
Novel X-ray multi-spectral imaging of ultraintense laser plasmas by a single-photon
CCD based pinhole camera

L. Labate,∗ A. Giulietti,∗ D. Giulietti,† P. Köster,† T. Levato,† and L.A. Gizzi∗
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Spectrally resolved two-dimensional imaging of ultrashort laser-produced plasmas is described,
obtained by means of an advanced technique. The technique has been tested with microplasmas
produced by ultrashort relativistic laser pulses. The technique is based upon the use of a pinhole
camera equipped with a CCD detector operating in the single-photon regime. The spectral resolution
is about 150 eV in the 4−10 keV range and images in any selected photon energy range have a spatial
resolution of 5 µm. The potential of the technique to study fast electron propagation in ultraintense
laser interaction with multilayer targets is discussed and some preliminary results are shown.

PACS numbers:

I. INTRODUCTION

Plasmas produced by ultrashort and ultraintense laser
pulses are currently investigated for their importance
both as ultrashort, monochromatic X-ray sources [1, 2]
and as sources of fast electrons in the fast ignitor scheme
for Inertial Confinement Fusion (ICF) [3, 4]. The basic
process responsible for the K-shell emission in such plas-
mas is the generation and the subsequent propagation of
fast electrons inside the cold or partially ionized target
material. As a consequence, Kα emission is a fundamen-
tal diagnostics for these electrons [5–9]. Furthermore, the
Bremsstrahlung emission, occurring in the X-ray range,
from the fast electrons has an important role, from both
a theoretical and an experimental viewpoint [10, 11].
Bent Bragg crystals coupled either to X-ray films or to
CCD detectors are among the most commonly used X-ray
diagnostics for the laser-plasma X-ray emission. Spectral
resolutions down to a few eV and a simultaneous 1D spa-
tial resolution of some microns can be reached in this way
[6, 12–14]. Simultaneous monochromatic X-ray images
of an ICF target at different X-ray energies in a narrow
range from about 3500 to 4100 eV have been recently ob-
tained using a flat Bragg crystal and a pinhole array [15].
Scintillation photomultiplier detectors coupled to K-edge
filters for spectral selection [16] or cooled Ge detectors in
single-photon counting mode [17] have also been used for
high energy X-ray spectroscopy of laser plasmas, with no
spatial resolution.
While allowing spatial resolution to be achieved, bent
crystals in the Bragg configuration suffer from some
drawbacks. For instance, due to the narrow rocking
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curve, usually much smaller than the width of the spec-
tral line of interest, the efficiency can be quite low [18].
Furthermore, the reflectivity generally decreases at high
photon energies. Concerning the spatial resolution, the
small Bragg angles usually needed at high photon en-
ergies lead to strong image aberrations [19]. Another
important drawback of bent crystals arises from their ef-
ficient reflectivity extending, in some cases, over many
diffraction orders [12], which results in an overlapping
of the contributions from different orders on the same
image. Finally, crystals can produce fluorescence and
Compton radiation when exposed to hard X-rays, as well
as X-ray radiation due to the interaction with high en-
ergy particles. This can significantly contribute to the
background noise on the detector, in particular in rela-
tivistic laser-plasma interaction environments [20].
For such reasons, the use of CCD detectors in the so-
called single-photon regime for ultrashort and ultrain-
tense laser-plasma X-ray spectroscopy is now being con-
sidered [21, 22], in particular in sub-PW or PW laser
interaction regimes [23]. As it is well known, CCD detec-
tors, while still limited in spatial resolution when com-
pared to X-ray films, offer a number of advantages such
as high linearity, dynamic range and quantum efficiency,
as well as a much faster visualization of the data and dig-
ital image processing [24, 25]. When used in the single-
photon regime, a CCD detector enables the spectrum of
the impinging X-ray radiation to be obtained without
any additional dispersive device. This is basically due to
the fact that each X-ray photon absorbed in the sensitive
layer of the CCD gives rise to a signal (charge) propor-
tional to the photon energy [26, 27]. Due to the large
number of pixels in a conventional CCD chip, a few laser
shots (ideally one) are required to get an X-ray spectrum
in a large energy interval, with a typical resolution which,
in the energy range from 1 keV up to a few tens of keV
(see, e.g. [28, 29] and References therein), can be well
below 10%.
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FIG. 1: Layout of the experimental setup.

