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[57] ABSTRACT 
Regenerative apparatus for exhausting the working 
medium from the Optical cavity of a laser and for sup-
plying preheated diluent to the reaction chamber of a 
laser is disclosed. In an aftercooler thermal energy is 
exchanged between the working medium exhausted 
from the optical cavity and a cryogenic coolant which 
is subsequently utilized as the motive fluid for an ejec-
tor and as a diluent in the production of laser gas. 
Highly toxic and corrosive gases are condensed out of 
the working medium as the cryogenic coolant is evap-
orated and superheated. A preheater transfers addi-
tional heat to the diluent before the diluent enters the 
reaction chamber. 

6 Claims, 1 Drawing Figure 
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REGENERATIVE LASER SYSTEM in a reduction of the energy level of the deuterium fluo-
ride molecules through premature photon emission. 

Even with diluent cooling the lifetime of the deute-
rium fluoride molecules in the excited state remains BACKGROUND OF THE INVENTION 

1. Field of the Invention 5 very short, approximately fifty milliseconds, and the ex-
This invention relates to lasers and more particularly cited molecules must be rapidly brought into the opti-

to open cycle gas lasers operating at subatmospheric cal cavity before the population inversion becomes dis-
pressures. sipated. In a typical embodiment described by Bronfin 

2. Description of the Prior Art et al. the working medium entering the optical cavity 
It is known in the chemical laser field that a popula- '<> has a Mach number of approximately four to five. In 

tion inversion in a laser gas can be established by react- order to establish supersonic: velocities and maintain 
ing an excess quantity of a first primary gas with a sec- low pressures, on the order of ten torr within the opti-
ond primary gas in a reaction chamber to yield dissoci- cal cavity, exhaust gases must be evacuated from the 
ated atoms of the first primary gas as a constituent of cavity at a high rate. 
the effluent from the chamber, and subsequently com- 1 5 I n at least one embodiment a compressor has been 
bining the dissociated atoms from the chamber with a u s e d t o evacuate the optical cavity. Biancardi et al de-
secondary reactant gas to yield excited molecules of a scribes such a system, although not employed with a 
lasing species. chemical laser, in U.S. Pat. No. 3,641,453. A compres-

A typical chemical laser employing the above tech- s o r d r i v e n bY a P r i m e m o v e r evacuates the optical cav-
nology is described in Bronfin, et al., U.S. Pat. No. 2 0 ity by raising the pressure of the working medium exit-
3,701,045 in which an excess of molecular fluorine is , n S t h e c a v l t y t 0 » Pressure above atmospheric condi-
added to molecular hydrogen in a mole ratio of approx- t i o n s - T h e P r i m e m o v e r w h l c h supplies the external 
imately two and one-half to one. The hydrogen and the POWER m Biancardi et al. is not shown, however, any 
fluorine chemically react to produce an effluent com- „ P r i m e m o v e s u c h a s a n e l e c t r i c m o t o r i s s u i t a b l e -
prising molecules of hydrogen fluoride and dissociated 2 5 T h l s P a t l e n t a l s o discloses the use of a primary reac-
atoms of fluorine. The temperature produced by the t a n

u
l a s t h e c o o l d f f h e a t exchanger located in the 

reaction of the two primary reactants ranges between exhaust stream of the laser in order to reduce the ex-
2500° to 3500° Rankine causing essentially all of the h a u s t temperature and, thereby, improve the effective-

„ . , ,- , . • . . . ness of the compressor. All the embodiments are open excess fluorine molecules supplied to dissociate into •>,) • .. • . • i. . „ 1 
„ cycle systems in which a cryogenic primary reactant or fluorine atoms. J , ,. „ . . . . ,. „ . . . . . . .. . . i t , .. a supplemental cooling fluid is exhausted directly to the A diluent such as nitrogen is commonly added to the . u l U ,. , . , , , . . , , atmosphere whenever the cooling required in the after-reaction chamber to reduce the partial pressure ot the , , .. . . . r • » . _ , n • i- • . i T-i.- cooler exceeds the quantity of primary reactant re-fluorine gas as the fluorine atoms are dissociated, this , , , 

