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7.1

INTRODUCTION

Laser-induced chemistry is an exciting and expanding field, which has led to commercial spin-off opportunities, such as the separation of isotopes of a given atom by
means of selective laser-induced dissociation of a molecular structure containing
those isotopes. This process, sometimes referred to as isotope enrichment, or just
plain enrichment, is often the result of the molecule absorbing multiple photons,
usually from an intense laser source. When a molecule is highly excited, it absorbs
laser radiation by resonance, leading to dissociation of the weakest bonds. When the
absorbed energy exceeds the dissociation energy of the weakest bond, the molecule
undergoes decomposition. The trick is to make the absorption selective, so that only
those molecules containing a particular isotope undergo this decomposition. One
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usually chooses the initial molecule so that after decomposition, the final molecule
differs from the original in some chemical or physical way. For example, one might
choose the initial molecule to be in gas form, which forms solid decomposition products. The isotopes of a given atom are then separated by conventional techniques,
which, in our example, would be a phase separation (separating the solids from the
gases).
Since the suggestion first appeared that the absorption of laser radiation and the
subsequent decomposition of molecules could be isotopically selective, a good deal
of work has gone into demonstrating this. The focus has been on several isotopes
of commercial interest, with somewhat divergent absorption properties, and consequently multiple-laser systems have been investigated as the source of the radiation,
covering the spectral range from the vacuum ultraviolet to the far infrared. Infrared
lasers have, for example, been used in investigating the enrichment of uranium for
nuclear fuel, and the separation of 12C isotopes for better thermal management in
electronic circuitry. Although laser-induced chemistry and laser isotope separation
have received much attention in the past, very little of the initial expectations have
been realized commercially. The obstacles to successful commercialization to date
have been as follows:
i. The cost of producing laser photons (or laser energy)
ii. The utilization of these photons on an industrial scale
The first obstacle has more or less been removed in the case of CO2 laser photons:
running and capital costs have decreased over the past decade to a level that the
industrial applications of infrared selective isotope separation have become feasible
and economically viable (although photons are still very expensive as compared to
electrical energy). This reduction in cost is mostly due to a maturing technology—
optics, for example, costs less than before, and lasts longer. The second obstacle (part
[ii]) is the more challenging concern, as it must be rigorously addressed if the use
of the photons is to be optimized for the intended purpose. For example, if photons
are wasted at the source, along the delivery path, or at the target, the economics
of the enrichment process will become prohibitive, particularly if the photons are
expensive to start with. Another way to express this criterion is in the specific energy
consumption of the chemistry process (measured perhaps in moles of product dissociated per joule of laser energy consumed), including all the photon losses from the
source to the point where the laser beam is finally discarded. As we will discuss, this
economical parameter is closely connected to the control of the shape of the laser
beam. For now it is enough to note that it is imperative that most of the laser photons
be utilized in the separation process, and not lost on optics, or during propagation, or
simply as heat in the interaction medium. This is what we refer to as optimizing the
photon utilization of the process.
All of the interaction processes of laser beams and gas media in multiple-photon
dissociation processes are based on nonlinear dependences of the laser beam intensity, with the result that the spatial and temporal distribution of the laser beam is
of the utmost importance. Assume for the moment that we have applied our minds
to the losses along the delivery path, and have come up with a suitably efficient
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delivery system, with optical components chosen to minimize the energy loss from
the source to target. In our case, the target would be a reactor chamber where the
photons interact with the molecules to be dissociated. Also assume that we have
chosen the most efficient lasers possible for the task. That leaves only the reactor
itself to consider. Invariably the reactor geometry is fixed (perhaps for gas handling reasons, or to satisfy gas flow constraints), and so very little leeway exists
for reactor changes in order to optimize the use of the photons. Thus, good photon
utilization must be achieved by making changes to the beam itself. One parameter
to be addressed is the intensity distribution of the laser beam, which we will refer
to as the beam shape. Without careful attention to the beam shape, the dissociation process becomes uneconomical. At first this would appear to be a relatively
easy problem to solve. After all, several beam shaping options have matured to the
extent that they could be used in a commercial laser plant. However, long reactor
path lengths and multiple beams (often of differing wavelengths) often complicate
the problem.
In this chapter, we will introduce some of the important variables in an isotope
separation process and show how the beam shape influences the commercial success
of the process. Rather than discuss the topic from a general perspective, we will use
carbon isotope separation as a case study to illustrate the practical aspects of this
application. Carbon isotope separation is topical because of the present and future
benefits of monoisotopic carbon. In the medical industry, the 13C isotope is already
used as a tracer in special compounds, whereas 12C has potentially huge benefits for
the semiconductor industry as a solution to the heat removal problem in computer
circuitry (isotopically pure diamond has a far greater heat conductivity than conventional diamond). Finally, we offer an up-to-date synopsis of progress in laser-based
isotope separation.

