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Abstract: Quantitative phase retrieval is experimentally demonstrated
using the Inverse Compton Scattering X-ray source available at the
Accelerator Test Facility (ATF) in the Brookhaven National Laboratory.
Phase-contrast images are collected using in-line geometry, with a single
X-ray pulse of approximate duration of one picosecond. The projected
thickness of homogeneous samples of various polymers is recovered
quantitatively from the time-averaged intensity of transmitted X-rays. The
data are in good agreement with the expectations showing that ATF Inverse
Compton Scattering source is suitable for performing phase-sensitive
quantitative X-ray imaging on the picosecond scale. The method shows
promise for quantitative imaging of fast dynamic phenomena.
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1. Introduction

Inverse Compton Scattering (ICS) represents a promising method for producing near-
monochromatic and intense X-ray pulses. This method has received considerable interest in
the last few years for high-quality X-ray imaging applications [1, 2]. From the imaging point
of view, the main features of this kind of X-ray source are the near-monochromaticity, the tun-
able peak energy, the small source size, the high intensity and the short duration of the X-ray
pulses. Among the various techniques that can be used to obtain phase-contrast X-ray images,
the so called in-line imaging is the simplest in principle and easiest to implement [3–6]. Phase-
contrast imaging is a valuable tool for enhancing the contrast especially when the samples to be
visualized are weakly absorbing (low Z), hence clinical and biological studies benefit from the
development of phase-sensitive imaging techniques [7]. Phase retrieval enables the recovery of
quantitative information from phase-contrast images and improves the quality of tomographic
reconstruction [5–8].

2. Materials and methods

The X-ray source used in this study is the ICS source available at the Accelerator Test Facility in
the Brookhaven National Laboratory [9]. The imaging setup and the source characteristics have
been described elsewhere [9, 10], a brief summary of the various parameters of our experiment
is here reported. The electron beam energy is 79 MeV with 0.15% energy spread and focus spot
size of 32 μm. The CO2 laser pulses (10.6 μm wavelength) are focused into a 40 μm rms spot
in head-on collision geometry. The peak energy of the X-ray beam can be computed as [11]:

EX−ray = Elaser
4γ2

1+(a2
L/2)+(θγ)2 (1)

which gives 10.4 keV. In Eq. (1) EX−ray is the scattered X-ray energy, Elaser is the laser photon
energy, γ is the electron beam Lorentz factor, aL is the normalized laser vector potential [12]
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and θ is the observation half-angle. The total number of photons is expected to be 108 per pulse.
The pulse duration is about 1 picosecond [10].

The source is located at the position −r1 = −1050 mm along the z axis which coincides
with the beam axis. The object is positioned at the origin and the detector is placed in a plane
(x,y) orthogonal to the beam axis at r2 = 2235 mm. The objects to be analyzed are polymer
wires (cylinders) of various thicknesses: two samples made of Nylon with diameters 170 and
535 μm, two samples made of PET (polyethylene terephthalate) with diameters 107 and 520 μm
and one sample of PMMA (polymethyl methacrylate) with diameter 1124 μm. These polymers
are composed of low-Z elements including hydrogen, oxygen and carbon which are also the
main components of many biological soft tissues.

The imaging detector is a flat panel (Hamamatsu C9728DK −10) based on a CMOS sensor
coupled with a scintillator (CsI). The detector Line Spread Function (LSF) is well approximated
by two Gaussian functions (σ1 = 40,σ2 = 101 μm, relative amplitude A2/A1 = 0.4). Each im-
age is acquired with a single shot and the detector acquisition is manually synchronized with
the X-ray pulse. The image is equalized using an estimated “flat-field” (the image acquired
without the object). The pixels that contain any detail of the sample are excluded from the data
set and a two-dimensional Gaussian function is fitted to the remaining part of the experimental
image. This estimates the intensity distribution that would have been detected without the ob-
ject. The model for the intensity distribution is chosen as a two-dimensional Gaussian function.
This choice can be justified looking at the flat-field: the intensity profiles along two orthogonal
directions in the (x,y) plane are well fitted with a Gaussian distribution if we allow two differ-
ent widths to be used. The same choice has been reported in a previous work [13]. This fitting
procedure is necessary to equalize the detail of the image for which an experimental flat-field is
not available. The actual shot-to-shot reproducibility (in terms of shape, position and intensity)
is not good enough for a conventional flat-field equalization.

