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Abstract

The paper presents the general challenges of diagnostics for laser-produced plasmas related to their small dimensions and
short duration but also to the presence of very strong temperature and density gradient in the plasma. In particular, we focus
on more detailed examples related to optical diagnostics for the undercritical region of the plasma: shadowgraphy,

schlieren, interferometry, polarimetry.
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Introduction

Laser produced plasmas are relevant for basic physics and
for applications, as well as inertial confinement fusion.
Because of this large interest, many diagnostics have been
developed and are used to study the physical processes
taking place during laser—plasma interaction.

Apart from the general challenges related to plasma
diagnostic, the diagnostics of laser-produced plasmas pose
some specific challenges. First of all, laser produced plas-
mas are small and have a short duration. Typically, the size
is comparable to the laser spot dimension (um to mm) and
the time life is comparable to the laser pulse duration (after
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the end of the laser pulse the plasma rapidly cools down
and vanishes). Hence diagnostics need to have high spatial
and temporal resolution.

But the main challenge arises from the fact that the
temperature and density of laser-produced plasmas span
over several orders of magnitude and are characterized by
the presence of very distinct plasma “regions” all simul-
taneously present.

1. First the “undercritical region” (or plasma corona) is
defined by having a density smaller than the laser
critical density, in practical units:

Rer (cm_3) = 1.1 x 10°'/2* (um) (1)

In this region, the density decreases (due to plasma
expansion) going away from the target surface. Also,
this region is directly heated by the laser, which can
propagate up to n., and therefore it reaches high
temperatures: a few 100 eV up to a few keV.

2. Then we have the “conduction region”, or overcritical

region, where the laser cannot propagate. Here heat is
transported inwards by electrons or by XUV—soft
X-ray radiation generated in the corona. From the
value reached in the corona, the temperature drops
down to a few eV. The electron density increases from
the n. value up to the electronic density of solid
matter.

3. Finally we have the “shocked material”. Plasma

expansion produces, due to momentum conservation,
a shock travelling inward and compressing the target.
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The generated pressure can be as high as a few MBars
and compression heats the material up to a few eV.
Ahead of the shocked region we have the still
unperturbed solid.

Due to the differences of several orders of magnitude in
density and temperature among the different regions, dif-
ferent diagnostics are needed.

For instance, the plasma corona, where a probe laser
beam can propagate, can be characterized by optical diag-
nostics: interferometry [1], shadowgraphy [2, 3], Faraday
rotation [4], etc. Also, this region is very hot and hence
emits X-rays. Therefore, one can use X-ray spectroscopy
[5-9]. Optical spectroscopy can be useful to characterize
parametric instabilities taking place in laser—plasma inter-
action [10-12]. And finally, one can use particle detection
(charge collectors, Faraday’s cups, etc.) [13].

The overcritical region is the main source of soft X-rays
and XUV radiation because, even if the temperature is on
average lower than in the corona, the density is much larger
and then there are more collisions and photon emission.
Hence one can sue emission X-ray spectroscopy and
absorption X-ray spectroscopy [14, 15]. However, unlike
the plasma corona, this region is optically thick which
implies that there is a strong re-absorption of emitted
photons and hence opacity effects must be taken into
account. In principle one can use also XUV interferometry
(for instance with XUV laser sources) but in reality, this is
quite challenging [16].

The shocked region is particularly difficult to be probed.
Due to its low temperature, there is no strong emission of
radiation and this is concentrated at long wavelength, also
this region is very opaque due to its large density. One can
use X-ray radiography with hard X-rays emitted from a
secondary laser-produced source [17], or proton radiogra-
phy [18]. With sufficiently thin targets, it is also possible to
use optical diagnostics: when the shock breaks out on the
target “rear side”, matter is heated and intense thermal
radiation is emitted which can be recorder and time
resolved, for instance, suing a streak camera [19-21].

To complete the panorama, one should cite all diag-
nostics which are typical of laser-driven inertial fusion
experiments: neutron measurements [22], neutron spec-
troscopy [23], neutron imaging [24].

Of course, it is not possible to deal with all such dif-
ferent diagnostics in a single paper. Therefore, we will just
concentrate on a few examples and, in particular, we will
focus on optical diagnostics for the undercritical region of
the plasma: shadowgraphy, schlieren, interferometry,
polarimetry, where the presence of the plasma impacts the
behavior of an electromagnetic (e.m.) wave of angular
frequency o.

@ Springer

Optical Shadowgraphy and Schlieren

Plasma of electronic density 7, (in the limit of low colli-
sionality and when no external magnetic fields are present)
has a refraction index n given by

2
(03] n
W Ner

where o is the frequency of the e.m wave (i.e. the laser in
our case). For an undercritical plasma (n, < n.,) the
refraction index is real and < 1, and for the case of much
underdense plasmas (n, < n.,) it becomes

e

nele 2ncr

The gradients of density, which are always present and
strong in laser-produced plasmas, then induce a gradient of
refraction index Vn ~ —Vn,/2n... According to Snell-
Descartes law of refraction, such gradient induces a devi-
ation of the light ray by an angle

0= li ndl (2)

G)

This is at the base of the diagnostics techniques of shad-
owgraphy and schlieren (a complete analysis, see for
instance [25] shows that shadowgraphy accounts for the
second derivative of the density gradients in the plasma
whereas schlieren photography records the first derivative
of the plasma density gradients).

