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Design of an extreme-ultraviolet monochromator

free from temporal stretching

Johan Norin, Karoly Osvay, Francois Albert, Dominique Descamps, Jianjun Yang,

Anne L’Huillier, and Claes-Goéran Wahlstréom

High-order harmonic generation in gases by use of femtosecond lasers is a source of ultrashort pulses in
the extreme-ultraviolet (XUV). For many applications it is necessary to select radiation of only one
specific harmonic order without affecting the duration of the ultrashort pulse. A three-grating mono-
chromator that meets this demand has been designed and modeled by ray tracing as well as by wave-
optical simulations. The only remaining temporal stretching of an XUV pulse is due to distortion of the
pulse front on the gratings and is predicted to be ~1 fs. The design has been successfully tested in the
near infrared. Finally, the monochromator is also capable of eliminating any existing linear chirp in the

harmonic pulses, thus compressing them to shorter durations.
190.4160, 120.4140, 320.5520, 050.1590.

OCIS codes:

1. Introduction

Interest in using high-order-harmonic generation in
gases as a coherent source of extreme-ultraviolet
(XUV) radiation has grown rapidly during the past 10
years. Although other XUV sources are available
(synchrotron radiation is the most common), high-
order harmonic generation is the obvious option if
extremely short pulses or high peak power is re-
quired. High harmonics are created when an in-
tense laser pulse is focused into a gas®2 and have
been used in, e.g., pump-probe lifetime measure-
ments,34 time-resolved surface physics,> molecular
physics,® two-photon ionization,”8 and XUV inter-
ferometry.®

For high-harmonic generation the laser’s intensity
has to be near 10'* W/cm?, which one can easily
achieve by focusing pulses from modern short-pulse
laser systems. The fundamental pulse can be fo-
cused into a gas jet, a gas cell, or a gas-filled hollow
fiber,10-11 and several gases can be used.'2 The gen-
eration is a highly nonlinear process, and the radia-
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tion properties depend on several parameters: pulse
duration, laser energy and wavelength, spatial beam
mode and diameter, and focusing conditions.’? The
harmonics, of odd order for symmetry reasons, have
similar intensities up to a cutoff energy that depends
on the laser’s intensity and the nonlinear medium.
Harmonics with photon energies as high as ~500 eV
have been produced by use of intense ultrashort driv-
ing pulses.’15 The different harmonics are emitted
simultaneously from the medium and propagate to-
gether with the fundamental laser pulse.

In many applications it is important to be able to
select one of these harmonics without affecting its
temporal characteristics as well as to suppress the
several-orders-of-magnitude stronger laser pulse
used in the harmonic generation. The short-
wavelength transmission of various metals and their
different absorption edges of these metals make them
useful as wavelength filters. Free-standing metal
films can be made thin to minimize absorption and
distortion of the transmitted part of the pulse.®
However, inasmuch as transmission and absorption
occur in broad energy bands, these filters are more
suitable as high- or low-pass filters than for extrac-
tion of single harmonics.

Dielectric multilayer mirrors can be optimized for
narrow-wavelength intervals in the XUV region, but
the reflectivity decreases for shorter wavelengths.
Also, it is difficult to manufacture a mirror that re-
flects only in a narrow XUV wavelength band. Even
though the reflectivity of the fundamental beam can
be made low, the reflected part can still be significant



GDD>0

Fig. 1. Schematic of a grating-pair stretcher consisting of two
plane gratings (G; and Gy) and two lenses. If grating G, is im-
aged onto G, then the resultant GDD is zero and pulse shaping
including the selection of a spectral range takes place in the com-
mon Fourier plane of the lenses. If the image of G; lies before or
behind G,, then the resultant GDD is negative (b) or positive (c),
respectively. For more details see Subsection 1.A.

because the radiation at the fundamental frequency
is typically 6-9 orders of magnitude higher than the
harmonics. If a spectrally clean beam is wanted, a
combination of metal filters and mirrors can be used,
but a battery of them will be needed to make tunabil-
ity possible over a large spectral region.

