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Measurement of the Spatial Coherence of a Soft-X-Ray Laser
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The spatial coherence of a neonlike selenium x-ray laser operating at 206 and 2l0 A has been mea-
sured using a technique based on partially coherent x-ray diffraction. The time-integrated spatial coher-
ence of the selenium x-ray laser was determined to be equivalent to that of a quasimonochromatic spa-
tially incoherent disk source whose diameter is comparable to the line focus of the visible-light laser
pumping the x-ray laser. The spatial coherence was improved by narrowing the line focus width.

PACS numbers: 42.55.Vc, 07.85.+n, 42.25.Kb

Laboratory x-ray lasers have been available for six
years as potential tools for research. Their basic charac-
teristics such as output energy, pulse length, linewidth,
and divergence have been measured. Knowledge of these
characteristics has resulted in x-ray lasers being used in

some preliminary application experiments including pho-
toionization physics [1], contact microscopy of cells [2],
and holography [3]. Future applications of x-ray lasers
such as nonlinear x-ray optics and holographic micros-

copy of biological microstructures require a detailed
knowledge of the spatial coherence. This paper presents
the first measurement of the spatial coherence of an x-ray
laser.

The spatial coherence of a quasimonochromatic light
source is characterized by its mutual intensity function.
This function can be frequently approximated as the
product of the source intensity distribution times the
source complex coherence factor (CCF) [4]. In the case
of an ideal double-slit difl'raction experiment, the fringe
visibility as a function of slit separation is proportional to
the modulus of the CCF. In fact, double-slit diff'raction

has been used previously to investigate the spatial coher-
ence of extreme-ultraviolet lasers [5] and proposed for x-

ray laser coherence measurements [6]. In the experiment
described in this paper, the CCF is determined from the
partially coherent Fresnel diffraction pattern produced by
illuminating an array of slits with an x-ray laser. The
diffraction pattern is recorded on film and analyzed using
a generalized form of Schell's theorem valid in the
Fresnel approximation [7] to obtain the time-integrated
CCF of the x-ray laser. The advantage of this technique
over the double-slit method is that the CCF can be ob-
tained from a single flash exposure. A far-field version of
this technique has been successfully used to determine the
spatial coherence of a pulsed glass laser in a single shot
using the speckle pattern produced from frosted glass [8].

In these experiments we used the Ne-like Se soft-x-ray
laser produced by irradiating a thin layer of Se on a plas-
tic foil with high-intensity (6X10" W/cm ) visible-laser
light for 500 psec in a line focus geometry [9]. This re-
sults in a high-temperature, high-density plasma in which
lasing occurs at 206 and 210 A. The length and width of
the x-ray laser can be varied by changing the line focus

dimensions. Most of the x-ray lasers used in these experi-
ments were 4 cm long producing 100 pJ of x-ray laser
output in 200 psec. The divergence of the beam was 8
mrad FWHM in a direction perpendicular to the foil and
16 mrad FWHM parallel to it. Density gradients in the
x-ray laser plasma initially refract the beam by 8 mrad
horizontally away from the foil surface [10]. The hot,
dense plasma also produces a broadband soft-x-ray and
ultraviolet continuum which is the primary source of
background in the experiment. The longitudinal coher-
ence of the individual laser lines is 190 pm based on the
measured linewidth of 15 mA [11]. This is significantly
greater than any path-length difference in the experi-
ment.

A uniformly redundant array [12] of slits was used as
the diff'racting structure in these experiments. The array
consists of 27 slits spaced such that the relative spacing
between any two slits occurs with the same frequency.
Each spacing contributes with equal weight to the dif-
fraction pattern and no one spacing dominates. This
maximizes the signal-to-noise ratio over a wide range of
spatial frequencies while still having a predictable fringe
pattern. The slits are 1 mm long with widths varying
from 4 to 66 pm. The minimum spacing between adja-
cent slits was 8 pm and the entire array was I mm wide,
limiting measurements of the coherence functions to
correlation lengths of less than 1 mm. The slit array was
placed 1.156 m from the middle of the x-ray laser. At
this position 0.8 mrad of the x-ray laser beam was sam-
pled by the array. The x-ray laser was rotated 8 mrad to
illuminate the array with the brightest portion of the x-
ray laser beam. The use of an array of long rectangular
slits results in a one-dimensional measurement of the
CCF in a direction perpendicular to the slits. The slit ar-
ray could be rotated about the x-ray laser axis, allowing
measurements in other directions.

