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Abstract—A technique based on thermoluminescent LiF(Mg,Ti) lithium fluoride detectors has been devel-
oped to study the spectral composition of X-ray radiation of femtosecond laser plasma in a wide range of
photon energies from 1 keV to almost 1 MeV. This technique has been experimentally tested together with
matrix-type semiconductor detectors. The plasma parameters have been measured under the action of a fem-
tosecond pulse with a peak intensity of ~10'® W/cm? on a metal (copper) target, and good agreement is
demonstrated between data from different detector types in terms of determining both the spectrum shape
and the coefficient of the laser-pulse energy conversion into an X-ray flux. The temperature of hot electrons
has been estimated, and its value exceeds 100 keV. The X-ray flux of copper K-lines, which exceeds 10° per
shot, has been determined. The advantages and drawbacks of techniques for measuring spectra in problems

of laser-plasma interaction are considered.

DOI: 10.1134/5002044122470163X

1. INTRODUCTION

The spectral composition of pulsed high-intensity
X-ray radiation is studied in many fields of science and
technology, including plasma physics. X-ray diagnos-
tics of plasma objects is an important source of infor-
mation about the parameters of the emitting plasma
and the physical processes in it [1—5]. One of the
promising types of X-ray sources with a wide spectral
range is based on high-intensity laser plasma in which
produced plasma is able to effectively accelerate elec-
trons with energies from tens of keV to hundreds of
MeV and generate X rays with energies above 1 MeV
[1, 2]. Owing to the progress in the development of up-
to-date femtosecond laser facilities capable of generat-
ing pulses with a high repetition rate and high peak
power, laser-plasma X-ray sources have found appli-
cation in X-ray radiography with high spatial and time
resolutions, in X-ray spectroscopy and in astrophysics
[1-6].

It should be noted that, along with the sources of
bremsstrahlung and characteristic radiation obtained
when dense (solid [7], liquid [8], structured [9, 10])
targets are exposed to laser radiation, fully optical
sources also appear in which high-energy X rays are
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produced during betatron oscillations of electrons [11]
or in the process of Compton backscattering [12].

The peculiarity of such sources consists in the
ultrashort duration of an X-ray shot, which is compa-
rable to the duration of a laser pulse (100 fs or less) [9].
Detection of X rays is difficult under such conditions
since charged particles (electrons, ions) are also pro-
duced within one short pulse. Intense electromagnetic
pickup is simultaneously generated, which can produce
significant interference noise at the detector output.

Different types of multichannel spectrometers are
used for X-ray spectrometry of laser plasma. The prin-
ciple of their operation is based on the separation of X
rays of different energies in space (crystal-diffraction
spectrometers), on the use of various X-ray filters
(gray filters, K-filters, Ross filters), or on the detection
of single X-ray photons. A characteristic feature of
most detectors is the relatively narrow range of mea-
sured energies, which results in using several measure-
ment channels at once. Along with this, the problem of
reconstructing the spectrum from the detector read-
ings inevitably arises, which, in addition, increases the
measurement error.

The purpose of this work is to measure X-ray radi-
ation from laser plasma produced at the surface of a
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Fig. 1. (a) Schematic diagram of the experimental setup and (b) TLD array: (/) laser pulse, (2) focusing optics, (3) target, (4)
TLD-based spectrometer, (5) MediPix detector, and (6) CCD array with the back illumination.

solid copper target by a femtosecond laser pulse with a
peak intensity of ~10'® W/cm?2. A set of matrix-type
semiconductor detectors was used in the measure-
ments in the single-photon counting mode, and ther-
moluminescent detectors (TLDs) were used for spec-
trometry based on the gray filter method [13]. This has
made it possible to increase the reliability of the results.
X-ray spectra of femtosecond laser plasma have been
obtained in the energy range 2 < Av <800 keV. The effi-
ciency of energy transfer from the laser pulse to X-ray
photons is evaluated. The advantages and drawbacks
of the detection techniques are considered. Despite
the limited energy resolution, TLDs can be used to
acquire data in a certain number of laser pulses in new
experiments, e.g., with petawatt-power lasers [14] or
unique targets [15].

