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Final Progress Report: Grant No. F49620-93-1-0254 

Picosecond X-Ray Spectroscopy 

Margaret M. Murnane and Henry C. Kapteyn 
Center for Ultrafast Optical Science, University of Michigan 

2200 Bonisteel Blvd., Ann Arbor, MI 48109-2099 
Ph. (313) 763-5574, FAX (313) 763-4876, e-mail murnane@umich.edu 

2. Objectives 

The objective of this project is to demonstrate the feasibility of time-resolved x-ray 
spectroscopy on a picosecond time-scale. 

3. Status of Project 

During this project, we have demonstrated the generation of coherent soft-x-ray pulses with 
sub-10fs duration. These results surpassed our own expectations. The coherent x-rays are 
generated by high-harmonic emission generated by focusing an intense femtosecond laser pulse 
into a gas jet. The increased time resolution (« 100 fs) we have available is very important to 
enable the direct observation of atomic motion - we can resolve atomic dynamics (in chemical 
reactions and in phase transitions for example) on the timescale comparable to the first steps of 
the process. 

Even more important is the fact that using very short 25fs excitation pulses, we can generate 
x-rays more efficiently than with longer lOOfs pulses. We can also tune the wavelength of the x- 
ray harmonics to probe different chemical species. 

4. New Findings and Research Highlights 

We found that the process of high-harmonic generation, which can generate coherent light in 
the soft-x-ray region, works substantially better using the very short excitation pulses we have 
developed. Previous work used pulsewidths > lOOfs, and generated up to the 135th harmonic. 
For our work however, we used 25fs excitation laser pulsewidths, and found that - 

1) We can generate coherent soft-rays with wavelengths down to 47Ä> This represents a 
substantial improvement over previous work, which generated harmonics down to 70Ä. 

2) We can generate x-rays significantly more efficiently than with 100 fs pulses. 

3) The soft-x-ray pulsewidths are less than lOfs in duration. 

4) We can continuously tune the harmonic wavelength by adjusting the chirp of the laser 
pulse, to completely span the soft-x-ray region of the spectrum. 

5) Using our 25fs laser pulses to drive high-harmonic emission, we are just beginning to 
enter a new non-adiabatic regime of high-field physics, where the response of the system 
depends on the time-history (pulse shape) of the excitation. 

6) Finally, we developed and experimentally demonstrated the fastest x-ray detector to date, 
with a time-resolution of 0.5ps. We are now working with Roger Falcone at Berkeley to use 
this detector for time-resolved x-ray studies at the Advanced Light Synchrotron Source. 



These results are illustrated in Figs. 1,2, and 3. Figure 1 shows the high-harmonic emission 
in argon as a function of pulse duration. Figure 2 shows the shortest wavelength coherent x-rays 
obtained to date. Figure 3 shows the output of the fastest x-ray detector to date. The extremely 
short risetime of our excitation pulses (a few optical cycles) is shorter than the tunneling time for 
ionization of an atom. Therefore, an atom exposed to a very fast risetime pulse will be stable 
against ionization up to a higher intensity than for a lOOfs excitation pulse. Since ionization then 
occurs at a higher laser intensity, the electron can gain more energy in the laser field, and thus 
radiate higher harmonics. A detailed explanation of these results is given in the attached re- 
prints. 

Our results are very important for application experiments in materials science, chemistry 
and surface science, since we can generate a good flux of x-rays with only a few millijoules of 
laser energy, provided that we use a very short excitation pulse (25fs). Since we can generate 
millijoule-level laser pulsewidths at kHz repetition rates, we can therefore generate high- 
repetition-rate soft-x-ray and ultraviolet sources, with lOfs x-ray pulsewidths. This source can 
compete very well with synchrotron sources in terms of flux for time-resolved experiments, since 
the high-repetition rate of the synchrotron cannot be used when synchronized with a laser 
(usually kHz). Of course, it surpasses all other sources in terms of pulsewidth. 

5. Personnel associated with project 

Professor Margaret Murnane 
Professor Henry Kapteyn 
Dr. Jianping Zhou (recent graduate, now working at Spectra-Physics Lasers) 
Dr. Chung-Po Huang (recent graduate, now working at Robotics Vision) 
Dr. Zenghu Chang (visiting scientist from Xian Institute, China) 
Professor Ivan Christov (visiting scientist from Sofia, Bulgaria) 
Kendall Read (graduate student) 
An-Chun Tien (graduate student) 
Andy Rundquist (graduate student) 
Justin Peatross (postdoctoral researcher) 
Haiwen Wang (graduate student) 
Chengyu Shi (graduate student, no longer in group) 
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7(b). Technology transfer 

We have been involved in significant technology transfer efforts in our laboratory. We now 
have a company, Kapteyn/Murnane Laboratories L.L.C., to sell ultrashort-pulse lasers. We 
market lasers which can generate shorter pulses (< 20 fs) than otherwise available commercially. 
Such short pulses have applications in chemistry, biochemistry, materials science, engineering, 
and high-field physics. This laser work developed from an SGER funded jointly by AFOSR. We 
have sold lasers to LLNL, Argonne Natl. Lab, LBL, NIST, and scientists both within and outside 
of the US. 

We also worked with Excel/Quantronix to commercialize our amplifier technology, and they 
now have a commercial product based on our design. 

8. Patents   None 

9. Honors 

1995 Sloan Foundation Fellowship awarded to co-PI Prof. Henry Kapteyn 
1997 Maria Goeppert-Mayer Award of the American Physical Society to P.I. Margaret Murnane 
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Figure 1: High-Harmonic emission in argon as a function of transform-limited pulsewidth 
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Figure 2: Single-shot high harmonic emission from He using a 25fs excitation pulse, 
showing coherent x-ray emission down to 47Ä. 
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Figure 3: X-ray pulsewidth measurement using ultrafast x-ray detector 



VOLUME 76, NUMBER 5 PHYSICAL  REVIEW  LETTERS 29 JANUARY 1996 

Enhanced High-Harmonic Generation Using 25 fs Laser Pulses 

J. Zhou, J. Peatross, M. M. Murnane, and H. C. Kapteyn 
Center for Ultrafast Optical Science, The University of Michigan, Ann Arbor, Michigan 48109-2099 

I. P. Christov 
Department of Physics, Sofia University, 1126 Sofia, Bulgaria 

(Received 7 June 1995) 

We present experimental and theoretical results on high-harmonic generation in noble gases using 
an 805 nm, 25 fs, titanium-doped sapphire laser. The harmonic energies observed are unexpectedly 
high when compared with experimental and theoretical results to date for longer excitation pulses. 
We observe that the efficiency of harmonic production is highest for shorter pulses. Furthermore, the 
wavelength of the harmonics can be tuned by adjusting the sign of the chirp of the excitation pulse, 
demonstrating a tunable, ultrashort-pulse, <25 fs soft-x-ray source. 

PACS numbers: 42.50.Hz, 32.80.Rm, 42.65.Ky, 42.65.Re 

The occurrence of a plateau in the conversion efficiency 
of high-order harmonic generation of intense laser pulses 
incident on gases has been well documented both experi- 
mentally [1-5] and theoretically [6-12]. A variety of 
wavelengths and pulse durations have been used to gener- 
ate harmonics, and harmonic orders well exceeding one 
hundred have been observed by L'Huillier and Balcou 
from the two lighter noble gases using 1 ps, 1054 nm 
laser pulses [3]. Macklin, Kmetec, and Gordon observed 
harmonics up to the 109th order in neon using 125 fs, 
806 nm pulses, which represents the shortest wavelength 
harmonic reported to date [4]. In heavier noble gases, 
which have smaller ionization potentials, the number of 
harmonics which can be generated is less, although they 
have higher conversion efficiencies. L' Huillier and Balcou 
observed up to the 55th and 27th harmonics from argon 
and xenon, respectively, with the 1 ps, 1054 nm laser 
pulses [3]. These observations are in agreement with 
theoretical predictions [10,11] that the photon energy of the 
highest harmonic emitted from a gas cannot exceed Ip + 
3.2UP, where Ip is the atomic ionization potential and 
Up ~ A2I is the maximum ponderomotive potential that 
an electron may experience prior to detachment from the 
atom, and A and / are the laser wavelength and intensity, 
respectively. 

Krause, Schafer, and Kulander [10] used ab initio cal- 
culations of the Schrodinger equation in three dimensions 
to show that the breadth of the plateau in the harmonic 
spectrum obeys this cutoff rule, where Up is chosen at the 
point where the atom ionizes, even if the peak laser in- 
tensity goes higher. They also showed that this rule can 
be understood with a classical picture, where the electron 
detaches from the atom and releases energy when it is re- 
captured by the atom after a laser cycle [11]. The classical 
picture predicts that the maximum kinetic energy acquired 
by an electron from the field upon return to the nucleus 
is 3.2Up. Quantum-mechanical descriptions of high har- 
monic generation give similar results [8,12].  All of these 

models agree with harmonic generation measurements to 
date, which have been made with laser pulses of duration 
greater than 100 fs. They also use the adiabatic assump- 
tion, where the laser intensity varies slowly with respect to 
an optical period. 