One usual approach is to use a laser probe beam (at
intensity low enough so to not perturb the plasma by
inducing additional ionization or heating), which “back-
lights” the plasma to be probed. In this case one can even
use a slow detector to make the image of the plasma: in any
case the detector will “see” the plasma only as long as the
backlighting source is on. Hence the system will provide a
“snapshot”, i.e. a 2D plasma image obtained with a time
resolution equal to the duration of the pulse of the probe
laser beam. In the case of shadowgraphy for instance, we
will see a “shadow” of the plasma because the refracted
rays will be deviated away. This “normal” shadowgraphy
(without a lens) differs from the so called “focused shad-
owgraphy” which we will describe in the following. Indeed
in the cases of large density gradients, such as in laser
generated plasmas, normal shadowgraphy may fail pro-
viding useful result for several reasons.

First, the image provided by the backlighter will
superimpose to the image created on the detector by the
plasma self-emission which of course is not time-resolved
but lasts as long as the plasma is sufficiently hot to emits
significantly in the range determined by the spectral
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sensitivity of the detector. We therefore need to eliminate
plasma self-emission.

Second, the plasma will very likely be almost com-
pletely transparent to the incoming laser light, therefore the
detector will be illuminated everywhere with little contrast.
We therefore need to use a diagnostic approach, which
evidences the presence of density gradients in the plasma.

Third, even if the rays which go through the plasma are
deviated according to Eq. 2, then these are “brought back”
to the detector when we use an imaging system (which is
usually the case). For instance, if we use a lens which
makes an image of the plasma on the detector, it brings
back the refracted light to the image point corresponding to
the object point where the ray originates, i.e. it has been
deviated. So, the imaging system “kills” the shadow.

Therefore, the complete experimental set-up of shad-
owgraphy includes a spatial filter in the focal plane of the
imaging lens (see Fig. 1). This diaphragm will cut all the
rays, which have been strongly refracted and will let the
un-deviated rays to go through. These are typically the
rays, which go “around” the plasma (as shown again in
Fig. 1) and which therefore are normally focused in the
lens focal point. The result will be a “shadow” of the
plasma: the plasma will look darker because most of the
rays going though it are cut by the diaphragm. The recor-
ded image is therefore called a “negative image” in
opposition to the case of normal shadowgraphy where no
lenses and no pin-hole are used. An alternative (up to a
point depending on the optical system used and the density
gradients of the plasma) is to “de-focus” the image by
placing the lens not exactly at its focal position. This will
enable a combination of the non-focused shadowgraphy
with the focused shadowgraphy giving images suitable for
analysis. Furthermore, by knowing the defocusing length,
quantitative analysis can be performed giving absolute
results for the plasma density. This is called quantitative
shadowgraphy [26].

It is also possible to use the refraction fringes sur-
rounding the accessible region of the plasma in order to

Fig. 1 In-principle scheme of
optical shadowgraphy with the

Object Plane

calculate the density at the boundary of the corona plasma.
This pattern is due to the refraction of the laser rays at the
steep density gradient boundary of the plasma-vacuum
interface [27, 28].

Normally strong gradients exist mainly at the edge of
the plasma and thus shadowgraphy allows obtaining an
image of the edges of the plasma. By changing the delay At
between the beam creating the plasma and the probe beam,
one can obtain a series of “frozen images” (i.e. 2D images
integrated in time over the, short, duration of the probing
laser beam) which allows reconstructing the plasma
dynamics i.e. for instance measuring the plasma size at
different times, thus allowing determining the expansion
velocity of the plasma.

In this sense, optical shadowgraphy and schlieren are
part of the techniques known as “pump and probe”
diagnostics.

Figure 2 shows an example. Here a laser beam (a
Nd:YAG with E &~ 100 mJ, A = 1.064 pum, T ~ 10 ns) is
focused on a solid target (an iron needle) in air. The probe
beam is an unconverted fraction of the main beam (i.e. the
probe is also infrared in this case) and is sent across the
plasma with a variable delay. A hot and dense plasma is
created at the surface of the target. Such plasma begins a
rapid expansion compressing the air around it and gener-
ating a shock wave, which travels in air. The figure shows
the evolution of the generated shock wave at three different
times following irradiation [The use of a cylindrical needle
as a target helps avoiding the problems related to possible
small tilts of the target. In the case of a planar target, this
must be perfectly parallel to the probe rays, otherwise it
will mask some of them shadowing the part of the plasma
closer to the surface, which is the denser one. Of course,
this problem becomes bigger and bigger as the lateral
dimension of the planar foil increases].

Figure 3 shows instead an image of plasma created by
focusing a laser beam in air. In this case the plasma is
elongated along the direction of propagation of the laser
beam (the same laser of Fig. 2 is used here).

Image plane

pin-hole placed in the focal
point of the imaging lens

Irradiate target

and plasma

Imaging
Lens

Spatial

. Detector
Filter
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Fig. 2 Evolution of a laser-
generated shock wave in air
using schlieren. The 3 images
correspond to delay

t =11.21 ns, 19.42 ns and
27.62 ns respectively. During
this time the shock size
(horizontal direction) increases
from 177 to 192 pm, and finally
234 pm

Sy 2
AT

Fig. 3 Image of laser-induced plasma in air obtained using optical
shadowgraphy. The probe beam crosses the plasma about 20 ns after
the interaction of the pump beam has created the plasma. The size of
the image is 200 x 460 pm

The drawback of shadowgraphy is the loss of spatial
resolution. Indeed, the focal plane of the imaging lens
realize the Fourier transform of the object to be imaged and
the higher the spatial frequency, the bigger the distance
from the focal point in the focal plane. Hence, placing a
diaphragm in the focal plane means cutting the high-spatial
frequencies (short spatial scales), which are essential in
order to assure a detailed reconstruction of the image.