7.2 MULTIPLE-PHOTON INFRA-RED EXCITATION
Multiple-photon infra-red (IR) excitation is the absorption of many IR photons by a
single molecule; often these photons differ in frequency, requiring various sources
to be used in the process. Observation of this phenomenon is only possible with the
high-intensity sources typical of lasers. The physical process is well understood: a
molecule absorbs light by interaction of its electrical dipole with the oscillating electric field of the source. This causes the molecule to start vibrating: radiant energy has
been transformed into vibrational energy. If the molecule were an ideal oscillator,
the successive vibrational levels would be equally spaced. However, all real molecules deviate from this, due to the fact that the restoring force drops to zero as the
bonds stretch further toward breakage (dissociation). Therefore, all real molecules
are anharmonic, which means that the spacing between adjacent vibrational levels
decreases (is red shifted) with increasing energy.
The energy of an IR photon is very small, and is much less than the energy
required to produce dissociation or even chemical reactions. Typically, between
15 and 65 photons are required to dissociate a stable molecule at room temperature. If the laser frequency is selected so that it matches the frequency difference
of the first two vibrational levels of the molecule, then due to the anharmonicity,
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it would very soon be out of resonance as the molecule is excited to higher and
higher vibrational levels. It therefore seemed improbable that a molecule could be
excited via a multiple-photon process—how would the remaining photons be in
resonance with the molecule? However, during the 1970s several experiments at
the Institute of Spectroscopy in Troitzk [1], and at Los Alamos [2], clearly demonstrated that molecules could be excited via a multiple-photon process under certain
conditions.
In multiple-photon processes, a molecule with a vibrational absorption band
close to the frequency of the irradiating laser can absorb many photons and
dissociate without the aid of collisions. The complete analysis of the multiplephoton effect is a complex theoretical problem. Effects that need to be included
in such a model are, among others, anharmonicity, coriolis coupling, octahedral splitting, bandwidth considerations of the laser, absorption in the so-called
quasi-continuum as well as the unimolecular dissociation of the excited molecule
[1–10].
Multiple-photon excitation of a polyatomic molecule by an intense IR laser beam
can be divided into three distinct regimes, as shown diagrammatically in Figure 7.1.
The initial process is the resonant excitation of the low-lying vibrational transitions
(discrete levels), the second stage consists of stimulated transitions in the vibrational
quasi-continuum and, finally, photochemical transformation of the highly excited
molecules (above the dissociation limit).
The excitation of the lower vibrational levels is of particular interest in isotope
separation since this stage of the process determines the isotope selectivity of the
multiple-photon process. A nonselective process would imply that both isotopes have
been excited. This could happen if the bandwidth of the source is too large, overlapping with the absorption bands of both isotopes. The excitation of these lower levels
is through multistep resonant multiple-photon excitations of successive vibrational
levels. Anharmonicity causes a frequency detuning of successive vibrational levels,

Continuum
Dissociation limit
Quasi-continuum
Stochastization onset
3
2
1

Discrete levels

0

FIGURE 7.1 A simple model of multiple-photon dissociation of a molecule by an IR laser.
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which would prevent resonant excitation beyond one or two vibrational levels. This
is compensated for by the rotational levels of the molecule, and the anharmonic splitting of the higher vibrational levels. Thus, the same photon frequency can be used
to excite the molecule.
The excitation of the lower vibrational levels is a coherent process, and a proper
treatment of this subject requires a quantum mechanical model. As the energy of
the excited molecule increases, so the density of vibrational states increases sharply.
At some level of excitation, a coupling occurs between the overtones of the specific
mode that is excited and the background of states.
The Hamiltonian for a molecule near the equilibrium position can be written as
follows [3]:
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Where qi and pi are the normal momenta and coordinates, respectively.
If the second term in Equation 7.1 is small, then one finds s independent harmonic
oscillators, each with its own frequency. This simple picture is a good approximation
at low vibrational energies but becomes increasingly inaccurate at higher vibrational
energies. As the vibrational energy of the molecule increases, so the higher-order
terms in the equation above increase faster than the quadratic ones. The result is
that the normal modes start to intermix, giving rise to a change in the intramolecular dynamics. The motion changes from quasi-periodic to stochastic motion. The
vibrational energy where this starts to occur is called the stochastization energy.
The interested reader is referred to reference [3] for a more detailed explanation
of this subject. The result of this stochastization is that the transition spectrum at
high excitation energies forms a wide band, which is termed the vibrational quasicontinuum. If the energy of the excitation laser is high enough, then it is possible to
excite the molecule to higher energy levels even though the absorption cross section
of the transition is small. Owing to anharmonicity, there is a significant red shift
with increasing energy. This would mean that as the molecule is excited to higher
and higher energy levels, so the optimum excitation frequency would shift to the
red. It is for this reason that more than one excitation laser is sometimes used in a
multiple-photon excitation process.
Sometimes simple rate equations (also known as kinetic equations) can be used
to model the excitation of a molecule. An excitation that can be described using rate
equations is sometimes referred to as an incoherent process. Usually this approximation can be used when factors are present that would cause the broadening of
the spectral lines. For example, if the line width of a transition is much larger than
the power broadening introduced by the lasers, then the rate equations give a good
approximation. This is the case in the quasi-continuum where the combined absorption band is much larger than the power broadening, and therefore rate equations can
be used. Using the transitions in the quasi-continuum, a molecule can accumulate
enough energy to exceed the dissociation energy. Owing to the fact that there are
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many combinations of vibrational overtones that can participate in the absorption in
the quasi-continuum, the energy will be distributed over many vibrational modes.
If the vibrational energy of a molecule exceeds the dissociation threshold, then the
molecule can decay spontaneously. The dissociation energy is the breaking energy
of the weakest bond. However, the vibrational energy of the molecule will generally
be distributed over all the vibrational degrees of freedom of the molecule. Therefore,
a fluctuation is required to produce enough energy in the weakest bond for it to be
larger than the dissociation energy. This is a statistical process and is analogous to
water sloshing around in a bucket; at some stage enough of the energy will be concentrated in a specific degree of freedom (vibrational mode), and a drop of water will fall
out of the bucket (the bond will break). The theory that is used to calculate the unimolecular decay is called the Rice–Ramsperger–Kassel–Marcus (RRKM) theory [11].

7.3 ISOTOPE SEPARATION BY LASER DISSOCIATION
Isotope shifts in atomic and molecular spectra are caused by mass differences of the
isotopes, nuclear spin, and variations in nuclear volume. Laser isotope separation
is based on these isotope shifts. In general, laser isotope separation is divided into
the atomic route and the molecular route. In the atomic route, a low pressure metal
vapor is generated, and then radiated by tuneable visible lasers. The lasers selectively
excite the atoms until the atoms of a given isotope are ionized, thereby producing a
selectively ionized species. The isotopes can then be separated electromagnetically.
In the molecular route, selective absorption in the infrared is used to excite the
vibrational modes of the selected molecule. Since each isotope has a slightly different mode frequency, it is possible to excite selectively by careful choice of laser wavelength and bandwidth. An additional IR or UV laser can then either dissociate the
excited molecules or facilitate their participation in a chemical reaction, whereas the
unexcited molecule does not dissociate or react. After dissociating, the selected molecule with the required isotope is in a different chemical state to the other isotope(s),
and can therefore be separated chemically. Multiple-photon excitation using infrared
lasers usually refers to the molecular route, and the isotope separation technique
based on this is called Molecular Laser Isotope Separation (MLIS).
For example, the enrichment of 12C by the MLIS process involves photons from
CO2 laser systems irradiating Freon gas. Under ideal conditions, the resulting transformation is given by the following reaction:
13