For our work, we investigated high harmonics generated 
by a 25 fs, 10 Hz, 3 TW Ti:sapphire laser [13] in various 
noble gases [14]. The bandwidth of the pulses is 32 nm, 
centered at a wavelength of 805 nm, and the laser system 
can provide up to 70 mJ of energy per pulse, with shot- 
to-shot fluctuations of —10%. The laser beam is linearly 
polarized and focused by a curved mirror of focal length 
1 m to 1.2 times the diffraction limit as measured by a 
charge coupled device camera, with //80 focusing. A 
gas target «1 mm thick was placed 2.5 cm after the 
focus, where the laser diameter was approximately 280 ± 
50 ixva. The ultrashort nature of our excitation pulses 
(10 optical cycles FWHM) implies that at the half maxi- 
mum position of the temporal pulse envelope, the laser 
intensity changes by more than 25% during a single cycle. 
This defies the adiabatic assumption, which suggests that 
the atomic dipole moment undergoes quasiperiodic motion 
from cycle to cycle, with no dependence on the history of 
the pulse. 

The gas target [15] consists of two thin metal plates 
with a 500 /im hole drilled through them. The laser goes 
through the hole and interacts with the gas which enters 
the hole from between the plates. The device was backed 
continuously with pressures of 5-50 Torr, and the pressure 
inside the hole was about one-fifth of the backing pressure. 
Because the laser confocal parameter is much larger than 
the gas target thickness, the harmonics can be thought of as 
emerging from a plane so that geometric phase matching 
should not critically depend on the z position of the target. 
We placed that target after the focus mainly to increase 
the size of the laser spot and hence increase the signal. 
The harmonic signals are resolved with HIREF-SXR-1.75 
monochromator (Hettrick Scientific) and measured with a 
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microchannel plate detector. The spectrometer, which had 
a resolution of — 1 Ä, was scanned at a rate of —0.02 Ä per 
laser shot, and the harmonic signal from each laser shot 
was recorded. Typically, ä 12 000 points make up a given 
spectrum. 

For the heavier noble gases, we observed harmonics 
with photon energies remarkably higher than previously 
seen. Figure 1(a) shows harmonics generated in argon, 
where orders up to the 61 st are visible. This corresponds to 
a photon energy of 93 eV. The lower harmonic orders are 
artificially damped by the spectrometer grating efficiency. 
Figure 1(b) shows harmonics up to the 41st generated 
krypton and harmonics up to the 29th generated in xenon. 
These are approximately 40% higher harmonic photon 
energies than have been seen previously using these gases 
[3]. The increase in harmonic photon energy is especially 
interesting from the point of view that for a given intensity 
the ponderomotive potential Up of our laser is 42% less 
than that of the 1054 nm laser used in the experiments 
by L'Huillier and Balcou [3]. Thus, according to the 
Ip + 3.2UP rule, one would expect to see harmonics of 
lesser photon energy with our laser, not greater. This 
suggests that for ultrashort-pulse excitation, atoms can 
survive to higher laser intensities before ionizing. In 
neon, we were unable to resolve harmonics past the 105th, 
but we saw light which may correspond to harmonic 
orders up to the 131st. As we reduced the laser intensity, 
the short wavelength edge gradually retreated to longer 
wavelengths, indicating that the shortest wavelength light 
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FIG. 1. Harmonic spectra generated in (a) ~5 Torr of Ar, 
and (b) 2 Torr of Kr and Xe, with peak laser intensity 
5 X 1014 W/cm2. (c) Harmonic spectra generated in —10 Torr 
of Ne with peak laser intensity 2 X 1015 W/cm2. The relative 
intensities of (a)-(c) should not be compared directly. 

is real. Figure 1(c) shows harmonic spectra of Ne. The 
lower harmonic orders seen are artificially damped by 
the spectrometer grating efficiency, since we had to use 
a different grating to observe these shorter wavelength 
harmonics. 

The spectra seen in Figs. 1(a)-1(c) were produced with 
a laser energy of 3.5 mJ, which for the focusing condi- 
tions described above corresponds to a peak intensity of 
approximately (5 ± 2) X 1014 Wem-2. This is signifi- 
cantly above (X2) the point where ionization should read- 
ily occur. The possibility therefore exists that the highest 
harmonics might arise from ions, in which case they would 
not be considered to be of unexpectedly high order. To 
check this, we observed harmonic generation in argon as a 
function of gas pressure. We observed that all of the har- 
monic peaks decreased in strength together as the pressure 
was gradually reduced from 5 to 1 Torr. If the higher-order 
harmonic peaks were produced by ions while the lower by 
neutral atoms, one would expect the harmonics to scale 
very differently with pressure because of a changing co- 
herence length arising from free electrons. Thus our ob- 
servations suggest that the harmonic peaks all arise from 
neutral atoms. Our spectra are, however, integrated over 
space and time from an ensemble of atoms experiencing 
different laser intensities. 

One model for estimating the intensity at which ioniza- 
tion occurs is barrier suppression ionization (BSI) [16]. In 
this picture, the outer electron suddenly escapes from the 
atom when the laser field suppresses the potential barrier 
below the field-free binding energy of the electron. This 
model has worked well for predicting the intensities at 
which atoms ionize for 1 ps, 1054 nm, laser pulses. Ac- 
cording to this model, the intensities at which Ne, Ar, Kr, 
and Xe ionize are, respectively, 8.7 X 1014, 2.5 X 1014, 
1.5 X 1014, and 8.6 X 1013 W/cm2. The harmonic pho- 
ton energies that we observed from Ar, Kr, and Xe well 
exceed the theoretical limit when the BSI assumption is 
used to determine Up. In fact, under the BSI assumption, 
the harmonic photon energies would exceed Ip + 5UP for 
each gas. Thus it would seem that for ultrashort pulses the 
BSI model is not applicable. 

We investigated numerically the dependence of ion- 
ization on pulse duration for pulses of fixed peak inten- 
sity. This was done by integrating the time-dependent 
Schrödinger equation in one dimension. While the so- 
lution in one dimension cannot be expected to provide 
an exact description of ionization, it can be interesting 
to compare the ionization probabilities for different ap- 
plied pulse durations. The field-free potential was cho- 
sen to have the form — 1/(|JC| + a) in atomic units [17], 
where a = 3.7 X 10~2 a.u. The calculation showed that 
for our experimental conditions, atoms can experience 20% 
higher laser intensity before the ionization probability ex- 
ceeds 10% for a 25 fs excitation pulse, compared with a 
100 fs pulse. The details depend on the exact shape as- 
sumed for the leading edge of the laser pulse, which has 
not been experimentally determined as yet.   However, in 
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contrast with the BSI model, the implication is that, even in 
the tunneling regime, neutral atoms are able to experience 
higher ponderomotive potentials under ultrashort-pulse il- 
lumination than is possible using longer excitation pulses, 
since atoms can survive higher intensities before ionizing. 

The Ip + 3.2UP rule for the highest possible harmonic 
photon energy comes from a classical consideration of the 
maximum energy that an electron can have when a laser 
of constant intensity pushes it back into its parent ion after 
having broken away during the previous cycle. Since 
this process requires the time scale of a laser cycle, the 
fact that our laser intensity changes during this time can 
influence the process. During the rising edge of the pulse, 
the relevant intensity for calculating the ponderomotive 
potential is higher than that at which the electron breaks 
away from the atom, since the field strength grows before 
the electron can return. This consideration alone cannot 
explain the anomalously high harmonic orders observed, 
but it does predict some enhancement. 

To investigate how important the shortness of our laser 
pulse duration is to the total number of harmonic orders 
observed, we increased our laser pulse duration by intro- 
ducing chirp. We did this by changing the position of 
the grating in our pulse stretcher prior to amplification. 
The beam alignment and pulse spectrum after amplifica- 
tion and compression remained unchanged. Calculations 
of the pulse propagation through our laser system suggest 
that the temporal profile of the pulse remains smooth as 
the chirp is varied. 

We examined the effect of introducing various amounts 
of chirp, both positive and negative, on harmonic produc- 
tion in argon. Figure 2 shows harmonic spectra for differ- 
ent pulse durations at a pressure of 5 Torr. The harmonic 
spectrum generated by a transform-limited 25 fs pulse is 
shown in the middle. Above it are spectra from posi- 
tively chirped pulses, and below it are spectra from nega- 
tively chirped pulses of similar durations. In all cases the 
peak intensity of the laser pulse was held fixed so that the 
longer pulses required more energy. 

For almost all of the pulse durations shown in Fig. 2, 
we observe unexpectedly higher order harmonics than pre- 
dicted by the BSI theory, which predicts that the 41st order 
should be the maximum observed. The photon energies in 
all cases are higher than those previously observed in neu- 
tral argon, although the highest observable harmonic order 
decreases gradually with increasing pulse duration. An- 
other striking feature about the data in Fig. 2 is that the area 
associated with given harmonic peaks remains roughly the 
same for the different spectra. Since the laser energy is in- 
creased to keep the intensity fixed for the longer durations, 
the harmonic production process is most efficient for the 
shortest laser pulses. In other words, shorter laser pulses 
produce the most harmonic signal for a given laser energy, 
with the harmonic efficiency scaling inversely with pulse 
duration. This agrees with the findings of Kondo et al. 
[5] who reported on harmonics generated with a 120 fs 
Ti:sapphire laser.   They stretched the laser pulse dura- 
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FIG. 2. Harmonic spectra generated in 5 Torr of argon for 
fixed peak laser intensity of 5 X 1014 W/cm2 and for various 
laser pulse chirps. 

tion to 750 fs by introducing chirp and increasing the 
laser energy to keep the peak intensity fixed. They ob- 
served no significant change in the harmonic yield over this 
range. Together the two sets of experiments suggest that 
high-harmonic conversion efficiency is roughly inversely 
proportional to pulse duration for pulse widths shorter 
than 1 ps. 

