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CHEMICAL INFRARED LASER PROGRAM 

I.  ÜF-C02   SUPERSONIC TRANSFER CHEMICAL LASER (TCL) 

Tlie r)I:-C0o laser operates in the 10 \\   CO-,   band as a 

result oi" vibrational energy transfer from DF (which :i'. 

vibrationally excited during its chemical formation) to the 

asymmetric stretching mode of C02.  The DF-CO, supersonic 

TCL i  capable of operation at high enough cavity pressures 

that atmospheric pressure recovery can be attained.  Thus 

the DF-CCK TCL is o£ interest both as a chemical laser 

operating without pumps and as a means of upgrading gas- 

dynamic CO2 lasers  by the use of chemical energy to further 

increase the population inversion in the CO-,- 

The principle of the NRL DF-CC2 supersonic TCL, the 

apparatus acquisition and modification, and the mode of 

operation both as a chemical laser and gasdynamic laser 

have been described in previous reports^    . 

During the last reporting period chemical augmentation 

was clearly demonstrated although limited by deactivation 

by HF formed in the combustor.  Despite these encouraging 

results, other data indicated that the nozzle design with 

injection of the D2 in the subsonic throat region was unlikely 

to lead to significant chemical pumping of a CO^ GDL. 

Note:    Manuscript submitted February 7, 1975. 

fl-S) ARPA-NRL Laser Program Semiannual Technical Reports, 
1 July 1971 - 30 December \{M7>, NRL Memo Report Nos. 2483, 
252!),    !f).r)4,   2707,   2816. 



1 '    »I 

Since then, fixed position and scanning gain experiments 

have been made and preliminary measurements with a new nozzle 

have been carried out.  This nozzle, which was built, in 

collaboration with Bell Aerospace Company, a]lows D2 injection 

at the tips of the nozzle blades and is shown in Figure 1. 

Whereas with the injection in the subsonic region there was 

strong evidence of substantial chemical reaction occurring 

before the gas entered the laser cavity, this phenomenon is 

avoided with the new nozzle.  This injection procedure also 

allows measured and predicted gain profiles to be compared 

d i rect ly . 

The apparatus used for both single position and scanning 

gain measurements is shown schematically in Figure 2.  Briefly, 

the mirror system sweeps the output of a stabilized C02 laser 

through the active medium while maintaining its direction 

perpendicular to the flow axis.  The He-Ne laser and the chop- 

per are used for alignment and calibration purposes.  With 

this arrangement, gain measurements of approximately 5 cm 

segments of the gas-flow could be made in a single scan through 

the  3U cm deep active medium.  The minimum gain that could 

be accurately measured was estimated to be 0.31 cm1. 

However in practice, vibration of the machine, legradation 

of the optical windows during the tests and fluid dynamic- 

disturbances in the cavity coupled with the low gain environ- 



^^ ^^^^mm ^—^^ 

ment being probed limited the amount of useful data acquired. 

This data did confirm, however, that the gain was not signifi 

cant Iy increased during the "chemistry-on" cycle from that 

of the GDI, which is in accord with the earlier laser oscillator 

stud ies. 

During these tests power measurements were also carried 

out and provided the first clear evidence of an enhancement 

over the GDL power during the chemistry-on period. This 

data is shown in Figure 3.  Here the power during the chemistry 

cycle «3, is seen to be above that in the GDL cycle 1/1 , fthe 

effect of a momentary unstarting of the diffuser is indicated 

at pos it ion A). 

Although a wide variation of the gas flows and hence 

the combustor temperature and pressure conditions were 

examined, the power during the chemistry-on cycle was never 

substantially more than in the GDL cycle. This fact was 

particularly puzzling in light of modelling calculations 

which predicted significant chemical augmentation even 

when allowing for the large 111-' deactivation. During these 

tests however, it was observed that, under conditions where 

large excesses of D2 were injected into the gas flow, the 

combustor temperature and pressure were increased. The most 

likely explanation if that under these conditions significant 

pre-reaction is taking place in the subsonic region. The 



deuterium is injected at a slight angle against the flow and 

is expected to be entrained in the boundary layer. However 

with the higher delivery pressure used to achieve excess 

injection the D2 may well penetrate through the boundary 

layer resulting in the observed phenomena. 

In summary then, the experiments with the original 

GDI, nozzle modified to allow injection of deuterium into the 

subsonic portion of the accelerating flow are as follows. 

Chemical pumping by DF has been demonstrated but is offset 

by the large deactivating effect of HF produced in the 

combustor. Gain measurements tend to confirm the power measure 

ments and there are strong indications that pre-reaction is 

a limiting feature. 

