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The short term mission was dedicated to the experimental campaign on the interaction of
metal and dielectrics targets with a Nd:YAG laser beam (λ= 1064 nm, power density 10101011
W/cm2) carried out in an environment with finite Nitrogen pressure. The observed N2 spectra
are unambiguous evidence of the existence of a source, arriving at the observation volume
primary to the plume, which excites and ionizes the background gas. Such a source can be either
prompt electrons or VUV radiation. The analysis revealed that prompt electrons would need
energies in excess of 1 keV which is incompatible with any acceleration mechanisms relevant for such
laser intensities. On the other hand, VUV radiation is strong enough to explain the observed spectra.

The results have been presented at the 12th International Conference on Laser Ablation (COLA
2013), held in 6-11 October 2013 in Ischia, Italy as a poster contribution by S. Ratynskaia, G. Dilecce,
P. Tolias entitled “Nitrogen optical emission during nanosecond laser ablation of metals: prompt
electrons or photoionization”. The manuscript based on the results of this short term mission at
CNR Bari and reported below in detail, is in preparation for the submission to the COLA 2013
conference proceedings published in peer-reviewed journal “Applied Physics A”.

I. INTRODUCTION

Ablation of solid targets by nanosecond pulsed lasers
of intensities above the threshold Ith = 108 − 109

W/cm2 results in rapidly expanding partially ionized va-
por clouds [1, 2]. Such plasma plumes are characterized
by electron temperatures ranging from a fraction of eV [2]
up to 20 eV [3, 4] and typical ion energies of hundreds of
eV [3, 5, 6]. These high ion energies have been attributed
to acceleration by an electric field presumably created by
the escape of hot fast electrons breaking-up quasineutral-
ity [3, 4, 7, 8].
It is now necessary to define the term “prompt elec-

trons” as used hereafter; as prompt we identify electrons
continuously emanating from the laser-matter interaction
zone faster than the plasma plume. Scenarios of forma-
tion of such electrons as well as the value of their en-
ergy vary drastically in the literature. The mechanisms
proposed range from electrons escaping an initially sin-
gle temperature plasma cloud due to their higher mobil-
ity [9], to inverse Bremsstrahlung [7, 8, 10] and three-
body recombination [7], or the combination of multi-
photon absorption effects with acceleration due to space-
charge effects [11].
Lack of direct observation of this subpopulation is a

plausible reason for such a diversity in the prompt elec-
tron formation scenarios. In fact, only few experimen-
tal evidence of prompt electrons have been reported thus
far [4, 11–13]. The conclusion that these electrons emerge
from the interaction zone before the plume is based on ob-
servations of a negative pre-peak in time-of-flight (TOF)
signals [4, 11, 12]. However, as pointed out in ref. [14],
electrostatic measurements can be misleading, pertain-
ing to the fact that the probe current might be induced,
rather than collected, due to rapid charge release [15].
Moreover, for similar laser characteristics, reported TOF

measurements are contradicting and can differ by more
than one order of magnitude [4, 12, 13]. Nevertheless,
the most convincing evidence of prompt electrons with
energies of ∼ 100 eV, well above the plume temperature,
are those of refs. [13, 16], where they were detected up
to five meters away from the target in the presence of
background plasma.

To elucidate the physics of formation of such an elec-
tron group, experimental evidence concerning their num-
ber, details of the energy distribution (EEDF) as well as
their dependence on the target material, laser intensity
and wave-length are necessary. With this motivation we
have initiated our dedicated spectroscopic studies of the
background Nitrogen gas emissions. The ionization of the
background gas as a proof of the high energy prompt elec-
trons was used in ref. [12], where Nitrogen emissions of
the First Negative System (FNS) and of the Second Pos-
itive System (SPS) (to be defined below) were observed.
However, the potential of such observation was not fully
exploited in that work, since (i) SPS emission was mis-
interpreted as “normally forbidden”, while it is actu-
ally produced by electron impact excitation whose cross-
sections are known, (ii) no information on the EEDF was
deduced.

Our results revealed that there are actually two pos-
sible ionization sources; the prompt electrons described
above and extreme UV/soft-x ray emission from the
plasma plume. We interpret the experimental evidence
in the light of both hypotheses and conclude that the
second scenario is taking the place.

