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Abstract: Atomic vapor laser isotope separation has been studied at the Institute for Advanced Studies for nuclear
purposes since 1982, and recently it has been questioned about its potentialities for the aerospace area. Many applica-
tions _from nuclear propulsion to electricity generation and space navigation have been found, which justify the study of
isotope separation for aerospace applications. One of the key process, and the first step for atomic vapor laser isotope
separation, is the production of a neutral vapor jet. This paper discussed the potentiality of using laser ablation as a tool
to generate neutral metal vapor jet for isotope separation purposes. The basis for the discussion is a set of experimental
results obtained at the Institute for Advanced Studies. The experiments were described, the results were analyzed using
basic theoretical treatment found in the literature, and it was concluded that laser ablation is a potential tool for the

generation of a neutral vapor jet for atomic vapor laser isotope separation purposes.
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INTRODUCTION

Both stable and radioactive isotopes have many important
applications in the aerospace area. Nuclear propulsion, based
in very compact and highly enriched »°U demanding nuclear
reactors, has been pointed as having great potential for deep
space navigation (Bennet, 2006). Electricity generation in
spacecrafts that travel far from the sun are in general based on
radioisotope thermoelectric generator (Bennet, 2006; Flicker
etal., 1964). Inertial sensors (accelerometers and gyrometers)
need special low losses waveguides and fibers, which can
be produced by combining different Si isotopes (Kato and
Lamont, 1977). Lithium niobate is an optical material broadly
used in electro-optics devices and circuits used in inertial
optical platforms: lithium niobate with low content of °Li is
shown to be less sensitive to cosmic radiation and to have a
longer operational life than the ordinary LiNb (Riley, 1999).
Magnetic and magneto-optical sensors responsivity can be
improved if isotope contents are considered (Itoh et al., 1999;
Kamada et al., 2009).
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Isotopes are separated in many different ways, depending on
the specific isotope, the desired amount, the production process,
and application. The most used isotope separation methods
are those based on centrifuges (Beams and Haynes, 1936;
Kholpanov et al., 1997), gas diffusion (Naylor and Backer,
1955), electromagnetic methods (Martynenko, 2009), thermal
diffusion (Furry et al., 1939; Rutherford, 1986), aecrodynamic
method (Becker et al., 1967), ion exchange and chemical
separation (Calusaru and Murgulescu, 1976; Kim ef al., 2001),
plasma centrifuge (Prasad and Krishnan, 1987; Del Bosco
et al., 1987), ion cyclotron resonance — ICR (Dolgolenko and
Muromkin, 2009; Louvet, 1995), atomic vapor laser isotope
separation — AVLIS (Schwab ef al., 1998; Paisner, 1988), and
molecular LIS — MLIS (Schwab et al., 1998; Jensen et al., 1982).

The main differences between two distinct isotopes are
mass, nuclear volume and nuclear spin. Most of the isotope
separation processes are based on mass difference, however,
the methods based on lasers, generally called LIS methods
rely on the subtle difference on electromagnetic radiation
absorption spectra (Mack and Arroe, 1956). The Institute
for Advanced Studies (IEAv) has studied isotope separation,
both in MLIS and AVLIS, mainly in uranium enrichment for
nuclear fuel production (Schwab et al., 1998).
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The isotope separation based on AVLIS process follows
three steps: production of a neutral atomic beam; selective
photoionization of the desired isotope, and collection of the
photoionized atoms.

The first step depends on the isotope to be separated: a
simple resistive heating can cause evaporation in low-melting
temperature materials, whereas, for high melting temperature
materials, electron beam heating is generally used (Schiller
et al., 1983). However, there are refractory materials for
which even electron beams cannot produce the desired vapor.

Short-laser pulses can remove a fraction of a target surface,
generating a plume made of neutral atoms, ions, clusters, and
droplets of liquified material (Amoruso ef al., 1999; Capitelli
et al.,2004; Noll, 2012). Such process is called laser ablation.
Near the target surface, both atoms and ions are in excited
states and tend to decay to the ground or metastable state as
the plume expands (Kools ef al., 1992). As far as the neutral
fraction can be separated from the rest of the plume, laser
ablation could be used as a neutral jet source for AVLIS.

All the references mentioned in the last paragraph
deal with the behavior of the plasma in the target vicinity.
However, the interest for isotope separation is far from the
target surface, where the plume is not collisional anymore and
most of the ions and neutral atoms have decayed to the ground
or metastable states.

