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A. Klisnick∗, L. Meng∗
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Abstract

We present a detailed analysis of the different processes that contribute to the spectral broadening of the Ni-like Ag
XUV laser line, including the effects of particle correlations on the broadening due to the radiator motion (Doppler
broadening). We consider two different regimes of collisional excitation pumping: the transient pumping for which
ionic temperature is relatively low (the plasma coupling parameter is large), and the quasi steady-state pumping for
which the ionic temperature is higher and the plasma coupling parameter is of the order of 1. In both cases, by using
classical molecular dynamics simulation techniques, we show that ionic correlations actually modify the radiator-
motion broadened profiles and cannot be neglected in evaluating the Doppler effect. The subsequent narrowing of the
Doppler component is small compared to the overall linewidth, which includes the effect of homogeneous collisional
broadening. However ionic correlations will also affect the amplification of the lasing line, especially when the laser
enters the saturation regime, because it will lead to an homogenization of the spectral profile.
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1. Introduction

There is an increasing interest in better understanding the spectral behaviour of plasma-based collisional XUV
lasers in the last years [1, 2, 3, 4, 5]. The main reason is that the shortest pulse duration that was reached until now
is limited to ∼ 1 picosecond [6] by the extremely narrow bandwidth of these sources. For numerous applications,
like the production of plasma in the Warm Dense Matter regime (WDM) [7], one needs XUV lasers with a shorter
pulse duration, namely in the subpicosecond or even in the femtosecond range. This could be obtained if the XUV
laser is operated in an injection-seeded mode, using femtosecond high-order harmonic radiation as a seed [5, 6], but
only on condition that the bandwidth be enlarged by a factor ∼ 3 or larger. The ultimate duration τFL of the output
pulse of such an injection-seeded XUV laser is controlled by the spectral bandwidth of the plasma amplifier, through
τFL ∼

