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Abstract

We report on the design and characterization of a grazing-incidence flat-field spectrograph that allows simultaneously
the measurement of spectrum, beam divergence, and absolute flux of EUV and soft X-ray radiation for a beam of
high-order laser harmonics generated by the interaction between an ultrashort femtosecond laser pulse and a gas jet. The
instrument seems a very powerful tool for the understanding of the generation process.

1. INTRODUCTION 2000s, Villoresi et al., 2000. A large sensitivity to both
laser parameters and target conditions is expected, so the
Since their experimental discove(Zarmanet al, 1981,  measurements of the more relevant characteristics of the
high-order harmonics obtained by intense ultrashort pulse@larmonic beam have to be done simultaneously in order to
lasers focused onto a gas jet has been emerging as a Ng4in an insight into the generation process within controlled
field of nonlinear OptiCS with very attractive CharaCteriStiCSConditions_ The main measurements to be done are both
and unique properties, such as high brightness, good tenhose in the spectral domain, as the spectral distribution, the
poral and spatial coherence, and extremely short pulse dyelative spectral intensity, the linewidth of the harmonic
ration obtained in a table-top apparatDstmireetal, 1996;  |ines, and the wavelength shift occurring for different con-
Gloveretal, 1996; Protopapaat al, 1997). Thankstothese ditions (Altucci et al, 200(), and the beam divergence,
unique features, high-order harmonic sources are requestegsolved in generation position and harmonic order, as well
in a number of applications in physics, chemistry, and bio-as general features as the global conversion efficiency of the
chemistry, for example, in high time-resolution pump andgeneration process in the EUV and soft X-ray spectral re-
probe experiments or in experiments requiring high instangions and the pulse-to-pulse variation due to the fluctuation
taneous power in ionization or excitation interactions. Theof the pulse carrier phag®riori et al,, 2000. In this spirit,
high-order harmonics spectrum is a sequence of peaks cofre have realized a grazing-incidence flat-field spectrograph
responding to the odd harmonics of the laser frequency, witBiple to measure simultaneously spectral features, angular
avast plateau characterizing the intensity distribution of thejivergence, and absolute photon flux, with also the possi-
peaks, whose extension is related to pulse inteiSijieres  ility of following the dynamic evolution of the high-order
et al, 1998. The availability of extremely short pulse du- harmonic spectrum in the single-shot mode. The design com-
ration solid-state laser@isoli et al, 1996, 1997 has al-  pines an advanced optical setup with an EUV-sensitive bi-
lowed the efficient generation of harmonic pulses withdimensional detector. The instrument is presented in detail

duration in the range 5-30 fs and the emission of coherenh Section 2; some experimental results are then shown in
radiation down to thevater windowspectral region2.3—  Section 3.

4.4 nm (Spielmannet al., 1997), still using as a source a
table-top apparatus.

The study of high-order harmonics generated in few-2- GRAZING-INCIDENCE FLAT-FIELD
optical-cycle pulses deserves much atten{iltucci et al,, SPECTROGRAPH

The acquisition of EUV and soft X-ray high-order harmon-
Address correspondence and reprint requests to: Luca Poletto, INFM—cg requires wide-band grazing-incidence grating spectro-
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and Informatics, University of Padova, via GradenigtA\6-35131 Pa- graphs. In case of the classical Rowland mounting with
dova, Italy. E-mail: poletto@dei.unipd.it spherical gratings, the spectral focal curve is a cylindrical
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surface with diameter equal to the grating radjtie so- (spectral plane)

. . . Grating
called Rowland cylinder an extended spectrum is acquired entrance plane

by moving the detector tangent to the Rowland circle, mak-
ing it impossible to have simultaneously a wide-band spec-
tral region on the detect¢Bamson & Ederer, 19980n the

contrary, an almost flat focal surface at near normal incCi- goyrce focal
dence on the detector is obtained by using SVLS gratings, in plane
which the groove spacing changes on the surface following .
a polynomial law(Kita et al., 1983; Nakanet al., 1984): in Toroidal mirror SVLS grating
such a system the aberrations can be controlled by the ruling——————F——=um- %
parameters for groove space variation. By choosing a proper
distribution of the line spacing, the spectral focal curve can (spatial plane)
be brought to be almost straight, fitting well the detectorriy 1. optical design of the spectrograph. The top view refers to the plane
plane (Haradaet al, 1999: in this case, a wide spectral of dispersior(spectral plangand the bottom one to the plane perpendicular
interval can be obtained although on a single acquisition. to the plane of dispersiofspatial plang

