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Abstract The Fresnel Diffractive Imager concept is proposed for space borne
astronomical imaging at Ultra-Violet wavelengths, using diffractive focaliza-
tion. The high angular resolution and high dynamic range provided by this new
concept makes it an ideal tool to resolve circumstellar structures such as disks
or jets around bright sources, among them, pre-main sequence stars and young
planetary disks. The study presented in this paper addresses the following
configuration of Fresnel diffractive imager: a diffractive array 4 m large,
with 696 Fresnel zones operating in the ultra-violet domain. The diffractive
arrays are opaque foils punched with a large number of void subapertures
with carefully designed shapes and positions. In the proposed space missions,
these punched foils would be deployed in space. Depending on the size of
the array and on the working spectral band, the focal length of such imagers
will range from a few kilometers to a few tens of kilometers. Thus, such space
mission requires a formation flying configuration for two satellites around the
L2 Sun-Earth Lagragian point. In this article, we investigate numerically the
potential of Fresnel arrays for imaging circumstellar dust environments. These
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simulations are based upon simple protostellar disk models, and on the com-
puted optical characteristics of the instrument. The results show that proto-
planetary disks at distances up to a few thousand parsecs can be successfully
studied with a 4 m aperture Fresnel imager in the UV.

Keywords Circumstellar discs · Dust · High angular redulution ·
High dynamic range · Fresnel imager

1 Introduction

The Fresnel Diffractive Array Imager (FDAI) is based on the Fresnel Zone
Plate concept [13]. It has been proposed in 2005 for space imaging [5, 6]
and tested with laboratory breadboard designs [10, 11]. It is also described
elsewhere in this special issue [2, 7, 9].

For the sake of self consistency of the present paper, we recall here some
basic facts and formula related with Fresnel diffractive imagers. A Fresnel
imager of aperture φ has a wavelength-dependent angular resolution:

Rairy = λ

φ
, (1)

which is similar to that of a square aperture telescope of equivalent size. The
focal length of a FDAI depends on the linear size φ of the array, on the
wavelength λ, and on kmax, the number of Fresnel zones from center to corner
according to the following formula:

f = �2

8kmaxλ
(2)

For example, a “large” 20 m FDAI, with 2,000 Fresnel zones from center to
corner will have a focal length of 66 km at 250 nm, and 140 km at 120 nm. A
“small” 4 m FDAI with 700 Fresnel zones will have a focal length of 11 km at
250 nm, and 24 km at 120 nm.

For several reasons, FDAI’s are most valuable for UV imaging. First, the
light is focused without any absorption or reflection loss (the focuser only
involves void holes). Second, the light focused by a FDAI has a wave front
quality which is independent of the wavelength. If the diffractive array is
manufactured according to the desired specifications, the resulting image is
diffraction-limited at all wavelengths. Thus, working with smaller wavelengths
will increase the resolution limit without hampering the image quality. Fur-
thermore, diffraction focussing provides high dynamic range that is otherwise
difficult to reach in UV, and will allow to map disks around stars without
having to use coronagraphs that simultaneously block the stellar radiation and
the most interesting inner region of the disk.

As a consequence, protostellar disks around Pre-Main Sequence (PMS)
stars are natural candidates for diffractive imaging studies. Indeed, interme-
diate mass (2–10 M�) PMS stars, also known as Ae/Be Herbig (HAeBe) stars
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have effective temperatures in the range 10,000–25,000 K and emit the bulk of
their radiation in the UV domain. They are also significantly more luminous
than solar-type PMS stars. High resolution and high dynamics images in the
UV domain are likely to help understanding the structure and evolution of
such objects.

In this article, we address some questions related to the observability of
such stellar environments with space borne FDAI’s. To be more specific, we
present numerical simulations on how a FDAI configuration would render
the structure of a protostellar disk. For this sake, we use standard stellar
dust environment models, and compute the light intensity distribution which
would result from stellar light diffusion within this dust (Section 2). Then,
we compute the focal image a 4 m FDAI would produce from this light
distribution (Section 3). Finally, conclusions are drawn about the observability
of protostellar disks with UV space borne FDAI’s (Section 4).