13

× hv
CHClF2 (g) + 12CHClF2 (g) n
→ C2 F4 (s) + 12CHClF2 (g) + by-products

(7.2)

In Equation 7.2, the Freon gas (CHClF2) is shown in its two stable forms—that where
the carbon atom in the molecule is 13C, and that where it is 12C. The initial ratio of
the two gases (right hand side of Equation 7.2) would match the natural isotopic ratio
of 13C to 12C; thus, nearly 99% of all the carbon atoms are 12C. This gas is then irradiated by photons (n × hν). In this case, the laser photons (hν) are carefully chosen
to interact with only a single vibrational frequency of the selected isotope (13C).
Once the selected bond in the 13C Freon molecule is broken (at dissociation), the
resulting radical reacts chemically with other radicals to form the solid C2F4. In an
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ideal scenario, the Freon molecule containing the 12C isotope does not dissociate,
and remains in the Freon form (gas phase). Since the 12C isotope is now in the solid
phase as C2F4, conventional chemical processes can be used to (easily) separate the
two isotopes.
In the case of molecules, the isotope shift in the absorption spectrum is a result
of the variation in isotope mass. Usually a molecule has a large number of molecular modes. However, only those in which the centre of symmetry of the molecule is
disturbed show isotope shifts. This means that for certain normal vibrational modes,
the absorption wavelength of two isotopes will be different; this is called the isotope
shift of the absorption spectrum. The spectrum of a molecule is in reality made up
of the superposition of rotational transitions, as well as from contributions arising
from vibrational transitions of the thermally populated hot bands. This can be detrimental to isotope selectivity and for this reason the molecules are usually cooled,
eliminating the contribution of the hot bands to the spectrum. A widely used method
of cooling the gas while still keeping it in the gas phase is to use flow cooling through
a supersonic de Laval type nozzle, as shown in Figure 7.2.
Lasers required for molecular laser isotope separation face severe technical challenges. Usually the lasers would be used in an industrial plant, which would require
continuous operation (24 hours a day, seven days a week). In addition, the throughput
in the plant is to a large extent determined by the pulse repetition rate of the lasers.
For example, pulse repetition rates needed for a uranium enrichment plant should be
approximately 16 kHz. Additional complications are the high pulse energies required
for the multiple-photon process (typically 1 J per pulse), and the fact that the lasers
sometimes need to be continuously tuneable (which in the case of pulsed CO2 lasers
means that the laser will be operated at a high pressure). Because the isotope shift in
the molecule’s absorption spectrum is usually rather small, frequency stable, narrow
bandwidth operation of the lasers is often required. For the case of UF6, the absorption band is in the 16 μm wavelength region, but no commercial lasers satisfying
all the above requirements are available in this region. Therefore, the stimulated
Raman scattering process is used to shift the wavelength of a TEA-CO2 laser from
the 10 μm wavelength region to the 16 μm wavelength region. This process usually

Process
gas

Expansion super
cooling

FIGURE 7.2 A de Laval type supersonic expansion nozzle can be used to create super
cooled gas. The rapid expansion creates cooled monomers, having a clean vibrational spectrum; this is essential for many isotope separation processes. The shaded area indicates the
region where the laser beam(s) pass through. The laser beam direction is usually perpendicular to the gas flow.
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requires multiple passes through a Herriott type cell, filled with cooled hydrogen.
The path length through the Herriott cell can be up to 40 m, implying that good
beam quality (for example, Gaussian beams, or beams with beam quality factors of
M2 ~ 1) is required to ensure low losses through the system, and good focus ability.
When a techno-economic analysis is performed on the MLIS process, it becomes
evident that the cost of photons is of critical importance. In order to obtain an
economically feasible plant, it is critical that the photons are utilized efficiently—
particularly in the dissociation zone, where the laser beam interacts with the cooled
gas, and where the isotope separation actually occurs.
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7.4

THE DISSOCIATION ZONE

The dissociation zone is that part of the reactor where the laser beam interacts with the
cooled gas, finally causing selective dissociation of the molecule containing the isotope
of interest. In the carbon separation process, IR laser beams interact with Freon gas
(see Equation 7.2) to dissociate the Freon molecules with the 13C isotope. The amount
of dissociation that takes place is measured by the yield of the process, whereas the
quality of the dissociation (i.e., how selective it is) is measured by the alpha of the
process. In this section we discuss these concepts, and how beam shapes affect them.

7.4.1 AlphA And Yield
Consider a molecule XY, existing in two states whose composition differs only in
that one atom is found in two isotopes: let the molecule with isotope a be XY a and the
other with isotope b be XY b . Assume that the gas is exposed to radiation that would
dissociate the XY a molecule preferentially. Therefore the concentration of XY a in
the dissociation zone will decrease after irradiation. However, due to the fact that the
bandwidth of the laser often overlaps with the absorption bands of both molecules,
a fraction of the XY b molecules will also be dissociated. Assume that the dissociation yield for the two molecules is βa and βb, respectively. The selectivity α of the
multiple-photon dissociation process is defined as
α=

βa
βb

(7.3)

This method of characterizing the selectivity of the process is equivalent to the conventional definition of selectivity [1]. Let [XYa]0 and [XYb]0 be the concentration of
the molecules before irradiation and [XYa]n and [XY b]n the concentration of the molecules after irradiation. The conventional definition of selectivity is [1]
 a
 XY  n
 XY b 
α =  a n
 XY 



0

 b
 XY  0

(7.4)
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As an example, consider the case of carbon enrichment; the 12C isotope makes up
roughly 98.89% of all stable carbon atoms, whereas 13C makes up the remaining
1.11%. Thus initially the ratio of the two isotope fractions is
 12 C 
0.9889
= 89.09
 13  =
C

