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ABSTRACT A long-pulse-width high-output energy (120 ns
FWHM, 7 J) XeCl laser has been focused on thin tape tar-
gets (Cu and Ta) to generate more than 100-ns-long (FWHM)
EUV pulses in the 10–30 nm spectral region, suitable for pro-
jection microlithography. The conversion efficiency was more
than 20% over a 2π solid angle. We observed debris emission
using a gated CCD camera, and measured the debris speed for
different irradiation conditions. We found irradiation conditions
such that the measured velocities were low enough that sim-
ple mechanical devices combined with krypton at low-pressure
could efficiently stop both ionic debris and cluster debris. Our
results show that a suitable combination of driving-laser char-
acteristics, target material and thickness, environment gas and
mechanical choppers can make clean and increase the power of
EUV solid-target laser-plasma sources.

PACS 52.50.J.m; 52.38.P.h; 81.16.N.d

1 Introduction

The recent realisation of high-reflectivity multi-
layer mirrors down to a wavelength of 11 nm [1–4] has pro-
vided much stimulus to the projection EUVL (Extreme Ul-
traViolet Lithography) technique, the feasibility of which re-
lies on the development of cheap, clean and reliable soft
X-ray sources. Compared to expensive synchrotrons, laser-
generated plasmas are cheap and powerful sources. One of the
main problems for laser-plasma generated X-ray sources is
the production of debris from the target, which is detrimental
to soft X-ray optics. Several techniques have been consid-
ered for reducing this contamination, such as the use of very
thin tape targets (< 30 µm) irradiated with very short pulses
(≈ ps) [5], droplet liquid targets [6], gas jet targets [7], and
cryogenic Xe targets [8, 9]. In all these cases, the target char-
acteristics (small thickness and/or low density) require high
laser irradiances (IL ≈ 1012–1014 W/cm2), thus reducing the
soft X-ray conversion efficiency in the 100 eV spectral region.
Moreover, in the case of non-solid targets, residual vapours
in the vacuum chamber heavily absorb the emitted radiation,
unless a more complex configuration is set up [10].

� Fax: +39-06/9400-5334, E-mail: bollanti@frascati.enea.it

Due to the high energy per pulse of our laser-driver, we
were able to increase the laser spot size on the target from
30 µm (at best focusing) to more than 300 µm (by defocus-
ing the beam). As a result, the laser irradiance was decreased
to 1010 W/cm2, thereby reducing the debris emission from
a 30 µm-thick tape target. At this irradiance level the produc-
tion efficiency of EUV photons was very high, since the EUV
pulse duration was almost as long as that of the laser. Conse-
quently, a high X-ray emission per pulse was achieved.

2 The laser-plasma source

Our soft X-ray laser-plasma source has been de-
tailed elsewhere [11–15], so it will only be briefly outlined
here. The driver is a XeCl (λ = 308 nm) excimer laser facil-
ity named Hercules, developed at the ENEA Frascati labo-
ratories. In order to have a high quality beam, Hercules is
equipped with an unstable resonator. Due to the large volume
and to the long self-sustained discharge, the laser system can
reliably deliver an energy of 7 J with a pulse duration of 120 ns
(FWHM), up to a maximum repetition rate of 5 Hz [12, 15].
The Hercules beam can be focused by an f# = 3 triplet lens
to a 30-µm-diameter spot (86% encircled energy), reaching
a maximum irradiance of IL ≈ 5 ×1012 W/cm2.

Corresponding to different applications, the soft X-ray
emission was measured in three different spectral regions:

S70 : 40 eV < hν < 70 eV

(near the values for projection microlithography);
Sww : 300 eV < hν < 500 eV

(for contact microscopy, ww is for water window);
S1k : 0.8 keV < hν < 1.6 keV

(for radiobiology and contact microlithography).

