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Laser Enrichment of Uranium:
The Proliferation Connection

Serious policy issues are raised by the prospect of

small, efficient uranium enrichment plants.

The release in recent months of a con-
siderable amount of technical informa-
tion on the potential use of lasers to en-
rich uranium has given rise to cries of
alarm from a number of sources, with the
arms control ‘‘community’’ leading the
way. In his calm and accurate review
Metz (/) quoted an unnamed ‘‘weapons
scientist’’ as fearing that the new tech-
nology might ‘‘enable people to ‘build
bombs in their basements.” >> The New
York Times of 27 June 1976 quoted Dr.
Fred C. Iklé, head of the U.S. Arms
Control and Disarmament Agency, as
fearing that the ‘‘spreading [of] informa-
tion about this technique could make it
easier for other nations to circumvent
our controls against nuclear prolifera-
tion’’ (2). Iklé was responding to the con-
cern of Professor Paul Doty, Jr., a bio-
chemist at Harvard, who was ‘‘dis-
turbed’’ by what he saw as an irrespon-
sible release of highly sensitive
information. These reactions have re-
sulted in a great sensitivity on the part of
U.S. government agencies to the danger
of the release of any more information to
the public, and a very tight lid has been
clamped on all activities in this area.
Some scientists feel that this reaction has
gone too far and that it threatens to inter-
fere with basic research in a number of
areas of laser photochemistry and iso-
tope separation quite unrelated to urani-
um enrichment (3).

Not surprisingly, people became
alarmed when it first became known that
the new technology might lead to nuclear
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proliferation. There is a great deal of
anxiety these days about the potential
for nuclear weapons proliferation, and
the alleged simplicity and cheapness of
this new laser technique seems to have
removed whatever tenuous restraints
still remained on the spread of nuclear
weapons, not only to medium-sized and
small countries but possibly even to ter-
rorist groups or criminals as well. The
possibility of a quick and easy method of
producing highly enriched *>U from nat-
ural uranium seemed to pull the rug out
from under those people who were labo-
riously trying to design an international
system of safeguards against the diver-
sion of plutonium from the civilian nucle-
ar industry to weapons production.

My own interest in this problem was
originally motivated by the same sense
of alarm expressed by the people quoted
in the opening paragraph. Since then, my
attitudes have undergone several modifi-
cations. An earlier draft of this article
had the rather flippant subtitle ‘‘Let’s
keep our shirts on’’ and emphasized the
obstacles associated with the devel-
opment of the technology and what I saw
to be the potentially high cost and techni-
cal complexity of laser enrichment facili-
ties. However, reactions to this first
draft by several people more knowledge-
able in the area than I have caused me to
reassess this conclusion somewhat. If I
were to use the same metaphor, I might
say that, while I am not yet about to tear
off my shirt, it might be prudent to loos-
en a few buttons.

SCIENCE

As this article was being written, I was
acutely aware that, even if it correctly
describes the situation which existed at
some time in the past, that picture is al-
most certainly already obsolete. The se-
crecy which now covers all significant
aspects of laser enrichment research
makes it impossible for an outsider to ob-
tain meaningful information and at the
same time prevents an insider from
saying anything in public except for the
most impenetrable generalities. The only
thing that seems certain is that research
on lasers and on the materials-handling
techniques required for laser enrichment
is being vigorously pursued both in the
United States and in other countries and
seems to be making progress. For this
reason it is essential that discussion of
the policy implications of this research
begin as soon as possible. I am hopeful
that this article can provide a stimulus
and a framework for this discussion.

My purpose in this study is to examine
as objectively as possible the implica-
tions of laser enrichment of uranium for
nuclear weapons proliferation. One thing
my study does not do is to attempt to de-
termine whether laser enrichment will ul-
timately prove economically competitive
with other enrichment techniques on a
large scale. Even those who have access
to all of the classified and proprietary in-
formation are not yet in a position to do
this. I will be interested here only in the
question of whether this new technology
threatens to alter significantly the situa-
tion with respect to the worldwide prolif-
eration of nuclear weapons. To have
such an effect, an enrichment technology
would have to be considerably cheaper
and less capital-intensive than existing
technologies and should not be so techni-
cally sophisticated that a large, advanced
research and development capability is
needed for its creation. To the best of my
knowledge, it remains an open question
whether such an enrichment technology
can be developed, but there are some
things one can learn about its probable
outcome simply by looking at the basic
physical processes involved in laser en-
richment.

The author is associate professor of physics and
science policy assessment at Hampshire College,
Ambherst, Massachusetts 01002. This work was done
while he was on leave at the Center for Environmen-
tal Studies, Princeton University, Princeton, New
Jersey.
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Some Definitions

The object of the enrichment process
is to produce from a batch of natural ura-
nium (99.29 percent 238U, 0.71 percent
235U) a product with a substantially higher
percentage of 2*U. To produce fuel suit-
able for nuclear reactors moderated by
light water, the percentage of 235U must
be increased by a factor of about 4, up to
3 percent; to produce a reasonably high-
quality material for nuclear weapons fab-
rication, the percentage of >*>U should be
on the order of 90 percent, more than 125
times the natural composition. The mo-
lar fractions of U in the feed, product,
and waste streams can be denoted by x,,
x', and x, respectively. As an example,
for a plant producing 3 percent enriched
uranium from natural uranium with a
waste-stream assay or ‘‘tails assay” of
0.2 percent, the values would be
xo = 0.0071, x' = 0.03, and x = 0.002.
On the basis of these compositions and
the fact that the total amount of ?**U is
conserved throughout the process, it is
easy to calculate the amounts of feed and
waste material for a given amount of
product material. In general, for each
mole of product the number of moles of
feed required and the number of moles of
tails produced are given by:

x' = x
Feed =
Xo —
. X' = X
Tails =
Xo —

In my example 5.49 moles of feed ma-
terial are required to produce 1.00 mole
of product and 4.49 moles of tails. On the
other hand, to produce 90 percent en-
riched explosive material one would re-
quire 176 moles of feed for every mole of
product. If 20 kilograms of 2*%U are
needed to produce a bomb, then roughly
3.5 metric tons of natural uranium would
be needed for each bomb.

We can classify the enrichment pro-
cess under one of two categories. The
process can be a repetitive one involving
many stages, each producing a very
small enrichment, or it can be a ‘‘single-
shot’” process which produces small
amounts of product which differ signifi-
cantly in composition from the feed ma-
terial. Most traditional methods of urani-
um enrichment have been of the first
type. These include gaseous diffusion,
centrifuges, and the Becker nozzle pro-
cess (4). The electromagnetic separation
process on which considerable work was
done during World War 11 is of the sec-
ond type, but it has never been shown to
be commercially feasible. The laser en-
richment technologies that I will discuss
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in this article are also of the second kind
and do show some promise of being com-
petitive with other large-scale enrich-
ment technologies.

All of the processes can be character-
ized by a parameter called the ‘‘selectiv-
ity factor,”” defined by the equation
o= Amon

Any, ny

where n, and n, are the numbers of moles
of the desired and undesired isotope, re-
spectively, in the feed material, and An,
and An, are the incremental amounts of
these species added to the product
stream in a given step. Obviously, «
must be greater than 1 in order for en-
richment to occur. In general, the multi-
stage processes are characterized by an
« that is only slightly larger than 1
whereas the single-shot processes have
much larger values. For example, gas-
eous diffusion has a theoretical « value
of 1.0043 and in practice (5) achieves a
value of only about 1.002. For the centri-
fuge method o values of about 1.25 have
been assumed (6). On the other hand,
proponents of laser enrichment believe
that « values well in excess of 1000 may
be obtainable with properly designed
systems.