The schlieren technique is somewhat complementary to
shadowgraphy. In this technique, we place an obstacle in
the focal point of the imaging lens (see Fig. 4). Therefore,
the refracted rays are allowed to go through while the un-
refracted rays are cut. The strongly refracting zones are
then materialized on the schlieren image by illuminated
zones. Of course, schlieren allows maintain a good spatial
resolution since it keeps the high spatial frequencies.

Figure 5 shows the comparison of shadowgraphy and
schlieren in the case of the shock wave generated in air (as
described about Fig. 2).

Finally, we close this paragraph by noticing that
although shadowgraphy and schlieren are powerful diag-
nostic techniques, nevertheless they are mainly qualitative.
As said before, one can attempt to do quantitative shad-
owgraphy or quantitative schlieren [29, 30] but indeed it is
very difficult to retrieve the information on the density
profile (this is not a surprise because indeed these diag-
nostics give information on the gradient of electron density
or on its second derivative). An interesting development in
this direction is however the development of the angular
filter refractometry (AFR), which allows to characterize the

Fig. 4 In-principle scheme of Object Plane Image plane
schlieren with the obstacle )
placed in the focal point of the > "
imaging lens | J
| P
+ \ ” -
B Peseesseessrseeresserseee -] 3 ”
----- r--L--‘------------------------4 o o o -
[ ~
e ~ -
: ~
| ~
' ~
Irradiate target Imagin tial
g Bing Sp'a 4 Detector
and plasma Lens Filter
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Fig. 5 Comparison of

a conventional imaging,

b shadowgraphy, and

¢ schlieren techniques (same
experimental configuration as in
Fig. 2). The 3 images have been
taken in identical conditions and
with the same time delay

plasma density profile by producing a contour map of
refraction angles [31]. This is accomplished by using
angular filters (see Fig. 6) that block certain bands of
refraction angles, producing shadows in the image plane.
The plasma density is calculated from the measured
refraction angles of a probe beam after passing through the
plasma. The maximum measured density is limited by the
f/# of the optical collection system as compared to the
length of plasma in the direction of the probe and the
magnitude of the transverse gradients (which determine the
refraction angle through Eq. 2).

The AFR diagnostic uses an angular filter placed at the
focus of the unrefracted probe beam (Fourier plane). The
opaque regions of the angular filter block bands of refraction
angles, resulting in shadows in the image plane. The diag-
nostic relies on the direct proportionality between the angle
of refraction of a probe ray at the object plane and its radial
location in the Fourier plane. This relation correlates the
shadows produced by the angular filter with contours of
constant refraction angle. For a single-lens imaging system
and a collimated probe beam, it can be shown that a ray
refracted at the object plane passes through the Fourier plane
at a distance from the optical axis, r, which is equal to the
focal length, f, of the collection lens times the refraction
angle, ®, regardless of its spatial origin in the object plane
(assuming paraxial propagation). The direct proportionality
of the spatial location of a ray to the amount of refraction

Fig. 6 Working scheme of the
angular filter refractometry
technique and example of filer
used in the Focal plane (Fourier

1

______ R A
I
I

allows for filtration of specific refraction angles in a deter-
ministic manner. Depending on the value of the refraction
angle, the probe rays will either be blocked by the opaque
rings or transmitted between them, forming the light and
dark bands in the image. By measuring the radial distance of
each band, one can accurately calculate the refraction angles
(again given by Eq. 2).

Chirped Optical Shadowgraphy

The technique of chirped pulse amplification (CPA) allows
producing laser pulses with typical duration of hundreds ps
to a few ns which are characterized by a chirp, i.e. a vari-
ation in time of the frequency. Normally this allows com-
pressing the laser pulse in time inside a grating compressor,
so to obtain short-duration very-high-intensity pulses. In the
technique of chirped pulse shadowgraphy instead the beam
is not compressed. The plasma to be probed is then illumi-
nated with a chirped probe beam of relatively long duration.
After the plasma, the beam is sent to an imaging spec-
trometer where the different wavelengths are dispersed in
different direction. Since the different laser wavelengths
arrive at different times on the plasma to be probed, we then
have a univocal relation between time and wavelength.

In the imaging plane of the spectrometer we then get a
1D image resolved in time, as if we were operating with a

plane)

Imaging
Lens

Angular Filter
(Fourier Plane)
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streak camera. However, the technique of chirped optical
shadowgraphy allows getting a better time resolution.

This is a rather novel technique first introduced in [32]. In
this experiment, optical shadowgraphy was to detect fast
electron propagation in a gas medium. The region of the gas
jet, which is ionized by the passage of fast electrons, creates
a shadow in the recorded image. In [32] the chirped probe
laser pulse was first compressed giving a 2D spatial reso-
lution (classical shadowgraphy) and then, only partially
compressed (i.e. still chirped) giving 1D time-resolved
images (chirped shadowgraphy). In the first case, 2D snap-
shot images were obtained with the temporal resolution
equal to the duration of the probe beam (< 350 fs). With this
configuration, in relation to the propagation dynamics, sev-
eral shots are needed with different delay between the main
and probe beams. In the second case, only 1D images are
obtained but the fast electron dynamics can be continuously
followed in time over duration corresponding to the duration
of the partially precompressed beam.

The scheme of the experimental set-up used in [32] is
shown in Fig. 7. Fast electrons were created by a high-
intensity laser on a thin foil (Ti) placed before a gas jet.
Two gases (Ar and He) and different pressures were used.

