
One of the fundamental properties of the laser is 
its ability to produce spatially coherent beams, 
phase coherent across the radiation field. This is 
accomplished in the visible and ultraviolet re- 
gions of the spectrum through the use of an 
optical resonator that permits the growth of 
only a single transverse "TEMoo" mode. At 
shorter wavelengths, in the EUV and soft x-ray 
regions of the spectrum, optical resonators are 
of limited use due to the finite lifetime of the 
gain medium, limited reflectivity of available 
mirrors, and mirror damage. Short-wavelength 
light sources such as electron impact sources, 
synchrotron sources (1), x-ray lasers (2, 3), and 
free-electron lasers (4) to date generate only 
partially coherent light. Pinhole spatial filtering 
has been used to achieve spatial coherence from 
otherwise incoherent sources, such as undulator 
radiation, but generally at a significant loss of 
available photon flux, and without imposing 
phase coherence across the radiation field. 
Here, we discuss the use of high-harmonic gen- 
eration (HHG), which is compact in nature, 
generates phase-coherent radiation across the 
full field, and does so with femtosecond pulses 
ideal for the dynamical studies of many 
systems. 
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HHG is a useful way of generating co- 
herent light in the ultraviolet and EUV 
regions of the spectrum. In HHG (5, 6), 
pulses of short-wavelength light with ex- 
tremely short duration (7, 8) can be pro- 
duced by focusing a high-intensity femto- 
second laser into a gas. Odd harmonics of 
the exciting laser frequency (i.e., 30, 50, 
and so forth) are produced in a directed, 
narrow-divergence beam, with photon en- 
ergies that can extend up to >500 eV (cor- 
responding to harmonic orders of >300). 
This process thus coherently upshifts a 
femtosecond pulse from the visible into the 
EUV region of the spectrum. However, ex- 
periments to date have shown that the HHG 
radiation has only partial spatial coherence 
and thus does not retain the full coherence 
of the fundamental driving beam (9-11). 

From a classical viewpoint, HHG driven 
by coherent light from a laser is itself a 
coherent process because the nonlinear op- 
tical response of the atoms involved in the 
up-conversion process is fully coherent and 
deterministic. Thus, one might expect that 
the HHG process would generate fully co- 
herent light. However, measurements to 
date have shown that mechanisms such as 
plasma refraction, as well as a complex 
spatial and temporal phase of the generated 
light that results from the quantum nature 
of the HHG process, limit the coherence of 
HHG-generated EUV light. The HHG pro- 
cess is unique as a coherent optical process 
in that high harmonics are generated by 
atoms during the process of ionization; 
electrons ionized by the strong field created 
by an ultrashort laser can "recollide" with 
their parent ion as they begin to oscillate in 
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the laser field (12, 13). This recollision 
process results in the EUV emission; how- 
ever, it also dramatically and dynamically 
changes the index of refraction of the me- 
dium. This large, time-varying index has 
been identified as the reason why early 
experiments have measured only partial 
spatial coherence (9-11). Degraded coher- 
ence also results from the fact that emission 
at any particular wavelength can result 
from many electron recollision trajectories, 
creating a complex and spatially varying 
multimode wavefront (10). Ionization oc- 
curs twice during each cycle of the optical 
driving field, as the magnitude of the field 
reaches its peak. However, for each partic- 
ular harmonic order, two separate electron 
trajectories (corresponding to slightly dif- 
fering ionization and recollision times 
within the optical cycle) generate the same 
photon energy (13, 14). Moreover, for 
HHG excited by relatively long laser puls- 
es, many different optical cycles contribute 
to a given harmonic order. All of these 
effects can reduce the coherence of the 
source. Although the proper selection of 
experimental conditions, such as the posi- 
tion of the focus with relation to the 
position of the nonlinear medium, can op- 
timize phase-matching in the forward direc- 
tion and partially mitigate these effects 
(11), simple optimization has not succeed- 
ed in fully regaining the coherence of the 
source. 