The requirements of land area, capital
investment, and energy for multistage
processes are enormous. Thousands of
enrichment stages are required to pro-
duce weapons-grade uranium by gaseous
diffusion and dozens by centrifuge. The
energy required to produce a single fis-
sionable #**U nucleus for reactor fuel by
gaseous diffusion is 3 million electron
volts, or more than 4 percent of the us-
able energy produced by that nucleus in
a reactor. The energy costs for centri-
fuges are projected to be about one-tenth
of this [see (/), table 1], but both are
many orders of magnitude larger than the
thermodynamic lower limit of about 0.03
electron volt.

The use of laser enrichment tech-
niques, it is hoped, will come consid-
erably closer to the ideal than gaseous
diffusion or centrifuges. Because a laser
is a source of highly monochromatic light
which can be tuned with great precision,
it is possible to think of utilizing the
small isotope shifts in the absorption
spectra of uranium atoms or molecules
to achieve selectivities of greater than
1000. The tunability of the laser may al-
low the enrichment to be completed in a
single stage, eliminating the energy-con-
suming pumping and heating require-
ments of diffusion and centrifuges and
saving uranium by reducing the tails as-
say. The single-stage process would also
allow for a much more compact enrich-

ment plant, saving on land area demands
and capital investment. These hopes for
a more economic means of enriching ura-
nium coupled with projections which in-
dicate a rapidly rising demand for new
enrichment facilities have led to very ac-
tive research and development programs
in the United States, the Soviet Union,
Israel, France, and possibly other coun-
tries.

In the United States the development
of laser enrichment is being pursued
along two quite distinct tracks. Jersey
Nuclear—Avco Isotopes, Inc. (7) and a
group at Lawrence Livermore Laborato-
ries are working with atomic uranium.
Research on molecular uranium hexaflu-
oride (UFg) is being pursued by a group
at the Los Alamos Laboratories and an-
other group at Exxon Research Labora-
tories (not connected with Jersey Nucle-
ar—Avco). Each of these methods has its
virtues and its defects, and these tech-
niques seem to be to a great extent com-
plementary. Therefore, the two sets of
research groups have little to offer each
other in the way of help, and as one talks
with scientists involved in both programs
one quickly learns that a rather intense
rivalry prevails.

Laser Enrichment with Atoms

Laser enrichment experiments on
atomic uranium vapor have already pro-
duced enriched samples, albeit in very
small amounts. Experiments at the Law-
rence Livermore Laboratories (8) have
been developed to produce #**U ions at
the rate of 2 X 107® gram per hour, at
which rate it would take several hundred
years to accumulate a critical mass of
pure #3U. Considerable efforts are being
made to increase this production rate by
many orders of magnitude in order to
make it commercially practical and ap-
parently some progress is being made,
since at this writing Jersey Nuclear—Av-
co is still eager to proceed with its plans
for an intermediate-sized test facility (9).

The uranium atom has six valence
electrons, and the ground state configu-
ration of the atom is 5f26d7s2. This elec-
tronic configuration leads to an extreme-
ly complex optical spectrum consisting
of “‘over 900 identified energy levels,
9000 classified transitions and perhaps as
many as 300,000 visible lines”’ (10, p. 112).
It would seem to follow from this com-
plex spectrum that there should be no
real problem in finding a visible or ul-
traviolet laser which can be tuned to an
appropriate transition in uranium vapor.

In atomic uranium the major contribu-
tion to the isotope shift is produced by
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the difference in size between the *°U
and 238U nuclei. The nuclear mass dif-
ference and differences in hyperfine in-
teractions contribute lesser amounts.
The size of the isotope shift varies be-
tween 0.005 and 0.009 nanometer near a
wavelength of 420 nanometers [see (/0),
table 1], which corresponds to shifts of
between 0.28 and 0.51 reciprocal cen-
timeter at 23,800 reciprocal centimeters.
So the tuning of the existing laser must
be precise and stable to roughly one part
in 10°. This precision requirement does
not seem to present any problems, in
view of the already high degree of pre-
cision and stability of most lasers.

In the atomic enrichment process most
often discussed, molten uranium is
heated in an oven to about 2500°K. The
atomic vapor emerges in the form of a
long, thin ribbon (/1) (Fig. 1) into a high-
ly evacuated region where it can be illu-
minated by two visible or near-ultravio-
let lasers. One laser is tuned to a transi-
tion from the ground state of uranium to
an excited state roughly halfway up the
ladder to ionization. This is the isotopi-
cally selective step, and it is hoped that
very high selectivities will be achieved at
this step.

The purpose of the second laser is to
boost the excited ***U atoms to a level
just below the ionization limit. This step
need not be isotopically selective, and in
principle the second laser could be used
to ionize the atom directly. But ioniza-
tion cross sections are generally about
1000 times smaller than resonant excita-
tion cross sections, and so it is far more
efficient to use a resonant transition to
excite the atom to a state just below the
ionization level and then to use either a
static electric field or an infrared laser
pulse to pull the electrons off the atoms
(12). Once the atoms are ionized, they
can be separated from the neutral atoms
in the beam by the use of electric or mag-
netic fields, or both.

The major limiting factor in the above
process is the density of atoms in the
uranium ‘‘ribbon.”” There is an upper
limit on the density and therefore on the
rate of production of enriched uranium,
because both excitation energy and ionic
charge are very easily transferred to oth-
er atoms in collisions. Such collisions
must be kept to a minimum if a high se-
lectivity is to be obtained. According to
Letokhov and Moore (//, p. 138), the
c¢ross section for charge exchange scat-
tering is roughly 10~!* square centimeter.
If a product enrichment of 90 percent is
desired, then the probability of charge
exchange must be of the order of 1 in 10.
Therefore, the mean free path of a 23U
ion must be ten times the thickness of the
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Fig. 1. Schematic of the atomic laser enrich-
ment apparatus [adapted from figure 1 of
@9)].

ribbon, which in turn is limited by the di-
ameter of the laser beams and will typi-
cally be about 1 centimeter. The limiting
density is given by the inverse product of
the mean free path and the cross section
and is therefore about 10'* atoms per
cubic centimeter. Of course, if one wants
a product with only 3 percent enrich-
ment, then the odds that a 2*U ion es-
capes intact need only be about 1 in 30,
corresponding to a mean free path of 0.3
centimeter and a density of 3 x 10
atoms per cubic centimeter. But den-
sities this large may result in self-lasing
of the uranium atoms, a problem which I
discuss in the section on obstacles to
practical laser enrichment. Moreover,
these estimates do not take into account
other factors which degrade the selectiv-
ity, especially the mechanisms for cap-
turing and processing the final product.
With a number for the atom density,
we now need to get numbers for the
length of the effective interaction region
and the absorption cross section in order
to estimate the number of atoms excited
in each laser pulse. Typical resonant ab-
sorption cross sections (/0) are of the or-
der of 10~'* square centimeter, and so we
can determine the interaction length of a
photon by assuming that photons inter-
act only with 23U atoms (density, 10!
atoms per cubic centimeter, since only
about one atom out of 100 atoms of natu-
ral uranium is ?*»U). The interaction
length is then 10 meters. If we assume
that the laser beam has a diameter of |
centimeter and that all the ***U atoms in
a cylinder 10 meters long are excited,
then we will produce only 10'* excited
atoms or 107? mole per pulse. This result
implies that the laser must produce 10
photons of wavelength 420 nanometers
or 5 X 1075 joule per pulse. This value is
a very small energy, and it is not unrea-
sonable to postulate energies 2000 times
as large, that is, 0.1 joule per pulse. In
this case the intermediate excited level
would ‘‘saturate,’’ that is, it would reach

an equilibrium population in which just
as many atoms were being stimulated to
drop from the excited state to the ground
state as were being excited upward from
the ground state. If we assume that the
two states have similar statistical
weights, then we expect that under satu-
ration conditions roughly half the U
atoms in the beam will be excited and
half will be in their ground state.