. . , . , , „ • • , . quired by the laser, 
reduction in the partial pressure ot the fluorine isolates 3 5 A ,Q W s u r e l a s e r t e m i n w h i c h c o o l a n t g a s e s 
the fluorine atoms from one another and lowers the a r e e x h a u s t e ( 1 d i r e c t , t 0 t h e atmosphere is heavy since 
collistonal recombination rate of the atoms. In a typical a c r e s s o r a n d a p r i m e m o v e r are required. To be 
chemical laser the diluent compnses 50 to 70 percent h i g h l y p o r t a b l e t h e f i x e d weight of a laser system must 
of the gas composition within the reaction chamber. b e m j n j m j z e d , and improved means for evacuating the 

The recombination rate of fluorine atoms is further 40 o p t i c a | c a v i t y m u s £ h e found. Continuing efforts are di-
reduced by freezing the fluorine in the atomic or free r e c t e d to overall improvements in system efficiency 
atom condition. The effluent from the reaction cham- a n d effective utilization of the consumable gases. 
her is cooled to a temperature of about 560° Rankine 
by very rapidly expanding the gas mixture across an SUMMARY OF THE INVENTION 
aerodynamic nozzle. As the temperature of the fluorine 45 A p r i m a r y object of the present invention is to im-
is reduced, the vibrational activity and the accompany- p r w v e t h e overall efficiency of a laser system through 
ing random collisions of the free fluorine atoms are di- a reduction in the size and weight of the laser compo-
minished. A secondary reactant gas, deuterium, is n e n t s and a reduction in the rate of consumption of 
added during expansion of the effluent in a quantity in stored fluids during operation. Another object is to re-
excess of the number of fluorine atoms. The deuterium 5(1 move toxic and corrosive constituents from the work-
immediately reacts with the free fluorine atoms to yield ing medium after the working medium is exhausted 
excited deuterium fluoride molecules which constitute from the optical cavity. 
the laser gas utilized for photon emission within the op- According to the present invention a substantial 
tical cavity. The nitrogen, the excited deuterium fluo- quantity of the toxic and corrosive gases present in the 
ride, the hydrogen fluoride and the excess deuterium " working medium exhausted from the optical cavity of 
are the principal gases comprising the working medium a laser is condensed in an aftercooler by a cryogenic 
as the working medium leaves the secondary reaction coolant supplied from a storage container, and the re-
site. maining working medium is cooled in the aftercooler 

The cooled diluent within the working medium ab- • and evacuated by an exhaust ejector which employs the 
sorbs a significant portion of the heat generated by the cryogenic coolant as the motive fluid for the ejector, 
reaction of the deuterium with the atomic fluorine. The the cryogenic coolant having been evaporated and su-
relaxation rate of excited deuterium fluoride molecules perheated in the aftercooler by the hot gases exhausted 
is temperature and pressure dependent and is retarded from the optical cavity; the amount of cryogenic cool-
to permit the lasing species to be distributed through- 6 S ant evaporated and the temperature to which the work-
out the optical cavity. Cooling of the deuterium fluo- " ing medium is cooled are balanced so that the amount 
ride molecules and lowering the pressure of the gas re- of cryogenic coolant evaporated is substantially equal 
duces the probability of random collisions which result to the amount of motive fluid required to raise the pres-
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iure of the working medium to atmospheric pressure 
from a condition at which the tempera ture is below the 
:ondensation temperature of the toxic and corrosive 
jases. 

A primary feature of the present invention is the 
Hatched flow rates of coolant through the af tercooler 
ind motive fluid through the ejector. A fur ther feature 
s the regenerative exchange of thermal energy be-
:ween the working medium exhausted f rom the optical 
;avity and the motive fluid for the ejector and between 
:he working medium and a diluent present during the 
production of the laser gas. A diluent preheater trans-
fers additional heat to the diluent before the diluent en-
:ers the reaction chamber . Also, the highly toxic and 
corrosive gases present in the working medium are re-
noved by condensation before the working medium is 
•eleased into the atmosphere. 

