1 Foz, . Two

4rms or the

Grazing incidence spectrometer
{oft axis)

X-ray slit camera

Crystal spectrometer

X-ray laser X-ray laser J

Target Grazing incidence spectrometer
(on axis)

X-ray slit camera

Blast shield
Spherical focusing lens
Cylindrical lens 11008

J13, S Schematlc iiagram of the cxserimental ety v coilisional

cxcltation lasers using Gekro NID lasger,

Sekko XIT laser (808, §11) :rradiated the taraget w:2h a4 Lin.r 10Cus1na

sptics delivering the energy of 1.1 kJ per neam 1n 13 duraticn it 1,79

s wavelsngth. fhe line focusinag i-ngth ot « ¢m with the average width
I 106 pm gives an intensity ot (.0 % 10 7w/omt oper coam, The on-axis

rmectrometsr was translated pnoa ool

fe perpeernidloular o che 3Gttt X-Tray
¥ ot the x-
incidence
nomeasure: the poniza-
called

a
.iser beam axis 1 oraer to measurc the i1ntensity Jd.ostric
ray laser peam. weoalso anstalled the two off-ax

iwectrometers and A crystal spectrometer which o
ion balance of the medium. Two x-ray slit -ame
~snito. the line focusing —ondition of «—ach beam gt

Weo tested three kinds of taraets as shown 1n Fia caraet, o
ouble target{8] and an exploding forl tirget.  The o raln eIt
sive lasin fines gn these taraet Bave teen
ongth ool the

nts o

Tanagina toe

Nete that e amebataed T S1a37
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.otrdence Srectromeler,
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metric expansion,
substrates. AL
tigated using the
physics package “he 1lrradiation condition of 1,7 x 13'7W/cm“ :n 1
ns duration at 1.8% um wavelength. Jesired plasma conditions ci the
medium include the ¢lwctron density of 5 x 10““cm - for J=2-1 transit:on
[9] and the electron temperature of around 1 xeV considering the i1oniza~
tion balance ana the monooole excitation rate. According to the simula-
tion, Ge thickness of srcund 120 nm was suitable recause ot the density
matching. Actually w= tfound the most 1ntense amplified beam 'was
produced

with 120 nm thice Ge target exgerimentally when
targets with varicus <= 1

Slab target

- lzver was lucated between the two 120 nm thick CH
st, the optimum thickness of <he target was 1nves-~

L=
r
hydrodynamic simulation code with the NLTE atomic
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the foill target and measured the gain coefficient with 1rradiating the

targets with various lengths. An example of the on- and off-axis spectra
are shown in Fig, 4. Five lasing lines are clearly visible.

#10187 (35mm foil 1200A)
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fig. 4 Typical on-axis{upper) and off-ax1s spectroqrapt

rh
cloding foil “arget with Ge thickness of 120 nm ard the lenath of

CMm,

s of the (e wex-

Jp to 45 mm, the intensity of the lasing lines increased exponentially.
However, a 50 mm long target gave weaker signals compared <o the wox-
ponential growth due to weaker illumination intensity at the ends of the
line focus. The gain coefficient and the maximum gain length product of
approximately 3 cm © and 12, respectively have been obtained.
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Coherent X-Ray Generation Through Laser
Pumping of a Relativistic Ion Beam:
Feasibility Assessment

S. A. Bogacz

Accelerator Physics Department, Fermi National Accelerator Laboratory,
P.O. Box 500, Batavia, {llinois 60510

The efficiency of most popular approach to generating short wavelength radiation in-
volving particle beams, FELL, is limited by the Thomson scattering cross section. If one
were to use a beam of particles having a resonant scattering cross section for scine fre-
quency, a greatly enhanced gain might be expected. A natural candidate is a hydrogenic
positive ion, having Z > 2, with a single bound electron. The fact that the ion is charged
allows the beam to be accelerated to relativistic energies {y >> 1), therefore one can exploit
the properties of relativistic kinematics which dictate that the back scattered radiation wiil
have its wavelength shortened by a factor (2Y)2.

Introduction = G | Confi .

Suppose the ion beam encounters a laser beam mraveling in the gpposire direction. In
the rest frame of the ions the frequency of the light is enhanced by a factor 2y (extreme
relativistic case, Y >> 1). Assume that the rest frame frequency marches, say. the Is—2p
transition frequency, and that the interaction path length in the lab frame corresponds to 1
time in the rest frame necessary to invert the level population (a so-called  pulse). If we
subsequently apply a different wave, traveling pgrallel 10 the ion beam. we may achieve
stimulated emission. The wavelength of this signal would be reduced by a factor 2y from
that cf the resonant radiation in the rest frame. and by a factor {2y )2 from the original
laser wavelength. If the ions were at rest, there is no reduction in the wavelength since
the frequencies of the pump and the stimulated emission would be identical: for a rela-
tivistic beam with y = 50 the frequency of the stimulated radiation is higher by a factor
104! Feasibility, of course, rests on whether the necessary pump power is achievable and
whether the gain is sufficient to overcome the losses associated with typical x-ray mir-
rors; both of these are governed by the spontaneous em:ssion rate.

Pumping - Popuiation Inversi

One can derive expressions for the time evolution of the Is and 2~ 'evel occupanon.
(in the rest frame) as a function of an applied oscillatory electnc fi .i strength E and
frequency ® for some initial occupation of the levels. The time dependence of a two-by-
two density matnix. N, (in the interaction picture) is governed by the following equaton-:
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I N=ih[UN-LN-N (M)
3{! =1 l ’ ] - T (N — eq) .

where U denotes the perturbing Hamiltonian given by:

(2)

U=l [ 0 eicl]

e-iEl ()

Here (Ul = eEK IslzI2p)i/2, ( IsizI2p) = 42(2/3)5(a/Z), € = Wy, — W, and hm,s_,z =
Eyp—Ey = (3/4)RZ2, where R and a,, are the Rydberg and Bohr radius respectively.

last term in Eq.(1) accounts for spontaneous emissionZ, where T is the lifetime and Neg

the equilibrium density matrix (at zero temperature).To describe the pumping stage we
solve Eq.(1) with the initial population entirely in the ground state. The required
evolution of the excited state population is given by the first diagonal element of the
density matrix3

2 g
N, = % ——(—(E)——{l — et [bm Ll + COS Qt]} . (3)
v =1+ (Q1)? (91

Q=VQ,2 +e2,

where Q, = 4IUl/h. Therefore population inversion, N.. I =1 - Q1)L requires Qt >> |
hi

(strong field limit) and occurs after a time T, = 1/€2; {this »orresponds to the nt-pulse in

NMR). Evaluating t from the Einstein relation,

3hc3
= ——————(1slzi2p)=2 = 1.59 x 10~9 Z*s. 4)
4620)!5—»2;

and using the explicit expression for €,
Q = ay3y . (5)
“T 3z
one can rewrite the strong field condition (Qt >> 1) as an inequality on the required elec-
tric field (rest frame value):

Epeq >>0.349 x Z3 st. Vemt. (6)

In the lab-frame the E-field is reduced by a factor 2y and the puise width , T, = ©/Q.
translates to an interaction length

L=y T", = 2.61 x 10! Z/Ey, (7

and a power flux, { S ) = (¢/81) Ej,2 , of
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(S)>>3.64 x Z!042 W/cm? , (%)

which is readily achievable in steady state for low Z. Were one to operate in the funda-
mental Gaussian mode of an optimized confocal resonator, the condition on the toral
power flux, P, can be written as

P>>10"2x 24 (W] 9)

and may be enhanced over the drive power by a factor involving the Q of the resonator.
Finally, the Doppler-shifted resonance condition 2rc/A = Wys_,25/(2Y) relates yand A as
follows

y=412x104 221 . (10)

Stimulated Emission — Lasi

We now examine the second stage of our model, where the inverted population ion
beam is subjected to an incoming electromagnetic wave, which is to be amplified by
stimulated emission. The field strength will be assumed small, i.e. Q't << 1, where we
use ' for the precession frequency associated with the amplified wave.

To introduce the gain mechanism we note that the rate of production of coherent pho-
tons, N, is given by a solution of Eq.(1) with the assumed population inversion as the
initial condition.

VN2 'r2 \
Ncoh(‘)=%(%) Qn{e—uz sin Q't + I+ (Q'D B ;\

eVt (sin Q't+Q'tcos Q'1)- 1]

Q'EVQ'02+£2, (1)

The above solution describes a general "off resonance” situation (€ # 0) which reflects
frequency spread , Aw/o = Ay/y, due to a longitudinal momentum spread in the incom-
ing ion beam (Ay). Note that this effect could be neglected in the discussion of the
pumping stage where the strong field limit (€,7 >> 1) applies. However, the lasing stage

is ix‘:I the weak field regime and the off resonance frequency broadening has to be consid-
ered.

Coherent Gain

The total number of coherent photons emitted during some time t (to be discussed
shortly) results in an increment to the energy density of the initial wave, AE, given by

t
AE =hn 0)1,_,2‘, < ({ Ncoh(")dt' >E N (,2)
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here n is the ion density (in the rest frame) and

(Je== | ..de (13)
-Ag/2

defines the ensemble average over momenta in the incoming beam. The right hand side of
Eq.(12) is evaluated in two asymptotic regions: (a) cool beam limit (A£T << 1); (b) hot
beam limit (Agt >> 1). .

Evaluating appropriate e-averages in the above two regimes, one can rewrite Eq.(12) as
follows:

AE = % n Wy2p (Qo't)2A ’ (14)
where
={ 0.17 cAgT << | 1s)
0.39/Aet ; Aet >> 1.

The relationship between ', and the energy density E ,
()2 = 2513 e2i( Isl212p)2 E /hZ, (16)
allows us to rewrite Eq.(14) as
AE=(2m)?Ane? 0, ’E/h. an
The total gain, G, is defined as
G=(E+AE)E (18)

and lasing requires GR2 > |; here R is the mirror reflectivity of the second (lasing) cavity.
Finally the gain coefficient can be written as :

G =1+ (2r)2An e? ay,_,, % . (19)
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Feasibili

Assuming mirrors with an intensity reflection efficiency of 50% and a longitudinal
momentum spread in the incoming ion beam of 1% (Ay/y = 10-?) one can estimate the ion
concentration required for lasing as

Npesy = 6.84 x 109 Z8 cm3. (20

In the lab frame this requires an ion beam current density of

jlab =(Z-1e Npeg CY - 21

For the case of Li™ ions the threshold current density would be
Jlap =431 x 1P A cm2. (22)

Particle beams having the requisite current density, momentum spread and energy are
within the scope of present generation high current storage rings. The discussion in this
paper centers on the 1s—2p transition in a hydrogenic atom. However, other types of
transitions may also be of interest; particularly those with longer lifetimes teg., transitions
to various dipole-forbidden or metastable states). It may also be possible to exploit a nu-
clear transition as well as various multilevel systems.
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Abstract

Population inversion is expected on 2p-2s transitions in Ne-like Ge in the 60-80 A
region. The feasibility of observing gain on these transitions is explored.

Soft x-ray amplification in collisionally excited Ne-like Ge plasmas has been
extensively studied in a number of laboratories’. Gains in excess of 4 cm™ have
been reported for the 3p-3s transitions and significant gains have been inferred over
a wide range of irradiance conditions. In our laboratory we have made use of a novel
focusing arrangement that employs a segmented wedge array to overlap several line
foci to produce a more uniform linear plasma. The reproducibility of the XUV spectra
was improved allowing gain to be inferred on a core-excited 2s2p®3d-2s2p°3p J=2-1
transition®. The 3d-2s quadrupole (E2) emission from the upper state of this core-
excited transition was also identified in the L-shell emission spectrum.

In this paper we report preliminary results of experiments designed to extend Ne-
like systems to shorter wavelengths. The observation of gain on a core-excited
transition has led us to consider the possibility of observing gain on 2p-2s inner-shell
transitions of the form 252p®3s-2s*2p°3s and 2s2p®3d-2s®2p°3d. In the case of Ne-like
Ge the n = 3-3 transitions for which gain has been observed occur at wavelengths of
~200 - 250 A. The 2p-2s transitions which are expected to have gain are in the 65 -
80 A region. The gains for these transitions will be somewhat lower than that
inferred for the 3-3 transitions. If the inversion densities and oscillator strengths are
similar to that observed on 3-3 transitions, the gain would be reduced by the square
of the ratio of the wavelengths. In the present experiment this would suggest that
gains < 0.5 cm™ on the 2p-2s transitions. Higher gains would be possible if reduced
refractive effects allow observation of higher density plasma regions.

The experiments were performed with the LP2 Nd:glass laser system operating at
1.06 pm. The laser pulse had a fast (200 ps) risetime with a full width of ~1.5 ns.
Optically polished Ge slabs were aligned to an accuracy of 2 mr with respect to the
laser axis. The width of the line focus was ~80 pm and the length was fixed at 12
mm. The present results were obtained with incident energies of 140+10 J/cm of line
focus which corresponds to ~1.5 x 10" W/cm?.
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Figure 1. Grotrian diagrams showing the observed n=3-3 transitions (a) and
the 2p-2s transitions (b).

The diagnostics include two flat field XUV spectrometers®, one of which was
accurately aligned (£5 mr) with respect to the line focus axis. The second
spectrometer was aligned at 45 degrees to the iine f$xus axis in the plane of incidence.
For the 3-3 transitions the spectrometers were equipped with 3000 A thick Al foil
filters which transmit from ~175 A to greater than 300 A For the present
experiments the Al filters were replaced with 1100 A thick Ag filters which transmit
between 35 and 110 A. The XUV spectra were recorded on Kodak 101-01 film. The
off-axis spectrometer employed a 300 nm wide slit approximately midway between the
plasma and film to spatially resolve the emission along the line focus. An ADP
crystal spectrograph was used to observe the L-shell emission from the plasma.

In our previous experiments we have measured the wavelengths of nine 3-3
transitions in the 200 A region. This included five 3p-3s and one 3d-3p (core-excited)
transitions for which gain was inferred and three 3d-3p optically thin transitions. In
addition, accurate wavelengths have been determined for the seven resonance (3-2)
transitions and one E2 (3d-2s) transition. These experimentally determined transition
energies have allowed a more precise determination of the excited state energies for
Ne-like Ge. The computed energy levels are based on the calculations of Zhang and
Sampson'® with corrections to agree with the experimentally determined levels. The
corrections are generally small except for the J = 0 and core excited-levels. Fig. 1(a)
shows a Grotrian diagram showing all the observed 3-3 transitions with the solid lines
representing transitions for which gain has been inferred. Fig 1(b) is the same
diagram showing the strong 2p-2s dipole transitions, The solid lines rerresent
possible lasing transitions since the lower level can decay by a dipole transition to the
ground state. The calculated wavelengths for these transitions are given in Table 1,
and are expected to be accurate to within ~0.10 A. These 2p-2s transitions will appear
as Ne-like satellites of F-like resonance lines at 79.75 and 65.90 A.
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Table I. Computed and observed wavelengths of 2p-2s transitions in Ne-like Ge.
transitions marked with an asterisk are possible lasing transitions. Lines
appearing as blends are noted (®).

2p,5-28 | Calculated | Observed 2p.q-2s Calculated | Observed
(A) (A) (A) (&)
263s- 253s-
2p.435 2psa3s
’8,-°P, 79.10 79.00 8,-°P, 64.82 64.85°
'S,-°P, 75.14 75.00 'S,-'P, 63.10 63.06°
2s3p- 2s3p-
2p,.3p 2py3p
P,-°D, 83.00 83.05° p,-°D, 67.37 67.45
p.-'P, 78.24 78.14 3p,P, 66.30 66.33
PP, 65.07 65.09
p,-'D, 62.93 63.06°
2s3d- 253d-
2p,43d 2pyy3d
D,-°F, 79.75 79.75° 3D,-°F, 65.33 65.26
3D,-'Fy 80.54 80.52 (3) *D,-°F, 65.71 65.68
D,-'F, 77.10 77.08 (3™) 'D,°F, 63.08 63.06°
D,-'p,’ 85.28 85.18 D,-*D, 64.72 64.85°
D,-'P; 85.58 85.55 3n,-p; 64.92 64.85"
'D,-'P,’ 80.91 80.75 (3™
0.6 . e — ——— ! .
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Figure 2. Axial XUV spectrum of the Ge plasma. The F-like and Na-like
resonance lines and Ne-like 2s-2p lines are in second order.
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Fig. 2 shows an axial XUV spectrum of the Ge plasma. The Ag filter does not
transmit above ~110 A so the lines appear mostly in second order (although 3™ and
4'® order lines have been identified). F-like and Na-like resonance lines are clearly
visible and have been used to accurately determine the wavelength scale. The
instrumental resolution, as determined by the width of the narrowest lines is less
than 0.1 A. In this spectral region, the off-axis spectrum consisted only of the Na-like
and F-like resonance lines. The spatially-resolving slit on this spectrometer limited
the field of view of this instrument (in the film plane) to ~0.6 mm of plasma length,
too short to observe the weak, optically thin lines. A number of lines in the axial
spectrum have been tentatively identified as 2p-2s transitions in Ne-like Ge: Table
1 compares the observed wavelengths to the calculated values. The asterisk identifies
the possible lasing transitions. The 2p-2s transitions around 66 A are easily
identified. Unfortunately the possible lasing transitions at 63.06 and 64.05 A are seen
to blend with other (probably stronger) 2p-2s transitions. In the region of 80 A the
Na-like resonance lines complicate the spectrum. Nevertheless it is possible to
identify several potential lasing transitions. In some cases the 3™ order spectrum has
been used to more accurately determine the wavelength.

In summary we have used the L-shell emission spectra and the observed 3-3
transitions in the 200 A region to calculate more accurate wavelengths for 2p-2s
transitions in Ne-like Ge. A number of optically thin lines have been identified in the
axial XUV spectra that correspond to these transitions. Transitions for which gain
is expected have wavelengths of 63.06, 64.85, 75.00, 79.00, 80.75, 85.18, and 85.55 A.
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Abstract

The role of smoothly varying transverse gain and refraction profiles on x-ray laser
intensity and coherence is analyzed by modally expanding the electric field within
the paraxial approximation. Comparison with a square transverse profile reveals
that smooth-edged profiles lead to: (1) a greatly reduced number of guided modes,
(2) the continued cancellation of local intensity from a loosely guided mode by
resonant free modes, (3) and the absence of extraneous (or anomalous) free mode
resonances. These generic spectral properties should enable a considerable
simplification in analyzing and optimizing the coherence properties of laboratory
soft x-ray lasers.

L Introduction

Current X-ray laser (XRL) designs rely on amplifying spontaneous emission in a
high temperature plasma.! Ar important issue in the study of XRL's is the degree of
transverse spatial coherence necessary for holographic applications.2 Longitudinal
coherence appears to be satisfactory, but transverse coherence remains problematic
and requires further optimization study.

Recently, London et al.3 have undertaken a study of transverse coherence based
on a modal decomposition of the electric fields in an amplifying medium. With
this ansatz for the laser fields, the paraxial wave equation is transformed into two
equations which separately govern the longitudinal and transverse behavior. The
longitudinal equation describes the usual longitudinal amplification from a
distributed noise source, whereas the transverse equation is of the Schrédinger-type
with complex “potential” arising from the gain or imaginary part of the atomic
susceptibility. The analysis of this latter equation leads to a spectrum of eigenmodes
which determines the possible transverse profiles of intensity and coherence.
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The above mathematical characterization for the fields has formed the basis in
the literature for the predicted phenomenon of “excess noise” in an amplifying
medium.* In particular, the inherent non-self-adjoint property of a general
amplifying medium presumably allows for the possibility that loosely guided or
bound transverse eigenmodes may dominate the profiles at large transverse
distances from the lasant medium. Such a prospect has serious implications for
coherence and intensity studies since the predicted profiles will be overly sensitive
to the precise value of gain used, and which we argue cannot be phvsical.

Previous use of the modal approach to understand XRL phenemena has been
restricted to the bound or discrete portion of the transverse eigenmode spectrum.
For sufficiently large values of gain-length product this restricted analysis can obtain
accurate transverse profiles of intensity and coherence. Unfortunately, most gain-
length products observed in the present generation of ampiified spontaneous
emission (ASE) XRL experiments are not sufficiently large to justify use of this
truncated approach in general.

More recently, Amendt et al.5 have reexamined the modal approach by
appending the continuum or free modes to the bound mode portion of the
transverse spectrum for the particular exampie of transverse square gain and
refraction strength profiles. The primary motivation for including the continuum
is that by virtue of the non-orthogonality of the eigenmodes, sufficient cancellation
from cross-terms in the expression for the modal intensity may occur and possibly
eliminate to a large extent the “excess noise” phenomenon. It is found that for
small and moderately large gain-length products the anomalously large intensities
associated with one loosely bound transverse mode are significantly reduced by the
inclusion of neighboring free eigenmodes. This feature has the two-fold effect of
greatly reducing the level of “excess noise” and of removing the source of undue
sensitivity of previous modal modelling to the exact value of the gain parameter
adopted.

Amendt et al.> address some fundamental problems arising in a general ASE XRL
environment, but they do not determine the degree of transverse coherence
relevant for an ASE XRL experiment. In particular, the square gain and refraction
strength profiles explored in that analysis were intended mostly for analytic ease
and conceptual clarity. What remains to be shown is whether the effective modal
intensity cancellation persists as effectively for rounded profiles which now allow
for the beneficial effect of refractive defocussing. In this paper we continue our
analysis of modal XRL coherence by considering some consequences of rounded
gain and refraction strength profiles in a finite geometry.

2. Modal Analysis
Our starting point is the paraxial equation for the slowly varying wave electric field
amplitude E3
1

H; Vi -2id, -h(x) + ig(x)] E(x, 2) = -4nk P, (x, 2), &)
where k is the free-space longitudinal (or parailel to z-axis) wavevector, V 2 is the
transverse Laplacian, h=w_2(x)/ke? is the refraction strength, w, is the electron
plasma frequency, g(x) is the atomic gain of the medium, and P, is the random (in x
and z), spontaneous atomic polarization. Upon writing E (x, z) = Z¢,(z)u,(x) we find
a transverse mode equation:
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[ 8% - Fn h(0) - i g ()] un(x) = - Equa(0), @
and a longitudinal transfer equation:
2 [un 95Cn - i Encnun} =-iPyp, (3)
noL 2

where F, =kgsa? is an effective Fresnel number, a is the lasant half-width, E, is the
eigenvalue, x -> xa, z -> zka?, P, -> P /2r(ka)?, n=hy/gs, and h =h/hg and g=g/g, are
normalized transverse profiles. Since eq. (2) is non-self-adjoint, the eigenvalues are
generally nonreal and the eigenfunctions are biorthonormal: | u,u_dx=3_,
(#fu,u, dx). This feature specifically gives rise to the problem of “excess.noise”
where a “loosely” bound mode may dominate the field intensity <! E12>/8x at large
transverse distance (x>>a).¢ Amendt et al.5 have previously shown that free modes
(lim, .. u, < =) contained in the spectrum of eq. (2) tend to compensate for “excess
noise” arising from marginally bound modes (lim,,_ u, = 0) for the particular
example of a square gain and refraction strength profile. However, the case of a
hard-edged profile is not a realistic feature of XRL’s that are based on amplifving

spontaneous emission.

A useful method for considering smooth transverse profiles in the modal approach
is to numerically relax the square profile into a hyperbolic secant squared profile as
follows: h(x), g(x) -> (1-€) f(x, €) + € sech¥(x), where £->1 and

0 ;x| >1+¢€

fix, €)= sinz[ﬂ}l‘{eﬂ] ;1-e<|xj<l+€ , 4

1 x| <1-¢

and then solving (by shooting methods) the transverse eigenvalue equation (2) at
each incremental step in € using the eigenvalue for the previous € as a guess. The
sech(x) profile is a convenient choice because: 1) h(0) equals unity as for the square
profile, (2) the integrated area under h coincides with the square profile, and (3} the
bound mode eigenvalues are analytically known for the case of an unbounded
geometry:

En=-[1(1+ 41 +im)2-(n+ D) 2 ,n=0,1,2, .... 5)

The general requirement for a bound mode is that Im (E,) < 0, leading to only three
bound modes for a Ni-like Se XRL,where typically F, = 1500 and n = 59.3 By contrast,
the number of modes n, in a hard-edged laser scales as:3 2F,/{rIn[F,/(1 + n)}}, giving
nearly 300 bound modes for the Ni-like Se XRL. Clearly, the coherence length (or
distance at which the normalized correlation function <E(0,z)E*(x,z)>-
1/[<IE(Q, 2)12><| E(x, 2)12>]'2 is reduced to 0.85) is far greater for a smooth profile
than for a square profile, if we consider only the bound mode contribution. The key
question becomes whether the inclusion of free modes can affect this conclusion.

To consider this question, we first show how the free mode portion of the
spectrum compensates for anomalous intensities arising from loosely bound modes
as in the square profile case. The free modes are obtained by using a reflecting
boundary condition at x = + A, where A>>1. Figures (1a-b) display the compensated
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Figs. (1a-b): Normalized compensated (solid line) and uncompensated (dash-dotted
line) intensity for the square profile (a) and the sechi(x) profile (b) for F,=0.5, n=0,
and geometric half-width A=25.

intensity for one loosely bound mode compared to the uncompensated or “bare”
intensity. Note how the bound mode intensity dramatically cancels beyond x ~ +2
for the uncompensated case, while in the absence of resonant free modes a
considerable surplus of energy resides outside the lasant medium (lx|21). This
example illustrates the “excess noise” phenomenon for a smooth profile, but with
a significant degree of reduction occurring due to cross-correlations between
neighboring (in Re(E_)) free modes and the one marginally bound mode.

In fig .(2) we show the point (or bound mode) and continuum spectra for both
square and sech(x) profiles. Note the absence of continuum resonances beyond the

1
\#
‘i‘u 0.1f sechZprofile o
= (A=5.5
g
Eom
0.001

05 15 25 35
Re(En)/Fen

Figs. (2, 3): In fig. (2) (left) are shown the point and free mode (even parity) spectra
for square and sech?(x) profiles with F,=100 and n=10. Note the larger value of A
(10x) used for the square profile. In fig. (3) (right) are shown coherence profiles for
A=55, F =100, and n=10 with gain-length parameter GL=10, 20.




Short-Wavelength Coherent Radiation 95

one (even parity) bound mode for the sechX(x) profile; such resonances effectively
act as loosely bound modes in the case of the square profile. This generic feature of
the smooth profile is seen to simplify the analysis: relatively more free states
behave as high or nearly orthogonal modes which happen to depend only weakly
on the details of the gain and refraction profiles. In fig. (3) we compare coherence
profiles for the square and sech?(x) gain profiles by considering, for example, the first
74 (even parity, bound plus free) modes. The improved coherence for the sechi(x)
profile is due mainly to the fewer number of bound modes in the system which is
attributed to refractive defocussing in a smoothly varying medium. This
phenomenon actually consists of two parts: (1) the usual bending of rays away from
the lasant medium when n#0 and (2) the effectively reduced region of maximum
gain giving rise to fewer high-gain transverse modes in general. Both effects
contribute significantly in discarding many of the bound modes responsible for
degraded transverse coherence.

4 Di .

Realistic coherence modelling of current XRL experiments must include the role of
refractive defocussing arising from non-trivial gain and refraction profiles. We
have begun to study this phenomenon from a modal viewpoint with the aim of
both clarifying the role of “excess noise” in such a system and optimizing the degree
of coherence for eventual holographic applications. The generally large values of F,
and N found in current XRL experiments require a streamlined use of the modal
approach as outlined above in order to compare with existing numerical wave
propagation codes.® We have shown that the role of free modes in a smoothly
varying media appears not to be as complex as for the square profile by virtue of the
far fewer number of bound mode resonances and the absence of additional
continuum resonances.
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Abstract

Lasing between excited states and the ground state following optical-field i»nization is studied
Saturation of an x-ray laser when the lower lasing level is a ground state of a H-like or Li-like
ion is discussed. Efficiencies of 107% to 10~4 are calculated for the 3ds/2 — 2p3sz Ltransition at
98 A in Li-like Ne. The assumption that the fine-structure levels are populated according to
their statistical weights is shown to be justified through comparisons with calculations using
a detailed atomic model. The effect of saturation by a given fine-structure transition on the
populations of the fine-structure levels is analyzed.

I. Introduction

Optical-field ionization by a high-intensity /short-puise UV laser allows the possib -y of x-ray
lasing between excited states of an ion and the ground state.!'? We calculate efi - iencies 1
Li-like Ne, for the 3ds/; — 2p3/; transition at 98 A. to be in the range of 107° to 1L ¥ These
relatively high efficiencies are obtained despite the short lifetime of this sel{-termina ing laser
and the reduced saturation intensity associated with the lower lasing state being the ground
state of the ion. In this proceeding we discuss saturation issues for lasing down to the ground
state in H-like and Li-like ions. A common assumption in modeling these ions is that the fine-
structure levels are populated according to their statistical weights. We discuss the valic v of
this approximation by comparing shell-averaged results with those obtained using a detailed
atomic model. We also study the effects of saturation on the relative population of the fine-
structure levels.

II. Saturation Issues for Lasing to Ground State

The large energy difference between the ground state and the first excited state of an 1on makes
the idea of lasing down to the ground state an attractive one. The small populations that can
be achieved in excited states require that the ground state be emptied to a very high degree
{of order 0.1%) to obtain population inversion and gain. Such complete 1onization appears
possible by using high-intensity lasers where the electric field associated with the laser field 1s
Proceedings on Short- Wawelength Coherent Radiation,
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larger than the Coulomb field binding the ground-state electrons, of a given ionization stage.
to the nucleus.!3 If the electron temperature following ionization is sufficiently low. there is
rapid collisional recombination to the upper levels followed by collisional cascade giving large
population inversions and gains between the first excited state and the ground state. The
ground state is populated on a time scale associated with the radiative lifetime of the first
excited state which is of order a picosecond. The short lifetime of these self-terminating lasers
reduces the energy that can be obtained. An additional aspect of lasing down to the ground
state that limits the output energy is the relatively low intensity required to saturate.

As the length of the lasing medium is increased the output increases exponentially unul
the intensity associated with the lasing transition starts to affect the kinetics. The intensity
at which the gain is reduced to 1/2 the small-signal-gain value is referred to as the saturation
intensity I,. For transitions between excited states. one can often neglect the effect of the
intensity on the lower laser state population in calculating saturation.? In this case. I, is the
intensity that causes the upper laser state to be reduced by a factor of 2. This is found by
equating the stimulated rate out of the upper laser state with the total exit rate you, excluding
stimulated processes. For lasing down to the ground state, one cannot neglect the effect of
the intensity on the lower laser state for two reasons. First, electrons stimulated out of the
upper laser state accumulate in the lower state. Second, the population inversion at the time
of maximum gain is not large which results in the gain being sensitive to the population in
the lower laser state. We first show how to calculate I, neglecting fine-structure levels and
then discuss the role of fine structure in H-like and Li-like ions.

In treating the situation where the lower laser state cannot be neglected. we introduce a
parameter a whose value will depend on the populations and statistical weights of the lasing
levels. We equate the net stimulated emission out of the upper laser state to a times You.

(.‘2 .'\'I'g“) _

2hu3 Aur (1 N Jeat = avout, (D
where (1 — N{gu/N{ @) is the population inversion factor, primes denote saturated values.
gy and g) are the statistical weights of the upper and lower states. respectively, 1, is the
spontaneous emission rate, and Jsa is the specific (or per unit frequency) mean saturation
intensity. The population of the upper level is reduced as a result of saturation because of
the additional exit channel via stimulated emission. By equating the population outward flow
without stimulated emission NyYou: to the outward flow after saturation N} vou + Nfavour, the
saturated population can be expressed in terms of the population in the absence of stimulated
processes as Ny = Nu/(1 + a) = BN,, where 3 = 1/(1 4+ a). Assuming that electrons that
arrive in the lower state accumulate there, the saturated population in the lower state 1s
N{ = N1+ (1 = B)Ny. This is usually a good approximation when the lower laser state 1s a
ground state of the ion. We can solve for 3 by requiring that the gain calculated using N
and N{ be 0.5 times the small-signal gain giving

1 Mg | 9u 9u .
=[085 oo2)
2 Nugi ] / [
Using this expression for 3 and then a from o = 1/3 - 1. we obtain Jg, from Eq. (1). The

saturated intensity is then given by Isar = AvJea(273/1n2)1/2 where Av is the FWHM of
the atomic line profile.

As an example of the effect of including the lower state. the choice Nigy/Nyg = 1/2 and
gu/g1 = 2.25 gives a = 0.09. This resulits in a factor of 11 decrease in l,a, as compared with
neglecting the role of the lower state in determining the intensity sufficient to saturate the
laser. This ratio of the statistical weights corresponds to the n = 3 to n = 2 levels in a Li-like
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ion neglecting fine structure. For lasing down to the ground state of a H-like ion from the
first excited state, g,/91 = 4 and a = .05 for the same amount of inversion. In general. the
spacing between fine-structure levels is greater than the line widths and the effects of fine
structure must be included in calculating saturation.

The assumption that the fine-structure levels are populated according to their statistical
weights allows an easy estimate of the role of fine structure on saturation. We address the
validity of this approximation in the next section. In Li-like ions, the 3ds;; — 2p3/2 is the fine-
structure transition between the n = 3 and n = 2 levels with the largest gain and therefore it
reaches saturation first. The A4, rate used in Eq. (1) is for this fine-structure transition. but
we continue to use the shell-averaged or total exit rate 9oy. The population outward flow
without stimulated emission is Nn=37Youe = 3NyYour, Where N, is the population of the 3ds,
level which has 1/3 of the n = 3 population if the sublevels are populated according to their
statistical weights. Equating this to the outward flow after saturation. 3N|vour + N\ &Yout,
one obtains an expression for N, given by N/ = N,/(1+a/3) = 3N, where 3 = 1/(1+a/3).
Assuming the n = 2 levels are populated according to their statistical weights, 1/2 of the
electrons stimulated out of the upper laser level accumulate in the 2py;; lower laser level.

This gives Nf = N + 1/2(1 — 3)N, and solving for  one obtains

B=[1(1+‘—M)+_19—“]/(1+13‘1). (3)
2 Nagt/ 249 2q

For Nigu/Nugt = 1/2 and gu/q1 = 6/4 = 1.5, appropriate for the 3ds;; — 2paj2 transition,
a = 0.5. If the lower state is neglected in calculating saturation, a = 3 because the stimulated
rate acts only on the 3ds;; population. Thus. including the lower state results in a factor of
6 decrease in Iy for Mgu/Nugi = 1/2.

In H-like ions, the 2p3/2 — ls,/z transition has the largest gain and saturates first. The
2p3j2 level has 1/2 of the n = 2 population if the sublevels are populated according to their
statistical weights and we have N = N, /(1 + a/2) = JN, and N = My + (1 - 3)Ny. These
are the same expressions as for the first case where fine structure is neglected with J replacing
3. The expression for 3. Eq. (2), can be used for 3 with a = 2 1/.3 = 1). For Nigy/Nugy = 1/2
and gu/g1 = 2, appropriate for the 2p3;; — lsy/; transition, a = .18 which 1s a factor of 11
decrease as compared with neglecting the lower state population. For comparable population
inversions, the 2p3yy— 1812 transition in H-like ions has a greater reduction in gy, associated
with including the lower laser state, than the 3ds;; — 2p3/; transition in Li-like ions.

We caiculate reasonable efficiencies for the 3ds/; — 2p3/2 transition in Li-like Ne despite
the short duration of lasing and the reduction in I, associated with the lower laser state
being the ground state. In Fig. 1 we show the calculated efliciencies (output energy/input
energy) at an electron density of 2.5 x 10?° ¢m™3 as a function of electron temperature 7,
for three laser focal radii. The increase in efficiency as T. decreases is because of more rapid
recombination and collisional cascade to the upper laser level. The increase in efficiency with
increasing radius comes from the assumption that the length of the lasing region is given by
the confocal length z = 4ra?/AIn2. where X is wavelength of the driving laser and a is the
half-intensity focal radius. Refraction arising from transverse ionization gradients can limit
the length of the laser and we are studving the effects of a pretonized channel and imposed
density gradients to control refraction. We have calculated efficiencies as high as 107% by using
an electron density of 1.0 x 102! cm™2 and an electron temperature of 50 eV.? A driving pulse
with a duration of only 50 fs is required at this density to keep stimulated Raman scattering
from heating the plasma above 50 eV.
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Figure 2: Small-signal gains calculated with

Figure 1: Efficiency versus temperature at

an electron density of 2.5 x 10%°® ecm~3 for
several values of focal radius and the corre-
sponding input energy.

independent sublevels (dashed curves) and
with sublevels populated according to their
statistical weights (solid curves).

ITII. Kinetic Issues for Lasing to Ground State

The efficiencies calculated for the 3ds;; — 2p;/; transition in Li-like Ne use a shell-averaged
atomic physics model. The populations of the sublevels. in a given shell corresponding to a
principle quantum number, are assumed to be proportional to the statistical weights of rach
sublevel. We discuss two issues that can affect the validity of this approximation for the n = 2
levels in Li-like Ne. (These issues also affect the n = 3 sublevels but to a lesser amount.) The
first arises when the energy differences between the sublevels is not much less than the electron
temperature. The second occurs when a given fine-structure transition becomes saturated and
a large fraction of the population flow between shells is carried by that transition. We study
these issues by comparing shell-averaged results with those obtained using a detailed atomic
model that allows independent sublevels.

The assumption that the sublevels are populated according to their statistical weights as-
sumes that A Emax € kT., where Eqay is the maximum energy difference between any of the
sublevels. In the collisional limit, the ratio of populations is n;/n; = (g;/g:) exp(—AE,,/kT.).
The 2p3/, and 2p;/; levels have energies approximately 16 eV greater than the 2s level giving
a Boltzmann factor e~2E/XT between the 2p levels and the 2s level of 0.7 for a representative
temperature from Fig. 1 of 40 eV. The n = 2 shell is primarily populated by radiative tran-
sitions into the 2p sublevels from the 3d sublevels. The 2s sublevel is populated radiatively
from the 3p sublevels and collisionally from the 2p sublevels. These An = 0 collisions try to
keep a Boltzmann population distribution among the sublevels. The electron collision rate
between 2p3/; and 2s is approximately a factor of 2 larger than that between 2p,/; and 2s. lon
collisions are included in our calculations but do not play an important role. The result of ail
these processes is that at the time of maximum gain the 2p;;; level is slightly underpopulated
compared with the other n = 2 levels accounting for statistical weights but not as much as
predicted by the Boltzmann factor. The effect of this on gains is shown in Fig. 2 where gains
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for three fine-structure transitions are shown for an electron density of 2.5 x 10% cm™3 and an
electron temperature of 40 eV. The dashed curves are for independent sublevels and the solid
curves are the gains if the sublevels are populated according to their statistical weights. The
3dsja2 — 2pa/, transition has a slightly higher gain when sublevels are treated independently
primarily because of the reduced 2p3;; population giving a larger inversion ratio.

Saturation by the 3ds;; — 2ps; Lransition selectively populates the 2py), level because a
large fraction of the population flow between the n = 3 and n = 2 levels to pass through this
transition. We find that the saturated gain using independent sublevels is often slightly smailer
than the saturated gain obtained by assuming levels are populated statistically. Thus, the two
effects we describe act in different directions on the 2p;/; sublevel. The general conclusion is
that the assumption of statistical population between the sublevels is appropriate.

IV. Summary

We have shown the importance of including the lower laser level in calculations of saturation
when that level is the ground state of an ion. We have calculated efficiencies of 107° to 104
for the 3ds;; — 2p3/2 transition at 98 A in Li-like Ne. The assumption that the fine-structure
levels are populated according to their statistical weights is shown to be justified.
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Abstract

Radiation cooling as a means to reach inversion in photoionized C VI is

analyzed in the context of energy transfer between excited ions and free
electrons.

Introduction

The idea of generating inversion and gain by photo-ionization followed
by three-body recombination was first stated by Bunkin (1] et al., and
further analized by Goodwin and Fill (2]. The application of this
scheme for the specific case of a hydrogen-like C VI plasma, exposed to
the soft x-ray emission of a titanium-laser-produced plasma was
considered in Refs. 3 and 4. Necessary conditions for the achievement
of inversion age a gow plasma temperature (~ 10 eV), and a high electron
density (~ 10"~ e¢m "). Both are required for the establishment of a
strong collisional-recombination regime, favouring the cascading of
electrons towards the upper excited levels, leaving the lower levels
almost unpopulated. Radiative cooling was originally proposed as a
means to reach the desired temperature in similar recombination schemes
[5], however posterior work has shown that this regime was not
attainable for low-Z materials [6]. 1In this paper we consider in detail

the hypothesis of radiative cooling for the case of C VI pumped by the
Ti-plasma.

We have developed a numerical code that solves the rate equations for
all ionization stages, electron temperature and density, and the first 6
excited levels of C VI for an initially cold carbon-gas in the presence
of the Ti-emission. The x-ray emission is assumed to have the same
spectral distri?ut;on as in Ref. 7, with a temporal dependence in the
form of (sin(w =)|°, 7 = 20 ns, and normalized to an average laser

intensity of 10 2 W/cmz. The rate coefficients were taken from
published data and hydrogen-like models and the linewidth for the lasing
transitions were estimated from values given in Refs. 2, 8 and 9.
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Perfect coupling between radiation and electron temperature

In order to simulate the behavior of radiative cooling, we have first
assumed that each radiative transition modifies directly the free
electron temperature: every time a photon is absorbed by the C-ions, its
energy is added to the electron energy, and every time a photon is
emitted, the electron energy is decreased by this amount. This model
seems reasonable in gquasi-equilibrium regimes, where population
unbalances are rapidly compensated through inelastic collisions, and the
free electrons act as an energy reservoir. On the other hand, under the
extremely nonequilibrium conditions of this problem, it is not clear

a priori, if this model can be considered a good approximation.

The results following this assumption are presented In Figs. 1 and 2.
It can be seen that after 10 ns the plasma is almost fully stripped and
the electron temperature reaches a maximum of 65 eV. With the decay of
the laser intensity, radiative ccoling »ets in, and after the laser is
switched offl the &emperature drops so fast, that a transient inversion
of almost 10 cm ~ is predicted for the 3 - 2 transition, in less than
1 ns, generating a gain of more than 10 cm~
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Figure 1. Density N for the different ionization stages of carbon;
electron density Ne; electron temperatYEe Teé and pumping pulse for an
initial neutral carbon density of 1x10°° cm ~. Radiative processes are
directly coupled to the energy equation.
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Figure 2. Inversion density AN between upper excited states of C VI

respect to the n = 2 level; and electron temperature Te for the same
case as Fig. 1.