In this situation the beam of photons
will penetrate much farther into the va-
por, a distance greater than the non-
saturation distance by a factor approxi-
mately equal to the ratio of the laser
pulse energy to the energy absorbed in
the nonsaturated case (//, p. 138). Since
0.1jouleis 2000 times as greatas 5 x 107>
joule, this beam could penetrate 2000 X
10 meters or 20 kilometers into the va-
por. This obviously greatly expands the
volume in which ionizations can take
place and thereby increases the potential
yield. Of course, no one has proposed a
laser enrichment facility 20 kilometers
long, but lengths of ‘‘hundreds of me-
ters’’ have been mentioned [see (/), p.
1163], and there is always the possibility
of designing a multiple-pass geometry for
the laser beam. Clearly, the saturation
technique is under active consideration.
However, this technique also has its
problems, and these I discuss in the sec-
tion on obstacles to practical laser en-
richment.

Another way to increase the produc-
tion rate is to find a way to increase the
density of atoms in the beam. Since the
length of the interaction region is limited
by practical considerations to a maxi-
mum of some hundreds of meters, only a
fraction of the available laser power will
be used for excitation if the density re-
mains at 10'® atoms per cubic centimeter.
A possible way to get around this limita-
tion is to use the fact that charge ex-
change interactions between heavy
atoms involve very little exchange of
momentum (/3). One can take advantage
of this property by producing the ions in
a strong electric field which accelerates
them substantially before they undergo a
charge exchange collision. (This electric
field can presumably be the same one
that generates the ions.) Then, even after
an ion has been neutralized, it will retain
the velocity transverse to the beam di-
rection that it acquired as an ion. This
maintenance of velocity will allow these
neutral U atoms to be separated from
the rest of the beam, although they will
have to be collected in a different way
from the ions. Another way to .get
around the limitation of the amount of la-
ser power available for excitation would
be to attempt to increase the production
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Fig. 2. Model of the UF; molecule. The urani-
um atom is at the center, and the molecule
possesses the symmetry of a spherical top.

rate by using even higher-powered lasers
with even faster repetition rates. The
creation of new, high-powered lasers is
an intensely active field of research, and
so this possibility must be taken serious-
ly.

To conclude this section I will imagine
that the saturated beam method and
higher densities are to be used and will
compute the production rate which re-
sults. The assumptions and results of this
calculation are summarized in Table 1.
Let us imagine an atomic ribbon with a
transverse length of 200 meters and a
thickness of 1 centimeter. Let the total
uranium density be 10'* atoms per cubic
centimeter, which means 10'2 25U atoms
per cubic centimeter. Finally, I will as-
sume a laser power sufficient to excite
and ultimately ionize with each pulse
roughly half the **U atoms within the
beam volume. The result is about 10'¢
#51J ions per pulse or, with a repetition
rate of 1000 hertz, about 4 milligrams per
second of nearly pure #**U. Such a facili-
ty would produce about 0.34 kilogram
per day of high-enriched uranium or
enough for a single bomb every 2
months. It is clear that this calculation
represents a very large and sophisticated
facility. In addition, I have neglected a

number of effects which will act to re-
duce the yield of such a plant and T have
also assumed technological capabilities
which do not yet exist. T will discuss in
some detail below the other difficulties
which arise from the use of the atomic
methods described above.

Laser Enrichment with Molecules

Gaseous UFg is used in all proposed
schemes for molecular enrichment, since
this is the only compound of uranium
with a sizable vapor pressure at reason-
able temperatures. Figure 2 is a repre-
sentation of the UF; molecule. The ura-
nium atom is at the center, and the fluor-
ine atoms are distributed around it in a
highly symmetrical way. The fact that
the molecule contains seven atoms and
exhibits a high degree of symmetry leads
to a very complicated spectrum of vibra-
tional and rotational excitations. Theo-
rists at Los Alamos have made substan-
tial progress in understanding the details
of the UF; spectrum (/4), but a less so-
phisticated treatment will be sufficient to
explain the laser enrichment process.

In the language of group theory, the
UF; molecule belongs to the symmetry
group O,. Using this fact and standard
techniques of group theory (/5), one can
show that the vibrational motions are de-
scribed by six normal modes of oscilla-
tion. The most interesting vibrational
modes from the point of view of laser ex-
citation are those which involve motion
of the uranium atom and which therefore
produce an oscillating electric dipole mo-
ment. Only these modes undergo al-
lowed (that is, strong) transitions from
the ground state when excited by elec-
tromagnetic energy. There are two such
frequencies in UF; and they are custom-
arily given the names v, and v,. Their
values in wave numbers (/6) are

Table 1. The assumptions made in determining the hypothetical maximum yields of high-en-
riched 2*U in the atomic and molecular laser enrichment processes. The time listed in the last
column is that required to produce one critical mass (20 kilograms) of 90 percent enriched U
in a single facility, given the assumptions listed in the other columns. These times are almost
certainly lower limits, since they depend on a number of optimistic assumptions about laser
capabilities, product separation techniques, and system reliability. Real times could turn out to
be one or two orders of magnitude larger, or even more.

Time required

Relevant Assumed Interaction Laser energy Pulse to produce
cross section density volume per pulse rate 1 critical

(cm?) (cm™3) (cmd) (joules) (hertz) mass

(days)
Atomic
1014 104 2 x 10 102 10° 60
Molecular
1015 107 8 x 102 10~2 (infrared) 102 3.5

1 (ultraviolet)

*For charge exchange.
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tFor vibrational energy exchange with another UF; molecule.

]

Supercooled UFg
Mach 5.3

UF,
T=350°K T=50°K
p=760 torr Siit p=1torr

n=3x10"
molecule/cm3

Fig. 3. Schematic of the supersonic ex-
pansion nozzle for the nonequilibrium cooling
of UF,.

I

vy = 626 reciprocal centimeters and
v, = 186 reciprocal centimeters. Both of
these frequencies lie in the far-infrared
portion of the spectrum. Indeed, v, is so
low that at room temperature one ex-
pects to find more molecules in the first
excited state of v, than in the ground
state (/7).

The low energies associated with these
transitions lead to two serious problems
for laser enrichment in UF;. The first
problem concerns the creation of an in-
frared laser with the correct frequency,
and I will delay discussion of this until
the next section. The second problem is
related to the high occupation numbers
of the low-energy vibrational states at
temperatures where UF; has a high va-
por pressure. The fact that so many low-
lying states are occupied means that it is
impossible to find a single excitation fre-
quency that will be absorbed by most of
the molecules. The presence of these so-
called “‘hot bands’’ reduces the efficien-
cy of the process very drastically.

The second problem turns out to be
easily solved, at least in principle, if
warm UF; gas is passed through a super-
sonic nozzle (Fig. 3). The effect of the
expansion is to convert most of the ki-
netic energy of random motion of the gas
in the reservoir into kinetic energy of
translational motion of the gas in the
nozzle. As the gas accelerates through
the nozzle, it becomes colder and the en-
ergy stored in the vibrational and rota-
tional degrees of freedom of the mole-
cules is reduced by intermolecular colli-
sions in the narrow region just down-
stream of the slit. Some straightforward
calculations based on the simple proper-
ties of an ideal gas undergoing a super-
sonic expansion (/8) show that the vibra-
tional and rotational temperatures can be
lowered from 350° to 50°K over a dis-
tance of a few centimeters if the area of
the nozzle expands by a factor of 32. The
gas then has a Mach number of 5.3 and a
pressure of about 1 torr, and, most im-
portant, 90 percent of the molecules are
in the vibrational ground state.

