PHYSICAL REVIEW A

VOLUME 51, NUMBER 3

Demonstration of amplification of a polarized soft-x-ray laser beam in a neonlike germanium plasma
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We report results of polarization experiments on the collisionally excited Ne-like Ge soft-x-ray laser
where we have used an injector-amplifier multistage geometry. The polarization state of the x-ray beam
was analyzed by two crossed 45° angle of incidence multilayer mirrors which act as linear polarizers.
Results were evaluated by comparing intensities of time-integrated beam patterns behind each polarizer.
The polarization state of the amplified spontaneous emission (ASE) output at 23.2 and 23.6 nm from the
injector plasma alone was systematically studied and, as expected, revealed no macroscopic degree of po-
larization observable within the precision of the experiment. When the injector output beam was linear-
ly polarized by using a third 45° angle of incidence multilayer mirror and coupled into the amplifier plas-
ma, the degree of polarization of the amplifier output was ~0.98, the total gain-length product attained
for the polarized beam was ~ 12, and the final beam energy was ~20 nJ. The results obtained are dis-
cussed with relevance to processes determining the polarization properties of unsaturated ASE systems.
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PACS number(s): 32.80.Wr, 42.55.—f, 42.50.Ar

I. INTRODUCTION

In recent years, worldwide soft-x-ray laser research has
progressed to the point where many laboratories have
routinely been able to produce simulated emission over a
wide range of wavelengths [1,2]. While the search for
new and more efficient routes to achieve x-ray lasing con-
tinues, there is a steady shift of current research effort in
this field to control and hence to optimize various proper-
ties of the x-ray beam. Such studies include focusing the
x-ray beam and improving its modal quality, divergence,
and coherence properties [3—5]. One of the parameters
of the x-ray laser beam, which may be of importance for
a number of applications, is its polarization state. How-
ever, x-ray lasers operating in the amplified spontaneous
emission (ASE) mode inherently provide unpolarized out-
put. In a conventional laser, where light bounces back
and forth in the laser cavity, polarization can be achieved
due to an intracavity element allowing only one definite
polarization to be above threshold for laser oscillations.
Obviously, current x-ray lasers in either single- or
double-pass configuration cannot exploit this approach in
the usual sense and initial attempts have not claimed evi-
dence for strongly polarized output [6].

A scenario promising to deliver partially polarized x-
ray laser output by incorporating a whispering gallery
mirror cavity [7] has been suggested. Here, amplification
takes place in an active medium during several round-
trips in the curved-surface cavity and the near grazing in-
cidence reflections on the cavity wall would favor the
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electric vector parallel to it. To our knowledge, this ap-
proach has not yet been used experimentally, but would
almost certainly require some form of synchronous
pumping scheme.

Another and perhaps more straightforward approach
to achieving polarized x-ray laser output consists of in-
jecting an already polarized emission into an active medi-
um and amplifying it to the desired intensity at the out-
put. This approach has been exploited and successfully
demonstrated in this work. It is clear that an alternative
and less complicated approach is to simply polarize the
unpolarized output from some combination of tandem
amplifiers using a polarizer. However, this trivial ap-
proach limits the maximum achievable beam power to
~15% of the saturated output for the transition, assum-
ing a polarizer with ~30% reflectance for s-polarized x
rays; moreover, as seen later in this paper, the attainable
degree of polarization would be rather low in this
configuration if only one reflection on the polarizer is
used.

Allowing for the fact that the experiment was carried
out with time-integrated diagnostics, it had two primary
objectives. The first was to verify that a simple non-
saturated amplified spontaneous emission is unpolarized,
as concluded from the simple physical arguments
presented below. The second was to demonstrate that a
polarized x-ray beam can be amplified without significant
degradation of its degree of polarization (or without
suffering ‘“‘depolarization”). This allows us to demon-
strate that a linearly polarized x-ray laser beam of high
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brightness can be delivered to meet the needs of
polarization-specific applications.

The paper is organized in the following way. Section
II outlines the processes determining the polarization
state of unsaturated ASE systems and Sec. III evaluates
the expected degree of polarization at an amplifier out-
put. Section IV deals briefly with multilayer mirrors act-
ing as polarizers in the soft-x-ray region and Sec. V de-
scribes the experimental configurations used in this work.
Results obtained are presented in Sec. VI and discussed
in Sec. VII with respect to the processes which might
depolarize the x-ray beam during its amplification.

II. POLARIZATION PROPERTIES
OF AMPLIFIED SPONTANEOUS EMISSION

In this regime, spontaneous emission produced some-
where in the active medium by excited ions is amplified
along its trajectory by other excited ions and intense radi-
ation emerges at the output. The spontaneous emission
originates in vacuum fluctuations and since the individual
emitting ions are virtually uncoupled (correlation might
be expected only over a distance of the order of one wave-
length), the orientations of their dipole moments as well
as the phases of their dipole oscillations are uncorrelated.
Starting from an uncorrelated source, a definite phase
and orientation of the macroscopic electric field vector
over the beam area gradually build up during the propa-
gation of the emission in the medium. The phase (coher-
ence) and polarization properties of the macroscopic ra-
diation field are influenced by a number of processes tak-
ing place in the amplifying medium, such as collisions
and the motion of the stimulated-emission producing
ions. In other words, as for the longitudinal coherence,
the polarization state of the ASE will not be determined
merely by the properties of the source which triggered it,
but will be associated with the character of the amplify-
ing medium and the intensity of the ASE as well.