Selection of a spectral range without causing tem-
poral stretching has been made in the visible and the
infrared!7-19 in a zero group-delay dispersion device
(Fig. 1). Adaptation of this idea to the vacuum ul-
traviolet and the XUV, however, is not straightfor-
ward because of the lack of transmission optics in this
spectral region. An all-reflective optics variation
with plane gratings, which is used mostly as a
stretcher in chirped-pulse amplification laser sys-
tems,1720.21 glways leads to phase shifts that are pro-
portional to the distance between the gratings.
Recently a Michelson interferometer design that is
based on the zero-dispersion principle and uses re-
flective optics and a single free-standing transmis-
sion grating, double passed in the first order, was
proposed by Goulielmakis et al. as a diagnostic tool
for ultrashort harmonic radiation.22 Although this
setup could also work as a short-pulse monochroma-
tor, it gives no freedom to compensate for any existing
chirp in the pulse.

In the present paper we propose a grating config-
uration derived from one suggested by Villoresi,23
which uses two spherical gratings set in an asymmet-
ric configuration. A setup based on this idea, which
uses one spherical and one toroidal grating, was re-
cently experimentally developed and even applied.é-24

In our setup we add a free-standing transmission
grating at near-normal incidence in the focal plane of
the first grating. This allows us to suppress the re-
sidual temporal chirp of the curved grating pair, to-
gether with any other linear chirp in the radiation,
resulting in a compressed pulse with higher peak
power. In Section 1 we outline the basic ideas be-
hind our design. In Section 2, numerical results
from ray tracing as well as wave propagation calcu-
lations are presented. Because of the inherent dif-
ficulties in measuring the durations of femtosecond
XUV pulses, we have chosen first to build a prototype
and to make a proof-of-principle experiment in the
near-infrared region (800 nm) for which sensitive
measurement techniques are well developed. The
results of these measurements are discussed in Sec-
tion 3. Comparing the results from the experiment
with theoretical results obtained for 800 nm allows us
to verify the validity of our theoretical approach and
thereby also the predictions for XUV harmonic
pulses, which are discussed in Section 4.

1. Theoretical Background

A. General Considerations

Almost all highly efficient and widely tunable wave-
length selectors, e.g., monochromators and spectrom-
eters, rely on angular dispersion of one or more
optical elements. However, optical elements (such
as gratings and prisms) that have angular dispersion
always change—usually lengthen—an ultrashort
pulse in time, because of two effects: chirping and
pulse-front tilting. As will be shown, the first effect
is more pronounced for broader-bandwidth pulses,
whereas the second effect becomes significant for
short pulses propagating in large-diameter beams.

The general description of the chirping effect is
based on the calculation of the spectrally dependent
optical path P(w) from the disperser to the point of
observation.2’> Assuming that there is no other dis-
persive material in the system, the optical path de-
pends on the angular dispersion of the system simply
as

P(w) =L cos 0, 0=0(w), (D

where L is the distance between the source of angular
dispersion and the position of observation along the
ray of the central frequency, w,, and 6 is the angle
between the rays of o, and an arbitrary frequency, »
(Fig. 2). Ifthe angular disperser can be described by
Fermat’s law (see Subsection 2.A below), the phase
$(w) of a plane-wave ultrashort pulse will change on
propagation as

b(w) =~ P(w) = ~ L cos 0(w). 2)
C C

The first and second derivatives of ¢ with respect
to w are the group delay (GD) and the group-delay
dispersion (GDD), respectively. Ifthe GD is differ-
ent for each spectral component, i.e., GDD # 0, then
the pulse is temporally chirped and hence length-
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Fig. 2. Effect of angular dispersion on the duration of a laser
pulse. The pulse becomes chirped and tilted, and the pulse du-
ration is temporally lengthened from 1, to T + 7,. For more
explanations, see text.

ened (Fig. 2). Assuming transform-limited Gauss-
ian input pulses, the length of the output pulse is

GDD\ 212
T=1 1+(41n(2) 2)] , (3)

To

where 1, is the transform-limited FWHM pulse
length.1® Similar, but somewhat more complicated,
expressions are valid for non-transform-limited puls-
es2627 as well as for sech? pulses.28

It is worth noting that, following from Eqgs. (1) and
(2), the GD depends on the angular dispersion (d6/
dw), whereas the GDD is a function of both d6/dw and
d?0/dw® In addition, the chirp (dw/d¢t) that is due to
single-element angular dispersion can be shown al-
ways to be negative; hence the GDD is also negative.
This means that the short-wavelength (blue) compo-
nents of the ultrashort pulse leave the angular dis-
perser first, whereas the long (red) components are
the last,25 just the opposite of what would occur for a
normally dispersive material.

