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Abstract. The spectral width of a Ni-like silver transient soft X-ray laser (4d-4dp A = 13.9 nm) was ex-
perimentally inferred from the measurement of its temporal coherence, performed with a novel wavefront
division interferometer. The measured coherence time of 3 ps corresponds to a spectral linewidth of 0.7 mA
which is narrow. We compare this experimental result to numerical simulations of the amplified line pro-
file, performed along two different approaches. Both calculations predict a spectral linewidth that is about
3 times larger than the experimental value. We discuss several effects that might explain this discrepancy.
We show that, due to the short duration of the X-ray laser pulse, the assumption of a stationary electro-
magnetic field used in both the experimental analysis and in the calculations need to be reconsidered.

PACS. 42.55.Vc X- and gammarray lasers — 52.50.Jm Plasma production and heating by laser beams
(laser-foil, laser-cluster, etc.) — 32.30.Rj X-ray spectra

1 Introduction

Soft X-ray lasers are high brightness sources emitting
short wavelength radiation from 30 nm to 3 nm [1].
Their amplifying media is a hot, dense and highly charged
plasma rod containing a large fraction of closed shell las-
ing ions (neon-like, nickel-like or palladium-like ions). This
plasma is generated by the interaction of an intense in-
frared laser pulse with a target [2] or by a high intensity
capillary discharge in a rare gas [3]. Until now, in all the
soft X-ray lasers operating at saturation, the population
inversion between the levels of the lasing ions is induced by
electron collisional excitations, leading to high gain value
at short wavelength. The short lifetime of the gain and
the absence of high reflectivity X-UV optics, make the
use of this X-UV amplifier in a complete optical cavity
impossible. For this reason, the soft X-ray laser emission
results from the single-pass amplification of the ion spon-
taneous emission. Because of the high gain values, satura-
tion regime can be achieved and high intensity is obtained.
Due to the narrow intrinsic ion linewidth and to the gain
narrowing, the soft X-ray lasers are the most monochro-
matic sources in this wavelength range.

Recently, important progress has been achieved by
the development of transient collisionnal excitation (T'CE)
soft X-ray laser in which the creation of plasma with las-
ing ions and the pumping of population inversions are
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achieved in two separate steps [4]. First, a nanosecond
background infrared laser pulse creates the plasma in the
appropriate ionisation stage. Then a short (picosecond)
compressed pulse heats the free electrons of the plasma to
temperatures higher than 500 eV inducing the collision-
nal pumping and producing the laser gain. This scheme
leads to a dramatic decrease of the required laser pump-
ing energy. More recently optimisation of the coupling of
the short pulse with the preformed plasma led to high
repetition rate saturated soft X-ray lasers with compact
Ti:sapphire laser facilities [5,6].

TCE soft X-ray lasers have a gain lifetime of the order
of 10 to 30 ps. This characteristic has important conse-
quences both on practical and fundamental levels. First,
the gain lifetime is shorter than the travelling time of the
amplified photon along the plasma rod [7]. Travelling wave
(TW) pumping is implemented to achieve constant am-
plification of the soft X-ray during its propagation [8].
Second, the TCE soft X-ray laser emits brief picosecond
X-UV pulses. Pulse durations shorter than 6 ps have been
demonstrated [9,10]. Moreover, the moderate temperature
of the lasing ion is expected to lead to a very narrow soft
X-ray spectral line and hence to a high longitudinal co-
herence, with a coherence time of the order of the soft
X-ray laser pulse duration. However, because of the nar-
row linewidth, only few experiments have so far been per-
formed to measure it, most of them relying on Fourier-
Transform spectroscopy principles.
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In a previous paper [11], we reported experimental
investigations of the longitudinal coherence of a Ni-like
silver TCE soft X-ray laser, emitting at the wavelength
A =139 nm (4d — 4p,J = 0 — 1 transition). Measure-
ment of the longitudinal coherence has been performed
with a new X-UV achromatic and versatile wavefront-
division interferometer. The design of this interferome-
ter avoids the use of X-UV beam splitters so that it can
be used on a large wavelength range with low wavefront
degradation. A longitudinal coherence length of 850 pm
has been reported, three times longer than the value pre-
viously reported by Smith et al. [12] on a Ni-like Pd soft
X-ray laser (A = 14.7 nm). In order to explain the origin
of this high value, we present in this paper, a study of
the spectral line shape and width of the soft X-ray laser
line. Numerical simulations were performed to understand
these experimental results. Details of these models and
comparisons with experiments are given. The mechanisms
that might be involved in the generation of a high longi-
tudinal coherence are finally discussed.

