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We have investigated the velocity distributions of atoms released from a metallic gadolinium surface by UV
laser ablation. The fluences of the nanosecond laser pulses were chosen for a pure release of neutrals and at a
higher fluence level for the release of both neutrals and ions. In both cases a thermal Maxwell-Boltzmann slope
has been observed for the low velocities, whereas for high velocities strong deviations from a thermal distri-
bution have been seen. The observed velocity distribution has been explained by a bimodal structure including
a thermal phase and a shockwave driven “blow-off” phase.

DOI: 10.1103/PhysRevB.71.045428 PACS numberssd: 79.20.Ds, 06.30.Gv, 65.40.De

I. INTRODUCTION

The interaction of short laser pulses with a solid manifests
in a variety of phenomena of higher complexity with increas-
ing laser fluencesssee, e.g., Ref. 1d. Different process thresh-
olds appear with increasing laser fluences, starting with the
release of neutral particles at low fluencess,0.5 J/cm2d,
closely followed by the threshold for ion formation. At
higher fluences, Coulomb explosion is observed,2,3 and fi-
nally a hot plasma develops.1,3

The response of the solid to an intense laser pulse com-
monly includes a local melting and vaporization of a surface
spot, but also nonthermal effects like shockwave
propagation4,5 and nonthermal melting6,7 have been demon-
strated. Many investigations have been performed on metal-
lic targets in vacuum in order to avoid additional chemical
processes. The ablation process depends crucially on the la-
ser pulse length and on its wavelength region. Ultraviolett
light tends to higher ion yields, whereas infrared radiation
leads to higher kinetic energies of the released ions in the
plume. Moreover a higher electron temperature in the plasma
phase has been reported.8

From the theoretical standpoint, a complete treatment of a
time-limited expansion process has not yet been achieved,
even not for a neutral expanding plume. Some basic insight
is given by the models of Sibold and Urbassek,9 and of
Anisimov et al.,10 based on fundamental principles of fluid
and gas dynamics. The flow during the plume expansion is
strongly governed by a single parameter, the number of
monolayers removed by the laser pulse. Negligible ablation
and very intense ablation fluxes can be described as a
collision-free flow and by ideal gas dynamics, respectively.
Here, equilibration of the flow is predicted within the forma-
tion of Knudsen layers in the vicinity of the surface.9 The
expansion is also driven by huge pressure gradients, and
pressures in the range of several gigapascal can be estimated
from the amount of the deposited laser pulse energy.11

A viable access to the dynamics of the laser ablated plume
is given by the analysis of velocity distributions of released
particles. For instance, it has been shown that Maxwellian
and non-Maxwellian distributions, as well as different angu-
lar distributions, can be distinguished by means of resonance
enhanced photoionization.12 Commonly, the observed width

of velocity distributions and especially the amount of high
energy atoms are systematically underestimated by common
models with a homogeneous originssee, e.g., Ref. 13d.

Within this work, we have investigated velocity distribu-
tions of neutral atoms in regimes below the plasma formation
threshold during nanosecond ultraviolet laser ablation, using
a pure target of metallic gadolinium. We have used a pump
probe technique, mapping out different velocity classes of
the released atoms by postionization at different time delays
after the ablation laser pulse, and by subsequent ion detec-
tion in a time-of-flightsTOFd spectrometer. The shape of the
recorded velocity distributions are discussed with regard to
both thermal and nonthermal features.

II. EXPERIMENT

A Bruker Reflex III MALDI-TOF spectrometersreflectron
type TOF, flight time resolutiont /dt.250 in the linear de-
tection mode,t /dt.1100 in the reflection mode for the mass
range of gadolinium ionsd has been combined with a pulsed
frequency tripled Nd: yttritium-aluminum-garnetsYAGd la-
ser sQuantel Brilliant,l=355 nm, pulse lengtht,4 nsd for
posterior ionization of laser ablated neutral atoms. Thereby
the residual gas pressure in the vacuum apparatus is kept at
p,10−7 mbar. A brief schematic representation of the ion
source setup is shown in Fig. 1, and further experimental
details about the complete setup are given in Ref. 14.