Another important effect of angular dispersion is
the tilt of the pulse front, which is due to the finite
beam size of the incident pulse.252° An exact wave-
optical description of the problem was given by Mar-
tinez30:31 and rediscovered recently by Pretzler et al.32
Whereas in these approaches certain optical ele-
ments have been assumed, a device-independent the-
ory33 proved the general relation

do
tany = — (4)
dw

between the angle of tilt (y) and angular dispersion.
The tilted pulse front leads to an even longer pulse
duration in the plane of observation or in the plane of
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Fig. 3. Schematic of a spherical grating in the Rowland configu-
ration.

focus.3234 The stretch that is due only to pulse-front
tilt can be calculated as

D D de
T,=—tany=—o0 —, (5)
c ¢ do
where D is the beam diameter after the element (Fig.
2). This picture is exact when the beam diameter D
is much larger than the lateral spectral displacement
of the beam that is due to angular dispersion, i.e.,

de
D > Aw — L.
dw

The larger the beam diameter, the larger the tempo-
ral stretch 7,. This effect, fortunately, can be com-
pletely canceled by use of a second angularly
dispersive element that has the opposite sign of an-
gular dispersion.

Unlike the pulse-front tilt [Eq. (5)], the temporal
stretch that is due to GDD depends on the square of
the angular dispersion [Eq. (3)], so a short pulse leav-
ing such a double-element system is still chirped and
hence is temporally lengthened. This is the basic
principle behind existing pulse stretchers and com-
pressors used in chirped-pulse amplification systems.

B. Use of Spherical Gratings

The use of optics with finite focal length can, how-
ever, make the picture more complicated. As illus-
trated in Fig. 1, the GDD of a grating pair can be
negative, zero, or positive, depending on the imaging
conditions within the device.1718 In the XUV, where
no lenses are available, an element that provides a
good combination of focusing and angular dispersion
is the spherical grating.

A single spherical grating used in the Rowland
configuration3? places each frequency component of
an ultrashort pulse, diverging from the entrance slit,
on the perimeter of the Rowland circle (Fig. 3). The
propagation time to the perimeter of the circle is
different for each of the constituent frequencies of the
short pulse; hence the pulse becomes chirped. Be-
cause the grating is curved, the pulse front is not only
tilted with respect to the phase front of the center
frequency, as in the case of a plane grating, but is also
curved.



Grating 1 Grating 2

<+ Pulse front at
different times

Entrance Exit

Fig. 4. Two-grating setup. The second grating is made to com-
pensate for the pulse-front tilt introduced by the first grating.
The pulse, however, becomes strongly chirped.

Compensation for such a curved and tilted pulse-
front is not an easy task. It requires a device that
is capable of providing each frequency component
with an opposite GD as it arrives at the perimeter.
The best solution would be for each spectral com-
ponent to be retroreflected. Unlike for plane grat-
ings,8 such a device cannot be simply constructed.
The other solution is that the exit plane of one
Rowland grating be imaged by a second Rowland
grating under identical conditions (Fig. 4), with
identical incident and emerging angles for the spec-
tral components.23 In this case the pulse-front tilt,
similarly to that of the plane gratings, can be fully
compensated for. The optical imaging properties
of this curved grating pair are similar to those of a
positive GDD pulse stretcher [Fig. 1(c)]. Thus
pulses leaving this system are always positively
chirped. In addition, the pulse-front curvature is
not compensated for by the second grating; it even
increases. A pulse leaving the two-spherical-
grating system therefore presents a temporal
stretch owing to the uncompensated positive chirp
of the system and a spatial pulse-front distortion
that is due to the mismatch between the two Row-
land circles and the pulse-front curvature. It is
quite obvious that the larger the diameter of the
Rowland circles or the smaller the required band-
width, the better the compensation. These conclu-
sions, however, set a limit on the shortest XUV
pulse obtainable with this scheme, which can be in
the range of tens of picoseconds.

