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Laser-induced plasmas are transient systems rapidly aging in few nanoseconds of evolution.
Time-of-flight spectrometry allowed studying initial plasma characteristics based on frozen
translational degrees of freedom, hence overcoming intrinsic limitations of optical spectroscopy.
Experimental ion velocity distributions were reconstructed as developed during the longitudinal
plasma expansion. The obtained onset plasma temperatures are in the range of �18–45 eV
depending on the ablated metals. Also the ion angular spreads were found to be a function of ablated
metal, e.g., the narrowest for Fe, the broadest for Al, due to different collisional coupling in the
plasma population. © 2007 American Institute of Physics. �DOI: 10.1063/1.2721410�

I. INTRODUCTION

The use of pulsed laser beams to process or analyze
target materials has been demonstrated in many publications
to be rapid and efficient.1–3 The characteristics of the laser-
induced plasmas �LIPs� can be extremely variable in space
and time, which makes LIP diagnostics4 a complex task. The
problem of identifying onset temperature values of the LIP is
important for the experimental characterization as well as for
obtaining reliable initial conditions of the LIP expansion to
plug into numerical simulation codes.

The use of passive optical spectroscopy for LIP studies
is relatively popular, though some intrinsic flaws in the tem-
poral and the spatial scale should be pointed out. Temporally,
optical spectroscopy does not allow accessing the LIP at
times shorter than a tenth of a microsecond due to the strong
continuum emission that covers all �transient� characteristic
lines. Spatially, the measurement is merely based on the pho-
tons escaping from the so-called radiating layer, i.e., a
cooler region near the boundary of the plasma, whereas the
core photons are potentially self-absorbed.5 Moreover, the
temperature measurement is here based on the information
provided by the internal degrees of freedom �i.e., the Ryd-
berg states�, which are not in a steady state condition, espe-
cially in the early stage of the LIP evolution.

Time-of-flight �TOF� spectrometry offers several advan-
tages for LIP investigations,6–11 namely, it is a noninvasive
technique and allows studying LIP characteristics in an
angle-resolved way �two-dimensional �2D� distributions�.
Besides, it probes the pristine LIP conditions even over a
long temporal range, because the measurement is based on
the translational degrees of freedom �i.e., the ion kinetic en-
ergy�, which are indeed frozen beyond the region of transla-
tional instability, the so-called Knudsen layer �KL�. The KL

forms near the surface if there are a few �three to five� col-
lisions per particle occurring.12 Raw TOF signals are shown
in Fig. 1 for the four metals studied in this work and for three
selected angles off normal, as explained below in the experi-
mental section.

The obtained velocity distributions �Fig. 2� follow a so-
called shifted Maxwell-Boltzmann curve, because the thermal
velocity spread is superposed to a drift flow component of
the center of mass. The LIP drift velocity must be related to
the shifted peak position of the distribution, whereas the dis-
tribution spread �or Gaussian variance s2� is proportional to
the LIP kinetic temperature. The distribution function has a
general form of a Gaussian as follows:
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FIG. 1. Raw time-of-flight signals acquired for Al, Fe, Zn, and Sn as a
function of collection angle. The time scale is triggered by the occurrence of
the photopeak, shown at t=0.
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where the variable v is the particle velocity, and the param-
eters are the plasma drift velocity vd �which is along the
expansion axis z� and the distribution spread s �half-width at
half maximum HWHM�. The second part of Eq. �1� shows
explicitly the physical meaning of the distribution, with T the
temperature at the KL upper boundary, m the ion mass, and
kB the Boltzmann constant. Henceforth, one can obtain the
sought after temperature from the Maxwell-Boltzmann curve
spread for a given ion as follows:

T =
m

kB
s2. �2�

Hence, the hotter the LIP, the broader the velocity distribu-
tion for a given atom, regardless the peak position. The latter
is a function of bulk flow drift velocity, and can be related to
the extent of ion acceleration driven by the beam irradiation.
This is influenced by the thermo-optical characteristics of the
irradiated target; i.e., for constant irradiance a low boiling
point material demands less energy for the phase change, so
that the excess energy is used for ion thrusting.

The aim of this work was to investigate experimentally
the 2D expansion and the elliptical temperatures8 of several
LIPs produced during the ablation of metallic samples.