Figure 8 shows shadowgrams obtained at different
delays between the CPA beam and the probe. The cloud
evolution can be followed and its average velocity between
two different snapshots can be measured. However, as fast
electron dynamics is inferred from several shots, the
method is strongly affected by shot-to-shot fluctuations,
greatly increasing error bars.

In chirped shadowgraphy the probe beam had longer
pulse duration (t = 19 ps) and was coupled to an imaging
spectrometer. Here the gas medium (where the plasma is
formed) is imaged on the entrance slit of the spectrometer,
where the spectral axis through frequency dependence on
time (chirp of the beam) corresponds to the temporal axis.
The spatial resolution is obtained only in the direction
parallel to the entrance slit. This diagnostic allows us to

/

y

b\\ Gas jet
\ (He,Ar)
P =30, 50, 70, 80 bar

CPA Interaction beam Probe beam

A= 1057 nm p =528 nm

=350 fs =350 fs

E=5) E=001-0.1J
®=16 mm

Fig. 7 Schematic experimental set-up. The distance between the foils
is 1.2 mm. Thickness is 20 um (Ti) and 15 pm (Al) (from [32])

@ Springer

measure on a single laser shot the variation of the ioniza-
tion front velocity with time resolving early times. Figure 9
shows chirped shadowgrams obtained with Ar at different
pressures. The images in Fig. 9 clearly show the following:

1. The propagation velocity and the cloud penetration
distance increase with gas pressure. This result agrees
with those obtained with the classical shadowgraphy.
The dimension of the cloud at the end of the image
corresponds to the dimensions observed in the classical
shadowgraphy images.

2. The propagation velocity slows down in time. Figure 9

(bottom) (Ar 100 bar) clearly shows first a fast speed
vap ~ 0.67c, then a deceleration to a speed vgc.

~ 0.16c. In addition, we can note a cloud penetration
over a distance of the order of the millimeter. The
propagation velocity in Fig. 9 (top) (Ar 20 bar) is
lower (vagp ~ 0.12c) and the final propagation is much
less important (~ 300 pm).

Figure 10 shows the temporal evolution of the cloud
dimension for various gas pressures, obtained from the
chirped shadowgraphy images, and clearly shows a decel-
eration occurring at the very first moments of the cloud
propagation. This phase is very difficult to be observed
with classical shadowgraphy since it would require taking
many images at delays close to each other.

Interferometry

Interferometry is based on the fact that the plasma has a
refractive index and hence the light rays crossing it expe-
riences a phase shift. As before, for an undercritical plasma
the refraction index n of a plasma is real and

(1)2
n=q/1-—L=J1-2<y
w n.

The plasma (of typical size L) must be placed within an
interferometric system, for instance in one of the two arms
of a Mach—Zender interferometer, as shown in Fig. 11.

Then the phase shift A® induced by a homogeneous
plasma will be

AD = (kplasma - ko)L = kg(n — 1)L = koL< 1— Ne 1)
V' one

which, in the case of much undercritical plasmas, reduces
to

koLn,
2,

AD ~ Ne K Ney

We see therefore that interferometry can in this case
directly provide the plasma density n,.. In the realistic case
of non-homogeneous plasma, we have
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Fig. 8 Evolution of the electron
cloud (He, 30 bar). From left: t
=10 ps, 16 ps, 50 ps. Bars
correspond to 280, 540, and
1000 pm. The lower and upper
dark parts in all images,
respectively, represent the Ti
and Al foils (from [33])
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Fig. 9 Chirped shadowgraphy images obtained with a target of Al
15 pm and with a jet of argon to 20 bar (top) and to 100 bar (bottom).
The laser intensity is 2 x 10" W/cm?. Time axis is the horizontal one
and point A roughly represents the interaction time

Y

Fig. 11 Mach—Zender interferometric set-up used to measure the
plasma refraction index. The lens L; images the plasma on the
detector D

ko
AD ~ o / ne dl (ne < ney)
which means that interferometry measures the total elec-
tronic areal density along the line of sight. Defining the
average electronic density as

Fig. 10 Cloud size (top) and 1200
deduced velocity (bottom)
versus time. Ar pressures are o 1000 Ar 100 bar ——
10 bar (full circles), Ar 20 bar 3 s
(empty circles), Ar 50 bar (full § 800 e
diamonds), Ar 100 bar (empty £ L e
diamonds) g 600 -‘._,4- Ar 50 bar

"= »y©

7] o

c *

g 400 /s Ar 20 bar

)

- 200 [ o---9

3 Ar 10 bar

© 0

-200
0 2 6 8 10 12 14 16
delay (ps)
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1
(ney = Z/ne dl
we see that
AD® L{(n,
e ®)

or in other words, the fringe shift (phase shift in units of )
is proportional to the plasma length over the wavelength of
the probing laser times the average density (defined over
the line of sight) over the critical density.

In all practical situations, the last optical element in the
Mach—Zender interferometer is slightly tilted in order to
introduce fringes, i.e. a horizontal spatial carrier hetero-
dyned frequency, with spatial wavelength Ap.. The carrier
frequency is used to move the experimental information
(i.e. the phase plane perturbation) away from the zero order
in Fourier space, where all the low-frequency noise (such
as spatial intensity fluctuations) is concentrated. In practice
the presence of the fringes allows to more easily measure
the phase displacement by simply observing the fringe
shift.

The following figures show examples of interferometric
images with laser-produced plasmas.