Collisional coupling between electrons and ions

As a second step we have solved the more realistic case where changes in
the free electron energy are allowed only through inelastic collisions
with the ionic species. This has the effect of producing a weaker
coupling between radiative transitions and changes in the electron
temperature. The energy difference remains as excitation (or potential)
energy of the ionic systems. As can be seen in Figs. 3 and 4, the
cooling effect is less pronounced, and stops around 10 eV, when the
population of excited levels of C VI disappears. However, the same
decoupling is responsible for the decrease in the electron temperature
to a maximum of 15 eV, even while the laser is on. Due to the overall
lngr tegperature, a steady inv?rsion is generated with a value of

107" em ~ (and a gain of 10 ¢m ) over more than 5 ns, which is more
suitable for practical purposes.
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Conclusions

We conclude that radiative cooling is not effective for this scheme, but
at the same time is not needed. Indeed the inertia associated with the
energy transfer to free electrons, allows the plasma to remain at the
desired temperature for all times.
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ABSTRACT

The possibility of developing a soft X-ray recombination laser in a
capillary discharge plasma is being investigated. Soft X-ray emission
spectra of highly ionized carbon plasmas generated by two excitation
regimes in 1 mm diameter polyethylene capillaries are discussed. A 50 kA,
108 ns FWHM discharge produced a dense (1*10'® cam™) plasma in which
intense Cvi emission is only observed shortly after the peak of the current
pulse. In contrast, the first time resolved spectra from a fast 25 ns
FWHM, 90 kA discharge pulse, showed strong Cvi 18.2 nm emission also at the
end of the first half cycle of the current pulse. This new fast discharge,
which is capable of generating 150 kA current pulses through 2 cm long
capillaries was designed to produce larger Cvir density and shorter
excitation fall time, to explore the possible occurrence of soft X-rayv
amplification.

INTRODUCTION

Significant success has been achieved in the last several years in pumping
soft X-ray lasers with high energy lasers [1-3]. We have proposed the
development of smaller soft X-ray recombination lasers based on direct
discharge excitation of a capillary plasma with a fast current pulse
(4,5]. Capillary discharges are known to generate dense highly ionized
plasmas [6-9] with good axial uniformity due to the stabilizing effect of
the capillary walls. In this laser scheme a dense and highly ionized
plasma core with a large length-to-diameter ratio is created by a fast
discharge pulse. Subsequent rapid plasma cooling by electron heat
conduction to the capillary walls and plasma radiation results in the
recombination of highly ionized species into ions of lower charge, and
could possibly create population inversions and amplification of soft X-
ray radiation.
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Of particular interest are the 3-2 transitions in hydrogenic ions in
which large amplification has already been demonstrated in laser created
plasmas {1,10,11]. In previous experiments with a 5 J lithium hydride
capillary discharge, we observed increased excitation of the 3.2
transition in Liirr at 72.9 nm towards the end of the current pulse, an
indication that this transition was excited by collisional recombination
[9]). Scaling of the experiment to carbon is predicted to produce gains of
the order of 5 cm ! in the 18.2 nm line of Cvi {4]. Recently, Steden and
Kunze studied the emission of low energy, low voltage (<12 J, <16 kV)
polyacetal capillaries and reported the observation of short bursts of
radiation at 18.2 nm coincident with the peak of the second half cycle of
the current pulse. This phenomenon was attributed to amplified spontaneous
emission [12}. Our experiments with a similar polyacetal discharge have
not been able to detect these burst of radiation. Weak Cvi emission was
observed only during the first half cycle of the curren: pulse.

In this paper we discuss the results of soft X-ray emission
spectroscopy experiments in carbon plasmas created by a 40 kV capillary
discharge having a FWHM pulsewidth of 108 ns, and present the first
results obtained with a fast, high voltage (25 ns, <800 kV) capillary
discharge designed to produce the initially hot and rapidly cooled plasmas
required to investigate the possible occurrence of soft X-ray
recombination lasing.

Cvi SOFT X-RAY EMISSION FROM A 40 kV, 100 ns POLYETHYLENE DISCHARGE
The soft X-ray emission from 0.5-1 mm diameter polyethylene capillaries
excited by discharge current pulses of up to 60 kA and 108 ns FWHM
pulsewidth was studied using the compact capacitive discharge setup shown
in figure 1.
1 It consists of a disk of thirty two
40 kV ceramic capacitors of 3.3 nF
each placed in the perimeter of a
rectangle having as center the
capillary axis. The capacitors are
directly connected to the capillary
electrodes by a parallel plate
transmission line forming a circuit
with a total inductance of 23 nH.
The discharge switch is the
capillary itself, and discharge
I . initiation is achieved by flashover
Figure l.Photograph of 100 nr, 40 kv o©n the capillary inner walls when a
capillary discharge setup. secondary trigger discharge is
fired in the proximity of the
cathode. The soft X-ray emission
exiting one of the hollow discharge electrodes was analyzed with a 1 m
grazing incideuce vacuum spectrograph utilizing either a 1200 lines per mm
or a 300 lines per mm gold coated grating. The instrument contains a
multichannel plate intensified array detector which can be gated to obtain
temporally resolved spectra with 5 ns resolution.

For excitation currents above 35 kA, Cvi lines are observed to dominate
the soft X-ray spectra. Strong 18.2 nm Cvi emission is observed in the time
integrated spectra of figure 2, which corresponds to the axial emission
from a 1 mm diameter polyethylene capillary excited with a 50 kA current
pulse.
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A collisional-radiative ionization balance calculation based on the
rate coefficients of Kolb and Lupton {13] shows that for Cvi to be the
dominant specie, as is observed in the higher current discharges, the
electron temperature must reach a value of more than 70 eV in the hottest
region of the plasma, located in the axis of the discharge. This hot
plasma core is likely to be surrounded by a cooler and denser plasma
region near the capillary walls, which act as a heat sink and introduce
cold ablated material into the discharge.
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Figure 2.Time integrated spectrum Figure 3.Spectrum of the Cvi Balmer
of a 1 mm diameter, lcm long poly- series of a lmm diameter poly-
ethylene capillary excited by a 50 ethylene discharge excited by a 50
kA, 108ns FWHM current pulse. A kA, 108ns FWHM current pulse. A
300 lines/mm grating was used. 1200 lines/mm grating was used.

Figure 3 shows the lines of the Cvi Balmer series originated from levels
n=4 to n=8 for the same discharge conditions of fig.2. The increased
linewidth of the shorter wavelength transitions is caused by Stark
broadening. The corresponding electron density was calculated to be
approximately 1*10}® cm™®. This value of the electron density is close to
the opcimum required for amplification of the 18.2 nm line of Cvi by
collisional recombination.

The temporal evolution of the intensity of the axial emission in the
14-24 nm spectral region was also studied and is shown in figure 4. The
maximum intensity of the Cvi Balmer a transition occurs shortly after the
peak of the current pulse and its intensity rapidly decreases as the
current drops. The maximum intensity of the Cv lines occurs later in time,
as it might be expected from collisional recombination of Cvi ions. The
emission of Cvi transitions observed during the current pulse can be
attributed, in principle, to collisional excitation. However, it is
possible for part of the observed Cvi emission to be created following the
collisional recombination of Cvir ions that diffuse from the hot plasma
core into the cooler and denser boundary plasma. The low electron
temperature (10-16 eV) that results from a Boltzmann plot of the
intensities of the Cvi Balmer series lines of fig.3 supports this
possibility, since it is significantly lower than the temperature regquired
to excite the observed Cvi transitions. Nevertheless, no gain has been
observed in comparing the intensity of the 18.2 nm line with other Cv:
transitions for lcm and 2cm long capillaries in this device.
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Figure 4.Time resolved 14-24nm spectra of a lmm diam. polyethylene
capillary excited by a 40 kA, 108ns FWHM current pulse. The time of each
spectrum relative to the peak of the current pulse is indicated.

HIGH POWER DENSITY, SHORT PULSE CAPILLARY DISCHARGE

To generate initially hotter and more rapidly cooled plasmas, we have
developed a fast high power density discharge. This new discharge consists
of a circular plate transmission line charged by a 800 kV Marx generator
and connected to the capillary load through a SFg switch. The setup is
schematically illustrated in figure 5. When ethylene glycol is used as
dielectric, the capacitance is 3 nF and peak currents in excess of 150 kA
can be generated through 1 mm diameter, 1-2 cm long capillaries, with a
first half cycle FWHM pulsewidth of 25 ns. The device has so far been

800 kv —— t
Marx Generator s 0 Spectrometer —»

To Vacuum Pump

Eth?ylen'e Glycol

Figure 5.Diagram of high power density fast capillary discharge.
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tested at voltages up to 600 kV, producing a current pulse of 140 kA
through the capillary load. 8
The first experiment with such
high power density capillary 2 CVI 18.2 nm ~
discharge has been conducted ina l
mm diameter polyethylene capillary. g 31 VI 12.0 nm
Figure 6 1is a time resolved = 4 oN 13.5 nm oV 18.60m
spectrum of a 92 kA discharge |
corresponding to the end of the
first half cycle of the current
pulse. In contrast with the slower
discharge discussed in the previous Y
section, the current pulse decay
time 1is shorter than the Cvix
recombination time and intense CvI Figure 6.Time resolved spectrum of a
emission at 18.2 nm is detected at 1pp diam., lem long, polyethylene
the end of the first half cycle of gjscharge at the time of the end of a

the current pulse. Gain 25 ns FWHM current pulse.
measurements for different

capillary geometries and excitation
conditions will be conducted changing the capillary length.

0 200 400 = 600 800  -000
Diode Number
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Abstract

We have designed and tested an ellipsoidal reflector to pump short-wave-
length lasers by broadband soft-x-ray radiation from laser-produced plasmas.
Xenon gas supplied by a pulsed gas valve with a slit nozzle, which was placed
in the vicinity of the second focus, was irradiated longitudinally along the
optical axis. Soft x-ray absorption and VUV emission resulted from the 4d
inner-shell excitation was investigated.

Introduction

A wide variety of excitation schemes for short-wavelength lasers operating
below 1000 A have been investigated extensively. Photoionization pumping
through inner-shell processes is one of the promising methods to produce a
spatially uniform gain.! In this method, being different from the plasma

Driver Laser

Soft X-Ray

Laser Medium Laser Qutput
-

Target

— ]

Ellipsoidal Reflector
Pulse Jet Nozzle

Fig. 1 Schematic drawing of longitudinal pumping by an ellipsoidal reflcetor.
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112 Short-Wavelength Coherent Radiation

method accompanied with high density and highly ionized plasmas, it can
create population inversion in low ionized or neutral atoms?? if a sufficient
pumping radiation is supplied. A laser-produced plasma is excellent as a soft-
x-ray source because of high energy conversion efficiency and short time dura-
tion. An important issue in the optical pumping scheme is how to collect and
focus the incoherent soft x-ray to a lasing medium. The end-pumping geome-
try using an ellipsoidal reflector,*® of which schematic drawing is shown in
Fig.1, have some advantages for the short wavelength laser pumping. First, it
can separates a lasing medium from the plasma source so that the harmful
collisional interaction with particles out of the plasma source can be avoided.
Secondly, it also allows a traveling wave excitation which is essential for short
wavelength lasers.®

In this paper we describe experimental results on soft-x-ray pumping by
an ellipsoidal reflector. The reflectivity and focusability of the reflector were
measured with soft-x-ray radiation from a laser produced plasma. The ab-
sorption spectrum of Xe gas was also investigated from 100 to 300 A region.
Feasibility of longitudinally pumped short wavelength laser by means of an
ellipsoidal reflector is discussed.

Design and Performance of an

Ellipsoidal Reflector

There are no materials which have 1,5c | Design parameters of an ellipsoidal
high reflectivity at a normal inci- refrector for wavelength longer than 100 A
dence in soft-x-ray region. At a graz-

ing angle of incidence, however, high Base Material Al
reflectance can be achieved on some Surface Material Au(N1)
metal surfaces. In the case of gold Major Axis 40 cm
surface, reflectivity more than 30% Minor Axis 4 cm

for the 100 A radiation is achieved at Foal Length 79.6 cm

a grazing angle smaller than 25 de-
gree.! In addition to high reflectiv-
1ty, a grazing incidence reflector us-
ing a metal surface provides superior
properties than multilyer reflectors:
1) damage resistance of a metal sur-
face to the optical radiation is much
higher, 2) no wavelength selectivity
results in broadband reflection,
which is suitable for photoionization
pumping, 3) fabrication by means of
diamond turning can supply rela-
tively large reflector.

The collection efficiency of an ellip-
soidal reflector is dependent on its
configuration expressed by the ratio 0
of the minor to the major axis. The S L U U N I O 1 A B O
magnification of the plasma source is 100 o . 280
also directly related to the ratio of Wavelength (10 A/div.)
the axes. Considering these factors
into account, the ratio of the minor to Fig 2 Relative rcflectivity of an Ni reflector
the major axis was determined to be for sOft-x-ray rcgion.

0.1. A focal length, that is, dimen-

Surface Roughness <30A
Reflectivity (at 100 A) 30%

ReNectivity (arb.units)
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sions of the reflector was imposed restriction due to both a diamond turning
machine and the space for a plasma source and was fixed at 80 cm. A useful re-
gion of the reflector is the sections shorter than a quarter of the focal length
measured from the first focus. Moreover, in order to introduce a plasma source
at the first focus, the edge section surrounding the focus should be removed.
After all, the section from 9.5 mm to 200 mm measured from the edge of the
reflector along the major axis was used. These positions correspond to the
grazing angles of 25 to 6.6 degrees, respectively. For the designed configura-
tion, relectivityof more than 30% was estimated for wavelength longer than
100 A by using the straight-line approximation to the data taken from Ref.7

For nonimaging application, surface accuracy is not so important, com-
pared to surface roughness which affects scattering of the radiation. Ray-
leigh's criterion gives requirement of the roughness of less than 30 A or the
100 A radiation. Table 1 lists the design parameters of the ellipsoidal reflector
for wavelength longer than 100 A radiation.

Although a gold surface has high reflectivity for wavelength longer than
100 A,” problems caused by evaporation process degraded the surface quality.
Therefore, we changed the surface material for Ni because it could be directly
manufactured by diamond turning. Direct measurement of the surface rough-
ness of the Ni reflector fabricated by diamond turning showed that averaged
and peak-to-valley values of the surface roughness were 30 and 150 A, respec-
tively. The measurement of the reflectivity in soft-x-ray region was done by a
laser-produced-plasma source, of which setup js described below. Shown in
Fig.21s the relative reflectivity from 100 to 280 A. Compared to the theoretical
value for Au surface, the measured reflectivity for Ni surface rapidly deceases
for_wlavelength shorter than 200 A. This is mainly due to difference of the ma-
tenal.

Experimental MCP.CCD
Scrcar inegaiar XUV Specirogrash !
The experimental ar- i _é ‘

ray aborption measure-

ment of Xe is shown in

Fig.3. The laser plasma
was produced by intro-
ducing a 100-ps, 60-mJ
Nd:YAG laser pulse
onto gold rotating-disk e et vozs
target. The target was TG VUV Menocnromaier Fune s
set close to the edge of
the reflector so that the
laser pulse was focused
at the first focus of the
ellipsoid. The focal spot
size was 100 um, which
gave the intensity of 2 x
10" W/cm?. Black body
radiation from the laser
produced plasma was
collected and focused to
the second focus of the
ellipsoid where a pulsed Fig. 3 Expenimental sctup for soft-x-ray pumping
Xe gas was supplied by an ellipsoidal reflector.

rangement for soft-x- | \ ‘ I

£lhpsoctal Reflector

Vacuum Char-ber

Nd - YAG Laser
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from a slit nozzie. The nozzle locates
at 5 mm below the second focus and 12—
has a .5 x 50 mm? aperture. When r(a)
Xe gas was supplied synchronously A A4
with the YAG laser puise, visible
fluorescence colored dark blue was
observed through a window of the
chamber. By taking a picture of this
fluorescence, a focused column vol- 0
ume was estimated to be 2 mm di-
ameter x 50 mm length

The time integrated absorption
spectrum was monitored by an XUV
spectrograph set along the optical
axis. The XUV spectrograph consists
of a variable-spacing grating, micro-
channel plates and CCD. The results
are shown in Fig.4. Figure 4(c)
shows the absorbed spectrum, which
is obtained by subtracting the spec- 7T
trum with Xe (Fig.4(b)) from with- AR
out Xe(Fig.4(a)). The large peak A ’
around 150 A is due to the 4d inner- 7 I
(sihell abﬁcrptioln.8 The agsoaﬁation V. -

ue to the 5s electprn gradually in- 0

creases from 200 A. Two peaks at IOLOI LL L Lstlo
185 and 115)90 correspﬁn%tgbthe .
resonant absorption to the Rydberg iv.
states, 4d°5s35p°6p(D, ) and (2D ), Wavelength (10 A/div.)
respectively.®!® Number density of
Xe in the interaction region was cal-  Fig. 4 Photoabsorption spectrum of Xe:

Intensity (arb.units)

culated by the absorbed spectrum (a) without Xe, (2) with Xe,
and photo absoption cross sections {¢) absorbed specirum.
taken from Ref.4. The density was 5

x 10 cm®,

VUV fluorescence from the excited colum was measured by VUV mono-
chromator which was placed perpendicular to the optical axis. The VUV fluo-
rescence was converted to UV light by a P-terphenyl scintilator and detected
by a photomultiplier. The fluorescence signal is shown in Fig. 5. The peak
locates at 109 nm, which corresponds to the Xelll 5s°5p®s -55'5p®'p, transi-
tion resulted from the Auger decay of the 4d electron removal.!* Although
we investigated gain of the 109 nm line by replacing the axial XUV spectro-
graph by VUV spectrograph covering from 80 to 120 nm, a conspicuous peak
did not appear around 109 nm so that we could not obtain the gain.

Discussion

In this scheme, black body radiation from a plasma source so strong that the
signal line along the optical axis is buried. Intensity of the 109 radiation
from the plasma source was estimated to be 3 x 105 kW/cm?in 5 A bandwidth,
assuming the conversion efficiency of 3% and a black body temperature of 20
eV. This intensity level is same as the signal intensity obtained for the gain-
length product of 9, which is close to the theoretically estimated vale of 10.
Another reason why we could not measure the gain seems to be the lack of
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pumping power of soft x-ray, because lgwer

reflectivity of the Ni surface below 200 A re-
gion and lower soft-x-ray generation effi-
ciency for a 100-ps YAG laser would decrease
the pumping flux.'*!®* Annular focusing pat-
tern also makes it difficult to find the gain di-
rection along the optical axis. Therefore, to
obtain uniform gain column, we tried quartz
optical guide'®!? of which diameter and length
were 2 and 50 mm, respectively. However,
little improvement was recognized.

In summary we have investigated longi-
tudinal pumping of Xe inner-shell excitation
by an ellipsoidal reflector. The reflectivity in
the soft-x-ray region and focusability were
measured by a laser produced plasma. The
109 nm fluorescence resulting from the soft-x- o

INTENSITY (arb. units )

ray absorption by the 4d electron was ob- 106 105 M0 115
served. Use of gold surface for the reflector

and increase of a pumping laser energy will
increase soft-x-ray power, which will result in
a large gain-length product. The soft x-ray
ff:l&{,er cutting VUV radiation will be also use-

by soft-x-ray pumping.
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Designs for Coherent X-Ray Lasers
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The property of coherence is important for many suggested applications of x-
ray lasers. For x-ray holography, the longitudinal coherence length is required to
be larger than the pathlength difference between the object beam and the
reference beam, estimated to be about 5 um in a Fourier transform holography
system. The longitudinal coherence length is related to the line width by L, =
AZ/AX, where A is the laser wavelength. Using the thermal Doppler width for an
estimate we get L, =37 um for a 45A laser. This estimate is supported by a
measurement at 206A. We therefore expect that longitudinal coherence will not be
a problem. The transverse coherence length must be larger than the extent of the
sample, typically = 10 um, and a certain amount of energy must irradiate the
sample in order provide a high signal to noise hologram. The coherence length is
obtainable straightforwardly by placing a pinhole in front of the laser, or by
placing the object far from the laser. The combined requirement of energy and
coherence is, however, much more difficult, requiring efficient production of
coherent radiation.

A simple model using the Van Cittert-Zernike theorem to calculate the
development of coherence from an incoherent disk source at one end of the laser
yields estimates for the degree of coherence. The number of modes in each
transverse direction scales as the Fresnel number (F=k32/L, where k is the
wavenumber, a is the width and L is the length). Applying this simple model to
current exploding foil x-ray lasers such as neon-like selenium (206A) and nickel-
like tantalum (45A), of order 10% modes are estimated. We are therefore interested
in designs for more coherent x-ray lasers.

116
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Recently several methods have been developed to model the buildup of
coherence in x-ray lasers in detail, including such effects as gain and electron
density variation. These methods are based on the paraxial wave equation, with a
spontaneous emission source term. The observables of the laser (the intensity and
coherence) are represented by the mutual coherence function (MCF) — the
ensemble averaged electric field complex product. The methods include modal
analyses (London, Strauss and Rosen 1990, and Amendt, London and Strauss
1990), numerical split-operator methods (Feit and Fleck 1990), and propagator
methods (Hazak and Bar-Shalom 1989).

In the modal analysis, the electric field is written as a sum over modes, each
having a longitudinal and transverse factor. The substitution of this sum into the
paraxial equation gives rise to a transverse eigenvalue equation and a
longitudinal amplification equation for each mode. We have solved these
equations for the MCF for several types of transverse profiles. For the case of
square gain and density profiles, the Fresnel number scaling of the simple model
is reproduced. For rounded profiles, more typical of an exploding foil x-ray laser,
the effects of gain-guiding and refractive defocusing are found to have two
important consequences. They improve the degree of coherence by limiting the
number of strongly amplified modes and they complicate the analysis because of
the non-orthogonality of the modes. We have derived a general scaling law giving
the design parameters to obtain good coherence through the guiding effects. To
address the mode non-orthogonality, we find that it is important to include both
discrete “guided” modes as well as a continuum of “unguided” modes in a
complete analysis.

A split-operator numerical code (WAVE, Feit and Fleck, 1990) has also been
applied to the design of coherent x-ray lasers. This code solves the paraxial
equation using numerical difference methods on a Fourier representation of the
electric field. It is allows for general gain and refractive index profiles and gain
saturation. Calculations with WAVE agree closely with those of the modal method
for several simple test problems. For typical current x-ray lasers, WAVE
calculations predict somewhat better coherence than the simple incoherent disk
model, but still not good enough for holography.

Several methods for improving the coherence of x-ray lasers are suggested.
From the simple model, we infer that increasing the amplification factor,
through the gain-length product, is the most direct way to increase the coherent
energy output. This must be achieved in a way that avoids gain saturation, so that
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unwanted modes do not saturation the laser and rob gain.

The first method is to utilize the gain guiding and refractive defocusing
inherent in a exploding foil laser to improve coherence. These effects act as a
distributed spatial filter to eliminate unwanted modes. This will improve the
coherent fraction of the output radiation, and more importantly, delay the onset ¢
saturation until a larger gain-length is achieved. Estimates of the parameters to
achieve good coherence have been made. Calculations with WAVE confirm the
validity of this concept.

The second method is to use a normal incidence mirror to re-inject the x-ray
laser radiation into the piasma for a second pass, thereby achieve higher gain-
length. Several possible forms of spatial filtering involving distant placement of
the mirror, pinholes, and convex mirrors are suggested to improve the coherenc
and avoid saturation with unwanted modes.

The third method is to use a oscillator-amplifier architecture similar to those
used in high power optical lasers (Rosen, Trebes and Matthews 1987). This
involves using two separate lasing plasmas. The first plasma would, by virtue of
small cross-section and spatial filtering, produce a coherent x-ray output. These
rays would be injected into a second stage designed as an amplifier.

Detailed designs of several x-ray laser configurations are in currently being
explored. Experiments to characterize the physics needed for these designs and t
measure the power output, angular beam pattern and coherence of these lasers
are in progress.

This work was supported by the U. S. Department of Energy, Lawrence
Livermore National Laboratory under contract number W-7405-ENG-48.
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ABSTRACT

A beam smoothing technique (SWA) was used to produce a linear Ge plasma (12 mm x
100 pm). The plasma parameter uniformity along the amplification axis was studied with
various X-ray diagnostics. Time resolved monochromatic images of the 3d-2s quadrupole
emission (E2) regions have been obtained giving informations on the dynamics of 3d-3p
core excited lasing.

L INTRODUCTION

An accurate knowledge and an efficient control of the plasma conditions are required for
gain optimization and development of compact X-ray lasers (1]. It was recently pointed
out that local perturbations in the plasma parameters along the amplification axis could
strongly affect the gain buildup [2-4). We investigate the dependence of line focus
plasma conditions and gain on irradiation non-uniformity. We recently showed that laser
non-uniform irradiation could drive large scale density inhomogeneites which could be
highly critcal for population inversions by recombination [5]. For electron collisional
excitation scheme our results [6,7] indicate that laser intensity modulations are above all
critical for amplification of 3d-3p core excited Ne-like transitions. In the present work
we characterize the uniformity of a plasma produced with a novel focussing arrangement
which gives a nearly uniform illumination. In particular we present a preliminary study
of the dynamics of the 3d-2s emission which is a potential density diagnostic [8] and
which can also give us some indications on the core excited lasing.

The experiments were performed with the LP2 laser sgstem (1.06 pym) at the
National Research Council of Canada. Intensities of about 1013 W/cm? were available
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with 1.5 ns pulse (FWHM) and 12 mm long line focus. The line focus was formed with
either a pair of /10 cylindrical lenses or the SWA arrangement [9). Time resolved (or
integrated) monochromatic images (Kev range) have been obtained with a Johann
spectrometer working in imaging mode [10) and coupled to an X-ray streak camera (or
a film).

2. RESULTS

The Fig. la shows a time integrated a)
image of a 8 mm long plasma obtained N
with the SWA system. The detection '
wavelength window was 20 mA wide

and adjusted on the 3C Ne-like transition

at 8.92 A. The detection axis was in the

target plane at 90° from the laser axis

and at 30° from the horizontal line focus

axis. The Fig. 1b presents a line out

along the line focus axis taken at 100 pm

from the target plane. This result indica-

tes that an improved large scale plasma

uniformity is obtained with the SWA b)
focussing amrangement. The Ne-like

emission contrast is about 0.4 for a laser

intensity contrast of 0.2. With a conven- T
tional focussing system (incident laser L # &W“Nmr
beam contrast equaj to 0.65) the 3C M ; M
emission contrast is about 0.83. Howe-
ver the interferences of adjacent beams
produce high spatial frequency structures ;

as observed in figure 1b. Similar inten- \‘Wk
sity profiles along the line focus have M\WJ f
been obtained for detection wavelength

window adjusted on the 3A Ne-like

8 mm

—
1

laser

aplical density

transition at 8.371 A and with pinhole " 3 0_6; o ?

camera pictures. Large gains have been -
measured in these conditions on five 3p-

3s transitions and also on a J=2-1 3d-3p

core excited transition at 199A (7]. This

last amplification is only observed with

the most uniform plasma. One possible Fig. 1: Time integrated image of the
explanation is that the gain is confined to SWA produced plasma at the
a very narrow region in space. In order 3C line emission wavelength.
to understand the dynamics of this am- a) 2D space resolved image
plification, which could allow the scaling b) Line out along the line focus, at

of the Ne-like inner shell transitions 100 um from the target plane.
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systems to very short lasing wavelengths
{7], we study the 3d-2s quadrupole emis-
sion which shares the same upper level
as the 3d-3p transition. Furthermore the
ratio of this emission to the 3A Ne-like
emission is a potential density diagnostic
{8]. The Fig. 2 shows a high resolution
spectrum of the Ne-like L emission near
8 A obtained with the Johann spectro-
graph for incident energy of 90 J/cm.
The spectrometer was calibrated with
various Ko emissions and the accuracy
of the wavelength determination was + 2
mA around 8 A. The emission line at
8.031 A has been identified as a Ne-like
E2 decay of the upper state of the 199A
lasing transition {7]. At higher intensi-
ties this line blended with F-like 3p-2s
transition. The Fig. 3 presents the space
and time resolved E2 emission. The
spectrometer detection axis is in the
target plane and the detection wavelength
window is 30 mA wide adjusted on the
8.031 A wavelength. This result obtai-
ned with the SWA system shows the E2
emission distribution along the line focus
vs time at 100 pm from the 1arget plane.
A very good plasma uniformity is detec-
ted along the amplification axis. Similar
results have been obtained at various
distances from the target plane along the
incident laser axis indicating that the E2
emission region is about 100 pm wide
and is very uniform. Results obtained
with two cylindrical lenses indicate that
the E2 emission regions are strongly
affected by non-uniform irradiation.
Strong variations along the line focus of
the ion velocity is observed in these
conditions.  Preliminary results with
SWA indicate a strong improvement of
the uniformity of the emission zones.
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. 2: High resolution spectrum of Ge
near 8 A showing the 3d-2s
quadrupole emission line (E2) at
8.031 A.
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3. Space and time resolved mo-
nochromatic image at the wave-
length of the E2 line with a 30
mA detection wavelength win-
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3. CONCLUSION

The plasma uniformity along the 3p-3s and 3d-3p amplification axis was studied with
time resolved monochromatic imaging diagnostic. Time resolved images of the 3d-2s Ge
quadrupole emission regions have been obtained for the first time. These data gives
informations on the dynamics of the 3d-3p core excited lasing and can also be useful to
see the density fluctuations induced by the non-uniform irradiation. A very uniform
plasma is necessary to relax energy requirements for lasing at short wavelength by using
Ne-like inner shell transitions.
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Abstract

Influence of Random Phase Plates on homogeneity of long plasma columns is studied
by X-ray imaging. Consequence on laser gain at 105.7A is discussed.

I. Introduction.
Compared to the collisional pumping scheme, the recombination scheme in lithium-like
ions is an attractive way to carry out a small-scale X-ray lascr because it is known 1o be
potentially the cheapest way of soft X-ray pumping }:2. With the gain values actually
reported. 1 ¢cm! to 4 cm-1, a long plasma column, of about 5 ¢cm, would make soft X-
rav lasers using lithium-like ions already available in laboratories. However some
difficulties are associated with large gain production in long plasma columns (L 22 cm).
The observation of a rather low gain coefficient (0.5 cm-1) seems to be the general fact for
plasmas of such length3.4.

To explain the gain reduction observed in long plasmas compared to the short ones,
three phenomena are invoked: i) deflection of the amplified beam owing to refraction.
i) radiation trapping which would result in population inversion reduction and iii) plasma
non uniformity. The first phenomenon has to be considered mainly for the collisional
pumping scheme, but much less for the quite low electronic densities needed in the
recombination scheme in lithium-like 1ons. The second phenomenon has been
demonstrated to have a small part in our experiments=. That led us to investigate the role of
plasma inhomogeneities because not only they can affect both schemes, but also because
recombination pumped inversions are known to be strongly dependent on the local state of
the plasma and of the dynamic of the recombination. Local perturbations in the plasma
parameters along the line focus can produce spatial and temporal local changes in the
plasma hydrodvnamics. That does atfect the time history of the lasing action by detuning
of the gain regions3, leading to reduce the maximum values for the overall obtained gain.
A few experiments on thin and thick planar targets have been done. but their results show
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small and large scale inhomogeneities in plasmas produced by line focus illumination.
These experiments used pinhole camera® interferometry or shadowgraphy .

Here we would like to ilfustrate how a simple polvchromauc imaging method helps to
prove plasma inhomogeneities “which can be correlated to gain measurements.

1I. Experimental resuits.

Inhomogeneitics along the focal line prepared for making a long plasma column can
evidently be induced by inhomogeneities of the incident laser beam. In the case of the
LULI laser, the non uniformity of the intensity through the beam cross section has been
observed at the entrance of the interaction chamber by using infrared filters and
photographic films. That demonstrated a pronounced illumination inhomogeneity with a
minimum at the center of the beam and a contrast as large as about .75 between maxima
and minima ot tflux densities. Such a spatial variation ot incident laser beam intensities
drives strong plusma density and temperature perturbations. These perturbations will attect
the emissivity of spectral lines. ~ome of which are of special interest in the recombinatton
scheme. This is what has been seen when imaging the plasma column at the wavelength of
the Heq line in aluminum. This diagnostic made use of a bent cryvsial spectrometer
combined with a pinhole camera®.

Polychromatic pinhole X-UV images of hot plasmas, just filtered by an absorbing
thin film, can be obtained easily by using windowless CCD detector?. On the long line
focus, in spite of the quite large band pass. they showed plasma inhomogeneities similar
to those seen on monochromatized images. Figure 1a shows such a CCD pinhole image
from a 9 mm long plasma which demonstrates the presence of inhomogeneities.

One of the method proposed to smooth the plasma inhomogeneities along the line
focus is to place a Random Phase Plate (RPP) prior to the final focusing lens!. A RPP is
a random array of transmitting areas which induces a phase shift of either 0 or xin view to
produce a tar field distribution containing a multiple beam, high spanal trequency
interference pattern. We tested the effect of inserting a RPP atter the tocusing lens as
schematically indicated in figure 2a. The used RPP wus kindly provided by C.N. Danson
from the Ruthertord Laboratory. The effect observed on the X-UV image is shown in
figure 1b, in the case of a laser beam similar to the one used to get image la. On the
contrary to our hope we observed a quite periodic row of hot spots whose charactenstic
scalelength is not small enough to be smoothed by plasma hydrodvnamics.

Figure 11 Examples of polychromang
pimhole camera mmages obtamed with a
CCD detector. The pinhole cumera s
set s shown ain higure 20 The miensaty
recerved 18 proportional 1o the vertical
size. @) The op higure corresponds to an
image ol a Y mm long plasma without
Random Phase Plate (RPPY. Large scale
vanauons ot the X-UV emssivity
along the line focus are observed. b)
The bottom image corresponds to the
case where a RPP 1 ¢m long, 20 um
clementary zones) 1< set after the
focusing lons. T this case one observes
A series of hot spots indicating how the
laser beam hias been modulated by the
RPP.
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Figure 2:a) Scheme of the expcriment
showing the relative position of the used
NS clements to get the images shown on
IR figure 1. by Calculated intensity on the
l!!!!ll!!!!!!!!!l!‘I'n!!l”"l focal line in the case of a Random Phasc

Plate (RPP) having Srows of 1cm

Spherical Focusing
Lens

Random Phase — LT AT |

Pl I
S | e
Line ) v a) contains 3000 zoncs of 20 um width.
Focus e The origin in abscissa is the center of
10mm e the RPP; the indicated smooth dashed
Length ,// _ line corresponds 1o the dilfraction paticrn
'—\‘0_;/ & 450 Pinhole of a single zone. In our experiment the
’ /{’ 2. Camera uscd target was Y mm length to get a

more umitorm mean density along the
focus. This calculated intensuy
distribution is 1o be compared to the
i : image b in figure 1.

';' e

R BN f * | Although this result is
? } WMAMLM L opposite to the desirable goal. it
Mi “WirY ,_xm'.'femi}u- gives an interesting way to

correlate the gain and plasma

0 10 15 20 25  inhomogeneities. That i1s why we

Dlstance trom the Image Center (mm) have compared the gains obtained

with and without RPP on the

. lithium-like aluminum tonic line

(5f-> 3d) at 105.7A we are commonly studving. Such a gain measurement achieved in

hoth cases confirms that inhomoge-neities exhibited in figure 1b have strong negative
consequence on the gain.

Faced to the failure of the first tested RPP we have developed a computer program
able to simulate the laser flux density produced on our line focus by such a system.
Figure 2a is the scheme of the optical system we used in the experiment. Figure 2b is an
example of laser flux density calculated in the case of a 3x6 cm RPP having 5 rows of
1x6 cm, each row containing 3000 zones of 20 um width. One can observe how this flux
density modulation mimics the X-UV emissivity shown on 2a.

b)

ITI. Conclusions.

We have demonstrated that plasma inhomogeneities aftect the gain obtained with long
plasma columns presently produced to make X-UV lasers. That confirms the importance
of plasma inhomogeneity on the overall gain which could be obtained from the
recombination scheme in lithium-like ions. Monochromatic imaging of long plasma
columns is certainly the best method to track plasma inhomogeneities connected to gain
decreasing observed in long plasma. It is especially interesting 1o choose a spectral hine
giving direct information on the population of interest for the lasing action. Such an
information offers the easiest way to model the plasma conditions and to progress on test
of 1D and 2D codes. Although a polvchromatic X-UV image is not sufficient for a
modeling, we have demonstrated it is a convenient way to evaluate the homogeneity along
the plasma focus as indicated by our comparison between monochromatic and
polvchromatic images.
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Pinhole camera equipped with a windowless CCD detector is a very compact system
which can be set very close to the plasma. The linearity of CCD detector over several
orders of magnitude of flux variation and the possibility to get an image dircctly on a
computer screen is advantageous for a shot to shot test. In addition ot homogeneity test
along the focus. such a system in our experiment appears as the more reliable indication
about laser focusing quality versus distance trom lenses to target.

The clear correspondence experimentally observed between the calculated tlux densuty
modulations produced by our RPP and the observed polychromatic X-UV plasma images
is interesting. On the one hand our RPP simulations are veritied. proving to be able 10
predict the main effects at least qualitatively, at the scale we tested. On the other hand. the
pinhole-plus windowless-CCD combination appears as a tool not only to progress on the
tabrication of RPP. but also to control the systems proposed to cure the effect of incidem
laser inhomogeneities. Finally. at the scale we were able to observe. it seems that no
smoothing of the detected inhomogeneities can be expected trom plasnia hydrodynamics.

Authors acknowledge the financial support of DRET.
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Recently the possibility was widely discussed of creation cof an
X-ray free-electron laser (FEL) using a high-power laser pulse as the
undulator (optical wiggler FEL) ({1]. Optical wiggler FEL s
characterized by relatively small energy of the used electrons (e ~
1:10 MeV). In order Lo achieve high values of the gain for X-rays it
1S necessary to use rather monoenergetic electron beams (Ay/y ~ 107hH
and the wigglers with a large number of periodic elements (N 2 104
In such FEL the energy of X-ray quantum can exceed the induced
emission (absorption) linewidth: «, > max {(ebysy. (481 D). We have
shown that in this case the electrons interacting with the fields 1n
FEL behave as two~levei particles (the energies of these two levels
are defined by energy and momentum conservation laws 1n an elementary
act of stimulated Compton backscattering). The electron beam injected
into the region of interaction with Lthe energy close to the energy of
the upper level represents a fully inverted medium for the amplified
X-ray emission. The possibility 1s shown of FEL lasing with full

extraction of inversion.

{11 J.Gea-Banacloche. G.T.Moore. R.R.Schlicher, M 0.Scully, H Walter
IEEE J.QE, vol.23., p.1588 (1987).
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Abstract

X-ray holography using photoresists is a method of x-ray microscopy which may be
well-suited to flash imaging of radiation-sensitive specimens if suitable sources are
developed. We describe our results of imaging dried samples using a synchrotron
x-ray source, and our efforts at imaging hydrated biological specimens.

Introduction

X-ray microscopes are used to image thick, hydrated biological specimens at 50 nm
resolution. This resolution is nearly an order of magnitude better than that ob-
tained in full-field or confocal optical microscopes, and further developements can be
expected. As image resolution (and thus photon density on sample) improves, radi-
ation damage effects must be considered more carefully. Gilbert et al. have shown
that initially live chick DRG fibroblasts appear structurally intact for more than 6.5
but less than 3 hours following exposure to a 2 x 104 Gy dose resulting from a 95 nm
resolution soft x-ray image!. Bennett et al. have found that a 3 x 103 Gy soft x-ray
radiation dose will stop contraction in active myofibrils?, and Williams et al. have
observed gross shrinkage in hydrated, fixed v. faba chromosomes following soft x-ray
radiation doses of > 103 Gy3. The timescale for biological damage resulting from
these dose levels is thought to be at the msec levelt. This timescale is considerably
shorter than the few-second exposure time of synchrotron-based transmission x-ray
microscopes. In scanning transmission x-ray microscopes, the per-pixel dwell time
can be 1-10 msec which may be acceptable for short-range radiation damage effects
like diffusion of radiolysis products; however, if a specimen to be studied is sensitive
to > 50 nm range radiation damage effects, the few-minute full image exposure time
may prove problematic. These and other considerations make the possibility of flash
imaging using x-ray laser sources attractive’.

Gabor holography using photoresists may be well-suited to high resolution flash x-
ray imaging of sufficiently sparse samples. No prefocussing of the specimen is required

Proceedings on Short-Wavelength Coherens Radiation, 130
Vol 11, Philip H. Bucksbaxm and Naale M. Ceglio (eds )
© 199] Optical Society of America




Short-Wavelength Coherent Radiation 131

(the focussing is done in the hologram reconstruction stage), and a limited amount
of 3D information can be obtained from a single exposure (simultaneous exposures
from several viewing angles can also be contemplated®). The technique also makes
good use of partially coherent or multimode sources; monochromaticity requirements
are eased compared to longer focal length zone-plate based x-ray microscopes, and
muitiple spatially coherent modes can be used to record a hologram of a large field
(although the image resolution will be limited by the width of one mode). X-ray
photoresists such as PMMA are thought to be capable of recording holograms at 20
nm or better resolution with soft x-ray exposures of ~ 300 mJ/cm2. One unanswered
question is the survivability of PMMA to such an intense flash exposure; at present,
the only experience we are aware of? is the successful use of PMMA in contact

microscopy using a laser plasma source of 2.4-3 nm x-rays with a resist exposure of
5-10 mJ/cm? in 0.5 ns.

Previously reported results: dried specimen imaging

Our present efforts are based on using synchrotron sources of soft x-rays. Using
a 35 period soft x-ray undulator and beamline at the National Synchrotron Light
Source at Brookhaven National Laboratory®, we have a source brightness of 1017
photons/(sec, mm2, mrad?, 0.1% BW) in the 1.5-5 nm wavelength range. When
optical system losses are included, this is sufficient for us to record 300 mJ/cm? holo-
gram exposures in vacuum in 1-3 minutes. The exposed hologram is then developed
in MIBK:IPA 1:5 for 0.2-1 minutes, metal shadowed, and enlarged in a transmis-
sion electron microscope (TEM). The TEM negatives can then be digitized using a
scanning microdensitometer, or a contact print of the negative can be digitized using
an inexpensive PC-based image scanner. By numerically reconstructing the digitized
holograms, we have obtained images of rat pancreatic zymogen granules and test ob-
jects at 56 nm resolution?. X-ray holographic images of these samples show similar
structure to what is seen in a 1.5 MeV transmission electron microscopel.

