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( 7 1 ) We, Avco EVERETT RESEARCH 
LABORATORY, INC. a Corporation organized 
and existing under the laws of the State of 
Delaware United States of America, of 2385 

5 Revere Beach Parkway, Everett, State of 
Massachusetts, United States of America, do 
hereby declare the invention, for which we pray 
that a patent may be granted to us, and the 
method by which it is to be performed, to be 

10 particularly described in and by the following 
statement:— 

This invention relates to the production of 
an enriched deuterium product from a gaseous 
mixture essentially comprised of protium, 

15 hereinafter called "hydrogen and deuterium". 
The advent of atomic energy processes on a 

commercial scale has created, and will in the 
future continue to create, large demands for 
relatively pure single isotopes. Many methods 

20 have been proposed and employed in the prior 
art for the separation of isotopic mixtures and j 
or enrichment thereof. Such processes include 
fractional distillation, gaseous diffusion, elec-
tromagnetic methods, mass spectrographic 

25 methods, chemical isotopic exchange reactions, 
selective electrolysis, and the like. These prior 
art processes are generally very expensive in 
commercial operations and require large and 
expensive outlays of equipment. The separation 

30 factors for most of the existing prior art pro-
cesses are very low, even for the hydrogen iso-
topes and a great number of stages must be em-
ployed to achieve significant separations. Fur-
thermore, the separation or enrichment of iso-

35 topic mixtures by the foregoing methods usually 
involves a large hold-up of materials within the 
process. 

Heavy water is water in which hydrogen of 
mass number one is replaced by its isotope 

40 deuterium of mass number two. Heavy water is 
employed as a moderator in nuclear reactors 
using slightly enriched uranium as a: fuel. It is 
also used as a combined moderator-coolant in 
reactors using natural uranium as a fuel. The 

45 function of a moderator in a reactor is to slow 

down the neutrons so as to increase the pro-
bability that they will be absorbed by the 
uranium atoms thus causing them to fission. 
The so-called CANDU (Canadian Deuterium 
Uranium) reactor is an example of those using 50 
heavy water and natural uranium. 

Deuterium occurs in natural water, hydro-
gen, methane, etc., in a ratio of about 100— 
150 parts per million (D/H molecular ratio). 
The ratio in hydrogen varies somewhat with 55 
the source of the hydrogen. Because deuter-
ium is an isotope of hydrogen, the two cannot 
be separated by ordinary chemical methods. 
There are, however, a number of prior art pro-
cesses by which deuterium in the form of heavy 60 
water can be separated from hydrogen or 
from ordinary or natural water. These include 
distillation, electrolysis, diffusion, normal 
kinetic isotope effect and various chemical 
exchange processes. All of these are expensive, 65 
requireing either large capital expenditures or 
large amounts of energy, or both. 

Of the many processes available, the process 
used most to produce heavy water is a dual 
temperature chemical exchange process, the so- 70 
called GS or sulfide process. In this process, 
natural water is concentrated to about 10% or 
more heavy water by chemical exchange utili-
zing hydrogen sulfide. The water is then con-
centrated further by suitable well-known means 75 
such as vacuum distillation to yield a reactor 
grade product (approximately^ 99.8 mol per 
cent heavy water). 

The GS process takes advantage of the fact 
that in the process or reaction H 20 + HDS 80 
cold 

HDO and H2 S, deuterium tends to con-
hot 
centrate in the liquid component at the lower 
temperature and in the gas at the higher tem- 85 
perature. By causing the reaction to go first 
in one direction and then in the other and 
drawing off the enriched gas and liquid streams 
at appropriate points and passing them on to 
further steps, natural water is enriched to the 90 
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point that it becomes economic to concentrate 
it further by other means. It is by this process 
that excluding the production of China 
and the USSR - approximately 90% of the pre-

5 sent world supply of heavy water is produced. 
Although the advantages of the sulfide pro-

cess have caused it to be selected and preferred 
over all other prior art processes, there is a major 
disadvantage of the sulfide process in that large 

]0 quantities of a toxic gas are used. Further, 
since it is used, not only the piping and vessels 
must be fabricated to at least substantially the 
same standards as apply to nuclear power 
plants, but also a large exclusionary area around 

15 the plant is necessary. 
It is accordingly an object of the invention 

to overcome the foregoing disadvantages of 
prior art methods of separating deuterium from 
a mixture thereof with hydrogen. 

20 According to the invention, there is provided 
a method of producing an enriched deuterium 
product from a gaseous feed stream of mixed 
hydrogen and deuterium, comprising: 

(a) combining said feed stream with gaseous 
25 bromine to form a mixture of said feed stream 

and bromine and exposing said mixture to an 
electrical discharge effective to form deuterium 
bromide and hydrogen bromide with a ratio of 
D/H greater than the ratio of D/H in said feed 

30 stream; and 
(b) separating at least a portion of said hy-

drogen bromide and deuterium bromide from 
said mixture. 