It is worth noting that the origin of the residual
pulse-front curvature can also be explained by use of
a different argument. As was pointed out in the
aberration theory of the curved diffraction grating
stretcher,3¢ such a system always has a chromatic
focusing error because different spectral components
reach different parts of the off-axis spherical focusing
element. (The focal length for each spectral compo-
nent is different because of spherical aberration and
astigmatism.) Chromatic focusing—or chromatic
imaging—always leads to pulse-front distortion,37-3°

Curved Plane grating Curved
grating 1 ‘: grating 2
—————'-'_Ll
Siit
Marginal
Margina ray -
ray +
S ...........

Fig. 5. Three-grating setup. The added transmission grating
cancels the chirp introduced by the two spherical gratings but
slightly tilts the wave front. The slit selects a central wavelength
and a wavelength range.

which broadens the pulse temporally. The chro-
matic focusing error of a two-curved-grating setup
can hence be small if gratings with large radii of
curvature are used and if the harmonic bandwidth is
not too large.

C. Intermediate Transmission Grating

To compensate for the large positive chirp of the
spherical grating pair, let us insert a transmission
grating between the two spherical gratings (Fig. 5).
The most obvious effect of this additional grating is
that, as a single angular disperser (Subsection 1.A), it
provides the pulse with a negative chirp. In addi-
tion, the characteristics of the new grating can be
chosen such that this extra chirp also compensates
for any linear chirp that was originally present in the
pulse. This intermediate grating will also cause a
pulse-front tilt, however, which may remain uncom-
pensated for throughout the system. By using a
small-diameter beam at the grating, one can make
the pulse lengthening that is due to this pulse-front
tilt smaller by at least 1 order of magnitude than the
stretch caused by the uncompensated chirp of the
grating pair (Fig. 2 and Eqgs. (3) and (5)].

A schematic representation of our XUV monochro-
mator is shown in Fig. 5. It consists of two curved
gratings and an intermediate plane grating placed ap-
proximately on the Rowland circles of both gratings
where the radiation is focused (therefore minimizing
the induced pulse-front tilt). The desired wavelength
range can be selected by an appropriately wide slit at
the intermediate grating, whereas the center wave-
length is determined by the position of the slit. The
pulses leaving such a system are practically unchirped
but exhibit some residual pulse-front tilt.

Because an analytical description of such a com-
plicated system is not straightforward, we per-
formed numerical simulations for the two designs
(with and without the chirp-compensating trans-
mission grating), using a ray-tracing program and
through more-realistic electromagnetic-field propa-
gation calculations.

10 February 2004 / Vol. 43, No. 5 / APPLIED OPTICS 1075



2. Numerical Methods

A. Ray-Tracing Calculations

For optical elements that obey the leading principle of
geometrical optics, Fermat’s principle, it is straight-
forward to use the ray-tracing method for computing
the phase shift of an ultrashort pulse, which one
usually does by calculating the spectrally dependent
optical path. The direct adaptation of this technique
for diffraction gratings is physically incorrect because
a grating selects the direction of diffraction by inter-
ference, which cannot be handled by geometrical op-
tics. Treacy*® intuitively assumed that the
diffraction process on a pair of gratings introduces an
extra phase shift ¢, which leads to the total phase

dg(w) = (0/c) Py(o) + ¢4(w). (6)

Here P, is the spectrally dependent optical path be-
tween ﬁle gratings and ¢, depends on the number of
grooves illuminated in the second grating.

Brorson and Haus*! elegantly showed that diffrac-
tion gratings satisfy Fermat’s principle provided that
Eq. (6) is used to account for diffraction. In this way
Treacy’s main result was also proved?54%; that is, P,
gives the GD directly through the system as

dd, _Py()

GDO) =40 = e

; (7)

because the derivatives of ¢ () and P,(w)/c cancel
each other. Hence, calculating the optical path
through the system from the source to the exit refer-
ence plane provides us directly with the GD.