In past work, we demonstrated that the 
HHG process can be phase-matched over a 
long interaction region using a hollow core 
fiber (15-17). This geometry increases the 
conversion efficiency of light into the EUV 
by up to two orders of magnitude over what 
would be possible with similar pulse ener- 
gies in a free-space focus configuration. 
Furthermore, the quasi-plane wave interac- 
tion in the hollow fiber and the long prop- 
agation distance in the nonlinear medium 
select a single recollision trajectory and 
serve to improve the temporal coherence. 
Here, we show that this extended phase- 
matching also substantially improves both 
the beam mode quality and the spatial co- 
herence, by phase-matching only the emis- 
sion of individual atoms that contribute to a 
fully coherent, forward-directed beam of 
short-wavelength light. 

In this work, light from a high-repeti- 
tion-rate (5 kHz, -0.8 mJ/pulse) Ti:sap- 
phire laser system (18), operating at 760 
nm with a pulse duration of 25 fs, was 
focused into a 10-cm-long, 150-,Lm-diam- 
eter, hollow core fiber filled with argon gas 
(Fig. 1). The EUV radiation was phase- 
matched at a pressure of 29 torr, resulting 
in emission of about three to five harmon- 
ics centered around a photon energy of 31 
eV (harmonic orders 17 through 23). The 
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pump pulse propagates predominantly in 
the EH 1 mode (EH, electric hybrid) of the 
hollow core fiber, and the HHG is restricted 
to the central, most intense portion of the 
fundamental mode. A 0.55-,um-thick alu- 
minum filter was used to remove the fun- 
damental laser light and was immediately 
followed by the object to be imaged. In an 
image of the EUV beam 95 cm after the exit 
of the hollow core fiber (Fig. 1), the diam- 
eter of the EUV beam is 1 mm at the l/e2 
point (e = natural logarithm = 2.71828), 
with a slight ellipticity (-1.3) due to im- 
perfections in the hollow-fiber shape. The 
beam divergence of <1 mrad is consistent 
with a diffraction-limited source size of 40 
pRm in diameter. Using a vacuum photo- 
diode, we measured a photon flux of -2 X 
1012 photons/s. 

The spatial coherence of the EUV light 
was measured through the double-pinhole (or 
double-slit) interference technique (19). The 
depth of modulation of the fringes generated 
after passing a beam through a pinhole pair 
depends on the correlation between the local 
phase of the wavefront of the beam at the two 
points where it is sampled by the pinhole pair. 
If the phase difference between the two 
points is constant and deterministic (and 
therefore completely correlated), the fringe 
depth will be unity. However, if there are 
random variations in the phase between the 
two points, the fringe contrast will be degrad- 
ed because of implicit detector averaging. 
The fringe visibility was measured across the 
width of the EUV beam by sampling it with 
pinhole pairs separated by between 142 and 
779 Lm. We used apertures (National Aper- 
ture, Inc., Salem, NH) fabricated with 20- or 
50-Lm-diameter pinhole pairs, placed 95 cm 
from the exit of the fiber. An EUV charge- 
coupled device (CCD) (Andor, Inc., Belfast, 
Northern Ireland) camera placed 2.85 m from 
the pinholes captured the diffracted image. 
Images of high dynamic range were captured 
with a CCD integration time of between 20 
and 240 s (100,000 to 1,200,000 laser shots). 
Integration over a large number of shots dem- 
onstrates both the high spatial coherence and 
the long-term wavefront stability of the EUV 
beam. 

In the measured diffraction patterns for 

Fig. 1. Experimental 
setup and beam pro- 
file of the EUV light 
measured 95 cm from 
the exit of the fiber. 

