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4A.1. PLASMA-MEDIATED LASER-TARGET COUPLING AT
IRRADIANCE GREATER THAN 1 GW/cm®

4A.1.1. Introduction

The present section treats the specialized physics of high-irradiance vacuum
target coupling. The reader is cautioned that this specialization restricts our
attention to situations that meet our definition of “high irradiance” outlined
in Section 4A.1.3, below. This restriction prevents us from reviewing experi-
ments in air, in materials that absorb in depth rather than on the surface, and
those that occur below the plasma threshold. Our focus on surface absorbers
1s consistent with the limitation to high irradiance, since it can be shown that
all absorbers in vacuum coalesce to the behavior of surface absorbers at high
irradiance. We also avoid discussing work with picosecond and shorter pulses,
because the interaction physics is still poorly understood. Often, we have had
to exclude data where the irradiance was not clearly specified. In return for
these restrictions, our specialized purview has the advantage that it permits
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370 THE HIGH LASER IRRADIANCE REGIME

us to theoretically predict all the main features of the majority of high-
irradiance ablation data available at this time.

For consideration of the vast store of data taken in physical regimes out-
side the range we consider here, the reader is referred to other chapters in this
volume. Discussion of RIMS elemental analysis appears in Dietze and Becker’s
contribution (Part C of this chapter, Section 4C.2.2).

By definition, the high-irradiance regime features a laser—surface inter-
action dominated by a plasma layer that forms just above the surface. For this
reason, the observables of the interaction depend less on the chemical or molec-
ular composition of the preirradiation solid material and more on the simple
atomic abundances and ion charge states present in the ablation plume. The
photoinitiated plasma layer near the target surface is mainly responsible for
laser absorption and quickly redistributes the incident energy into thermal
conduction and reradiation (with the radiation spectrum of the plasma, rather
than of the laser), which actually communicate energy to the solid surface.

The present discussion aims at showing that most aspects of high-
irradiance laser-surface interaction in vacuum-—-such as pressure, plasma
density, and ion velocity—can be predicted quite well from plasma physics
theory. The physical and chemical properties of the underlying solid material
enter as average ionic mass number, A, and average ionic charge, Z, in the
ablation plume, evaluated close to the region where laser absorption occurs. As
an example, for KrF lasers with t = 10 ns and target irradiance ~ 10 GW/cm?,
vacuum ablation pressures can be tens of kilobars, and temperatures on the

order of 50,000 K. It is obvious that molecular and even chemical structure in
the ablated target material are destroyed early in such interactions.

Here, in Section 4A.1, we define the boundary to this case in terms of the
range of laser irradiation parameters which occur in laser ionization mass
analysis, and outline the theory for the limiting case of high irradiance. In
Section 4A.2, we compare predictions to experimental results. Section 4A.3
treats ion acceleration, and Section 4A.4 considers measurement techniques.
Section 4A.5 presents our conclusions.

Why Does High Irradiance in LIMA Work? Above 5GW/cm? irradiance,
the ionization fraction approaches unity (e.g., Bingham and Salter, 1976a,b),
whereas it can be 1072—1073, or even lower, with 1 decade less irradiance. A
high source flux is a benefit for laser ionization mass analysis (LIMA) work.
High irradiance around 1 GW/cm? (20 TW/m?) also makes for more uniform
relative sensitivity coeflicients (RSC) (Conzemius and Capellen, 1980; Ramendik
et al,, 1987). Mass resolution > 300 together with a 102 transmission coeffi-
cient are conditions commonly achieved at 10 GW/cm? irradiance (100 TW/m?)
(Eloy, 1974), and values up to 1500 at this irradiance are indicated (Kovalev
et al,, 1978). For elemental analysis, higher resolution is not required.
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Units. Equations are written alternately in practical cgs and SI units through-
out this work, to conform to the broadly accepted SI convention while
maintaining connection with the laser and plasma literature, which almost
exclusively uses practical cgs. In the latter convention, physics is done in cgs
but some common parameters are expressed in practical form. For example,
temperature will be shown in kelvin units (K), and the electron charge will be
in electostatic units (esu), but irradiance will be given in W/cm? rather than
erg-cm~2-s”! (see Table 4A.1). Occasional exceptions designed to make a
specific point [e.g., electron volts (¢V) in Eq. (18)] are clearly noted. Power-
of-ten prefixes we use are f (107'%), p (107'2), n (107°),  (107°), m (1073),
k (10%), M (10%), G (10°), T (10'2), and P (10'%).

4A.1.2. Basic Concepts: Survey of the Four Interaction Regions

Figure 4A.1 outlines the extremely wide range of plasma physics variables
that are important in a pulsed laser—surface irradiation event in vacuum. The
notation “not drawn to scale” cautions the reader that it is impossible to draw
this illustration in a universally applicable way. The horizontal axis is approxi-
mately logarithmic. The distances and other parameters indicated across the
top are dependent on scale lengths in a particular problem, and may vary by
some orders of magnitude, depending on parameters such as laser pulse
duration, 1, and irradiance. The specific numbers chosen for the illustration
are typical of 100 um diameter irradiation on aluminum, using 10-100ns
excimer laser pulses at 5-10J/cm? (50-100kJ/m?).

Figure 4A.1 is meant to illustrate a sequence for plasma expansion into the
vacuum and hence does not necessarily represent an achievable “snapshot”
at any particular instant. Rather, it represents phenomena that are dominant
near the plume density maximum, as the ablated material expands through
many decades of decreasing density. For example, the laser may be “off”” before
the hot ion beam reaches Region IV, but such a situation does not refute any
arguments we shall present.

Region I. Most of the laser absorption occurs in a thin plasma layer close
to the target in Region I. Steady expansion away from the target in vacuum
reduces the plasma density far below n, (see below) as distance from the
target increases, leaving a narrow high-pressure zone close to the target where
most absorption occurs. “Thin” in this context means a layer that is significantly
smaller than the laser spot diameter [see Section 4A.1.5 (Inverse Bremsstrah-
lung Absorption...), below].

The absorption zone is close to the target because that is where the electron
density first reaches the so-called critical density, n,,. This density is called
“critical” in plasma physics because, as it is approached, the complex magnitude
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Figure 4A.1. A schematic representation of the four distinct physical regions in a vacuum laser—surface

interaction at high irradiance.
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of the plasma index of refraction decreases from near 1 to 0, first causing strong
absorption, then total reflection of the incident light. The critical density has
a very large, near-solid value (102'~1023cm ™3 or 1027-102° m ~3) for visible
laser wavelengths and is high enough to create target surface pressures on the
order of 100kbar for KrF lasers (248 nm wavelength) and 2 eV temperature.
It is related to other parameters by

Mo = mn?w?/dne® = 1.115 x 10'3/32 ecm™3
or (1)
e, = Meon’w?/e? = 1115 x 1015/32 m~3

In Eq. (1), n is the refractive index of the surrounding medium, which is taken
as 1.0 on the right-hand side of Eq. (1) and throughout this work, and o is
the laser frequency (in radians).

It can be shown by integration from infinity [see Section 4A.1.5 (Inverse
Bremsstrahlung Absorption...), below] and, with proper assumptions about
the variation n,(x) with distance x, from the target surface that the effective
thickness of the absorption zone is about 1/a, where o is the inverse
bremsstrahlung absorption coefficient discussed in subsequent sections [i.e.,
absorption due to inelastic scattering of photons by free electrons (see Spitzer,
1967)]. The equivalent thickness of the absorption zone can be as small as
a laser wavelength. For example, with a KrF laser, 2eV plasma temperature,
andn,=02n,.=33x 10> cm™* (3.3 x 10" m™3), I/a = A =248 nm.

Even with very small laser spots, the physics governing laser coupling can
be “one-dimensional” [see Section 4A.1.6 (Heat Conduction and Reradi-
ation), below], despite the fact that, in free space, all expansions eventually
become multidimensional. We call the distance at which the transition to
multidimensional flow occurs x. It is the ratio of x to the irradiated diameter
d, that determines the “dimensionality” of the expansion after laser coupling
has occurred.

Region II and the Knudsen Layer. In Region II, the expansion inevitably
takes on a three-dimensional character. Naively, one might expect a hemi-
spherical, bubble-like expansion into vacuum. However, even below the
plasma threshold, the expansion of vapor from a half-plane has more of the
character of a beam than a hemisphere, as was shown by Kelly and Dreyfus
(1988a). This is because, in a highly collisional regime like Region I/II, a
so-called Knudsen layer will form. In this layer, an explicit center-of-mass
velocity develops, producing a beam-like expansion. It also produces a
reduced temperature and number density, a consequence of collisional expansion
of a Maxwellian velocity distribution of particles from an infinite half-plane
(traveling with the center of mass).
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The Kelly and Dreyfus derivation slightly underestimates the short-pulse
collimation, as an additional cosine factor does not appear in such a steady-
state derivation, i.e., a cosine term that resembles the case of collisionless
vaporization into a vacuum or Knudsen nozzle expansion—the effective
difference being, however, that the “vaporization” is from the dense medium
in Region L.

The Knudsen layer will always be present in laser—target interactions that
we consider, since sufficient (3—5) collisions to cause inverse bremsstrahlung
absorption are also sufficient to form the Knudsen layer. The beam-like qualities
of a Knudsen-layer expansion do not by themselves explain the features of ion
beam formation in laser ablation, which we shall discuss in Section 4A.3.

Kelly and Dreyfus (1988a) show that the beamlike character of the expansion
as it leaves the target in Region II is at least as sharply peaked in the forward
direction as cos* and that an unsteady adiabatic expansion (such as in Region
1) will produce a forward peaking more like cos®. The latter distribution has
0, = 44° full width at half-maximum (fwhm), and not 6, = 90°, as one finds for
a “free” expansion.

Many examples of this forward peaking have been reported. Viswanathan
and Hussla (1986) irradiated copper with a KrF laser in vacuum at 450 MW/cm?,
and saw forward peaking with an fwhm of about 45°, which was fit with a
cos®d distribution. At much higher laser fusion intensities, Mulser et al. (1973)
irradiated a solid deuterium target with a Nd:glass laser at about 1 TW/cm?
(10 PW/m?) and obtained an angular flux dependence varying approximately
as cos’f.

In any case, we take

(90/6,)d, = xy 2

as the boundary beyond which the dimensionality of the free expansion is
assumed to be >1. In Region II, an adiabatic expansion occurs, with a
predicted variation

n(x)/n(xy) = (x/x7) "2 (3
for the ion or electron density with distance, x, from the target [see Puell,
1970; and Section 4A.1.6 (Adiabatic Expansion Theory...), below]. We note
that von Gutfeld and Dreyfus (1989) observed an ion current variation

I(x) oc (x/x7) ™2 (4)

giv?l%a//rmperimentally determined exponent that agrees with the ion density
profile predicted by adiabatic expansion theory to within 107%.
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Three-body recombination (see Section 4A.1.5, below) is usually important
in Regions I and IT but ceases to be an important electron energy loss and
atom-heating mechanism beyond the boundary between Regions II and III.
Where ion densities n; reach about 1018 cm =3 (1024 m ~3), this recombination
time is about 10ns, a rough upper limit for achieving equilibrium during a
typical ablation pulse via this mechanism.

Region IIL In Region III, also called the coronal region by analogy with
solar physics, collisions are infrequent for thermal electrons and virtually
nonexistent for energetic electrons. Hot electrons that developed in previous
regions begin to decouple from the Maxwell-Boltzmann distribution, violating
local thermodynamic equilibrium (LTE) [see Figure 4A.1; also the next
subsection (Region I'V) and Section 4A.1.5 (Coulombic Equilibration Times .. J,
below]. Here, three-body recombination ceases to be a factor, except for very
long (millisecond-duration) laser pulses.

Heating by inverse bremsstrahlung still exists (see the wavy lines in Figure
4A.1) and, although small compared to the heating rate in Region I, may
counterbalance adiabatic cooling, making it difficult to estimate the variation
T(x)/T,r in a universally applicable way. Boland et al. (1968) did measure
T.(x) and n(x) in a ruby laser experiment with poly(ethylene) targets at
irradiance levels around 0.3 TW/cm? (3 PW/m?) and found

T(x)/ Te(xp) = [ne(x)/n(x7)}*"> )

which is the prediction of ideal-gas adiabatic expansion theory (see Section
4A.1.6, below). Taken together, Egs. (3) and (5) predict a (x/x;)~ '3 variation
for the (thermal) plasma temperature.

