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ABSTRACT ARTICLE HISTORY
Long-standing efforts to develop a commercially viable laser- Received 9 June 2015
based process for uranium enrichment, initially with atomic and Accepted 11 March 2016

later molecular isotope separation, have had limited success. This
article discusses a model for a third generation of laser enrich-
ment technology where CO, laser light is Raman scattered to gen-
erate 16 um photons that excite a vibrational mode in uranium-
235 hexafluoride molecules within an adiabatically expanding
free carrier gas jet, allowing for the partial separation of uranium
isotopes by condensation repression. The SILEX (Separation of
Isotopes by Laser Excitation) process being developed as part of
the Global Laser Enrichment project may be one example of this
separation technique. An ideal, asymmetric cascade for enriching
uranium to weapon-grade levels is presented, and an analysis of
the minimum laser performance requirements is included. Opti-
mal running parameters, physical space constraints, and energy
efficiency estimates are discussed. An assessment of the techni-
cal skills required is also provided. Finally, material available in an
online supplement discusses possible lasers that may be utilized
in such a process, and offers an introduction to dimer formation, a
laser-based enrichment cascade, and a model for estimating the
enrichment factor.

Introduction

The search for an economical laser-based method for enriching uranium has thus far
had limited success. Different excitation techniques with either atomic or molecular
species of uranium along with different methods of harvesting the enriched prod-
uct have been investigated, but no laser technique has proven competitive with the
gas centrifuge. Third generation laser enrichment systems currently under develop-
ment, however, may challenge the dominance of the gas centrifuge in the uranium
enrichment market, and the consequences for the proliferation of nuclear weapons
have yet to be fully assessed.

One third generation laser enrichment process under consideration for commer-
cialization is known as separation of isotopes by laser excitation (SILEX).! It was
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developed at laboratory scale by Silex Systems Ltd., an Australian company, and
has been licensed to Global Laser Enrichment (GLE), a consortium comprised of
General Electric (51 percent), Hitachi (25 percent), and Cameco (24 percent), for
commercial development. GLE was issued a construction and operating license for
alaser enrichment plant at General Electric-Hitachi’s nuclear fuel fabrication facility
in Wilmington, North Carolina, by the United States Nuclear Regulatory Commis-
sion (NRC) in 2012.2 GLE has stated that a decision about whether to proceed with
this project will be based upon market considerations, but Silex Systems Ltd. claims
key technology improvements that may lower the operating and capital costs of a
commercial production facility.® Other countries pursuing research related to this
technology* could also build plants if they believe it is cheaper to enrich uranium
with lasers than with centrifuges.

Concerns about the proliferation risks of SILEX technology were raised in a 2010
petition to the NRC requesting that proliferation assessments be included as part
of the licensing process.> A 2012 letter to the NRC by nineteen nuclear experts
also requested a proliferation assessment.® The only assessment done was internally
commissioned by General Electric-Hitachi but was never released to the public. It
was reported to conclude that while a SILEX facility could require less physical space
and use less power than a comparable centrifuge plant, a SILEX enrichment plant
nonetheless may be easier to detect, and in any case the laser technology was beyond
the technical means of most proliferant states.” While the most likely detection sig-
nal referred to in this assessment is a market signature from laser-related equipment
purchases, it is unclear if the assessment considered all possible laser systems that
could be used with SILEX, as identifying all such lasers and related equipment could
be complicated by other commercial and research applications for them. In addition,
itis unclear if the judgment that the laser technology would not be accessible to most
states considered all possible laser systems.

This article aims to provide an initial analysis of some key technical features of a
possible third generation laser uranium enrichment system and their relevance for
nuclear weapons proliferation. The first section discusses what is currently known
about SILEX and the laser that could be used in this process. These details are then
used to analyze the minimum performance requirements of a laser used to vibra-
tionally excite all uranium-235 in a gas flowing through a low-pressure vessel. The
second section discusses the isotopic separation method known as condensation
repression.

The third section of the article presents possible operating parameters and
estimated enrichment factors for a third generation laser enrichment system
and results from a model for an ideal, asymmetric cascade to produce enough
highly enriched uranium (HEU), enriched to 90 percent in the uranium-235 iso-
tope (also known as weapon-grade HEU), suitable for a nuclear weapon. The
results of this analysis were used to estimate the physical area required for a
laser enrichment facility to produce more than 30 kg of 90 percent enriched
HEU annually, and the minimum laser performance requirements and other
electricity needs were used to calculate the energy consumption per unit of
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enrichment capacity. A comparison with a similar scale centrifuge facility is
provided.

The online supplement describes some laser technologies that may be suitable
for uranium enrichment by condensation repression, as well as some other appli-
cations for them. It also provides more details about dimer formation, a model of
the enrichment factor of a third generation laser enrichment system building on the
work of J. Eerkens, and a model for an ideal, asymmetric laser enrichment cascade
for producing weapon-grade uranium.

Third generation laser uranium isotope separation technology

Atomic and molecular versions of laser isotope separation have been used for
uranium enrichment with limited success. Atomic Vapor Laser Isotope Separa-
tion (AVLIS) involves the selective excitation and ionization of uranium-235 from
atomic uranium vapor using two- or three-color visible or ultraviolet laser irradia-
tion, and the most popular scheme of Molecular Laser Isotope Separation (MLIS)
involves the dissociation of a fluorine atom from uranium-235 hexafluoride (***UFy)
followed by uranium-235 pentafluoride (***UFs) precipitating out of the gas. Ioniza-
tion of uranium-235 by AVLIS involves a minimum input of 6.1 eV of energy, and
dissociation of a flourine atom in MLIS requires at least 2.7 eV. Both of these tech-
niques were investigated over the past forty years, and both were abandoned due to
cost challenges such as expensive chemical methods, materials corrosion, low laser
pulse repetition rates, or inefficient laser excitation.®

By contrast with these previous techniques, third generation laser isotope sep-
aration systems use UFg for feed, product, and tails streams.” The general physi-
cal concept involves the laser excitation of a vibrational mode in 2**UF4s molecules
diluted in a carrier gas, which results in two forces that cause different migration
rates between excited 2**UF4 (***UF4") and > UF¢ away from the core of an expand-
ing supersonic free jet.!? This allows the partial separation of 2*UFg before the gas
condenses.!! SILEX is only one method of such a condensation repression approach
to laser isotope separation. Other variations of the concept may challenge SILEX in
the future.

