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The effects of laser wavelength on the charge state resolved ion energy distributions from
laser-produced Sn plasma freely expanding into vacuum are investigated. Planar Sn targets are
irradiated at laser wavelengths of 10.6 and 1.064 m and intensities of 1.8⫻ 1010 and 3.4
⫻ 1011 W / cm2, respectively. These parameters are relevant to the extreme ultraviolet x-ray source
application. An electrostatic deflection probe and single channel electron multiplier are used to
record the charge state resolved ion energy distributions 100 cm from the laser plasma source. At the
longer laser wavelength, higher charge state ions are observed. At both laser wavelengths, the peak
ion energies increase approximately linearly as a function of charge state, and all ion energies
greatly exceed the initial thermal electron temperature. The differences in the ion energy
distributions are attributed to the laser wavelength dependence of the laser energy absorption, the
resulting plasma density in the corona, and the subsequent recombination after the laser pulse.
Numerical simulations of the plasma expansion from a collisional-radiative steady state model
support the experimental results. © 2010 American Institute of Physics. 关doi:10.1063/1.3309413兴
I. INTRODUCTION

In the interaction of a solid target and a focused laser
with long pulse duration 共⬎1 ns兲 and moderate intensity
共⬍1015 / 2 W / cm2, where  is the laser wavelength in m兲,
a hot and highly ionized plasma is formed at the target surface and the laser energy is absorbed by inverse bremsstrahlung up to the critical density 共ncr关cm−3兴 ⬇ 1021 / 2兲.1–3 The
laser absorption is then more efficient using short wavelength lasers, where the critical density and collision frequency are both large. A laser-produced Sn plasma in this
regime with electron temperature of 30–40 eV will emit
strongly by an unresolved transition array in the extreme
ultraviolet 共EUV兲 spectrum centered at 13.5 nm, and this
plasma radiation finds application as a source of soft x-rays
for next-generation manufacturing of integrated circuits.4–6
However, the laser-produced Sn plasma is only useful to the
application if it is optically thin to its own 13.5 nm radiation,
i.e., if it is not too dense.7 The opacity requirement then
motivates the use of long wavelength lasers that create lower
density plasmas. For these reasons, laser-produced Sn
plasma using both 10.6 m CO2 lasers and 1.064 m
neodymium-doped yttrium aluminum garnet 共Nd:YAG兲 lasers are current topics of interest.
The dynamics of Sn plasma produced by an Nd:YAG
laser have been thoroughly investigated.8–10 The conversion
of laser energy to 13.5 nm x-rays in a 2% bandwidth escaping the plasma over 2 sr, a figure of merit in the EUV x-ray
source industry referred to as in-band conversion efficiency
共CE兲, reaches an optimal value of approximately 2% at a
laser intensity of a few 1011 W / cm2. More recently, the CE
a兲
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of a Sn plasma produced by a CO2 laser has reached higher
values of 3%–4% at laser intensities from 109 to
1010 W / cm2.6,11,12 The high transparency to 13.5 nm radiation of the CO2 laser-produced plasma 共LPP兲, as compared to
the Nd:YAG LPP, offsets the lower laser energy absorption
and leads to higher CE. Clearly, other laser wavelengthdependent effects will be exhibited by the Sn plasma.
The effects of laser wavelength on the properties of the
ions emitted by the plasma are of particular interest, as the
ions are a source of damage to the expensive multilayer
Mo/Si optics used to collect and focus the 13.5 nm radiation
escaping the plasma for use in the application.13 Mitigation
of ions emitted by laser-produced Sn plasma to levels allowing the Mo/Si optics to meet certain lifetime requirements
remains a central problem in the development of an economical EUV x-ray source. Accordingly, many of the previous studies of ions emitted by laser-produced Sn plasma
have focused entirely on mitigation schemes, such as electrostatic and magnetostatic fields, and background gases.14,15
Here, some fundamental properties of the ions as a function
of laser wavelength are studied experimentally and numerically for the first time. In particular, the charge state resolved
ion energy distributions far away from the laser plasma
source are measured in parameter space relevant to the EUV
x-ray source application, at laser wavelengths of 10.6 and
1.064 m and intensities of 1.8⫻ 1010 and 3.4
⫻ 1011 W / cm2, respectively.
II. EXPERIMENTAL CONDITIONS AND RESULTS