2 Measurement of temporal coherence
and spectral profile

In this section, we will show how the spectral profile of
the 13.9 nm laser line was deduced from the experimen-
tal measurement of the temporal coherence. We will first
briefly recall the conditions of the experiments in which
high quality X-UV interferograms were recorded. The vari-
ation of fringe visibility as a function of the path difference
between the interfering X-ray laser beams was used to in-
fer the temporal coherence length, as described in [11].
Here we will discuss further the analysis of the experi-
mental data, in particular with respect to the existence
of fluctuations of the fringe visibility within a single-shot
interferogram and from shot to shot.

The Ni-like Ag transient soft X-ray laser was gener-
ated with the 100 TW CPA Nd-Glass laser chain (Ajg =
1054 nm) of the LULI facility. More details on this exper-
imental setup can be found in [11]. The lasing plasma is
produced by a 600 ps background laser pulse focused on
a 10 mm long solid silver slab target. The laser beam is
focused along a 23 mm x 200 pm focal line by the com-
bination of cylindrical and spherical lenses. A short com-
pressed (0.4 ps) pulse interacts with the plasma 250 ps af-
ter the background pulse intensity peak. The short pulse
is focused along a 20 mm x 80 um focal line by the com-
bination of a parabolic and a spherical mirror [13]. This
pumping configuration was previously shown to improve
the spatial uniformity of the X-ray laser emitting aper-
ture [14]. The energy of the background pulse on the tar-
get surface was 12 J/cm, corresponding to an irradiance
of ~10'2 Wem™2,while the short heating pulse carried a
5 J/cm energy and irradiated the target with an irradiance
of ~10' Wem™2. The travelling wave (TW) irradiation
at a speed v = ¢ was implemented on the short pulse
beam. Prior to the longitudinal coherence measurement
described below, the X-ray laser beam was first monitored
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Fig. 1. (a) Schematic overview of the XUV interferometer used
for longitudinal coherence measurement. The optical interfer-
ing elements consist of a pair of grazing incidence dihedrons,
slightly tilted towards each other. (b) One of the dihedrons
can be translated vertically (z) to introduce a controlled path
difference between the two X-ray laser interfering half-beams,
without changing the geometry of their transverse superposi-
tion.

with a X-UV beam far-field imaging system. The unifor-
mity, divergence, and deflection angle of the beam were
characterized. The dimensions, energy and uniformity of
the emitting aperture were also measured with a X-UV
near-field imaging system, consisting of an X-UV ellip-
soidal mirror coated with Mo-Si multilayers [14,15]. This
device imaged the output plane of the amplifying plasma
on an X-UV CCD camera, with high spatial resolution
(1 pm).

The X-ray laser beam was finally directed toward a
wavefront division interferometer specifically designed for
measuring the temporal coherence. This diagnostic was
placed at a distance of 3.5 m from the source, in order
to ensure a significant transverse coherence length of the
beam at the entrance of the interferometer. A complete de-
scription of this interferometer can be found in [11]. This
device is composed of a pair of bare silica roof-shaped
mirrors, or dihedrons, which are placed side by side and
are slightly tilted towards each other transversally to the
general direction of the beam. The X-ray laser beam is di-
rected to the dihedron pair, with its incidence axis along
their common edge and with a 6° grazing incidence angle.
Because the two dihedrons are tilted, the incident beam is
reflected into two separated half-beams that slightly con-
verge towards each other and overlap. The fringes that
are formed in the overlapping region are detected onto an
XUV CCD (108 pixels, 16 bits, Andor Technology) which
is placed at 50 cm from the dihedrons, and tilted at an-
gle of 9° from the incident beam in order to increase the
apparent fringe spacing (see Fig. 1). The path difference
£ between the two interfering half-beams was varied from
shot to shot by accurately translating one of the two dihe-
drons vertically. Dihedrons were used rather than simple
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Fig. 2. Interferogram obtained with the 13.9 nm TCE X-ray
laser for a path difference set to zero. The horizontal scale
is not corrected from the anamorphosis caused by the CCD
inclination. The fringe visibility is close to 50%. A large-scale,
spatial modulation of the average intensity of the interference
fringes is apparent.

