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Combined diagnostic measurements of deposition rates and ion time-of-flight signals have been employed to
study the expansion of a laser ablation plume into a background gas. With increasing gas pressure the angular
distribution of the collected ablated atoms becomes broader, while the total collected yield decreases. The total
collected yield shows three separate regimes with increasing pressure, a vacuumlike regime, a transition regime
with increasing plume broadening and splitting of the ion signal, and at the highest pressure a diffusionlike
regime with a broad angular distribution. In the high-pressure regime the expansion can be described by a
simple model based on diffusion from a confined plume.

DOI: 10.1103/PhysRevE.69.056403 PACS number(s): 52.38.Mf, 79.20.Ds, 81.15.Fg

I. INTRODUCTION

The expansion of a laser ablated plasma into a low-
pressure background gas leads to complicated interactions.
The production of a plasma plume from a solid target by
impact of ultraviolet(uv) nanosecond laser pulses is not yet
fully understood even for the simple case of a solid irradiated
by a laser pulse in vacuum[1–5]. The subsequent propaga-
tion of the partly ionized plasma plume in the background
gas is a complex phenomenon as well[1–3,6,7]. Even
though many fundamental physical features have not yet
been explored adequately, a number of important techniques,
e.g., laser processing of solids and film production by pulsed
laser deposition(PLD), are based on these interactions
[1,8,9]. It is of great importance to know the dynamics of a
plume of ablated material in a background gas in order to
optimize the experimental parameters during a film produc-
tion process.

Initially, the irradiation with a nanosecond laser pulse pro-
duces a thin layer of a partly ionized plasma on the target
surface. Since the pressure of this plume is much higher than
that of a typical background gas, the plume will expand rap-
idly, until the driving pressure has decreased considerably
[10,11]. Spectroscopic measurements show that the plume is
moving into the background gas with a confined spatial
structure[7,11–15], but also that a fast component of the
ablated material is transmitted through low-pressure back-
ground gases with little or no delay compared with vacuum
[6,12,13]. Eventually, the confined part of the plume stops as
a result of energy loss to shock wave formation, and the
plume particles become thermalized[15–20]. The splitting of
the plume ions and neutrals into a fast and slow component
has been treated comprehensively[6,12,13,15,21–25], but
except for few studies[15,24], only the ionic component has
been investigated.

In this work we have performed combined measurements
of deposition rates and ion signals which allow us to follow
an ablated plume from the initial formation to the thermali-
zation. In addition, we have identified three distinct pressure
regimes, each of which is characterized by a particular be-
havior of the plume:(a) a vacuumlike regime at low pres-
sure,(b) a transition regime with plume splitting and shock
wave formation, and(c) a regime characterized by a diffu-
sion of the ablated particles away from the plume at high
pressure. In contrast to many earlier measurements, which
have been carried out for complicated materials such as high
Tc superconductors[1,12,26,27] or PZT(lead zirconate titan-
ate) metal oxides[26,28], we have studied ablation for a
simple one-component system, silver, into an atmosphere of
oxygen and the chemically inert gases argon or xenon. Oxy-
gen is a standard gas for PLD of metal oxides, but since
chemical reactions between the plume atoms and the back-
ground gas atoms/molecules may occur, the results from a
plume expansion in inert gases give a clearer picture of the
expansion dynamics in a gas. The analysis is based partly on
angular resolved measurements of the deposition from a sil-
ver plume as a function of background pressure, which in
itself is an important result for the plume propagation. There
is a clear broadening of the plume with increasing pressure
for all gases[26] except for heavy target atoms in lighter
gases[29–31].

II. EXPERIMENT

The measurements were carried out at the existing setup
at Risø National Laboratory[4,5,32]. A frequency-tripled
Nd:YAG (yttrium aluminum garnet) laser at 355 nm was
directed at normal incidence onto a metal target in a chamber
with a base pressure of 10−7 mbar. The duration of the laser
pulse was 6 ns and the fluence was 2.5 J/cm2 (corresponding
to an intensity of 43108 W/cm2). The area of the circular
laser beam spot was 0.04 cm2. The angular distribution of*Corresponding author. Email address: j.schou@risoe.dk
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the ablated flux of both neutrals and ions was measuredin
situ 80 mm from the target using a circular array of eight
quartz crystal microbalances(QCMs) in the horizontal plane
as shown in Fig. 1. The crystals were located at 10°, 15°,
23.5°, 30°, 37.5°, 45°, 60°, and 75° with respect to the sur-
face normal, and each crystal had a 6 mm diameter active
area. The accuracy of the measurements was about 0.1 Hz
corresponding to 1.231013 Ag atoms/cm2. Each run was
taken on a fresh target spot, typically with 200–1000 pulses
at a repetition rate of 0.1 Hz and with a subsequent relax-
ation time for the crystals of 4–6 h. The planar Langmuir
probe was a 232 mm2 square copper plate insulated on the
rear side similar to the probes in Ref.[4]. The probe was
oriented to face the target spot and placed 75 mm from the
target with an angle of 20° with respect to the normal. A few
measurements were repeated for a probe angle of 3° with
respect to the normal. During the ion collection the probe
was biased at −10 V.