For small beam diameters and for optical systems
that satisfy the criteria of paraxial optics, i.e., when
aberrations are negligible, the optical paths for the
chief (central) ray and the marginal (peripheral) rays
are the same. For larger beams and nonparaxial
optics, however, the different types of aberration also
result in pulse-front distortion, which may have a
strong effect on the pulse duration at the tar-
get.3839.42  To account for spherical aberration and
astigmatism we developed a ray-tracing program
that calculates the optical path length along the chief
ray as well as the marginal rays from the source (S)
to the plane perpendicular to the chief ray of the
central frequency at the focal point of the last grating
(Fig. 5). This is done for all the frequency compo-
nents of the pulse as well as for the ray components
of the input beam, thus simulating the divergence
and bandwidth of a real pulse. The spectrally and
spatially dependent GD, that is, the pulse front, is
then calculated. In the case of three gratings the
program also minimizes the temporal stretch, either
by varying the line density of the transmission grat-
ing or by rotating the grating while keeping the line
density fixed.

The temporal stretch of a pulse is calculated as the
GD difference between the spectral components at
the half-maxima of the bandwidth. This estimation
is correct only for large stretches, such that GDD >
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To2. For small GDD it overestimates the stretched
pulse length [Eq. (3)].

To test our new scheme we carried out the calcu-
lations first for the near-infrared region, where direct
experimental verification could easily be achieved
(see Section 3 below). Please note that the measure
of any type of pulse broadening is several orders of
magnitude less for pulses in the XUV region than in
the near-infrared region (see Section 4 below). The
operation of the optical setup in both regions, how-
ever, in principle is identical.

Figure 6 presents results obtained for the spectral
range 780—820 nm for conditions close to the exper-
imental ones. The groove density and the radius of
curvature of the curved gratings were 580 lines/mm
and 1 m, respectively. The divergence of the input
beam was 2 mrad. Throughout the calculations, the
marginal rays represent the FWHM divergence of the
beam. Figure 7 is a simple sketch drawn to facili-
tate the understanding and interpretation of the re-
sults shown in Fig. 6. It illustrates the relationship
of the variation of the GD as a function of wavelength
for the marginal and chief rays to the pulse stretches
that are due to the positive chirp (1) and to the pulse-
front tilt (7).

For the two-grating setup [Fig. 6(a)], the GD de-
pends strongly on the wavelength, suggesting a tem-
porally chirped and stretched output pulse. The GD
differences between the marginal rays at 780, 800,
and 820 nm (not visible in the figure) are 124, 2, and
71 fs, respectively, which is a sign of the chromatic
imaging error mentioned above and the subsequent
pulse-front curvature. The measure of this pulse-
front distortion is, however, much less than the chirp
effect; the latter results in a temporal stretch as large
as 7 = 36.5 ps for a short pulse with a 20-nm band-
width.

In the three-grating arrangement the intermediate
grating was first chosen to have a groove density of
530 lines/mm and a 12° angle relative to the plane
perpendicular to the chief ray, minimizing the pulse-
front tilt at the central wavelength. The pulse-front
distortion at 780, 800, and 820 nm leads to 86-, 5.5-,
and 69-fs differences, respectively, between the mar-
ginal rays, which is a slight improvement on the two-
grating case. The temporal stretch that is due to
chirp is 2.9 ps, more than 1 order of magnitude less
than in the two-grating case.

By optimizing the grating angle with respect to the
overall GD difference we found that the 530-line/mm
grating should be rotated to an angle —10.7° [dashed
curves in Figs. 6(b) and 6(c)]. The residual small
chirp results from the difference between the third-
(and higher-) order dispersions of the plane grating
and the curved gratings, and the pulse stretch that is
due to chirp is reduced to only 280 fs, which is a more
than 2-orders-of-magnitude improvement over the
two-grating case. The pulse-front distortion, how-
ever, becomes more serious, because 1,(780) = 785 fs,
7,(800) = 741 fs, and 1,(820) = 701 fs.

Further optimization led to groove densities of 560
lines/mm with a grating angle equal to 0° and 575



(a)

40000 3 3 grating setup with 530 I/mm, 12°
30000 T 2 grating setup
g 20000 E Sal R
% 10000 .
3 0 {\\r\\
% . ~a
3 -10000 — o
O -20000 N
-30000 T
'40000 s T T T ’ T T T | T T T ‘ T T T .I
780 790 800 810 820
Wavelength(nm)
(c)
B Intermediate grating
1000 — 560 I/mm, 0° .
= 1) . 530 Umm, -10.7° e
0 .
>
[1]
@
o
o
3
L
o)
T T T ! T T T | T T T 1 T T T I

780 790 800 810 820
Wavelength(nm)

Fig. 6. Results of the ray-tracing calculations for several grating configurations.

lines/mm with a grating at 10°. As can be seen from
Figs. 6(c) and 6(d), the chirp effect is practically the
same as in the previous case, 332 and 390 fs, respec-
tively. The pulse-front tilt is reduced to 7,(780) =
428 fs, 7,(800) = 366 fs, and 7,(820) = 337 fs in the
first case and 7,(780) = 161 fs, 7,(800) = 85 fs, and
7,(820) = 15 fs in the second.