II. EXPERIMENTAL SET-UP

The vacuum system consists of a stainless steel cham-
ber with a vertical linear motion feed-through, mounted
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Figure 1: Scheme of the main experimental set-up. T target
(2 mm diameter metal rod), S target screen, D diaphragm
(1 mm diameter), LS line of sight (blue). The grey shad-
owed area is an indication of the propagation of the ionization
source.

Figure 2: Scheme of the second experimental configuration.
T target (2 mm dia. rod), A diaphragm (2 mm diameter),
B, C diaphragm (6 mm diameter)

on the bottom side, on which the target is attached. The
vacuum pump is a 150 l/s turbo dry pump. The base
vacuum is 2×10−3 Torr. Nitrogen flux is controlled by a
100 sccm f.s. MKS mass flow controller. The minimum
pressure achievable under 1 sccm flow is 5× 10−3 Torr.
A schematic drawing of the experiment is reported in

Fig.1. Most of the experiments reported here have been
carried out with this configuration. The target is en-
closed in a vertical screen, 4 mm wide, 8 mm deep, that
limits the plume emission to an angle of 28◦ on the hor-
izontal plane. The target with its screen is moved along
the Y-axis by means of a motorized linear feed-through,
with an up-down range of 2 cm. Another configuration
has been built in order to apply an electrostatic field in a
limited region in front of the target. Its schematic draw-
ing is reported in Fig.2. Three diaphragms confine the
laser-target plasma emissions into a cone defined by the
first 2 mm diameter diaphragm located at 11 mm from
the target. Between diaphragms A and B a potential dif-
ference of up to - 4 kV is applied. In order to avoid the
ionization of the background gas, the voltage is pulsed
by a fast HV switch, in such a way that it drops to zero
just after the passage of the plume. Spectroscopic obser-
vations are localized between diaphragms B and C.
The linearly polarized laser beam is produced by a

Nd:YAG laser at λ = 1064 nm, about 8 ns FWHM pulse
duration. The beam energy used in the experiments is
in the range of 10 - 325 mJ. The energy is varied by a
half-waveplate and polarizer attenuator. The polariza-
tion is vertical, i.e. parallel to the wire target direction.
The laser is focused on by a 50 cm focal length achro-
matic lens, but the target is set 3 cm away from the focal
point, so that the beam diameter at the target surface is
about 300 µm. The resulting fluence ranges from about
13 to 425 J cm−2. Emission light is collected through
a spatial filter composed of two aligned 1 mm diame-
ter diaphragms, and then fed into an optic fibre which
brings light into a monochromator (Spex 500M with 600
gr/mm grating, 300 nm blaze). The spatial filter can be
moved along the Z-axis with a 8 cm range. The two out-
puts of the monochromator are equipped with an inten-
sified CCD (ICCD) and a fast photomultiplier (PMT).
The ICCD is gateable with minimum gate width of 5
ns, and is used for time-resolved spectra measurements.
The gate delay generator of the ICCD is triggered by
the laser Pockel’s cell trigger. The PMT (Hamamatsu
H10721-210) has a rise time of 500 ps. The PMT signal
is measured by a 350 MHz bandwidth digital oscilloscope
(1 ns rise time), whose acquisition is triggered by a fast
(< 170 ps rise time) photodiode that captures a reflection
of the laser beam.

III. RESULTS

A. Spectral analysis

Well before the plume arrival in the spectral obser-
vation region, strong emission from the nitrogen back-
ground gas are observed. These are the First Negative
System (FNS) and the Second Positive System (SPS)
emission. Possible mechanisms causing excitation and
then emission are the electron impact, for both systems:
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and photoionization for FNS only:
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with ionizing photon energy larger than 15.6 eV. The
cross sections of electron impact processes (1- 2) are
shown in Fig.3 [17]. Nitrogen photoionization cross sec-
tions in the photon energy range ∼ 20 - 50 eV are re-
ported in [18], see Fig.4. Its value for N+

2 (B2Σ+
u ) direct

excitation is around 1-2 Mb (10−18 cm2).
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Figure 3: Cross sections for the electron impact processes that
produce the measured nitrogen emissions.