II. EXPERIMENT

The ablation experiments were done using a KrF* exci-
mer laser �Lambda Physik, Compex� at 248 nm with a pulse
duration of 23 ns, focused into a spot of approximately
1 mm2 using a 150 mm focal length lens, resulting in an
irradiance of 1.3 GW/cm2 �Gentec joulemeter�. The laser
was directed to the target material with an angle of 70° off
normal in order to minimize the LIP-beam interaction. The
sample was located within an expansion chamber at a pres-
sure of 3.5 mPa, which allowed LIP unperturbed expansion,
since the mean free path inside the chamber was 1.8 m, i.e.,
much larger than the overall LIP expansion length �70 mm�.
The detector was a Faraday cup with a grounded circular
front mask, with an array of 13 orifices along the diameter.
The orifices �4 mm inside diameter� were opened alterna-
tively to allow ion detection along a specific off-axis direc-
tion. Targets of Al, Fe, Zn, and Sn were ablated using com-
mercially available high purity thin foils �Goodfellow Ltd.,
Cambridge� as samples.

III. RESULTS

A. Ion velocity distributions

Figure 2 shows the experimentally obtained ion velocity
distributions from the raw TOF signals of Fig. 1 at three
different collecting angles, i.e., for �=0° �on axis� together

with 23° and 35° off axis. This permits the evaluation of the
angular distribution of the ion flux. The curves of Al �Fig. 2,
top left�, especially the off-axis ones, have a negative tailing
that increases at larger collection angle. This suggests that
the vast majority of fast particles are ejected within a small
solid angle from the normal and thus their abundance de-
creases along oblique directions. This is also indicated by a
series of further considerations. Firstly, the integrals of the
23° and the 35° Al curves are factors of 3 and 7 lower than
that of the on-axis curve, respectively. This quantifies the
absolute ion flux reduction along the oblique directions. Sec-
ondly, for the two off-axis distributions the maximum veloc-
ity is as high as 45 km/s �cut-off value�, whereas the fast
particles detected on axis �i.e., as fast as 55 km/s� are not
present. This indicates a reduction of speed range along the
oblique directions. The curves of Fe �Fig. 2, top right� sug-
gest that this element is ablated with a much higher direc-
tionality than the case of Al. In fact, the integrals for the
off-axis curves are much lower than the on-axis one: a factor
of 10 lower for the 23° off-axis curve and a factor of 60
lower for the 35° off-axis one. Besides, if one observes the
highest velocity of the three distributions, the cut-off value is
at 30 km/s for the off-axis distributions, which is 15 km/s
lower than the highest on-axis speed �i.e., 45 km/s�. The
curves of Zn �Fig. 2, bottom left� are characterized by a good
symmetry and relatively large width, which suggests a high
LIP temperature �Table I�. The change of integral from on
axis to off axis is not as dramatic as in the case of Fe �here
factors of 5 and 17 for 23° and 35°, respectively�, which
suggests a bit more divergent particle ejection. To the curves
of Sn �Fig. 2, bottom right� apply qualitatively similar con-
siderations like in the case of Fe, i.e., high forward peaking
of the plasma bunch �here factors of 16 and 30 000 for 23°
and 35°, respectively�, yet the ion yield is significantly lower
than all other previous cases. Some of the curves are charac-
terized by little shoulders, more pronounced off axis, which
might be due to the presence of multiply charged ions in the
ablated ion ensemble. Strategies of signal deconvolution
were discussed and implemented elsewhere to extract the

FIG. 2. Experimental velocity distribution functions for Al, Fe, Zn, and Sn
ions for three different collection angles. The peak of the on-axis distribu-
tion relates to the bulk flow drift velocity, whereas the spread provides
information on the LIP temperature. The curve characteristics are summa-
rized in Table I.
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charge state distributions.13 The obtained LIP temperatures
for the four metals, together with the LIP drift velocities, as
deduced from the measured Maxwell-Boltzmann curves, are
summarized in Table I.

B. Ion angular distributions

Hence, as a rule, these experiments indicate that ablated
ions are highly directional and normal to the irradiated sur-
face. Regarding such LIP forward peaking �or angular
spread�, Fig. 3 shows the integrated signals as a function of
collection angle. The forward peaking of the ion velocity
distributions is obviously a function of ablated metal. Al-
though the use of the “cosp �” fitting function is popular,14 its
use has mostly a heuristic validity. Hence, we derived a more
stringent physical link between the profiles and the experi-

mental conditions. Our simulated curves stem from a Lorent-
zian distribution function15 that is defined as follows:

I��;�c,�� = I0 +
A

�
� �

�� − �c�2 + �2� , �3�

where the variable � is the off-axis angle, and the parameters
of the distribution are �c, which is the location of the peak,
and �, which is the � parameter of the Lorentzian or the
angular distribution’s spread �HWHM�. The peak position in
Fig. 3 is not at 0° because the ablation site was offset to the
ion collector center, so that we could observe a wider angle
of the plume on one side. Finally, the parameter A is the
integral of the distribution and I0 is the background offset.