Although a number of theoretical papers have been de-
voted to related issues—for instance, a review of trans-
verse coherence of ASE systems can be found in Ref.
[8]—we are unaware of any work dealing explicitly with
the macroscopic, time-dependent polarization properties
of ASE. However, some papers treat various issues
relevant to this problem, such as collisionally induced de-
phasing of the atomic polarization in the Maxwell-Bloch
equations [9], the Maxwell-Bloch equations accounting
for the individual M states of the lasing transition
relevant to interaction with an arbitrarily polarized emis-
sion [10], and quantization of the field Hamiltonian in a
paraxial approximation [11]. It is worth remarking that
for superradiance systems, the polarization properties of
the emitted light have been studied both experimentally
[12] and theoretically [13]. Although not directly appli-
cable to ASE systems, a good introduction to the topic of
radiative transfer of polarized emission for astrophysical
purposes may be found in [14]. In summary, there is an
absence of references which would enable a straightfor-
ward analysis of this experiment and we will base the as-
sessment of the ASE polarization features on its coher-
ence parameters.

The fundamental interconnection of the coherence and
polarization may be illustrated by considering collisions
in the plasma. (The ion motion, leading to inhomogene-
ous Doppler broadening of the spectral line, is assumed
to influence the polarization properties to a much lesser
extent.) As the collisions randomly change the phase of
the ion’s dipole oscillations as well as orientation of its di-
pole moment, they will manifest themselves in both the
macroscopic coherence and the polarization. Electron-
ion elastic collisions occur so frequently in the relevant
plasma conditions (v,; = 10'* s™!) that within the lifetime
of an excited ion against spontaneous or stimulated radia-
tive decay (7=~107 10 s for situations where saturation of
the transition is not occurring) an ion wili experience so
many collisions that the phase and orientation of its di-
pole moment will be randomized. Indeed, the situation is
more complex if we distinguish effects of long- and
short-distance collisions. The latter, considerably shift-
ing the energy levels and causing large disturbances of
the oscillation phases, cause large orientation changes of
the dipole moments. As a result, the spectral “wings”
undergo larger variations of the polarization state than
the line center does.

In the temporal coherence domain, collisional process-
es influence the spectral line shape in conjunction with
other effects (ion motion, gain narrowing, etc). The
coherence or phase of quasimonochromatic radiation of
wavelength A is maintained during the coherence time
t.,n Which may be evaluated via the spectral linewidth
AA:

}\’2
Leon =7’m ’

where 7 is a factor of order unity depending on the line
profile (y=0.32, 0.66, and 1 for Lorentzian, Gaussian,
and rectangular profiles, respectively) [15]. It is obvious
that ¢, presents a useful estimate for the characteristic
time during which a given polarization state of the mac-
roscopic field is maintained, especially in the case where
the contribution of collisions to the broadening of the
spectral line is important.

Measurements of the J=2—1 spectral line profile at
206.4 A in Se [16] suggest that homogeneous broadening
is significant. Taking AA~20 mA as a linewidth estimate
for ASE at A=~200 A under moderate gain-length prod-
uct conditions, Eq. (1) gives t.,, =0.3 ps. A typical x-ray
laser pulse is hundreds of picoseconds in duration and
will accordingly consist of perhaps several thousands of
“wave trains,” each with a definite polarization state.
The polarization states of these wave trains are mutually
uncorrelated and hence the emission is made up of a suc-
cession of randomly polarized “packets.” Therefore, in
the absence of a monitor with subpicosecond temporal
resolution, the output of an unsaturated ASE x-ray laser
should appear to be almost completely unpolarized.

Prior to closing this section, it should be emphasized
that polarization is a local quantity. As a consequence, a
rigorous description of ASE polarization must deal with
the direction of polarization (or with the direction of the
electric vector) over the emitted beam, as in the general
case the polarization state is not uniform across the beam
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front. Expansion of the beam field into transverse modes
[8] may serve as an appropriate basis to illustrate this
point. During the triggering of the ASE, different groups
of atoms contribute to excite each of the modes to a
different extent (this contribution is given by the scalar
product of the triggering field distribution with the mode
field distribution). As a result, different modes will have
different polarization states. To obtain a uniform direc-
tion of polarization across the whole beam, a single-mode
operation is necessary, or, equivalently, the Fresnel num-
ber F=ma?/(AL) of the lasing medium (2a is the width
of the gain region and L the plasma length) must be close
to one. This is indeed the same requirement as to achieve
perfect transverse coherence and points again at the fun-
damental interconnection between the coherence and po-
larization. Concerning the experimental conditions, it
follows that meaningful polarization measurements of an
x-ray laser working in an ASE regime must be done in
conditions close to single-mode operation.

III. AMPLIFICATION OF POLARIZED EMISSION

To quantify the polarization properties of an x-ray
laser beam we will follow the conventional optical
definition and define the degree of polarization D, as [17]

D = Ty )
P+,

where I, and I, are the intensities of the polarized and
unpolarized waves constituting the radiation of interest.
We note that any quasimonochromatic beam can be
represented as the sum of a polarized and an unpolarized
component, where the two are independent.

