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Monitoring of the plasma generated by a gas-puff target source
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A 10-Hz repetition rate, Nd:YAG pulsed laser (A = 1064 nm, pulse energy of 0.69 J, pulse duration of
3 ns) irradiated a Xe double-stream gas-puff target source. The interaction gives rise to the formation of
plasma and emission of soft x-ray and extreme ultraviolet radiation. The produced plasma was investigated
and characterized by a silicon carbide (SiC) and a commercial silicon (Si) detector, applying different
spectral filters. Some parameters such as the plasma stability and its evolution (time trace profile and pulse
time duration) are presented and discussed, evidencing pros and cons of the employment of SiC detectors
with respect to the traditional Si for laser-generated plasma diagnostic.
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I. INTRODUCTION

Silicon carbide (SiC) is considered nowadays a very
performant semiconductor due to its intrinsic properties
such as the wide band gap, the high charge mobility, and the
high thermal conductivity, allowing their operability at a
high frequency, in the presence of visible light (VIS) and at
a high temperature [1]. Because of their peculiar features,
such as the rate of charge collection, the high resistance to
radiation damage, and the possibility to operate at room
temperature maintaining a low leakage current, SiC detec-
tors are employed for the detection of neutrons [2], x rays
[3], a-particles [4], protons [5], and electrons [6]. Another
advantage of SiC, for ultraviolet (UV) applications, is their
“blindness” to photons of energy <3.2 eV (4 > 380 nm) as
well their strong atomic chemical bonding, which increases
its radiation hardness. Moreover, due to their larger band
gaps, the dark current of such devices is orders of
magnitude lower than that of silicon photodetectors [7].
The suitability of high-quality epitaxial layers allows the
fabrication of high-performance SiC detectors based on
Schottky diodes and p-n junctions. The SiC detectors show
many advantages with respect to silicon [8], such as their
high efficiency, working temperature, and very short rise
time, due to their particular design that leaves a fraction of
the active region directly exposed to the impinging radi-
ation [9]. Moreover, their high displacement energy (of
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25 eV with respect to the Si of 15 eV) [10] makes them high
temperature and radiation resistant, and their high electron
and hole mobility allows us to use them for high-frequency
counting mode operation. Having an energy resolution
comparable to Si and being blind to VIS radiation, SiC
detectors represent a valid alternative to employ for ion
beam monitoring in accelerator systems. They can be used
for ion beam analysis, Rutherford backscattering (RBS),
and recoil detection analysis (ERDA), avoiding the need to
acquire the background noise during the elastic, nuclear
reaction analysis (NRA) and for particle-induced character-
istic x-ray emission (PIXE), when ions and electrons
interact with insulators, semiconductors, and visible fluo-
rescent targets [11,12]. Moreover, SiC can be successfully
employed as x-ray detectors monitoring the electromag-
netic deflection of energetic ions extracted from ion sources
or during their mass-to-charge selection and focusing of
accelerated ion beams or for diagnostics of accelerated and
deflected energetic electron beams [13,14].

Other applications consist of monitoring the interaction
of accelerated beams with gaseous and solid targets even
with a low atomic weight. For instance, they can be useful
during acceleration stripping, when the ionic beam interacts
with gaseous strippers or with thin graphite sheets, from
which the soft x rays (SXR, 4 = 0.1-10 nm) are emitted.
Placing such detectors in proximity to collimators and a
pinhole, it is possible to employ them to center the
accelerated beams. The interaction of accelerated ion
beams with solid targets determines the production of soft
and hard x rays, whose signal can be calibrated using fast
SiC detectors, when the signal is proportional to the energy
of the detected x rays. Moreover, the new techniques of ion
acceleration are using high-intensity pulsed lasers to gen-
erate nonequilibrium plasma from thin foils producing ion
acceleration [15]. In these cases, the high-intensity SXR
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generated by a laser-matter interaction can be monitored
using the presented SiC detectors instead of the traditional
Si detectors which are fully invested by VIS light, gen-
erating high noise currents [16].