A multilayer x-ray mirror [13] operating at a grazing
angle of 67 was placed after the slit array and used as a
bandpass filter. This mirror had a calculated peak re-
flectivity of 30% at 208 A and a FWHM of 17 A. Free-
standing aluminum filters ranging in thickness from 1. 1

to 3.5 pm were used to block visible and ultraviolet light
from reaching the detector. The combination of the mir-
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I IG. 1. Measured x-ray diA'raction intensity as a function of
position. (u) A 4-cm Se x-ray laser with a 300-pm-wide line
focus, (b) a 4-cm Se x-ray laser with a IOO-pm-wide line focus,
and (c) calculated fully coherent signal.
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FIG. 2. The (CCF) parallel to the x-ray laser foil obtained
from a 4-cm Se x-ray laser with a 300-pm line focus compared
to that calculated for a 584 p m-diam spatially incoherent
source.

ror and an aluminum filter reduced the background level

of broadband radiation from the x-ray laser to below the
threshold for detection.

The diffraction patterns were recorded on Kodak 101-
07 x-ray film. The film was placed 5 m from the slit ar-
ray resulting in a minimum fringe spacing of 100 pm.
This is 10 times larger than the measured spatial resolu-
tion of the film [l4]. The developed film was digitized
and the film density was converted to linear intensity us-

ing Henke's film model [I5].
The CCF of the x-ray laser was obtained numerically

from the measured diffraction patterns through the use of
the generalized Schell's theorem valid in the Fresnel ap-
proximation [7]. For our geometry and x-ray laser wave-

length the Fraunhoffer approximation was not valid. The
generalized theorem states that the diffraction pattern a
distance z from the diffraction aperture is described by
the convolution integral

1(r) = G(r'/z)P(r —r')dr',

ty as a function position obtained with the slits perpendic-
ular to the x-ray laser foil. This orientation measured the
spatial coherence in a direction parallel to the x-ray laser
foil. The x-ray laser was 4 cm long and pumped by a
300-pm-wide line focus. Figure I (b) shows the measured
diffraction pattern obtained using a 100-pm line focus.
These are compared to the calculated diffraction pattern
[Fig. I (c)] obtained by assuming spatially coherent
spherical waves with wavelengths of 206 and 2IO A. The
measured and calculated peak locations are in good
agreement.

The modulus of the CCF obtained from measured
diffraction patterns as a function of relative transverse
position x across the slit array is shown in Figs. 2 and 3.
The ~CCF~ in Fig. 2 corresponds to the diffraction pattern
in Fig. I(a). Figure 3 shows the ~CCF~ obtained from a
similar x-ray laser with the slit array oriented to measure
coherence perpendicular to the foil.

Errors in the determination of the CCF result from the
uncertainty in the radius of curvature of the assumed

where P(r) is the Fresnel diffraction pattern of the aper-
ture at the detector plane produced by a coherent wave

described by +(r), and

G(u) = g(x)e "'""'dx
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the Fourier transform of the CCF g(x). Given a mea-
surement of l(r), a knowledge of +(r), and the diffrac-
tion aperture transmission, the CCF may be recovered by
deconvolution [7]. For the purposes of the data analysis,
+(r) was assumed to be a spherical wave and the dif-
fraction pattern was calculated assuming both x-ray laser
wavelengths and using the measured slit-array transmis-
sion.

Coherence measurements were made with the slit-
array axis both perpendicular and parallel to the x-ray
laser foil and with various lengths and line focus widths.
Figure l (a) shows the measured x-ray diffraction intensi-
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FIG. 3. The ~CCF~ perpendicular to the x-ray laser foil ob-

tained from a 4-cm Se x-ray laser with a 300-pm line focus
compared to that calculated for a 195-pm-diam spatially in-

coherent source and calculated using wAvv.
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spherical wave of x-ray laser radiation. The radius was

varied between 1.2 and 1.4 m in the data analysis. This
distance is slightly larger than the 1.176 m distance to the
far end of the x-ray laser. Values outside this range
produced diffraction peak locations which noticeably dis-

agreed with the measured locations. The error bars
shown in the figures are the standard deviations produced

by this variation. Nonuniformities in the film, mirror,
filter, and x-ray illumination were less than 3% and would

not affect the CCF significantly.
The CCF obtained from measured diffraction patterns

can be compared to two theoretical models. The simplest
model is to treat the x-ray laser as an amplified spontane-
ous emission source with a uniform, quasimonochromatic
spatially incoherent source region at one end. In this case
the CCF can be calculated by taking the Fourier trans-
form of the source region. The measured ~CCF~ in Fig. 2