The basic principle of the experimental arrangement
which generates the polarized emission investigated in
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this work is illustrated in Fig. 1(a). A source (or injector)
plasma of length [ delivers an intense beam of complete-
ly unpolarized radiation (i.e., D, =0) which is polarized
by an x-ray optic having a total throughput efficiency R
and then coupled into an amplifier plasma of length I,
with a coupling efficiency C. With the help of the Lin-
ford formula [18] the intensity emerging from the
amplifier in the nonsaturated regime can be expressed as

Iamp=RCwls— explg;lt8ala) | Ja exp(gals) R

8s '\/gsls +ga Ia &a \/ga la

where j,,g, and j,,g, are peak spectral emissivities and
gain coefficients of the source and amplifier plasmas, re-
spectively. The factor w ="V maAv treats the spectral line
profile, where Av is the intrinsic frequency linewidth and
a is a profile-dependent factor ranging from 0.5 for a
Lorentzian to ~0.6 for a Gaussian. In deriving Eq. (3) it
has been assumed that exp(g,/;)>>1, exp(g,/,)>>1, and
that the spectral profiles for source and amplifier plasmas
are identical.

The first term in Eq. (3) represents the emission from
the source that is injected into and emergent from the
amplifier, while the second term represents the normal
ASE output from the amplifier itself. Assuming that ion-
ization conditions are similar in each plasma so that
Jjs=Jj, and g, =g, and that the plasma lengths are compa-
rable, then to ensure that the first term dominates the
output beam, we need to ensure that the condition
g:l; >>In(RC) is satisfied.

Supposing that the emission injected into the amplifier
maintains its polarization state during the amplification
(the validity of this assumption will be discussed later),
the degree of polarization of the first term in Eq. (3) will
be identical to that of the emission entering the amplifier.
On the other hand, the amplifier’s own ASE contributes a

amplifier plasma

amplified input (polarized)
D

—>
amplifier ASE (unpolarized)

amplifier

ampliﬁ;d/ijp> \
%
amplifier ASE
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FIG. 1. (a) Generic scheme of an arrangement in which the ASE output from a source plasma is polarized by an optical device and

subsequently amplified in another plasma.

The efficiency of the polarizing and/or relaying x-ray optics is R and the coupling

efficiency of the source emission into the amplifier gain region is C. (b) Generic sketch similar to that of (a), outlining schematically
the divergence aspects of the x-ray emission generated in the studied system.
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totally unpolarized signal to the output. Labeling the de-
gree of polarization of the injected beam D;“, a straight-
forward application of Egs. (2) and (3) yields an expres-
sion for the degree of polarization of the amplifier output
D™

1
1 _ 1 Ja 8 [&hteads |
D™ D s & 8ala
X exp[ —g,l,—In(D"RC)] . 4)

In the case j,~j, and g ~g,, Eq. (4) reduces to
I/Damp-l/D"‘+\/(l +1,)/1,exp[ —g,l,—In(D ’“RC)]
To ensure that the influence of the amplifier ASE on the
output polarization is negligible, the second term on the
right-hand side of Eq. (4) must be minimized. This re-
quirement is met even for moderate values of
gsls+ln(D;“RC). In reality, however, there exist pro-
cesses which are, during amplification, able to partially
“depolarize” this already polarized emission. We will as-
sess the magnitudes of some of these processes in a later
section.

The actual experimental geometry clearly differs from
the idealized scenario depicted in Fig. 1(a) and is subject
to the details of beam propagation effects in the
amplifiers. These include refraction and depolarization
as well as the manner in which the beam is relayed and
coupled, and these issues will be discussed later. Figure
1(b) indicates schematically some of the geometrical cou-
pling effects possible.

IV. X-RAY POLARIZERS

The devices used in the present work to polarize and
analyze the soft-x-ray lasing lines of interest at 23.2 and
23.6 nm were multilayer mirrors, each comprised of a
stack of pairs of high- and low-Z materials and used at an
angle of incidence of 45°. The ability of such a soft-x-ray
mirror (XRM) to act as a polarizer is based on reflection
at Brewster’s angle at a sequence of dielectric interfaces
[19]. Basically, such an x-ray polarizer is analogous to a
pile-of-plates polarizer in visible optics and, as it is an in-
terference mirror, there is an additional requirement for
the thickness of one pair of layers to be approximately
two-thirds of the operating wavelength for an incidence
angle of 45°. The incidence angle must be close to 45° due
to the fact that the real parts of the refractive indices are
very close to unity at these wavelengths. Thus an s-
polarized wave, having its electric vector parallel to the
polarizer surface, is preferentially reflected. Although
the reflectance of a p-polarized wave can be reduced by
minimizing the surface roughness, it cannot be brought
to zero as the materials used in the multilayer have a
nonzero absorption (when reflection at Brewster’s angle
takes place at a dissipative medium, the p reflectivity is
nonzero [17]). Thus to produce an efficient polarizer with
the highest possible extinction ratio between s and p com-
ponents requires careful design and consideration of the
dissipative properties of the layer materials. It is also
worth noting that compared to the normal incidence
multilayer mirrors, only a few layer pairs are necessary
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FIG. 2. Measured x-ray reflectivity versus wavelength for
the Mo:Si polarizers used in this work, for s-polarized radiation
incident under 45° [22].