This paper presents an experimental study in order to
investigate the assumption that laser ablation can be used to
prepare a neutral atomic jet for AVLIS purposes. Firstly, laser
ablation is discussed in the thermal regime, and the relevant
parameters are presented. The experiments are described and
the results are analyzed using basic theoretical models found
in the literature. It is concluded that, under our experimental
conditions, laser ablation is indeed a potential method for
neutral jet production for further isotope separation, at least
when tiny amounts of material are desired.

LASER ABLATION

Laser ablation is the general designation for the material
removal, from a solid or liquid surface, by short laser pulses.
In this paper, only the so-called thermal laser ablation will be
considered since it corresponds to the present experimental
conditions (Amoruso ef al., 1999). If a laser pulse illuminates
an area A of a solid target, a fraction a, of the pulse will be
absorbed. If the target is metallic or a strong absorber, the
laser energy will be absorbed in a very thin layer with the
thickness given by the optical penetration length. For instance,
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for metals illuminated by light in the visible, the optical
penetration length is typically much smaller than the radiation
wavelength (Born and Wolf, 2002). It is reasonable to suppose
that all the laser pulse energy is absorbed in the target surface
and transmitted to the target volume through heat conduction.
During the pulse duration z, the heat penetrates the sample a
depth given by the thermal diffusion length (Eq. 1):

L, = J4xT, (1)

where,
x: 1s the thermal diffusion coefficient.

Usually, in thermal ablation experimental conditions,
the diameter of the illuminated area is much larger then L,
and the heat conduction can be treated as a ‘semi-infinite
solid uniformly illuminated’ problem and the target surface
temperature, at the end of the laser pulse, will be as in Eq. 2
(Duley, 1976):

_ 2a’4 ]0 ﬂ 1/2
T(0) = T+ =), ©)
where,

T, is the target temperature before the laser pulse,

1 is the laser intensity (power/illuminated area), and

K: is the thermal conductivity.

The mass m_ removed from one single laser pulse can be
estimated by using calorimetry and neglecting the solid-liquid
phase transformation and the temperature dependence on the
specific heat ¢, as in Eq. 3:

as&,
c:AT+ Ly’ 3)

MmMeg —

where,

g,: is the pulse energy,

AT: is the temperature variation from the room until the
boiling temperature, and

L, is the vaporization enthalpy.

EXPERIMENTS

Figure 1 presents the basic experimental setup: the laser
beam is focused on the sample surface, forming a 45° angle by
a 200 mm focal length positive quartz lens; the sample is fixed
to a computer controlled xy table, and the sensor is placed
in the plume path, at different distances from the sample.
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Figure 1. General experimental setup.

These experiments were performed in vacuum (~10% mbar),
and three different sensors were used: a mass spectrometer, a
piezoelectric polyvinylidene difluoride (PDVF) film, and an
electrostatic probe. Three different lasers were used with the
characteristics given in the Table 1.

A set of experiments of emission spectroscopy was accom-
plished in air. In such cases, a fraction of the light emitted by
the plume was collected by a quartz lens, coupled to 500 um
core optical fiber, delivered to an Ocean Optics spectrometer
model HR4000 and later analyzed.

Mass spectrometry

In this set of experiments, the measuring device was a
Pfeiffer quadrupole mass spectrometer model QMS-300,
placed either at 10 or 25 cm from the target, with the ion
collector placed orthogonally to the plume pathway. The lasers
used in these experiments were the CuHBr and the CVL.
Stainless steel, nickel, copper, tungsten, and tantalum targets
were analyzed in two different measurements: the first with the

Table 1. Laser parameters

Parameter CVL CuHBr Nd-YAG
Wavelength (nm) 511/578 355
Pulse width (ns) 40 35 25
Repetition rate (kHz) 5 16 2
Pulse energy (mJ)* 2.5 1 0.23
Peak power (kW)* 60 29 9.2
Average power (W)* 12.5 16 0.46
Iluminated area (cm?) 1.1 x10% 1.5x10% 6.3 x10°
Beam quality — M? 16.7 6 1.7
Peak power density (W/ecm?)** 53 x 10% 2.0 x 10° 1.5 x 10°
Fluency (J/cm?) 22 66 37

