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K-shell spectroscopy of silicon ions as diagnostic for high electric fields
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We developed a detection scheme, capable of measuring X-ray line shape of tracer ions in um thick
layers at the rear side of a target foil irradiated by ultra intense laser pulses. We performed simulations
of the effect of strong electric fields on the K-shell emission of silicon and developed a spectrometer
dedicated to record this emission. The combination of a cylindrically bent crystal in von Hamos
geometry and a CCD camera with its single photon counting capability allows for a high dynamic
range of the instrument and background free spectra. This approach will be used in future experiments
to study electric fields of the order of TV/m at high density plasmas close to solid density. © 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4767452]

. INTRODUCTION

During the interaction of an intense laser pulse having an
intensity larger than 10'® W/cm? with solid targets, electrons
are accelerated to relativistic energies. This is accompanied
by the creation of strong electric and magnetic fields, reaching
TV/m and tens of kT, either directly by strong currents or by
charge separation effects.> The latter is especially apparent
at the rear side of laser irradiated foils where it leads to the ac-
celeration of ions up to MeV energy, known as target normal
sheath acceleration (TNSA).! Although the impacts of these
strong fields are well known and used, most of the information
about the fields is gained through simulations, since they are
difficult to measure. However, measurements would be very
helpful to verify and benchmark these simulations, which are
important not only for the understanding of laser foil exper-
iments but also of astrophysical and fusion plasmas.* Ex-
perimental insight into these transient processes is typically
gathered via probing of the electron population with optical
light methods in transversal® or reflection geometry,® as well
as by proton deflectometry.”-® While the first could only mea-
sure the electron density with high temporal and spatial reso-
lution, the latter is also sensitive to magnetic fields.’ Later on
proton deflectometry was developed as an ultrafast technique
to track high field fronts close to the speed of light.!® Here
we report on a method that allows for measuring directly the
electric fields.

This method is based on X-ray spectroscopy of the self
emission of atoms exposed to the fields, affected by the Stark
effect. As a unique measure of the fields, we use the relative
intensity of the forbidden L;-K transition, that becomes par-
tially allowed in these strong fields. Thus, we use targets with
tracer layers deposited on the rear side and record their self
emission.
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Il. SIMULATIONS

The TNSA process, which leads to efficient ion accelera-
tion during the interaction of an intense laser pulse with solid
targets, can be described as follows. The laser pulse creates,
mainly via the ponderomotive force, a hot electron popula-
tion that propagates through the foil. This electron population
could be described in the first approximation by a Boltzmann
distribution with an effective temperature determined by the
ponderomotive potential of the laser pulse.” ! This leads to an
exponentially decaying electron density in target normal di-
rection at the target rear side with a characteristic length scale
Ag, the Debye length. With some assumptions for the elec-
tron beam divergence, the conversion of laser energy into hot
electrons, a laser intensity of 10*° W/cm? and a target thick-
ness of 6 um, the electric field strength could be estimated by
~1TV/m and the Debye length by ~0.6 m.’

The Stark effect due to sufficiently strong electric fields
induces shifts of energy levels and mixing of eigenstates with
different parities. This mixing results in the appearance of so-
called “forbidden lines,” i.e., transitions that are forbidden in
the dipole approximation due to the selection rules. Forbid-
den transitions have been successfully used in the visible and
UV spectral regions for unambiguous determination of elec-
tric fields, both ac and dc, in plasmas.'>!3 Here, we employ
this technique in the X-ray region. Specifically, we simulta-
neously measure the forbidden L;-K and the allowed L;, 3-K,
i.e., Ko, inner-shell transitions of silicon.