The bandwidths of the three investigated spectral regions were
determined by the combination of filters and detectors used
in each case. In particular, the S70 bandwidth (40–70 eV) was
limited by the transmission window of the 1.6-µm-thick alu-
minium filter, which cut off photon energies lower than 40 eV.
In some cases, for example, when using a Cu target, a Cu mir-
ror at a 5◦ grazing angle was used in order to cut off plasma
photon energies higher than a few hundred eV energy.
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We can optimise the emission in the different spectral re-
gions by adjusting the laser parameters and choosing the most
appropriate target material. In particular, copper (Cu) and tan-
talum (Ta) targets have shown very high emission efficiencies
in the S70 region.

Throughout this paper we will assume that the emission of
Ta targets (when irradiated at 1010 W/cm2) is almost flat in the
spectral region 40–120 eV [16], so that the efficiency per unit
wavelength measured in the S70 interval can be extrapolated to
92.5 eV (13.4 nm), which is the standard wavelength selected
for projection lithography.

The measured temporal behaviour of the soft X-ray pulse
in each of the three spectral regions is shown, together with the
laser pulse, in Fig. 1, for a 100-µm-thick Cu target. The calcu-
lated soft X-ray pulse energies in these spectral ranges are also
indicated. It is evident that the long laser pulse-width largely
favours emission in the S70 spectral range. The number of S70
photons can be further increased by suppressing the emission
of the harder X-rays: this can be realised by moving the tar-
get by a distance of 1–2 mm from the position of the focus, as
shown in Fig. 2.

At about 2 mm away from the focus, IL ∼ 1010 W/cm2,
and the conversion efficiency obtained for a Ta target reached

FIGURE 1 Time evolution of the 120-ns-long Hercules laser pulse (curve
d) and of the soft X-rays in the S70, Sww and S1k spectral regions (curves c,
b and a, respectively). Laser irradiance = 5×1012 W/cm2; target material:
100-µm-thick Cu tape (from [12])

FIGURE 2 Soft X-ray pulse energy (in the S70, Sww and S1k spectral in-
tervals) and laser irradiance on the target (dashed line) vs. target position
(behind the focal plane) for a 100-µm-thick Cu tape target irradiated by the
120 ns, 7 J Hercules laser pulse (from [15])

FIGURE 3 EUV pulse stability during a sequence of 25 laser shots on a Ta
target at IL = 1010 W/cm2 (out of focus). The time-gaps between shots have
been eliminated. The laser pulse stability and the EUV pulse energy stability
were 0.5 and 1% r.m.s., respectively

22% and 1 J of emitted X-rays in the S70 region. The cor-
responding spectral efficiency was 0.7%/eV over a 2π solid
angle, which is very high compared with typical laser-plasma
sources [17], and is larger by a factor of three than one of
the best Xe vapour jet laser-plasma sources at 13.4 nm [10].
Under these conditions, the S70 EUV energy per pulse
was also measured after reflection by a multilayer Mo/Si
mirror (peak reflectivity R = 30%,∆λ/λ = 10% around
λ = 18 nm ≈ 70 eV, manufactured by the Lebedev Institute
of Moscow [3]). A value of 10 mJ/shot/sr was obtained,
in a good agreement with the 2π sr spectral efficiency of
0.7%/eV.

The EUV emission shot-to-shot stability when the target
was out of focus was good, being less than 1% r.m.s., as shown
in Fig. 3. This is due to the fact that for a defocused beam, the
laser spot size is practically insensitive to target positioning
instabilities.

3 Stopping debris

A severe problem with laser-plasma soft X-ray
sources, when applied for example to EUV-lithography, is
debris emission, which may limit the lifetime of the expen-
sive relay optics that are placed close to the plasma source.
This particulate emission is due to the compression of the
liquid layer between the plasma and the solid target, and con-
sists of debris particles with diameters ranging between less
than 1 µm and ≈ 100 µm, with velocities up to several hun-
dreds metres per second [18]. The use of non-solid targets can
greatly reduce debris emission, but it also leads to a decrease
in the X-ray production efficiency and in the set-up simpli-
city. For this reason we tried to exploit the characteristics of
our source when working at low laser irradiance. In fact, when
working out of focus, the laser irradiance decreases, causing
the plasma pressure to drop and the debris to slow down [19].
Thus it is possible to use mechanical devices to stop the par-
ticles, in spite of the increase in average debris particle size
D̄ ∝ (

