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EUV optics play a key role in attosecond science since onlyhigiher photon energies is
it possible to achieve the wide spectral bandwidth required forshtira pulses.
Multilayer EUV mirrors have been proposed and are being developethpmtally shape
(compress) attosecond pulses. To fully characterize a mattilaptic for pulse
applications requires not only knowledge of the reflectivity, asurection of photon
energy, but also the reflected phase of the mirror. This worlkapes/éhe metrologies to
determine the reflected phase of an EUV multilayer mirrangughe photoelectric effect.
The proposed method allows one to determine the optic’s impulse resgpahdrience its

pulse characteristics.© 2007 Optical Society of America

OCIScodes: 120.5050, 340.7470, 320.1590, 340.7480



The development of high harmonic generating (HHG) sources leatedra probe for the
attosecond world in the extreme ultraviolet (EUV) spectrum [1,2bdiing attosecond light
pulses requires a light source with a large bandwidth. The minifalirwvidth at half max

(FWHM) bandwidth for a Gaussian pulse is described by the Fduamesform theory relation

between the time domain and the frequency/energy domain:
AT-AE>18 (1)

whereAt is the length of the pulse in fs units aki is the FWHM bandwidth in eV units. For a
At = 100 attosecond pulse this means that the minimum FWHM reitgdbiandwidthAE for

the optic is 18 eV. Large bandwidth is not the only requirement ke rawa ultrashort pulse. To
obtain the minimum pulse width there is a requirement on the alignofi¢he phases of every
frequency in the pulse. More specifically the second order teranTiaylor expansion of the

phase, with respect to frequency, must be zero:

Q= (o(a)cent )+ (ol(a)cent )(CO ~ Oeny )+ wﬂ(a)cent )(CO ~ Doy )2 /2I +A (2)

Whereg is the phaseap(wcen) is @ constant called the carrier envelope phgi§ecen) is the first
derivative of the phase called the group delay, @\d:en) is the second derivative of the phase
and is called the group delay dispersion. The teafted the group delay dispersion (GDD) or

chirp of the pulse adversely effects the pulse [dkby:

J1+16<|n2>2 0 (0u) “
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Wherert is the pulse sizay is the delimited pulse size from purely bandwidtguirements, and

0"(wceny IS the GDD evaluated at the central frequengy; of the pulse’s bandwidth.



EUV multilayer optics have been proposed and implatied as focusing elements for
these attosecond HHG pulses [4]. They have alsn peoposed to compensate for the intrinsic
chirp in the HHG systems [5]. However no straightfard method has been available to
determine the reflected phase of the multilayecampared to the incident phase. Our research
has developed and implemented a simple method &sune the reflected phase of an EUV
multilayer mirror using measurements of the totaceon yield (TEY) to probe the standing
wave at the mirror surface.

Traditional methods for measuring the reflectiveagdh of an optic use interferometric
techniques [3]. However, in the EUV these techegjare limited often to grazing incidence or a
narrow bandwidth due to the use of a multilayer nhsgaitter for normal incidence
measurements. Either way, these techniques afeuttifto apply due to the stringent
constraints, which scale according to wavelength,position accuracy to obtain the optical
phase. As position accuracy of a fraction of ttevelength is often required, in the EUV this
translates to a few nm in position accuracy andaibn stability.

The technique investigated here uses TEY alonl keiiectivity measurements to probe
the standing wave at the surface of a multilayler.fiThe TEY is proportional to the intensity of
the standing wave field at the surface of a thim fj6]. Multilayer thin films work on the
principle of temporal coherence, in other wordsrefeected wave is coherent with respect to the
incident wave at the top surface.

TEY =C(0)-1(w)
| =|E?% =|(E, +Eu F| = E§(1+r-e‘A“’)2‘= EZ(L+12 +2r codA)) “)
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Where C carries the material dependence of théetstetron yeild, & is the incident field,%is

the wavelength dependent reflection coefficient Apdis the difference in phase between the



incident wave and the reflected wave. This analipgicomes slightly more complicated due to
the non-zero escape depth of electrons, howeveeamn factors for this effect can be taken
into account [7].

