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Abstract: Nuclear energy has become a source of energy which has a huge role in human
life. Most reactors collect energy emitted from controllable fission chain reaction of *°U.
However, as well as other materials, we need to conduct several processing steps before
using *°U. In this report, we present the concepts, principles, advantages and
disadvantages of several typical methods of enriching ***U, such as gas diffusion, thermal
diffusion, isotope separation by laser of plasma, gas centrifuge, ..., an important step in
the processing of transform an ore deposit into energy to serve the human life.
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I. GENERAL ABOUT URANIUM AND ENRICHMENT
1. Uranium

Uranium - discovered in 1789 by the German chemist @
Martin Heinrich Klaproth - is a silvery-white metallic
chemical element in the actinide with atomic number 92.
Uranium has six isotope, the most common of which are 238y
(146 neutrons) and “**U (143 neutrons). All isotopes are
unstable and uranium is weakly radioactive.

In nature, uranium is found as U (99.2742%), *°U

(0.7204%), and a very small amount of %*U (0.0054%). & e
Fig.1. Uraninite, also known as Pitchblende

2. Conversion and refining

The rocks may have only a few percent (normally <
0.3%) uranium in them. The uranium then has to be removed
from the rock and concentrated. The milling process involves
crushing and pulverizing the rock into very fine fragments and
adding water to create a slurry. This slurry is then mixed with
sulfuric acid or an alkaline solution to release the uranium
from the host rock. From this acid or alkaline solution,
uranium oxide or yellowcake is precipitated.

3. Enrichment of **U Fig.2. A drum of yellow cake
(a mixture of uranium precipitates)
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Fig.3. Enrichment of 2°U are chemically identical, but differ in their physical



properties, notably their mass. The difference in mass between **U and **U is about 3u,
which allows the isotopes to be separated and makes it possible to increase or ‘enrich’ the
percentage of 2*°U, cause all present enrichment processes, directly or indirectly, based on this
small mass difference.

Natural uranium contains only 0.7% “**U. Nuclear reactor fuel is typically enriched to
contain approximately 5% 2*°U. Uranium used for nuclear weapons would have to be
enriched at least 90% ®**U. Uranium was enriched to 20% or more **°U is called HEU (high-
enriched uranium). Uranium enriched above the natural U abundance but to less than 20%
is called LEU (low-enriched uranium).

4. Separative work unit

A separative work unit (SWU) is a unit of measurement used in the nuclear power
industry, just as unit measurements such as calorie, watt, decibel, ampere, volt, etc.., are used
in other industries.

1. METHODS OF URANIUM ENRICHMENT
1. Geseous diffusion

238 The diffusion process involves
23517 forcing uranium hexafluoride gas
\ 9 & g o M Lishtiraction  ynder pressure through a series of

- o porous membranes or diaphragms.
Feed 5 MR 257’5 @ m) Heaw raction ., As “®UFg molecules are lighter than

the 2*®UFs molecules they move
faster and have a slightly better
chance of passing through the pores
in  the  membrane, possibly
manufactured from sintered
powdered nickel. The UFg which diffuses through the membrane is thus slightly enriched,
while the gas which did not pass through is depleted in *°U.
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Fig.4. Gaseous diffusion
Diffusion membrane has pores of 8-10 nm

The molecules of the lighter gas will have a higher average speed than the heavier
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For a mixture of two gases since the diffusion rates are proportional to the molecules
velocities, the separation factor for the instantaneous diffusate, called the ideal separation
factor a is inversely proportional to the square root of the molecular weights, and is given by:

Using the molecular weight of uranium hexafluoride:

M,, =238+ 6x19 =352
e - a= 352 _ 1.00429
M = 235 + 6x19 = 349 \] 349

235 UF6

All components of a diffusion plant must be maintained at an appropriate temperature
and pressure to assure that the UFs remains in the gaseous phase. The gas must be compressed


http://en.wikipedia.org/wiki/Chemical_plant

at each stage to add pressure which was lost when gaseous UFg through the diffuser, then
must be cooled before entering the next. The requirements for pumping and cooling gas make
diffusion plants enormous consumers of electric power. Because of this, gaseous diffusion is
the most expensive method currently used for producing enriched uranium.