Figure 4: Partial photoionization cross sections for the pro-
duction of N+

2 in the states X2Σ+
g , A

2Πu and B2Σ+
u [18].

A sample spectrum, with the SPS and FNS bands clas-
sification is shown in Fig.5. The time evolution of mea-
sured spectra is shown in Figs.6-7. The zero time is taken
at the gate delay at which the emission starts to be ob-
servable.

Spectra are dominated by FNS emission. At the lowest
possible pressure of 5 mTorr the strongest (0,0) SPS band
starts to emerge from noise after 2 ns. The spectra time
evolution shows an increase of SPS emission with time
that is more pronounced with the increase of the back-
ground gas pressure, revealing the birth and growth with
time/pressure of a group of electrons with energy below
100 eV that are able to excite the N2(C) state. These
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Figure 5: Emission spectrum in the 325 - 395 nm range taken
at P = 20 mTorr, 16 ns after the laser pulse onset. In the
bottom figure the vertical scale is changed in order to enhance
the low intensity spectral features.
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Figure 6: Spectra evolution at 5 mTorr, Elas=320 mJ. Spectra
are normalized to the FNS(1,0) band intensity.

results are compatible with the picture of a primary ex-
citation/ionization source that, as times goes, builds up a
population of secondary low-energy electrons. If the pri-
mary source is a fast electron group, then the measured
initial spectra and their time evolution are possible only
if all nascent electrons are emanate with energies well
above 100 eV.

B. Fluorescence pulses

The typical emission (fluorescence) pulse of the FNS
(0,0) band spectral feature measured by the photomulti-
plier is shown in Fig.9. After the initial peak, followed
by the radiative decay (τ ≃ 62ns), the plume emission
arrives. Fluorescence pulses (only their initial part) have
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Figure 7: Spectra evolution at 20 mTorr, Elas=120 mJ. Spec-
tra are normalized to the FNS(1,0) band intensity.
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Figure 8: Spectra evolution at 50 mTorr, Elas=120 mJ. Spec-
tra are normalized to the FNS(1,0) band intensity.

been measured at three distances from the target and
three different pressures. Results are shown in Fig.10.
The fluorescence pulse is proportional to the time-

dependent population of N+
2 (B,v=0). The latter (B) can

be described by the equation:

dB

dt
= RX − (Q(t)X +A)B , (4)

where X is the density of N2(X) ground state, R is the
excitation rate, A the radiative rate, and finally the col-
lision quenching Q(t) = QN2 + Qel(t) is composed of a
constant part due to collision with neutrals and a time-
dependent part due to collision with low-energy electrons.
The fluorescence rises until the excitation rate is larger
than the loss rate. When the excitation falls below the
loss rate and goes to zero, the fluorescence signal starts
to decrease and then falls down with a rate equal to the
quenching rate. Fig.10 reveals that the excitation lasts
about 20 - 25 ns, i.e. at least as long as the laser pulse
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Figure 9: FNS (0,0) band fluorescence pulse, normalized to
the maximum, at Elas=325 mJ and 5 mTorr pressure. The
zero time position is arbitrary (see text).
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Figure 10: FNS (0,0) band fluorescence pulses, normalized to
the maximum, at three distances from the target and three
nitrogen pressure values. The zero time position is arbitrary
(see text).

duration. The total loss rate is equal to the radiative
rate at 0.01 Torr, while rising the pressure the collision
quenching gives an increasing contribution. In partic-
ular, the time-dependent electron collision quenching is
larger at higher pressure and closer to the target. The
latter dependence is explained by the angular spread of
the primary ionization source, that is limited to 28◦ in
the X-Z plane and has no limitation in the Y-Z plane.
Source is then much more intense close to the target,
and more dense must then be the group of secondary low-
energy electrons that contribute to Qel(t). This depends
on time because of the recombination, that is faster at
larger charge and neutral density. Further insight can be
obtained by looking at the spatial/pressure dependence
of the fluorescence intensity, reported in Fig.11.
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Figure 11: FNS (0,0) band intensity: (a) at three distances
from the target and three nitrogen pressure values; (b) at
0.2 and 1 Torr, divided by the corresponding values at 0.01
mTorr.