The experimental arrangement is shown in Fig. 1. A planar Sn target is irradiated in one experiment by an Nd:YAG
laser and in another by a CO2 laser. The experiments are
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FIG. 1. 共Color online兲 Experimental arrangement. The EUV calorimeter and
ion diagnostic are positioned at 45° and 51° with respect to the laser axis,
respectively. In the optical path at each laser wavelength, not shown here,
were installed a photodiode and laser energy monitor for real-time monitoring of the laser pulse duration and energy. The infrared camera used in the
laser focal diameter measurement is a DataRay WinCamD for the Nd:YAG
beam and an Ophir–Spiricon PyroCAM III for the CO2 beam. Images of the
CO2 beam can be found in Ref. 17.

conducted in vacuum below 3 ⫻ 10−6 torr so chargeexchange with the ambient will be negligible. The target is
translated in the focal plane before each shot to provide a
fresh surface. The laser focal diameter is measured by imaging the beam in the focal plane at a known magnification
using an appropriate imaging lens and camera for each laser
wavelength. The laser and focusing parameters at each wavelength are summarized in Table I. The CE is measured at
each laser wavelength with a calibrated EUV calorimeter and
is 2% using the Nd:YAG laser and 3% using the CO2 laser.
Additional details on the lasers, beam diagnostics, and the
technique used to measure CE have been reported
elsewhere.16,17
The charge state resolved ion energy distributions are
measured with an electrostatic deflection probe and single
channel electron multiplier 共CEM兲. This custom-built ion diagnostic, shown schematically in Fig. 2, filters the plasma in
a radial electrostatic field into groups of ions having a constant kinetic energy to charge state 共KE/Z兲 ratio, and detects
these ions directly with a CEM, similar probes are described
in detail elsewhere.18,19 The laser plasma source must be far
enough away from the diagnostic so the effects of space
charge expansion on the filtered ion groups is negligible, this
distance being 100 cm in the present parameter space.20 A
low noise, high bandwidth, custom-built preamplifier is used
at the output of the CEM.21 The detection efficiency of the
CEM, which depends on the energy and mass of the incident
ion, is calculated from empirical data in the literature.22 A
typical waveform generated by the ion diagnostic is shown in

FIG. 2. Diagram of the electrostatic ion energy analyzer. The filter ratio of
the probe in electron volt is KE / Z = V / 关2 ln共R2 / R1兲兴, where R1 and R2 are
the inner and outer radius, respectively, and V is the applied voltage in volts.
The CEM is biased to a negative high voltage of 2 kV.

Fig. 3, in which the individual peaks represent the arrival of
Sn ions with varying charge state meeting the filter criterion
of the probe, KE/ Z = 121 eV in this sample. A complete ion
energy spectrum can be generated through repetitive experimentation as the filter criterion of the probe is scanned by
varying the applied voltage on the cylindrical electrodes.
The charge state resolved ion energy distributions from
Nd:YAG and CO2 LPP are shown in Figs. 4共a兲 and 4共b兲,
respectively. These data are time-integrated and represent a
solid angle of observation of 2.5⫻ 10−7 sr 共a 1 mm input
pinhole positioned 100 cm from a small laser plasma
source兲. The data analysis methods used for calculating the
ion energy distributions 共as seen in Fig. 4兲 from multiple
time-of-flight waveforms 共one example is seen in Fig. 3兲 as
the KE/Z ratio is scanned can be found in Woryna et al.,18
here approximately 30 shots under repetitive laser conditions
were used in the data analysis at both laser wavelengths.
The ion energy distributions for each charge state at both
laser wavelengths are fit in a least squares sense by functions
of the form
f共Eion兲 = AEion exp关− 共Eion − 兲2/共22兲兴,

共1兲

where f approximates dN / dE, Eion is the ion kinetic energy,
and A, , and  are unique fitting parameters for each curve.
These curve fits are included as broken gray lines in Fig. 4,
and the closeness of each fit is quantified in Table II. Similar
fitting functions along with their physical basis are described
in previous experimental and theoretical studies.23,24 Using
the curve fits to the data at each laser wavelength, the average charge state and average ion energy, as well as the ion

TABLE I. Laser parameters used in the experiments. The boundaries of the focal diameter are defined where the
intensity in the focal plane is equal to 共1 / e2兲 of its maximum value. The focusing lens in each experiment is
planoconvex with focal length f and f/No. given below.
Wavelength
关m兴

Pulse duration
共ns兲

Pulse energy
共mJ兲

Focal diameter
关m兴

f
共cm兲

f/No.

