Mass-spectrometric investigation of the neutral particles of alaser plasma
Yu. A. Bykovskil, S. M. Sil'nov, E. A. Sotnichenko, and B. A. Shestakov

Moscow Engineering-Physics Institute
(Submitted 5 June 1986)
Zh. Eksp. Teor. Fiz. 93, 500-508 (August 1987)

The physical processes ensuing from interaction of laser radiation with matter are investigated.
The results of experimental investigations of the plasma neutral component produced when
picosecond radiation acts on a solid target are reported. Preionized atomic beams are analyzed
with time-of-flight mass-spectrometry methods. The energy, velocity, and angular distribution of
the atoms are investigated, the integrated characteristics of the neutral beams are obtained, and
the mechanisms responsible for the energy spectra of the atoms in a radiation intensity interval

g = 107-10'W/cm? are described over the broad mass range from carbon to lead.

Recent measurements have shown that a plasma pro-
duced by a Q-switched laser is a powerful source of particles
of all kinds, including neutrals. The properties of laser plas-
mas were exhaustively investigated with the aim of develop-
ing particle sources for accelerators and mass spectrometers,
producing controlled thermonuclear power, etc. The ion
component of a laser plasma is analyzed most frequently by
time-of-flight mass-spectrometry. The energy, charge, and
angular distribution of singly and multiply ionized atomic
and molecular ions are investigated'™ in a wide range of
laser-beam intensities and for a large class of materials. Lit-
tle attention was paid earlier to the neutral component,
which contains, however, abundant information on the
physical processes involved in the production and develop-
ment of a plasma blob. Analysis of the energy and velocity
distribution of the atoms, of the mutual influence of the
charged and neutral particle streams, and of the interpreta-
tion of the ionization and recombination processes plays an
important role even for very high radiation intensities. The
use of streams of neutral atoms from a laser-induced plasma
as sources of atoms for charged-particle accelerators* is rel-
evant for the development of various devices that feed the
working medium into various discharge gaps of electrophy-
sical devices, for implementing methods of depositing thin
films by lasers,” and for other applications.

Our purpose was to investigate the mechanism whereby
the neutral component of a laser plasma is produced, and to
study the energy, velocity, and global characteristics of the
atom fluxes.

Atomic beams were recorded by ionizing the atoms by
various methods based on the use of a laser plasma as a
source of particles that ionize the investigated atoms and
permit analysis of the resulting ions. Neutral particles are
mass- and velocity-analyzed by time-of-flight mass-spec-

TABLE 1. Parameters of atom fluxes at laser-emission intensity limit.

trometry procedure. The experimental setup, the atom-diag-
nostics system, and the measurement procedure are de-
scribed in detail in Refs. 6-8. The diagnostic-system
sensitivity thresholds are estimated to be atomic density
10%-10° cm 3, atom flux 10'? at/min, and minimum record-
ed-particle energy 0.5 eV. The radiation sources were elec-
tro-optically Q-switched lasers delivering 60 mJ in a 10-ns
pulse at a wavelength A = 10.6 um in an intensity interval
107-10'° W/cm?.

1.EVAPORATION PROCESSES

The processes involved in metal evaporation by nano-
second laser pulses at low radiation intensities have been
investigated relatively little. The surface layer of the sample
is evaporated when the incident radiation exceeds a limiting
value ¢>¢,. The limiting values of g, of various materials are
gathered in Table I and differ significantly from the data for
longer millisecond pulses, for which ¢, = 10°~10° W/cm?.°
The radiation intensities that characterize the disintegration
of the sample surface are several times lower than the analo-
gous ones determined earlier by measuring the ion compo-
nent of the plasma.

