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Double layer effects in laser-ablation plasma plumes

Nadezhda M. Bulgakova, Alexander V. Bulgakov, and Oleg F. Bobrenok
Institute of Thermophysics, Lavrentyev Prospect 1, 630090 Novosibirsk, Russia

~Received 2 August 1999; revised manuscript received 13 June 2000!

Charge-collector probe measurements have been performed to elucidate ion acceleration in laser-induced
plasma plumes over a range of laser fluences important for pulsed laser deposition. The fundamental~1064 nm!
or second~532 nm! harmonics of a Nd:YAG laser were used for ablation. The evolution of the time-of-flight
ion signal from single-peaked to double-peaked and again to single-peaked with increasing laser fluence in the
range of 2 –25 J/cm2 has been followed. The analysis of the ion velocity distributions shows that increasing
laser fluence results in the appearance of a portion of accelerated ions that can be recognized as an additional
fast peak in the time-of-flight distribution. The dependencies of the ion signal on the target-to-collector dis-
tance, the background pressure, and the wavelength of laser radiation have been studied. The results are
discussed from the viewpoint of the generation of a self-consistent ambipolar electric field~so-called double
layer!. The observed ion acceleration suggests that formation in the plume of a high-energetic electron tail due
to absorption of laser radiation is responsible for the development of a double layer.

PACS number~s!: 52.50.Jm, 79.20.Ds, 81.15.Fg
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I. INTRODUCTION

The subject of this paper is ion acceleration in a las
induced plasma plume under ablation conditions used t
cally for deposition of thin films. The phenomenon of io
acceleration in a plasma expanding into vacuum or lo
density background gas has long been known for la
produced plasmas, vacuum arcs, space plasmas, etc. P
@1# was the first to propose a self-consistent ambipolar e
tric field arising in the expanding plasma~the so-called
double layer! as a possible mechanism responsible for t
phenomenon. A comprehensive study of the double la
~DL! formation has been presented in Ref.@2# where a de-
tailed picture of the ion dynamics and electric field evoluti
during plasma expansion were obtained. The typical cha
teristics of the DL are presented in Fig. 1. The double la
is formed as a result of the spatial charge separation in
expanding plasma@Fig. 1~a!#. The electric potential@Fig.
1~b!# and electric field@Fig. 1~c!# arise as a consequence
the breaking of quasineutrality. The ions, which enter
region of the potential drop, experience acceleration. In
sence, the DL divides the expanding plasma into regi
with thermal and accelerated ions.

In numerous charge-collector probe measurements of
emission from a high-temperature laser-produced plas
double-peaked signals were obtained, suggesting that
ions were divided into fast and thermal components@3–5#.
Other observations indicate that multipeak structure
arise, especially for the differently charged ions@6–8#.
Whether single peak or multipeak structures are obser
ion acceleration is an integral part of the laser-produ
plasma experiments. The fast ions can carry greater en
than the thermal expansion energy of the plasma@6,7,9# and
they are confined within a narrow angle to the target norm
@6,10#.

The above-mentioned investigations relate to high-po
laser irradiance inherent in laser fusion experiments. In
cent years, laser ablation at moderate fluences (1 –10 J/2)
has taken on a new significance due to its use in pulsed l
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deposition~PLD! of thin solid films. Splitting of the ion flux
into two or several components under PLD conditions h
also been observed@11–16#. Although the fractional ioniza-
tion of the particles arriving at the substrate is relatively lo
~typically ;1% or less@17#!, fast ions are found to play an
important role in the deposition process@18–23#. As in the
high fluence experiments, ion acceleration is related to
ambipolar electric field@15# and the concept of the DL is
invoked @24,25#. However, the physical processes respo
sible for the formation of the ion velocity distribution durin
PLD, specifically, the contribution of the DL, are not full
understood. The nature of the double-peaked ion signal
explained in Refs.@11,12# by the effect of background gas
On the other hand, judging from works@13–15#, ion flux
splitting seems to be more general phenomenon which m
fests itself for ablation in vacuum as well.

Ion acceleration during laser plasma expansion has
come the topic of a large body of theoretical research. M
of the theoretical treatments have studied collisionless p
mas on the basis of the hydrodynamic equations toge
with Poisson’s equation when the electron temperature
mains constant during expansion. For semi-infinite plasm

FIG. 1. Example of space charge separation~a!, electric poten-
tial ~b! and electric field~c! profiles across the double layer, adopt
from Hairapetian and Stenzel@2#.
5624 ©2000 The American Physical Society
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considered in the frames of single-electron-tempera
~SET! fluid theory, the ion front has been found to be acc
erated to velocities comparable with the electron velocit
but the acceleration takes place within a thin layer in
plume periphery where quasineutrality of the plasma is b
ken down@26–28#. Bezzerideset al. @29# have deduced that
in an expanding two-electron-temperature~TET! plasma, a
rarefaction shock wave may be formed, which conceptu
represents a DL structure. The formation of such a sh
wave is determined by the ratios of hot- to cold-electr
temperatures (Th /Tc) and densities (nh /nc). According to
the model@30#, the Th /Tc and nh /nc values for the laser-
produced plasma can be determined from experimental
velocity spectra. It was shown that an external energy sou
e.g., absorption of laser radiation, is essential to maintain
TET distribution during plasma expansion@31,32#.