2. Electromagnetic isotope separation (EMIS)

One of the earliest successful enrichment
technique was electromagnetic  isotope
separation, in which large magnets are used to
separate ions of the two isotopes.

Magnetic separation depends on the
principle of the mass spectrometer.

M s, M e are mass of ion **U and

28 respectively. R, and R . are the

circular radii of the path taken by 235 ) and Fig.5. Electromagnetic isotope separation
238 respectively. (EMIS) - Schematic diagram of uranium isotope

separation in a Calutron (a device, developed in
After some calculations we have the ratio 1940 to produce HEU) shows how a strong

of the radii can also be written as: magnetic field is used to redirect a stream of
R M uranium ions to a target, resulting in a higher
v e concentration of 2°U (represented here in dark

R s M 2 color) in the inner fringes of the stream.

This shows that the isotopes of different masses will move in trajectories with different
radii. These radii are proportional to the square root of the masses. Collectors can be placed
at these radii to collect the different nuclei. These devices can generate very little quantities of
isotopes. EMIS is a process that can produce weapons grade material from natural uranium in
only two stages. However, hundreds to thousands of units would be required to produce large
quantities of HEU because of the process’s relatively low product collection rate and the long
cycle time required to recover material between runs.

3. Thermal diffusion

The kinetic theory of gases predicts that gases have different molecular weight diffuse
with different rates. In this process, a gas compound rises as it heats, down as it cools, and
separates into it lighter and heavier components.

Applied to uranium enrichment, a gaseous uranium compound such as uranium
hexafluoride is circulated in an annular region between two vertical pipes kept at different
temperatures. The lighter molecules of Z°UFs and ***UFg get more concentrated near the hot
surface where they are carried upward by the convection current. An exchange occurs with
the current moving downward along the cold surface producing a fractionation process. After
a state of equilibrium is reached, the gas near the upper end contains more of the light
molecules than near the lower end.

The thermal diffusion process is characterized by its simplicity, low capital cost, and
high heat consumption.

4. Laser isotope separation (LIS)

Atomic and molecular laser isotope separation techniques use lasers to selectively excite
atoms or molecules containing one isotope of uranium so that they can be preferentially
extracted.

Photon’s energy: E =hf= %

photon



lonizing energy: E ~Z

ionization

Although LIS appears promising, the technology has proven to be extremely difficult to
master and may be beyond the reach of even technically advanced states.

Common name for such processes include:
- First category: atomic vapor laser isotope separation (AVLIS).
- Second category: molecular laser isotope separation (MLIS).

AVLIS process is based on the fact that 2*°U atoms and **®U atoms absorb light of
different frequencies (or colors). Although the absorption frequencies of these two isotopes
differ only by a very small amount (about one part in a million; for example, the *®U
absorption peak shifts from 502.74 nm to 502.73 nm in 2*°U), the dye lasers used in AVLIS
can be tuned so that only the ?*°U atoms absorb the laser light. As the ?*°U atom absorbs the
laser light, its electrons are excited to a higher energy state. With the absorption of sufficient

235 : H P : 2351 &
energy, a “’U atom will eject an electron and become a positively charged ion. The “*°U ions
may then be deflected by an electrostatic field to a collector. The neutral atoms U pass
through the product collector section and are deposited on a tails collector.