The intensity decreases moving away from the target
and this decrease is more pronounced at higher pressure.
Part of the decrease is due to the nascent angular spread
in the Y-Z plane (light from the X-Z plane is totally cap-
tured by the spatial filter). At 5 mTorr the ionization
mean free path of a 300 eV electron is about 30 cm. For
higher energy it is slightly larger since the cross section
decreases, see Fig.3. We therefore assume that the spatial
dependence at 5 mTorr is representative of the nascent
angular spread dependence, and report in Fig.11(b) the
spatial dependence at 0.2 and 1 Torr divided by that at 5
mTorr, that should be representative of a pure pressure
effect. We observe a decrease of a factor of 2 and 10 at
0.2 and 1 Torr.

C. Locality of spectroscopic measurements

The spatial filter has a great selectivity in the Y-Z
plane and no selectivity along the X-axis. A doubt arises
if part of the light collected at 6 and 10 cm might be due
to reflections on the chamber walls of the much more
intense emissions coming from the regions closer to the
target. If this were the case it would be hard to explain
why there is such a pronounced effect of the pressure
on the spatial dependence of the intensity. In addition,
the decay of the fluorescence pulse should not depend
on the position, if the light source were the same for all
positions. We conclude that the spatial selection is effec-
tive, and the locality of the measurements is reasonably
assessed. Given the importance of this point, we nev-
ertheless believe that it should be even more carefully
addressed.
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Figure 12: Rise of the fluorescence pulses at the three dis-
tances from the target at 5 mTorr. Six successive series of
spatial scans are shown.

D. Time-Of-Flight analysis of fluorescence pulses

Time-of-Flight (TOF) measurements must be per-
formed in a condition of low pressure in order to avoid any
interference from secondary electrons and ensure that the
excitation of FNS emission is caused by primary electrons
only. The best condition available is at 5 mTorr. Fluores-
cence pulses at the three spatial positions are compared
to assess if there is a clear delay in the onset of the pulse
when moving away from the target. In Fig.12 six series of
the spatial scans are shown. Repeated series show basi-
cally that the resolution of the measurement is below the
necessary level, due to trigger instability, noise level, in-
sufficient time response. If the prompt electrons are the
primary source, a sub-ns delay over 8 cm would imply
they have energy larger than 16 keV.

E. Fluence and target material dependence

The peak value of the first fluorescence pulse as a func-
tion of laser fluence is reported inFig.13, for six different
metal targets. All targets show a similar dependence on
fluence, with different absolute values.

F. measurements with a retarding electrostatic
field

The results with application of a pulsed retarding elec-
trostatic field between diaphragms A and B (see Fig.2)
are very clear; no observable variation of the peak value
of the FNS emission has been recorded up to the max-
imum available potential difference of -4 kV. Effects on
nitrogen emission spectra are also insignificant: only a
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Figure 13: Peak value of the first fluorescence pulse as a func-
tion of laser fluence for various metal targets

slight decrease of SPS emission is observed in the condi-
tion of low pressure and initial times.

IV. DISCUSSION

A. Prompt electrons hypothesis

The hypothesis of prompt electrons emission as the pri-
mary source of excitation/ionization by electron impact
processes must be compatible with the following obser-
vations:

• The nascent nitrogen spectra can be explain by a
presence of a prompt electron group with energy in
excess of some hundreds of eV, and no or absolutely
negligible number of electrons at energies below 100
eV.

• TOF measurements can be explained only by a
nascent energy (with directional motion) larger
than 16 keV.

• The spatial dependence of the fluorescence inten-
sity at larger pressures can be explained only by a
loss of directionality of the primary electrons group
by elastic collisions.

• The application of a retarding potential of 4 kV
does not affect the FNS signal, indicating that the
primary electrons must have an initial energy well
above 4 keV. A possible effect on initial SPS emis-
sion might be ascribed to an influence of secondary
electrons energy distribution.