2 Disk models

Protostellar disks are angular momentum reservoirs generated during star
formation to store the angular momentum excess associated with gravitational
collapse of rotating clouds (see e.g. [15]). Disks are heated by the release of
gravitational energy in the accretion process and also by stellar irradiation.
The gravitational energy is mainly released in the disk midplane while the
stellar radiation is absorbed through the atmosphere; this gives rise to a
vertical temperature inversion over most of the disk and an “overheated” dusty
atmosphere [1]. UV photons are absorbed in the dusty atmosphere (see [14]).
Thus for this modelling we should only consider the UV radiation produced
by the scattering of UV photons in the disk atmosphere, i.e., above one scale
height in the disk.

In our first model: a standard α-Disk model, we assume an inner and
outer disk radius of 0.2 AU and 1,000 AU respectively, and stellar masses
M = 0.5 M�, 1 M� and 3 M� as in Hayashi [3]. The dust is assumed to have
uniform optical properties all over the disk: dust grains are assumed to be
spheres of constant radius a = 0.5 μm, and mass mgrain = 0.5 10−15 kg. The
local number density of dust grains is derived from the standard accretion disks
mass distribution assuming a gas-to-dust mass ratio of 100.

2.1 Vertical density distribution in accretion disks

Following the standard model for α-accretion disk [8], the vertical distribution
of matter is given by:

ρ(r, z) = ρ0(r) exp
(
− z

H(r)

)2 [
g/cm3] (3)

where r and z are the cylindrical coordinates of any given point in the disk,
ρ0(r) is the matter density in the mid-plane at distance r from the star and
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H(r) is the vertical scale height. If the gravitational field is dominated by the
star, the disk thickness can be readily derived as H(r) = cs(r)/�(r) where
�(r) is the Keplerian angular velocity of the material orbiting in the disk at a
radius r:

�(r) = (GM)
1
2 r− 3

2 = 2π

(
M

M�

) 1
2 ( r

1 AU

)− 3
2 [

yr−1] , (4)

and cs(r) is the local sound velocity:

cs(r) =
√

γ kBT(r)
μ mH

. (5)

Here, γ stands for the adiabatic index, μ is the mean molecular weight
(2.34 as for a molecular H2 disk) and mH is the mass of a hydrogen atom.
Consequently, a simple expression can be derived for H(r), in terms of the
disk temperature law T(r):

H(r) =
(

γ r3kBT(r)
GMμ mH

) 1
2

(6)

The temperature in the mid-plane of and α-disk is given by:

T(r) = 127.8 K ×
(

Ṁ
10−8 M�/yr

) 1
4 (

M
M�

) 1
4 ( r

1AU

)− 3
4

f (r) (7)

where Ṁ is the accretion rate, M� and R� are the solar mass and radius,

respectively and f (r) =
(

1 − ( R∗
r

) 1
2

) 1
4

which is � 1 for r > 0.4 AU, which is
the only relevant case for this study. Henceforth:

H(r) = 2.26 109 m ×
(

Ṁ
10−8 M�/yr

) 1
8 (

M
5 M�

)− 3
8 ( r

1AU

) 9
8

(8)

2.2 Radial distribution of the column density

In steady accretion disks, the radial mass flow is constant and the disk surface
density 
(r) is prescribed by the disk viscosity ν(r) = αcs(r) H(r) as follows:


(r) = 1
ν(r)

Ṁ
3π

f (r)4 [
kg m−2] (9)

Thus:


(r) = 283.2 kg m−2 ×
(

Ṁ
10−8 M�/yr

) 3
4 (

M
5 M�

) 1
4 ( r

1AU

)− 3
4
. (10)

The density in the disk midplane can thus be approximated by:

ρ0(r) = 
(r)
H(r)

(11)
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which yields, after some algebra,:

ρ0(r) � 12.5 10−9 kg m−3 ×
(

Ṁ
10−8 M�/yr

) 5
8 (

M
5 M�

) 5
8 ( r

1AU

)− 15
8

(12)

For a Ae Herbig star, fiducial values are: α = 0.01, M = 5M�, Ṁ =
10−8 M� yr−1.