flat mirrors to ensure that the conditions of spatial coher-
ence are kept constant while changing the path difference.
The zero path difference of the system (i.e. when the two
dihedrons are exactly at the same height) was determined
before the experiment, with a very good accuracy (1 pm
or 100\) by determining the zero order interference fringe
with an optical white source (Hg spectral lamp).

Figure 2 presents a typical interferogram, obtained
with a path difference set to zero. The interference field
in the detection plane is 6 mm in the vertical direction
and 510 pum in the horizontal one. The insert shows a lo-
cal magnification of the interferogram. The actual fringe
spacing is 12 pm, and the interferogram exhibits large
scale modulation of the signal within the recorded field.
This modulation of the interferogram is attributed to the
existence of intensity non-uniformities in the X-ray laser
incident beam which were observed to have similar spa-
tial scales. The numerical treatment of the interferograms
consisted in a background substraction performed from
data taken outside the beam field, followed by a Fourier
transform processing performed in a small sliding win-
dow. This yields the map of local fringe visibility V'(¢)
over the interference field. The fringe visibility was found
to vary by several 10% across the interference field. This
spatial variation was attributed mainly to the above men-
tioned non-uniformities in the X-ray laser beam. This
eventually leads to unbalanced time-averaged intensities
I, and Iy in the two interfering half-beams and to a lo-
cal reduction of the fringe visibility. In the analysis of our
interfometric data we have thus made the two following
important assumptions: (i) the spatial and longitudinal
coherence of the X-ray laser beam is constant within the
small part (6 mm x 0.5 mm) of the whole beam section
(20 mm x 60 mm) sampled by the dihedron pair; (ii) the
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Fig. 3. Variation of the measured fringe visibility versus path
difference ¢. Black squares represent the shot-averaged value of
the measured fringe visibility for a given path difference. The
vertical bars give the standard deviation. Two different usual
analytical functions were used to fit the data: a decreasing
exponential and a Gaussian function (see text and Tab. 1).

relevant value of fringe visibility in each interferogram is
the maximum one, which is the best estimation of the
visibility that would be produced by equal intensity inter-
fering beams (I; = I).

Figure 3 shows the graph of the measured fringe vis-
ibility V' (£) as a function of the path difference. Several
shots were performed for each value of the path differ-
ence, at fixed irradiation conditions. The black squares
plotted in Figure 3 are the shot-averaged value V' of the
measured visibilities for each path difference ¢. The visibil-
ity is strongly reduced while increasing the path difference
from 0 mm to 1.39 mm (or 10°)). However, even for the
larger values of ¢, the fringe pattern was still clearly visi-
ble and the signal to noise ratio high enough to allow an
accurate quantitative measurement of the fringe visibility.
Shot to shot fluctuations of the visibility were observed,
with a maximum relative amplitude of 30%. The vertical
bars shown in Figure 3 give the visibility standard devia-
tion.

The fringe visibility for £ = 0 pm is smaller than 1.
We show that this is consistent with a partially spatially
coherent source. The spatial coherence of transient X-ray
lasers at their output plane is shown to be small [16].
The mutual coherence between the two half-beams at
the entrance of the interferometer can be estimated, with
the Van Cittert Zernicke theorem [17], assuming that the
X-ray laser exit aperture is a spatially incoherent source
with a finite size. The near-field images obtained during
the experiment showed that the average source intensity
distribution at the exit of the plasma can be modelled by a
Gaussian profile distribution in both vertical and horizon-
tal directions with average full width at half maximum
of respectively 100 um and 40 pgm. This model yields a
fringe visibility of 55%, for £ = 0 uym at 3.5 m from the
source, consistent with the measured value. Besides, this
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Table 1. Results of the fringe visibility evolution fit by a de-
creasing exponential and a Gaussian function.