In Fig. 2, a significant amount of redshifting and blue- 
shifting of the output spectra can be seen when positive 
and negative chirps are introduced, respectively. This 
indicates that the harmonic production tends to favor the 
rising edge of the laser pulse and that it is unlikely that 
harmonic emission comes from ions. The harmonic peaks 
can be shifted spectrally to the degree that a continuously 
tunable light source is obtained for wavelengths shorter 
than 25 nm. The degree of blueshifting and redshifting 
is not the same for pulses of similar duration but with 
opposite chirp. For positive chirp, the redshifting of the 
peaks is very pronounced while the peaks remain relatively 
narrow. However, for the negative chirps, the harmonic 
peaks initially shift slightly to the blue and then broaden 
to approximately twice the former width. The bandwidths 
observed for individual peaks are sufficiently broad to 
support subfemtosecond soft-x-ray pulses, although it is 
not known as yet if the proper phase conditions are met. 
One possible explanation for the asymmetry observed in 
the shifting and broadening of the harmonic spectra as a 
function of laser chirp is that the negative chirp induces a 
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stabilizing effect against ionization. Thus, in the case of 
negative chirps, the atom could experience a wider range 
of frequencies. 

Our model calculations show similar spectral shifting 
and broadening of the harmonics with different signs of 
the excitation laser chirp. The calculations show that at 
the point on the leading edge of the pulse profile where 
a negatively chirped 100 fs pulse (with the same band- 
width as a 25 fs pulse) causes 50% ionization of the atom, 
there is 68% ionization for a positively chirped 100 fs pulse 
with the same intensity. Thus, when irradiated by a nega- 
tively chirped excitation pulse, the atom survives longer 
and is exposed to a greater fraction of the input bandwidth 
than for the positively chirped case. This may explain why 
the harmonic peaks are broader, and shift less, for a nega- 
tively chirped excitation pulse, since harmonic emission 
presumably stops after ionization. Figure 3 shows calcu- 
lated single-atom harmonic spectra which are less spec- 
trally shifted for negatively chirped excitation pulses than 
for positively chirped pulses, in agreement with our ex- 
perimental data. These results suggest that laser pulse 
chirp might be used to control the ionization rate of atoms, 
to allow the production of extremely broad bandwidth and 
attosecond duration x-ray pulses, with well-defined and 
possibly compressible chirp. 

In summary, we have investigated harmonic genera- 
tion using ultrashort laser pulses. In many of the noble 
gases, we observe unexpectedly high harmonic orders, up 
to 40% higher energies than have previously been pre- 

+100 fs 

I 
c 
o 
o 
0. 

I 

100 fs 

Harmonic Order 

FIG. 3. Theoretical predictions for the harmonic spectra gen- 
erated for various excitation laser chirp for fixed intensity and 
bandwidth. 

dieted or observed. We also observe increased conversion 
efficiency of laser to soft-x-ray light by using shorter exci- 
tation pulses. Finally, we observe that the harmonic spec- 
tra are asymmetric with respect to the sign of the chirp and 
that the harmonics may be tuned by adjusting the chirp. 
Our results suggest that the BSI model is not applicable to 
very short excitation pulses and that the laser pulse chirp 
might be used to control the ionization rate of atoms. Our 
results have demonstrated a tunable, sub-20 fs, soft-x-ray 
source. 
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High-harmonic generation using ultrashort laser pulses with pulse durations 25 to 200 fs is studied 
theoretically and experimentally. We observe that the harmonic spectrum of argon taken with 25 fs 
laser pulses contains harmonics up to 20 orders higher than for 100 fs laser pulses with the same 
intensity. We show that this increase in harmonics is because the atom survives to higher laser 
intensities, due in part to the nonadiabatic response of the atomic dipole to the fast rise time of our 
pulse.    [S0031-9007(96)01018-6] 

PACS numbers: 42.50.Hz, 32.80.Rm, 42.65.Ky, 42.65.Re 

The shortest x-ray pulses which can be generated to 
date are obtained by high-harmonic conversion of intense 
laser pulses in gas jets. This scheme has been used to 
generate harmonics up to orders exceeding 100, using 
either picosecond [1] or femtosecond pulses [2]. High- 
harmonic generation thus represents an attractive technique 
for generating ultrafast coherent radiation in the UV and 
soft x-ray region of the spectrum. 

For high intensity laser illumination, the ionization of 
atoms occurs via tunneling through the core potential 
[3-5]. Once free, the electron moves in the laser field, 
and when the laser field reverses, the electron can return 
to the core with a maximum kinetic energy of 3.17Up. 
Here, Up = E2 /4a>2 is the ponderomotive or quiver 
energy (atomic units) of a free electron in a electric field 
E with frequency w. Thus the energy of the highest 
harmonic emitted from an atom of ionization potential 
Ip is predicted to be //; + 3A1UP. With the exception 
of our experiments, this prediction is in good agreement 
with experimental data to date for the width of the plateau 
region and the cutoff wavelength of the harmonic spectra 
[1,2]. Here, Up corresponds to the maximum field that an 
electron may experience before ionization, even though 
the laser field may subsequently increase. This simple 
law has also been confirmed by numerical [6] and analytic 
calculations [7,8]. 

In all the experiments performed by others, laser pulse 
widths >100 fs have been used. In the visible region of 
the spectrum, this implies that the field amplitude changes 
little between successive optical cycles. Thus when the 
laser pulse reaches the intensity required for tunneling, 
there is sufficient time for the electron to escape from the 
atomic core before the field increases further. We recently 
reported [9] the generation of high harmonics from noble 
gases, which for the case of 25 fs pulses, exhibited 
unusually high orders in comparison with previous work 
using longer pulses. We also reported that the harmonics 
could be tuned in wavelength by adjusting the chirp of the 
excitation pulse. 

In this paper, we report new results on the direct 
comparison of harmonic emission as the transform-limited 

pulse width of the excitation laser is varied over the 
range 25-200 fs. This avoids any complications due to 
the introduction of chirp [9]. Our experiments show that 
the harmonic spectrum of argon taken with 25 fs laser 
pulses contains harmonics up to 20 orders higher than 
for 100 fs excitation pulses with the same intensity. We 
also report on quantum calculations which consider the 
interaction of a ID atom with an intense laser pulse. 
We show that the ionization process can be strongly 
affected by the ultrashort rising edge of the pulse, and 
that, in the presence of finite ionization rates, the atom can 
survive to higher laser intensities prior to ionization. The 
electron is then exposed to a stronger, rapidly increasing, 
laser field, which allows the electron to gain even more 
energy prior to reencountering the parent ion. Quantum 
mechanical calculations show a further effect for very 
short pulses. For rapid rise-time pulses, the phase of the 
atomic dipole lags that of the field, which can result in 
reduced ionization due to the nonsinusoidal shape of the 
electric field in time. 

A simple intuitive picture of tunneling, described quan- 
tum mechanically by the Keldysh theory [3], can be seen as 
follows. In the case of a field with an amplitude E, compa- 
rable to the amplitude which suppresses the Coulomb bar- 
rier to the level of Ip (the appearance amplitude £app = 
72/4) [10], the barrier width is given by L = 2(Eapp — 
E)05/E. Classically, we assume the bound energy of the 
electron to be kinetic with velocity v = (21p)05, to obtain 
a tunneling time 

Ttun  =V£app   - E/(EE°dp
2

p
5). (1) 

On the other hand, quantum mechanically for weak fields 
(E <3C £apP), the ratio of the tunneling time to the laser pe- 
riod is given by the Keldysh parameter y = 2£^p

25co/E. 
Thus a simple classical model retains the qualitative fea- 
tures of the more exact calculation. In the case of argon, 
for example (Ip = 0.58 a.u.), at a field of 0.5£app) we find 
a tunneling time of ~3 fs. (The period of our laser light 
is =2.7 fs, while the pulse width is 25 fs.) We will show 
that when the tunneling time is close to an optical cycle 
(y ~ 1) and for rapid rise-time pulses, the electron wave 
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function can experience a strongly delayed response. This 
effect is in addition to the theoretically predicted increase 
of harmonic orders for short pump pulses recognized by 
others in the past [5,11]. However, none of the previous 
work considers the dynamics of wave function within a few 
periods of the optical field, in the transient regime where 
the atom responds to the nonsinusoidal individual half pe- 
riod of the increasing electric field, and when the Keldysh 
parameter is close to unity. Moreover, although many re- 
cent calculations on high-harmonic generation and stabi- 
lization of atoms used simulated pulses with a rise time of 
a few optical periods, followed by a region with constant 
amplitude to avoid the "death valley" problem of atomic 
ionization [12,13], only recently have lasers advanced to 
the point that such high-power ultrashort pulses can be gen- 
erated in the laboratory [14,15]. 