here to reach high values of the reflectivity coefficient.
The polarizers used in this work were coated onto 25-
mm-diam superpolished, fused silica substrates with a
rms surface roughness of less than 1 A [20]. Three pairs
of Mo:Si layers were produced by ion-beam sputtering
[21] and the device properties were tested with synchro-
tron radiation [22]. As shown in Fig. 2, a reflectance of
~249% was achieved for s-polarized light at the design
wavelength for a 45° incidence angle. Although the
reflectance for p-polarized light was not measured on this
occasion, calculations suggest [21] that the s-reflectance

to p-reflectance ratio should be typically ~7.4, i.e., the p
reflectivity being ~3.25%. These calculations also point
at a fairly weak dependence of this ratio on the surface
roughness (the ratio being 7.5 for an ideal roughness-free
surface and 7.23 for a rms roughness of —unrealistically
high—10 A) as well as on other fabrication parameters.
As the the degree of polarization depends on the mea-
sured data only by the s-reflectance to p-reflectance ratio,
we have fair confidence in the results of our measure-
ments.

If we know the intensity and polarization state of radi-
ation incident on a polarizer with known reflectances R
and R, for s and p waves, then we can calculate the inten-
sity and the polarization state of the radiation after
reflection, using, e.g., Stokes vectors or Mueller matrix
formalism [17]. We will consider several specific situa-
tions encountered in the present experiment and we as-
sume R, >R,.

In the first case, a totally unpolarized beam of intensity
I,, is incident on the polarizer. The reflected beam will
consist of an unpolarized component of intensity I, and a
linearly polarized component of intensity I,, with its elec-
tric vector perpendicular to the plane of incidence. These
intensities and the corresponding degree of polarization
in the reflected beam are given by

I,=XR,—R,),, , (5a)
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I,=R,Iy, , (5b)  source plasma. The beam polarization state is then ana-

R —R lyzed using two crossed polarizers. In Fig. 3(b) the

D =2 _"2 (5c) source ASE beam is linearly polarized to D, ~0.97 by

P R;+R, making it reflect twice off a 45° mirror polarizer before

In the second case, the partially polarized wave described
by Eq. (5) is incident on a second and identical polarizer
where the plane of incidence is also identical to the first
case. After the second reflection the beam components
are described as

I,=XR}—R}I,, , (6a)

I,=R}I,, , (6b)
R2—R}

Dpzm . (6¢)
s P

For the parameters of our polarizers, i.e., R; =0.24+0.04
and Rp =0.0310.01, Eq. (5) indicates that the degree of
polarization achieved after a single reflection of an unpo-
larized beam is D, =0.78 +0-9%. After two reflections [Eq.
(6)], the degree of polarization is improved significantly
to D, =0.97%302. -

The third relevant case is when a partially polarized
beam with arbitrary degree of polarization is incident on
the same polarizing element. If the polarized and unpo-
larized components have intensities Iy, and I,, respec-
tively, then the total intensity reflected I, depends on
the direction of polarization of the polarized component.
If the electric vector is perpendicular to the plane of in-
cidence, then the corresponding output intensity is given
by

I,w=RIo,+3(R,+R,),, . (7a)

Alternatively, when the electric vector is parallel to the
plane of incidence, the output intensity is given by

Iout=Rp10p+';—(Rs+Rp )IOu . (7b)
These experiments will be exploited in the analysis of the
amplifier beam polarization state in the regime of
amplification of linearly polarized emission.

V. EXPERIMENTAL ARRANGEMENT

The experiment presented was carried out at the Cen-
tral Laser Facility at the Rutherford Appleton Laborato-
ry (RAL) [23,24]. The x-ray laser architecture available
makes it possible to use x-ray optics to relay the x-ray
laser beam from a source plasma and injection seed it into
an additional, sequentially pumped distant plasma, acting
as a final amplifier. The facility to manipulate the source
beam before seeding it into the amplifier makes this setup
suitable for a variety of experiments, one of them being
the polarization study reported here.

The geometries of the experimental layouts used for
the polarization studies are shown in Fig. 3. In Fig. 3(a)
the set-up for a straightforward analysis of the polariza-
tion state of the ASE plasma output is shown. The
north-going output is reflected from a near-normal in-
cidence XRM (i.e., polarization insensitive) and returned
along an axis which takes it close to, but not through, the

injection into the polarization analyzer system via an ad-
ditional amplifier plasma. In the laboratory frame the in-
jected beam is vertically polarized with the electric field
parallel to the amplifier target surface. In each case the
contribution from the south-going ASE output from the
source plasma is eliminated by a carefully located beam-
block.