Photons with wavelengths of 16 um provide the 0.08 eV energy required to excite
the v3 vibrational mode of 2**UF4.!? Such photons can be produced by the Raman
scattering of 10.2 ©m wavelength photons from a pulsed high-power CO, laser oft
optically pumped para-H, gas within a conversion cell.!* Raman scattering is the
inelastic scattering of photons, and scattering from an excited rotational state of
para-H, allows for the loss of enough energy to emit 16 um light. This is needed
because no high-power 16 um laser currently exists to directly excite the v3 vibra-
tional mode of 2**UFs.

While there are multiple suggestions that the SILEX process uses the 16 um
laser, others suggest that a carbon monoxide (CO) laser emitting 5.3 ;wm light could
be used to excite the 3v; band instead. The energy deposited in the excitation
would be three times higher (0.24 vs. 0.08 eV), and the cross section for the 3v;
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transition is ~ 5,000—10,000 times smaller than that for vs, raising the required
energy for successful operation. Repetition rates with CO lasers are claimed to be as
high as 10 MHz, which would easily irradiate all >*>UFs molecules flowing through
a separation unit. Possible CO lasers designed to compensate for 3v3’s smaller cross
section are discussed in the online supplement.

Laser performance characteristics

The laser likely employed by GLE with SILEX is the Transversely-Excited Atmo-
spheric (TEA) CO, Raman-shifted system. This laser is available commercially
(under export controls), but the Raman-shifting must be accomplished separately.
There are two performance characteristics of a Raman-shifted 16 um pulsed laser
that are most relevant when considering its effectiveness at separating isotopes: its
repetition rate and energy fluence per pulse. The repetition rate is the number of
pulses emitted by the laser per second and indicates what fraction of the UFj is irra-
diated with the laser. The energy fluence per pulse is the energy per cross-sectional
area of the laser beam and is an important parameter in both achieving the most
economical use of photons and in reaching the required peak power threshold for
Raman scattering (see online supplement).!*

When laser light irradiates UF, there is a minimum amount of energy that each
laser pulse must have to vibrationally excite all 2**UFs molecules.!® The beam’s
energy fluence (energy per cross-sectional area) must reach a minimum threshold
for excitation of all 2 UF flowing from the nozzle. The reason is that the vibrational
mode has a cross section o, an area around the 2>>UF¢ molecule into which a pho-
ton must enter for excitation to occur, and there must be a photon distribution that
is geometrically sufficient for excitation of all 2>UFg. Shorter pulses with the same
energy are therefore better than longer ones assuming they are long enough to avoid
Dicke superradiance.!® If those photons are spread along the length of a longer pulse,
there will be less energy per cross-sectional area than minimally required along each
point of it. The cross-sectional dependence of the minimum energy required sug-
gests this is not as efficient as if the photons were densely packed into the beam’s
cross-sectional area in a shorter pulse. This would require less energy and make the
technique more economical. Development to improve the energy fluence by shaping
the laser pulse is a focus of research groups around the world."”

Calculating the minimum energy fluence needed to excite all 2*>UFs molecules
is done using the rate equation

dN2

—— = WiN; — Wi N, (1)

dt

where N; and N, are the respective molecular densities in cm ™ of the ground and
excited v vibrational state of 2**UF4, W), is the transition probability between the
ground and excited v; vibrational state, and W is that between the excited vibra-
tional and ground state. Most possible processes that may deexcite 2*>UF;, repre-
sented by the term W5;N, in Equation 1, may be neglected here as they are not
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likely to make a significant contribution during the transit time through the beam.
This includes collisions between a carrier gas G and > UF}, where the energy can be
absorbed by many rotational energy changes of *>UFg that allow it to avoid deexci-
tation by stimulated emission'® and spontaneous emission.!® Significant relaxation
due to direct vibration to vibration transfers in collisions between ?>>UF¢ and 2> UF,
can be avoided if the concentration of UF4 in G is kept low (<0.05).2° The only other
deexcitation mechanism for *UF} is dimer formation, but this process is desired
for better enrichment. The probability and rates of these deexcitation mechanisms
are included in the model discussed in the online material.

The term d{% in Equation 1 represents how many 2**UF4 molecules can be excited
per unit time, and depends upon multiple parameters of the SILEX separation unit,
including the laser’s pulse repetition rate. If a new laser pulse appears as frequently
as it takes one UFg molecule to cross the diameter of the beam, then almost all of the
UF; will be irradiated. When considering a circular beam spot, there will be some
UF; left unirradiated at the top and bottom of the beam, but as an approximation
the laser coverage with such repetition rate capability can be assumed to irradiate
nearly all UFg. This allows % to be written as

dN, — ma3s

B S 2
dt 2Rpeam /U @

where 11535 = 0.97 x 10" pyg, /T x 0.007 is the molecular density (cm™>) of excited
23SUF; after irradiation (0.007 is the concentration of uranium-235 in natural ura-
nium),?! Rpeam is the radius of the beam spot, and U is the velocity of the jet core
crossing the path of the beam.

The probability of excitation W, in units of s™! is equal to

(3)

where o (v3) & 107! cm? is the strongly temperature-dependent cross section of
the v; transition,? I is the laser intensity in W/cm?, and hv = % =125x1072°]
is the 16 um photon energy. Given the goal of exciting all > UFg crossing the beam,
N = ny35 in Equation 1. What follows is a simple expression for calculating the

minimum laser intensity needed to excite all ***UFg molecules:

_ Uhv
20 (V3)Rbeam .