The ideal kinematic spectrum of an ICS source is significantly broadened at any observation
position by the three-dimensional effects of the collision [14]. The observation angle can be
chosen such that the energy spread due to the three-dimensional effects (Δ′E/E) becomes com-
parable to the energy spread due to the geometry-dependent relativistic Doppler up-shift of the
scattered photons (Δ′′E/E). The spectral broadening of our X-ray beam is [9,14] Δ′E/E ≈ 0.6%
and the same bandwidth is observed over an angle θ = 0.5 mrad such that Δ′′E/E ≈ γ2θ 2.
Within an angle of ∼ 1 mrad the position-dependent energy spread is directly comparable to
the spectral broadening expected from the three-dimensional effects.

With an ICS source it is possible to realize phase-contrast imaging using a single X-ray
pulse [10]. Applying phase retrieval to such fast images gives quantitative information about
the sample with a time resolution which is on the picosecond scale. As the X-ray spectrum
produced by an ICS source is both polychromatic and spatially variant, it is necessary to anal-
yse the conditions for applicability of previously reported phase-retrieval methods to images
obtained with the use of such sources. Here we present such analysis in the case of phase re-
trieval based on the Transport of Intensity Equation (TIE). The TIE that can be derived under
the assumptions of a homogeneous object and paraxial incident illumination is [15, 16]:

S1(x,y;ν) =
(

1− R′c
4πν

δ (c/ν)
β (c/ν)

∇2
)

S0(x,y;ν) (2)

where S0(x,y;ν) is the spectral density in the plane in contact with the object, S1(x,y;ν)
is the spectral density of the transmitted X-ray wave at a given position (x,y) in a plane
perpendicular to the X-ray beam propagation axis, at a distance r2 from the object and
R′ = r1r2/(r1 + r2) is the defocus distance. S0(x,y;ν) can be expressed in terms of the in-
cident spectral density Sin and the projected thickness T (x,y) of the object as S0(x,y;ν) =
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Sin(x,y;ν)exp{−(4πν/c)β (c/ν)T (x,y)}. The refractive index of the sample material is de-
fined as n(c/ν) = 1− δ (c/ν)+ iβ (c/ν) and ν = c/λ is the frequency of a given monochro-
matic component (c is the speed of light).

Outside the absorption edges, β (c/ν) and δ (c/ν) can be approximated as β (c/ν) =

(ν0/ν)4β (c/ν0) and δ (c/ν) = (ν0/ν)2δ (c/ν0) [17]. We choose ν0 as the peak frequency of
the X-ray beam. With integration of Eq. (2) over the frequency and using μ = 4πβ/λ , the
expression for the intensity becomes (I(x,y) =

∫
S(x,y;ν)dν):

I1(x,y) = I0(x,y)− R′δ (c/ν0)

μ(c/ν0)
∇2

∫ ν
ν0

S0(x,y;ν)dν . (3)

In order to substitute ν/ν0 with 1 in Eq. (3) the inequality (relative error) to be satisfied is:
∣∣∣∣∇2

∫
S0(x,y;ν)

[
ν
ν0

−1

]
dν

∣∣∣∣<<
μ(c/ν0)

R′δ (c/ν0)
. (4)

With the condition in Eq. (4), Eq. (3) can be expressed as:

I1(x,y)≈ I0(x,y)− R′δ (c/ν0)

μ(c/ν0)
∇2I0(x,y) (5)

that is valid provided that a sufficiently small region is selected in the image, in which the
frequency does not change too much:

a
ΔEmax

E0

δ (c/ν0)

β (c/ν0)

1
NF

<< 1 (6)

where NF = 4πh2/(λ0R′), a = h2
∣∣∇2I(x,y)

∣∣ and h is the size of the smallest resolvable detail
in the object plane. In our experiment the maximum value of the left-hand side of condition (6)
is less than 5× 10−4. Equation (5) can be solved for I0 using the Fourier transform [16] and,
once I0(x,y) is known, the projected thickness T (x,y) is recovered with the relation (Iin(x,y) =∫

Sin(x,y;ν)dν):