Resultant laser intensity
关W / cm2兴

1.064
10.6

7
85

120
120

80
100

30
6

f/15
f/6

3.4⫻ 1011
1.8⫻ 1010
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FIG. 3. 共Color online兲 Typical waveform generated by the electrostatic ion
energy analyzer using the CO2 laser. The curve is the data and the vertical
lines represent theoretical time-of-flight markers where Sn ions are expected
to arrive at the CEM. The additional peaks seen in the data before Sn+8
represent H, C, N, or O ions from the thin impurity layer on the surface of
the target.

concentration and peak ion energy for each charge state can
all be calculated, results are found in Table II.
III. DISCUSSION OF EXPERIMENTAL RESULTS

Several general features can be summarized from the
experimental results. First, the increase in laser wavelength
increases the maximum charge state measured far away from
the laser plasma source. Interestingly, as laser intensity is
increased beyond the threshold given in the introduction
共1015 / 2 W / cm2 / m2兲, the opposite is true, i.e., an increase
in laser wavelength reduces the maximum ion charge state
far from the laser plasma source.26,27 This occurs due to the

production of a suprathermal electron population at high laser intensities through resonant and nonlinear laser absorption processes. The temperature of these electrons scales
with the product I2, where I is the laser intensity, and these
electrons do not contribute efficiently to ionization.28 At the
moderate laser intensities of the present experiments, a single
thermal population of electrons is present and the initial electron density in the corona will approximately equal the critical density, ncr. For the Nd:YAG LPP ncr ⬇ 1021 cm−3, and
for the CO2 LPP ncr ⬇ 1019 cm−3. The lower initial electron
density of the CO2 LPP has a significant effect on the recombination processes during and after the laser pulse. The two
mechanisms of recombination in the laser plasmas discussed
here include three-body recombination and radiative
recombination.29,30 In both processes, a free electron recombines with an ion and a third body 共a photon in radiative
recombination, a free electron in three-body recombination兲
is required to conserve energy. A criterion can be derived
using the rates for both processes determining which of the
two mechanisms is dominant.31 If the plasma electron density, electron temperature, Te, and average charge state, Z̄,
satisfy the relation
共ne/cm−3兲 Ⰷ 共3 ⫻ 1013兲共Te/eV兲3.75/Z̄,

then three-body recombination is the dominant mechanism.
During the laser pulse, this inequality is satisfied for the
Nd:YAG LPP, but not for the CO2 LPP. After the laser pulse,
when Te begins to decay, three-body recombination will
quickly become the dominant process for both laser plasmas.
Since the rate of three-body recombination will depend on
the density of free electrons, the laser plasma with the lower
initial electron density will experience less recombination.
Thus, for the CO2 LPP higher charge state ions should be
found far away from the laser plasma source, as observed in
the experiments. Numerical simulations discussed subsequently support this argument.
The initial electron temperature, Te, can be estimated
from the ion properties through an expression derived in a
hydrodynamic model of laser plasma interactions in a similar
parameter regime, as discussed in Puell.32 The relation is
given by
Ea = 5共Z̄ + 1兲Te ,

FIG. 4. 共Color online兲 Charge state resolved ion energy distributions from
Sn plasma generated with 共a兲 Nd:YAG laser radiation and 共b兲 CO2 laser
radiation, including curve fits for each charge state.

共2兲

共3兲

where Ea is the average ion energy, and has been applied by
several authors in interpretation of data from ion probes.19,31
From Eq. 共3兲 and the values in Table II, Te is estimated as 37
and 57 eV for the CO2 and Nd:YAG LPP, respectively. However, the theory in Puell assumes that Ea is evaluated far
from the laser plasma source along the target normal,
whereas in the experiments Ea is measured far from the laser
plasma source but at an angle of 51° with respect to the
target normal. It is well know from previous studies that all
ion energies are peaked along the target normal, so that ion
energies measured at approximately 45° from the target normal are a factor of a few less than those measured along the
target normal.33,34 In addition, the theory in Puell assumes Z̄
is evaluated at a distance from the target surface equal to the
laser focal radius, whereas in the experiments Z̄ is measured
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TABLE II. Ion properties calculated from the data and curve fits of Fig. 4. The closeness of the approximation
of f to dN / dE can be quantified by the coefficient of determination, R2, defined, e.g., in Rao.25 The peak ion
energies are the maxima of the curve fits. These ion properties are used subsequently in the discussion section
to estimate the initial electron temperature and elucidate the mechanism of ion acceleration.
Wavelength
关m兴
1.064