v(e) fe () X% AX (mA)
exponential 840+70 0.87 0.73 £0.06
Gaussian 890+ 75 4.57 1.154+0.10

calculation also helps explain the shot-to-shot fluctuation
of the fringe visibility for a fixed path difference, as being
due to shot-to-shot variations of the X-ray laser source
horizontal width and shape. Such variations were indeed
observed by the near-field imaging diagnostic in our ex-
periment. The horizontal size of the source was found to
be of 40 pym in average but did vary from 30 pym to 50 um
from shot-to-shot. We have checked that such variations
lead to a relative fluctuation of the fringe visibility of 30%
for any path difference, in agreement with the observed
scattering of the experimental data.

The experimental data were fitted with a Gaussian
and an exponentially decreasing function, which are also
shown in Figure 3. Results of the fits are presented in Ta-
ble 1. We find that a Gaussian fit is not consistent with the
experimental data, which are more adequately described
by an exponential decrease, specially for great ¢ values.
This is quantitatively shown by the reduced chi-squared
X%: X% = 4.57 for the Gaussian case and % = 0.87 for the
exponential case. However, Table 1 shows that both fits
lead to comparable values of the coherence length, which
is defined as the path difference that decreases the maxi-
mal visibility by a factor 1/e: ¢c = 850 & 75 pm. This is
to our knowledge the largest longitudinal coherence length
ever measured for a soft X-ray laser source. It corresponds
to a coherence time of 7¢ = 2.8 0.3 ps. These values can
be compared to the results obtained by Smith et al. [12]
who have measured the longitudinal coherence of a Pd-
like transient soft X-ray laser (A = 14.7 nm) using a XUV
Michelson interferometer. The authors found a Gaussian
evolution of the fringe visibility with the path difference.
Furthermore, the coherence length was found to be two to
three times smaller (¢ = 350 pum).

These results hence contrast with our observations.
One possible explanation for this apparent disagreement
could lie in the fact that our measurements extend to
larger values of the path difference (up to ¢ = 1400 pm)
where the visibility is low. By contrast in Smith et al. the
measurement is limited to £ = 700 um where the measured
visibility is zero, but the authors point out that values of
visibility below 20% were difficult to quantify. This could
thus have led to an underestimation of the inferred coher-
ence length.

The fringe visibility is proportional to the modulus
of the complex degree of longitudinal coherence v(7) =
~v(¢/c). Using the Wiener-Khintchine theorem, which
states that the spectral line profile p(v) is the Fourier
transform of the longitudinal degree of coherence, the
spectral width and profile of the laser line can be de-
duced from the experimental curve represented in Fig-
ure 3. Then, considering the exponential shape of the
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fringe visibility evolution, we find that the X-ray laser
line has a Lorentzian spectral profile. The linewidth Av
(FWHM) and the coherence length are inversely related.
For the Lorentzian profile the linewidth is Av = 1.13 £
0.08 x 10! Hz or AX = 0.73 £ 0.06 mA. Table 1 shows
that a linewidth approximately 1.6 times larger would be
inferred from the Gaussian fit. Compared to these values,
Smith et al. [12] found a Gaussian spectral line profile with
a width four time larger than in our experiment.

3 Modelling of the soft X-ray laser line profile

In this section, we present numerical calculations of the
X-ray laser line profile in our experimental conditions. The
modelling of the line profile involves the description of
the optically-thin profile modified through amplification
along the active plasma. The line profile is determined
by ion level properties and by local plasma conditions,
such as ion temperature 7T;, spontaneous emission power
density o, small-signal gain Ggg and saturation intensity
Isqt- A code describing both plasma hydrodynamics, ion
and level populations has been used to model this aspect.
The effect of amplification on the final output line pro-
file was modelled following two different approaches. In
the first model, following a previous work by Koch et al.
[18], the respective contributions of homogeneous and in-
homogeneous line broadening to the amplification and the
saturation effects is explicitly taken into account. The sec-
ond approach [19], aims at describing the effect of beam
propagation in the different regions of the plasma. It is
based on geometrical optics (ray tracing code) and takes
into account the beam refraction due to density gradi-
ents, and the saturation effects. Refraction is known to
limit the effective amplification length and leads to the
beam travelling through plasma regions with various ion
temperatures.