The theoretical studies demonstrate rather contradic
results with respect to the electron energy distribution
sponsible for ion acceleration. The majority of approach
indicate that the hot electron population is critical for pr
ducing the DL in the expanding plasma and thus for obta
ing a pronounced ion acceleration@29–34#. On the other
hand, a narrow region with a sharp increase in the ambip
electric field~typical DL @2#! is also found for SET plasma
@26–28#. In the letter case, the DL is formed in the plasm
boundary whereas for a TET distribution it appears betw
the cold electrons and the accelerated ions. Furthermore,
culations based on the ion Vlasov equation revealed the
velopment of the DL regardless of the electron energy d
tribution with a possibility to obtain a twin DL structure fo
a TET plasma@35#.

Theoretical understanding of DL formation in an expan
ing plasma has fallen short of generation a clear picture
ion acceleration under PLD conditions. Analytical and n
merical models listed above have two common features.
of them are collisionless and one dimensional. In real sit
tions, when pulsed laser radiation~powerful or moderate!
evaporates a flat solid target, a simple estimation shows
plasma cannot be considered as collisionless in the o
dimensional expansion stage@36,37#. In such a plasma, the
degree of ionization decreases during expansion due to
combination processes. As a result, the ambipolar elec
field responsible for ion acceleration apparently varies i
much greater range than it can be described in the framew
of a collisionless model.

In this work, charge-collector probe measurements h
been performed to elucidate ion acceleration in las
produced carbon plasmas over a fluence range typica
PLD of diamondlike films@20,21#. The evolution of the ion
signal from single-peaked to double-peaked and back a
to single-peaked with increasing fluence has been follow
for the case of a plasma expanding in vacuum. The dep
dencies of the time-of flight~TOF! ion signal on laser flu-
ence, target-to-collector distance, background gas pres
and wavelength of laser radiation, have been studied.
results are analyzed from the viewpoint of DL formation.

II. EXPERIMENTAL

The experiments were carried out in a 145-mm-diame
vacuum chamber evacuated to a base pressure of 1023 Pa.
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In order to examine the effect of ambient gas on the plas
expansion, the air pressure was varied in the range of 0
100 Pa~see Sec. III E!. A Q-switched Nd:YAG laser~13 ns
FWHM pulse! operated either at the fundamental~1064 nm!
or the second~532 nm! harmonic was used to ablate
molded graphite target~99.99% purity, 1.87 g/cm3 density!.
After passing an aperture, the laser pulse was focused
35 cm focal length lens on a target surface at 20° incide
angle ~as measured from the target normal!. Laser fluences
on the target in the range of 3 –25 J/cm2 ~at 1064 nm! and
2 –7 J/cm2 ~at 532 nm! could be obtained by varying th
operating parameters of the laser. The spot size was m
sured using optical microscope analysis of the irradiated a
after a large number of pulses. A circular mask of 2.5 mm
diameter was used to form the beam in front of the lens
to cut off the inhomogeneous edges of the laser beam.
target was placed a little beyond the focus of the lens
obtain a uniform laser energy distribution within the irrad
ated area.

The TOF spectra of laser-produced positive ions w
studied using the ion probe technique. The ion probe c
sisted of a 12 mm square plate collector and a pair of h
transmittance grids in front of it. Both collector and grid
were maintained at suitable potentials in order to prov
rejection of the electrons of the laser-generated plasma
to overcome secondary electron emission@9,38,39#. The first
shielding grid was grounded, as was the target. The b
negative voltage of the collector was fixed at2110 V. The
second grid was kept at230 V with respect to the collecto
to prevent secondary electrons from leaving the collec
@9,39#. The ion signals were recorded on a fast oscillosco
~HP54610B, 500 MHz bandwidth!, across a 50V terminator,
and stored in a PC.

Experiments were performed for two target-to-collec
distances, namely, 30 and 89 mm. The ion probe was pla
along the target normal and oriented parallel to the tar
surface. The TOF spectra have been obtained for plas
generated from the etched graphite surface, that is, from
gions previously irradiated with a fairly large number of l
ser pulses. The target could be translated during meas
ments to avoid deep cratering. Such irradiation conditio
appear to be more typical for PLD applications as compa
with ablation of a fresh surface@40#. In order to determine
the ablation rate per pulse, the weight of the target was m
sured before and after irradiation.

III. RESULTS AND DISCUSSION

A. Ablation in vacuum at 1064 nm

Figure 2 shows typical TOF ion signals for different las
fluences at 1064-nm wavelength for a target-to-collector d
tance of 30 mm. At low laser fluence (F0) up to approxi-
mately 9 J/cm2, the ion probe signal represents a sing
peak. As laser fluence increases, an additional fast p
arises with an earlier arrival time which is small compared
the slow one atF0,12 J/cm2. The TOF spectra behave as
the ions transfer gradually from the slow to fast peak w
increasing laser fluence~see curves for 10, 12, and 13 J/cm2,
sequentially!. As a result, atF0514 J/cm2 the slow peak is
weak in relation to the fast component. At higher laser fl
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5626 PRE 62BULGAKOVA, BULGAKOV, AND BOBRENOK
ences the ion flux is again single peaked since the slow p
disappears against the background of the fast ion sig
@Fig. 2~c!#.