The product mixture HBr/DBr may then be 
35 dissolved in water and thereafter be reacted 

with oxygen to form bromine (Br2) and water 
enriched in deuterium. This enriched water 
may then be used to dissolve additional HBr/ 
DBr until the ratio of D to H reaches steady 

40 state at the level of enrichment of the HBr/ 
DBr leaving the reactor. At this point, a portion 
of this circulating enriched water may be with-
drawn and enriched further in deuterium by 
any other suitable method such as distillation. 

45 The preceding may be continued until heavy 
water (99.8% D20) is produced. 

In order that the present invention may be 
more fully understood, it will now be described 
in conjunction with the accompanying drawings, 

50 in which: 
Figure 1 is a diagram illustrating apparatus 

for carrying out the invention; 
Figure 2 is a diagram illustrating the struc-

tures of a typical deuterium reactor for carry-
55 ing out the invention; 

Figure 3 is a perspective diagrammatic view 
illustrating the direction of electron generation, 
sustainer field, and gas flow in the working 
region of the deuterium reactor of Figure 2; 

60 and 
Figure 4 is a potential energy diagram illustra-

ting the general relationship of the vibrational 
energy levels of H2, HD, DBr and HBr and the 
energy barrier for the formation of DBr and 

65 HBr. 

The features of the invention are typically 
illustrated in Figure 1 in connection with the 
separation of deuterium from gaseous hydrogen 
using bromine as a reactant and the consequent 
concentration of deuterium to produce heavy 70 
water (99.8% D20). 

Gaseous hydrogen from any considerable 
and suitable source (not shown) is introduced 
into the system through line 11. The hydrogen 
may, for example, be supplied as the output 75 
product or be an intermediate stream of a coal 
gassification, ammonia, refinery or other plant, 
or be generated by electrolysis or the like. 
Where the hydrogen supplied contains deleterious 
or undesirable impurities which have not pre- go 
viously been removed, line 11 is connected to 
conventional gas cleaning apparatus 12 such as 
a conventional adsorption gas cleaner for re-
moving the undesired impurities. 

The amount and kind of impurities will, of §5 
course, be a function of the source of the hy-
drogen. Such impurities may typically comprise 
a combination of methane, water, nitrogen, 
oxygen, carbon dioxide, carbon monoxide, 
ethane and the like. Such of the impurities as 90 
would adversely effect, for example, the vi-
brational energy pumping, attack electrons in 
the discharge, vibrationally relax the hydrogen, 
or react with the bromine or vibrationally 
excited hydrogen are removed to a sufficiently 95 
low level in a conventional manner in the 
cleaning apparatus 12. Any of the conventional 
cleaning methods taken singly or in combina-
tion, such as pressure swing absorption, con-
densation, dissolving, and the like, may be used, JQQ 

After cleaning where necessary, the hydrogen 
is supplied at a predetermined velocity, volume, 
flow rate, temperature and pressure via lines 13 
and 14 and conventional compressor and heat 
exchange means 15 to the deuterium reactor 1Q5 
16. As more fully described hereinafter, the 
velocity, volume, flow rate, pressure and 
temperature of the hydrogen supplied to the 
deuterium reactor 16 is selected to provide the 
reaction rates desired. Typically, the hydrogen j JQ 
at the outlet of the cleaning apparatus may be 
of the order of 15 atmospheres and 4 5 0 ° K . 
Where a nozzle is utilized, as for example, as 
the inlet to reactor 16, the hydrogen may 
typically exit therefrom at about 1 atmosphere 115 
and 210°K. 

Gaseous bromine (Br2) from any suitable 
source in the required amount if supplied via 
line 17 to the deuterium reactor 16 where it is 
mixed with the incoming hydrogen. Alterna- 120 
tively, the bromine may be premixed with the 
hydrogen. In operation, the bromine is pre-
ferably recovered and recycled. 

Where dissociation in deuterium reactor 17 
is not sufficient, the deuterium reactor 16 may 125 
comprise means for dissociating the bromine 
into Br atoms. Further, the dissociation may 
occur simultaneously or distinctly from an 
electron beam sustained discharge more fully 
described hereinafter. 130 
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Thus, in accordance with the invention, HD 
is caused to selectively react with Br to form a 
product mixture HBr/DBr which is isotopically 
enriched in D relative to H and which can • 

5 easily be separated from the bulk H2 which 
originally contained the HD. The desired reac-
tion may be promoted by utilization of vibra-
tionally enhanced reactions under conditions 
where Teare/-Treanor V-V non-equilibrium 

10 pumping selectively enhances the excitation of 
HD relative to H2 . For a more complete dis-
cussion of Teare/Treanor pumping referred to 
above, reference is made to "Observations of 
Vibration-Vibration Energy Pumping Between 

15 Diatomic Molecules" by J. D. Teare, R. L. 
Taylor and C. W. vonRosenberg, Jr.,Nature, 
Volume 225, pgs. 240-243, published January 
17,1970 and "Vibrational Relaxation of a 
Harmonic Oscillator with Exchange-Dominated 

20 Collisions" by C. E. Treanor, J. W. Rich and 
G. Rehm, Journal of Chemical Physics, Volume 
48, No. 4, pgs. 1798-1807, published February 
15,1968. 