10.6

Ions

R2
共%兲

Ion concentration
共%兲

Sn+1
Sn+2
Sn+3
Sn+4
Sn+5
Sn+6
Sn+1
Sn+2
Sn+3
Sn+4
Sn+5
Sn+6
Sn+7
Sn+8
Sn+9

94.6
88.3
87.9
95.0
98.3
99.0
99.8
99.1
98.4
96.3
97.3
97.1
99.1
98.3
95.8

59.3
20.8
10.0
6.4
2.9
0.7
40.1
20.2
10.0
8.3
7.3
6.9
4.9
2.1
0.3

far from the laser plasma source. The effect of recombination
during plasma expansion into vacuum is known to reduce Z̄
by a factor of a few, this topic is treated in several previous
studies as well as in the numerical simulations discussed
subsequently.35–37 Accordingly, the order of magnitude estimates of Te and the qualtitative observation that Te is higher
for the Nd:YAG LPP obtained by using Eq. 共3兲 with the
experimental values for Z̄ and Ea should still be correct.
The mechanism of ion acceleration can be inferred from
a plot of the peak ion energies given in Table II as a function
of charge state, as seen in Fig. 5. Similar features observed in
both curves indicate the ion acceleration mechanism is independent of laser wavelength. Specifically, the peak ion energies increase approximately linearly as a function of charge
state and all ion energies greatly exceed the initial thermal
electron temperature. These effects have been noted before
from plasma produced by ruby and Nd:YAG lasers in a similar parameter regime, however the authors could not find any
experimental data showing these features at the 10.6 m
CO2 laser wavelength.38–40

Z̄
1.8

2.7

Peak ion energy
共eV兲

Average ion energy
共eV兲

45
191
536
931
1 369
1 677
41
116
289
463
637
854
1 084
1 280
1 356

792

An acceleration mechanism leading to the observed features in the ion spectra is the electrostatic model.39,41 Here,
electrons heated by the laser through inverse bremsstrahlung
transfer energy to ions through collisions on the scale of the
electron ion thermalization time, ei, given by
共ei/s兲 ⬇ 3.5 ⫻ 108

共A/amu兲共Te/eV兲3/2
Z̄共ne/cm−3兲ln ⌳

,

共4兲

where A is the atomic mass 共118.71 amu for Sn兲 and ln ⌳ is
the Coulomb logarithm 共⬇5 for laser plasma兲.42 Because ei
will be much shorter than the laser pulse duration, electrons
and ions obtain equal thermal temperatures during the laser
pulse but due to the mass difference the electrons obtain
much higher velocities. The electrons then escape the plasma
volume thereby creating an electrostatic field which accelerates ions proportional to their charge. As this process repeats
several times during the laser pulse, the resultant ion kinetic
energies are typically many times the initial thermal electron
temperature, as observed in the experiments. A scaling law
with physical significance from the electrostatic model is
given by
Eion = nZT + T,

FIG. 5. 共Color online兲 Peak ion energy as a function of charge state from Sn
plasma produced by Nd:YAG and CO2 lasers. Equation 共5兲 is fit to the data
at both laser wavelengths. The coefficients of determination, R2, of the
Nd:YAG and CO2 curve fits are 87% and 93%, respectively.