The molecules can now be illuminated
by a laser beam which has been tuned to
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excite selectively molecules containing
2351, The absorption feature referred to
most in the literature on molecular meth-
ods is the *‘Q branch’’ of the v, transition
in 23U, The meaning of this can be seen
in Fig. 4, which shows schematically the
ground vibrational state and the first ex-
cited v, state (quantum number v;), each
with its associated rotational band (quan-
tum number J). The selection rules allow
transitions in which AJ = 0, +1, or —1.
Transitions with AJ = 0 all require near-
ly the same energy, whereas those which
change J require an energy which de-
pends onJ. These rules determine an ab-
sorption spectrum which looks some-
thing like that shown in Fig. 5. The Q
branch is much stronger than the other
peaks because it contains transitions
from all occupied rotational levels of the
ground state, whereas the height of each
small peak in the P and R branches is
proportional to the population of the
given J state only. The finite width of
the Q branch and the variations in
spacings in the P and R branches are
all due to small effects, well known to
molecular spectroscopists but beyond
the scope of the simplified discussion
presented here.

The separation between the peaks of
the P and R branches is related to the
moment of inertia I of the molecule and
is known from experimental measure-
ments (/9) to be about 0.1 reciprocal cen-
timeter (see Fig. 6). The small value of
the separation constant shows that the
rotational levels associated with the
ground state have very small energies
and that even at 50°K a large number of
them, at least 70, will be populated. In
effect, then, 70 or more levels contribute
to the Q branch absorption line whereas
only one level contributes to each R and
P branch line. This difference in origin
explains the great difference in the
heights of the lines.

Let us now suppose that the idealized
spectrum of Fig. 5 is that of 23UF,.
Where shall we look for the Q branch
line for 235UF,? Since the 23U atom has a
slightly smaller mass than 23U, we ex-
pect by analogy with a simple classical
oscillator that the frequency will be
slightly higher. So we expect to find the
25UFg Q branch somewhere among the
R branch lines of #38UFg. It is not pos-
sible to compute the isotope shift
exactly, and the exact value of the 2**UF;
frequency is still a secret, but the value
Av = 0.65 reciprocal centimeter does ap-
pear in the published literature [see (/6),
p. 3576]. This result suggests that we can
probably expect to find the ?*UF; Q
branch line between the R(6) and R(7)
lines of 238UF; [R(6) is standard spectro-
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1
J=0 AJ=0
~—Q branch
4 AJ=-1 vy AlJ=+1
P branch R branch
v3=0 3 . . o
Fig. 4 (left). Representation of two vibrational levels
2 with their associated rotational manifolds. The
3 o energy separations are not drawn to scale. Fig. §

Al=-1 AJ=0 AJ=+1

P branch Q branch R branch

-

Reference 0.020 cm™!

135UF6
Q branch

R(n+1)
238y,

scopic notation for the R branch line that
originates on the J = 6 rotational level of
the lower vibrational state]. Figure 6
shows the 2>UF; line neatly centered be-
tween two 2**UF, R branch lines, and so,
if one could tune a high-powered laser to
an accuracy of =+ 0.02 reciprocal cen-
timeter and concentrate most of its ener-
gy in a bandwidth of about 0.05 recipro-
cal centimeter, then one could obtain a
very high degree of selectivity in the ex-
citation mechanism.

In order to produce a clean and well-
defined spectrum like that of Fig. 6, it is
essential to flow-cool the UFg gas. This
procedure will make possible, assuming
that other problems can also be solved, a
highly selective, single-shot enrichment
process. There may, however, be other
ways of overcoming the problem of the
high thermal population of the lower vi-
brational levels without supercooling the
gas. For example, one might preexcite
the UF, by a nonselective process to a
state above the thermally populated re-
gion and then use an isotopically selec-
tive laser to excite the U to an even
higher state. It may also be possible to
dispense with flow-cooling if one is will-
ing to settle for low selectivities and use
several enrichment stages. It could turn
out that a multistage process in which
uncooled gas is used is easier to imple-
ment than a single-stage process with

(right). Simplified representation of the v; absorption
band in UF.

Fig. 6. High-resolution
spectrum of a portion
of the 288UF; R branch,
showing the 2*UF; Q
branch.

R(n +2)
28y,

-
Reference

flow-cooling. The program at the Exxon
Research Laboratories may be con-
centrating on methods in which warm
UF; is used (20).

Thus far I have been discussing only
the first step of the molecular isotope
separation process, the selective excita-
tion of 233UF; molecules to their first vi-
brational state. However, this procedure
in itself does not provide a way of segre-
gating the excited molecules; consid-
erably more energy must be pumped into
the molecules to get them to dissociate.
There are two quite different techniques
being explored to accomplish this step
(21). The first is similar in concept to the
atomic methods discussed above. With
this method an ultraviolet laser is used to
excite an electron transition in the mole-
cule which leads to dissociation. In the
second method an intense pulse of in-
frared laser light drives the molecule up
through its vibrational manifold to dis-
sociation. This latter method has at-
tracted a great deal of attention during
the past year since it was revealed that
intense infrared radiation from a carbon
dioxide (CO,) laser can cause isotopi-
cally selective dissociation of a number
of complex molecules (22, 23). However,
the results of these experiments have
been difficult to interpret, and there is no
way to extrapolate the published data to
UFs.
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Since it is not necessary for either of
these secondary processes to be isotopi-
cally selective, the primary demands on
the ultraviolet or infrared lasers are re-
lated to their energy output and pulse
repetition rates. In both cases consid-
erably higher powers are required for the
molecular than for the atomic processes
because much larger numbers of mole-
cules can be processed in the same peri-
od of time. This high power requirement
follows from the fact that the density re-
strictions seem to be less severe for
molecules than for atoms; this less se-
vere density restriction in turn depends
on the much lower cross section for loss
or exchange of vibrational energy in
molecules than for exchange of ionic
charge in atoms.

It is difficult to be quantitative about
these statements without specific data on
the UF; molecule. Presumably the gath-
ering of such data is one of the primary
tasks of the current research and devel-
opment effort. We can, however, make
some reasonably reliable order-of-mag-
nitude estimates based on properties
which seem to be shared by most mole-
cules on which experiments have been
done. Since sulfur hexafluoride (SF;) has
been the most studied and is structurally
analogous to UF,, I will concentrate on
it.

Lyman and Rockwood (23) have dis-
played a graph of the vibrational relax-
ation times for SFg, from which one can
determine a rough value for the cross
section for vibrational energy exchange
with another SF; molecule. This value is
of the order of 107'* square centimeter,
and it is convenient to assume that this
value is applicable to UF; as well. If we
are working with supercooled UF; which
has been expanded adiabatically to a
temperature of 50°K and a pressure of 1
torr, and if we assume that this can be
done without condensation of the vapor
taking place, then the number density
can be shown to be 3 X 10" molecules
per cubic centimeter. The mean free path
for vibrational exchange is therefore
3.3 x 107 centimeter. At a temperature
of 50°K the average speed of the mole-
cules is about 6 x 10° centimeters per
second, and so the average lifetime of a
vibrational excitation is 500 nanosec-
onds. Therefore, if we use a pulse length
of 50 nanoseconds for excitation and dis-
sociation, we can reduce the probability
that an excited ?**UF, will transfer its ex-
citation energy to a 2*®UF, to 1 in 10.
This situation is then analogous to the
first two stages of the atomic process,
and the dissociated molecules will be 90
percent 233U, But the dissociated product
must still be separated physically from
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the undissociated material, and it is clear
that substantial recombination could oc-
cur if the recombination probabilities for
UF; and F are high. There are also other
possible selectivity-degrading reactions,
and these I discuss in the next section.