The output of the deuterium reactor 16 com-
25 prises H2> HBr, DBr and Br2 and via lines 18 

and 19 and compressor 21 is supplied to reactor 
or absorption tower 22 where the HBr and DBr 
are caused to dissolve in water and the hydrogen 
is separated. 

30 Where the stream flow through the nozzle at 
the inlet of the reactor 16 is supersonic, shock 
recovery and cooler means 27 may be provided 
upstream of compressor 21. Typically, the 
existing output of reactor 16 may be expected 

35 to be at about 1 atmosphere and 300°K. and 
the hydrogen at the output of the shock re-
covery means may be expected to be at about 
7.5 atmospheres with the compressor 21 com-
pressing the stream to about 15 atmospheres. 

40 Absorption tower 22 may be comprised of any 
normal gas-liquid contacting means. Water 
passes down the tower in counter-current re-
lationship to the gas rising and passing there-
through and HBr and DBr is absorbed from the 

45 gas into solution in the water. 
The hydrogen separated in reactor 22 and 

containing some water vapor is supplied via 
line 10 to a dryer 9 such as, for example, an 
absorption gas dryer which removes the water 

50 vapor. The hydrogen, dried to a dew point, of 
for example, about 220°K., thereafter may be 
returned to the source. Impurities collected in 
the gas cleaner 12 may, if desired, be released 
in a regenerative cycle and mixed with the 

55 dried hydrogen (not shown) where the dried 
hydrogen is not reintroduced into the system. 

Where water is an output of dryer 9, it may 
be supplied via line 29 to the water input line 
30 of tower 22. The water output of tower 22 

60 is then supplied via line 23 to an oxidizer or 
stripping tower 24 where it is contacted with 
a rising stream of oxygen from line 39. As 
with tower 22, tower 24 may be comprised of 
conventional gas-liquid contacting hardware. 

65 In tower 24, the reactant bromide may be 

stripped into the gas phase from the solution 
flowing therethrough and together with the 
oxygen, removed from tower 24 via line 25. 
The stripped gaseous solution may then be 
removed from tower 24 and supplied via line 70 
25 to a further reactor 40 designed to cause 
the reactions: 

DBr + HBr + 0 2 = HDO + Br2 
2DBr + 0 2 = D 2 0 + BR2 
2HBr + 0 2 = H 2 0 + Br2 75 

to occur. The product stream exiting from 
reactor 40 and containing D2 O, HDO, H2 O, 
Br2 and excess 0 2 may then be supplied to a 
conventional condenser 61 where the water 
and bromine are condensed and the bromine 80 
and water phases separated. The separated 
bromine, via line 62 is mixed with any re-
quired make-up bromine supplied to reactor 
16 via line 17. 

The water output phase from condenser 61, 85 
via line 63 is mixed with output water from 
tower 24 carried by line 64, where it may 
either be returned to tower 22 via line 30 or 
withdrawn from the system. The oxygen stream 
which passes through the condenser 61 is re- 90 
turned to tower 24 via line 65. 

The water in dryer 9 may be stripped from 
the adsorbent in a regenerative cycle with oxy-
gen supplied via line 66 from any suitable 
source. The resulting oxygen-water mixture 95 
may, via line 67, together with oxygen from 
condenser 61, be supplied to tower 24. 

The product heavy water solution may be 
withdrawn via line 68 from the water recycle 
stream (lines 30,63,64) so as to maintain the 100 
inventory of water in that recycle system con-
stant. 

