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2)Departamento de F́ısica Teórica Atómica y Óptica, Universidad de Valladolid, 47011 Valladolid,
Spain
3)European XFEL GmbH, Holzkoppel 4, 22869 Schenefeld, Germany
4)Laboratory for Laser Energetics, 250 East River Road, Rochester, NY 14623,
United States of America
5)Department of Astrophysics and Astronomy, Johns Hopkins University, Baltimore, Maryland 21218,
USA
6)Center for Energy Research, University of California San Diego, La Jolla, California 92093,
USA
7)Extreme Light Infrastructure - Nuclear Physics, 077125 Bucharest-Magurele,
Romania
8)CEA-CESTA, 15 avenue des Sablières, CS 60001, 33116 Le Barp CEDEX,
France

Interferometry is one of the most sensitive and successful diagnostic methods for plasmas. However, owing
to the design of most common interferometric systems, the wavelengths of operation, and therefore the range
of densities and temperatures that can be probed, are severely limited. Talbot-Lau Interferometry offers the
possibility of extending interferometry measurements to X-ray wavelengths by means of the Talbot effect.
While there have been several proof-of-concept experiments showing the efficacy of this method, it is only
recently that experiments to probe High Energy Density (HED) plasmas using Talbot-Lau Interferometry
are starting to take place. To improve these experimental designs, we present here the Talbot-Interferometry
Analyzer (TIA) tool, a forward model for generating and postprocessing synthetic X-ray interferometry images
from a Talbot-Lau interferometer. Although TIA can work with any two-dimensional hydrodynamic code to
study plasma conditions as close to reality as possible, this software has been designed to work by default
with output files from the hydrodynamic code FLASH, making the tool user-friendly and accessible to the
general plasma physics community. The model has been built into a standalone app which can be installed
by anyone with access to the MATLAB runtime installer and is available upon request to the authors.

I. INTRODUCTION

Diagnosing the properties of High Energy Density
(HED) laboratory plasmas, such as those present in In-
ertial Confinement Fusion (ICF), is fundamental to un-
derstanding their evolution and interaction1. However,
these measurements are challenging to obtain given the
usually extreme temperature and density conditions in-
volved as well as the small time and spatial scales over
which some of these interactions occur. In this context,
interferometry methods have become a useful tool, owing
to the high spatial resolution that can be achieved with
them. However, since HED plasmas are opaque to the
frequencies characteristic of visible light, X-ray radiation
must be used instead when studying this plasma regime2.
For X-ray energies, conventional interferometry meth-

ods cannot be applied, as most materials are transparent
and non-reflective to X-rays. However, it is still possible
to generate X-ray interference patterns by using diffrac-
tion gratings and making a wave interfere with itself.

a)Electronic mail: gabriel.perez.callejo@uva.es

Particularly useful tools in this case are the Talbot ef-

fect3 and the Lau effect4.

Talbot-Lau interferometry is most commonly used for
clinical applications of X-ray interferometry5,6, although
recently, its use in HED experiments and high power laser
facilities has seen significant growth7–11. This is owed to
its promising capabilities to measure small-angle scat-
tering and density gradients in the electron species12 in
addition to classical absorption radiography. However,
because of the limited amount of data that can usually
be obtained in these experiments, having dedicated shots
to set up the interferometer is highly detrimental to the
experimental success.

In this context, we present the Talbot Interferometry
Analyzer (TIA) code13, a forward model for simulating
and postprocessing Talbot and Talbot-Lau interferome-
try images of dense plasmas. The main advantage of TIA
with respect to other pre-existing tools is that, rather
than simple geometrical shapes, it produces synthetic in-
terferometry images of complex plasma systems using the
output from hydrodynamic simulations. The TIA code
produces realistic interferometric images given a com-
plete set of specified instrumental parameters, thereby
allowing users to reliably design their experiments be-
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(a) (b) (c)

FIG. 1. Examples of Talbot carpets generated with TIA for: (a) a transmission grating with small apertures; (b) a π/2-shift
grating with a duty cycle of 0.5 and (c) a π-shift grating with a duty cycle of 0.5.

forehand. It has been built into a standalone graphical
user interface using the MATLAB App Designer tool and
is available upon request to the authors.
The paper is structured as follows. In Section II a

mathematical and physical description of Talbot inter-
ferometry is given. Section III details the operation of
TIA and how the double diffraction problem from a two-
grating interferometer is solved within the code. In Sec-
tion III C we describe the postprocessing module of TIA,
which can be used to determine the value of the mag-
nitudes that can be extracted from the interferometry
images. We then present the analysis of a particular ex-
ample in Section IV, using a Rayleigh-Taylor instability
simulation. Finally, Section V presents the conclusions
of the paper and discusses future work.