Due to the strong electric fields, which are expected in
the range of 0.1-1 TV/m, Si charge states with electron con-
figurations including n = 3 (M-shell) states are fully ionized.
Indeed, the classical ionization limit of a hydrogen-like ion
with core charge Z is in atomic units:

Z(?Ore
L — Zcore 1
YT 16nt M

(see, e.g., Ref. 14) and is further reduced due to the quan-
tum tunneling. For the n = 2 configurations, one estimates
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FIG. 1. Spectra of the inner-shell transitions of three Si charge states. Thin
lines: No electric field; thick lines: F = 0.5 TV/m is assumed. The strong
allowed Ko and the weak, induced by the electric field, forbidden L;-K tran-
sitions are seen. The line shapes are area-normalized.

the critical fields of ~0.4 TV/m, 0.7 TV/m, and 1 TV/m for
Si(VD), Si(VII), and Si(VIII) charge states, respectively. How-
ever, due to the highly transient nature of the TNSA fields
(~107'2s) and very high K radiative rates (~10'3s71), it is
expected that a mixture of spectroscopic signatures of all of
these charge states will be present.

The influence of the TNSA electric field on the surviv-
ing Si charge states results in two effects. First, the energies
of the atomic levels shift, resulting in shifting and splitting
of radiative transitions. Second, the otherwise forbidden L;-
K transition becomes partially allowed due to the mixture of
electronic states with different parities. We performed the
calculations using the flexible atomic code (FAC)' and the
method described in Ref. 16, with nearly identical results.
The atomic data used in both cases were calculated by FAC. In
Figure 1, the Stark profiles of the L-K transitions of the three
Si charge states are shown alongside the zero-field profiles.
The dynamic Stark broadening was not calculated, however,
the static Stark profiles were convolved with an effective 2 eV
Lorentzian in order to account for it approximately. An exact
value of the dynamic broadening is irrelevant for the method,
as will follow from the discussion below.

For the electric field strengths considered in this study,
both effects, the Stark shifts and the ratio of the forbidden-to-
allowed line intensities, depend quadratically on the TNSA
field and thus allowing for inferring the latter. For a field of
0.1 TV/m, for instance, the forbidden line would be 25 times
weaker than shown in Figure 1. However, the use of the line
shifts is unreliable, due to the relatively small values of the
shifts, as it can be seen in Figure 1. In addition, any field dis-
tribution would result in further smearing of the lines (both
the allowed and the forbidden ones). Contrary to that, the for-
bidden lines of the Si(VI) and Si(VII) charge states appear
in the region free of other spectral features, and therefore can
serve as a reliable indication of the electric fields. We note that
without the electric field, the radiative rate of the L;-K line
(and hence its intensity), determined by the magnetic dipole
(M1) transition, is ~107° times lower than that of the elec-
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tric dipole (E1) of K, which is significantly smaller than the
electric-field-induced ratio.

It should be expected that Ko radiation from regions
without strong electric fields (< 0.1TV/m), where lower than
Si(VI) charge states may be present, contributes to the mea-
sured spectrum. Such a radiation is spectrally very close to
the Si(VI) K line, since electrons in the M-shell almost do
not affect the inner electrons. Thus, it has no negative impact
on the detection of the Si(VI) and Si(VII) forbidden compo-
nents. It would only alter the ratio from the forbidden to the
Ko line. Since one has to expect the electric field to decline
much more rapidly inside the target than outside,'” only a few
hundred nm of the silicon layer would experience the field.
The ratio of Si(VII) forbidden line to its Koe component would
not be altered by the finite extend of the electric field inside
the target, if one assumes Si(VII) to be produced mainly by
field ionization.

Excited-state satellites of Si(VI) may be present if the
bulk electron temperature is sufficiently high (> 10eV), how-
ever, their energies lie in the “blue” part of the spectrum,
close to the next-charge-state Si(VII) Ka transition,'® again
not affecting the sensitivity of the method. Finally, minor en-
ergy shifts (~1eV) due to the chemical composition,'® which
should be considered, since we use silicon monoxide instead
of the atomic silicon assumed in the calculations, are negligi-
ble as well.

Finally, it should be noted that the forbidden transition is
polarized. For the Si(VI) charge state, in which we are mainly
interested in, the emitted radiation is linearly polarized in the
direction of the electric field, i.e., the target normal. For the
higher charged ions, the different polarization components are
mixed. For the spectra shown in Figure 1, the polarization
components are averaged.