RegionIV. In Region IV, a minority population of hot electrons completely
escapes the plasma plume, owing to the lack of energy-exchanging collisions
while still in the experiment volume, causing a high positive potential e¢ > kT,
to develop, which in turn accelerates a few ions that are still in the plume
region to high energy. Because e¢ > kT,, LTE no longer applies to these hot
electrons [see the discussion of TE and LTE in Section 4A.1.5 (Coulombic
Equilibration Times . ..) and of acceleration in Section 4A.3, below]. These hot
electrons depart from the majority Maxwell-Boltzmann distribution and
cease to obey the physics derived from the assumptions of LTE. Because of the
strong electric field due to the separation Ax [which may be much greater than
a Debye length (D.—see Section 4A.1.5 (The Debye Shielding Distance.. ),
below],

E = —4nen, Ax esu/cm
or (6)
E = —en Ax/e, V/m
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the ions rapidly reach the same average velocity as the electrons. Given a
sufficiently large volume, the electron and ion clouds may actually oscillate
through each other’s position because of the low collision rate, at a continually
decreasing plasma frequency corresponding to the decreasing electron cloud
density as expansion proceeds. The plasma frequency is

2\1/2
£y~ (“) = 8978(n'1?) Hz
2n m,
or, in SI, 7
2\1/2
f = & = J_( nee > - 8978(":/2) HZ
P2n 2n\eom,

In a time-of-flight experiment where n, = 10 cm ™2 (10'? m ~3), plasma oscilla-
tions might be seen with a period 7, = 1/f, ~ 100ns.

After the interaction, the co-motional cloud of ions has nearly all the hot
electrons’ initial drift energy, because of the electrons’ much smaller mass.
Depending on Z, this energy may be distributed among a smaller number
of particles (see Section 4A.3.2, below), but the drift velocity of the two
velocity-decoupled clouds should ultimately be equal.

Plasma physics is normally treated by classical approximations because
the quanta are normally quite small compared to, e.g., thermonuclear values
of kT,. However, it is important to realize that

hw,=371 x 10" (n}?) eV
or, in SI, ®)
hw, =3.71 x 10~ 14(n}/?) eV

Thus, the energy of a plasma quantum is already 1eV when the plasma
electron density is 7.2 x 102°cm ™3 (7.2 x 102 m %), a density which is equal
to the critical density for 1.25 ym light. Plasma quanta are on the order of
10€V in metals where n, is on the order of 1023¢cm ™3 (102° m~3). For n(x)
given by Eq. (3), f, continually decreases with the expansion, nearly linearly,
according to (x/xy) 197,

4A.1.3. Applicability Conditions for High-Irradiance Theory

In the heading of Section 4A.1, we picked the irradiance value 1 GW/cm?
to illustrate the boundary to the high-irradiance regime. This choice is a
convenient oversimplification. In fact, there is no single intensity that can
define the boundary. For the theory of high irradiance to clearly apply, the
following four conditions must be met, at least approximately.
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Condition I: Vacuum Environment. Many ablation experiments (as members
of the general class in which LIMA work is found) are done in air, and in
some cases the ablation depth is not too different in air or in vacuum (see,
e.g., Kelly et al., 1985; and Section 4A. 2, below). Nevertheless, the underlying
physics of an ablation jet in air is so much more complex than that in vacuum
that simple analytical predictive capability is lost. In terms of observables,
the main effect of adding more than about 1 torr of air to the problem is to
increase target momentum coupling due to “tamping” by the air (Beverley
and Walters, 1976), to decrease ablation velocity due to the “snowplow”
effect, and to limit the laser irradiance that can be delivered to the target to
a value equal to the air breakdown threshold irradiance (Figueira et al., 1981;
Golub’ et al,, 1981). Further, interaction energy is devoted to the launching
of so-called laser-supported detonation (LSD) waves and, for longer pulses,
laser-supported combustion (LSC) waves, which can totally decouple the
interaction from the original target (Beverley and Walters, 1976). This is in
addition to obvious gas phase chemistry (see, e.g., Nogar, 1991; Otis and
Dreyfus, 1991).

Condition II: Surface Absorber. Surface absorbers are defined (Phipps et al.,
1988) as those for which the thermal penetration depth during a laser pulse
of duration 1,

Xy, = 0.969[(k7) /2] > 1/t 9)

is much larger than the laser penetration depth. Here, k = K/pC is the thermal
diffusivity of the material (units L2/t), which among common metals ranges
from 1.15 (Cu) to 0.068 cm?/s (Bi) (Batanov et al,, 1972); K is the thermal
conductivity; p, the mass density; and C, the specific heat. This condition has
also been expressed as (Kelly et al., 1985)

Tthermal ~ L(Z)/K <1 (10)

where L, =1/ is the laser penetration depth. In any case, the result is a
problem in which the laser interaction can be modeled as a continuous plane
heat source at the target surface.

“Volume absorbers” such as undoped poly(methyl methacrylate) (PMMA)
at 248 nm [at low laser irradiance near plasma threshold (see Phipps et al.,
1990)] show momentum coupling and other properties that increase dramati-
cally from what is obtained for surface absorbers. One obtains momentum
coupling coefficients on the order of 100dyn-s-J~! (107 n-s-J ') at irradiance
near the plasma threshold, rather than the 1-10dyn-s-J ™! (105-10°n-s-J 1)
experienced by surface absorbers.
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This coupling enhancement is not yet predictable in simple closed form
from just the laser irradiance I, wavelength 4, and pulse duration t, but
depends strongly on material properties such as specific heat, ionization
energy, thermal conductivity, and equation of state.

As a consequence, vaporization depth x, in volume absorbers is very
material dependent and depends mainly on laser “fluence” ® = [*_ dt I()
(see Taylor et al., 1987). As an example of the importance of fluence, the very
short pulse laser ablation work (t = 160-300fs) of Kiiper and Stuke (1989)
and Srinivasan et al. (1987) shows little difference in ablation depth obtained
from work done with 10* times longer pulse widths T~ 10ns at the same
fluence (though the sharpness of the ablation features obtained was quite
different). In this connection, see Condition IV, below.

Volume absorbers benefit from trapped ablation either through absorption
at depth within the material or through deliberate imposition of a heterogeneous
transparent tamping layer on top of the absorbing medium. Although their
experiments were done in air rather than vacuum, and the significant
“tamping” effect of air (tending also to improve coupling of the detonation)
was ignored in their analysis, interesting results on the otder of 700dyn-s-J~ !
were obtained by Fabbro et al. (1990), using 3 and 30ns pulses from an
Nd:glass laser (1.06 um) and I ~ 300 MW/cm? (3 TW/m?).

High irradiance in itself ensures the achievement of condition (9). This is
because the ambient spectrophotometric absorption depth 1/, is dramatically
decreased by high-irradiance temperature and pressure effects, including
free-electron absorption, to the point where the interaction with a target that
was “volume absorbing” at low irradiance is indistinguishable in its behavior
from that of a metallic target.

Condition IIT: Plasma Ignition. For surface absorbers in vacuum, an estimate
of the onset of plasma dominance of the laser—surface interaction is given
by the relationship (Berchenko et al.,, 1981; Phipps et al., 1988)

1z'*)> B (11)

where 1 is the laser pulse length. Over at least a 5 orders of magnitude range in
pulse duration from 1 ms to 10 ns, and laser wavelength in the range 0.25-10 ym,
the constant B,,, ~ 8 x 10* W-s/2.cm~2 (8 x 10® W-s'/2-m~?) when plasma
dominates the interaction. The plasma formation threshold occurs at
B,~ 1B =4 x 10*W-s"2-cm ™2 (4 x 10 W-s'/?-m~2). This point is illus-
trated in Figure 4A.2.

This value for B, is accurate within a factor of 2 for most metals in
vacuum. It is also a good upper limit value for dielectrics but can be lower in
the presence of strongly absorbing surfaces (Phipps et al., 1990). For very
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Figure 4A.2. A survey of intensities for plasma dominance of the laser—surface interaction
in vacuum on metals at several wavelengths from Phipps et al. (1988), used by permission:
(a) Gregg and Thomas (1966a,b), 1 = 694 nm, = = 7.5 ns, Be; (b) Phipps et al. (1988), A = 248 nm,
7=22ns, Al;(c) Ursu et al. (1981), 4 = 10.6 um, T = 100 ns, stainless steel; (d) Rosen et al. (1982b),
A=350nm, 7 =500ns, Ti alloy; (¢) Rosen et al. (1982a), 4 =350nm, t = 500ns, Al alloy; (f)
Phipps et al. (1988), 1 = 10.6 um, T = 700 ns, Al; (g) Duzy et al. (1980), 1 = 350nm, © = 1.2 us, Al;
(h) Afanas’ev et al. (1969), A= 1.06 um, 7= 1.5ms, AL; and (i) Phipps et al. (1988), 1 =248 nm,
7 =137ns, Al

short pulses and transparent materials, B is somewhat larger. For pulses in the
range 10 ps—10ns and for transparent dielectrics such as NaCl, B, increases
to about 5B,,, (see Smith, 1978). Further details of plasma ignition are
discussed below in Section 4A.1.4.

Condition I'V: Laser Pulse Not Too Short. For high-irradiance scaling theory
to predict the depth, x,, of material removed as well as it does the impulse,
we have one more requirement: the duration of the pressure pulse on the
target surface must be of the same order as or smaller than the laser pulse
duration. In high-irradiance laser irradiation experiments, this condition is
normally considered to be satisfied. Quantitatively, the condition is satisfied
if the laser-absorption region near the target surface is able to expand much
farther than the standoff distance x, [see Section 4A.1.6 (Adiabatic Expansion
Theory...), below], allowing the surface pressure to drop substantially after
the laser pulse ceases, in a time much shorter than the laser pulse. In other
words, a validity limit for our theory is

Tt = X;/v, s (12)

where the velocity of the absorption front, v,, is approximately equal to ¢
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for purposes of comparison. Note that the standoff distance x; is not
necessarily equal to the flow transition distance x.

To understand this limitation, we need to compute x; and t,. We will do
this later [in Section 4A.1.6 (Adiabatic Expansion Theory...)], after develop-
ment of additional concepts. Here, we will simply state the result:

t;=8.6 x 107 547/8[1/123/273/4 ]
or,in SI, (13)
t;=8.6 x 107 *47/8]1/2}3/127314 s

For example, for 10 ns KrF experiments on a silicon target (4 = 28) at
10 GW/cm? (100 TW/m?) irradiance, the theory should predict impulse well,
because t; = 20 ps. For a 10 ns, 10 um laser, the same conditions would require
7> 5ns, so that the prediction might not be as good. As a third example,
with I = 10 PW/cm? (102° W/m?2), A = 248 nm, t = 1 ps, and 4 = 63.5 (copper),
we find t; = 40 ps, and 7 > ¢, is clearly not satisfied.

For pulses of picosecond and shorter duration, special considerations such
as shock heating come into play and for example, very-high-irradiance 100fs
ablation experiments will not be modeled by our theory [see Section 4A.1.6
(Adiabatic Expansion Theory...).

4A.1.4. High-Irradiance Absorption and Ignition at the Solid Surface

Under most experimental conditions, awaiting the few initial electrons does
not appear to be a hindrance to breakdown. The first few electrons are
probably present owing to one or more of the following phenomena:

o Multiphoton ionization of atomic or molecular species in the plume

o Penning ionization from excited states in the plume

o Fracture ejection of ions and electrons from the surface

o Thermionic emission from hot surfaces (including those of ejected par-
ticulates), usually at temperatures > 1000 K, even for polymers; we will
emphasize this mechanism

While the last-named mechanism could supply large currents, space charge
effects over the surface choke off the supply of electrons at a flux about
10° cm ~ 2, as charge-compensating ions are not present.

If these electron sources were not present, then ablation-plasma thresholds
would be in the 100 GW/cm? region, instead of 1 GW/cm?.

In the general case, after vapor is present, the physical mechanisms that
produce plasma are either collisional ionization or photoionization, depending
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on the ratio of incident photon energy to the atomic energy levels available
in the vapor (Raizer, 1977).

Initiation. The functional form of Eq. (11) results from analysis of uniform-rate
heating of a semi-infinite slab, where the heated layer thickness is given by
(see Carslow and Jaeger, 1959)

X = 0.969 [(xc7)"/%] (14)
The resulting surface temperature is

o U@

(15)
(mKpC)'?

In Egs. (14) and (15), I, is the absorbed irradiance; K, the thermal

conductivity; C, the specific heat; and k = K/pC, the thermal diffusivity.