As the target-to-collector distance increases, the TOF
tribution changes. The transformation of the ion signal w

FIG. 2. Time-of-flight ~TOF! distributions of carbon ions pro
duced in vacuum by 1064-nm laser radiation at different fluenc
The target-to-collector distance is 30 mm.
ak
al

s-

increasing laser fluence for a target-to-collector distance
89 mm is given in Fig. 3. At low laser fluence up to abo
9 J/cm2, the ion flux is weak and single-peaked. For a n
row fluence range, in the vicinity of 10 J/cm2, the signal
takes the double-peaked form, whereas at 11–16 J/cm2 one
can see only the fast peak whose arrival time decrea
slowly with fluence. As the laser fluence increases furth
the signal splits again into two components@see curves for
18, 19, and 21 J/cm2 in Fig. 3~b!#, so that the arrival time of
the faster ~‘‘ultrafast’’ ! component decreases drastical
This repeated splitting has not been observed at the tar
to-collector distance of 30 mm~see in Fig. 2!.

Figure 4 shows the average ion velocities calculated
the ratio of a target-to-collector distance to the peak time-
flight as a function of laser fluence~for the double-peaked
signal there are two average velocities for the fast and s
components!. For 30 mm distance, after development of t
fast component at 10 J/cm2, the velocity of the slow com-
ponent remains almost constant, nearly the same as tha
herent in the single-peaked distribution at low laser fluen
up to about 13 J/cm2 after which the slow peak is maske
by the signal of the fast ions. For the target-to-collector d

s.

FIG. 3. As in Fig. 2 except that the target-to-collector distance
89 mm.
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PRE 62 5627DOUBLE LAYER EFFECTS IN LASER-ABLATION . . .
tance of 89 mm, the picture is very similar up to fluence
16 J/cm2 when an ultrafast peak arises.

The mean kinetic energy gained per ion can be calcula
from the TOF signalI (t) as

^Ekin&5
1

2

E
0

`

m@u~ t !#2I ~ t !dt

E
0

`

I ~ t !dt

5
mL2

2

E
0

`

t22I ~ t !dt

E
0

`

I ~ t !dt

,

~1!

wherem is the mass of the ion,u(t)5L/t is the ion velocity,
L is the target-to-collector distance. Equation~1! gives a ten-
tative estimation since it assumes that only single char
atoms are present in the plume. In Fig. 5 the mean kin
energies for each TOF spectrum~Figs. 2 and 3! are plotted
against laser fluence. Equation~1! gives a tentative estima
tion since it assumes that only singly charged atoms
present in the plume. At high laser fluence, the calcula
value of ^Ekin& is somewhat overestimated due to contrib
tions to the signal of doubly charged ions~see analysis be
low!. On the other hand, it is well known that carbon clust
are formed in abundance during laser ablation of graphit
vacuum@41–44# that implies an underestimation of the me
ion kinetic energy with Eq.~1!. However, the contribution o
the cluster ions is considerable at relatively low laser fl
ences, while at fluences important, as shown below, for
manifestation of the DL effects (F0.10–12 J/cm2 under
the conditions considered!, the ionized fraction of the plume
is mainly formed by atomic carbon ions@22,41,42#.

B. On the mechanisms of DL formation

Let us consider the peculiarities in signal behavior fro
the point of view of DL generation. First we evaluate t
Debye length in the plume and its variation during plum

FIG. 4. Average velocity for each peak of ion TOF distribution
measured in vacuum at 30 mm~open points! and 89 mm~closed
points! from the target, as a function of laser fluence at 1064 n
For the double-peaked TOF signals there are two average veloc
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expansion. To estimate the initial plume density, tempera
and ionization degree, we assume~as in Ref.@17#! a uniform
plasma cloud by the time the laser pulse has terminated
the particle release from the surface is thermal in nature~that
actually is the case with graphite for the studied ranges
laser fluences and wavelengths@45–47#!, the cloud dimen-
sion along the target normal can be evaluated byL05utt,
where t is the laser pulse duration andut is the thermal
velocity of the particles defined by

ut5A8kTs

pm
~2!

with the surface temperatureTs . For fairly developed ther-
mal ablationTs'0.9 Tc @48#, where Tc is the thermody-
namic critical temperature whose value for graphite is like
to be in the range of 12 000–15 000 K@46,49#. Taking Ts
512 000 K we obtainL0'0.06 mm, a value substantiall
smaller than the irradiated spot radiusR050.4 mm. This
implies that the plasma undergoes planar~i.e., one-
dimensional! expansion during the laser pulse@36,37#. So,
the initial density of the plume particles~atoms and ions! can
be estimated asn05M /L0m, where M is the target mass
removed per pulse from a unit area. Measured values ofM as
a function of laser fluence are shown in Fig. 6~a!. At fluences
higher than;10 J/cm2, the ablated mass saturates at ne
0.65 mg/(mm2 pulse) and thusn0 reaches its maximum
value of about 531020 cm23. It should be noted that the
measured target mass loss could differ from the actual a
tion rate due to ejection of graphite particulates. It w
found, however, that the particulate concentration in
plume is quite low for the most ablation regimes studied a
appears not to affect the presented results significa
@21,46#. The situation is different for the high-fluence regio
(F0.20 J/cm2) when the explosive ablation mechanis
dominates and the particulate fraction increases drastic
@21,47#.

,

.
es.