Thus, we want to measure a signal ~2-3 orders of magni-
tude smaller than the Ko emission. Therefore, we need a very
bright spectrometer and an efficient background reduction.

lll. SPECTROMETER

The design of the spectrometer followed two main con-
siderations. First, in order to measure the rather weak signals
in the energy range around 1700 eV, a spectrometer with a
high collection efficiency for the isotropically emitted radia-
tion has to be utilized. The energy resolution needs to be only
moderate, but the spectrometer has to cover the emission in a
wide energy range of ~100 eV. These requirements are met
by a von Hdmos spectrometer with crystals providing large
lattice plane distances like pentaerythrite (PET). PET crystals
are well known in X-ray spectroscopy having high integrated
reflectivities and low background due to their low Z elements.

Second, in experiments at ultrahigh laser intensities, a
huge amount of background radiation from direct and scat-
tered hard X-rays, fluorescence radiation, and from the hot
electrons has to be handled. This background must not only
be addressed by passive shielding, but also by an appropriate
detection scheme. We use a charged coupled device (CCD)
camera operated in the single photon counting regime.?%-%?
This allows for distinguishing between signal and noise
efficiently.
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FIG. 2. Scheme of the von Hdmos spectrometer: Source and detector are
located on the axis of the cylindrically bent crystal. Each wavelength is re-
flected with a Bragg angle ® by a sector on the crystal surface and refocused
onto a point on the axis. ¢ is the aperture angle of the cylindrically bent
crystal.

The spectrometer utilizes the von Himos scheme, de-
picted in Figure 2. In our case, the crystal only focusses the
radiation, without imaging resolution in the direction perpen-
dicular to the dispersion, which is in principle possible in the
von Hamos scheme. This is caused by the limited degree of
perfection of the used crystal. The crystal has a bending ra-
dius R of 100 mm and an opening angle ¢ of 29°. The 002
PET reflection (2dgo, = 8.742 A) is used. This gives a Bragg
angle of 54.7° for the Ko line and a source-detector distance
! = 2R/tan © of 142 mm. The dispersion on the cylinder axis
amounts to

Ax l

AL Acot®

The energy resolution of the spectrometer is dominated by the
crystal perfection and amounts to ~1 eV. At this Bragg angle
around 55°, the reflected radiation is partially polarized. PET
crystals are known to have a reflectivity according to the dy-
namical theory of X-ray diffraction when they are used shortly
after production. This amounts to 2.9 x 10™*and 0.7 x 10~
rad for the o and r-component at 1740 keV, respectively. But
it is also known that they are aging®® with the integrated re-
flectivity tending towards the kinematical limit,* which is 1.2
x 1073 and 0.13 x 1073 rad for the o and JT-components, re-
spectively. The crystal used here is 20 years old. The collec-
tion efficiency n for the von Himos scheme, i.e., the fraction
Ncon of the emitted photons Ny, that are collected in the im-
age plane, is given by
Neot  Ri€2  RipR
"~ Nem 4m  4nl,’

where 2 is the aperture angle perpendicular to the dispersion
plane covered by the crystal, [, the distance source-crystal,
and R; the crystal’s integrated reflectivity. For unpolarized ra-
diation, 7 amounts to 1 x 107> (4 x 107>) for the integrated
reflectivities according to the dynamical (kinematical) theory.
For the spectrometer detection efficiency, the transmission of
the two light protection foils consisting in all of 9 um My-
lar and 0.6 um Al and the quantum efficiency of the CCD
have to be taken into account. They amount to 0.45 and 0.7,
respectively.

To operate the CCD camera at this short distance from the
laser-generated plasma, great efforts on shielding have to be
made. To reduce the hard X-ray self emission of the spectrom-
eter induced by fluorescence and scattering, the spectrometer

@
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housing was built from a massive PMMA block, where only
the beam path from the plasma to the crystal and from the
crystal to the CCD camera was cut out. Electrons propagating
in the direction of the crystal were blocked by a magnetic field
of a magnetic yoke. The camera was housed in a double wall
cage consisting of 1 cm thick plastic and 4 mm thick brass.
Additional 5 cm lead and 3 cm PMMA were placed between
the plasma and the CCD.