In order to model the interaction of a single atom with 
an ultrashort pulse, we solve the Schrödinger equation for 
a ID Coulomb potential [16] 

, dW (x, t) 

dt 

1 1    d2 

2 dx2       |x| + a 
- xE(t) V(x,t). 

(2) 

For small a ~ 0, the eigenvalues and eigenfunctions of 
Eq. (2) approach those of the ID hydrogen atom. (For 
no external field, the ID and 3D hydrogen atom energy 
levels are the same, with zero probability of finding the 
electron at the core.) The lowest-energy state has energy of 
-0.5 a.u. (ignoring a single infinitely bound state peaked 
at the core, but which does not couple to other states 
through dipole transitions) [16]. In contrast, when the 
smoothing parameter a is large, this state is no longer 
infinitely bound, and it can interact with other states 
through dipole transitions. For example, the soft potential 
-1/(2 + x2)0-5 supports a ground state of Ip = 0.5 a.u. 
which is peaked at the core [17,18]. We use a small 
value of a = 0.037 a.u., which allows the core-peaked 
wave function to be ignored because it is deeply bound. 
This modest degree of smoothing gives for the next lowest 
state (the de facto ground state) a binding energy of 
Ip = 0.443 a.u., and the corresponding appearance field is 
0.049 a.u. (/app = 8.4 X 1013 W/cm2). We calculate the 
harmonic spectra by using the dipole acceleration approach 
[18]. In order to determine the time dependence of a 
specific harmonic, we Fourier transform the corresponding 
spectral peak. The ionization probability was calculated by 
projecting the wave function over the first 50 bound states 
of the atom, since the contribution of the remaining states 
was found to be negligible. 

Our calculations show that for weak pulses (E «C £app) 
the harmonic spectra do not depend on the pulse width, 
since the highest intensity the atom can experience is al- 
ways the peak intensity of the pulse. On the other hand, for 
strong pulses (E ~ Eapp) the ionization can depend on the 
pulse width. Figures 1(a), 1(b), and 1(c) show the time de- 

pendence of the ionization probability, the third-harmonic 
field, and the phase of the atomic dipole, respectively, for 
100 fs excitation. These figures show that the peak of the 
third-harmonic field corresponds to an ionization probabil- 
ity of 42%, occurring at a field amplitude of 0.74Eapv, and 
that the dipole phase is nearly constant. Figures 1(d), 1(e), 
and 1 (f) correspond to excitation by a 25 fs duration pulse, 
of the same peak intensity. In this case, at the peak of 
the third harmonic the ionization probability is 32% while 
the amplitude of the field is 0.86Eapp. Therefore the atom 
is exposed to higher fields for shorter duration excitation 
pulses (<100 fs). Because of the higher field, the kinetic 
energy of the electron significantly increases, and this re- 
sults in the generation of more intense and higher-energy 
harmonic peaks. 

It can also be seen from Fig. 1(f) that the phase of the 
dipole changes significantly for 25 fs illumination when 
compared with 100 fs illumination, particularly when 
the ionization exceeds 50%. Thus for weak fields or 
long pulses, the atomic dipole adiabatically follows the 
oscillations of the laser field, but, for ultrashort pulses 
of high intensity, the response of the wave function is 
delayed with respect to the laser field. The onset of 
this phase delay coincides with the stabilization of the 
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FIG. 1. Time dependence of (a) the pulse envelope and ioni- 
zation probability for a 100 fs excitation pulse, with peak am- 
plitude E = £app = 4.9 X 10~2 a.u.; (b) the generated third 
harmonic; and (c) the phase of the atomic dipole at the fun- 
damental frequency; (d), (e), and (f) correspond to the case of 
a 25 fs pulse, with the same peak amplitude. 
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atom against fast ionization on the leading edge of the 
pulse. Our results can also be considered in the context 
of tunneling theory. For cw radiation, the tunneling 
ionization (y <SC 1) can be described by a "rate" which 
is dominated by the exponential factor [19,20] 

W <* exp[-2(2Ip)
3/2/3E]. (3) 

For long pulses, when the laser intensity varies slowly 
during an optical period, one may assume from above 
that the atomic dipole adiabatically follows the field 
oscillations, with no dependence on the pulse history. In 
that approximation, the ionization rate depends on the 
instantaneous value of the field envelope E(t), and we 
may substitute E(t) for E in Eq. (3). After integration 
of (3) over time, we find that the ionization probability 
is proportional to the pulse duration, which for weak 
fields is consistent with Fermi's golden rule. Thus 
the ionization probability is a function of the pulse 
energy (photon number), and thus for shorter pulses the 
ionization saturates at higher intensities than for longer 
pulses, as predicted previously [11]. 

In contrast, in the case of an ultrashort pulse (<25 fs), 
the ionization and harmonic generation occur within a 
few periods on the leading edge of the pulse. Therefore 
it is not precise to introduce an ionization "rate," since 
the ionization probability is nonlinear, and may even 
decrease with time (see Fig. 1 and [21]). Thus the 
application of a quasiclassical rate like Eq. (3) to a 
rapid rise-time pulse is limited. Equation (3) does not 
consider the shape of the incident field, including the 
carrier frequency, which means that it is rigorously valid 
only for low frequencies and long pulses [3]. Moreover, 
Eq. (3) gives the ionization rate averaged over a half 
period of the carrier wave, which cannot describe the 
nonadiabatic effects due to the return of the electron wave 
packet to the core, when the particular cycle where the 
harmonic generation is occurring may have a nonzero 
integrated electric field (rapidly rising leading edge). In 
order to observe the pure nonadiabatic response, we 
calculate the unsaturated ionization of an atom irradiated 
by an exponentially increasing pulse given by E(t) = 
Eoe'/T s'm(cot), where w corresponds to 800 nm, and EQ 

is chosen to ensure equal incident energy for different 
values of the rise time T, for each fixed number of periods 
in the pulse. Here equal energy means that the time 
integral of the square of the field has the same value 
in each case. First, we show in Fig. 2(a), that for a 
half period of the earner wave, the ionization is almost 
independent of the rise time T. Then, Fig. 2(b) shows 
the case of an incident field consisting of one full optical 
period. The ionization in Figs. 2(a) and 2(b) differ since 
the pump field which ensures equal energy differs in time 
in all cases. The effect of ionization suppression due to 
the nonadiabatic response of the dipole can be seen by 
comparing the ionization of the 5 fs rise-time pulse with 
that of the 50 fs case, even though we have irradiated the 

o.o 0.2 0.4 0.6 0.8 

Time (periods) 

FIG. 2. Ionization probability of the model atom irradiated by 
an exponentially increasing field which ensures the same energy 
for a given number of cycles but different rise times T. (a) One 
half period: T = 50 fs (solid), T = 5 fs (dashed); (b) one full 
period: T = 50 fs (solid), T = 5 fs (dashed); (c) population 
of the first excited state for 50 fs (solid) and for 5 fs (dashed) 
rise times. 

atom with the same "number of photons" in the same 
period of time. This difference disappears when 15 fs 
pulses are compared with 50 fs pulses. It is important to 
point out that this effect of ionization suppression appears 
when there is a significant ionization (>10%) during the 
first half period of the field, which ensures that there is 
sufficient penetration of the electron wave packet into 
the Coulomb barrier. Since the atom responds to each 
individual half period of the increasing electric field, the 
different depth of penetration of the electron wave packet 
into the potential barrier due to the large difference in 
amplitudes of the subsequent half periods leads to an 
increasing delay of dipole response with shorter pulses 
(<25 fs), and to a decrease of the total ioniation. 

In frequency space, the short rise time and broad 
spectrum of the pulse leads to population of intermediate 
states. This defies the adiabatic assumption that only the 
initial and final states of the electron are significant in 
the tunneling process, while the intermediate states play 
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FIG. 3. (a) Experimental and (b) theoretical results for high- 
harmonic generation in argon by 25 fs (*), 50 fs (D), and 
100 fs (+) excitation pulses, with a peak intensity of 4 X 
1014 W/cm2. 

no role [3,19]. We found that the population of the first 
excited state for rise times of 5 fs is —9%, while for 
rise times of 50 fs it is less than 3.5% [see Fig. 2(c)]. 
Thus for very short rise times, a portion of the population 
is captured in intermediate states, which again leads to 
suppression of the ionization of the atom. 

Figure 3(a) shows the experimental results for high- 
harmonic generation in argon by pulses of durations 25, 
50, and 100 fs, and with a fixed peak laser intensity of 4 X 
1014 W/cm2. The setup is described elsewhere [9,14]. 
The pulse duration was varied by varying the bandwidth of 
the laser to obtain near transform-limited pulses with vary- 
ing duration. The results of the corresponding simulations 
are shown in Fig. 3(b). This simulation was done using 
the soft Coulomb potential -1/(1.40 + x2)°"\ which has 
a core-peaked ground state with a binding energy the same 
as that for argon, 0.58 a.u. Both experiment and theory 
clearly show an increase in number of harmonics with de- 
creasing pulse duration. A comparison of these results, 
and those of others [1,2] made with longer pulses and much 
higher peak intensity, shows that the higher saturation in- 
tensities achieved by using shorter excitation pulses results 
in higher ponderomotive energy and more intense higher 
harmonics than with longer pulses. Thus the nonadiabatic 
behavior of the atom when illuminated by very short, in- 
tense light pulses offers the possibility for greatly enhanced 
generation of short wavelength radiation. 