The evolution of the X-ray laser plasma, produced in
conditions similar to those of the experiment, was simu-
lated using the time-dependent 1.5D-Lagrangian hydrody-
namic code EHYBRID [20]. Let us denote z the axis of the
plasma rod, whereas the z-axis is the direction normal to
the target surface (or parallel to the driving laser incoming
direction). The y-axis is perpendicular to the z and the
z-axis. EHYBRID describes in detail the hydrodynamic
evolution of the plasma in the x-direction, whereas the
transverse expansion is treated as self-similar. The fluid
is divided into cells where Bremsstrahlung absorption of
the laser pulse energy and its thermal diffusion into the
plasma are taken into account. For the experimental inten-
sity range, a thermal flux limiter of 0.1 was used, and the
reflectivity at critical density was set to 0.7. Inside each
cell, the ionisation is described by Griem’s model [21]. In
this model, the collisional recombination rate is given in
terms of the collision limit, i.e., the lowest principal quan-
tum number for which collisional excitation is as probable
as radiative decay.

For the Ni-like Ag ionic stage, a detailed description is
used, that involves 272 levels (all levels in the n = 4 and
n = 5 manifolds and averaged contributions from n = 6
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Fig. 4. Contours of ion temperature (a) and
local gain (b) in the soft X-ray laser plasma
as a function of time and distance to the tar-
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to n = 8). The level excitation and deexcitation rate co-
efficients were obtained by the HULLAC code [22] for all
transitions between the n = 4 levels. For transitions in-
volving higher levels, empirical formulae were used. Time
and space variation of the spectrally-integrated sponta-
neous emission power o(z,t), small-signal gain Ggg(z,t)
and saturation intensity Is,: are deduced from the calcu-
lated level populations.

In Figure 4, calculated temporal and spatial evolutions
of the plasma ion temperature (a) and local gain G (b)
are represented. The time ¢ = 0 ps corresponds to the peak
intensity of the short pulse, which occurs 250 ps later than
the peak of the long pulse. One can see that the laser gain
values (Fig. 4b) are significant during ~10 ps in a region
of the plasma located between 25 pym and 40 ym from the
target surface. In this region and during the gain lifetime,
the ion temperature is Ti ~ 80 eV and the ion density is
~9 x 10" ecm~3.

The predicted plasma parameters presented above are
used as input data in the calculation of the X-ray laser
line profile. Two different types of broadening effects con-
tribute to the optically thin line profile @(v) of the lasing
ions: the homogeneous and inhomogeneous effects. The
finite lifetime of the lasing levels due to their natural de-
cay and to electronic collisions, leads to a homogeneous
broadening Avy, with a Lorentzian spectral profile ¢:

2 1
¢(Va vy) = —00)2 " (1)
TAvr, 1 4 w

The homogeneous broadening is dominated by electronic
collisions and its value is deduced from the electron tem-
perature T, and density n. provided by the EHYBRID
code. In the gain region, at the time of maximum gain,
we have 300 eV < T, < 600 eV and 2 x 10?° em™3 <
ne < 5x 10%° cm ™3 so that,the homogeneous linewidth is
2 mA < Avp, < 5 mA. The thermal motion of the ions
causes an additional Doppler inhomogeneous broadening.
To this mechanism is associated a Gaussian profile S(v)
of width Avp:

5 () e () @

. 1/2 . .
where Avp = v (%) . Here m is the ion mass and

T;. Since the ion density in the X-ray laser active region is

S(v, 1) =

get surface. The time of the short pulse peak
irradiance is at 0 ps.

lower than 10?0 cm ™3, the Stark broadening produced by
the slowly fluctuating plasma local field can be neglected.
Finally &, the overall optically thin spectral profile of the
spontaneous emission resulting from the homogeneous and
inhomogeneous contributions, can be described by a Voigt
profile:

+oo
P(v) = / o(V —v)SW)dv'. (3)
—0o0

The validity of this description has been checked by com-
paring the Voigt profile with the profile obtained by the
line shape code PPP [23]. Finally the effect of frequency
redistribution is neglected, hence the spontaneous emis-
sion and gain spectral profiles may be considered as iden-
tical.