The source plasma in each case was a double target
amplifier which is now a routine configuration at RAL
and consisted of two 22-mm-long, 100-um-wide, and 0.6-
pm-thick stripes of germanium coated onto glass sub-
strates [5,23]. The targets were separated axially by 580
pm and laterally by 225 um and each was irradiated,
from opposite directions, by a group of three VULCAN
laser beams. Each of these 110-mm-diam beams
delivered =200 J of energy in ~ 650 ps full width at half
maximum pulses at the fundamental wavelength of 1.06
pm. The net irradiance on each target was ~1.6X 10"
W cm 2 with an expected gain coefficient on each of the
J=2-1 lines at 23.2 and 23.6 nm of ~3.5+0.5 cm™!
[25]. We refer henceforth to this target as the “injector”
plasma amplifier.

The normal incidence XRM used in each experiment
was concave with a radius of curvature of 1 m. Its
reflectance in the 23.2-23.6-nm spectral range was
~10%. It was positioned 740 mm from the exit end of
the injector and, for the second experiment, this corre-
sponds to 1530 mm from the input end of the final
amplifier plasma and we henceforth refer to this target as
the “amplifier.” The exit plane of the injector was image
relayed to a plane ~60 mm in front of the amplifier input
plane at an angle of =3 mrad and purposely offset =70
pm laterally from the amplifier surface to center on the
expected position of the gain zone in the amplifier plas-
ma. The amplifier was a 14-mm-long Ge stripe, other-
wise similar to the injector components, and shot with a
single VULCAN beam of 150 mm diameter. This beam
delivered =400 J in =1 ns at 1.06 um with a net irradi-
ance of ~1.3X10°*Wcm™2. The amplifier was shot
~7.55 ns after the injector to synchronize the injected
beam with the gain phase in the amplifier. The expected
gain coefficient in the amplifier plasma was estimated to
be about 3.0+0.5 cm ! and hence the net amplification
available was =70X.

We define the geometric coupling efficiency C as the
fraction of the injector beam overlapping the gain region
at the amplifier entrance plane. From earlier studies of
these amplifiers it is known that the cross-sectional di-
mensions of the plasma gain region are ~100 um X =75
pm and that the typical beam divergence from the injec-
tor is =~ 10 mrad, averaged over a polar distribution [23].
Allowing for the fact that we are image relaying with a
magnification M of =~2X to a plane ~60 mm in front of
the amplifier, the dimension of the x-ray laser beam at the
amplifier entrance plane is comparable to the magnified
injector output. The geometric coupling may be then as-
sessed as C~M ~? and here C~0.25. The actual frac-
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FIG. 3. (a) Experimental setup for the ASE injector output polarization state measurements (not to scale). The north-going injec-
tor output is relayed by a concave mirror. The first polarizer, reflecting chiefly the horizontally polarized emission, intercepts the
bottom part of the x-ray beam and sends it toward the film back. The second polarizer, reflecting chiefly the vertically polarized emis-
sion, reflects the remainder of the beam and sends it toward the second film back. Any linearly macroscopically polarized light will
yield different signals on the films (except for the case of light polarized in the direction of 45°). (b) Experimental setup for the
amplification of the polarized emission measurements (not to scale). The north-going injector output is vertically polarized with

D,

,=0.97 and relayed toward the amplifier; the injector exit face plane is imaged at a distance of ~ 60 mm in front of the amplifier en-

trance plane. The position of the crossed-wires system (placed 400 mm downstream from the amplifier output) as well as of the polar-

izers and film backs is the same as in (a).

tion of the injector beam entering the amplifier gain re-
gion is given by the product of this value with the
throughput efficiency R of the x-ray optics. The intensity
of the vertically polarized emission extracted from the in-
jector beam by two reflections on the 45° mirror is given
by Eq. (6a) and amounts to ~0.028 of the intensity leav-
ing the concave mirror in the injector shots (we do not
take into account the concave mirror as this is used in
each experiment). The total coupling RC is then
~0.25X0.028~7X 1073 so that = ; of the injector
beam energy will be coupled into the amplifier, with an
average divergence of ~5 mrad. Not all this energy is
expected to propagate and amplify through the full plas-
ma length due to refraction and sensitivity to the injec-
tion angle, but regarding the accuracy of our knowledge
of the parameters involved (degree of coupling, amplifier
gain, and polarizer reflectivity), we can expect that the
energy density at the detectors should not differ for shots
with and without the final amplifier by more than a factor

of about 3. Since this is well within the shot-to-shot
reproducibility level of these high gain systems it is easily
accommodated within the dynamic range of the detec-
tors.

The beam emergent from the exit plane of the final
amplifier was detected as a “footprint” on two film backs
containing Kodak 104-02 soft-x-ray—sensitive film and
protected from stray light by a 0.8-um-thick aluminum
filter. Each footprint involved reflection of the beam off a
polarization analyzer element, but the distances from the
amplifier exit plane to each film back were identical and
equal to 1425 mm. We positioned a spatial fiducial in the
beam at a distance of 385 mm from the amplifier exit
plane. This consisted of three 150-um-diam wires ar-
ranged in a triangular configuration and their shadows in
the footprint patterns allowed us to align the images
recorded in orthogonal states of linear polarization.
Since we did not have a soft-x-ray beam splitter to ana-
lyze the whole beam in each of the two crossed analyzer
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arms, we took advantage of the expected symmetry of the
beam about the horizontal plane which bisects the stripe
targets. To do this, we carefully arranged the first
analyzer (which reflects horizontally polarized light) to
intercept and reflect the lower half of the x-ray laser
beam. The top half of the beam is transmitted past the
edge of the polarizer and then analyzed for a vertically
polarized component by the second, crossed analyzer.
Using the fiducial wires, we were able to reconstruct the
whole beam and make conclusions about the degree of
polarization in the beam from the intensities recorded on
each half of the reconstructed whole beam footprint.