The first one (Fig. 12) represents a plasma created in air
in the focal point of the focusing lens by a Nd:YAG laser
with E ~ 100 mJ, A = 1.064 pm, T ~ 40 ps [34]. The
probing laser was a fraction of the main laser converted to
second harmonic (532 nm) and sent across the plasma with
a variable delay. Operating at two different laser wave-
lengths is advantageous because it allows (for instance by

Fig. 12 Interferogram of a plasma created in air in the focus of the
lens by a Nd:YAG laser with E ~ 100 mJ, A = 1.064 pm, t & 40 ps
[34]. The probe beam crosses the plasma 10 ns after the interaction of
the pump beam has created the plasma. The size of the image is
200 x 170 um

@ Springer

using interference filters) to strongly reduce the noise
coming from the scattered pump light to the image formed
by the probe beam. In addition, choosing a probe beam
with shorter wavelengths, allows probing higher plasmas
densities.

The second image (Fig. 13) shows an interferogram of
plasma obtained, with the same laser focused onto a solid
target placed in vacuum. In this case the plasma expands
without creating a shock wave (since there is no air around
it to be compressed) and the density profile smoothly
changes from the solid density down to the critical density
and below. Let’s notice that the typical atomic density of
air is of the order of ~ 10'° ¢cm™3, therefore all the created
plasma is undercritical and transparent to the probe beam:
we see the fringes everywhere. Instead in the case of
plasma from solid target, there is an overcritical region
where the fringes disappear.

For sake of completeness, we recall here that one
common method to retrieve the phase shift from the
interferogram is to use Fourier transformation. This method
was introduced early in the history of laser produced
plasma [35] and then improved by using fast Fourier
transform (FFT) techniques [36]. This methodology works
very well when interferograms are only marginally affected
by noise and reduction of fringe visibility. In order to
produce accurate phase-shift maps when low-quality ima-
ges are dealt with, more recently procedures for phase-shift
map computation using ridge extraction in the continuous
wavelet transform (CWT) framework were introduced
[37]. Comparative analysis of the accuracy performances
of CWT and of FFT approaches have shown that CWT-

Fig. 13 Interferogram of a plasma expanding in vacuum created by
focusing a ps-laser beam [34] onto an iron needle. The probe beam
crosses the plasma 10 ns after the interaction of the pump beam. The
size of the image is 300 x 360 um
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based tools can produce phase maps which are consider-
ably less noisy and can better resolve local
inhomogeneities.

These images immediately show some characteristics of
the plasma (in particular the dimension). However,
according to Eq. 3, the plasma density profile n.(x,y,z) is
not directly obtained though interferometry but one can
only obtain the average density over the line-of-sight (n,).
In order to get the detailed density profile, one needs to do
additional assumptions.

Planar Quasi-Homogeneous Plasma

In some cases, one can assume that the plasma is quite
uniform over the distance L. This is for instance the case of
plasmas created on planar target by irradiation of a laser
beam with a large focal spot (diameter ~ L) smoother
using PZP or KPP, which produces a top-hat distribution of
intensity. In this case one can reasonably neglect the
plasma edges with thickness d < L. In addition, by lim-
iting the observation time so that the expansion of the
plasma is also < L, one can reasonably neglect 2D effects
and assume a 1D plasma expansion.

For instance, in the work in [1], the detector was a streak
camera providing temporal resolution. Its slit was placed
perpendicular to the target plane (i.e. parallel to the
direction of plasma expansion) as shown in Fig. 14.

laser beam

target

|_| Projection of
streak camera slit

Fig. 14 Scheme of the experimental set-up used in [1]. The laser
beam irradiates the solid target normally to the surface and the streak
camera slit is perpendicular to the target surface and centered with
respect to the focal spot. The laser beam was smoothed using Phase
Zone Plate (PZP) thereby providing a top-hat irradiation profile and a
“flat” plasma expansion (at least around the center of the focal spot
and for short observation times). We schematically show the size of
the plasma at different times tq, t, t,. Notice that at t, the plasma is
bigger than the size of the laser focal spot and the expansion clearly
becomes bidimensional even around the center of the focal spot

375

1.065 ns

Fig. 15 Interferogram recorded with the streak camera on a planar
CH, foil (shot at E = 49.6 J) Image size is 375 um horizontal scale
and 1.065 ns vertical scale. The vertical arrow shows the position x;.
The horizontal arrow roughly corresponds to the time ¢, at which the
pump laser arrives on target. The white inclined line represents the
ensemble of the points where the fringes begin to move (from [1])

Figure 15 shows a typical experimental result obtained
using a Nd:YAG laser probe converted to 2m with pulse
duration longer than the desired observation window.

With all the assumptions, we have done, we can say that
ne ~ (n,) and then we can simply apply Eq. 3 to retrieve
electron density, which is here just a function of the dis-
tance from the planar foil and of time. Measuring the fringe
shifts from Fig. 15 we get the plasma density profiles at
different times, as shown in Fig. 16.

ne

-3
&
em” [,

0 100 200 300 400 500 X, um

Fig. 16 Comparison of experimental profiles (obtained from the

interferogram in Fig. 15) with the predictions of the analytic 1D
model for a CH, target
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The results in Fig. 16 show that in this case the density
profiles agree quite well with the predictions of simple self-
similar analytical models for isothermal plasma expansion,
according to which

l’le(X, t) = N¢r €Xp <_x — xo)

st

here c, is the sound plasma velocity which is given in
practical units by

7T
e =9.79 x 105 /22 =¢
m

where c; is in cm/s, T, in eV, m is the average ion mass in
the plasma in atomic units and y is the adiabatic constant.
Isothermal conditions are here provided by the fact that the
laser pulse duration is comparable to the observation
window (therefore the plasma is continuously heated by the
laser) and by the large free path of thermal electrons in the
plasma corona, assuring efficient energy exchanges and
temperature uniformization.