Imin (4)

For a free jet with a supersonic velocity of U= 3 x 10* cm/s and Rpeam = 0.5 cm,
the minimum laser intensity needed to excite all >>>UFq is 374 W/cm?, with a rep-
etition rate of 30 kHz. Given the assumption of a circular beam spot, only 78.5
percent of **UFs may be excited where only 374 x 0.785 =~ 294 W of power is
needed.

Returning to energy fluence, 294 W means that only ~ 10 m]J of energy is needed
to excite all 2*UFg, but the energy distribution within a pulse determines whether
this is an accurate estimate. Equation 4 is effectively a calculation of the number
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of incident photons required to excite a single **UFs molecule flowing through a
separation unit. The number required depends only upon o (v3), as Ryeam and U
only determine the transit time through the beam. If all of these photons do not
arrive at the same time, there exists a greater chance that the molecule will remain
unexcited, as the required fluence of photons was too small to account for all of its
possible locations within the beam. This is why photon flux is not accurate, and why
longer pulses are not desired; the spacing of photons will not be as ideally distributed
for the highest chance of excitation. With sufficiently short pulses, reported to be
as short as 80 ns from Raman-shifted lasers,”® the minimum energy fluence ¥ in
needed to excite all 2>>UF; can be expressed as the photon energy divided by the the
cross section:

2'Imianeam _ hv
U o(vs)

This article will assume that 80 ns pulses are sufficiently short to approximate the

(5)

min =

total pulse energy per unit area as a measure of energy fluence, and not only of
energy flux.

Another consideration is that the energy fluence is high enough so that the min-
imal level is maintained over the entire length of the separation unit. This requires
an understanding of how much energy is absorbed over the distance the laser light
is traveling. For a single pulse, the energy absorbed E,,s when penetrating through
a depth zis

Eabs = hvir Ry, 12352 (6)

where 1,35, introduced earlier in Equation 1 as N; and N>, is the molecular density of
235UFs. The parameters pyg, and T on which 7,35 depends are those at the location
where the laser is irradiating the jet. For a laser beam of Rpeam = 0.5 cm, the best
cross-axial overlap with the jet core is achieved at pg = 0.026 torr and T'= 81 K. This
gives 11335 = 2.18 x 10" cm™2 and E,ps = 2.18 x 107> J of energy absorbed for every
meter of a separation unit at these running parameters. The length of a separation
unit refers to the total penetration depth of UF¢/G gas that a laser travels through in
cross-axial irradiation of a free jet. If Equation 6 is simply divided by 7 R}, ,adding

the resulting energy fluence lost to absorption gives a more complete expression for
V¥ min in Equation 5 of

VYmin = hv ( + 712352) (7)

o (v3)
which is the minimum energy fluence needed to excite all **UF in a separation
unit of length z. The power absorbed over this length is simply E,ps multiplied by
the laser’s pulse repetition rate.

If approximating the laser beam spot as one square centimeter, the minimum
pulse repetition rate fi,in in H, needed to irradiate all uranium is the magnitude of
the free-jet core’s velocity U calculated in cm/s:

fmin = |U| (8)
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Using a more realistic circular beam spot, a rate of fi,i;, would only irradiate 78.5
percent of the uranium flowing through the separation unit. A well-placed mir-
ror should be able to solve that issue, however, and allow for 100 percent irradi-
ation.?* This formalism could be applied to any pulsed laser system. The online
supplement discusses the design of a pulsed CO laser within this context when
considering how to accommodate the smaller cross section of the 3v; vibrational
mode.

In 2005 it was revealed that Silex Systems had lasers operating at a 50 Hz repe-
tition rate, but that the lasers could produce pulses at 300 Hz,? still insufficient to
irradiate the entire feed stream. What capabilities currently exist is unknown, but
there are no physical constraints on being able to produce kilowatts of 16 pm light
pulsed at tens of kHz. A laser emitting 6 kW of power at 2 kHz repetition rates
was reported by a group from South Africa in 1991,%° and this remains the most
advanced performance of a Raman-shifted TEA CO, laser cited in the public lit-
erature. Much higher repetition rates may currently be out of reach by all but the
most sophisticated of engineering workforces, but it is not clear that it will long
remain beyond the capabilities of a number of states. Aside from this possibility,
multiple lasers with only a fraction of these capabilities could be combined in vari-
ous ways to achieve this goal, and other laser systems may be developed for the same
purpose.

The enrichment factor for a 5.3 um CO laser may be higher than with the 16 um
laser, which would require fewer stages and possibly less space to cascade to 90 per-
cent HEU. Fewer or more conflicting market signals could also complicate tracking
purchases of a CO laser or its components, while the possibility exists that such a
system may be indigenously assembled without the assistance of an external sup-
plier. It is important to note that the Nuclear Suppliers Group did add CO lasers
operating between wavelengths of 5 and 6 um to its list of dual-use equipment in
2013 as equipment that is now controlled by all participating governments in accor-
dance with its Guidelines for Nuclear Transfers.?” The details of suggested CO laser
designs are discussed in the online supplement.

Condensation repression by laser excitation

The likely SILEX process feeds UFq gas through a nozzle into a low-pressure cham-
ber where supersonic free jets are formed by adiabatic expansion. The vibrational
excitation of 2**UFs allows it to resist condensing by causing the nearly instant
dissociation of dimers upon their formation, and the recoil energy acquired by
these molecules allows for physical separation from *¥UFg for collection. The
small isotope shift Avs of 0.6 cm™! requires cooling the gas to low tempera-
tures to narrow and separate the overlapping absorption spectra and improve the
selective excitation of 2>>UFs. This section will outline this condensation repres-
sion process and provide details about nozzle design, the relationship between
parameters during free jet expansion, and identifiable constraints that affect design
choices.
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Figure1. Schematic of a third generation laser isotope separation unit for uranium enrichment. A high
repetition rate laser tuned to excite a vibrational mode of Z°UF4 cross-axially irradiates a UFs/G free
jet flowing from a supersonic nozzle into a low pressure chamber. The enriched product is collected
with a downstream skimmer.

