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We report the first experimental demonstration of a laser-driven circularly polarized soft-x-ray laser

chain. It has been achieved by seeding a 32.8 nm Kr IX plasma amplifier with a high-order harmonic beam,

which has been circularly polarized using a four-reflector polarizer. Our measurements testify that the

amplified radiation maintains the initial polarization of the seed pulse in good agreement with our Maxwell-

Bloch modeling. The resulting fully circular soft-x-ray laser beam exhibits a Gaussian profile and yields

about 1010 photons per shot, fulfilling the requirements for laboratory-scale photon-demanding application

experiments.
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Controlling the state of polarization of soft-x-ray sources
is a powerful approach for probing material structures,

along with their electronic and magnetic properties. In this

framework, areas of study involve dichroism [1], magneti-

zation dynamics in matter [2], or chiral domains in biology

and molecular physics [3,4]. In the soft-x-ray range, the

availability of coherent circularly polarized light has been

limited so far to a few large-scale facilities andmore recently

to high-order harmonic (HH) generation. Regarding HH,

several techniques have successfully been demonstrated,

including the use of prealigned molecules as targets [5], a

circularly polarized counterrotating bichromatic driver [6], a

cross-polarized two-color laser field [7], or resonant high-

order harmonic generation [8]. However, the photon yield

remains low, which turns those sources inopportune for

single-shot measurements. Higher photon flux has been

demonstrated on large-scale facilities, such as synchrotrons

[9] and free-electron lasers [10–12], by modifying the

configuration of the undulators. Notwithstanding, such

techniques turn out to be expensive and complex, thus

preventing a flexible and wide-access utilization. To fill the

gap between HH sources and large-scale facilities, colli-

sional soft-x-ray lasers (SXRLs) offer a promising approach

for generating compact but photon-rich circularly polarized

light allowing photon-demanding measurements at the

laboratory scale [13]. Despite one proposal based on

Zeeman splitting of the 3d94dJ¼0 ↦ 3d94pJ¼1 transition

of the nickel-like molybdenum ions at 18.895 nm [14], the

polarization of existing SXRL sources has been either

undefined or restricted to be linear so far [15,16].
For generating circularly polarized SXRL beams, we

propose here a new approach based on the seeding of a

laser-driven optical field ionization soft-x-ray plasma
amplifier by a circularly polarized HH at 32.8 nm.
Figure 1 shows the Kastler diagram of the SXRL using
the Ni-like krypton ions. The XRL is generated between the
3d94dJ¼0 ↦ 3d94pJ¼1 levels. The lower level of the
electric dipole laser transition has three degenerate sub-
levels (m ¼ −1; 0; 1). Because of the selection rules from
quantum theory, each sublevel can interact only with a
particular component of the electric field, which can be
decomposed into eigencomponents, namely, left- or right-
handed circular polarizations. The resonant transitions
between the upper level (u) and lower levels (l;−1) and
(l; 1) involves only the left-handed and right-handed
circular polarization components of the electric field,
respectively. The purple double arrows stand for the
resonant transitions that can be preferentially excited
with left-handed circular (LHC) or right-handed circular
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FIG. 1 (color online). Atomic structure of the laser Kr8þ

transition with its lower sublevels (m ¼ þ1; 0;−1) and the
associated physical processes.
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polarization between the upper level (u) and the (l;−1) or
(l; 1) lower level, respectively. The blue arrows illustrate the
various depopulation processes, whereas the green double
arrows describe the population transfers between sublevels.
In an amplified spontaneous emission (ASE) mode, emis-
sion is unpolarized. However, the polarization of amplified
injection-seeded HH corresponds to the polarization of the
seed, whose components preferentially excite a particular
transition. As a consequence, one could expect to effi-
ciently generate a coherent circularly polarized soft-x-ray
laser beam (CPSXRL) [17] when seeding the 3d94dJ¼0 ↦

3d94pJ¼1 SXRL transition by circularly polarized light.
In this Letter, we report the first experimental demon-

stration of a circularly polarized plasma-based soft-x-ray
laser by implementing a grazing incidence phase shifter
into a soft-x-ray laser chain composed by a HH seed and a
32.8 nm population-inverted plasma amplifier (Fig. 2). The
experiment has been carried out at the Laboratoire
d’Optique Appliquée. To generate the soft-x-ray amplifier,
a circularly polarized 1.36 J, 30 fs pump beam is focused
into a gas cell filled with 30 mbar of krypton using a 75 cm
focal length spherical mirror. The laser intensity at the
focus is of the order of 2 × 1018 W=cm2. A 5-mm-
long optical field ionized amplifying plasma column is
therefore generated and pumped through collisional exci-
tation [18]. A second laser beam (16 mJ, 350 fs) is used to
generate the high-order harmonics seed in another gas cell
filled with 30 mbar argon. The 25th harmonic signal has
been spectrally tuned to match the 3d94dJ¼0 ↦ 3d94pJ¼1

transition at 32.8 nm by chirping [19] the laser driver. The
seed beam is image relayed onto the entrance of the Kr8þ