A volumetrically scalable electron beam de-
vice of the type here contemplated for purpose 
of description to form the basis for deuterium 105 
reactor 16 is described in U. S. Patent No. 
3,702,973 issued November 14,1972 entitled 
"Laser or Ozone Generator in which a Broad 
Electron Beam with a Sustainer Field Produce 
a Large Area, Uniform Discharge" to Daugherty 110 
et al. This patent describes a structure and 
method for operating large devices capable of 
providing large volume uniform and controllable 
discharges useful for a number of different 
purposes, only one of which is a laser. A 115 
spacially uniform controlled electric discharge 
is produced in the working region by intro-
ducing ionizing radiation (a broad electron 
beam) into the working region (an optical 
cavity for a laser) through a wall of the cavity 120 
to produce a substantially uniform predeter-
mined density of secondary electrons in the 
selected gaseous medium by ionizing the 
medium and at the same time providing a sus-
tainer electric field which is substantially uni- 125 
form throughout the working region and which 
provides a predetermined and desired electron 
temperature which is calculated to increase 
the average energy of secondary electrons in 
the working region (produced by the electron 130 
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beam) to achieve the result desired or necessary 
without substantially increasing the predeter-
mined electron density in the region. This patent 
describes a method and structure for producing 

5 a uniform controlled discharge in a gaseous 
medium in a volumetiically scalable working 
region at up to atmospheric pressure and above. 
The sustainer field direction, the laser beam 
direction and the gas flow direction may be 

10 mutually orthogonal. 
In operation, the ionizing electron beam is 

generated outside the laser cavity by an electron 
beam generator and there is a broad area uni-
form beam of sufficient cross-section dimension 

15 to cover the relatively large working region of 
the device. A suitable structure for generating 
such a broad area uniform electron beam is 
described in U. S. Patent No. 3,749,967 which 
issued July 31,1973 entitled "Electron Beam 

20 Discharge Device" by Douglas-Hamilton et al. 
The beam is transmitted into the laser cavity 
through an electron window and into the work-
ing region bounded by the sustainer field. 

In the high power electron discharge device 
25 such as described in the above-mentioned U. S. 

Patent No. 3,702,973, output power or energy 
deposited in the gas is approximately propor-
tional to input power to the sustainer section. 
The sustainer section includes an anode and a 

30 cathode with the gaseous working region inbe-
tween and so the effective working region of 
the device is substantially defined by this anode 
and cathode. It is the discharge between the 
anode and the cathode, uniformly maintained, 

35 that vibrationally pumps the gas in or flowing 
through the working region and so provides the 
desired reaction and pumping effect. In the 
case of a laser, it produces the necessary popu-
lation inversion, and in the present case here 

40 concerned, it produces the desired H2 /HD 
excitation allowing Teare/Treanor vibrational 
pumping of HD by H2. 

The ionizing electron beam is produced by 
the E-beam system which is an external elec-

45 tron accelerating device that generates a broad 
area electron beam projected through an elec-
tron window into the working region of the 
discharge. In the E-beam device, electrons 
emitted by a cathode are accelerated by anodes 

50 and so the energy of the electron entering the 
working region is determined by the accelerating 
anode voltage. Usually, the accelerating anode 
voltage is maintained constant and the voltage 
on a control grid located between the accele-

55 rating anodes and the cathode is varied. This 
grid controls the density of the electron beam 
that is injected into the sustainer working 
region of the laser. Very abrupt changes in out-
put power can be achieved by abruptly chang-

60 ing the voltage on this control grid in the elec-
tron beam generator. Thus, the electron beam 
generator and the sustainer circuit operate in 
conjunction in a fashion similar to a tetrode 
vacuum tube to control output power of the 

65 device and/or energy deposited in the gas, 

and, hence, its effect on the working gas, that 
output power being controlled by a grid poten-
tial in the electron beam generator. Thus, both 
the electron beam and the sustainer discharge 
are available to produce the desired vibrational 70 
excitation of hydrogen and enable Teare/ 
Treanor pumping to occur. 

The diagram in Figure 2 represents the E-
beam generator 31, the sustainer circuit 32 and 
the working region 28, nozzle 71 and the high 75 
voltage power supply 33 which supplies power 
to the E-beam generator. 

The E-beam generator 31, as briefly repre-
sented in Figure 2, includes an envelope 34 
having a vacuum barrier electron window 35 at go 
one end, adapted to permit the electron beam 
36 generated within the envelope to energe 
from the window. Within the envelope are dis-
posed a cathode 37, a control grid 38 and 
accelerating anodes 46 and 47. Voltage to the 35 
cathode 37 and control grid 38 is supplied from 
the E-beam high voltage power supply 33 via 
lines 44 and 43 contained in the shielded cable 
45. Envelope 34 and the anode 46 are grounded, 
cathode 37 is negative with respect to ground 90 
and the voltage on anode 47 lies at some 
potential therebetween. Thus, the density of 
electrons which flow from the cathode and 
reach the accelerating field between the anodes 
46 and 47 depends upon the voltage on the 95 
control grid 38. The electrons accelerated by 
the accelerating field between the anodes 46 
and 47 penetrate the window 35 and emerge 
from that window as a broad area beam 36 of 
electrons of reasonably uniform energy, the 100 
density of this beam being determined by the 
voltage on control grid 38. 