VI. EXPERIMENTAL RESULTS

In the first part of the experiment, devoted to the injec-
tor ASE output polarization state measurements, 11
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shots were fired with £7% variance in drive intensity.
Exposed films in each arm of the polarization analyzer
were developed simultaneously after each shot. Images
were densitometered with a Perkin Elmer PDS machine
using 12-bit resolution and the digitized image
transferred to a personal computer. Processing of the
footprint images consisted of several steps. First, fog lev-
el optical density, which was recorded outside the sha-
dow outline of the polarizers, was subtracted and the op-
tical density above fog D converted to exposed radiation
intensity I in units photons/um? using the model equa-
tion D=[1—exp(—CI)]Dg,, where the constants C and
D, were taken from [26]. After correcting for filter
transmittance and polarizer reflectance, the image was
displayed as the actual flux in the x-ray laser beam. In a
further step, a constant intensity value was subtracted
from each image to allow for the exposure level recorded
from plasma radiation within the mirror bandwidth,
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FIG. 4. (a) Composite footprint image of the injector output as viewed by the crossed polarizers. (b) Vertical densitometry trace
of (a), passing through the crossed-wires center. The beam pointing angle is also measured relative to this center. (c) Vertical densi-
tometry traces of a footprint from a shot where the crossed wires system was removed.



51 DEMONSTRATION OF AMPLIFICATION OF A POLARIZED . ..

2323

Photon flux [photons/um?]

0
T 02

+75 +

o
o o
o

R i 37

+5 4

+25 4

-25 +

(peawr) a8ue Sunurog

(2)

which was measured on a null shot where there was no
coupled beam and no footprint. In the final step, the two
footprints from each shot were composed into a single
image for further analysis.

A typical footprint image of the injector output beam
is shown in Fig. 4(a), where the composite beam appears
to have similar signal strength in each of the crossed po-
larizer arms. The position of the “center of gravity” of
the beam relative to the first polarizer edge and to the
spatial fiducial moved a little on a shot-to-shot basis mak-
ing it inappropriate to exactly compare the top and bot-
tom halves of the beam on all shots. Therefore we looked
for intensity discontinuities across the joint in a compos-
ite image to signal the presence of macroscopic polariza-
tion in the beam. Examples of traces of beam intensity
profiles taken vertically (in the laboratory frame) are
shown in Figs. 4(b) and 4(c). The dip near the center of
Fig. 4(b) corresponds to both the wire fiducial and the im-
age joint and relates to Fig. 4(a). Some shots were taken
without the wire fiducial and an example is shown in Fig.
4(c), where several parallel vertical scans are presented,

FIG. 5. (a) Footprint image of
the amplifier output beam when
the polarized emission is injected
at the input, as viewed by the
second polarizer (the first one is
not mounted). (b) Vertical den-
sitometry trace of (a), passing
through the crossed-wires
center.

(b)

with the dip now due solely to the image joint. Any in-
tensity discontinuities are averaged over several of such
traces in a given shot.

From the data thus collected we conclude that neither
the upper nor the lower half of the footprints is systemat-
ically more intense, which means that under the injector
conditions there is no preferred, systematic direction of
polarization in the x-ray beam. Within the accuracy of
the experiment, estimated to be =~5%, the time-
integrated degree of polarization is zero.

In the second part of the experiment, where
amplification of polarized light was studied, eight shots
were taken. In addition, one comparative shot was fired
where the injector beam was relayed directly to the
amplifier without being polarized. In all cases whole-
beam footprint images were reconstructed as before.

The high quality of the amplified beam profile is shown
in Fig. 5, where for the purpose of illustrating this point
the first analyzer was removed from the beam path, al-
lowing the second analyzer to reflect the vertically polar-
ized component of the whole beam. A typical result with
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FIG. 6. (a) Composite footprint image of
the amplifier output beam when the polarized
emission is injected at the input. (b) Vertical
densitometry trace of (a), passing through the
crossed-wires center.
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FIG. 7. Densitometry trace of the amplifier output when no
emission is injected at the input. The shot was performed at a
high energy of the driving laser (470 J).

both analyzers in place is shown in Fig. 6. Here we see
that the bottom half of the beam, analyzed for a horizon-
tal polarization, contains virtually no signal, which indi-
cates a high degree of vertical polarization of the
amplified beam.

Quantitative analysis of the image intensities, allowing
us to solve for the polarized and unpolarized intensity
components contained in the beam and hence for the de-
gree of polarization of the amplified beam, is carried out
with the help of Eq. (7). Averaging over the performed
shots we find D, =0.98 1092 which is essentially the same
value as the degree of polarization of the injected beam.
This means that within the precision of the experiment
and under its conditions (i.e., total effective gain-length
product for the vertically polarized light =12, of which
~4 exponential foldings are associated with the final
amplifier) there is no depolarization of the amplifying
beam. To support these conclusions the experiment was
completed by some null shots. In Fig. 7 we see a densi-
tometric trace of the footprint recording ASE signal lev-
els (approximately zero) when only the final amplifier is
fired. Figure 8 displays a densitometric trace of the foot-
print from the shot where an unpolarized injector signal
is relayed to the amplifier. Although the center of gravi-
ty is slightly shifted in the vertical direction with respect
to the first analyzer edge, it is evident that the amplified
beam is unpolarized.