FIG. 5. Mean kinetic energy of ionŝEkin& in vacuum at 30 mm
~open points! and 89 mm~closed points! from the target as a func
tion of laser fluence. ThêEkin& values are calculated from the io
TOF distributions~Figs. 2 and 3! using Eq.~1!.
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5628 PRE 62BULGAKOVA, BULGAKOV, AND BOBRENOK
To determine the initial plume temperature and the io
ization degree, we considered the ionization balance for
gly and doubly charged ions, taking into account the elect
impact ionization, the photorecombination and the thr
particle recombination. The source functions, written as
Ref. @50#, were taken to be equal to zero under the assu
tion of a plasma in ionization equilibrium. Using an iterativ
procedure@17#, the required parameters were calculated w
known laser energy coupled to the plasma@see Fig. 6~a!#. In
Fig. 6~b! the initial ionization degreea0 and the fractions of
the singly and doubly charged carbon atoms are presente
the functions of laser fluence. The doubly charged ions
predicted to be generated atF0.16 J/cm2 ~the correspond-
ing threshold intensity 1.23109 W/cm2 is in good agree-
ment with the value measured in Ref.@51#! when the ul-
trafast peak in the TOF distribution is observed@Fig. 3~b!#.

FIG. 6. ~a! Target massM, evaporated in vacuum per 1064-n
pulse from a unit surface area vs laser fluence~solid line represents
the least square fit of the measuredM values for different spot area
in the range 0.2–0.8 mm2). Dashed line represents the data@46# on
plasma absorption degreeEa /E0. HereEa is the energy absorbe
by the plasma plume,E0 is the incident laser energy.~b! Calculated
values of the initial plasma ionization degree~at the end of the lase
pulse! as a function of laser fluence. The lines labeledn1/n0 and
n21/n0 illustrate the contributions of singly and doubly charg
carbon ions. Heren0 , n1, and n21 are the number densities o
plume particles~atoms and ions!, singly charged ions, and doubl
charged ions, respectively.
-
n-
n
-

n
p-

h

as
re

The calculated initial plume temperature (T0) is plotted
against laser fluence in Fig. 7 for the fluence ran
6 –25 J/cm2 ~or 0.5–23109 W/cm2). T0 increases near lin-
early with fluence from;1.5 to 4 eV. These calculations ar
reasonably consistent with measurements@52# where the
temperature of laser-generated carbon plasmas (;70 ns
pulse! was found to vary in the range 2–8 eV for fluxes
109–1010 W/cm2. Knowing the initial plume parameter
(n0 ,T0 ,a0), we can estimate the Debye length of the plas
cloud by

r D5A kT0

8pe2ne

,

wheree is the electron charge,ne is the initial electron den-
sity. The initial Debye length is about four orders of magn
tude smaller than the axial cloud dimension throughout
considered fluence range~Fig. 7!.

To evaluate the temporal evolution of the Debye leng
we also performed calculations of carbon plasma expan
into vacuum using the spherical expansion model@17# with
above initial plume parameters. The calculations have d
onstrated that the ratio of the Debye length to the plume s
increases only slightly during plasma expansion. This n
trivial fact can be understood from the following conside
ation. When the ionization degree of the plume is frozen o
the velocity of the expansion front reaches its maximu
value given by@53#

uf5
2

g21
c0 .

Herec05(gkT0 /m)1/2 is the initial speed of sound andg is
the specific heat ratio@for the considered temperature ran
~see Fig. 7! g51.2–1.3@53##. Thereafter the expansion pro
ceeds in a self-similar manner@54# and the plume dimension
at the time momentt can be evaluated asLz5uft1L0. As-
suming spherical adiabatic expansion, one can write that
average plume density, pressure and temperature decrea
n}Lz

23 , p}Lz
23g , and T}Lz

23(g21) , respectively. Taking

FIG. 7. Calculated values of initial plume temperature~solid
line! and ratio of the Debye length to the plume axial dimens
r D /L0, realized at the end of 13-ns laser pulse~dashed line!, vs
fluence for 1064-nm laser ablation of graphite in vacuum.
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PRE 62 5629DOUBLE LAYER EFFECTS IN LASER-ABLATION . . .
g51.25, we haver D /Lz}(T/n)1/2/Lz}Lz
0.125}t0.125. So, this

simple consideration demonstrates that ther D /Lz ratio has
only a weak dependence on the expansion time.

Within a SET fluid approximation@26–28#, the ambipolar
electric field develops in a plasma boundary slab about
Debye length in thickness from where the electrons esc
The fraction of the ions accelerated by the ambipolar fi
can be estimated asNi

acc/Ni5r D /Lz @8#, whereNi
acc is the

number of the accelerated ions andNi is the total number of
the ions in the plume. As shown above, the calculated r
r D /Lz maintains its low value (1023–1024) during plasma
expansion. In the range 10–20 J/cm2, r D /Lz varies within
20%, whereas the ion signal undergoes considerable tr
formation~see Fig. 2!. This is difficult to explain in terms of
SET fluid theory on the basis of the Debye length estima

Analyzing Figs. 2–7, one can point out the following.
~a! At low laser fluence, the mean kinetic energy of t

ions ~Fig. 5! is in agreement with the initial plume temper
ture T0 estimated as 1.5–2.5 eV~Fig. 7!. The rise in the
mean kinetic energy of the ions much aboveT0 is consistent
with the formation of the well-developed double-peak stru
ture atF0'10–12 J/cm2 ~Figs. 2 and 3!.

~b! Increase of the target-to-collector distance results
the formation of the double-peaked TOF distribution
lower F0.