Here, a high purity gadolinium metal foilsGoodfellowd
was mounted on the target holder, and its surface was
cleaned by,1000 pulses of the MALDI-TOF nitrogen de-
sorption laser sLaser Science Inc., VSL-337 ND,l
=337 nm,t,4 nsd at a fluence of,0.25 J/cm2. The release
of neutral atoms and ions ablated by pulses of the focused
nitrogen laser pulsessablation spot diameter,20 mmd has
been observed via the TOF spectrometer. During the free
ballistic expansion the neutrals have been postionized by the
light of the frequency tripled Nd:YAG laser and have been
subsequently extracted into the TOF spectrometerslinear de-
tection mode with continuous ion extractiond. Its pulses
propagated parallel to the target surface at a fixed distance of
d,0.65 mm with a flat elliptical focuss530.5 mm2d. The
Nd:YAG beam geometry was additionally controlled via a
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charge coupled devicesCCDd camera at the focus of a weak
split beam before entering the ion source.14

The delay between laser ablation and postionization was
controlled by a digital delay generatorsStanford Research
DG 535d in steps of 100 ns. This time structure appears in
the TOF spectrum since the ions were extracted continuously
by an electrical field of 310 V/mm between the target and
the extraction electrode, as it is apparent from Fig. 1. Thus
the ions from postionized neutrals were delayed relative to
the ablation ions. With the known delayDt and traveling
distance d between target and laser beam, the velocity
classesvªd/Dt are determined and their yield is given by
the TOF spectrum.

III. THRESHOLD FLUENCES

At first, threshold fluences of the charge states present in
the laser ablated plume were analyzed. At a fixed time delay
of Dt=600 ns both relative yields of ablated ions and of
postionized atoms were recorded at different ablation laser
fluences, and identified from the TOF spectra, as shown in
Fig. 2.

At the ablation onsets,0.15 J/cm2d, only neutral
particles are released. At a slightly higher laser fluence
s,0.2 J/cm2d, the ion formation threshold is trespassed.
Both yields of singly charged gadolinium and of postionized
neutral gadolinium rise rapidly after their formation thresh-
olds. With increasing laser fluencess.0.25 J/cm2d, also
doubly charged gadolinium ions are found. Remarkably,
the signal for doubly charged Gd ions decreases
s.0.35 J/cm2d and nearly vanishess.0.5 J/cm2d for higher
fluences, even though more laser energy is applied to the
target spot. The emitted electrons are usually at least one
order of magnitude faster than the ablation ionsssee Ref.
15d, so that recombination between ions and electrons can be
excluded. Since the plume density increases continuously
with the laser fluence, charge exchange between neutrals and
doubly charged ions can take place. The decrease of the dou-
bly charged ion signal can therefore be interpreted by charge

transfer between neutral atoms and doubly charged ions dur-
ing collisions in gas phase, corresponding to a regime of
ideal gas dynamics as described in Ref. 9.

With respect to further investigations in Sec. IV, it should
be anticipated that collisional conditions might change from
the direct vicinity of the surface, where, e.g., the formation
of Knudsen layers can occur, to a more remote region of free
expansion.

IV. VELOCITY CLASS DISTRIBUTIONS
AND DISCUSSION

For basic insight into the plume kinematics, the regime
directly above the ablation onset can be considered to be
especially valuable for several reasons: This regime is
strongly dominated by the processes in the surface ablation
spot, and not by interactions between particles in gas phase,
e.g., by Coulomb repulsion and atomic collisions. It can be
expected that the ablation process appears in its most funda-
mental form, including a ballistic expansion of neutral atoms
from the irradiated spot.

In the following, we discuss velocity class distributions of
laser ablated neutral gadolinium atoms obtained from a
pump-probe experiment: The ablation laser pulse thereby re-
alizes the “pump process,” and the “probe process” is per-
formed by the frequency-tripled Nd:YAG laser beam. From
the series of time-of-flight spectra of nonresonantly postion-
ized gadolinium, peak heights of the160Gd+ ion signal have
been extracted from each spectrum representatively, in order
to obtain a time-of-flight distribution of gadolinium atoms in
the plume. For each TOF spectrum, 600 pump-probe se-
quences were summed up, and for each delay two sum spec-
tra have been recorded. The time-of-flight distributions were

FIG. 1. Schematic view of the ion source setup in the combined
laser system. A nitrogen ablation laser is used for material release
from a gadolinium metal target, and the third harmonic of a
Nd:YAG laser is used for probing the released neutral atoms. Both
primary ions from ablation and postionized neutrals are subse-
quently detected by means of a TOF spectrometer.

FIG. 2. Charge states present in the laser ablated plume.j Pos-
tionized neutral gadolinium atoms, as well as singly and doubly
charged gadolinium ions are extracted from the TOF spectra for
different ablation laser fluences. Thresholds for ablation and for ion
formation are marked, as well as a regime for collisional charge
exchange.
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then converted into distributions of velocity classes, defined
by the probe pulse geometry relative to the gadolinium abla-
tion target, as illustrated in Fig. 3.