* maximum values; ** maximum value at target surface.
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mass spectrometer ionization sector turned off and the second
with the ionization sector turned on. With the ionization off,
the ions captured by the mass spectrometer were only those
produced in the laser ablation. With the ionization sector on,
ions produced by impact of neutral atoms with electrons were
added to those produced by laser ablation. For the stainless
steel sample and the ionization sector turned off, peaks for Fe
and Cr were observed, the main components of steel, and only
singly ionized single atoms were present in the spectrograms,
or rather, there were no peaks corresponding to ions doubly or
highly ionized, not even for particles with the double of the
unitary mass. For the ionization sector turned on, the spectra
remained relatively the same, only the amplitude increased
by a factor of about two. Although it is not possible to obtain
quantitative information from this factor, because it is not clear
which fraction of the neutral atoms are ionized in the ionization
sector, it indicates that the ion and neutral populations have
roughly the same order of magnitude. The same behavior was
observed with all the remaining samples: only peaks due to
single atoms singly ionized were observed. It is known that
the plume generated by laser ablation is always followed by
droplets; however, they were not seen in the mass spectrograms
because the droplet mass was much above the mass
spectrometer upper limit (300 amu). Thus, in our experimental
conditions, except for the droplets, the monitored plume was
mainly made of single atoms (neutral or singly ionized).

PVDF sensor

The PVDF is a polymer that exhibits pyro and piezoelectric
properties, and PVDF films are suitable for time-of-flight
(TOF) characterization in laser ablation experiments. It is
very convenient to measure the plume drift velocity (center of
mass velocity) and translational temperature both for neutral
or ionized atoms. It is well-accepted that the plume generated
by laser ablation of single element targets, far from the target
surface, is mainly made of a bunch of atoms, which expand
according to a maxwellian velocity distribution with a drift
velocity; since the PVDF film responds to the plume as a
pressure transducer, its TOF signal is given by Eq. 4 (Gido
et al., 2004):

4)

1 _.m (I _ ¥
S(t)oct5exp[ 2kﬂTz<f Vo).

Considering the PVDF signal and fitting to Eq. 4, it is
possible to obtain the drift velocity v, and the translational
temperature 7 . These experiments were performed with a
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HyBrID-copper laser and Fig. 2 provides a typical PVDF
TOF signal, with the sensor placed 10 cm far from a tungsten
sample; the solid lines indicate the PVDF signal and the
dashed line represents the best fitting to Eq. 4. Table 2 gives
some typical figures obtained during these experiments.

1,0 4
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0,6 -

04 4

Normalized signal

0,2

0,0 T . T T T ]
0 10 20 30 40 50 60
Time (ps)
Figure 2. PVDF signal (solid line) and a best fit for Eq. 5 (dashed

line) for ablation of tungsten with CuHBr laser.

Table 2. Plume parameters for ablation of tungsten targets measured
with the PVDF sensor.
Target Tungsten
Laser CuHBr
Translational temperature (K) 8.8 x 10*—9.1 x 10*
Drift velocity (km/s) 4.65-4.74

Electrostatic probe

The electrostatic probe is convenient to measure drift
velocity, translational temperature of ions, ion density, electron
density and temperature (Chung, 1975). One electrostatic probe,
made of a 10 mm long and 250 um diameter tungsten wire,
placed transversely to the plume, at distances ranging from 4 to
20 cm from the target, was used to study the plasma generated
by ablation of tungsten targets. Firstly, the TOF signal of the
ions was studied with the probe polarized at a -10 V voltage.

Later, the electrostatic probe was used to evaluate the
charge densities and electron temperature. Figure 3 shows
the probe current signal time behavior for different probe
electric potentials in experiments with the CuHBr laser and
W targets. The noise around 5 x 10°s is from laser electric
discharge pulses, and it was taken as reference for triggering
the oscilloscope. The peak values of the probe current curves
were plotted against the polarization voltage, giving rise to
the Langmuir curve. From this curve, the charge densities
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and electron temperature were evaluated, considering the
hydrodynamic expansion approach (Koopman, 1971). This
experiment was repeated with aluminum and tungsten targets,
ablated by CVL laser, and for copper samples, ablated by the
Nd-YAG one. Typical results are shown in Table 3.
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Probe current (LA)

-0,08 |

-0,10 |

-0,12 I 1 N 1 . 1 " 1 N 1 . I n J
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Time (s)

Figure 3. Temporal behavior of the probe current in different voltages,

for ablation of tungsten samples with the CuHBr laser.

Table 3. Plasma parameters for ablation of different targets and
lasers, measured with the electrostatic probe. All the listed

figures are peak values.

Target Copper Aluminum Tungsten Tungsten
Laser CVL CVL CuHBr CVL
Ton ?rfl‘_ﬁs)‘ty 3.4x10'  23x10'  2.4x107  1.3x10%
Elec(z;?g density jyx10is 32x10%  6.3%10°5 3.9x10
Electron temperature

(V) 15 19 28 15
Drift velocity

(km/s) 8-10 813 5.4 6-10

Emission spectra

Laser induced breakdown spectroscopy (LIBS) experiments
in air were made with copper, graphite, molybdenum, alumina,
and beach sand samples in order to investigate the composition
of the expanding plume. The plume light emission in our
experimental conditions vanishes for distances larger than 3 or
4 mm and thus the experiments were performed just above the
target surface and not at the same distances, as in the case of
the PVDF and electrostatic probe experiments.