II. TALBOT INTERFEROMETRY

The Talbot effect exhibits itself in the fact that when a
plane wave is diffracted by a periodic grating with small
apertures, an exact image of this grating is generated at
a distance zT of the original grating where zT is called
the Talbot length. This self-image is generated periodi-
cally at distances n · zT , where n is a natural number.
Additionally, at 0.5zT , the same pattern, shifted by half
a grating period, is observed; and at any rational frac-

tion of zT , a similar image is produced but with a smaller
periodicity. This generates a fractal pattern known as a
Talbot carpet which is shown in Figure 1a.
For a grating of period p and a wave of wavelength λ,

the exact expression of the Talbot length is

zT =
λ

1−
√

1− λ2

p2

. (1)

In most practical uses concerning X rays, it is safe to
assume that λ ≪ p. In that case, by expanding Equation
1 in a power series and keeping the first term, the Talbot
length can be approximated as

zT =
2p2

λ
. (2)

However, this effect is slightly modified in the case of
phase gratings. Most phase gratings have a duty cycle
of 0.5. That is, only half of the grating is producing
the phase shift, resulting in effective apertures equal to
the size of their separation. Under these conditions, the
assumption of small apertures does not hold any longer
and the resulting Talbot carpet pattern presents a differ-
ent shape, with self-recreations of the grating observed
at distances

dm =
m

4
·
2p2eff
λ

, (3)
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FIG. 2. Schematic of a Talbot interferometer as used in TIA. A plane wave of X-rays probes an object defined by the density and
temperature profiles from the FLASH output files. The resulting wave is then diffracted by a phase grating (the beamsplitter),
and propagates in vacuum until it reaches a transmission grating (the analyzer). The resulting wave is then imprinted upon
a general detector. Note that the analyzer grating can be rotated by a specified angle with respect to the beamsplitter to use
Moiré interferometry. A coordinate system has been added to the image for clarity.

where m is and odd integer referred to as the Talbot or-

der and peff is the effective period of the grating. This
effective period is related to the real period of the grating
p as

peff =

{

p for π/2-shift gratings

p/2 for π-shift gratings
. (4)

This effect is shown in Figures 1b for a π/2-shift grat-
ing, and 1c for a π-shift grating. In these two images,
the gratings producing the pattern have the same period.
However, in the π-shift case the self-images recreate the
effective periodicity rather than the true value.
A Talbot interferometer takes advantage of this phe-

nomenon through the consecutive use of a phase grating
and a transmission grating14–18. A coherent wave probes
a plasma, and therefore, a phase-shift pattern is gener-
ated on the wavefront. This is then diffracted by a phase
grating, called the beamsplitter, which imprints an ad-
ditional periodic phase pattern on the wave, and gener-
ates a pseudo-Talbot carpet profile. The second grating,
called the analyzer, is a transmission grating placed at a
distance dm from the beamsplitter grating (see Equation
3), where a recreation of the first grating’s diffraction
pattern is generated. The function of the analyzer is
to convert the phase differences in the interference pat-
tern to intensity changes, so that they can be directly
observed.
A schematic of a Talbot interferometer using a coher-

ent light source is shown in Figure 2. In this figure, it can
be seen that the lines of the beamsplitter and the ana-
lyzer grating are not oriented in the same directions, but
there is some angle between them. Although this is not
strictly necessary for general Talbot interferometry, in
many cases, a small rotation angle (sin(θ) ≈ θ) between

the two gratings is introduced to generate a Moiré pat-
tern on the observed image8–10,14,19–28. This introduces
an additional periodicity in the direction perpendicular
to the fringes, which, if the two gratings have the same
effective periodicity peff , depends on the angle as

pMoiré =
peff/2

sin(θ/2)
∼

peff
θ

. (5)