Figure 4 shows a velocity class distribution in the low
laser fluence regime directly above the ablation onset
s,0.18 J/cm2d, where no ions are produced. In Fig. 5, a
velocity class distribution recorded in the higher regime di-
rectly above the ion formation threshold at a fluence of
,0.22 J/cm2 is shown. In that case, only the high velocity
wing could not be recorded, because of interferences in the
TOF signal from primary ablation ions.

For the evaluation of the velocity class distributions, we
have used a modified Maxwell-Boltzmann fitting function
fsv ,Td in order to describe the expansion of a thermal vapor
from a melted target spot

fsv,Td ~ v3 expF−
msv − vCMSd2

2kT
G .

Here, the center-of-mass velocityvCMS accounts for the lim-
ited plume expansion into the hemisphere above the target
plane. It is identified by the average velocity of the atoms in
the expanding gas, as given by16

vCMS=
3Îp

4
Î2kT/m.

Within this frame, the measured velocity class distributions
are compared to a model with a single intrinsic parameterT.

To be more precise, the Maxwell-Boltzmann distribution
for the expanding gas has still to be adapted to the probe
geometry, where the probe laser selects velocity classes in a
volumeV of definite thicknessDd around a central positiond
parallel to the target plane. Using an adjustable slit, the
1/e-waist of the focused frequency-tripled Nd:YAG beam is
determined to 300mm, and 90% of the laser pulse energy is
found to be localized in a domain of 500mm around the
central beam positiond=650mm.

The adaptation of the Maxwell-Boltzmann distribution to
the probe laser geometry has been realized by a transforma-
tion

f̃sv,Td , E
V

ffv cossQd ·z/d,TgdVsQ,zd,

where the numerical integration of the distributionfsv ,Td
over the ionization volumeV is performed by introducing
two auxiliary spatial variablesQ andz, the acceptance angle
Q of the spectrometer at the postionization location, which is
in good approximation given byp /6ùQù0, and the exten-
sionz of the probe laser beam parallel to the target planefwe
choosez,s650±250d mmg.

In order to extract the temperature from velocity class

distributions, the modified Maxwell-Boltzmann fitsf̃ have
been applied to the data shown in Figs. 4 and 5. Apparently,

FIG. 3. Schematic representation of the pump probe process, as
inferred from Fig. 1. Laser ablation from the gadolinium target
shown at the bottomspump pulse from nitrogen laser,l=337 nm,
t,4 nsd produces an expanding atom plume. At a distance of
,0.65 mm and after different time delaysDt, postionizationsprobe
pulse, l=335 nm, t,4 nsd, different velocity classes of neutral
atoms are mapped out and detected by means of a TOF
spectrometer.

FIG. 4. Velocity class distribution obtained in the low fluence
regime s,0.18 J/cm2d. A thermal contribution is fitted by a
Maxwell-Boltzmann distribution, whereas a nonthermal phase is
modeled for higher velocity classes. The entire envelope contains
both contributions.

FIG. 5. Slope of the velocity class distribution from the regime
above the ion formation thresholds,0.22 J/cm2d. A Maxwell-

Boltzmann distributionf̃ is used for fitting the data.
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there is a strong asymmetric broadening in Fig. 4, which is
not in agreement with a pure thermal distribution. The non-
thermal contribution will be explained later.

In Fig. 4, the modified Maxwell-Boltzmann fit has been
applied to the first ten data points, belonging to the lower
velocity classes. Here, a good agreement with a thermal dis-
tribution has been found. The modified Maxwell-Boltzmann
distribution fitting these data has been probed with different
temperatures as seen in Fig. 6. The relative errordI remains
below 5% atT±dT,s2950±300d K and increases rapidly
outside. This procedure determines the temperature error. In
the same way, a modified Maxwell-Boltzmann fitting curvef̃
has been applied to the measured low velocity wing in Fig. 5
obtained at a higher ablation laser fluence. A temperature of
T,3800 K is extracted, which is significantly higher com-
pared to the lower laser fluence regime of Fig. 3. Thereby,
the low velocity wing is again attributed to a purely thermal
distribution, as it is justified by the good agreement of the
one-parameter fitting curve with the data.

For higher velocity classes in Fig. 4,vù1800 m/s, a sig-
nificant broadening of the measured velocity class distribu-
tion is visible, resulting in a strong deviation from a thermal
distribution. In Refs. 12 and 17, a similar behavior has been
observed, and in Ref. 12 a nonthermal origin has been al-
ready suggested. In the following, we use a simple kinemati-
cal model, where the release of the fastest particles is in-
ferred from a shockwave, induced by the high momentum
transfer from the ablation by the short laser pulse. For this,
layers immediately behind the upper surface layer should be
considered in particular. Typically, the absorption of laser
light in a metal takes place within a penetration depth of
,l /10, when the laser frequency is above the Langmuir
frequency of the metal. In the case of UV light, the penetra-
tion usually can be expected to be even higher, especially
near the plasma frequency. This can result in subsurface
heating, from which an internal pressure affects the upper
surface layer, thus enabling a fast release of atoms.