The laser incidence along the normal and the circular
beam spot mean that the plume is rotationally symmetric
with respect to the normal[33]. Thus we can determine the
total number of ablated atoms by integrating over the full
hemisphere. The drawback by this geometry is that we can-
not measure the outgoing flow in a small solid angle around
the normal of the target.

III. RESULTS AND DISCUSSION

A. The angular distribution

Figure 1 shows the angular distributions of the collected
Ag atoms in vacuum and in a low-pressure argon back-

ground gas. The values of the collected yield for ablation in
a background gas are considerably lower than that in
vacuum. In both cases the distribution is peaked strongly in
forward direction. The data have been fitted with the angular
distributionFsud from Anisimov’s model[10,34,35]:

Fsud/Fs0d = s1 + tan2ud3/2f1 + kz
2tan2ug−3/2, s1d

where the fitting parameterkz=Zinf /Xinf is the ratio of the
limiting value of the cloud front along theZ axis sin forward
direction into vacuumd and the value of the front in horizon-
tal direction along theX axis. This distribution accounts for
the deposition per unit area on a hemisphere in contrast to
the expressions indicated in Ref.f34g. In Anisimov’s model
the gas plume expands in vacuum as a self-similar ellipsoidal
cloud based on a system of hydrodynamic equations. Strictly
speaking, the theory works only for a neutral gas plume, but
we have been encouraged to use it also for an expanding
plasma in view of the good agreement with our data for the
ion flow from a silver plume in vacuumf35g.

Previously, Eq.(1) has been used for the analysis of depo-
sition measurements in a background gas as well[28]. This
is also confirmed by the good agreement between the fit for
a realistic value ofkz and the data points for ablation in the
background gas in Fig. 1. Other measurements indicate that
Eq. (1) is also a good approximation for the distribution at
values close to 0°[28,35]. For the fluence used here sputter-
ing of the deposit on the collectors plays only a minor role
[5,36].

The full width at half maximumDu of the angular distri-
bution can be found directly from the fitting parameterkz:

Du = 2 arctanfs22/3 − 1dskz
2 − 22/3dg1/2. s2d

In Fig. 2sad, the angular distribution of the collected yield in
an argon background gas has been shown. The distribution
for all pressures has been normalized to the maximum value
for reasons of clarity. The widthDu of the collected ablation
yield is shown in Fig. 2sbd. For pressure values up to 1
310−2 mbar there is no noticeable change in the distribu-
tion fregime sadg. Then between 1310−2 and 2310−1

mbar fregimesbdg Du changes from 30° to 80° as a result
of the increasing number of collisions between the ablated
Ag atoms and the Ar atoms in the background gas. For
higher pressuresù2310−1 mbard up to the upper limit
studied in this work the broadening does not increase sig-
nificantly from Du>80° fregimescdg. A similar plot of the
distribution of silver atoms in an oxygen gas is shown in
Fig. 3. Essentially, the distribution shows the same trend
as that in argon, even though the mass of the scattering
gas molecules is somewhat lower for oxygen than the
atomic mass of argon. This demonstrates that the effect of
chemical reactions between the silver atoms and the oxy-
gen molecules during the plume expansion is compara-
tively small.

B. Time-of-flight distributions and integrated yields

The three pressure regimes are also clearly visible in the
total collected yield of Ag atoms obtained by integrating Eq.
(1) over the full hemisphere(Fig. 4, lower part). This number

FIG. 1. Upper part, the experimental setup; lower part, angular
distribution of the ablated Ag particles as a function of angle with
respect to the normal. Closed circles, 3.9310−6 mbar; open circles,
5.4310−2 mbar. The curves are fits to Eq.(1) with kz=3.0±0.2
(closed circles) andkz=2.5±0.2(open circles). Fluence: 2.5 J/cm2.
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is essentially constant and equal to the vacuum yield for
pressures up to<1310−2 mbar [regime (a)], the yield of
collected atoms decreases strongly up to<2310−1 mbar
[regime (b)], and finally it falls off exponentially for high
pressure[regime(c)].