However, if we assume for the mo-
ment that these separation problems can
be solved and that no further degradation
of the selectivity will take place after dis-
sociation,-we can use the above number
density to estimate the necessary laser
powers and potential yields. The absorp-
tion cross sections in UF; for the v; tran-
sition (24) is about 6 X 1078 square cen-
timeter. With a total UF; number density
of 3 X 10'" molecules per cubic centime-
ter we will have a 2UF; density of 2 X
105 molecules per cubic centimeter, and
so the photon interaction length will be
about 80 centimeters (assuming that pho-
tons are absorbed only by #UFg). A
longer path length can be obtained if the
transition is saturated, and the pulse en-
ergy density needed to do this is found
from the photon energy #Aw and absorp-
tion cross section o as follows [see (/1),
p. 136]

hw
Ey = 720_

For the absorption in UF, at 628 recipro-
cal centimeters this energy is equal to
107 joule per square centimeter.

It is interesting to compare this figure
with one given by Birely et al. (25) in an
estimate of future laser needs for enrich-
ment. They would like to have a 10-milli-
joule infrared laser, which would imply
an irradiation depth of the order of 8 me-
ters with a beam area of 1 square cen-
timeter and the number densities we
have been considering. The energy de-
mands for the ultraviolet laser are not
difficult to determine, if we assume that
roughly one ultraviolet photon will be
needed for each infrared photon. The
pulse energies are then simply propor-
tional to the photon energies. Thus we
require the ultraviolet laser to be able to
deliver on the order of 100 times the in-
frared energy or about 1 joule per pulse.

Let us assume that such lasers become
available and ask how long it would take
to produce 20 kilograms of 90 percent en-
riched 2**U—enough for one bomb (26). 1
will also make the very unrealistic as-
sumption that every molecule that is dis-
sociated is a part of the final product. If
all the ?»*UFg molecules in a volume of
800 cubic centimeters are dissociated by
each pulse, we obtain 1.6 x 10'® mole-
cules per pulse. If we want 20 kilograms,
this is about 80 moles or 5 x 10% mole-
cules, which means that 3 X 107 pulses
will be needed. If the lasers can be run at

a pulse rate of 100 pulses per second, the
time necessary to produce 20 kilograms
of 35U would be 3 x 10° seconds or
about 3.5 days. The lasers would be op-
erating at power output levels of 1 watt
for the infrared and 100 watts for the ul-
traviolet. Even if efficiencies of only 1
percent are finally obtained, this result
still implies power dissipations in the la-
sers of only 100 watts and 10 kilowatts,
respectively. Such power dissipations
would present no problems if gas lasers
were used (27).

The major difference between the two-
step process just described and the all-
infrared process is the use in the latter of
an infrared laser for the second step in-
stead of an ultraviolet laser. There are
several possibilities being explored for
this stage, including the use of the same
laser for both isotopically selective exci-
tation and dissociation. However, there
are virtually no available data on which
to base a yield estimate for this process.

We are forced to the conclusion that
the molecular process may be inherently
capable of considerably higher produc-
tion rates than the atomic process for a
given interaction volume. There is noth-
ing in the basic physics of the molecular
process which will guarantee that a laser
enrichment facility capable of producing
substantial amounts of high-enriched
uranium in short periods of time will be
either very large or outrageously expen-
sive. However, there do remain some
problems with the chemistry of the pro-
cess, and I will consider these in the next
section.

Obstacles to Practical Laser Enrichment

In the last two sections I have de-
scribed the basic physics of laser isotope
separation in atomic and molecular ura-
nium. In each case I have tried to single
out the interaction which places an upper
bound on the selectivity obtainable in the
process. In the atomic case it seems
clear that this process is the charge ex-
change between ionized 23U atoms and
neutral 28U atoms. In the molecular case
we have taken it to be resonant vibra-
tional energy exchange, although there is
some reason to suspect that recombina-
tion of dissociated molecules may ulti-
mately impose a more severe limitation.
It is not possible to estimate this, how-
ever, in the absence of relevant data. In
each case the limiting interaction deter-
mines a maximum density for the feed
material, and this density, along with the
beam energy densities and pulse rates of
the lasers, determines the rate at which
an enriched product can be produced.
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I now want to examine each of the
processes and try to get a feeling for the
technical difficulties that must be over-
come before macroscopic quantities of
enriched uranium can be produced. For
most commercial processes it is a long
way from the basic physics to a final
product, and this time lag would cer-
tainly seem to hold true for laser enrich-
ment. Several years of effort have al-
ready been expended by substantial
numbers of scientists in several coun-
tries, and there is not even so much as a
model facility operating anywhere, un-
less it is a very well-kept secret. It seems
fair to assume, therefore, that the devel-
opment of a laser enrichment technology
is a difficult problem requiring a major
research and development effort by a
first-rate technical establishment. The
implications of this requirement for the
proliferation question are important and
will be dealt with in the next section.

Atomic methods. The corrosiveness of
uranium vapor is certainly one of the
most serious obstacles to contend with in
the atomic process (/0). This problem,
like the separation chemistry for UFg, is
not discussed in any detail in the litera-
ture on laser enrichment, and it seems
fair to assume that one of the primary
motivations of Jersey Nuclear—Avco for
building an experimental facility is to test
various means of controlling the reactivi-
ty of uranium vapor. If it should prove
necessary to shut down a laser enrich-
ment plant at frequent intervals to clean
or replace the atomic beam apparatus
(which will be very large and awkward to
handle), then the economics of such a
plant are made considerably less promis-
ing.

Another serious difficulty associated
with the use of high-temperature urani-
um vapor is the presence of thermally
excited and even ionized atoms in the
beam. The uranium atom possesses a
very inconveniently located excited state
which is only 0.077 electron volt above
the ground state. This energy is easily
supplied to atoms colliding at 2500°K,
and in thermal equilibrium one expects
to find only 45 percent of the urani-
um atoms in the ground state and 27 per-
cent in the first excited state. Since
these two groups account for only 72
percent of the atoms, the other 28 per-
cent are spread out among even higher
excited states.

This problem is analogous to the ‘‘hot
bands’’ problem in the molecular pro-
cess, but there is no analogous solution in
the atomic case since there is no way to
expand the already rarified vapor to cool
it. Thus one must either be content with
exciting fewer than half of the 23U atoms
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in the beam or one must use two ul-
traviolet lasers (8) which differ in fre-
quency by 620 reciprocal centimeters in
order to excite 72 percent of the 2%U.
Since this is the initial excitation step,
both of these lasers must be of the very
narrow-band, isotopically selective type,
and, since the densities of the two types
of atoms differ by a factor of 2, the inter-
action lengths in the vapor of the two
beams will be very different unless there
is a fortuitous relationship between the
two excitation cross sections. This dif-
ference in beam lengths could lead to a
further loss of efficiency.

Then there is the problem of thermally
ionized %**U atoms. The presence of
even a small concentration of #*¥U ions in
the beam will seriously degrade selectiv-
ity, since the 2¥U/?**U ratio is already
very small. For example, if only 0.1 per-
cent of the ?*U is ionized (28), this will
put an absolute upper limit on the **U/
2381J product ratio of 5 even if we assume
that 70 percent of the 23U can be ion-
ized. Therefore, it is essential that the
number of thermal ions in the atomic
beam be kept very small. The ionization
problem is even more severe when elec-
tron beam evaporation is used instead of
high temperatures.