We therefore obtain overall pulse stretching below
500 fs, which means a more than 2-orders-of-
magnitude improvement over the 36.5 ps offered by
the two-grating arrangement. The optimal choice of

4
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Fig. 7. Tllustration of the contributions to the temporal stretch.

The GD variation over the bandwidth of the pulse along the chief
ray gives the temporal stretch that is due to chirp; the GD between
the two marginal rays at a given wavelength represents the pulse-
front distortion. See also Fig. 2.
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For explanations, see text.

the intermediate grating depends on the bandwidth
and the divergence of the incoming pulse. For small
bandwidth and large divergence, minimizing the
pulse-front tilt gives the best result (530 lines/mm,
12°). Ifthe pulse has a large bandwidth but a small
divergence, minimizing the chirp effect leads to the
shortest pulses.

B. Wave-Optical Approximation

The need to consider interference effects led us also to
develop a more-realistic program based on the prop-
agation of electromagnetic fields. We explain the
method here for the two-grating setup. We start
with a source point S at a given time (¢ = 0). The
program first calculates the distance from the source
point to all the grooves of the first grating. These
become new source points according to Huygens’s
principle. Then the distances from these points to
all the grooves of the next grating are calculated.
Finally, the distance from each groove on the second
grating to the target line (in the x direction) is calcu-
lated. This target line is placed at the position of the
focus of the second grating. The path lengths are
calculated for all combinations of paths from the orig-
inal source point to the different target points. This
information allows us to construct a two-dimensional
target function f(x, t) that describes how many paths
end up at position x and at what time. Note that the
number of paths to consider in this approach is much

10 February 2004 / Vol. 43, No. 5 / APPLIED OPTICS 1077
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Fig. 8. Experimental setup. The negative lens L,; creates a vir-
tual focus at the entrance position of the first grating, G1. After
the three gratings, the beam is collimated by the cylindrical lens,
Ly,. The pulse length is measured either by an autocorrelator or
by a streak camera. To measure the pulse length before the grat-
ings we inserted the autocorrelator before L.

Laser

larger than in the ray-tracing program, because the
paths do not obey ray-optics laws. This calculation
does not depend on wavelength. We account for the
divergence by assigning a weight to each of the paths,
depending on the incident angle on the first grating,
thus simulating the intensity distribution of a Gauss-
ian beam with a known diameter. The electrical
field at position x and time ¢ is given by the convolu-
tion of the electrical field at the source point and the
response function of the optical system. For a
Gaussian pulse, for example,

E(x,t) = .[f(x, t' — t)exp(iot’)

X exp[—2 In(2)t'%/7?]dt’, (8)

where o is the central frequency. The complexity of
the calculation depends strongly on the number of
diffractive planes, and the calculations become time
consuming if more than two gratings are considered.

For the two-grating configuration we find that the
two calculations presented above give almost identi-
cal results. This result gives us confidence in the
validity of the ray-tracing predictions for the three-
grating setup also.

3. Experimental Results

To test our proposed three-grating setup and to check
the reliability of the simulations we performed a
proof-of-principle = experiment, using 17-nm-
bandwidth, 50-fs pulses at 800 nm from a 10-Hz Ti:
sapphire laser system. The experimental setup is
shown in Fig. 8. The two spherical gratings have a
radius of 1 m and a density of 580 lines/mm over a
40-mm square area. Both are mounted in a Row-
land configuration with an incidence angle of 40° on
the first grating. The gratings used in this experi-
mental demonstration are not designed for high-
power applications, and the pulses have to be heavily
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Table 1. Comparison of Simulated and Experimental Pulse Lengths
after Passage of Near-Infrared Pulses through the Setup

Pulse Length (ps)

