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SEPARATION OF ISOTOPES IN SPACE AND 
TIME BY GAS-SURFACE ATOMIC 

DIFFRACTION 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This application is a National Stage of International 
Application No. PCT/US2018/033145, filed May 17, 2018, 
which claims the benefit of U.S. Patent Application No. 
62/508,836, filed May 19, 2017, the contents of which are 
hereby incorporated by reference. 

REFERENCE TO GOVERNMENT RIGHTS 

This invention was made with government support under 
Grant No. FA9550-15-l-0428 awarded by the Air Force 
Office of Scientific Research. The government has certain 
rights in the invention. 

BACKGROUND 

Proposals for separating and enriching isotopes came 
about almost immediately after isotopes were discovered. In 
1919, Lindemann and Aston examined a vast array of 
possible methods including fractional distillation, chemical 
separation, gaseous diffusion, and gravitational and centrifu­
gal separation, along with separation of positive ions with 
electric and magnetic fields (1). Their early analysis con­
cluded that isotopes "must be separable in principle though 
possibly not in practice." The Manhattan Project in the 
1940s ushered in large scale practical implementation of 
many of these techniques. Fractional distillation, gaseous 
diffusion and magnetic sector mass spectrometers (Calu­
trons) were all used on an industrial scale to enrich 23U (2, 
3). Today, isotope separation and enrichment underpin 
advanced technologies in a wide variety of fields, including 
isotopic labeling in the life sciences and radioisotopes in 
medicine. Microelectronics may also begin to utilize isoto­
pic enrichment as isotopically enriched materials have 
increased thermal conductivity and electron transport prop­
erties, as well as improved spin properties for quantum 
information platforms ( 4-6). Gaseous diffusion, distillation 
and gas centrifuges exhibit small isotopic separation effects 
which are overcome through large scale installations where 
many separation steps are performed in sequence. Alterna­
tively, laser-based techniques such as atomic vapor laser 
isotope separation (AVLIS) and magnetically activated and 
guided isotope separation (MAGIS) can separate isotopes to 

2 
In another aspect, apparatus for carrying out the methods 

are provided. An embodiment of such an apparatus com­
prises a source configured to provide a supersonic beam 
characterized by an average velocity v and velocity distri-

5 bution /1v/v, the beam comprising a first isotope and a 
second isotope, wherein the apparatus is further configured 
to direct the supersonic beam at a single-crystalline surface 
at an angle of incidence 8, such that the first isotope 
elastically scatters from the surface with a peak angle 8 fl and 

10 the second isotope elastically scatters from the surface with 
a peak angle 812; and a collector configured to selectively 
collect the scattered first isotope, the scattered second iso­
tope, or both, as a function of angle 8fl or time-of-flight, or 
both. 

15 Other principal features and advantages of the disclosure 
will become apparent to those skilled in the art upon review 
of the following drawings, the detailed description, and the 
appended claims. 

20 BRIEF DESCRIPTION OF THE DRAWINGS 

Illustrative embodiments of the disclosure will hereafter 
be described with reference to the accompanying drawings. 

FIG. lA shows an illustration of a monoenergetic beam of 
25 20Ne and 22Ne diffracting from CH3-Si(lll). FIG. lB is a 

schematic of the ultra-high vacuum surface scattering instru­
ment employed in the Example, below. 

FIG. 2A shows time-of-flight and FIG. 2B shows velocity 
distributions of 20Ne in a supersonic molecular beam with a 

30 nozzle temperature of 55 K. 
FIGS. 3A-3B show calculated angular locations of (11) 

diffraction peak for 20Ne (solid line) and 2Ne (dashed line) 
diffracted from CH3-Si(lll) with (FIG. 3A) a supersonic 
molecular beam and (FIG. 3B) an effusive source; T B=50 K, 

35 8,=25.20. 
FIG. 4 shows angular separation of (11) diffraction peaks 

for 20Ne (solid line) and 22Ne (dashed line) diffracted from 
CH3-Si(111). 