A principal advantage of the present invention is the 
'eduction in the size and weight of the components re-
quired to maintain a low pressure within the gain region 
}f a laser. Also, a requirement for exhaust scrubbing 
apparatus is reduced or eliminated. The use of cryo-
genic coolants reduces the quantity of stored consum-
ables required for operating the laser. 

The foregoing and other objects, features and advan-
c e s of the present invention will become more appar-
;nt in the light of the following detailed description of 
:he preferred embodiment thereof as illustrated in the 
iccompanying drawing. 

BRIEF DESCRIPTION OF THE DRAWING 

The FIGURE is a simplified perspective view show-
ng the cross section of a laser in accordance with the 
present invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

A laser 10 in which a laser gas is produced by the re-
action of two or more constituents is shown in the FIG-
URE. An initial chemical reaction takes place in a reac-
;ion chamber 12 which opens to an optical cavity 14 
:hrough a primary supersonic nozzle 16. A supersonic 
iiffuser 18 connects the optical cavity to an aftercooler 
20. An exhaust ejector 22 having a fluid nozzle 24 is lo-
cated immediately downstream from the aftercooler. 

Fluorine is contained within a fluorine storage vessel 
26 which is connected to the reaction chamber by a flu-
orine supply manifold 28. Hydrogen is contained within 
i hydrogen storage vessel 30 which is connected to the 
eaction chamber by a hydrogen supply manifold 32. 
Deuterium is contained within a deuterium storage ves-
sel 34 which is connected to the secondary supersonic 
lozzles 36 by a deuterium manifold 38. Cryogenic ni-
rogen is contained within a nitrogen storage vessel 40 
which is connected to cooling coils 42 within the after-
;ooler by a coolant supply manifold 44. A nitrogen 
nanifold 46 connects the cooling coils in the after-
;ooler with a diluent supply preheater 48 located in the 
vail of the reaction chamber and with a motive fluid 
iupply manifold 50. The diluent preheater is connected 
:o the reaction chamber by a diluent supply manifold 
52. A condensate sump 54 is located at the bottom of 
he af tercooler and is joined to a contaminant tank 56 
yy a drainage manifold 58. Control valves 60 regulate 
he supply of reactants to the reaction chamber and the 
secondary supersonic nozzle. A regulating valve 62 
;ontrols the amount of diluent supplied to the reaction 
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chamber from the cooling coils in the aftercooler. A 
contaminant control valve 64 prevents the escape of 
highly toxic and corrosive gases from the contaminant 
tank when the laser is not in operation. 

During the production of the laser gas in the hydro-
gen fluoride/deuterium fluoride chemical laser the first 
primary reactant gas, fluorine (F2) , and the second pri-
mary reactant gas, hydrogen (H2) , chemically react in 
the presence of the diluent, nitrogen (N2) , within the 
reaction chamber to produce atomic fluorine (F) and 
hydrogen fluoride (HF) according to the simplified re-
action shown below. 

2F2 + H2 — 2HF + 2F + Heat 

In order to produce atomic fluorine the temperature at 
the primary reaction site must be approximately 2,500° 
to 3,500° Rankine. The greater the average tempera-
ture at the primary reaction site the more likely all the 
fluorine gas atoms will become dissociated. Heat escap-
ing from the reaction chamber wall is absorbed by the 
diluent circulating through the preheater 48 in the 
chamber wall and is returned to the chamber with the 
entering diluent. This regenerative process raises the 
temperature of the diluent to reduce preliminary cool-
ing by the diluent at the primary reaction site before 
substantially all of the fluorine atoms have been disso-
ciated. 