This periodicity can be easily tuned by changing the an-
gle between the gratings. This is particularly interesting
for probing dense plasmas, which requires wavelengths of
the order of 1-10 Å. In order to keep the size of the Tal-
bot interferometer manageable, this requires the effective
period of the gratings to be of the order of < 20 µm. Al-
though possible, using detectors that can resolve fringes
with said periodicity (the detector resolution must be
< pfringes/2) is demanding. For this reason, introducing
a Moiré periodicity that can be adjusted to fall within
the detector resolution is extremely useful, and it en-
ables single-shot imaging of HED plasmas instead of the
phase-stepping methods commonly used in medical sci-
ences. Note that the maximum spatial resolution that
can be achieved using Moiré interferometry is on the or-
der of ∼ 2− 3 fringe periods in the direction perpendicu-
lar to the Moiré fringes. Along the fringes’ direction, the
resolution is independent of the periodicity and is given
by the size of the source and the pixels, among other
characteristics of the system.
Although with the rise of Free Electron Lasers such

as the European XFEL29,30, SACLA31 or LCLS32, the
use of tunable, transversely coherent X-ray radiation33

has become possible, thus simplifying the use of X-ray
interferometry for HED plasma experiments, most com-
monly used X-ray sources do not produce coherent ra-
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diation. In these cases, an additional transmission grat-
ing can be placed between the X-ray source and the ob-
ject to be probed. This generates locally coherent light
that can then recreate the Talbot carpet patterns in what
is known as the Lau effect4,34. This method, which in-
troduces magnification in the system by using divergent
sources, is referred to as Talbot-Lau interferometry.

III. TIA OPERATION

TIA can work with any two-dimensional hydrodynamic
code, as it only requires density, temperature and ion-
ization profiles to work. On its default mode, it is de-
signed to work with the file structure of the FLASH hy-
drodynamic code35–37, one of the most commonly used
tools within the academic community to interpret HED
experiments38,39, which includes an extensive suite of
physics capabilities and tools for HED Physics37.
While using the code with three-dimensional simula-

tions is possible, in its first version TIA is designed for
2D cases only. The reason for this choice is that 3D
hydrodynamic simulations of plasmas are generally com-
putationally expensive. 2D simulations are commonly
used as a first approach to experimental designs, taking
advantage of natural symmetries present in the system,
while being computationally affordable.
The TIA code is composed of three different modules:

the wavefront calculator, the diffraction solver, and the
postprocessing module. The wavefront calculator con-
verts the output from the hydrodynamic simulation to a
3D plasma object and calculates the wavefront resulting
from a plane wave probing that plasma. The second mod-
ule solves the diffraction and propagation of said wave-
front through the two gratings that make up the Talbot
interferometer and the space between them (and between
the interferometer and the detector). The final module
postprocesses the interferometry images to obtain trans-
mission, dark field and phase shift images. In this section,
we detail the operation of each of these modules.

A. Wavefront calculator

For interferometry analysis, a spatially coherent light
source is necessary. As mentioned above, in some exper-
iments, an X-ray Free Electron Laser (XFEL) is used,
whereas in others, a coherent X-ray source is obtained
by sending the incoherent radiation through a first grat-
ing prior to probing the object. This is referred to as
Talbot-Lau interferometry, as mentioned in the previous
section. The first grating then generates several smaller
sources that are locally coherent17.
In the case of TIA, the code starts by assuming a plane

wave whose wavelength or photon energy is specified by
the user. It is also possible to operate the code in Talbot-
Lau mode, using a divergent source (equivalent to the
additional grating required in this case). While this is

FIG. 3. Schematic of the adaptation of experimental setups
with divergent sources to the plane wave approximation.

not strictly Talbot-Lau interferometry, since instead of a
collection of locally coherent divergent sources, TIA con-
siders only one coherent divergent source, the physical
behavior of both systems is equivalent. If this mode is
selected, TIA models the system by doing a simple ge-
ometric correction to account for the magnification, as
shown in Figure 3. In this case, the period of the beam-
splitter and analyzer gratings are corrected as

p′1 = p1 ·
dS−object

dS−G1

, (6)

p′2 = p2 ·
dS−object

D + dS−G1

, (7)

where dS−object is the distance from the source to the
plasma object, dS−G1

is the distance from the source to
the beamsplitter grating and D is the distance between
the gratings as defined in Figure 3. The distance D′ can
then be obtained as the equivalent Talbot order for a
grating of period p′1. Since in this case, the first grating
acts like an effective coherent source, the distances d are
measured from this grating rather than from the actual
incoherent source. After applying this correction, the
system is equivalent to using a collimated coherent beam.
In order to calculate the effects of the plasma object

on the wavefront, TIA assumes that, although the ex-
perimental X-ray source might be divergent, it does not
diverge significantly over the length scale of the object
to be probed. This approximation is valid as long as the
distance between the source and the beamsplitter is sig-
nificantly larger than the size of the plasma object (fol-
lowing the notation in Figure 3, dS−G1