Another potentially tricky problem
arises if the intermediate excitation state
is saturated as described in the section
on laser enrichment with atoms. In this
situation the atomic vapor column is just
on the verge of becoming a laser itself.
The density, energy levels, cross sec-
tions, and laser powers must all be cho-
sen carefully to prevent the vapor col-
umn from becoming a laser, since stimu-
lated emission from the excited state will
simply undo the work done by the exter-
nal lasers.

Moreover, if the atomic ribbon is ac-
tually to be of the order of hundreds of
meters long or if some multiple-pass ge-
ometry is to be used, there is a signifi-
cant time delay before a laser pulse emit-
ted at one end of the interaction volume
can reach the other. Light takes 3 x 1077
second to travel 100 meters, but pulse
durations are expected to be of the order
of 1077 second [see (/1), p. 140]. So a
particular laser pulse will occupy only
about one-third of the length of the col-
umn at any instant of time. This could
lead to problems of timing with the sec-
ond excitation pulse and the ionizing and
collecting processes.

The power required from the lasers in
the atomic process is not as great as for
the molecular process, but the pulse rep-
etition rate must be higher to obtain rea-
sonable production rates. Both of these
requirements follow from the fact that

the atomic vapor is of the order of 103
times more rarified than the molecular
vapor (see Table 1). This fact also en-
sures that an enrichment facility that
uses the atomic method will have to be
much larger than one that uses UF;. The
combined demands for energy density,
repetition rate, tuning precision, and sta-
bility and reliability of the lasers are
quite severe. No currently available la-
sers can meet these demands, and, ac-
cording to Rhodes, ‘. . . the creation of
the appropriate high power lasers will be
the pacing item for developing a com-
mercial process. An integral involve-
ment with the university and indus-
trial laser complex is paramount to the
success of this program’ (29, p. 14).

Molecular methods. There have been
no publicly announced experiments in.
which uranium has been enriched by mo-
lecular methods, not even in milligram
amounts. The reason is that no laser has
yet been devised with a wavelength near
628 reciprocal centimeters and sufficient
power to dissociate ?**UF, molecules in
macroscopic quantities. Selective excita-
tion has been observed, but only in spec-
troscopy experiments in which very low-
power semiconductor diode lasers were
used (19).

It would be difficult to argue that the
invention of a tunable infrared laser with
a wavelength in this region is unlikely. It
is always possible that a determined
search will turn up a new molecular tran-
sition that can be made to lase near the
proper frequency. There are also many
schemes under study for downshifting
existing laser frequencies, in particular
the 10-micrometer CO, manifold in
which high powers and high efficiencies
have already been attained (30). The use
of either nonlinear optics or stimulated
Raman emission has been suggested
(31), and, once a frequency close to the
desired frequency is obtained, there are
a number of other methods that can be
used to achieve the fine tuning necessary
to make the laser isotopically selective.
The demands on the secondary laser are
severe, especially in terms of pulse ener-
gy, repetition rate, and efficiency.

An indication of the current state of
the infrared laser art with regard to en-
richment technology can be gathered
from the following statement made by
Rockwood in a paper contributed to
the Laser Spectroscopy Conference in
Loen, Norway, in May 1976 (32). Rock-
wood believes that ‘‘this represents a
new era for laser researchers in that they
are now being asked to invent a laser to
order with respect to wavelength, energy
and efficiency’’ (32, p. 7). He also says
that “‘It will be interesting to observe
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whether our knowledge of lasers has
really progressed to the point that these
requests can be met in a timely manner”’
(32, p. 7). It is certainly fair to infer from
these statements that the development of
suitable lasers is still highly problemati-
cal and that without such lasers the tech-
nology will probably never come to fru-
ition.

If we grant the existence of the neces-
sary lasers, then the major obstacle to
enrichment in UF,; becomes the separa-
tion of the dissociated product from the
depleted tails. Unless this process is
quite efficient, the high selectivity
achievable by the lasers will be dis-
sipated in recombination of the dis-
sociated products or by exchange inter-
actions. Indeed, one can visualize a mo-
lecular interaction completely analogous
to charge exchange in the atomic pro-
cess. In this mechanism a Z>UF; molecule
would interact with a #8UF; molecule to
produce **3UF and ?**UF;, the latter, of
course, present along with the 2*UF; in
the product. Just as in the atomic case,
this reaction must be kept to a very low
rate if any respectable selectivity is to be
maintained. One can speculate that this
goal can be achieved with the use of an
appropriate buffer or scavenger gas, or
both, but the strong suspicion remains
that this problem or one very much like it
has not yet been solved and may turn out
to limit the selectivities and yields which
can be achieved in practice to values
considerably less than the data in Table 1
would indicate.

This concludes my discussion of the
major obstacles to laser enrichment of
uranium. It is certainly not a complete
list of obstacles, and it may be that from
my position outside of the active re-
search field I have overrated some prob-
lems. But it seems equally likely that
there are serious problems I have not
even thought about and others which
have yet to arise. It would be foolish to
predict that the problems will be in-
soluble, especially if one grants that a
powerful economic incentive exists to
solve them. It does seem reasonable to
assume, however, that, if the difficulties
were easily overcome, laser enrichment
would by now be a fact of life. It must
also be kept in mind that, even if laser
enrichment should turn out to be techni-
cally feasible and economically profit-
able for low enrichments on a large
scale, it does not follow that the tech-
nique will be either feasible or practical
for high enrichments on a small scale.
These high enrichments are the real issue
in the proliferation question. We must
now consider this question in the light of
what I have said about laser enrichment.
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Consequences for Nuclear Proliferation

It is possible to imagine two important
motivating forces behind the devel-
opment of laser enrichment, one eco-
nomic and the other military-strategic.
Laser enrichment may make reactor fuel
cheaper and more plentiful and it may al-
so provide a large market for sophisti-
cated, high-powered lasers. On the other
hand, it may offer countries that would
otherwise consider nuclear weapons to
be out of their reach an easy entrance in-
to the ‘‘nuclear club.” I will consider
both of these motivations but will place a
greater emphasis on the second one,
since this is the major objective of my ar-
gument.

The impetus behind the development
of laser techniques in the major nuclear
powers is overwhelmingly economic. It
derives from the presumed need for ex-
panded uranium enrichment capacity in
a growing nuclear economy and the hope
that smaller, less capital- and energy-in-
tensive laser enrichment facilities will
provide more planning flexibility and re-
duce the financial risks involved in in-
creasing enrichment capacity. Propo-
nents of laser enrichment begin many of
their papers and lectures with references
to the projected growth in demand for
enriched uranium over the next 30 years.
If such projections are valid, there is a
clear incentive for finding an enrichment
technology which requires lower capital
investment and promises substantially
reduced energy demands.

But are these projections valid? Many
people are beginning to doubt it very se-
riously. It is clear that the optimistic pre-
dictions for the growth of nuclear power
generation which prevailed two or more
years ago must now be revised down-
ward, and no one is sure just how large
these revisions will be. There is ample
evidence of increasing public disen-
chantment with nuclear power in the
United States and in several Western
European countries, and the present and
projected economic difficulties associat-
ed with the attempts of electric utilities
to convert to nuclear generation are too
well known to need discussion here.