Gabor holograms are known to suffer from the fact that light from the virtual
image appears out-of-focus but superimposed upon the real image. We have studied
the use of iterative computer algorithms!l to reduce this twin-image noise. In Gabor
holography, the object plane must be largely empty in order to allow the reference
wave to reach the hologram plane. At the hologram plane, the hologram records the
magnitude of the mixture of sample plus reference wave. By iteratively propagating
a wavefield between these two planes in the computer and inserting at each plane the
known information (a uniform plane wave in the specimen-free regions at the object
plane, and the measured optical magnitude at the hologram plane), we are able to
greatly reduce the twin image noisel?. We are currently studying the application of
this image reconstruction technique to larger samples.
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Wet specimen imaging

A primary appeal of x-ray microscopy is the ability to image thick, hydrated speci-
mens. Accordingly, our efforts have shifted from imaging dried specimens in vacuum
to imaging wet specimens in air. Using silicon nitride vacuum and sample chamber
windows, we bring the coherent soft x-ray beam out of the UHV undulator beamline
into a wet sample chamber!3, past the specimen, and onto the photoresist12. A visi-
ble light microscope is used to align the desired specimen into the beam. Recently, we
have had success using a phosphor-coated avalanche photodiode with an aluminized
silicon nitride entrance window (which transmits x-rays but reflects visible light) as
an in-air flux monitor. With this system, we are able to reliably obtain high resolu-
tion holograms of dried specimens in air. Progress in wet specimen imaging has been
complicated by the fact that a non-uniform water layer tends to build up around the
sample due to surface tension. As a result, the x-ray transmission through the sample
is often reduced by a factor of two or three compared to an area ~ 5 ym away; this
leads to a non-uniform reference wave and a non-uniform exposure of the photoresist.
By using UV pre-exposure on the photoresist!4, we have advanced to the point of
imaging the boundaries of cells at 100 nm resolution (see Fig. 1), but we have not
yet been successful at imaging intracellular structure at high resolution. We expect
that the use of thicker photoresists (with greater dynamic range) and extracellular
solutions with varied viscosity will allow us to make further progress in this area.

Figure 1. Reconstructed im-
age from an x-ray hologram
of a hydrated, fixed hip-
pocampal cell provided by
J. Pine. The cell body is
clearly outlined, but intra-
cellular structure cannot be
seen partly because of the
thickness of these cell bod-
ies and partly because hol-
ogram formation has been
complicated by uneven at-
tenuation of the in-line holo-
gram reference beam in non-
uniform water layers sur-
rounding the cell. Present
efforts are aimed at imaging
thinner cells and at control-
ling the water layer thick-
ness.
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Scanning force microscope readout

The TEM used to enlarge the holograms is the weak point in our current system.
The photoresist must be metal-coated for use in the TEM (precluding any further
resist development), and the resist suffers from radiation damage during examination.
Because the high resolution fringes needed for a good hologram are not visible in an
optical microscope, this means that we presently develop resists in a somewhat blind
fashion. In addition, the TEM image contrast is dominated by the metal shadowing
pattern, which is nonlinearly related to the hologram pattern we wish to measure.
Finally, the commercial TEMs we have used suffer from spiral distortion so that the
edges of a 45 mm field of view on the film plane are typically displaced by ~ 0.05 mm.
At the 1400x magnification we typically use to match the film resolution with the
required hologram field of view, this corresponds to a ~ 36 nm displacement over a
hologram radius of 32 um. If we assume that wavefront aberrations of A/4 set the limit
to image resolution in reconstructing a hologram, and note that the reconstructed
image resolution should be half a fringe width, we see that our currently demonstrated
image resolution of 56 nm could well be limited by the TEM readout rather than by
the quality of the hologram. In fact, power spectra of our photoresists suggest that
hologram information is present with good signal to noise at the 32 nm fringe width
level®.

To overcome these limitations, we have explored the use of scanning force mi-
croscopes (SFM) to read out the developed resist surface. These microscopes are
able to look at molecular detail on resists in a semi-nondestructive fashion, and we
have obtained low resolution reconstructions by this means. However, commercial
SFMs suffer from severe image field non-linearities due to the use of uncorrected
piezoelectric scanners. We are therefore building an SFM with a linear image field
and the capability of producing a digital map of a 70 pm x 70 um hologram sub-field.
This system should allow us to fully extract the information recorded in photoresist
holograms.
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Abstract

Significant progress has been made toward solving the century-old problem of
chromatic aberrations in diffractive optics. Our approach exploits modern materials and
microfabrication technology and is very different from the "purely diffractive strategy”,
which is commonly employed and which results in multiple diffractive elements separated
by a finite distance. We have developed a Fresnel zone plate lens comprised of a serial
stack of patterned minus-filters which allows broadband radiation to be focussed (or
imaged) without longitudinal or transverse chromatic aberrations.

Introduction

Diffractive optics, such as the Fresnel zone plate shown in Figure 1, are commonly
used for imaging and focussing radiation at wavelengths for which refraction is not a viable
option. For example, Fresnel zone plates have been used extensively as narrowband

imaging elements for soft x-rays.! In these applications the zone plate is used as a thin
lens with focal length,

1‘3
- 1

where ry is the radius of the central zone, and the radii of the other zones is given by,

2 nzl.z

r,2=nr, +Y7 . n=2,..N (2

2f

(in cases where n2 < 7, the last term in equation (2) can be neglected.)
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There is a growing interest in diffractive optics for applications at visible
wavelengths. This results from the fact that a diffractive optic is in essence a symmetric
pattern of obstacles (in amplitude or phase). As such, it can be very thin, lightweight, and
amenable to modern techniques of microfabrication-allowing the possibility for
inexpensive mass production. The primary limitation on the growth of visible light
applications for diffractive optics is the well-known problem of chromatic aberrations. As
indicated in equation (1), the focal length of a diffractive optic depends not only on its
geometry, but also on the wavelength (color) of illumination. Indeed, the spread in

focussing power (diopters = 7(_111:'.73) ) across the visible spectrum (4500A - 6500A)

for a 20 diopter (@ 5500A) zone plate lens is greater than 6 diopters. The typical human

eye can accommodate a spread of about 1.5 diopters over the same spectral range.2 As
such, a diffractive lens would not be a viable substitute for the natural refractive lens of the
human eye.

There has been a great deal of work on the problem of chromatic aberration
correction in diffractiive optics.(3-6)  All this previous work pursues a purely diffractive
strategy for chromatic aberration correction. It uses muluple, separated diffractive
components to achieve “dispersion compensation” ~ (i.e. the dispersion of a second
diffractive lens is designed to compensate for the dispersion of the first diffractive lens).
Invariably these 'solutions’ result in an imaging system which is color corrected over a
narrow spectral range and over a very limited field of view. Indeed, many of the
advantages of diffractive optics are compromised in the attempt to achieve color correction
by such conventional means. In particular, such an imaging system with spatially
separated components hardly qualifies as a diffractive lens.

Figure 1 A Fresnel zone plate pattern




Short-Wavelength Coherent Radiation 137
A New Idea

In our development of a color corrected diffractive lens we chose not to employ a
fully diffractive strategy. Instead, we chose to explore the construction of such a lens
using novel materials and technologies. In particular, we explored the use of what
engineers call a "Minus-Filter"?, and what physicists call a multilayer, quarter-wave, high
reflectivity coating. The idealized performance of a minus-filter is illustrated in Figure 2(a).
Its more realistic embodiment and performance as a quarter wave stack is shown in Figure
2(b). The ideal minus filter has the property that it will stop radiation in a narrowband, AA,
around A, and let radiation outside that bandwidth pass without loss. The resonant

wavelength, Ao, and the bandwidth, AA, can be engineered to meet the requirements of the
application of interest. In a multilayer, quarter-wave stack this performance is achieved by
arranging for a resonant reflection at

Ao =4 nada =4 npdp (3)

where na, da are the refractive index thickness of the "A" layer, and ng, dp are the
refractive index and thickness of the "B" layer in the periodic stack.

Transmission
!

io Wavelength

Figure 2(a) The spectral distribution of transmission for an idealized minus-filter. It stops

radiation within a narrowband around A, but lets radiation at other wavelengths pass
without loss.

" I
| S

%o A ) A

Figure 2(b) The multilayer, quarter wave stack-a practical means for achieving minus-filter
performance.
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The fundamental concept of the Broadband Diffractive Lens is illustrated in Figures
3(a), 3(b), 3(c). Figure 3(a) shows a Fresnel zone plate patterned into a minus-filter with
its stop band in the red (i.e. Ao = AR). The structure is illuminated with collimated
broadband radiation (blue, green, red), but only the red light is modulated, and focussed by

the minus-filter zone plate. The red light focuses at a focal distance given by
2
- r
f=dR 0]
Ar

but the incident blue and green light are passed without loss.

In figure 3(b) a second zone plate structure patterned into a minus filter with a stop
band in the green (i.e. Ao = Ag) is overlaid on the red minus-filter zone plate. The green
minus-filter zone plate is scaled so that its focal length for green light is equal to that given
in equation (4), i.c.

1’2 1'2
f=AR=G ©)
AR A

In this way the green minus-filter modulates only the green light and focuses it to the same
point as the red light.

The logical extension of this process is illustrated in Figure 3(c) in which a zone
plate patterned blue minus-filter is overlaid atop the first two filter patterns. The blue
minus-filter is scaled so that it's focal length for blue light is the same as given in equation
(5), ie.

l'z I'z 1’2
f=-R=0- 1B ©
Ap A Ag

Expanding this concept, a serial stack of minus-filters, each patterned with an
appropriately scaled zone plate structure, can be used to focus (or image) light of virtually
any chosen bandwidth without lateral or longitudinal chromatic aberrations.

(Blue, Green, Red) _ We. Green)
\
\
- >
9>

Figare 3(a) A zone plate is patterned in a minus-filter with its stop band in the red.
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(Blue, Green, Red)

Figure 3(b) Two zone plate patterned minus-filters with stop bands ir. the red and green are
used serially.

(Blue, Green, Red)

Figure 3(c) The extension of the concept to three (or more) zone plate patterned minus
filters. N

A further extension of this concept can be achieved by considering the spectral and
spatial distribution of light transmitted by the serial stack of patterned minus-filters. (Since
this color image cannot be shown in this black and white printing, it is not presented). Any
filter technology that achieves the same spatial and spectral modulation of the incident light
will also accomplish the sought after chromatic aberration correction.

An example of the above is presented in Figure 4, in which appropriately scaled
zone plate patterns were printed onto a tri-layer color film and used as a diffractive lens to
image a test pattern illuminated with white light. Shown side by side are images of the test
pattern imaged by zone plate lenses—one without chromatic aberration correction, and one
with chromatic aberration correction.

More sophisticated imaging tests are being conducted along with analyses for the
development of a “phase minus-filter”, which allows for phase (instead of amplitude)
modulation of the incident light leading to an improved diffraction efficiency for the color
corrected lens. This work will be presented in a subsequent publication.




140 Short-Wavelength Coherent Radiation

Test pattern image using Test pattern image using
conventional diffractive optic Broadband Diffractive Lens
White light lllumination
Figure 4 Demonstration of the imaging performance of the color corrected diffractive
lens. The test pattern was illuminated with white light.
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Abstract

Calculations of the contrast transfer functions for differential phase contrast imaging
are presented and compared to those for absorption imaging in the x-ray microscope.

Introduction

In the scanning transmission x-ray microscope (STXM) the specimen is scanned
in a raster by an x-ray probe formed with a Fresnel zone plate. To achieve near
diffraction limited resolution it is necessary to have a coherent source, even when
forming an incoherent brightfield image by measuring the x-ray intensity transmit-
ted by the object. This-has so far been the only imaging mode used in the STXM
and for hydrated biological specimens is well suited to soft x-ray wavelengths within
the “water window” (2:33 to 4-36 nm) where carbon absorbs much more strongly
than water. However, by the use of phase contrast rather than amplitude con-
trast, it is possible to form images at wavelengths where the absorption is low,
resulting in lower radiation dose for the same level of contrast. Calculations made
by Howells (1] and Rudolph and Schmahl [2] have demonstrated very clearly the
advantages of phase contrast imaging at wavelengths outside the water window.

In essence, absorption contrast in an image arises from attenuation of the beam
as it passes through the specimen, whilst phase contrast arises from changes in the
beam direction. By the use of a large area detector with an antisymmetric response
function it is possible to form a system which is sensitive to changes in the beam
position. This has previously been demonstrated in the STEM and scanning optical
microscope with a detector split into two halves about the optical axis {3,4] and with
one split into four quadrants [5]. The ideal detector would be one which responds in
some way to the first moment of the intensity distribution {6,7]. An image formed
by such a system is said to be in differential phase contrast (DPC) and will respond
to the phase gradients in the specimen transmittance. It is the theory of DPC
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imaging as applied to the STXM which is considered in the remainder of this paper
and the performance of such a system is compared to the usual form of amplitude
contrast imaging.

Theory ;

If the detector lies in the far-field then the complex amplitude of the scatiered wave
in the detector plane is related by a Fourier Transform to that immediately after the
specimen. When the probe is centred about a point r¢ the complex amplitude at r
in the specimen exit plane is ¢(r,r,) and the signal from a detector with response
function R(k) will be

s(ro) = / ¥ (k, ro)|? R(k)dk, (1)

where ¥(k,r,) is the Fourier Transform of ¥(r,r,) and k is the spatial frequency
vector.

If the specimen can be represented by a simple multiplicative transmittance,
h(r), then for a weak-phase, weak-amplitude object,

k(r) =1 — a(r) — i¢(r), (2)
with a and ¢ both real and « 1. The Fourier Transform of this is
H(k) = 6(k) — A(k) - 1®(k), (4)

where (k) is the Dirac function. For a complex amplitude at the specimen entrance
plane ¥¢(r,ry) the Fourier Transform of the image intensity is

S(k) = / Uo(k; )¥o(k: + k)H (ks — ki )H (ko — ky ~ k)R(kz)dk,dk,.  (5)
Using the abbreviated notation
C(m,n,k) = /\I’(k; — mk)¥*(k, — nk)R(k;)dk,, (6)

then to first order the Fourier Transform of the image intensity will be

S(k) = 6(k)C(0,0,k) ~ A(k)(C(1,0,k) + C(0, - 1,k)) ™
- ®(k)(C(1,0,k) — C(0,-1,k)).

The amplitude contrast transfer function (ACTF) can be identified from Eq. (7)
as C(1,0,k) + C(0,—-1,k) and the phase contrast transfer function (PCTF) is
C(1,0,k) — C(0,-1,k). These can be evaluated for any detector response func-
tion, but if R(k) is an odd function then the ACTF is zero for an aberration-free
probe, giving a purely phase contrast image.
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Results

The PCTF has been calculated for three types of detector configuration: the split
detector, a quadrant detector using the difference signal from two diagonally op-
posite quadrants and the one-dimensional first moment detector where R(k) = k..
These have been calculated previously for the case of an unobstructed probe-forming
aperture (6], but when using a zone plate it is necessary to prevent undiffracted zero
order radiation from reaching the detector by means of a central stop. For a zone
plate with a central stop obstructing a fraction a of its radius, then the function
¥(k) takes the form of an annulus. For simplicity we take the outer radius k = 1
and inner radius a.

Figure 1. ACTF shown in the k, direction and as two-dimensional contour plots for
central stop sizes a=0-4 (fuil line and centre) and a=0-6 (dashed line and right); contour
interval = 0-1.

At high spatial frequencies the PCTF in the direction of differentiation for
the split and opposite quadrant detectors is identical to the ACTF for incoherent
brightfield imaging (see figs. 1 and 2). At low frequencies the PCTF drops to
zero, as would be expected since such a system only responds to differences in
the phase shift induced by the specimen. However our main interest lies with the
small detail in the specimen so the loss of the low frequency information is not so
significant. The PCTF is of course also zero in a direction perpendicular to the axis
of differentiation but if the signals from all four quadrants of a quadrant detector
are recorded simultaneously it will be possible subsequently to form a DPC image
for four different directions of differentiation, and also form the amplitude contrast
image from the sum of the signals.

For high spatial frequencies the choice between absorption and phase contrast
imaging can be based on the relative magnitude of phase shift to amplitude change
between the feature of interest and the background medium. If the complex refrac-
tive index is n(r) = 1 — §(r) — id(r), the real and imaginary parts can be found
from the Henke data {8,9] and will give the amplitude and phase transmittance,




144 Short-Wavelength Coherent Radiation

1 L | k,,2 p | k,2‘ —
. ol : ; m \/(\ ;l /\\J\\;\
-1 \MK @Lj/// 1 \\ .\ \J{ /I’l/

-1
-2 -1 0 1 2k -2 -1 0 1 2k, -2

Figure 2. PCTF for central stop sizes a=0-4 (top) and a=0-6 (bottom). Shown in the
direction of differentiation (left) and as two-dimensional contour plots for {left to right)
the split detector, the quadrant detector where the image is formed by the difference
between the signal on opposite quadrants, and the first moment detector. In each case
only one half of the function is shown as it is anti-symmetric about k,=0. Contour
interval = 0-1. -
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Figure 3. Amplitude and phase shifts for protein and cement in water.

a(r) = 2xB(r)/) and ¢(r) = 278(r)/ ). Figure 3 shows phase contrast to be signifi-
cantly better than amplitude contrast at many wavelengths, especially outside the
water window.
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Conclusiorns

DPC imaging in the STXM by the use of an appropriately configured detector will
allow both the amplitude and the phase contrast images to be recorded simultane-
ously, making prior choice of the imaging mode unnecessary. The lack of circular
symmetry in the PCTF is not a disadvantage when using a quadrant detector where
any of four different directions of differentiation can be chosen. The calculations
presented above show the transfer characteristics for the high spatial frequencies
to be as good for DPC imaging in the direction of differentiation as for amplitude
imaging. However, since we will be measuring the small difference between two
large signals it will be necessary to have a high brightness source to achieve satis-
factory image acquisition times. Phase contrast will in many cases be greater than
amplitude contrast for wavelengths shorter than in the water window, where the
higher transmission and greater depth of focus will allow thicker specimens to be
imaged; lower absorption can also result in less radiation dose to the specimen.
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Abstract

A new generation of synchrotron radiation light sources covering the VUV, soft x-ray
and hard x-ray spectral regions is under construction in several countries. They are
designed specifically to use periodic magnetic undulators and low-emittance electron
or positron beams to produce high-brightness near-diffraction-limited synchrotron
radiation beams. An introduction to the properties of undulator radiation is followed
by a discussion of some of the challenges to be faced at the new facilities. Examples of
predicted undulator output from the Advanced Light Source, a third generation 1-2
GeV storage ring optimized for undulator use, are used to highlight differences from
present synchrotron radiation sources, including high beam power, partial coherence,
harmonics, and other unusual spectral and angular properties of undulator radiation.

Introduction

The properties of undulator radiation and undulator magnets dominate the design
of the electron storage ring and the experimental apparatus planned for the new
synchrotron light sources.

In a typical undulator magnet, the magnetic field on-axis can be written as
By(z) = Bgcos kz, where k = 2x/),. For permanent magnet systems, By is pro-
portional to the magnetization strength of the polarized magnetic material, and can
be as high as 2 Tesla. An electron of energy E = ymoc? has a sinusoidal trajectory
given by z(z) = acos kz, where @ = K)/27v. The maximum deflection angle K /7.
The undulator parameter K is A,eBy/2rmoc?, having the value 0.934 Bo(T)Ae(cm),
usually of the order of unity. For the ALS, v ~ 3000, so a is of the order of 10y, which
is much smaller than the electron beam dimensions of o, = 330u and gy = 63pu.

The radiation produced by a single electron is essentially that of a moving dipole.
The Doppler effect for such a moving source results in an angle dependent observed
wavelength, given by A = A (1— 03, cos8). Here §, is v,/c, with v, being the electron’s

This work was supported by the Director, Office of Energy Research, Office of Basic Energy
Sciences, Materials Sciences Division, of the U. S. Department of Energy, under contract DE —
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average velocity in the z direction. The speed of the electron is constant travelling
through the undulator magnetic field, so the transverse deflection of the trajectory
results in a slowing down of the average z motion. This can be expressed as a reduced

v, given by v* = v/(1 + K 2/2)*. The radiation pattern is strongly peaked in the
forward direction, with an opening angle of the order of 1/, about 0.3 milliradians
for the ALS. The small angle approximation may therefore be used, resulting in
A = Au(1 + K2/2 4+ 4%6%)/242. Hence, the shortest wavelengths are radiated in the
forward direction, with longer wavelengths radiated off-axis.

For an undulator of length L = N, the electron radiates a Doppler-compressed
wave train of length N, resulting in a transform limited sinc? spectrum, with frac-
tional linewidth 1/N. For undulators at the new light sources, N ~ 100, resultirig in
a one percent spectral bandwidth for each observation angle. Near the forward direc-
tion, energy within this bandwidth is radiated into a central cone with an opening

angleof 8 = 1/y*V/N = (1 +K2/2)§/7\/N, a small fraction of 1/, approximately 0.1
milliradian for the ALS. This is the same as the diffraction limited angular width of

the radiation pattern from a line source of length L, given by 8 ~ (A/ L)}. This is be-
cause, classically, a single electron radiates a completely deterministic coherent wave
field, which must obey the rules of diffraction. The peak intensity, or energy/unit
solid angle, in the forward direction scales as N2. The total energy radiated into the
central cone therefore goes as N, resulting in roughly NV times more spectral flux than
from a bend magnet source.

If an optical system is used to form an image of the source of the central cone
radiation, the diffraction limited 1-o source size and angular divergence are o, =

VAL/4x and o, = \/A[L, resuiting in a phase space (emittance) of A2/4. This is
the same expression as for a single Gaussian laser mode[l]. These properties are in
marked contrast to the broad spectral and angular features of bend magnet radiation.

Brightness, Flux, and Coherence

Brightness. Higher source brightness is the major performance improvement for the
new light sources. Brightness is defined as source photon flux divided by the product
of source area and emission solid angle[2]. It is the figure of merit for microimaging
systems since it determines how much flux can be focussed onto a small target. Us-
ing a high-brightness light source, the entire central-cone undulator output can be
focussed through a small entrance slit into a high-resolution grating monochromator,
something not possible using present day sources. The source brightness is signifi-
cantly higher for the new sources because of the small beam emittance (about a factor
of ten) and the use of undulators (about another factor of N).

Flux, The total power radiated by the electron beam is proportional to B24%/L. Bis
dependent on magnet technology, and is about the same for all synchrotron radiation
sources. Since storage ring beam emittance grows with increasing v, the electron
beam energy must be kept relatively low (1-2 GeV) to achieve the small emittance
and energy spread necessary for high brightness undulator sources. Beam current is
limited by the low beam energy and the small beam size. This means that the new
light sources will produce about the same flux as present sources.

Coherence, Some of the work at the forefront of x-ray optics involves the use of
Fresnel zone plate lenses for microscopy and the use of the coherence of present
day undulator sources for x-ray holugraphy[3][4]. Both these techniques depend on
spatial and temporal coherence. One of the major benefits expected from the new

light sources is an increase in the amount of spatially coherent light, and hence an
improvement in performance.
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The random distribution of electrons within a stored bunch of electrons results in
classical, non-laserlike, chaotic light [5]. The angular and energy spreads of the elec-
tron beam broaden the radiated spectrum. The non-zero electron beam size further
reduces the brightness of the source. Spatial coherence is produced by the small elec-
tron beam, combined with the intrinsic properties of undulator radiation. Temporal
coherence is strictly first order{5], determined by the combination of beam emittance,
energy spread, and +/N.
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Figure 1. The coherent fraction f.

The amount of spatially coherent light is proportional to source brightness[1]. The
fraction of the central-cone radiation that is spatially coherent (i.e. within a single
gaussian mode) is given by{l] f = (A/47)/or,0Ty0Tp0Ty. Here or; = (02 + 02)3,
ory = (02 + 02)i, o1y = (0% + 62)%, and o1y = (o2 + %)t For the ALS,
o = 330y, 0y = 634, o = 30prad, and oy = 16urad. This ratio involves only
the photon wavelength, the electron beam emittance, and the undulator length. For
practical optical systems using the coherence properties of the light, it is possible
to use several radiation modes without significantly losing resolution, as reflected in
the half-Airy-disk criterion[6]. This allows the acceptance of about six times more
flux than the Gaussian mode criterion, although, at the diffraction-limited end of

the spectrum it becomes unphysical, allowing more than 100% of the radiation to be
coherent.

Consequences of Large K.

High Power Loading. To maximize light source performance, the longest possible
straight sections and the largest N should be used, since both flux and brightness
increase with N. Usually the size and number of straights in the machine are fixed,
and hence the length L of the undulator. This means A, must decrease for N to
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increase. For a fixed machine energy (v) and operating wavelength A, this means
K must increase, requiring an increase in B. A large value of Ky means that a
single undulator can cover a large tuning range by varying K, a desirable feature.
Unfortunately, this also drives up the total power that must be handled by the first
optical element in the beam line. For the ALS this can be several kW.

The undulator spectrum is rich in harmonics, with even harmonics
forbidden by symmetry on-axis[1]. The number of significant harmonics is n, =
(3/4)K(1 + K?/2), increasing as K3 for large K, and, the fraction of total radi-
ated power in the first harmonic is P/ Pyt = 1/(1 + K2/2)?. The maximum useful
harmonic limited by undulator quality and the electron beam emittance and energy
spread, so the higher harmonics are just extra heat to deal with. In addition, har-
monics can pass through grating monochromator systems and show up in the output
beam, and may have to be filtered out. For the ALS, undulators have been designed
to produce useful output up to the 5t harmonic. So, the optimization of undulator
performance can lead to difficult optical engineering problems: how to remove extra
heat with thermal distortions kept to a minimum to preserve brightness

Optics Contamination. The extra power produced when central brightness and flux
are maximized can pose a serious mirror contamination problem. Synchrotron ra-
diation hitting mirror surfaces generates an intense photoelectron flux, which can
lead to deposition of carbonaceous contamination, reducing the mirror reflectivity.
The contamination deposition rate may be reduced by improved vacuum, but, in-situ
cleaning systems probably will be necessary.

Effects on the Storage Ring. In an undulator magnet the peak mid-plane field de-
pends on the gap between pole tips or magnet blocks, By ~ exp(—rg/Ay)[7]. If the
Ay is decreased, as desired, g must decreased also to increase B and K. This means
that the electron beam must pass through an increasingly long and narrow vacuum
chamber. Such a small gap may make it difficult or impossible to inject beam into
the storage ring or have a long stored beam lifetime.

Strong undulator fields, combined with the relatively low energy of the electron
beam required, result in significant electron beam focussing effects, making it nec-
essary to re-tune the machine when the undulator gap is varied. This may have an
adverse effect on electron beam lifetime, position, or size around the ring.

Off-axjs Radiation. The potential problems arising from changing the undulator gap
may make it seemn more practical to use off-axis radiation, using the Doppler shift to
vary the wavelength rather than the undulator gap. This approach, while tempting,
is fraught with difficulties. As L and N are increased, the fact that the observer
of the undulator output is not infinitely far away becomes increasingly important.
Typical undulator to experiment distances are of the order of 10 meters. while L can
be as large as 5 meters. This places the experiment in the Fresnel region, where the
variation of observation angle  from one end of the undulator to the other results
in a chirped radiation pulse. Furthermore, since the upstream end of the undulator
is farther away from the observer than the downstream end, the inverse square law
results in significant amplitude modulation of the chirped wave. An analysis leads
to the result that if the off-axis observation angle o is greater than o,/ D/L, then
the chirp effect broadens the narrow undulator spectral peaks(8]. For larger off-axis
angles, the broadening is large enough to overlap different harmonics, and all the
spectral advantages of using undulators are lost. The apparent source size Az =
L sin a increases off-axis, decreasing source brightness. These effects might be useful,
however, in lithographic imaging, where too much spatial coherence causes speckle.
A better method of broadening the undulator peaks to avoid gap adjustments is to
taper the undulator gap, again producing a chirped wave, but without as serious a
brightness penalty.
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The amount of spatial coherence is a sensitive function of wavelength. Figure 2.
shows the angle integrated spectrum for the first harmonic of ALS undulator U5 with
K =1, for photon energies near the carbon K-edge. This spectrum is what might be
observed after opening up the entrance slits of a high-resolution monochromator in an
attempt to coordinate the undulator gap, the beam position, and the monochromator
setting to maximize spatially coherent light output. The best spatially coherent flux
is produced at the exact fundamental photon energy, indicated by the lower arrow.
Even though the total flux is greater at the peak of the curve at slightly lower photon
energy, the radiation pattern has a hole in the center, and a larger total opening
angle, certainly not well described by a Gaussian mode. This results in a significantly
smaller coherence fraction.

More work is needed in the area of imaging undulator radiation and the spatial
coherence of undulator radiation. The theory of brightness propagation using Wigner
distributions in principle includes all of above, but the theory has not been developed
beyond its initial formulation(1].

Conclusions

To make use of the improved performance promised for the new light sources, users
needing spatially coherent light must have adjustable gap, long length, short period
undulators. This leads to the requirement for high quality, high heat load optics.
and for the control of surface contamination. Beam position stability is a must.
and beam position feedback and thermal stability systems should be built in from
the outset. To be able to adjust a beam line for desired coherence properties, the
user must have control of electron beam position and angle in the undulator, as well
as the alignment of optical elements in the beam line. Accurate and reproducible
calibration of both the undulator and monochromator is mandatory Techniques must
be developed for dealing with small, high-power beams of invisible radiation. The
use of off-axis radiation to avoid changing the undulator gap should be eschewed.
although undulatory tapering may have its uses. These requirements wiil have a
major impact on the design and operation of the new soft x-ray light sources.




Short-Wavelength Coherent Radiation 151

References

1.

-~

K.-J. Kim “Characteristics of Synchrotron Radiation”, in

AIP Conference Proceedings 184, Physics of Particle Accelerators, Vol. 1,
M. Month and M. Dienes, eds. (American Institute of Physics, New York.
1989).

. M. Born and E. Wolf Principles of Optics, 4th Ed. (Pergamon Press, Oxford.

1970).
J. Kirz and D. Sayre “Soft x-ray microscopy of biological specimens”, in
Synchrotron Radiation R search, H. Winick and S. Doniach, eds. (Plenum

Press, New York, 1980).
C. Jacobsen, M. R. Howells, J. Kirz, and S. Rothman, “X-ray holographic
microscopy using photoresists” JOSA A 7,1848 (1990).

. R. Loudon, The Quantum Theory of Light, 2nd Ed. (Clarendon Press, Oxford.

1983)

. J. W. Goodman, Statistical Optics, (Wiley, New York, 1985), p. 227.
. K. Halbach, “Permanent Magnet Undulators” in

Proceedings of the 1982 Bendor FEL Conference, Journal de Physique 44, C1-
211 (1983).

. R. P. Walker “Near field effects in off-axis undulator radiation”, Nucl. Inst. and

Meth. A267 (1988).




High-Performance Multilayer X-Ray Optics
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ABSTRACT

We review the state-of-the-art in multilayer (ML) coatings for high normal
incidence reflectivity at soft x-ray wavelengths. In particular, Mo-Si ML and Ru-
B4C ML grown by magnetron sputtering have demonstrated normal incidence
reflectivities as high as 64% at 130 A and 20% at 70 A respectively. A strong
dependence of the Mo-Si layer morphology on the sputtering gas pressure is
observed, and is directly correlated with the normal incidence x-ray reflectivity.
We consider issues relevant to the deposition of multilayers on figured imaging
optics, and describe recent measurements of the normal incidence reflectivity of
spherical substrates coated with Mo-Si ML.

INTRODUCTION

Multilayer x-ray optics are becoming increasingly important in diverse
applications such as x-ray projection lithography‘, x-ray laser cavities2, x-ray
microscopy3, astronomy4 and spectroscopys. In this paper we focus on the
current development of normal incidence reflective optics for the soft x-ray
spectrum of ~45 - 130 A. The ultimate goal is to develop a soft x-ray imaging
system capable of high throughput and diffraction-limited performance over an
appropriate image field.

The fundamental recuirements of high performance muitilayer coatings
include high reflectivity and Icng term stability in potentially hostile
environments. Furthermore, the development of a practical x-ray imaging
system requires the controlled deposition of multilayer coatings on large-area
figured optics. Achieving success in these areas is extremely challenging due
to the nature of x-ray multilayer coatings. The structures are composed of
ultrathin (~10 -100 A), alternating layers of dissimilar materials such as Mo and
Si, chosen to have the greatest possible ditference in the index of refraction at
the wavelength of interest, while at the same time minimizing absorption. The
multilayer stack can consist of anywhere from ~10 to several hundred bilayers.
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A net reflectivity of order unity is achieved by the constructive interference of the
fields reflected at each interface, resulting in a dispersion condition analagous
to Bragg diffraction from a one-dimensional crystal lattice. The x-ray

wavelength A is related to the muitilayer period A (the bilayer thickness) and the
angle of incidence 6 (as measured from the normal) by Bragg's law: A=

2Acosf. To achieve optimum reflectivity the interfaces at the layer boundaries
must be smooth and abrupt. Any average composition variation across the
interface, due to either roughness, interdiffusion or compound formation, can
result in significantly reduced reflectivity6. .

We have established a comprehensive research program at Lawren
Livermore National Laboratory (LLNL) to develop high performance reflecting
optics for the soft x-ray regime. In view of the important issues discussed above,
we believe that progress towards the goal of developing efficient, diffraction-
limited x-ray optics requires a thorough understanding of the fundamental
physics underlying the growth and structure of the multtilayer films. To this
purpose we have assembled a broad range of capabilities, both at LLNL and in
coilaboration with other institutions, which inciudes thin film deposition,
structural characterization, x-ray optical characterization and computer
modeling of the mulitilayer performance.

HIGH REFLECTIVITY ML COATINGS

The ML are deposited onto polished substrates using dc magnetron
sputtering in an Ar plasma discharge7. The substrates are mounted on a
rotating platter and are alternately exposed to two large rectangular (12 x 25
cm) sources. The source-to-substrate separation is typically 6 cm. The rotation
speed of the platter is adjusted to control the layer thicknesses. In addition, the
substrates are spun at ~4 Hz to average out any spatial inhomogeneities in the
flux of the depositing species.

A typical Mo-Si ML coating deposited onto a [100] single-crystal Si wafer
is shown in Fig. 1. The ML consists of 40 layer pairs with period A=68A and a
ratio of the Mo layer thickness to the period of y=0.5. A high resolution electron
micrograph8 of the ML microstructure is shown in Fig. ta, where the dark and
light bands correspond to Mo and Si respectively. The Mo layers are
polycrystalline, having a [110] texture in the growth direction, and the Si layers
are amorphous. The pure layers are separated by thin, asymmetric interfacial
regions9 of mixed composition. It has been suggested0 that the intermixing at
the interfaces is the major limitation to achieving the theoretical highest
reflectivity in the Mo-Si system. The normal incidence reflectivity of this Mo-Si
ML, measured using synchrotron radiation?, is shown in Fig. 1b. The ML
exhibits a peak reflectivity of 64% at 130 A and has a bandwidth defined as the
full-width-at-half-maximum of 5.6 A. The theoretical reflectivity, calculated using
optical constants from Henke et al.12 and assuming ideally smooth and abrupt
interfaces, is shown as the dashed curve and has a maximum value of 72%.

It has been found that the ML morphology has a striking dependence on
the sputtering gas pressure, exhibiting a transition from layer growth at lower
pressures to columnar growth at higher pressures. This effect can be seen in
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Figure 1. (a) HREM cross-sectional image of a Mo-Si ML having a period of

A=68 A. The substrate is oriented below the figure. (b) Measured normal
incidence reflectivity (solid curve) and reflectivity calculated (dashed curve)
assuming ideal interfaces.

Fig. 2 where we show a sequence of HREM images of ML grown at Ar
pressures ranging from 2.5 to 20 mtorr. As the pressure is increased ampiifying
roughness is observed thoughout the ML stack, eventually leading to columnar
growth and complete disruption of the layer structure at the highest pressures.
Wae attribute this behavior to the variation with gas pressure of the energy
deposited at the growth surface’. At lower pressures there is less
thermalization of the sputtered atoms and reflected Ar neutrals so that they are

- incident on the substrate with greater kinetic energy, thereby locally heating the
substrate surface. The increased surface temperature enhances the surface
mobility of the adatoms, accomodating an approach to the equilibrium
configuration which corresponds to layer formation in this system. The variation
in the normal incidence reflectivity is found to strongly correlate with the
observed variation in layer morphology. The peak reflectivities, plotted in Fig. 3,
range from over 60% at 2.5 mtorr to less than one percent at 20 mtorr. Itis
evident that the optimal reflectivity is achieved at the lowest sputtering gas
pressures.

Our efforts are currently directed at developing high-performance
multilayer coatings tor normal incidence reflectivity throughout the x-ray
wavelength range of 45 - 130A. One promising material combination for x-ray
wavelengths below 124 A (where Mo-Si is no longer viable due to increased
absorption in the Si) and above 65 A (the boron K-edge) is Ru-B4C13. A typical
Ru-B4C ML coating, deposited onto a [100] Si wafer at a sputtering gas
pressure of 1.5 mtorr, is shown in Fig. 4. The ML consists of 150 layer pairs with

a period of A=36.4 A and y=0.4. An HREM image of the microstructure, shown
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Figure 2. HREM imagés of Mo-Si ML grown at different Sputtering gas
pressures: (a)2.5 mtorr, (b) 5.0 mtorr, (c) 10 mtorr, (d) 20 mtorr, The substrate
is oriented below each image.
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Figure 3. Variation of the measured peak reflectivity of Mo-S; ML as a function of
the sputtering gas pressure.
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Figure 4. (a) HREM cross-sectional image of a Ru-B4C ML having a period of
A=34 A. The substrate is oriented below the figure. (b) Measured normal
incidence reflectivity (solid curve) and reflectivity calculated (dashed curve)
assuming an RMS interface roughness of 6=6.9 A.

in Fig. 4a, indicates that the layers are fairly smooth and compositionaily abrupt.
Both the Ru and B4C are in amorphous phases. The measured normal
incidence reflectivity is shown in Fig. 4b. The ML reflectivity has a maximum
value of 20% at 72 A and a bandwidth (FWHM) of 0.55 A. The dashed curve in
the figure represents the best fit to the data, and was calculated assuming an
RMS interface roughness of 6=6.9 A. The theoretical peak reflectivity of a ML
having ideally smooth and abrupt interfaces is 48%.

ML-COATED FIGURED OPTICS

Perhaps the greatest challenge in fabricating multilayer x-ray optics
involves the controlled deposition of a designed coating onto a large-area
figured substrate. For normal incidence optics, the operational x-ray
wavelength will dictate the period of the multilayer structure according to A =

2. Depending on the angular dispersion of the optical system, it might also be
necessary to grade the coating, i.e. vary the multilayer period across the surface
of the substrate in some well-defined manner. In order to maintain high
throughput at the wavelength of interest, the relative error in the multilayer
period AA/A must be less than the bandpass of the multilayer AA/A.
Furthermore, to achieve diffraction-limited x-ray imaging, figure errors
introduced by variations in the total thickness of the multilayer coating are not
allowed to exceaed /4. Together these requirements impose severe tolerances
on the uniformity of the multilayer coating.

To derive a simple estimate of the uniformity requirements, let us assume
that the goal is to deposit a uniform ML coating on a perfectly figured substrate.

to yield a maximum normal incidence refiectivity at wavelength A across the
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entire surface. We expect that due to deposition error the actual period of the
ML coating will vary from point to point on the surface. An error 3A in the ML
period will degrade the imaging properties of the optic in two ways. First, the
ML bandpass will shift so that the reflectivity at the operating wavelength A is
reduced. This effect we call "detuning™. We require that the shift of the
bandpass 8A=28A be tess than one fourth of the full width of the bandpass AA.

This is given approximately by AA=A/N, where N is the number of bilayers.
Hence to avoid detuning the fractional error in the ML period must be held to
within 3A/A < 1/4N. :

The second detrimental eftect ot an error in the ML period is to locally
distort the figure of the optical surface, resulting in a change of the phase of the
reflected field. This effect we call "dephasing”. The position of the surface of the
ML-coated optic changes by an amount N3A, causing a change in the phase of

the refiected field of 4NSA/A. However, this change in phase is partially
mitigated by a phase shift associated with the detuning of the ML bandpass. It
can be shown that the period error A results in a phase shift of -2xNSA/A, which
is opposed to and just haif of the value of the change in phase caused by the
altered figure. We require the net change in phase of the reflected field to be
less than an eighth wave (a typical error budget for a single optic in a
compound system). Hence we conciude that the fractional error in the ML
period must be held to within 8A/A < 1/4N. It is interesting to note that in this
simplistic treatment the requirements for avoiding detuning and dephasing are
identical.

The implication of the uniformity requirements on the ML depaosition can
be illustrated in a few examples. Consider a Mo-Si ML coating operating at 130
A with A=67 A and N=40. Using the criteria derived above, the tolerance on the

ML period error is 5A<0.4 A. In simple terms, the period of the ML coating must
be held constant across the entire surface of the optic to within a fraction of an
angstrom. As the x-ray wavelength decreases, the tolerance becomes more
severe for two reasons: the ML period must decrease and the number of
periods increases rapidly as the index of refraction approaches unity. For

example, a Ru-B4C ML coating operating at 70 A, where A=34 A and N=150,

requires a tolerance in the ML period error of 3A<0.06 A! It is possible to
somewhat relax the tolerance by decreasing the number of periods at the
expense of the peak reflectivity. However, it is evident that fabrication of
diffraction-limited imaging optics for wavelengths less than ~100 A will require
extremely precise control of the ML deposition.

Wa have studied the issue of ML uniformity in a series of recent
experimants. A variety of figured substrates have been coated with Mo-Si ML
(A~67 A, N=40) designed to provide a maximum normal incidence reflectivity at
A~130 A. Our strategy for achieving uniform coatings was to use large targets
(12 x 25 cm) located in ciose proximity (6 cm) to the substrates, and to spin the

substrates to average out spatial variations in the deposition rate. In this way
we have avoided the inconvenience of tailoring the spatial distribution of the
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deposit for a particular substrate by incorporating baffles or masks. The normal
incidence reflectivity of the ML-coated figured optics has been measured using
synchrotron radiation at the BESSY facility. A vacuum reflectometer was
modified to allow measurements on curved surfaces within ~0.8° of normal
incidence, providing excellent spectral resolution (A/AL ~ 100-1000) and spatial
resolution (spot size_~ 150-um-diameter). The normal incidence reflectivity was
measured as a function of x-ray wavelength for an array of points across the
surface of the optic.