The single photon counting regime of the CCD detection
allows only for a limited photon flux, i.e., the averaged num-
ber of photons per pixel must be smaller than 0.1. The von
Héamos scheme allows to adjust the photon flux on the de-
tector without changing the total amount of detected photons
and without changing the spectral resolution. Therefore, only
the distance between the crystal and the detector has to be
changed. To validate this approach, we calculated the image
in the detector plane via ray tracing methods.?’> Therefore, a
monochromatic source was assumed and the distance between
crystal and detector was varied around the optimal distance of
122.6 mm. The crystal reflection curve was calculated accord-
ing to the dynamical theory. The results are shown in Figure 3.
The photon flux could be tuned by ~2 orders of magnitude.

Since radiation of different wavelengths is reflected by
different arcs of the crystal surface, the spectrometer was first
tested in terms of homogeneity of the reflection. A silicon Ko
line emitter was realized by irradiating the edge of a silicon
wafer with continuum radiation from a tungsten X-ray tube.
By placing this 0.5 x 70 mm? sized source on the cylinder
axis of the crystal, we could record the reflection from the
whole crystal on a film, placed also on the cylinder axis of
the crystal. The efficiency of the spectrometer varies by less
then 20%.

0mm 2mm 6 mm 10 mm

1000 | 4 o ©

100 £ .

photon density [a.u.]
o
spatial extension [mm]

IIIIIIIIIIII|'0.01
3-2-101 2 3 45 6 7 8 9 10 M1
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FIG. 3. Ray tracing simulations of the image of a monochromatic point
source with the detector at variable distances from the crystal focus. Panel
(a) shows these images, their sizes are 5 mm in both directions. The horizon-
tal direction is the dispersion direction. Panel (b) shows the maximum photon
flux (full symbols) in the images and the spatial extent (open symbols).
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IV. EXPERIMENT

To measure the L;-K transition, two geometrical con-
straints have to be fulfilled, which are depicted in Figure 4.
First, this transition is polarized in the direction of the induc-
ing electric field, which is expected to be normal to the tar-
get surface, while the Ko emission is unpolarized. Second,
the crystal spectrometer mainly reflects s-polarized radiation,
since it is used at a Bragg angle of 54°. Thus, the angle be-
tween the dispersion plane of the spectrometer and the target
normal ¥ should be as large as possible, and the angle be-
tween the direction to the spectrometer crystal and the target
surface & should be as small as possible. The ratio of the de-
tected intensity for the unpolarized and the polarized compo-
nent depends on ¥ and & such as

Iunpol . 1+ K
I siny + K cos i cos &’

3

while K is |cos (20)| for the dynamical theory and cos 2(20®)
for the kinematical theory. Both angles are limited due to
space and spectrometer design. The values in the experiment
were ¥ = 50° and & = 45°. For these values the ratio of de-
tected intensity for the unpolarized and polarized component
amounts to 1.37 (1.47) for the crystal reflection according to
the dynamical (kinematical) theory.

The experiments were performed at the Jena 30 TW ti-
tanium:sapphire laser system JETI, delivering pulses with
28 fs pulse duration at a central wavelength A of 800 nm
with a pulse energy E; of 500 mJ on target. The laser
was focussed by an off-axis parabola with an incidence an-
gle o to the surface normal of 13° to a spot of 3.6 um
FWHM diameter. Thus, the intensity / in the focal spot
was 1.8 x10%°W/cm?, corresponding to an amplitude
of the normalized vector potential of ay = (eEL)/(m.cw)
= /(I122)/(1.37 x 108 W cm? um?) ~ 9. The targets were 5
and 25 pm thick titanium foils, both coated with a 1 pm thick
layer of silicon monoxide. They could be moved in two direc-
tions via translation stages, allowing for ~200 laser pulses on
one target. Beside the X-ray spectroscopy, also the ion energy
spectra’® were recorded, allowing for an independent deter-
mination of the TNSA field. The ion spectrometer comprises