2.2.1 Fiducial distribution of dust grains

Assuming a gas-to-dust ration of 100 and a The number density of dust grains,
Nd(R, z) is directly derived from ρ(R, z) as follows:

Nd(R, z) = ρ(R, z)

ηmd

where η is the gas-to-dust mass ratio, and md � 0.5 10−15 kg is the mass of the
dust grains. This yields:

Nd(r, z) = 2.5 105 m−3 ×
(

Ṁ
10−8 M�/yr

) 5
8 (

M
5 M�

) 5
8 ( r

1AU

)− 15
8

exp −
(

z
H(r)

)2

(13)

with H(r) given by Eq. 8. For more realism, we assume that the dust grain
density vanishes for r < Rin = 10 AU (inner disk radius). Indeed, at the center
of the disk is located the protostar (not represented in the images below),
the strong radiation of which evaporates the dust grains located at distances
smaller than the “inner radius” of the disk. The highest density of dust is found
at distances just above the inner radius. At r > Rout = 1,000 AU (beyond outer
disk radius), the dust density will be considered null.

2.3 Ray tracing

In our simplified model, we consider single light scattering by dust grains (no
multiple diffusion). Thus, dust grains receive light from the star only, not from
other parts of the illuminated disk. The disk volume is discretized into finite
elements within an orthogonal coordinate system centered on the star with
reference Z axis along the observers direction. The circulstellar disk plane
is placed at an inclination i with regard to the X, Y (sky) plane. For each
finite element, we compute the illumination received by dust grains from the
star.

It is worth noting that not all points in the disk volume need to be consid-
ered, since the scattering of UV photons only occurs in the outer layers of the
disk atmosphere, namely in the so-called “Photo Dissotiation Region” (PDR).
The UV radiation is absorbed by H2 molecules, leading to the formation of
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a photodissotiation front into the disk and leaving a photoevaporative flow
behind.

The light intensity diffused towards the observer is computed according to
the Henyey and Greenstein [4] diffusion model:

IScat = I0

r2 πa2 φ(θ) Nd(r, z) (14)

where

IScat scattered light intensity (W.sr−1).
I0 incoming light intensity (W.sr−1).
a radius of dust grain.
r distance of dust from central protostar
θ diffusion angle (see Fig. 1).
φ(θ) diffusion factor.
Nd(r, z) dust density.

In this model, the diffusion factor (or scattering phase function) φ(θ) is:

φ(θ) = 1 − g2

4π × (1 + g2 − 2gcosθ)3/2 (15)

where g is the scattering phase function asymmetry. It varies from −1 to +1.
When g = −1, all the incoming light is scattered back to the star. For g = 0,
the light is diffused isotropically. For g = +1, the light goes forward “through”
the dust grain as if it were fully transparent. The anisotropy factor g is
wavelength dependent in the most general case. Here, we assume that it can be
approximated to a constant value in the UV bandpass (120 nm < λ < 260 nm),
and we have set it to an average value of g = +0.6 for the model presented.

We assume that no absorption occurs between the star and the dust grain,
except in high dust density regions, where light is considered completely

Fig. 1 Illustrates the
scattering of light by a dust
grain at distance r from the
star. θ is the diffusion angle.
The observing direction lies
in the (x, z) plane
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blocked. From the dust grains to the observer, local absorption of the rays is
taken into account, and a multiplicative transmission factor is applied locally.

We compute the local dust density in each volume element of our disk
model, and from it we get a local absorption factor due to dust, that we apply to
the rays traveling towards the observer. We consider the absorption by the dust
grains only, computing it from their cross section and surface density in a given
volume element. In the dense layers of the disk: when the UV transmission
through the dust gets under 10−6, we consider its contribution negligible and
stop propagating the corresponding ray.

Finally, all the scattered radiation is integrated onto a plane perpendicular
to the line of sight, so as to construct the 2D luminosity maps, which will
be input to the Fresnel Imager. Considering absorption by dust only may
overestimate the transmission of UV light, probably blocked before by the
photodissotiation front, but this simple model is not intended to give a fully
precise image of protostellar disks: only to provide a base object for the
assessment of performances of Fresnel Imagers.