The reflectivity measured on a 2-inch-diameter spherical optic composed
of zerodur and having a 60 cm radius of curvature is presented in Fig. 5.- The
measurements were made for an array of points across a diameter of the optic
to within a few millimeters of the edges. The peak reflectivity, shown in Fig. 5a,
has an average value of 62% at 138 A and is uniform to within +1.6% across the
entire surface. By fitting the reflectivity versus wavelength data we were able to

determine values for the ML period A at the different test points and these are
plotted in Fig. 5b. The ML period has an average value of 70.1 A and is uniform
over the central 40 mm section to within £0.5%. The dashed horizontal lines
represent the +0.4 A uniformity requirment for achieving diffraction-limited
performance. The variation in the ML period is well within the tolerance except
near the very edge of the optic. We attribute the decrease in the period at the
edge to shadowing by the mounting fixture during deposition.

As another example, Fig. 6 presents the results for a 3-inch-diameter
spherical, fused silica substrate having a 100 cm radius of curvature. The peak
reflectivity, shown in Fig. 6a, has an average value of 57% at 129 Aandis
uniform to within 5.6% across the surface. We believe that the lower reflectivity
is associated with an increased surface roughness of the substrate. The ML
period is 65.4 A and is uniform to within 0.6%. Once again the period is found
to be well within the +0.4 A uniformity requirement over the entire diameter of
the optic (>60 mm), except near the edges. These initial results demonstrate
the feasibility of depositing ML coatings on precision substrates for optimum

normal incidence reflectivity at A~130 A without compromising the diffraction-
limited imaging performance of the optics.
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Figure 5. Characterization of a 2-inch-diameter spherical optic (R=60 cm)
coated with Mo-Si ML. (a) Normal incidence reflectivity measured across the
diameter of the optic. (b) Variation of the ML period.
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Figure 6. Characterization of a 3-inch diameter spherical optic (R=100 cm)
coated with Mo-Si ML. (a) Normal incidence reflectivity measured across the
diameter of the optic. (b) Variation of the ML period.
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Soft X-ray Optic For An Efficient Laser Plasma Spectrometer
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ABSTRACT: A soft x-ray figured optic has been incorporated into a spectrometer with a
multi-channel detector to enhance signal levels from short pulse laser produced plasmas.

Laser produced plasmas are a source of soft x-rays but their usefulness is limited by their
relatively small time averaged fluxes. To increase the utility of these sources a
spectrometer has been designed which incorporates a figured multilayered soft x-ray

optic and a multi-channel detector.

The x-ray optic is used to collect the plasma emission and focus it onto the input slit of a
grazing incidence monochromator. The portion of the radiation that can be collected
with the x-ray optic is much greater than can be collected by the input slit alone of a
conventional monochromator. The Mo/Si multilayer optic used was matched to the input
f/50 acceptance of the spectrometer. Figure one shows the increased signal level of the
emission from a gold plasma obtained with the optic. A soft x-ray linear detector and
amplifier from NIST has also been installed on the spectrometer. Figure two shows a
typical reflected spectrum measured with the multi-channel detector. Spectra acquisition
times have been dramatically reduced with the x-ray optic and the lincar detector.

Another impontant feature of this system is that since entire spectra are obtained at one
time data can be discriminated by plasma emission vanations. This cnables that some
shot-to-shot type variations can be normalized out. A demonstrated of this 1 an the
measurements of the soft x-ray absorptnion of Kr. Figure three shows the spectrum ot the
emission of a gold plasma reflected from a near normal incidence sphencal mulnlaver
optic when the target chamber has been filled with a low pressure of Kio The signal wath
gas has been normalized to the signal without gas and is shown in tizure tour. These

results wili be ~ompared o syachrotron based measurments of absormon features.
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The use of a x-ray optic and linear detector have enhanced signal levels, decreased
acquisition times and enabled single shot spectra acquistions which will make the short
pulse laser plasma emission a viable source for a broader range of experiments.

Fig. 1 Gold plasma soft x-ray emission spectra measured with a conventional single slit
detector. The top graph shows the direct signal from the plasma and lower graph shows
the signal level of the beam that has been collected and focused with the multilayer optic.
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Fig. 2 Reflected spectra measured with a multi-channe! detector.
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Fig. 3 Reflected spectra with Kr absorption features.
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Feasibility of X-Ray Nonlinear Resonant Effects
in Plasma

P. L. Shkolnikov and A. E. Kaplan

Department of Electrical and Computer Engineering,
The Johns Hopkins University, Baltimore, Maryland 21218

Abstract

We demonstrate the feasibility of the experimental observation of saturation
related third-order X-ray nonlinear resonant effects in plasma.

Recent developments in X-ray laser (XRL) research resulted in the experi-
mental observation of laser amplification at many wavelengths in the soft X-ray
domain (1] ranging from A=28nm to A=4nm. Within the next few years
powerful sources of coherent XRL radiation at those wavelengths will also be
available. This sets a stage for the research on the interaction of intense coherent
X-ray radiation with matter, in particular on X-ray nonlinear optics.

The first obvious choice of the environment for the X-ray resonant nonlinear
effects (XRNE's) to occur and to be experimentally observed, is the plasma con-
sisting of the same ions that give rise to the laser action itself. XRNE’s in these
situations are expected to be essentially similar to nonlinear effects due to other
resonantly-enhanced nonlinear interaction of light with matter in a visible optical
domain. In this paper we present evaluation of the saturation intensity and mon-
linear refractive index for the soft X-rays in the Se XXV and Mo XXXIII XR laser
and laser-like plasmas.

The strongest nonlinear X-ray interactions may occur in the active XRL
plasma e. g. in the neonlike Se or Mo plasma, d iring X-ray lasing. However,
from the point of view of studying XRNE's as such, i. e. in a situation in which
they do not intervene with the lasing process, it would be more instructive first to
investigate plasma which consists of the same ions as the respective XRL, but
with electron density N, not high enough to excite laser action. This assumption
also significantly simplifies (2] the problem. In particular, it allows us to neglect
collision rates for the transitions near the neonlike ground state, and to take into
account only the levels coupled by X-ray radiation of interest. The stability of
neonlike plasmas in a wide range of N, assures that the fraction of the neonlike
ions fN, in the plasma will remain almost unchanged. In the absence of any
external pumping radiation between ground level and 3p-3s levels, such low elec-
tron density cannot provide any significant 3s-3p levels population (see e. g.. (3]
for Kr), and therefore no interaction with the XRL radiation resonant to 3s-3p
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transitions can be observed. However, XRNE’s can be made feasible if the 3s
level is populated, e. g. by the powerful radiation resonant to the transition
between 3s and the ground levels. This radiation is conveniently originated from
the radiative decay of the 3s level in the XRL.

As a result, our model could be restricted to only three levels: the upper (u)
and the lower ({} XRL levels, and the neonlike ground level (g). Levels u and /in
this low density plasma will be coupled by the XRL radiation with the resonant
frequency; we will be interested in the absorption saturation and nonlinear refrac-
tion at that transition. Level [ will be populated by sufficiently strong
(incoherent) pumping radiated as a "side product” by the respective XRL as a
result of the decay of its level / into its ground level g. Two examples will be con-
sidered: Se XXV as the medium of the most successful XRL so far {1}, [4] (the
line with the wavelength X\,;=20.638nm), and Mo XXXIII where gain for the X-
ray with one of the shortest wavelengths in the neonlike sequence has been
recently reported [4] { Ay =10.84nm).

The first important problem to be solved is the choice of the electron tem-
perature T,. To have a meaningful estimate, we choose T, =~'2X (the tempera-
ture of the lasing plasmas (5-7]). The ion temperature T;=0.4T, ‘5], yielding
T;==400eV for Se and 800 eV for Mo). For these temperatures , I, may be
assumed to be 0.3 and 0.1 for Se and Mo, respectively [5]. Dividing fN. by the
average ion charge, one obtains the ratio a of neonlike ion density N; to N, equal
to 0.02 for Se and to 0.005 for Mo. Collision rates can be neglected if
Ne << Ajk/Cix where Aj; and Cjx are the radiative and downward collisional
rate coefficients for transitions of interest (2], respectively. The atomic data from
5-8] as well as the principle of detailed balance (required to obtain downward col-
isional rate coeﬁic&ents from upward ones [9]) yield N, ~10'®cm™3 for Se plasma
and N, ~10%¢m ™ for Mo plasma.

Two-level models [10,11] modified to take into account the level degeneracy
(12] and the inhomogeneous broadening [13], result in the following set of equa-
tions. At first, for the dimensionless /— level population in the absence of the XRL
radiation #=N;/N; ( N; denotes the population denity of the [— level) we have:

B=(min2)%(1 +g7 1) Agyrig(1 41 %, (1)

where Ay is the ratio of the Lorentzian full ]zlidth on half maximum Ay, to the
Doppler width, AL/B E2ul,[(2kT.-/M.-c2)ln2] , for the l—g transition, vy, being
the central frequency; M; is tht:',lmass of the ion; r 'y I 7g is the dimensionless
pumping intensity with I?g=4 he ANy (1 +g1$ being the [—g "saturation
intensity”; g; is the statistical weight of the level I This equation is valid unless
rj, is large enough (>50) to destroy the implied Doppler broadening predomi-
nance. It is worth noting that no significant absorption of the pumping photons
with the energy huj, by the excited neonlike ions is expected, since the energy
2hyy, is significantly %igher than the ionization potential of these ions.

For the absorption coefficient ~(v) of the incident radiation with the fre-
quency U one obtains:

: \/ A2A 1 g
(1) mro REGEIL o, o Lol Sl By, @)
r

where )\, is the central wavelength of tne transition; b—:—(ln2)va‘§;(l +r)%
describes | the degree of homogeneous  broadening; rEI/l ul and
x=2(102)"%(vy —v) /AUE[ are the dimensionless XRL radiation intensity and
detuning , respectively; 1%, =4m>hc Avy)h3’; w(x +ib) denotes the complex error
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function (see e. g. {13]). Finally, the nonlinear correction AnNE(r) =p(r) —n(r=0)
to the refractive index n(r) can be written as:

AnN =(4m) " \uo(Im w(x +ib) —Im w(x +ibg)|, bg =b(r=0)= VIn2 A, (3)

In our calculations we assume that the homogeneous linewidths are deter-
mined mainly by the lifetime of the [—g transitions (similar to {14]), so that
Avg=Av, =Ap/2r. -~ Given the ransitions probabilities
A19.~_3.9x10l2(1.1x1013) and A,d:7.7><109(7.2x10lo , and plasma conditions, one
can obtain followin% estimations for Se (Mo) plasma. Pumping intensity
I, =~1013 (lO“)W/cm is required to attain J=0.1 . Such population_yields the
absorption coefficient at the centzal lg-l freqqzency () =1.5(0.5)em ™}, with the
“saturation igfensity” I’g:ﬁxlo (10°)W /em®. The nonlinear part of refractive
index is An™F ~3x107%(107®) for 1=3xI, and dimensionless detuning x=0.8
(such detuning corresponds to the frequency v being within the kernel of the
Doppler lineshape).

Our calculations of nonlinearities in the laser active medium show that at
least for Se XRL they should be very large; this conclusion does not depend on
any specific model. Indeed, the power of the order of 1 MW per line and the
source size =~200um [4] mean that the intensity I=2x10°W /em? ~35xI%; has
been reached in the Se plasma. According to Eq. (2), this decreases the gain
coefficient v by factor up to 20. (This result remains almost the same even if in
addition to the lifetime of the [—g transitions, as above, the collision dephasing
time =4x10"!3sec (15] is taken into account). Therefore, the discrepance
between the calculated (38cm~!) and measured (5cm™!) small-signal gain
coeficients (5] could be attributed at least in part to the gain saturation. Furth-
ermore, even assuming the measured small-signal gain coefficient for <o, one
obtains from Eq. (3) that for the intensities existing inside the Se XRL, the non-
linear correﬁ,{on to the refractive index can become fairly large in the X-ray
domain, An ~8x10~% —2x10~7. This nonlinear refractive index may result in
the significant change (=27 across the beam) in the phase front of the wave at
the length Lnp, =X\/An™" 25— 10cm.

Our choice here of the same ions as in the XRL plasma has been justified by
the advantage of perfect frequency match between the XRL radiation and the
transition of interest. In such a case, however, we have to deal with a still very
hot plasma, and to use additional X-ray irradiance (pumping) , since the pon-
linear transition occures between two excited levels. It would be greatly desirable,
therefore, to identify also some alternative (i. e. non-XRL) plasmas, for which (i)
the degree of ionization (and therefore, the required temperature) is significantly
lower than that of the XRL plasma, and (ii) the XRL radiation is matched (not
necessarily perfectly) to some direct transition from their ground level. A number
of such "XRL line-plasma " couples have been found by us; some of the examples
are: Se XXV 209.78 A line and Fe X or Cl XIII plasma; Al XI 150.7 A or C VI
182 A line and Na IV plasma. Our preliminary evaluations show that signiﬁcant
XRNE'’s can be feasible for T, =35—300eV and N, =107 —10¥cm™3. Such
plasma can be readily produced by relatively simpl> and well controlled electrical
discharge {17].

All these estimates indicate a significant potential for third-order XRNE’s in
plasma XRL as well in some other plasmas. Self-action effects based on the
resonant nonlinear effects such as self-(de)focu:ing, self-trapping, and self-
bending, can be observed rending themselves as either desirable effects for
enhancing of laser action, or the effects to be avoided or inhibited. Other effects of
the same group, e. g. four-wave mixing, may be efficiently used for plasma diag-
nostics and for phase-conjugation amplification. Since the intensities significantly
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exceeding the saturation intensity have apparently been achieved in experiment,
it may also be possible that self- transparency and related 27-solitons can be
attained similar to that in the optical domain [16]. As a next step, high-order har-
monics generation in the X-ray domain can be natural extension of the similar
optical effect. Our future plans include investigation of XRNE’s in metallic
vapors and, what may be the most promising, — in condensed matter.

This work is supported by AFOSR.
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NORMAL INCIDENCE MULTILAYER REFLECTORS
FOR SUB-10 nm REGION
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An preliminary investigation of the performance and quality of
Ru/C, Ru/B4C, Ru/B, and Ru/BN multilayers is presented. The
purpose of the study is to determine the choice of material
combinations that yields the highest normal incident reflectance for
application such as soft x-ray projection lithography at energies
above the Si L edges. Measurements of relative reflectivities of the
multilayers from an electron-impact source (Henke tube) with Boron
K emission at 183 eV are presented. As the operating wavelength
decreases, the period or the layer thicknesses inside the multilayers
also decrease. Imperfections and fabrications of high quality
multilayers then play a more dominant role in the performance of
the multilayers. Correlation between the performance of these
multilayers and uniformity of the layers inside the multilayers is
discussed.
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Basic Sciences, Materials Sciences Division, of the U.S. Department of Energy under
Contract No. DE-AC03-76SF00098 and by the Air Force Office of Scientific Research,
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High-Damage-Threshold Gratings Using Coated
Silicon Substrates
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Abstract

High damage threshold gratings can be made by putting suitable coatings on silicon
grating blanks. We expect several times improvement in the damage threshold for
nanosecond laser pulses and similar improvements for 100 femtosecond laser pulses.

We are currently investigating the manufacture of high damage threshold gratings
using a novel idea. We are placing high reflectivity coatings on holographically
patterned Silicon grating blanks. This approach provides three principle advantages
compared to current gratings made by placing a thin metallic layer over holographically
patterned photoresist on glass substrates. First, advanced lithographic and processing
techniques for Si make possible the fabrication of arbitrary grating groove profiles with
holographic registration across large areas. Second, metal-Si gratings should not be
limited by damage at the metal-silicide interface because Si is an efficient thermal
conductor and the damage threshold of metal-silicide is > 400°C. This is in great
contrast to metal-photoresist gratings which damage at the metal-photoresist interface
when temperatures exceed 100—200°C. Third, extremely efficient gratings can be
fabricated using enhanced metallic and dielectric coatings ("99% reflectivity) on blazed
gratings (ie., triangular groove profiles). These advantages make us believe damage
thresholds comparable to those of bulk metals (7300 mJ /cm?) are obtainable. For
dielectric enhanced metallic coatings, several times the bulk metal damage threshold
should be possible.

In Fig. 1 we show examples of the groove profiles one can achieve with lithographic
techniques. With suitable etching, one can obtain square, triangular, or sinusoidal
profiles. In Fig. 1a we show a triangular profile with apex angle of 72° and period of
5000 A. The apex angle is determined by the angle between (111) planes and the Si(100)
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surface and is produced by an etching process that preferentially exposes (111) faces. In
Fig. 1b we show the groove profile of a grating we have made that has reasonably high
diffraction efficiency (80%) at 810 nm, and is the one used for damage threshoid
measurements described below. The profile is trapezoidal with apex angle = 72° as in
Fig. 1a. We note that height to period ratios of ~ 30-40%, similar to those that might be
used for chirped-pulse amplication schemes, can be readily fabricated. Clearly one
approach to the problem of damage threshold is to increase the Au film thickness until
the bulk damage threshold is reached. In principle, we could control the Si groove profile
to allow for modification of the profile after a relatively thick deposition of Au. .

-y 3 PR

Fig. 1. Scanning electron micrograph of grating groove patterns on Si(100). The
rectangular silicon nitride "caps” are removed before metal deposition. a) triangular
grating exposing (111) planes. b) trapezoidal grating with (111) and (100) faces.

Once optical energy has been deposited into the thin metal overlayer of a grating,
there are three mechanisms for damage: 1) the lattice temperature at the metal-substrate
interface exceeds damage threshold, 2) the electron temperature at the metal-substrate
interface exceeds damage threshold, and 3) either the lattice or electron temperature at
the metal-air interface leads to ablation of metal.

Here we use the standard approach to characterizing the excitation of solids with
optical pulses as short as 100 fsec.[1,2,3] Light is coupled to the ¢lectrons in the solid,
and we assume that coupling between the electrons and the lattice excitation modes
(vibrations) is relatively slow. Assuming equilibrium among the electrons and the lattice
modes, individually, we then characterize the elecrons and lattice excitations by
temperatures T, and Ty. These evolve in time by the coupled differential equations:

YT 0T /Ot=kV2T, +g(TL-Te)+S(x,t)
CLoT /dt=g(T.-TL)

where YT, is the temperature-dependent electron specific heat, x is the thermal
conductivity, g is the electron-lattice coupling constant, and C is the lattice heat
capacity. S(x,t) is the absorbed energy source term: in this term one includes the usual
Fresnel-Drude calculation of the absorbed energy as well as enhanced absorption due to
the grating profile (local field effects), due to plasma formation above the surface, and
due to changes in the optical dielectric constant from electron heating effects. For gold,
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¥=6.2x10% J/em?-K2[4], k=3.1T /(T +1.16x1075T2) W/cm?-K (with T, in
K).[5] g=4x10'® W/cm®—-K[6}, and Cp=2.47 J/cm®-K. The equilibration of
electron and lattice temperatures implied by the value of g is approximately 1-5 psec.
For nanosecond optical pulses, the electron and lattice temperatures are in equilibrium
and one only has to consider lattice mechanisms for damage.

When the damage mechanism is due to lattice temperature, it is clear that the Au-Si
gratings can have higher damage thresholds than Au-photoresist gratings. Si is a better
substrate than glass, first, because the Au-silicide damage threshold at >400°C is higher
than the damage threshold of photoresist at 100—200°C. Secondly, Si is a good thermal
conductor and can lower the peak temperatures reached at the front Au surface and the
Au-substrate interface. The nsec pulse multishot damage threshold for many metals is
around 500 mJ/cm? for normal incidence in the near IR depending on surface
preparation. The nsec pulse damage threshold for the best Au/photoresist gratings have
been reported (Jobin-Yvon, France) as high as 200 mJ /cm? with 1.06 um excitation.[7]
Assuming a reflectivity of 97%, 6 mJ of absorbed energy would raise a 200 nm film of
Au to 150°C. The actual absorption and Au film thickness on the grating are probably
less favorable, but it is reasonable that 150°C is sufficient to damage the Au-photoresist
interface. On the other hand, since Si is a good thermal conductor and Au-Silicide is
stable to >400°C, one would expect for Au thicknesses >200 nm, the damage threshold
at the Au-silicide interface is higher than 500 mJ/cm? and that the damage threshold of
the grating should be determined at the front surface as for bulk Au.

We tested whether or not damage is occurring at the Au-silicide interface vs. the front
face by measuring the damage threshold as a function of Au thickness. The results are
summarized in Fig. 2. The samples were Si flats overcoated with a 30 nm Ti binding
layer followed by Au of the specified thickness. The data were taken with 810 nm laser
pulses of pulse durations 145 fsec, 450 fsec, and 4.5 psec, and at 0° and 62° angle of
incidence. The 0° data are almost exactly twice the values of the 62° data, consistent
with the 2 times more absorption due to Fresnel reflection at the two angles. The damage
threshold is defined here as the peak fluence incident on the sample surface (beam fluence
times cos(8)) for which the sample survives for 10 minutes at 10 Hz in the pulsed laser
beam. Survival occusred if no visible change in the surface could be detected (as
evidenced by scattered light from the illuminated spot). The shot-to-shot energy
fluctuation was +10%. Absolute fluence resolution was limited to 15% by the neutral
density filters used to attenuate the beam.

~ > 0.4 v

€ T T T T— 3 Fig. 2. Damage threshold
S r v 1 fluence vs Au thickness.
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The absence of Au thickness dependence on all but the 145 fsec data taken at 62°
angle of incidence shows clearly that the damage does not take piace at the Au/Ti/Si
interface, and that the damage threshold is that of bulk Au (ie., front face induced
damage). The data for a 3700 nm flat film of Au on photoresist excited at 0° incidence is
shown as the solid ellipse in Fig. 2. The Au film was provided by American Holographic
(MA). The damage threshold is 60% of the corresponding Aw/Ti/Si flat.

Laser-induced damage of bulk materials often occurs at thresholds below what would
be necessary for lattice melting assuming a constant reflection coefficient. This is
because excited state effects such as enhanced optical absorption in the electronically
excited bulk material and absorption in the plasma above the target surface, can lead to
more than the nominal deposition of optical energy. The optical dielectric constant for a
metal is rou fhly glven by the Drude model (disregarding interband transitions):
e(w)=1-[wp /(w? +vq)](1+1v,,/(o) Here w,, is the plasma frequency and v,; is the
electron-ion colhsxon frequency. The latter represents the free carrier absorption of the
electrons near the Fermi level. In the free electron model when T.<hyv, the free carrier
absorption increases with electron temperature as (1+0.3T.(eV)/1.5) where the factor
of 0.3 comes from a numerical calculation of the joint density of states assuming the free
electron model. Changes of a factor of 3 in the normally small Im(g(®)) o v/ can
drastically change the optical reflectivity especially at non-normal incidence. The
increase in the electron-ion collision frequency with electron temperature was invoked to
explain the decrease in reflectivity observed for Ag(lll) from ncarly 100% to 20%, as
the incident intensity is changed frorn 5x10'2 10 5x10'3 W/cm? in 90 fsec pulses.(8]
For gold at several 100°’s of mJ/cm? irradiance, the change in free carrier absorption
should be small, however, a large increase of Im(e(w)) occurs because electronic
excitation to T, ~ 0.5 eV opens up the possibility of the 810 nm light (1.5 eV) exciting
the strong d-sp interband transition (2 eV). The oscillator strength of the interband
channel is 10 times that for the conduction band electrons near the Fermi energy. Once
enough energy is absorbed, the surface will also expand to create a plasma gradient of
critical thickness which will further increase the absorption. For extremely intense laser
pulses, the absorption may also be enhanced by multiphoton absorption.

To test these effects, we measured the the damage threshold fluence as a function of
optical pulse duration. In Fig. 3a we show the results for Au/Ti/Si flats. The data clearly
show that the damage threshold is lower for pulses shorter than 500 fsec and confirms
that excited statc effects increase absorption. The damage thresholds at 0°C incidence
were 260 mJ/cm? at 145 fsec and 360 mJ/cm? at 4.5 psec. It is unlikely that electronic
heating without enhanced absorption leads to plasma ablation damage in this case
because the electron temperature reached on the front face with 145 fsec excitation
assuming 2.5% linear absorption is only 5400K. If on the other hand, one assumes 10%
absorption, which might occur for electron temperatures in excess of 0.5 eV due to d-
band absorption or sufficient increase in the free electron v;, then the peak lattice
temperature of the front surface can exceed the bulk melting temperature of 1060°C. It is
unlikely that enhanced absorption in a plasma layer plays a role for 145 fsec excitation
because t..¢ electron temperature is too low ("1.5 eV for 10% absorption) to gencrate an
absorbing plasma layer in 145 fsec. For longer optical pulses, enhanced absorption in the
plasma layer probably plays a substantial role. The damage even for 145 fsec pulses is
probably not due to multiphoton absorption since there is no substantial difference
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Fig. 3. Damage threshold fluence vs laser pulse duration. 3a) (left) Measurements
performed on Aw/Ti/Si flats for various Au thicknesses at 62° angle of incidence. 3b)
(risht) Measurements on American Holographic grating and Auw/Ti/Si grating with
groove profile of Fig. 1b and with 30 nm Ti and 100 nm Au overlayer.

between the 145 and 450 fsec pulse damage threshold even though the intensity is 3
times higher in the 145 fsec case.

We also observe that for 145 fsec excitaton, the damage threshold on the 100 nm
thick Au flat is about 30% lower at 62° angle of incidence than at 0° angle of incidence
after allowing for a factor of 2 change in nominal absorption. This is shown in the data
of Fig. 2. Such a result is consistent with a change in the Au dielectric constant due to
electronic excitation causing a larger increase in absorption at 62° than at normal
incidence. Although resonance absorption is also a maximum at 62° angle of incidence,
we believe there is inadequate time to generate a critical thickness plasma and to get
significant resonance absorption in 145 fsec. The fact that this difference is not observed
for thicker Au films may be explained by a coincidence that the Auw/Ti/Si interface at 100
nm deep reaches its damage threshold temperature of ~ 500°C at a lower fluence than
required to heat the front surface to the melting temperature of 1060°C. One can only
speculate that the dynamics of the nonlinear change in absorption and optical attenuation
depth makes this occur on the sample irradiated at 62° incidence but not on the sample
irradiated at normal incidence.

We have fabricated a Au/Ti/Si grating with trapezoidal profile as in Fig. 1b and with
Au thickness of 100 nm. In our first efforts, a height/d-spacing ratio of 32% gave the
best diffraction efficiency 80 (£5) % at 810 nm. The period is 5000 A. The best
American Holographic grating (on photoresist) was 90 ( +2) % efficient. In Fig. 3b we
show the damage thresholds for these two gratings for different optical pulse durations.
The damage thresholds for gratings scale with pulse duration the same way the damage
thresholds for flats do, ie., "20-30% lower damage threshold for short pulses. In all cases,
the AwTi/Si gratings had lower damage threshold than the commercial grating or even
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flats irradiated at 62°. This strongly suggests that the nominal absorption of the grating
is slightly larger than that for flats at 62°. Part of this may be due to fabrication defects,
and part may be due to local field effects that may enhance the absorption at specific
places in the groove profile. We believe that one should be able to increase the grating
efficiency and decrease the absorption with proper choice of the grating profile. One
obvious direction is to try groove profiles approaching the blaze condition, eg., where the
effective incidence angle approaches 0°. The sharp corners may have to be smoothed to
diminish local field enhancements, but a factor of two improvement over the commercial
holographic gratings should then be possible.

For triangular profiles approaching the blaze condition, it becomes reasonable to
apply dielectric coatings to the metal surface. By limiting the nominal absorption 10
99%, one can improve diffraction efficiency and raise the damage threshold further. It is
of course uncertain how dielectric coatings act in grating geometries where the lateral
dimensions are less than the optical wavelength. We plan to explore this possibility.

In conclusion, we have fabricated Aw/Ti/Si diffraction gratings. In experiments on
flats, we have shown that wnh Au thickness >100 nm, we obtain the damage threshold of
bulk Auy, eg., 260 mJ/cm? in 150 fsec and 360 mJ/cm? in >500 fsec at normal incidence.
This is approximately 2 to 3 times better than the best Au gratings on photoresist. Our
experimental results on AwTi/Si flats show that the damage for 145 fsec pulse excitation
occurs because the laser pulse heats the electron temperature enough to dramatically
increase the optical absorption so that the front surface lattice temperature eventually (1-
5 psec later) exceeds the melting temperature.
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0.5-TW, 125-fs Ti:Sapphire Laser

1. D. Kmetec, J. J. Macklin, and J. F. Young"~

Edward L. Ginzton Laboratory, Stanford University,
Stanford, California 94305

Abstract

We report the design and construction of a compact 0.5 terawatt, 125 femtosecond
laser system based upon chirped pulse amplification in Ti:sapphire. The final
output beam contains 60 millijoules and is 1.2 times diffraction limited. A saturable
absorber reduces the pre-pulse intensity to 10~ that of the main pulse. Frequency
doubling the output to 403 nm has been achieved in KDP with a peak conversion
efficiency of 45%, and a whole beam conversion of 25%.

Recent progress has been reported in the development of femtosecond. terawatt
laser systems.!~*. Such novel light sources, when tightly focused. can produce an
intensity exceeding 10'®W/cm? One interest in such a source is for the generation
of femtosecond x-ray pulses emitted from a solid target placed at the focus of such
a laser. Calculations® have shown that laser energy to 3.5 A x-ray conversion
efficiency can exceed 0.1%, while preserving the ultrashort duration of the laser
pulse. To obtain this laser power, we have constructed a system based on Ti:sapphire
amplifiers and the technique of chirped pulse amplification. A key feature of chirped
pulse amplification is the very large reduction in necessary amplifier aperature for
the safe, linear propagation of the pulse. This allows the use of small (0.2 cm?®)
aperature amplifiers and optics. Only a single, commercially available. pump laser
is required for all amplification. The final output contains 60 mJ of energy n a
125 fsec pulsewidth. The output beam is nearly Gaussian with an e™? diameter
of 23 mm, and focuses to 1.2 times the diffraction limit. We describe the design
and operation of the laser, and measurements of the final output pulse. including
efficient second-harmonic generation at 403 nm.

The femtosecond oscillator for the system is a hybridly-modelocked dye laser®
operated at 807 nm, and shown in Fig. 1. The gain and saturable absorber dyes are
LDS-751 and HITC-I. The gain dye is pumped with 70 psec pulses of a frequency-
doubled light from a cw mode-locked Nd:YAG laser. The average power of the
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dye laser is 5 mW, with a pulse width of 85 fsec and a bandwidth of 8 nm. In
order to provide reproducibly short, satellite-free pulses for amplification, we employ
stabilization of the pump laser amplitude, use a birefringent filter in the dye laser
cavity to restrict wavelength and control bandwidth, and actively stabilize the dye
laser cavity length. The presence of satellite pulses is observed by an increase in the
output power of the oscillator. We use this information to inhibit the regenerative
amplifier, which would be damaged by such pulses.

The dye laser beam is collimated by a 200 cm focal length lens and double-
passed through an anti-parallel grating pair containing a telescope’ as shown in
Fig. 1. This expander introduces a large, positive chirp to the pulse, stretching the
initial pulsewidth from 85 fsec to 180 psec. The expander gratings are gold-coated.
1800 lines/mm holographic diffraction gratings (Milton Roy Co.), separated by 128
cm. The incident and diffracted angles for the first grating are 54.9 degrees and
38.9 degrees. Two 50 cm focal length cemented doublet lenses, placed a distance
2f (at 800 nm) apart between the gratings, form a unit-magnification telescope to
invert the sign of the grating dispersion. The effective length of the expander is
68 cm.

To obtain a gain of ~ 10'°, Ti:sapphire (anti-reflection coated with single
layer of MgF37) is used both in a regenerative amplifier and a triple-passed power
amplifier. Both amplifiers are pumped with 532 nm from a single Q-switched and
frequency-doubled 10 Hz Nd:YAG laser. The pump laser produces 750 mJ at 532
nm in 7 nsec pulses. The regenerative amplifier cavity, shown in Fig. 1. forms
a TEMgo mode waist diameter of 1.9 mm, and has a round-trip time of 9 nsec.
The 18 mm long Ti:sapphire crystal (as3z = 1.4 cm™!) is end-pumped with 60 mJ
of 532 nm energy. To provide a uniform pump energy distribution, a 35 cm focal

Power amp

Regenerative amplifier

Figure 1. Layout of the terawatt, femtosecond laser system. For both the pulse
expander and compressor. the entrance and the exit angles are the same, but the
beam is displaced in the vertical dimension.
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length lens images the green pump output from the Nd:YAG doubling crystal onto
the face of the Ti:sapphire with a 4 x demagnification. The focus of the imaging
lens is not strong enough to spark in dust-free air.

Pulse selection is obtained with a single intra-cavity Pockel’s cell and thin-film
polarizers, which satisfy the requirements for high power and broad bandwidth. We
have developed a three layer coating which exhibits 80% S-polarization reflectivity
and nearly 100% P-polarization transmission at 72 degrees angle of incidence.
These values remain constant within one percent over a bandwidth of 130 nm
centered at 800 nm. An optical pulse is selected from the pulse train after the
expander for injection into the cavity by the Pockels cell using a 3 nsec, 6 kV pulse
from a thyratron pulse generator. Both optical injection and cavity dumping are
accomplished with the same electrical pulse by returning it via a delay line. A
typical seed pulse energy of 5 pJ increases to a maximum of 8 mJ after fourteen
round trips. We employ a protection circuit to prevent amplifying seed pulses which
contain satellite pulses. This reduces the repetition rate of the amplifiers from 10
Hz to ~ 6 Hz.

Final amplification is obtained in a triple-passed power amplifier. The power
amp is a 13 mm thick, 13 mm diameter Ti:sapphire crystal (asi; = 1.5 em™!),
pumped over the central 5 mm diameter with 550 mJ of 532 nm energy. Relay optics
image the pump beam onto the Ti:sapphire crystal with a 1.4 times demagnification.
The high energy foci are contained in vacuum tubes. For an input pulse energy of
8 mJ, the power amplifier provides a total saturated gain of 15. The output energy
is 110 mJ, and a 7.5 times Galilean telescope enlarges the beam to an e™? diameter
of 23 mm.

The pulse is then double passed through a grating pulse compressor to remove
the positive frequency chirp due to the expander. The compressor gratings are
identical to the expander gratings, except that the ruled area is 10 cm by 10 cm.
The gratings are set with the same incident and diffracted angles as those in the
expander. To compensate the material dispersion of the amplifier (equivalent to
2.5 m of silica after fourteen round trips), the grating spacing is increased by 8.9
mm over the nominal 68 cm required to compensate the expander. This results in
negligible broadening of the pulse due to the higher order dispersion, and single-shot
autocorrelation measurements of the amplified, comprssed pulse vield a pulsewidth
of 125 fsec, assuming a sech? temporal pulse shape. The output beam peak fluence
and intensity is 15 mJ/cm? and 10'' W/cm?. We separate the incoming and
outgoing beams by propagating along a 0.5 degree incline.

The spatial beam quality of the amplified, compressed output was determined
by focusing the attenuated output and measuring the spot size at the focus with
either a pinhole or a scanning knife-edge. Beam attenuation is necessary to prevent
destroying the pinhole and knife-edge at the focus. The output was attenuated
by 107 by placing two high reflectors in the beam path following the power
amplifier and an additional high reflector after the pulse compressor. This beam
was measured to be very nearly gaussian with a e”? beam radius of 11.5 mm.
The attenuated output was then focused using a 200 mm focal length air-spaced
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triplet lens. Transmission measurements using either a scanning knife-edge or a
10.8 micron pinhole determined the spot size. The pinhole measurements yielded
87% transmission, indicating a beam waist radius wo of 5.4 microns. The scanning
knife-edge measurements gave 5 microns + 10%. For this lens and the measured
input beam radius of 11.5 mm. the calculated diffraction limited focal spot is
wo = 4.4 microns. Thus, we infer that the output beam is 1.2 times diffraction
limited. Using the measured values of spot size and power, we expect that with
an f/6 optic, an intensity of 10'® W/cm® would be obtained. When the saturable
absorber is used, we observe a 10% increase in the focused beam spot size over that
without the saturable absorber cell, indicating a small degradation in the beam
quality.

For the available seed energy, the regenerative amplifier delivers approximately
3 percent of the output energy as background amplified spontaneous emission. A
saturable absorber placed after the compressor gratings reduces any such amplifier
noise which precedes the main pulse by a factor of 1000. The main pulse fully
saturates the IR-140 absorber and a large signal tr.nsmission of 75 percent is
observed (whole beam). Since the output beam has a peak intensity of 10'* W/cm®.
the absorber cell must be kept to a minimum thickness to reduce nonlinear phase
distortion of the pulse. The cell has a clear aperature of 5 cm and employs AR-
coated, 3 mm thick fused quartz windows spaced by 4 mm.

An alternative approach to reduce the pre-pulse energy is to frequency double
the output of the laser. Since low intensity background noise doubles with very
poor efficiency, the peak intensity to background noise contrast ratio increases
dramatically when the fundamental is removed with dichroic mirrors or a color
filter. We have frequency-doubled the laser output to 403 nm using a 1.4 mm thick.
5 cm by 5 cm KDP crystal cut for Type 1 phase matching (Fig. 2). This thickness
is chosen such that the group velocity mismatch between the fundamental and the
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Figure 2. Plot of the second harmonic conversion efficiency versus the incident 807
nm laser intensity.
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harmonic results in a 60 fsec pulse separation. We measure a maximum conversion
efficiency of 45% at 10'! W/cm? and a whole beam conversion of 25%. We obtain
these results by propagating the unfocused, collimated output bea.n through the
free standing KDP crystal.
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Multiterawatt Laser System Based on Ti:A1203
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Abstract

Ultrashort duration, high-energy laser pulses have been generated using a titanium-doped-
sapphire oscillator and amplifier system. The pulses have an energy of 0.45 Joules with a
duration of 95 femtoseconds, and 0.23 Joules with a duration of 60 femtoseconds.

We have constructed a Ti:Al;03 based laser system which uses chirped pulse
amplification (CPA) and multipass amplifiers. Pulses are produced with a peak power of 3
TW, an energy of 0.45 J and a duration of 95 fs. Figure 1 shows a schematic layout of the
system. The oscillator is 2 mode-locked Ti:Al0Oj3 laser (Spectra-Physics Tsunami) pumped
by an cw-Ar* laser (Spectra-Physics 2040E). The Tsunami laser produces time-
bandwidth-limited, 1 ps pulses at a repetition rate of 82 MHz. The output power is 1.6
watts at a wavelength of 807 nm when pumped by 9 watts (all lines) from the Ar* laser.
Pulses from the oscillatcr pass through a Faraday isolator and a 65 cm length of 630 nm,
polarization-preserving, optical fiber. Self-phase-modulation (SPM) in the fiber increases
the bandwidth to 24 nm. The power out of the fiber is 750 mW. We obtained a pulsewidth
of 70 fs by compression of these chirped pulses using a prism compressor.[1]

In order to maintain low peak power in the amplifier chain, pulses are stretched to
0.5 ns in a four-pass grating arrangement using two 1800 line/mm gold-coated,
holographic gratings (Milton Roy) and two 60 cm focal length lenses. The lenses are
corrected for chromatic and spherical aberrations at 805 nm. This is essential for achieving
minimum compressed pulsewidths with CPA. Pulses are spectrally filtered in the stretcher
by the use of spatial apertures, in order to eliminate nonlinear portions of the chirp. In the
absence of amplification, stretched pulses could be recompressed 1o 70 fs.

The stretched pulses are amplified in four Ti:AlyO3 crystals; the first three are
Brewster-cut crystals and the fourth is used at normal incidence and is antireflection coated.
Spatial filters following each amplifier limit amplified spontaneous emission (ASE) and
maintain beam quality. The first three amplifier stages are longitudinally pumped by the
frequency doubled output of a Q-switched Nd:YAG laser (Quanta-Ray GCR-4) which
produces 6 ns puises with a total energy of 0.7 J at 532 nm and a repetition rate of 10 Hz.
The fourth amplifier stage is longitudinally pumped by a flashlamp-pumped dye laser
(Candela LFDL-20). This laser produces up to 12 J pulses with a duration of 3 ps at 576
nm and at a 5 Hz repetition rate.
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Figure 1 Schematic layout of the Ti:Al,03 system. SF, Fl, and SA represent a spatial
filter, Faraday isolator, and saturable absorber, respectively.

The first amplifier is arranged in a four pass configuration and is pumped with an
energy of 85 mJ. A Pockels cell pulse selector is placed between the second and third
passes to limit ASE to a 4 ns window, as well as to select a pulse from the oscillator puise
train. A Faraday isolator following the amplifier prevents amplification backwards through
the system. A color filter (Schott RG 850) is then used as a saturable absorber to improve
the short pulse-to-ASE energy contrast by a factor of 90 while transmitting 70% of the

short pulse.
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The second amplifier is pumped with an energy of 65 mJ. The 807 nm pulses make
two passes through this amplifier, which is followed by another color filter saturable
absorber. At this point the energy contrast between signal and ASE is nearly 107 and the
pulse energy is 7 mJ.

The third amplifier stage is pumped with an energy of 0.5 J in a 3.4 mm diameter
beam. Following two passes through this amplifier the 807 nm pulses have an energy of
50 ml. ’

The fourth amplifier stage is pumped with an energy of 9.9 J in a 1.2 cm diameter
beam; this is also the final diameter of the amplified beam. After four passes the 807 nm
pulses have an energy of 1.1 J. After a vacuum spatial filter the pulses are compressed in a
two-pass grating configuration to 95 fs with an energy of 0.45 J. The corresponding peak
power is 3 TW. At an output energy of 0.23 J we obtain a pulsewidth of 60 fs , indicating
that either gain saturation in the amplifiers or SPM in air after recompression may be
limiting the minimum pulsewidth at the highest energy. Pulsewidths are obtained using a
single shot autocorrelator; the lorentzian profile probably results from spectral modification

following either gain saturation or SPM. ASE from the system is less than 15 ul, as
determined by blocking the input to the amplifiers.

At the highest energy, the amplified pulse has a bandwidth of approximately 8 nm:
the spectrum is asymmetric and peaked at long wavelengths because of gain saturation. The
compressed pulse is spectrally broadened to a bandwidth of approximately 13 nm because
of SPM in air. The beam also undergoes small-scale self-focusing{2] in air within a

distance of one meter following the compressor at power densities between 10! and 1012

W/cm?2. The nonlinear index (n7) of air is 2x10-16 esu [3] leading to a phase shift (B-
integral) of 0.1 rad/cm. Inhomogeneities in our large aperture Ti:Al203 crystal, used as the
fourth amplifier, enhance the self-focusing. In order to obtain highly focused pulses we
need to address the resulting non-uniform phase distortion across the beam spatial profile.
Possible solutions include larger diameter optics and an evacuated chamber for the
COmpressor.
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Calculations of High-Intensity Multiphoton
Ionization and Photoemission from Atoms
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Abstract

A method which involves the direct solution of the time dependent Schrodinger equation
has been used in studies of the dynamics of excitation of and emission from atoms in
intense, pulsed laser fields.

