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Abstract

For reducing both extreme ultraviolet attosecond pulses energy loss in the fo-
cusing reflection process and measurement error caused by pulse focusing
aberration, as well as improving the operability of pulse spectroscopy moni-
toring, a combined focusing and flat-field spectrometer analysis system for
attosecond pulse is proposed and designed through step-by-step performance
optimization. The focusing and spectrum-analyzing components are gold-
coated grazing incidence to roidal mirror and grazing incidence concave fo-
cusing grating, respectively. The characteristic parameters of the system are
given in details. The system proposed can find application in research plat-
form of attosecond spectroscopy using high energy short attosecond pulse as
basic probe tool.
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1. Introduction

With the mature of carrier-envelop phase (CEP) stabilized few cycle laser tech-
nology, the strong field optics is now shifting from the stage of perturbative to
extreme (or nonperturbative) nonlinear optical mechanism, of which one of the
most exciting achievements is the establishment of new light source—single iso-
lated attosecond laser pulse in extreme ultraviolet (XUV) or even X-ray electro-

magnetic spectrum based on strong field high-order harmonic generation (1 at-
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tosecond = las = 107" s) [1]. Since then, an attosecond research upsurge is
overwhelmingly rising from physics, chemistry and materials science to even in-
formation processing and other fields [2]-[12]. So far, the world record of the
shortest pulse is 67 as [10]. It is regarded as one of the mail goals in attosecond
science to produce the even shorter pulse of sub-24 as with pJ energy per pulse
in the future [1]. Undoubtedly, compared with that in visible or near infrared
regionthe optics elements for propagating and analyzing these ultrashort pulses
should be adjusted accordingly for its ultra-broad electromagnetic spectrum.

In this paper, we proposed a combined focusing and flat-field spectrum-ana-
lyzing system based on a grazing incidence toroidal focusing mirror and toroidal
concave grating. The toroidal instead of spherical mirror helps reduce the reflec-
tion energy loss and suppress the focusing aberrations. The simulated results re-

lated are given, together with the characteristic system parameters.

2. System Design

The proposed system is shown in Figure 1. Gas jet GJ-1 provides noble target
atoms to generate XUV attosecond pulses through high-order harmonics gener-
ation process of CEP stabilized near-infrared few-cycle fem tosecond pulse,
while GJ-2 supplies the gas atoms for attosecond diagnostics, such as attosecond
transient absorption. Grazing incidence toriodal mirror (TM) [13] [14] [15] is
used to focus the attosecond pulse from GJ-1 onto GJ-2, while the grazing inci-
dence concave grating is to analyze the residual XUV spectrum [16] [17] [18].
The detailed structural parameters are established based on the specific operat-
ing requirements of TM and the grating.

The toriodal mirror used is gold-coated from ARW Optical Corporation, of

which the two characteristic radiusas shown in Figure 2 are R, = 90.5 mm and

Focusing
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Figure 1. Combined focusing and spectrometer system.

(a) (b)

Figure 2. Description of toroidal mirror. (a) Front view; (b) 3D.
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R, = 3230 mm, with both radius tolerance smaller than +1% and surface smooth
accuracy better than A/2@632.8 nm. The focus characteristics of toroidal mirror
can be decomposed into that in both meridian and sagittal planes, shown in

Figure 3, and the corresponding mathematical descriptions are as follows [14].

1,12

= 1
r r, R,cosa M
1+£: 2cosa @)
ror, R,

To eliminate the focus astigmatism, 7, = r, must be met. Thus one can get the
characteristic incidence angle of « =80.4". The constraint relation in Equations
(1) and (2) can then be reduced to the following one. In the optical system de-
signed here, both the object point of GJ-1 and the image point of GJ-2 are set to
be r=r'=540 mm.

11
_+_

- 3
r r' 270 3)

As for the grating, its curvature radius is R, = 13,450 mm and the line density

distribution in its concave surface is as following:
d(w) =d, +d,w+d,w* +dw’ (4)

Here, d, = 1200 I/mm refers to central grating linear density, wis the perpen-
dicular distance from given grating line midpoint to the grating surface vertex
normal, d,, d,, and djarecontrol parameters,d, = —3.546 mm?, d, = 8.656 x 107’
mm~, d; = —2.209 x 10° mm™. The grazing incidence flat-field grating spec-
trometer is shown in Figure 4, in which « = 87° refers to the characteristic inci-
dence angle for best spectral dispersion, r,(1) the distance from the grating sur-
face center to the focus position of diffraction light of wavelength A, and A(1) the
corresponding diffraction angle of the spectrum with the wavelength A. r, is the
perpendicular distance from the grating surface center to its spectral record

plane.

(a)

Normal

Figure 3. Focusing properties of grazing incidencetoroidal mirror. (a) Meridional
plane; (b) Sagittal plane.
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For a grazing incidence concave grating, r,(1) and (1) meet the following

conditions:
o[sina —sin g(1)]=mAi (5)

cos? a . cos’ B(4) cosa +cos B(A) .
r. r,(4) R

mAd, =0 (6)
9

where o =1/d(w) ~1/d,, m is the diffraction order and usually only m = 1 is
taken for consideration. The dependence of both r,(1) and (1) on wavelength is
shown in Figure 5. r, = 563.2 mm can be achieved for A = 5 - 32 nm, indicating
the best position of spectrum detector, such as CCD. Figure 6 gives the corres-

ponding position on the spectral plane for the wavelength range mentioned.
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Figure 4. Grazing incidence concave grating spectrometer with flat-field im-
aging focusing.
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Figure 5. Diffraction characteristics of concave grating.
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Figure 6. Diffraction spectrum of 5 - 32 nm on focusing spectral plane.
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3. Conclusion

This material presents a combined focusing and spectrum-analysis system for
XUV attosecond pulse, in which the focusing and spectrum-analyzing compo-
nents are gold-coated grazing incidence toroidal mirror and grazing incidence
concave focusing grating, respectively. It possesses the feature of reducing both
attosecond pulses energy loss in the focusing reflection process and measure-
ment error caused by attosecond pulse focusing aberration measurement, as well
as improving the operability of attosecond pulse spectroscopy monitoring.
Through step-by-step performance optimization, the structure and characteristic
parameters are given in details. The system proposed can find application in re-
search platform of attosecond spectroscopy using high energy short attosecond
pulse as basic probe tool. The simulated results are given, together with the cha-

racteristic system parameters.
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