In conclusion, we have shown that we can generate 
significantly more high-harmonic orders using very short 
excitation pulses, with rise times under  100 fs.    This 

enhanced emission is a result of the rapid rise time of 
the pulse, which in the presence of the rapidly increasing 
field and the nonadiabatic atomic dipole response, allows 
the atom to survive to higher laser intensities. Thus our 
results indicate that the laser pulse shape itself can be used 
to control the ionization of atoms. It is likely that, with 
pulses of duration —10 fs, significant soft-x-ray flux in the 
"water window" (>270 eV) may be generated. 
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We report the generation of 26-fs-duration pulses, with an energy of 60 mJ, from a simple multipass TVsapphire 
amplifier system. The peak power of our amplified pulses is 2 TW, and the repetition rate is 10 Hz. Our 
amplifier design consists of two highly doped multipass amplifiers and is simple and compact. We use an all- 
reflective, low-groove-density grating stretcher and compressor, combined with a relatively short material path 
length in the amplifier. This design allows us to minimize higher-order dispersion. The result is a laser system 
that generates multiterrawatt transform-limited pulses, with good beam quality and low amplified-spontaneous- 
emission levels, at a duration near the theoretical limit imposed by gain narrowing in Ti:sapphire. 

The extremely broad gain bandwidth, high saturation 
energy, and high damage threshold of Tfcsapphire1 

has made this material one of the most attrac- 
tive for the generation of terawatt-power optical 
pulses. Recent advances in Ti:sapphire laser oscilla- 
tor designs2,3 have made it possible routinely to gen- 
erate low-energy nanojoule pulses of =10 fs. With 
chirped-pulse amplification schemes,4 these low- 
energy pulses can be amplified to higher energies.5-9 

In this Letter we show that, by using a very short 
seed pulse, an all-reflective stretcher and compressor, 
and a multipass amplifier geometry, we can minimize 
spectral and gain narrowing in a high-energy ampli- 
fier. The result is that we can amplify ultrashort 
pulses to multiterawatt levels with low prepulse and 
amplified spontaneous emission (ASE) levels, at du- 
rations near the gain-narrowing limit in Ti:sapphire. 
Our results contrast with previous ones10 in which 
efforts to obtain terawatt peak power and 30-40-fs 
pulse duration by use of a regenerative amplifier sys- 
tem resulted in distorted spectral and pulse shapes 
at the shortest pulse durations. Our system design 
is also relatively straightforward and compact. The 
entire setup occupies a bit more than 4 m2 of optical 
table space on a single optical table, making it a true 
tabletop terawatt system. 

Our amplifier system is based on one that we 
reported previously5 but have extended to higher 
energy by the addition of a second stage of am- 
plification and with some simplifications and im- 
provements. A diagram of the system is shown 
in Fig. 1. The input to the amplifier is from 
a self-mode-locked Ti:sapphire laser,2 which pro- 
duces »10-fs pulses, with an energy of 5 nJ, a 
center wavelength of 800 nm, and a bandwidth 
of 66 ± 4 nm. The ultrashort pulses propagate 
through a single-grating pulse stretcher, which 
stretches the pulses to 40-50 ps. The design of 
our stretcher is similar to our previous design5 and 
uses a 15.25-cm-diameter parabolic focusing mir- 
ror (76.2-cm focal length; Edmund Scientific) to 
avoid spherical aberration. However, we replace 
the 300-groove/mm gratings in the stretcher and 

compressor by 600-groove/mm gratings (40 mm x 
100 mm rectangular; Milton Roy Company). 

As the per-pass diffraction efficiency of these grat- 
ings is >90%, compared with ~74% for the old 
gratings, the energy output of the compressor was 
increased by =200%. The 600-groove/mm gratings 
also allow us to compensate for higher-order dis- 
persion by adjusting the grating angle. With the 
old gratings, third-order dispersion from the grat- 
ing was too small to provide compensation, and it 
was necessary to use an additional prism pair to 
adjust high-order dispersion. In the stretcher, the 
angle of incidence of the beam is 13.9°, and the ef- 
fective separation is 42 cm. In the compressor, the 
incidence angle is 21° and the separation is 44 cm. 
We also found that the new gratings provided a 
more-focusable output beam, presumably because of 
a flatness problem with the old gratings. 

Nd:YAG 
532 nm 
10 as 

AigoQ-foD Laser 

Self-mode-locked Ti: Sapphire Laser 

Pulse stretcher 

Pockcls cell       8 passe« 

2nd stage amplifier 

^ 

Pulse compressor 

4pa&sea 

Fig. 1.   Diagram of the laser system that generates 
2-TW, 26-fs pulses. 
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Single pulses are selected at 10 Hz from the mode- 
locked pulse train by a KD*P Pockels cell and crossed 
calcite polarizers, placed after the pulse stretcher to 
avoid damage to the stretcher grating owing to ASE. 
The preamplifier uses an 8-mm long, highly doped 
(0.23%; Union Carbide), Brewster-cut Ti:sapphire 
rod, at the focus of an eight-pass figure-eight am- 
plifier. It is pumped longitudinally with 90 ± 5 mJ 
of 532-nm light from a doubled Q -switched Nd:YAG 
laser (Continuum YG-681C). A second Pockels cell 
is placed after the preamplifier to reject ASE from 
the first amplifier, which is emitted primarily in a 
~100-ns pulse peaked approximately 60 ns behind 
the amplified pulse. We achieve further reduction 
of ASE by passing the beam through a spatial filter 
before it enters the power amplifier. This spatial fil- 
ter consists of two singlet lenses (40 and 50 cm) used 
at ~f/200 and a 200-/im pinhole. It also serves to 
expand the beam for the second amplifier stage. At 
this high /"-number, wave-front distortion effects from 
the lens are negligible. This refractive setup avoids 
astigmatism and provides for convenient adjustment 
of the collimation of the beam. 

In our previous design we had used a saturable 
absorber filter (RG-850) to suppress ASE. However, 
detailed investigation showed that the RG-850 filter 
attenuates the leading red edge of the chirped pulse 
and introduces undesired modulation in the amplified 
pulse spectrum. Therefore we eliminated this filter 
in our present work. The amplified spectrum from 
the first stage is 44 nm, with an energy of 2-2.5 mJ. 
The ASE level is -5% before the Pockels cell and 
-0.5% after it. Our multipass preamplifier design 
has the advantage of very low ASE and prepulse 
levels and increased spectral throughput compared 
with that of regenerative amplifiers. It is therefore 
more suited to the amplification of very short pulses. 

The power amplifier also uses a multipass config- 
uration, but in this case flat mirrors are used and 
the beam is not focused through the crystal. In this 
amplifier and throughout the system, a combination 
of protected-silver and dielectric (CVI Laser Corp. 
TLM-1) mirrors is used, depending on the fluence on 
the mirror. The amplifier crystal is a 7-mm-long 10- 
mm-diameter highly doped (0.23%; Union Carbide) 
normal-incidence Ti:sapphire rod, which is antireflec- 
tion coated on both sides. The crystal is pumped by 
500 mJ of 532-nm light, which is relay imaged to a 
diameter of 5 mm onto the crystal. A high-efficiency 
air filter excludes dust from the entire two-stage am- 
plifier system. Our pump fluence is approximately 
2.5 J cm-2. The spatial profile of the pump is ap- 
proximately flat-topped. The crystal absorbs 84% of 
the YAG energy on the first pass, and the residual 
energy is backreflected into the crystal by a curved 
mirror. To obtain a more uniform amplified beam, 
we set up the mirrors so that the beam is flipped 
once horizontally and once vertically. To reduce non- 
linear distortions in the amplifier, the beam leaves 
the pumped face of the crystal in the final pass of 
the amplifier. Given a material path length of only 
-3 mm at the highest power level, we estimate a B 
integral of <0.1 for the last pass and <0.5 for the 
entire system.   We have never seen any evidence of 

nonlinear self-focusing in the amplifier system, even 
with ~15-ps 100-mJ pulses. Following the second 
stage of amplification, the amplified beam has an 
energy of —120 mJ and a bandwidth of 39 nm, as 
shown in Fig. 2. This bandwidth is near the cal- 
culated gain-narrowing limit of 44 nm, which is the 
bandwidth obtained by simulation of the amplifica- 
tion of an infinitely broad spectrum by our estimated 
gain of —5 X 108, assuming the published gain curve 
for Ti:sapphire.n 

After four passes through the amplifier, the beam 
then propagates through a beam expander and a col- 
limator to the compressor. The beam diameter is ap- 
proximately round, with an — 1.1-cm diameter. The 
throughput of the compressor is —50%, yielding a typ- 
ical pulse energy of 60 ± 2 mJ, with a pulse-to-pulse 
fluctuation of 5 mJ. We observe an —15% spectral 
narrowing through the compressor (mainly at shorter 
wavelengths), resulting is a reshaped spectral FWHM 
of 32 nm, as shown in Fig. 2. In the compressor, all 
beams are in the same plane as the dispersion, mak- 
ing it necessary to use the gratings off-Littrow. It 
seems that the observed spectral narrowing is due 
to efficiency modulation introduced when the grat- 
ings are off-Littrow. However, deviation of the beam 
out of the plane of dispersion results in a spectrally 
dispersed focus.12 The compressor also introduces a 
periodic intensity modulation of —10% on the beam 
profile, which may be caused by a modulation of blaze 
angle on the 600-groove/mm gratings (it was not 
observed with the 300-groove/mm gratings). This 
modulation does not affect the focusability, through- 
put, or output pulse duration. 