In a first approach, we used a model described by Koch
et al. [18], to calculate the spectral intensity profile of the
soft X-ray laser line after amplification. This model is time
independent and assumes a spatially uniform amplifying
plasma. The evolution of the spectral intensity I(v, z) with
the amplifying length z is calculated by numerically inte-
grating the following differential equation:

dI(v, z) _ o(v) (1 n GssI(v, z))
dz D(vy)
" /‘X’ S(u)p(v,u)du
o 1+ Tlaf J IV, 2)p(v' u)dv

(4)

with the notations previously defined. The full width at
half maximum resulting from this calculation has been
plotted as a function of the amplifying length in Figure 5.
The ratio of saturation intensity versus spontaneous emis-
sion was set to reproduce the gain saturation (G = Gs5/2)
for GgsL = 12.

It was checked that the results shown in Figure 5 de-
pend weakly on the value of GssL at which saturation
occurs. The calculations were made for two different val-
ues of homogeneous broadening (Avy, =5 mA and 1 mA),
consistent with the range of plasma parameters predicted
by our hydrocode. For the two different ionic tempera-
tures considered (kT; = 80 eV and 10 eV), the corre-
sponding inhomogeneous linewidths (Avp = 9 mA and
1 mA) are found to be larger than or of the same order
of magnitude that the homogeneous contributions. The
overall optically thin linewidth Ayg is given by the line
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Fig. 5. Calculated dependence of the soft X-ray laser line
width (FWHM) with amplification length for different ion tem-
peratures (10 eV and 80 eV) and homogeneous linewidths. Sat-
uration is assumed to be reached for a gain length of 12.

width at GssL = 0 (no amplification). For the small val-
ues of the gain-length product corresponding to the small-
signal regime the X-ray laser line width rapidly decreases
with the amplification length with a scaling law given by
Av(L) = Avg/(GssL)'/?. This evolution ends when the
intensity reaches values of the order of magnitude of the
saturation intensity Igq; where the linewidth reaches a
minimum and then slowly rebroadens. For an ion tem-
perature of T; = 80 eV, consistent with the predictions of
EHYBRID, the minimum linewidth achieved is between
3.2mA and 3.9 mA, depending on the homogeneous width
Avy. To achieve a linewidth smaller than 1 mA, closer
to the experimental value, a very strong gain narrowing
would be required corresponding to a completely unrealis-
tic gain-length product of 100, greater than the saturation
gain length product. On the other hand the lower curve of
Figure 5 shows that the experimental value could also be
achieved with our calculations by considering a very low
ion temperature, lower than 10 eV. This is in contradiction
with predictions of the hydrocode.

This first modelling approach does not take into ac-
count the gradient of electron density existing in the di-
rection of plasma expansion and hence the refraction of
the amplified beam in the corresponding gradient of re-
fraction index. This effect is known to play an important
role in the limitation of the amplification and was included
in the second approach that was used to calculate the X-
ray laser spectral profile. This second model is based on a
ray-tracing post processor to the EHYBRID code. It was
developed by Kuba et al. [24], to perform simulation of the
beam propagation and amplification.The evolution of the
spectral intensity profiles is calculated along the trajecto-
ries of more than one million rays launched with different
initial coordinates and initial angles, at the beginning of
the plasma and at the time of the peak gain predicted
by EHYBRID. Rays trajectories depends on the electron
density gradient Vn.(r,t) and are fully described by the
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eikonal equation:

d d
o (nar) = Vn(r,t)

where n is the refractive index of the plasma (n =
/1 —=mne(r)/n.), r the position vector, ds the differential
ray path element and n¢ is the critical electron density at
the soft X-ray laser wavelength. The electron density, as
calculated by EHYBRID, is a function of the coordinates
r and ¢. The small signal gain, emissivity, electron density,
electron and ion temperatures along the ray trajectory are
read from data files provided by EHYBRID. To take the
temporal evolution of the plasma into account, the data
are updated every 0.1 ps. The beam propagation is dom-
inated by the strong refraction effect that occurs in the
z-direction. Without any lack of generality, ray tracing
calculations have been performed only in the median plan
of the expanding plasma (y = 0).