The energy distributions of the atoms obtained by eva-
porating carbon, aluminum, cobalt, cadmium, and lead sam-
ples are shown, for the corresponding limiting values ¢, in
Fig. la:

1) the energy spectra have a regular shape (almost sym-
metric about the intensity maximum);

2) the energy spectra of the particles broaden monoton-
ically with atomic number and their intensity maxima shift
towards higher energies;

3) the atomic beam has a different energy limit for each
substance;

Target |g,, 10 N, 10| ger oV | e ev v’ U?)alcr Ym: kT, eV
Material |w/cm? "’ o ircm/s| 10* cmy/s | 1% cm/s ¢
C 8 3.2 2 0.3 58 2.4 4.3 0.25
Al 10 1.6 5 0.7 5.8 2.3 4.8 0.68
Co 8 1.6 8 1.1 5.0 1.9 4.8 1.5
Cd 2 241 18 2.8 5.9 2.2 4.5 2.5
Pb 1 3.3 21 3. 4.5 1.9 3.5 2.

Note. E 5 and v;? are the measured atom energies and velocities at the peaks of the spectra; E &

calc

and vg

are the energy and velocity of the directed motion, determined from the Maxwellian

distribution function; k7, is the plasma temperature and u,, is the gasdynamic expansion rate.
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FIG. 1. Energy (a) and velocity (b) spectra of C, Al, Co, Cd, and Pb
atoms at “limiting” laser-emission intensities ¢, and at d = 1 mm (light
circles—Maxwellian distribution functions).

4) the atom energies range from 0.5—4 eV for carbon to
12-40 eV for lead.

The atom velocities are (3-8)-10° cm/s and differ in-
significantly at the distribution maxima; v = (5-6)-10°
cm/s for all investigated materials.

The low values of ¢, and the shapes of the spectra indi-
cate that these atomic beams are produced by thermal evap-
oration. To determine the possible temperature of a beam,
and the energy and the directed velocity of the atoms, we
investigated the shapes of the particle velocity distributions
by comparing the experimentally obtained atom spectra
with the Maxwellian distribution function. The procedure
developed in Ref. 10 yielded for a Maxwellian distribution
the following relations for the number dN, /dE of neutral
particles recorded by the analyzer per unit energy interval,
the temperature 7, and the directed motion energy E,:

dN. 2 ( M )‘h (F—ee)
dE 2"\ onkT, @
[ (E'__e(p) ‘/z_E'o’/z]Z }
XpY — S
X exp{ kT TAQ,
kTo=(En—eq)(1=b"), E,=(E,—eq)b,

where M is the atom mass, n, the atom density, ¢ the gas-
dynamic “plasma potential,” E,, the energy at the maxi-
mum of the distribution, S the cross section area of the en-
trance diaphragm of the analyzer, 7 the duration of the atom
stream, () a solid angle determined by the geometry of the
analyzer, and the coefficients e @ and b are appropriately
defined in Ref. 10.

The result of the comparison of the Maxwellian distri-
bution function (light circles) with the experimentally ob-
tained one is shown in Fig. 1b and demonstrates the satisfac-
tory agreement between these relations; this undoubtedly
confirms the thermal origin of the atom formation. The ex-
perimentally obtained energy and velocity characteristics of
the atomic beams and the parameters determined from the
Maxwellian function at threshold intensity are summarized
in Table I. The maximum values of the gasdynamic atom
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expansion velocities were calculated from an equation of
Ref. 11 and are also listed in Table I:

5

10‘*( L )lh /
— ' US= — ;
1_'\{ v A cm/s

here v, is the speed of sound in the stream for the 7, obtained
for v = 5/3. The fact that the neutral particles have directed
velocities that are high compared with the thermal velocity
and are practically independent of the atomic weights of the
particles is evidence of gas-dynamic acceleration of the atom
bunches as they spread out into the vacuum. The velocity
distributions for elements with different atomic weights can-
not be approximated by a Maxwellian function with a single
parameter 7,, and the temperature of the neutral blob in-
creases with target atomic number.