λ2

∆λ
. The bandwidth that should be considered here involves not only the intrinsic (optically thin) broadening of
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the lasing line, but also the effects of gain narrowing and potential saturation rebroadening occuring in the process of
amplification, which depend on the degree of inhomogeneity of the intrinsic profile [8]. In order to define strategies
to progress towards this goal, one needs to better characterize the respective contribution of the different broadening
mechanisms that prevail in XUV laser plasmas.
The intrinsic spectral profile of emission lines in a plasma is determined predominantly by spontaneous emission
rates, electron collisional rates, Stark broadening and Doppler broadening [9] with possible complications due to ion
turbulence [10] and additional ion-ion interactions [10, 11, 12, 13]. In a medium with population inversions and gain,
the observed profile is modified by radiative transport effects in being narrowed approximatively as the square root of
the gain-length product in the small signal regime [8]. As the laser saturates, if the intrinsic profile is dominated by
inhomogeneous rather than homogeneous broadening mechanisms, the line can be re-broadened to its intrinsic width.
This points out clearly the importance of having a good representation of the intrinsic profile together with a good
understanding of the different mechanisms responsible for broadening. It is usual to consider that the inhomogeneous
broadening mechanisms are caused by the local inhomogeneities of the medium such as Doppler shifts, quasi-static
electric microfields or turbulence and that homogeneous broadenings are mainly due to electron-radiator collisions
and/or spontaneous emission. Nevertheless, similarly to the quasi-static electric field approximation which can be
inappropriate in the Stark broadening theory due to perturber ion dynamics [14], the free particle formalism involved
in the standard Doppler effect calculation could fail if ion velocities change over time scales of the same order of or
shorter than the effective radiative lifetime of the oscillator (i.e. the inverse of homogeneous spectral linewidth). In
other words, if the velocities change before the light emission happens, it is no longer possible to consider ions with
straight trajectories and particle interactions have to be included in the calculation of the spectral profile. In some
circumstances, the breakdown of the free particle approximation can have significant consequences in resulting in the
narrowing of the intrinsic Doppler profile when the mean time of velocity-changing, tc is shorter than the effective
Doppler correlation time (Dicke narrowing [15]). On the other hand, when tc is less than the effective radiative
lifetime it can result in the effective homogenization of the ordinarily inhomogeneous Doppler profile by velocity
redistribution, and affect the spectral and amplification behaviour at saturation.
In this paper we use a multi-electron radiator line broadening code, the PPP line shape code [16], to carry out a detailed
analysis of the above broadening effects for the case of the XUV laser line emitted at λ = 13.9 nm, corresponding to
the 4d − 4p (J = 0 − 1) transition in Ni-like Ag. Lasing at this wavelength can be achieved over a broad range of
plasma density and temperatures, depending on the characteristics of the driving laser pulse, which is used to induce
population inversions between the laser levels. Two pumping regimes were successfully implemented for XUV lasers
and are considered in the present study. In the transient pumping regime [17], the free electrons are rapidly heated
but the ionic temperature remains relatively low (around 20 eV) over the lasing timescale of few picoseconds. In
the quasi-steady state (QSS) pumping regime [18], the longer lasing timescale (∼ 100 ps) allows a more efficient
thermalization of the ions with the heated electrons and the ionic temperature is higher (a few hundred eV). In both
cases lasing is obtained over a relatively large range of electron density, around 1020 cm−3. It is thus expected that
the relative contribution of Doppler broadening and collisional broadening will substantially vary over the considered
plasma parameter range. This range also corresponds to a strong coupling plasma regime where correlations between
particles can no longer be ignored. We thus investigate the accuracy of the usual free-particle Doppler approximation,
by using classical molecular dynamics (MD) simulations. We show that for both pumping regimes, ionic correlations
actually modify the radiator-motion broadened profiles and cannot be neglected in evaluating the Doppler effect.
Similar MD techniques were previously used in the context of XUV laser by Pollock et al. in 1993 [11] to study the
existence of ionic correlation effects in Ne-like Se and Ni-like Ta pumped in the QSS regime. The authors concluded
that collisional (”Dicke”) narrowing was not a factor in modeling the studied XUV laser line shapes. Our present
results, performed for a different element and over a broader plasma parameter range, are not in contradiction with
these results. Although collisional narrowing induced by ionic correlations can be significant, especially at high
electron density, the net effect remains relatively small, due to the important contribution of collisional broadening to
the overall (intrinsic) linewidth. However we show that ionic correlations will lead to a significant homogenization
of the spectral line that should be taken into account in the description of amplification and saturation of the lasing
line. We propose a simple model that reproduces the results of the MD simulations with a good accuracy for the two
considered regimes of pumping.
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2. Spectral line shape modeling

If one accounts for the emitter motion, the general expression of the line profile reads [14]:

I(ω) = <e
1
π

∫ ∞

0
dteiωt < ei( k·r(t)− k·r(0))d(t) · d(0) > (1)

where <> denotes an ensemble average over the emitter plus plasma system, d is the radiator dipole operator and
k = 2π/λ with λ the wavelength of the considered line. The factors e±i k·r accounts for the radiator’s center-of-mass
motion. Broadenings due to the interaction of the emitting ion with surrounding particles and to emitter motion are
statistically dependent in the general case. Broadening due to interactions results from a modification of the internal
state of the atomic oscillator. Both this internal state and the velocity of translational motion of the emitter can be
altered in the same collision.

In this study, interactions with the electronic component of the plasma dominate, giving rise to a phase shift of the
atomic oscillator. This phase shift is due to electronic collisions which change substantially the phase without altering
the velocity of the emitter owing to the great difference of masses. So, it is quite accurate to ignore correlations
between the ion translation r(t) and the dipole moment d(t):

I(ω) = <e
1
π

∫ ∞

0
dteiωt < ei( k·r(t)− k·r(0)) >< d(t) · d(0) > . (2)

The line shape appears as the Fourier-transformed of a product of two correlation functions, the radiator dipole oper-
ator correlation function, C(t) =< d(t) · d(0) >, and the self-structure factor, S s(k, t) =< ei( k·r(t)− k·r(0)) > which can be
calculated independently. The line shape is also the convolution of the respective profiles due to interactions with the
bath, Iint(ω) and to emitter motion ID(ω).