Nozzle expansion and free jet flow

The importance of high isotopic selectivity requires that the UFs gas be cooled to
narrow and separate the absorption spectra. This is achieved by feeding the gas into
an evacuated chamber through a nozzle to form a supersonic jet, which cools as
it adiabatically expands and accelerates. Absent such cooling, thermal excitations
would result in the unwanted excitation of some *** UF¢ molecules due to the overlap
of its vibrational absorption spectrum with 23>UFg.28

Supersonic speeds can be achieved when a gas passes through a converging and
diverging duct, typically called a Laval nozzle (Figure 1). The downstream speed for
the free jet core depends upon both the ratio of the nozzle exit and throat cross-
sectional areas and the ratio of the specific heats at constant pressure and volume
of the jet gas. Figure 1 displays the evolution of the free jet as it expands into a low-
pressure chamber, and the oscillating expansions and contractions that form due
to adjustments in pressure (shock waves) from the jet flow are called Mach cells. It
is estimated that the temperature of the jet gas can increase by 50-60 percent after
a shock compared to before due to the work done on the free jet by the pressure
change.?”” This may be a limiting factor in dimer formation, which is what allows
the SILEX process to work, and could complicate deciding on the optimal operating
parameters like temperature and pressure.

For successful condensation repression, the low-pressure chamber typically con-
tains background gases pumped down to less than 0.01 torr that provide a boundary
layer for the expanding free jet to prevent excessive flaring of the gas from the jet.*
Using torr for the units of pressure may seem antiquated, but given that 1 torr equals
approximately 133.3 pascals (Pa) and that a UF¢/G gas mixture of only 5—200 torr is
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manageable in the upstream reservoir before nozzle expansion,®!

appropriate for more workable numbers.
Before nozzle expansion and laser excitation, the UFs is mixed with a carrier gas

G that acts to suppress vibration to vibration energy transfers between uranium iso-
32

using torr seems

topes. The concentration of UF; is typically kept below 5 percent for this reason,
but experiments are needed to determine the ideal UF4 concentration.*® It is impor-
tant that G be mixed prior to the expansion, as low-energy collisions between UFs
and G within a supersonic beam will make dimer formation possible in a gas at low
temperature. Conservation of energy will prevent their formation due to the large
difference in relative velocities between supersonic UF¢ colliding with G already
present in the irradiation chamber. All streams (feed, product, and tails) are there-
fore really a UF¢/G mixture for all stages in a cascade of laser separation units pro-
ducing higher enrichments.

The design parameters of a Laval nozzle must balance choices between better
isotope separation and processing a high volume of UFs. For example, a larger noz-
zle exit would allow more gas to be processed, but it would come at the expense
of a smaller enrichment factor, as there would be more molecules to collide with
as 2 UFg travels out of a thicker free jet. One possible way around this tradeoff is
to orient the laser cross-axially to the free jet and irradiate the gas along a longer
separation unit as shown in Figure 1. This geometry is likely the most preferred
for industrial-scale production, and if a nozzle of such depth could be manufac-
tured, there would be advantages in processing large volumes. If such a nozzle is not
workable, multiple smaller axi-symmetric nozzles could be aligned along the sepa-
ration unit to achieve the same advantage, although with some cost of occupying a
larger area. The nozzle design must also consider where along the free jet the laser
will irradiate the gas, as the jet pressure and temperature when irradiated will affect
the level of enrichment in the product. A nozzle with a longer neck may be prefer-
able (a greater distance between the throat and exit in Figure 1) so that irradiation
within the nozzle aids in dimer formation (see online supplement) and a smooth
pre-expansion of the gas prevents flaring.**

Understanding the relationship between the nozzle geometry and downstream
flow parameters and shock waves is desirable, but the theoretical calculations for
two-dimensional free jets are unfortunately complex.’® Average order-of-magnitude
values, however, can be obtained from the following one-dimensional supersonic

expansion relations:>®
T (P (y=1/y ©)
T,  \po

(y+D/(y—=1) 2/y
() )
A) 2 o\ Dy
[1—(70) }
2
<U£> :—z(ly__Tl/T") = M2 (11)
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The subscripts o and t refer to conditions in the upstream reservoir (before nozzle
compression and expansion) and throat (Figure 1), respectively, and Ay is the throat’s
cross-sectional area. Parameters with no subscripts indicate downstream conditions
in the supersonic free jet, where A is the cross-sectional area of the jet and U is the
supersonic velocity of the jet’s bulk flow. T and p are the downstream temperature
and pressure of free jet, and T, and p, represent those parameters in the upstream
reservoir. Uy, is the velocity of sound in the reservoir and can be calculated with

Uso = 9, 116.5{y T, (K) /m(g/mol)} /2 (12)

where m is the molar mass of G in g/mol.*” The ratio U/ U, in Equation 11 is referred
to as the Mach number M. The gas coefficient y = c,/cy, where ¢, and ¢, are the spe-
cific heats at constant pressure and volume, is an important parameter in choosing
G.

The idea with Equation 9 is to find optimal values for T and p by first choosing
one and allowing the other to vary to find the highest enrichment factor. Once T and
p are selected, a choice for T, (typically ~ 300 K) determines p,. Equation 10 is used
to choose the area of the nozzle throat A, and what pressure p or area A is desired
in the free jet downstream. Choices about p at the location of product collection,
what A best overlaps with the laser beam spot, and what nozzle dimensions (A; and
A) need to be mechanically engineered are all related through Equation 10. U is
determined by T in Equation 11 and depends upon Uy, within G. These relations
will be referred to again in later sections, but this provides an introduction to how
they could be used.