The effluent from the reaction chamber is rapidly ex-
panded through the primary supersonic nozzle 16 and 
the secondary reactant, deuterium (D2) , is added to the 
reactant stream through the secondary supersonic noz-
zle 36. A secondary reaction promptly produces ex-
cited deuterium fluoride molecules (DF*) according to 
the simplified reaction shown below. 

D» + 2F 2DF* + Heat 

The heat produced at the secondary reaction site is par-
tially absorbed by the nitrogen which was expanded 
and cooled to approximately 560° Rankine as the efflu-
ent from the reaction chamber passed through the pri-
mary supersonic nozzle 16. 

The excited deuterium fluoride molecules have a rel-
atively short relaxation time, on the order of 50 milli-
seconds, and are quickly brought from the secondary 
reaction site into the optical cavity. The reaction prod-
ucts comprising the working medium are accelerated 
within the primary and secondary supersonic nozzles in 
one embodiment to a Mach number between four and 
five at entrance to the optical cavity. Heat produced by 
friction between the working medium and the optical 
cavity wall and heat generated by the production of ex-
cited deuterium fluoride molecules cause a decelera-
tion of the working medium to a Mach number of ap-
proximately two and one half to three at the cavity exit. 
In order to maintain a quantity of excited deuterium 
fluoride molecules within the optical cavity which is 
sufficient to support the lasing process, the portion of 
working medium containing depleted deuterium fluo-
ride molecules must be evacuated f rom the optical cav-
ity. 

The exhaust ejector in combination with the super-
sonic diffuser evacuates the optical cavity. The super-
sonic diffuser partially recovers the static pressure from 
the working medium which enters the diffuser at a high 
velocity. The exhaust ejector pumps the working me-
dium from the recovered static pressure to atmospheric 
pressure. The effectiveness of the ejector is enhanced 
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by precooling or condensing the working medium 
within an aftercooler before the working medium 
reaches the ejector. The cooling fluid for the after-
cooler is cryogenic nitrogen supplied from the nitrogen: 
storage vessel. Nitrogen is evaporated and superheated 5 
in the aftercooler and manifolded to the ejector where 
the super-heated gas is utilized as the motive fluid for 
the ejector. 

The use of an ejector as an exhaust pumping means 
permits utilization of a special relationship between the 10 
temperature of the noncondensed working medium 
and capacity of the pump to elevate the noncondensed 
portion of the working medium to atmospheric pres-
sure. The pressure ratio across the ejector is essentially 
proportional, over the normal operating range of the 15 
ejector, to the mass flow rate of the motive fluid and 
the square root of the motive fluid temperature divided 
by the exhaust gas temperature, 

V W 7 ^ 

TK(I) + MlC(; ] 
where: 

cVli is the specific heat of nitrogen; 

20 - n Y - >2 
where: 

PK is the pressure ratio across the ejector; 
vv v2 is the mass flow rate of the motive fluid through 

the ejector which is also the mass flow rate of the 
cryogenic coolant through the aftercooler; 25 

T.vg is the temperature of the motive fluid entering 
the ejector which is also the temperature of the cryo-
genic coolant exiting the aftercooler; and 

T/.;(: is the temperature of the noncondensed exhaust 
gases leaving the aftercooler and entering the ejec- 3 0 

tor. 
As the temperature of the exhausted gases leaving 

the aftercooler (TK<;) is reduced, the mass flow rate of 
the motive fluid required to achieve the same pressure 
rise across the ejector is also reduced. However, as is 3-* 
shown in the aftercooler heat balance equation which 
follows, an increase in the mass flow rate of the motive 
fluid or an increase in the temperature of the motive 
fluid is required to reduce the temperature of the ex-
haust gases leaving the aftercooler. It is these special 
relationships which primarily make it possible for the 
laser of the preferred embodiment to have improved 
overall efficiency through a reduction in the size and 
weight of the laser components and through an opti-
mized rate of consumption of stored fluids during oper-
ation. 

