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The coherence properties of a 46.9-nm soft-x-ray laser beam produced in a capillary discharge plasma have
been investigated. The beam is produced in a regime that is free from the effect of refraction defocusing, with
a divergence of only 0.5–0.6 mrad. The discharge plasma is produced in capillary channels with length of
45 cm, where the Fresnel number of the gain medium is of the order of unity. The full laser energy is about
300 mJ. The spatial coherence of the laser has been experimentally investigated using a Young’s double-slit
interferometer and analyzed assuming a Gaussian Schell-model source and the generalized Van Cittert–Zernike
theorem. We demonstrate the achievement of almost full spatial coherence and a near-Gaussian intensity
distribution.
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I. INTRODUCTION

The interest in many kinds of applications, ranging from
soft-x-ray interferometry, microscopy, and x-ray holography
[1] has strongly motivated, in the last few years, the devel-
opment and improvement of soft-x-ray lasers(XRLs) (see,
for example, the review papers[2–4]). Among the different
x-ray sources actually available, XRLs have the highest peak
spectral brightness, a very large energy per pulse, and could
be developed in the near future as tabletop devices[5–7].
However, the requirements for mirrorless amplification and
high-density gradients in the plasma active medium of XRLs
make it difficult to control the amplification of the x-ray
radiation and to produce highly collimated beams with the
high spatial coherence required for the applications[8–16].
In this regard, several interesting experimental investigations
have been performed with conventional XRLs created in
laser-produced plasmas. Among other results, a highly colli-
mated laser beam at 18.9 nm has been obtained[17,18] in
slab molybdenum targets through a longitudinally pumped
transient collisional excitation x-ray laser, and more recently
[18] a totally coherent 0.2-mrad x-ray beam has been dem-
onstrated at 13.9 nm using the separate excitation of a laser
oscillator and an amplifier[18]. Unfortunately, the high col-
limation of the beam[17,18] and the full spatial coherence
[18] achieved in these experiments is obtained at the expense
of the XRL energys,1 mJd, which is here much too low to
be of practical interest. Substantial progress in the production
of XRLs with characteristics useful for applications has been
obtained in recent years by Roccaet al. [5] with a pumping
scheme based on fast capillary discharge(FCD). The use of
FCDs has allowed the effective excitation of a 46.9-nm line
in Ne-like Ar with the achievement of high energy per pulse
and a high repetition rate in an extremely compact experi-
mental device. In[19,20] almost full spatial coherence of the
46.9-nm laser beam with millijoule energy per pulse in
36-cm-long discharge plasmas was recently demonstrated. In
agreement with numerous theoretical analyses[21,22], in
Ref. [20] the high spatial coherence is obtained by strong
refraction defocusing. The refraction provides that the coher-

ence length scales much faster than linearly with the length
of the plasma. An effect of the refraction is also the produc-
tion of an annular distribution of the laser intensity with a
divergence of 4–5 mrad[19,20]. Detailed investigations of
the FCD technique have led to a further improvement of the
46.9-nm laser in terms of divergence and distribution of in-
tensity[23]. In Ref.[23] Ritucci et al. reported on a saturated
46.9-nm capillary discharge laser with a submilliradiant di-
vergence, produced in a regime of amplification free from
the effect of refraction defocusing. In this paper we present
results obtained in measurements of the spatial coherence of
this 46.9-nm capillary discharge laser characterized by a high
collimation. The laser beam is produced in capillary channels
having lengths up to 45 cm. In this condition the laser diver-
gence reaches the value of 0.5–0.6 mrad. We experimentally
demonstrate the almost full spatial coherence of this beam
and the near-diffraction-limited divergence.