In the simplest analysis, the temperature of the irradiated solid surface
rises until the vapor pressure above the surface is sufficient for the laser
irradiance to cause plasma formation. Even if the surface absorptivity I,,./I
is known, the microscopic state of the surface may depress the ignition
threshold below what would be predicted by Eq. (10). See, for example, the
insulated surface defect model of Glickler et al. (1980), which supposes that
microscopic flakes on the material surface ignite plasma in the vapor via
thermionic emission. The particle current density for the thermionic emission
is given by the Richardson-Dushman equation (e¢,, is the surface work
function energy (Coles, 1976):

2
re=f’"";l(#exp(—e¢w/kn es™l-cm ™2 (16)
Collisional Breakdown. In the infrared (IR), e.g., with CO, lasers, the mechanism
for initial plasma formation is (collisional) ac avalanche breakdown in the
target vapor. The small initial background density of electrons is accelerated
by the electric field of the laser light, repeatedly colliding with neutral atoms
until some of them reach their ionization threshold. This mechanism is inverse
bremsstrahlung heating. With I in W/cm? (W/m?) and E in V/cm (V/m), the
magnitude of the electric field of the light wave is

E =27(1"?) (17)

With sufficient dephasing collisions per optical cycle, this field is available
for electron acceleration. As an example, the available accelerating field is
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27MV/cm at 1 TW/cm? (10 PW/m?) irradiance. With sufficient irradiance
and time, this process exponentiates as the collision frequency increases with
ionization density, until complete ionization occurs. Avalanche ionization
can be quite efficient and rapid. Even if Aw = 117meV and E,/hw ~ 100, as
with CO, laser-induced ionization, the critical density n,, = 9.9 x 10! cm 3
can be reached in picoseconds through this mechanism, starting from perhaps
neo = 10 cm 2. Enough atoms are available in air at 150 torr to create n,,
with full ionization. This process is particularly efficient in the IR, as collision
and laser frequencies are similar in magnitude.

The (collision-dominated) IR optical intensity breakdown threshold for
neutral gases is inversely proportional to vapor pressure up to several
atmospheres (see Gill and Dougal, 1965; Grey Morgan, 1978). Therefore,
above a certain threshold laser intensity, laser vaporization simply increases
the pressure at the surface until the breakdown threshold is achieved.

Photoionizaton. On the other hand, for ultraviolet (UV) wavelengths, direct
photoionization of the vapor atoms is often the predominant ionization
mechanism. For example, the photon energy siw = 5eV of KrF is sufficient
to photoionize many metal vapors via two or three steps involving low-
energy, intermediate excited states [e.g., titanium (see Rosen et al.,, 1982a,
and associated references) and copper (see Dreyfus, 1991)].

Between these extremes of wavelength, one might expect that the dominant
ionization mechanism during the laser pulse would depend on the atomic
physics of the target material. After the initial formation stage, direct photo-
ionization can play an important role with IR laser irradiation as well, since
a dense plasma, once formed, is an efficient IR-to-UV converter. This is
because one is dealing with a hot-electron gas. Since the peak of the blackbody
spectrum (per unit frequency interval) is given by

T A pax = 440 nm-eV (18)

an optically thick hot-electron gas radiates a principal color that is well into
the hard UV for the expected temperature at > 2eV.

Collisionless Ionization. Multiphoton, collisionless, photoionization is a very-
high-irradiance, low-pressure phenomenon. One necessary precondition is
(Grey Morgan, 1978)
(PD)mp <1 x 1077 torrs
or, in SI, (19)
(PT)mp <133 x 1073 Pa-s
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The other is adequate optical electric field to actually strip electrons off
individual atoms without collisions. The transition probability for the process
is

Nmin
P = CwtN22 [&{I (20)
2w,

(see Johann et al., 1986), where P is the probability (per atom); t is the laser
pulse width; C;~ 1; W; is the ionization potential of the atom; Ny, is the
minimum number of laser photons of energy hw sufficient to overcome the
modified ionization threshold Wi(I)= W, + W,; and W, is the “quiver
energy” of an electron in the laser field,

W, =eE*/dmo? =84 x 107131 eV (21)

with I in W/cm? (the coefficient is 8.4 x 10~ for I in W/m? to yield eV).
In other words,

Nmin = [v‘/x + Wosc]/hw (22)

As an example, for argon at 0.2 torr, subjected to a 50ns, 3 um IR laser, the
collisionless ionization threshold is about 25 TW/cm?, and N, = 89. The
conditions noP = 10'° cm ™3 can be used as the ionization threshold.

At vapor pressures above about 0.2 torr (27 Pa), collisional processes will
come into play at lower irradiance levels than collisionless ones. Therefore,
we expect this mechanism to have small importance for most LIMA work,
considering the very high irradiance and low pressure required for it to be the
dominant source of ionization.

Saha Equilibrium. Exact ignition scenarios must be calculated using a specific
computer model that takes detailed account of material properties and laser
parameters (see, e.g., Vertes et al., 1989). However, a good understanding of
the relation between temperature and ionization density in LTE can be
obtained from the simplified Saha equation (see Vertes and Juhasz, 1989).

n” 1 (anekTe

3/2
2 ) exp(— Wi/kT,) (23)

1—11_nz

In this expression, W, is the first ionization potential of the neutral vapor;
T., the electron temperature; ny =ng + 1, (cm ™ 3), the total number density;
and n = n /ny, the ionization fraction obtained. It should be pointed out that,

A. LASER ABLATION AND PLASMA FORMATION 385

in the high-irradiance cases we consider in this section, we have n — 1 early
in the laser pulse, the precise value of # being unimportant.

4A.1.5. Absorption and Energy Redistribution
Processes in Dense LTE Plasma

Local Thermodynamic Equilibrium (LTE). Most systems never achieve
complete thermodynamic equilibrium (TE). Although the departure may be
small, a system to which a pulse of energy is added or subtracted is, at least
momentarily, out of TE. Equilibria exist that are not thermal equilibria.
Coliisions and collision-like particle-field damping processes restore TE.
Because relaxation time increases with increasing size of a system, separate
small parts of a system will reach a state of internal equilibrium long before
they equilibrate with each other (see Landau and Lifschitz, (1958). Therefore,
TE is first restored locally, hence LTE.

In electrolytes, these times are very fast because the density is high, and
departures from TE in chemistry are often short-lived. In plasmas, equilibration
times can be short enough, in some experimental conditions, for energetic
particles to escape the experiment before TE is achieved.

Coulombic Equilibration Times and Mean Free Paths. For temperatures of
a few electron volts and modest densities one would expect that, in Regions
IIT or IV (see Figure 4A.1), dephasing collisions that produce LTE are
dominated by coulombic interactions among the plasma particles. Since these
are of quite different mass—in an electron—ion plasma, m;/m, = 18364, where
A is the atomic mass number—separate LTEs for each set of particles may
coexist for a time because of the coulombic equilibration-time hierarchy
(Montgomery and Tidman, 1964):

electrons become ions become electrons & ions
7| isotropicand {:T|isotropicand |:T reach
Maxwellian Maxwellian equilibrium

— 1 . 1 .1
~ 18364 (18364)7*"

As an example, for copper, these times are in the ratio 10°:300:1. The electrons
reach LTE quite rapidly because of their high thermal velocity, whereas the
jons do so more slowly owing to their smaller velocity and higher mass,
Because at most m,/m; values the kinetic energy can be transferred in an
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inefficient electron—ion collision, the population of clectrons take still longer
to share energy with the ion population.

The expression for the coulombic electron—ion energy exchange time is
(Spitzer and Hérm, 1958)

2512 Am, (K T,)*>

Ly Am )T 25
Tl T 502 )12 Zne* InA 23

while the corresponding expression for the mean free path (MFP) for
electron—ion energy exchange is

252 Am, (kT)?

l =0 T.:p = L e
eiE the “eiE
3% m, Zne*InA

(26)
~1084T2/Zn, cm

taking InA = 7. The quantity A is defined in a later subsection [see Eq. (31)].
The coefficient in Eq. (26) becomes 10'Z, rather than 108, when SI units are
used. The quantity vy, = (kT,/m.)"/? is the electron thermal velocity (rigorously,
the speed corresponding to the most probable kinetic energy in a Maxwellian
velocity distribution).

Physically, the form of Eq. (26) reflects the fact that the cross section o
for coulombic scattering of an electron by an ion is inversely proportional to
the fourth power of electron velocity and thus the second power of electron
temperature (see, €.g., Spitzer, 1967), so that a coulombic MFP has the
dependence Aeie = 1/(Ne0isc) < T?2/n. on density and temperature.

Figures 4A.3 and 4A.4 show a calculation of the MFP for electrons in
energy exchange, A.g = UneTeir> fOT @ Maxwellian plasma formed from copper
vapor, and of g, respectively, with three-body recombination effects (see
the following subsection) included. It is seen that the electron MFP for energy
loss, even for a temperature of 1€V, exceeds the size of a typical experiment
when n,(x) has dropped to 1016 cm~3. This situation, which can occur in a
Region II thickness as small as 300 um in a KrF experiment with target spot
size d, = 1 um, is the definition of Region IIL. For a typical initial laser-induced
plasma expansion velocity (in Region I) of 10 um/ns, the plasma can expand
into Region III within 30 ns.

Effects of Three-Body Recombination on Equilibration. Most of the electron—
ion relaxation times in Table 4A.2 are quite long. However, for low tempera-
tures and high densities such as one expects in Region I or II (see Figure
4A.1), three-body recombination may dominate coulombic interactions.
Three-body recombination and its inverse, collisional ionization, must take
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Table 4A.2. Tllustrative Values for Singly Ionized Copper Plasma
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“Concept not valid because A # > 1.
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place at equal rates in LTE:
2e+n(Z+ )oon(Z)+e 27

It is a nonradiative process.

When conditions are appropriate in laser—plasma interactions, three-body
recombination becomes dominant very rapidly, since it depends on the
square of the electron density and the 4.5 power of temperature (see, e.g.,
Book, 1989):

Tei3BR = 5.85 X 107T‘:'5/n3 (28)

The corresponding electron MFP has an even stronger temperature depen-
dence:

A‘eiSBR = UtheteiSBR = 2.28 X lolan/n: cm (29)

[for SI units, the correct prefatory constant in Eq. (28) is 5.85 x 10'°, and
in Eq. (29) is 2.28 x 10?3 to yield MFP in meters].

The decay of both 7.3 and 1z with distance can be quite rapid,
depending sensitively on the actual evolution of the plasma temperature
during the expansion. For example, if the density varies with distance from
the target according to (x/xy)~?* [see Eq. (4)] while the temperature stays
constant, the recombination time 7.;;5; varies at least as rapidly as

Teizmr € (X/x7) 73 (30)

while the coulombic 7. for the thermal plasma, under the same conditions,
varies only as (x/x7)”'. Using electron density and temperature implied by
1GW/cm? of 248 nm radiation striking a Cu target for 10ns, one estimates
an ablation flux of 2.2 x 10'® Cu®cm~2 and 3 x 10'7 Cu* cm~2 (see Vertes
and Juhasz, 1989). For the sake of discussion, let us take the distribution of
ion expansion velocity to be a “top hat” extending from 1.5 to 3cm/ps, i.e.,
from one to two times the Boltzmann velocity, and the laser spot diameter
on target to be 1 mm. Because the Cu™ density is about 2 x 10'®cm 3,
three-body recombination is extremely rapid during the 10 ns ablation pulse
(tei3sr & 20 ps), while the ablation front achieves a thickness of about 200 um.

The success of models based on LTE, especially for short times and
expansion distances, is explained by the fact that collisional processes can
be so rapid near the target.

Assuming an expansion cone angle 6, =24°, we have x; =3.7mm. We
take the initial electron temperature under these conditions to be 2.6eV,
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based on the work of von Gutfeld and Dreyfus (1989). Applying Eq. (28) to
this experiment, we find that 7,5 Will have increased from 20 ps to 10ns
in a drift distance x =4x;=1.5cm (t~0.7us) and to 10us in x~7cm
(T = 3.5 us). Meanwhile, the coulombic 7.z in the thermal plasma will have
increased from 750 ns to 10 us, so that coulombic processes will begin domi-
nating three-body processes, insofar as equilibration between the electron
and ion populations is concerned, only after expansion has proceeded 7cm
from the target. Note that the dominant collisional processes act to rapidly
equilibrate the low-velocity component of the particle velocity distributions,
which then equilibrate within themselves much more rapidly than t . [by
the factors given by Eq. (24)].

Now, let us consider a LIMA-type ablation, in which the laser spot on
target is as small as 10 um in diameter. With a cone angle 8, = 24°, we have
x7 = 40 um, a distance that can be attained by the plume at 2cm/us in ~2ns,
well before the laser pulse ends. Again, 7,35z & 20 ps, whereas t.;z ~ 750 ns.
Here, the crossover to dominance by coulombic interactions occurs much
sooner because of the smaller scale. Applying Eq. (28) to this experiment, we
find that 7,35z will have increased from 20ps to 10ns in a drift distance
x=160pum (1=~ 8ns), and to 10us in x~0.8mm (r =~ 40ns). Coulombic
processes will become more important than three-body processes after
expansion has proceeded 0.8 mm from the target, although they will still be
as infrequent as before and, when dominant, support the generation of hot
electrons.