0 0.011
After some irradiation, with selectivity α, the new ratio (from Equation 7.4) will be
given by
12
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13

C
= 89.09 α.
C

Noting that we can write the percentage 12C in the mix in terms of the fractions as
% 12 C = 100 × 12

C
8909 α 13 C
=
C + 13 C 89.09 α 13 C + 13 C
12

the purity of the 12C isotope (in percentage terms) will be given by
% 12 C =

8909 α
1 + 89.09 α

(7.5)

If there is no separation of the isotopes, then the final isotope ratios will be identical to the initial isotope ratios, since nothing would have changed (no dissociation).
From Equations 7.3 and 7.4, we see that this would imply that the numerators and
denominators are equal, giving a selectivity parameter of α = 1. As the selectivity
increases, so the enrichment increases. In the limit of α → ∞, the fraction of 12C
increases to 100%, from the initial 98.89% (Equation 7.5).
The two parameters mentioned above, that is, α
α and β, are of critical importance
in the economic consideration of the separation process. Usually α and β follow an
inverse relationship: a process with a high yield will have a low selectivity, whereas a
process with a high selectivity will have a low yield. Why this is so will become clear
later on, when we consider laser beam intensities. For now, it is sufficient to note that
in order to achieve a high yield, the laser fluence needs to be high, the result of the
high fluence is large power broadening, meaning that the laser spectrum increases,
making selective absorption less likely, which in turn would result in a lower selectivity. In contrast, a high selectivity requires very small power broadening, which
means low intensities, and consequently lower yields. Once the relationship between
yield and alpha is known, a techno-economic analysis can be done to determine the
most favorable operating point with regards to laser fluence.
At higher temperatures the higher vibrational modes are also populated, which
means that the molecular vibrational spectrum will be scrambled by the overtone
transitions. The overtone transitions usually have different isotope shifts as compared to the ground state transition. The result is a decrease in spectroscopic selectivity, which has a negative impact on the economics of the process. The result is
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that for many laser isotope separation processes, the process gas is flow cooled in
a supersonic expansion nozzle (see Figure 7.2). It is obvious that it is important to
irradiate as many of the molecules and to waste as few of the photons as possible. As
can be seen from Figure 7.2, the irradiation zone has a very specific geometry. This
geometry is determined from the flow conditions and is fixed. It is thus clear that an
economical process will require a very specific beam shape in the irradiation zone,
and also that this shape must remain constant over the length of the reactor zone.
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7.4.2

process economics

It was mentioned earlier that there are two important criteria that must be met if an
isotope separation process is to be economical: (1) The cost of laser photons or laser
energy must be low and (2) the utilization of these photons on an industrial scale
must be very good.
This can be written mathematically as follows:
$/kg = $/MJ × MJ/kg

(7.6)

This reads that the cost of producing a kilogram of final product (as measured in dollars per kilogram, $/kg) can be split into the cost per MJ of photons, multiplied by the
amount of product (in kg) that those photons produce. The first term is determined
by the choice of laser systems used, and relates directly to point (1) our criteria. For
most lasers used for isotope enrichment, this value is approximately 100 $/MJ, and,
rather surprisingly, does not vary that much from source to source. The second term
is a measure of how efficient the entire process is in terms of how many photons
are wasted and how many photons are used. Figures 7.3 a and b are simple schematics illustrating the interaction of the laser beam with the gas. In this case, the
laser beam volume is described by a pipe, which represents propagation across the
chamber used for enrichment. In the case of 13C stripping, the pipe diameter might
be roughly 6 mm, whereas the length could be in the order of 1 m. In such a volume,
approximately 2 μg of product is generated, and only 10% of the photons are used.
If the other 90% of the photons are discarded, the second term of the relation in
Equation 7.6 can be as high as 500,000. This makes the process commercially unviable. However, if the photons can be used efficiently, which often means passing the
beam through the chamber many times, then this cost of producing product in MJ/kg
can be made orders of magnitude lower. This is thus the make or break step in the
entire process; it is this term that plays a significant role in the commercial success of
an isotope separation process, and is usually referred to as photon utilization.

7.5

BEAM SHAPES AND PHOTON UTILIZATION

All of the interaction processes of laser beams and gas media in multiple-photon dissociation processes are based on nonlinear dependences of the intensity of the laser
beam, with the result that the spatial and temporal distribution of the laser beam is of
the utmost importance. A common misconception is that the process has a threshold
that must be overcome—implying that below a certain laser intensity, no dissociation
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CHCIF2 (gas) + n × hυ

(a)

∼1%
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$/kg = $/MJ
∼100

C2F4 (solid)

>99%

×

MJ/kg

0.9 E or higher !

500–500 000

E
(b)

∼2 μg (max)

FIGURE 7.3 (a) Energy enters a chamber with a mixture of isotopes. Molecules with one
of the isotopes absorb energy, whereas the other molecules do not. After dissociation, the
selected isotope is found in a different chemical compound, (b) A simple pipe version of the
irradiation process, with each pipe representing the beam irradiation volume of a single pass.

takes place. The multiple-photon process does not have such a threshold; however,
at a certain laser intensity the product will be negligible and below the sensitivity of
the measurement technique. Thus, for all practical purposes, a threshold does exist.
In this text, we will refer to threshold with this view in mind.
What happens if the intensity of the laser beam is above or below this threshold?
Intensities far below this value will cause negligible dissociation, so the yield will be
very small. Intensities far above this will cause power broadening of the molecular
spectra, which adversely affects the selectivity of the process, but the yield will be
high. In general then, as the intensity of the laser beam increases, so the yield of
product increases, but at the expense of selectivity—the product will have a larger
mix of isotopes than if the selectivity had been better. Likewise, as the intensity
of the laser beam is decreased, so the selectivity increases until a threshold value
is reached, below which no (measurable) enrichment takes place due to the accumulative photon energy being lower than the energy needed for dissociation. Thus
while the selectivity increases, the yield decreases, and vice versa. One can liken
the situation to trying to scoop your favorite sweets from a mixed box, but with
different sized scoops. Using a high-intensity laser beam is like using a very large
scoop—you maximize the total amount of sweets you get (yield), but at the expense
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FIGURE 7.4 Example intensity profiles of super-Gaussian and Gaussian beams.