The correlation function, C(t), of the radiator dipole operator, d can be written in Liouville space as [19, 20]:

C(t) =� d†|{Ul(t)}bath|dρ0 � (3)

where the double bra and ket vectors are defined as usual in Liouville space. ρ0 is the equilibrium density matrix and
{Ul(t)}bath is the bath-averaged evolution operator of the emitter. Ul(t) is solution of the following stochastic Liouville
equation (SLE) :

dUl(t)
dt

= −iLl.Ul(t) (4)

with the condition U(0) = I. Ll designates the Liouvillian of the radiator in the bath. We have Ll = L0 + l(t), where L0
is the Liouvillian of the free radiator and l(t) a random perturbation of the thermal bath (the plasma).

In the standard theory [9, 14], due to their great difference of mass, ions and electrons are treated in different ways,
leading to:

Ll(t) = L0 − d · El(t) − iΦ (5)

where El(t) is the electric field produced by surrounding ions in a given configuration l and Φ is the electronic colli-
sional operator. The ionic electric field is usually considered as quasi-static and is represented by its static distribution
W(El) [21]. We then have

Iint(ω) = <e
1
π

∫ ∞

0
dteiωt

∫ ∞

0
dElW(El) � d†|e−iLlt |d � . (6)

In this work, the PPP line shape code [16] is used to calculate Iint(ω). This code has been designed for calculating
the profile of spectral lines emitted by multi-electron ionic emitters in hot and dense plasmas. The Stark broadening
is taken into account in the framework of the standard theory by using the static ion approximation and an impact
approximation for the electrons, or including the effects of ionic perturber dynamics by using the Fluctuation Fre-
quency Model [22, 23] when the static approximation fails. The atomic data required for the calculation are extracted
from an external atomic structure code [24]. The effect of the electronic microfield component on the radiator is
calculated in the framework of a binary collision relaxation theory, introducing an homogeneous damping and shift
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term, a collisional operator, to the emitter Hamiltonian. This operator depends on the density and temperature of
the plasma and can be calculated either using a quantum mechanical relaxation theory or a classical path assumption
for the perturbing electrons. Here, in the PPP code, the option of a modified semiclassical model, in which a strong
(close) collision term is added to the semiclassical term, has been chosen [25].

The self-structure factor is well known in the free-particle limit resulting from the hypothesis that each radiating
ion moves at constant velocity with a Maxwellian distribution of velocities, and is given by:

S s(k, t) = e−k2t2/2βm, (7)

with β = 1/kBT and m the ion mass. A Fourier transform then yields the usual area-normalized Gaussian Doppler line
profile:

ID(ω) =
c
ω0

[
m

2πkBT

]1/2

exp
−mc2(ω − ω0)2

2kBTω2
0

 (8)

with ω0 = kc, whose linewidth is given by:

∆ωD = 2

√
2kBT

m
ln 2 ×

ω0

c
. (9)

A straightforward way to take into account interactions between ions in the calculation of the line shape, is to
use a classical molecular dynamics simulation techniques (MD) to compute S s(k, t). A Fourier transform of S s(k, t)
will yield the corresponding profile accounting for ionic interactions. In standard classical MD simulation, the plasma
model consists of classical point ions interacting together through a coulombic potential screened by electrons and
localized in a cubic box of side L with periodic boundary conditions. The ionic interaction potential is chosen to
account for the polarization of the electron gas by the ionic charge distribution, with the screening length equals to the

electron Debye length, λD =

√
kBTe

4πNee2 in accordance with the plasma electronic densities, Ne, and temperatures, Te.