2. EXPERIMENTAL SETUP
AND A MEASUREMENT TECHNIQUE

The Ti:Sa laser system of the Faculty of Physics of
Moscow State University with a power of approxi-
mately 0.5 TW was used in the experiments as a source
of the main laser pulse. Its characteristics were as fol-
lows: 800 nm wavelength, 10 Hz pulse repetition rate,
20 mJ maximum pulse energy at the target, and 50 fs
pulse duration. The laser beam incident at the surface
of the copper target at an angle of 45° to the normal
was focused by an off-axis parabolic mirror (F/D = 6)
to a spot of approximately 4 um in diameter at half-
maximum, which provided a peak intensity of
10'® W/cm?. The experiments were carried out in a vac-
uum chamber with a residual pressure of ~1072 Torr. The
schematic diagram of the experimental setup is shown
in Fig. 1a.

The measurement of the X-ray spectrum from the
generated laser plasma was carried out by a pair of
semiconductor position-sensitive detectors operating
in the single-photon counting mode. This mode was
attained by selecting and placing attenuation filters
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and collimators between the radiation source and the
detector. The measurements were made in the energy
range of 4—30 keV by a cooled GreatEyes 1024 1024 BI
DD X-ray CCD camera with back illumination. The
characteristics of the CCD camera were as follows:
40 um thickness of the active silicon layer, 1 million
pixels with a pitch of 13 um, and ~300 eV energy reso-
lution. A MediPix TPX2 detector with a CdTe sensor
was used in the higher-energy range of 50—1000 keV.
This sensor has the following characteristics: 1 mm
thickness, 65000 pixels with a pitch of 55 um, and
~10 keV energy resolution. The attenuation of the
X-ray flux passing through the detector material is
mainly determined by Compton scattering at X-ray
energies above 100 keV. The initial plasma spectra were
reconstructed using the Monte Carlo method, nor-
malized to a single shot, and referred to a full solid
angle under the assumption of an isotropic X-ray dis-
tribution in space. Figure 2 shows the spectral sensitiv-
ity curves for the semiconductor detectors in view of
the used filters. Data acquisition was carried out in a
series of 20000 consecutive laser shots with a pulse
energy fluctuation within 20%.

In addition to the semiconductor detectors, a
seven-channel small-sized noise-immune spectrome-
ter (20 mm diameter; 20 mm length) was developed
and produced based on TLDs to study the spectral
composition of pulsed X-ray plasma radiation in the
energy range of 2—800 keV in the integrated mode.

The operation principle of TLDs is based on the
fact that charge carriers produced in them by ionizing
radiation are localized in trapping centers and held in
them for a long time. As a result, absorbed energy is
accumulated and can be released upon additional
excitation. In the case of TLDs, additional excitation
is caused by heating. When an irradiated TLD sample
is heated, photons are emitted (thermoluminescence)
at temperatures of 240—300°C (depending on the
material), and their number is proportional to the
absorbed dose of ionizing radiation.
Vol. 67
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Fig. 2. Spectral sensitivity of X-ray detection for two semi-
conductor detectors.

A TLD is physically made in the form of a disk with
a diameter of ~5 mm and a height of 0.9 mm.
LiF(Mg,Ti) TLDs are immune to electromagnetic
interference and UV radiation, do not have a surface
dead layer, and their response is linear over a wide
dynamic range of the absorbed dose (from 20 mSv to
10 Sv) [16].

The design of the developed spectrometer was the
integration of seven isolated X-ray detection channels
(Fig. 1b). The spectrometer channels were con-
structed according to the following scheme: absorp-
tion filter + detector (an array of five consecutive
LiF(Mg, Ti) detectors). The arrays of LiF(Mg,Ti)
detectors in a channel were fixed in place behind Al
and Pb attenuation filters with different thicknesses.