In an article entitled ‘‘Laser isotope
separation overview’’ (33) Boyer was
optimistic about the future evolution of
the technology because ‘‘large economic
incentives exist to drive such a devel-
opment . . .”” 33, p. 9). It will be inter-
esting to see whether this statement re-
mains true over the next several years
during which a lot of money will have to
be spent on research and development in
order to bring this technology into com-
mercial operation. It will also be inter-

esting to see how industry’s attitudes
will be affected if the enrichment busi-
ness is not turned over to private enter-
prise. This proposal is currently under
heavy fire and may be withdrawn by the
Carter Administration.

The other set of motivations, military
and strategic, relates directly to the
problem of the horizontal proliferation of
nuclear weapons. In order to assess the
threat which laser enrichment poses for
nuclear weapons proliferation, we must
ask whether this technology significantly
reduces the difficulties faced by a non-
nuclear weapon state or organization
which decides it wants to acquire some
bombs.

For the purposes of this argument I
will assume that natural uranium is and
will continue to be readily accessible to
any state that would like to buy it or
mine it. The 1968 Treaty on the Non-Pro-
liferation of Nuclear Weapons places no
restrictions on the production or sale of
natural uranium, and such restrictions
are highly unlikely in the foreseeable fu-
ture. The technologies for turning urani-
um ore into pure uranium metal or UF;
are quite straightforward and certainly
accessible to anyone, although UF; does
require careful handling. The amount of
natural uranium needed to produce 20
kilograms of high-enriched 2**U is of the
order of 2.5 metric tons if one assumes
that there is no waste, and so in practice
it will take several tons of natural ura-
nium to produce each bomb.

Another alternative is to use already
partially enriched uranium which has
been diverted from its intended use as re-
actor fuel. Any country that possesses
one or more nuclear reactors requiring
enriched uranium could use this option if
it chose to. But such a country would al-
so have the option of burning the fuel in a
reactor and then reprocessing the spent
fuel to obtain plutonium for its weapons
program.

The countries or groups we have to
consider in answering the questions
about proliferation divide quite naturally
into two groups: those with one or more
nuclear reactors under their control, and
those with no reactors and therefore no
need for enriched uranium or means to
produce plutonium. For the former
group we must consider the laser enrich-
ment option to be in competition with the
option of producing plutonium by spent
fuel diversion and reprocessing. For the
latter group we must consider the devel-
opment of a laser enrichment facility in
competition with the acquisition or con-
struction of a reactor, or the option of
the theft or purchase (presumably on a
black market) of weapons-grade materi-
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al. Of course, these last options are also
available to countries with reactors, and
under certain conditions might have ad-
vantages over the construction of a re-
processing plant.

The costs and risks associated with
any of the above options will obviously
depend very heavily on the condition of
the worldwide nuclear economy and on
the system of safeguards which exists to
prevent proliferation. One does not have
to study the current situation very deep-
ly to develop a sense of profound dis-
couragement with the chaotic state of the
world’s nuclear economy and with the
hypocritical, self-serving, and counter-
productive attitudes and actions of the
major nuclear powers. Many investiga-
tors (34) have called attention to the in-
adequacies in the safeguard systems de-
signed to prevent nuclear theft or diver-
sion, and others (35) have become in-
creasingly alarmed at the substantial
political pressures which seem to be
leading inexorably toward further prolif-
eration of nuclear weapons.

If my assessment is to be realistic, it
must be made within this present politi-
cal and technological context. Most ex-
perts on the proliferation question agree
that there is no current or seriously con-
templated antiproliferation mechanism
which could prevent any country that se-
riously wanted nuclear weapons from
obtaining them. According to Epstein
[see (35), p. 40], “‘It has been estimated
that a [nuclear fuel reprocessing] plant
capable of producing 15 to 20 kilograms
of plutonium 239 a year (enough for 2 or
3 explosive devices) could be built in a
year or two by any reasonably advanced
country at a cost of 1 to 3 million dol-
lars.”” According to Taylor, this figure is
““if anything a bit high”’ (36). In a study
carried out for the Congressional Re-
search Service of the Library of Con-
gress, Lamarsh (37, p. 19) has con-
cluded that for countries without reac-
tors

many small and/or developing nations can
probably build a nuclear reactor capable of
producing significant amounts of plutonium
for a weapons program. Such a reactor would
circumvent the necessity of diverting pluto-
nium from nuclear power plants.

Lamarsh reached a similar conclusion
regarding a small reprocessing plant to
separate the plutonium produced by the
reactor (38). His estimate of the cost of
the combined reactor-reprocessing facil-
ity is $20 million to $40 million, but he
emphasized that this estimate is based
on U.S. prices and labor costs and
that significantly lower costs might be
achieved in other countries. Finally, La-
marsh estimated the time necessary from
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the point of decision to build such a plant
to the point at which bombs can be fabri-
cated as about 5 years 37, p. 18). No
highly specialized technical personnel
are required either for the construction or
for the operation of the plant.

With these considerations in mind,
what can be said about the proliferation
potential of laser enrichment? The most
obvious answer is that it is still too early
to say much of anything. The technology
does not yet exist, and the optimistic
projections of many of its promotors
must be substantially discounted. Such
expressions of optimism are to be ex-
pected from people who are profession-
ally, financially, or emotionally involved
with the process and who are anxious to
gain support for their research or to justi-
fy substantial research and development
investments to their stockholders. On
the other hand, my analysis has shown
that there are no obvious natural barriers
to the eventual creation of small-scale
enrichment facilities capable of produc-
ing several critical masses of high-en-
riched #*°U per year at a price which can
be imagined to be competitive with the
$20 million to $40 million estimated by
Lamarsh for a plutonium facility (38).

A great deal depends on the answers
to the following four questions:

1) Will the world nuclear economy
continue to grow, spreading nuclear re-
actors moderated by light water to more
and more countries and stimulating an
increasing demand for small-scale en-
richment facilities?

2) Will the strategic and political in-
centives which now appear to encourage
some nonnuclear countries to acquire
nuclear weapons continue to exist in the
future, and will the problem of creating
an effective worldwide system of secu-
rity guarantees and nuclear safeguards
continue to defy solution as it has in the
past?

3) Will the lasers and materials-han-
dling techniques associated with laser
enrichment be technically simple enough
and in sufficient demand so that keeping
them secret is impossible?

4) Will it be possible to modify laser
enrichment plants designed for produc-
ing low-enriched reactor fuel at reason-
able cost and with available expertise to
produce high-enriched nuclear explo-
sives?

Obviously if the answers to all four of
these questions are ‘‘yes,”” then laser en-
richment will create a new and poten-
tially dangerous threat of proliferation of
nuclear weapons. But at the same time
an affirmative answer to questions 1 and
2 guarantees that the proliferation threat
will remain alive and vigorous whether

laser enrichment is developed or not. In
this case laser enrichment must be
thought of as just one more hole in an
already leaky sieve.

If the answer to question 3 turns out to
be negative, one can assume that the la-
ser enrichment technology will be
achieved only by those countries tech-
nologically and economically advanced
enough to possess a ‘‘university-indus-
trial laser complex.”” However, these
countries already have several other op-
tions for making weapons should they
choose to do so, and the proliferation is-
sue with these advanced countries is en-
tirely one of incentives rather than capa-
bilities or economic costs.

Question 4 raises an issue that is also
of concern to many in the arms control
field. If laser enrichment facilities for
making reactor fuel become economical-
ly attractive to countries with only a few
reactors, then the acquisition of these
facilities demands no commitment or
even desire to make nuclear weapons.
However, if the facility could be easily
modified to produce weapons-grade ma-
terial, then the step that must be taken to
begin making weapons in response to
some military provocation or shift in po-
litical leadership would be considerably
easier than it is at present. In this way
laser enrichment could contribute to
lowering the barriers to proliferation in a
manner similar to the diffusion of repro-
cessing technology.