Each regime can be characterized by an ion probe signal
(upper part of Fig. 4). In the time-of-flight(TOF) signal for
regime(a) the vacuum signal becomes slightly broadened by
few collision processes in the gas. In regime(b) the increas-
ing number of collisions means that a substantial fraction of
the Ag atoms are retarded and form a slowed, second peak.
This peak splitting continues until only the slow peak re-
mains visible in the ion signal at high pressure in regime(c).
These TOF spectra were taken at an angle of 20°, but a
control series at 3° showed a similar behavior except for the
absolute magnitude of the signals. The dynamics of the silver
ions in argon and in oxygen is similar to that described by
Geohegan for a yttrium plume expanding in oxygen[12] and
Wood et al. [6,23] for a silicon plume in argon background
gas.

The ions comprise a significant part of the total particles
in the silver plume[35,36], and the TOF signal is, therefore,
also representative of the total flow measured as a deposit on
the crystals. This surprising feature is actually seen in the
lower part of Fig. 4, in which the time-integrated TOF signal
has been plotted together with the total collected ablation

yield. The ion yield exhibits the same behavior with pressure
as the total collected yield over many orders of magnitude.
Since the ionization potential of Ag atomss7.6 eVd is much
less than that of Ars15.8 eVd, the probability of ionization of
the gas atoms by charge transfer is small. Thus the peaks in
the TOF spectra consist primarily of Ag+ ions. However, one
may not exclude a minor fraction of collisionally excited Ar+

ions. The observation that silver ions are dominant in the
plume agrees completely with the analysis of Woodet al.
[6,23] who did not include ionized background gas atoms in
their analysis either.

C. Diffusion and thermalization of the plume particles

In regime (c) the plume particles of the second peak,
which have not been transmitted through the background
gas, form a confined, spherelike structure[14]. Eventually,
the silver atoms escape from the slowly moving plume by
diffusion through the background gas. We have approxi-
mated the plume as a homogeneous spherical source with
radius a (Fig. 5) and determined the fluxJstd on a hemi-
spherical shell in a distanceR from the target by solving the
diffusion equation[37]. The total collected yield fora!R is
obtained by the integral over the timet,

FIG. 2. Upper part: angular distribution of the collected ablation
yield as a function of argon pressure. The distribution has been
normalized to the maximum. The curves are fits to Eq.(1). For
Argon: (P) 2.0310−2 mbar; (j) 1.0310−1 mbar; (m) 1.5
310−1 mbar; (;) 2.3310−1 mbar. Lower part: The full width at
half maximumDu of the angular distribution of the collected Ag
atoms as a function of Ar background pressure. The dashed line has
been inserted to guide the eye. Fluence: 2 J/cm2.

FIG. 3. Upper part: angular distribution of the collected ablation
yield as a function of oxygen pressure. The distribution has been
normalized to the maximum. The curves are fits to Eq.(1). For
Oxygen: (P) 4.8310−3 mbar; (j) 5.0310−2 mbar; (m) 1.1
310−2 mbar; (;) 3.5310−1 mbar. Lower part: The full width at
half maximumDu of the angular distribution of the collected Ag
atoms as a function of O2 background pressure. The dashed line has
been inserted to guide the eye. Fluence: 2.5 J/cm2.
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Ysad = 2pR2E
0

`

JstdexpS−
t

t
Ddt, s3d

where

Jstd =
C0R

16spkd3/2t5/2e−R2/4kt31 +
SR2

kt
− 10Da2

40kt
4 . s4d

C0 accounts for the flux in vacuum,k the diffusivity of the
background gassk=1/3knthll, whereknthl andl are the ther-
mal speed and mean free path, respectivelyf37gd. t is the
time constant of the drain from the plume, which accounts
for the loss of plume particles from pumping of the system
and deposition on the chamber surfacesf38g.