The first spectrometer channel was free from an
attenuation filter and was used to measure the
absorbed energy J,, from the entire X-ray spectrum of
the laser plasma. Channels two to four had aluminum
attenuation filters with thicknesses of 4, 32, and
60 um, respectively. Spectrometer channels five to
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seven had lead attenuation filters with thicknesses of 1,
4, and 6 mm, respectively. The channels with alumi-
num and lead attenuation filters measured the energy
of X rays emitted by the plasma and absorbed in the
detectors after passing through the Al (J,) and Pb
(Jpy) attenuation filters, respectively. The attenuation
curves shown in Figs. 3a and 3b (J,/J,, Jpp/Jy) Were
constructed according to the data read out of the
channels with Al and Pb attenuation filters, respec-
tively. The attenuation curve in Fig. 3c is based on the
data from the lithium fluoride LiF(Mg, Ti) detectors
of the first spectrometer channel.

The LiF(Mg, Ti) TLDs simultaneously acted as
filters for measuring the attenuation curve in the first
channel. The algorithm used to construct the attenua-
tion curve in Fig. 3¢ was described in detail in [17—19].
The attenuation curve was constructed by the TLD
readings in view of the TLD thickness. The first point
at the attenuation curve corresponds to the total signal
2J; e from all TLDs with a zero absorption thickness.
The second point on the attenuation curve corre-
sponds to the total signal from all TLDs minus the sig-
nal from the first detector whose thickness is the atten-
uation thickness in this case. The third point on the
attenuation curve corresponds to the total signal from
all TLDs minus the signals of the first and second
detectors, etc. The attenuation curve Jiz/ZJ;;r Was
thereby constructed (Fig. 3c).

Absorption filters made of aluminum were used to
measure the spectrum in a softer range (2—15 keV).
The readings of lithium fluoride LiF(Mg, Ti) detectors
of the first spectrometer channel were used to measure
the spectrum in the X-ray energy range of 10—50 keV.
Absorption filters made of lead were placed in the
spectrometer channels to measure the hard compo-
nent of X rays (30—800 keV).

The X-ray attenuation curves measured using the
filter method do not directly provide the spectrum of
this radiation itself. The reconstruction of X-ray spec-
tra from the attenuation curve measured in the exper-
iment was carried out using the effective energy
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Fig. 3. Measured typical attenuation curves of filters made of (a) aluminum, (b) lead, and (c) lithium fluoride.
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Fig. 4. Results of X-ray measurements using spectrometers based on semiconductor detectors (red curves) and LiF(Mg,Ti) detec-
tors (black curves) in the ranges of (a) 2—15 keV and (b) 20—1000 keV.

method [16—20]. This method is based on the fact that
the attenuation curve for monochromatic X rays is a
linear dependence on the filter thickness, which
makes it possible to determine the contribution of a
certain X-ray energy to the X-ray spectrum under
study.

3. RESULTS OF THE EXPERIMENT
AND THEIR DISCUSSION

When a laser pulse with a peak intensity of
~10" W/cm? interacts with plasma of a solid target,
the characteristic mechanisms of particle acceleration
are collisionless: ponderomotor acceleration [21], res-
onant absorption, and vacuum heating [2, 22]. These
mechanisms cause the appearance of a hot electron
component with a quasi-temperature as high as hun-
dreds of keV against the background of thermal elec-
trons [1—10]. Though these fast electrons are relatively
small in number [23], they are responsible not only for
the emission of high-energy X rays during deceleration
in the target thickness but also for the generation of
characteristic radiation. Both spectral components are
clearly visible in the absolute spectra measured using
semiconductor detectors in different energy ranges
(red curves in Fig. 4). A pair of lines corresponding to
the K, and Kj transitions of copper (8.05 and 8.9 keV,
respectively) is visible in Fig. 4a. The number of X rays
with an energy of 8.05 keV is as high as 5 x 10° in each
laser shot, and the estimated coefficient of conversion
of the pulse energy into X rays is 1.5 £ 0.5% in the
range of 5—1000 keV. The temperature of the tail part
of the X-ray spectrum is in good agreement with the
temperature of fast electrons in the plasma, which pro-
vides a means for determining this temperature. Thus,
the temperature of hot electrons 7, obtained by
approximating the high-energy part of the spectrum
(Fig. 4b) by a function W(E) ~ exp(—E/T,) [24] is
115 = 10 keV. Semiconductor detectors feature a high
energy resolution (less than 500 keV for a CCD camera
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and approximately 10 keV for MediPix). At the same
time, it is necessary that measurements be made in the
mode of counting single X-ray photons using collima-
tors and filters, which affects the data acquisition rate
and the range of measured energies. The limited thick-
ness of the sensitive layer in semiconductor detectors
also determines the low detection efficiency. In the
aggregate, this is reflected in the low reliability of
spectrum reconstruction in the regions below 3 keV, of
10—20 keV, and over 200 keV. The spectrum envelope
can nevertheless be reconstructed.