ϕ4
L/τ2 P2

0

)1/3
, where ϕL is the laser spot diameter, τ the

laser pulse duration and P0 the plasma pressure [18].
Preliminarily, we measured the debris speed at two dif-

ferent values of the laser irradiance. We used a gated CCD
camera with an MCP intensifier (DiCAM II, PCO Computer
Optics) to observe the visible debris ejected by a Ta target



BOLLANTI et al. High-efficiency clean EUV plasma source at 10–30 nm, driven by a long-pulse-width excimer laser 279

at IL ∼ 1010 and ∼ 3 ×1012 W/cm2. The results are shown
in Fig. 4. In all cases, the exposure time was 1/10 of the
delay between the laser pulse and the onset of the expo-
sure, so that the length of the marks is 1/10 of the distance
between the plasma source and the beginning of the mark.
From Fig. 4c and d we can observe a strong reduction of the
debris speed at IL ∼ 1010 W/cm2, which can be estimated to
be about 100 m/s, in agreement with [18]. Another remark-
able difference between higher and lower laser intensities is
the debris angular distribution, being strongly peaked in the
direction opposite to that of the laser in the first case, and
rather isotropic in the second case.

The number of emitted debris particles also depended on
the target material. In Fig. 5 debris emission under similar ex-
perimental conditions is measured both for yttrium (a) and

a b

c d

FIGURE 4 Debris emitted by a Ta target placed
at the focal plane (Z = 0) and at Z = +2 mm after
the focal plane, here observed by a gated intensi-
fied CCD at different delay values from the plasma
formation. Laser parameters: 120 ns, 4 J. Laser in-
cident angle: 45◦ from right hand. Vacuum pres-
sure < 10−3 mbar. Dashed lines: distance from the
target (cm). G = 1–10 is the CCD gain

a b c
FIGURE 5 Debris emitted by different targets at
different laser irradiance values, and collected on
a plastic film. The images are negative and the
films were observed using an optical microscope
in transmission mode. The laser pulse energy was
4 J with a 120 ns pulse-width and the incident angle
on the target was 45◦. The plastic film was placed
5 cm away the target at 55◦ to the laser direction
(where the maximum debris emission was)

tantalum (b,c), with the results for the last being three orders
of magnitude lower than those for the first. The amount of
visible cluster debris emitted by a 30-µm-thick Ta tape tar-
get placed out of focus was only 30 particle/sr per joule of
laser pulse energy (see Fig. 5c). This figure is almost three
orders of magnitude lower than the values reported in the lit-
erature [18], and is also lower than that for the target placed
at best focusing (Fig. 5b). Clearly, not all the Ta debris frag-
ments are visible in Fig. 4. The minimum size of visible debris
particles depends on their speed, temperature and other pa-
rameters [15, 20]. For the images in Fig. 4 we calculated
a minimum size ϕ ≈ 1–2 µm, depending on the debris speed
and the selected CCD gain. A detailed calculation of the min-
imum size of visible debris particles is given in the Appendix,
and more data can be found in [20].
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FIGURE 6 Transmission of Kr and He at 1 mbar over a length of 10 cm vs.
the photon energy according to the data of Henke et al. [23]

The low debris speed obtained at IL ∼ 1010 W/cm2 makes
it possible to stop most of the debris using a suitable combi-
nation of mechanical devices (for larger and slower particles),
and Kr gas (for sub-micron debris and for ions). Obviously,
the Kr gas pressure should be low enough to transmit the
60–90 eV EUV spectrum [21, 22]. Note that in this spectral
region, Kr is more transparent than He [23] (the typical gas

FIGURE 7 Calculated flight
range of Ta ions (a) and de-
bris (b) in He and in Kr vs. the
gas pressure P and vs. the ini-
tial speed V0. (ϕ = spherical
debris diameter)

FIGURE 8 Experimental set-up of the mechanical stopper based on the
action of two counter-rotating choppers

used for debris stopping), as shown in Fig. 6. Having a mass
that is 21 times larger, it is also much more efficient in stop-
ping both ionic debris as well as cluster debris, as shown in
Fig. 7 [21, 22].