680

共5兲

where Eion is in electron volt, Z is the charge state, and T is
the initial electron and ion thermal temperatures 共assumed
equal兲 in electron volt.41 The first term 共nZT兲 represents the
repetition of the acceleration process n times during the laser
pulse and the second term 共T兲 represents the conversion of
thermal electron temperature into ion kinetic energy through
expansion. A least squares fit of Eq. 共5兲 to the experimental
data at both laser wavelengths is included as a solid line in
Fig. 5, the R2 value quantifying the closeness of each fit is
given in the caption. The fitting parameters n and T for the
Nd:YAG curve fit are 4.7 and 50 eV, whereas the fitting
parameters for the CO2 curve fit are 3.5 and 40 eV. The effect
of recombination during plasma expansion into vacuum,
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which is not taken into account in the electrostatic model,
prevents better quantitative agreement.
The laser intensities in the two experiments were different 共1.8⫻ 1010 W / cm2 for the CO2 LPP and 3.4
⫻ 1011 W / cm2 for the Nd:YAG LPP兲, and were chosen such
that CE was optimal in each case 共3% for the CO2 LPP and
2% for the Nd:YAG LPP兲. A significant amount of theoretical work within the EUV x-ray source community has converged on the plasma parameters which optimize CE 共see
White et al.6 and Refs. 1–12 therein兲, these being electron
temperature of 30–40 eV and electron density of 1019 cm−3.
Thus, both laser plasmas studied here contain some region
with this combination of plasma parameters. The region with
the optimal plasma parameters for the CO2 LPP is the hottest
region of the plasma, as the critical density at this wavelength 共⬇1019 cm−3兲 is equal to the optimal electron density.
In the case of the Nd:YAG LPP, the critical density
共⬇1021 cm−3兲 must decay by two orders of magnitude to
reach the optimal electron density. Accordingly, the temperature of the Nd:YAG LPP must also decay from its initial
value at the critical density to reach the optimal electron
temperature, as temperature and density in an LPP decay
simultaneously in space.31 By this argument, the initial electron temperature of the Nd:YAG LPP should be higher than
the optimal temperature. The estimate of 50–60 eV inferred
from the ion probe data is in agreement.
IV. NUMERICAL SIMULATION

Numerical simulations of plasma expansion into vacuum
from an assumed initial state have been used extensively in
previous laser plasma studies to study the effects of recombination and to explain measurements of charge state distributions made far away from the laser plasma source.35–37 An
adaptation of these codes was used here to support the conclusions from the experimental results.
The initial ion charge state distributions used in the code
were calculated from a collisional-radiative steady state
model, as described in Colombant and Tonon.43 Here, a set
of equations are solved determining the fractional population
of each ion species as a function of electron temperature at a
constant electron density. These equations satisfy the steadystate condition for nZ, the number density of charge state Z,
given by
dnZ
= nenZ−1SZ−1 + nenZ+1␤Z+1 − nenZ共SZ + ␤Z兲 = 0,
dt

共6兲

where the quantities SZ and ␤Z represent the total ionization
and recombination rates, respectively. These rates, found in
the original reference, depend on electron temperature, elec-

FIG. 6. Collisional-radiative steady state calculations. The population fractions for each charge state of Sn are given as a function of electron temperature at a constant electron density of 共a兲 1021 cm−3 and 共b兲 1019 cm−3.

tron density, and the ionization potential and equivalent number of outer shell electrons for each charge state. Measured
and calculated ionization potentials for all charge states of Sn
are tabulated in Carlson et al.44 The collisional-radiative
steady state model is solved at the critical density of the
Nd:YAG LPP, 1021 cm−3 and at the critical density of the
CO2 LPP, 1019 cm−3, results are given in Figs. 6共a兲 and 6共b兲,
respectively. The initial ion charge state distributions used in
the code correspond to the population fractions at 60 eV
from the data of Fig. 6共a兲, and at 40 eV from the data of Fig.
6共b兲, these initial distributions along with the average charge
state in each case are given in Table III.
The simulation begins at a time t0 after which a few
electron ion thermalization times have elapsed, so that Te
= Ti can be assumed initially. Equation 共4兲 for ei with the
electron temperature, electron density, and average charge
state from Table III gives ei = 290 ps for the Nd:YAG LPP,
and ei = 19 ns for the CO2 LPP. The simulations begin at
twice these values. The laser plasma expands isothermally
during the laser pulse, therefore the electron temperature is
held constant in the simulation from t0 until the end of the
laser pulse. The plasma expansion is assumed spherical for
all time, so that at any instant of time the plasma radius, R,

TABLE III. Initial ion population fractions from the collisional-radiative steady state model. The initial electron density in the simulations is assumed to equal
the critical density.
Population fractions


关m兴

ncr
关cm−3兴

Te
共eV兲

+9

+10

+11

+12

+13

+14

+15

+16

Z̄

1.064
10.6

1021
1019

60
40

0.17
0.35

0.41
0.07

0.10

0.02

0.14

0.02
0.42

0.27

0.01

13.3
11.3
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will be given by R = cSt, where cS is the constant expansion
speed and t is the time variable. The expansion speed is

冑

assumed to equal the plasma sound speed, cS = Z̄Te / M i,
where M i is the ion mass. Using the values in Table III, the
sound speed is 2.5⫻ 106 and 1.9⫻ 106 cm/ s for the
Nd:YAG and CO2 LPP, respectively.
The ion distribution for all time is calculated using rate
equations for each ion species, given by