In ion

A surprising array of effects have been observed during high-intensity, short-pulse laser
excitation of atoms and molecules. To model the results of these measurements, we have
developed methods to solve the time-dependent Schrodinger equation for an atom in a
time varying, classical electromagnetic field.!:? Studies on many atomic and molecular
systems have been performed over a range of intensities from the regime within which
perturbative techniques are valid up to field strengths well above an atomic unit (I >
3.51x1016 W/cm?2). These calculations have provided predictions for ionization rates,!
photoelectron energy and angular distributions3 and photoemission rates.4 The effects of
ac Stark shifted and intensity broadened intermediate states on the emission processes
have been investigated.

Method

We consider the case of a ground state atom in a strong, linearly polarized laser field
which is turned on gradually starting at time t=0. The response of the atomic electrons to
the laser pulse is calculated by integrating the time dependent Schriddinger equation using
a finite-difference grid representation for the wave function. In order to completely
determine the final state of the system after the pulse, the spatial grid must be large
enough to contain the entire time-dependent wave function, which will have a finite but
possibly substantial extent due to ionization which occurs during the pulse. Such large
grids are necessary if the energy and angular distributions of the photoelectrons are
desired. If only ionization or photoemission rates are required, much more modest size
grids can be employed by absorbing the flux which .caches the boundaries of the grid
either by using a imaginary potential confined to the edges of the grid or by using a mask
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function which reduces the wave function near the boundary smoothly to zero after each
integration step. Provided the grid boundaries are far enough from the nucleus and
reflections from the absorber are minimal, converged ionization and photoemission rates
are obtainable.

Results )

The hydrogen atom has been the system studied most extensively theoretically because of
its simplicity. Although somewhat more difficult to study experimentally, there are
excellent measurements of photoelectron energy and angular distributions for several
wavelengths and intensities.> Because any experiment will involve a significant spatial
distribution of intensities within the focal volume, some convolution of the theoretical
results is necessary in order to compare the single atom calculations with a measured
spectrum. Allowing for that we have obtained very good agreement with measured ATI
energy distributions and for the angular distributions of the individual ATI peaks. These
calculations used pulses which had rapid rise and fall times with an interval of constant
intensity over many optical cycles. The rates obtained are appropriate to experimental
pulses which have hundreds or thousands of optical cycles. Each ATI peak is found to
have a weak oscillatory structure on either side of the peak which is consistent with the
Fourier transform of the trapezoidal pulse employed. This pulse sweeps too rapidly
through any possible resonance with a Stark-shifted intermediate state, so that no
additional structure due to the excited states of the system is found. On the other hand,
calculations using very short sine-squared pulses (20-60 optical cycles) which have
relatively slower rates of rising and falling show quite complicated structure, some of
which is attributable to resonance intermediates. However, additional structure, due to
interferences between electrons emitted during the pulse rise and those emitted as the
puise falls, is evident. This mechanism has previously been shown to introduce Airy-like
oscillations in ATI peaks in one dimensional, model calculations.6 The structure resulting
from these two interfering sources is very difficult to unravel unambiguously.
Experimentally much of this structure will be averaged over in the observed distributions
because of the intensity distribution in the medium.

During excitation, in addition to ionization, the atom can undergo the emission of
photons at frequencies which are integer multiples of the pump frequency. This is called
harmonic generation. Experimentally, surprisingly high-order harmonics have been
observed in rare gas media.”-8 Because of the inversion symmetry in the atom, only odd
harmonics are produced. We can calculate the strength of this emission from our time
dependent electronic wave function. The power spectrum is proportional to the square
of the Fourier transform of the time dependent dipole induced by the driving field. This
dipole is simply the expectation value of z, the coordinate in the direction of polarization.
We have calculated harmonic generation rates for a number of atoms, incident
wavelengths and incident intensities. By considering the propagation of the harmonic
fields through the focal volume, we can predict the conversion efficiency for harmonic
generation from an excited gas.9-!0 Calculated emission rates, which include the spatial
variation of the laser intensity along with the phase matching factors, agree quantitatively
with the measured yields up through the 25th harmonic of Nd:YAG (1064nm) in xenon
gas for incident intensities up to 3x1013W/cm?2,10

Recently there has been considerable interest in the relationship between electron and
photon emission, particularly with regard to the competition between processes of the
same order. It has been proposed by several researchers that the emission of a
photoelectron corresponding to the net adsorption of q laser photons should be closely
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related to the strength of the single atom emission of the qth harmonic photon.!1:12 This
has been demonstrated to some degree with careful calculations for both processes over a
range of intensities for both hydrogen and xenon.13

Normalized Rates (a.u.)

1 15 19 23
Number of Photons Absorbed

ta
~J

-
—

Figure 1. Harmonic photon (open symbols) and electron (closed symbols) emission rates
for xenon at 1064 nm as functions of intensity.

In Fig. 1, we show the emission rates of photons and electrons from xenon for a 1064
nm laser at five different peak intensities. The photo-emission rates are proportional to
q3ld(q)i2. Because there is an arbitrary multiplicative factor between the different rates,
we have scaled the photon rate to agree with the electron emission rate at 3x1013 W/cm?
for the 17th harmonic. This figure clearly shows the intensity dependence of processes of
equal order are generally in quite good agreement. Only for the higher orders at the
lowest two intensities is there an appreciable discrepancy between the photoelectron and
harmonic emission spectra. This difference occurs because the production of a photon of
frequency qo requires not only the net absorption of q laser photons, but also the
emission of the harmonic photon due to dipole coupling between the excited state and the
ground state. At low intensities, the dressed continuum states are poorly coupled to the
ground state because the oscillator strength is concentrated within the bound state
manifold. As the intensity increases, the dressed continuum states begin to include
significant amplitudes of those bound state components which carry oscillator strength
back to the ground state. Under these conditions the photoelectron and harmonic
emission spectra become comparable. This agreement extends up to the point where the
mixing between the bound and continuum states begins to decline. This point moves to
higher and higher order with increasing intensity. These calculations provide dramatic
evidence of the relationship between these processes. However, comparison between
measured photon and electron rates must take into account the propagation of the
harmonic fields through the excited volume, which may alter the apparent agreement
which we have found between the single atom spectra.
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The strengths of the time-dependent approach we have used to study these processes are
first, that arbitrary pulse shapes can be employed in the calculations and second, that the
time-evolving electronic wave function can provide detailed information about the
character of the excitation dynamics.
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Abstract

We use a massively parallel computer to integrate the time-dependent Schridinger
equation for hydrogen in high-intensity radiation fields. Photoelectron and harmonic-
radiation spectra are presented.

The behavior of atoms in strong radiation fields depends critically upon the time
evolution of the field. For example, it has been found! that above-threshold ionization
(ATI) spectra show radical changes as the duration of the exciting laser pulse
decreases; there is also theoretical evidence2 for novel phenomena, such as population
trapping, which occur only for relatively short pulses. In order to treat problems of this
sort theoretically, one must employ methods that accommodate general time variation
of the radiation field. The most direct such method is numerical integration of the
time-dependent Schrodinger equation. This would be an entirely non-controversial
approach if vast computational resources were not required to implement it in practice.
To date there have been only a few reports3 of direct integration of the time-
dependent Schrddinger equation for a three dimensional, one-electron atom in a
radiation field.

Since one of the main limitations to numerical integration of the Schrodinger
equation is the availability of computational resources, we are investigating the
application of massively parallel computer architectures. Our basic approach involves
dividing configuration space into discrete regions, and assigning a dedicated central
processing unit (with its own local memory) to compute the wavefunction in each
region. The wavefunction ¢ is represented on a discrete spatial grid, ¢; = ¢(x;), which
leads to a set of equations of the form

ia—:f =Vi) ¢+ 2 Up® &
k
where the index & refers to neighboring points on the grid. The sum over neighboring
grid points derives from momentum-dependent terms in the Hamiltonian, such as the
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kinetic energy operator and the A - p form of the clectron-field interaction. In the
simplest cases, only nearest neighbors on the grid are coupled. One can then
envisage a configuration in which cach grid point has a dedicated processor, which
solves the above equation using the contents of its own local memory and that of its
nearest neighbors. With an appropriate interprocessor communication architecture,
such as that provided by the Thinking Machines, Inc. Connection Machine, the time
taken to solve this equation becomes indépendent of the number of grid points.

We have implemented several approaches of this type on a Connection
Machine, to describe atomic hydrogen in a linearly-polarized radiation field. We have
used both cylindrical-coordinate and a partial-wave discretization methods, and have
performed calculations in both length and velocity gauges. Numerical results
generated by these four methods are compared in selected cases to verify that the
results are consistent.

The equations of motion are integrated typically over about ten optical periods.
The field is ramped on linearly over 3.5 periods and ramped off in the same way.
Harmonic-radiation spectra are determined from Fourier transforms of the time-
dependent expectation value of the acceleration; photoelectron energy distributions
are calculated by projecting the computed wavefunction onto continuum Coulomb
wavefunctions after the field has been ramped off. We show in Fig. 1 some results for
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Fig. 1. Photoelectron spectra of atomic hydrogen. The atom was initially in the ground
state, the laser wavelength was A = 608 nm, intensities ranged from 1.6x10!3 Wem-2
to 4.4x10!3 Wcm-2, and the pulse was ten field periods in length.
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radiation at A = 608 nm and for intensities ranging from 1.6x10!3 Wcm-2 to
4.4x1013 Wem2. The arrows represent the expected positions of ionization peaks in
the absence of shifts. In each case the peaks in our photoelectron spectra are shifted
to lower energies by an amount that is equal to the ponderomotive energy, to within
10%. This is just the frequency shift of the ground state of hydrogen, as predicted by
lowest order perturbation theory. This agreement holds to intensities as high as
2x1014 Wem-2.  The figure also demonstrates the abrupt onset of ATI at
1.6x1013 Wem-2. The units of the y-axis, though arbitrary, give the correct relative
cross sections for photoionization at the three intensities.

We have evaluated several algorithms for the integration of Schrodinger's
equation in the length gauge and in the velocity gauge, with emphasis on 1etermining
their suitability to the Connection Machine architecture. Figure 2 shows predictions of
population .1 partial waves Y| (8,9) after four field periods, as predicted by length
gauge and by velocity gauge calculations. The field frequency here is 1/3 the Rydberg
frequency and the intensity is 7.0x10'4 Wcm-2. .In this example, the wavefunction is
expanded in spherical harmonics, and a finite difference scheme is used to integrate in
the radial coordinates. It is apparent from the figure that fewer partial waves are
populated in the velocity gauge calculation than in the length gauge calculation. The
velocity gauge interaction Hamiltonian is less efficiently implemented in Connection
Machine Fortran than the
length gauge interaction Hamiltonian, but the velocity gauge calculations are faster
overall, because fewer partial waves are needed.

Population in partial waves, I< /1'¥ >I2 , is not a gauge invariant quantity and
consequently the disagreement between length gauge and velocity gauge calculations
0.5
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Fig. 2. Population in partial waves, I< / | ¥ >I2 , where [ is the azimuthal quantum

number. The data is shown after four field periods of the faser, with field frequency at
1/3 the Rydberg frequency, and intensity at 7.0x10'4 Wem-2.
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Fig. 3. Spectrum of radiation generated by atomic hydrogen undergoing ATI. The
spectrum is calculated from the Fourier transform of the expectation value of the
acceleration. Field intensity was 7x1014 Wcm-2, the field frequency was 1/3 of the
Rydberg frequency, and the atom was initially in the ground state. The dashed line is
the length gauge prediction.

is expected. However, length gauge and velocity gauge calculations should give the
same predictions of gauge-invariant quantities like acceleration. Figure 3 shows the
results of such a calculation. In Fig. 3 the square of the Fourier ransform of the
expectation value of the acceleration is plotted, showing the expected harmonic
generation. In this caiculation the field intensity is 7x10!4 Wcm-2, and the field
frequency is 1/3 the Rydberg frequency. Comparison of velocity gauge predictions in
Fig. 3 with length gauge predictions reveals only slight differences. Comparisons of
this sort between the predictions of different numerical methods proved to be helpful in
detecting and tracking down subtle errors. In particular small failures in the numerical
integration often showed up dramatically in the logarithmic plots of the Fourier
transform of acceleration.
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ABSTRACT

Studies of the interaction of molecules and solids with subpicosecond (~ 600 fs) high
intensity radiation (> 10'* W/cm?®) are leading to the observation of new physical
phenomena and the production of new classes of highly excited matter. The
experiments indicate that a central factor is the ability to generate very high
levels of electronic excitation in a manner which enables the heavy bodies of the
system to remain kinetically cold for the time scale of the interaction.

I. INTRODUCTION

Advances in femtosecond lasers are extending the exploration of muitiphoton
interactions well into -the strong—field regime, the physical situation in which the
external field is considerably greater than an atomic unit (e/al). The performance
projected for ultraviolet rare gas halogen laser technology is currently being
realized'™ and new near-infrared solid state systems, such as Ti:AlLO, are
under vugorous development. Both technologies should reach a field strength of
~ 100 e/ao with instruments that produce an output energy of ~ 1 J in a pulse
width of ~ 100 fts.

There is a growing body of evidence that fundamentally new forms of highly
excited matter can be produced with strong-field interactions. Specitically, there
is considerable interest in the response ot (1) free molecular systems and (2) solid
matter to intense subpicosecond irradiation. Important information on molecules
has been derived from the study of coulomb explosions induced by the rapid
multiphoton ionization characteristic of strong-~field coupling.! 12-20 Much data
ggncerning the behavior of solids has come from the analysis of x-ray spectra. 21-

II. MOLECULAR COULOMB EXPLOSIONS

Assuming that the molecular potential is dominated by the Coulomb term, the time
1 for two atoms, to undergo a Coulomb explosion and develop a separation of x,
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with a reduced mass of M initially situated at a molecular bond distance of ~ 2fa,
and ionized suddenly by a pulse of radiation to charge states Z, and Z,, is

*c ( BaM ) 1/2
T =
ca’ 2mgZ,2,

2

v/ v/
x(1 ~ 2Ba,/x) 1 1+ (1-2Ba,/x)
] [ i e (

s | — ) m
2Ba, 2 1-(1-2Ba,/x)*/?

2

In Eq. (1), o is the fine-structure constant, mg the electron mass, X, the electron
Compton wavelength, a, the Bohr radius, and ¢ the speed of lightt For x = 1.0
nm, with M = 7 amu, § = 1, Z, 2, and Z, = 1, Eq. (1) gives T =~ 146 fs. For
these parameters, the explosion of a homonuclear diatomic molecule would vyield
an ion kinetic energy of U, = 13.6 eV for each fragment, a magnitude that can
be readily measured.

Studies of this nature have been performed on several systems, including N,,
N,0. CO and CO,. A basic question arises concerning the dynamical role, it
any, of the frequency of the intense radiation causing the muitiphoton ionization.
There has been, in particular, a controversy between the results obtained with
N, in experiments conducted with ~ 610 nm and 248 nm radiation.16.20.27
Significantly, the recent experimental work of Lavancier et al.20 on CO indicate
that there is a strong frequency dependence in the coupling mechanism and that
both of the earlier interpretations were basically sound. The uitraviolet wavelength
favors a vertical pathway for excitation (small or negligible nuclear motion)
while the coupling of the visible radiation appears to be substantially nonvertical
and involves considerable nuclear displacement during the process of ionization.
Interestingly, the comparison®6 of the Coulomb explosions observed with 248 nm
radiation for CO and CO, with those arising from fast ion collisions 28 also
appears to confirm the vertical nature of the excitation occurring for the ultraviolet
wavelengths. The basic finding is that, under appropriate conditions, the muitiphoton
process can remove a substantial number of electrons in a time interval sufficiently
short that nuclear motion in the molecular frame is quite small. As a result of
curve crossings that can be traversed during the process of dissociation, this
finding presents a number of important implications for the production of
electronically excited ions.29

III. SOLID MATTER INTERACTIONS

Studies of the interaction of condensed matter with short pulse {(~ 600 fs) high
intensity (~ 10'7 W/cm? ultraviolet (248 nm) radiation show that intense spatially
compact sources for x-ray emission in the kilovolt range can be generated from
solid BaF, targets at close to the maximum volume specific rate allowed.24 In this
case the radiation is emitted in the 9 — 13 A range by transitions involved M-shell
electrons of Ba ions as shown in Fig. (1). The observed structure can be put in
correspondence with previous measurements of the 3d" - 3d"—1at sequence in
that material.3 The measurements showed that the emitted intensity I, fell in
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Fig. (1). Spectrum of x-ray emission observed from BaF, at a iaser intensity of
~ 107 W/em?

the range 5 x 10" < [, < 10'® W/em?® an extraordinarily high value. A simple.
but experimentally based, analysis24 shows that the upper bound of the emission
rate Is ~ 2 x 10'®* W/ecm? a magnitude only slightly above the measured intensity.
Other high-Z materials are expected to exhibit similar characteristics.

Given the findings on Ba, if sufficient excitation is available, transitions involving
M-shell electrons in uranium ions should produce very intense radiation in the 4-
5 keV region. Estimates suggest that for this case intensities in the 10'7 - 10'*
W/cm® range would occur. Although this emission is incoherent, such sources
provide extremely powerful and spatially compact x-ray emitters.

IV. SUMMARY

Studies of strong-field coupling to molecules and solids are producing experimental
evidence that new classes of highly excited matter can be produced. The common
factor in these two types of materials is the ability to produce extremely high

lev f electroni xcitation in manner which enabl the heav i f the
system to remain kinetically cold for the time scale of the interaction.
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Abstract

We report on the multiple photon ionization and dissociation of hydrogen, deuterium,
and deuterium hydride molecules in intense (8 x 10! — 4 x 10'3 W/cm?) laser fields.
The three isotopes give some insight into the intermediate states involved in the pho-
toionization process. We are able to measure ratios of ATD peaks for H} and D} over
a wide range of intensities. Qur results support the dressed molecule picture at least
qualitatively but differences do exist with the quantitative predictions.

Interest in the behavior of isolated atoms in intense radiation fields has resulted
in a cumulative literature rich in new phenomena[l], unresolved issues, and exciting
new predictions for future studies. Recently, the behavior of molecules in intense fields is
attracting an increased amount of attention, especially in the studies of photodissociation
dynamics. The additional challenge associated with studying molecules in strong fields
result from the difficulty of sorting out the general behavior of field-induced effects
from the details or specifics of the molecular structure. This becomes inherently more
cumbersome due to the many internal degrees of freedom of molecules compared to
atomic systems. However, these strong-field studies raise some interesting and unique
questions concerning the role and interplay of ionization and dissociation. Furthermore,
the attraction for studying molecules derives its fundamental interest from the ability to
control molecular dynamics by external variation of a laser field. Although premature
in realization, an understanding of the influence of both intensity and pulse duration in
concert with frequency may ultimately lead to our ability or inability to control chemical
dynamics.

Molecular hydrogen represents the “model” molecular system for these studies be-
cause of its simple and well known molecular structure and as a result should provide
the foundation for future field-molecule studies. The effects of intense fields on H; have
been studied lately by observing the above threshold ionization and dissociation (ATI
and ATD) phenomena through resonant[2] and non-resonant{3-5] multiphoton ionization
(MPI). Several models for the photodissociation of H;, dressed molecular state model[5.6]
for instance, have been proposed. Absence of rigorous treatments, difficulties in experi-
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ments and insufficient resolution of the results leave the picture of the interaction between
the potential surfaces of the H, molecule and the field still less than very well under-
stood. In this paper, we report on “non-resonant” ionization and dissociation of Hz, D;
and HD molecules in intense (8 x 10! — 4 x 10'* W/cm?) laser fields. The molecules
were irradiated by the second harmonic of both Nd:YAG and Nd:YLF lasers. The first
L.P. from the vibrationless H, ground state is 15.425 eV, requiring at least 7 photons
for ionization in the current experiment. The well resoived intensity dependent electron
and proton spectra along with the comparison of data taken at two wavelengths (527
and 532 nm) and for two different isotopes is very useful in elucidating the interaction
dynamics predicted by existing models. :

The intense laser field photodissociation of HF has been explained by the mechanism
of bond-softening[5,6] using a dressed molecular state formalism. In this model. the laser
field is considered as a strong perturber to the molecular potential. The potential curves
couple and distort via the strong dipole interaction. Since the ground ionic state and
the first repuisive state have symmetry 22;’ (1say) and *Z} (2po,) respectively, only
1, 3, 5, ...(odd number) photons can be used to dress the transition state because of
parity conservation. However, a net even number of photon dissociation can also occur
due to the absorption and stimulated emission of photons. Intense fields cause the laser
induced avoided crossing gap to open up. Any ions with vibrational energy within the gap
should become unstable. As the laser intensity is increased and the molecular potentials
distort, one should observe a negative shift in the proton kinetic energy corresponding to
dissociation from the lower vibrational states of HY . Furthermore, the absorption of more
photons (N>2) from the same vibrational states results in a series of peaks separated by
about a photon (total) kinetic energy (ATD). Likewise, the distorted potentials resuit
in a change in the vibrational energy eigenvalues resulting in a positive shift in the
photoelectron spectrum.

The photon sources used are well characterized Nd:YAG (1.06um, 10 nsec, 10 Hz)
and Nd:YLF (1.05um, 50 psec, 1 kHz) lasers. Details of these laser systems have been
described previously(7]. The intensity ranges for 532 and 527 nm radiations were 8 x 10'!
to 9.7 x 10" W/cm? and 5 x 102 to 4 x 10'® W/cm?, respectively. The apparatus
consists of ultra high vacuum chambers equipped with time of flight electron and mass
spectrometers. The photoelectron spectrometer has an energy resolution of about 50
meV for 1 eV electrons. It is calibrated by the well known ATI spectrum of xenon atoms.
The mass spectrometer calibration was performed by weak-field photodissociation of
chlorine[8] molecules. Its resolution was estimated to be about 100 meV for 1 eV protons.
The background pressure in the ultrahigh vacuum system was 1 x 10~2 torr. During an
experiment, the number of ions produced in the ionization region was kept less than 50
per shot to minimize space charge effects.

Figure 1 shows a typical time of flight mass spectrum resulting from the 532 nm
nonresonant MPI of D; molecules at an intensity of 9.7 x 102 W/cm?. The three peaks
are labelled according to the number of photons being absorbed by DY ions leading to
dissociation. According to our experimental results at low intensity most HJ ions are
dissociated from the v},, = 5 vibrational level following the absorption of a single photon
(peak 1in Fig. 1). The maximum of this peak is observed to shift from v* = 5to v¥t =
4 at higher intensities. With increasing intensity another peak emerges corresponding to
two photon dissociation via v;’“:?. Consequently, its separation is less than a photon
total energy from the first peak due to differing initial vibrational states and is intensity
dependent. At still higher intensities a third peak appears about one photon total
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Figure 1: Time-of-flight mass spectrum resulting from 532 nm MPI and dissociation of

deuterium at 9.7 x 10'? W/cm?.
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Figure 2: A plot of the (a) branching ratios, R, and (b) dissociation fraction, F, for H»

and D2 as a function of 532 nm intensity.

energy away from the second peak corresponding to a three photon dissociation. The
same general behavior is observed for D; and HD molecules. Similar kinetic energy
shifts were observed in the 527 nm (psec) spectra over an intensity range of 5 x 10'? to
4x 10" W/cm?. Shown in Fig. 2(b) is the dissociation fraction F¥ and F? as a function
of laser intensity for H} and D}, respectively and where F¥=[H*/(H* + H})] and
FP=[D*/(D* + D})]. Note, that the dissociation fraction for each molecule increases
with intensity and that FD is larger than F¥ at all intensities shown.
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Figure 3: Photoelectron spectrum of Hz molecule taken at different laser intensities with
527 and 532 nm radiations. The data is normalized for gas density and number of laser
shots. The tick marks indicate the unperturbed vibrational levels of the H} ground
state. The hashed boxes are the shifts calculated in ref. 5 using a Floquet method at
the maximum 527 nm intensity of 3 x 10'®> W/cm?. The numbers in parenthesis are the
corresponding Ponderomotive energies at each intensity.

We have carefully examined the photodissociation of H molecules by recording the
proton kinetic energy spectra and the Hz photoelectron spectra simultaneously as a
function of laser intensity. Qur results verify that the mechanism responsible for Ht and
D+ formation is the photodissociation of the parent molecular ion. It appears that the
amount of H* produced is proportional to that of photoelectrons due to (7+1) molecular
ionization. In addition, energy conservation implies that seven second harmonic photons
of YAG(YLF) can populate only up to v* = 3(4) vibrational levels in the ionic ground
state, whereas the lowest intensity data have proton energies peaked at vt = 5. Thus,
we conclude that the H* peak labeled 1 in Fig. 1 (0.7 eV total energy) is due to the
eight photon ionization of H; followed by one photon dissociation of HJ.

Figure 3 shows the photoelectron spectra of H; at 532 and 527 nm at different laser
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intensities. For the entire dynamic range of laser intensities, the vibrational structure of 7
and 8-photon processes is resolvable as well as assignable to the unperturbed vibrational
frequency of HY within experimental error. Some important features of the spectra
should be pointed out here. (1) The low intensity 527 nm photoelectron spectrum shown
in Fig. 3(c) exhibits well resolved v*=0-3 vibrational bands whose intensity distributions
are similar to the Fraik Condon factors expected from a direct 7-photon ionization
between the Hj IE';' and H} 2T} ground states. (2) As the 527 nm laser intensity
is increased in Fig. 3 to 3 x 10‘:f W/cm?, only the low energy electrons, specifically
the vt = 2 and 3 bands, are suppressed proportional to the expected Ponderomotive
shifts in the ionization potential. No such suppression is observed with the 532 nm
excitation due to the lower saturation intensity of Hz in nanosecond pulses. (3) Over
the entire intensity region for 532 nm excitation and those above 10!3 W/cm? with 527
nm the photoeiectron spectrum (PES) profiles are similar, i.e. for the seven photon
process most jons are formed in the vt = 0 level, suggesting a probable intermediate
state resonance. (4) At the lowest intensity which results in an observable rate, the three
molecules show different vibrational distributions (see Fig. 4) which is also indicative of
intermediate state effects. (5) The maximum in the photoelectron distribution for the
eight photon process (ATI) shifts gradually from v* = 5 to v* = 2 as the laser intensity
is increased. (6) The amplitude shift in the 8-photon photoelectron distribution for all
three molecules is independent of the molecule studied. That is, the most probable
photoelectron kinetic energy at a given intensity is the same for H,, D,, and HD. (7)
Finally, no dramatic shifts were observed in the positions of photoelectron kinetic energies
as a function of laser intensities within our experimental resolution. However, the peaks
are observed to become asymmetrically broadened towards lower electron energies at the
highest intensities. This broadening is observed to be universal for all three isotopically
substituted molecules.

H, (a) || HD ®) || D, (©

Intensity (arb. units)

L Lo

0 03 06 09 12 0 03 06 09 12 0 03 06 09 12 1S

Electron Kinetic Energy (eV)

Figure 4: Low intensity 532 nm PES of (a) H3, (b) HD, and (c) D, taken at 1 x 10'?
W/cm?.
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Our results are generally in qualitative agreement with the bond-softening model
but there remain some quantitative differences. In the current experiment, we observed
apparent negative shifts in proton kinetic energies with increasing laser intensity with
both 532 nm (ns) and 527 nm (ps) pulses. The maximum population of the I-photon
proton kinetic energy peak shifts by ~ 200 meV over the entire intensity range. Likewise,
the maximum of the ionic vibrational state distribution in the PES changes from high
to low vibrational levels in a similar intensity range, although the shift in the amplitude
of the vibrational distributions is independent of the molecule studied. Thus, the bond-
softening to first order is predominantly an electronic coupling and not vibrational.
However, we could not observe any commensurate positive energy shifts in the PES
peak positions with increasing intensity although a broadening is clearly evident. An
asymmetric broadening in our PES could result from spatial or temporal averaging in our
experiment masking a “pure” energy shift. However, the sign of the observed broadening
is opposite to that predicted by a bond-softening model[5] (see Fig. 3). This inconsistency
could imply a shortcoming in the numerical method since only the vibrational motion
in the distorted potential are included in the Floquet calculation. Another contributing
factor to the peak width could result via strong-field rotational pumping with increasing
laser intensity, causing the photoelectron peaks to broaden towards lower energies.

Referring to Fig. 2(a), the ratio (R21) of dissociation via 2-photon versus the 1-
photon channels for H} changes from 7% to 25% as the intensity is increased to 9.7 x
10'2 W/cm?. Furthermore, the ratio Rj; for 3 versus 2-photon dissociation decreases
from 16.5 to 6.5% in the same range. Interestingly, the behavior in D} is somewhat dif-
ferent, here the fraction Ry changes from 17 to 40% which is larger than HF. However.
the D.‘T ratio Ra; is smaller than H} and relatively constant (~6%) over the entire inten-
sity range. These branching ratio effects can be all understood with the same model(6].

Physically, the increasing laser intensity corresponds to a larger avoided-crossing gap
resulting in a decrease in the 3-photon diabatic transition rate while favoring 2-photon

adiabatic passage (3-photon absorption, 1-photon emission). Since H} and D} have a
relatively large difference in vibrational frequencies due to their different masses. there-
fore at low intensities where the gap is not large enough to completely shut off the
3-photon channel, D} molecules branch more efficiently through the 2-photon adiabatic
path as compared to HY due to the fact that a smaller vibrational frequency implies
more adiabatic motion. Specifically, Ra2( H) > Rg32(D) at low intensity. As the gap
continues to widen, one should also observe the ratio R3; to decrease for both HY and
D} molecules. Such behavior is clearly demonstrated in our experiments. Figure 2(a)
also shows for comparison the results of the calculated fragment R,f,'gz ratios predicted
by a simple Landau-Zener (LZ) theory[5]. The theory predicts weil the general behavior
of the ratios as the light intensity changes. However, the calculated ratios are approxi-
mately three times larger than the experimental values which could imply that the degree
of deformation of the calculated potential curves is beyond the limits of applicability of
simple LZ theory.

Speculations on the intermediate states involved in the 532 nm ionization of H; have
been previously made by Verschuur et al.[4] and Zavriyev et al.[5]. In Verschuur’s{4]
experiment, the ionization through the B 'T} (v/=3) with five photon resonance and GK
1T} (v'=2) with six photons were considered to be the major processes. Unfortunately,
the photoelectron spectra in either experiment could not be resolved. Figure 4 shows
the 7-photon 532 nm photoelectron spectra of Hy, D2, and HD taken at an intensity
of 1 x 10> W/cm?. Each spectrum differs in the amount of contributions from higher
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vibrations (v¥=1-3) but all share the v*=0 peak as the dominant feature. In fact,
the HD spectrum is predominantly v+ =0 and indicative of a diagonal §v=0 transition
from a Rydberg state to the ionic ground state. However, for 527 nm excitation of H;
(Fig. 3) at low intensity, the lowest four vibrations have comparable amplitude but the
distribution becomes similar to 532 nm PES at high intensity. For 532 nm radiation, the
energy difference (Egp,-Eiever) between 6 photons and unperturbed G 12; (v'=0), 111,
(v'=0), and J A, (v'=0) states of Hy is only 121.9, 89.6, and 33.5 meV, respectively([9].
Ionization from these intermediate Rydberg states to the ionic ground states are diagonal
transitions, i.e. v = 0. Consequently, there will be a wide range of laser intensities for
which one can expect a resonant enhancement via dynamical shifts to occur for the
v'=0 level, explaining its dominant population in our 532 nm PES. Moreover, for 527
nm excitation this difference is 271.9, 239.6, and 183.4 meV, respectively. This larger
detuning implies that for low intensities the 527 nm process will be virtually nonresonant
[see Fig. 3(c)). However, for moderately high intensities a Ponderomotive shift >0.18
eV (7 x 10'?2 W/cm?) will bring the various v/=0 states into resonance resulting in a
PES spectrum similar to the 532 nm excitation. Thus, we propose that the transition
dynamics leading to the final state vibrational distribution via 532 nm excitation in the
low intensity regime is dominated by the J 'A, (v'=0) intermediate level but at higher
intensities may be influenced by the G and I states.

In conclusion, the results presented in this paper support the qualitative predictions
of a bond-softening model. Our well resolved electron and mass spectra also provide
quantitative data which will facilitate some important tests of numerical methods. Ev-
ident in our studies is that the isotopic fragment branching ratios are predominantly a
vibronic effect due to changing mass, whereas the bond-softening is electronic in nature.

However, this could change in the short pulse (< I ps) regime due to rotational aligment
effects.
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Abstract

Resonant multiphoton ionization (MPI) of nitrogen has been studied using photoelectron
spectroscopy in the short-pulse regime. Both Rydberg and valence states are identified
as intermediate resonances in the photoionization process, although the valence states are
seen only at low intensity. It is shown that the vibrational structure of the Rydberg states
acting as intermediate resonances cancels out in the photoelectron spectrum, leading to
sharp atomic-like spectra, even at high intensities. Finally, the ionization of the 3c,,
Im,, and 20, electrons are clearly distiguished.

Introduction

Over the past few years a good understanding of the basic aspects of the multiphoton
ionization (MPI) of rare gas atoms has emerged.! The MPI of molecules has recently
attracted interest because the extra molecular degrees of freedom have led to new
expected and unexpected phenomena. The expected fragmentation of an ionized
molecule can be analysed in terms of the fragment distribution and fragment kinetic
energies to learn about the time scale of the MPI process.>3* Careful control of a
spectral chirp can lead to efficient multiphoton dissociation.> The unexpected results
include a strong wavelength dependence in molecular MPI,> ATI absorption in the
fragments,® molecular bond softening,® and the observation of inner-orbital ionization.’

In this article we present high resolution photoelectron spectra produced by nitrogen
in a strong laser field. The analysis relies on the spectroscopic techinque of using
linearly polarized light in the short-pulse regime to reveal the resonant structure of the
molecule in the presence of a strong field.®

The ATI electron energy spectra of atoms in the short pulse regime up to intensities
of 10" W/cm® are now well understood.! Applying this understanding of atoms to
molecules would lead one to expect molecules to yield a very complex electron energy
spectrum due to the multitude of potential curves and vibrational and rotational structure
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in the molecule. On the contrary, recently obtained ATI electron spectra of nitrogen
show relatively simple features, some of which are surprisingly similar to the spectra of
atoms, and are straightforward to interpret. The simplification from what one might
expect occurs because of the cancellation of the vibrational structure of the Rydberg
resonances and the fact that the valence states play a rather smail, though observable
role. Besides identifying the intermediate resonances in the MPI process we can clearly
distinguish the MPI of the 30y, In,, and 20, electrons. This compliments a previous
demonstration of the MPI of the more deeply bound 20, elecron in N> using
fluorescence spectroscopy.7

Experimental Apparatus

The experiments discussed here were performed with both 616 nm and 308 nm radition
produced as follows: a CPM dye laser running at 616 nm was amplified to 1 mJ, 150 fs
pulses at 10 hz. These pulses were either sent to the experimental chamber or doubled to
308 nm and again amplified to 1 mJ in an XeCl excimer laser. The electron time-of-
flight (TOF) spectrometer’ consists of a 1 m drift tube and a parabolic electron mirror
biased at -5 V or -10 V allowing greater than 2n collection solid angle and an energy
resolution of 30 meV at an electron energy of 2 eV. Spectra were binned according to
laser energy in a bin width of + 10% in energy. Sample pressures ranged from 5 x 1077
to 7 x 10™ torr to aviod the effects of space charge.'® The spectra are all normalized to
electrons/ev/shot/mtorr.

Atomic Short-Pulse ATI

As with any photoelectron spectroscopy. the ionized electrons have a kinetic energy of
Eciec = mE, - Epp, where E, is the photon energy, m is greater than or equal to the
minimum number of photons required to ionize, and Ep is the ionization potential of the
atom in the laser field. This is simply 7given by the ionization potential at zero field plus
the ponderomotive potential, U, = e?E*/4mw?. The difference in a.c. Stark shift between
the ground states of the atom and the ion is neglected. In the short-pulse regime the
electron is not accelerated as it leaves the laser focus. As a result, the detected electrons
will have an energy

Eeiec = ME, - Ep(zerofield)-Up(T) (n

where 1 is the laser intensity. Since Uy, is a linear function of I, the electron energy gives
a direct measurement of the absolute intensity when the electron was ionized.

Although, in general, the atom has no resonances with the laser field. energy levels
can be tuned into resonance with the a.c. Stark shift. A particular level will be in
resonance at a well defined intensity and consequently will show up in the electron
spectrum as a narrow feature at an energy given by Eq.(1).

In a molecule, there are two types of states, Rydberg and valence, and they will
behave rather differently in a strong field. The Rydberg states have large orbits and, thus,
tend to be relatively uncoupled from the ion core. As a consequence, the ac Stark shift is
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very well approximated by the ponderomotive energy, Uy, and the different angular
momentum sublevels of a Rydberg state are nearly degenerate. All the levels in a
Rydberg state will stay together as they are shifted in energy by the laser field. In this
special case, where the a.c. Stark shift is equal to the ponderomotive potential, the
condition necessary for resonance is that Uy = m’E, - E, where E is the zero field energy
of the state above the ground state. Eq.(1) then becomes, for Rydberg states in
particular:

Eejec (Rydberg) = (m-m"E,~E, .(2)

where Ey, = Ep - E is the binding energy of the state.

Unlike atoms, molecules have vibrational structure which would appear to
complicate the ATI spectrum because of the many different ionization pathways. Fig. 1
shows a diagram of several potential curves of N, ! although the following discussion is
perfectly general. Consider two vibrational levels v’ and v of the N3 B final state and a
Rydberg state built on the same B state, respectively. Let o’ and a be the vibrational
constants of these states and B’ and f

BOt"""r""""”'""r"" the energy difference between the v
4 = 0 levels of these states and integral
251 - N, ] numbers of the photon energy. To
; B°L, : bring the v level into resonance
[ | %: requires an a.c. Stark shift of f - av;
sol ‘ /e 1 if the molecule is left in the v’ level.
< I 8 g" _5"/ A, the electron will have an energy of
2 1 { mEy - (B - B’) + (av - a'v’). There
-~ 151 X vence are two simplifications which result
o - / ] in a single value for this energy:
S i first, for Rydberg states. a converges
ol M2 to the ionic limit &’ and typically
[ ] differs by only a few tens of
r wavenumbers,!! and, second, the
sk X'gg* 4 Frank-Condon  overlap integral
1 ) ensures that the will be a vibrational
1 selection rule of Av = 0 as the shape
O AAAAAAAA

_ 1 Lo s dasaad iy, 1
X N IS X R Y of the potential curves are nearly

R (Angstroms) identical.'> The only possible

electron energy is mE, - (B - B,
exactly as is the atomic case.

Figure 1. Various potential curves of N» The behavior of the valence
from Ref.11. The arrows show the photon states in the strong field will be
energy at 308 nm. rather more complicated.

The a.c. Stark shift will not have any simple relationship to the ponderomotive potential.
Furthermore, the different angular momentum sublevels may not even shift together.
Similarly, the Frank-Condon overlap between the valence state and the final ionic state
will not lead to the simple selection rule Av = 0, and, thus, a valence resonance may show
vibrational structure. Finally, the a.c. Stark shift of a valence state may depend on the
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molecules spatial orientation. This would lead to an additional broadening of the valence
state resonances.

Analysis of the Data

Fig. 2 shows electron spectra of nitrogen using the 308 nm beam at four different laser
energies. In the low intensity limit Up in Eq.(1) will be small and so the electrons will
come out with energies slightly less than mE, - Epp. In nitrogen there are three low lying
ionization potentials corresponding to the removal of the 3 § In,. and 20, electrons
(see Fig.1), resulting in the ionic states x22+ ATy, . and B2X, respectively. The value
of mE, - Epp is marked in Fig.2 by the veruca] line at the base of the arrows for each of
these clectrons. It is evident, in Fig.2a, that the three peaks in the spectrum are the result
of ionizing to the three final states X, A, and B of the ion. This, in itself, demonstrates
the removal of any of the outer electrons of nitrogen with a strong field.
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Figure 2. Photoelectron spectrum of N, using 308 nm radiation with a) 23 pJ, b) 67 uJ,
) 106 pJ, and d) 160 pJ corresponding to ponderomotive shifts of 0.46 eV, 1.34 eV, 2.12

eV, 3.20 eV, respectively.

This spectrum (Fig.2a) also shows two types of resonances: Rydbe ? and valence.
The peak at 3.18 eV is due to the n=4 Rydberg state built on the N3 AL, state. This
resonance will be with four photons (Ey =4.03 eV) and, thus, the allowed statcs will have
either np or nf character. The np states have a know quantum defect!? of about 0.7 and
would occur in the spectrum at 2.78 eV. The nf electrons will have essentially zero
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quantum defect, placing the n=4 peak at 3.18 eV. The n=5 peak of the np series can be
seen, however, at 3.79 eV. The strength of the nf series relative to the np series supports
the propensity rule for high angular momentum states previously observed in atornic ATL
The ac. Stark shift required to bring this state into resonance is,
4E, - (Ep(im,) — E,(4f)) = 0.27 eV where Epp(ln,) is the ionization potential of the
I, electron and Ey(4f) is-the binding energy of the 4f state. The laser energy required
to just see this peak was determined to be 13 pJ. This gives an absolute measurement of
the ponderomotive potential vs. laser energy for our focusing conditions: 20 meV/ pJ.
(The arrows on the figures show the calculated value of the peak ponderomotive shift for
the specified laser energy. Resonant features arising from a given threshold must occur
within the the electron energy space delineated by the arrow.)

The other two peaks in Fig.2a are not in the correct position to be Rydberg
resonances, and, thus must be due to valence states. Although the two peaks indicate
ionization to different final states, they may be due to the same intermediate resonance
state. There is also no indication of a similar broad peak associated with the A state,
implying that the intermediate state preferentially ionizes to the X or B state. This could
be due to its electronic configuration or a preferential Frank-Condon overlap with the X
and B state, especially as the internuclear separation in the A state is somewhat larger
than the X or B state.