Newton’s equations of particle motion are integrated by using a velocity-Verlet algorithm using a time-step consistent
with energy conservation. Due to periodic boundary conditions, k = 2π/λ must satisfy:

kx,y,z = nx,y,z2π/L, (10)

nx,y,z being an integer number. The number of particules, N (thus L), is chosen to find k as close as possible to that of
the considered laser line. Integrating the Newton’s equation gives access to the positions and velocities of the ions as
a function of time and thus to the associated static and dynamic statistical properties such as structure factors, velocity
correlation functions, diffusion coefficients, ion-ion collision rates, etc.

3. Calculated linewidths

In this section, we investigate the broadening of the Ni-like Ag laser 4d − 4p (J = 0 − 1) line at 13.9 nm over a
broad range of density and temperatures, over which collisional excitation pumping of this transition can be achieved.
Electronic densities are in the range 5 × 1019 − 8 × 1020 cm−3, the electron temperature can vary between 200 and
700 eV [26]. For the ionic temperature two different regimes of pumping were considered. For the transient pumping
regime, the ionic temperature remains relatively low, typically 20− 50 eV. For the quasi-steady state pumping regime,
the ionic temperature is higher, typically 200 eV. The different causes of broadening (radiative decay, interaction with
surrounding particles and Doppler effect) have been investigated over this extended plasma parameter range. In the
following, we will discuss two series of results corresponding respectively to the transient pumping case (Ti = 20 eV,
Te = 200 eV) and to the QSS pumping case (Ti = Te = 200 eV) pumping, for different electronic densities.

The PPP code was used to provide the optically thin spectral profile of the lines of interest for given values of
density and temperature of the emitters and of the surrounding free electrons. It has been checked that the Stark
effect associated with the ionic microfield has a negligible contribution to the line profile whatever the densities
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and temperatures of interest. The homogeneous broadening consists in natural broadening and electronic collisional
broadening. Accounting for both effects does not yield difficulties as they are statistically independent, giving rise to
a line width equal to the sum of the respective line widths. In the following, this broadening will be referred to as
lifetime broadening. The broadening due to the translational motion of the emitter (Doppler effect) has been obtained
by using the self-structure factors computed by MD simulations, in order to account for velocity changing effects. The
obtained linewidths were compared to the usual free-particle limit approximation (Eq. 9). Some typical numbers for
the physical quantities of the simulated plasmas over the considered density range, and some technical details of the
MD simulations are given in Table 1. The second and third columns show the values taken by the plasma coupling
parameter Γ = Z2e2/(r0kTi), r0 being the ion sphere radius, r0 = (3/(4πNi))1/3, for the transient pumping case (trans)
and for the QSS case respectively. One can see that in the transient case Γ takes large values, ranging between ∼ 5
and ∼ 14, while in the QSS case Γ is smaller, ranging between ∼ 0.6 and ∼ 1.4. As shown in Table 1 the number of
particles, N, in the simulation box has been chosen equal to 300 for all conditions. This choice leads to a simulation
box size L large compared to the correlation lengths ensuring the results to be independent of N while allowing to
find k satisfying Eq. 10 and krMD

0 matching the laser wave number krlaser
0 . The remaining columns of Table 1 show

the plasma frequency, ωpi =

√
4πNi(Zie)2

m
, and the Doppler frequency widths ∆ωD obtained in the free particle limit

for the two considered pumping regimes.

Ne (cm−3) Γtrans ΓQSS N krlaser
0 krMD

0 ωpi (eV) ∆ωtrans
D (eV) ∆ωQSS

D (eV)