We used a single-shot autocorrelator to measure 
the duration of our amplified pulses. Figure 3 
shows a typical single-shot autocorrelation trace 
of the attenuated compressed pulse, indicating a 
duration of 25.5 ± 2 fs (assuming a sech2 pulse 
shape). The Fourier transform of our 32-nm 
spectrum corresponds to a 24-fs pulse, indicating 
that our pulses are nearly transform limited. The 
Fourier transform predicts a ratio of 1.51 between 
the autocorrelation width and the pulse width, close 
to the 1.55 for an ideal sech2 pulse. 

The power amplifier is pumped by an approxi- 
mately flat-topped YAG pump profile, and the profile 
of the amplified beam closely resembles that of the 

710 tOO »20 »40 
Wavelength (nm ) 

Fig. 2. Spectrum of the output pulses at full energy: solid 
curve, after the second amplifier, the spectrum is 39 nm 
FWHM with a pulse energy of 120 mJ; dotted curve, after 
passing through the compressor, the spectrum narrows to 
32 nm, and the pulse energy is reduced to 60 mJ. 
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Fig. 3. Single-shot autocorrelation trace of the pulse out- 
put at full energy. Crosses, experimental data; solid 
curve, fit to the data, corresponding to a 26-fs pulse with 
a sech2 pulse shape. 
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Fig. 4. Focal spot resulting from focusing a small 
fraction of the pulse power with a 1-m radius-of-curvature 
mirror. The spot size of 40 /im FWHM is approxi- 
mately diffraction limited, assuming an 11-mm-diameter 
flat-topped beam. 

pump beam. We examined the focusability of this 
beam, using a 1-m radius-of-curvature mirror placed 
at near-normal incidence and a CCD camera. Figure 
4 illustrates the results of the measurement. 

An ideal flat-topped beam of this size should focus 
to ~37 /im, while a Gaussian beam would focus to ap- 
proximately —18 pm. We measured -40 /xm; thus 
the beam focuses to 1-2 times the diffraction limit 
in each dimension. To verify this result indepen- 
dently, we also measured the transmission through a 
100-/im pinhole placed at the focus. We found that 
a85% of the energy was transmitted through the pin- 
hole. Even with this relatively long focal-length op- 
tic, the peak intensity obtained is 3 X 1017 W cm-2. 
An intensity of 1019 W cm-2 would be readily achiev- 
able with ~/yi0 optics. 

The total ASE per pulse, measured by not trig- 
gering the first Pockels cell, is 0.3 mJ in a 7-ns 
pulse. This implies an ASE-to-pulse intensity con- 
trast ratio of >107:1, which we also verified by using 
a fast photodiode. The contrast between the main 
pulse and the pulse out of the oscillator preceding 
the main pulse by 12 ns was directly measured to 

be >104:1, and contrast measurements for individ- 
ual components (two Pockels cells and the first am- 
plifier) imply a ratio of >107:1. The low prepulse 
and ASE from this multipass amplifier contrast with 
those typically obtained directly from a short-pulse 
regenerative-amplifier system. 

In conclusion, we have demonstrated the gener- 
ation of 2-TW transform-limited 26 ± 2-fs-duration 
pulses, with an energy of 60 mJ and good beam qual- 
ity, from a simple and compact two-stage multipass 
amplifier system. Higher-order dispersion and non- 
linear effects are minimized by use of short am- 
plifier crystals and reflective optics. The multipass 
design minimizes prepulse and ASE. We anticipate 
no B -integral or additional problems with scaling this 
system design to 1-10-J pulse energies by using fu- 
ture laser-pumped amplifiers. The development of 
such compact terawatt laser systems has significant 
implications for high-field physics and for coherent 
and incoherent x-ray and extreme-ultraviolet radia- 
tion generation. 

This research was supported by the National Sci- 
ence Foundation, the U.S. Department of Energy, 
the U.S. Air Force Office of Scientific Research, and 
the Washington Technology Centers. The authors 
acknowledge generous support and assistance from 
George Venikouas and Milan Kokta of Union Car- 
bide Corporation. The authors also thank Chengyu 
Shi for help with the autocorrelator. 

References 

1. P. Moulton, Proc. IEEE 80, 348 (1992). 
2. M. T. Asaki, C. P. Huang, D. Garvey, J. Zhou, H. 

C. Kapteyn, and M. M. Murnane, Opt. Lett. 18, 977 
(1993). 

3. J. Zhou, G. Taft, C. P. Huang, M. M. Murnane, H. 
C. Kapteyn, and I. P. Christov, Opt. Lett. 19, 1149 
(1994). 

4. D. Strickland and G. Mourou, Opt. Commun. 56, 219 
(1985). 

5. J. Zhou, C. P. Huang, C. Shi, M. M. Murnane, and H. 
C. Kapteyn, Opt. Lett. 19, 126 (1994). 

6. J. D. Kmetic, J. J. Macklin, and J. F. Young, Opt. Lett. 
16, 1001 (1991). 

7. A Sullivan, H. Hamster, H. C. Kapteyn, S. Gordon, 
W. White, H. Nathel, R. J. Blair, and R. W. Falcone, 
Opt. Lett. 16, 1406 (1991). 

8. W. E. White, J. R. Hunter, L. V. Woerkom, T. Ditmire, 
and M. D. Perry, Opt. Lett. 17, 1067 (1992). 

9. C. Le Blanc, G Grillon, J. P. Chambaret, A Migus, 
and A Antonetti, Opt. Lett. 18, 140 (1993). 

10. C. P. J. Barty, C. L. Gordon HI, and B. E. Lemoff, 
Opt. Lett. 19, 1442 (1994). 

11. P. F. Moulton, J. Opt. Soc. Am. B 3, 125 (1986). 
12. W. E. White, Lawrence Livermore National Labora- 

tory, Livermore, Calif. 94550 (personal communica- 
tion, 1994). 



Demonstration of a sub-picosecond x-ray streak camera 
Z. Chang,a) A. Rundquist, J. Zhou,b) M. M. Murnane,c) and H. C. Kapteyn 
Center for Ultrafast Optical Science, The University of Michigan, Ann Arbor, Michigan 48109-2099 

X. Liu, B. Shan, J. Liu, L. Niu, M. Gong, and X. Zhang 
State Key Laboratory of Transient Optics Technology, XVan Institute of Optics and Precision Mechanics, 
XVan 7J0000, People's Republic of China 

(Received 11 March 1996; accepted for publication 6 May 1996) 

A novel design, magnetically focused, x-ray streak camera was designed and tested using sub-20 fs 
soft-x-ray pulses generated by high harmonic emission in a gas. The temporal resolution of the 
camera was demonstrated to be under 0.9 ps throughout the ultraviolet to soft-x-ray wavelength 
region. Our streak camera represents the fastest x-ray detector developed to date. © 7996 
American Institute of Physics. [S0003-6951(96)03327-X] 

During the past decade, the development of ultrafast 
x-ray sources based on laser-produced plasmas, high har- 
monic emission, and synchrotrons, has advanced rapidly. '~3 

It is now possible to generate sub-picosecond pulses 
throughout the vacuum ultraviolet and x-ray region of the 
spectrum, and sub-10 fs pulses have been generated using 
high harmonic emission.4 However, progress in the develop- 
ment of ultrafast sub-picosecond x-ray detectors has been 
relatively slower.5'6 Although cross-correlation techniques 
have demonstrated femtosecond time resolution, such mea- 
surements are very difficult, and are possible only at discrete 
wavelengths.7 The fastest x-ray streak camera measurement 
to date was demonstrated to be 2 ps. This measurement was 
limited both by the time response of the streak camera itself, 
and by the laser-plasma-based x-ray source.5,6 In this letter 
we describe the design and implementation of a novel x-ray 
streak camera, which exhibits sub-picosecond time resolu- 
tion. The time response of the streak camera was measured 
using ultrashort sub-20 fs high-order harmonics produced by 
a 25 fs laser.4'8 The resolution of our camera was experimen- 
tally demonstrated to be 0.88 ps. 