# layered target

a target normal

laser beam P
dis\pision plane
/
spectrometer,

FIG. 4. Target and spectrometer geometry used in the experiment.
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FIG. 5. Parts (100 x 100 pixel) of single pulse CCD images for 5 ym (upper
row) and 25 um (lower row) thick targets. Both targets have an ~1 pm thick
silicon monoxide layer on the rear side. The right column shows the parts of
the images recording the Ko emission, the left column shows parts recording
the emission at lower energies.

a Thomson parabola as dispersive element and a MCP detec-
tor for online observation of the spectra. Thus, for every pulse
we simultaneously recorded a proton- and an X-ray spectrum.
The spectral range of the X-ray spectra is limited by the CCD
size and not by the crystal size, and can thus be adjusted by
moving the CCD along the cylinder axis of the spectrometer
crystal. It was set to cover the emission from 1660 to 1760 eV.

In Figure 5, we show typical X-ray CCD images recorded
for single laser pulses from both targets. The count rate in
each pixel is proportional to the absorbed photon energy. The
scale ranges from a count rate corresponding to 0 eV pho-
ton energy (black) to 4000 eV photon energy (white). This
is only a small part of the entire dynamic range of the CCD.
By analyzing the charge in each pixel, the impinging pho-
ton energy could be deduced within the energy resolution of
~160 eV. Most of the events in the image arise from the back-
ground, produced by hard bremsstrahlung of the highly ener-
getic electrons and secondary effects. Only very few events
are diffracted by the crystal and contribute to the spectrum.
In the region recording the Ko emission, more than one sig-
nal photon hit one CCD-pixel. The rest of the spectrum could
be recorded in the single photon counting regime only for the
25 um thick target. Thus, the spectra were processed in two
different ways: first, only pixels containing a charge corre-
sponding to 1700 + 220 eV photon energy, were taken into
account. This method, referred as single photon counting in
the following, reduces the background most efficiently. But
it requires a sufficiently small photon flux, which was not
the case for the whole spectrum for the thin target, and the
Ko emission for the thick target. The second treatment was
to only remove the events on the image that were produced
by photons above a certain threshold, which was chosen with
respect to the maximum number of Ko photons hitting one
pixel, namely, 8 and 3 for the 5 and 25 pm thick targets, re-
spectively. The remaining background was determined from a
part of the image not containing the spectrum. This treatment
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FIG. 6. (a) Spectra from the 5 ;wm targets with (full symbols) and without (open symbols) silicon layer. These spectra were accumulated over 208 and 187 laser
pulses, respectively. The errors of the photon counting statistics are smaller than the symbols. (b) Spectrum from a 25 um thick target, accumulated over 135

laser pulses.

produces a significantly higher noise. To obtain the spectra,
the images were then summed up in the horizontal direction
and slightly binned in the dispersion direction, according to
the spectrometer resolution. It should be noted that the spec-
tral resolution of the instrument is not affected by both proce-
dures, since the spectrum is deduced from the position on the
CCD.

In Figure 6, we show the spectra from both targets.
The thin target exhibits a strong continuous emission in the
whole recorded spectral range. This could be attributed to the
bremsstrahlung emission from the front side plasma, since it
is also present in the spectrum from the uncoated target.

This background amounts for almost 1/10 of the Ko
emission, making it impossible to detect the forbidden tran-
sition. It is more efficiently reabsorbed in the 25 um thick
target (more than 5 orders of magnitude), making it possible
to record the spectrum beside the Ko line in the single photon
counting regime and thus with a very high dynamic range.
The spectrum for the thick target is composed of the spec-
tra from the different evaluation schemes. The Ko emission
is evaluated with the method of hard events deleting the rest
of the spectrum with the single photon counting method. The
shoulder on the high energy side of the Ko emission is the
spectrally shifted Ko line from Si(VII) ions, which is actu-
ally cut a bit by the entrance aperture of the spectrometer. The
enhancement of the Ko blue wing could be explained by a
different ionization state of the Si ions for laser pulses where
protons were detected compared to pulses with no accelerated
protons. The dynamic range of the spectrum clearly exceeds
the requirements deduced from the simulations. Nevertheless,
we were not able to detect the L;-K satellite for several rea-
sons. The major one was a prepulse problem of the laser, lead-
ing to an electric field strength behind the target much weaker
than expected. The proton energies did not exceed 0.3 MeV, in
contrast to the expected values of 3—4 MeV, and proton spec-
tra could not be detected except for a few laser pulses. Thus,
also the electric fields were much smaller than expected. This
prepulse also explains the unexpected large amount of contin-