5 × 1019 5.79 0.58 300 2.03 2.016 2.57 × 10−3 2.95 × 10−3 9.34 × 10−3

1 × 1020 7.29 0.73 300 1.61 1.647 3.64 × 10−3 − −

2 × 1020 9.19 0.92 300 1.28 1.302 5.14 × 10−3 − −

4 × 1020 11.57 1.16 300 1.01 1.008 7.27 × 10−3 − −

7 × 1020 13.95 1.39 300 0.82 0.843 9.62 × 10−3 − −

Table 1: Some characteristic quantities used in MD simulations

Figure 1 shows the spectral linewidths (FWHM) obtained for the different broadening causes of the 4d − 4p laser
line calculated as a function of the electron density for the transient pumping case. Here, the ionic temperature is
relatively low (Ti = 20 eV) and the electronic densities are in the range 5 × 1019 − 7 × 1020 cm−3. The electron
temperature is taken as Te = 200 eV.
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Figure 1: (Color online) Full-width at half-maximum spectral width versus density of the 4d − 4p laser line in the transient pumping case. Dashed
blue line and stars: Lifetime (radiative + collisional) broadening. Solid black line: Doppler (free-particle limit) broadening. Solid red line and
stars: radiator motion broadening accounting for particle interactions. Upper curves: overall linewidth including all broadening contributions, in
the free-particle limit (solid black line and squares), and accounting for interactions (solid red lines and circles).

5



One can see that the lifetime broadening (dashed blue and stars) increases almost linearly with the electron density,
through the effect of electronic collisions. It becomes larger than the radiator motion broadening already at (relatively)
low density, above Ne ∼ 1 − 2 × 1020 cm−3. The radiator motion broadening calculated in the free-particle limit
(solid black) is compared to the results of MD simulations (solid red and stars), accounting for interactions between
particles. In these cases, the plasmas are strongly coupled (Γ from ∼ 6 to ∼ 14) making the concept of binary
collision between ions compromised because the ions are always in interaction with each others. Collective effects
involving multiple collisions are expected to affect the profiles. Significant narrowing of the line induced by the effect
of velocity changing is clearly seen over the entire considered range of electron density. When accounting for the
contribution of lifetime broadening, the overall linewidth (upper curves) is less altered (compare black squares to red
circles), especially towards high electron density where lifetime broadening dominates the profile. However it should
be noted that the existence of significant particle correlations will also affect the line profile, in contributing to its
homogenization, as will be discussed below.

For the QSS pumping case, the ionic temperature was taken equal to the electron temperature, Ti = Te = 200 eV
and four different electron densities were considered: Ne = 1 × 1020, 2 × 1020, 4 × 1020 and 7 × 1020 cm−3. Because
the ionic temperature is higher, the plasma coupling parameter in this regime is smaller than in the transient pumping
case, ranging between 0.7 and 1.4 (see Table 1). The results of the PPP and MD simulations in terms of linewidth are
shown in Fig. 2.
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Figure 2: (Color online) Same as Fig.1 but for the QSS pumping regime.

As in the transient pumping case (Fig. 1), the lifetime broadening contribution increases linearly with Ne. How-
ever here it becomes dominant over the radiator motion broadening at large density only, typically above 5 − 6 × 1020

cm−3. This illustrates again the strong dependence of the contribution of lifetime broadening of the XUV laser in-
trinsic profile with respect to the local plasma parameters in the gain region. The narrowing of the radiator-motion
linewidth induced by the correlations between particles is still clearly observed in Fig. 2, although it is smaller than
in the transient pumping case (due to a smaller Γ). Finally this collisional narrowing is still apparent in the overall
linewidth, even at high electron density, due to a comparatively smaller contribution of the lifetime broadening.

Similar results have been obtained for other electron temperatures (not shown in Figs 1 and 2). The contribution of
the lifetime broadening to the intrinsic line profile has been calculated for different densities and for several electron
temperatures up to 700 eV. The results were fitted with analytical functions and a simple expression was derived for
the FWHM:

∆λh(Ne,Te) = α1 × (kTe)−β1

(
1 −

Ne

8×1020

)
+ α2 × (kTe)−β2

( Ne

8×1019 − 1
)

(11)

where ∆λh is in mÅ and Ne in cm−3. The numerical values of the coefficients α1, α2, β1 and β2 derived from the
fits are as follows: α1 = 8.111 × 10−3; α2 = 8.533 × 10−3; β1 = 0.2053; β2 = 0.2373. We have checked that
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this formula reproduces the results of the detailed PPP calculations with an accuracy of better than ±2% within the
explored range. This relation can be easily included in radiative transfer simulation codes, which require accurate
values for the optically thin linewidth to calculate the spectral profile of the amplified XUV beam.