Due to a small lateral extension of the ablation spot of
about 20mm in diameter within our experiment, the ablation

zone can be regarded in good approximation as a pointlike
source for particle release. In our model, we therefore have
assumed a completely hemispherical expansion of a thin
shockwave-driven material front away from the target sur-
face, as it is furthermore supported by photographic se-
quences of expanding plumes from nanosecond UV laser ab-
lation under similar experimental conditions, shown, e.g., in
Ref. 18.

It should be mentioned that the formation of shockwaves
after pulsed laser irradiation is per se a well-known phenom-
enonssee, e.g., in Refs. 4 and 5d. Laser shock techniques are
systematically used in material science, e.g., for investigating
debonding of surface coatings from substrates.19,20 The fast
material release, originating from mechanical stress, can be
understood by the Navier-Stokes equation from fluid dynam-
ics

r
]u

]t
= − ¹ p,

whereu is the flow velocity at the vacuum boundary,r is the
mass density in the condensed ablation zone, and¹p is the
pressure gradient across the boundary. The mass density in
the high vacuum region atp,10−7 mbar is thereby ne-
glected. Because of the negative pressure gradient¹p across
the vacuum boundary, the flow velocityu is increased com-
pared to the sound speedc0, which characterizes the shock-
wave propagation in the solid metal. A similar consideration
has also been presented, e.g., in Ref. 5. For solid gadolinium,
the speed of sound isc0=Î« /r<2190 m/s, wherer
=7.9 g/cm3 is the mass density of solid gadolinium, and«
=37.9 GPa is the corresponding elastic modulus.

By projecting the hemispherical expansion of a
shockwave-driven material front with negligible thickness
ssee Fig. 7 for illustrationd onto the probe laser geometry, a
shockwave-related contribution is attributed to the wing of
high velocity classes in Fig. 4. Here, a material front velocity
v0,3600 m/s is extracted within this one-parameter model,
indicating a supersonic expansion into vacuum when com-
pared to the speed of sound in the solid,v0.c0.

FIG. 6. Relative deviationdI of the Maxwell-Boltzmann distri-

bution f̃ from the velocity distribution in Fig. 3 as a function of the
temperature. The temperatureT and the corresponding errordT are
obtained from the extended minimum of the deviationdI.

FIG. 7. Schematic illustration of the plume expansion, as in-
ferred from the models for a combined thermal and a shockwave-
driven particle release. Thereby a shockwave-driven hemisphere
with front velocityv0 precedes the expansion of a thermal gas with
center-of-mass velocityvCMS.
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The combination of both the thermal and the shockwave-
driven contribution is marked in Fig. 4 by the indication of
the entire envelope; the complete scenario is also illustrated
schematically in Fig. 7. The entire distribution agrees reason-
ably with the measured velocity class distribution. Some
small errors might occur from the deviation of the plume
shape from a completely hemispherical geometry. Usually,
the plume geometry is expressed in terms of cosnsQd, where
Q is the polar angle relative to the surface normal.12 For n
,1, the plume shape is oblate, and forn.1, the geometry is
prolongated in flight direction.

It should be mentioned that similarly shaped velocity dis-
tributions have been observed in other experimentsse.g., in
Ref. 13d, where the high velocity part could not be inter-
preted in a natural way. From our interpretation of a bimodal
distribution, both the commonly accepted assumption of a
thermal contribution during nanosecond laser ablation, and
the frequently observed deviation to higher velocities, are
brought into accord. Recent investigations performed with
fast flash imaging of nanosecond matrix assisted laser
desorption/ionizationsMALDI d plumes21 support our inter-

pretation of a heterogeneous ablation structure for short
snanosecondd laser pulses, whereas longer laser pulses
s,100 nsd were found to introduce a more homogeneous
ablation in that work. A bimodal structure was also found in
the time-of-flight transient from ultrashort femtosecond laser
ablation of metallic silicon.22

V. CONCLUSIONS

From a velocity-selective pump-probe experiment of laser
ablated neutral atoms, both thermal and nonthermal features
of the expanding plume have been discussed. Whereas low
velocity classes show a good agreement with a thermal dis-
tribution of released atoms, a significant deviation from a
Maxwell-Boltzmann distribution has been observed for the
highest velocity classes. This behavior can be attributed to a
shockwave-driven phase, with a material front velocity ex-
ceeding the sound speed in the solid target. The presented
results might be helpful for the interpretation of further ve-
locity selective laser ablation experiments.
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