of ensuring that you get only your favorite (selectivity). Conversely, using a small
scoop (low-intensity beams) allows you to select your favorites without the unwanted
sweets, but the yield in this process is going to be low, that is, fewer of your selected
sweets will be gathered in total. Thus, these two parameters need to be balanced,
with some of this balancing done by changing the shape of the beam.
When we talk about the shape of a laser beam, we are invariably referring to the
intensity distribution in the spatial domain. That is to say, if we took a cross section
of the beam, the shape would tell us something about how the total energy is distributed across this area. In discussing beam shapes, we will restrict ourselves to two
cases: the Gaussian beam and the super-Gaussian beam (see Figure 7.4 for example
profiles of each) [12]. Super-Gaussian beams of intensity I(r) and order p are defined
as follows:
  r 2 p 
I (r ) = Io exp  −2   
  ω 



(7.7)

where:
ω is the beam half width
r is the radial coordinate
The order p indicates the steepness of the intensity drop near r = ω, with increasing
values of p indicating flatter intensities with sharper edges. When p = 1, the beam is
called Gaussian, and follows the standard Gaussian propagation equations. Because
the distribution of energy in the two cases (Gaussian and super-Gaussian) is not the
same, the peak intensity values will differ, and can be shown to be related by
Is =

p21/ p ω2g Ig
2ω2s Γ (1/ p )

(7.8)
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where the subscripts s and g refer to the super-Gaussian and Gaussian parameters,
respectively. This is an important relationship, because it shows that one requires more
energy to get the same peak value in a super-Gaussian beam as in a Gaussian beam.
Gaussian beams are easily generated in resonators that use optical elements with
spherical curvatures or even by resonators with diffractive optical elements [13].
Their propagation is well understood, and easily predicted [12]. However, by definition they have an intensity distribution that has a peak value of twice the average
(average intensities are calculated by dividing the total power by the beam area,
whereas the average fluence is calculated by dividing the total energy by the beam
area). This variation in intensity across the beam means that, although some part
of the beam will be above the dissociation threshold, other parts will be below the
threshold. It also means that the selectivity and yield of the process will vary across
the beam area, as well as along the propagation axis—in other words, the selectivity
of the process will vary everywhere in the propagation volume (that part of the reactor volume filled by the beam).
Consider the example of enriching carbon using IR beams of both Gaussian and
super-Gaussian shape. By ignoring the propagation effects (which will be discussed
later), we consider the influence of the intensity distribution only, that is, we assume
that the shape remains the same over a certain propagation length. In theory this
can be achieved by making the beam size infinitely large, so that the divergence of
the beam becomes infinitely small. Before calculating the influence of two different
shapes on the final ratio of 12C or 13C that can be generated, we first need to know
how the enrichment factor α varies with intensity. Figure 7.5 shows the relationship
between the laser beam fluence (energy density) and the resulting enrichment factor
α for a given photon wavelength. The measure is given in fluence and not intensity
because the time envelop of the pulse was held constant over the experiment, thus
only the fluence is needed to characterize the beam’s power distribution.
As can be seen from Figure 7.5, as the fluence increases, the selectivity
α decreases. At fluences below 800 mJ/cm2 there is no enrichment due to the fact
that the laser beam merely heats up the gas, without actually breaking any bonds.
Recall that the Gaussian beam has very low enrichment near its centre, where the
fluence is at a peak, and increases toward the edge of the beam area, where the
fluence decreases. For this reason, experiments with Gaussian beams are difficult,
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FIGURE 7.5 Alpha versus laser fluence in the isotope separation of carbon.
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because the enrichment is an averaging process. By contrast, super-Gaussian beams
have the property that the average intensity and the peak intensity have the same
value. This means that the entire beam area can be used for dissociation, and that
the selectivity and yield will be constant across the beam area. Since all the photons
are used equally with this beam shape, very little averaging takes place. This makes
super-Gaussian beams very attractive for isotope enrichment. However, the propagation effects that were neglected in this discussion play an important role in isotope
separation processes. Thus while Gaussian beams can be easily generated and propagated, super-Gaussian beams need to be generated by specially designed optics,
whether inside or outside the laser cavity, and have more complicated propagation
characteristics as compared to Gaussian beams. These generation and propagation
challenges need to be addressed when considering reactor designs.

7.6

REACTOR CONCEPTS

As was just highlighted, propagation effects are very important when considering
reactors for isotope separation, and since the propagation of a laser beam is in part
determined by the intensity profile of the beam [12], the chosen shape makes a considerable impact on the reactor design. The challenge is to find a beam shape that
is optimal, and then design a reactor to hold this shape over an extended distance.
Propagation distances in isotope separation processes tend to be long (more than
several meters) due to the fact that most media are optically thin (low absorption).

7.6.1

propAgAtion issues

The propagation of Gaussian beams can be derived analytically, and is well understood. The divergence of the beam is inversely proportional to the beam size, and
together with the wavelength, determines how quickly a given sized Gaussian beam
will diverge. The quoted indicator for this is the Rayleigh range, defined as
zr =

πω20
M 2λ

(7.9)

where:
ω0 is the beam size at the waist (minimum) position
λ is the laser wavelength
M2 is the beam quality factor
For a perfect Gaussian beam, M2 = 1, although in practice, values of less than 1.2
cannot be easily differentiated from a perfect Gaussian beam. This parameter is a
measure of beam quality and increases in value for all shapes other than Gaussian
beams (super-Gaussian beams will have M2 > 2).
The propagation of super-Gaussian beams was traditionally achieved by using
a suitable input field to the Fresnel diffraction integral, but has since been made
easier by the flattened Gaussian beam (FGB) approximation. The propagation of
such beams of various classes can now be easily predicted [12].
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FIGURE 7.6 Maximum propagation distance as a function of super-Gaussian order and
starting beam size (w), for a 10% rms change in intensity distribution. The starting field was
taken as having a flat wavefront, so that the beam size w is equivalent to the w0 of Equation 7.9.