In the free-particle limit approximation, the (Doppler) line profile is inhomogeneous and can be described by a
Gaussian function (Eq. 8). The Doppler linewidth depends on Ti only (Eq. 9). The lifetime broadening yields an
homogeneous profile, which can be described by a Lorentzian function. As is well known, the resulting spectral profile
will be the convolution of the homogeneous and inhomogeneous profiles, leading to the so-called Voigt profile. The
overall linewidth, ∆λtot, is a complex combination of both homogeneous, ∆λh, and inhomogeneous, ∆λD, linewidths.
It has been checked that the formula derived in Ref. [27]:

∆λtot =
1
2

∆λh + (
1
4

∆λ2
h + ∆λ2

D)1/2 (12)

fits our results to better than 1%.
It can be easily checked that the formula given by Eq. 12 does not fit our results if ionic interactions are taken into

account. The ionic correlations do not only affect the linewidths but also induce an homogenization of the spectral
profile. The radiator-motion profile is no longer Gaussian, and the overall profile is no longer a Voigt profile. Not only
Eq. 12 no longer applies, but the relative weight of homogeneous versus inhomogeneous components in the overall
intrinsic profile, which controls its behavior at saturation, is significantly modified. It is thus necessary to investigate
in more detail the modification induced to the spectral profile by the effect of velocity-changing collisions. This is the
purpose of the next section.

4. CALCULATED SPECTRAL PROFILES

In this section, we will focus our discussion on the radiator motion broadening component, ignoring the contribu-
tion of the lifetime broadening to the spectral profile.

The narrowing of the radiator-motion profile, observed for both the transient and QSS pumping regime (Figs. 1
and 2), can be understood in terms of the correlation function S s(k, t) for a moving emitter. In the free particle limit,
S s(k, t) = e−k2t2/2βm ≡ e−k2t2v2/4, the characteristic Doppler correlation time is τD ≈ λ/v. τD can then be understood as
the time taken by a radiator having the mean thermal velocity v to move a distance equal to the laser emission line λ.
Any factor restricting or hindering the movement of the emitter will broaden S s(k, t) and hence narrow the line shape.
Due to the strong coupling plasma parameters involved here (in particular in the transient pumping case), ions are in
constant interaction and they are more and more hindered to move freely as the plasma density (or the coupling factor
Γ) increases.

For a better understanding of the effect of these long range interactions, line profiles calculated for different
densities are plotted in the same graph in logarithmic units, for two ionic temperatures corresponding to the transient
(Fig.3(a), Ti = 20 eV) and QSS (Fig.3(b), Ti = 200 eV) pumping regimes respectively. In both graphs the unaffected
Doppler profile is also plotted for comparison. It can be seen that the effect of ionic correlations yields distinct features
in the profile in each pumping regime. In the transient pumping case (Fig.3(a)) the profile is not only narrowed but
a shoulder structure appears in the wings, at a distance form the line center that increases with Ne. In the QSS
pumping case (Fig.3(b)), the line shape is modified and the width is slightly reduced, but no structures are apparent
in the wings. The frequency shifts, ∆ωosc, delimiting the position of the shoulders are shown by black arrows in
Fig.3(a). We have checked that the values of those frequency shifts are actually close to the ionic plasma frequency
for the given Ne. More precisely they correspond to the oscillation frequency of the velocity autocorrelation function,
Cv(t) =< v(t) · v(0) >. This function reveals the properties of single-particle motion in the plasma. Cv(t) is calculated
from our MD simulations and the oscillation frequency, ∆ωosc is deduced from Cv(t) by a Fourier transform. Examples
of calculated velocity autocorrelation functions and of their Fourier transforms are given in Fig.4(a) and Fig.4(b), for
several values of Γ. For the largest values of Γ the decay of Cv(t) is characterized by the appearance at large times
of oscillations at a frequency close to ωpi. The oscillations are already seen at Γ = 5.786 (Ne = 5 × 1019 cm−3) and
become more pronounced as Γ increases. They are due to the coupling between the collective density fluctuations and
the single particle motion [28].