In this work, plasma generated by a gas-puff target
source, in the range of SXR, extreme ultraviolet (EUV)
(4 =10-120 nm), and UV (1 = 120-400 nm) radiation
[17], was investigated, comparing the behavior of a Si and a
SiC detector and applying spectral filters to select radiation
from different wavelength ranges. As already performed
with other gas-puff targets [18], Xe gas has been employed
to change the emission from the plasma source, in order to
compare such detectors in terms of their linearity response,
time evolution, and signal intensity.

II. EXPERIMENTAL SETUP

The setup employed to monitor the SXR and EUV
emission from the laser-irradiated gas-puff target is
depicted in Fig. 1.

The gas puff was produced by an electromagnetic valve,
which injects the gases through a nozzle at different
pressures, from 1 to 10 bar, allowing one to change the
gas target density and, consequentially, the emission yield.
A double-stream gas-puff target was irradiated by an Nd:
YAG laser operating at the 1064 nm wavelength (3 ns pulse
duration, 0.69 J pulse energy, and 0.1 mm of focal spot
diameter), by injection into the vacuum of Xe as a working
gas (emission in the wavelength range of 4 = 1.5-27 nm).
The Xe gas jet (inner gas with high Z, 0.7 mm in diameter)
was surrounded by a second flow of He gas (outer gas with
low Z, 1.5 mm in diameter) from a concentric outer nozzle,
in order to confine the Xe flux preventing the divergence
of the working gas flow outside the central nozzle. More
details about the source employed are described in
Refs. [19-21]. An AXUV-HS1 Si photodiode (mentioned
in the paper as HS1) from IRD, USA, with an active area of
0.05 mm? and a capacitance of 20 pF, and a SiC detector,
with an active area of 6.35 mm?” and a junction capacitance
of 100 pF, were placed at a distance of 108 and 170 mm,
respectively, from the gas-puff source. The detection solid
angle was 4.29 usr for HS1 and 219 psr for SiC. The

z

A

Plasma
Focusing lens g /TS TTTE T T T T
e
_- ‘% a Filter Detector
_ :

o
Xa
A%

N

Double-stream
gas-puff target

FIG. 1. Scheme of the experimental setup for EUV and SXR
plasma emission monitoring.

bias of the SiC and Si detectors was —10 and —28 V,
respectively. The detectors were exposed to laser-generated
plasma by the interaction of the laser beam with the gas-
puff target. A fast storage oscilloscope TEKTRONIX-DPO
70404 (4-GHz bandwidth, 25 GS/s) stored the signal
responses of both detectors, as a function of the time.
The SiC detector was interfaced to the oscilloscope through
a capacitance of 100 pF, using an input impedance of 50 (2,
while the Si one through a capacitance 10 times lower.

The plasma was monitored employing Al, Ti, Zr, and
CaF, filters, with a thickness of 750 nm, 500 nm, 250 nm,
and 5 mm, respectively. Such filters were used with both
detectors to select radiation from different wavelength
ranges, the Ti filter in the range of 4 = 0.1-6 nm, the Zr
filter in the range of 1 = 8—18 nm, the Al filter in the range
of A = 16-60 nm, and, finally, the CaF, filter in the range
of A = 180-300 nm [22, 23]. Figure 2(a) shows the detec-
tion efficiency (¢) of the detectors employed [6, 24], while
in Fig. 2(b) the transmissions (z) of the used filters are
depicted. Each detector works properly in a wavelength
region dependent on the detection efficiency and on the
filter transmission, and their response is proportional to
the product ez. Figure 2(c) shows, instead, the product of
the detection efficiency of both detectors by the effective
transmission of each applied filter. The comparison shows
that the SiC detector has higher (e - 7) values as a function
of the wavelength with respect to the Si and a better
response to the lower wavelengths.