II. EXPERIMENTAL METHOD

The capillary discharge laser at 46.9 nm is obtained by the
collisional excitation of the 3p-3s transition of Ne-like Ar
[see Fig. 1(a)]. The hot and high-density Ar plasma column,
suitable for laser amplification on the 3p-3s transition, is
produced by discharging a fast current pulse with amplitude
of 20–24 kA and half-cycle duration of 150–180 ns through
a 3-mm-diameter alumina capillary channel initially filled
with pure Ar gas[24]. The plasma formed in the discharge is
heated by thez-pinch compression of the plasma along the
capillary axis. The plasma compression is induced by the
magnetic force created by the current itself. The plasma tem-
peratures<50–80 eVd and densityfs3–4d31018 cm−3g re-
quired for the population inversion are reached close to the
final stage of the compression when the plasma diameter has
reached a value in the range of 250–300mm [2]. As the
amplification takes place in a single-pass regime, the Fresnel
number of the gain mediumF=ka2/L should be lower than
unity to produce a full spatial coherence[25] (a andL are the
radius and the length of the gain medium, respectively, andk
is the free-space wave number). Since this condition requires
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a plasma lengthL.ka2 we have increased the length of the
capillary channels up to 45 cm, which is sensibly longer than
that used in previously reported experiments[19,20]. The
discharge is driven by a tabletop power supply system com-
posed of a Marx generator and a 10-nF water dielectric ca-
pacitor. This device can operate at the maximum pulse rep-
etition rate of 0.2 Hz. The capillary channel is initially filled
by pure Ar gas at low pressure between 0.3 and 0.5 Torr. A
low-amplitude current pulse of 20 A and duration longer
than several microseconds crosses the capillary tube before
the 20–24 kA discharge current(main discharge) is fired.
The 20-A current pulse just preionizes the Ar and creates
suitable initial conditions for a uniform plasmaz pinch. It
should be noted that no lasing effect has been obtained with-
out the use of this preionization current pulse. By contrast,
using preionization, a strong laser emission is produced
about 35 ns after the starting of the main discharge and it has
duration at full width at half maximum(FWHM) of 1.7 ns
[see Fig. 1(b)]. The intensity distribution of the beam is ana-
lyzed by an imaging detector composed of a phosphor screen
and a charge-coupled device camera with 139231040 pixels
and 4.65-mm pixel size. At a capillary length of 16 cm the
laser amplification achieves gain saturation[26]. Moreover,
in the highly saturated regime, with the active medium
longer than 20 cm, the 46.9 nm laser line becomes so intense
as to strongly dominate the uv and soft-x-ray spontaneous
radiation emitted by the plasma. At 45 cm the laser intensity
at the capillary output reaches the value of
<83108 W/cm2, which is about 20 times the saturation in-
tensity [26] (Fig. 1).

III. EXPERIMENTAL RESULTS AND ANALYSIS

The intensity distribution of the laser beam is sensitive to
the initial discharge conditions[23]. In particular, using the
long excitation current pulses with duration of 170–180 ns
and an initial gas pressure in the range of 0.43–0.48 Torr we

find a beam structure dominated by an axially peaked and
highly collimated radiation. Figures 2(a) and (b) show the
typical far-field pattern obtained in this range of pressure by
using a capillary channel of 45 cm and the corresponding
plot profile. The far-field measurements have been performed
by placing the imaging detector on the beam axis at a dis-
tance of 210 cm from the capillary output. The central peak
observed in Fig. 2 and obtained using 45-cm-long capillaries
has a FWHM divergence of only 0.6 mrad. We verified, over
hundreds of laser shots, a quite good reproducibility of this
beam structure and observed that this profile optimizes the
energy extracted by the plasma medium to the average value
of 300 mJ. In our experimental conditions, the central com-
ponent constitutes the dominant part of the laser emission as
it contains almost 70% of the full energy of the laser. The
large annular pedestal, which can be observed in Fig. 2
around the central peak, has a full divergence of 5 mrad and
intensity about five times smaller than that of the central
peak. From Fig. 2(b) one can see that the intensity distribu-
tion of the central component can be reasonably approxi-
mated to a near-Gaussian distribution. This regime of opera-
tion is quite different from that reported in previous
characterizations of a 46.9 nm capillary discharge laser

FIG. 1. (a) Lineout of a typical spectrum obtained between 41
and 49 nm, showing the dominating laser line at 46.9 nm, and(b)
time evolution of the saturated laser emission produced in
45-cm-long capillary discharges.

FIG. 2. (a) Typical far-field laser beam structure produced in
45-cm-long plasmas using an initial gas pressure between 0.43 and
0.48 Torr and(b) the corresponding lineout.(c) Theoretical far-field
intensity profiles calculated by the ray-tracing code with a quartic
distribution of the electron density obtained usingN0

=331018 cm−3 and R=160mm. DN=431016 (solid line with
crosses) and 131017 cm−3 (solid line with with open circles).
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[19,20], where, as the amplification is dominated by strong
refraction defocusing, the beam has only the characteristic
annular shape with a peak-to-peak divergence of 5 mrad. The
generation of a laser beam with a submilliradiant divergence
and a near-Gaussian intensity distribution can be of quite
practical importance for the development of applications.