The problem in isotope separation is to keep the fluence as constant as possible
over the reactor length, while also ensuring that the fluence is above the dissociation
limit. Equation 7.9 indicates that beams that are a combination of multiple modes (as a
flat-top beam can be seen to be), will diverge faster than single, low order modes, since
the M2 parameter for multimode beams is considerably higher than that of Gaussian
beams. Smaller beams will also diverge faster, but the size is limited by the available
energy, since the average fluence is calculated by dividing the total beam energy by
the beam area. Figure 7.6 shows the distance over which a super-Gaussian beam can
be propagated, as a function of both beam size and super-Gaussian order, so that the
intensity distribution changes by less than 10% rms. A typical reactor pass length
(there will be many passes due to the low absorption) would be in the order of 1 m.
Figure 7.6 then gives an indication of the energy required for a given reactor
length and threshold fluence. In order to propagate farther, a larger beam size is
required, which in turn requires more energy if the beam is to have the same fluence
as the small beam. In most delivery systems, amplification is needed to increase the
beam size (while keeping the fluence above the threshold) to a point where there are
no major changes in the beam shape over the reactor length. Often it is necessary to
have multiple passes through the reactor, due to the fact that the absorption is relatively low through the system. This then complicates the shape-holding criteria—it
is simply not good enough to create a given shape, one also must be able to hold (i.e.,
keep the intensity profile as constant as possible) this shape over an extended
distance, which is usually achieved through multiple use of beam shaping optics.

7.6.2

propAgAtion without Absorption

To consider the influence of propagation effects alone, consider the case of carbon
enrichment with a laser system that generates 400 mJ of energy in a Gaussian mode,
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and a threshold fluence for suitable dissociation of 1.4 J/cm2. This means that a
Gaussian beam would have to have a beam radius of not more than 3 mm in order for
the average fluence of the Gaussian beam to be above the dissociation threshold. For
an order 5 super-Gaussian beam, because of the lower peak and average fluences (see
Equation 7.8), the beam radius must not increase above 2.39 mm. The shape and size
of the beam (with the wavelength) determines the distance that such a field can propagate before the intensity distribution changes (the initial phase of the beam also plays
an important role, but for this calculation the phase is taken as flat). To determine how
the beam shape changes over a 1 m distance, we propagate the two fields under the
scenario of no absorption changes to the beam, that is, we are looking only at intensity
changes due to propagation effects. The results are shown in Figures 7.7 and 7.8.
Clearly the benefits of starting with the super-Gaussian shape are diminished in this
propagation scenario: the shape does not hold (stay constant to within 10% rms) for
long enough to realize the benefits of constant fluence, and therefore constant enrichment and yield. The Gaussian beam on the other hand keeps its shape extremely well
over 1 m; Figure 7.7 includes propagation up to 5 m to illustrate the change in shape.
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FIGURE 7.7 Intensity changes in a Gaussian beam (ω0 = 3 mm, M2 = 1, λ = 10.6 μm) over 5 m.
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FIGURE 7.8 Intensity changes in a super-Gaussian beam (ω0 = 2.39 mm, p = 5, λ = 10.6
μm) over 1 m.
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The fact that the Gaussian beam holds its shape for longer can be directly related to
the fact that this shape has a low divergence for a given field size.

7.6.3

propAgAtion with nonlineAr Absorption

1. The beam, of an initial shape, is entered as a starting field into the Fresnel
diffraction integral. An output field is calculated a short distance away.
2. The influence of absorption over this distance is approximated by applying
the absorption influences only to the final field. When the distance is very
small, this is accurate.
3. The new field is entered into the Fresnel diffraction integral, and the process
is repeated.
Because the absorption is a function of intensity, both the absorption and the
propagation influence the shape of the beam. The results for the Gaussian and superGaussian cases are shown in Figures 7.9 and 7.10, respectively.
The advantage of the super-Gaussian is clear—because of the near constant intensity over most of the beam area, the absorption is the same across this area, thus helping
to maintain its shape. Furthermore, because the absorption is larger for high intensities,
the formation of peaked shapes, which is characteristic of super-Gaussian propagation,
is suppressed. The Gaussian beam clearly shows a flattening of the peak, due to the fact
that the absorbance is more in this region than near the edges. At the end of the chamber,
the beam is no longer Gaussian, and starts to approximate a low-order super-Gaussian
beam. This is a surprising result, because it indicates that by introducing nonlinear
z=0
z = 250 mm
z = 500 mm
z = 750 mm
z = 1000 mm

30
Intensity (MW/cm2)
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The important thing to remember about isotope enrichment is that the absorption of
the field is nonlinearly dependent on intensity. We now propagate the same fields as
in Section 3.2, through the same reactor distance, but take into account the absorption of the gas [14].
The influence of this absorption is determined as follows:
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FIGURE 7.9 The Gaussian beam flattens as it propagates through the medium.
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FIGURE 7.10 The super-Gaussian beam holds its shape for longer due to the suppression
of intensity spikes.

absorption, the propagation problems mentioned earlier are reduced, as opposed to the
expected result that further complexity would simply add to the problem.
The example just given considers a relatively strong absorbing medium, where we
have used the absorption of the 12C isotope. If we were instead to dissociate the 13C
isotope, the absorption would be correspondingly smaller. In this case, the Gaussian
fields would maintain their shape for longer, while the super-Gaussian beam would
not. The choice of beam shape is therefore also influenced by the type of isotope
that one chooses to separate. This result has not been hinted at before in the literature. The choice of isotope, of course, also influences the wavelength that one must
irradiate with. Figure 7.11 shows the absorption of 12C in a Freon compound. The
absorption is a function of wavelength, as is the propagation.
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FIGURE 7.11

Multiple-photon absorption spectra of 12C in a Freon compound.
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In many cases, the complicating issue in propagation through reactors is the need
to propagate several wavelengths together, with very careful spatial and temporal
overlap. The major complication is often the beam shapers themselves, which can be
wavelength dependent.