While most of the conclusions of this paper can be drawn from Fig.2a alone, the
spectra taken at higher laser energies support the analysis and show some additional
mteresung behavior. As the intensity is increased the Rydberg series based on the

3 X }.'," state will be brought into resonance. The binding energy of the 5d state is 0.57

d wnll appear in the data at E, - 0.57 = 3.46 eV. The a.c. Stark shift required to bring
this into resonance is 1.11 ¢V. Using the relationship between laser energy and a.c. Stark
shift determined above the 5d peak should come in at 55 uJ. Indeed, it is seen in Fig.2b

taken at 67 uJ.

As the laser energy is-further mcreased the next resonance to come in will be the
Rydberg series built on the N3 B 23} with five photons at roughly 100 pJ. and Fig.2c
shows the fully developed Rydberg series, although the intensity in Fig.2c was not quite
high enough to reach the 4d resonance.

An important observation from a more complete model of electron spectra in the
short-pulse regimem is that when a Rydberg series is brought through resonance with a
given number of photons the relative height of the different members of the series will
decrease rapidly with principle quantum number, n. In argon it was predicted that the
peak heights would decrease almost an order of magnitude between successive states. In
Fig.2c it is seen that this is not the case for the B series. This implies that the laser
intensity is sufficiently high to saturate those resonances.

At the highest intensity, Fig.2d, the 3d peak of the B Rydberg series has come in at
around 2.45 eV. Finally, we note that at this intensity the A state has still not had a
chance to go through the full Rydberg series of resonances, and, thus, the spectrum is
dominated by resonant MPI to the N3 B2Z} final state.

Electron spectra were also taken with 616 nm radiation, shown in Fig.3. and make an
interesting comparison with the UV data. Two aspects are immediately apparent. First,
the count rates in Fig.3 are much lower than in Fig.2. Second, they are rather more
complex. However, these spectra can be analysed in the same way as the UV spectra.
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All of the structure in Fig.3 can be attributed to Rydberg resonances. In Fig.3a the
series’ built on the N3 A and B states have partially come in on top of the X Rydberg
series. In Fig.3b all the Rydberg states associated with the X, A, and B states have gone
through resonance, and, indeed, three overlapping series are evident.

Discussion -

The differences in the spectra taken at 616 nm and 308 nm can be explained by the
dependence of the ponderomotive potential and ac. Stark shift on the wayelength
(Uplev] = 9.33x10‘”I[W/cmzlkz[umzl). In trying to identify different resonant
pathways, it is clear from Fig.3 that once the ponderomotive potential exceeds the photon
energy the identification becomes difficult. This condition occurs when Up 2 E, and the
intensity at this point scales as A~3. For example, in Fig.2a the different pathways

. o171 leading to different final states are
S < clearly distiguished. Furthermore,
g 081 * the sequence in which different
% r B resonances come in can be easily
< 06 traced through Figs.2a-d. In
NI contrast, a similar spectrum to
<> 04l . .
XU g Fig.2a, W!lCl.’e Up << E,. using
.g 02k 616nm radiation would have a count
3T rate far below the instrument
© 0o . d _ 1 sensitivity. Note that the signal in
0 [ *  Fig.3a is already almost a factor of
o 33 ey ~1 20 smaller than Fig.2a. ‘
230F i Besides the practical
£ e 1 consideration  of identifying
3 f % resonances, this scaling will also
% 20t affect the selectivity in which
S s different pathways contribute to the
% Lob ® MPI process. At longer wavelengths
< many states are shifted into
305 jy\ld resonance at relatively low intensity.
© e 3 At shorter wavelengths the opposite

is true. For example, in Fig.2c and
2d the specwra are dominated by the
Figure 3. Photoelectron spectra of N B Rydberg series. which. in fact,
using 616 nm radiation with a) 50 pJ and  appears to be saturated. The X state
b) 67 pJ corresponding to ponderomotive  went through resonance at much
potentials of 18 eV and 24 eV, lower intensity and the full A
respectively. Rydberg series has not yet come into

resonance. This implies that the N3 B state will be preferentially populated while at 616
nm all the resonances will be competing before any one of them saturates. At either
wavelength, however, at the higher intensities. the electron spectra end up dominated by
Rydberg series’ and look remarkably similar to atomic ATI spectra.

Electron Energy (eV)
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Conclusion

Using linearly polarized light in the short-pulse regime we have identified intermediate
resonances in the MPI of nitrogen due to both valence and Rydberg states. The influence
of valence states is only seen at low intensity and with 308 nm radiation. The vibrational
structure of the Rydberg states is shown to cancel out in the photoelectron spectrum. The
ionization of any of the outer three electrons was directly observed. Finally, a strong
wavelength dependence was seen.
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Coulomb Explosion of Molecular Iodine with
Ultrashort Pulses

Y. Beaudoin, D. Strickland, and P. B. Corkum

National Research Council of Canada, Ottawa, Ontario K1A ORG, Canada

Abstract

We report the production of highly charged, unstable molecules
which remain held together by their own inertia until after
the termination of the excitation pulse. The subsequent
molecular explosion occurs under field free conditions.

Unambiguous explosions are observed from charged states as
high as I1,%

1. Introduction

Ultrashort pulse multiphoton ionization of atomic gas has
been proposed as an important new approach to generating and
controlling underdense plasmas!?. In these plasmas the
parameters are determined by laser and atomic considerations
rather than, as is usual in plasma physics, the electron mean-
free-path

Studies of the plasma implications of multiphoton ionization
need not be confined to atomic precursors. Inertially
confined molecules will add a new variable since the most
important parameter for multiphoton ionization, the ionization
potential, can have a substantial (even dominant) contribution
from the interaction energy. Thus, if a molecule can be
ionized faster than it can disassemble, and if the field free
ionization potential can be used to describe multiphoton
ionization of the molecule, then the charge state of the ions
that result from a molecular precursor will be very different
from the charge state of ions formed from an atomic precursor
which yields the same ions.

In this paper we demonstrate the first of these conditions.
That is, the existence of inertially confined molecular ions.
We also observe their decay channels. In addition to the
plasma implications mentioned above, it will be possible to
study the electronic structure of these highly unstable
molecules.
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We have chosen I, to observe inertially confined highly
charged molecular ions because of its large mass and therefore
relatively slow explosion. When ionized by thirty femtosecond
pulses, there should be almost no motion until after the
termination of the excitation pulse. The resultant Coulomb
explosion occurs under field free conditions. Ions are
observed which derive from Coulomb explosions with energies
characteristic of the charge states as high as I,*.

In the dissociation products we observe both symmetric and
asymmetric decay channels, as well as evidence of the creation
of unstable molecular ions corresponding to dissociation in
excited electronic states.

2. The Experiment

The experiment was performed on I,, a weakly bound, heavy
molecule with a rotaticnal period of 10® J sec where J is the
rotational gquantum number. The ground state vibrational
period is 155 fsec.

Since high power pulses as short as 20 fsec have been
produced?®, and high power 10 fsec pulses appear technically
feasible, the approach can be generalized to a wide variety of
other diatomic or polyatomic molecules.

Iodine was leaked into the time-of-flight wvacuum chamber
which could be pumped to a background pressure of 5x107° Torr.
The molecular explosions were diagnosed in a time-of-flight
mass spectrometer.

The pump beam was produced by amplifying the output of a CPM
dye laser in a Nd:Yag pumped dye amplifier chain which
produced pulses of about 80 fsec duration. After spatial
filtering, the pulse was ‘compressed to 30 fsec using large
aperture compression as described in Ref. 3.

The diffraction-limited pulses were focused into the target
chamber with a F/5 on axis parabola. The focus was in the mid
point between accelerating electrodes separated by 17 mm and
maintained at a potential difference of 200 V. A field free
drift region of 49 mm was terminated by an electrode
containing a 2 mm diameter hole to select only those ions with
no more than a small velocity component transverse to the
drift axis of the tube. The ion current was registered on a
microchannel plate.

3. Results

?igure 1 shows the full time-of-flight mass spectrum produced
with the laser electric field pointing along the flight path.
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Water vapour in the
chamber produced
both hydrogen and
water-vapour ions.
These were used for
calibration
purposes.

The different
charge states of
Iodine are
identified on" the
figure. Although
I, has a stable
ground state and
should be very
effe~-tively
collected 1in the
mass spectrometer,
it is not the
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Figure 1 Time-of-flight mass spectrum.
The charge states of I and I, are shown.
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Figure 2 Time-of-flight mass spectrum of
I*. The characteristic feature in the
figure are described in the text.

dominant species
measured. This is
one indication that
I, is created in an
unstable (excited)
electronic state.
Figure 2. shows
the I' component of
the time-of-flight
spectrum obtained

in the photon
counting mode by
analysis of
approximately 50

shots. A number of
features can be
identified. At low
energies we see a
complex time-of-
flight spectrum,
These features
appear to come from
the dissociation of
I, into a charged
and a neutral ion
although the
dipolar excitation
of I, is also
possible. We have

not as yet looked for the negatively charged ion of iodine.

In either case,

low energy ions of such a broad energy spread

are only possible if the molecule is left in unstable states
at the end of the pulse.

There are three other distinct features of the time-of-flight
spectrum. These have energies characteristic of the explosion




Short-Wavelength Coherent Radiation 219

of I,", I, and I, . 1In all cases the spectra have a peak
shift given by the explosive energy and are somewhat broadened
on the low energy side. This broadening is not the result of
nuclear motion on the timescale of the pulse. Even with the
nuclear force expected for I, decaying into I + I' we
expect ion motion of only 0.2 angstroms in 30 fsec,
corresponding to a potential difference of about 1 ev. Since
the highest charge state is produced near the peak of the
pulse by a highly nonlinear process, the above conclusion
probably over-estimates the effects of ion motion. We
confirmed this conclusion experimentally by investigating
multiphoton ionization with a 80 fsec pulse. As expected, we
observed no significant broadening.

The asymmetric nature of the decay is a significant
observation. The decay 1is occurring under field free
conditions, as is indicated by the occurrence of such low
ionization potential atoms as I' (ionization potential of 19
ev) as a product of a much higher ionization potential
precursor. Asymmetric decay has been suggested previously for
relatively long pulses' (laser pulse longer than the explosion
time). Our experiment unambiguously shows that these charge
asymmetric molecular states are produced in significant
quantities by the excitation process and are not associated
with the dissociation dynamics in the strong laser field even
though there is a field-free ionization potential penalty of
approximately 6 ev for the asymmetric channel.

When consideration 1is given to the relative collection
efficiency of the different components, it appears that
asymmetric decay is at least as likely as symmetric decay. We
can not as yet be more quantitative.

Figure 3 shows

80 the I?* decay
channel. Again

240 we see strong

evidence of

60 1 asymmetric
decay. The

c entr al
component shows
ions with energy
much less than
the Coulomb
decay energy of
any molecular
ion ©f charge
greater than 2.

) ) ' ' L We conclude it
0.0 0.2 04 0.6 0.8 1.0 to be the decay
ATime (us) of I,”” into I +
I. All other
decay channels
containing I',
up to I,** are
observed at

Ion Counts (Arb. Units)
S
(]

Figure 3 Time-of-flight mass spectrum of
1%, The various features of the spectrum
are identified in the text.
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their characteristic Coulomb explosion energy, slightly
broadened to the low energy side.

In figures 1-3

w e h ave 30
presented data
obtained from
molecular.
explosions where
the plane of
polarization is
parallel to the
applied electric
field. Thus, we
O b s er v e
explosions from
those atoms
aligned with
both fields. 0 Yo v Y B ey v
When the laser
£ 1 e 1 4 0.0 0.2 0.4: 0.6 0.8 1.0
polarization is ATime (us)
gg;i:gg' 2yve38 Figure 4 Time-of-flight mass spectrum
different time- ©Obtained with light polarized perpendicular
of-flight t° the drift axis of the spectrometer but
spectrum i oOtherwise similar to figure 3.
obtained.
Figure 4 illustrates the difference for 1. The laser pulse
duration was 80 fsec when the data in figure 4 was obtained.
However, figure 4 would not be significantly different if a 30
fsec pulse had been used. The spectrum in figure 4 is much
less rich than that in figure 3 and it is dominated by very
low energy ions.

It is clear from these experiments that it is possible to
control the explosion energy in multiple pulse experiments and
that the explosion occurs primarily along the laser electric
field direction. We can now begin to explore the nature of
the asymmetric decay channels. These appear to be highly
charged analogues to the dipolar states of the neutral atom.
Perhaps it is not surprising that they are preferentially
excited in strong laser fields, for these states will have the
strongest dipole moments.

In conclusion, the existence of clear molecular explosions
indicates that the spectroscopy of highly unstable inertially
confined molecules can now be studied. The presence of
asymmetric decay channels suggests that the potential surface
of the 1ion 1is modified by the strong laser field.
Understanding the field dependent surface will be an important
challenge for future work.

In the plasma context, inertially confined molecules of
increasing complexity will allow us to investigate the role of
molecular precursors in ultrashort pulse multiphoton
ionization produced plasmas.

2+0
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Ionization and Dissociation of Molecular
Hydrogen by Ultrashort Light Pulses
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ABSTRACT

We have observed above-threshold dissociation of H; and D; on time scales
comparable to molecular rotation, by photoionizing the neutral molecules in 160 fs
pulses of intense 769 nm light. We also see a new dissociation process at high
intensities.

Much research has been done lately to investigate the interaction of intense
coherent light with molecules. Even simple homonuclear diatomic molecules exhibit
very complicated behavior in an intense light field, including multiphoton ionization
and dissociation, multiple ionization, above-threshold ionization (ATI), and bond-
softening, which has also been called above-threshold dissociation (ATD).}?

In recent experiments at the Center for Ultrafast Optical Science at the University
of Michigan, we subjected H; and D, molecules to radiation by ultrashort (160 fs)
pulses of 769 nm (1.612 eV) light. Our aim was to observe ATD and ATI in a regime
where the laser pulse length is comparable to the rotational period of the molecule.
The pulse energy in these experiments ranged up to 0.8 mJ. The light was focused
inside an ultrahigh vacuum chamber (base pressure Sx10°1° torr), backfilled with H,,
D, or Xe gas. The density of the gas was kept low to minimize space charge effects.
The peak intensity of the light varied up to 2x10'*W/cm? (see comments on
calibration below). We employed field-free time-of-flight spectroscopy to obtain the
photoelectron kinetic energy spectra and angle-resolved ion energy spectra. We also
had a charge-to-mass ratio spectrometer, providing us with information about relative
abundance of different ionic species following the laser interaction.

Xenon was used to calibrate the electron spectrometer, and to measure the peak
intensity in the laser focus. Since our experiments were performed in the "short pulse
regime” (negligible ponderomotive acceleration of photoelectrons), the spectrometer
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could be calibrated by observing xenon ATI fine structure, as well as spacing between
different order ATI peaks. To measure the maximum light intensity in the focus, we
detected multiple ionization of xenon in our charge/mass spectrometer. Then, usin§
the simple "suppressed barrier ionization" model, we estimated the peak intensity.
We should emphasize that the validity of the suppressed barrier model for 160 fsec
pulses has not been tested; however, even if the intensity for the onset of high stages of
ionization is not accurately given by this model, at least multiple ionization is an easy
standard of comparison between different experiments.

Previous experiments performed at AT&T Bell Laboratories, using 50-100 psec
pulses at 532 nm and 355 nm, showed repetitive clusters of ATI peaks in- the
photoelectron spectrum of H,, similar to the peaks seen in ATI spectra in atoms. In
the same experiments performed at 1064 nm, however, a broad and relatively
featureless continuum spectrum of photoelectrons extended nearly to 100 eV.* The
new sub-picosecond experiments produce a continuous photoelectron spectrum more
like the 1064 nm light. In this case, the broad intensity independent distribution is
maximum around S eV, and continues to 25 eV. However, unlike the 1064 nm results,
a distinct ATI-like structure appears superimposed on this distribution (Fig.1).

Dissociation energies are measured by time-of-flight ion spectroscopy. A typical
fragment kinetic energy spectrum consists of a series of broad "above-threshold
dissociation” peaks extending to 2 eV. These peaks were also observed with much
longer laser puises.! The new short pulse spectra reveal an additional feature as well:
a broad distribution of fast fragments with energies ranging up to 6 eV. Unlike
photoelectron spectra, the ion kinetic energy spectrum changes dramatically with the
laser intensity. When the peak intensity is below 10'°W/cm?, the low energy ATD
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FIGURE 1: The kinetic energy spectra of photoelectrons detected during irradiation of H; and Dy
by 769 nm lincarly polarized light. The spectra shown were obtained for electrons emitted along
the laser polarization. Each run contains = 10000 laser shots. Laser peak intensity was estimated at
210"W/cm3.
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peaks contain the most signal (Fig.2a). As the light intensity increases, the high
energy signal climbs much faster than these low ATD peaks. At 2x10'*W/cm? the
high energy fragments dominate the spectrum (Fig.2b).

Up to 55% (depending on light intensity) of the dissociation fragments have kinetic
energies below 2 eV. These ions emerge primarily along the light polarization, as
predicted by the mechanism of bond softening (ATD). The laser-dressed internuclear
potential curves undergo ac Stark shifts, particularly near positions where different
electronic states of the molecule are separated by an integer number of photons. For
the ground 1so, states and excited 2po, states of H; and D3, one- and three-photon
couplings are particularly strong for light parallel to the molecular axis. At the
experimentatl light intensity they deform the shape of the potential. The deformation
becomes greater as the light intensity goes up.

Fig.3 shows a "dressed state" energy level diagram illustrating bond-softening. The
passage of an ion through an odd-photon crossing can result in an adiabatic transition
to the other potential, corresponding to absorption or emission of additional photons;
or diabatic passage to the original potential, with no net photon exchange. The
probability for making these adiabatic and diabatic crossings can be estimated by
Landau - Zener theory, which states that the ion must follow the adiabatic curve so
long as its rate of passage through the gap is slow compared to the Rabi rate V,,/#f
for transitions between the interacting states®, V,; is equal to a half of the separation
between the perturbed curves.

In our previous experiments with molecular hydrogen we employed 80-100 psec
light pulses, which are far longer than molecules’ vibrational periods (=20 fs for Hy
and 30 fs for D3 ) or rotational periods (=500 fs for H; and 1 ps for D7 ). As a
result, the initial orientation of an H; molecular ion was not as important -- the laser
loot= 1x10'°W/cm? o= 2%10"*W/cm?
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FIGURE 2: The kinetic energy spectrum and angular distribution of dissociation fragments
detected during irradiation of H,; and D, by 769 nm linearly polarized light. The spectra shown
were obtained for ions emitted along the laser polarization 0°. Each run contains =6000 laser shots.
Additional spectra were observed for the laser polarization rotated in 15° increments from 0° to 60°.
There is practically no signal between 60° and 90°. The insert shows the dissociation fraction as
function of the peak laser intensity.
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FIGURE 3: Dressed state (Floquet) energy level diagram for D3 in the presence of a 769 nm laser
field polarized along the molecular axis.

had enough time for the jon to rotate into alignment with the field and dissociate.
Likewise, the laser field in these experiments was changing very slowly compared to
the internuclear motion; Hy molecular ions were effectively seeing a steady AC field.
This slow intensity change enhances the probability of one-photon dissociation early in
the pulse, when the intensity is low and the three-photon gap is still closed.

H7 and D7 ions vibrate rapidly, even compared to the 160 fsec laser pulse.
However, our experimental results show that the laser intensity change is nonetheless
fast enough to affect the dissociation process, as shown in Fig.2. Comparing the
distribution of the signal in different ATD peaks to the results that we observed with
100 ps pulses, we see that the one-photon absorption is not the preferred dissociation
path any more. In the case of short laser pulse more molecular ions dissociate via
three-photon gap than via simple one-photon absorption (see Fig.2).

In order to explain this phenomenon, we have to refer to the potential curves in
Fig.3 (note that both isotopes have similar curves). As an example we consider an D3
ion, initially in 6 vibrational level of 1so, ground state. We assume that the ion was
produced as a result of ionization of a deuterium molecule near its inner turning point
(point A on Fig.3). Let us also assume that the ionization occurs on the rising edge of
the laser puise. We can think of the ion as a vibrational wave packet moving in the
slightly perturbed 1so; potential well. By the time the vibrational packet reaches the
outer turning point (about 15 fs after it was born) the one-photon gap is still closed, so
the packet just turns around (point B on Fig.3) and heads toward the inner turning
point where it starts a new vibrational cycle. The ion reaches the three-photon
crossing (point C on Fig.3) about 40 fs after it was born; the curves are much more
distorted and a three-photon gap in the dressed potential is now open. As a result, the
wave packet adiabatically switches to the dissociating state at this three photon
crossing, i.e. it absorbs three additional photons. As the nuclei fly apart, they pass
through the one-photon crossing, which is now wide open. An adiabatic passage here
corresponds to the emission of a photon, so that the resulting dissociation fragments
emerge with energies characteristic of net two-photon absorption (the 2y peak on
Fig.2).
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The dynamics of molecules in ultrashort light pulses can be explored further by
comparing angular distributions of dissociating protons and deuterons, and by looking
at the dissociation fraction for both isotopes (Fig.2). The 1so; and 2pa, states couple
to fields polarized along the nuclear axis. Therefore, ions aligned with the field see the
most perturbed potential curves and have greater dissociation probability. The
angular distributions of fragments are strongly peaked along the laser polarization for
both isotopes. However, the laser pulses employed in these experiments are short
enough to probe the difference in the rotational frequency of hydrogen and deuterium
molecular ions. The rotational period of an H; ion in the lowest rotational state is
approximately 500 fsec, about three times longer than the duration of the light pulses.
The deuterium molecular ion rotates at half this rate Therefore, only the molecules
that are initially close to alignment, or can move into alignment during the pulse, have
a good chance to dissociate. Since hydrogen rotates faster, there is more dissociation
of H; than D,;. In addition, if we compare the angular distribution for the two
isotopes, we see that the deuterons on average come out closer to the laser
polarization. Since the ions rotate as they dissociate, more rapidly rotating ions are
detected at wider angles.

These rotational effects deplete the D* signal with respect to H* signal between 0
and 2 eV. However, as is seen from spectra on Fig.2, the 2y peak is depleted less then
3+. Since H7 ions move faster than D through one-photon gap, there is a better
chance for diabatic passage.

In addition to ATD, the 160 fsec pulses also produce a broad distribution of faster
protons, with kinetic energies up to 6 eV. The intensity dependence of these fast
protons differs markedly from the ATD ions. We have considered several
explanations for this new feature in the proton kinetic energy spectrum. Additional
experiments are required to sort out these possibilities. It may be significant that the
high energy part of the dissociation spectra for the two isotopes are identical. This
suggests that the new dissociation mechanism is not sensitive to the different
vibrational and rotational levels of the two isotopes, but rather is due to an electronic
process, where vibration and rotation are unimportant.

*Also at: Applied Physics Department, Columbia University, N.Y., N.Y.
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Abstract

A tunable, high-intensity picosecond dye laser system has been employed with electron
energy analysis to investigate the dynamics of (3+1) resonance-enhanced multiphoton
ionization of Hy via different vibrational levels of its B 13" and C !T], electronic states.
We observe production of molecular ions in variogs vibrational levels, with a shift to
increased population of lower vibrational states of H, consistent with the a. c. Stark shift
of the correspondingly lower vibrational levels of the C state into resonance with the three-
photon energy of the laser . Clear evidence of direct dissociation of Hj followed by single-
photon ionization of the excited H atom is observed as weli. Above threshold ionization of
these two processes occurs readily. We also find that dissociative ionization is an
increasingly important ionization pathway as the wavelength is increased. Finally, we see
evidence of a new ionization pathway, which we assign to photoionization into a transient
bound state created by the avoided crossing of the first repulsive electrqnic state of H;,
|2po,,n), with the single-photon-dressed ground state of H,, 115 Og.n+1

Introduction

As theory and experiment converge on an understanding of intense-field photoionization of
atoms,! the interest of the multiphoton community has turned to molecules. Specifically,
the role of internal degrees of freedom in above-threshold ionization (ATI) has been
examined, leading to discussions of above-threshold dissociation (ATD) of the H,
molecular ion.23 Most of the ATI experiments in Hy have employed limited laser
wavelengths, specifically Nd:YAG harmonics or excimer frequencies. For our study of the
effects of resonances on the ATI of Hp, we employ a tunable dye laser system. This
allows us to examine specific intermediate state resonances in the multiphoton ionization
scheme, and trace their behavior in the presence of the intense laser field.

In this paper we discuss the results of our tunable ultraviolet Hy photoionization
dynamics study.4 We excite rovibronic levels of the B 1Z and C 1T, electronic states at
the three-photon level, and ionize with a fourth photon.  We use photoelectron energy
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analysis to probe the details of the photoionization process. Our experimental apparatus
was described elsewhere;4 briefly, we focus the frequency-doubied output of a pulse-
amplified picosecond dye laser between the pole pieces of a “magnetic bottle” photoelectron
spectrometer. We record the photoelectron time-of-flight distributions for a number of
different excitation wavelengths (288.5 nm<A<304 nm) and peak laser intensities Io,
adjusting the H; pressyre as I, is increased in order to keep the number of electrons
produced each laser shot constant. The spectra presented here have all been converted to
photoelectron energy and normalized to 1 x 10-8 torr pressure of Ha.

Malecular Photoioniza

Typical photoelectron energy spectra recorded at 288.5 nm are presented in Fig. 1 for
electron energies from 0.6 to 2.0 eV. Each spectrum was recorded at a different L, (left
vertical axis), and has been divided by the indicated scale factor (right vertical axis) then
offset from the horizontal axis for display. At 288.5 nm the energy of three photons is just
above the field-free energy of the C I, (v'=2) vibrational state. The peaks in Fig. 1 are
assigned to molecular photoionization of Hj, producing H, in several vibrational levels
(v¥). At the lowest I;, most of the ions are produced with two quanta of vibrational
energy, with some population of v+=1 and v+=3. This predominantly Av=0 ionization is
consistent with the Franck-Condon (FC) overlap of the vibrational manifolds of the neutral
C T, and the ionic X 2X  electronic states. As L, increases, the relative production of
v*=1 increases until the v*=1 peak equals the v*=2 peak. This happens because the C
v’=2 state is a.c. Stark shifted up and out of three-photon resonance by the electric field of
the laser. Likewise, t}+1c C v’=1 state is shifted into three-photon resonance, then Av=0
ionization produces H, ions in the v*=1 vibrational level. The energy of the v*=1 peak
initally decreases as I, increases, due to the increased Ponderomotive energy Uy in the
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Figure 1. Photoelectron energy spectra recorded at 288.5 nm. Peak laser intensity for each
spectrum is indicated on the left axis, and the amount by which each spectrum was divided
for presentation purposes is indicated on the right axis.
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portion of the laser focus where C v’=1 is in resonance. Further increases in I, do not shift
this peak further: it arises predominantly from Av=0 resonant photoionization of the C v'=1
state, and at higher L, this state is no longer in resonance. Similarly, the v+=2 peak is
initially shifted 20 meV (consistent with a small Upat I, = 5 x 1012 W/cm?) but does not
move further as L increases. This v+=2 peaks arises from the ever-expanding volume of
the laser focus where the laser intensity is less than 1013 W/cm?2, and C v°=2 is in three-
photon resonance. This behavior is the hallmark of resonances in ATI, as has been
discussed in great detail by others.! Finally, we assign a broad photoelectron peak at 5.4
eV (not seen in Fig.1) to ATI of this molecular photoionization. We lack sufficient energy
resolution to resolve the vibrational levels in this above-threshold electron peak.

issociation follow

Electron energy spectra between 1.5 and 6.0 eV are presented in Fig.2 for A= 297.5 nm.
As the laser wavelength is tuned, the positions of the peaks shifts in a manner attributable
to the change in total energy available. At 297.5 nm, the energy of three photons is just
below the field-free energy of the C IT1, (v’=1) vibrational state. At the lower laser
intensities this energy region of the photoelectron spectra is dominated by a peak at 2.63 eV
which is very sharp at most laser intensities, occurs at the energy expected for single-
photon ionization of H(3f), and does not shift in position as ], increases (the large
shoulder toward lower photoelectron energy observed in Fig. 2 is assigned to a different
ionization mechanism because of its wavelength dependence). We assign this peak to
photoionization of H(3¢£), resulting from direct dissociation of neutral Hy followed by
ionization. Photoionization occurs readily of H(3¢) since only one photon is required;
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Figure 2. Photoelectron energy spectra recorded at 297.5 nm, all else the same as Fig.1.
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however, we see no evidence for ionization of any other states of atomic H. At 297.5 nm,
absorption of four photons is above the dissociation limit to produce H(3¢) but below the
energy required to produce H(2¢). The absence of any H(2£) suggest this dissociation
occurs at intemuclear distances R too large to curve-cross to potentials which correlate to
H(28)+H(1s) dissociation products. This is consistent with the population at the three-
photon level of high vibrational levels in the B 1Z,| state which have rather large (R > 5
bohr) outer turning points. Absorption of a fourth photon at this R will have a gavomble
FC overlap for transition into a neutral, doubly excited state similar to the Hy i2po,>
repulsive state, converging to the dissociation limit of H(1s) + H(3¢#). The narrowness of
the peak is understood in the context of the relative a.c. Stark shift of the excited (n=3) state
and the ionization potential. Recent calculationsS have shown that our use of >4 eV
photons permits us to use the “high frequency approximation”, because this excited state
has an a.c. Stark shift nearly equal 1o that of the ionization potential. Therefore, no matter
what intensity the ionization occurs at, the excess energy available for the photoelectron is
always the same for our 1.5 ps laser pulses.

Dissociative Ionization

For 297.5 nm, the energy of the final peaks observed in these experiments are 2.4 eV and
3.75 eV. These high-energy peaks do not correspond to any low field processes. We
traced the energy of these peaks as a function of laser wavelength to determine the
responsible mechanisms. For the 2.4 eV peak, we observe a marked decrease in
photoelectron energy as the photon energy decreases, but the decrease is not a simple
function of the photon energy. We assign the 2.4 eV peak to dissociative ionization
occurring after a two-photon absorption from the outer turning point of a vibrational level
in the B state. This process can be resonantly enhanced by any of a number of doubly-
excited states at the four-photon level (the same states Wthh dissociate to produce excited
H atoms). If we estimate R=5.5 bohr, the energy of the H2 2po,> state at that R is 18.45
eV. Five photons at A=297.5 nm add to 20.84 eV. The excess energy available for
partitioning between the electron and the dissociating H(1s) + H* is 20.84 - 18.08 = 2.76
eV; the excess energy above the H, 12p0,> state is 2.39 eV. The observed electron energy
of 2.4 eV falls neatly between these two bounds. This behavior occurs at each wavelength
studied, with the exception of the last wavelength (304 nm), where the observed electron
energy is less than 5% larger than the upper bound calculated using our simple delta-
function model for this absorption followed by dissociative ionization model. Dissociative
ionization has been observed at other laser wavelengths by others, most notably by Rhodes
and coworkers.%

Jonization ient laser-induced bound

The evidence for a fourth photoionization mechanism in our study is as follows. With the
possible exception A= 288.5 nm, the electron spectra display a prominent electron peak
near the photon energy. Although the peaks are broad, they are fairly symmetric and we
find a decrease in peak energy that is nearly 1:1 with decreasing photon energy. This rules
out a conventional, multiple-photon ATI explanation for these high-energy electrons. We
assign these electrons to ionization into the adiabatic state formed by the avoided crossing
of the n+1-photon dressed ionic bound state potential |lsag,n+ l) and the n-photon
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dressed ionic repulsive |2p0'u,n) potential. This crossing creates two adiabatic states
(upper and lower adiabatic potentials, UAP and LAP) from the diabatic states; it is the LAP
that is responsible for the “bond softening” observed by others.2> We are concerned with
the UAP. Three-photon excitation of the B state prepares an Hz molecule with large R.
Two further photons are absorbed, and photoionization occurs into the UAP formed by the
avoided crossing. We estimated the depth of the UAP by a simple two-state avoided
crossing calculation involving only the |1s0'g.n + 1) and |[2pay,,n) diabatic potentials. We
diagonalized our adiabatic potentials to obtain their eigenvalues and eigenfunctions. For
example, at A=304 nm and I,=1 x 10!3 W/cm2, the UAP is bound by 1 eV, and supports
14 vibrational states. Finally, we calculated the FC overlap between vibrations in the B
state and vibrations in the UAP. We found that the electron energies predicted by the best
FC overlap with the B state agree qualitatively with the observed electron energies, but are
approximately 0.4 ¢V lower than those observed. We are satisfied with this agreement,
given the simple nature of our computation. Further computations await a better under-
standing of the effect of the strong laser field on the valence B state: our computation used
the field-free potential which is almost certainly invalid at the laser intensities employed.
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Multiphoton Ionization of I2, HI, and CF3l, and
Above-Threshold Ionization in I2
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Everint Laboratory, University of lllinois, 1406 W. Green Street,
Urbana, Illinois 61801

Abstract

Muitiphoton ionization (MPI) spectroscopy of several iodine-bearing molecules has
shown that molecular dissociation and subsequent ionization of the atomic fragment is
the channel preferred to direct ionization of the molecule. ATI has also been observed.

L. Introduction

While a number of elegant experiments over the past several years have explored the
photoionization of atoms (and Xe, in particular) at high field intensities, considerably
less has been reported for molecules. Qur interest lies in the fragmentation of diatomic
and polyatomic molecules at optical field intensities > 10" W/cm? and this paper
describes the results of experiments in which the photoionization of small iodine-
bearing molecules has been studied by time-of-flight photoelectron spectroscopy.

II. Experimental

These experiments utilized a magnetic bottle, electron energy spectrometer operated in
tandem with a time-of-flight mass spectrometer. Initial calibration of the electron
spectrometer was accomplished by photoionizing Xe at 532 nm and recording its
electron kinetic energy spectrum. This and subsequent tests showed the spectrometer
resolution to be <15 meV. The heavy-particle spectrometer was also calibrated with
Xe. One set of experiments were conducted at a fixed wavelength (532 nm) and used a
frequency-doubled, injection-seeded Nd:YAG laser having a pulse width of 10 ns,
while a second set of dye laser experiments involved a Littman type oscillator which
was amplified in a two stage, longitudinally-pumped dye amplifier chain. The upper
limit on the linewidth of the dye laser after amplification is estimated to be - 3 GHz.
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Photoelectron energy spectra were acquired in 100 ns segments with a Tektronix
7912AD transient digitizer which provided an effective sampling resolution of 200 ps
per channel, several times greater than the detector response time. Electron density at
the laser focus was maintained below 10'° cm™ to avoid space charge distortion effects
in the photoelectron spectra.

II1. Resuits

Photoionization of I,, HI and CF,I at 532 nm reproducibly demonstrated that, at the
optical intensities examined, the scission of the R-I bond (R=I, H or CF,) is favored
over direct photoionization of the molecule. Only weak features attributable to
photoelectrons of molecular origin were observed and, as illustrated in Fig. I, the
dominant features arise from the five photon ionization of the 2P, and P,,, spin-orbit
terms of the atomic iodine ground state. This result differs from those of previous
studies carried out at shorter wavelengths'? in which the I, ionization process was
demonstrated to be dominated by three photon ionization of the parent molecule,
followed by the absorption of a fourth photon, and the subsequent dissociation of the
molecular ion. The similarity of the three photoelectron spectra in Fig.l and the
absence of any peaks attributable to I, suggest that the direct production of I,* by MPI
under the present experimental conditions is negligible.

Branching ratios associated with the production of I* ions in the *P,, 3P, and P,
states were also examined for I, photoionized at 532 nm and the results are given in
Table 1. Similar results were obtained for CF,I and HI despite the fact that the
photodissociation of CF,I at 532nm is characterized by a larger fractional yield of
1P, ;) than that for I, at the same wavelength. Another interesting feature of these
spectra is the strength of the I* (P)) « I (®P,;) + Shv process as compared to the

Table 1
Electron Yields for Atomic lodine Produced by Photodissociation/Ionization of
Molecular Iodine at 532 nm.

Ionization AE nh»-AE | Order | Avg. Abs.

Channel (cm-1 (eV) n Yield
I* PPyl [P, 84295.1 1.20 5 80%
I* PPo)eI [P,,) 90743.0 0.40 5 1.0%
I* PP,J+I 2P, ) 91382.1 0.32 5 11%
I* ['Dy)«I [Py 5] 98022.3 1.83 6 Not Obs.
I* ['Sg)+1 [*Py,,] 113796.4 2.21 7 Not Obs.
I* [PP,)+I [P, ,,] 76,692.0 2.14 5 Weak
I* PP« [2P, ) 83,139.9 1.35 5 0.6%
I* PP}« [P, ] 83,779.0 1.27 5 5.8%
I* ['Dy)eI [P, ;) 90,419.2 0.44 5 1.9%
I* ['S))1 [*P,5) 106,193.3 0.82 6 Not Obs.




234 Short-Wavelength Coherent Radiation
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Figure 1. Photoelectron spectra for several iodine-bearing molecules photoionized at
A = 532nm. The top panel indicates the expected positions of photoelectron peaks
resulting from various MPI processes. The number of absorbed photons is denoted by
n.
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Figure 2. Photoelectron spectrum of I, acquired with a scanning Littman-type dye laser
(Av < 0.1 cm™)).

I* (P, « 1 (*P,;5) + Sh transition, especially when one considers the near resonances
that occur in the latter case with the 12p and 7p terms of Rydberg series that converge
to the *P, ion limit®. ATI of iodine also was reproducibly observed for intensities on
the order of 10'2 W/cm?.

Preliminary results have been obtained using the Littman dye laser-amplifier system
which indicate that the overall 5 photon ionization cross section in the wavelength
range 575-585 nm is considerably larger than that at 532 nm. Multiphoton ionization
of molecular iodine has also been observed in the yellow. As the dye laser wavelength
was scanned, resonant enhancements due to the intermediate B °TIg* state were clearly
noticeable when monitoring the atomic and molecular iodine photoelectron peaks.
Measurements of the electron yield as a function of laser wavelength in the 566 - 599
nm region revealed considerable structure and a portion of the spectrum observed by
monitoring the I, photoelectron peak is illustrated in Fig. 2. At least two clear
Rydberg series are observed and details regarding the characteristics of these series will
be discussed elsewhere*.
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IV. Summary

Multiphoton ionization of I,, HI and CF,I at 532nm has vividly illustrated that the
dissociation of the parent molecule and subsequent ionization of the atomic fragment is
the preferred ionization channel. Atomic and molecular ATI has also been observed in
the halogen-bearing molecules and at least two strong Rydberg series have been
observed in I, by photoelectron spectroscopy.

Acknowledgment
The support of this work by NSF under grant CTS 89-15795 is gratefully
acknowledged.

References

!J. C. Miller, J. Phys. Chem. 91, 2589(1987).

2y, C. Miller and R. N. Compton, J. Phys. Chem. 75, 2020(1981).
3S. T. Pratt, Phys. Rev. A. 32, 928(1985).

‘Y. Y. Gu, A. M. Farkas and J. G. Eden (unpublished).




Section IV: High-Intensity Laser-Matter
Interactions

Low-Density Targets




Resistance of Short Pulses to Self-Focusing

- D. Strickland and P.B. Corkum
National Research Council of Canada
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Self-foc‘using arises in all materials, gases, liquids, solids or plasmas. Yet, it has
been investigated only in the limit where the beam diameter is significantly less than the
pulse length ( ¢, where 1 is the pulse duration). In this case, the beam is predicted to seif-
focus to moving singularities in the absence of other nonlinear effects. However, there is
another extreme which is rarely, if ever, noted where the beam diameter is much larger than
the pulse length and the pulse will disperse before any self-focusing can occur. Short pulse
self-focusing is more related to the second extreme than the first.

We introduce a2 model for intermediate pulse durations that shows how a short pulse
evolves through self-focusing, growing transient temporal microstructures. These very
short structures then disperse and stop the self-focusing process, stabilizing the beam. We
will also show that it is these very short temporal structures that lead to the phenomena of
continuum generation. The model explains three experimental features of continuum
generation that were previously poorly understood, namely (1) the spectral modulation of
the continuum, (2) the spatial structure of the continuum, and (3) the insensitivity of
continuum generation to the duration of the input pulse. Predictions of the model are
confirmed experimentally with detailed studies of femtosecond continua.

The model differs from previous models of continuum generation in that seif-
focusing plays a central role. As a consequence, continuum radiation is produced by the
transient substructure throughout the portion of the pulse that is above the self-focusing

threshold. Therefore the frequency does not continuously vary throughout the pulse as
238
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would be the case for SPM alone, but rather the entire continuum spectrum is produced at
each point in the pulse with a definite phase relationship between each point determined by
the original phase of the pulse. The continuum radiation produced by the transient
substructures can therefore be modeled as emanating from a line array of phased sources.
Both spectral modulation and conical emission occur as a result of interference of the
radiatiation emanating from a line array of sources. '

An experiment was performed to investigate the above predictions. Pulses of 50 fs
duration and energies of ~500 pJ were generated by amplifying the output of the CPM dye
laser in a Nd:YAG pumped prism dye amplifier. The beam was focused by /150 optics
into a 75 cm long gas cell which could be filled to a pressure of up to 40 atmospheres. We
show that the modulation period decreases with increasing pressure as expected, since the
critical power decreases and so more of the pulse has the required power to self-focus. We
also show qualitative agreement between the modeled and experimental spatial profile of the
transmitted radiation.

We conclude by emphasising that concepts, well established in long pulse self-
focusing, do not always scale to the short pulse regime. In particular, short pulses resist

nonlinear changes to their geometrically determined focal spot size.




Reversible Multiphoton Ionization of Gases
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ABSTRACT

Using femtosecond time-resolved Schlieren imaging, we
observe a light-induced reversible plasma-like change of the
refractive index of a gas during optical irradiation by 80 fs laser
pulses.

The development of lasers delivering ultra-short pulses at the multigigawatt power level
opens new perspectives for the study of laser-matter interaction at very high intensities.
Extensive studies of multiphoton ionization, continuum and harmonic generation in
gases have been reported during the last few years!. These experiments detected mainly
the photodetached electron spectrum or the self-emission from the interacting area. We
report here an experiment using a probe beam which allows to analyze the time- and
space-resolved change of the refractive index of a gas perturbed by a short intense optical
pulse.

We have used a CPM dye laser delivering optical pulse of 80 fs duration at 620 nm with
a maximum energy per pulse of 1.5 mJ. The repetition rate of the laser was 20 Hz. The

laser was focussed with a /8 lens inside a chamber filled with gases at 1 atmosphere
pressure. The focal spot size was determined by an image plane technique to be 10 pmin

diameter. The energy per pulse was measured with a calibrated calorimeter.