FIG. 5 shows helium (solid line) and 20Ne (dashed line) 
40 diffraction spectra from CH3-Si(l 11 ). Inset: wide angular 

range diffraction scan for He/CH3-Si(lll) demonstrating 
the high quality of the substrate used in these experiments. 

FIG. 6 shows time-of-flight spectra for 20Ne (solid line) 
and 22Ne ( dashed line) demonstrating temporal separation of 

45 the two isotopes at a specified final angle. 

DETAILED DESCRIPTION 

a much higher degree, but require ionization or excitation of 50 

the target isotope (7, 8). 

Provided are systems and methods for separating iso­
topes. The systems and methods are based on supersonic 
beam diffraction. The systems and methods may be used to 
separate isotopes, e.g., 22Ne and 20Ne, by diffracting a 
monovelocity supersonic beam of an isotopically mixed gas 
from a crystalline surface (e.g., CH3-Si(ll 1)). The isotopes 

SUMMARY 

Provided are systems and methods for separating iso- 55 

tapes. The systems and methods are based on supersonic 
beam diffraction. 

do not need to be the same element, but only need to differ 
in atomic mass. The relative abundances in the native 
mixture can be determined from the relative intensities of 
their respective diffraction peaks. In one aspect, method for separating isotopes are pro­

vided. An embodiment of such a method comprises directing 
a supersonic beam characterized by an average velocity v 
and velocity distribution /1v/v, the beam comprising a first 
isotope and a second isotope, at a single-crystalline surface 
at an angle of incidence 8, such that the first isotope 
elastically scatters from the surface with a peak angle 8/l and 
the second isotope elastically scatters from the surface with 
a peak angle 812; and selectively collecting the scattered first 
isotope, the scattered second isotope, or both. 

In an embodiment, a method for separating isotopes 
60 comprises directing a supersonic beam characterized by an 

average velocity v and velocity distribution /1v/v, the beam 
comprising a first isotope and a second isotope, at a surface 
of a crystal at an angle of incidence 8, such that the first 
isotope elastically scatters from the surface with a peak 

65 angle 8/l and the second isotope elastically scatters from the 
surface with peak angle 812; and selectively collecting the 
scattered first isotope, the scattered second isotope or both. 
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The peak angles 8/l and 812 differ, thereby providing sepa­
ration of the isotopes in space. (See FIG. 4.) In addition, at 

4 
ments, the De bye temperature is at least 100 K, at least 250 
K, at least 500 K, at least 750 K, at least 950 K, or in the 
range of from 100 K to 1000 K. 

Illustrative crystals include diamond, hydrogen termi-
a given 8fl kinematic conditions dictate that the isotopes of 
interest must have different velocities (see FIG. 6), therefore 
providing separation of the isotopes in time. In other words, 
the method achieves both angular and temporal separation. 
Such separation is the basis of the selective collection of the 
isotopes as further described below. 

The supersonic beam may be generated by a variety of 
atomic or molecular beam sources configured to supersoni­
cally expand a gas through a variable temperature nozzle. 
The gas comprises the first and second isotope. By "first and 
second isotope" it is meant elements which differ in atomic 
mass. The first and second isotope could be, but need not be, 
the same element. The gas may comprise additional iso­
topes, each isotope of which may be separated using the 
method. 

5 nated diamond, graphite, graphene, CH3-Si(lll), CH3-
Ge(lll), LiF, NaCl, GaAs, Ni, Pt, and Au as well as, for 
example, 0 or H covered crystalline metallic surfaces, and 
crystallized self-assembled molecular interfaces including 
self-assembled alkane thiols. The selection of the crystal is 

10 determined, at least in part, so that it is inert with respect to 
the isotopes to be separated. By way of illustration, NaCl or 
LiF are suitable crystals for separating isotopes of 0 2, while 
graphite is not since graphite and atomic oxygen react. The 
crystals NaCl or LiF will also work in separating isotopes of 