The use of Kr to stop debris was proposed few years
ago [24], but the use of pure Kr (without choppers) is not
enough for complete debris stopping, as demonstrated in the
following.

We first tested a pure mechanical stopper (without Kr)
made up of two counter-rotating disks (diameter Ddisk =
20 cm), each with two holes (Dhole = 2.5 cm) on opposite
sides of the disk near the edge. Their turning speeds were
ω1 = 75 rps and ω2 = 65 rps, giving an “open” window of
≈ 0.3 ms and a “dark” window of ≈ 50 ms. A schematic is
shown in Fig. 8. The first disk was 16 cm from the plasma.
Only debris faster than 0.16 × (3 ×10−4)−1 m/s = 530 m/s
could pass through the choppers.

We irradiated both a 30-µm-thick Ta tape and a 150-µm-
thick magnesium (Mg) tape at low laser irradiance
(∼ 1010 W/cm2), measuring the debris densities both on
a plastic film behind the choppers and on another film as
a reference, which was put beside the first chopper hole. The
incident angle of the laser and the debris collection direction
were at +45◦ and −45◦ with respect to the target normal, re-

FIGURE 9 Debris density vs. debris particle size on plastic films put be-
fore (at 15 cm) and after the choppers. Target: 150 µ m-thick Mg irradiated
by 103 shots at IL = 1010 W/cm2 (see text). The data have been normalised
with respect to the different distances from the plasma of the two films



BOLLANTI et al. High-efficiency clean EUV plasma source at 10–30 nm, driven by a long-pulse-width excimer laser 281

FIGURE 10 Debris deposited by 400
shots on a plastic film placed 4 cm
from the 70-µm-thick Ta target in
vacuum (a) and in Kr at 2.5 mbar (b).
The images were obtained using an
optical microscope (objective 40×)
in reflection mode. Laser parameters:
4 J, 120 ns, 1010 W/cm2, 45◦ inci-
dent angle

FIGURE 11 Debris density vs. debris particle size on plastic films measured
from Fig. 10a. In the case of Fig. 10b, the debris density (∼ 1 particle/mm2)
is too low to plot a histogram

spectively. For both Mg and Ta targets the choppers reduced
the total number of cluster debris particles (ϕ > 0.5 µm) by
a factor 5 (from 30 particles/shot/sr/J, shown in Fig. 5c,
down to 6 particles/shot/sr/J in the case of the Ta target).
In the case of Mg, the number of debris particles was so
high (about 10 times larger than that for Ta) that a size his-
togram of the debris could be obtained, as shown in Fig. 9.
The reduction by a factor of 5 is much smaller than that
expected from the debris velocity characterisation obtained
from Fig. 4. This might be due to the distance used between
the two disks of the chopper being too large (3 cm) in this
experiment.

We also measured the capability of pure Kr (without chop-
pers) to stop debris (both ionic and clusters). We placed a plas-

FIGURE 12 Debris deposited by 500
shots on a glass plate placed 4 cm
from a 100-µm-thick Cu target in
vacuum (a) and in Kr at 2.5 mbar (b).
The images were obtained using an
optical microscope (objective 40×)
in reflection mode. Laser parameters:
4 J, 120 ns, IL ∼ 1010 W/cm2, 45◦
incident angle. The optical densities
of the two plates after the irradiation
by 500 shots were OD = 0.6 and
OD = 1.5×10−2, respectively

tic film at 4 cm on the normal to a 70-µm-thick Ta target
irradiated at IL ∼ 1010 W/cm2 and compared the debris depo-
sition in vacuum and in Kr at 2.5 mbar, which transmits more
than 80% of the EUV photons in the range 60–90 eV across
the 4 cm gap. Figure 10 shows a noticeable capability of Kr
to stop small-sized debris: in fact, the number of small de-
bris particles deposited on the film was lower by more than
two orders of magnitude in Kr than in vacuum. This ratio was
obtained by counting the debris particles using the IDL 5.3
software (Research Systems, Inc.). The quantitative results
are summarised in Fig. 11.