The graphs in Fig. 16 allow inferring the plasma elec-
tronic temperature 7,. From Fig. 16 we also see that the
accessible density range is between 7 x 10'® and
10 em™. Of course, low densities are hardly
detectable because the induced phase shift is very low (the
refraction index being very close to 1). As for high den-
sities, although the critical density for the probe beam is
~ 3.9 x 10*' em™, in reality light rays which travel
through the higher density (higher refraction index) regions
of the plasma are strongly deviated and will fall out the
collection solid angle of the lens L; (remind Fig. 11 and
also see later the paragraph on shadowgraphy). Increasing
the optical aperture (by using for instance larger diameter
optics) this effect can be reduced but the disadvantage is
that the spherical aberrations of the optical system are
increased. In case a large aperture optical system is
attempted, complex lenses such as doublets or triplets
should be used for an acceptable spatial resolution of a few
microns. However this remains an unavoidable problem in
interferometry, implying that usually only densities up to a
maximum of ~ n./10 can be probed (we notice here that
indeed the same limitation applies to shadowgraphy and
schlieren)

Plasmas with Cylindrical Symmetry

In many cases one can assume that the plasma has an axial
(cylindrical) symmetry. This is for instance the case of a
laser beam (normally with axial symmetry) focused per-
pendicularly on the surface of a planar target, or the case of
a plasma generated in a gas. In all these cases, the math-
ematical Abel transform allows getting the detailed profile

@ Springer

Fig. 17 Production ad probing of a plasma with cylindrical symmetry

Fig. 18 Propagation of the probe laser beam inside the plasma of
Fig. 16. Here a plane corresponding to a value of z has been selected.
O is the center of symmetry, which also corresponds to the axis of the
laser pump beam. The plasma radius is a

of electron density n, as a function of spatial coordinates
n.(r,z,t). See the experimental set-up schematically shown
in Fig. 17 (notice again the use of needle as target)

Making a cut at level z, we have the situation described
in Fig. 18.

Following the scheme in Fig. 18, the dephasing of the
laser probe beam as it crosses the plasma at the position y,
assuming as usual n, < n,,, is given by

ko ko [VE
AD(y) = — [ n.dl = o \/T—Ene
cr J—y/at—y

21y
Again this shows that dephasing depends on the areal
plasma density (in units of electrons/m?). If cylindrical
symmetry does not exist, this quantity can still be calcu-
lated with relative good accuracy. When cylindrical sym-
metry exists the cubic density (electrons/m®) can be
extracted. By using the substitution

(r)dx
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rdr
x=Vr2—-xX=dt= ———
N

The dephasing A® becomes

ne(r)

oo Kl v s
n = — e
2ncr ¢ Ney y r2_y2

This is an integral equation of Volterra type, which has
been studied by Abel. The dephasing function A®(y) is the
“Abel transform” of n.(r). If n.(a) = 0, i.e. if the plasma
has a finite size, one can invert it (Abel inversion) and get
n.(r):

) = [ 800 —Far

Ner E r d)’ \/yz—i"2

The “idea” behind Abel transform is shown in Fig. 19.
One starts reconstructing the profile from the exterior (i.e.
y = a), where one can assume that the value of density is
uniform and the length of the (very short) plasma path is
known. In this case 4P| = n; d; and measuring AP it is
possible to deduce n,. This information is then transported
inside using the axial symmetry to the next path (next
y value) where now it is possible to write AP, = 2nd,.
+ n; d3 and so on...

Let’s notice that in reality from a mathematical point of
view the Abel transform can be applied also when the
condition n.(a) = 0 is not satisfied. It is sufficient that A®
drops to zero quicker that 1/r.

The Abel transform is a powerful tool but it also has
severe drawbacks. First of all, we have seen (Fig. 19) that
the information on the electron density is reconstructed
staring form the exterior. This means that the errors at the
plasma edge will reflect up to the center of the plasma,
even very severely.

Second, the mathematical operation of Abel inversion is
very sensitive to noise. Small fluctuations in the data (4P)
can imply very large fluctuations in the retrieved electron
density n,. This implies that before performing the Abel

AD(y) = dr

AD, =n,d;
AD, =2n,d,+n,d;

Fig. 19 Principle of Abel transform

inversion it is usually needed to filter the data in order to
reduce noise, but this also imply a loss of information.

Third, the Abel inversion requires perfect symmetry
while experimental results usually show some asymme-
tries. So, before applying the Abel transform one must find
the most likely symmetry axis and then either average the
two half-images or duplicate one of the two halves to
obtain a full dephasing map (which either correspond to
filtering and losing information or to introducing spurious
data).

As an application of the case of plasmas with cylindrical
symmetry and of Abel transform let’s consider the exper-
imental results presented in [38]. In this work a Ti:Sapphire
laser with energy of 60 mJ, and a duration of 150 fs was
split in two parts, one to be used as pump (40 mJ) and the
other acting as probe (20 mJ). The pump pulse was focused
by a single lens with f= 100 cm on the target to a peak
intensity on target of 4 x 10'> W/cm?® The probe beam
was frequency doubled by a 2 mm thick BBO crystal. The
probe beam was then injected in a Mach—Zender interfer-
ometer and the interferogram was imaged on a 12-bit CCD.

Aluminum wires with 200 um diameter were used as
target, again in order to eliminate the problem of tilting
with respect to the probe direction. Moreover, since the
focal spot size was much smaller than the wire radius, the
interaction area could practically be considered as a planar
one.