0.55 pm Al filter 

REPORTS 

a set of pinhole pairs (Fig. 2), the fringe 
visibility varies across the pattern. Coher- 
ence measurements are usually performed 
using quasi-monochromatic radiation, in 
which case the visibility is constant over 
the entire pattern. When the incident radi- 
ation is broadband (in our case consisting 
of several EUV harmonics), the modulation 
depth at the center of the fringe pattern 
(equidistant from the two pinholes) corre- 
sponds to the fringe visibility. Analysis of 
the full modulation depth of the interfer- 
ence pattern over the entire field can yield 
information about the incident spectrum. 
The diffraction pattern produced by a uni- 
formly illuminated pinhole pair can be 
written as 

I(x) = 2I(?)(x ) + 12(x) cos(2i - x) ] 

(1) 

where I(?)(x) is the Airy distribution due to 
diffraction through a pinhole of width 8, d 
is the pinhole separation, z is the distance 
from the pinhole pair to the observation 
plane, Xo is the central wavelength, and y12 
is the degree of mutual coherence defined 
as the magnitude of the complex degree of 
mutual coherence, y12(x) = y12(x)exp 
[-i2rr(dlXoZ)x]. The Fourier transform of 
Eq. 1 is written as 

{I(T= ( xz )=2T(v)? 

{ (v) + 5 0(v)v,1_(v) 

vr i s te cnvo n 

where ) is the convolution operator, 
T(v) = 3 {I()[(d/zc)x] } is a "dc" spike, 8(v) 
is the Dirac delta function,fo = (l/oX)(d/z) 
is the carrier spatial frequency, and 
S(v)12J(v) = 3 {y12(r)} [where S(v) is the 

power spectrum normalized such that 
fSoS(v)dv = 1] (20, 21). Equation 2 con- 
tains three terms: a "dc" T(v) term due to 
diffraction through a single pinhole and 
two "sideband" terms that contain both 
spectral information and fringe visibility. 

Each sideband term contains the product of 
the fringe visibility as a function of fre- 
quency and the spectrum of the incident 
field convolved with the dc term. 

In the case of quasi-monochromatic radi- 
ation, the spatial coherence factor tL12 is 
twice the height of one of the sideband terms 
after the maximum value of the dc spike has 
been normalized to unity. More generally, we 
can sum the integral of the sidebands and 
divide by the integral of the dc term, resulting 
in the following expression 

PL12= 

fT(v) S(v - v0)P12(v - v)dv + IT(v) ? S(v + vo0)12(v + vo)dv 

f2T(v)dv 

(3) 

This expression defines an average fringe 
visibility weighted by the spectral intensity 
L12=Sf(v)l12(v)dv (19, 21). For monochro- 

matic light, the spectrum is a delta function, 
and the fringe visibility at the central frequen- 
cy is obtained directly. In our experiment, the 
broad-bandwidth EUV spectrum (consisting 
of harmonic orders 17 through 23) means that 
we obtain a spectral average of the fringe 
visibility. However, the extremely high ob- 
served coherence means that any variation 
across the spectrum is minimal. 

The EUV beam was sampled at 14, 24, 29, 
38, 58, and 78% of the beam diameter using 
pinhole pair separations of 142, 242, 292, 384, 
574, and 779 pxm, respectively (separations ver- 
ified by a scanning electron microscope). Sam- 
ple data are shown in Fig. 2. Under the far-field 
conditions of these measurements, Eq. 3 is valid 
for all but the two greatest pinhole separations. 
We performed a Fourier transform with the 
data, identified the sidebands, and integrated to 
obtain the average spatial coherence. For the 

EUV CCD Camera 
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Fig. 2. Interferogram images of the EUV beam 
diffracted by pinhole pairs of various separa- 
tions, together with lineouts of the images. The 
separations are (A) = 142 jim, (B) = 242 Jim, 
(C) = 384 im, and (D) = 779 ,um. Blue 
represents minimum intensity, and red repre- 
sents maximum intensity. 
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779-,xm pinhole pair (Fig. 2D), the interference 
pattern contains two circular Airy distribution 
patterns with fringes. The two Airy distribu- 
tions are separated by -3.2 mm, compared 
with the pinhole separation of 779 ixm. This is 
due to the fact that the pinholes are sampling 
the curvature of the EUV phase front, and the 
local tilt is larger than the divergence due to 
diffraction. Here, Eq. 1 does not apply, because 
the two beams do not equally illuminate each 
point on the CCD. Nevertheless, in the central 
region where the two Airy patterns have equal 
intensity, the observed fringe visibility can be 
used as a minimum measure of r12. For all 
other pinhole separations, the two methods 
agree. The magnitude of the complex coher- 
ence function as a function of pinhole separa- 
tion is shown in Fig. 3. This plot indicates that 
we maintain unity spatial coherence over most 
of the EUV beam. 