The broad electron beam drifts across the 
working region 28 which contains the working 
medium at the operating pressure of the work- 105 
ing region. Thus, the beam emerges from the 
vacuum of envelope 34 into a region of sub-
stantial gas pressure and penetrates into the 
working region, denoted 28. This working region 
lies between the sustainer electrodes 41 and 42 110 
which are spaced so that gas flow is between 
these electrodes. 

As noted previously, after compression to 
about 15 atmospheres and a temperature of 
about 450°K. (if not otherwise provided), the 115 
hydrogen may be expanded through a nozzle to 
about 1 atmosphere and a temperature of about 
210°K. A useful range for the pressure and 
temperature is respectively about 0.1—0.2 at-
mospheres and about 70°-300°K. Such a nozzle 120 
71 may comprise the inlet to the working 
region 28 as shown in Figure 2. Further, while 
supersonic expansion through nozzle 71 is ad-
vantageous, it is to be noted that subsonic ex-
pansion is also contemplated. The velocity of 125 
the expansion used will be dependent on the 
operating parameters selected and/or various 
trade-offs made by the designer. 

The sustainer electrodes 41 and 42 are pro-
vided with voltage from the sustainer power 130 
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supply 49 such that a substantially fixed voltage 
differential is applied across these electrodes. 
Accordingly, the power to the sustainer elec-
trodes depends upon the impedance therebe-

5 tween as determined by the density of ions and 
electrons produced in the working region by the 
incident electron beam 36. 

The voltage on the control grid 38 in the E-
beam device may be controlled by a grid bias 

10 control circuit (not shown), located in the high 
voltage power supply 33. The cathode of the 
E-beam is negative with respect to ground at 
about 70 kv or higher. The cathode 37 may 
connect to the high voltage output of the 70 

15 kv supply (not shown) in the high voltage 
power supply 33. The E-beam grid 38 may also 
be at about 70 kv negative, give or take the 
grid voltage which is determined by a grid con-
trol circuit. The cathode filament may be con-

20 trolled by a filament control circuit (not 
shown) and accelerating anode 47 may be 
controlled by a control circuit (not shown), 
both in the high voltage power supply 33. 
Thus, the appropriate grid, cathode, cathode 

25 filament and anode accelerating control cir-
cuits and the 70 kv power supply may be all 
contained within the enclosure of the high vol-
tage power supply 33. 

For control purposes, the E-beam control 
30 grid voltage may be telemetered to the grid 

control circuit rather than transmitted to it 
via hard copper wires. For this purpose, as 
isolation transformer (not shown) may com-
prise the link between the 70 kv voltage level 

35 inside the power supply enclosure and the E-
beam generator. 

The coordinates associated with the electron 
beam, the direction of gas flow and the working 
region are illustrated in Figure 3. The gaseous 

40 medium comprising hydrogen and bromine 
flows through the device in the direction identi-
fied as gas flow. This mixture is directed 
through the working region 28. Additional de-
tails of the reactor, sustainer and E-beam 

45 generator are found in the patents mentioned 
herein. 

As described also in U. S. Patent No. 
3,702,973, the inside of the E-beam generator 
envelope 34 is evacuated so that the broad area 

50 electron beam 36 can be formed and controlled 
therein. This beam is launched towards the re-
ticulated conducting plate 55 which is part of 
the window 36 in the envelope. The plate 55 
may be made of stainless steel or the like and 

55 is covered with a thin sheet of a material or 
diaphragm 51 which possesses adequate struc-
tural stability to withstand the pressure dif-
ferential between the inside of the envelope 
and the working region 28 and yet transmits 

60 the electrons without absorbing an excessive 
portion of their energy which would cause a 
failure of the diaphragm. 

The broad area beam 36 emerging from the 
window 35 into the working region 28 passes 

65 through a reticulated cathode plate 41 which 

may be constructed of wire mesh, and into the 
working region 28. In the working region, 
electron energy is maintained by the sustainer 
electric field between the oppositely disposed 
anode and cathode plates 41 and 42, respec- 70 
tively, which are coupled to the sustainer 
power supply 49. 

The ionizing electron beam thus provided, 
penetrating into the working region provides a 
source of secondary electrons in the working 75 
region at a very low electron temperature and 
increases the efficiency by the electric discharge 
as is more fully explained in the above-men-
tioned U. S. Patent No. 3,702,973. 