~c! The formation of an ultrafast ion peak atF0
.16 J/cm2 is possibly due to the generation of doub
charged ions in the plume.

~d! At F0,10 J/cm2, the fraction of the accelerated ion
is very small in accordance with the estimations of the D
bye length.

The formation of the well-developed DL is therefore a
sociated with the generation of hot~or tail! electrons which
obtained additional energy in the expanding plume~for the
other electrons the terms ‘‘thermal’’ and ‘‘cold’’ are com
monly used!. Two mechanisms may be responsible for t
formation of hot electrons in laser-ablation plasmas:~a!
three-body recombination when an electron is captured b
ion to some level~not to the ground state! with transfer of
the excess energy to another electron@53# and~b! absorption
of incident laser radiation due to inverse bremsstrahlu
@5,29,31#. An argument in favor of the latter mechanism
the correlation between plasma absorption and ion acce
tion @compare Figs. 4 and 6~a!#.

What happens to the cold and hot electrons during
plume expansion? The rate of photorecombination depe
on the electron temperature asTe

21/2, whereas the rate o
three-body recombination follows aTe

29/2 dependence@53#.
Thus, a cold electron has a large chance to recombin
collision with an ion, while a hot electron can take part
three-body recombination as a third particle, so that it g
additional energy becoming all the more energetic. The t
cross section of the electron degradation in the gas ph
tends to decrease withEe at Ee.10 eV @55#. Hence, the
electrons that received an additional portion of energy
more capable of surviving compared to cold ones.

Let us follow the behavior of the DL on increasing th
fraction of hot electrons based on Denavit’s considerati
@35#. In Fig. 8~a! a sketch of the DL structure is given for th
case of a SET plasma. The plume consists of a quasine
e
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plasma core I, a region II of the order ofr D wide ~up to the
front of the ions FI! where quasineutrality breaks down, an
a region III ahead of the plume where the electrons escap
Under these conditions, a fraction of the ions thrown in
region II, which is to say that they are involved in accele
tion, is of the order ofr D /Lz . Of the same order is the width
of the ambipolar electric field with the maximum located
ne5ni . With increasing laser fluence and the generation o
noticeable amount of hot electrons, the DL structure tra
forms to that shown in Figs. 8~b! and 8~c!. For a relatively
small ratioNh /Nc (<1022, Nh and Nc are the numbers o
the hot and cold electrons in the plume!, the peak of the
ambipolar electric field is located close to FI, that is t
boundary between the hot electrons and the ions invol

FIG. 8. Sketches in one dimension of the DL structures a
profiles of ambipolar electric field for~a! SET plasma,~b! TET
plasma with a small concentration of hot electrons, and~c! TET
plasma when concentrations of hot and cold electrons are com
rable ~according to Denavit@35#!. Herene and ni are the number
densities of electrons and ions. FE, FI, FH, and FC denote the f
of electrons, ions, hot electrons, and cold electrons, respectiv
For an explanation of the formation of regions I–IV in the plum
see the text.
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into acceleration, though the field gradient is maximized n
the front of the cold electrons~FC! @Fig. 8~b!#. In addition,
region II broadens resulting in more ions being accelera
as compared to the SET plasma. With further increasing
ser fluence and associated increasingNh /Nc ratio, a two-
peak structure develops that can be recognized as two
with the peaks of the electric field located near FC~the inner
DL! and FI@Fig. 8~c!#. The rise of theTh /Tc ratio at a fixed
Nh /Nc ratio leads to the same effect.

Mention should be made of the angular distributions
the plume ions. Upon integrating the TOF distributio
~Figs. 2 and 3!, we have obtained that the ion yield collecte
at 89 mm is less than that at 30 mm only by a factor of;4
throughout the studied fluence range. If the angular distri
tion of ions follows a cosp u dependence,u being the angle
with respect to the target normal, this corresponds to a v
narrow distribution with p'60. Similar strong forward
peaking of the laser-produced ions (p'40 assuming cosp u
approximation! was found using Langmuir probe@10#. Other
observations demonstrate mush broader distributions
proximated by cos(2n11) u dependences (n51,2,3! wheren is
the charge state of ions@56#. We attribute this discrepancy t
the different plume geometry formed by the end of the la
pulse and thus to the different conditions for DL formatio

Generally, three types of initial conditions are possib
namely,L0!R0 , L0;R0 andL0@R0. Our view of the DL
spatial structures for these three cases is illustrated in Fig
At L0!R0 ~as is the case considered here!, the DL develops
at the early expansion stage and can be considered as p
@Fig. 9~a!#. In this case the ions subjected to the DL mo
into a narrow cone angleu along the normal to the target. O
further expansion, the accelerated ions have to mainta
near-planar DL structure while the main body of the plum
loses the preferential pressure gradient and broadens co
erably @57#. As a result, the accelerated ions move in a n
rower cone angle than the slow ions and neutral particles
similar tendency was observed in mass spectrometric m
surements@16,58# where faster ions were found to have na
rower angular distributions. For the caseL0;R0, the DL as
well as the whole plume are shown to have nearly h
spherical symmetry@17,57# and the accelerated ions move
a wide angle@see Fig. 9~b!# as was probably the case in Re
@56#. Finally, when the conditionL0@R0 is realized, the
plume structure is reminiscent of a free gas jet issuing fro
sonic nozzle, with its preferential motion in the forward d
rection since the late-vaporized particles act as a piston p
ing the plume forward@Fig. 9~c!#.