H'.v, [ C'.y, ( r.v, — TV, ,',,) + A/i.y 2 ] = [ >«'ir.U C'lV.lf (7V.v 

40 

50 

T.v'g j„ is the temperature of the nitrogen coolant en-
tering the aftercooler; 

A/J.V2 is the heat of vaporization of nitrogen; 
M „ is the mass flow rate of the working medium en- ^ 

tering the aftercooler; 
c» xt is the specific heat of working medium entering 

the aftercooler; 
T„ .1/ - is the temperature of the working medium 

entering the aftercooler; 
ny,; is the mass flow rate of the condensed gases; and 
Alice is the heat of condensation of the condensed 

gases. 
In the preferred embodiment the temperature of the 

exhaust gases exiting the aftercooler (TEa) is selected 6 5 
within the range 200° to 300° Rankine to insure that 
substantially all of the highly toxic and corrosive deute-
rium fluoride and hydrogen fluoride are condensed out 

of the working medium. An optimum weight and cost 
heat exchanger capable of cooling the working medium 
to that temperature is then provided within the after-
cooler. 

In the optimum heat exchanger the temperature of 
the cooled exhaust gas (TEU) is balanced with the mass 
flow rate of motive fluid evaporated in the heat ex-
changer (wA-2) so that the amount of coolant consumed 
is substantially equal to the amount of motive fluid re-
quired by the ejector. A range of heat exchangers may 
effect this balance as is shown by the pressure ratio ex-
pression previously described and wherein the mass 
flow rate of the motive fluid required is inversely pro-
portional to the square root of the motive fluid temper-
ature. The greater the elevation of the motive fluid 
temperature within the aftercooler the lesser the quan-
tity of motive fluid needed by the laser during opera-
tion. 

The specific heat exchanger for the preferred em-
bodiment is selected after comparing the amounts and 
temperatures of motive fluids which can be produced 
by heat exchangers of differing size, weight, material 
and complexity. 

Although the heat balance relationships have been 
described for simplicity purposes without reference to 
the diluent requirements of the reaction chamber, the 
amount of coolant evaporated in the aftercooler is in-
creased to provide the required amount of diluent. 

The working medium is cooled to a temperature of 
approximately 200° to 300° Rankine within the after-
cooler 20 to condense substantially all of the highly 
toxic and corrosive hydrogen fluoride and deuterium 
fluoride constituents of the exhaust gas. The conden-
sate is subsequently drained to a sump 54 in the bottom 
of the aftercooler. The hydrogen and deuterium fluo-
ride condensate is bled from the sump through a con-
trol valve 64 to a contaminant tank 56 where it is 
stored. The removal of the toxic and corrosive constitu-
ents of the exhaust gas in the aftercooler precludes the 
requirement for additional scrubbing components and 
therein effects a reduction in size and weight of the 
laser system. 

The use of cryogenic liquid coolant is particularly de-
sirable for cooling within the aftercooler of a laser. The 
large temperature differential between the coolant in 
the coils of the heat exchanger and the passing exhaust 
gases establishes elevated rates of heat transfer. In ad-
dition the low temperature of the cryogenic coolant in-
creases the capability for absorbing heat from the pass-
ing exhaust gases over that which would be absorbed by 
a like quantity of noncryogenics. The reduced quantity 
of coolant required and the relatively small heat ex-
changer employed reduces the overall system size and 
weight. 

Although the chemical laser of the preferred embodi-
ment has been described with respect to hydrogen, flu-
orine, and deuterium reactants and with respect to a 
nitrogen diluent, other suitable reactants and diluents 
may be utilized. Similarly, the cryogenic coolant and 
the exhaust ejector system of the present invention 
have been described with respect to a chemical laser, 
however, the concepts are suitable for use with any 
open cycle laser operating at subatmospheric pressure, 
including the open cycle carbon dioxide laser system 
described in Biancardi, et al. 