冉 冊 冉 冊 冉 冊

dNk
dNk
=
dt
dt

+

c

dNk
dt

dNk
,
dt i

+

r

共7兲

where Nk is the number of ions of charge state k at any time.
The first term represents the rate of change due to collisional
three-body recombination, the second term due to radiative
recombination, and the third term due to electron impact ionization. If Zmax charge states are included in the code, then
Eq. 共7兲 represents Zmax + 1 equations, in order to include the
neutral species 共k = 0兲. The rate of three-body recombination,
radiative recombination, and electron-impact ionization are
given in Gurevich and Pitaevskii,29 Allen,30 and
McWhirter,45 respectively. Using these rates, the terms in Eq.
共7兲 are then given by

冉 冊
dNk
dt

= 共8.75 ⫻ 10

兲n2e T−9/2
e 关共k

−27

+ 1兲 Nk+1 − k Nk兴,
3

3

c

共8兲

冉 冊
冉 冊
dNk
dt
dNk
dt

2
2
= 共2.7 ⫻ 10−13兲neT−3/4
e 关共k + 1兲 Nk+1 − k Nk兴, 共9兲
r

冋 冉 冊
冉 冊册

= 共2.4 ⫻ 10−6兲neT1/4
e
i

−

k−1
Ik−1
Nk−1
7/4 exp −
Te
Ik−1

k
Ik
Nk ,
7/4 exp −
Te
Ik

共10兲

where Ik is the ionization potential in electron volt and k is
the equivalent number of outershell electrons for the charge
state k. The units of ne are cm−3 and the units of Te are
electron volt. In Eqs. 共8兲 and 共9兲, Nk can increase through
recombination in the upper state, whereas in Eq. 共10兲 Nk can
increase through ionization in the lower state. At each time
step, the number of electrons, Ne, is determined through the
plasma neutrality condition,
max
kNk .
Ne = 兺 k=1

Z

共11兲

The equation for the time evolution of electron temperature
is given by42

冉 冊

冉

冊

Ti − Te
2
dTe
Q
Te
⫻
=− 2
+
−
,
3 1 + Ne/N
dt
t
ei

共12兲

where N is the total number of heavy particles,
max
Nk .
N = 兺 k=0

Z

共13兲

The solution of Eq. 共12兲 if only the first term on the righthand-side were present would be Te ⬃ t−2, which just describes the adiabatic expansion of plasma into vacuum.31 The

second term in Eq. 共12兲 is due to temperature relaxation and
is necessary when the electron ion thermalization time exceeds the simulation time, which occurs late in the simulations studied here. The third term in Eq. 共12兲 represents the
contribution of the excess energy in collisional recombination or ionization. During electron impact ionization, the free
electron loses energy. The inverse process, three-body recombination, thus transfers energy to the free electron. Because the rate of electron impact ionization is proportional to
exp共−Ik / Te兲, this process becomes negligible as Te decays to
a value much less than the first ionization potential. However, as Te decays the rate of three-body recombination inscaling. The result of the
creases dramatically due to its T−9/2
e
excess energy given to free electrons during three-body recombination is to slow the adiabatic decay of Te to a decay
of approximately Te ⬃ t−1, this topic has been treated theoretically before.35,46 The quantity Q thus depends on the rates
of collisional recombination and ionization as well as the
excess energy, Eⴱ, in each event, and is given by
Z

Q=

1
兺 Eⴱ
N k=1 k

冋冉 冊 冉 冊 册
dNk
dt

+

c

dNk
dt

,

共14兲

i

where Eⴱ is derived originally by Kuznetsov and Raizer35
and has since been applied by several authors in their
calculations.36,37,42 Finally, an equation for the decay of ion
temperature is required due to the inclusion of the temperature relaxation term. This is just