By comparing the histogram of the debris density in
Fig. 11 with the debris density measured for the thinner Ta
tape used during the choppers experiment (taking into account
the different distances of the plastic films from the source),
it turns out that the 70-µm-thick Ta tape target ejected about
two order of magnitude more debris than the 30-µm-thick
one at IL ≈ 1010 W/cm2. This is in agreement with the re-
sults reported in [25], where the comparison was made be-
tween solid and 60-µm-thick steel targets irradiated at IL ≈
1013 W/cm2.

When using the low pressure Kr, the cluster debris mitiga-
tion factor is in good agreement with that expected from the
theoretical debris range of flight (Fig. 7b). However, the fac-
tor of 70 reduction of ionic debris, estimated by comparing the
optical densities of the films in Fig. 10a and b, is significantly
smaller than that predicted on the basis of the range of flight of
the ions (Fig. 7a): after 4 cm of flight in Kr at 2.5 mbar, prac-
tically no Ta ions (or neutrals) should be observed. A similar
result is obtained when using a copper tape (100 µm thick)
as the target, as shown in Fig. 12. In this case the ionic de-
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FIGURE 13 Copper layer spot de-
posited on a glass plate placed 6.5 cm
from the plasma after being exposed to
1000 laser shots at IL = 1010 W/cm2

on the Cu target using the Debris
Mitigation System (DMS). The first
chopper disk was 2 cm from the plasma
and the Kr pressure was 2.5 mbar. The
glass optical density on the spot, com-
pared with a non-exposed glass, was
OD = 1.7×10−3

bris emission was reduced by only a factor of 40 (estimated
again on the basis of the optical density of the film), while the
cluster debris emission was reduced by more than 2 orders of
magnitude.

These experimental results can be explained by consid-
ering the momentum given by the Ta or Cu ions to the Kr
gas: this momentum (measured to be 2 ×10−5 kg m s−1 sr−1

by using a ballistic pendulum placed in front of the copper
tape) is high enough to push the Kr gas at high speed (up to
100 m/s at 4 cm from the target, quickly decreasing for larger
distances) so that the Ta- (or Cu-)rich Kr cloud can condense
over any surface it impinges upon while travelling. In this
moving dirty cloud the Ta (Cu) ions are at rest with respect to
Kr, not really contradicting the theoretical results of Fig. 7a.

A strong reduction of both the ionic and the cluster debris
can be obtained only by using the Kr gas together with the
choppers. In fact, the Ta (or Cu) cluster debris, slowed down
by Kr, can be easily stopped by the choppers, while the ions
are at first collected into the Kr dirty cloud, which is finally
stopped by the choppers. In conclusion, the combined action
of the two stopping techniques is much more effective than the
product of the single mitigation factors.

A preliminary experiment to check the capability of this
combined technique (Debris Mitigation System, DMS) was
carried out using a Cu target. By placing the first chopper
at just 2 cm from the Cu target and filling the chamber with
2.5 mbar of Kr, no cluster debris could be observed in the
0.2 sr collection angle, while the total mass density of ionic
debris was reduced by more than a factor of 250, as shown
in Fig. 13. Here the factor of 250 was obtained by comparing
the optical densities of Figs. 12a and 13. For each case, the
optical density was normalised both to the distance from the
target and to the number of shots. This ENEA DMS, which is
based on a combination of Kr gas and choppers, is now patent
pending [26].