Finally, from absolute calibration data of the film used,
we estimate that the polarized beam x-ray laser delivered
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FIG. 8. Densitometry of the amplifier output footprint from
the shot in which an unpolarized beam was injected at the
amplifier input.
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~20 nJ of energy in this particular experiment. This
should scale to the millijoule level under saturated output
conditions.

VII. DISCUSSION

The results obtained in the first part of this work verify
the basic validity of the given picture about ASE polar-
ization properties. It is clear that the injector output
beam was unpolarized within the limits of precision of
the experiment: from Fig. 4(c) it is quite obvious that the
small jumps between the signal of the upper and lower
footprints may well be caused either by noise or by
diffraction on the polarizer edges. This fact, together
with the lack of a sufficient number of identical shots,
limits here the use of a statistical method developed for
deducing even an extremely weak macroscopic degree of
polarization of the x-ray laser beam [27] (supposing that
the time-integrated direction of polarization changes ran-
domly from shot to shot). Two other aspects of the per-
formed experiment should be emphasized. First, due to
the relatively large bandpass of the polarizers used, the
footprints contain signals from both lasing transitions at
23.2 and 23.6 nm. We thus have an “overlap” of two
beams whose polarization states are mutually uncorrelat-
ed (both the upper and lower lasing levels of these transi-
tions are different); this even lessens the resulting degree
of polarization of the whole x-ray laser beam. Second,
the Fresnel number of the injector (22+22+0.58 mm
long) is ~4 in the horizontal plane and ~ 16 in the verti-
cal plane, assuming that the gain region has a horizontal
dimension of ~75 um and a vertical dimension of ~ 150
pm. These are satisfactory numbers, although we are still
far from a single-mode operating ASE.

The central point of the results obtained when the in-
jector output was linearly polarized and amplified is the
observation that no detectable change of the polarization
state took place during the process of amplification. In
general, there are three possible processes able to depo-
larize the emission propagating down the below-
saturation threshold amplifying medium: (i) the amplifier
proper—and unpolarized— ASE, (ii) the Faraday rota-
tion of the electric vector of the x-ray beam in the spon-
taneous magnetic field produced in the plasma, and (iii)
collisions experienced by the amplifying ions, changing
the orientation of their dipole moments.

Concerning the contribution of the ASE to the total
amplifier output, it can be evaluated using Eq. (3). Taking
D," of the injected beam as 0.97, g,=3.5 cm” !, I,=4.4
cm, g,=3.0 cm™ !, /,=1.4 cm, and RC=7X10"* (ac-
counting now for the throughput of all the x-ray optic
elements used) and assuming that the emissivities of the
injector and the amplifier are the same, we find that the
degree of polarization of the amplifier output is essential-
ly unchanged with D,;"P~0.97. This indicates that any
small changes expected will not be detected within our
experimental precision.

Under the presence of a magnetic field, the amplifying
plasma behaves as a magnetoactive medium and, as a re-
sult, the polarization state of the x-ray laser beam will un-
dergo changes. In the laser-plasma interaction conditions
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relevant to x-ray lasers, the dominant source term of the
spontaneously generated magnetic fields will be the effect
of noncollinear gradients of the electron temperature and
density. The magnitude of magnetic fields generated in
this way may be estimated as [28] B=(kVT,
XVn,)/(gn,|Vu|), where T, and n, are, respectively, the
electron temperature and the density, g is the electronic
charge, and u is the plasma macroscopic flow velocity.
As the density gradient is largest in the direction perpen-
dicular to the target surface and the temperature gradient
component is predominantly in the lateral direction, the
magnetic field B will be parallel to the plasma axis and
hence to the propagation direction of the x-ray laser.
Under these conditions, the Faraday effect must be con-
sidered, i.e., a linearly polarized electromagnetic wave
propagating in a plasma along the applied magnetic field
will rotate its direction of polarization. Considering the
geometry according to Fig. 3(b), the B field is directed
downstream from the x-ray beam propagation in the
upper part of the amplifier plasma and counterstream in
the lower part. In the upper plasma region where the x-
ray beam propagates parallel to the magnetic field, the
wave E vector will be rotated counterclockwise (viewed
downstream from the x-ray beam propagation), and in
the bottom plasma region where the beam propagation
direction and the magnetic field are antiparallel, it will be
rotated clockwise. The amplifier plasma thus does not
act analogously to a conventional Faraday rotator, but
instead tends to bend the E field lines, as shown in Fig. 9.
As the magnitude of the magnetic field fluctuates, the
whole mechanism has the potential to depolarize an ini-
tially linearly polarized x-ray beam.