The evolution of the spectral intensity of the X-ray
laser along a ray is calculated by the following relation that
describes the small signal regime as well as the saturation
regime:

(5)

I(v,s,t) = —1]+I(v, s—As, 1)eS2s (6)

where As is a small discrete interval along the ray path,
and G = G(v,x,t) is the saturated gain. Assuming an
optically thin profile dominated by the inhomogeneous
Doppler broadening, G depends on the spectral intensity
I(v, s,t) as follows:

Gss(l/,:ﬂ,t)
1 + I(’I/axat) ’

sat

Gv,z,t) = (7)

In equation (5) and (6), the spectral profile is involved in
the spontaneous emission power ¢ and in the small signal
gain Ggg as follows:

02
o(v,x,t) = Nuhyi—Aulé(V, x,t) = o(0,z,t)P(v, z,t)
T
(8)
o Bul Gu
Gss(v,x,t) = hv— | Ny(z,t) — = Ni(z,t)| @(v, x,t).
c g
9)

Here, 042 is the solid angle of the spontaneous emission
contributing to the power carried by the ray, A,; and By,
are the Einstein coefficients for spontaneous and stimu-
lated emissions between the upper (u) and lower (I) lasing
levels, of population N,, and N; and of statistical weights
gu and g;.

The optically thin spontaneous emission spectral pro-
file is assumed to be a Voigt profile. Figure 6a presents
the intensity profile I(\) calculated for the rays that ex-
perience the highest amplification and give the major
contribution to the peak output power. Two amplifica-
tion lengths are represented, L = 0.2 mm (Fig. 6a) and
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L = 10 mm (Fig. 6b). The overall optically thin linewidth
in the absence of amplification was equal to 12 mA. For
L = 0.2 mm, the linewidth is already reduced to 8 mA. A
curve fitting of I(\) indicates clearly that at this stage the
amplified profile is neither Doppler nor Lorentzian. After
L = 10 mm in the plasma, the linewidth is reduced to
3 mA, and the profile I (M) is clearly Gaussian. The calcu-
lated value of 3 mA is thus larger than the experimental
linewidth but is in agreement with the minimum value
predicted by the first model presented above, for the ionic
temperature of 80 eV. Using the Wiener-Khintchine theo-
rem, we find that the calculated linewidth corresponds to
a coherence time and a coherence length that are respec-
tively 7¢ = 1.1 ps and ¢¢ = 340 pm.

In conclusion, the two modelling approaches presented
above yield similar values for the X-ray laser spectral line
widths. The calculated values are more than three times
greater than the width deduced from experimental results.
In the next section we will discuss possible reasons that
could explain this discrepancy.

4 Discussion

A first possible reason for the above discrepancy may in-
volve other effects such as Dicke narrowing [25], not con-
sidered in our simulations. This effect, which leads to a
narrower initial Doppler profile, is expected to occur when
the lasing ion mean free path \;; is shorter than the X-ray
laser wavelength: A > \;;.

This effect was first discussed by Griem [26] in the con-
text of X-ray lasers. An order of magnitude of \;; can be
obtained from Spitzer theory [27], using plasma parame-
ters given by the hydrodynamic simulation: A\;; = 0.25 nm.
This value is hence smaller than the X-ray laser wave-
length and this could be an argument to further inves-
tigate the influence of the Dicke narrowing in the X-ray
laser line profile.

However later work by Pollock and London [28] has
shown that for the relatively large coupling factors I’
relevant to X-ray laser plasmas, the criterion using \;;
from Spitzer theory is not valid and more refined calcula-
tions, involving molecular dynamics, are required. For the
plasma conditions relevant to the transient X-ray laser

138.38 138.39 13840 13841

an amplification in 0.2 mm of plasma, and (b)
10 mm. Profiles are compared to Lorentzian and
Gaussian fitted profiles.