Choosing o3z = 3 A2 as a typical recombination cross section, we see that
at a density 1 x 10'® cm ™3, the ion MFP for recombination 1/(no35g) = 3 um,
a significant fraction of the ablation region radius in this case. This may
explain why diatomics are commonly dissociated with large (1 mm diameter)
ablations whereas they often survive the plasma in a 10 um diameter inter-
action.

Experimentally, the lack of communication back to the slower neutrals
has been observed, in the sense that it is the faster diatomics that are
dissociated. The more intense the plasma, the fewer energetic diatomic species
are observed (see Dreyfus et al., 1986c; Pappas et al., 1992).

The Debye Shielding Distance and Debye Sphere. The quantity A is the ‘

number of particles in a Debye sphere,

A= —3~neDe3 31)

The electron Debye length, D, is the distance within which ion charge
fluctuations cannot be neutralized by electron motions. The significance of A
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is that, if A # > 1, the plasma may no longer be regarded as a gas, and the
Boltzmann distribution is inapplicable; D, and A are among the most
important LTE concepts in plasma physics.

The Debye—Hiickel theory, originally developed to treat charge motion
in electrolytes, also describes a plasma with a distribution of electrons in
thermal equilibrium. Their spacial density will then be given by the Boltzmann
factor exp(—e¢/kT), where ¢(r) is the electrical potential, or

n(r) = nge " 9T (32)
If now a single test ion Ze is placed at the origin in this distribution of
clectrons (assuming charge neutrality, but considering the other ions to be

a smeared-out, positive-charge background), Poisson’s equation is

V3¢ = — 4ne{Z3(r) — no[e T — 1]}

(33)
~r —4ne{Zd(r) +enyp/kT}
with the linearizing approximation e¢ « kT. The solution to Eq. (33) is
¢ = ¢poexp(—r/D,) (34)

where ¢, = e/r (e/dneyr in SI) is the electric potential of a single ion. The
Debye length, D,, in a plasma depends on electron density, n,, and temperature,
T., according to

kT 1/2 T 1/2
Dez"lm:( e2> =6.9[<e> ] cm (352)
w, 4nn.e R

1/2 1/2
De=@=<£°k?> =69[<5> ] m (35b)
w, n.e n,

Table 4A.2 gives Debye lengths from Eq. (35), electron plasma frequencies
from Eq. (7), and the times .., 7;;, and 1,; from Eq. (25) for typical densities and
temperatures illustrative of the regions of Figure 4A.1 and for other conditions.
Note that, if the ions are not assumed to be a smeared-out positive-charge
background, but rather discrete point sources, one gets a coefficient
(1/8m)/2 vs. (1/4m)'/? in Eq. (35a) (see Ginzburg, 1970). However, the convention
is as stated in Eq. (35a,b). Normally D, is much smaller than the plume
thickness for nanosecond laser’ ablation work; hence electric and magnetic
fields do not penetrate the plume except in the outermost coronal region.

or
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Ambipolar Diffusion and Debye Sheaths. In this section, we assume that the
Debye length D, is less than d,, the diameter of the laser interaction region.
Free rather than ambipolar diffusion occurs in the unusual event that this
condition is violated (Weyl, 1989). In LIMA work, such a violation would
occur for laser spot sizes on the order of 1 A (see Section 4A.3), an extremely

unlikely occurrence. ‘
Where T is the particle current (units: L™2-s71), the electron and ion

particle current equations are
1_‘e =- @e Vnc - y’eEne

and (36)
Fi = — .@ivni + “iEni

The mobility y; of species j is given by its collision time 7; = 7, for momentum
exchange on the other species:

u;=et;/m; (37)
and the diffusion coefficient is
2,= kT/e), (38)

in the absence of magnetic fields (see Rose and Clark, 1961).
We take

n,=2n;

and (39)
I'.=ZT;

€

assuming charge neutrality. When both species flow freely, limited only by
self-generated fields, an electric field will develop,

D;,— D) Vn,
g @2V

40
(i + pen; 4o

in a so-called sheath of thickness about equal to D,. However, since 2, >» %;
and p, >» u;, we find

—eE/kT, = Vn,/n, 41)

The electric field E can be very large. Eliezer and Hora (1989) predict values
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on the order of 100 MV/cm (10 GV/m) for the plasma electric field generated
by 0.5 ps Nd:glass laser irradiation at 10 PW/cm? (102° W/m?2),

However, under LTE, the distance over which such a field exists is corre-
spondingly small. What normally happens in response to this field is the
immediate formation of a so-called double layer (Hora et al., 1989), composed
of just enough charge separation dipole moment

en,Ax = — E/4n =eD? Vn, (42)

to balance this field and prevent the flow of current. For n(x) given by Eq.
(3), the density gradient scale length in the laser absorption region,

L,=|n/Vn,|=045x 43)

is on the order of 0.1 um in typical KrF laser ablation experiments.
Thus,

(Ax/D.) = D/L, (44)

depends on the ratio of the Debye length to the density gradient scale length
and is very small near the absorption layer, where D, is itself on the order
of angstroms. If n(x) is given by Eq. (3), then (near the absorption layer x = x;),
Ax/D,= D /L, =2.22D /x, = 0.1, for the conditions of typical KrF ablation
experiments (I = 10GW/cm?, 7 = 10ns, 1 =248 nm, A = 28, and Z = 1). This
means that, under LTE conditions, a large field operates over a small distance,
and the product

e¢ = EAx = (D./L,)*T, (45)

is approximately equal to 10~ * kT, at the absorption layer, small enough to
be insignificant.

Of course, at extremely high irradiance levels sufficient to develop plasma
ponderomotive forces, density gradient steepening by the light pressure can
drastically reduce L,, creating larger potentials than this. At irradiance levels
above 10-100 TW/cm? (100-1000 PW/m?), suitable for laser fusion, a copious
suprathermal “hot” electron flux is generated. These electrons can bounce
off the sheath repeatedly to give extra energy to ions that do escape the DL
(Hauer et al., 1989). We shall return to the subject of charge acceleration in
Section 4A.3.

The Plasma Dielectric Function. Defining

A=n+iy (46)
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for the plasma complex refractive index and
e=m=(n*—x*) +i2ny (47)

as the plasma complex dielectric function, the real (refractive) and imaginary
(absorptive) parts of the dielectric constant, ¢, of a nonmagnetized plasma
are given by

2

w
Re(g)=n®— 22 (48)
=1 A+ vied)
and
v w? :|
I = 49)
mie) w[wZ(l v ad)
so that the optical absorption coefficient is
20 v w?, ]
="Ty=| B (50)
* c * nc[wz(l +v/w?)

The damping frequency, v, is provided by long-distance collision-like electron-
ion coulombic, momentum-exchanging interactions in the plasma,

V= veip = l/Teip

(51
=749Zn/T?*  Hz

in cgs units. For SI, the coefficient is 7.49 x 1076 in Eq. (51). The parameter
T.ip is the time for electron—-ion momentum exchange. Although v,; is often
large in the visible and UV range, it is also often smaller than the laser
frequency itself. Then, in the limits v,;/w « 1, and nx 1 (valid for vacuum
propagation), we have—

absorption coefficient:

o= (vei/c)(ne/ncc) (52)
optical cross section:
aopl = a/nc = [vei/(cnec)] (53)
and
exn’*~[1—n/n,] (54)
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Inverse Bremsstrahlung Absorption and Related Terms. Inverse bremsstrahlung
is so named because it is physically the inverse of the process by which electron
collisions with ions generate radiation in a plasma. The quantum mechani-
cally correct formula for the inverse bremsstrahlung absorption coefficient
in a plasma where LTE applies is (Kidder, 1971)

4/ 2n \'2 [1 —exp(—hw/kT,)] _
=§<3 kTe> (@2 onng s o hem3%¢)3 em ™!
or, with ST quantities, (55)

2n 2r \'? ., 6. sL1 —exp(—hw/kT,)] _
a=‘3 » 1023<“3kTe> (2n)*Z*n.nig,, e°c ORI m

Here, Z = n/n; is the average ion charge state, assuming charge neutrality.
The Gaunt factor, g,/, is a quantum mechanical correction with magnitude
very close to unity for most laser—plasma interactions (see Gaunt, 1930). In
the case of longer wavelengths, e.g., radio wavelengths in the ionosphere, 9sr
is related to the so-called Coulomb logarithm by

95 = (/3/m)nA (56)

(see Allen, 1973; Spitzer, 1967). The quantity A was defined in Eq. (31).

It should be noted that this formula (55) treats electromagnetic-wave
heating of plasma by assuming electron dephasing is produced exclusively
by long-range coulombic interactions with ions. Electron-neutral collisions
can also be important as a source of dephasing for partially ionized plasmas,
but we use the full ionization approximation.

The expression [1 —exp(—hw/kT,)] in Eq. (55) may be taken as approxi-
mately equal to hw/kT, for >5eV plasmas and IR or visible lasers. These
simplifications produce the familiar formula laser absorption:

a=197 x 10723Z3n24%/T3?  cm™!

or, in SI, (57
a=197 x 1072°Z3n23%/T¥* m™!

The optical absorption cross section ¢ = a/n, for a plasma electron can be

many orders of magnitude larger than its geometrical size nr2, as can be seen
by reexpressing Eq. (57) in the form

22
o = 250( Zn. >r2 cm? (58a)
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or, in SI,
ZnA?
0‘0m=2.50( 7372 >re2 m? (58b)

For example, if 4 = 10.6 um, T, = 11,605K (1 eV),n,=10'""cm~3,and Z = 1,
then g, =2.25 x 19° r2 = 1.8 x 10~ 'Scm?. A plasma with these parameters
has an absorption length for 10.6 um light given by 1/x = 5 um and is 99.9%
opaque in 40 ym thickness. The functional form of Egs. (57) and (58a,b) was
predicted by the preceding analysis of the plasma dielectric function, Eqs.
(52) and (53).

These equations describe a laser-produced plasma after its creation. If
n. = 10" cm ™3, as in the preceding example, and T. = 3eV, the plasma energy
density w, =nkT, =4.8J/cm? (4.8 MJ/m?). It should be kept in mind that
the more one retreats toward the plasma formation threshold irradiance
value, the more important become the conditions during the plasma creation,
when this energy was deposited. At threshold irradiance, it becomes important
that photon—plasma coupling mechanisms other than inverse bremsstrahlung
were necessary early in the laser pulse to deposit this energy density w,. Such
processes include local density fluctuations that enhance ve;, and three-body
recombination when n; > 108 cm 3,

4A.1.6. What Can Be Learned About Ablation Parameters
from a General Theory?

Analysis of high-irradiance (I > 10'! W/cm?), short-pulse (z ~ 10 ns) surface
ablation has existed for years. In this section, we will show that the resulting
dense (>10'® cm~3), thin (> 30 um) surface plasma can be described down to
alow-power limit (~ 10° W/cm? for UV) determined primarily by the inelastic
scattering cross section of plasma electrons, i.e., inverse bremsstrahlung. The
result (for Cu, but virtually material independent) is that the ablation depth
is approximately equal to 40(It''5/1)"/2 nm, where A is the wavelength (in
centimeters). The plasma temperature is approximately equal to (A1) eV,
a number that is useful for calculating X-ray emission (for photolithography).
The directed velocity of neutral atoms is 0.6(I4,/7)** cm/us; however, ions
are ejected at a > 3-times-higher velocity due to plasma voltages. In summary,
one now has an extension of earlier results down into the > 1 GW/cm? range,
below which plasma ablation converts into (material-independent) thermal
or photochemical vaporization (see Phipps and Dreyfus, 1992).

Basic Relationships. Surface absorber ablation theory (Phipps et al., 1988) is
developed from the work of Kidder (1968, 1971) and others (e.g., Basov et al.,
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1968; Krokhin, 1971; Caruso et al., 1966; Nemchinov, 1967), wh_ich formed the
foundation of our understanding of laser-fusion hydrodynamics.
The principal assumptions used in the surface-absorber theory are as

follows:

e One-dimensional flow

¢ Inverse bremsstrahlung heating mechanism

¢ All incident light employed to support the ablation flow
e Mach-1 flow (Chapman-Jouguet condition, M = 1)

e Ideal gas (y =5/3)

e Macroscopic charge neutrality (n, = Zn,)

o Self-regulating plasma opacity, giving unity optical thickness S=1 at
the laser wavelength, after a brief transition time 1,

The assumption that inverse bremsstrahlung is the dominant plasma lzxeat-
ing mechanism implies irradiance I is below the level (0.1-1 PW/(.‘:II.I , or
103-10* PW/m?) required for dominance by anomalous (i.e., noncollisional)
absorption processes (see Hughes, 1979).