≫ L). This is
the case for most HED plasma applications, where the
plasma is of the order of hundreds of microns, whereas
the distance between source and beamsplitter is of the
order of centimeters.
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The plane wave generated by the code has a constant
amplitude E0 = 1, travels in the direction of the optical
axis of the interferometer (z in Figure 2), and probes the
plasma object from the hydrodynamic simulation. Since
TIA works with 2D objects, to simulate the third di-
mension, the user can choose to either add a constant
thickness to the simulation or rotate the plasma around
x = 0 or y = 0 to simulate cylindrical symmetry (hy-
drodynamic simulations with cylindrical symmetry are
in most cases designed so that the axis of the cylinder
coincides with either the vertical or the horizontal axis
of the images). In any case, the result is a 3D plasma
object which can be probed by the wave.
After the wave has probed the plasma, its phase has

been modified, yielding a wavefront exiting the plasma
of the form

EPlasma(x, y) = E0 · e
i∆φ̃(x,y), (8)

where i is the imaginary unit and ∆φ̃(x, y) is the spatially
resolved change in phase introduced by the plasma. This
depends on the wavenumber of the radiation, the thick-
ness of the plasma, and its refractive index as

∆φ̃(x, y) =
∑

z

n(x, y, z) · k ·∆z, (9)

where z is the optical axis of the interferometer, n(x, y, z)
is the refractive index of the plasma at the corresponding
X-ray energy, k is the wavenumber of the radiation, and
∆z is the size of the calculation cell. Note that the real
part of the refractive index will contribute to Equation
8 as a phase shift, whereas its imaginary component will
result in a negative exponential corresponding to the at-
tenuation of the electric field. Although in reality, this
sum is an integral, TIA works with calculation cells of a
discrete size. Depending on whether the user has speci-
fied a cylindrical symmetry or a constant thickness, the
dependence on z of the refractive index may be dropped.
Calculating the refractive index of a plasma in the X-

ray regime is not a trivial problem. A detailed study
would require expensive calculations of the atomic struc-
ture of the elements present within the plasma for the
ionization states characteristic of the corresponding tem-
perature and density conditions, to correctly account for
bound and free electrons40. To this end, TIA gives the
user two different options.
In one case, the user can specify the complex refractive

index at the wavelength of consideration as n = 1 − δ −
iβ by specifying the values of δ and β for a given mass
density.
However, if the temperature dependence is important

or if there are different materials with significantly dif-
ferent refractive indices present in the plasma, this ap-
proach might not be adequate. In this case, the user
can specify that the refractive index is calculated with
the Drude model, which assumes a collisional, unmagne-
tized plasma. In that case, at each cell TIA calculates
the plasma frequency ωP and the electron-ion collision

frequency νei (in units of s−1) as41

ωP =

√

nee2

meε0
, (10)

νei =
Z̄ · ln(Λ)

3.4× 105
·

ne

T
3/2
e

, (11)

where ne is the density of free electrons in the plasma in
cm−3, e and me represent the electron charge and mass
respectively, ε0 corresponds to the electric permittivity of
vacuum, Z̄ is the mean ionization state of the plasma at
the point of consideration, Te is the electron temperature
in eV and ln(Λ) is the Coulomb logarithm, obtained as42

ln(Λ) =

= 23− log
(

n1/2
e T−3/2

e Z̄
)

, Ti
me

mi
< Te < 10Z̄2 eV

(12)

= 24− log
(

n1/2
e T−1

e

)

, Ti
me

mi
< 10Z̄2 eV < Te

where mi and Ti are the mass of the ions and the ion tem-
perature respectively.

Once these values have been obtained for each (x, y, z)
point using the spatial distribution of density, temperature
and ionization obtained from the output of the hydrodynamic
simulation, the refractive index is calculated as43,44

n =

√

1−
ω2
p

ω2 + ν2
ei

·
(

1− i
νei
ω

)

, (13)

where ω is the frequency of the X rays. Given that this model
is not perfect, the user can define a different model for the
refractive index within the code, if desired.