It is well known9'10 that the temporal resolution of streak 
cameras is limited mainly by the transit time dispersion of 
the photoelectrons as they travel from the photocathode to 
the deflection plates. It is also limited by the spatial resolu- 
tion, and the deflection speed of the streak plates. For sub- 
picosecond time resolution, space-charge effects may also 
limit the time resolution, and thus limit the dynamic range. 
For our work, we designed and tested a novel streak camera 
design to reduce the limitations on temporal resolution as 
much as possible. The configuration of the new x-ray streak 
camera is shown schematically in Fig. 1. In our camera, a 
pair of meander-type deflection plates is located before a 
magnetic focusing lens. This has several advantages: first the 
electron transit time from the anode to the deflection plates is 
minimized, as is the transit-time dispersion; second, the fast 
time response and high deflection sensitivity (8 cm/kV) of 
the meander-type deflection plates provides the possibility of 
high sweep speeds on the exit phosphor screen; finally, the 

a)On leave from Xi'an Institute of Optics and Precision Mechanics, P. R. 
China. 

b)Present address: Dept. of Chemistry, M. I. T., Boston, MA 02139. 
''Electronic mail: murname@eecs.umich.edu 

short transit time also reduces space-charge effects. 
The electron transit time dispersion from the photocath- 

ode to the deflection plates in the camera can be evaluated 
analytically. In the photocathode to anode region, it is 
straightforward to show that the transit time difference be- 
tween an electron liberated with energy e V0, and an electron 
liberated with zero energy is given by10 

•pa 
l2mV0 1 v—*• (1) 

where m and e are the charge and mass of the electron, 
respectively, eV0 is the initial energy of an emitted photo- 
electron in the axial direction, and E is the extraction field. 

For x-ray photocathodes in the 100 eV to 10 KeV re- 
gion, the distribution of the initial energies of the emitted 
photoelectrons can be expressed as" 

N(eV0)oc 
eVn 

(ev0+wy (2) 

where IV is related to the photocathode material ( W= 1 eV 
for KBr). The photocathode material also determines the full 
width at half-maximum (FWHM) of the energy distribution 
(Se). From Eqs. (1) and (2), we obtain the transit time distri- 
bution of the electrons. The FWHM of this distribution is 
defined as the time dispersion, and can be shown to be 

*pa~ 
2.63 V^e 

(ps), (3) 

where Se is in eV, and E is in kV/mm. For our camera, 
Se=l.l eV (KBr photocathode), and E= 10 kV/mm, result- 
ing in a calculated time dispersion of about 276 fs. 
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FIG. 1. Configuration of the sub-picosecond x-ray streak camera. 
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be improved further by redesigning the deflection plates to 
achieve higher sweep speeds. Our work demonstrates that 
sub-picosecond time resolution experiments can now be per- 
formed using currently available synchrotron or laser- 
plasma sources. 
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Introduction 
During the past five years, there 

has been a revolution in the field of ul- 
trafast laser technology. Femtosecond 
lasers today are simple and turn-key, 
with output powers orders of magni- 
tude higher than were available only a 
decade ago. Rapid progress has also 
been made on the available pul- 
sewidths from these systems, and 
pulses as short as three optical cycles 
(= 8 fs) can now be generated directly 
from a very simple laser oscillator. 
Nonlinear frequency conversion tech- 
niques can be used to extend femtosec- 
ond pulse generation throughout the 
visible and infrared, and new measure- 
ment techniques have been devised, 
which can extract the complete wave- 
form of an optical pulse only a few cy- 
cles in duration. Thus, for ultrashort- 
pulses in the visible and near infrared 
regions of the spectrum, we now un- 
derstand that the pulse durations we 
obtain are close to the fundamental 
limits of operation for these systems. 

Extending femtosecond pulse tech- 
nology to shorter wavelengths has 
unique advantages. First, there is a 
wealth of new ultrafast science which 
can be explored. Ultrafast soft- and 
hard-x-ray pulses can be used to di- 
rectly probe both long- and short- 
range atomic order and atomic mo- 
tion, and to monitor the evolution of 
highly-excited systems. A second ad- 
vantage of working in the vacuum ul- 
traviolet or soft-x-ray region is that 
the generation of shorter, attosecond, 
pulses will be feasible only at such 
short wavelengths. This is because the 
required fractional bandwidth to sup- 
port an ultrashort pulse is smaller in 
the x-ray region than in the visible re- 
gion. For example, to support a 1 
femtosecond pulse with a center wave- 
length of 8000 Ä, a FWHM bandwidth 
of AA. = 6700 A is required. In contrast, 

to support the same 1 femtosecond 
pulse at a wavelength of 100 A, the re- 
quired FWHM bandwidth drops to 
only 1 A. The generation of sub-100 fs 
x-ray pulses can be achieved using 
high field effects, where a super-in- 
tense, ultrashort optical pulse interacts 
highly nonlinearly with a medium. 

Fundamental Limits in the Visible 
Region 

In the visible region of the spec- 
trum, the shortest pulses produced 
directly from a laser were generated 
using a very simple titanium-doped- 
sapphire laser. Ti:sapphire is one of the 
broadest bandwidth media known. Its 
gain profile is sufficiently broad to sup- 
port a = 3 fs pulse, assuming that the 
laser components can be designed to 
support such a short pulse, and also as- 
suming that no fundamental limits ex- 
ist for modelocking such a broad band- 
width. In the past few years, much 
effort has been devoted to under- 
standing and optimizing the perform- 
ance1 of femtosecond lasers, and in 
particular, the titanium-doped-sap- 
phire laser.2 The original Tirsapphire la- 
sers used a 2 cm long laser crystal, and 
a pair of high-dispersion SF10 prisms 

-to compensate for linear dispersion in 
the laser. With this design, the shortest 
pulse which could be generated was = 
50 fs. We now understand that this up- 
per limit is due to imperfect dispersion 
compensation in the laser. 

Dispersion is extremely important 
in femtosecond lasers. It stabilizes the 
pulse in the laser, and also determines 
the limiting pulsewidth for a given ge- 
ometry. For long-pulse (narrow-band- 
width) operation, these lasers work in 
a negative-dispersion regime. The las- 
ing bandwidth and pulsewidth can be 
controlled by adjusting the amount of 
negative dispersion, by changing the 
amount of prism glass in the laser. The 
shortest pulses are obtained near the 
zero-dispersion point in the laser — a 
small amount of net-negative disper- 
sion is needed to compensate for self- 
phase modulation in the laser me- 
dium. Our work at WSU has shown 
that the shortest pulsewidth for a 
given laser set-up is determined by the 
presence of higher-order dispersion in 
the laser, which will prevent frequen- 

cies far from the line center from be- 
ing modelocked.5 

For ultrashort pulse generation, the 
round trip time or group delay for 
light in the laser cavity must be nearly 
frequency independent i.e. T(co) = 
öcp/öco = T0 = constant, where <p is the 
total phase advance of light after one 
cavity round-trip. T(co) can be ex- 
pressed as a Taylor series about the 
center frequency co0- 

T(o» = 
6£ 

öco 

= 9' (a>o) + (p"(co0) Aco 

+ 7q>    (COQ) Aco2 

1    „., 
+ 6*     (co0)Aco' + . 

where <p', cp", etc. are the deriva- 
tives of the phase with respect to fre- 
quency. In a laser cavity, the second- 
order (or group velocity) dispersion 
term (cp") leads to a linear chirp, which 
usually must be negative in the laser 
for femtosecond-pulse stabilization. 
This GVD term can be adjusted by ad- 
justing the amount of prism glass in 
the laser. The next term, proportional 
to cp'" is the third-order dispersion 
term, while the next term again is the 
fourth-order dispersion term. 

We have shown in past work4"6 

that the presence of non-zero third-or- 
der dispersion (TOD) limits the Iasing 
bandwidth in Ti:sapphire, and pre- 
vents the generation of sub-50 fs 
pulses. In a series of experiments, we 
gradually reduced the TOD in a ^sap- 
phire laser, by reducing both the mate- 
rial in the cavity, and choosing the 
prism glass type to minimize TOD. As 
we reduced the crystal length from the 
standard 2 cm length, to 9 mm, then 
4.5 mm, and finally 2 mm, while 
choosing optimum prism materials to 
minimize TOD, the minimum pul- 
sewidth we obtained from the laser de- 
creased from 32 fs, to 17 fs, to 11 fs, 
and finally = 10 fs. 

In order to generate even shorter 
pulses from solid-state lasers, the third- 
order dispersion error must be com- 
pensated. A very simple method to 
overcome this limit is to operate the 
Ti:sapphire laser at a center wave- 
length of 850 nm, where, using a 



fused silica prism pair and a short 2 
mm Tirsapphire crystal, simultaneous 
near-zero second- and third-order dis- 
persion can be obtained. In recent 
work, we used such a laser design to 
explore the fundamental limits of 
modelocking.7 In addition to operating 
the laser near 850 nm to eliminate 
TOD, we also replaced the dielectric 
mirrors with metallic silver reflectors, 
to eliminate any effects due to the fi- 
nite reflectivity bandwidths of dielec- 
tric mirrors. We found that the short- 
est pulse we could obtain from this 
laser was = 8 fs, even though we could 
obtain very broad bandwidths of > 170 
nm FWHM. We now understand that 
having eliminated TOD in the laser, 
we are limited by the next error term, 
or fourth-order dispersion (FOD). The 
shortest pulses of 8 fs are obtained 
when a "soliton-like" balance exists be- 
tween self-phase modulation and net 
negative higher-order dispersion in the 
cavity. 

Modeling of solid-state femtosec- 
ond lasers has now advanced to such a 
point that we can now self-consis- 
tently model the laser to obtain theo- 
retical bandwidths and pulsewidths in 
excellent agreement with experi- 
ments.7"9 In work performed with Ivan 
Christov from Sofia University, we con- 
firmed that the shortest pulsewidth 
from Tirsapphire is determined primar- 
ily by the value of non-compensated 
FOD. Since this is a technological 
rather than a fundamental limit, we 
can expect to be able to generate 
shorter pulses when more advanced 
dispersion-compensation schemes are 
developed. In fact, given that our 
model can reproduce our experimen- 
tal observations, we can now use it to 
predict the shortest-obtainable pulse 
duration. By introducing an ideal FOD 
value, we predict that stable, soliton- 
like, pulses with pulse durations under 
5 fs are possible from Tirsapphire. 