The use of a Lorentzian distribution function for fitting
angular distribution data is motivated by both physical and
mathematical reasons. Firstly, it is well known that, given
two variates X and Y that follow a Gaussian distribution, the
distribution of their ratio, i.e., R=X /Y, follows the so-called
Cauchy distribution �so-called “Lorentz distribution” in
spectroscopy�.16 In our physical problem, the transversal �T�
and the longitudinal �L� ion velocity components are indeed
variates with Maxwell-Boltzmann �i.e., Gaussian� distribu-
tion. Their ratio defines the tangent of the spread angle, i.e.,
vT /vL=tan �. For ��40° one can approximate the tangent
to a linear function, i.e., tan ���, within an accuracy of
1%. In conclusion, the spread angle distribution can be prop-
erly described using the Lorentz distribution.

To implement such a theory, some additional consider-
ations are necessary on the mechanics of particle collisions
in the KL. Such a treatment considers a thin layer transported
longitudinally and laterally infinite, i.e., an assumption justi-
fied by the geometry of the KL, whose aspect ratio is typi-
cally small. Firstly, head-on collisions do not contribute to a
transverse spread but simply to the forward transport. On the
other hand, offset collisions produce a �nonzero� net scatter-

TABLE I. Curve metrics of the velocity distributions shown in Fig. 2, together with calculated temperatures in
eV. It should be reminded that 1 eV=kT for T=11 600 K. The degrees in the parentheses refer to the collection
angle. The integrals give the total number density of ions ablated, the peak height is the maximum density, the
peak position is the plasma mode velocity that on axis is the center-of-mass drift velocity, and the spread is
proportional to the temperature as in Eq. �2�. The LIP temperature is calculated from the on-axis spread value.
N/A is “not available,” because the profile was not well above background level.

Target

Integral
f�v�dv

�m−2 s−1�

Peak height
fmax�v�
�m−3�

Peak position
�km/s�

FWHM spread
�km/s�

LIP energy
�eV�

Al 4.3�1015 �0°� 2.5�1011 �0°� 37.1 �0°� 16.0 �0°� 18.5±0.3
1.5�1015 �23°� 1.1�1011 �23°� 35.5 �35°� 15.0 �23°�
6.2�1014 �35°� 3.7�1010 �35°� 35.6 �23°� 14.0 �35°�;

Fe 1.6�1015 �0°� 1.1�1011 �0°� 29.8 �0°� 14.0 �0°� 27.0±0.4
1.5�1014 �23°� 1.2�1010 �23°� 22.6 �23°� 11.0 �23°�
2.5�1013 �35°� N/A �35°� N/A �35°� N/A �35°�

Zn 1.6�1015 �0°� 9.5�1010 �0°� 32.5 �0°� 16.0 �0°� 44.3±0.7
3.3�1014 �23°� 2.1�1010 �23°� 26.3 �23°� 15.0 �23°�
9.6�1013 �35°� 5.8�109 �35°� 23.6 �35°� 15.0 �35°�

Sn 4.7�1014 �0°� 4.6�1010 �0°� 20.4 �0°� 9.8 �0°� 29.5±0.4
2.9�1013 �23°� 3.8�109 �23°� 13.3 �23°� 6.9 �23°�
1.6�1010 �35°� 1.1�107 �35°� N/A �35°� N/A �35°�

FIG. 3. Experimental angular distribution of the TOF integrated intensities
for Al, Fe, Zn, Sn, and simulated profiles obtained with a Lorentz distribu-
tion. The following angular distribution values were determined: Al,
37° ±11°; Fe, 16° ±4°; Zn 32° ±4°; and Sn 17° ±4°.
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ing angle, only when transverse displacement is physically
possible considering the packing in the KL. Otherwise, offset
collisions in a packed KL produce also forward transport due
to channeling. In fact, at the instant of collision between two
particles A and B, a line drawn through the centers of such
particles delimits an angle �AB from the longitudinal axis of
forward motion. Such an angle is the angle of free emer-
gence for the hit particle. However, the hit particle �s� might
further collide with other particles, and so on. The bulk com-
bination of particle-particle collisions determines a statistical
distribution of collision angles, with one dominating value
�. A LIP forward peaking is favored by a strong collisional
coupling �i.e., high fluid flow viscosity� in the KL. On the
other hand, under weak collisional coupling, the individual
particle paths can easily depart from the main flow direction,
i.e., the LIP angular spread is enhanced �i.e., low fluid
viscosity�.