4 Concluding remarks

We have obtained a high laser-to-EUV conversion
efficiency by using a high-energy, 120-ns-FWHM long opti-

cal pulse, emitted by the ENEA XeCl excimer laser facility
Hercules and focused on solid tape targets. Operation at a low
laser irradiance (out of focus) can optimise the EUV radia-
tion production efficiency and reduce both the number and
speed of debris particles. In the case of a Ta target, normal-
ising data to the laser energy, we obtained an EUV emission
of ≈ 0.5 mJ/shot/J/sr with a 1% bandwidth around 18 nm,
together with a flux of 30 particle/shot/J/sr (debris particle
size > 0.5 µm), as seen in Fig. 5. This debris flux was almost
3 orders of magnitude lower than a typical flux emitted by
a solid-target plasma source [18]. We achieved a further re-
duction of the number of cluster debris particles by a factor of
∼ 5 using a double mechanical chopper, which can stop debris
with velocities lower than 530 m/s (see Fig. 9). An additional
decrease of debris particle number by more than two orders of
magnitude was realized using 2.5 mbar of Kr as a buffer gas.
The ions and sub-micron debris were reduced by more than
one order of magnitude by only using low-pressure Kr buffer
gas (see Figs. 10, 11, 12) and by more than two orders of mag-
nitude with the DMS (which combines the Kr buffer gas and
mechanical choppers). The effectiveness of the DMS on the
cluster debris was so high that it did not allow experimental
measurement of the final mitigation factor, since our laser sys-
tem is limited to a few thousand shots per day. For cluster de-
bris, the combined action of mechanical choppers and Kr gas
is also expected to overcome the product of the single effects,
leading to a debris density lower than 10−2 particle/shot/J/sr.

In summary, we obtained an efficient and clean EUV
laser plasma source by a suitable combination of the follow-
ing experimental conditions: 1) a low irradiance level (IL ≈
1010 W/cm2), which reduces the number of emitted debris
particles; 2) a sufficiently thin tape target made of a conve-
nient, low-debris-emission material; 3) two mechanical chop-
pers, which stop slower debris particles regardless of their
size; 4) low pressure Kr gas, which slows down debris and
ions, significantly enhancing the effect of the choppers.

As a consequence, a long lifetime (defined as the num-
ber of shots causing a 10% decrease in the reflectivity) is
expected for an EUV multilayer mirror placed 15 cm from
the target in such a set-up, namely: a) ∼ 106 shots J limited
by the effect of small size (ϕ < 0.5 µm) and ionic debris;
and b) 1011 shots J limited by the effect of large size debris
(ϕ > 0.5 µm). These numbers can be obtained: a) from the
optical density of 1.7 ×10−6/shot at (6.5 cm, 4 J) of the de-
posited layer in Fig. 13, measured by a visible-light micro-
densitometer; this value has been scaled to the equivalent
value at 90 eV [23, 27], also taking into account the double
passage of EUV light upon reflection; b) from the experimen-
tal cluster debris density of 6 particle/shot/J/sr (see Figs. 5c
and 9) reduced by the 2.5 mbar Kr mitigation factor (> 102,
see Fig. 10). Experimental tests on mirror lifetime are planned
for the near future. A further improvement is expected by
flowing the Kr gas toward the target, in a purifying closed
loop.

We also plan to develop a tape-like cryogenic target [28],
which should further and significantly decrease the amount
of debris. This type of target is different from those proposed
in the past [8, 9]: it is made of a 100–300 µm solid layer of
Kr or Xe that is continuously refreshed [28]. It is very simi-
lar to a tape target and is compatible with the excimer laser
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FIGURE 14 Theoretical reflectivity of Mo/Si
multilayer mirrors optimised for 13.4 nm (92.5 eV,
dashed line) and for 14.2 nm (88 eV, solid line),
according to the data of Henke et al. [23, 31],
obtained for a Mo-Si period of 6.9 and 7.3 nm,
respectively, for one reflection (a) and for 8
consecutive reflections (b). In b the FWHM
bandwidths and the wavelength of the krypton
absorption M-edge are also indicated

heating and with the Debris Mitigation System proposed here.
Both the Kr and Xe materials are lighter than Ta, so a higher
efficiency of the DMS is expected. In fact, in this case the clus-
ter debris flying through the Kr gas would not only be slowed
down but also evaporated, while the ionic debris would mix
with the Kr gas rather than generating an aerosol-like dirty
cloud. By using such a target it could be possible to approach
the very long lifetime (1011 shots, i.e. 1 year at 5 kHz) required
for EUVL system mirrors.