To summarize, the parameters in Table 1 control this step of the process.
In Fig. 2, the dust disks are created by the model described in the above

section, developed by ourselves and based on an irradiated α-disk model and
the parameters in Table 1, left columns: respectively 0.5 M�, 1 L�—and 3 M�,
10 L�.

In Fig. 3, the dust disk has been constructed as a set of nested ring-like
structures whose physical parameters have been imported from the isodensity
contour levels, using a numerical model based on Yorke and Bodenheimer
[15]. The base parameters of this model are listed in Table 1, right columns:
respectively 1 M�, 1 L� to account for a T-Tauri type star, and a 3 M�,
10 L� for a Herbig type central star. The disk is then projected onto the
line of sight at different inclination angles, using a commercial ray tracing
software.

As a result, frontier effects between surfaces are clearly apparent in Fig. 3.
Also disk flaring produces dramatic external rings that are not observed in the

Table 1 Parameters used to simulate dust disks around young stars, projected on the line of sight
and convolved by the PSF of a Fresnel imager, yielding the images in Figs. 2 and 3

Fig. 2up Fig. 2down Fig. 3up Fig. 3down Unit

Stellar mass 0.5 3 1 3 M�
Luminosity 1 10 1 10 L�
Mass loss 10−8 10−8 10−8 10−8 M�/ year
α disk parameter 0.01 0.01 0.01 0.01
Henyey–Greenstein param. for dust 0.6 0.6 0.6 0.6
Disk inner radius 0.2 0.2 0.2 0.2 A.U.
Disk outer radius 1,000 1,000 1,000 1,000 A.U.
Distances from observer 1 & 10 1 & 10 1 & 10 1 & 10 kiloparsecs
Main Fresnel array aperture 4 × 4 4 × 4 4 × 4 4 × 4 m
Observation wavelength 121 121 121 121 nm
Angular resolution 0.07 0.07 0.07 0.07 ”
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Fig. 2 Images obtained by
convolution of α-Disk models,
placed at 1 kiloparsec, with
the point spread function of a
4 m aperture Fresnel imager
operating at λ = 121 nm. The
field from left to right margin
of the whole figure is 2.4 arc
seconds. The disks parameters
are in Table 3 left columns: a
0.5 M� solar typeT-Tauri star
(four top f igures), and a 3 M�
spectral type A (four bottom
f igures). The disks inclination
angles from sky plane are
0◦(top lef t), 60◦(top right),
75◦(middle), 90◦(lower). The
arc shaped limit visible at 0◦
and 30◦ is due to the external
radius of all dust disk models
in this figure, set to 1,000 AU.
The luminosity scale has been
square-rooted (except at 90◦),
to display the high dynamic
range. The maximum
brightnesses at 0◦ and 60◦ are
much higher than at 75◦ and
90◦ (see Table 2)

Table 2 Maximum disk brightness (arbitrary unit) as a function of inclination, for the α-Disk
models shown in Fig. 2

Inclination 0◦ 60◦ 75◦ 90◦

α-Disk 0.5 M� 541 54 6.1 3.1
α-Disk 3 M� 1,968 98 21 6.8

At low inclination angles from sky plane, there is in addition a very high brightness contrast
between the inner and outer parts of the disks
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Fig. 3 Images obtained by
convolution of disk models
with the PSF of the Fresnel
imager: a protoplanetary disk
of 135 UA mean radius,
placed at a distance of 1
kiloparsec, seen with a 4 m
aperture Fresnel array
operating at λ = 121 nm.
These disks are based on a
model constructed as a set of
nested ring-like structures
(see text). Disk flaring
produces external rings that
are not observed in the
standard accretion disk
models, but seen around
Fomalhault. Disk model
parameters are in Table 3,
right columns: a 1 M� solar
type T-Tauri star (the four top
images), and a 3 M� spectral
type A (the four bottom
images). In both sets, the
inclination angles are
0◦, 30◦, 60◦ , 90◦ from sky
plane, left to right and top to
bottom. The field from left to
right margin of the whole
figure is 2.4 arc seconds

standard accretion disk models. The objective of these tests is to analyze the
sensitivity of Fresnel imagers to detect external ring and belts in the outer parts
of the disk as the observed in Fomalhault.