We consider how the energy spectra of the atoms devel-
op as the laser-emission intensity increases, using as an ex-
ample the cobalt sample results shown in Fig. 2a. In the
range (8-16) 10’ W/cm 2 the number of thermal particles
increases without a substantial change of the spectrum shape
as the energy interval of the atoms broadens in the range 2
20 eV, while the maximum of the distribution shifts by 5~10
eV. As ¢ increases, the atom velocities (at the distribution
peak) increase from 6-10° to 11-10° cm/s in proportion to
g'/%. The integrated yield of the neutral fluxes varies in the
range (1-60)-10'? at/pulse, depending on the laser-emis-
sion intensity and on the sample material (see Fig. 4 below)

Unm =

2. INFLUENCE OF RECOMBINATION ON THE FORMATION OF
THE ATOMSPECTRA

A distinctive feature in the distributions of the atoms of
all elements as the incident-radiation energy increases is that
at a certain limiting value of ¢, the spectrum acquires a sec-
ond intensity maximum, and a group of particles appears in
the region of higher energies. The values of the “secondary
limiting” radiation intensities ¢, are listed in Table II. The
appearance of a group of high-energy particles (E > 40 eV)
in the neutral blob attests to a start of a recombination pro-
cess, with a correlation established between the ¢, and I,
(the ionization potential), and also between ¢, and E, + I,
(the sum of the binding energy of the atom in the lattice and
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FIG. 2. Energy distributions of Coatoms atd = 300um:a) 1 — ¢ = 9-107
W/cm?, 2 — 1-10° W/cm?, 3 —2-108 W/cm?, 4 — 3-10° W/cm?; b)
5—g=25-10°W/cm? 6 — 3.5-10° W/cm? 7 — 5-10° W/cm?.
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TABLE II. Second limiting intensities of the laser radiation.

Target an W/cm? LieV | E, +1 eV
Pb 1108 T4 9.4
Al 15408 59 9.2
cd 2108 17 11
Co 2108 79 12.4
C 5-10° 113 149

Note. I, is the first ionization potential; E, is the atomic binding energy.

the ionization potential. This, in turn, is evidence of the on-
set ionization and formation of a laser plasma, a process
characterized by quantities ¢, which are lower than the anal-
ogous values determined by measuring the ion component of
the plasma.’

We turn now to the cobalt-atom energy spectra shown
in Fig. 2. When the laser radiation intensity reaches 2-10%
W/cm? atoms appear in the blob with energies up to 200 eV,
gathered into a second particle-intensity maximum in the
vicinity of 40 eV ( Fig. 2a). This is followed by division of the
spectrum into two parts, with energies 10 and 60 eV at the
maxima. In the (4-10)-10® W/cm® band, the number of
atoms in the plasma continues to increase strongly as the
energies of the atoms in the beams increase to 700 eV, the
amplitude of the maximum of the energy spectrum increases
from E = 60 eV compared with the low-energy maximum, a
single maximum develops in the atom distributions at
E = 60¢eV, and groups of neutral particles appear with ener-
gies ~200 and 400 eV at the maxima. As g increases further
in the interval (1-5)-10° W/cm? (Fig. 2b), the growth of
the spectrum amplitudes slows down, the principal maxi-
mum shifts to the region (75-100) eV, and atoms with ener-
gies up to 1 keV are recorded. Above ¢>(5-7)-10° W/cm?
the number of neutral particles in the plasma begins to de-
crease, and atoms with energies up to 1.5 keV appear in the
spectrum. Similar dynamics was verified for the develop-
ment of the energy distributions of the atoms of all the mate-
rials investigated.

It has thus been established by experiment that when
the limiting energy of the incident radiation is reached, the
sample begins to evaporate intensively and, as the radiation
flux density increases further to the “second limiting” val-
ues, ionization of the evaporated matter begins, fast recom-
bination streams of the atoms appear, and a laser-induced
plasma is produced.

Analysis of the energy and velocity spectra of atoms of -

various elements and of the way they depend on the incident
radiation show that recombination strongly influences the
formation of the neutral component of a laser plasma. It is
therefore most convenient to track the evolution of the plas-
ma by comparing the energy spectra of the atoms with the
energy and charge spectra of the ions in a set of experiments
on manganese.' Atg = 1.1-10° W/cm? only singly charged
ions are produced in the energy interval 25-75 eV, with a
spectrum maximum at E =55 eV; in this case the atom-
energy range is 2-60 eV, and the maximum is in the region of
E =20 eV. When singly and doubly charged ions appear
with energies 100-200 eV, the atom spectrum broadens to
150 eV (¢ = 3-108 W-cm—?) and a second maximum of the
neutral particle intensity, due to recombination of singly
charged ions, is registered at £ = 50 eV. With further in-
crease of the laser-emission intensity, ions with higher
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FIG. 3. Energy spectra of atoms (top) and ions (bottom) of a laser-
induced magnesium plasma for ¢ = 4-10% W/cm?.