In order to have a more detailed insight into the dynamics of a particle in those XUV laser plasmas, we have
calculated the evolution in time of the frequency distribution associated to a set of particles chosen to have an initial

7



0.001

0.01

0.1

1

n
o
rm

a
liz

e
d
 i
n
te

n
si

ty

89.21089.20089.19089.180

energy (eV)

0.001

0.01

0.1

1

n
o
rm

a
liz

e
d
 i
n
te

n
si

ty

89.20589.20089.19589.190

energy (eV)

(b)(a)

Figure 3: (Color online) Spectral profile of the 4d − 4p laser line including the radiation-motion broadening in the presence of ionic correlations
for 3 different electron densities. (a) Transient pumping case, Ti = 20 eV; (b) QSS pumping case, Ti = 200 eV. Red solid line: Ne = 5 × 1019 cm−3

in (a) and Ne = 1× 1020 cm−3 in (b). Blue dashed line: Ne = 2× 1020 cm−3. Green dash-dot line: Ne = 7× 1020 cm−3 . Black dotted line: Doppler
profile in the free-particle limit. In (a) the black arrows show the positions of the shoulder structures, which are given by the oscillation frequency
of the velocity autocorrelation function.

velocity v(0) such as k · v(0) = ω ± ∆ω for ω = 0 and ∆ω chosen sufficiently large to have a representative number
of tagged particles. The plasma conditions are those relevant to the QSS pumping case at Ne = 1 × 1020 cm−3,
i.e. conditions where the plasma coupling parameter is not large (Γ = 0.73), and collisional narrowing is small (see
Fig.2). The results of the calculation are shown in Fig.5. The sharper distribution corresponds to the initial time when
the set of particles such as k · v(0) = 0 emit at a frequency equals to ω0 ± ∆ω. As time increases the frequency
distribution gets broader, as a result of velocity-changing collisions, and tends to the infinite time limit corresponding
to a frequency distribution given by the equilibrium velocity distribution. This limit is the usual Doppler distribution
in the free-particle limit, also shown in Fig.5 (black dashed curve). Four different times of evolution (0.24 ω−1

pi , ω−1
pi ,

2.5 ω−1
pi and 3.83 ω−1

pi ) have been chosen, the latter corresponding to the radiative lifetime of the laser transition. It can
thus be seen that during their effective lifetime, the radiating and absorbing ions sample many velocities, not just one
as it is supposed in the Doppler free particle limit. The effect of this rapid velocity redistribution will be to effectively
homogenize the radiator-motion broadening component of the intrinsic line profile. Similar effect is also obtained for
conditions relevant to the transient pumping case. This means that collisional redistribution cannot be ignored when
evaluating the spectral behaviour of the laser line following amplification and saturation.

An interesting feature that can be noticed in Fig.5 is that interactions between particles give rise to small changes
in the velocity at short time-scale: the frequency redistribution at t = 0.24 ω−1

pi is limited to frequencies around the
initial frequency suggesting that the interactions give rise to small-angle scattering. Moreover, it is necessary to wait
long enough to fill the entire distribution. This behavior suggests that the dynamics of the ions in the present plasmas
could be modeled by a Brownian-movement model [13, 29]. In this model, the following expression was derived for
the self-structure factor:

S s(k, t) = e−
k2
2 <x2

k>, < x2
k >=

v̄2

ν2
d

(νdt − 1 − e−νd t) (13)

where < x2
k > is the mean square displacement in the direction of k over the time t and v̄ =

√
2kBTi/m. It is shown in

[29] that νd is related to Cv(t) by:

Cv(t) ≡< v(t) · v(0) >=
3
2

v̄e−νd t. (14)

The values of νd have been obtained by fitting the velocity autocorrelation functions obtained from our MD simulations
(see e.g. Fig4) with an exponential decreasing function. The νd values have been used in Eq. 13 to calculate S s(k, t),
from which the line profile was derived through a Fourier transform. The results are presented in Fig.6 and compared
with our detailed MD calculations.