Although the invention has been shown and de-
scribed with respect to a preferred embodiment 
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hereof , it should be unders tood to those skilled in the 
irt that the foregoing and o ther changes and omissions 
n the form and detail thereof can be m a d e without de-
mrting f rom the spirit and the scope of the invention. 

Having thus described a typical e m b o d i m e n t of ou r 
nvention, tha t which we claim as new and desire to se-
:ure by Let ters Patent of the United States is: 

1. in a regenerat ive laser system, an optical cavity at 
i first pressure and , leading f rom the opt ical cavity, an 
xhaust d u c t including an a f te rcoole r for cooling the 
working med ium within the duct and for evaporat ing a 
iquid cryogenic coolant and fu r ther including an ejec-
or driven by the evapora ted coolant for pumping the 
working medium f rom the first pressure of the optical 
avity to a second pressure , the heat exchanger area of 
he a f te rcoo le r being sufficient to evapora te an amoun t 
if fluid which is substantially equal to the amoun t of 
notive fluid required by the e jector to maintain the 
irst pressure within the optical cavity. 

2. The invention accord ing to claim 1 wherein means 
or superheat ing the evapora ted cryogenic coolant 
within the a f te rcooler is provided. 

3. In regenerat ive appara tus for improving the system 
fficiency of a flowing gas laser which has an exhaust 
luct leading f rom the optical cavity: 

means for maintaining the static pressure of the 
working medium in the optical cavity at a first pres-
sure and including, 
an e jec to r posi t ioned within the exhaust duc t and 

having a motive fluid nozzle; 
an a f te rcoo le r located upstream of the e jec tor for 

t ransferr ing the rmal energy f rom the working 
med ium to a cryogenic coolant , the heat ex-
change r area of the a f te rcooler being sufficient 
to evapora te and superhea t an a m o u n t of cryo-
genic fluid substantially equal to the amoun t of 
fluid required by the ejector nozzle to maintain 
the static pressure; 

a cryogenic storage vessel for supplying a flow of 
coolant through the af tercooler ; and 

condui t means for flowing the cryogenic f rom the 
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storage vessel to the a f te rcooler and f rom the af-
te rcooler to the e jec tor nozzle. 

4 . T h e invention accord ing t o claim 3 having a reac-
tion c h a m b e r ups t ream of the optical cavity for p roduc-

5 tion of the laser gas and fu r ther including: 
means for supplying a diluent consisting of evapo-

rated cryogenic to the react ion c h a m b e r compris-
ing, 

a di luent p rehea te r fo r t ransferr ing thermal energy 
10 escaping f rom the react ion c h a m b e r to the di luent 

the reby re turning the thermal energy to the cham-
ber; and 

a condui t means for flowing evapora ted cryogenic 
f rom the af tercooler to the p rehea te r and f rom the 
p rehea te r to the react ion chamber . 

5. A me thod for exhaust ing the working medium 
f rom the optical cavity of a laser system which has, 
leading f r o m the optical cavity, an exhaust duct con-

^ taining an e jec tor posit ioned downst ream f rom an af-
" tercooler , comprising the steps of: 

evaporat ing a cryogenic coolant by flowing the cryo-
genic through the coolant side of the af tercooler ; 

pumping the working medium through the exhaust 
2S duc t with an e jec tor utilizing the evaporated cryo-

genic as the motive fluid; 
cooling the working medium passing through the ex-

haust duc t to a t empera tu re between 200° and 300° 
Rankine ; and 

3q adjust ing the flow rate of cryogenic through the cool-
ant side of the a f te rcooler to cool the working me-
dium to a t empera tu re at which said flow rate 
maintains a pressure rise of 100 to 750 torr across 
the e jec tor . 

35 6. The invention according to claim 5 including, a f te r 
the step of evaporat ing a cryogenic coolant by flowing 
the cryogenic through the coolant side of the af ter-
cooler , the fur ther step of superheat ing the coolant by 
flowing the cryogenic through the coolant side of the 

40 af tercooler . 
* * * * 
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