It is now possible, combining equations 8, 9 and 13, to ob-
tain the wavefront produced after probing the plasma object
as a 2D complex matrix. It is then sent through the beam-
splitter grating of the interferometer, which the user can select
to be either a π-phase, π/2-phase or a transmission grating.
Additionally, the user can select the orientation of the grat-
ing fringes to be either vertical (as shown in the schematic
presented in Figure 2) or horizontal, depending on the char-
acteristics of the plasma object. For the second grating, the
user can specify an angle of rotation θ with respect to the first
one.

The effect of the gratings is introduced by the code as an
additional mask that is applied to the wavefront. For a hor-
izontal grating rotated a small angle θ, the response of the
grating is characterized by two parameters η1 and η2 as

G(x, y) =

{

η1, Ξ− ⌊Ξ⌋ < 0.5

a, otherwise
, (14)

where η1 is the transmission efficiency of the grating (which
can be specified by the user), Ξ = (y− tan(θ)(x−x0))/p, and
the symbols ⌊⌋ indicate the floor operation. In Equation 14,
a is a parameter that depends on the type of grating as

a =











η2 for transmission gratings

η2e
iπ/2 for π/2-shift gratings

η2e
iπ for π-shift gratings

. (15)
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In this case, η2 corresponds to the transmission efficiency of
the phase-shifting part of the grating (for phase gratings) or
the attenuating parts (for transmission gratings). Following
the definitions above, for a perfect transmission grating η1 = 1
and η2 = 0, whereas for perfect phase gratings η1 = η2 = 1.

Of course, if the user specifies vertical fringes instead, the
condition in Equation 14 is modified, inverting the x and y
coordinates. As mentioned above, for the first grating, θ = 0.

Finally, denoting the beamsplitter grating as G1, the wave-
front entering the interferometer is calculated as

EG1(x, y) = EPlasma(x, y) ·G1(x, y). (16)

B. Diffraction solver

Once the wavefront EG1(x, y) has been calculated using
Equation 16, the second part of the code calculates the diffrac-
tion of this wave when travelling through the interferometer.

The Talbot effect is merely a consequence of the diffraction
of a plane wave by a grating45. Considering Equation 3, it
can be seen that over the lengths involved in Talbot interfer-
ometry, since p ≫ λ, the following condition is satisfied:

d3mλ

p4
=

( p

λ

)2 m3

8
≫ 1, (17)

which permits treating the problem using the Fresnel diffrac-
tion approximation. It is therefore possible to express the
free-space propagation of the generated wavefront as

E(x, y) =
eikz

iλz

∫∫ +∞

−∞

EG1(x
′, y′)×

e
ik
2z [(x−x′)2+(y−y′)2]dx′dy′, (18)

where (x′, y′) are the coordinates of points in the grating, k
and λ are the wavenumber and wavelength of the wave, and
z is the distance in the propagation direction, measured from
the grating.

Solving this equation numerically, although possible, re-
quires an extremely high spatial resolution (to resolve the
oscillations of the X-ray wave in a micron-sized field of view),
and is computationally expensive. However, that is not nec-
essary, as a significant reduction of the computational cost
can be achieved by taking the Fourier transform of Equation
18 and using the so-called transfer function of the Fresnel
diffraction, HF . This is expressed as

HF (fx, fy, z) = F

{

exp(ikz)

iλz
exp

[

ik

2z

(

(x− x′)2+

(y − y′)2
)]}

= exp

{

ikz

[

1−
λ2

2

(

f2
x + f2

y

)

]}

, (19)

where fx and fy are the coordinates in frequency space. It is
therefore possible to rewrite Equation 18 as

E(x, y) = F−1 {F(E(x′, y′, 0)) ·HF (fx, fy , z)
}

, (20)

thus heavily simplifying the problem46. This is the approach
that TIA uses to solving the Fresnel diffraction equation.

TIA uses this approach to propagate the wave from the
first to the second grating. This process is repeated to apply

the second grating’s mask and propagate the wavefront to the
detector.