Dimer formation

For the UFs molecule to remain intact and the collected product enriched in the
235U isotope, interaction with another gas is necessary. This begins as collisions
between UF4 and G form weak bonds between them. The bonded units are col-
lectively referred to as a dimer, and are typically held together by a hydrogen or Van
der Waals bond. Although dimers are defined as two molecules or atoms bonded
together, the study of them is dominated by those with weak bonds, as they are more
likely to break apart from collisions below the equilibrium vapor pressure and ques-
tions about these dynamics remain.*® The key idea is that while *** UF4 and 2**UFs
form dimers at the same rate, they are much shorter lived if they include laser-excited
23UFg (#°UF}). The binding energy of a Van der Waals bond (~0.01 eV) is much
less than the energy of the excited v; mode of 2*UFg (~0.08 eV), and it takes many
fewer collisions for 2> UF¢:G rather than **®UF4:G dimers to dissociate, as the attrac-
tive potential well is not as deep. Upon dissociation, the laser-excited vibrational
energy from **UF is converted to translational recoil energy and 2**UFs begins to
flee the jet core at a faster rate. When the outer rim of the gas is collected, the prod-
uct is enriched in 2*UFg. This process is displayed in Figure 2. More details are pro-
vided in the online material together with an introduction to nucleation and particle
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Figure 2. The process of laser excitation, dimer formation, dimer dissociation, and migration to pro-
duce enriched product.

growth, which along with dimer formation are the beginning processes of condensa-
tion. Successful enrichment with third generation laser-based systems involves sep-
arating uranium isotopes before nucleation and particle growth occur in a cooling
free jet.

The running parameters for SILEX will likely include a carrier gas pressure pg
between 0.03 and 0.002 torr during the expansion through the separation unit, and
assuming a low UFg concentration of 2-10 percent to limit vibration to vibration
energy transfers, a UFs partial pressure pyr, between ~2 x 107* to 2 x 107 torr.
The equilibrium vapor pressures p.(T) at 100 K, a likely temperature at which laser
irradiation will occur, and at 45 K and 25 K, two possible temperatures at which
product collection will occur, are respectively much lower at 3.97 x 10719, 1.54 x
10782, and 5.53 x 10~%* torr.*

The time for irreversible particle growth to set in £, is defined as the time for 20
percent of the UFq to reach “critical embryo” size. At pyg, ~ 2 x 107* torr, £, ~ 95
s at T = 25 K due to the smaller number of collisions at that low temperature, but
is ~ 0.1 s at 45 K. At 100 K, ¢, would be longer since more UFs molecules would
be required to bond together before irreversible growth could occur. Thus if the
transit time from nozzle to skimmer is #, < 0.1 s significant cluster growth can be
avoided.*” The possibility of cluster growth is important when considering whether
UFs should be more or less diluted with the carrier gas G at a particular temperature,
an important factor when considering whether processing a higher volume of UFg
is possible. A transit time #;, < 0.1 s is likely needed to avoid 20 percent cluster
growth, and suggests that pyg, ~ 2 x 107* torr is the upper limit of allowed partial
pressures for adequate separation. Section B of the online material provides more
details.
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Enrichment factors and optimal running parameters

A measure of the efficacy of an enrichment process is the change in isotopic concen-
trations between the feed and product materials. This net change can be quantified
by the enrichment factor § and the depletion factor y defined as

_ Np/(1—=Np) Rp _ Np/(L1=Np) Rp

=N/ " & and y=—"""—"—""—=— (13)

P - Nr/(1—Nr) Rr

where Np, N, and Ny are the respective concentrations of 2**UFg in the product,
feed, and tails, and Rp = Np/(1 — Np), Rp = Ng/(1 — Ng), and Ry = N¢/(1 — Ny)
are the respective relative isotopic abundances of 2>UF to 2?8 UFy in those streams.
The factors f and y can be multiplied to give the overall separation factor « between
the product and tails,

_ Np/U-Np) Ry B(1-8)

=P =N AN R 1-f0

(14)
Unlike 8, o depends on the cut 6, which is the fraction of feed material collected as
product. The figure of merit used to assess the economics for an isotope separation
process typically uses & and 6, where the economics improves as « and 6 increase.*!
These two parameters, however, are not independent. Increasing one may decrease
the other, and will affect B as well. Its value determines how many stages are needed
to acquire 90 percent HEU, how much time would be needed to acquire it, and is a
key element in any proliferation assessment.

A conservative estimate of B = 1.5 to 2.5 for third generation condensation
repression laser isotope separation is given by Eerkens and Kim (a similar estimate
not taking into account the dynamic of free jet expansion is provided in the online
supplement).*? Values of 8 ~ 2 are likely underestimates, as they do not dynamically
model the change in 2*UFs migration rates to the rim of the free gas jet as its pres-
sure lowers from expanding and cooling, thereby increasing 8. Michael Goldswor-
thy, the CEO of Silex Systems Ltd., has claimed that the enrichment factor for SILEX
is between 2 and 20.**> These enrichment factors are much higher than for typical
gas centrifuges and gaseous diffusion systems.*

The previous discussion permits an estimate for the uranium flow rate through a
single separation unit, which in turn will provide a basis for estimating the separa-
tion length needed to produce 90 percent HEU. The flow rate F may be calculated
from

djeUnyg,m(g/mol)z
6.025 x 102*molecules/mol

F(g UF¢/s) = (15)
where dje; is the diameter of the free jet, U is the velocity of the jet’s bulk flow
(Equation 11), nyg, is the molecular density of UFs, m is the molar mass of UFg in
g/mol, and zis the penetration depth of the separation unit. If dj; = 2 cm at the skim-
mer (pg = 0.002 torrand T =35 K), U= 3.5 x 10* cm/s and nug, = 2.217 x 1013
molecules/cm?, giving a flow rate F = 0.0907 g/s, or 2859 kg/yr of UF¢ for a one-
meter long separation unit (Table 1). The carrier gas is assumed to be SFs.
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Table 1. The Performance Characteristics and Processing Parameters at the Skimmer of a Single, One-
meter Long SILEX Separation Unit.