A weak part of the laser beam was used as a probe beam crossing the interaction
area at an angle of 90° from the main pulse. When a light beam propagates through a
region of varying refractive index, it becomes deflected. When projected with a lens on
an image plane, the refracted beam directly yield informations on the time and spatial
profile of the variation of the refractive index in the interaction area. A schematic view of
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the principle of the experiment is shown in Fig. 1. The rays of the probe beam which are
not ( or only weakly ) deflected are stopped by a knife edge placed at the focal plane of
the imaging lens. The more strongly deflected rays are imaged with a lens (magnification
ratio x170) on the detection plane of a CCD camera. The image was stored and
processed by a minicompater.

We observed the image of the refracted probe light beam as a function of pump
intensity and time delay between the probe and the pump beams. The signal due to the
refracted light appeared abruptly at a threshold pump intensity Ig= 2. 10" W/cm?. The
sign of the variation of the refraction index was determined to be negative. Near
threshold, a gas length of only 30 um in the beam waist induced a deviation of the probe
beam. This corresponds to the spatial extent of an optical pulse of 100 fs duration When
we changed the time delay between the probe pulse and the pump pulse, we observed the
refraction signal moving without any change in its length as shown in Fig.2a. This
indicates that the gas undergoes a strong modification of its polarizability during the
irradiation and recovers very rapidly when the pump pulse has left. When the intensity of
the pump pulse was increased, the recovery was no more complete and a long-lived
signal became observable. This trailing signal of refracted light lasted for a long time
{(t>100 ps) as expected for a plasma created by multiphotoionization followed by
recombination. For a pump intensity I > 2 10" W/cm?, beam filamentation became
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Figure 1: Schematic diagram showing the interaction region and the principle of the
Schlieren imaging technique
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apparent in the image, as shown in Fig.2b. At these intensities, continuum generation
along the pump axis was also clearly observable. All the above results were essentially
the same when the pressure in the chamber was decreased by a factor of three or when
argon was replaced by air.

Both the the magnitude and the sign of change of the refractive index at or above
threshold are characteristic of a singly-ionized plasma. By contrast, the usual non-linear
response of a neutral gas would lead 10 a much smaller change in the refractive index
and, moreover, with opposite sign. Simulations show that a cylindrical plasma of 3 101?
cm-3 electron density with a 6 um FWHM gaussian radial profile is required to
reproduce the observed signal.

The effect of the relative polarization and wavelength of the probe and the pump
beam has been investigated. With crossed polarizations, the prompt signal shown in
Fig.2a at “low” intensities vanishes completely. By detuning the probe wavelength with
respect to the pump wavelength (with parallel polarizations) the intensity of the refracted
signal was greatly reduced.

The surprizing new result here is the reversibility of this light-induced, plasma-
like, response suggesting that even after the interaction with many photons, the system

Intensity: 3.6 1014 wiem? Intensity: 2.2 1013 wicm?

Figure 2: Schlieren images of the plasma-refracted probe as a function of
the time delay between the pump and probe beams for two laser intensities.
Each frame corresponds to a different location in the pump beam waist.
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can be coherently driven back to the initial state. Similar observations of rapid variations
of the refractive index in a plasmaz'3 have been observed through time-resolved spectral
shifts. Blue shifts during the rising edge of the pulse were observed, followed by a rapid
red shift attributed to the collisional dynamics of the plasma.

The behavior of the time-resolved refraction signal when the polarization or the
wavelength of the probe beam are varied cannot be explained merely by plasma
dynamics effects. Our 90° angle pump/probe technique can lead to wave mixing
phenomena in the interaction region. Due to the nonlinear behavior of the plasma
refractive index as a function of laser intensity, an index grating is created at the beam
crossing which diffracts the pump beam towards the detector. Parallel orientation of the
refracted pump wave vector and the probe wave vector is ensured by conservation laws
of the four-wave mixing process. Tais may explain the polarization and wavelength
dependence of our signal.

In conclusion, the existence of a transient plasma state with a nonlinear refractive
index n<l may have relevance to the understanding of continuum and harmonic
generation in gases irradiated with laser light at intensities below the multiphoton
ionization saturation limit.
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Spectral Blueshifts of Femtosecond Pulses
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Collisionless multiphoton ionization of atmospheric density gases with intense
femtosecond pulses can produce a cold, dense plasma of highly stripped ions, thus
providing a promising medium for XUV recombination lasers{l1]. We have shown in
several recent papers {2-4] that rapid ionization and the subsequent development of of
plasma temperature in atmospheric density plasmas cause macroscopic refractive index
changes which in turn induce characteristic spectral shifts on the ionizing puise, or a time
delayed probing pulse. Theoretical analysis of detailed features of these shifis w1 the
lighter rare gases (He, Ne, Ar) has revealed several key aspects of femtosecond
ionization: 1) an ab initio model of spectral shifts based on fundamental strong field
ionization theory (e.g. Keldysh, Ammosov [5,6]); 2) the occurence of anomalously large
blue shifts at higher pressures and intensities, when the ionization rate is significantly
enhanced by impact-ionizing collisions of the quivering electrons [4}; and 3) evidence for
low plasma temperatures, based on red shifts induced on a time-delayed probe [4]. In
this paper we present new results with Kr and Xe gases, which reveal a distinct "double-
humped” feature in the blue shifted single pulse spectra not seen in the lighter noble
gases. A quantitative model is presented that attributes this effect to two characteristic
rates at which multiple stepwise ionization occurs: a “fast” rate corresponding to each
ionization stage during the early part of the pulse (e.g. Krt* -> Kr{t+1H+) that produces
the more shifted peak; and a "slow" rate which corresponds to the primarily impact
ionization during the peak and latter parts of the pulse. The dwell time following the
saturation of each ionization level in the early pant of the puilse also contributes to a
significant broadening of the bluer shifted part of the spectrum. This two-humped effect
is more pronounced in Kr and Xe because of the lower ionization potentials, and
therefore greater ionization rates; in addition, the larger number of levels ionized in these
heavier noble gases cause a greater broadening of the further-shifted peak. Details of the
double-humped blue shifted spectra depend on the role of impact ionizing collisions in
the strong field, and also on the presence of chirp on the incident puise.

Spectra of pulses after high intensity breakdown in Xe and Kr gases typically display a
tall, narrow peak that is biue-shifted by about 5-6 nm. from the original pulse spectrum,
and a short, broad "shoulder” towards the blue. This shoulder separates into a clearly
discemible peak as either the intensity or the pressure is increased. This feature can be
seen in the top figure, where we present the spectrum of a 100 fs. pulse with peak
intensity 5 x 10!5 W/cm? shifted by ionizing breakdown in 3 atm. pressure of Krypton
gas. The spectrum can be fitted quite well with a sum of two gaussians, accentuating the
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FIGURES: The top figure shows observed spectral shift of breakdown in 3 atm. pressure Kryptoo gas
with peak intensity 5 x 10'5 W/cm2. Included is the unshifted spectrum, and a pair of gaussian functions
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twin-peaked behaviour of the shifted spectrum, as indicated in the figure. It is seen that
the narrow gaussian is shifted by about 5 nm. and the low. broad gaussian is shifted by
about 11 nm. Since the magnitude of the blue shift is proportional to the derivative of
the refractive index, we expect that a histogram describing the relative amount of tune
that the derivative spends at any given value should reveal two strong, distinct peaks. In
the lower figure we have plotied the degree of ionization of Krypton atoms at 3 aun.
pressure when illuminated by a 100 fs. with peak ntensity of 5 x 1085 W/em? | as
predicted by our ab initio model. Note the stepwise structure of the ionization caused by
one level saturating, and a short "wait” before the intensity increases enough for-the next
level to begin ionizing. We have inset in the lower figure a histogram of dn/dt from the
resulting index caused by the pictured ionization. As expected. there are two very
distinct peaks in the distribution of values for the derivative. which result in the type of
“twin-peaked” behaviour that is observed in the shifted spectra. The values of the
derivative where these peaks occur correspond to the shifts of the two peaks in the shifted
spectra. The significant narrowing with respect to the original pulse spectrum of the tall
peak can be seen in the top figure. This feature results from the ionization-induced phase
modulation actually negating the chirp on the laser pulse being shifted. Such a chirp on
the incident pulse is expected, since the observed pulse spectrum from the amplifier will
support a pulse of less than 50 fs, while the measured pulsewidth is 100 fs. It is possible
1o inciude the effects of the chirp on the laser pulse in inodelling the spectral shafts by
siunply measuring the interferometric autocorrelation of the incident pulse.

In conclusion, we see two important features in the shifted spectra from high intensity
hreakdown of the heavier noble gases at higher pressures: a double-humped appearance.
and a significant narrowing of the taller peak. The double-humped feature comes
directly from the primarily double-valued derivative of the refractive index. as we cun
see from our ab initio model. The narrowing of the taller peak results from the chirp that
exists on the amplified 1aser pulses, and can also be included in our model.
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Creation of Relativistic Plasmas Using
Ultrahigh-Intensity Laser Radiation
J. N, Bardsley and B. M. Penetrante

High Temperature Physics Division,
Lawrence Livermore National Laboratory, Livermore, California 94550

Abstract

Recent theoretical work on the relativistic dynamics of electrons in plasmas produced by
short laser puises is reviewed. The effect of the electron motion upon the laser propagation
is discussed, and brief comments are made about the feasibility of laser-induced nuclear
reactions and laser wakefield accelerators.

I. Introduction

The importance of relativistic effects in laser-produced plasmas can be judged from the
parameter

ﬂlC2 mcw

where Ap and E,, are the peak magnitudes of the vector potential A and electric field
strength E, respectively, and  is the laser frequency. The effects are significant when q 2
1. This is achieved when the intensity I reaches a critical value Ip(w) which has the values
1.2x1016, 1.2x1018 and 2.1x10!9 W/cm?2 for CO;, neodynium and KrF lasers,
respectively. These values seem well within the capability of current technology.

In Sec. II, we will review the dynamics of electrons in intense fields, showing how
the magnetic fields add a longitudinal component to the basic transverse oscillations.
Gradients in laser intensity lead to "ponderomotive forces” which push electrons away
from the regions of highest intensity. In dense plasmas all displacements of electrons away
from their parent ions are resisted by the space charge forces. The competition between the
ponderomotive and space charge forces leads to a wide range of interesting phenomena.

The effects of the electron dynamics on the laser propagation are discussed in Sec.
[II and IV. The non-linearities in the relativistic quiver motion lead to the presence of high
harmonics in the reradiated light. Changes in the refractive index caused by changes in the
electron mass, and by induced gradients in the electron density, can lead to convergence or
divergence of the transmitted beam.

Some preliminary conclusions will be given in Sec. V.
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ILI. Relativistic Electron Dynamics

The relativistic dynamics of single electrons in plane-wave electromagnetic fields can be
solved exactly, for arbitrary pulse shapes, in both classical and quantum mechanics.
Sarachik and Schappert! have provided a particularly lucid account of the classical theory,
assuming that the electron is at rest before the pulse arrives. A solution with more general
boundary conditions was given by Kruger and Brown2 and analysed by Bardsley,
Penetrante and Mittleman.3 We believe that quantum effects are not important in the context
of this review. :

Since the transverse component of the canonical momentum (p - eA/c) remains a
constant of the motion, the transverse velocity is determined by the instantaneous local
value of the vector potential. Magnetic fields drive the electrons forward with a longitudinal
velocity component that is proportional to A2, and so oscillates at twice the frequency of
the laser radiation. For large values of g, most of the energy is in the longitudinal motion.
The maximum energy is given by mc2(1+q2/2). The relativistic electron mass thus
increases as g2, and since the transverse momentum is proportional to q, the maximum
transverse velocity decreases as g rises. However, because of time dilation, the amplitude
of the transverse quiver motion approaches a constant limit of A/4.

In this ideal solution, ambient electrons which are at rest before the arrival of the
pulse always return to rest after the passage of the pulse. Thus all the energy that was
transferred from the laser to the electron as the intensity rises is fed back into the laser as
the intensity wanes. This is also true for electrons which are released with zero velocity
during the puise at a time and place where the vector potential is zero. This is
approximately the situation for photoelectrons produced by linearly polarized light, since
the electrons are ejected from their parent atom with a low velocity when the electric field
strength is close to its maximum value, and thus A is small. For circular polarization the
amplitude of A does not vary rapidly and there no points in the optical cycle at which A is
close to zero. Thus the residual energy of photoelectrons produced by intense circularly-
polarized light is usually high, as has been observed by Corkum, Burnett and Brunel.*
Electrons that are created by electron impact ionization in a high field region will also have
a large residual energy at the end of the pulse. Furthermore, the change in the trajectory of
the primary electron will usually increase its own residual energy. Electron impact
ionization near the laser focus will thus result in the extraction of a large amount of energy
from the laser.

We have pointed out that most of the energy gained by relativistic electrons in intense
plane-wave fields is associated with forward motion. At high plasma densities, such
displacements will be restrained by the space charge forces, and the maximum energy that
is attained may be reduced. One dimensional simulations? have confirmed this effect for
clectrons that are created early in the pulse. However, electrons that are bom in intense
fields may follow chaotic orbits, leading to even higher maximum energies. The onset of
chaos due to the non-linearities associated with the relativistic mass increase and with time
dilation effects has been partially analyzed? but further study would be worthwhile.

Since very intense fields can only be achieved at present by strong focusing, the
study of plane wave fields is only of theoretical interest. Given transverse variations in
intensity, electrons tend to move away from the high field regions where greater energy is
needed to maintain the quiver motion. In most situations they move as though they are
being propelled by a "ponderomotive” force equal to the gradient of the quiver energy.
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Electrons that are created in the early portion of a pulse are pushed away from the focal
region, and thus may not reach the energies that they would in plane waves of the same
intensity. Once again, electrons that are born in high-intensity regions can reach very high
energies.

II1. Harmonic Production

Sarachik and Schappert! have analyzed the radiation emitted by individual electrons in
plane-wave puises. They show that at high intensities the radiation peaks along the surface
of a cone making an angle Y§/q with the direction of propagation. The radiation contains
strong contributions from all orders, both even and odd, up to 3(q2/2)3/2. Along the
preferred directions, the intensity rises as q.

Mohideen er al.5 have pointed out that for strongly focused lasers in low density gas
targets, the number of electrons remaining near the focal point at the peak of the pulse may
be very small. One might then be able to do realistic 3-D calculations by following the
motion of each electron individually. As a first step in this direction, they have computed
the radiation emitted by 100 electrons, initially placed at random in a sphere of radius 80
nm, when irradiated by a focused short pulse with a peak intensity in excess of 1019
W/cm2. They find that in the lower order harmonics, the contributions from each electron
add coherently and the power rises as the density squared. For the higher harmonics,
incoherent superposition occurs and the power rises only linearly with the number of
electrons.

At higher plasma densities, space charge forces may have significant effects on the
harmonic production. A courageous attempt to study the harmonics for plane wave incident
radiation has been made by Sprangle, Esarey and Ting’, using a quasistatic approximation,
They show that it is helpful to distinguish between two regimes, depending on whether the
pulse length L is smaller or greater than the plasma period Ap. We prefer to think of these
two regimes as low and high density regimes, since the pulse length is usually constrained
by the laser technology, whereas the plasma period can be varied over a wide range by
changing the plasma density. At low densities, they find that the power radiated in the third
harmonic is proportional to the square of both the laser intensity I and the electron density
n.. At high densities, this power is also proportional to n.2, but it decreases as I increases.
This latter result is very surprising, and should be checked by numerical computation.

Umstadter er al.? have reported observations of harmonic generation at high
intensities in light gases that show some of the scaling characteristics predicied by Sprangle
et al.? Further experiments of this kind would be very useful.

IV. Focusing and Defocusing

A second important feature arises from variations in the refractive index

172
(l ) n )
. . Yl‘c . .
where ne is the electron density, ¥ is the usual relativistic mass factor, and ng is the non-

relativistic critical density. The first consequence is that penetration into super-critical
plasmas becomes easier as y increases and as the electron density is reduced by
ponderomotive expulsion. Radial variations in the refractive index lead to focusing or
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defocusing of the beam. Usually ¥ decreases as one moves away from the focal axis in a
transverse direction, so that the refractive index decreases and the beam may converge. On
the other hand, if the electron density also peaks on axis, the refractive index may have a
positive radial derivative and the beam may diverge. But if the ponderomotive forces push
out the electrons enough to produce a positive gradient in the electron density, both effects
lead to convergence of the beam. Indeed, it may be possible to produce a wall of electrons
with super-critical density. Rhodes and his collaborators9.10 have developed a theory,
assuming a quasistatic electron distribution in which the ponderomotive and space charge
forces are balanced. They conclude that such channeling may well be feasible over many
Rayleigh lengths. Unpublished experimental observations at the University of Illinoisi!
and Lawrence Livermore National Laboratory!? of extended propagation may be due to
these effects. However, the time-dependent evolution of the electron density and relativistic
mass factor must be studied before this conjecture can be confirmed theoretically.

V. Conclusions

Boyer et al.13 have pointed out that some of the most dramatic signatures of the formation
of relativistic plasmas should come through electron-induced nuclear reactions. Pair
production should be seen at electron energies above 1 MeV and laser induced fission
should be observable at about 10 MeV. Single electrons reach these energies withq = 1.5
and 4.5, respectively. In developing more detailed solutions, one should examine whether
the maximum electron velocity is significantly changed. For example, electrons freed early
in the pulse may be pushed out of the most intense fields and not attain the expected quiver
velocity. Strong space charge forces may also restrain the elecoons. Nevertheless, we
believe that these two processes will be observable, using 1 um radiation, at intensities of
1019 and 1020 W/cm?Z, respectively.

There has been much speculation about the use of intense lasers to drive wakefield
accelerators. In a recent analysis of this phenomenon, Bulanov er al.!? conclude that a laser
pulse of length 0.3 ps, at a wavelength of 1 um and an intensity of 10!® W/cm?,
propagating through a plasma of density 10!5 cm3, will produce a longitudinal electric
field of order 2 GV/m. This would permit the acceleration of an electron from 0.5 GeV to
0.3 TeV in a length of 150 m. The maintenance of a high laser intensity over such a length
scale provides a grand challenge for those who believe they understand relativistic
channeling!
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ABSTRACT

The relativistic motion and radiation spectrum of free electrons in the focus of an ultrashort
high intensity laser pulse is solved. Motion and radiation of electrons in a novel axicon focus is
also analyzed.

We have calculated the radiation emitted from free electrons in an ultrashort pulsed laser
focus. For low electron densities, where space charge is negligible, we find that ponderomotive
forces limit the effective volume where the radiation is emitted to a region much smaller than the
waist at the focus. For typical focal parameters, the emitting region is significantly smaller than
the fundamental wavelength. Nonetheless, constructive inteference plays a significant role in the
collective radiation spectrum. Phase mismatch becomes important only for the higher harmonics.
These studies are intended as a prelude to experiments with high intensity ultrashort laser pulses.

To investigate the motion of individual free electrons, we solve the relativistic Lorentz force’
equation

2
ik o B P M
dr? mc dt

for an electron placed in the gaussian focus of a pulsed laser. The electric fields at the focus is

given by:
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These calculations neglected the space charge effects of ions on the electrons. If the electrons are
made by completely ionization of 1 Torr of H, the space charge ficids arc only 10™ of the
applied field. Also hard collisions (collisions with low impact parameters between the electrons,
and electrons and protons) can be neglected as the collision frequency is only about 107 per laser
pulse *. Also, radiation damping is not important as the ratio of the total radiated energy per
cycle to the average kinetic energy is about 107,

The electrons are strongly influenced by ponderomotive forces, proportional to the gradient of
the laser intensity>>. Figure 1 shows the maximum intensity seen by electrons at different radial
positions before the arrival of the pulse. We see that electrons only a tenth of the waist away sce
only half the peak intensity of the pulse. If the focusing is too strong the electron is driven
radially out of the focus long before the peak of the pulse arrives. For example an clectron
located one wavelength (800 nm) away from the center of an /5, 100 mJ, 100 fs focus is forced
out with a kinetic energy of 60 keV after a few optical cycles.

Next we investigated the radiation spectrum from electrons in the focus. The radiated electric
field from a moving electron is given by the Lienard-Wicchen formula’:

nx [[n—ﬁ]xB]
(1-pny°R

ret

The spectrum of the radiation is found by a Fourier transform of the radiated electric field. In the
non-relativistic regime (B << 1) of Thomson scattering, the electron emits radiation at the incident
frequency, in a dipole pattern peaked perpendicular to € At higher intensities, relativistic motion
leads to radiation at harmonic frequencies as well 3. The often-cited rule that only odd harmonics
can be radiated by a centrosymmetric medium, docs not hold for free electrons in a laser ficld.
The presence of the magnetic field breaks inversion symmetry in a travelling wave; in general,
even harmonics are as strong as odd, but propagaic in a different direction. The second harmonic
is due to the "figure-8" motion (in the average rest frame - trajeciory in the lab frame is nearly saw
toothed ) of the electron responding to the electromagnetic wave.
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For very high intensities, there are two important additional effects. First, the electrons, if
initially at rest before the laser pulse, are set into motion in the k direction as the laser turns on
(ExB drift). We see from Eq.(3) that the maximum in the radiation occurs when the velocity is

highly relativistic and the direction of observation makes a very small angle (9=—2];) away from

the direction of the electron velocity . Under these conditions the denominator goes to zero
leading to a huge radiated electric field. The points of maximum radiation on the trajectory occur
close and are symmetric to the oscillation axis. At these points the electron is travelling at an
angle to the incident k direction. The other arm of the trajectory leads to radiation on the other
side of the oscillation axis. So, the angular distribution of radiation looks like that from two
flashlights at acute angles to the k (intensity dependent angle) direction in the plane of
polarization. Figure 2 shows the radiated spectrum from the plane wave of the same peak
intensity as in a 4J, 100fs pulse of wavelength 800 nm focussed with f/10 optics (peak intensity is
3.6x10""W/cm? ) observed at an angle of 30° to the k direction in the plane of polarization. The
harmonics are not integral multiples of the incident frequency; but are integral multiples of

m where, AT’ is the time interval for two consecutive identical events to occur (eg.

the time elapsed for the electron to go from one peak to the next in its trajectory in the lab frame)
and Az is the distance travelled in the beam direction during that time and 6 is the angle made by
the observer to the k. (AT'-Azcos8) is the time interval seen by a far away observer making an
angle 0" to the k for the same two identical events. This is seen in Figure 2 where there are three
radiated frequencies for an interval of 2W;,¢ 4. The harmonic frequencies are therefore angle-
and intensity-dependent. The radiated hammonics peak at some high frequency because the
electric field comes from a very small high velocity region of the trajectory. This high frequency
electric field is made by a superposition of the this peak frequency component plus a component
at three times this peak frequency and another component at five times the peak frequency and so
on. This leads to radiated components which have peaks also at three times the peak frequency,
five times the peak frequency as seen in the Figure 2.

Figure 3 shows the radiated spectrum of 10 electrons, observed at an angle of 30° away from
the incident direction in the plane of polarization. The electrons are located in random positions
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Figure 2: Radistion spectrum of single electron,
observed at an angle of 30° away from the k
direction, in the plane of polarization for a plane
wave of the same intensity as the peak intensity of the
£/10 focussed 4J, 100 fs pulse of 800 nm wavelength.

observed at an angile of 30° away from the k
direction, in the plane of polanzation for a /10
focussed 4J, 100 fs pulse of 800 nm wavelength.
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within a sphere of radius 80 nm of the £/10 focus of a 4 J, 100 fs pulse of wavelength 800 nm
(peak intensity is 3.6x10”° W/cm? ). The wide peaks at the lower harmonics are due to various
intensities that are present in the exponential pulse. Figure 4 is the radiated spectrum, at the same
angle, from 100 randomly placed electrons in the same focus. There is considerable constructive
inteference for the lower harmonics. The power increases roughly as the square of the density of
electrons. However, at the higher harmonics the random spacing between the electrons becomes
comparable to the wavelength, and the constructive inteference is lost. For these higher
harmonics, viewed off the axis of the laser beam, the power radiated increases only linearly with
the number of electrons. The spectrum from the electrons placed ir the puised laser focus have
naturally a large low harmonics component due the lower intensity at the rising edge of the pulse.

AXICON FOCUS

We have used the same equation of motion to study the behaviour of electrons in the focus of
a conical axicon® which has been suggested as a means of accelerating electrons. Fontana, et al.
have suggested that electrons can be continually accelerated if their initial energy is very high
(few GeV). However, when lower energy electrons are injected into the same laser beam they
tend to lose phase matching’ due to their relatively large increase in velocity during acceleration.
We have found that there exists a range of initial velocities for a given laser intensity, where the
electron becomes trapped between opposing phases of the axial electric field, first accelerating,
slipping out of phase by n, and then decelerating back to its original position in phase with
respect to beam. Figure 5 is a plot of the trapped region for 100 fs pulses of different energies
with a waist of 2.5 cm. The electrons were all launched at the phase for maximum acceleration
‘w’. The refractive index cofresponds 10 about 4 atmospheres of Nitrogen. The Cerenkov angle
was 17.5 mrad. The region of allowed initial gamma for trapping is larger for larger pulse
energies as any deficit in the initial velocity for phase matching can be made up by the
acceleration from the field. Similarly, any excess in the velocity can be reduced in the regions of
the field where retardation occurs, again leading to trapping.
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Figure 4: Radiation spectrum of 100 electrons, Figure S: Initial values of Gamma for the electrons
observed at an angle of 30° away from the k for trapping in a axicon focus as a function of the
direction, in the plane of polarization for a €10 input laser power.

focussed 4J, 100 fs pulse of 800 nm wavelength.
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Figure 6: Radiation spectrum from a electron with a
initial gamma of 25 trapped in a axicon focus made
with a 10 J, 100 fs pulse of waist 2.5 cm.

Next we tried to study the radiation spectrum from one such trapped electron. The radiation

could be used as diagnostic to monitor the phase slippage suffered by the electrons. Figure 6 is a
plot of the radiation spectrum from an electron with an initial gamma of 25 in the axicon focus
formed by a 10 J, 100 fs pulse with a waist of 2.5 cm. Following the earlier discussion the

radiation peaks at angle (8 = zly) of 10 mrad o the beam axis and has an angular width of 20
mrad, consistent With a Y,erage = 50. As expected the radiation has azimuthal symmetry.

(a) Physics Department, Columbia University, New York City,N.Y.10027.
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Abstract

We report the first observation of electromagnetically induced transparency in optically
thick medium. The transparency results from a destructive interference of two dressed
states which are created by applying a temporally smooth coupling laser between a bound
state of an atom and the upper state of the transition which is to be made transparent. The
transmittance of an autoionizing transition in Sr is changed from exp(-20) to exp(-1).

Introduction

This paper reports the results of an experiment showing how an opaque transition may be
rendered transparent to radiation at its resonance frequency. This is accomplished by
applying an electromagnetic coupling field between the upper state 13> of the transition
and another state 12> of the atom (Fig. 1). In this work, the transmittance of an ultraviolet
transition to an autoionizing state of neutral Sr is changed from exp(-20) to exp(-1) using

a coupling laser field with a Rabi frequency of 1.5 cm'! [1].

This transparency is best understood in the dressed state picture (Fig.1 (inset)]. The
two upper dressed states created by the coupling laser experience a Fano-type interference
that cancels the absorption completely [2]. This viewpoint emphasizes two important
features of this process: The transparency does not require coherence of the probe laser
and may be observed with white light and a monochrometer; even though bare state 13>
decays to many different channels, to the extent that bare state 12> is metastable, the
dressed states have the same weighted per channel decay and therefore the same
interference profile for each channel.
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Figure 1. Energy level diagram of Sr. Inset: Dressed state picture

Strontium system

Fig. 1 shows a partial energy level diagram of neutral Strontium. The probe transition
which is to be rendered transparent is 5s5p !P; - 4d5d !D, with a transition wavelength
of 337.1 nm. The absorption oscillator strength of this transition is gf = 0.15. The upper

level 4d5d 'D, decays by autoionization {3) and has a measured width of 1.2 cml,
corresponding to an autoionizing time of 4.4 psec. The lower level 5s5p lP] is populated
from ground by a resonant 460.7 nm pulsed dye (pumping) laser. We use a ground state
(552 1So) Sr density of 5x10'5 atoms/cm?> and a pumping laser energy density of about
10 mJ/cm? in a pulse width of 4 nsec, and obtain a population density in 5s5p P, of
1x10 atoms/cm3. This population is radiatively trapped for about 50 nsec.
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The laser which is used to create the transparency is termed as the coupling laser and
is tuned to the line center (570.3 nm) of the 4d5p 1D, - 4d5d 1D, transition, which has an
experimentally determined oscillator strength of gf = 0.25. Both the coupling and probe
lasers are 6* polarized and are co-propagating.

A fundamental requirement on the observability of an electromagnetically induced
transparency is to have.a coupling laser that is free of amplitude fluctuations and mode
beating effects. To eliminate these effects, we built a single mode Littman dye laser (4]
which is pumped by a frequency doubled injection seeded (Quanta Ray) Nd:YAG laser.
Although each pulse is near transform limited, changes in the refractive index of the dye
cause a pulse-to-pulse frequency jitter corresponding to a time averaged linewidth of 0.03

cm’L. The output of the oscillator is amplified by a three stage dye amplifier to an energy
of 20 mJ in a pulse length of 3 nsec with a pulse-to-pulse peak intensity fluctuation of
10%. The probe laser is a commercial PDL Quanta Ray dye laser with an intracavity

etalon. The linewidth at 337.1 nmis 0.15 cm’!.

Experimental results

Fig. 2a shows the transmission profile of the probe laser when the delay between the
pump and probe lasers is 110 nsec. The medium is almost optically thin with a minimum
transmission on line center of exp(-1.7 £ 0.1). By curve fitting (theory dashed) with a
Voigt profile convolved with the probe laser linewidth, we determine a linewidth of 1.2

cm’! for the transition. Fig. 2b shows the transmission vs. probe laser frequency at a

coupling laser Rabi frequency of 1.3 cm'l. This Rabi frequency is estimated by
measuring the frequency spacing between the two transmission minima (dressed state
frequencies).
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Figure 2. Transmission vs. probe laser detuning for (a) Qy3 =0, (b) Qp3 = 1.3 em’L.
Minimum transmission is exp(-1.7).
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Fig. 3a shows the transmission when the delay is only 20 nsec. In this case, the
medium is optically thick with a minimum transmission on line center of exp(-20 £ 1). As
we can only measure down to exp(-7) transmission, this value is determined by curve
fitting with a Voigt profile. Fig. 3b shows the transmission when the coupling laser Rabi
frequency is 1.5 cm’l. We ohserve a change in transmitted intensity from exp(-201) to
exp(-110.1) on line center.

We see that especially in the optically thick case, there is a consistent asymmetry in
the tails of the transmission profile. In searching for the possible causes for this, we
measured a background absorption cross-section of 2x10716 cm?, constant over a
frequency range of 40 cm’! (the peak absorption cross-section of the 4d5p 1D,-4d5d
D, transition is 2x10°14 cm?), By assuming that there is a Fano-type interference

between 4d5d D, level and this background in our theoretical calculations, we can
account for the asymmetry, as shown in Figs. 2 and 3.

Figure 3. Transmission vs. probe laser detuning for (a) Qy3 =0, (b) Q33 = 1.5cm™!.
Minimum transmission is exp(-20).
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Conclusion

The transparency in this experiment results from a combination of ac-Stark splitting of
two dressed states and the destructive interference in absorption, in between these states.

The interference in emission or in x(3) profile (obtained when state I12> is coupled to state
I1> by two coherent photons) is constructive and allows for lasing without inversion and
resonant nonlinear devices that generate into a transparency window {2]. This work is an
essential step in the implementation of these devices. Although the transparency here has
been shown in a lifetime broadened system, theoretical results predict that
electromagnetically induced transparency is observable in collisionally broadened systems
as well, provided that the dephasing rate of the 13>-11> coherence exceed that of 12>-11>
coherence.
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ABSTRACT

We report on a time-resolved investigation of the hydrodynamics of a laser-produced
plasma. A 100 ps pulse is focused into a chamber filled with xenon for various puise energies
and pressures. This pulse (the pump pulse) forms a plasma, which is probed by a second pulse
(the probe pulse) with a variable delay of up to 2.5 ns. The gradients in the plasma density
profile produce a lensing effect on the probe pulse. The beam transmitted through the plasma
is viewed with a CCD camera. The diffraction pattern of the probe pulse can be seen by
subtracting the image of the first pulse beam from the image produced by the two-pulse beam.

EXPERIMENT

The laser system consists of a Nd:YAG mode-locked oscillator providing the seed pulses
for a flashlamp-pumped regenerative amplifier which is followed by a two-pass power amplifier.
A Pockels-cell pulse selector lets through a 100 ps seed pulse into the amplifier at 10 Hz. At
the input of the regenerative amplifier, the seed beam is split into two paths. The ratio of the
pulse energies in the two paths is adjustable. Using a motor-driven translation stage the path
length of one of the inputs can be changed to provide a delay from -0.5 to 2.5 ns. The
calibration of the zero point of the delay line was done using a streak camera. The delay line
uses a corner cube to ensure the coupling into the regenerative amplifier is not changed as the
stage moves.

The regenerative amplifier is a self-filtering unstable resonator' with a single intra-cavity
Pockels-cell to switch the pulses in and out. The spatial filtering in this cavity design eliminates
the need to use mode-matching on the input and gives a good output beam profile. The pulses
are amplified to a few mJ, then are double-passed through a power amplifier. Streak camera
measurements of frequency-doubled pulses were used to check the pulse duration. The amplified
beam focused at /50 onto a CCD camera gave a waist diameter of 126 microns.

The beam from the amplifier is focused by an f/10 lens in a chamber filled with a
background pressure of xenon. A collection lens recollimates the beam which is viewed by a
CCD camera. The images from the camera are digitized. averaged and stored in a computer.
First the image resulting from a single reference pulse is collected, then it is subtracted from the
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image produced when two pulses are sent through the chamber.

Due to the non-linearity of the plasma formation and evolution, it is important to be sure
the energy of the reference pulse matches the first of the two pulses. Since the amplifiers are
run to saturation, simply blocking the delay line input will leave more energy in the rods for the
single pulse. A fast diode is used to measure the relative intensity of the two pulses. An energy
meter is then used to match the energy of the reference pulse with that of the first pulse of the
two-pulse train.

Measurements have been taken for gas pressures of Xe, Ar, and He in the range 3 to 10
Torr, with a 5:1 ratio of the pump pulse to the probe puise energy. For a pump pulse of 8.4 mJ
in Xe, although there is a spark at 3.3 Torr, there is little effect on either the pump or probe
pulse. At 10 Torr in Xe, the plasma density disturbances are great enough to produce diffraction
rings on the probe pulse. When the intensity of the pump pulse is increased to 39 mJ, these
diffraction rings can be seen even at the lower density.

The plasma is clearly undergoing rapid change within the first hundreds of picoseconds.
The diffraction rings move rapidly as the plasma expands. Two such images are shown below
(see figs. 1 and 2) for a pressure of 6.6 Torr with the 39 mJ pump pulse. The first image is
taken at a delay of 134 ps, the second is at a delay of 274 ps. If the plasma formed at the focus
is hot enough, it will undergo a shock expansion, leaving a channet in the focal region.

Figure 1: Probe pulse patiern for a delay of Figure 2: Probe pulse pattern for a delay of
134 ps. The pressure of Xe is 6.6 torr and 274 ps and the same experimental conditions
the energy of the pump pulse is 39 mJ. as Fig. 1.
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An estimate of the expansion time scale can be made by measuring the time taken for the
diffraction pattern to reverse. This indicates that the plasma channel has expanded on the order
of a half a wavelength. The pattern shown below has undergone a reversal in 140 ps, giving a
disturbance "speed” of approximately 1.9 x 10° cm/s. The measured speed is very close to this
at the 10 Torr pressure for the same pump pulse. For the lower energy pump pulse (8.9 mJ),
although there is clearly diffraction of the probe beam, there is not a complete reversal of the
pattern by the maximum delay time of 2.5 ns. This plasma disturbance likely has a much lower
rate of change.

We have described the preliminary results of a time-resolved measurement of the
influence of a rapidly evolving short-pulse heated plasma on a probe pulse. Current work
includes using much shorter pulses to improve the temporal resolution and a gas jet to control
the interaction length.
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ABSTRACT

Recent experimental results obtained with the picosecond laser system of the Ultrafast
Science Laboratory (University of Michigan) are reported. In particular, laser absorption,
keV X-ray spectroscopy and transport studies are presented. The measurements have
been performed at both 1.06 pm and 0.53 pm laser wavelengths for intensities ranging
from 10" Wem? to 2x10"° Wem,

1. INTRODUCTION

The recent development of picosecond and subpicosecond laser technology has made
possible the production of extremely bright laser sources. This progress enables the study
of a new regime of plasma physics with high density, high temperature and short-lived
plasmas produced by the interaction with solid-matter of the very short and intense laser
pulses [1-4]. Short X-ray pulses in both sub-keV and keV range [2,5-8] can then be
generated, opening to way to use these unique X-ray sources for time-resolved X-ray
scattering studies or for table-top X-ray laser developments. In order 1o optimize such
X-ray sources, it is crucial to study the laser light absorption and the energy penetration
processes together with the X-ray emission characteristics. In this paper, we examine
these different aspects. The emphasis is put on the comparison of the experimental results
obtained at 1.06 pm and 0.53 pm laser wavelengths. We expect that, when the frequency
is doubled, at 0.53 pm, the laser intensity contrast ratio C between the prepulse and the
main pulse is better than at 1.06 pm (C=7x10*:1) by at least one order of magnitude.

The experiments were carried out at the Ultrafast Science Laboratory (University of
Michigan) using the Table Top Terawatt laser. The laser (A=1.06 pm) delivers up to 300
mJ in a | ps laser. The laser beam is focused by an f/7 lens. At the best focus, the focal
spot diameter is found to be 100 pm as obtained from X-ray pinhole camera and from the
first-order transmission grating results. The peak laser intensity achievable on target is
estimated to be 3x10' Wem?, Finally, for the experiments at 0.53 pm, the laser beam
is frequency doubled using a KDP crystal of 5 mm thickness which provides a 30% laser
energy conversion.
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2. ABSORPTION MEASUREMENTS

Recently, there have been several measurements of reflectivity and absorption obtained
with very short laser pulses [1-4, 8-10]. We have previously shown that the variation of
absorption with incidence angle and polarization could be used to infer submicron plasma
density scale lengths L/A [10] (where L is the density scale length and A the laser
wavelength). In this paper, the same analysis is used to study and to compare the
absorption with Al at 1.06 pm and 0.53 pm.

The absorption measurements have been performed using an integrating Ulbricht
sphere [3]. The variations of the measured absorption with laser intensity I at normal
incidence show that the absorption rapidly increases as the laser intensity varies between
10" Wem? and 5x10'2 Wem? and then remains fairly constant (30% at A=1.06 pm and
50% at A=0.53 pm) for 5x10'2 Wem? < 1 < 5x10"* Wem™®. At the highest intensities (1 >
5x10" Wcm?), the absorption decreases but remains relatively high (20%). Figure |
shows the variation of the measured absorption at A=1.06 pm and A=0.53 pm as a
function of the incidence angle © for s- and p-polarizations, the laser intensity being
constant (I=10" Wcm?). As expected, the absorption decreases as the incidence angle
increases for s-polarized light at both laser wavelengths. On the opposite, for p-polarized
light, a maximum absorption is observed at 8, = 45° for A=1.06 pm and at 6, > 60° for
A=0.53 pm (note that the value of 6, depends on the plasma density gradient). Applying
the model described in Ref. [10] to our experimental data, we find that, at the same laser
intensity (I=10" Wcm?), the density gradient is steeper for A=0.53 pm (L/A=0.05) than
for A=1.06 pm (L/A=0.13). This couid result from the better laser intensity contrast
expected at A=0.53 pm,
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Fig. 1.  Variation of the absorption with aluminium as a function of the incidence angle
at I=10"* Wcm? for s- and p-polarized light and for 1.06 pm and 0.53 pm laser
wavelengths.

3. KEV X-RAY SPECTROSCOPY

High resolution keV X-ray spectroscopy is very useful to analyze the density of the most
emitting region of the plasma during the interaction. For this purpose, we have performed
at both A=1.06 pm and A=0.53 pm experimental measurements of the dielectronic
satellites of the 1s*-1s2p resonance lines of the He-like aluminium. The X-ray emission
from the plasma in the range (7.6-8 A) was monitored by two crystal spectrometers. The
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first one is a Johann-type RAP (2d=26.12A) crystal specrometer which provides a high
resolving power (AJAX = 5000). In this case, each spectrum is recorded on SB392 Kodak
film under 100 and 200 laser shots at A=1.06 pm and A=0.53 pm, respectively. We have
also used a high efficiency Von Hamos crystal spectrograph. Its design allows a larger
detection sensitivity since X-ray are focused by means of a 30x50 mm X-ray diffracting
PET crystal (2d=8.735 K) bent 10 a 100-mm radius of curvature. In these conditions, the
X-ray spectrum can be recorded in only one laser shot at A=1.06 pm using SB392 as a
film.

Figure 2 presents the Lyman He-like line 1s*-1s2p accompanied by its Li-like
satellites. We can identify the intercombination line and the various dielectronic satellites
q, 1, a-d and j,k,1, labelled according to Gabriel [11]. The analysis of the two spectra
(A=1.06 ym and A=0.53 pm) shows a decrease of the intercombination lines together with
an enhancement of the a-d satellite group at A=0.53 pm as compared to 1.06 pm. This
result indicates that the electron density is much higher at A=0.53 pm than at 1.06 pm.
The density can be inferred from both the ratio of the intercombination line to the
resonance line [12] and from the intensity ratios of the a-d+q,r to j,k,l satellite lines {13].
Using these tabulations, we find that the electron density is close to 10*' cm™ at A=1.06
pm and 8x10* cm? at A=0.53 pm.

These values of the density associated with the maximum of emission are only
approximate since a transient plasma such as the one we consider necessitates a time-
dependent modelling. Nevertheless, it seems reasonable to assume that the maximum
emission takes place very close to the critical density (n=n_) at A=1.06 pm and at much
higher electron density (n=20 n.) at A=0.53 pm. These results indicate that a significant
energy transport to densities close to that of solid occurs for the 0.53 pm laser pulse.
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Fig. 2. Lyman o He-like line 1s*152p of aluminium with Li-like satellites at I=2x10"
Wem? for A=1.06 pm and at I=1x10"* Wem™? for A=0.53 pm.