charges are produced and contribute to the distribution in
energies with z= +2, z= + 1 and z=10 (see Fig. 3).
When g increases to 5.5:10® and 1-10° W/cm?, the total
number of the high-energy neutral particles continues to
grow, the atom energies increase to 350 and 600 eV, respec-
tively, and the ion energies to 400 and 800 eV. A decrease
and shift of the first recombination maximum to the region
70-90 eV takes place in the distribution of the atoms, and
pronounced maxima of the particle intensities in the high
energy region (230 and 350 V) appear on the spectra. Con-
sequently, the intensity maxima that appear in the atom
spectra near energies typical of the ion component of the
laser plasma are produced by recombination of the ions with
z= +1,z= + 2,andz = + 3, and the distributions of the
atoms duplicate the bell shape typical of ions. A comparative
analysis of the distributions of the neutral and charged com-
ponents of a laser plasma reveals the following main pat-
terns:

1) on the whole, the energy ranges of the ions and atoms
are the same;

2) the limiting energies in atom spectra are lower than
for ions, and the difference between the right-hand boundar-
ies of the 1on and atom distributions increases with increase
of g; this is due to the “quenching” of the multiply charged
ions on the periphery of the plasma flare;

3) the maxima of the particle intensities in the atom.
spectra are shifted towards lower energies relative to the
maxima of the ion distributions.

The distribution of the neutral particles in energy de-
pends substantially on the initial dimension d of the plasma
blob, and the role of the recombination process increases
with increasing d.'? The energy spectra of manganese atoms,
obtained at different d = 300-900 gm but at equal irradia-
tion intensities, show that:

1) as d increases the maximum of the energy spectrum
broadens noticeably and shifts towards higher energies;

2) in view of the appearance of high-energy particles,
the absolute yield of atoms increases with dj;

3) the energy distribution changes shape mainly in the
recombination part of the spectrum.

The energy spectra of the neutral particles of a laser
plasma with E> 40 eV are thus determined exclusively by
recombination processes, yielding direct information on the
recombination.
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FIG. 4. Dispersal of Co atoms in angle: 1 —g=1,9-10° W/cm?
2 —2.4-10°W/cm? 3 — 5.3:10° W/cm? 4 — 7-10° W/cm?; 5 — 1.6-10°
W/cm?; 6 — 4-10° W/cm?.

3.ANGULAR DISPERSAL OF ATOMS

A feature of the angular dispersal of the atoms at
threshold intensities of the incident radiation g, is that the
energy spectra remain practically unchanged, except for the
absolute yield of the neutral particles. The angular dispersal
patterns at radiation intensities 1-10%-5-19° W/cm? are
shown in Fig. 4.

Analysis of the energy spectra and of the atoms at var-
ious dispersal angles with increase of ¢, and of the dispersal
diagrams, has shown the following:

1) the angular distributions and the dispersal diagrams
of the atoms stretch out along the normal to the sample and
as g increases they broaden significantly because the appear-
ance of a large number of recombination atoms in the solid
angle ) <45°

2) the emission angle of the high-energy atoms in-
creases monotonically with g;

3) the recombination atoms have the narrowest angular
distribution at the instant they appear in the plasma blob at
intensities ¢,;

4) as the angle between the atom emission from the
plasma blob and the normal to the sample is decreased, the
maximum (limiting) energies of the recorded atoms in-
crease, broaden, and shift towards higher energies;

5) the neutral component disperses into larger angles
with the normal to the sample (£2>60°) compared with the
ion component.