For the three first targets, since they were single element
samples, the line attribution was made by comparing
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the measured spectrum with a simplified synthetic one,
considering only the sample constituent element. The
synthetic spectrum was built by adding lorentzian curves with
peak values given by the Einstein 4 coefficient, taken from
the National Institute of Standards and Technology transitions
database (NIST, 2012), and with the linewidth equals to
the instrument resolution (1.5 nm). Figure 4 compares the
measured (black) and synthetic (gray) spectra for the copper
sample, in 450 to 550 nm.

In the case of alumina targets, besides the aluminum and
the oxygen, nitrogen and sodium in the synthetic spectra were
also considered.

The experiments with beach sand were performed in order
to examine the separation potentiality of our experimental
setup for very complex targets. Ordinary beach sand was
heat dried, pressed and sintered with the purpose of getting
compact samples, which have a very complex composition
and are inhomogeneous, i.e., the spectrum depends on the
position the laser strikes the sample surface. It was not possible
to build a synthetic spectrum because of the complexity
and lack of information about the sample composition. We
focused our attention to some peaks that are repetitive and
very distinct from the background, by comparing their
resonance wavelength with the NIST database. Several of the
more intense observed lines were due to sodium and silicon,
as shown in Fig. 5.

With regards to Mo samples, a Jobyn-Yvon spectrometer
model TRIAX 550, with a 0.025 nm resolution (at 546 nm), was
also used and plasma temperature was measured by means of
the Boltzmann plot method (Amoruso et al., 1999). The plasma
temperature was about 0.9 eV, in agreement with results found
in the literature for spectroscopic measurements (Noll, 2012;
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Figure 4. Comparison between measured (black line) and synthetic

(gray line) spectra for copper samples.
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Figure 5. A typical sand LIBS spectrum. The saturated peak around

355 nm is due to the scattering of the laser beam.

Capitelli et al., 2004), but in contrast with the results obtained
in this work with Langmuir probe for other metallic samples.

ANALYSIS

In order to establish the magnitudes this work refers to, let
us consider the experiments performed with tungsten targets
and the CuHBr laser. The tungsten properties are: a, = 0.493
for 2 =511 nm; K = 1.74 W/(cm °C), k = 0.7 cm?/s , atomic
mass M, = 183.84 amu, ¢, = 0.133 J/(g °C), L, = 4.48 kl/g,
and p,, = 19.3 g/cm’. The laser parameters are provided in
Table 1. With these, 7(0) =~ 100.000 K. This temperature is
much higher than the tungsten boiling point of 5,930 K (Lide,
1996), and before the surface had achieved this temperature
level, a fraction of the sample had been evaporated and
ejected, starting the formation of the ablation plume. This
evaluation was done without taking changes of the thermal
parameters with temperature into consideration, and without
considering the interaction of the laser beam with the ejected
plume. However, the value is in the same order of magnitude
as the translational temperature measured, both with the PVDF
sensor and the electrostatic probe. It means that the laser pulse
energy is in some way delivered to the ejected plume.

Using Eq. 3, the mass that is removed in one single pulse
is estimated in m_ = 1.0 x 1077 g, which implies that, taking the
laser repetition rate of 16 kHz, the ejected mass rate is about 5
g/h. This evaluation requires some care, and some fraction of
the removed material expands as clusters and/or droplets. The
following calculations assume that all the removed material is
made of atoms (neutral or ionized). Thus, the obtained figures
must be faced as limit values, which are useful only to provide
orders of magnitudes for the analyzed parameters.
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If one takes an intermediate value for the expansion
velocity (drift velocity) of v, = 5 x 10° m/s, at the end of the
laser pulse the plume will expand a distance given by L =v
~ 175 pum. The particle density (number of particles per unity
of volume) at the end of the laser pulse can estimate if it is
assumed that all evaporated material had been expanded to a
volume given by a hemisphere with radius L, as in Eq. 5:

-Ziy$m2a29x10%mﬁ. (5)

The mean free path is given by Eq. 6:

1
no.

L,= = 560nm, (6)
where:
o.: the collisional cross section was estimated taking the
tungsten atomic radius (1,41 A) and thus 0.~ 6.2 barn.

Time between two successive collisions is given by Eq. 7:

Tc = Ly = 166ps 7,
Vr
where:

v,: is the thermal velocity, calculated by taking the temperature
of 100.000 K previously estimated.