Our entire setup, including the femtosec- 
ond laser system, x-ray generation cell, im- 
aging setup, and x-ray CCD camera, occupies 
100 cm by 350 cm of optical table space. This 
compact, coherent, laser-like source of table- 
top EUV radiation is extremely useful for 
applications such as high-resolution coherent 
imaging. For example, techniques such as 
Gabor holography (22) can measure both the 
amplitude and phase transmittance (optical 
density) of objects with small amounts of 
absorption, or they can image small objects 
that strongly absorb or scatter radiation. Ga- 
bor holography also is extremely simple, re- 
quiring only coherent illumination of an ob- 
ject, with no optical system, as shown in Fig. 
1. This is advantageous in spectral regions 
such as the EUV, where few optical elements 
are available, and those that are have a max- 
imum reflectivity of -70% for a few limited 
wavelengths. The resolution of Gabor holog- 
raphy with a collimated reference beam is 
approximately equal to the resolution of the 
detector (23). However, if a diverging beam 
is used, such as in our setup, the resolution of 
the hologram is increased by the geometric 
projection magnification. We demonstrated 
the utility of our coherent EUV radiation by 
recording a Gabor hologram of a near-field 
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Fig. 3. Spatial coherence of the EUV beam as a 
function of pinhole separation. 

scanning optical microscopy (NSOM) tip and 
a -10-pIm-diameter water jet. Although this 
is the first time to our knowledge that a 
tabletop EUV source was used to record and 
reconstruct holographic images, past work 
has demonstrated simple interferometry using 
small-scale EUV sources (24, 25), as well as 
holography using EUV and soft x-ray light 
from spatially filtered large-scale light sourc- 
es (26, 27). 

The NSOM tip (Fig. 4A) was placed 78.5 
cm away from the exit of the hollow core 
fiber where the EUV beam is generated. The 
Gabor hologram was then recorded with the 
CCD camera at a distance of 2.15 m from the 
NSOM tip. Under these conditions, the geo- 
metric magnification of 3.8, coupled with the 
26-jLm resolution of our detector, gives rise 
to a resolution of 6.8 pIm (Fig. 4B). In the 
case of the water jet, the object was placed 
95.5 cm away from the exit of the hollow 
core fiber, and the hologram was recorded at 
a distance of 2.17 m (Fig. 4D). This geometry 
gave rise to a magnification of X3.3 and 
yielded a resolution of 7.9 pIm. The holo- 
grams were reconstructed (Fig. 4, B and E) 
with a standard numerical technique (28). 

The resolution of the Gabor holography in 
this setup can be improved by increasing the 
detector resolution, by using a larger geomet- 
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Fig. 4. Reconstruction of Gabor holograms of 
two objects generated with our EUV beam. The 
first hologram is (A) the tapered fiber of an 
NSOM tip; (B) shows its reconstructed image, 
and (C) is a picture of the NSOM tip taken with 
a conventional visible microscope for reference. 
The second hologram is of (D), an -10-Lrm- 
diameter water jet; (E) shows its reconstruction. 

ric magnification, or by using optical magni- 
fication with an EUV optic. For example, by 
increasing the source-detector to source-ob- 
ject distance ratio to -30 and by using a 
commercially available CCD with 13-.Lm 
pixels, a resolution of <500 nm could be 
obtained. The use of a simple magnifying 
optic could increase the effective detector 
resolution further, ultimately allowing reso- 
lutions approaching X - 30 nm. Further im- 
provements should allow this source to be 
used for applications in high-precision me- 
trology, inspection and metrology for EUV 
lithography masks (29), coatings, optics, 
plasma imaging, and microscopy and holog- 
raphy (30) with nanometer resolution. The 
time duration of the HHG light pulses is <10 
fs, so that complementary experiments can be 
contemplated involving stroboscopic holog- 
raphy with a time resolution of - 10 fs, lim- 
ited only by the object illumination geometry. 
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