7.7

INFLUENCE OF PROPAGATION ON SELECTIVITY
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So far we have shown how the intensity of the laser beam affects selectivity and
yield. We have also shown how this intensity will change over the length of the
reactor by considering propagation of two example fields through the absorbing
medium. In the sections that follow, we combine this information to determine the
enrichment one can expect for various beam shapes, when taking into account the
entire interaction volume.

7.7.1

experiment

To illustrate the influence of the wavelength and initial beam shape on isotope
selectivity, consider the following carbon example:
Dissociation measurements were done on a closed loop system equipped with
a 1 m irradiation length nozzle (the total volume of the loop was 16 liters), using
a Gaussian beam. The loop was connected to a quadrupole mass spectrometer,
allowing online measurement of the enrichment. Batch quantities of process gas
were loaded and irradiated, and samples were taken at regular intervals. The laser
wavelength was chosen to be in resonance with the 13C isotope. The irradiation
therefore was directed at stripping the 13C content from the feed gas. Recall earlier
(Equation 7.2) that after dissociation, the 13C isotope is contained in the solid C2F4, so
stripping this from the feed gas simply implies removing the solid product from the
flowing gas. The higher the fluence of the laser beam throughout the reactor volume,
the quicker the enrichment target of 12C concentration is reached (in this experiment, the target was 99.9%). However, recall that higher fluences resulted in lower
selectivity. Once the 12C enrichment of 99.9% was reached, the average bulk 13C
enrichment of the dissociated product varied from 20%–60% depending on the specific fluence and wavelength used. Figure 7.12 a shows two different 12C enrichments
obtained on the dissociation product by changing the laser fluence, but keeping the
wavelength constant. The plot shows how the total enrichment increases with the
number of laser pulses used. In an industrial plant, as few pulses as possible would
be optimal. Figure 7.12 b shows a plot of absorption peaks obtained by keeping the
fluence constant, but varying the laser wavelength from being in resonance with 12C,
to between 12C and 13C resonances, to in resonance with 13C. Single-wavelength 13C
enrichment of more than 90% has been measured, albeit at low yield.

7.7.2

numericAl experiment

To consider a slightly different case, we take a 6.5 mm size beam, with 1 J of energy
and a pulse width of 80 ns. The beam interacts with the medium, absorbing 12C. Two
cross sections are shown for the Gaussian beam, and two for the super-Gaussian
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FIGURE 7.12 (a) Enrichment of 12C for two laser fluences, as measured over a period of multiple pulses. The pulse count required for a given enrichment is classified, and so is not shown
on the graph and (b) Enrichment of carbon when the laser wavelength is in resonance with 12C
(top panel), between resonances (middle panel) and in resonance with 13C (bottom panel). The
amplitude of the peaks is a direct indication of concentration of the products formed.

beam. Figure 7.13 shows cross sections that are taken along the propagation axis,
in the centre of the beam (r = 0 for all z). This monitors the enrichment due to the
central part of the beam, which in the case of a Gaussian beam is the peak value of
the intensity. Figure 7.14 shows the cross sections in the middle of the reactor, across
the beam area (z/L = 0.5, for all r).
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FIGURE 7.13 Alpha along the axis for both a Gaussian and a super-Gaussian beam. The
reactor length is normalized to one.
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FIGURE 7.14 Alpha across the reactor area, in the centre of the reactor length, for both a
Gaussian and a super-Gaussian beam. The reactor radial coordinate is plotted as a normalized
value, that is, multiples of the beam size.

In the super-Gaussian case, the fluence along the propagation axis remains nearly
constant, as the nonlinear absorption holds the shape of the beam. At some point,
the intensity of the field is below the threshold, and so no further enrichment takes
place. Because the peak intensity is the same as the average, when the intensity
falls below the threshold, no further enrichment takes place across the entire field.
In contrast, the Gaussian beam shows a steadily increasing selectivity in its central
peak. This is because as the absorption decreases, so the alpha increases (recall
that lower intensity or fluence gives a better enrichment). Because the peak value is
twice the average, at certain stages during the propagation, parts of the beam will
not be used.
Figure 7.14 shows the alpha across the beam area in the center of the reactor.
Here, the entire super-Gaussian beam area is used, and the alpha is nearly constant
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across the beam. The Gaussian case is very different: The central peak intensity
of the Gaussian beam results in a lower alpha. As the intensity drops toward the
edges of the Gaussian beam, so the alpha increases, until the threshold is reached.
Any part of the beam outside this area will not contribute to the enrichment. Thus
the area of the reactor used in the Gaussian beam is smaller than that of the superGaussian beam.
The influence of the two beam shapes can be summarized as follows: the
Gaussian beam results in some of the beam being used all of the time, whereas the
super-Gaussian beam results in all of the beam being used some of the time. After
adding the contributions across the entire reactor, the Gaussian beam results in an
average enrichment factor of α = 25.3, whereas the super-Gaussian beam results
in an average value of α = 52.5. Usually this process would be repeated in multiple
stages, with each stage improving the enrichment by this factor. In multiple-stage
systems, the final enrichment factor is the product of all the previous enrichment
factors. Thus, with an increase by a factor of 2 in the alpha of each stage, after n
stages, the enrichment will be higher by approximately a factor of 2 n. This is why
the choice of beam shape is so important in isotope separation processes. The
number of stages that are required for the same final product purity will be much
lower using a super-Gaussian beam than using a Gaussian beam, resulting in huge
cost savings.