The following three equations describe the physical problem:

S =acgt (59)
I=[M(M?+3)2]p,c} (60)
and
_CZXZ+ 1y} 1)
A7/2 c3

5

Equation (61) reexpresses the inverse bremsstrahlung absorption ff)rmula
(57) in terms of the hydrodynamic variables p, and c, by employing the
additional expressions:

Pa=(Amy/ 2, (62)
and
¢, = I:'}’(Z:— l)kTeilll2 (63)
m,

In Eq. (60), I is in physical rather than practical units, p, is'the ablat.ion
plasma mass density, and constant C has units L¢-M ~2-T "3, with numerical
value 1.136 x 10%7 (cgs) or 1.136 x 1043 (SI).
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When Egs. (59)-(61) are solved, there results a fully transient theory in
which the ablation pressure varies slowly with time during the evolution of
the laser pulse, according to

pa = pO’ T< Tl
(64)
Pa= ('51/7)1/81’0, T27T
where
2 1/3 213
_ (MY [(Amy2)n ] 9

0 y [M(M? + 3)/2)*3

is the maximum ablation pressure that results from achievement of the critical
density for T < 1, early in the pulse, during the ablation.
The time 1, is given by

12/3A7/2

T 22RCZZ + 1242 pF (0

Ty

For convenience, we reexpress the transition time 7, using practical units for I:

12/3A5/6/1] 0/3
L 213z 1

Tl_

(67)

where the constant C, = 1.05 x 10™* (cgs) or 1.05 (SI).

Two different sets of predictions for ablation variables (e.g., pressure,
temperature, velocity, and mass ablation rate) result depending on whether
T2 t;. The time 7, is so short compared to laser pulses normally used in
LIMA work (e.g., pulse durations greater than 1 ps for KrF lasers, or 100 ps
for Nd lasers) that the added complication of carrying along both sets of
predictions for t 2 7, in the present work is not justified. We will just carry
the relationships for © >1,, keeping in mind that 7 < t, governs the field of
laser fusion [for both sets of relationships, see Table II of Phipps et al. (1988)].

These results may be used to predict many of the interesting ablation
parameters with good accuracy over a broad range of laser wavelengths
(0.25-10 ym), pulse durations (up to 1ms), and irradiances. Employing the
conditions S =1, M = 1, etc. listed at the beginning of this subsection gives
the following set of relationships, the basis of our work in this chapter:

9/16  3/4
b 4 1

A8 (A dyn/om’ (©8)

pessure P.=3.
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(with SI variables, the correct coefficient to obtain Pa is 1.84 x 10~%;

1/873/4
temperature T.=298 x 104(—;%)5/3(1 AJr)? K (69)

(with SI variables, the correct coefficient is 2.98 x 103);

A5/16 11/4

density n,=3.59 x 10!
Zl/8(z+ 1)9/16(1\/1)3/4

cm~3 (70)

(with SI variables, the correct coefficient to obtain m~2 is 1.135 x 1013y,

. ) Yo/8r1/2
ablation rate r=2.66 YUY pgrem 2571 1)

(with ST variables, the correct coefficient to obtain pg'm~ s 1is 26.6);and

. A1/8
velocity ¢, =137 x 106@%(11\/1)”‘ cm/s (72)
(with SI variables, the correct coefficient to obtain m/s is 4.33 x 107). The
ablatiqn pressure p,, electron temperature T,, and sound speed ¢, are eval-
uated in the Region I absorption zone, where laser light is converted into

plasma pressure.
The parameter

A
T 2AZXZ + )] (73)
is a function of 4 and Z, and its magnitude is often =~ 1. Among these
quantities, the impulse coupling coefficient,

Cp= f " dip o

is predicted to within a factor of 1.5 for a broad range of experimental data
above plasma threshold in vacuum.

Data for ri1 are predicted quite well in the high irradiance limit, but ablation
depth x, =mz/p is not predicted so well, especially at low intensities, as we
discussed in developing conditions II and IV, because the heated surface
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continues to emit material after the laser pulse has ceased (see Kelly and
Rothenberg, 1985). Many laser pulses (e.g., CO,) have a long, low-irradiance
tail, which extends the vaporization time and complicates modeling. With a
correction due to charge acceleration, ion velocities seem to be well predicted
(see Phipps, 1989; also Section 4A.3, below).

Heat Conduction and Reradiation. In the high-irradiance regime, heat is
mainly transported to the target via plasma blackbody radiation. Depending
on density, temperature, and laser irradiance, bremsstrahlung and/or electron
thermal conduction may also be important or even dominant. Because
“high irradiance” in the context of laser ablation is still well below the values
where nonclassical transport applies [approximately, I > 100 TW/cm? (or
10'® W/m?) on target (see Pearlman and Anthes, 1975)], we consider only
classical transport here. At irradiance levels appropriate for laser fusion, a
“flux limitation” adjustment must be applied to the classical heat conduction
formula (see, e.g., Max et al., 1980). We now derive typical magnitudes for
heat transport variables in order to assess their importance in typical situations.

Electron Thermal Conduction. Heat transfer by thermal conduction in a
plasma is mainly due to electrons because of their small mass and high
velocity, and is given by

Q=—KVT (74)

The classical electron thermal conductivity is given by (see Manheimer and
Colombant, 1982; Spitzer, 1967):

K =K,T,’"? (75)
watts per unit length, where (in cgs)
1
Ko =195 x{10"118,/Z InA wAHS ¢

or (SI) (76)
Ky =195x 107%5,/Z InA.

In Eq. (76), 6, is a tabulated function of charge state Z that varies from 0.23

to 0.79 as Z varies from 1 to 16 (Spitzer, 1967), and InA is the Coulomb

logarithm defined in Egs. (31) and (56). The heat flux transferred over a
dimension equal to the laser focal spot radius is about (Phipps et al., 1988)

0 =178 x 10* 4716 £(Z)(IA/x)"*/d,  W/em? 77
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For SI units yielding W/m?, the correct coefficient in Eq. (77) is 563. The
function

1(2)=58,Z"¥%(Z + 1> (78)

is nearly a constant, varying from 0.05 to 0.18 as Z varies from 1 to 16, and
returning to a value of 0.07 when Z = 100. Taking I = 1 GW/cm? (10 TW/m?)
and I4/t=5W-s"2:cm™" (500W-s"/2-m™") for typical laser ionization
microprobe conditions, 4 = 12 (carbon), f(Z)=0.1, and d; =2 um, the heat
flux Q due to electron thermal conduction will be on the order of 0.44 GW/cm?
(44 TW/m?). It is readily appreciated that the size of this flux approaches
that of the absorbed laser flux.

Blackbody Irradiance. For an optically thick plasma (that is, one which is
dense enough to be opaque to its own radiation), the emitted flux will be

Q=o0cT* (79)

where ¢ is the emissivity. In the case of a perfect blackbody at 7eV
(T =11,605K/eV), Q = 0.25 GW/cm? (2.5 TW/m?). This situation will occur,
for example, in the high-pressure region very near the target surface. It is
seen that the magnitude of this flux also approaches that of the absorbed
laser flux, so that radiation and thermal conduction can both be important
means of conducting heat to the target in high-irradiance LIMA work.

Bremsstrahlung Irradiance. For wavelengths or densities for which the plasma
is not optically thick, classical bremsstrahlung emission describes " the
plasma’s self-irradiance, rather than the blackbody formula. Appropriately,
this is characterized by a volumetric rather than a surface source density
(Allen, 1973):

64\ [ 1/2<e622><kT>1/2 N
ig={— 1= — ) nn erg-cm”>-s 80
(N0 G JGar) &

ip = 1425 x 107 34Z(T )2 W/em? 81)

or

The coefficient in Eq. (81) should be 1.425 x 10™*° for SI parameters, to yield
W/m?. For a 7eV plasma with electron density n, = 102°cm™> (10*°m™3),
iy =0.4GW/cm?® (0.4 PW/m3). To compare these results, we note that the
chief blackbody self-emission color per unit frequency interval for this plasma
[see Eq. (18)] is at 63 nm wavelength, that Eq. (57) gives 1/« = 8 nm absorp-



402 THE HIGH LASER IRRADIANCE REGIME

tion length for this color, and that Q/iz ~ 6 nm. The difference between these
values is a proper integration over the bremsstrahlung spectrum. Further, it
is important to realize that LTE may not always apply well enough to
establish the concept of T,. Bremsstrahlung is the dominant type of plasma
self-emission in Region III (see Figure 4A.1), yet it is small in comparison
with the laser irradiance.

Adiabatic Expansion Theory: Thickness and Dimensionality of the Absorption
Zone. The theory that led to Egs. (68)—(72) is derived for one-dimensional
expansions. However, it is intuitively clear that LIMA work sometimes involves
two-dimensional expansions because of the smail laser spot diameters used
in this work. As mentioned previously, the phenomena concerning laser cou-
pling to the target are considered to be correctly treated by one-dimensional
theory when the standoff distance, x;, of the absorption layer from the target
is small compared to the laser spot diameter d, on the target.

In the rare case when this is not so, the dimensionality corrections involved
(Mora, 1982; Phipps et al., 1988) are very small, being proportional to (x,/d)!/®,
and would amount to reduction of the pressure predicted by the one-
dimensional laser coupling theory by at most a factor of 2 even in the extreme
case x;/d, = 300.

In order to determine the standoff distance x,, we follow, the analysis of
Manheimer and Colombant (1982), taking the distance between the absorption
layer and the target surface x; to be the thermal gradient scale length in
Region I over which thermal convection and thermal conduction are balanced.

dT
3pvCT = — . (82)

Since [see Eq.(75)] K = K,T*?, and using v=c,=./(ykT/Am,), we can
integrate the resulting equation to ."ind
Ky (4Y%) T?

=0032— ~
i K2 [(3/m )] n

(83)

or, with InA =7,

x;=5.5x10°[6(A4"*)/Z]T?*/n, cm
or (SI) (84)
X =55 x 10°[6(A"2Z]T?/n, m

Note that Eqs. (84) have the form xoc T?/n, which is characteristic of a
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coulombic mean free path. Now, it only remains to substitute Egs. (69) and
(70) for T and n into Eq. (84) to obtain (in cgs).

5'A7/16zs/8
(Z+ 1)11/16
or (SI) (85)
5'A7/1625/8

Xy =43|:(Z + 1)11/16

X = 1365[ ](13/4,17/417/8) cm

}(13/417/417/8) m

By taking the function g(z) = 8,Z**/(Z + 1)"/® =0.13 [it varies only slightly
from 0.12 to 0.13 as Z varies from 1 to 16 (see Spitzer, 1967)] and substituting
Eq. (72) for c,, the time for collapse of the absorption zone pressure after the
laser pulse, t, = x,/c,, stated in Eq. (13), results.

It is clear that the dimensionality that applies to laser coupling in Region
I can be assessed from the ratio x;/d,, which should be «1 for a one-
dimensional expansion. That this is normally the case can be seen by sub-
stitution of typical irradiation parameters. For example, substitution of
2=248nm, I = 10GW/cm?, t = 10ns, A =30, and Z =1 gives x; = 200 nm,
much smaller than laser spots.

Adiabatic Expansion Theory. At some distance x =x;, plume expansion
eventually makes a transition to multidimensional flow, even when laser
coupling can be described as one-dimensional. In order to better understand
the plasma plume expansion, we will ignore heat input and reradiation outside
the absorption zone in Region I, and consider the predictions of adiabatic
expansion theory. In such an expansion, the volume available to a fixed total
number of particles expanding from the original perimeter at the flow-
transition distance x; depends only on the flow dimensionality a:

l<a<3 (86)

Then the density
n(x)/n(x;) = (x/x7)"* (87)
We showed in the discussion surrounding Eq. (3) that theory predicts a =

20/9 = 2.22 whereas experiment shows a=2.5. For an ideal gas, y=5/3,
$0

(p/pr)=(n/ng) = (x/x7) % (88)
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whence
T(x)/T(xr) = (n/ng)*® = (x/x7)~ 2> (89)
Since o oc n?/T3/2,
(/o) = (x/x1)"* (90)

Integrating along the laser beam path from infinity (where x = oo and
I=1,) to position x then gives

I(x) [ orxg ﬁ["“”
iw_exp{ [(a—l)](x) } v

a function that has a scale thickness

ap @D
Xabs =[ J xqe=b (92)
a—1

If we take xr = (1/0y),

1 Ha-1 1
Xabs = <;> — (93)

a—1 o

Choosing a = 2.5 for the dimensionality of the flow in Regions II-1V to agree
with experiment, we find x,,, = 0.77 (1/a4), where a is the inverse bremsstrah-
lung absorption coefficient for the laser wavelength in Region I. This was
stated earlier without proof. \

Shock Heating and Other Redistribution Processes. When picosecond
duration or shorter pulses are used, one may ask whether the surface-absorber
ablation theory we have presented applies or not. One notices, for example,
that mass ablation rates are not predicted well. Several effects that have not
been considered in deriving the basic theory may come into play to extend
the heated region and dissipate incident heat flux. These include:

o Thermal conduction

e UV and X-ray heating of the target

o Hot-electron heating with front velocity, vy,
o Shock heating
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Of these, the last is the most important. Thermal conduction can develop
a high velocity for picosecond pulses, but not high enough to penetrate
a significant amount of material. X-ray heating can be shown to be less
significant than shocks, and the hot-electron source term is weak until
irradiance reaches the laser fusion regime [10 TW/cm? (100 PW/m?) or so,
outside the range of interest for most laser ablation work.