Early attempts of using CCD detectors in single-photon
regime for multi-spectral imaging date back to Eighties
[30, 31]. Recently, noteworthy experimental results were
obtained in the field of multi-spectral radiography and
projection microscopy, using CCDs or other solid-state
area detectors [32, 33].
In this paper we report on the test of a different, ad-
vanced technique which, while relying on such a CCD
detector operating in a single-photon regime, employs a
pinhole to get spectrally resolved, two-dimensional im-
ages (or, in other words, X-ray spectra with 2D spatial
resolution) of a micrometer-size laser-produced plasma.
A similar technique have recently been used for an Elec-
tron Cyclotron Resonance plasma [34, 35]. In such a
case, an ECR plasma chamber of a few centimeters was
imaged out, using a 70 µm pinhole, with a spatial reso-
lution of about 0.1 mm. Exposure times from a few up
to some hundreds of milliseconds were used and a num-
ber of more than 500 exposures was tipically needed. In
our case a micrometer-size plasma produced by ultra-
short, relativistic laser pulse irradiation of solid targets
was successfully imaged out with a spectral resolution
down to about 150 eV and a spatial resolution of some
microns. To our knowledge, this is the first report of
the use of such a technique as a diagnostics of a laser-
produced plasma. A description of the test experimental
setup is reported in Section II, followed by a discussion
of the main aspects of the technique, including the data
analysis, in Section III. The preliminary results of this
technique applied to the study of the electron propaga-
tion in multilayer targets are then reported in Section
IV.

II. THE TEST EXPERIMENTAL SETUP

A schematic layout of the experimental setup is shown
in Figure (figure1). The 8 TW Ti:Sa laser system at
IOQ-Jena has been used to irradiate thin foil targets at
relativistic intensities. The laser provides 70 fs duration
pulses with 600mJ energy at a 10 Hz repetition rate. A
45 deg, f/1.2 off-axis parabola has been used to focus the
laser beam onto the target surface down to a 5 µm2 spot,
thus reaching an intensity of about 5×1019 W/cm2 (nor-
malized vector potential a0 = eAL/mec

2 ' 4.8). The
angle of incidence on the target was about 10 deg. The
target was moved horizontally or vertically to ensure a
fresh surface to be irradiated at each shot.
The target consisted of a sandwich of layers of different
Z materials. These targets were designed to study the
fast electron propagation inside the target by detecting
the Kα emission from each layer.

Two pinhole cameras were used to image out the X-
ray emission from both the front and rear side of the
target. The viewing angle was about 45 deg with respect
to the surface. As it will be examined carefully below,
energy resolution was also obtained by these diagnostics,
on a multi-shot basis, by letting them operate in the so-
called single-photon regime. Each pinhole camera con-
sisted of a 5µm diameter pinhole, bored in a 25 µm thick
Pt substrate, and a back-illuminated, deep depletion An-
dor DX420 CCD camera, whose response and QE were
previously studied using a Si diode [36] (as reported in
this latter paper, QE varies from about 90 to 60 per-
cent in the energy range considered here). The 1024x256
pixel CCD chip (Andor DX420) was tipically cooled at
−65 ◦C.
The two pinholes were put about 30 mm away from the
target, on both the front and rear side, and were pro-
tected from debris by using a 600 nm thick mylar foil. In
order to obtain the required magnification, M ' 10, the
two CCD cameras were placed outside the main vacuum
chamber, in separate vacuum chambers equipped with
50 µm thick kapton windows (about 96% transmission at
4.5 keV). An additional Be filter was used to shield CCDs
against visible light.
As it can be seen in the Figure, a lead tube was set up,
with walls about 10 mm thick and a clear aperture of
about 10 mm diameter, along each pinhole camera main
axis. These tubes allowed us to shield the CCD detectors
against X-ray photons scattered inside the vacuum cham-
ber. Also, a set of magnets (with typical magnetic field
strength of about 0.3 T) were placed inside each tube in
order to stop high-energy electrons. Indeed, as it is well
known (see e.g. the papers cited in the Introduction),
electrons with typical energy as high as some MeV can be
expected to be produced in our experimental conditions.
Multiple pairs of such magnets were employed to deviate
these electrons, almost filling the lead tubes shown in the
Figure along their whole length.
Given the pinhole camera magnification (10x) and con-
sidering the pixel size of the two CCDs (26×26 µm2), the
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FIG. 2: Typical raw image as provided by our detectors. Such
an image is obtained from one laser shot.