15 HCl and HF. 
Selective collection of separated isotopes may be carried 

out as follows. In one embodiment, for collecting diffracted 
beams emerging from the surface of the crystal at 8/l and 82, 
two adjacent apertures are used. These two apertures are 

The composition of the gas and the type of isotopes are 
not particularly limited. However, as atomic mass decreases, 
the mass separation between the target isotopes increases. 
Thus, the method is particularly suitable for elements or 
molecules having an atomic mass of 50 AMU or less. This 
includes elements or molecules having an atomic mass of 40 
AMU or less. Illustrative examples include isotopes of 
hydrogen (1 H, 2H, and 3H), helium (3He and 4He ), lithium 
(6Li and 7Li), boron (1°B and 11 B), carbon (1 2c, 13C, and 
14C), nitrogen (14N and 15N), oxygen (1 60, 170, and 180), 
magnesium (24Mg, 25Mg, and 26Mg), silicon (28Si, 29Si, and 
30Si), sulfur (32s, 35S, 34S, and 36S), chlorine (35Cl and 
37Cl), argon (36 Ar, 38 Ar, and 40 Ar) and potassium (39K, 4°K, 
and 41 K). Illustrative examples of low molecular mass 
molecules include 1H1H, 2H2H, and 1H2H; 12CH4, 13CH4, 
and 14CH4; 14Nl4N and 1sN1sN; 160160, 180180, and 

20 placed at each diffraction angle 8Jl, 812 to capture each of the 
diffracted beams, respectively. The width of each aperture 
may be selected to maximize the collection of the desired 
isotope over the other isotopes. Each aperture then leads to 
a separate vacuum chamber that is pumped by a high 

25 vacuum pump where the exhaust of each high vacuum pump 
contains each diffracted beam's contents. 

In an alternative embodiment, a method of collecting the 
diffracted beams involves two cryogenically cooled surfaces 
placed at 8/l and 812, respectively. Isotopes, e.g., neon atoms, 

30 striking a surface below 7 Kelvin will condense and remain 
frozen on the surface. As the collection surfaces are filled 

160 180; 6Li1H and 7Li1H; 35Cl1H and 37Cl1H; 14N1H3 and 
15NlH3; 1Hl9F and 2Hl9F; 28SilH4, 29SilH4, and 30SilH4. 35 

The velocity distribution of the beam may be selected 
(e.g., minimized) to increase (e.g., maximize) the separation 
of the isotopes. In embodiments, the velocity distribution is 
no more than 1 %, no more than 3%, no more than 5%, no 
more than 7%, no more than 9%, or in the range of from 1 % 40 

to 10%. Similarly, the average velocity of the beam may be 
selected (e.g., minimized) to increase (e.g., maximize) the 
separation of the isotopes. The selected average velocity will 
depend upon the isotopes to be separated as well as the 
crystal surface. However, by way of illustration, in embodi- 45 

ments involving the separation of 20Ne and 2Ne, suitable 
average velocities include those of no more than 360 mis, no 
more than 400 mis, no more than 425 mis, no more than 450 
mis, no more than 475 mis, or in the range of from 360 mis 
to 510 mis. Adjustment of the velocity distribution and 50 

average velocity may be accomplished by beam seeding 
and/or in-line velocity selectors. The supersonic beam may 
be pulsed, e.g., via mechanical chopping. 

A wide variety of crystals may be used. The crystal is 
single-crystalline by which it is meant that the extended 55 

crystal lattice of the solid is substantially continuous and 
substantially unbroken with few or substantially no grain 
boundaries. The crystal may be characterized by its surface 
atom spacing. The surface atom spacing may be selected 
(e.g., minimized) in order to increase (e.g., maximize) the 60 

separation of the isotopes. In embodiments, the surface atom 
spacing is no more than 2.5 A, no more than 3.5 A, no more 
than 4.5 A, no more than 5.5 A, no more than 7.0 A, or in 
the range of2.5 A to 7.5 A. The crystal may be characterized 
by its Debye temperature, or stiffness. The Debye tempera- 65 

ture may be selected (e.g., maximized) in order to increase 
(e.g., maximize) the flux of separated isotopes. In embodi-

with condensed isotopes they may periodically be warmed 
up to release the trapped isotopes. 