Direct Observation 
of a Femtosecond Pulse Waveform 

In recent work, we collaborated 
with Drs. Rick Trebino and Ken De- 
Long at Sandia National Laboratories 
to measure the complete pulseshape of 
a pulse of only 13 fs in duration.10 For 
this work, we used the technique of 
second-harmonic-generation Fre- 
quency Resolved Optical Gating 
(FROG) that Sandia developed. A 
short pulse is split into two and recom- 
bined with a variable time-delay be- 
tween the two pulses. These two 
pulses cross in a frequency-doubling 
crystal, and the second harmonic sig- 
nal is detected. In the standard auto- 

Figure 1. Retrieved electric field waveform of a 
13 fs pulse. 
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▼ Figure 2. Harmonic spectra generated in 5 ton 
of argon, for a fixed peak laser intensity, and 
for various excitation-pulse chirps. The pre- 
dicted line shows the theoretically predicted and 
experimentally observed highest harmonic in 
argon to date, prior to our work. 

correlation technique used to measure 
femtosecond pulses, the intensity of 
the SHG light is recorded as a function 
of delay. However, in SHG FROG, the 
spectrum of the frequency-doubled 
light is measured as a function of delay 
between the two beams. This gives suf- 
ficient information that a unique am- 
plitude and phase for the pulse can be 
deconvolved from the data. The infor- 
mation obtained from the FROG tech- 
nique is much superior to that ob- 
tained from traditional autocorrelation 
techniques, which do not yield a 
unique shape for the laser pulse. Fig. 1 
shows the reconstructed data in the 
form of the electric field E(t) of a 13 fs 
pulse, the shortest waveform meas- 
ured to date. This measurement is 
equivalent to an oscilloscope with a 
bandwidth > 100 THz! Many applica- 
tions of ultrashort pulses can use this 
technique to optimize the excitation 
pulse for experiments. In our case, we 
used FROG to verify our under- 
standing of the fundamental limits of 
ultrashort-pulse solid-state lasers de- 
scribed above. 

Femtosecond to Attosecond 
X-Ray Pulses 

Thus far we have discussed funda- 
mental limits of operation for laser os- 
cillators, which can deliver pulses of 
several nJ energy, and peak powers on 
order of MW. By amplifying these low 
energy nJ pulses by factors of 108 in 
compact amplifiers, it is possible to 
generate pulses with peak powers of 
several TW. These amplifiers also based 
on Tirsapphire, since it is an excellent 
amplifier material because of its high 
energy storage capacity, long upper level 
lifetime, and high thermal conductiv- 
ity. Usually, the pulsewidth increases 
somewhat in the amplification proc- 
ess, and typically we generate 20-25 
fs TW pulses. [Zhou, 1995 #175] These 
pulses can produce electric fields so in- 
tense that they instantaneously strip 
the electrons from atoms,, or they can 
generate intensities in excess of that 
which would be produced if the entire 
solar flux incident on the earth were 
focused onto the head of a pin! Obvi- 
ously, when such high-intensity pulses 
irradiate an atomic gas for example, 
the atoms are driven highly nonlinearly. 

The shortest x-ray pulses which can 
be generated to date are obtained by 
high-harmonic conversion of these in- 
tense laser pulses in gas jets. The in- 
tense laser pulse ionizes the outer elec- 
tron in an atom, by suppressing the 
Coulomb barrier binding the electron 
to the atom. Once free, the electron 
moves in the field of the laser, and 
when the laser field reverses, can emit 
high-harmonics if it collides and re- 
combines with the parent ion. This 
scheme has been used to generate har- 
monics in excess of order 100,1112 thus 
up-shifting a femtosecond pulse from 
the visible into the soft-x-ray region. 

For our most recent work,1314 we 
investigated high-harmonic generation 
using very short, intense, 25 fs excita- 
tion pulses. We found that we can gen- 
erate 50% higher energy harmonics 
from gases using our ultrashort excita- 
tion pulses, than have previously been 
generated using longer, 100 fs, excita- 
tion pulses. In addition, we can gener- 
ate these harmonics more efficiently, 
since the efficiency increases with de- 
creasing excitation pulse duration, as 
shown in Fig. 2. We believe that the 
rapid risetime of our pump pulses al- 
lows the just-ionized electron to gain 
more energy from the laser field, 
which then leads to higher harmonic 
generation than with longer pulses. 
Also, we can generate harmonics more 
efficiently because we need less energy 
with a 25 fs pulse to reach the ionizing 
intensity for an atom. Most of the har- 
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monic radiation from a single atom 
arises from a single encounter of the 
returning electron with the atom. 
Therefore, the pulsewidth is expected 
to be considerably shorter than the ex- 
citing laser pulse, and possibly attosec- 
ond in duration. Since we have used 
the shortest excitation pulses to date, 
we believe that we have generated the 
shortest x-ray pulses to date, of at 
most 20 fs. We can also tune the wave- 
length of the harmonics by controlling 
the shape of the laser pulse, as shown 
in Fig. 2. The pulseshape is controlled 
by adjusting the dispersion compensa- 
tion in the amplifier, to adjust the chirp 
and shape of the output. Therefore, 
our results demonstrate that we can 
generate tunable, sub-20 fs, and possi- 
bly sub-fs, x-ray pulses. Now all that 
remains it to develop the technology to 
characterize and use these x-ray pulses. 

Conclusion 
Work to date has shown that by 

careful design of femtosecond solid- 
state lasers, sub-10 fs pulses can easily 
be generated directly from a laser. The 
fundamental limits of operation of these 
lasers are well understood, and sub-5 
fs pulses will be generated directly 
from a laser when more sophisticated 

fourth-order dispersion-compensation 
schemes are developed in the future. 
At present, we have reached a techno- 
logical, rather than a fundamental limi- 
tation on the operation of these systems. 
The availability of intense ultrashort 
pulses allows femtosecond science tech- 
nology to be extended into the x-ray re- 
gion. Sub-20 fs x-ray pulses have al- 
ready been generated, and these sources 
will soon be used to probe a broad 
range of dynamic processes in nature. 
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VP's REPORT 
from page 23 

Waynant (FDA) were appointed to the 
Committee earlier this year. Tom and 
Ron bring to the position considerable 
experience in standards development 
for both optical devices and systems. 
Also, Tom has agreed to serve as the 
LEOS representative to the Optics and 
Electro-Optics Standards Council 
(OEOSC). Other individuals interested 
in joining the committee are welcome 
and LEOS members from industry are 
particularly encouraged to contact Breck 
Hitz, Dan Botez (Technical Council 
Chair), or myself for further informa- 
tion. 

Several other appointments have 
been made that should be brought to 
your attention. Ken Pedrotti (Rockwell 
International) was appointed as one of 
LEOS' two representatives to the Solid 
State Circuits Council (SSCC). Ken's 
term on the Council will extend 
through 1998 and our other repre- 
sentative is R. L. Van Tuyl (Hewlett- 
Packard). Also, John Reintjes (Naval Re- 

search Laboratory) has accepted an ap- 
pointment as one of three LEOS repre- 
sentatives to the Joint Council on Quan- 
tum Electronics. 

One of the priorities for the second 
half of 1995 is establishing an e-mail 
technical service for LEOS members. 
Our motivation is to provide a means by 
which any LEOS member can seek assis- 
tance with a technical problem or ques- 
tion — in short, to make the consider- 
able expertise existing within the 
Society available to our membership. 
Several possible options for this service 
are currently being considered and your 
comments and suggestions would be 
most appreciated. 

At the May meeting of the Board of 
Governors, Art Guenther described a 
study that is being undertaken by the re- 
cently formed National Research Coun- 
cil Committee on Optical Science and 
Engineering (COSE). Chaired by Charles 
Shank of the Lawrence Berkeley Labora- 
tory, the Committee is charged with sur- 
veying the field of optical science and 
engineering, examining progress made 
in the last decade, and projecting "... the 

future impact of OS&E on societal needs 
in the short (3-5 years) and long terms 
(5-20 years)." Since the Committee in- 
tends to "develop a vision for the future 
and identify some 'grand challenges' 
that could give the field direction and fo- 
cus efforts in areas that have potential 
for benefit to society," your comments 
are welcome. If you are interested in 
more of the details regarding the study 
or wish to express your views, you may 
contact the Committee by e-mail 
(COSE@NAS.EDU), FAX (202-334- 
2791), or phone (202-334-3520). 

I am constantly reminded of the con- 
certed effort by a large number of indi- 
viduals that is necessary to support the 
extensive programs of LEOS. Over the 
past three years, I have had the privi- 
lege of working with many outstanding 
individuals and wish to express my 
thanks to all of you and, in particular, to 
Dan Botez, Technical Council Chair, the 
Chairs and members of our technical 
subcommittees, the Board of Governors 
and the LEOS Executive Office for the 
sacrifice in time that each of you has 
made on behalf of the Society. 
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