冉 冊

Ti − Te
Ti
dTi
−
.
=− 2
dt
t
ei

共15兲

The set of Eqs. 共8兲–共15兲 represent a nonlinear set of first
order differential equations and were integrated using a stiff
algorithm. Similar versions of the code discussed here are
described in Voronov and Chernyshev37 to model the decay
of a fully ionized Al plasma, and in Zel’dovich and Razier42
to model the decay of a H plasma. As a check of our work
we replicated the results from these previous studies first.
The results of the numerical simulations are shown in
Fig. 7共a兲 for the Nd:YAG LPP and in Fig. 7共b兲 for the CO2
LPP. As seen in the figures, the lower initial electron density
of the CO2 LPP leads to the presence of higher charge state
ions after the effects of recombination have ceased, as observed in the experiments through measurements of the
charge-state resolved ion energy distributions far from the
laser plasma source. The impact of the third term in Eq. 共12兲
was indeed to slow the adiabatic decay of electron temperature almost to Te ⬃ t−1, as predicted in theoretical works.35,46
Without the third term in Eq. 共12兲, the plasma always recombined completely, i.e., the preservation of charge state far
from the laser plasma source is a result of the excess energy
of three-body recombination.
In both experiment and simulation, the lower initial electron density of the CO2 LPP leads to the presence of higher
charge state ions far from the laser plasma source, as compared to the Nd:YAG LPP. The angular dependence of the
ion properties was not taken into account in the simulation in
order to avoid multidimensional complexity, however the
plasma is known to have an anisotropic distribution which
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tative features of the experiments and did not quantitatively
reproduce the results due to the assumptions in the code.
Specifically, the code follows variations in plasmas parameters in time only, i.e., it is zero-dimensional. Of course,
different components of the plasma move at different speeds,
and this separation allows the plasma to preserve higher
charge states than those dictated by the simulation. A 1D
version of the code discussed here has been used to study
laser plasma in a similar parameter regime with the conclusion that the lack of accurate initial conditions will always
prevent quantitative results.50 In other studies, initial conditions were either taken from experimental measurements or
chosen to fit the simulation results with the data, which removes any predictive capability.51,52 Only simulations incorporating two-dimensional hydrodynamics to properly model
the initial ionization and laser absorption, along with
collisional-radiative rate equations including the excess energy released in three-body recombination are able to reproduce experimental measurements of ion distributions
quantitatively.46
V. CONCLUSIONS

FIG. 7. 共Color online兲 Numerical simulation of the time evolution of ion
and neutral population fractions from Sn plasma with an initial electron
density of 共a兲 1021 cm−3 and 共b兲 1019 cm−3.

depends upon the laser parameters. The dimensionality of the
expansion is set approximately by the ratio of the laser focal
diameter 共dS兲 to the initial density scale length 共lS
= ne / 兩ⵜne兩兲; when this ratio is large the plasma exhibits onedimensional 共1D兲 expansion. For the Nd:YAG LPP, the density scale length is about 100 m, whereas for the CO2 LPP
recent investigations have shown the scale length to be about
50 m.47,48 The expansion ratio 共dS / lS兲 is then 0.8 and 2 for
the Nd:YAG and CO2 LPP, respectively, so the CO2 LPP
should exhibit less dimensionality in its expansion. The opposite was observed in an experimental comparison of the
angular distribution of ion energies from Nd:YAG and CO2
LPP, i.e., the distribution from the CO2 LPP was more
broad.49 However, the intensity distribution at the focus of
the CO2 laser in that experiment was annular due to an unstable cavity, and this was explained to lead to the enhanced
lateral expansion. The intensity distribution of the CO2 laser
in the experiments discussed here is measured directly and is
nearly Gaussian 共M2 ⬇ 1.3, see Ref. 17 for images of the
focused beam兲, so the expectation of less dimensionality in
the expansion of the CO2 LPP should be correct. Accordingly, if the ion energy distributions were measured along the
target normal instead of at a constant angle of 51°, the differences should be even more pronounced as compared to
the experimental observations.
Finally, the numerical model could only verify the quali-

The charge-state resolved ion energy distributions from
Sn plasma produced by 1.064 m Nd:YAG and 10.6 m
CO2 lasers were studied. The effect of varying the laser
wavelength by an order of magnitude was to vary the initial
electron density of the plasma by approximately two orders
of magnitude. At the longer laser wavelength, this resulted in
the preservation of higher charge states after the effects of
recombination had ceased. This phenomenon was observed
experimentally and in numerical simulations. By applying a
hydrodynamic model to the data, and by curve-fitting a scaling law from the electrostatic model of ion acceleration to
the data, it was concluded that the initial electron temperature of the Nd:YAG LPP should be higher as compared to the
CO2 LPP. The initial electron temperature of the Nd:YAG
LPP and CO2 LPP was estimated as 60 and 40 eV, respectively, and these values were used as initial conditions in the
numerical simulations.
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