Shocks are important energy sinks for short pulses even at modest laser
fluence levels. For such short pulses, the acoustic intensity will be I, = p2z/p,
and mechanical coupling efficiency I,/ can be quite good. We assume the
sound wave is launched into the target material with intensity I, and an
attenuation coefficient «,, propagating a distance ¢,t during the laser pulse.
The fraction of the acoustic intensity that goes into solid material heating
is given by

QJ/1,= ¢, %4)
where
%, = 1/(c;Ta) 93)
so that
Qy/1, = (t/tp) (96)

We have used the symbol t for the acoustic relaxation time of the medium
at the acoustic frequency w, = 2n/t induced by the laser pulse, because it
can be found in the literature of stimulated Brillouin scattering (SBS) (see
e.g., Heiman et al.,, 1978). The relaxation time

g = (27/n)(c/w,)" 97

is a function of the material viscosity n and the acoustic frequency w,, which
we take as determined by the laser pulse width that launches the shock,
w, = 2m/t. The coefficient m also varies with frequency:

m=2/[1+(,70)’] (98)

Based on the results of Heiman et al. (1978), we estimate that, for glasses as
an example, where 7, &~ 50 ps, m -0 at T ~ 5 ps, and that 15, ~ 50 ps. Values
for other materials will vary. Thus, a condition for inapplicability of our
analysis is:

T T (99)
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in the target material. The second condition, which must occur simultaneously
to invalidate the analysis, is that the thickness c.,;4t be significant compared
to the ablation depth during the pulse, x, = mt/p. They may be stated as

M K PCygig (100)

For many solids, pc g & 10°g-cm ~2s7! (107 kg-m~2:s ™ !). Since we nearly
always deal with ablation rates that are smaller than this value, condition
(99) 1s the limiting criterion. The foregoing can then be summarized as saying
that we do not expect our theory to model picosecond and shorter pulses.

4A.2. EXPERIMENTAL RESULTS FOR HIGH IRRADIANCE

Figure 4A.5, reproduced from Phipps et al. (1988), shows how well the theory
predicts vacuum surface impulse at high irradiance. Laser wavelengths
represented in the figure are 10.6, 3, and 1.06 um and 248 nm. Also represented
are pulse lengths from 500 ps to 1.5ms, and irradiances from 3.5 MW/cm?
to 30TW/cm?. The data shown describe interaction with nonmetallic
materials, but data from metals are fit equally well. The steps in the data fit
show how changes in ionization state Z affect ¥ and thus C,,, which occur
as laser irradiance increases. We can estimate the charge state Z with sufficient
accuracy for calculating ¥ from, e.g., Eq. (23), if it is not otherwise known.

Note that we have plotted the impulse data vs. the scaling parameter
Ii\/ 7. This particular choice of parameter is suggested by Eq. (68) and the
instantaneous relationship C,, = p,/I.

4A.2.1. Mass Loss Rate

Figure 4A.6 shows the excellent agreement of the high-irradiance theory with
measurements of m from the work of several authors (Yamanaka et al.,, 1986;
Shirsat, et al., 1989; Gupta and Kumbhare, 1984). In the figure, the data of
Yamanaka et al. are taken as the norm. Normalization adjustments are on
the order of 30%.

The lowest irradiance represented on the graph is 1 x 10!! W/cm? in the
data of Gupta and Kumbhare, and the highest 4 x 10'* W/cm? in the data

<4
Figure 4A.5. Graph illustrating good agreement between an extensive compilation of experi-
mental data for high-irradiance vacuum impulse coupling coefficient on C—H type materials vs.
the parameter I).\/ 7. All Phipps, Rudder, and Turner references may be found in Phipps et al.
(1988). Other references are Afanas’ev et al. (1969) and Grun et al. (1983).
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Irradiance (W/cmg2) for 10-ns, 248-nm laser
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Figure 4A.6. Compilation of mass loss rate for high irradiance, compared to the Eq. (71)
predlgtion. Mass loss is adjusted slightly to compensate for differences in atomic mass A4
anf:l ion charge number Z, e.g, Cy,manas = P¥/8/A14 = 0.384; sce Eq. (71). Other data are
adjusted for different conditions of atomic mass 4 and charge state Z by multiplying published

m by.C.‘Yammka/Cd,,,, in order to make a comparison of data from widely different experimental
conditions possible. \

of Yamanaka et al. Note that we have plotted the mass loss data vs. the
scaling parameter 1/(/1\/ 7), as suggested by Eq. (71).

4A.2.2. Ablation Depth

Qur success in modeling 71 at high irradiance gives us confidence that we
might also be able to approximately model high-irradiance measurements
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of ablation depth:

xvzj grhzrhr/p cm (101)

-

Here, because mit oc (It32/4)1/? [see Eq. (71)], the suggested plotting variable
is It¥2/4. Of course, exact modeling requires careful numerical calculations
specific to each circumstance (see, e.g., Balazs et al., 1991).

We exclude data that do not at least approximately satisfy each of the
conditions I-TV. The most frequent reason for excluding data from Figures
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Figure 4A.7. Compilation of ablation depth data for high irradiance, compared to the Eq.
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air, that of Srinivasan et al. (1986a). Other data are the same as in Figure 4A.6, except for the
addition of Rosen et al. (1988), Rothenberg and Kelly (1984), and Kelly et al. (1985).
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4A.6 or 4A.7 was that the data were taken at insufficient irradiance to
guarantee plasma dominance of the interaction (condition III) (e.g., Chuang
et al., 1988). The next most frequent reasons were that the data were taken
in air (condition I) or that the target was a volume absorber rather than a
surface absorber (condition II).

Figure 4A.7 shows the results of this effort. In addition to the m data
references given previously and the exceptional data discussed below, data
are taken from Meyer et al. (1973), Kelly et al. (1985), and Rothenberg and
Kelly (1984), for a total of 16 data sets. In cases where at least one point
(typically the highest intensity point) of a data set crosses over into the
parameter space that satisfies all the conditions, we have plotted the entire set.

The data of Meyer et al. (1973) [symbol ] that we used shown in
Figure 4A.7 were taken in vacuum, but no difference was seen when back-
ground pressure was as high as 0.2 torr (27 Pa) of O, or H,. Meyer and co-
workers’ 25 ns carbon data were also modeled well, but they were not plotted
in the figure because the additional points could not be seen in the data
cluster at midrange of I7%/?/A.

We have also included three examples in Figure 4A.7 that violate one of our
conditions strongly. The first, a volume-absorber data set [symbols (O] (see
Phipps et al., 1990; Rosen et al., 1988) that violates condition II, shows
the extent of ablation enhancement that is possible at low irradiance near
plasma threshold in volume absorbers. These data represent the largest
ablation depth per joule yet reported at any laser wavelength, as well as the
largest momentum coupling coefficient C,, in a homogene.us target material.

The second, which is the polyimide set at the very short 193 nm wavelength,
from Srinivasan et al. (1986b) [symbol <], gives excellent agreement with
the model and is included to make the following point. While an air environ-
ment changes the interaction physics so much that the analysis in this chapter
should be irrelevant-—and, indeed, some impulse measurements in air show
strong disagreement with measurements in vacuum—at irradiance above
plasma threshold, but low enough to avoid forming laser-supported detonation
waves (LSD waves) in the atmosphere above the target, very strong absorbers
like kapton at 193 nm (surface absorbers) still seem to give the right answer.
The LSD wave threshold at 1 bar for 10.6 um lasers on aluminum is just under
1 GW/cm? (Beverley and Walters, 1976). The spectrophotometric absorption
depth 1/a for kapton at the 193 nm UV wavelength and standard temperature
and pressure (STP) is 230 A (Sutcliffe and Srinivasan, 1986).

The third set (from Sutcliffe and Srinivasan, 1986) [symbol » ] is identical
to the first, except that the target material is PMMA. This data set also
violates our plasma ignition limit by about a factor of 10 at its lowest
irradiance level. However, at irradiances where the data can be compared,
it is interesting to note how small the region of volumetric absorption need
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be to change the character of the ablation toward “volume” from “surface.”
The 193 nm absorption depth 1/« is about 100 times larger with PMMA as
compared to kapton—but still only 2.2 um. However, the resulting ablation
depth for the same irradiance is noticeably larger with PMMA than with
kapton.

At high irradiance, all absorbers in vacuum coalesce to the behavior pre-
dicted by the dashed line in Figure 4A.7. As was explained in Section 4A.1.3,
under the high temperature and pressure associated with high irradiance,
the relatively long spectrophotometric absorption depths characteristic of
volume absorbers shrink to resemble metallic absorption depths.

A lot of the scatter in Figure 4A.7 at low irradiance could well be due to
modeling uncertainty: it is difficult to guess the values of (4> and (Z) that
are required to apply the theory, and they are not given.

In summary, Figure 4A.7 shows it is possible to model x, for surface
absorbers over a 7 orders of magnitude range in the parameter It%2/4,
including about a factor of 50 in laser wavelength, and at least 6 orders of
magnitude in pulse duration from nanosecond to millisecond duration pulses,
using a simple scaling formula. The analysis predicts ablation depth within a
factor of 2 when I7%2/1 > 50 W-s3/2-cm = 3(500 kW -s%2-m ~3), corresponding
to irradiances above about 1 GW/cm? for 12ns KrF lasers. This explains
the choice of irradiance in the heading of Section 4A.1. For lower irradiance,
the prediction becomes progressively poorer, as plasma physics no longer
dominates surface chemistry. The x, modeling may apply in air in some
cases.

4A.3. ION ACCELERATION IN THE LOW-DENSITY PLUME
4A.3.1 Experiments

This section concerns what happens in Region IV of Figure 4A.1. Figure 4A.8,
based on the ion velocity measurements of von Gutfeld and Dreyfus (1989),
Eidmann et al. (1984), Gregg and Thomas (1966a,b), and Dreyfus (1991),
demonstrates that there is good agreement with the velocity trend predicted
by the model, but it is consistently found that a multiplier amounting to
about \/ 10 must be used to shift the prediction upward and match the
measurements. The falloff at 1/1\/ =1 is forseeable, as the area of validity
for the present theory has been violated, e.g., power density is too low for
inverse bremsstrahlung to be the major energy input ( < 1 GW/cm?).

It is concluded that, over a wide range of high-irradiance values in vacuum,
something accelerates the ions, increasing their energy by a factor of 10
between the time of their creation in the ablation layer and their detection
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Figure 4A.8. Compilation of ion velocities in the high

predicted by Eq. (72) for Region I

-irradiance regime, illustrating the point that velocity

seems to be consistently augmented by a multiplicative factor on the
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in the plasma plume. The loss of this acceleration at the lower boundary of
the high-irradiance region is clearly seen in the Dreyfus (1991) copper ion data.

We note that the velocity of some neutral species falls on the same (accelera-
ted) trend line as the ions [e.g., CN from polyimide at 248 nm wavelength
(see Srinivasan and Dreyfus, 1985)]. This result suggests that these species
gain energy, presumably due to photochemical ablation rather than a thermal
one. We have plotted the CN data to illustrate this point, even though the
species are not ions and are below the high-irradiance boundary.

If one appeals only to expansion work to find this energy, one finds from
Kelly and Dreyfus (1988a) that the expected drift velocity ug is close to the
sound velocity that, from Eq. (5), is expected to show a (x/x;)~** variation,
i.e., a deceleration rather than an acceleration. Along with the approach of
the experimental points to the theoretical prediction, note that only the
neutral species approach the dashed line.

It is well known that very large ion-accelerating electric fields are created
in high-irradiance laser—plasma interaction experiments. Langer et al. (1966)
were possibly the first to notice suprathermal ion kinetic energy in vacuum
laser irradiation experiments. They obtained C*>* ions with energies from
100 to 1000eV from 10 GW/cm? laser irradiance (100 TW/m?). They also
recorded a threshold for formation of multiply charged C ions of 1.5 GW/cm?
(15 TW/m?). Multiply charged ions were always seen to have a narrower,
higher energy spectrum. At 60 GW/cm? (0.6 PW/m?), for example, C** ions
with 1 keV energy were seen. The threshold for C** formation was 20 GW/cm?.
This corresponds to a temperature at their creation of only 64 eV (Allen, 1973).

Many other workers have also measured large laser-induced plasma
voltages; e.g., Silfvast and Szeto (1977), Bergmann et al. (1980), and Cook
and Dyer (1983) obtained 0.1-1 kV pulses from CO,-laser-induced plasmas.