T (x,y) =− 1
μ(c/ν0)

ln

(
I0(x,y)
Iin(x,y)

)
. (7)

3. Results

A single-shot image of the PMMA sample is presented in Fig. 1. The raw acquisition is reported

Fig. 1. Single-shot image of the PMMA sample. (a) Raw acquisition corrected for the dark
current. (b) Equalized intensity distribution. (c) Reconstructed projected thickness.

together with the equalized intensity distribution and the reconstructed projected thickness. The
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Fig. 2. Reconstructed projected thickness at the object plane. (a) Nylon 170 μm. (b) Ny-
lon 535 μm. (c) PET 107 μm. (d) PET 520 μm. The reconstruction after phase retrieval is
compared to the reconstruction using only absorption.

profiles of the various samples have been extracted for a quantitative comparison between the
known projected thicknesses and the ones reconstructed using Eq. (5) and Eq. (7) (Fig. 2 and
Fig. 3). The expected profile is computed as the wire projected thickness convoluted with the
system LSF. The indexes of refraction used for the reconstruction are δ = {2.76, 2.38, 2.47}×
10−6 and β = {3.94, 2.64, 3.28}×10−9 for PET, Nylon and PMMA respectively.

The maximum thickness is estimated with less than 3% relative error for all the samples,
while the whole profile is accurate only for the thicker samples. The profiles are averaged over
50 rows across the wires, as close as possible to beam axis; for the PET 107 μm sample the
average is taken over a larger number of rows (100) because of the smaller signal-to-noise
ratio achieved. The thinner wires have a diameter which is comparable to the resolution of
our imaging system; a small error in the characterization of the system point-spread function
would result in considerable discrepancies between the expected and the measured projected
intensities. The spot size depends on the overlap of the electron bunch and the laser pulse and
can fluctuate from shot to shot. This could explain the relatively less accurate reconstruction
obtained with those samples. An asymmetry can be noted in (a), (b) and (c) frames of Fig. 2.
Since the phase retrieval procedure cannot introduce any asymmetry by itself, we consider this
effect to be a consequence of the non-perfect image equalization.

The projected thicknesses can also be computed using only the information coming from
absorption (Fig. 2 and Fig. 3). These profiles are averaged over the same regions previously
selected on the images processed with phase retrieval. Because of the fringes that are present
in the image (I1(x,y)), the projected thickness appears to be negative in the region near the
phase edge (air-polymer interface). This clearly leads to a non-physical measure of the thick-
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ness. Nevertheless we can still compare the results far away from the edges by estimating the
maximum projected thickness obtained with phase retrieval and with absorption only. The pro-
files obtained using only absorption are much less accurate than the ones obtained with phase
retrieval, especially in the cases of the thinner wires. Note also that the profiles for the absorp-
tion analysis are noisier than those measured after phase retrieval. This is a consequence of the
smoothing properties of the phase retrieval process. The asymmetries of the projected thickness
profiles reconstructed after phase retrieval ((a),(b) and (c) Fig. 2) are present also in the pure
absorption profiles. This is a confirmation that a non-perfect equalization led to an asymmetric
intensity profile I1(x,y).

The same results are reported in Fig. 3 for the PMMA wire. In this case also a single-row
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Fig. 3. PMMA wire (1124 μm) reconstruction. The single-row profile and the averaged
profile measured using phase retrieval are compared to the estimation obtained using only
absorption.

profile is presented. Averaging the profiles near the center of the beam produces a better result.
It is also possible to note that for this sample the effects due to the phase are restricted to
the air-polymer interface and the central part of the wire can be considered affected only by
absorption.

4. Conclusions

Quantitative phase retrieval has been experimentally demonstrated on homogeneous samples
of different polymers using an Inverse Compton Scattering X-ray source. The recovered pro-
jected thicknesses are shown to be in good agreement with the expectation, demonstrating that
quantitative information about homogeneous samples can be obtained on the picosecond time
scale with this kind of source. The results have been also compared with an analysis based only
on absorption: phase retrieval leads to a much more accurate estimation, especially when the
details to be detected are small (few hundreds of microns). The possibility to perform phase
retrieval on phase-contrast images will be useful for quantitative computed tomography appli-
cations with ICS sources.
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