Finally, let us discuss two potential problems of the DMS
proposed in this paper: 1) the choppers described above may
seriously limit the collection solid angle of EUV radiation,
but their angular speed in the present experiment is so modest
that both the disk velocity as well as the disk holes diameter
can be significantly increased; 2) in order to use the Kr-based
DMS for EUVL, it is necessary to shift the operating wave-
length for projection lithography from the standard value of
13.4 nm [8, 10, 29, 30] to 14.2 nm, since the 13.4 nm wave-
length is in the poor transmission region of Kr (see Fig. 6,
λ = 13.4 nm corresponding to hν = 92.5 eV). This shift is not
a serious problem, since when the wavelength is increased,
the smaller peak reflectivity of Mo/Si multilayer mirrors is
fully compensated by their larger bandwidth, as experimen-
tally demonstrated in [4] and as shown in Fig. 14. On the other
hand, the high absorption of Kr far away from λ = 14.2 nm
is very useful for limiting the mirror heating by out-of-band
radiation absorption.

Appendix

The time behaviour of the Ta debris temperature T(t), for
different debris particle diameter values, can be estimated as-
suming that they are emitted at the Ta boiling temperature,
T0, and that, while travelling in the vacuum, their temperature
cools down just because of black-body irradiation. Neglecting
room temperature, we have

T(t) = 3

√√√√ T 3
0

1 +18T 3
0 ξ σt

Cs	D

, (A.1)

where T0 = 5698 K = tantalumboiling temperature,ξ ∼ 0.4 =
Ta total normal emissivity (neglecting its T -dependence),
Cs = 200 J/kg/◦C = Ta specific heat, 	 = 16 600 kg/m3 =
Ta density, σ = Stefan-Boltzmann constant, and D = debris
diameter value.

When debris particles reach the melting temperature Tm ,
they stay at this temperature during the melting/solidification
time tm , given by

tm = 	 ·Cm

6 · ξ ·σ
D

T 4
m

, (A.2)

where Tm = 3269 K = melting temperature, and Cm =
173 kJ/kg = melting specific heat.

Then, debris continues to cool down following (A.1). The
resulting temperature behaviour is shown in Fig. 15.

FIGURE 15 Tantalum debris temperature vs. time for different debris par-
ticle sizes (see (A.1) and (A.2))

FIGURE 16 Time-behaviour of power emitted by Ta debris within a 4π sr in
the visible range, for different debris sizes (see (A.3)). The minimum power
levels Pmin detectable by the CCD camera with gains of G = 6 and G = 8 (as
given by (A.4)) are shown for reference
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Figure 16 shows the power irradiated by the debris in the
visible range, calculated as

P(t) = ξ ·π · D2 ·σ · T 4

700nm∫
400nm

BB(T, λ)

∞∫
0

BB(T, λ)

, (A.3)

where BB = black body spectrum. In the same figure, this
power is compared with the minimum power, Pmin , required
to detect the debris using the CCD camera:

Pmin = Fmin
(Vd · I) Φim

Tlens

4π

Ω
, (A.4)

where Fmin = Nmin
hν(

Lpix
)2 eGmax−G, Nmin = 30 = minimum

photons/pixel detectable by the CCD at the maximum MCP
gain Gmax, Lpix = 20 µm = pixel size, G = 6 and G = 8 are
the selected MCP gain factors, Vd = 100 m/s (for example,
estimated from Fig. 4d) = debris speed, I = 1/15 = CCD ob-
jective demagnification factor, Φim = 60 µm = debris image
size (constant due to the objective aberrations), hν = 2 eV =
photon energy, Ω = 3.4 ×10−3 sr = objective collected solid
angle, Gmax = 10 = maximum MCP gain of the CCD, and
Tlens = 0.8 = objective transmission factor.

Figure 16 shows that after a time-window of 500 µs, like
in the cases of Fig. 4c and d, only debris larger than 1 µm still
emit sufficient power to be detected.
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