Thus, selective collection involves some surface which 
receives a diffracted beam containing the separated isotope 
of interest, e.g., an aperture coupled to a vacuum chamber or 
a cryogenically cooled surface. The surface that receives the 
diffracted beam may also be an active surface of a detector 
such as the mass spectrometer detector described in the 
Example, below. Thus, any of these surfaces and similar 
surfaces may be referred to as "collection surfaces" and the 
assembly of components including the collection surfaces 
may be referred to as a "collector," as further described 
below. Also, in embodiments, "collection" encompasses 
"detection." 

The phrase "selective collection" is used in reference to 
the fact that different isotopes in a mixture can be selectively 
collected (i.e., collected with specificity) from the mixture 
since the present method achieves separation in both space 
and time, as described above. In tum, the collection condi­
tions for each isotope in a mixture of isotopes can be 
separately optimized so as to improve ( e.g., maximize) 
collection of each isotope at its optimized condition. These 
"conditions" can include collection at a specific 8f as 
described above. These conditions can also refer to collec­
tion over an angular width (or aperture width) and/or col­
lection of isotopes at a specific time-of-flight or range of 
times-of-flight. The ability to achieve selective collection by 
the present method can be quantified via an enrichment 
factor, e.g., the factor by which a desired isotope is enriched 
in the material collected. By way of illustration, the Example 
below finds that the enrichment factor for detecting 22Ne in 
a neon beam containing 22Ne and 20Ne at their natural 
abundances is about 3.5. In other embodiments, the method 
may be characterized by the ability to achieve an enrichment 
factor for a selected isotope of at least 1.01, at least 2, at least 
3, at least 5, at least 7, at least 9, or at least 10. 
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The method may be characterized by the ability to achieve 
an angular resolution, i.e., li.(8/l -812), of at least 0.1 °, at least 
0.5°, at least 1.0°, at least 1.5°, or at least 2°. 

The methods may be carried out using an apparatus 
comprising a source of the supersonic beam, components 
configured to mount the crystal and direct the beam as 
described above, and a collector. (See FIG. lB.) The col­
lector comprises any of the collection surfaces described 
above. Thus, the collector could be an assembly comprising 
the apertures/vacuum chambers, an assembly comprising the 
cryogenically cooled surface, or a mass spectrometer as 
described above. Such an apparatus may further comprise 
any of the components typically associated with atomic or 
molecular beam sources. 

Example 

This example uses supersonic beam diffraction as an 
isotope separation technique. Among isotopic separation 
methods, supersonic beam diffraction has the unique com­
bination of being a non-ionizing/dissociative process that 
can achieve high separation effects. This high degree of 
separation is only achievable via the narrow velocity distri­
bution of a supersonic beam, which translates into a narrow 
angular distribution that is scattered from a highly periodic 
surface. While effusive beam sources have been used for 
atomic and molecular diffraction since pioneering experi­
ments in the 1930s, a very small percentage of the beam flux 
is within a few percent of the mean beam velocity (9), 
preventing any meaningful degree of isotopic purification by 
atomic diffraction. In contrast, the advent of supersonic 
nozzle sources with high Mach numbers affords consider­
ably smaller velocity distributions-here, as low as 
li.v/v-6%. Such narrow velocity distributions, when coupled 
with a high-quality, high Debye temperature surface, make 
separation of atomic isotopes via atomic diffraction feasible. 