(parallel to the x-ray laser foil) is compared to the
Fourier transform of a 584-pm-diam disk. The disk mod-
el and the measured coherence function are in good
agreement especially in the highly coherent region at
small x. In Fig. 3 the measured ~CCF~ (perpendicular to
the foil) is compared to that calculated for a 195-pm-
diam incoherent disk source. These results indicate that
the time-integrated CCF can be modeled by an in-

coherent source -200 Ij.m in extent perpendicular to the
foil surface and -600 pm parallel to the foil surface. As
determined by the position of the fringes in the diffraction
pattern, the location of this equivalent spatially in-

coherent source is 2-22 cm behind the far end of the x-

ray laser. The asymmetry in the source dimensions is

qualitatively consistent with a Carter-Wolf quasihorno-
geneous source in which the low divergence should corre-
late with high coherence while high divergence correlates
with low coherence [16]. It should be noted that while

the coherence is equivalent to that of a spatially in-

coherent small source, the x rays are radiated into a nar-
row divergence beam (- 1 X10 sr) and not into 4rr sr.
The x-ray laser brightness is significantly higher than
that of a disk source created in a laser plasma experi-
ment. These coherence results disagree with the 50-pm
perpendicular source size determined using an imaging
spectrometer [17]. This disagreement may be explained
by the fact that the spectrometer viewed the x-ray laser
down the axis and not down the brightest portion of the
x-ray laser beam as in the current coherence measure-
ments.

The second model calculates the CCF using a general
paraxial electromagnetic field propagation code (wAYF)
[1g]. This code calculates the emission, propagation, and
amplification of spontaneously emitted x rays accounting
for transverse variations of electron density and gain. A
parabolic electron density and a quartic gain profile per-
pendicular to the x-ray laser foil surface were used in the
calculations. The density and gain profiles were assumed
to be independent of position along the x-ray laser length.

These profiles are calculated [19] and are representative
of the conditions at the peak of the x-ray laser pulse. The
computed ~CCF~ perpendicular to the foil using wAvt. is

also shown in Fig. 3. The FWHM of the calculated de-

gree of coherence curve is 5 times that determined from
measured diffraction patterns.

The measured coherence functions disagree with the
theoretical calculation and the inferred effective source
size disagrees with previous measurements of the source
size. A possible explanation is that the current measure-
ments are time integrated. If the x-ray laser source size
is small but moves as a function of time the effective
source size ~ould appear comparable to the extent of the
motion. Simulations of the evolution of the density and

gain during the x-ray laser pulse indicate that the source
region may move an amount comparable to the line focus
width. X-ray refraction within the x-ray laser also may
be producing a larger effective source size. Although this
effect is included in the wAYE' calculations, errors in the
assumed density and gain profiles could affect the results.
This is most likely to occur early in the pulse when densi-

ty gradients are the largest. The portion of the x-ray
laser beam being measured occurs at this time.

Another possible explanation for the disagreement be-
tween theory and experiment is that the diagnostic and
data-analysis procedures are generating incorrect coher-
ence functions. This was checked experimentally by plac-
ing a 50-pm-wide slit at the end of the x-ray laser. We
observed good agreement between the ~CCF~ calculated
for an incoherent slit source and that measured,
confirming the validity of the measurement technique.

The spatial coherence on the x-ray laser axis may be
significantly better, as indicated by the small source size
measured with an imaging spectrometer. The x-ray laser
intensity peaks on axis later in time when the gradients in

the x-ray laser plasma relax and the beam propagates
along the foil axis. Transverse source motions may have
a minimal effect and coherence measurements on axis
could yield a 50-pm effective source size consistent with
the imaging spectrometer results of Ref. [17]. On-axis
experiments are planned.

The ~CCF~ was determined for a variety of x-ray laser
operating conditions. The length of the x-ray laser was
varied from 3 to 7.5 cm. This corresponds to varying the
small signal gain-length product from 12 to 30. Satura-
tion is predicted to occur at a gain-length product of ap-
proximately 15. Coherence functions similar to those de-
scribed above were obtained in all cases with no signif-
icant variation as a function of laser length observed.
Significant improvement in the parallel coherence was ob-
served when the line focus width was reduced to 100 pm.
The ~CCF~ obtained from this measurement is shown in

Fig. 4 compared to the ~CCF~ of coherence calculated for
a 94-pm-diam incoherent disk. This coherence function
corresponds to a spatial coherence length [20] at the slit
of 81 pm and represents a factor-of-6 improvement over
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tions. This work was performed under the auspices of the
U.S. Department of Energy by Lawrence Livermore Na-
tional Laboratory under Contract No. W-7405-ENG-48.
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FIG. 4. The ~CCF[ parallel to the x-ray laser foil obtained
from a 4-cm Se x-ray laser with a l00-pm line focus compared
to that calculated for a 94-pm-diam spatially incoherent source.

the coherence obtained using a 300-pm-wide line focus.
In conclusion, the time-integrated complex coherence

factor of a laboratory soft-x-ray laser has been deter-
mined from partially coherent diA'raction patterns. The
CCF was found to be equivalent to that produced by a
quasimonochromatic spatially incoherent source compa-
rable in size to the line focus width. This paves the way
for experiments aimed at achieving high spatial coher-
ence. Some improvement in the spatial coherence has al-
ready been demonstrated by reducing the transverse di-
mension of the x-ray laser. Future experiments using
double-pass geometries with mode-selecting curved mir-
rors to significantly improve the spatial coherence are
planned.
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