Note that TIA does not account for any diffraction effects
that occur as the light probes the plasma (as the effects of the
plasma are all accounted for using Equation 9), or diffraction
from the plasma to the first grating. This approach is valid
as long as the angles of diffraction from the plasma itself (∼
λ/L) fall below the angular resolution of the interferometer2

(∼ p′2/dm). This condition can be expressed as

λ

L
≪

p′2
dm

→ L ≫ p′2. (21)

That is, this approximation is valid when the length scale of
the object (usually of the order of tens or hundreds of microns)
is larger than the effective period of the second grating after
doing the conversion in Equation 7 in the case of Talbot-Lau
configuration (usually of the order of microns).

Once the code has calculated the interferometry image gen-
erated by the plasma, TIA runs the diffraction solver module
a second time, with an unperturbed planar wave (no plasma
object) to generate a ‘reference’ image for comparison.

C. Postprocessing module

The first two modules can be run on their own to produce
realistic interferometric images. However, additional postpro-
cessing is required in order to extract the physical properties
that can be measured in an actual experiment.

This can be achieved by decomposing the interferometry
and reference images in their Fourier components18,26,47–51 as

I(x, y) = I0(x, y) +
∞
∑

j=1

Ij(x, y)e
iφj(x,y)

≈ A(x, y) +B(x, y)eiφ(x,y), (22)

where A(x, y) corresponds to the attenuated image, B(x, y)
is called the dark field contribution and φ(x, y) is the phase
shift.

The best approach to obtaining an accurate transmission
image is therefore to mask the periodic contributions from
the gratings in the Fourier spectrum of the interferometry
images. TIA offers two possibilities for the user: automatic
peak detection or manual selection. If the former is selected,
the code will detect the most intense Fourier peaks up to
a certain Fourier order specified by the user. The user can
then choose to either mask the regions of the Fourier power
spectrum around those peaks that are larger than a certain
threshold (also specified by the user), or to mask everything
except for a small region around the 0th order. Although
this option provides a fast way of postprocessing the interfer-
ometry images, in some cases the peak detection algorithm
might not detect the correct peaks. In that case, the users
might select Manual selection and can manually draw rect-
angles around the regions of the power spectrum that they
wish to mask. Supergaussian smoothing is then applied to
these rectangular regions in order to avoid hard edges. This
allows more freedom to the user but it requires a longer time,
as each rectangle needs to be drawn separately.

Once the attenuation mask is designed, an additional mask
is required for obtaining the phase image (containing infor-
mation about B and φ). For this purpose, the code offers
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(a) (b)

FIG. 4. (4a) Original target design and (4b) density map at 30 ns for the example simulation. The density figure is presented
in logarithmic scale to show the different regions of the expanding plasma.

two additional options to the user: keeping only the Fourier
peaks or blocking the 0th order. If the first option is se-
lected, the code will only keep the regions that the user has
specified around the Fourier peaks (either with the automatic
peak detection or by manually selecting them). On the other
hand, if the 0th order block option is selected, the phase mask
will keep everything in the Fourier spectrum with frequencies
greater than or equal to the first Fourier order. It should be
noted here that, if the manual mask selection mode is cho-
sen, TIA will consider the first drawn rectangle as being the
0th Fourier order and the second one as corresponding to the
1st order. Although the 0th order block method retains some
information from the attenuation image in addition to the
diffracted components, it has been included in the code as it
is a more robust method in the presence of strong noise in the
signal.

After the two masks (attenuation and phase) have been
designed, the code calculates the A,B and φ components of
the image (see Equation 22). While A is directly obtained by
taking the inverse Fourier Transform of the power spectrum
multiplied by the attenuation mask, the process for obtain-
ing the dark field and phase images is slightly different. As
the diffracted term has approximately the form Beiφ, after
inverting the masked Fourier transform the code takes the
natural logarithm of the generated image and separates the
real (log(B)) and imaginary (φ) parts. As this last compo-
nent φ is obtained in units of 2π, TIA then proceeds to un-
wrap the phase following the procedure described by Giglia
and Romero52; in order to convert it to phase shift units.

Finally, TIA returns three images, corresponding to the
so-called attenuation, dark field and phase shifts produced by
the plasma object (obj) with respect to the reference image
(ref). These are calculated as

Attenuation =
Aobj

Aref
, (23)

Dark Field =
Bobj

Bref
·
Aref

Aobj
, (24)

φ = φobj − φref . (25)

It should be noted here that, although these names are
commonly found in the literature, they are not exactly ac-
curate. Yang et al.53 showed that both the attenuation and
dark field images contain phase effects from the second-order
derivative (the dark field image can even be dominated by
these effects), which can enhance edges within the target sig-
nificantly. However, in this paper we will use the common
nomenclature for these images in order to avoid confusion.