The existence of isotopically unique diffraction channels 
for neon scattering from LiF(00l) has been contemplated, 
but the feature was not resolved (10), nor has there been any 
consideration of either enrichment or separation, nor of time 
separation. Here, the separation of the 20Ne and 22Ne 
isotopes via atomic diffraction is observed for the first time 
when a neon beam with a natural abundance of each isotope 

6 
with a duty cycle of 50%; the time-of-flight measurements 
are performed by modulating the beam with a pseudoran­
dom chopping sequence for cross-correlation analysis (12). 
The spatial profile of the beam is minimized by collimation 

5 through a series of apertures, resulting in a 4 mm spot size 
on the crystal ( chopper-to-crystal distance=0.4996 m). After 
the collision with the surface, which is mounted on a six-axis 
manipulator in order to control the incidence angle (8,), 
azimuth ( cp ), and tilt (x) of the crystal, the neon atoms travel 

10 along a 0.5782 m (crystal-to-ionizer distance) triply differ­
entially pumped rotatable detector arm with an angular 
resolution of 0.29° FWHM, are ionized by electron bom­
bardment, and then pass through a quadrupole mass spec­
trometer (QMS) before striking an electron multiplier. The 

15 QMS is adjusted to selectively filter either the 20Ne or 22Ne 
isotope. The angular distributions for diffraction scans are 
obtained by scanning the detector at 0.1 ° increments over a 
range of 35°, all while holding the incident angle at a fixed 
value. Between scattering experiments, the temperature of 

20 the crystal was flashed to 200 K to eliminate unwanted 
surface adsorbates and maximize elastic scattered intensity. 

The crystal used for the isotopic separation by diffraction, 
CH3-Si(lll), was created by the Lewis group at the 
California Institute of Technology (13), and shipped under 

25 argon to the University of Chicago for the neon scattering 
experiments. This crystal was chosen for its relatively small 
surface atom spacing (3.82 A), the relatively high surface 
Debye temperature which limits diffusive scattering, and the 
high quality and long-range periodicity achieved in the 

30 synthesis of the crystal, which is described in greater detail 
elsewhere (14-16). 

Results and Discussion 
When molecules elastically scatter from a surface, they 

can undergo a discrete exchange of parallel momentum li.K 
35 with the surface, as governed by the equation 

M~k;(sin(0.,)-sin(0;)), 

where k, is the incident wavevector of the beam, and 8, and 
8fare, respectively, the incident and final scattered angles of 

40 the molecular beam as measured from the surface normal. 
This condition for elastic diffraction is met when the change 
in parallel momentum is equal to a sum of the reciprocal 
lattice vectors b, according to the equation 

is scattered from a methyl-terminated Si(lll) surface as 
shown schematically in FIG. lA. When paired with the 45 

extreme sensitivity of scattered angle with respect to the 
mass differences of the incident atoms, diffraction experi­
ments may be used as an isotopic separation technique. 

(2) 

As is evident from equation (1 ), the angular location of a 
diffraction peak is determined in part by its incident 
wavevector (k,), which in turn is dependent on the velocity 
of the incident beam. Methods 

The ultra-high vacuum (UHV) scattering apparatus 50 

required for this experiment is illustrated in FIG. lB, and has 
been described in greater detail elsewhere (11 ). Briefly, it is 
comprised of three primary sections: a differentially pumped 
beam source, a UHV chamber that houses the crystal, and a 
rotatable mass spectrometer detector. A natural abundance 55 

(90.48% 20Ne and 9.25% 22Ne) neon beam with a narrow 
energy distribution is generated by supersonically expand­
ing ultra-high purity Ne gas through a 15 µm diameter 
nozzle source which is cooled by a closed-cycle helium 
refrigerator. The incident energy distribution of this beam is 60 

measured with an in-line mass spectrometer and is mini­
mized to li.v/v-6% by adjusting the backing pressure of Ne. 
Similarly, the beam energy, which is determined by the 
nozzle temperature, is optimized to 50 K (EB-10 meV) in 
order to limit the incident energy while avoiding the forma- 65 

tion of clusters. For diffraction and time-of-flight measure­
ments, a pre-collision chopper is used to modulate the beam 

A measured time-of-flight and velocity distribution for 
supersonic neon is shown in FIGS. 2B and 2A, respectively. 
For an elastic gas-surface interaction, the incident velocity 
distribution of the molecular beam can be transformed into 
a theoretical angular distribution of the scattered beam 
through the implementation of equation (1). FIGS. 3A-3B 
show the predicted angular distribution of Ne scattered from 
CH3-Si(lll) for both an effusive (FIG. 3B) and a super­
sonic molecular beam (FIG. 3A). 