spatial resolution achievable by the pinhole cameras was
mainly limited by the pinhole size and is expected to be
approximately 5µm in the object plane. With this value
of the magnification, a typical ultrashort laser-plasma X-
ray source having sizes of about 30 µm, as in our case,
would involve roughly a 15x15 pixel wide region of the
chip. Due to the single-photon condition to be satisfied,
this led to an average number of the order of about 30
photons to be detected per acquisition.
Finally, in order for the two CCD cameras to operate in
the single-photon regime, up to 20 mylar foils (each one
50 µm thick) were used for each pinhole camera to reduce
the flux to the required level. Due to the different photon
flux, the number of foils used was in general different for
the two CCDs.

III. DESCRIPTION OF THE TECHNIQUE

As it was said in Section I, in principle, a CCD detector
enables the X-ray spectrum of a given source to be re-
trieved without any external dispersive device, provided
that an average of no more than one photon hits each
pixel (in practice, due to the charge spreading around
neighbouring pixels, this number must be less than one
[37]). In our case this feature was exploited by forcing the
CCD detectors to operate in the single-photon condition.
As it was said above, this was accomplished by reducing
the X-ray flux per laser shot by means of mylar filters.
Figure (figure2) shows, as an example, a typical image
obtained from the front-side pinhole camera, consisting
of a collection of spots (each with its own shape and sig-
nal amplitude) corresponding to single photon interac-
tions with the CCD detector. The greater concentration
of such spots occurs near the center of the shown area,
corresponding to the center of the image of the X-ray
source as provided by the pinhole. Each CCD acquisition
(corresponding to one laser shot) was then analyzed in
order to retrieve the total released charge and the land-
ing position on the chip surface of each X-ray photon.
In fact, a number of physical processes occur in the CCD
structure demanding for a careful analysis [26, 38]. These
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FIG. 3: Pulse height distribution obtained from 350 laser
shots irradiation of a Ti-Cu target, for the front side diagnos-
tics shown in Figure (figure1).

processes can give rise either to a spreading of the charge
cloud produced by the impinging photons [39, 40] or to a
loss of a fraction of this charge [41]. For such a reason, a
dedicated reconstruction algorithm has been used in our
case, based upon previous works [36, 42]. As a result,
the spectrum of the X-ray emission from the target has
been obtained, after summing up the contribution from
a few hundreds laser shots (i.e., CCD acquisitions).

As an example, Figure (figure3) shows the pulse height
distribution for the front side CCD, as obtained by
adding photons from 350 laser shots on a Ti-mylar-
Cu target. The X-ray spectrum can be obtained from
this pulse height distribution once the CCD response is
known. The peaks corresponding to the Kα (∼ 4.5 keV)
and Kβ (∼ 4.9 keV) lines from Ti are visible, at about
180 ADC levels, as well as to the Kα (∼ 8 keV) and Kβ
(∼ 8.9 keV) emission lines from Cu at about 350 ADC
levels.