Enrichment factor 8 2

Cuto 0.25
Pressure of carrier gas G 0.002 torr
Temperature 35K
Concentration of UFg in carrier gas 0.04

Flow rate of UFg 2859 kg/yr
Flow rate of Uranium 1933.4 kg/yr
Separative capacity 257.8 kg-SWU/yr

The enrichment factor § also depends on what fraction of the free jet flow is cross-
axially irradiated by the laser, as the skimmer (Figure 1) will still cut some product
from the rim of the free jet even if that gas has not been irradiated. This results
in different cuts 6 for irradiated and unirradiated sections, respectively referred to
here as “on” and “off” A general expression for 8’s dependence on these “on” and
“oft” sections is

eonlgonfrep + eoffﬂoff(fmin - frep)
(90n + eoﬂ) fmin

where f., is the real laser pulse repetition rate and fyi, is the minimum laser
pulse repetition rate required to irradiate all uranium. As f., approaches fyi, in
Equation 16, 8 approaches fy.

This analysis assumes that all uranium is irradiated, as this would be the more
desirable choice if cascading to 90 percent enriched uranium in a shorter time was
more important than the higher costs of either acquiring more lasers or a more

B = (16)

advanced laser. If only 78.5 percent of the uranium is irradiated with a circular beam
spot, B will be affected as indicated in Equation 16. The enrichment level may not
be significantly lower, however, if 6 ¢ is small compared to 6,y,.

Furthermore, the amount of material capable of being processed in one separa-
tion unit or irradiation chamber is an important constraint on the SILEX process.
The need to irradiate gaseous UF¢ at a low temperature means that the molecular
density of UF4 cannot exceed 1 x 10'> molecules/cm?,* as rapid condensation can
occur at higher densities. There are multiple parameters that can be manipulated to
process different amounts of 2*>UF4 over a given time, but this molecular density
appears to be an upper limit.

Table 1 lists the performance characteristics of a single, one-meter long SILEX-
type separation unit. The separation unit length is once again the penetration depth
of the laser through the gas in its cross-axial orientation with respect to the expand-
ing free jet. Based upon the model presented in the online material, the values of 8 =
2and 0 = 0.25% are achieved at different pressures, which more accurately reflect the
behavior of an expanding free jet than the static parameters assumed in the model.
As already mentioned, the enrichment factor in Table 1 is likely underestimated,
but is valuable as a conservative input into a cascade to 90 percent HEU. As a result,
the total separation unit length in the following section represents the higher-end
estimate to produce a significant quantity of 90 percent HEU in one year.*’
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Table 2. Summary of Uranium Resource and Space Requirements for Weapon-grade Material Produc-
tion Using Ideal Asymmetric Cascades with Uranium Feedstock Concentrations Np = 0.035 and N =
0.007.

Ng = 0.035 Ng = 0.007
90 percent HEU production rate 36.4 kg/yr 32.5 kg/yr
Feed-to-product ratio 27.5kg per kg 153.8 kg per kg
External feed of uranium (mass, volume*?) 1000 kg, 0.05 m? 5000 kg, 0.26 m?
External feed of UFg (mass, volume*?) 1480 kg, 16.29 m3 7400 kg, 81.47 m3
Required total separation unit length 137m 3525m

Cascading to 90 percent highly enriched uranium

A summary of the two cascades modeled in the online material is shown in Table 2.
The required separation unit length is based upon 1,933.4 kg of uranium flowing
through a one-meter long separation unit per year (Table 1). These requirements
assume no interstage mixing in the cascade. This assumption conserves separative
work but may not lead to the most energy efficient cascade. Such alternate arrange-
ments have not been considered in this analysis.

As higher enrichments are achieved in moving up the cascade, a higher concen-
tration of uranium can likely be used in the carrier gas, as adverse effects to the selec-
tivity due to vibration to vibration transfers between *>UFg and > UFs become less
of a limitation. There is no clear model about limits of this deexcitation mechanism,
and if concentrations > 0.05 in G are possible, less separation unit length would be
required. Whether this is true depends upon what can be measured on separation
units in a lab.

Batch recycling

Batch recycling allows for 90 percent HEU production in less time than does cascade
interconnection, but this advantage requires more uranium feedstock to start, as it
uses only the product of one stage as feed for the next. This is an inefficient use of
uranium since the tails are not recycled, and this is particularly true in SILEX, as the
product cuts tend to be fairly low. The attractiveness of batch recycling with SILEX,
however, depends upon the size of 8, and would clearly be the quickest route to a
nuclear weapon if § ~ 10.

Using the model in the online material, where 6 depends upon the feed concen-
tration and B = 2, 25 kg of 90 percent HEU is acquired in 8 stages. This requires
49,382 kg of 3.5 percent uranium feedstock, with & = 0.36 in the first stage and
6 = 0.43 in the final one.>® This is 1975 kg of 3.5 percent enriched feed for every
1 kg of 90 percent HEU produced. Centrifuges, by contrast, need only 90 kg of 3.5
percent feed for every kilogram of weapon-grade HEU produced with batch recy-
cling.®! This performance reflects a clear preference for centrifuges, as the uranium
requirements appear intolerably high.

As B increases, however, fewer stages and less uranium are required. Table 3
shows the uranium requirements with batch recycling for g = 2, 3, and 10. If
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Table 3. A Summary of the Required Uranium Resources and Separation Unit Lengths for the Produc-
tion of 25 kg of 90 Percent HEU Using Batch Recycling with Uranium Feedstock Concentrations Ng =
0.035 for 8 = 2,3, and 10 and N¢ = 0.007 for 8 =10.

Enrichment factor 8 B=2 B=3 B =10 B=10
Feed Concentration Nr 0.035 0.035 0.035 0.007
Enriching stages 8 6 3 4
Feed per kg of 90 percent HEU 1,975 kg 1,562 kg 42kg 151kg
External uranium feedstock 49,382 kg 39,061 kg 1,049 kg 3,774 kg
Required separation unit length 387m 264 m 07m 253 m

B = 3, the required uranium feedstock of 1562 kg per kg of weapon-grade material
still seems intolerably high, but for B = 10, 42 kg per kg 90 percent HEU would pro-
vide an attractive pathway to a nuclear weapon. Yet without a declared SILEX-type
facility, the 3.5 percent feedstock would likely have to be diverted from a declared
centrifuge facility, making this pathway less likely from a clandestine plant. If nat-
ural uranium feedstock is used, however, requiring only 151 kg per kg of weapon-
grade material with § = 10 might be very tolerable for a proliferator. The additional
need for only 2.53 m of separation unit length would make weapon-grade material
acquisition in a such a small space perhaps the most attractive aspect. The likeli-
hood of this pathway would seem to depend on where g falls between the range of 2
and 20.