To study the transverse coherence of this submilliradiant
and axially centered emission, we have performed experi-
ments based on classical Young’s double-slit interferometry.
In this kind of experiment, provided the slits are illuminated
with the same intensity, the modulus of the coherence degree
um12u is equal to the fringe visibilityV=sImax− Imind / sImax

+ Imind. Different slit separations have been used for the mea-
surement: two pairs of 30-mm-wide slits with a slit separa-
tion Dx of 90 mm and 130mm, respectively. The slits were
placed at a distance of 42 cm from the capillary output and
the phosphor screen at 170 cm from the slits. At a distance of
42 cm the full width of the beam at half maximum, measured
by use of fluorescent LiF films[26,27], previously positioned
on the plane of the slits, resulted in 290mm. Figure 3(a)
shows a typical single-shot interferogram obtained using slits
with a separation of 130mm and produced by the only con-
tribution of the central peak. In these conditions we found an
excellent fringe visibility s<0.78d as demonstrated in the
corresponding lineout[Fig. 3(b)]. Figure 4 shows the experi-
mental decrease of the coherence degree from 0.9 to 0.78

with increase of the slit separation from 90 to 130mm.
These experimental data have been analyzed by treating

the laser as a planar Gaussian-Schell model source[28]. This
approach has been proved to be particularly suitable for the
description of the coherence properties of multimode laser
sources. Within the framework of this model the intensity
profile of the source and the degree of transverse coherence
both have Gaussian distributions. The coherence lengthLc is
determined from the behavior ofum12u versus the slit separa-
tion Dx according to the relationm12=exps−Dx2/2Lc

2d. The
value ofLc is determined by the distance at which the value
of m12 is reduced to 1/Îe [28]. By fitting the experimental
behavior of m12sDxd (see Fig. 4) with a Gaussian profile
(with um12u=1 at Dx=0) and taking into account the experi-
mental inaccuracy of the measurements, we found at the dis-
tance of 42 cm a transverse coherence length of
190±10mm.

To determine the characteristics of the equivalent
Gaussian-Schell model source, such as its dimensions and
the intrinsic coherence length, we have used the generalized
Van Cittert–Zernike theorem[28] (one can also see, as an
example, the application of this theorem to the analysis of an
ASE laser source in[29]). As discussed in[28], the total
transverse coherence lengthLcszd at any transverse cross sec-
tion of the beam is the sum of a contributionsg, which is the
coherence length at the plane of the source(the intrinsic
coherence length), and a contributionLpszd coming from
simple propagation in free space[28]:

Lcszd = Îsg
2 + Lp

2szd. s1d

The intrinsic and acquired coherence lengths are deter-
mined by the equations

Lpszd =
zl

4p

sg

sS
S 1

4sS
2 +

1

sg
2D , s2d

u =
l

4psS
S4 +

sg

sS
D , s3d

whereu is the far-field beam divergence,sS the source ra-
dius, andz the distance between the source and the diffrac-
tion plane. In Eq.(3) we consider as the beam divergence the
angle measured with respect to the beam axis at which the
intensity reduces to 1/Îe. The exact locationz of the equiva-
lent planar Gaussian-Schell source with respect to the dif-
fracting plane has been determined by recording the interfer-
ence patterns produced by the diffraction of the laser
radiation on a blade edge obstacle. Comparing the experi-
mental distances between the fringes in the interference pat-
tern with the distances calculated by the Huygens-Fresnel
integral, we found that the equivalent Gaussian-Schell source
is located inside the plasma column at<22 cm from the
output end of the capillary tube, that is, approximately in the
middle of the active medium. From Eqs.(1)–(3), we calcu-
late a value ofLp<188 mm, a value ofsg<30 mm, and a
value ofsS<28 mm, with an estimated accuracy of ±8%. As
the intrinsic transverse coherence length is approximately
equal to the source dimension, the laser beam can be consid-
ered almost fully coherent. The number of modes sustained

FIG. 3. (a) Diffraction fringe pattern produced by central com-
ponent of the 46.9-nm laser beam on two 30-mm-wide slits with a
separation of 130mm placed at 42 cm from the capillary output and
(b) the corresponding lineout.

FIG. 4. Measured degree of the spatial coherenceum12u versus
the slit separation(dots). The solid line represents the best fit of
um12u obtained using a Gaussian profile.Lc results as 190mm.
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by the active medium can be estimated by the relationN
=sS

2/sg
2<1. This value ofN indicates that the laser operates

using essentially the lowest-order transverse modes. The
beam quality factor of the laser[29], M2=Î1+sS

2/sg
2<2

provides evidence of the quasi-Gaussian feature of the colli-
mated laser radiation.