Ray-Tracing
Simulated  Experimental
Setup Results Results
Two gratings, full spectrum® 31.2 32
Two gratings, 13-mm aperture 20.3 20
between gratings
Three gratings 0.106 0.110

“This setup was also simulated with the wave propagation pro-
gram, which gave a pulse length of 30 ps.

attenuated before the first grating to prevent optical
damage. This is done with the combination of a
half-wave plate and a polarizer. A negative lens is
used to create a virtual source point at the entrance
slit position of the first grating. There are two ap-
ertures, one before the first grating to allow us to
simulate different divergences of the incoming beam
and one near the exit slit position of the first grating
(see Fig. 5) to control the bandwidth of the transmit-
ted pulse. After the two gratings the beam is astig-
matic and a cylindrical lens is used to collimate it.

To test the three-grating configuration we replaced
the second aperture with a transmission grating with
530 lines/mm. The width of this grating was 20
mm, which was sufficient to avoid significantly cut-
ting the spectrum. The grating was mounted and
rotated to an incidence angle of 12°, determined by
the optimization routine in the ray-tracing simula-
tion described above. The second spherical grating
was then slightly repositioned to the first order of the
transmission grating.

The duration of the outcoming pulse was first de-
termined by a streak camera (Hamamatsu C1587),
which has sufficient resolution for the two-grating
setup. The pulse length after the three-grating con-
figuration, however, fell below the resolution of the
streak camera and was instead measured with a
single-shot second-order intensity autocorrelator
placed in the exit position of the second spherical
grating. This autocorrelator is not able to detect the
temporal lengthening of a short pulse caused by
pulse-front distortion, so only the broadening caused
by the residual chirp could be measured. As our
primarily aim was to compensate for the induced
chirp in the two-grating setup, this type of autocorr-
elator was appropriate for our purpose.

It is worth noting that the procedure for aligning
the two curved gratings is robust and straightfor-
ward.23:36  On insertion of the plane grating, the out-
put pulse’s length immediately decreases, so one can
quickly achieve the final alignment of the plane grat-
ing (position and tilt) by looking at the beam’s spatial
profile and the pulse width simultaneously.

The results of the experiments as well as of the
numerical simulations are given in Table 1. For the
two-grating setup, both types of simulation predict
that the pulse will be stretched to above 30 ps, which



Table 2. Calculated Stretches of High Harmonics of an 800-nm Laser

Pulse
Grating Density Stretch® (fs)
for Spherical
Harmonic Gratings Two-Grating  Three-Grating
Order (lines/mm) Setup Setup
9 200 150 0.16
9 400 570 0.71
9 600 1200 1.8
9 800 2,100 3.9
17 200 15 0.06
17 400 60 0.14
17 600 130 0.28
17 800 230 0.51
33 200 1.5 0.029
33 400 6.0 0.061
33 600 13 0.095
33 800 23 0.14
65 200 0.18 0.014
65 400 0.65 0.029
65 600 14 0.044
65 800 2.5 0.059

“These numbers represent the stretch of a delta pulse passing
through the setup. The actual output pulses can be obtained by
convolution with the input pulses.

was confirmed by the streak-camera measurements.
This stretch is caused by the chirp introduced by the
two curved gratings and is proportional to the band-
width of the pulse. By reducing the width of the slit
between the two gratings, and thereby reducing the
bandwidth, we decreased the stretch to ~20 ps, close
to the resolution limit of the streak camera.

In the three-grating configuration the ray-tracing
simulation gave a slope of ~1800 fs? at 800 nm, which
led to a pulse stretch of 106 fs [Eq. (3)], in good
agreement with the experimentally observed dura-
tion of 110 fs.

Our design can be used not only to separate a given
harmonic without temporally stretching it but also to
eliminate a (linear) chirp in the original pulse. We
verified this by changing the distance between the
compressor gratings of the Ti:sapphire laser system,
thus stretching the pulse in time and imparting a
linear chirp. By reoptimizing the angle of incidence
on the transmission grating in our setup by a few
degrees, we could compress the output pulse back to
110 fs.