IV. DISCUSSION

The collisional coupling was expressed introducing a
quantitative criterion, defined from the ratio between the
cross sections of interaction and the geometric spacing
among particles. For this purpose, the ion collision cross
section �	ion� is normalized to the collision-free area around
the particle. The effective Coulomb collision cross section is
a function of charge state and LIP temperature and is mod-
erated by the potential presence of electrons in the plasma,
which screen out the fields. Using the Debye length in the
LIP as the radius, one obtains such a Coulombic cross sec-
tion, i.e., 	ion=�
D

2 with the Debye length defined as

D
�kBTe /4�e2ne.

5 For our experiments Debye lengths in
the millimeter range could be calculated, based on TOF tem-
peratures measured in this work �see Table I� and on electron
number densities obtained previously,13 namely, 
D for Al
was 4.3 mm, for Fe was 1.3 mm, for Zn was 1.8 mm, and for
Sn was 1.2 mm.

The particle-to-particle collision offset distance b �also
known as impact parameter in the physics jargon� is used for
the computation of the collision-free area. This is easily cal-
culated from the mean free path 
 considering the angle of
collision, i.e., b=
 sin � Hence, we expressed the LIP colli-
sional coupling �proportional to the fluid flow viscosity, and
hence the forward peaking� as follows:

� =
�
D

2

��
 sin ��2 = � 
D/


sin �
�2

. �4�

Using Eq. �4�, the collisional coupling can be related to the
LIP transverse spread as well as the physical characteristics.
The ratio 
D /
 is indeed the inverse of the Knudsen number,
i.e., a large value indicates a continuum fluidlike behavior,
whereas a small value suggests the behavior typical of an
ensemble of discrete particles.

The threshold between fluid and particle behavior is im-
portant, and it is discussed in the following with a few con-
siderations on the LIP dynamics. For the case of statistically
dominating head-on collisions, one obtains that ��0° and
consequently in Eq. �4� is ��=0��. Thus, a high � value
indicates that the LIP forward peaking is high, as the fluid

viscosity, and transverse spread of the particles is impeded
by a densely packed KL. In this extreme case of �=�, the
system expands one dimensionally with essentially a forward
velocity component L only. On the other extreme, i.e., of just
grazing collisions, particle collisions have a free emergence
angle of ��90° that leads to ��=90��
D /
�2
�thr. This is
the threshold for the collisional coupling and continuum fluid
behaviour �� /�thr=1�. For ��thr
1 the ions are loose and
collisions are statistically improbable �see Eq. �4a� bis be-
low�. In such a case, the system cannot be described as a
continuum fluid due to an inviscid advection, rather as an
ensemble of particles with independent pathways. Hence, in
general we can write the following dependence between the
collisional coupling factor and the angle of LIP spread:

��/�thr
 =
1

sin2 �
. �4a�

The higher the �thr term, the higher the particle-to-fluid
threshold, and this favors the tendency of the LIP to spread
laterally. The particle-to-fluid threshold is a function of LIP
physical conditions, which can be expressed explicitly using
the definition of the Debye length �numerator and symbols
before the slash sign in Eq. �5� below� and mean free path in
the KL �denominator after the slash�, to obtain the following
parametric dependence �i.e., besides the constants�:

�thr = �
D



�2

= � kBT

4�e2ne
	�� 1

�n	ato�2	 � neT�	ato

z
�2

,

�5�

where n denotes the number density of all heavy particles,
which can be combined with the electron number density in
the plasma charge as z
ne /n �valid considering quasineu-
trality and the absence of negative ions�.5 Equation �5�
shows that the threshold increases with the electron number
density �ne�, the LIP temperature �T�, and more sensitively
with the heavy particle cross section �	ato�, whereas the
charge z lowers the threshold with a power-of-2 dependence.
Hence, as a general rule, the LIP angular spread is wider, for
a low ratio ��thr, which generally suggests that the LIP
charge is weak, and the electron density and the temperature
are more remarkable �see Eq. �5��.