Experimental angle scans of the (11) diffraction peak for 
20Ne and 22Ne are shown in FIG. 4 and can be considered 
a figure of merit for the feasibility of separating isotopes in 
a supersonic beam via diffraction. These two spectra were 
recorded under identical incident neon beam and surface 
conditions and illustrate the angular separation of the iso­
topes observed for the (11) diffraction peak. The peak 
intensities observed in FIG. 4 can be used to quantify the 
enrichment capability of this isotope separation technique; 
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for these experimental conditions, a collector with an angu­
lar width of 0.67° positioned at the maximum of the 22Ne 
diffraction peak yields neon with an abundance of 67 .6% 
20Ne and 32.4% 22Ne (an enrichment factor of3.50±0.30 for 
22Ne; i.e., (abundance of 22Ne in detected signal)/(natural 5 

abundance of 22Ne)=32.4%/9.25%-3.5)). That is, the 
detected signal when the collector is at the maximum of the 
22Ne diffraction peak (with angular width of 0.67°) is 
effectively enriched in 22Ne by a factor of about 3.5. 

While the partial overlap of the isotopes indicates that the 10 

angular separation of 20Ne and 22Ne is incomplete, FIG. 5 
shows helium and neon scattering under similar incidence 
conditions and demonstrates that the angular width of the 
observed (11) diffraction peaks is a result of the velocity 
spread of the incident beam and not the instrumental reso- 15 

lution or surface quality. Because the final angle and 
momentum of a diffracted species are directly dependent on 
its incident momentum, the efficiency of isotopic separation 
via diffraction is limited by the velocity spread of the atomic 
beam, which in turn is a function of the source in which the 20 

beam is created. While a common method for narrowing the 
velocity distribution is seeding the beam with a light gas 
(e.g. He, H2 ) (15, 17, 18), the increased average velocity of 
this mixture would bring the angular positions of the dif­
fraction peaks closer together, limiting the degree of sepa- 25 

ration, as predicted by equation (1 ). However, a more 
straightforward solution would be the addition of an in-line 
pre-collision velocity selector which would directly lead to 
more complete angular separation of the two isotopes (19). 

8 
CONCLUSION 

The angular and temporal separation effects of supersonic 
molecular beam diffraction provide a promising isotope 
enrichment method that does not require ionization or laser 
excitation of the target isotope. The necessity of a supersonic 
expansion for this technique is demonstrated, and as a proof 
of concept natural abundance neon has been shown to 
diffract into separate, isotopically dependent diffraction lab 
frame angles. The experimental set-up may be adjusted to 
achieve maximum separation and throughput, with the 
velocity spread of the incident beam serving as the most 
determining factor in thorough separation. As atomic dif­
fraction has been observed for species with masses as high 
as 50 amu(23), this isotope separation technique is appli­
cable to a wide range of co-expanded atoms and molecules. 
Overall, separation of atoms and molecules into isotopically 
pure diffraction channels is an interesting and novel appli­
cation of supersonic molecular beam assemblies. 
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9. The method of claim 1, wherein the method is char­
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10. An apparatus for separating isotopes, the apparatus 
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The word "illustrative" is used herein to mean serving as 

an example, instance, or illustration. Any aspect or design 35 

described herein as "illustrative" is not necessarily to be 
construed as preferred or advantageous over other aspects or 
designs. Further, for the purposes of this disclosure and 
unless otherwise specified, "a" or "an" means "one or 
more". 40 