The present invention may be carried out 80 
on the basis of the unique and unobvious reac-
tions and processes that occur when a mixture 
of hydrogen and a small amount og gaseous 
bromine is vibrationally excited, by for exam-
ple, being exposed to an electron beam-sus- 85 
tainer discharge. It is, of course, well known 
that hydrogen and bromine will normally react 
very slowly at room temperature and some 
data suggests that this reaction will go more 
quickly when the hydrogen is excited. How- 90 
ever, little is known regarding details of the 
reaction of hydrogen, when vibrationally 
excited, with bromine. Another problem is 
that very little is known regarding the possi-
bility of achieving preferential vibrational 95 
excitation of HD over that of H2 that is prac-
tically useful as distinguished from theretically 
or experimentally possible on a laboratory 
scale. The practical achievement of this is pos-
sible in connection with the present invention. 100 

Broadly, the introduction of the mixture of 
hydrogen and bromine into the deuterium 
reactor results in not only a reaction producing 
DBr and HBr, but one in which the DBr is pro-
duced at an enhanced rate relative to HBr. This 105 
is illustrated in Figure 4 which is a potential 
energy diagram for H2 and HD. For purposes of 
illustration, it is assumed that the relative popu-
lations are 0 H2 = 2.2 x 10"4, 0 HD = 2.6 x 
10"3 where, for example, <j> H2 is defined as 110 
the concentration of H2 in vibrational level 
V=2 divided by the concentration of H2 in 
level V=0. These conditions of excitation cor-
respond to vibrational temperatures of H2 and 
HD respectively of TV(H2) = 1080°K., and 115 
TV(HD) = 1740°K., which are consistent with 
the Teare/Treanor pumping formula if the 
translational temperature is T = 300°K. 

The energy barrier for the required reaction 
is suggested by the broken line portion of the 120 
potential energy curve. The short lines represent 
the vibrational energy levels of H2, HD, DBr 
and HBr. Where both HD(v=2) and H2(v=2) 
have sufficient energy to react with Br atoms, 
the relative rate of consumption of Br atoms 125 
by H2 vs, HD may be calculated to be about 
28. Accordingly, the relative rate of formation 
of HBr to DBr may be calculated to be about 
57 to 1 and to require of the order of about 
1% Br2. A useful range for bromine is about 130 
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0.1-1.09cby volume of the flow through the 
working region or reaction zone. This ratio may 
be shown to represent a deuterium enrichment 
of about (VS 7)^ 150 ppm =117. 

5 It can be shown from the Teare/Treanor 
formulation that <£HD/0H2 = exp (AE/T) where 
AE = (EHD(2) - EHON) a n d EHD(2) IS the energy 
of HD in vibrational level V=2 relative to HD 
in V=0, and similarly for EH2(2)> and T is the 

10 translational temperature. Thus, it may now be 
seen that the relative enhancement in HD vi-
brational energy relative to H2 depends only 
on the translational temperature and not the 
vibrational temperature. Accordingly, in ac-

15 cordance with the present invention preferably 
via the employment of electron beam-sustainer 
discharge pumping, vibrationally excited 
H 2 /HD is made the major path for H 2 /HD reac-
tion with bromine (vs. translational or rota-

20 tional excitation) and the overall time scale is 
made as small as reasonably possible to provide 
the maximum reasonable production rate. 
While the use of other conventional means are 
not excluded, the electron beam-sustainer dis-

25 charge can provide dissociation of some of the 
gaseous bromine and/or hydrogen to form 
atoms to start the reaction. 

Where the [Br] /[Br2 ] ratio is very small, 
the presence of impurities (preferably less than 

30 about one hundred parts per million for the 
hydrogen and less than about one per cent for 
the bromine) must be considered and where 
the ratio is large, recombination as a loss 
mechanism must be considered. It may also be 

35 noted here that the vibration-vibration (V-V) 
exchange o f t h e sort H2(v=l)+HD (v=0 
H2(0)+HD(1) should be made fast compared to 
vibration-translation (V—T) exchange to the 
sort H2(l)+M H 2 ( 0 ) + M or the overall time 

40 scale of the net H2 /HD + Br2 chemistry. 
Wall reaction, an undesirable effect, may be 

reduced if not avoided by making the volume 
to surface ratio of the working region sufficien-
tly large. A simple criterion to obtain a charac-

45 teristic dimension 2 can be based on making 
the diffusion time to a wall long compared to 
the characteristic residence time. 

Two important scaling parameters are the 
pressure and degree of vibrational excitation 

50 of the mixture in the working region. Once 
values for these parameters are selected, the 
various physical restraints fix most of the 
other important parameters. Further, in terms 
of economic operation, it is desirable to 

55 operate at higher pressures to reduce the 
physical size of the deuterium reactor for a 
given mass flux. 