III. EXPERIMENTAL RESULTS

A. Time evolution of the plasma

The first study was devoted to the time evolution of the
plasma. The plasma signal was monitored as a function of
the time for both detectors. Each plot corresponds to a
single pulse of radiation from the source averaged over ten
measurements. In Figs. 3(a) and 3(b), the signal from HS1
(a) and SiC (b) detectors is depicted vs the time for Xe gas
at a pressure of 10 bar for Xe and 6 bar for the outer He
gas, employing different filters. Comparing the plots, it is
possible to observe that the highest (peak) signal for HS1
detector was acquired employing Ti filter [Figs. 3(a)
and 3(b)], while the higher signal for the SiC detector
was obtained using the Zr filter. This results because Zr
filter transmits in a range of 8—18 nm and also because the
Xe gas emission is higher from ~11 nm onward. In other
words, the signal acquired was higher in the SXR range for
the Si detector acquisition and in the EUV range for the SiC
acquisition one.

In both cases, the signal is lower in the longer wave-
length EUV range, obtained employing the Al filter, and in
UV-VIS range, obtained employing the CaF, filter.
Moreover, the signal amplitudes are reversed for Ti and
Zr detectors. The SXR component is well detected with SiC
when the Zr filter is employed [Fig. 3(a)]. Employing the Ti
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(a) Detection efficiency (¢) of AXUV-HS1 Si and SiC detectors. The SiC detection efficiency spans a range of

A = 0.1-350 nm, while the Si detector cover the range of 4 = 0.8-950 nm. (b) Transmission (z) of the filters employed at different
wavelengths. Finally, (c) reports the contributions of each filter, for both detectors. Each filter allows one to select radiation from
different wavelength ranges to modulate the plasma radiation in different wavelength ranges.

filter, instead, the SXR are strongly absorbed and only the
EUV components are transmitted, detecting a high signal
with the HS1 detector. It is possible to observe, as expected,
that the plasma emits radiation in the SXR and EUV range
for about 3 times the duration of the laser pulse, i.e., about
9-10 ns. In the case of the SiC detector, the pulse duration
is affected by the time delay due to the RC electronic circuit
coupling the detector to the fast storage oscilloscope, of
5 ns (50 Q- 100 pF), which enhances the delay time for
10-15 ns. Thus, the expected SiC pulse duration should be
of about 25 ns or more, in agreement with the experimental
results [Fig. 3(a)]. The intrinsic RC delay of the SiC detec-
tor, of about 0.5 ns, practically does not influence the total
delay. The Si detector is faster with respect SiC, because the
total coupling electronics and intrinsic RC give a time delay
of the order of 1 ns. Thus, a pulse signal is expected longer
by about 3 times than the laser pulse duration, i.e., about
10 ns, in good agreement with the experimental measure-
ments [Fig. 3(b)]. Figures 3(c) and 3(d) show the time-
integrated signals of the HS1 (a) and SiC (b) detectors

(yield Yyg; and Yg;c measured in V - ns) for Xe + Al, Ti,
and Zr, as a function of the gas pressures applied. The
vertical error bars indicate the standard deviation of the
integrated signal (+£o0), calculated for ten consecutive
measurements acquired for the same gas pressure, for both
detectors, while the horizontal error bars are related to the
gas manometer accuracy of +0.25 bar. We expected that
increasing the gas pressure increases also its density and,
consequently, the x-ray emission yield. In reality, instead,
both detectors do not show a yield increment with the
different filters, as depicted in Figs. 3(c) and 3(d). An
explanation of this effect is that the photons transmitted by
the employed filters arriving to the detectors are absorbed
in the residual gas in the vacuum chamber, which increases
with the gas pressure. Thus, although the gas pressure
increases, the detector yield (V -ns) does not increase
significantly but remains almost constant.

Comparing Figs. 3(c) and 3(d), it is possible to conclude
that, in the SXR-EUV range, the electrical SiC signal is
only apparently higher than the Si one, because
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Time traces of the detector signals for Xe plasma emission with HS1 (a) and SiC (b) for different wavelength ranges (from

SXR to UV) selected by various filters. (c) and (d) show the integrated signal of HS1 and SiC as a function of the applied gas-puff
backing pressures of Xe gas at a constant He pressure of 6 bar, while (e) and (f) show the integrated signal normalized in terms of a solid

angle (219 usr for SiC and 4.29 for HS1).

normalizing to the solid detection angle is that of the Si
signal to be higher in an absolute scale (V -ns/usr), as
shown in Figs. 3(e) and 3(f). One explanation of this
evidence can be given by the larger area and electric
capacitance of the SiC detector, which, in principle, would
allow one to collect more charges with respect to the Si
detector. However, since the energy to form an e-A pair in

SiC is 7.76 eV while in Si it is only 3.63 eV, the highest
charge is effectively collected by the detector HS1 (Si) and
not by SiC.