The foregoing description of illustrative embodiments of 
the disclosure has been presented for purposes of illustration 
and of description. It is not intended to be exhaustive or to 
limit the disclosure to the precise form disclosed, and 
modifications and variations are possible in light of the 45 

above teachings or may be acquired from practice of the 
disclosure. The embodiments were chosen and described in 
order to explain the principles of the disclosure and as 
practical applications of the disclosure to enable one skilled 

comprising: 
a source configured to provide a supersonic beam char­

acterized by an average velocity v and velocity distri­
bution /1v/v, the beam comprising a first isotope and a 
second isotope, wherein the apparatus is further con-
figured to direct the supersonic beam at a single­
crystalline surface at an angle of incidence 8, such that 
the first isotope elastically scatters from the surface 
with a peak angle 8/l and the second isotope elastically 
scatters from the surface with a peak angle 812; and 

a collector configured to selectively collect the scattered 
first isotope, the scattered second isotope, or both, as a 
function of angle 8fl or time-of-flight, or both. 

11. The apparatus of claim 10, wherein the first and 
second isotope each have an atomic mass of 50 AMU or less. 

12. The apparatus of claim 10, wherein the first and 
second isotopes are independently selected from 1 H, 2H, 3H, 
3He, 4He, 6Li, 7Li, 108 , 11 8 , 12c, 13C, 14c, 14N, 1sN, 16o, 

in the art to utilize the disclosure in various embodiments 
and with various modifications as suited to the particular use 
contemplated. It is intended that the scope of the disclosure 
be defined by the claims appended hereto and their equiva­
lents. 

50 170, 180, 24Mg, 25Mg, 26Mg, 28Si, 29Si, 30Si, 32s, 33s, 34s, 
36S, 3sCl, 37Cl, 36Ar, 38Ar, 40Ar, 39K, 40K, 41K, 1H1H, 2H2H, 
1H2H, 12CH4, 13CH4, 14CH4, 14Nl4N, 15Nl5N, 160160, 
180 180 , 160 180 , 6Li1H, 7Li1H, 3sc11H, 37cl1H, 14N1H3, 

What is claimed is: 
1. A method for separating isotopes, the method compris­

ing: 
directing a supersonic beam characterized by an average 

velocity v and velocity distribution /1v/v, the beam 
comprising a first isotope and a second isotope, at a 
single-crystalline surface at an angle of incidence 8, 
such that the first isotope elastically scatters from the 
surface with a peak angle 8/l and the second isotope 
elastically scatters from the surface with a peak angle 
812; and 

selectively collecting the scattered first isotope, the scat­
tered second isotope, or both. 

55 

15NlH3, 1Hl9F, 2Hl9F, 28SilH4, 29SilH4, and 30SilH4. 
13. The apparatus of claim 10, wherein the velocity 

distribution /1v/v is no more than 10%. 
14. The apparatus of claim 10, further comprising the 

single-crystalline surface wherein the single-crystalline sur­
face is characterized by a surface atom spacing of no more 

60 than 7 .5 A. 

65 

15. The apparatus of claim 10, further comprising the 
single-crystalline surface wherein the single-crystalline sur­
face is characterized by a Debye temperature of at least 100 
K. 

16. The apparatus of claim 10, further comprising the 
single-crystalline surface wherein the single-crystalline sur­
face is selected from diamond, hydrogen terminated dia-
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mond, graphite, graphene, CH3-Si(l 11 ), CH3---Ge(l 11 ), 
LiF, NaCl, GaAs, Ni, Pt, Au, 0 or H covered crystalline 
metal, and crystallized self-assembled alkane thiol. 

17. The apparatus of claim 10, wherein the collector 
comprises a first collection surface positioned at 8/l and a 5 

second collection surface positioned at 812. 

18. The apparatus of claim 10, wherein the apparatus is 
characterized by the ability to provide an enrichment factor 
of at least 2 for the scattered first isotope, the scattered 
second isotope, or both. 10 

* * * * * 

12 