Because of the mirrorless amplification, the properties of
divergence and coherence of a soft-x-ray laser is strongly
related to the typology of the electron density and gain pro-
files in the plasma medium. In our case, we can attribute the
formation of the low-divergence beam to the presence, at the
moment of lasing, of a region, close to the plasma axis, with
a rather flat plateau in the electron density distribution. In a
z-pinch capillary discharge, this particular configuration, in
which the refraction can be almost totally negligible close to
the plasma axis, can be formed, during the compression, be-
fore the plasma has collapsed on the axis. The achievement
of the gain before the final collapse can be attributed to the
effect of the slow excitation current pulse. The features of the
spatial distribution of the electron density at the moment of
lasing can be estimated simulating the experimental intensity
distribution of the laser by a ray-tracing code based on the
standard eikonal equation in paraxial approximation

d2r

dz2 =
d lnshd

dr
s4d

and on the equation

dI

ds
=

gssdIssd
1 + I/Isat

s5d

for the calculation of the ray intensities. Equation(5) takes
into account the saturation of the gain at the laser intensity
I = Isat. In the simulations, different hypotheses for both the
electron density distribution and the gain profile should be
considered. For the gain we have assumed a paraboliclike
distributiongsrd=g0s1−r2/a2d with an on-axis maximumg0

of 1 cm−1 and a radius of 150mm. This distribution has been
chosen according to previous theoretical analysis of the
plasma dynamics of the 46.9-nm capillary discharge laser
[30]. To shape the low-refraction region we have assumed a
quarticlike curve for the density distribution,Nesrd
=−sN0/R4dr4+s2ÎN0DN/R2dr2+N0 where R is the plasma
radius andN0 is the on-axis value of the electron density. The
on-axis depressionDN in the quartic curve is chosen to be
much less thanN0. The gain and the density profiles are both
set to be zero forur u.a andur u.R, respectively. Despite the
approximations of the model and of the gain and density
profiles used, we found a very good agreement between the
experimental and theoretical intensity distributions[see Fig.
2(c)] considering forN0 the value of 331018 cm−3, for R the
value of 150mm, and forDN the value of<431016 cm−3.
From the parameters derived from the fitting we can estimate
that the diameter of the low-refraction region is about
90 mm, which is approximately three times smaller that the
full dimensions of the gain region. From the simulations we
find that the collimated radiation is entirely formed inside
this low-refraction region. This effect is well illustrated in
the map of Fig. 5, which reports the distribution of the ray

trajectories inside the plasma column, taking into account the
quartic profile of the electron density. The rays generated
inside the 90-mm region close to the plasma axis with emis-
sion angle smaller than the acceptance semiangle of
0.3 mrad can be amplified efficiently, remaining close to the
plasma axis through the whole propagation. On the contrary,
the large number of rays that are emitted with angle greater
than about 0.3 mrad and/or are produced outside this narrow
rod are affected by strong refraction defocusing. The small
dimensions of the low-refraction area and the length of the
plasma column provide for the active medium a value of the
Fresnel number F of<1.5. The number of modes estimated
from this value of FsN<F2d is in good agreement with the
low number of supported modes found by experimental
analysis of the beam coherence. The results of this investi-
gation show that in our experiment an almost fully coherent
beam with high collimation is created in the absence of re-
fraction through the reduction of the transverse dimensionsa
of the plasma region, where the beam is efficiently amplified
and, at the same time, through the increase of the length of
the plasma column. The measured divergence and full spatial
coherence have allowed us to estimate a coherent peak spec-
tral brightness of the order of Bcoh of
<531024 photons/s mm2 mrad2 within 0.01% spectral
bandwidth, which represents one of the highest value ob-
tained to date in a tabletop device.

IV. CONCLUSIONS

In conclusion, we have reported on the experimental in-
vestigation of the transverse coherence of a highly colli-
mated 46.9-nm soft-x-ray beam with a near-Gaussian profile
produced in a capillary discharge plasma. The laser is oper-
ating in a highly saturated regime. By a classical double-slit
interferometry and the generalized Van Cittert–Zernike theo-
rem, we have demonstrated the almost full spatial coherence
of the beam. High coherence is obtained in a regime that is
free from the effect of refraction defocusing and by the use
of elongated plasma columns with length up to 45 cm. In the
collimated beam structure the laser demonstrates a substan-
tial large energy of<200 mJ and a peak spectral brightness
of <531024 photons/s mm2 mrad2 within 0.01% spectral
bandwidth.

FIG. 5. Calculated map of the ray trajectories inside the plasma
column obtained with the quartic profile of the electron density with
N0=331018 cm−3, DN=431016 cm−3, andR=160mm.
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We believe that the presented results give insight into the
physics of generation of nearly coherent soft-x-ray laser
beams with nearly diffraction-limited divergence. In particu-
lar, they help to understand the mechanism of formation of
the submilliradiant, nearly Gaussian x-ray laser beams ex-
cited in refraction-gradient and extremely long capillary
z-pinch plasmas. These results represent a method for further
improvement of the characteristics of this kind of laser.
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