Bykovskii et al. (1972) observed typical Li* and D™ ion drift-kinetic
energies of 100eV with 1 GW/cm? (10 TW/m?) irradiation of LiD targets
in vacuum. At 10 GW/cm? (100 TW/m?), they saw Li?* ions for the first time
with a characteristic energy of 270 ¢V, whereas the Li* and D* ions showed
a double-peaked distribution at about 120 and 300 eV, respectively, with tails
extending up to 700¢V. With heavier ZrH targets at the same irradiance,
Zr3* ions were created with typical energy 2.5keV, and the Zr* spectrum
was essentially flat, rising slightly between 100eV and 2.5keV. Bykovskii
etal. (1972) characterized these energy spectra as being much higher than
thermal energy (about 15eV for the LiD experiment). They explained these
results by appealing to an accelerating field arising from hot electrons leaving
the plasma. Their data is reproduced in Figure 4A.9.

David and Weichel (1969) noticed that T, & 10 T,j,.m,, in €xperiments with
1GW/cm? irradiance on carbon.

Bykovskii et al. (1971) earlier observed clear evidence for separate
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Figure 4A.9. Reproduction of Figure 3 of Bykovskii et al. (1972) showing the ion energy spec-
trum obtained in 1 um wavelength laser ablation of zirconium hydride at 10 GW/cm? irradiance
(100 TW/m?). Where one would expect a temperature of about 15eV for these irradiation
parameters, very substantial suprathermal behavior is observed (used by permission).

“thermal” (= 10eV) and “accelerated” (& 100eV) time-of-flight (TOF) ion
peaks at I =8 GW/cm? (80 TW/cm?) irradiance (A = 1.06 um; T = 15 ns) with
aluminium targets. The hot peak tended to be multiply charged ions. With
10 TW/cm? irradiance, these workers created 35keV Co?>* ions. In their
experiments, the threshold for this acceleration is clearly an irradiance of
Liresh = S00MW/cm? (5 TW/m?). Bykovskii et al. (1972) estimate that the
fraction represented by the accelerated ions n,. is

fi=nu/n; = D, /d, (102)

This ratio is about 1077 in the laser absorption zone, for KrF lasers and
100 um diameter spots. Bykovskii et al. (1969) observed certain random
anisotropies in the angular distribution of the ejected ions.

Inoue et al. (1970) were perhaps the first to observe beamlike behavior in
the accelerated ions, in experiments producing 70eV C2* ions from poly(eth-
ylene) with a ruby laser (4 = 694.3 nm) and irradiance around 2 TW/cm?,

Bykovskii et al. (1971) also saw beamlike behavior, with ions ejected pro-
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gressively closer to the target normal at I > I; ., in laser—target interactions.
The measurements of Gupta et al. (1986) add further support to the picture of
acceleration and ion beam narrowing. At 268 nm irradiances of 0.5-10 TW/cm?,
fast and slow aluminum ion peaks were clearly seen. Flux measurements
showed the slow peak to be nearly isotropic, whereas the fast peak ions were
clearly confined to a narrow cone around the target-normal.

Workers in laser fusion—where irradiance levels exceed 10 TW/cm?
(100 PW/m?)—are accustomed to seeing a ratio f; = T, /T ~ 8-20 (Haines
1979), with a population of “hot electrons” at least as large as

_ e (e¢/kT,)' exp(—ed/kT,) ( 1 )
Jo=—"= g1y 1+ 2 /KT, (103)

UM

In Eq. (103), e¢/kT, is the ratio of the charge separation potential to the
thermal energy in consistent units; Eq. (103) is derived by integrating a single
Maxwellian energy distribution from e¢/kT, to co (Pearlman and Dahlbacka,
1977). At irradiance levels we often utilize in LIMA work, Eq. (103) provides
a broadly applicable estimate of the hot fraction.

The work of Akhsakhalyan et al. (1982), one of the few instances in which
the energy distribution was measured with irradiance as low as 1 GW/cm?
at A =1 um, clearly shows f; = T,/T ~ 10 with a total hot particle flux about
2 x 1073 of the total particle flux.

4A.3.2. Theory and Modeling

The best general theoretical treatment is given by Hora’s theory of so-called
double layers (DLs) (see Hora et al.,, 1989; Eliezer and Hora, 1989). DLs
become important in the corona or outer region of the laser—plasma system.

In LTE, one expects (as in our earlier discussion of Debye sheaths) these
layers of positive and negative charges to generate a potential jump that is on
the order of kT,, depending on the magnitude of the density gradient scale
length L, =n./Vn,.

At high irradiance, the electron velocity distribution that develops from
laser—plasma heating is no longer described by LTE concepts. Instead of a
single Maxwellian velocity distribution, one finds that separate “thermal”
(cold) and “hot” components with temperatures T and T,, respectively, can
briefly coexist. The simultaneous existence of “hot” and “thermal” electrons
in the corona region results in charge separation sufficient to strongly
accelerate positive ions.

Physical mechanisms that can create this departure from LTE, causing
the production of “hot” electrons and ions, include resonance absorption
(Denisov, 1957), relativistic self-focusing, at very high irradiance (Hora, 1975),



416 THE HIGH LASER IRRADIANCE REGIME

and magnetic field effects; Afanas’ev and Kanavin (1983) predict generation
of magnetic fields on the order of 10kG (1T) at 5GW/cm? (50 TW/m?)
irradiance on a 100 um diameter spot.

An idea of the predicted ratio of “hot” to “normal” particle number at
laser fusion irradiance levels is obtained from the work of Forslund et al.
(1977). Their theory is based partly on the theory of resonant absorption in
laser fusion (beyond our scope here) and is partly empirically derived from
two-dimensional relativistic particle simulations at five different wavelengths
spanning the range from 0.7 to 3 um. They found:

P 122\2
fo=2o= 0.24[<7> ] (104)

For SI unit parameters, the coefficient is unchanged. If applied to the
Akhsakhalyan et al. (1982) case, Eq. (103) would predictf, = n../n~ 8 x 1073,
in rough agreement with what they observed.

However, the prediction of Forslund et al. for the temperature ratio
Sr=T,/T is not correct for irradiance levels below about 100 TW/cm?2.

fast electron fraction
e

10-11 \
10712 \

107"

1071
10! 102

ed/kT,

Figure 4A.10. A plot of the hot electron fraction given by Eq. (103) vs. the ratio e¢/kT, de-
fined in the text, for a Maxwellian velocity distribution of electrons in LTE.
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Instead, one may use the theory of Eliezer and Hora (1989), which gives
6fr—f3—1°—16/720 (105)

requiring that f; > 5+ ./24=9.9.

The function f, in Eq. (103) is plotted in Figure 4A.10. In the figure, we
can see that a potential e¢/kT, = 10 times the thermal potential can be
reached by f, = 10~* of the total electron population of a single Maxwellian
velocity distribution, about 20 times less than observed by Akhsakhalyan
et al. (1982), reinforcing the idea that a complete non-LTE treatment would be
better.

Afanas’ev et al. (1988) show that the electric field created should have a
logarithmic dependence on D./d,. Mulser (1971) proved that, while there is
no question that plasma electric fields in high-irradiance experiments are
capable of causing the ion acceleration that we see, the velocity difference
between ions of different mass observed in TOF experiments cannot be
explained by different forces acting on them in the accelerating field but must
instead be due to irradiance inhomogeneities in the laser spot on target.
Langer et al. (1966) showed that irradiance inhomogeneities could be delib-
erately manipulated via astigmatic focus to create anisotropic ion ejection
patterns.

We now address acceleration in the experiment of von Gutfeld and Dreyfus
(1989), as most relevant to problems that might arise in LIMA work. This
problem has been previously addressed by Phipps (1989). We begin with the
paper of Pearlman and Dahlbacka (1977), in which they reported observing
laser-produced electric potentials on the order of 10kV persisting for up to
200 times the laser pulse duration in a 50 ps laser—target irradiation experiment
at A= 1.06 um wavelength. The development of a 30° fwhm ion beam with
energy as large as 1 MeV was inferred from the data.

We believe that the physical mechanism for charge acceleration in the
ablation experiment of von Gutfeld and Dreyfus (1989) is the same as in
Pearlman and Dahlbacka’s case. A suprathermal accelerating electric potential
is set up between a separate “hot” component of the electron velocity distribu-
tion and the slower-moving ions, which are initially left behind—a topic that
we introduced in our discussion of Region IV. The “hot” electron fraction
escapes LTE simply by escaping the experiment before interactions with
other particles have a chance to operate. The most energetic ions (of equal
and opposite total charge) then accelerate up to the hot electrons, taking
most of their energy as already described in Section 4A.1.2.

The experimental parameters of von Gutfeld and Dreyfus (see Table 4A.3)
set this hot electron fraction at f. ~ 8 x 10~*. If we insert this value into
Eq. (102), we obtain a single Maxwellian acceleration factor e¢/kT, =9 and
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Table 4A.3. Self-Consistent Values for von Gutfeld and
Dreyfus Experimental Parameters

Fluence ®

Material

Enthalpy

Emitted neutrals
Escape fraction
Tonization fraction
Target beam area
Total emitted electrons
Escaping electrons

Ton divergence angle
Ion burst duration
Escaping electron current
Ion potential

Beam impedance
Probe distance

n;(x)

Velocity enhancement
Temperature

6J/cm?

Cu, p=8g/cm?

H, = 5300J/g
No=37x10'"%cm™?
fosc=8x107%

n=1

o, =0.02cm?

N o, =74 x 10'¢
SfescNeoly =6 x 1013
¢4 =40° fwhm
T=3us

F=3A

e¢p =38eV

Z =160 (ohms)
x=10cm

1 x10'2¢m™3
(ep/kT)!? =3
T,=4eV

note that (e¢p/kT,)!’2 ~ 3 agrees with the ion velocity enhancement factor
shown by the von Gutfeld and Dreyfus data (discussed in Section 4A.3.1).
We also find that this value is consistent with the measurements of Bykovskii
et al. (1972). We find that the von Gutfeld and Dreyfus irradiance, wavelength,
and temperature values predict f, ~5 x 10~ % via Eq. (103); Eq. (104) gives
ep/kT, =99, also in excellent agreement with observation.

We can give a heuristic argument that allows prediction of the quantity
e¢p/kT, from the particle mass ratio. First, we apply the constraint of current
equality [j.=j;], necessary for a steady potential, taking the energetic
electron current to be limited by the ion thermal current:

New Ve = ZN; 1; (106)
Then, applying the twin conditions of LTE [uv, = (m;/m,)'/? v;] and overall
charge neutrality [ Zn; = n,] within the electron and ion thermal populations

of Eq. (106) gives

(e¢/k Te)l/Z = (Ue*/ve = ne/ne*) [(me/mi)”z] (107)
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or

SHe¢/kT) =m/m; (108)
Now, applying (103), we find

exp(eg/kT,) = (m;/nm,)' *(ed/kT, + %) (109)
or
ed/kT, = 3In(m;/nm,) + In(e¢/k T, + 1) (110)

Because of the slow variation of the first logarithmic term, e¢/kT, ~ 7 within
159, for atoms ranging from copper to carbon. As an example, for a carbon
plasma, Eq. (109) gives e¢p/k T, = 6.26 and, for a copper plasma, e¢/kT, = 7.32.
Therefore, the velocity ratio (e¢p/kT,)!/* ~ 2.5 over the same range of atoms.

These energetic electrons then attract and accelerate a cloud of ions from
the thermal plasma. Given enough space, it is important to realize that these
ultimately move at the same velocity as the electrons,

ve‘laf!er = U (111)
slowing them down until the ions have effectively captured all the electrons’
kinetic energy.

We further find that we can satisfy the requirements for energy conserva-
tion between the two energetic clouds,

2
me Nex Uf,. l before — mi Nyx Ui*lafter (1 12)

in addition to Egs. (106) and (108) as well as charge neutrality [Zn, =n_],
by requiring that

My V4
fi=—= <e¢/kTe>fe (113)

For copper ions, Eq. (113) gives /;=1.5x 10"* and f, = 1.1 x 1073, very
close to observations and earlier estimates in this section.

The acceleration process further narrows the emitted ion beam—down
to 20° fwhm in the von Gutfeld and Dreyfus experiment on copper targets,
using KrF laser irradiation. At the same time, as the coulomb potential accel-
erates the ions, there exists a competing dilution process in which resonant
charge exchange as well as classical ion—molecular collisions transfer the
energy into the neutral cloud, i.e., there is a distinct energy gain by neutrals
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as well. This is noted in Figure 4A.8 for the case of CN from polyimide
(though this artifact may be explained instead by photochemical processes)
and has been noted for Al from Al,O; (Dreyfus et al., 1986¢c) and C, from
PMMA (Srinivasan et al., 1986b). While these systems did not involve intense
plasmas dissociating diatomics, there does exist a conflicting process in which
plasma-induced dissociation eliminates many of the more energetic diatomics.
The result of this selective dissociation is an apparent slowing (loss of kinetic
energy) for the diatomics surviving (see Dreyfus et al., 1986¢).