4. QUANTITATIVE PROPERTIES OF THE ATOM STREAMS

The number of atoms evaporated by the laser beam is
determined to a considerable degree by the thermophysical
properties of the samples. Table I1I lists the atomic yields of
the investigated materials at ¢ = 4- 10° W/cm? as function of
the atom binding energy in the crystal lattice and of the pa-
rameter [;/kT, taken from Ref. 13 and equal to the ratio of
the ionization potential to the critical temperature. The yield
of lead and cadmium atoms can exceed that of the other
elements by a factor of ten, owing to the low binding energy
and evaporation temperature, so that most laser energy is
used to increase the total number of evaporated atoms.

The measured number of thermal and recombination

TABLE III. Atomic yield from various targets at ¢ = 4- 108 W/cm?.

atoms, and the charged component, are shown for a cobalt
plasma as functions of the emission laser intensity in Fig 5.
As the radiation intensity increases in the plasma, but at
higher values an appreciable fraction of the radiation energy
goes to heat the plasma and to increase the average charge of
the ions and the translational energy. The thermal-atom
yield predominates only in the narrow radiation-intensity
interval (8-30)-10” W/cm?, i.e., between the first and sec-
ond limiting values, and reaches a maximum emission when
strong screening of the radiation by the evaporated matter
sets in. In the range (3-6) - 108 W/cm? the number of recom-
bination atoms is several times larger than the number of
atoms of thermal origin, and becomes more than 10-100
times larger starting with ¢>6-10 W/cm?. Experiment has
shown that in the emission intensity range 10°-10'© W/cm?
the charged component is 0.4 to 5% of the total number of
laser-plasma particles for a large number of materials.

These totals show that more than 95% of the particles
in an expanding laser-induced plasma blob are neutral and
constitute recombined atoms.

CONCLUSION

We have reported the results of a set of experiments on
the neutral plasma component produced by irradiating a sol-
id target with nanosecond laser pulses. We used a time-of-
flight spectrometer with preliminary ionization of the inves-
tigated atom streams. We studied in detail the energy,
velocity, and angular distributions of the atoms and the inte-
gral characteristics of the neutral streams, and described the
dynamics of the atom energy spectra in the radiation-inten-
sity interval 10’-10'® W/cm?, for elements in the wide mass
range from carbon to lead.

The energy spectrum of the laser-induced plasma atoms
was found to have a complex structure, consisting of a low-
energy part with atom energies from 0.5 to 40eV, and a high-
energy part from 40 eV to 1.5 keV. It was established that the
formation of high-energy atom beams is due entirely to re-
combination processes, and the atomic distribution in the
low-energy region is determined by thermal and secondary
mechanisms.

Intense thermal evaporation of the sample material sets
in at a certain threshold radiation energy. When higher (sec-
ond) threshold energy values are reached, ionization of the
evaporated cloud begins, a laser-induced plasma is pro-
duced, and recombination-atom streams appear. Up to
g = 5-10° W/cm? the radiation energy mainly increases the
number of both the netural and the charged particles in the
plasma, but at higher ¢ values an appreciable fraction of the
energy goes to plasma heating, to increase of the average
charge of the ion component, and to increase of the transla-
tional energies of the atoms and ions.

A comparative analysis of the charged and neutral com-

Target material

Ti Al Pb Cd
N, at/pulse 1-1013 3.1()13 5.401 7.1014
E,, eV 4.8 3.3 2.04 1.16
I,/kT. 6.7 86 17.3 371
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FIG. 5. Yield of laser-induced Co-plasma particles vs the emission intensi-
ties of the recombination atoms (1), thermal atoms (2), and ions (3).

ponents of the laser-produced plasma attests to the decisive
role played by the recombination in the dispersal of the
atomic particles and leads to the conclusion that more than
95% of the plasma consists (depending on the radiation in-
tensity) of neutral particles, the bulk of the latter being re-
combined atoms.

The study of the physical characteristics of the neutral
component of the laser component of the laser plasma, such
as the density, duration, and velocity of the atom streams
leads to specific recommendations concerning the use of a
laser-induced plasmoid as a source of neutral particles for
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electrophysical and nuclear-physical apparatus'* and for in-
dustry.
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