Or rather, during a time period equivalent to the laser pulse
duration, more than 200 collisions between particles happen in
the plume. Kools et al. (1992), using Monte Carlo calculations,
showed that only about four collisions are necessary for
thermalization in the expanding plume. Thus, it is reasonable to
consider that the plume expands similarly to a gas in equilibrium
at high temperature and pressure, confined to a small volume,
which is suddenly released to expand into vacuum.

The particle density decreases as the plume expands and,
after some distance, the plume is not collisional anymore.
To estimate this distance, it is considered that the particle
density decays with the distance from the target surface
according to Eq. 8,

L 3
n() = n(L)(*) (8)
and that the plume stops being collisional when the mean free
path is in the same order of magnitude as the plume size L,

thus substituting Eq. 8 into 6, one has Eq. 9:

Lye = \/l’l(LE)O‘cLSE = 3.1mm. (9)
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If one considers a 5 km/s expanding velocity, the time to
expand until L . is in the order of 600 ns.

Therefore, for the experimental conditions presented in
this work, after an expansion of about 3 mm, the plume is
not collisional anymore and the interaction between particles
from this point on is essentially electrostatic. Basically, two
kinds of behavior are expected, for low densities the charged
particles behave like free particles and for high densities they
have a collective (plasma) behavior. The figure of merit that
allows identifying the particles’ behavior is the Debye Length
L, given by Eq. 10:

&o kBE >l/2

Lpy = < qu,

(10)
Taking the electron densities and temperatures from
Table 3, the Debye length ranges from 0.5 to 2.6 mm in the
present experimental conditions. Therefore, the plume typical
dimensions are in the same order of magnitude as the Debye
length and the particles’behavior is in the transition between the
individual particles and plasma behavior regimes. It suggests
that the charged particles (ions mainly) can be separated by
the application of an electric field between electrodes apart
from distances in the range of few millimeters and that the
remaining plume fraction will be made of single atoms.

The same calculation was repeated for copper and
aluminum, and the results, together with the values for
tungsten, are presented in Table 4. The figures are very close
and the same comments made for tungsten are also applicable
for copper and aluminum.

Table 4. Estimated plume parameters for tungsten, copper, and
aluminum, using the same calculation procedure described
in “Analysis”. The material constants were taken from Lide
(1996), laser parameters from the CVL laser in Table 1 and

plasma parameters from Table 3.

Parameters Tungsten Copper Aluminum
Temperature at the surface (K)* 1.0x10° 1.0x10* 1.4x10*
ﬁfg‘};‘:lvl:g)ma“perp“lse 1.0x10"0  1.6x10" 6.7x1012
Atom density (m?)* 2.9x10%  1.3x10% 1.3x10%
Mean free path (m) 5.6x107  1.5x10° 1.2x10°
L. (m) 3.1x10°  1.9x10°¢ 2.1x10°
Debye length (m) 5.0x10*  8.0x10* 1.8x10?

* at the end of the laser pulse.

J. Aerosp. Technol. Manag., Sdo José dos Campos, Vol.4, No 4, pp. 413-420, Oct.-Dec., 2012



Generation of an Atomic Beam by Using Laser Ablation for Isotope Separation Purposes

CONCLUSIONS

In this work, several materials were evaluated in different
experiments of laser ablation, using low energy (~ mJ per
pulse), high repetition rate (~ tens of kHz) lasers in the visible
and in the near ultraviolet, with pulse width in the range of tens
of nanoseconds. The ablation experiments were in the thermal
regime, with energy density in the range of tens of J/cm? and
intensities of about 10° W/cm?. The set of results for these
experimental conditions leads to the following conclusions:

* a significant fraction of the plume generated by laser
ablation is made of single atoms (neutral or ionized), even
if complex targets are used;

+ the ions and neutral atoms density are in the same order of
magnitude;

+ for distances greater than few millimeters, the plume is no
longer collisional,

+ at distances larger than 10 cm from the target, the Debye
length is such that the charged fraction of the plume can be
separated by the application of electromagnetic fields;

+ ablation rates of about 5 g/h are possible.

In short, it is possible, using laser ablation, to generate an
atomic beam adequate for AVLIS purpose. This is possible
even for very complex targets, such as ores. The main
limitation is the small amount of material that is removed,
limiting the method for the separation of small amounts of
material. This is a severe limitation for the separation of
materials that are needed in large amounts, such as uranium,
however it is adequate for the separation of materials used in
photonics or in magneto-optic sensors, which require small
amounts of isotopes.
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