Even if from the comparison of Figs. 3(c) and 3(d) it
seems that the time-integrated signals of SiC are higher
than the HS1 (Si), normalizing the signal to the detection
solid angle, it is exactly the opposite [Figs. 3(d) and 3(e)].
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FIG. 4. Xe plasma emission evolution, for a gas-puff pressure constant, of 10 bar. Comparison of (a) SiC and (b) HS1 signals (in terms
of FWHM) in different wavelength ranges limited by various filters. The CaF, range spans a wavelength range of 180 nm to 10 ym, but
the spectral sensitivity of HS1-Si and SiC detector with such a filter is from 180 to 300 nm (a) and from 180 to 1100 nm (b) wavelength,
respectively. The statistical vertical error bar, over ten measurements, is reported as 20c for Ti, Zr, and Al filters and as 1o for the CaF,

filter, where o is the standard deviation.

Indeed, considering, for example, the signal [voltage (V)]
detected by HS1 at a pressure of 10 bar employing the Ti
filter, we obtain a signal yield of about 4 V - ns. Thus, the
detection solid angle of Si being 4.29 psr, the ratio between
the yield and the solid angle will be ~1 V - ns/usr. Taking
into account the same signal detected with the SiC, we
obtain from the signal yield of 35 V - ns and the solid angle
of 219 usr a much smaller ratio, of ~0.16 V - ns/usr. This
demonstrates that the Si shows higher sensitivity to the
investigated wavelength range with respect to the SiC.

B. Measurement of the signal intensity

By measuring the full width at half maximum (FWHM)
of the detector peaks from time traces in Figs. 4(a)
and 4(b), it was possible to determine the relationship
between the detector signal duration and the plasma
radiation emissions in different wavelength ranges, as
depicted in Figs. 4(a) and 4(b). The statistical error, over
ten measurements, is reported as 200 for all the filters
employed, except for CaF,, where the 1o was taken into
account, where ¢ is the standard deviation. Plasma is
produced during the laser-gas interaction at which it has
the maximum temperature and density, emitting radiation
from shorter wavelengths (SXR and high-energy EUYV,
selected with the use of Ti and Zr filters, respectively).
After the laser pulse, of 3 ns duration, the plasma expands
and cools down in the vacuum, emitting in the lower
energy ranges of EUV (selected by using the Al filter) and
UV-VIS (CaF, filter). Further research will be conducted
in order to investigate the long pulse duration obtained
using the CaF, filter extended up to 100 ns. For both
detectors (but, in particular, for HS1, having the lower
energy gap of 1.1 eV with respect to the 3.3 eV of SiC), it
is possible to observe a long signal tail that may be

generated due to the partial UV radiation from the plasma
transmitted through the sample or due to the induced
Iuminescence [25].

Because of the detector properties, to the coupling
electronic detector oscilloscope and to the plasma lumi-
nescence induced in the filters, the detector FHWM, in the
SXR-EUYV range, extends about 10 and 15 ns in the case of
Si and SiC, respectively, as already shown in the time
profile plots represented in Figs. 4(a) and 4(b). The FWHM
extends up to about 60 ns in Si and less, to about 45 ns,
in SiC. Such a difference can be explained, because the
luminescence is mainly produced in the VIS range rather
than the UV, whose radiation is more absorbed inside the
filter itself. It has to be taken into account that the CaF,
filter transmits in the range from 180 nm to 10 xm, but the
spectral sensitivity of SiC and Si detectors, employing this
filter, is from 180 to 300 nm for SiC [Fig. 4(a)] and from
180 to 1100 nm for Si [Fig. 4(b)]. In addition, as expected,
the FWHM of CaF, is higher for the Si detector (HSI),
which has high detection efficiency in the VIS range,
keeping in mind that the SiC detector, instead, has high
detection efficiency only in the UV and shorter wave-
lengths. Nevertheless, the long signal duration suggests that
the UV fluorescence is so intensive to be partially trans-
mitted and detected by SiC. This explains why the SiC,
which is typically blind to the VIS light, detects this long
signal tail.