Figure 4 shows the spectra (black curves) measured
by the spectrometer based on LiF(Mg, Ti) detectors,
reconstructed using the effective energy method, and
normalized to the full solid angle. Due to the low res-
olution, it is impossible to unfold the peaks of the K,
and Kp lines. Nevertheless, the spike in the readings
corresponding to the characteristic X rays is reliably
reconstructed. The integral X-ray flux of the K-series
lines reaches 10, which is reasonably consistent with
the data of the CCD array. According to the TLD
readings, the spectrum stretches in the high-energy
region to almost 800 keV, which conforms to the semi-
conductor detector data. The estimated temperature
of hot electrons in the plasma is ~100 = 20 keV with a
conversion coefficient of approximately 0.5% in the
region of <1 MeV. The signal level is then feebly distin-
guishable from the noise level due to the exponential
decay of the X-ray energy distribution.

An increase in the statistics would probably make it
possible to detect a signal corresponding to higher-
energy X rays. Nevertheless, it is important to note
that the spectrum in the region below 100 keV can be
measured by TLDs with high accuracy at substantially
lower statistics. This is a matter of considerable inter-
est for plasma analysis in a limited number of pulses in
tasks when, e.g., unique targets (various kinds of
nanostructures, foams, etc.) are used as well as when
petawatt-power laser systems are used in the mode of
Vol. 67
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single pulses [25]. The lithium fluoride LiF(Mg,Ti)
TLD can be placed in close proximity to the source
unlike the semiconductor detectors, which makes it
possible to cover a wide solid angle with a limited set
of detectors and also increase the counting statistics.

Thanks to its immunity to optical radiation, the
TLD has an advantage in measuring low-energy (up to
1 keV) X rays in laser-plasma experiments where the
X-ray flux is codirected with optical radiation (e.g.,
when betatron radiation is generated). It should also
be noted that TLDs are generally resistant to environ-
mental effects and simple to use [16].

4. CONCLUSIONS

The spectral composition of the X-ray radiation of
plasma produced by a femtosecond laser pulse with a
peak intensity of ~10'® W/cm? at the surface of a metal
target has been measured using two X-ray detection
techniques. The first method consists in direct X-ray
detection by matrix-type semiconductor devices in the
single-photon counting mode. The second approach
is based on integral measurements by LiF(Mg, Ti)
TLDs using the gray filter method. After processing,
the results of measurements made by both instruments
have demonstrated a good agreement. The spectrum
shape has been determined and the characteristic tem-
perature of its high-energy part has been measured,
which is ~100 keV. The total X-ray flux in the energy
range of 2—800 keV has been established. The effi-
ciency of converting the energy of laser radiation to X
raysis ~1.5 £ 0.5%.

It has been shown that Ilithium fluoride
LiF(Mg,Ti) TLDs are applicable to spectrometry of
relativistic laser plasma and, in addition, this detection
method provides reliable results. Though the energy
resolution is not very high, these detectors can suc-
cessfully measure the spectrum shape and estimate the
temperature. The ease of use and cheapness of
LiF(Mg,Ti) detectors allows the introduction of sev-
eral diagnostic channels at once in the case of aniso-
tropic X-ray distribution. It is also important to note
that the immunity of LiF(Mg,Ti) detectors to optical
radiation is a very important property for the detection
of low-energy (up to 1 keV) X rays, for new experi-
ments on the X-ray generation during betatron oscilla-
tions of laser-accelerated particles in a plasma chan-
nel, for diagnostics of the length of plasma channels
and the peak intensity of laser radiation achieved in
them by the spectra and X-ray yield, for studying the
soft components in interactions of electron beams
with converter targets, and in other applications.

ABBREVIATIONS AND NOTATION

TLD—thermoluminescent detector.
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