4. Predictions and Discussion for the
Extreme-Ultraviolet Range

We used the programs to optimize the setup for the
XUV spectral range. Table 2 presents numerical re-
sults for stretches of the 9th, 17th, 33rd, and 65th
harmonics of an 800-nm laser pulse in the two- and
three-grating configurations for several groove den-
sities of the spherical gratings. The divergence of
the harmonics was assumed to be 2 mrad, and the
bandwidth 100 THz, to simulate pulses generated
with a 30-fs laser.#3 The radius of curvature of the
spherical gratings was chosen to be 0.5 m, and the

40 80 120
Harmonic order

Fig. 9. Temporal stretch for the two-grating (dashed curve) and

the three-grating (solid curve) setups. The line density is 800

lines/mm for the spherical gratings and 1000 lines/mm for the

transmission grating.

angle of incidence on the first grating was 40°. For
each case the line density of the transmission grating
was optimized by the ray-tracing program. The
stretch depends strongly on the groove density of the
spherical gratings as well as on the harmonic order.
In the three-grating configuration there is also a
more-complex dependence on the beam divergence.
With three gratings, the main cause of the remaining
temporal stretch is pulse-front distortion. For a
2-mrad-divergence high harmonic, even in the most
difficult situation (i.e., for high groove density and a
low-frequency harmonic) the pulses are stretched by
only 3.9 fs. When spherical gratings with 400
lines/mm were chosen, the stretch is less than 1 fs for
both the 9th- and 17th-harmonic orders. The
stretch decreases rapidly with harmonic order.

For sufficiently high orders (depending on the char-
acteristics of the spherical grating), the two-grating
configuration can be used efficiently for selecting the
harmonic radiation without temporal stretching.23
The amount of residual stretch calculated for the
17th harmonic in the two-grating case is consistent
with the experimental measurements of Nugent-
Nandorf and co-workers,2¢ suggesting a residual
stretch in their toroidal-spherical grating configura-
tion of at least 100 fs.

In Fig. 9 we show how the stretch for a given two-
or three-grating configuration varies as a function of
harmonic order. The spherical grating’s line density
was 800 lines/mm. The transmission grating’s line
density was chosen to be 1000 lines/mm, which op-
timizes the spectral region from the 17th to the 33rd
order. The angle of the transmission grating was
adjusted to yield the minimum stretch. The stretch
decreases rapidly with order in both cases. The
three-grating setup clearly minimizes the temporal
stretch compared with the two-grating setup, even in
a spectral region where the line density is not opti-
mized.

Finally, we calculated the variation of the GD as a
function of wavelength in a spectral region corre-
sponding to the 17th harmonic (centered at 47 nm) for
the line densities used in Fig. 9. Some results are
shown in Fig. 10. As in Fig. 6, the chief and mar-
ginal rays that simulate beam divergence are repre-
sented. In Fig. 10(b), the angle of the transmission
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Fig. 10. GD for the chief and marginal rays as a function of wavelength for the 17th harmonic.
grating (1000 lines/mm) has been adjusted to produce the minimum stretch.

or (c) negative chirp of the XUV pulse.

grating was chosen such as to minimize the stretch.
In Figs. 10(a) and 10(c), respectively, we chose the
angle of the grating to compensate for a gositive and
a negative linear chirp rate of ~2.5 X 10%® fs2, which
is higher than the chirp rates measured experimen-
tally so far.4¢ This technique should allow us to com-
pensate for rather important chirps that are due to
the fundamental laser field, to propagation effects in
the nonlinear medium, and to the generation process
itself.

The simulation programs use a simplified two-
dimensional model that includes spherical aberra-
tions but does not take into account the astigmatism
caused by the large incidence angle on the gratings.
However, astigmatism can be eliminated by the use
of toroidal gratings. The overall throughput of the
proposed monochromator is also an important pa-
rameter to consider. Transmission gratings in the
XUV range can have a relatively high throughput*5
and nowadays can be manufactured over a dimension
of a few millimeters squared, thus matching the size
required for the proposed setup. Using blazed grat-
ings optimized for a certain wavelength region (e.g.,
20-30 eV), we estimated the total transmission to be
approximately 0.1%. With typical harmonic gener-
ation efficiencies of 107°-~10"" and laser pulse ener-
gies of a few milljjoules this gives a photon flux of as
much as 10°~107 photons/pulse in a given harmonic
order after spectral separation, which is enough for
many applications.
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