uous emission from the front side plasma. In an experiment
with a steeper initial density gradient, one could expect a re-
duced electron temperature, less coupling of laser energy into
accelerated electrons as well as less free-free continuum emis-
sion. Thus, also the bremsstrahlung emission in the relevant
1.7 keV range, to be reduced greatly.?’

But, since we recorded proton- and X-ray spectra for
every single shot, the X-ray spectra could be discriminated
against the proton spectra. In Figure 7, two spectra are shown
for laser pulses where protons were both detected and not
detected. For each of them, 15 laser pulses were accumu-
lated. There are significant differences in the wings of the Ko
emission of the spectra where we could simultaneously detect
protons and where we could not. To be specific, there are more

T
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X 10t E
o
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o
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[ 3 S0 E
1 n 1 n 1 n 1 n 1 n 1
1660 1680 1700 1720 1760
201 Energy [eV] 1

FIG. 7. Si Ko emission from 1 pum SiO at the rear side of 25 um Ti. Spectra
from laser pulses where protons were detected (full symbols) are compared
with spectra from laser pulses, where no protons were detected (open sym-
bols), for both spectra 15 laser pulses were accumulated. The lower panel
shows the difference of the two (protons detected—no protons detected), in-
dicating a line broadening.
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photons in these wings in the spectra from the pulses, where
also a proton signal was detected. These differences amount
to 87 &+ 20 photons in the part of the spectrum between 1730
and 1737 eV, and 73 £ 19 photons in the range between 1742
and 1749 eV. Since these errors give the variance of the pho-
ton statistic, these differences amount to more than 3o.

To exclude that these additional photons in the laser
pulses where protons were detected originate in an altered
background, it was checked that these differences do not de-
pend on the selection of the pulses for the reference spectrum
(without proton detection). Therefore, the hard X-ray (>100
keV) dose was used that was also recorded for every shot.
The spectrum shown is from randomly picked pulses, for an-
other one 15 pulses were used, that produced a hard X-ray
dose similar to the 15 pulses with proton detection and for a
third one the 15 pulses were selected that produced the high-
est hard X-ray dose. For all three samples, the results, i.e., the
difference photon number in the Ko wings, are consistently
similar.

It was also checked that these additional photons in the
Ko wings from the 15 pulses with proton detection do not
only originate from one or a few “cautious” pulses. It was
found that they are indeed uniformly distributed over the 15
pulses.

Thus, there is a correlation between the detection of ac-
celerated protons, which indicates the presence of the TNSA
field, and modifications in the silicon emission spectra. But
as pointed out above it is hardly possible to infer the field
strengths from the modifications of the Ko line profiles. This
spectral region is also affected by other effects, like satellites
from different ionization states?® or magnetic fields, that are
expected inside the target?® and at the interface between the
two layers.?” The influence of expected line broadening by the
Zeeman splitting induced by magnetic fields of several hun-
dreds of Tesla as measured by Gizzi et al. is in the order of
ugB 0.16 eV, which is 1/10 of the measured line FWHM.

V. CONCLUSION

We present a method to measure the TNSA fields, based
on modifications of inner shell emission spectra of atoms ex-
posed to these fields. We developed a spectrometer capable
of recording the emission of a silicon tracer layer at the rear
side of a high intensity laser irradiated foil. In this setup, a
cylindrically bent PET crystal is coupled to a CCD camera,
allowing for single photon counting. This allows for record-
ing spectra with a high dynamic range by accumulation of a
moderate number of laser pulses. By simultaneously measur-
ing the proton and the X-ray spectra for every single pulse, it
is possible to correlate these two signals.
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