IV. EXAMPLE CASE : THE RAYLEIGH-TAYLOR

INSTABILITY

To illustrate the full operation of the TIA code, we present
here its application to characterize turbulent regimes like
those that can be encountered at laser facilities in HED
studies54–56. We modelled a multilayered target which enables
to study the growth of the Rayleigh-Taylor instability57,58 us-
ing a design based on recent experiments by Rigon et al.38,59

in which a laser-generated plasma was decelerated in a low-
density foam. To do so, we ran FLASH simulations in which
a 2 ns laser square pulse with an intensity of 1014 W cm−2

and a focal spot 800 µm in diameter irradiates a target such
as the one presented in Figure 4a. The laser impinges upon a
16µm-thick plastic ablator (density 1.044 g cm−3), launching
a shock in the target. On top of the ablator there is a 1µm-
thick Cu layer, to prevent pre-heating of the target from the
X-ray emission of the coronal plasma generated in the laser-
target interface.

The shock is then transferred to a 40µm-thick plastic
pusher (density 1.3 g cm−3) doped with 30% Br. This dopant
is used to increase X-ray absorption in the target, and there-
fore the contrast. To seed the Rayleigh-Taylor instability, a
sinusoidal perturbation with 130 µm periodicity and 20µm
peak-to-valley amplitude is imprinted in the rear surface
of the pusher along the x direction. Finally, a 1mm-long
shock tube of 0.1 g cm−3 carbonized-resorcinol-formaldehyde
(CRF) foam, is mounted to observe the instability growth.

The case analyzed here, the density profile of which is
shown in Figure 4b, corresponds to the expanding plasma
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(a) (b)

FIG. 5. Interferometry (5a) and reference (5b) images generated by TIA for the example case shown in Figure 4b.

TABLE I. Values taken for the different parameters of the
selected example experimental setup.

Parameter Value

Radiation photon energy 7000 eV

Beamsplitter period 5µm

Beamsplitter fringe orientation Horizontal

Beamsplitter type π-shift

Beamsplitter efficiency parameters (η1, η2) 0.982, 0.964

Analyzer period 2.5 µm

Analyzer type Transmission

Analyzer efficiency parameters (η1, η2) 0.982, 0.001

Talbot order 3

Distance to detector 5 cm

Angle between gratings 15 °

Detector resolution (on target) 3 µm FWHM

Noise level 10%

at t=30 ns after the start of the laser pulse. The figure is pre-
sented in a logarithmic color scale to highlight all the different
regions of the plasma.

These experiments were designed to generate a plasma uni-
form along z, and so the targets are uniform in that direction
(the seeded instability seems to be plowed along z). Addition-
ally, the laser spots were smoothed to not generate additional
imprint instabilities. For this reason, since in our simulation
the laser spot is a third-order supergaussian 800 µm in diam-
eter, to avoid effects from the edges of the laser spot, the
system was assumed to have a constant thickness of 500 µm
in the z-direction. The parameters of the experimental setup
chosen in this case are shown in Table I. The distance between
gratings is specified as the Talbot order m of the beamsplit-
ter (see Equation 3). The beamsplitter fringes were oriented
horizontally, which together with the angle between gratings
generates vertically oriented Moiré fringes with a periodicity
of ∼ 9.5µm (see Equation 5).

The grating parameters η1 and η2 in the example have
been chosen to match commercially available gratings. These
correspond to MicroWorks GmbH X-ray gratings, which use
a polyimide substrate on which, either gold (for transmis-
sion gratings) or doped PMMA (π-phase gratings) stripes are
grown. From the definitions in Equations 14 and 15, it can
be seen that commercially available X-ray diffraction gratings
are nearly ideal.

A 3 µm spatial resolution was used in order to be able to
resolve the Moiré fringes. This resolution is similar to that
in Rigon et al.59, where they obtained a ∼ 1µm resolution
by using lithium fluoride (LiF) detectors. Other options that
can be used to achieve similar results include high-resolution
ceramic X-ray detectors like those at SACLA60. Neverthe-
less, the spatial resolution indicated in Table I corresponds to
on target resolution, so if TIA is used in Talbot-Lau mode,
magnification must be taken into account. For example, if an
object magnification ∼ 40 is used11, a resolution of 3µm can
be easily obtained using regular CCD cameras.