The flux collected by the grating is increased by focusing
the radiation coming from the source on the entrance slit of
the spectrograph: this is usually performed by a toroidathe detector plane is less than 0.5 mm, so the residual de-
mirror mounted between the source and the entrance slifpcusing is almost negligible. The toroidal mirror focuses the
with its tangential focus on the slit itself. Furthermore, theradiation emitted by the laser—gas interaction point on the
mirror can compensate the grating astigmatism due to thgrating entrance plane. Itis platinum coated, with 6500-mm
grazing-incidence mounting. In fact, a grazing-incidencetangential radius and 14.7-mm sagittal radius, mounted at an
spherical grating does not provide practically any focusing@6’ incidence angle. Its tangential radius has been chosen so
capability in a plane perpendicular to the dispersion one. Aras to work with unity magnification in the tangential plane
emitting point placed on the entrance slit is acquired on thei.e., in on-Rowland mounting with equal entrance and exit
focal plane as along and slightly curved lifioletto, 200D, arms. This minimizes the tangential aberrations on the grat-
In case of Rowland mountings, the length of the spectroing entrance plane. The sagittal focus lie before the grating
graph exit arm changes quickly with the wavelength as théocal plane, so the height of the spectral lines on the detector
cosine of the diffraction angle, so it is impossible to correctis proportional to the sagittal beam divergence. Note that the
for the astigmatism in an extended spectral region. In factgrating works slitless thanks both to the limited size of the
the toroidal mirror has a variable exit arm giving large de-emitting source, which has been estimated to be of the order
focusing when moving the detector far from the stigmaticof 15 um at full-width-at-half-maximum(FWHM), and to
wavelength(Tondello, 1979; Chrisp, 19830n the con- the low tangential aberrations of the toroidal mirror on the
trary, the exitarm of an SVLS grating is almost constant alsgrating entrance plane, which have been calculated to be
in an extended spectral region, making easier to correct foabout 6um at FWHM.
the astigmatism in the whole region to be acquired. This is The bidimensional detector is a single-stage 40 mm MCP
performed by placing the sagittal focus of the toroidal mir-open intensifier manufactured by Photek with a magne-
ror on the focal plane of the spectrogra@hoietal, 1997.  sium fluoride photocathode. Input photons are converted
If the stigmaticity is not required, the sagittal focus can beby the photocathode into electrons that are amplified into
put in front of the grating focus. In this way, a residual the microchannels by an applied voltage of 1000 V at
astigmatism is obtained and the length of the spectral linemmaximum. The electron clouds at the MCP output are ac-
on the spectrum is proportional to the sagittal angular divereelerated onto a phosphor screen by a 4500-V voltage drop.
gence of the beamiPoletto, 2001 So, an SVLS grating The resulting image is optically coupled by an objective to
coupled with a toroidal mirror and a suitable bidimensionala cooled CCD camera with low read-out noise manufac-
detector results in a spectrograph able to measure simultéadred by Hamamatsu. The CCD format is 12801024
neously both spectral and spatial features of the high-ordguixels with a pixel size of 6.7< 6.7 um? and 10 Hz
harmonic spectrum in a wide spectral region. A schematiecnaximum frame rate. It is then possible to follow the
view of the optical configuration is shown in Figure 1. dynamic evolution of the spectral features in the single-

The SVLS grating is manufactured by Hitachi. It is gold shot mode at 10 shots. The plate factor when the 40-mm
coated, with 1200 linesnm central groove density, 5649 mm phosphor screen diameter is projected on the CCD 1280
radius, 87 incidence angle and 237 mm entrance arm. Thepixel long side is about 3L:m/pixel: the plate factor is
parameters for groove space variation have been chosen stiown in Figure 2. The sensitive area of the detector cov-
give an almost flat spectral focal curve in the 5—40 nm re-ers only a portion of the spectral range, so it is necessary
gion, located at 235 mm from the grating vertex, and paralleto move the intensifier along the focal curve to scan the
to the normal of the grating in its vertex. In the 6—33 nm re-whole 5-40 nm spectrum. To perform this, the detector is
gion, the maximum deviation between the actual curve andgnounted on an x-—y linear drive dma z rotator and con-
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the expected characteristics of the high-order harmonic emis-
sion, thatis, Gaussian distribution of the emitted raysubh%-