It can be seen in Fig.6 that the Brownian-movement model gives a very good approximation to the spectral profiles
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Figure 4: (Color online) (a) Velocity autocorrelation function Cv(t) for increasing values of the coupling factor Γ. Black dash-dot line: Γ = 0.73.
Black dotted line: Γ = 1.39. Solid red line: Γ = 5.79. Blue dashed line: Γ = 9.19. Green dash-dot green line: Γ = 13.95. (b) Fourier transform of
Cv(t) for Γ = 5.79, 9.19 and 13.95 (same color code). The velocities are in units of

√
kTi/m and the time in units of ω−1

pi .

calculated from detailed MD simulations, for both transient and QSS pumping cases and over a broad range of electron
density, even though the wings and the shoulder structures are not reproduced correctly. This is mainly because the
velocity autocorrelation function, Cv(t), can be very far from an exponential decreasing function, as it can be seen in
Fig.4. Fitting Cv(t) by an exponential form eliminates the oscillations expected at a frequency near ωpi. Moreover
the Markovian approximation used in the Brownian-movement model (e.g. any memory associated with the motion
of the particle is ignored) is not valid in the plasmas of interest here, where the diffusing particles are similar to their
neighbors [29]. Nevertheless, the Brownian-movement model without memory proposed here provides a simple and
rapid way to account for the homogenization of the laser line profile due to ionic correlations, in good agreement with
more sophisticated MD simulations. Such a model could be easily implemented in a radiative transfer calculation to
investigate the saturation behaviour of the laser line in the transient and QSS pumping regime.

5. Conclusion

In this paper we have presented a detailed analysis of the different broadening processes that affect the intrinsic
profile of a XUV laser line, over an extended range of plasma parameters. Such a study is important to clarify the
prospects of extending the duration of existing collisional XUV lasers towards shorter femtosecond duration, since
this duration is currently limited by the extremely narrow bandwidth. Two different regimes of collisional excitation
pumping have been considered: transient pumping for which ionic temperature is relatively low, so the plasma cou-
pling parameter is large, and quasi steady state pumping for which the ionic temperature is higher and the plasma
coupling parameter is of the order of 1. We show that the relative contribution of the lifetime broadening to the overall
line profile strongly depends on the local plasma parameters in the lasing plasma. Using molecular dynamics simu-
lations we have investigated the effect of ionic correlations on the radiator-motion broadening component. We find
that, for all the plasma parameter range explored, this effect cannot be ignored. We show that ionic correlations lead
to a significant narrowing of the radiator-motion broadened component compared to the usual Doppler (free-particle)
limit, especially in the (low ionic temperature) transient pumping case. However this effect is largely masked when
accounting for the lifetime broadening in the overall linewidth. We show that ionic correlations will also affect the
inhomogeneous nature and, to a lesser extent, the shape of the profile, which are both important in evaluating the
behaviour of the laser line through amplification and saturation. By investigating the velocity autocorrelation function
we show that the spectral features observed in the radiator-motion broadened profile are related to the plasma ionic
oscillations. Finally we propose to use the Brownian-movement model to calculate the self-structure factor and the
radiator-motion broadened line profile. This study will be the scope of our future work.
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Figure 5: (Color online) Evolution with time of the frequency distribution function of a set of particles with an initial velocity such as k·v(0) = 0±∆ω
for plasma conditions relevant to the QSS pumping case at Ne = 1 × 1020 cm−3. Times t = 0 (purple), 0.24 ω−1
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movement model to account for ionic correlation effects. (a) Transient pumping: Ne = 5 × 1019 (solid blue); Ne = 7 × 1020 (solid red). (b) QSS
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