The full image of the source, integrated over the whole
spectrum, can be directly obtained by summing up the
signal from a given set of CCD acquisitions. On the other
hand, an image of the source in a selected photon energy
range can be obtained by selecting only photons in that
range. Figure (figure4) left shows the image of the X-ray
source, as seen by the front-side pinhole camera, at the Ti
Kα and Kβ energy (that is, taking into account photons
at both the Kα and Kβ energy), obtained from the same
set of shots of Figure (figure3). As discussed in the previ-
ous Section, the spatial resolution of such an image due to
the imaging system can be estimated to be about 5µm.
However, due to the multi-shot integration, some image
resolution degradation may occur as a consequence of
source displacement due to laser beam pointing instabil-
ity, target surface imperfections, etc. These effects have
been partially reduced, in our analysis, by considering
the photon position relative to an average origin point,
different from shot to shot. In other words, for each ac-
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FIG. 4: left: Image of the X-ray source at the Ti Kα and
Kβ energy (that is, considering together photons at both the
Kα and Kβ energy of Ti) as seen from the front side of the
target. The image refers to the same set of shots of Figure
(figure3) (350 shots on a Ti-mylar-Cu target). The image
size is 200 µm (in the object plane) in both the horizontal
and vertical direction. right: Same as at left, but after the
correction for the target position changes from shot to shot.

quisition, the position on the detector surface of the point
defined by (x̄i, ȳi) =

∑
j(x

(i)
j , y

(i)
j )/N (i)

ph (where the index

i identifies the acquisition, x
(i)
j and y

(i)
j are the coordi-

nates of the j-th photon of the acquisition i and N
(i)
ph is

the total number of photons in the acquisition) has been
calculated as a first step. Data from different shots have
then be summed up as relative to a common origin given
for each shot by the position of this point. Since the er-
ror on the coordinates (x̄i, ȳi) depends upon the number
of photons detected in each acquisition, only acquisitions
(namely, shots) with this number above a threshold value
(that is, with a minimum number of photons) has been
considered. We observe that such an approach, in gen-
eral, is not valid as it may lead to artifacts or image
deformation. Post-facto considerations, along with addi-
tional information concerning the specific experimental
set-up may help in assessing the reliability of this image
correction. In particular, in our case, the values of (x̄i, ȳi)
showed a well defined, regular correlation with the shot
number i (laser focal spot position on target), which we
easily were able to attribute to residual small imperfec-
tions in the target surface (alignment), leading to a small
shifts of the X-ray source. The value given above for the
spatial resolution in our images takes into account this
analysis procedure. As an example, Figure (figure4) right
shows the improvement resulting from such a correction
algorithm. The difference between the two images clearly
highlights the shift suffered by our source horizontal po-
sition from shot to shot.

IV. APPLICATION TO THE IMAGING OF
MULTILAYER TARGETS AND DISCUSSION

As anticipated above, K-shell emission from ultrashort,
relativistic laser plasmas can be fruitfully used as a diag-
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FIG. 5: X-ray spectrum obtained from 350 laser shots irradi-
ation of a Cr-Ni-Fe target.

nostics for fast electron propagation. In this case, multi-
layer targets are usually employed in order to distinguish
the X-ray emission at different depths inside the target
by the “tracer layers” (see [43] and References therein).
In this Section we briefly show some results obtained on
a 3 metallic layer target, whose K-shell line emission were
all detected and imaged. Only those aspects related to
the technique will be dealt with, leaving to further pa-
pers a discussion of the physical issues.
The target used consisted of a Cr 1.2 µm thick layer (on
the front side), a middle layer of Ni, 11µm thick, and a
third layer (on the back side) of Fe of thickness 10 µm.
Figure (figure5) shows the spectrum obtained by our
front and back side diagnostics (again, integrated over
350 shots). According to the width of the background
ADC level distribution, the spectral resolution in this
plot can be estimated to be of about 150 eV. For the
sake of interpretation, Table I reports the energies of the
Kα and Kβ emission lines from the target materials. As
it clearly appears from the difference between the front
and back side spectra, the line intensities are strongly
affected by the photon propagation through the different
layers.
Figure (figure6) shows the images of the X-ray source at
the Kα and Kβ line energy of the three materials, as seen
by the front and back side diagnostics. As an example,
Figure (figure7) shows the horizontal lineout of the emis-
sion at the Cr Kα /Kβ energy from the two sides. The
images of Figure (figure6) clearly shows some differences
in the spatial structure of the source at a fixed energy
when viewed from the front and from the back side of
the target.