size at FWHM and 10-mrad angular aperture. The aberra-
tions are within the 31tm pixel size in the whole 5-35 nm
region and increase up to 50—p%n at the extreme wave-
lengths of the range where the spectral focal curve does not
match at the best detector plane. The actual spectral aberra-
tions have been measured using the spectra emitted by a
microfocus soft X-ray source with different anodes in the
7-25 nmregion: by measuring the relative broadening of the
emission lines at | and Il diffracted orders, the residual
FWHM spectral aberrations have been evaluated to be around
10-15um, in good agreement with the calculations.

To measure the absolute photon flux and then the conver-
sion efficiency of the harmonic generation process, the ab-
solute response of the system was measured in the 5-25 nm
spectral regior{Polettoet al,, 1999. The response of the
nected to the body of the spectrograph by a bellows: twavhole system, which includes mirror reflectivity, grating
different positions are required for the whole 5-40 region.diffraction efficiency, and detector efficiency with 950 V

Finally, the laser source of our experimentis a Ti:sapphireapplied to the MCP, ranges from 0.05 DU per source photon
system with up to 0.8-mJ energy 30-fs pulses centered ait 5 and 25 nm to 0.2 DU per photon in the 9-11 nm region
795 nm at 1 kHz repetition rate; sub-10 fs pulses are geneDU is the digital unit read from the CCD analog-to-digital
ated by the hollow fiber compression technigisolietal,  convertey. Defining the minimum detectable signal as the
1997). The laser beam is focused by a 25-cm focal lengthphoton flux necessary to give a signal comparable to the rms
silver mirror through a 0.5-mm-thick fused-silica window noise of the CCD camera, that is, about 3.5 DU rms, the
into the laser—gas interaction chamber. The gas sample i&inimum flux is about 50 source photons at 6.7 nm, 20
injected into the interaction chamber by a pulsed electrophotons at 10 nm, and 90 photons at 25 nm, making the
magnetic valve operating with about 4p@ opening time  system very sensitive.
and producing gas jets having diameter at the nozzle of Finally, the relation between line height and sagittal di-
0.8 mm. vergence of the high-order harmonic emission is shown in

A schematic view of the spectrograph with the laser-gas-igure 4, as obtained by a detailed ray-tracing of the
interaction chamber and the detector is shown in Figure 3. Anstrument.
differential pumping unit guarantees a pressure inside the
spectrograph of the order of 70~ 6 mbar, which is safe for
the MCP detector, when operating the emitting valve at3' EXPERIMENTAL RESULTS
10 Hz with a pressure inside the interaction chamber of thé\s an example of application, a spectrum in He with 30 fs
order of 102 mbar. laser pulses and the detector positioned to acquire the

The FWHM spectral aberrations on the detector plané—37 nm region is shown in Figure 5. The wavelength
have been calculated for a source with parameters matchirggale is on the horizontal axis increasing toward the right
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Fig. 2. Plate factor with 31xm pixel size.
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Fig. 3. Schematic view of the whole spectrograph. Fig. 4. Relation between line height and beam sagittal divergence.
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gas jet have been presented. It combines an advanced opti-
cal setup with an EUV-sensitive bidimensional detector.

A flat focal surface, although in grazing incidence, is
obtained by using a SVLS grating optimized in the 5—40 nm
region. The flux collected by the grating is increased by
using a toroidal mirror with its tangential focus on the grat-
ing entrance plane; the mirror does not compensate for the
grating astigmatism, so the length of the spectral lines on the
spectrum is proportional to the sagittal angular divergence
of the high-order harmonic emission. The system has been
absolutely calibrated, so it is possible to measure the pho-
tons flux emitted by the EUV source. Furthermore, the sen-
sitivity is very high, making the system able to work in the
single-shot operation. At the present, the instrument has
been intensively used for diagnostics of high-order har-
monic spectra.
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4. CONCLUSIONS

https://doi.org/10.1017/50263034601192050 Published online by Cambridge University Press


https://doi.org/10.1017/S0263034601192050