C. Detector linearity

A final study regarded the linearity response. Changing
the Xe gas pressure in a range of 2—10 bar, it was possible
to change the photon emission yield, as described in
Sec. III A. The experimental results are depicted in
Fig. 5, showing the SiC detector signal Yg;c in terms of
the time-integrated signal (V - ns) as a function of the HS1
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FIG. 5. Linearity test for Xe plasma emission. The plots report

the SiC detector signal as a function of the HS1 detector in terms
of time-integrated voltage and in terms of the normalized solid
angles.

detector time-integrated signal Yyg, for the different filters
applied. The data are reported in double scale, in order to
compare them to the normalized yield to the detection solid
angle. The error bars (horizontal and vertical) indicate the
standard deviation o, referring to ten consecutive measure-
ments, calculated as +o.

The UV signal obtained with the CaF, filter has a lower
slope than the other data series, due to the plasma-induced
high luminescence of the filter, emitting UV radiation at
about 282 nm [26]. This is clearly shown in Fig. 5, where it
is possible to observe that the HS1 detector has a much
higher sensitivity to that range than the SiC detector for the
far EUV or UV and VIS range (the signal from HSI
increases much faster than the SiC signal due to its high
sensitivity to the visible light). On the contrary, SiC
detection is faster on the SXR (Ti) and far EUV range (Al).

IV. CONCLUSIONS

In this paper, different aspects of the laser-produced Xe
plasma employing a double-stream gas-puff target were
investigated employing a SiC detector and a commercial
(Si) HS1 detector. In particular, the time evolution of the
plasma, the relative signal intensity of the two detectors,
and the linearity as a function of the Xe gas-puff pressures
were studied. The presented SiC detectors can be employed
to monitor plasma produced from compact laboratory
sources and from large facilities such as accelerators and
for transport of charge particle beams. They can be
employed to analyze the ion-gas and ion-thin foil inter-
actions in stripper systems producing SXR emission, for
RBS, ERDA, NRA, and PIXE analysis, for electron and
ion detection in the time-of-flight configuration, and for
spectroscopy, monitoring the production of characteristic
x-ray emission, as reported widely in the literature
[6,7,8,9,11-16,21]. SiC detectors present a significant

advantage with respect to the traditional Si detector, due
to the higher-energy band gap, which makes the detector
less sensitive to the VIS light produced by the laser-
produced plasma. Thus, SiC does not need filters to reduce
the VIS radiation reaching the detector. Nevertheless, the
used SiC structure has a very reduced metallic collector
area (25%) with respect to the total active uncovered area
(75%), as reported in the literature [3]. The high electron-
hole density in the small sensitive volume of the SiC
detector, limited in depth by the diode active structure,
which extends only up to 4 um and by the collector
electrodes of only 3 ym in width, suggests that recombi-
nation effects can be produced at high charge density
collection. Moreover, the lower reverse current of SiC, at
room temperature, about 2 orders of magnitude lower than
Si, confers higher sensitivity to the UV and SXR detection.
In addition, the higher displacement energy [10] reduces
the crystal damage to the detector under high radiation
doses. Finally, the higher melting point of the SiC, with
respect to the Si [26], permits us to use the detector with
thinner active regions and to have high efficiency for x rays,
electrons, and ions at high energy [27]. Nevertheless, SiC
shows effects of less linearity and of possible saturation at
high x-ray fluences with respect to Si. On the contrary, the
Si detector has the advantage to be employed also for
detection of VIS radiation and to collect a higher number of
e-h pairs for its lower-energy gap. The uniform metallic
surface collection and the higher electron and hole mobil-
ities in Si with respect to SiC allows us to collect very well
the high charge densities produced by high photon fluences
without nonlinearity and saturation effects. Further studies
are in progress, in order to characterize other semiconduc-
tor detectors (in particular, GaS and diamond) using the
plasma from different gas-puff targets [18].
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