Using Eq. �4�, we calculated the following element-
dependent collisional coupling numbers: �Al=3.0�104, �Fe

=5.1�106, �Zn=2.2�106, and �Sn=7.5�106. These results
indicate that the LIP from Al is two to three orders of mag-
nitude looser �lower fluid viscosity� than the ones from ab-
lation of Fe, Zn, and Sn. Hence, the lateral spread of Al is the
result of the modest coupling among the individual particles,
which is about a factor of 3 above the threshold for fluid
behavior �i.e., for Al � /�thr=2.7�. The LIPs of Fe �� /�thr

=12.5� and Sn �� /�thr=11.7�, due to a stronger particle cou-
pling, behave more fully as continuum fluids, being more
than one order of magnitude above the threshold. The LIP
from Zn, due to a slightly higher threshold value than for Fe,
is characterized by a somewhat wider spread in spite of the
high �Sn �for Zn � /�thr=3.5, i.e., close to Al�. This also sug-
gests that the higher temperature of the Zn plasma is not
matched by a consistent increase of the charge, which may
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be explained with the higher ionization potential of Zn ver-
sus Fe. The higher temperature of the Zn plasma might be
attributed to a low boiling point of this metal, so that for Zn
the laser energy exceeding the thermodynamic demand for
heating and melting/boiling is larger, i.e., �E=Elaser−Etherm,
and stored in the plume.

A. The LIP temperature

In conclusion, the range of electron or ion temperatures
of a LIP reported in the literature, obtained using passive
spectroscopy under different operating conditions �wave-
length, irradiance, etc.�,17–26 are mostly lower than 30 000 K.
However, the optical spectroscopy techniques permit us to
determine temperatures related to electron, atom, or ion
modes on a mid-long term with respect to the time scale of
the plume evolution, namely from approximately tenths up to
a few tens microseconds. On the other hand, in Claesyssens
et al.27 velocity distributions comparable to ours have been
obtained using a less oblique laser beam �45°�, yet the ex-
tracted kinetic energies �KEs� are of �100 eV. Similarly, in
Amoruso et al.28 the KE values reported are of the order of
100 eV, as obtained using a longer wavelength �355 nm� and
with 30° beam delivery, which implies a slightly stronger
beam-plasma interaction than in our case. Such KE values
would imply dramatically high LIP temperatures of almost
106 K, though unfortunately the data reduction procedure has
not been exposed. The present work’s values are well above
the optical spectroscopy values because we could measure
onset temperatures related to the instant when the ions
achieve translational equilibrium at the KL’s upper bound-
ary. We have decoupled the thermal component and the drift
component in order to obtain representative temperatures
�i.e., using the thermal component only�. Our values are in
agreement with TOF measurements reported by Franghi-
adakis et al.6 obtained using a tenfold larger target-detector
distance ��700 mm�, which demonstrates that the transla-
tional degrees of freedom are frozen, as well as with own
computational results.29

The temperature values obtained are higher than all tar-
get elements’ first ionization potential �IPI→II: Al=6.0 eV,
Fe=7.9 eV, Zn=9.4 eV, Sn=7.3 eV� and for some of them
these values are even above the second ionization potential
�IPII→III: Al=18.8 eV, Fe=16.2 eV, Zn=18.0 eV, Sn
=14.6 eV�, which suggest a fully ionized plasma. It should
be remarked that since the laser beam was oblique to the
target surface, the obtained temperatures must be considered
as primary, i.e., negligible laser-plume interaction takes
place, modifying the plasma energy balance.

V. CONCLUSIONS

This work’s results would suggest a high degree of ion-
ization for the LIP in the very early stages �plume-to-plasma
transition�, already at a modest laser beam irradiance of
1.3 GW/cm2. Then, a rapid reduction of charge presumably
occurs due to recombination �plasma-to-plume backup�. In
general, it should be noted that a rather weak LIP, both in

terms of temperature and in terms of forward peaking, is
associated with the ablation of Al, which confirms our pre-
vious computational results reporting on melt expulsion as
the main Al ablation mechanism.29 On the other hand, a hot
and dynamic LIP is produced during the ablation of a low
boiling point material such as Zn, with significant angular
spread and high temperature. Extremely high temperatures
might also be of technological interest for using LIP as
charged particles or radiation sources in the extreme ultra-
violet range.
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