4. ENERGY PENETRATION DEPTH MEASUREMENTS

A complete analysis of the laser plasma interaction in this short pulse regime requires at
least to understand the electron heat transport under these new conditions whcre the
hydrodynamic expansion is small or negligible. For this purpose, targets composed of
very flat silicon wafers coated with aluminium layers of different thicknesses (100, 300,
500, 1000, 3000 and 5000 A) have been irradiated by the 1 ps laser pulse at both 1.06
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pm and 0.53 pm laser wavelengths. The emission of the Si XIII resonance line at 6.65
A and of the aluminium He B line at 6.635 A were monitored as a function of the
aluminium thickness using the Von Hamos spectrograph. Typical spectra were obtained
by the accumulation of 1 to 6 laser shots.
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As the aluminium thickness increases, we observe a decrease of the silicon line
intensity accompanied by an enhancement of the Al line intensity as shown in Fig. 3. For
Al thicknesses larger than a given value which depends on the laser parameters, the Al
line intensity saturates and the Si line disappears. This value is close to 1200 A for
A=0.53 pm and I=5x10" Wcm?. We define the energy penetration depth A as the
aluminium thickness for which the Si line intensity has decreased by a factor of e. We
find that for A=1.06 pm, A is close to 700 A at I=1.8x10"* Wem? and 300 A at I=4x10"
Wcm?. Shorter energy penetration depths are obtained at A=0.53 pm, namely A=300 A
at I=5x10" Wem™ and A--200 A at I=1.5x10" Wem™, Preliminary analysis of these data
show that energy penetration depths are consistent with a simple model based on the
assumption of a classical thermal conduction in a solid dense plasma. Further details will
be reported elsewhere.

5. CONCLUSION

Laser absorption, keV X-ray spectroscopy and energy penetration depths results obtained
with a 1 ps pulse incident on solid targets with an intensity betwcen 10" Wem? to 2x10"
Wcm'? have been presented. The measurements have been performed at both A=1.06 pm
and 0.53 pm laser wavelengths. Regarding both the absorption and the keV X-ray
spectroscopy, we find that the interaction at A=0.53 pm, as compared to the results
obtained at A=1.06 pm, is characterized by a steeper density gradient (L/A=0.05) and by
a maximum X-ray emission which takes place well above the critical density (n=20 n.).
This can be due to the better laser intensity contrast of the 0.53 pm pulse. Finally, it is
found that, at both laser wavelengths, the energy penetration depths are consistent with
a simple model based on the assumption of a classical thermal conduction.
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Propagation Effects for a Femtosecond
Laser Pulse
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Clarendon Laboratory, Department of Physics, University of Oxford,
Parks Road, Oxford OX1 3PU, UK

Abstract

A model has been developed for the propagation of a femtosecond laser pulse
through an ionizing medium. which predicts the spectral shift and broadening in
the transmitted pulse. and the electron energy distribution within the plasma. For
gaseous targets at laser intensities of 10!°-10'® W/cm?. the calculated blue-shifts
do not agree with predictions from a homogeneous Drude model. The importance
of the electron energy distribution for cold-plasma production in solid-target ex-
periments is discussed.

Introduction

The propagation of an ultrashort laser pulse through a gaseous. liquid or solid
medium has been the subject of extensive study. At relatively low intensities,
nonlinearities in the neutral medium can lead to spectral broadening of the laser
pulse; above the threshold for self-focusing, a near-universal ‘super-broadening’ is
observed.! These mechanisms do not require ionization of the medium. but at higher
intensities, direct field-induced ionization (MPI, tunneling or over-the-barrier) plays
an important role. Rapid plasma production causes a spectral blue-shift and broad-
ening of the incident laser pulse.? Field-induced ionization also results in a much
colder plasma than would be expected if collisions were dominant. and such highly-
stripped, cold plasmas are of potential interest for recombination x-ray lasers.3

We have developed a model to describe the propagation of a femtosecond laser
pulse through a slab of ionizing material, concentrating particularly on the spectrum
of the transmitted pulse, and the electron energy distribution within the plasma.
By solving Maxwell’s equations coupled with a tunneling ionization expression and
a dynamical evolution of the electron population, we obtain the complete time
and space dependence of the electron distribution function for the plasma. By
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performing a Fourier transform on the reflected and transmitted pulses we also
obtain their spectral shifts and broadening.

In the following sections we first outline our model, and go on to present sim-
ulation results for the spectral shifts obtained with gaseous targets. We compare
our results with those from a commonly-used Drude model. We conclude with a
discussion of the solid-target case, with reference to possible x-ray laser schemes.

Outline of the Propagation Model

We assume a plane wave laser pulse propagating through an initially neutral slab.
consisting of a single atomic element {typically a rare gas). For linearly-polarised
light propagating in the z-direction, the wave equation in 1-D is

8%E, 10%E,  aJ,
3 2o Mg 0 )

where J; is the total plasma current. Rather than using the refractive index. the
plasma current is calculated directly from the electron distribution function.

[£%]

J(z,t) = —e/f(r,v,t) vdv+ J(z,t) .

In order to conserve energy, an ionization current, J,, is introduced, which produces
a dissipation equal to the rate of ionization energy loss. Ionization is calculated from
a tunneling expression,*

£ (204 1)(+ Im])!
L&, 2ImI(Jm])(1 - |m])!

\ gi 3/2 EO 2n* ~|m|-1 2 gl 3/2 EO .
x (a) T exp ‘a(a) ol

Here, wq is the atomic unit of frequency, E is the electric field, E, is the atomic
unit, £, is the ionization potential of hydrogen. &, is that of the given atom or ion.
and m are the iritial state quantum numbers, n* is the effective principle quantum
number, and Cy.; is a constant of order unity.’

This is not cycle-averaged: ionization is calculaved using the instantaneous elec-
tric field. Most ionization will occur near the laser cycle peaks, where the quiver
velocity of the bulk free electrons is instantaneously zero. For electrons freed at this
point in the cycle, the phase shift and hence the energy absorption is also zero. A
small fraction of the ionized electrons. however. will appear slightly displaced from
the zero-phase-shift point, and these electrons acquire a dephasing energy, which
remains as kinetic energy after the pulse has passed. In the limit where the quiver
energy is much greater than the ionization potential. this is the classical equivalent
of ATI energy.?

_ Yo 2
W= 2 Cr
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Spectral Shifts from Gaseous Targets

Experiments? with a 100 fs, 620 nm pulse at 10'®* W/cm? have, by focusing the
pulse into a cell containing near-atmospheric-density rare gas, demonstrated blue-
shifts of order 10 nm. Here we present simulation results based on a wavelength of
250 nm, which corresponds to the output from KrF-amplified systems. Computer
time limitations restrict the pulse lengths to less than 100 fs and plasma dimensions
to less than 100 laser wavelengths. For these short plasma lengths we observe
virtually no blue-shift at atmospheric density, so we have used a higher pressure to
allow comparisons to be made. Figure 1 shows the transmitted pulse spectra for
a 20 cycle pulse and 20 ), 40 atm argon plasma, for a range of peak intensities.
A number of points should be noted: the blue-shift is a maximum for an intensity
of 5 x 10> W/cm?; there is almost no discernable blue-shift for intensities above
10'" W/cm?; there is more than one shifted peak in several cases; and there are
indications of small red-shifted features at the lowest intensities.

The blue-shift disappears at the highest intensities due to extremely rapid ion-
ization on the leading edge of the pulse; a slower change in electron density creates
a larger mean shift, hence the greater structure observed at more moderate in-
tensity. The multiple smaller peaks seen roughly correspond to the appearance of
successive ionization stages, but this is considerably distorted by the propagation
(for instance, it cannot explain the small red-shifted peak at 10'®* W/cm?).

1x10" W/cm’

Figure 1: Transmitted pulse
spectra for a 20 cycle sine-
envelope pulse and a 20 Ao,

5x10" w/em? 40 atm, argon plasma.
/ 110" w/em?

\ 1210" w/cm?

210" w/em?

[}
150 200 250 300 "350
Wavelength (nm)
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Experiments have shown that the blue-shift in argon is greater than that in neon;
this can be explained by the higher ionization potentials in neon. compared with
the corresponding levels in argon. At present there is no collisional ionization in
our model; we estimate its effect to be small compared to the field-induced process.
We shall, however, be giving a more careful analysis of their contribution in future
work. -

Comparison with Drude Model

A Drude model has been commonly used to analyse blue-shifts in gases. This
assumes that the entire plasma can be described by a single value of the refractive
index, which {neglecting collisions) is given by

2 2
w e*N,
nt=1- <

P
wd €omew?

(4)

For an incident wavelength Ag, and an interaction length =. the shift is given by

Aoz dn e?z\3  dN,
A= _——-___~ 70 <
¢ dt 8n2egm,.c® dt (5)

The time-dependent electron density can be obtained by solving a set of coupled
rate equations, using the cycle-averaged form of the tunneling ionization expression
Eq. (3). Knowing the incident pulse spectrum. and dN,/dt as a function of time.
the transmitted pulse spectrum is easily obtained.

As a comparison of the two methods. we have calculated the transmitted spec-
trum for a 10!® W/cm?, 20 cycle pulse in a 20 Ag, 40 atm argon plasma. Figure 2
shows dN,/dt (normalized to the neutral density), as determined from the coupled
rate equations; a final degree of ionization of 4.6 is reached. Figure 3 shows the
transmitted pulse spectrum. compared to both the incident spectrum and the spec-
trum determined from the propagation model. Neither the shifts nor the relative
peak heights agree for the two models. In the Drude model, the two peaks clearly
correspond with the two stationary regions in Fig. 2, but in the propagation model.
such a simple correspondence cannot be made. In neglecting propagation effects,
the Drude model fails to address a key aspect of the problem: the spatial-variation
within the plasma.
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Figure 2: Rate of change of electron Figure 3: Comparison of incident
density for Drude model (see text pulse spectra with propagation

for parameters). mode] and Drude mode] results.
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Relevance to High-Density Targets

It is possible to perform simulations with our propagation model at near-solid-
density, where only a small fraction of the incident pulse is transmitted. and the
total energy is split between reflection, ionization and ATI absorption. Typically.
we observe the formation of a narrow layer (on the order of a few Ag) with a very
high degree of ionization, and following this, a large fraction of the remainder of
the pulse is reflected. During the pulse risetime, there is a certain amount of out-
of-phase ionization, and once the pulse has passed the remaining ATI energy in the
plasma corresponds to a kinetic temperature of 1-10 eV.

In order to assess the viability of an MPI-initiated plasma as a x-ray recombi-
nation laser, several other effects would need to be considered. Primary amongst
these is electron-ion collisions, which will lead to additional heating, transferring
some of the coherent quiver energy of the electrons into out-of-phase kinetic energy.
There are also questions relating to plasma motion and instabilities, and 2-D effects
such as self-focusing. Much remains to be done before accurate predictions can be
made.
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1 Abstract

We report theoretical and experimental results indicating that the ponderomotive force
of a high-intensity laser significantly modifies the thermal expansion of a laser-plasma in
the regime where the density scale length is much less than the laser wavelength. Our
theoretical calculations predict that the effect should become important when the average
electron quiver energy (mv2,/2) becomes comparable to the electron thermal energy (kT.).
Doppler measurements of 0.53 um light reflected from a solid target of aluminum agree with
this prediction. After a time equal to a laser pulsewidth (1 ps), at an incident laser intensity
of 2 x 10'®> W/cm?, and a peak electron temperature of 200 eV, the critical surface expands
at only approximately 30% of the velocity it would if it were driven by free expansion due
to thermal pressure alone. Agreement is found with a hydrodynamic numerical code using
similar input parameters.

2 Introduction

The high-density plasmas produced by the interaction of short-pulse lasers with solid targets
have been proposed as candidate coherent x-ray sources {1]. Large absorption of laser light
and rapid cooling of the plasma—both of which are required for this scheme to work—
depend strongly on the evolution of the electron-density profile during the laser pulse.
We report experimental and theoretical results indicating that when the quiver energy of
the electrons approaches their thermal energy, the ponderomotive pressure of the laser
significantly modifies the density profile.

When a laser pulse interacts with a plasma. the pump laser light is absorbed and reflected
near z., the critical surface—the point of the profile where the electron density, n., equals
the critical density, n., i.e., n./n. = (wo/wp)? = 1, where wy is the incident laser frequency
and wy is the plasma frequency. For densities greater than n., the light wave is evanescent
and is attenuated exponentially in a skin depth. This has two consequences: one, local
heating and ionization creates a sharp electron pressure gradient. driving expansion of the
plasma into the vacuum; and two, the sharp laser intensity gradient creates a ponderomotive
force oppositely directed to the expansion, steepening the profile.

Since z. is moving relative to the laboratory frame, the reflected pump light is Doppler-
shifted by an amount proportional to the velocity of expansion Vexp, equal to AA/A =
2(Vexp/c) cos 8, where 8 is the angle of incidence of the laser. This Doppler shift may thus
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be used to determine the motion of the plasma. A simple model, assuming the motion
is governed only by thermal pressure, has previously been used to determine the plasma
temperature from measurements of the Doppler shift (2]. However, at high laser intensities
the motion of the plasma is more accurately determined by a balance between both the
thermal pressure of the plasma and the ponderomotive pressure of the laser {3] [4]. Our
study of ponderomotive steepening is the first in the regime in which the density scale length
(d) is much less than the laser wavelength (A). The effect was first observed in a regime in
which A < d, in long pulse CO; laser experiments [5].

3 Theory

The laser-plasma interaction is described by the one-dimensional two-fluid conservation
equations of mass density, momentum and energy. These equations are coupled to a col-
lisional radiative model for the ionization stages, a modified Spitzer-Harm model for heat
conductivity, and the Helmholtz wave equation for the electric field {6]. This model will be
discussed in greater detail in a future publication. The momentum equation describing the
motion of the ions to first order is given by (3]

v
p%—,+p(v-V)v = -VP. - n.Vp (1
The ion mass density is p = n;M, and the ion flow velocity is v. Assuming an isothermal
equation of state, then the thermal pressure is the kinetic energy density, P, = n.kT,, where
kT, is the electron temperature, The laser pressure on a single electron is the time-averaged
quiver energy density, p; = (1/2)m(v2,), which, by using v, ~ eE/mcuwo, may be written
as pp = (1/167)(1/n.)E?, where E is the electric field of the laser in the plasma.

Equation 1 may be solved analytically for the free isothermal expansion of the plasma
into the vacuum—neglecting for the moment the last term, the ponderomotive force—
yielding a density profile given by n, = nge~*/%, where d = v,t, and v, = (ZkT,/M)/? is
the acoustic velocity [3].

The electric field E at narmal incidence can only be determined by solving the Helmholtz
equation (3],

62E - 3 g
W-&-(?'l)'h:(ﬁ (2)

where n is the complex index of refraction of the plasma, since the WKB approximation
is invalid whenever the density scale length is less than the laser wavelength. Fig. 1 shows
the normalized amplitude of the electric field £ and the ponderomotive force VE? on a
single particle for an exponential density profile. with d = 400 A, corresponding to the peak
of the pulse, ZkT, ~ 2000 eV, and ng equal to a fow times solid density. It can be seen
that, like the density, the ponderomotive force on a single particle ¥ E? near z, also has an
exponential dependence on distance. VE*(z) x e~*/!.

Figure 1 shows that I/d ~ 1, i.e., the scale length of p; x E? is approximately equal to
the scale length of P, « n.. The peak value of E? near z. is swelled in the plasma by a
factor of about 3.6 over the incident electromagnetic field EZ2_. Thus, the ponderomotive
force n,Vp; equals the thermal force VP, at z. if the quiver energy of the electrons equals
their thermal energy, or, since [, = (¢/87)}E2

m(va) _ .. 213 fncAd -
T, = 3.2x10 T, 1. (3)

(Finc is in W/em?, Xgis in um, and T is in eV).
In order to model the dynamics of the densitv profile self-consistently, the full set of
equations described in the first paragraph of Sec. 3 must be solved with the ponderomotive
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Figure 1: Solution of the Helmholtz wave equation. Eq. 3 for an exponential density profile.
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Figure 2: Numerical solution of the dynamics of the critical surface with and without
including the ponderomotive force of the laser. the last term in Eq. 1. Notice that the
expansion velocity (30 % of the free-expausion velocity) is minimum at t = 0, corresponding
to the peak of the laser pulse, when the pondcromotive force is maximum.

force included in the momentum equation. Eq. 1. As shown in Fig. 2. the results of such a
simulation predict that. with the ponderomotive force included in Eq. 1 the critical surface
expands at a velocity that at the peak of the pulse (¢ = Uy is only 30% or what it is without
the ponderomotive force included in Eq. | (for a Gaussian laser pulse with 1-ps FWHM
centered at ¢t = 0./ = 1 x 10'®* W/em?, and A = 0.53 um). ™' > original vacuum plasma
interface is at z = 0 with the vacuum in the negative r dirc 4. Note that as expected
Eqn. 3 is satisfied for these parameters using the maximum value of T, predicted by the
simulation, T, ~ 200 eV.
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4 Experiment

We recently performed an experiment that may be explained by the effects discussed in
Sec 3. Frequency-doubled 1-ps pulses with / =~ 5 x 10" — 2 x 10> W/cm? (A = 0.53 um)
were focused at normal incidence (# = 0°) onto a solid target of aluminum. By frequency
doubling the light, the intensity contrast ratio was increased to ~ 10° from a value of 10°
for the fundamental, which was measured using a third-order autocorrelator. The absence
of intercombination lines in the X-ray spectrum confirmed that no long-scale-length plasma
was created by a prepulse [7]. ’

The back-reflected light was sampled with a beam splitter that was placed before the
target in the path of the laser. The light was frequency analyzed with a multichannel
analyzer, which had a dispersion of ~0.5 A/pixel. A Doppler shift to the blue and a
broadening—characteristics of an expanding plasma—were observed and are shown in Fig. 3
for e ~ 2 x 10*® W/cm?.

If we assume either isothermal, or adiabatic free expansion, as is done in [2], an estimate
of ZkT, < 150 eV is obtained from AA/A. In the isothermal case, the expansion velocity
of n. is given by vexp = v,In(no/n.). In the adiabatic case, vexp = [2/(7 — 1)]v,, where 7,
the ratio of the specific heats, is chosen to be 1.7 [2]. In either case, however, this result
for ZkT, is inconsistent with the full simulation results, which indicate that Zk7T, was in
excess of 2000 eV. The expansion was apparently slowed by the ponderomotive force of the
laser as we would expect from Eqn. 3, assuming T, ~ 200 eV. The measured expansion was
30% of what it would have been assuming free expansion and ZkT. ~ 2000 eV, and was
thus consistent with the simulation results discussed in Sec. 3.

As the laser intensity was decreased to / ~ 5 x 10'* W/cm?, the Doppler shift did not
change significantly. As is seen in the simulation. the decreased ponderomotive pressure
was balanced by the decreased thermal pressure that is expected from decreased absorbed
laser energy.
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Figure 3: Blue shift of the pump light reflected from a moving critical surface. The motion
driven by thermal pressure is reduced by the laser light pressure.
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Clearly, if Eq. 3 is satisfied, the effects of ponderomotive steepening on the density
evolution must be considered, whether when determining the electron temperature from
Doppler shift data, or, perhaps more importantly, whenever studying processes that depend
strongly on the density scale length, such as resonance absorption of high intenstiy laser
light.
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Abstract

We have demonstrated that high-intensity sub-picosecond laser pulses can be
efficiently absorbed by a dilute solid material. We have measured laser reflectivities as
low as 10% from certain targets, in contrast to the 90% reflectivity observed from flat
solid surfaces. The hot plasmas generated on dilute solids exhibit greatly increased x-ray
emission due to the enhanced laser absorption. Laser-to-x-ray conversion efficiency
greater than 1% have been observed for x-ray energies above lkeV.

Introduction

Sub-picosecond laser-produced plasmas have been demonstrated!: 2 to0 be good
sources of ultrashort x-ray pulses in the soft x-ray region. However, the measured laser-
to-x-ray energy conversion efficiency has remained low (= 0.3%), due to relatively low
plasma temperatures (~ 400 ¢V) and inefficient laser solid coupling (< 10%). When a flat
solid is illuminated with a high-intensity sub-picosecond laser pulse, thc solid rapidly
evolves into a highly reflective hot metal. There is negligible expansion of the hot material
during a 100 fs excitation pulse - the expansion scale length is only = 0.01 A. Therefore,
ty;laically only 10% of the laser energy is absorbed in an optical skin depth of the hot
solid.

Figure 1 shows the measured reflectivity of a flat silicon wafer, when the wafer is
irradiated with 150 fs laser pulses,3 extending from low fluences (below damage
threshold) up to incident intensities exceeding 1016 W cm-2. At the highest fluences,
corresponding to the production of a 400 eV plasma on the silicon surface, the average
reflectivity measured was 86%. The peak reflectivity at the center of the focal spot and
peak of the laser pulse was therefore 2 90%.

The high rcflectivity observed can be explained by using a Drude model to calculate
the refractive index of the hot solid-density plasma.2 For silicon at 400 eV, N =n + ik =
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4 +1 10, where n is the real part and k the imaginary part of the complex refractive index
N. The reflectivity R is given by -
R = (- +K2
(n+1)? + k2

Therefore, for the high values of n and k characteristic of a hot, dense plasma, the
reflectivity is predicted to be large. These predictions are not changed by the presence of a
layer of low density material (<< 1) in front of the target, due to plasma expansion.
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Figure 1: Reflectivity of a flat Si target, as the laser intensity is increased.

Results

In contrast, for low values of n and k, the reflectivity of a target surface will be low.
Therefore, if the solid is "dilute” i.c. of low density, and the scale length of interaction is
sufficiently long, the laser light will be absorbed. However, merely reducing the material
density alone and increasing the interaction length will result in a hot, low-density
plasma. Such plasmas have been shown to exhibit slow cooling?, resulting in relatively
long (> 100 ps) x-ray pulse durations. On the other hand, materials such as gold smoke
or blackS, consisting of chains of clusters of ~ 100 A particles, have a low average
density but high cluster density. This material is typically between 0.1% and 1% of solid
density, and has large voids which are not filled in as a result of plasma expansion during
the laser light absorption. The refractive index in the visible region can be approximated
using a Drude model and an average material electron density. For a laser of frequency «,
collision time <, and plasma frequency y, the refractive index N is given by -

N2=qaikial-—B

o?+iwt!
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@:&Lz
where me &

The reduced average density implies that @, << ®, and because of the increased surface
area and small particle size, t is also lower than in a solid. Therefore, for gold black in
the visible region, n= I, k =0 and therefore R = 0. The imaginary part of the
refractive index scales as k = kg np / ns, where ks is the solid value, ng is the density of
solid gold and ny, is the density of the black. The optical absorption depth § is therefore
given by -

=< =-.C0 =
3 ok "ok 103x 100 A = 10 um
Experimentally, gold black exhibited low diffuse reflectivity, which was not measured.

A second type of dilute target, consisting of gratings of periodicity less than the laser
wavelength of 6160 A, was also studiedS. The gratings were chosen such that 1) their
periodicities were less than the laser wavelength, to avoid energy loss as 2 result of
diffraction, and 2) the groove width was sufficiently wide (2 1000 A) so that the groove
structure did not fill with low density blow-off vapor during the laser pulse.

For the grating targets, the reflected beam was specular, and the reflectivity could be
measured accurately. Figure 2 shows the incident laser reflectivity as a function of grating
depth, at an incident power density of 1016 W cm-2, and for incident laser polarization
perpendicular to the grooves.
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Figure 2: Measured reflectivity of grating targets as a function of groove depth, at
an incident laser intensity of 1016 W cm-2,

The increased absorption is not merely due to the increased surface area presented to
the incident laser by the grating surface - the absorption per unit area actually increases by
> 3. Since the periodicities of the grating structures were between A/2 and A/3, a long
wavelength approximation, which simply averages the material density, cannot be used to
calculate the refractive index. A different average index model is more appropriate in this
case.”. 8 Preliminary calculations show that the grating targets behave like a lossy
waveguide structure, and that the laser penetrates to depths of = 1500A. The walls of the
groove structure absorb the laser energy, and the laser does not penetrate to the substrate
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below the grating. The laser penetration into the grooves leads to an enhanced electric
field within the grating grooves, which leads to an effective increased incident laser
intensity on target, and therefore increased absorption. Rigorous calculations are in
progress to exactly model the experimental results.

The absolute x-ray yields from both types of targets were measured using a United
Detector XUVOQ05HS x-ray diode. For gold black, we measured a total laser-to-x-ray
conversion efficiency of = 20%, and a conversion efficiency of 2 1% into x-rays with
energies above 1 keV. For sufficiently deep gratings, we observed total laser-to-x-ray
conversion efficiencies of 2 12%, with 2 0.6% of the x-rays at energies above 1 keV.
These high conversion efficiencies were obtained using gold-coated gratings. (The
measured reflectivities on the other hand, were insensitive to the material of the grating.)

The x-ray pulsewidths from both the gold black and grating targets, were measured
using a fast x-ray streak camera.9 Data for different energy regions were taken by
inserting different x-ray filters between the plasma and the streak camera. We measured
instrument-limited x-ray pulsewidths of 2 ps for the high-energy photons above 1 keV
from both targets. The true pulsewidth is sub-picosecond? when the instrument response
is deconvolved. For x-rays below 1 keV, the measured pulsewidth was somewhat
longer. Gold black emissions in the soft x-ray region were approximately a factor of 2
longer than those of grating targets, possibly due to slower cooling at lower material
density. We have not determined to date if this increase in x-ray pulsewidth has
contributions from space-charge effects in the streak camera, which can be severe for
short pulses.

In conclusion, we have succeeded in coupling most of the energy of high-power
short laser pulses into solids. The solids used were structured, with dense solid-like
portions and large voids. This simultaneously lowered the incident laser reflectivity,
while maintaining fast cooling in the plasma when the solid portions expanded. We have
measured conversion efficiencies of laser light to sub-picosecond x-rays above lkeV of
= 1%. This corresponds to a peak x-ray flux of 20 MW, at a repetition rate of 10 Hz.
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Direct Measurement of Nonequilibrium Electron
Energy Distribution in Sub-Picosecond Laser-Heated
- Gold Films
W. S. Fann, R. H. Storz and J. Bokor
A. T. & T. Bell Laboratories
Crawiford Corner Road 4C328
Holmdel, NJ 07733
(201) 949-2657

Electron heating in metals by ultrashort laser pulses has been under
intensive investigations in recent years!':2. it is generally believed that in
a very short time (< 1-2 fsec) after the optical excitation, the electrons
equilibrate among themselves via the electron-electron interaction, and
establish a thermal Fermi-Dirac distribution at an elevated temperature.
The electron-phonon interaction operates on a longer timescale of several
psec to equilibrate the electrons with the lattice phonons.‘-2 During those
several psec, the electrons are decoupled from lattice and it is possible to
heat the electrons alone up to several thousand K. However no direct
measurements of the electron energy distribution function in laser-heated
metals have been reported so far. We have used ultraviolet photoemission
spectroscopy to directly obtain the energy distribution function with 500
fsec time resolution. We confirm that on this time scale, the distribution
is well described by a Fermi-Dirac function and we thus directly measure

the time-dependence of the electron temperature.

in this experiment a 674 nm wavelength (1.84 eV photon energy) pump

laser pulse of 500-fs duration is used to heat a 300 A gold film. The
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incident fluence is around 1 mJ/cm2 and 15 % of light is absorbed. The
photoelectron spectrum is measured in the normal direction by the
time-of-flight technique using a 500-fs probe pulse of 225 nm
wavelength ( 5.52 eV photon energy) light. The work function of gold is 4.3
eV and thus single-photon photoemission by the probe beam extends to 1.22
eV below the Fermi-level. Extreme care is exercised to eliminate '
space-charge effects on the photoemission spectrum. However, at the
pump fluences required to produce substantial electron heating,
multiphoton photoemission from the pump alone could not be completely
avoided. The single-photon probe spectrum is recovered by subtracting
the spectrum taken with the pump alone from the raw spectrum taken with
both the pump and probe. A companion "pump only” spectrum was taken
immediately after each pump/probe spectrum in order to insure the
integrity of this procedure. Fig.1(a) is the photoelectron spectrum
processed in this way at +13 picoseconds time delay between the pump and
probe. The smooth curve is the best fit of a Fermi-Dirac function to the
edge region. The electron temperature is determinated as 360 K. Fig.1(b) is
the spectrum taken with the pump and probe overiapped in time. Here, as
well, the distribution is well fit by the Fermi-Dirac function and the
electron temperature is determinated as 1200 K. By using the electronic
heat capacity? of Au it is estimated the temperature rise should be 1000 K
which is consistent with our measurement. Fig.2 is a plot of the fitted
electron temperature versus time delay when 0.12 mJ/ cm? of pump is
absorbed. With our present signal/noise ratio, the measured temperatures
are accurate to £ 50 K. The electron-phonon coupling constant,

G= 4'10'6w/m3K, is determinated by fitting the data with coupled
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Fig. 1

bt M_ kN a) t=+13 psec
Loy

b It Ul BN ADL AT AR M asdh s

Counts/eV

1]

HFF‘U'"J’« WL L | ©) =0 psec

0.5 1 1.5 2 2.5
Bectron Energy (eV)

Fig.1 (a) The photoemission spectrum at +13 ps delay with 0.18 mJ/cm?
absorbed. The smooth curve is a best fit Fermi-Dirac function with
an electron temperature of 360K. {(b) The photoemission spectrum at

0 ps delay. The best fit electron temperature is 1200K .

differential egquations between the electron and lattice described in Ref.1.
The result is consistent with the measurement in Ref. 2.

In summary, we have demonstrated that ultraviolet photoemiszion
spectroscopy can be used as a tool to measure the energy distribution of
nonequilibrium electrons in sub-picosecond laser-heated materials. With
further improvement in time resolution?, it may be possible to directly

observe the initial thermalization within the electron system itself.
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Fig. 2
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Fig. 2 Electron temperature measurements vs time delay with 0.12

mJ/cm?2 absorbed . The solid fine is the fit with G= 4*10'6W/m3K_
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Soft-X-Ray Spectra from Laser Plasma
Effectively Heated by a Pulse Train Laser

Hideo Hirose, Tamio Hara, Kozo Ando, Fumiko Negishi-Tsuboi,
Hidehiko Yashiro,  and Yoshinobu Aoyagi

The Institute of Physical and Chemical Research (RIKEN), Wako-shi,
Saitama 351-01, Japan

Abstract

A pulse train laser with low peak power can heat a4 Jdense plasma
offectively and promote ionization of atoms up to higher stages such
ae Li-like Al. This fact was proved by soft x-ray spectra.

[ntroduction

s-ray emission from laser produced plasma has been extensively <tudied

“or many yvears and now has found new promising application 1n variety of
Ticld, including, for example, various forms of N-ray spectroscopy, -
ray laser, as well as  microscopy and lithography. Among them,
considerable |)ro§f§?s has been made in the development of soft x-ray
laser since 1985 I'ntil now a powerful laser of a single pulse has
ofren been used to produce high density plasma. Recently we observed ASE
<smplified Spontaneous Emission) in some lines of Al \ and Al \l in a
recombining plasma produced by a very low power laser of only 2 . which
was composed of a train of many pulses separated by about 350 ps.

To study in detail the effect of multi-pulse irradiation on the
production of laser plasma and on x-rav emissions including ASE, we
constructed a pulse train forming system and investigated the emitted
s0ft Xx-ray spectra for various pulse trains. As is shown later, a pulse
train laser can effectively produce the higher stages of inns such as
Li-like ions from which some of ASE lines have been reported. Uur tinal
geal is to develop a table top x-ray laser in the water window
wavelength by using the pulse train laser.
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Experiment

Laser plasma was
produced by focusing
a pulse train
Nd;glass laser on an
Al slab target:
Various kind of
rulse trains was
generated by an
optical pulse
stackerJ)which is
consisted of three
optical delay loops
ccnhected in series
by four half mirrors
(50 ¥ reflector).
Each pulse has
almost the same peak
power(1_) and the
same interpulse time
(T). The pulse width
of each pulse was
about 100 ps. By
blocking more than
one loop, the number
of pulses within a

train can be changed.

In order to vary
time interval(T)
between pulses, the
ontical delay was
changed by moving
prisms parallel to
the optical paths.
The pulse train
was amplified by
glass amplifiers and
line-focused on an
Al target with a
7.5mm length by a
cylindrical lens
(focal length is
150mm). Focal line
width was about 50
um, Soft x-ray
spectra were
observed along the
axial direction of a
line plasma at a
distance of 300 um
from the Al
target surface by
using a XU
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Fig. 1 Microdensitometer traces of t ime
integrated XUV spectra obtained from (a) a
single, (b) two, (c) four and (d) wcight
pulses train laser. Exposures are 8, 1, 2 and

1, respectively. peak power is 4x101!w/cm®.
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spectrograph. Pulsce energy irradiated onto the target was estiqated 1o

and (d) for trains of
one, two, four and
2ight pulses, respec-
tively. Note that each
speetrum has different
exvosures, that is,
different number of
lzser shots in order
“o get almost equal
line intensities on
a SWR plate. There was
i large difference
amcng  these spectra.
Moot of lines ch-
tzined by a single
pulse irradiation [Fig.
fa)] were emitted
Trom relatively low

icrization stages (Al .

N, vV, VI ete.). Wwith 143 150 160 79 180
‘ncreasing the number Wavelengini A}

of pulses, magny .
spectral lines appear Fig. 2 Dependence of X-ray spectrum on

‘n spectrum. Lines of interpulse time. The number of pulses is four.
highly ionized Exposures are twice.

be 0.15 J/pulse which corresponded to the power density of 4x10°" W/cm®.
Result 3
400ps | 37
“ ? 2 a ° -
Typical examples of Al a < PR s
scectra in the range r 5 oz = B
of 100-185 A are shown ab 3 Z c o 2 o
. - | =< * N\ < ° z
ir Fig. 1(a), (b), (c) s Z < | ' i
I «< T
! i |
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] T Tlawv
—~ Al VI
e oTEALY

aluminum atoms such as

Al X1 grew dramatical-

y with increasing the number of pulses (4 or 8), while lines of lower
jonized atoms were also present. Lines of higer ionized atoms also
appeared in a spectru wiEP eight pulses train, even if the peak power
vias reduced below 10l W/cm”.

[t is important to study variation of plasma for time interval
between pulses while keeping the peak power and number of pulses
constant, Figure 2(a) and (b) shows spectra of 100 ps and 800 ps
irtervals, respectively. Surprisingly, in a spectrum of 800 ps time
interval, Li-like four lines disappeared and only Al X 3d-4f (Be-like)
lire are hardly alive. Spectral behavior of other lines were almost
ind2pendent to time intervals. The spectrum of 600 ps interval, which
!s not shown here, was very similar to that of 800 ps.

wshen interpulse time is decreased to zero, pulses are irradiated at
the same time on tne target and hence pulse train become a single pulse.
2 spectr*T obtained from a single pulse irradiation whose peak power
(13 x 10" *'wW/em®)is four times higher than that of a pulse train used in
Fiz. 1. Emisc.uns frowm Li- and Be-like ions also appeared. It is
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interesting that cspectral
characteristics was very similar T T T T

to that which was obtained from u Al V|113"“_\ T
four pulses train [see fig. AA|X17785 i
1(c)], although production ® AIXI 1546 A l

mechanism of Li- and Be-like
ions may be quite different in
both temporally and spatially.
When peak power of a single pulse
laser was increased by twice, an -
X-ray spectrum was also similar
ts that of eight pulses train
shown in Fig. 1(d).

Line intensities of three
different kind of ionization
stages (Al VI, Al X and Al XI)
are plotted as a function of
interpulse time for a train of 0
four pulses in Fig. 3. Line 0 200 400 600 800 1000
intensities are normalized at 100
ps. From this figure, optimum
time interval for efficient

heating of plasma is estimated to Fig. 3 Line intensity as a function
be about 200 L. of interpulse time T for three
@ 5.

different kind of ion spices (Al
VI, X, XI). Intensities are normaliz-
ed at 100 psec.

[ ]
\
)
\
[ ——

Intensity

Interpulse Time (ps)

Discussion

The above results has shown very clearly the effect of pulse train laser
on the soft X-ray spectra and give understanding of the production
mechanism of highly ionized atoms in a high density laser plasma.

Ei2ctron temperature plays an important role to produce high
ionization stages in plasma. QOur experimental results show that
multi-pulse irradiation creates hotter plasma than single-pulse

irradiation and therefore higher ionization stages such as a Li-like
ivn can be attained. Each pulse may act as a pre-pulse for next

incoming pulses, part of which is absorbed by the pre-formed
piasma, and therefore raises the electron temperature of plasma
mnve effectively. As a result, efficient and successive heating near

he target surface may occur with increasing the number of pulses.
I this consideration, interpulse time (T) is an important factor

in order to attain the higher electron temperature of plasma,
because such a plasma heating must be done successively before
electron temperature decreases due to adiabatic expansion. Qur

experimental result shows that efficient heating must be achieved
within the 400 ps.

In this way, irradiation of a multiple pulses significantly
piromotes ionization of atoms as a result of successive heating of
a plasma. Production of Li- or Be-like ion is very important to get ASL

in the recombination mode of Al plasma, because recombination
processes of such ions in plasma can produce population inversion.
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Conclusion

In conclusion, ionization to highly charged stages in laser produced
plasma is enhanced by using a pulse train laser. The advantage of this
novel method is that peak power needed fff pr%?ucing a Li-like ions
can be reduced greatly to less than 10" "W/cm®, g?hancement of the X-
ray conversion efficiency might also be expectedn- . The invention of
pulse train laser will further accelerate the development of a table
top X-ray source including X-ray laser.

* Shimadzu Corporation, Nakagyo-ku, Kyoto 604, Japan.
*¥* Faculty of Engineering, Saitama Univ., Urawa, Saitama 338, Japan.
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Hydrodynamic Evolution and Radiation
Emission from an Impulse-Heated
Solid Density Plasma
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Engineering, University of Maryland, College Park, Maryland 20742

ABSTRACT

We present results from a 1-D plasma dynamics calculation, describing the evolution of strongly
heated material in the vicinity of a solid-vacuum interface. We find that the radiation emitted
by the hot material in the range hv > kT,, where T, is the initial peak plasma temperature, comes
primarily from the region of the original step function interface. This emission is dominated by
recombination radiation. The emitted radiation pulse is extremely short; the cooling at the
interface is dominated by expansion.

1. INTRODUCTION

The interaction of energetic subpicosecond laser pulses with solid matter is of great current
interest because of the possibility of producing ultrashort x-ray puises from the resulting
plasmas,’ or for the study of the properties of the novel, highly excited material.?

Here we describe a simple model of the evolution of a solid target given a specified temperature
profile behind a step function interface at t=0. The laser beam energy deposition process is not
modelled; we are interested in the impulse response of the system, which would indicate a
minimum for the x-ray pulsewidth produced by the plasina. A somewhat low Z material, carbon,
is the material modelled, mainly for the purpose of reducing the calculation time.

2. MODEL

We use the "one-fluid" model® (equations for density, momentum, and energy balance) for the
macroscopic plasma variables €, p, v, where these vanables refer, consecutively, to internal
energy, mass density, and velocity. Intemal energy includes electron thermal energy and energy
stored in ionization states of carbon. It is assumed that the ion kinetic temperature is zero; on
the timescales considered here, electron-ion energy transfer is mainly through ionmization,
excitation, and recombination of the ions. Pressure and temperature are related by the ideal gas
equation of state, while electron and ion densities are determined by a collisional radiative*
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model, which was run either in steady-state or in transient mode.” A gradient heat conduction
term with Spitzer thermal conductivity® was used in the energy balance equation. The thermal
conduction may actually be considerably less than this, either through large plasma resistivity’
or flux-limited heat flow,® but the effect of thermal conduction will, in any case, be seen as less
important than expansion to the generation of ultrashort x-ray pulses in the range of frequencies
hv > kT,. The bulk material temperature (to the left of the initial temperature profile) is taken
to be 5 eV, in order to provide non-zero thermal conduction there. The electrons are assumed
to be thermally equilibrated among themselves (Maxwellian at high T,), with collisional mean
free paths smaller than any density scale lengths; a space dependent temperature can be defined.

Expressions for recombination and bremsstrahjung radiation have been obtained from ref. 6,
which assumes Maxwellian electrons and well defined bound states. Line radiation was calculated
by assuming that the populations of the two lowest excited states of each ion are in local thermal
equilibrium with their corresponding ground state populations, a reasonable approximation at
near-solid density. Opacity effects are ignored: the mean free path for continuum absorption is
thicker than the heated layer, and collisional deexcitation at solid density strongly competes
against repopulation through reabsorption of line radiation. We take high density plasma effects
such as continuum lowering into account by considering recombination into and line radiation
from only the two most strongly bound states of each ion.

3. RESULTS

As an initial condition at t=0, the peak temperature at the interface is taken as 200 eV, and
decays in a half-Gaussian profile with a FWHM of 500 A. This corresponds roughly to the depth
that the heat front would penetrate in 100 fs. The results of three runs are shown: (a) Time-
dependent collisional-radiative model, conduction "on" (heat conduction included in energy
balance equation); (b) steady state collisionai-radiative model (time derivatives in atomic rate
equations set to zero), conduction "on"; and (c) time dependent collisional-radiative model,
conduction "off".
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Figure 1: Time evolution of space-integrated recombination, bremsstrahlung, and line radiation
in the energy intervals (i) 200-1000 eV (left panel) and (ii) 10-100 eV (right panel) for a carbon
plasma under conditions (a), (b), and (c) (see text).
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Figure 1 shows the space integrated recombination, line, and bremsstrahlung radiation emitted
from the plasma under conditions (a), (b) and (c). Recombination radiation clearly dominates line
and bremsstrahlung radiation in interval (i), while recombination and bremsstrahlung emission
are comparable in region (ii), dominating line radiation. It is seen that for the higher energy
radiation (i), the puisewidths are all less than 200 fs, for (a), (b), and (c).

These results can be explained by examination of Fig. 2, which shows the spatial dependence of
the recombination emission at various times, for conditions (a), (b) and (¢) in spectral regions (i)
and (ii). The emission clearly comes from the interfacial region, which is rapidly cooled by
expansion and is rapidly decreasing in density. In the bulk, high ion stages are suppressed (see
Fig. 3), even at the high temperatures conducted into the target, because of the high degree of
three-body recombination.” Since the high ionization stages have relatively low densities in the
bulk, recombination radiation from the bulk is relatively weak. Long before the eroding interface
moves appreciably to the left, the electron temperature has decreased substantially.
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Figure 2: Spatial distribution of recombination radiation emission at various times for energy
intervals 200-1000 eV (top panel, for conditions (a), (b), and (c) (see text) ) and 10-100 eV

(bottom panel, for condition (a) ).
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