The delay line has been varied to introduce delays
ranging from ¢ = 0 ps to Af = 100 ps by steps of 3 ps. In
Fig. 20, four interferograms show the plasma expansion at
different times. The image resolution was about 1.2 pm

120um

Fig. 20 Interferograms showing plasma expansion at four different
delays: a O ps, b 43 ps, ¢ 67 ps, and d 90 ps (from [35])

@ Springer



Journal of Fusion Energy (2019) 38:299-314

Ne [cm-3]

0 -5 0 5 10 15 20 25 30 35 40
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Fig. 21 Experimental plasma density profiles at 3 different delays:
0 ps, 20 ps, and 60 ps, and comparison with theoretical predictions
(from [35])

given by diffraction limit and the interferometer interfringe
was Apee & 10 pm.

Some of the obtained density profiles are shown in
Fig. 21 together with predictions from hydro simulations.
Let’s notice that unlike in the work previously presented
(Ref. [1]), here the interferograms are recorder long after
the end of the laser pulse (ps vs. fs) and hence the plasma
expansion is rather adiabatic.

Polarimetry

The polarimetry diagnostic (Faraday rotation) was intro-
duced in laser generated plasmas very early [4]. The
application of the method for large density gradients dense
plasmas accompanied by simultaneous shadowgraphy and
interferometry is described in [39]. When a probe laser
beam propagates in a magnetized plasma, the presence of
the external magnetic field in the plasma create an aniso-
tropy of the refractive index as [25, 40]:

n =1

i i

+X<l _iv/w_Z(l—X—iv/m)i

where X = n2/n?, Y = w.Jo, Y, = Ysin 0. Here 0 is the

cr?

angle between the direction of propagation of the probe

beam k and the direction of the magnetic field and ., is
the electron cyclotron frequency. The polarimetry diag-
nostics uses this anisotropy to retrieve information on the
magnetic field inside of the plasma.

The most commonly used approach to measure mag-
netic fields is through the Faraday rotation. This is the case

@ Springer

41 -X —iv/o)

in which 0 = 0 and the polarization axis of the probe beam
will change depending of the magnetic field strength and
the plasma density. In the case of an underdense plasma
with X < 1 and Y < 1, the analytical expression for the
rotation of the polarization axis is

A‘P:%/XY cos 02 dl 4)
&

Experimentally such rotation can be observed using a
polarizing beam splitter like a Wollaston Cube, which
allows the separation of the two components of polariza-

. . - —2 .
tion on an orthonormal basis (e, e,). The rotation of

polarization is then the ratio of the two projections of the
. . - — . . .
electric field on the basis (e, ey), ie. itis AY =¥, — -

¥, = Ey»/Ex» — Ey1/Ey;. In the case of an external mag-
netic field of very high intensity, the rotation of
polarization can become larger than n/2 defining the limits
of this diagnostic. Generally, this diagnostic need to be
used in combination with interferometry allowing to obtain
the density profile, which, according to Eq. 4, is essential
to retrieve the magnetic field map. This method to measure
the magnetic field is well known and commonly used in
astrophysics [41] or in the study of laser—plasma interac-
tions [42]. When the magnetic field is purely orthogonal
(Y=Y, or Yy = Ycos 0 = 0) Faraday rotation disappears.

When the magnetic field is not parallel to the direction
of propagation of the probe beam, it is possible to use the
Cotton—Mouton effect, which induces a modification of the
ellipticity of the polarization during the propagation. In the
case of an underdense plasma with X < 1 and Y < 1 this
ellipticity modification is

b 1 [XY?sin®0 o
== [T _“sin2B—di
a 2/ T—y2 " Bc

where b/a is the ratio of the minor and major axis of the
ellipse defining the polarization of the probe beam (i.e. b/

Initial 4
polarization, a:

Final
polarization

Fig. 22 The polarization ellipse and the polarization coordinate
systems for a direction of propagation of the probe beam k= e
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a = 0 for linear polarization beam and b/a = 1 for circular
polarization) and f is the angle between the main polar-
ization axis of the probe beam and e., as described in
Fig. 22.

If the magnetic field is only on the plane perpendicular
to the direction of propagation of the probe beam, a simple
polarizing cube can be used giving b/a = E,/E, when the
probe beam is initially linearly polarized along e, (here E,
and E, are the components of the electric field of the probe
electromagnetic wave along e, and e,. Caution needs to be
used with this diagnostic method as the Cotton-Mouton
effect is much weaker than the Faraday rotation.

If the magnetic field direction is unknown, one need to
obtain the complete polarization of the laser as defined by
the Stokes parameters [43]:

So El +E;
s |52 Ei — Eg
S E2 —E}
S3 E? —E}

These parameters correspond to the projection of the laser
. . . . - — - — .
intensity on 3 different basis (e, , e,), (eq, e) oriented at
. . —_— —

45° with respect to the previous one, and (e,, ¢), the
basis indicating left-had and right-hand rotations. Using the
Stokes vector, we can retrieve the angle defining the
polarization of the probe beam as:

1 S
Y = 3 arctan (S%)

a1 S3
arctan — = —arctan | ——
a 2 N

The easiest way to measure this parameter is to use a
polarimeter measuring the intensity on the different basis
show previously (Fig. 23). The intensity on the basis

EZ

il

é,

X

A e E, E;
€ E,2

Wollaston
Prism

Fig. 23 Example of a two CCDs polarimeter. The three different
—

L — — —
basis (ey, ey), (eq, €p) and (e, e;), are represented on the top-left
corner

- . . . . . . .
(ex, ey) is obtained using a polarizing beam splitter (i.e. a

Wollaston in the figure). These two projections give the
intensity Sy of the probe beam. A polarizer at 45° extract
the intensity on the direction e,, which allows calculating
direction ej, as E; = Sp — E2. Finally, the combination of a
M4 wave plate and a polarimeter at 45° transmits only the
intensity of the left-hand rotating component E;, wave
(which allows calculating E, as E? = Sp — E?).