The foregoing considerations are capable of reproducing the key elements
of the von Gutfeld and Dreyfus experiment. In Table 4A.3 we give the results
of a self-consistent calculation that agrees with the reported aspects of that
experiment (Phipps, 1989).

4A.4. MEASUREMENT TECHNIQUES IN THE LOW-DENSITY
PLUME CREATED BY HIGH LASER IRRADIANCE

4A.4.1. Langmuir Probes

The Langmuir probe is one of the best known and—in general—best under-
stood of plasma diagnostic techniques. Von Gutfeld and Dreyfus (1989) were
among the first to apply this tool to the quantitative measurement of coronal
plasma parameters in vacuum ablation experiments.

A Langmuir wire probe is deceptively simple, consisting of a dc-biased
current probe inserted into the plasma [see Figure 4A.11 (from von Gutfeld
and Dreyfus, 1989)]. It is a tool that is useful for exploring the instantaneous
electron temperature and ion density in a thermal (Maxwellian, LTE) plasma.
Ideally, the collected electron current I, depends on the potential ¢ and the
electron temperature according to (Chen, 1965)

I/1,=exp(e¢/kT.) (114)

When @ = (@probe — Pspace) 15 POSitive so as to repel ions and collect electrons.
Then, a plot of In(I./I,) vs. ¢ gives the electron temperature through the
slope e/kT,. The so-called space potential, ¢, is the voltage assumed by the
probe when it is allowed to float. In the work of von Gutfeld and Dreyfus,
a value of T, ~2eV was determined at x = 10cm. Even though Eq. (69)
predicts a value of 4eV, ionization after the initial pulse and effects of the
adiabatic expansion could easily have decreased T, (T, commonly falls to
~1/3 of the average ionization energy in a collisional plasma).

When the probe is biased negative, so as to collect ions, the ion density
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Figure 4A.11. Reproduction of Figure 1 of von Gutfeld and Dreyfus (1989) showing the arrange-
ment for the Langmuir probe experiment (used by permission).

can be determined reliably from

ni=i{[_4nm‘@]l/z} cm™3 (115)
3. do,

where &/ is the probe area exposed to the plasma; I; is the ion current; ¢,
is the probe voltage; and m; is the ion mass. Note that T; is usually difficult
to measure from the ion current characteristic, owing to the overlapping
large electron currents at lower negative potentials.

TOF data are also available from the probe signals and offer valuable
information about the nature and drift velocity of charged particles, ion
charge states, etc.

Experimental Precautions:

Nondisturbance. In order not to disturb the thermal energy distributions
being measured, care must be taken to limit the maximum instantaneous
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electron or ion current withdrawn from the plasma, and not to cool the
plasma by using an unduly large probe. These considerations lead to the
use of a very-small-diameter wire for the probe, e.g., 75 um in the work
of von Gutfeld and Dreyfus. The electron current limitation can be
observed experimentally when the apparent slope obtained from Eq. (114)
starts to change with the current.

Probe Heating. One has to be careful not to draw such a large ion current
as to cause thermionic emission from the probe. This regime is com-
monly only a problem for dc plasmas, but not for the few microseconds
of a laser-generated plasma.

Sheath Thickness. It is important to calculate the thickness of the plasma
sheath that forms around the probe: the collecting area .« in Eq. (115) is
the sheath area, which is greater than the geometric area of the probe
by an amount that depends on plasma density and temperature. This
correction acts to reduce the apparent ion density.

Termination Impedance. The Langmuir probe is a very delicate charge
collection device with a small capacitance, so that a too-large termina-
tion resistor (used to convert current into voltage at the oscilloscope) will
cause the probe voltage to vary during the measurement, generating
faulty data. A simple Ohm’s law calculation avoids this problem.

Negative Ion Species. Unfortunately, not all ions are positive. In ablation
plasma measurements, TOF will usually allow discrimination between
the negative ions and the electrons. It is important to locate the probe far
enough from the ablation surface to take advantage of this discrimination
capability.

4A.4.2. Time of Flight

Probably the earliest instances of kinetic energy measurements of laser-
produced ions is the work of Linlor (1963) and that of Gregg and Thomas
(1966a,b) with a 7.5ns ruby laser (694.3 nm). In the latter work, irradiances
from about 5GW/cm? to 0.4 TW/cm? (50 TW/m?-4 PW/m?2) were incident
on a 220 um diameter illumination spot, producing ion velocities from 7 x 10®
to 3 x 10”cm/s (70-300km/s) and ion kinetic energy as large as 2keV.
Materials investigated were Li, LiH, Be, C, Al S, Zn, and Ag. These data
are reproduced, in part, in Figure 4A 8. It was found that ion velocity varied
with irradiance according to

v;oc I (116)

where the coefficient 0.19 < b < 0.43, the smallest value applying to Ag, and
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the largest to Al. We note that Eq. (70) predicts b = 0.250, in the middle of
this range. In this experiment, no reflecting potentials were used.

One of the most important features about the expected signal in TOF
experiments is the result of Kelly and Dreyfus (1988a,b). Since

n;oc 1/t (117)
where
v, =X/t (118)
and
|dv;| = x dt/t? (119)

then, for a density-sensitive detection system such as LIF, one obtains a
counterintuitive result that the detected signal will be proportional to v*:

ds oc mp, fi(v) dv oc (x2/t*Yexp{ — [mx?*/(2k T;t*)]} dt
(120)
= (v*/x*)exp(— mv}/2kT;) dt

For a flux-sensitive detector, the response even has a »> dependence.

In the high-intensity regime, sophisticated TOF experiments have augmented
simple TOF with a retarding potential electrostatic filter, pulsed deflection
voltage, and extraction field (Vertes et al., 1988).

4A.4.3. Laser-Induced Fluorescence

Laser-induced fluorescence (LIF) is also an extremely useful diagnostic for
laser ablation plasmas and is the only way to get certain kinds of information.
In the pioneering work of Dreyfus et al. (1986a), this technique made it
possible to detect and measure the energy distributions of the species AlO,
C,,and CN during KrF irradiation of aluminum oxide and polyimide (kapton).

The technique has also been used to advantage in measuring velocity
distributions and relative populations of excited-state and fine-structure levels
of atoms sputtered from surface samples (Zare, 1984).

Table 4A.4 shows examples of laser wavelengths that have been used to
detect particular species by selectively inducing fluorescence. Observables
with this technique include drift velocity (kinetic energy), rotational tempera-
ture, and vibrational temperature. As an example of the latter work, Dreyfus
et al. (1986b) were able to use LIF to determine both the rotational and
vibrational energies of AIO diatomics, as well as the translational kinetic
energy of AlO and Al
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Table 4A.4. Laser-Induced Fluorescence (LIF) at High Irradiance: Species and

Wavelengths
Pump Detection
Wavelength Wavelength

Species (nm) (nm) Reference
CN 385-388.3(dye) 422 Dreyfus et al (1986a)
C 230.1-230.2 230 Dreyfus et al. (1987)
C, 230 (doubled dye) 230 Dreyfus et al. (1986¢)
C, 248 (KrF) 470 Walkup et al. (1985)
C, 230 230 Dreyfus et al. (1987)
Al 248 396.2 Rothenberg and Kelly (1984)

AlO 447-450 — Dreyfus et al (1986)

Koppman et al. (1986) used the LIF technique to assess the velocity,
energy, and density of Li and Al ions created by ruby laser irradiation of
an Li/Al sandwich at 1.5 GW/cm? irradiance. The purpose of the experiment
was to create short ion beam bursts for injection into magnetic fusion plasma
machines.

4A.4.4. Other Ion Diagnostics

Emission spectroscopy (Venugoplan, 1971), resonance ionization (Bonnie
etal., 1987), and laser beam deflection by optical inhomogeneities (Chen
and Yeung, 1988; Dreyfus et al., 1986b) have been used in ion source plasma
diagnostics. Vertes et al. (1990) has given an excellent review of the subject
of measuring and modeling plasma processes in ion sources.

PPTD. Dreyfus et al. (1987) developed the pulsed photothermal deformation
(PPTD) technique for measuring energy deposited in surfaces by focused
laser light. This technique, which utilizes the thermal deformation of the
irradiated surface as a diagnostic, should be as useful for ablation work in
vacuum as it was for their work in air. PPTD is extremely sensitive, with a
noise level corresponding to 20nJ absorbed.

“Laser Microprobe” Spacial Mapper. As regards this instrument, see Huie
and Yeung (1985), Steenhoek and Yeung (1981), and Yappert et al. (1987).
Spacially and temporally resolved maps of ablated atom concentrations over
the target surface were obtained by interrogating the laser-generated plume
with a second laser beam of appropriate wavelength chosen for selective
absorption by the ablated species and recording the transmitted beam on a
vidicon. Time gating at 50 us intervals was provided by a Bragg cell. For
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maximum tunability to match different species, the interrogating laser was
an argon-ion-laser-pumped pulsed dye laser.

Thomson Parabola. The so-called Thomson parabola instrument (Olsen
etal, 1973) seems not to have been used yet in laser ablation experiments,
although it has been extremely useful in inertial confinement fusion. In this
instrument, parallel electric and magnetic fields oriented perpendicular to
the ion velocity give combined deflections that, combined with TOF infor-
mation, are able to uniquely define the charged particles charge, mass, and
energy without changing the particle energy. The device gets its name from the
fact that the electrostatic deflection x, oc Z/(Av}), while the magnetic deflection
x,, ¢ Z/(Av;), so that each charged particle traces out a distinct parabola
moving toward the origin as time evolves on the instrument screen,

X, /x2=A|Z (121
with only mass-to-charge ratio A/Z determining the shape of the parabola.

Faraday Cage. As a closing note, we mention the very interesting and novel
ion diagnostics work of Siekhaus et al. (1986). They used a Faraday cage (with
very small openings for the laser beam) surrounding the ablation experiment
to measure the total electron charge emitted during 1.06 and 0.35 yum vacuum
irradiation of insulator and semiconductor surfaces at pulse widths from 1
to 40 ns. Irradiance ranged from about 15 MW/cm? up to 15GW/cm?—at
the upper end of their data, definitely within the high-irradiance regime. The
sample was held by a grounded metal holder inside a collector can, sur-
rounded by an outer shield can. Both of the latter cans were maintained at
a common variable bias potential in the range + 300 V. Materials studied
were CdTe, ZnS, NaCl, SiO,, CeF;, W, and GeO,. In the 1ns work at the
Nd:YAG third harmonic on ZnS and SiO,, the total charge measured at
10J/cm? fluence was about 1uC, or 6.2 x 10'2 electrons . We see that this
figure is about 10™* of N.s/,, which we calculated in Table 4A.3. Siekhaus
et al. found the emitted charge increased strongly with laser target fluence
®. They found

Q/Qo = (D/®o)" (122)

with m =9 for SiO,, suggesting that the factor-of-3 more irradiance would
have achieved the emission we calculate for the von Gutfeld and Dreyfus experi-
ments on copper at ® = 6 J/cm?. Unfortunately, Siekhaus and colleagues did
no measurements on metals at high irradiance. Space charge limitation may
also have affected their results.
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4A.5. SUMMARY AND CONCLUSIONS

Laser ablation and plasma formation are discussed in the high-irradiance
regime, as it applies to LIMA work. Four regions of the laser—target interaction
are visualized to occur as one moves away from the target, mainly distinguished
by progressively longer collision times.

Four conditions were listed and explained, all of which must be satisfied
for the high-irradiance analysis to apply. These included irradiance above
the plasma formation threshold, a vacuum environment, surface absorption,
and sufficiently small targets. The concept of local thermodynamic equilibrium
(LTE) was discussed as it applies to the physics of pulsed laser—plasma
interaction.

A straightforward analysis based on plasma physics was shown to give
the expected mass ablation rate and total ablation depth. We reviewed experi-
mental data on ablation rate, ablation depth, and ion velocity from a wide
range of lasers and target materials and found that the analysis presented
in this chapter provided a very convenient way of organizing such data.

We further found that vacuum laser ablation rate and ablation depth for
many materials that are surface absorbers could be predicted quite well over
a very broad range of laser parameters.

In addition, we found that many ion experiments could be predicted
quantitatively if the velocity given by LTE plasma physics theory were en-
hanced by a constant factor \/ g~ \/ 10, derived from measurements of ion
flux at a distance from the target in one instance.

Finally, we reviewed a number of measurement techniques for the low-
density plasma plume created in a laser ablation experiment, including PPTD,
Langmuir probes, Faraday cages, laser microprobes, TOF, and laser-induced
fluorescence (LIF), and summarized results obtained with them.
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