Minimum space required for the SILEX process

The estimated area required to operate a third generation laser enrichment facil-
ity based on a SILEX-type model assumes that a clandestine facility would employ a
three-up, two-down cascade as described in the online material, and would use only
5000 kg of natural uranium, or 7400 kg of UFy. Figure 3 displays a possible arrange-
ment. The 39 stages are arranged in three parallel product streams, with the product
collected at stages 37, 38, and 39. The size of the stages are not drawn to scale, as each
stage requires a different flow rate, but with a total separation length of 32.5 m each
of product streams was assumed to be 13 m long to allow space between the stages
and room for the mirrors at the end. Raman shifters (discussed in the online sup-
plement) are each 4 m in length. The width of each product stream was allowed 2 m
to allow access to the equipment for a total width of 6 m. Adding 2 m between the
Raman shifters and the wall to allow for laser beam propagation and worker access,
the total required space by the product streams and Raman shifters was 20 m x 6
m, or 120 m?.

The optics bench in Figure 3 was assumed to be 5 m x 2 m, and each laser
crate was designed to stack 4 lasers vertically for each product stream. Each laser is
roughly 2 m x 1 m based upon data provided by commercial suppliers. The optics
bench could support additional TEA lasers to be used as amplifiers and any optics
necessary to tune and narrow the laser light. The holding tank for solid UF¢ could
have a variety of dimensions and could be oriented vertically to save floor space,
but allowing for two cubic meters would suffice at a density of 5090 kg/m>. The
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Figure 3. The area footprint (15 m x 20 m = 300 m?= 3229 ft?) of SILEX equipment capable of pro-
ducing 32.5 kg of 90 percent HEU annually.

remaining equipment consists of a mass spectrometer to measure the **UFg con-
centration and storage vessels to prepare the UF¢ for nozzle expansion. Compres-
sors and vacuum pumps could easily find space, as all adequate equipment could
fit within a couple square meters. A vacuum pump is needed to lower the pressure
of the SF¢/UF¢ mixture from 760 to 57.6 torr, and Figure 3 indicates a connection
between the two that shows only a tank at lower pressure prior to nozzle expansion.
Its size is unimportant, as storage at 760 torr is possible in a smaller space. All stages
in the cascade would require a reservoir at 57.6 torr prior to nozzle expansion, and
this is indicated with a small rectangle opened at one end next to each stage num-
ber. Assuming a rectangular room, an additional 117 m? meters remains to include
this equipment. This leaves a room with dimensions 20 m x 15 m, or 300 m?. It
is worth mentioning that the three product streams could be placed on top of each
other if a proliferator desired to conserve floor space. This would remove 4 m from
one dimension and leave a minimum space of 220 m?.

If the assumption is made that the same space for holding tanks, low-pressure
storage vessels, a mass spectrometer, and compressors and vacuum pumps is
required for centrifuges (~ 117 m?), direct comparisons between the two technolo-
gies are possible. For a 5000 SWU facility with ~ 24 SWU capacity centrifuges (the
claimed separative capacity of Iran’s IR-8 centrifuge),’® 208 m? is required if one
square meter is assumed per centrifuge. Adding one meter on each side for machine
access and subtracting the space required for an optics bench and lasers for a SILEX-
type system, a total of ~ 370 m? is required for an IR-8 centrifuge facility. If URE-
NCO centrifuges, each with 100 SWU capacity, were used in a 5000 SWU facility, a
total area of only 189 m? would be required.
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The estimate that a SILEX-type facility would require a space between those for
advanced IR-8 and URENCO centrifuges suggests that it could be hidden in a build-
ing similar in size to buildings used for multiple other purposes. Different plausible
assessments for the sizes of holding tanks are irrelevant considering that such equip-
ment could be designed vertically to limit the floor space utilized. The area estimate
for such a facility assumes an enrichment factor 8 ~ 2, and would decrease accord-
ingly for higher values as discussed previously.

Minimum energy consumption

The minimum power consumption Pp;, for a third generation laser enrichment
system similar to SILEX is likely to be dominated by the required minimum number
of photons to excite all 2> UFg. It can be expressed as the minimum energy fluence
multiplied by the free jet core’s velocity:

1

o (v3)

Prin = Ymin - U = hv < + 7’12352) -U (17)

For a separation unit of one meter with a laser irradiating at pg = 0.026 torrand T'=
81 K, the laser power needed is 374 Watts, an energy consumption of 3276 kWh/yr.
With the separative capacity for such a unit being 257.8 kg-SWU/yr, the laser energy
consumed is then only 12.7 kWh/SWU. For ten meters of separation length, the
minimum power needed to irradiate all uranium raises to 381 Watts. This lowers
the energy consumed to 1.29 kWh/SWU.

For current Enrichment Technology Company (ETC)-supplied centrifuges
to Urenco plants or American Centrifuge Plant (ACP) centrifuges, about
50 kWh/SWU is required.>® The 12.7 kWh/SWU (or 1.29 kWh/SWU for ten meters)
estimate is low considering that 10.2 um light must be Raman-shifted, and only
55 percent energy efficiency is claimed in the shift to 16 um.** In addition, the
electro-optical efficiency of the TEA CO, laser is only 15 percent® to 26 per-
cent®® prior to Raman-shifting. These inefficiencies change the energy consumed
to 88.8—154 kWh/SWU for one meter and 9.02—15.6 kWh/SWU for ten.