A quantitative comparison of these images would re-
quire reabsorption effects to be taken into account. Also,
the possible different contribution of the Bremsstrahlung
photons to the two images should be considered. These
issues will be discussed elsewhere. Here we only point out
that our technique is able to resolve the X-ray emission
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FIG. 6: X-ray images of the source at the Kα and Kβ en-
ergy (considered together) of the different target materials,
obtained from 350 shots on a Cr-Ni-Fe target: top: Cr, mid-
dle: Ni, bottom: Fe. The image size is 156 µm (in the object
plane) in both the horizontal and vertical direction.

from the different layers. Also, the images have suffi-
cient spatial resolution to provide valuable informations
on the dynamic of fast electron transport of energy in
tracer layers. This is the key information required to
model experimental observations using dedicated numer-
ical tools.

V. SUMMARY AND CONCLUSIONS

In summary, the 2D imaging with spectral resolution
of the X-ray emission from ultrashort laser irradiated tar-
gets by using an advanced technique has been reported.
The experimental setup is that of a simple pinhole cam-
era, but the CCD detector is forced to operate in the
so-called single-photon regime. This regime of operation
allows the spectrum of the incoming radiation to be re-
trieved, provided tha X-ray response of the CCD has been
previously characterized. By summing up the contribu-
tions from a sufficient number of acquisitions, the image
of the X-ray emitting region at the different photon ener-
gies can be recovered. Furthermore, the absolute photon
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FIG. 7: Lineout along the horizontal direction, integrated
over 10 µm in the vertical direction, of the top images of Fig-
ure (figure6).

flux in each selected energy range can be retrieved, once
the collection efficiency of the setup and the detector QE
are considered.
We have shown a first use of the technique for studying
the propagation of fast electrons inside the target by us-
ing multilayer targets, whose K-shell emission from each
layer due to the impact of electrons was successfully im-
aged with a spatial reolution of about 5 µm and a spec-
tral resolution of about 150 eV. The X-ray emission at
a given energy due to Bremsstrahlung radiation can also
be imaged in this way.

The technique ’as it is’ has currently a ’multi-shot’
basis (about 350 laser shots were required in our case),
due to the need for a statistically significant number of
photons to be detected. This means that it is suitable
only for high-repetition rate laser sources. The number
of shots could be reduced by using a higher magnifica-
tion, which would enable to collect a greater number of
photons per shot, while satisfying the single-photon con-
dition on the CCD detector. Another possibility is to
exploit large area CCDs or similar position sensitive de-
vices in combination with a pinhole array, to collect more
than one ’single-photon image’ on the same CCD detec-
tor. Both the solutions are currently being investigated.
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Element Kα (keV ) Kβ (keV )

Cr 5.41 5.95

Ni 7.48 8.26

Fe 6.40 7.06

TABLE I: Kα and Kβ line energy for the elements in the
target relative to the spectrum of Figure (figure5).

Figure captions
Figure 1. Layout of the experimental setup.
Figure 2. Typical raw image as provided by our de-

tectors. Such an image is obtained from one laser shot.
Figure 3. Pulse height distribution obtained from 350

laser shots irradiation of a Ti-Cu target, for the front side
diagnostics shown in Figure (figure1).

Figure 4. left: Image of the X-ray source at the Ti
Kα and Kβ energy (that is, considering together photons
at both the Kα and Kβ energy of Ti) as seen from the
front side of the target. The image refers to the same set
of shots of Figure (figure3) (350 shots on a Ti-mylar-Cu
target). The image size is 200µm (in the object plane) in
both the horizontal and vertical direction. right: Same
as at left, but after the correction for the target position
changes from shot to shot.

Figure 5. X-ray spectrum obtained from 350 laser
shots irradiation of a Cr-Ni-Fe target.

Figure 6. X-ray images of the source at the Kα and
Kβ energy (considered together) of the different target
materials, obtained from 350 shots on a Cr-Ni-Fe target:
top: Cr, middle: Ni, bottom: Fe. The image size is
156 µm (in the object plane) in both the horizontal and
vertical direction.

Figure 7. Lineout along the horizontal direction, in-
tegrated over 10µm in the vertical direction, of the top
images of Figure (figure6).