The synthetic interferometry images generated, object and
reference, are shown in Figure 5. In the first image it can be
seen how the light is deflected and absorbed by the plasma,
imprinting a pattern on the fringes that can be analyzed when
compared to the reference image. These differences are suf-
ficient to retrieve important information about the plasma
after the TIA postprocessing module is executed.

For this example, the ‘Manual’ mode of the postprocessing
module was chosen, selecting the areas around the first and
second Fourier orders and a ‘Fourier peaks’ phase mask was
used. Recall that this means that the manually-selected re-
gions around the first and second order Fourier peaks were
masked in order to obtain an attenuation image, while they
were the only components kept for the phase images.

The results are shown in Figure 6, where 6a corresponds
to the attenuation image, 6b to the dark field and 6c to the
phase shift. The contrast of each image has been adjusted to
ease the visualization of the different features of the plasma.
Additionally, Figure 6d shows 20µm-wide horizontal lineouts
through y = −360 µm as indicated by the dashed horizontal
lines, together with the equivalent density lineout from the
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FIG. 6. Results from the example case. (a) Transmission image, (b) dark field image and (c) phase shift. The colorbars and
contrast have been adjusted so that the features of the plasma can be easily observed in all images. An additional scale has

been added to the phase shift figure, indicating the equivalent values of the integrated electron density gradient
(

~∇ (nez)
)

that

can be measured with this system. Panel (d) shows 20 µm-wide horizontal lineouts through y = −360µm together with the
corresponding density lineout from the hydrodynamic simulation in Figure 4b for comparison. This position is indicated by
the horizontal dashed lines in (a)-(c). Note how the transmission contrast in this case is very low compared with the dark field
features, illustrating the advantages of Talbot interferometry over absorption radiography in such regimes.

hydrodynamic simulation (Figure 4b) for the sake of compar-
ison.

The measured transmission reaches values slightly above
one at some points in the plasma. This is an indication of
the second-order derivative effects that were mentioned in
the previous section, which arise from the presence of strong
density gradients in a direction perpendicular to the wave
propagation, such as sharp edges in the object. This effect
is commonly known as refraction enhancement61,62 and is of
particular interest for the dense plasma community for char-

acterizing irregularities in the surface of targets, such as ICF
capsules63–65.

It can be seen that the periodic features of the instability
are obtained with a much larger contrast in the dark field
image than in the transmission image. This is due to the
very strong density gradients in those regions.

Additionally, the colorbar in Figure 6c shows how the phase
shift image can be easily converted to units of electron density
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gradient by applying the following transformation12

~∇ (nez) =
φ

λ2re
·
p′2
dm

, (26)

where λ is the wavelength of the X-rays, re is the classical
electron radius, z is the thickness of the plasma object (500 µm
in this particular example), p′2 is the period of the analyzer
grating (transformed in the case of Talbot-Lau operation) and
dm is the distance between the beamsplitter and the analyzer.

V. CONCLUSIONS

We have presented TIA, a software tool that can simulate
a complete experimental setup with a Talbot or a Talbot-Lau
interferometer using the output of 2D FLASH hydrodynamic
simulations as input. This code can be used as a testbed for
experimental designs which include X-ray interferometry to
accurately predict obtainable measurements and help decide
on the experimental parameters.

In order to achieve this, TIA has three different modules:
wavefront calculator, diffraction solver, and postprocessing
module. The first calculates the changes in the wavefront
introduced by the plasma of consideration (both phase shifts
and absorption). After that, the diffraction solver calculates
the Fresnel diffraction pattern of the generated wavefront as
it traverses the interferometer to the detector. Finally, the
postprocessing module can be used to extract the absorption,
dark field and phase shift components of the generated inter-
ferometry images.

We have presented an example of the operation of TIA,
probing a laser-generated Rayleigh-Taylor instability using a
7 keV radiation source. We have shown how, even small fea-
tures in the interference pattern can translate into significant
features in the phase images, which present more detail than
the classical absorption image used in X-ray radiography. Fu-
ture work includes testing the output from this code against
laser-plasma experimental data obtained at XFEL facilities
such as SACLA29,59 and the European XFEL.
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