The generation of the product mixture 
HBr/DBr, isotopically enriched in D relative to 

60 H in accordance with the invention, may be en-
hanced by increasing in the electrical discharge 
in the deuterium reactor the ratio of the cur-
rent carried by electrons relative to that carried 
by ions. The electron current is the component 

65 of the current flow in the working region best 

capable of producing the desired product mix-
ture. Consequently, increasing the ratio of the 
electron density to the ion density in the work-
ing region increases the efficiency with which 
the product mixture is produced. 70 

The energy imparted to the vibrational ex-
citation of the incoming feed stream by elec-
trons is greater than that imparted by ions at 
the beginning of the discharge. Accordingly, 
the product mixture will be produced with 75 
high efficiency at the beginning of the dis-
charge. However, after a brief time, the ion 
current will exceed the electron current and it 
is for this reason that the sustainer field should 
go to zero or effectively disappear so that no 80 
further energy is inefficiently imparted to in-
coming feed stream by ion current flow. After 
the sustainer field disappears or effectively dis-
appears, and a short interval provided to per-
mit the ions time for mutal neutralization and, 85 
hence, disappearance, another pulse of high 
energy electrons may be applied to the incom-
ing gas stream, the sustainer field increased or 
applied as may be appropriate, and the process 
repeated. The net rate at which the product 90 
mixture can be produced by this method is 
higher than might otherwise be possible. 

For the above-described mode of operation, 
the electrodes 41 and 42 may be coupled to a 
capacitor 70 in the sustainer power supply 49. 95 
The capacitor 70 may form a part of the sus-
tainer power supply 49 and be charged thereby 
at a suitable rate to establish the required elec-
tric sustainer field across the working region. 
When the incoming feed stream flowing through 100 
sustainer field is irradiated with an electron 
beam pulse, the feed stream within the working 
region becomes conductive and this discharges 
the sustainer capacitor. After the pulsed elec-
tron beam energy is removed by terminating 105 
the pulse, the feed stream again becomes non-
conductive and the sustainer capacitor will 
again take a charge. The cycle is repeated at the 
beginning of the next electron beam pulse and 
the ions recombine and/or disappear during the n o 
time the sustainer capacitor is being recharged. 
For this mode of operation, the high voltage 
power supply 33 is actuated and controlled by 
pulse control circuit 72. The sustainer capacitor 
70, for example, may be charged through a 115 
conventional choke and diode arrangement 
(not shown). 

In the event it is not desired to use a capaci-
tor such as capacitor 70, control circuit 72 or a 
separate control circuit may be provided for 120 
suitably controlling the sustainer power supply 
49 to supply to electrodes 41 and 42 a pulsed 
sustainer field having the desired parameters. 

As may now be seen, in accordance with this 
embodiment of the invention, improved 125 
efficiency in the production o f t h e product 
mixture may be realized by maximizing the 
residence time of electrons and minimizing the 
time of negative and positive ions in the in-
coming feed stream. The electrons extract 130 
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energy from the sustainer field and impart this 
energy to the incoming feed stream in the form 
of desired molecular excitation and dissociation. 

Apparatus in accordance with the preceding 
5 discussion is preferably arranged and adapted 

so that the incoming feed stream receives 
energy from the sustainer field substantially 
only when the electron component of the cur-
rent in the working region preferably greatly 

10 exceeds the ion component of the current. 
In addition to providing a simple and 

efficient mechanism for providing the necessary 
reactions and processes to effect deuterium 
enrichment in the product mixture exiting from 

15 the electron beam-sustainer deuterium reactor, 
the use of this reactor has the added significant 
advantages of permitting selection of a wide 
range, for example, of volumes, pressure and/or 
vibrational excitation to optimize the produc-

20 tion of the disclosed product mixture. 
The various features and advantages of the 

invention are thought to be clear from the fore-
going description. Various other features and ad-
vantages not specifically enumerated will un-

25 doubtedly occur to those versed in the art, as 
likewise will many variations and modifications 
of the preferred embodiment illustrated, all of 
which may be achieved without departing from 
the scope of the invention. 

30 WHAT WE CLAIM IS : -
1. A method of producing an enriched 

deuterium product from a gaseous feed stream 
of mixed hydrogen and deuterium, comprising: 

(a) combining said feed stream with gaseous 
35 bromine to form a mixture of said feed stream 

and bromine and exposing said mixture to an 
electrical discharge effective to form deuterium 
bromide and hydrogen bromide with a ratio of 
D/H greater than the ratio of D/H in said feed 

40 stream; and 
(b) separating at least a portion of said hy-

drogen bromide and deuterium bromide from 
said mixture. 

2. A method according to claim 1, com-
45 prising separating the bromine from said 

deuterium bromide and hydrogen bromide. 
3. A method according to claim 2, wherein 

said deuterium bromide and hydrogen bromide 
are oxidized to form bromine, and the bromine 

50 is physically separated to leave a residue en-
riched in deuterium. 