In addition to the laser energy requirements, vacuum pumps and gas compressors
are also required for SILEX operation. There are two needs for the vaccum pumps:
to pump the UF¢/G mixture from atmospheric pressure to the desired reservoir
pressure just prior to nozzle expansion and to pump the irradiation chambers within
the separation units down to just below 0.01 torr. Using a commercially avail-
able liquid ring vacuum pump with a suction capacity of 68 m>/hr,>” 1.5 kW of
power is needed to pump 68 m> from a standard pressure of 760 torr to the desir-
able reservoir pressure of 57.6 torr. This translates into an energy consumption of
0.41 kWh/SWU.*® To pump the irradiation chambers down to 0.005 torr, a rate of
only 6 x 107 kWh/SWU is required.”® Compressing the gas from 0.002 torr upon
collection down to 57.6 torr for the next stage was modeled by as a polytropic pro-
cess, and energy was calculated to be consumed at 0.37 kWh/SWU.
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Table 4. ASummary of Electricity Needs Related to Lasers, Vacuum Pumps, and Gas Compressors with
One-meter and Ten-meter Long Separation Units. The Energy Consumption of URENCO (or American
Centrifuge Plant) Centrifuges is Listed for Comparison in the Last Column. (N. A. = Not Applicable).

One-Meter Ten-meter URENCO
Electricity need (kWh/SWU) (kWh/SWU) (kWh/SWU)
Laser energy consumption 88.8 9.02 N. A
Pump for reservoir (760 to 57.6 torr) 0.41 0.41 N. A.
Pump for irradiaiton chamber (760 to 0.005 torr) 6x 1076 6x107° N. A.
Compression for reservoir (0.002 to 57.6 torr) 037 0.37 N. A.
Total energy consumption 89.6 9.80 50

A summary of the electricity needs for a SILEX-type system is shown in Table 4.
The 50 kWh/SWU shown for URENCO represents the state-of-the-art energy effi-
ciency for centrifuge technology. The energy consumption for a SILEX-type plant is
higher or lower than this depending upon the length of the separation unit. Units of
only a few meters would consume less energy than URENCO centrifuges. For exam-
ple, a 5000 SWU SILEX-type plant operating at 10 kWh/SWU would consume as

much energy as a grocery store in the United States that was only 100 m? in size.5!

Expertise in laser technology

Lasers are used widely in multiple fields of research and industry, and there is a broad
and growing understanding of laser physics and technologies. In principle, this puts
laser enrichment systems within reach of many countries. Some third generation
laser enrichment systems, however, have specific requirements that may require
sophisticated expertise.

There are a number of lasers with the performance characteristics necessary for
use with third generation laser enrichment technology (see online supplement). As
previously mentioned, the laser likely employed by GLE for the SILEX process is the
TEA CO, Raman-shifted system. This laser requires that the peak power incident on
the Raman cell be high enough so that ~ 10 m] pulses are produced that are capable
of selectively exciting all uranium-235 flowing cross-wise through the laser beam.
This might require combining multiple CO, laser beams in various ways depending
on what lasers are accessible to a proliferator, and tuning the laser’s wavelength and
narrowing its linewidth may also be needed. These skills do involve techniques that
require knowledge about light and optics, but not necessarily detailed knowledge
about lasers. Raman-shifting, however, likely requires engineers skilled in arrang-
ing highly reflective mirrors that allow for multiple passes of laser light. Such lasers
also run at high pressure (~ 5—8 atm), and while there are commercially available
systems that claim a user would not be required to manage the high-pressure gas,
this appears to be the most demanding technical skill needed with such systems.
It is a skill not typically required of those familiar with lasers, and managing the
gas stability is a reported challenge. Mastery of other techniques could lessen the
need for this skill, but future laser innovations that do not require sophisticated
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high-pressure gas management would limit the number of technical skills required
for successful SILEX-type operation.

It remains possible that advanced Raman-shifting techniques would limit the
need for high-pressure laser mediums by lowering the peak power threshold for
Raman emission or that other lasers could be utilized with SILEX-type systems.
These lasers include other pulsed CO, systems or CO lasers where the UF; is irra-
diated within the laser cavity. While skill with mirrors, wavelength tuning, and line-
narrowing would likely be necessary, it would be a mistake to consider these skills
inaccessible by those without formal technical training. Other commercially avail-
able lasers could be combined in various ways to enrich uranium with sufficient
determination, and laser capabilities are always improving. Many lasers could have
both their pulse length shortened and pulse energy increased by increasing the pres-
sure in the laser’s amplifying medium and adding more advanced RF pulsing or Q-
switching techniques.

A more detailed technical discussion about these matters is provided in the online
supplement.

Conclusion

Third generation laser uranium enrichment technology, with the SILEX process
being a likely example, may create new proliferation risks. It appears that such a
system could be designed and built to enrich uranium to weapon-grade levels with
higher energy efficiency than state-of-the-art URENCO centrifuges. With some
laser enrichment and cascade designs the efficiency could be greater by a factor of
5, and possibly much higher. This has direct impact on the possible detection of a
clandestine laser enrichment facility based on size or energy use.

The space required by a laser enrichment plant capable of producing about thirty
kilograms per year of 90 percent enriched uranium (sufficient for more than one
weapon a year) is estimated to be about 300 m?. This estimate is almost certainly
generous. Satellite surveillance intended to distinguish a building hosting such an
activity among other buildings this size should not be expected to provide useful
information. The energy use would be less than a comparable centrifuge plant.

These conclusions suggest that third generation laser enrichment provides a new
technological pathway to weapon-grade uranium and nuclear weapon development,
with the acquisition of a usable laser being the main technological hurdle. The
risk is that continued laser development and successfully demonstrated commercial
deployment of laser enrichment may encourage more states to seek indigenous laser
research programs that could provide them with a latent nuclear weapons capability.
Research programs on lasers relevant to third generation uranium enrichment, how-
ever, may also be used for other applications that complicate identifying the intended
purpose of equipment and programs. Attention needs to be focused on laser sys-
tems capable of enriching uranium to weapon-grade levels which may come to pose
proliferation concerns comparable to if not greater than gas centrifuge development
or plutonium reprocessing today.
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the pressure and temperature and o; _, and p; _ are the collisional cross section and
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