The mean kinetic energy of the ions obtained at 89 m
from the target is considerably higher than that at 30 mm
a given laser fluenceF0.10 J/cm2 ~Fig. 5!. This fact can be
explained by a number of reasons.

~a! The DL possibly does not degenerate by 30 mm
further accelerates the ions.

~b! A smaller fraction of the slow ions reaches the colle
tor with increasing distance due to the broader angular
tribution than that for the accelerated ions which escape f
the same solid angle to a lesser extent.

~c! The time-average ion velocityu5L/t used in Eq.~1!
is clearly less than the true velocity at the collector positi
This distinction is diminished with increasing distance.
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~d! The ion acceleration at fairly large distances can
caused by mechanisms other than the DL effects such
recombination and adiabatic expansion.

Only rough estimations of the contribution of each of t
four listed factors can be made based on the present m
surements. Obviously, velocity-dependent angular distri
tions play a role regardless of the collector position. Nev
theless, one can argue that the DL effect remains impor
beyond a 30-mm distance. This is supported by the dram
increase in ion energy atF0.16 J/cm2 for 89 mm~Fig. 5!.
The doubly charged ions, to which we assign the ultrafast
peak, experience twice as much acceleration in the ambip
electric field as compared to singly charged ions. At 30 m
the doubly charged ions are not yet separated into an i
vidual peak though they can already move in the front of
plume. The further free expansion and the action of the
lead the doubly charged ions to be well ahead of the plu
when detected at a greater distance. Factors~c! and ~d! ap-
pear to be of minor importance since the main gas-dyna
acceleration and recombination energy release take p
within a relatively small distance from the target under th
ablation conditions@17#.

FIG. 9. Schematic representation of DL geometry for thr
types of initial conditions depending on the relationship betwe
axial and transverse plume dimensions,L0 and R0, at the end of
laser pulse:~a! L0!R0, ~b! L0;R0, and~c! L0@R0. The designa-
tions for the plume regions I–III are used as in Fig. 8. The region
with broken down quasineutrality can be separated by the region
as in Fig. 8~c!.
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C. On the approximation of ion TOF spectra
by Maxwell-Boltzmann velocity distributions

Many ion-probe measurements performed under P
conditions demonstrate that the TOF signal can be fitted b
Maxwell-Boltzmann distribution superimposed on a flow v
locity ~so-called shifted Maxwellian! @22,39,59–61#. Such a
distribution is similar to that realized in an adiabatic sup
sonic expansion of gaseous jets and is believed to be e
lished due to collisions of the ablated particles in a ne
surface region termed the Knudsen layer@37,62#. A good fit
of the measured spectra by a shifted Maxwellian is of
interpreted as indication that the thermalization of the plu
particles occurs and therefore the flow velocity and effect
plume temperature can be deduced from the fit. On the o
hand, such an approximation, when applied to the ions s
jected to the DL, appears to have no physical ground si
the velocities of the accelerated ions are driven mainly by
ambipolar electric field and are not representative of
plasma bulk expansion. One can expect therefore that
approximation of the TOF distributions by Maxwel
Boltzmann functions~and needless to say by their superp
sition! will result in meaningless fitting parameters if th
accelerated ions contribute significantly to the measured
nal.

To demonstrate this, we have performed fitting of t
TOF spectra~single-peaked distributions from Figs. 2 and!
with a shifted Maxwellian which is given for our flux
sensitive detector by@62#

I ~ t !5At25 expF2
m~L/t2uf !

2

2kTeff
G , ~3!

whereA is a normalization constant,uf is the flow velocity,
andTeff is the effective temperature associated with trans
tional motion along the plume axis. Figure 10 shows rep
sentative TOF data and corresponding fits. At low laser
ence (;8 J/cm2), when no essential DL effect occurs, th
signal can be poorly described by a Maxwellian because
low-velocity non-Maxwellian tail in the distribution@Fig.
10~a!#. The latter is most likely due to the carbon cluster io
which are formed in abundance during 1064 nm laser a
tion of graphite at moderate fluences@41,44#. Nevertheless,
the fitting parameters are quite reasonable for an adiab
expansion.Teff is less than the initial plume temperature e
timated asT0'20 000 K for 8 J/cm2 ~see Fig. 7!. Also, the
flow velocity of ;5.9 km/s is in a comparable range wi
the valueuf;(kT0 /m)1/2'4 km/s expected downstream o
the Knudsen layer@37#.

The agreement between the measured TOF distribut
and the fits with Eq.~3! seems at first sight to be much bett
for 16 J/cm2 @Figs. 10~b! and 10~c!#, a fluence where the
accelerated ions contribute significantly to the signal~see
Sec. III B!. However, the obtained fitting parameters app
to be unreasonably high taking into account thatT0
'30 000 K ~Fig. 7!. Moreover,Teff increases with distanc
which cannot be explained by assuming a collision-driv
supersonic expansion. Therefore, when using a Maxwel
fit of the ion TOF spectrum for a laser-produced plasm
some care is needed. In our view, this situation is simila
that for photochemical desorption when nonthermally d
D
a

-

-
b-

r-

n
e
e
er
b-
e
e
e
he

-

g-

-
-
-

a

s
a-

tic
-

ns

r

n
n
,
o
-

orbed molecules have formally a Maxwell-Boltzmann velo
ity distribution without any thermalization@63#.