4. A method according to claim 3, wherein: 
(a) said electrical discharge is produced in a 

reaction zone and is formed by simultaneously 
55 introducing an electron beam into said reaction 

zone and applying an electric field across said 
reaction zone effective to produce said greater 
ratio of D/H; 

(b) said deuterium bromide and hydrogen 
60 bromide are separated from said mixture by 

dissolving said deuterium bromide and hydeo-
gen bromide in water; 

(c) said deuterium bromide and hydrogen 
bromide in said water are reacted with oxygen 

65 to form bromine and deuterium enriched water; 

and 
(d) the bromine is separated from said en-

riched water. 
5. A method according to claim 4, wherein 

said mixture of the feed stream and bromine 70 
are caused to continuously flow through said 
reaction zone including said electron beam and 
electric field, and said bromine comprises from 
0.1 to 1.0% by volume of the flow through said 
reaction zone. 75 

6. A method according to claim 4, wherein 
the purity, temperature, pressure, composition 
and residence time of said mixture of the feed 
stream and bromine in said reaction zone, and 
the electron beam and electric field are selected so 
to produce said deuterium bromide and said 
hydrogen bromide with said ratio of D/H 
greater than the ratio of D/H in said feed 
stream. 

7. A method according to claim 5, wherein 85 
the pressure in said reaction zone is maintained 
in the range of from 0.1 to 2.0 atmospheres, 
and the temperature at the exit of said reaction 
zone is maintained in the range of from 70° to 
300°K. 90 

8. A method according to claim 7, wherein 
impurities in said mixture are less than about 
one hundred parts per million, and the im-
purities in said bromine are less than about one 
percent. 95 

9. A method according to claim 4, wherein 
said electron beam is introduced into said reac-
tion zone in short pulses, and said electric field 
is reduced after each electron beam pulse until 
the next electron beam pulse. 100 

10. A method according to claim 9, wherein 
the current flow of said electrical discharge com-
prises an electron component and an ion com-
ponent, and the length of said electron beam 
pulses and the rate of reduction of said electric 105 
field are selected to provide an energy transfer 
to said feed stream from said electrical dis-
charge by said electron component substanti-
ally greater than an energy transfer to said feed 
stream by said ion component. 110 

11. A method according to claim 10, where-
in the majority of the rotal energy transferred 
to said feed stream by said electrical discharge 
is transferred by said electron component of 
said current flow, and the magnitude of said 115 
electric field is selected to substantially maxi-
mize the formation of deuterium bromide is 
said reaction zone. 

12. A method according to claim 4, wherein: 
(a) said electron beam is introduced into 120 

said reaction zone in short pulses; 
(b) said electric field is applied across said 

reaction zone in short pulses to produce said 
electric discharge having a pulsed current flow 
comprising an electron component and an ion 125 
component; and 

(c) said electron beam pulses and electric 
field pulses are selected to substantially maxi-
mize the residence time of said electron 
component in said feed stream and minimize 130 
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the residence time of said ion component in 
said feed stream. 

13. A method of producing an enriched 
deuterium product from a gaseous feed stream 

5 of mixed hydrogen and deuterium, comprising: 
(a) combining said feed stream with gaseous 

bromine to form a first mixture and exposing 
said first mixture in a reaction zone to an 
electrical discharge formed by simultaneously 

10 introducing an electron beam into said reaction 
zone and applying an electric field across said 
reaction zone effective to produce deuterium 
bromide and hydrogen bromide with a ratio of 
D/H greater than the ratio of D/H in said feed 

15 stream; 
(b) separating at least a portion of said 

deuterium bromide and hydrogen bromide from 
said first mixture by dissolving said deuterium 
bromide and hydrogen bromide in water; 

20 (c) oxidizing the said deuterium bromide 
and hydrogen bromide in said water with excess 
elemental oxygen to form a second mixture of 
oxygen, bromine, water including deuterium en-
riched water, and HDO; 

25 (d) separating from said second mixture said 
bromine and said water including said deuterium 
enriched water to form a third mixture com-
prising said bromine and said water including 
said deuterium enriched water; and 

30 (e) separating said water including said 
deuterium enriched water from said third mix-

ture. 
14. A method according to claim 13, where-

in said bromine, remaining after said water in-
cluding deuterium enriched water is separated 35 
from said third mixture, is supplied to and com-
prises at least part of the said gaseous bromine 
in said first mixture supplied to said reaction 
zone, and said remaining water including 
deuterium enriched water at least in part is 40 
supplied to and comprises at least a portion of 
said water used to separate said deuterium 
bromide and hydrogen bromide from said first 
mixture. 

15. A method according to claim 14, where- 45 
in the said oxygen forming part of said second 
mixture is at least in part separated therefrom 
and is supplied to and comprises at least a por-
tion of the oxygen with which said deuterium 
bromide and hydrogen bromide is reacted. 50 

16. A method of producing an enriched 
deuterium product from a gaseous feed stream 
of mixed hydrogen and deuterium, substan-
tially as hereinbefore described. 

55 
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