The Cotton—-Mouton polarimetry method (measuring the
Stokes parameters) was first introduced in high intensity
laser solid target interaction experiments at CLF/RAL by
Tatarakis et al. [44, 45]. More recently it has been suc-
cessfully developed and applied by the research group at
TIFR in India. They used a probe beam at normal incidence
on the target and four different photodiodes measuring the
4 Stokes parameters with time resolution (but without
spatial resolution) [46]. Later they improved the method
using a CCD detector allowing obtaining spatially resolved
images of the Stokes parameters in the magnetized plasma
[47].

A limitation of the method is anyway that when the
magnetic field is very strong, reaching MGauss intensities,
Eq. 4 can no longer be used as the change of ellipticity
becomes non-bijective. This means that different values of
the magnetic field can produce the same final ellipticity.

In addition, as is the case of Faraday rotation, the
polarimetry diagnostic does not allow alone to extract the
magnetic field as the change of polarization also depends
on the plasma density. Coupling to interferometry is
therefore needed to estimate the magnetic field amplitude.

[For sake of completeness, we notice here that magnetic
field in the high density region (near the critical density),
which is not accessible with external probe pulses, can be
estimated using self-generated harmonics in high intensity
laser matter interactions. Tatarakis et al. [48] and Gopal
et al. [49] measured the change of polarization produced by
the Faraday effect on the self-generated harmonics of the
laser allowing to get information about the magnetic field
deeper inside the plasma, but without information about the
path of the harmonics inside the plasma (i.e. the exact
position of harmonics generation)].

As example of use of the polarimetry diagnostic, we
refer to an experiment recently performed at the CELIA
laboratory with the laser ECLIPSE, a Ti:Sapphire system
delivering pulses of 30 fs and 200 mJ. These were focused
on Al-coated SiO, targets to an intensity of 5 x 10'7 W/
cm’ [47].

The laser beam was split in two part, one (95% of the
energy) to be used as pump, and the other acting as the
probe (2.5% of the energy). The pump pulse was focused
by an off-axis parabola on the target at 45°. The probe
beam was frequency doubled by a 1-mm thick BBO crystal

@ Springer



312 Journal of Fusion Energy (2019) 38:299-314
Fig. 24 Spatial mapping of the 14000 " 1
Stokes parameters of the (@) (b) 0.9
reflected probe beam 1.5 ps - SO 1200
after the interaction of the laser 0.8
at 5 x 10'7 W/cm?® on an Al- é 2000 0.7
coated fused silica target. a Sy,
b 51 = S1/So, € 55 = So/So, : - 06
d S3 = S3/SO } 0.5
9000 0.4
o 0.3
b 0.2
e
=X = N e 0.1
150 um ) 150 pm .
1 1
(W
© S 0d @
2 0.8 0.8
0.7 0.7
0.4 0.6
0.5 0.5
0.4 0.4
\
0.3 0.3
0.2 0.2
F—— R | 0.1
150pm’| | "] 150pm i

and focused at normal incidence by a lens with focal length
f =220 mm on a focal spot on target of about 300 um.
Frequency doubling was introduced with the dual purpose
of letting the probe pulse propagate to higher density
regions and of using a probe wavelength different from the
pump, avoiding the problem introduced by the scattered
pump light entering the interferometer beam path.

The probe beam was reflected by the plasma and collect
by an imaging system (through the same lens used for
focusing) with a 10 x magnification and then injected in
the polarimeter which used two 12-bit charge coupled
devices (CCD), each CCD measuring 2 of the 4 stokes
parameters. The spatial resolution of the diagnostic was

10 pm. A delay line allowed introducing delays of the
probe beam ranging from At = —3 ps to Af =50 ps in
steps of 0.4 ps. Here At is the delay between the arrival on
target of the main beam and of the probe beam (hence a
negative Ar means that the probe beam arrives on target
before the main pulse has struck it). The plasma density
and scalelengths (which as explained before are needed to
retrieve the value of magnetic field) were characterized
suing interferometry in the same experiment.

Figure 24 shows the map of the four Stokes parameters,
which are used to retrieve the ellipticity and rotation of the
main polarization axis (Fig. 25). In this shot, we can
observe that the rotation of the polarization axis is

Fig. 25 Spatial mapping of

v W [
angles a arctan(bla), b ¥ | 150 um t # 0.6 150 um .
- p— .
2 e “, “*; 0.5 -g 29
y %4 J \‘ . : 5 5
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negligible while its ellipticity is changing drastically. This
implies the presence inside the plasma of a strong azi-
muthal magnetic field.

Due to the fact that the magnetic field strength is very
large, the relation between magnetic field and elicit change
is no longer bijective, as discussed earlier. Hence it is
difficult to estimate the absolute value of the magnetic
field. However, the comparison with simulation results,
allowed to infer a value ~ 10 MegaGauss.

The polarimetry diagnostic allows measuring the mag-
netic field inside an underdense plasma with good temporal
resolution (equal to the duration of the probe laser pulse)
and good spatial resolution (define by the resolution of the
imaging system).

Conclusions

This paper was addressed to give a few examples of the
large variety of diagnostics needed to study laser-produced
plasmas. We have focused on optical diagnostics for the
undercritical region of the plasma: shadowgraphy, schlie-
ren, interferometry, polarimetry showing some of the
challenges related to measuring the detailed characteristics
of small-size, fast-varying plasmas.
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