D. Effect of radiation wavelength

For most materials, the threshold fluence for ablation
lower for shorter wavelengths due to the higher absorpt

FIG. 10. Representative ion TOF spectra obtained in vacuum
1064-nm laser wavelength~points! and corresponding fits with a
Maxwell-Boltzmann distribution@Eq. ~3!, solid lines#. ~a! Laser flu-
enceF058 J/cm2, target-to-collector distanceL530 mm; fitting
parameters in Eq.~3! are Teff55500 K, uf55.94 km/s. ~b! F0

516 J/cm2, L530 mm, Teff575 000 K, uf513 km/s. ~c! F0

516 J/cm2, L589 mm, Teff5140 000 K,uf511 km/s. Dashed
line in ~c!, being the same as solid line in~b!, illustrates the changes
in ion TOF distribution with increasing distance from the target.
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coefficients, but the ablation depth increases with flue
more rapidly for longer wavelength~see, e.g., Ref.@64#!.
This effect may be partly obscured by efficient heat cond
tion process in the graphite target. It should be noted, h
ever, that the role of thermal conductivity becomes less
nificant with increasing temperature@thermal diffusion
length l th5(kt/cr)1/251300 nm at 300 K and 270 nm a
3000 K, wheret is the laser pulse duration,k is the thermal
conductivity,c is the specific heat andr is the mass density
the values of graphite properties are taken from Re
@65,66##. The wavelength effect is therefore quite promine
under the considered conditions of relatively high fluenc
In particular, at;6 J/cm2, the ablation depth of graphit
measured for 532-nm laser radiation~the optical penetration
depthd'30 nm@67#! is about 1.7 times smaller than that
1064 nm (d'67 nm@67#!. This means that nearly the sam
amount of laser energy is coupled to the lower number
particles resulting obviously in higher initial plume temper
tures and thus in higher ionization degrees. Indeed, our
probe experiments demonstrate that, for fixed laser flue
the ions are much more abundant in the plume at 532
than at 1064 nm. The ion yields obtained by integrating
measured TOF distributions are shown in Fig. 11 for b
wavelengths. At 1064 nm, the observed threshold for
appearance is only slightly lower than the maximum fluen
of 6.5 J/cm2 obtained with the 532-nm radiation. At thi
fluence, the collected ion yields differ more than by order
magnitude.

Figure 12 shows the ion-probe signals obtained on i
diation of the graphite target with 532-nm laser light. T
qualitative behavior of the signal with increasing laser fl
ence is similar to that obtained in the 1064-nm experime
The most probable ion velocities at 2.6–5.5 J/cm2 ~when
single-peak distributions are observed! are, however, some
what higher than those at 1064 nm~see curves for 6.5 and
8 J/cm2 in Fig. 2!. Along with the early appearance of th
ions, it confirms the higher initial temperature of the plum
On the other hand, the accelerated ions have nearly the s
most probable velocity for both wavelengths@compare
curves at 6 and 6.5 J/cm2 in Fig. 12 and at 12 and 13 J/cm2

in Fig. 2~b!#.

FIG. 11. Ion yield obtained by integrating the TOF distributio
collected in vacuum at 30 mm from the target as a function of la
fluence at 1064 nm~open points! and 532 nm~closed points!.
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E. Effect of background gas

The pressure of the background gas is one of the
parameters in PLD. Increasing the background pressure
been shown to cause splitting of the plume ions into a f
and slow component@11,12#. The phenomenon of plume
splitting has been described with model calculations in ter
of the scattering dynamics of the plume particles on
background molecules@12#. In Ref. @14#, where the ion-
probe signal was measured at rather small target-to-colle
distances in the background gas, the transformation of
double-peaked structure into a single-peaked structure
observed with increasing detection distance. It was a
found that the average velocity of the ion flux decreases w
the background pressure. The oscillatory behavior of a plu
in an ambient gas resulting in multipeak TOF distributio
has been described using the hydrodynamic models@17,57#.
It is of interest to examine how the pressure of backgrou
gas influences the ion kinetic energies under PLD conditio
taking into account that the ions can be subjected to ac
eration in the DL.

Figure 13 shows the influence of the air pressure on T
distribution at 25 J/cm2 and 1064-nm wavelength. When th
collector was located at 30 mm from the target, the sing
peaked structure was observed up to a pressure of about
@Fig. 13~a!#. At ;5 Pa, one can see the appearance o
weak peak of the slow ions~shown by arrow!. On further
increase of the background pressure, the arrival time of
fast peak decreases, while that of the slow ions increases
89 mm from the target, the slow ion peak has not been
served up to;7 Pa, whereas at higher pressure the io
were not detectable@Fig. 13~b!#.