Since deviations from the free plume expansion occur
when the mass of the adjacent background gas at the plume
periphery becomes comparable with the plume massMp
[39], the radius of the hemispherical plumea is determined
by the relation 2/3prga

3<Mp. In terms of the background
gas pressureP this gives

a =Î3 3

2p

MpkBTg

mg
P−1/3, s5d

wherekB is the Boltzmann constant andrg, Tg, andmg are
the density, the temperature, and the atomic mass of the am-
bient gas. Equations3d has been fitted to the total collected
yield in Fig. 5 witht as the only adjustable parameter. There
is very good agreement between the yield in Ar and Eq.s3d
st=3.4 msd as well as that in Xest=0.9 msd. For oxygen
snot shown in the figured the value is close to that of argon
st=3.5 msd. As seen in Fig. 6 the shape of the curve de-
pends strongly ont, but not ona which is a much less
sensitive parameter for the diffusion treatment. The analysis
does provide us with fairly accurate values oft which is a
specific quantity for each vacuum setup, i.e., determined by
the pumping speed or by the area of all collecting surfaces
near the ablation volume. The order of magnitude of the time
constantt is larger than, but also in reasonable agreement
with the TOF values deduced from Fig. 4scd. The small value
of t for the xenon background gas reflects the point that the
diffusion of silver atoms in a heavy gas as xenon is slow

FIG. 4. Upper part:(a) Two ion signals in pressure regime(a),
see lower part of the figure.(b) Ion signal in regime(b), (c) ion
signal in regime(c). All signals collected with the planar probe at
20° from the normal in the distance of 75 mm from the target.
Fluence: 2.5 J/cm2. Lower part: total collected yield of Ag atoms
(closed circles, dotted curve, left axis). The collected yield has been
obtained from an integration of Eq.(1) over the full hemisphere.
Time-integrated ion yield from the probe(open circles, dashed
curve, right axis) as a function of the Ar pressure normalized to the
total collected yield for “vacuum.” The ion yield has been obtained
by integrating the ion signals in the upper part with respect to time.
Fluence: 2.5 J/cm2.

FIG. 5. Total collected yield(as in Fig. 4, lower part) as a
function of Ar (closed circles) and Xe(open circles) pressure. The
curves are fits to Eq.(3) with t=3.4 ms(Ar) and t=0.9 ms(Xe).
The inset shows the geometry for Eq.(3).

FIG. 6. Fits of the total collected yield in an Ar background gas
to Eq. (3) with t as a parameter. The data are from Fig. 5.
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compared with that for argon, so that the Ag atoms in xenon
have a larger probability of being pumped away before
reaching the QCM collectors.

The validity of this diffusion approach clearly does have
certain limitations, since the angular distribution of the col-
lected yield at high pressures is not isotropic, but weakly
peaked in forward direction. This discrepancy clearly reflects
the fact that the initial “vacuum” distribution is strongly
peaked in forward direction rather than isotropic and that the
plume atoms along the normal have the highest energy, e.g.,
up to more than 200 eV[4,40]. The scattering cross section
at these plume energies is not well known, and the mean free
path may be considerably enhanced for fast ablated atoms
[19].

The plume splitting of the ions occurs in the transition
regime(b) and is accompanied by significant reduction of the
total collected yield. In this regime a typical(energy-
independent) cross section of 5310−16 cm2 [6] leads to five
to ten collisions on a trajectory from the target to the QCMs.
In the diffusionlike regime(c) a particle moving a distance
corresponding to that between the target and the QCMs
would suffer more than 30 collisions. The many collisions
can easily reduce an initial energy, e.g., 50 eV, of an atom to
a value below the thermalization limits,0.1 eVd [20].

IV. CONCLUSION

In summary, we have identified three pressure regimes for
the plume expansion and thermalization in a background gas.

A low-pressure “vacuumlike” regime(a) with a flow in for-
ward direction and with only little scattering of the ablated
atoms. Then a transition regime(b) with a pronounced
broadening of the angular distribution occurs as a result of
strong momentum transfer to the background gas. In this
regime the ion probe signal splits into two peaks, of which
the fast one consists of atoms which have suffered few col-
lisions with the background gas atoms. Also shock wave for-
mation is important in this regime, but this feature has not
been directly observed in the present work. Finally, at the
highest pressure in regime(c) the broadening of the angular
distribution reachesDu>80°, and only the slow peak of
thermalizing atoms in the ion signal has survived at the
probe position. This regime is characterized by a diffusion of
the slow particles from the confined plume to the QCM col-
lectors. The total collected ablation yield can be determined
from the diffusion equation for a simple geometry with a
single adjustable parameter, a time constantt which ac-
counts for the drain of ablated particles out of the collector
system. The transition pressure from one regime to another
depends strongly on the specific gas.
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