To estimate the amplitude of the magnetic field in the
gain region, we take [29] n,~3X10® cm73,
Vn,~2%X20% cm™*%, VT, ~1X10* eV/cm (assuming that
the expansion is approximately cylindrical), and
Vu ~3X%10° s7! [30]; we thus obtain B ~20 T. The plane
of polarization of an emission propagating along the mag-
netic field over a distance /, will turn by an angle given
approximately by [31]

beam E field lines

plasma-generated
magnetic field

-
beam E field lines

FIG. 9. Schematic of self-generated magnetic field in an x-ray
laser plasma amplifier: its effect on a vertically polarized emis-
sion injected at the amplifier’s input is also shown.
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where n, is the critical electron density for the wave un-
dergoing the Faraday rotation (n,~2X10* cm™3 for
23.6 nm) and m, the electron mass. For I,=1.4 cm, we
obtain ®~12.4 mrad, i.e., ~0.7°. We may therefore
conclude that the effect of the spontaneously plasma-
generated magnetic fields on the polarization state of the
x-ray laser beam is negligible under the experimental con-
ditions encountered. However, the whole mechanism
might be of importance for high-brightness, short driving
pulses and/or for small-lateral-dimension plasmas, where
additional processes may create larger magnetic fields.
For the third source of possible depolarization—the
effect of collisions experienced by the amplifying ions—
no quantitative assessment is available. However, the
short-distance collisions which have the strongest depo-
larizing effect influence predominantly the wings of the
spectral profile, where gain is marginal. In addition, the
amplification further reduces the spectral width of the
lasing line by gain-narrowing effects and therefore the
emission whose polarization state was collisionally
changed will not be effectively amplified. As a result, the
overall depolarization due to the collisions in the amplify-
ing plasma is expected to be small. This claim seems to
be evidenced experimentally in this work as no observ-
able depolarization of the amplifier beam was detected.

VIII. CONCLUSIONS

In summary, the polarization state of two J =2—1 las-
ing lines at 23.2 and 23.6 nm in a neonlike Ge soft-x-ray
laser has been investigated in two different experimental
arrangements. Whereas in the first setup we studied nat-
ural polarization properties of an ASE x-ray laser output,
the amplification of the linearly polarized beam was ex-
amined in the second part of this work. For both these
cases we have presented rather simple background argu-
ments, making it possible to estimate the importance of
the processes influencing polarization properties of the
x-ray beam. These arguments suggest, taking the longitu-
dinal coherence time as an estimate, that one definite po-
larization state in a below-saturation ASE regime lasts a
fraction of a picosecond. The consequent expectation
that a typical ASE output should appear virtually unpo-
larized in time-integrated diagnostics was confirmed ex-
perimentally. The injector beam was observed neither to
be preferentially polarized in any direction nor to show a
measurable degree of polarization.

The second experimental arrangement was designed to
actively control the polarization state of the x-ray beam
produced by an injector-amplifier scheme. To that end,
only vertical polarization was selected from the injector
beam prior to feeding it into the amplifier plasma. The
measured degree of polarization D,~0.98 of the
amplifier output beam has been found to be identical
(within the experimental precision) to the degree of polar-
ization of the injected beam. This result is consistent
with the basic arguments suggesting that the depolariza-
tion effects should be fairly weak.
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Producing a highly polarized x-ray beam of a good spa-
tial quality is the major achievement of this work. The
relatively low beam energy achieved here (with an
effective gain-length product of =~ 12) can in principle be
increased to saturation level (millijoule) by the addition of
further synchronized amplifiers.

Numerous applications of polarized x-ray laser beam
have been anticipated in the literature; let us briefly men-
tion at least some of them. Polarized x-ray emission is of
concern in interferometry and holography [32], where the
highest contrast of fringes is produced for the polariza-
tion perpendicular to the plane formed by the propaga-
tion vectors of the interfering beams. Polarization is an
important parameter in those interactions of the soft-x-
ray radiation with atomic, molecular, or solid-state sys-
tems where anisotropy of the studied process exists. A
number of applications of polarized x-ray lasers in this
field are reviewed in Refs. [33-35]; they include topics of
investigation such as inner-shell photoionization, stimu-
lated radiative recombination, surface or interface phys-
ics by photoelectron spectroscopy, dynamics of molecular
photofragmentation, etc. Another technique requiring
linearly polarized soft-x-ray emission is x-ray dichroism

B. RUS et al. 51

microscopy [36], where near-edge x-ray absorption is
used in studying orientational characteristics of specific
chemical bonds. Finally, another important field of ap-
plications of polarized x-ray lasers is the proposed soft-x-
ray nonlinear optics such as four-wave mixing [37], where
collinearity of the electric vectors of the involved x-ray
laser and the visible laser is required.
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FIG. 4. (a) Composite footprint image of the injector output as viewed by the crossed polarizers. (b) Vertical densitometry trace
of (a), passing through the crossed-wires center. The beam pointing angle is also measured relative to this center. (c) Vertical densi-
tometry traces of a footprint from a shot where the crossed wires system was removed.
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FIG. 5. (a) Footprint image of
the amplifier output beam when
the polarized emission is injected
at the input, as viewed by the
second polarizer (the first one is
not mounted). (b) Vertical den-
sitometry trace of (a), passing
through  the  crossed-wires
center.
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