The idea for the MLIS process was conceived by a group of scientists at the Los Alamos
National Laboratory in 1971. There are two basic steps involved in the MLIS process. In the
first step, UFg is irradiated by an infrared laser system operating near the 16 mm wavelength,
which selectively excites the 2°UFg , leaving the ?*®UFs relatively unexcited. In the second
step, photons from a second laser system (infrared or ultraviolet) preferentially dissociate the
excited *°UFs to form ?**UFs and free fluorine atoms F. The #*UFs formed from the
dissociation precipitates from the gas as a powder that can be filtered from the gas stream.
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Fig.6. Scheme of laser isotope separation Fig.7. Scheme of molecular isotope separation
5. Plasma separation

The plasma separation process has been studied as a potentially more efficient uranium
enrichment technique to use the advancing technologies in superconducting magnets and
plasma physics.

In this process, the principle of ion cyclotron resonance is used to selectively energize
the 2*°U isotope in plasma containing 2°U and 22U ions. A feed plate of solid uranium serves
as the source of neutral uranium atoms. These atoms are vaporized by bombarding the plate
with energetic ions in a process called sputtering. A microwave antenna located in front of the
plate energizes free electrons which collide with neutral uranium atoms in the vapor
sputtering off the plate. This takes electrons from the uranium atoms and produces plasma of
2% and *®U ions.


http://en.wikipedia.org/wiki/Nanometre
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The plasma is subjected to a
uniform magnetic field along the
axis of a cylindrical vacuum
chamber as the plasma flows from
source to collector. The magnetic
field is  produced by a
superconducting magnet located
around the outside of the chamber.
The high-strength magnetic field produces
helical motions of the ions, with the lighter
?®y jons spiraling faster and having a
higher ion cyclotron frequency than the
heavier U ions. As the ions move
toward the collector, they pass through an
electric field produced by an excitation
coil oscillating at the same frequency as
the ion cyclotron frequency of the *°U
ions. This causes the helical orbit of the
2% jons to increase in radius while
having minimal effect on the orbit of the
heavier “®U ions. The plasma flows
through a collector of closely spaced,
parallel slats, the physical appearance of
which roughly resembles a venetian blind.
The large orbit ?*°U ions are more likely to
deposit on the slats, while the remaining
plasma, depleted in **U, accumulates on
an end plate of the collector. PSP is a
process that would require several stages
to produce HEU from natural feed.

6. Gas centrifuge

Nowadays, in  the  uranium
enrichment industry, the gas centrifuge
method is most used to enrich %*°U,
because it requires only about 5% of the
power compare with others methods.
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Fig.8. Scheme of plasma separation
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Fig.9. Interior details of a gas centrifuge.
The vertical arrows inside the rotor represent
the internal gas circulation.

Gas centrifuge have two main components: rotor and stator. Gas (UFs) is pumped into
rotor. The rotation of rotor creates centrifugal force, which separates isotopes of uranium,
base on the small difference mass between ?*°U and %**U isotopes.

To realize the behavior of the flows inside the rotor, some complex equations in
hydrodynamics and separation theory need to be considered. Typically, the Onsager’s Master
equation and the diffusion — convection equation need to be considered.
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The Onsager’s Master equation: —
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The diffusion — convection equation:
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CAC PHUONG PHAP LAM GIAU URANIUM - 235

NGUYEN HOANG ANH, CHAU VAN TAO
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T6m tit: Ning luong hat nhan da tré thanh ngudn nang lwong co vai trd to 16n trong cudc
song con ngudi. Hau hét cac 16 phan Gmg déu thu ning lugng téa ra tir chudi phan tmg
phéan hach c6 kiém soat ciia U-235. Tuy nhién, ciing nhu cac ngudn nguyén lidu khac, ta
can tién hanh nhiéu budc xtr 1y trude khi c6 thé sir dung duge U-235. Trong khuon khé
bao cdo nay, ching toi trinh bay cac khai niém, nguyén 1y ciing nhu vu khuyét diém cua
mot s& phuwong phap lam giau U-235, dién hinh nhu khuéch tan khi, khuéch tan nhiét,
tach déng vi béng laser hoac plasma, khi ly tam, ...; mdt budc quan trong trong qua trinh

bién doi mot loai mo quang thanh nang lugng phuc vu cudc song con nguoi.
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