138.42

considered here, the ion coupling factor is I' ~ 3. In this
case the effect of ion collisional narrowing of the Doppler
profile, or Dicke narrowing, is not negligible but still much
too low to account for the observed discrepancy between
experiment and simulation.

We have investigated another possible reason for the
observed discrepancy between measurements and numeri-
cal predictions. It involves the temporal and statistical be-
haviour of the TCE X-ray laser field E(t). In Section 2 the
spectral line width was inferred from the fringe visibility
by using the Wiener Khintchine theorem. This theorem is
valid if the field E(t) is stochastic, but it also assumes that
the field is stationary and ergodic. The same hypotheses
are also implied in the calculations presented in Section 3,
which rely on a radiative transfer description of the am-
plification of the field intensity. However in our experi-
ment we have shown that the duration of 6 ps measured
for the X-ray laser pulse is only a few times longer than
the coherence time 7¢. This means that the electromag-
netic field E(t) associated to the X-ray laser signal is far
from being stationary. A better description of E(t) can be
adapted from the work developed by Lajunen et al. [29] in
the context of diode lasers. Following this work we model
the X-ray laser field by a stationary, ergodic random field,
temporally modulated by a Gaussian shape envelop, which
accounts for the finite duration of the pulse. Using the
formalism described in [29] we find that the coherence
length of the modulated field is slightly smaller than what
would be obtained by considering the stationary part of
the field alone. Hence if the finite-duration correction was
introduced in the stationary-field calculations described in
Section 3, this would lead to a slightly smaller coherence
length and an increased discrepancy with the experimen-
tal results.

Finally, we propose an alternative explanation that in-
volves the statistical fluctuations of the X-ray laser field
and the definition of the coherence degree. All the exper-
imentally accessible quantities such as density of spectral
power, degree of coherence or fringe visibility involve a sta-
tistical average over all the possible realisations of E(t),
because the field structure is fluctuating from one realisa-
tion to another, due to its stochastic nature. In the case of
a stationary field this statistical average can be replaced
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by an average over time, for example through integration
by the detector. However, in our experiment the time-
integrated interferogram obtained in a single shot does
only include a small number of field realisations, since
the X-ray laser pulse is composed of a small number of
wave trains. We thus expect the fringe visibility inferred
from interferograms to fluctuate from shot to shot. In that
case the temporal average should be replaced by a statis-
tical average over a large number of shots, performed in
identical conditions. In our experiment however the lim-
ited number of shots available in the experimental cam-
paign did not allow to have more than three interferograms
for each path difference. The average visibility (Fig. 3)
inferred from such a limited data set may not properly
account for the shot-to-shot fluctuations inherent to the
measurement. A preliminary investigation of this effect
shows that the amplitude of the fluctuations increases with
the path difference, while the visibility cannot be less than
zero. This would lead to an overestimation of the visibility
for the larger path difference and hence to an over estima-
tion of the coherence length. The detailed investigation of
this effect is however beyond the scope of this paper and
is left for future work.

5 Conclusion

We have inferred the spectral shape and width of the TCE
Ni-like silver X-ray laser from the experimental measure-
ment of its longitudinal coherence. The 13.9 nm line ex-
hibits a Lorentzian profile with a FWHM of 0.73 mA. This
is to our knowledge the narrowest spectral width ever mea-
sured for an X-ray laser or for any source in that spectral
range. We have performed numerical simulations of the
amplified line profile along two different approaches. Both
approaches lead to a predicted linewidth that is 3 times
larger than the measured value. We discuss different ef-
fects which might explain this discrepancy. We show that,
in our particular case where the coherence time is of the
same order of magnitude as the pulse duration, the field
associated to the X-ray laser signal cannot be considered
as stationary. We suggest that shot-to-shot fluctuations
inherent to the measurement of the visibility could have
led to an overestimation of the coherence length. Further
detailed investigations of this effect are underway and will
be presented in another paper.
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