7.8

BEAM SHAPING CONSIDERATIONS

Traditionally, beam shaping for isotope separation has been achieved with Gaussian
beams, using multiple pass cells of the Herriot design [15–17]. This technique has
proven inefficient in maintaining a beam with intensity above the dissociation
threshold. In recent years there has been much development in both resonator beam
shaping [13,18–26] and external cavity beam shaping [27–30] for the creation of flattop beams. For a detailed discussion, the reader is referred to the references given, or
to more general texts on the subject [31].
In making the intracavity versus external shaping choice, careful consideration
must be given to the complete beam delivery system. Factors that influence the
choice will include the following: the total delivery distance to the irradiation chamber;
whether one or multiple wavelengths are used; whether or not amplification systems
are used to increase the laser energy; and finally the energy stability of the output
beam from the resonator. For example, if a super-Gaussian beam is shaped externally, then the shaping elements can be placed very close to the irradiation chamber.
This will make the propagation to the irradiation chamber very easy (Gaussian beam
propagation up to the shaping elements), but will be at the expense of beam energy,
due to losses on the element, and lower extraction from the resonator and amplifiers.
The opposite is true for intracavity shaping–the propagation will be more complex,
consisting of relay imaging elements, but the energy extraction from the resonator
and amplifiers will be better. As pointed out earlier, the reactor cross section may
also have a specific shape due to gas flow considerations. Thus the laser beam area
(circular, square, rectangular, etc.) cannot be chosen arbitrarily. To illustrate a typical
reactor geometry, consider Figure 7.15.
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FIGURE 7.15 Example of a reactor model.
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In Figure 7.15, the elements A, B, C, and D are as follows:
A. An incoming beam, as formed by one of the beam shaping examples. It is
assumed to have a super-Gaussian intensity profile, and constant phase. The
polarization of the beam is vertical.
B. A quarter wave plate, to induce a λ/4 change in electric field vector. After
the second pass, in the return direction, the polarization is changed from
vertical to horizontal.
C. Phase conjugate mirror. This diffractive optic takes the phase conjugate of
the super-Gaussian field at this point, so that the reflected beam de-ripples
itself during the return propagation.
D. A flat mirror, which returns the beam. Because the polarization is horizontal, the beam is reflected off the thin film polarizer window immediately
before this mirror. The beam at point D is an exact duplicate of the beam
at point A.
In the geometry shown in Figure 7.15, a super-Gaussian beam enters the reactor
at point A. The polarization allows the beam to pass through the thin film polarizer (TFP) without reflection loss. At point C, diffraction has resulted in intensity
variations across the beam, as is evident from the slightly rippled effect seen at some
points on the intensity profile of Figure 7.16. In order to minimize this during the rest
of the propagation, the beam is reflected off a phase conjugate mirror. After passing
through the quarter wave plate (B) for a second time, the polarization ensures that
the beam is now reflected off the TFP. The distances are chosen so that after reaching point D, in the absence of absorption, the beam is identical to the starting beam
at point A. The return propagation to C is then the same as the initial propagation
from A to C. Again the beam passes through the quarter wave plate twice, so that on
the final path it is passed back out of the reactor.
The total distance covered is then
2 × ( A → C ) + 2 × ( D → C ) , but note that A → C = D → C
If the reactor length is 1 m, the beam will traverse a distance of 4 m inside the reactor. Figure 7.16 shows the propagation of a super-Gaussian beam through this system.
It is important to propagate over as long a distance as possible, since the medium is
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FIGURE 7.16 The intensity plot of a super-Gaussian beam while propagating through the
reactor. The total propagation distance is 4 m. At each point during the propagation, the
intensity cross section is taken. The reactor has a radius of 10 mm, so cross sections are taken
from r = −10 to 10.

in general optically thin. If the path length inside the reactor was short, only a small
fraction of the total beam energy would be used, and the rest wasted. The photon
utilization in this case would be very poor, making the process uneconomical.
It is also obvious from this discussion that the chosen beam shape, and the method
to shape it, both have a direct influence on how efficiently the reactor works.

7.9 OUTLOOK AND PROGRESS
In the past decade there has been renewed interest in this field due to advances in
beam shaping, laser development, and the economics of certain isotopes [32]. Lithium
isotopes have been enriched using a two-step photoionization process with a dye
laser [33–35], Gaussian beams of dual wavelength have been used for Barium isotope enrichment [36], all using atomic vapor as the starting phase of the material for
enrichment [37]. A major advance in this field has been at the isotope separator on
line device (ISOLDE) facility [38]. In this facility, state-of-the-art lasers are used to
isotopically enrich a wide variety of elements. The emphasis has been on spatial mode
purity and temporal shaping to achieve better enrichment factors. A more recent development has been the approach of coherent-control by optical pulse shaping, usually at
time scales faster than the decoherence time of the state under control. This typically
makes use of shaped femtosecond pulses [39]. There has also been renewed interest
in molecular isotope separation, including carbon [40] and uranium [41], where in the
case of the latter a full production plant is presently underway at the General Electric
Nuclear Fuel Fabrication Facility (North Carolina, the United States).
Recent advances in laser beam shaping tools are likely to impact on this field.
First, the ability to extract maximum energy from the laser cavity and deliver it
as a Gaussian mode makes downstream conversion of this mode possible [42].
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Second, the multiple wavelengths required for most isotope separation processes
can now be shaped with the same element with small perturbations in the size and
location of the shaped light, but not in the intensity profile [43]. When these are
combined with the new field of temporally shaping ultrafast light, new opportunities arise for highly efficient laser isotope separation.
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7.10 CONCLUSIONS
For stable isotope enrichment, good quality beams that hold their shape over an
extended distance are required, to ensure effective photon utilization. This is the
fundamental difference between beam shaping for isotope separation, and beam
shaping for many other applications—in most applications the shape of the beam
is important in one plane only. For example, in some materials-processing applications, the beam shape at the material surface is very important, but the shape during
propagation is not. In isotope separation, however, the beam shape over an extended
distance is of importance. Furthermore, propagation through the irradiation chamber shows that the beam shape will change due to nonlinear absorption effects, as
well as due to diffraction. In some cases the two work together to hold the beam
over longer distances. Because of the intensity dependence of many of the separation
parameters, the shape of the beam has a very large influence on the economy of the
process, influencing both selectivity and yield as well as overall efficiency.
Today, with the advances in many beam shaping techniques, it is possible to efficiently generate laser beams with intensity profiles of any shape and size. It is this
that gives renewed hope to isotope separation by laser-based systems.
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