The peak arrival time and the mean kinetic energy of
ions derived from Fig. 13 are shown in Fig. 14 as a funct
of the background pressure. There are two intriguing f
tures:~a! There is an apparent decrease of the arrival time
the fast ion peak with pressure. A similar effect was o
served at smaller target-to-collector distances@14#. ~b! The
mean kinetic energy of the ions increases with the ba
ground pressure at 89 mm, while decreases at 30 mm.

r FIG. 12. Ion TOF distributions in vacuum for different las
fluences at 532-nm wavelength. The target-to-collector distanc
30 mm.
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In the presence of background gas, the effect of DL f
mation is superimposed on scattering of the plume partic
As the absorption of laser radiation by the plume is cons
erable in the fluence range studied~see Fig. 6!, a high-
energetic electron tail is generated that leads to the de
oped DL as shown in Figs. 8~b! or 8~c!. The ions accelerated
in the DL are scattered by the background gas to a le
extent on their way to the collector since the total scatter
cross-section decreases with ion energy@55#. As a result,
only the faster part of the ions reaches a distant collec
Obviously this part decreases with increasing backgro
pressure until the ion flux degradates. Though the DL
comes weaker due to a decreased number of ions, it co
ues to accelerate the front ions thus enhancing their kin
energy. Depending on the relation between ion accelera
in the ambipolar electric field and scattering of ions by t
background gas, the arrival time of the fast ion peak c
decrease or increase. This is a subject of further study.
dently, the mentioned relation varies with the distance fr

FIG. 13. Ion TOF distributions measured at 30 mm~a! and 89
mm ~b! from the target at various background air pressures. La
fluence is 25 J/cm2 at 1064 nm. The arrows in~a! show the peaks
of slow ions at background pressures of 5 and 9 Pa~at 19 Pa the
flux of slow ions peaks at 19.5 ms!. The arrow in~b! shows the
peak arising due to ionization of the background gas.
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the target. An additional peak at 6.8 Pa with a short arri
time @shown by the arrow in Fig. 13~b!# originates presum-
ably from the background molecules ionized in the imme
ate vicinity of the collector by the plume electrons. Clear
it should not be considered when evaluating the mean kin
energy of the ions.

The part of the ions, being scattered and thermaliz
forms the second~slow! peak which is observed at sma
distance and becomes undetectable at 89 mm. Dependin
the background pressure, two main mechanisms can be
sponsible for it.~1! The slow ions flux is attenuated by th
background gas to a greater extent than that of fast ions@55#.
~2! The formation of the hydrodynamic regime of the plum
flow with increasing background pressure leads to ‘‘locki
up’’ of the slow ions by the plume. Consider the seco
effect in more detail. At low background pressure, the plu
core almost does not feel the counteraction of the ba
ground gas whereas the fast ion flux is exponentially atte
ated with distance and pressure@11#. As the background

er
FIG. 14. The most probable arrival time of fast and slow ions~a!

and mean kinetic energy of the ions^Ekin&, vs background gas
pressure. The data are derived from the TOF spectra shown in
13~a! and 13~b!. The ^Ekin& values are calculated using Eq.~1!.
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pressure increases, the ambient gas begins to brake th
pansion of the plume, while the plume, acting as a pist
snowploughs the background gas. As a result, the hydro
namic regime of plume expansion is formed with the gene
tion of a shock wave structure. The details of such a reg
are described in Refs.@17,57#. The high-energetic ions
formed at an early stage of the plume expansion, pene
deeply into the background gas and reach a distant colle
The slower ions move together with the main body of t
plume. The plume expanding into a background gas pro
gates to a finite distance from the target that decreases
gas pressure@17,57#. At fairly high background pressure th
plume propagation length becomes less than the targe
collector distance. When this takes place, plume partic
other than the high-energetic ions reach the collector thro
diffusion in the background gas. In doing so, the thermaliz
ions experience recombination, so that the slow-ion peak
appears.

When increasing the background pressure, we obser
apart of the appearance of the slow ion peak for the or
nally single-peaked ion current~as in Ref.@11#!, the trans-
formation of the double-peaked structure into the sing
peaked signal of the slow ions only. The described eff
calls for further investigations.

IV. CONCLUSIONS

In summary, the ion probe technique has been used
the detailed study of ion expansion during laser ablation
graphite in a laser fluence range important for PLD. From
results and the discussion, the following conclusions can
made.

~1! The appearance of a double-peaked structure in
ion TOF distribution both under vacuum and in backgrou
gas is explained by the formation of an ambipolar elec
field ~double layer! in the expanding plume.

~2! The observed ion acceleration can not be ascribe
breaking quasineutrality in the plume boundary over the D
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bye length in the single-electron-temperature fluid approa
To account for the detected kinetic energies of the ions,
generation of a high-energetic electron tail due to absorp
of laser radiation in the plume has to be considered. T
appearance of an ultrafast peak in the TOF distribution c
relates with the formation of doubly charged ions in notic
able amounts.

~3! The ions accelerated in the DL should have most pr
ably non-Maxwellian velocity distributions. If the accele
ated ions contribute significantly to the signal, the appro
mation of the ion TOF spectrum by a Maxwellian results
meaningless fitting parameters.

~4! At 532-nm ablation, the DL effect becomes significa
at a lower laser fluence than at 1064-nm irradiation due
the higher ion yield at shorter wavelengths.

~5! The background gas depresses the DL effect. T
time-of-flight of the fast-ion peak can decrease or incre
with increasing background pressure depending on the r
tion between ion scattering by the background molecules
ion acceleration by the ambipolar electric field. This relati
varies with the distance from the target.

We suppose that the DL effects considered in this pa
are more general and play a role in PLD of various materi
Our preliminary results of ion-probe measurements on
ablation products from Si and Nb targets have shown q
similar behavior of the ion-collector signal as that describ
above. It seems that there is much scope for further stud
understanding of ion acceleration in detail can lead to be
optimization of the PLD process.
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