In order to test the method, two different quadedity depth-graded Mo/Si multilayers
and one periodic Mo/Si multilayer were producede Tnultilayers were designed to be used at
10° from normal incidence, at a central wavelermgitween 13 to 14 nm, and have average GDD
values of 0.0956, -0.0488, and -0.0004 fRealistic simulations of these multilayer statfeat
included interdiffusion [8,9] and experimentallyr¥ied optical constants [10, 11, 12] were used
as comparison to the measured data. TEY and tieftganeasurements were preformed at ALS
beamline 6.3.2 [13] which is designed for EUV oalimetrology and reflectivity measurements.
The beamline has high spectral purity, and a sgleasolving power (e\WeV) of up to 7000, a
wavelength accuracy of Tthm, and a reflectivity accuracy of 0.1% (absolutEhe reflectivity
measurements are shown in Figure 1. The TEY datayn in Figure2, were collected using a
Keithley 428 current amplifier and a collection tagle of 20V. At 20V the current reached 99%
of saturation and the current became virtually paelent of the applied voltage. This produced
noise levels and repeatability of less than = 2%he measured TEY from a 10 nm thick
sputtered Si film was used to normalize out theen@tdependence G} in eq. (4) The data
were also normalized to the ALS storage ring curteraccount for the different incident field
intensity B? used for the measurements.

The phase calculated from the measured reflectasity normalized TEY is shown in
Figure 3. Inverting equation 4 retrieved the défece in reflected phase from the incident

phase:



Ap=+ cos‘l(‘]_—mj +27n (5)
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Where J is the normalized photocurrent, R is thesgof the reflection coefficient (reflectivity),
and n is an integer. As the arccosine functianugtivalued, the choice of n and the sign of the
arccosine were taken to make continuous and initialized to have the highesttph@nergy

measured to fall between 0 amd

It would be difficult to use the second derivatiok discrete experimental phase data
points to determine the average GDD, because tlueydnappear very noisy. Instead we fit a
guadratic polynomial function to the phase and tthek second derivative of the polynomial to
determine the average GDD. A polynomial fit wa®sgn to allow the GDD to match the
definition given in equation 2. The GDD of the #rsamples was determined to be 0.0962, -
0.0439, and 0.00476%swhich is in good agreement with the desired delay

A simple method has been developed to measurestleeted phase of a multilayer with
respect to photon energy. This method utilizesititerference on the surface of the optic and
the total electron yield off the optic to determthe phase. Combining the phase measurement
with the reflectivity measurement allows one toedetine the impulse response and GDD of
EUV optics for pulse applications.

This work was supported by the National Sciencen@ation Engineering Research
Center (NSF ERC) for EUV Science and Technologyl by the U.S. Department of Energy
(DOE), Office of Science, Basic Energy Sciencesyidion of Materials Sciences and

Engineering.
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Figure Caption 1. Three samples were producethfsrexperiment; two quadratic depth-graded
or chirped samples and one periodic sample. Tleegadratic graded samples were designed
to have opposite signs for their group delay disipar(GDD) and the positive GDD sample was
designed to have twice the chirp compared to thgatnee GDD sample. Plotted are the
measured reflectivity curves for the three samipesnts as indicated in the inset) and their

simulations (solid lines). The samples are labbletheir GDD.

Figure Caption 2: The normalized total electronldyi€ETEY) measurement is shown for the
positive GDD sample plotted aa. The normalization is such that a value of 1 would
correspond to the TEY value of sputtered Si. Btbthlong the same graph, as a line, is the

simulated intensity of the surface electric fieltbbd on the reflectivity and the reflected phase.

Figure Caption 3: The phase for the three sampkes neconstructed from the reflectivity and

TEY data. Plotted as solid lines is the calculatledse of the multilayers.
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