Although our disc models could be enhanced to take into account more
complex mechanisms, and could be more precise, they are just used here
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Table 3 Specifications for two possible Fresnel Space imagers

Specifications Proposed Fresnel imager Future large project

Array size 4 m 20 m
Fresnel zones 700 3,000
Field optics diameter 0.68 m 3 m
Bandpasses 120–150 and 200–260 nm 120–150 and 200–260 nm
Resolution at 121 nm 0.007′′ 0.0012′′
Field at 121 nm 5.9′′ 4.5′′

The 4 m configuration is proposed for the ESA “Cosmic Vision” call for 2020–2022 as a class “M”
mission

for assessing the suitability of the instrument we propose to observation of
protostellar disks at large distances.

3 Convolution and model perspective

The disk simulation code described above produces 2D “sky maps” of ac-
cretion disks. Wether or not all the details in these maps are reveled by the
instrument depends on its capacities in resolution and dynamic range. To
assess this, we convolve the 2D stellar disk maps with the point spread function
(PSF) of a Fresnel imager. The following parameters control this step of the
process:

– the distance at which the circumstellar disk is observed,
– the detailed PSF map, which will account for the dynamic range,
– the angular resolution: scale of the PSF map, obtained from aperture size

and wavelength used.

The PSF of the Fresnel imager is computed by a dedicated propagation
software, developed by Serre [12], published elsewhere in this special issue.
This software performs an end-to-end Fresnel propagation of a light wave
through all the diffractive and refractive optical elements encountered on
its way to the final image. It has been tested and validated by quantitative
comparisons with optical PSFs of prototype Fresnel arrays.

The convolution of a circumstellar disk map by a PSF map yields the final
simulated image. Having the dust disk models and the Fresnel imager PSF, we
use an optical convolution code, developed by ourselves, to yield the images
of dust disks that would be seen with a 4 m aperture Fresnel imager. The
following parameters control the convolution step:

– scale of the PSF shown Fig. 4 (deduced from aperture and wavelength),
– distance of the protostar system.

This final step of calculation is what is presented in Figs. 2 and 3.
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Fig. 4 Numerically computed
Point spread function of the
Fresnel array, and used for
convolution of the disk
models presented in this
paper. The central lobe has a
base radius of 0.007” for an
aperture of 4 m and a
waveband centered at 121 nm.
It is displayed at power 0.25 in
order to fit its high dynamic
range and show the faint
spikes

4 Conclusion

This work shows that with a 4 m aperture Fresnel array operating at 121 nm,
protostellar disks up to distances of several kiloparsecs can be imaged with
enough detail. This kind of instrument should be powerful tools to study the
large variety of young stars and peculiar objects the Gould’s Belt, at 140–
160 pc, where prominent star forming regions such as Taurus, Lupus, and
Ophiuchus are located. On a protoplanetary system close from us, such as
Fomalhaut at 7.6 pc, a 4 m Fresnel imager would provide a linear resolution of
0.05 AU.

The Fresnel Diffractive Array Imager can be built in different confi-
gurations according to the science cases addressed, hence with various angular
resolutions, dynamic ranges, and wavebands. As an example, the specifications
in the left column of Table 3 are proposed for a mission to be launched
around 2025: A 4 m Fresnel array at 121 nm, having an angular resolution
of 7 milli arc seconds (mas) and yielding the images presented in Figs. 2
and 3.

The right column of Table 3 gives specifications for an ambitious project
of further space mission, that would also be competitive in the visible and IR
bands. Such a 20 m Fresnel array would allow to measure the inner radius of
a circumstellar disk at 150 pc, down to 0.2 astronomical unit, and give many
details on the structure and evolution of such disks. Stellar discs are just an
example, many other science cases can be addressed with this new type of
instrument.
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