It is clear from this analysis that the
potential development of laser enrich-
ment technologies must be taken seri-
ously in any strategy to stop nuclear
weapons proliferation. At the same time
it must also be obvious that the possi-
bility of this new technique in no way
lessens the need to establish firm con-
trols over fuel-reprocessing technologies
and plutonium traffic. The existence of a
full-scale worldwide plutonium economy
would make the laser enrichment threat
pale by comparison, and the highest pri-
ority is still, and will almost certainly re-
main, a system of safeguards which will
prevent the diversion of plutonium and
the widespread acquisition of fuel-repro-
cessing technology. This idea can be as-
serted even more strongly in the case of
terrorist groups or criminals attempting
to acquire weapons. It seems highly un-
likely to me that a laser enrichment fa-
cility would ever reach the level of sim-
plicity and cost-effectiveness to make it
attractive to such groups, and that the
option of stealing or buying plutonium or
weapons-grade uranium on a black mar-
ket is still the one against which safe-
guards must be designed: Many observ-
ers believe that the existence of such a
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black market will be an inevitable feature
of a world nuclear economy. Some fear it
may exist already [see (35), p. 260].

Policy Issues

There are four major policy issues in-
volved in the laser enrichment question.
They relate (i) to the overall policy of the
United States and other countries to-
ward nonproliferation of nuclear weap-
ons, (ii) to the possible commercial take-
over of the enrichment industry in the
United States, (iii) to the research prior-
ities in government-controlled laborato-
ries, and (iv) to the question of secrecy
and how it can be reconciled with the
need for a public assessment of this new
technology.

Laser enrichment must be considered
within the overall context of a worldwide
policy of control of nuclear materials and
processes. This policy includes enrich-
ment, reprocessing, and waste manage-
ment; it probably will eventually have to
include mining and milling operations for
natural uranium as well. The possible ad-
vent of laser enrichment seems to me to
create no important changes in the
agenda for nuclear policy-makers. The
major problem facing the world is still
the control of plutonium. If we can imag-
ine a political climate within which the
plutonium problem can be solved, it does
not stretch the imagination much farther
to imagine a world in which laser enrich-
ment facilities would be under the same
kinds of controls. The laser enrichment
problem is not so different from the fuel-
reprocessing problem that they cannot
be dealt with in quite similar ways.

A general discussion of the problem of
proliferation is beyond the scope of this
article. It will suffice if  express my own
opinion that the current efforts by the nu-
clear powers to prevent any more coun-
tries from obtaining these weapons are
based on a fundamentally unjust and ulti-
mately unworkable principle of per-
manent asymmetry of power. The nucle-
ar powers are demanding total acqui-
escence of the nonnuclear countries and
have shown themselves unwilling to
make even token concessions to the le-
gitimate security and economic concerns
of the nonnuclear nations. Because of
these attitudes, the Non-Proliferation
Treaty has become almost a dead letter,
and, as Epstein (35) and others have
shown, the political pressures for prolif-
eration are increasing rapidly. Nothing
short of a universal commitment to a sys-
tem of international guarantees against
any nuclear attack on nonnuclear nations
would be able to relax this pressure. One
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does not meet many people who are opti-
mistic about this question.

The second major policy issue con-
cerns the attempts by the Nixon and
Ford administrations to turn the enrich-
ment business over to private indus-
try. Strong arguments against this plan
had been voiced even before the pros-
pect of laser enrichment, but this new
development would seem to call even
further into question the wisdom of this
policy. If one feels that a serious prolifer-
ation threat would result from the devel-
opment of a relatively inexpensive and
small-scale enrichment technology, then
it would seem illogical to create a strong
economic incentive for just such a devel-
opment.

The third policy issue concerns the
motivations for the obviously intense re-
search programs being carried out at the
national laboratories at Los Alamos and
Livermore. Economic considerations
may play some part here, since, if the
government is to expand its enrichment
capacity, there are obvious benefits in
finding a less capital- and energy-in-
tensive way of doing it. But one suspects
that other considerations are at least as
important in the case of government-
sponsored research. I believe that two
other important motivations are the sci-
entific ‘‘sex appeal’’ of the process and
the knowledge that the Soviet Union and
Israel, and possibly other countries as
well, are heavily involved in research
and development of laser enrichment.

The first motivation can be a powerful
one. It would be a mistake to under-
estimate the great desire of scientists to
achieve something ‘‘technically sweet”’
and then, as Robert Oppenheimer once
said about the hydrogen bomb, ‘‘worry
about the consequences later’” (39, p.
251). There is certainly no argument
about the technical sweetness of laser
enrichment compared to, say, gaseous
diffusion.

There is evidently some element of
competitiveness vis-a-vis the Soviet
Union and Israel (not to mention that be-
tween Livermore and Los Alamos). But
probably more important than the
“feather-in-our-cap’’ motivation is the
desire to head off any technological sur-
prises. If the United States is to have a
major influence on the evolution and
control of laser enrichment technology,
then it would seem to be important that
we be as knowledgeable about it as any-
one else. There is much to be said for
this position, and it remains difficult to
argue in favor of simply turning one’s
back on a new technological possibility
which promises significant conservation
of energy, capital, and resources, even in

view of the many bitter experiences we
have had in the past.

One very positive result which might
emerge from a continued effort in re-
search is a way to design laser enrich-
ment plants to make it impossible or ex-
tremely impractical to convert them
from producers of low-enriched reactor
fuel to producers of high-enriched weap-
ons material. This restriction would
make it far easier to justify their ultimate
development and dissemination.

The final policy question concerns the
need for a public discussion of the desir-
ability and potential impact of laser en-
richment and the ways in which the cur-
rent climate of secrecy conflicts with that
need. At the present time, none of the
scientists or administrators who are ac-
tually involved in the research and devel-
opment effort are able to talk about it ex-
cept in the most bland generalities.

What can we hope to gain by pre-
venting public access to the results of the
research now being carried on? Probably
the best that the ‘‘classifiers’’ can hope
for is to buy some extra time in which to
think about the problem of what to do
with the technology. If the process turns
out to be easy to develop, then one must
assume that others will be able to devel-
op it whether they are given the informa-
tion or not. If, on the other hand, there
are devices or techniques that are essen-
tial to obtaining high enrichments and
that are sufficiently esoteric to make their
discovery by others very difficult, then
there may be important aspects of the re-
search that should be kept secret. Unfor-
tunately, one cannot decide this question
unless one knows what the secrets are,
and so there is no easy answer to this
question. One can only urge those with
the authority to do so to release to the
public as much information as possible,
so that an informed discussion of this po-
tentially useful but potentially dangerous
new technology can begin.
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mechanism of pacemaker action in the
heart remained a mystery. Since then,
several clues have been found which
make it appropriate to reexamine the
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Do Pacemaker Cells Store

Catecholamines?

Early histological studies of the heart
demonstrated that the region of the sinus
node was densely innervated (3). Thus,
when the paraformaldehyde fluorescence
technique was applied to evaluate the re-
gional distribution of catecholamines in
the heart (4) it came as no surprise that the
sinus node was richly endowed with cate-
cholamines. However, not all the cate-
cholamines are stored in nerve terminals.
In dog hearts that had been denervated
both surgically and chemically (with 6-
hydroxydopamine), the sinus node was
found to have retained about half the epi-
nephrine present in nondenervated con-
trols (5). The authors of this study con-
cluded that the storage of catecholamines
was in part extraneural, possibly in spe-
cialized catecholamine-storing cells
which were analogs of the chromaffin
cells of the adrenal medulla.

Extraneural storage of catecholamines
is also found in the embryonic heart. Al-
though embryonic heart cells and pace-
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