The compatibility of the measured spectra time evo-
lution with the prompt electrons hypothesis has been
tested by means of a Monte Carlo simulation of an elec-
tron beam propagation into a gas medium. In particular,
the model ’follows’ the history of one electron in the en-
ergy space moving with a given initial energy and for a

given time, and repeats the single electron calculation
106 times. This zero dimensional picture is equivalent
to the passage of a primary electrons beam through a
finite observation volume in the low pressure limit, i.e.
provided the primary electrons do not loose a signifi-
cant fraction of energy prior to reaching the observa-
tion volume. The model includes the ionization mech-
anism as well as the most important inelastic processes
that contribute to electron energy losses. The number
of electrons is not conserved, since ionizations produce
secondary electrons whose kinetics is considered as well.
An important aspect of the simulation is the energy dis-
tribution of electrons produced by ionization events. The
distribution reported in [19, 20] have been used, in which
most of secondary electrons are released at energies below
100 eV. The outcome of the model is an electron energy
distribution function (EEDF) that evolves in time and
from which the rate coefficients of processes 1 and 2 are
calculated using the cross sections of Fig.3. The rate co-
efficients are then used as an input for Eq.(4), and in a
similar one for N2(C) state, for the calculation of the time
evolution of N2(B) and N2(C) states populations. These
are finally used to simulate the spectra evolution using
synthetic spectra generated by an appropriate software
[21]. The simulated time evolution of nitrogen spectra
shows a very good agreement with the measured one,
with significant deviations only at 0.05 Torr, when the
low pressure approximation is not more valid.

B. Photoionization hypothesis

Laser-target produced plasmas have been reported to
produce extreme UV /softy X-ray radiation[22–24]. In
Ref.[23], the absolute spectral intensities were measured.
The results of such measurements for for a tungsten tar-
get are reported in Fig.14, for 800 mJ of laser energy
focussed into a 50µm spot, corresponding to a fluence
of about 4 × 104 Jcm−2 (i.e. about 100 higher than the
maximum fluence in our experiments). The duration of
UV emission has been reported in Ref.[22] to be the same
as that of the laser pulse. We therefore conlcude that:

• The experimental time evolution of nitrogen spec-
tra is compatible with the photoionization hypothe-
sis. The radiation spectrum of Ref.14 shows abun-
dance of above threshold radiation that leaves to
the secondary electrons a kinetic energy of the order
of some tens of eV. The physical situation can be
described semi-quantitatively by the same Monte
Carlo model as that used for prompt electrons, in
which the primary source of excitation/ionization
is photoionization with its rate coefficient.

• TOF measurements can be naturally explained by
the propagation of the primary source at the speed
of light

• The spatial dependence of the fluorescence inten-
sity at larger pressures can be explained by photon
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Figure 14: One pulse time integrated number of photons per
unit wavelength and solid angle generated by a 800 mJ laser
pulse irradiated onto a tungsten target with a 50µm spot [23]

absorption loss.

• The order of magnitude of the detected FNS peak
signal agrees with calculations based on the spec-
trum of Fig.14. This calculation makes use of the
absolute calibration of the optical detection system
and of a scaling of the number of UV photons by
the linear dependence of FNS emission peak value
vs fluence measurements of Fig.13.

• The photoionization signal of the FNS emission
is totally independent of any applied electrostatic

field.

• A dependence on the target material has also been
observed in Ref.[24].

V. CONCLUSIONS

The prompt electrons hypothesis as the primary source
of excitation/ionization can be supported only if the ini-
tial energy of emitted electrons is directional and at least
of the order of 10 kV. No acceleration mechanisms in
this laser intensity regime can justify such hot electrons.
Filamentation and parametric instabilities have higher
intensity thresholds, while resonance absorption cannot
lead to such energies. The photoionization hypothesis fits
all the observations of this work, and appears to be the
most reasonable explanation of the nitrogen background
gas optical emissions.

We point out that the prompt electrons productions
cannot be falsified by our measurements since their ef-
fect on nitrogen optical emissions production is negligi-
ble compared to that of photoionization. However, as
pointed out in the Introduction, current literature re-
ports electron energy of the order of some tens of eV,
implying that such electrons should be able to produce
SPS emissions. Estimations based on the spectra of Fig.6
and using the absolute optical collection system calibra-
tion, yield that the total number of prompt electrons - at
energies larger than 11 eV - per pulse and pe solid angle
cannot be larger than 106 srad−1.
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