plasma using a grazing incidence toroidal mirror and
synchronized with the pump beam to match the gain
lifetime. In standard operation conditions, the amplified
emission is composed by a highly collimated Gaussian-like
beam with a divergence of about 1 mrad. Previous
measurements have shown that the wave front is better
than λ=10 [20] and that the duration of the amplified pulse
is a few picoseconds [21].
To convert the HH polarization from linear to circular, a

grazing incidence four-reflector phase shifter (polarizer)
[22] and a λ=2 wave plate have been implemented between
the HH seed and the amplifier. The phase shifter consists in
four uncoated gold mirrors operating at 12° grazing
incidence [23], which convert polarization from linear to
circular. This method allows getting fully circularly polar-
ized soft-x-ray radiation with an efficiency of about 1.5% at
32.8 nm [23]. The reflector angles of incidence are chosen
to yield an overall phase shift of π=2 between p-and s-
polarization components, whereas the polarization direc-
tion of the HH driving laser is adopted at 26.3° with respect
to the p-polarization direction to equal both component
field amplitudes. Its polarization direction is controlled
thanks to a λ=2 wave plate on the infrared driver. The
geometry takes into account the contributions from the

image-relay system composed of a Pt-coated toroidal
mirror and a SiO2-coated plane mirror.
The polarization of both the harmonics and the seeded

soft-x-ray signal has been studied with the help of an
analyzer consisting of three Mo(35 nm)/B4C(5 nm) multi-
layer mirrors in a 20°-40°-20° grazing incidence configu-
ration. This motorized device could be rotated under
vacuum from 0° to 90°. In the case of circularly polarized
radiation generation, the analyzer transmission was found
to be 1%, resulting in signal accumulation over 60 shots for
polarization measurements. To measure the soft-x-ray yield
of HH and seeded SXRL sources, we monitored the far-
field emission using an on-axis 16-bit soft-x-ray CCD
camera disposed 4.5 m away from the Kr IX plasma
amplifier. The collection angle was about 5 mrad. We
placed a 320 nm thin aluminum filter in the soft-x-ray beam
path in order to block the infrared driving laser. Moreover, a
plane mirror collected a part of soft x rays for a reference
measurement to take into account the shot-to-shot signal
fluctuations.
Figure 3 reports the measured output for both HH and

seeded SXRL signals as a function of the analyzer rotation
angle γ, in the cases of linear and circular polarization. The
black crosses indicate the experimental measurements with
their error bars, whereas the numerical fits are displayed by
a blue and a red curve for linear and circular polarization,
respectively. For linear polarization, the Malus law [23] has
been recovered with the same contrast of about 7 between s
and p transmissions for both the HH [Fig. 3(a)] and SXRL
[Fig. 3(b)] signals, despite weak fluctuations that might
originate from shot-to-shot pointing variations of the HH
and SXRL. In the case of seeding with circularly polarized
harmonics, the experimental results are shown in Figs. 3(c)
and 3(d). Similarly to HH, the SXRL signal appears
insensitive to the rotation of the analyzer, thus bearing
testimony to either circularly polarized or unpolarized light.
We modeled the plasma amplification using a modified

time-dependent Maxwell-Bloch code [24,25] taking
into account the polarization of the seeding HH and
including the transition lower sublevels. Our model
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FIG. 2 (color online). Schematic description of the experimen-
tal setup.
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describes the dynamics of the plasma population inversion
between the laser transition upper level and its lower
polarization-selected levels (see Fig. 1). This code solves
the 1D paraxial Maxwell equation for the electric field in
the slowly varying envelope approximation. This equation
is supplemented with a constitutive relation for the polari-
zation density, derived from Bloch equations P ¼ ρd,
where ρ is the density operator and d the atomic electric
dipole. Spontaneous emission is described as a stochastic
source term Γ [26], and the populations of the lasing levels
are modeled with standard rate equations. We use the
collisional-radiative code OFIKINRAD [27] to compute
the radiative and collisional (de)excitation rates as long
as the population of other atomic levels that strongly pump
the lasing levels. To study the polarization of the amplified
beam, the electric field is decomposed as a superposition of
the right-handed and left-handed circularly polarized fields
(EL and ER, respectively):

∂EL;R

∂ξ
¼

iω0

2c

�

μ0c
2PL;R −

ω2
p

ω2

0

EL;R

�

; ð1Þ

where ω0 and ωp are the HH and plasma frequencies,
respectively, PL;R the polarization density, and ξ ¼ cτ, with
τ ¼ t − z=c the so-called reduced time. Selection rules
imply that each field can interact only with a particular
coherence [28]. Thus, the thrice-degenerate lower level of
the lasing transition cannot be modeled as a whole but is
split in three sublevels (m ¼ þ1; 0;−1) [29,30]. Elastic
electron-ion collisions between sublevels are also consid-
ered via a population transfer rate γPT [30]:

∂Nu

∂τ
¼

X

k

Ck;uNk þ
1

2ℏ
ImðPRE

�
R þ PLE

�
LÞ; ð2Þ

∂Nl;1

∂τ
¼

X

k

Ck;1Nk þ γPTðNl;−1 þ Nl;0 − 2Nl;1Þ

þ ImðPRE
�
RÞ=ð2ℏÞ; ð3Þ

∂Nl;0

∂τ
¼

X

k

Ck;0Nk þ γPTðNl;−1 − 2Nl;0 þ Nl;1Þ; ð4Þ

∂Nl;−1

∂τ
¼

X

k

Ck;−1Nk þ γPTð−2Nl;−1 þ Nl;0 þ Nl;1Þ

þ ImðPLE
�
LÞ=ð2ℏÞ; ð5Þ

where Nu is the population of the upper level of the lasing
transition, Nl;m (with m ¼ 1; 0;−1) the population of each
lower sublevel, and Nk the population of other atomic
levels that strongly interact with the lasing ones. The
coefficients Cj;i denote the collisional (de)excitation and
radiative deexcitation rates. The constitutive relation
derived from Bloch equations is written as

∂PL

∂τ
¼ ΓL − γPL −

iEL

ℏ
z2ulðNu − Nl;−1Þ þ

iER

ℏ
z2ulniρ1;−1;

ð6Þ

∂PR

∂τ
¼ ΓR − γPR −

iEL

ℏ
z2ulðNu − Nl;1Þ þ

iEL

ℏ
z2ulniρ1;−1;

ð7Þ

∂niρ−1;1

∂τ
¼ −γ

−1;1niρ1;−1 þ
i

4ℏ
ðP�

REL þ PLE
�
RÞ; ð8Þ

where ni is the density of ions, γ ¼ πΔν the full width at
half maximum of the transition linewidth, zul the dipole
matrix element, ρ1;−1 the off-diagonal matrix element of the
states m ¼ −1; 1, and γ1;−1 its relaxation rate. The Stokes
parameters, containing all the information about the polari-
zation state of the amplified HH, are directly obtained from
the computed fields ER and EL with the following
formulas:

I ¼ jERj
2 þ jELj

2; Q ¼ 2ReðE�
LERÞ;

U ¼ −2ImðE�
RELÞ; V ¼ jERj

2
− jELj

2: ð9Þ

Figure 4 shows the calculated evolution of the degree of
polarized light and the polarization as the HH pulse
propagates and gets amplified in the plasma. Data are
taking into account the contribution of the unpolarized ASE
collected into the solid angle defined by the amplified HH
divergence (FWHM). Polarization states are depicted as the
normalized path described in the space by the electric field
over an optical period. Figure 4(a) reports that the portion

(a) (b)

(c) (d)

FIG. 3 (color online). Polarization investigation of the
HH-seeded SXRL [(b),(d)] in the case of linearly (p) and
circularly polarized high-order harmonics [(a),(c)], respectively.
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of fully polarized light after 5 mm of amplification is over
99.5%. In this fraction, the linearly seeded SXRL polari-
zation [Fig. 4(b)] axis is turned by less than 0.05°, while it
gets a very small ellipticity of about 0.04. As far as
circularly seeded SXRL is concerned [Fig. 4(c)], the
polarization is marginally modified from an initial value
of 1 to over 0.98. Those very weak depolarization effects
can be explained by off-diagonal elements of the density
matrix [Eqs. (6)–(8)], which induce ASE-SXRL coupling
resulting in second-order perturbations of the amplified HH
polarization. Finally, our numerical modeling is in reason-
able agreement with our experimental measurements,
substantiating the validity of our approach. Because both
HH and SXRL are polarized, the insensitivity of the SXRL
signal to the rotation of the analyzer [Figs. 3(c) and 3(d)]
provides evidence that the circular polarization state has
been maintained over amplification of the 32.8 nm seed
HH pulse.

The energy distribution of the 32.8 nm CPSXRL is
presented in Fig. 5. The far-field beam profile is nearly
Gaussian and has a FWHM divergence of about 1 mrad.
The good quality of beam spatial distribution should allow
maintaining the advantageous focusing capabilities of the
source, as previously measured [20]. The integrated energy
distribution of the CPSXRL is found to yield about 1010

fully circularly polarized photons, when seeding with about
10

6 circularly polarized photons at 32.8 nm, which corre-
sponds to an amplification factor of nearly 4 orders of
magnitude. Despite the low seeding level caused by the
poor transmission efficiency of the soft-x-ray polarizer
(1.5%), the amplifying properties of the plasma allow
efficiently compensating the losses induced by the polarizer
transmission.
In conclusion, the demonstrated scheme fills the require-

ments for a laboratory-scale, jitter-free, and fully circularly
polarized photon-rich soft-x-ray coherent source. Being
scalable to shorter wavelengths [31] and adaptable to
femtosecond SXRL schemes [32,33], the demonstrated
approach holds out hope for delivering intense circularly
polarized soft-x-ray pulses suitable for photon-demanding
measurements in holography [34], crystallography pump-
probe experiments [35], and magnetism [36] or circular
dichroism in molecular structures [4,8].
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