Following completion of these tests, the Bell nozzle 

was installed and the combustor conditions required to start 

the diffuser were examined. The Bell nozzle has approximately 

2(n le.se throat area and further contraction of the original 

diffuser was anticipated in order to swallow the starting 

shock wave.  However even with the increased contraction, 

a 25% higher combustor pressure was needed to start the 

diffuser. This, combined with the non-parallel mixing produced 

by the truncated nozzles produces an approximately SOI  higher 

cavity pressure C> 90 torr).  The supersonic mixing and 

the resulting reaction of the D2 and F., produce larger flow 



disturbances than in the first nozzle configuration which 

further limit the usefulness of the scanning gain technique. 

Preliminary experiments were also performed using a laser 

cavity.  These experiments were performed with low fluorine 

concentrations and while chemical pumping of the C0?   was 

observed, no significant increase over GDI, power was observed. 

It should be noted that for the combustor to operate properly 

with the Bell nozzle, a 20°« increase in pilot fuel (GIL) was 

required. This results in an increase in HF formation in the 

combustor which has a pronounced deleterious effect on laser 

performance. Further laser tests using the Bell nozzle will 

be undertaken to characterize laser performance during the 

next reporting period. 

 "" ■  I        I   ! 
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2 •  CARBON MONOXinc ENERGY TRANSF[rR_ STUDlliS 

Measurements ol" energy transfer rates in CO are 

continuing using the previously reported vibrational fluores 

cence method.  This technique employs a frequency-doubled 

C02 laser to pump ground state CO molecules to the COCv=l) 

level.  Previous studies stressed energy transfer rates 

relevant to CO lasers.  It is also possible through rapid 

vibration to vibration energy transfer from CO to additive 

molecules to measure quenching rates for the additive species 

as well.  This has been recently accomplished for CO-CO 

and CO-N20 mixtures over the temperature range 150-400
oK. 

Here, the emphasis was placed on measuring energy transfer 

rates out of the upper laser levels for C02 and N^O which, 

until this study, were not available below room temperature. 

Cryogenic storage of laser gases and initiation of lasing at 

low temperatures is a desirable feature for those systems 

where rapid temperature rise do leteriously affects laser 

output power. 

The upper laser level in C02 and N^ is excited via 

the following near resonant V ■+ V processes: 

CO(v=l) + co2 t  CO + CO2(001) + Ali = -Z06  cm"1 

CO(v=l) + N20 ^ CO + N20(001) + AH = -81 cm"1 
(1) 

(2) 



Anadditiona)   V . V transfer process   in CO-CO, m,xtu 

may   also  be  occurring: 

res 

CO(v=l + CO, -> CO + CO.dl'l)) + Ali = '('7 cm 
1 m 

The latter reaction Is not reversible due to the rapid 

relaxation of CO^l^O) in collisions with ground state 

CO. molecules.  Rate constants lor intermolecular V + V 

transfer from CO to CO,  and N.O are reported in Tables 1 

and II respectively. 

Vibrationa! quenching of CO2C001) in collisions with 

CO and Cü2 from 158 - 406oK are reported in Table I. 

Table 11 summarises collisional deac.ivation rates of 

N,0(00O with H20.   CO. and Ar in the range 144 - 405oK. 

r ^v,^ int-r-imnl ocular dcactivation The temperature dependence of the intramolecular 

i   Tho NO self-relaxation 
of N2O(()0l) is shown in Figure I.  Tbc N2u -e 

7cn0K with a sharp increase rate exhibits a minimum  near 250 K w.th a sna i 

in rate at lower temperatures. 
♦-.. ..4ii he shortly extended to the The present measurements will be snort-iy 

;KIO th-it this system could .    i) iq unite possible rnaL LMLD -/ CO-CS7 system.  it is quiuo i^ 

produce an efficient COt-CS2 vibrational transfer laser and 

research to produce such a laser is already underway, 

tnitial temperature studies for the rate measurements wall 

cover the range 25(1 - 600oK. 

10 
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During this contract period final reports have been 

submitted on CO room temperature energy transfer measure- 

ments^ and CC-H2, CO-N2 temperature dependent studies 

from 100 - 650OK.^ (See  Appendix A on p. 130.) 

REFERENCES 

1. J.K. Hancock, D.F. Starr, and W.U. Green, "Measurement 

of the Rate of Excitation and Deactivation of OCS(OOl), 

N2Ü(001). CS2(001) and C2N2(00100) using Laser Excited 

CO as a Pumping Source", J. Chem. Phys., Oct. 1974. 

2. Ü.F. Starr, J.K. Hancock and W.H. Green, "Vibrational 

Deactivation of Carbon Monoxide by Hydrogen and 

Nitrogen from 100 - 650°", J. chem. Phys. (submitted 

for publication). 
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lARLE II 

N20(000 VIBRATIONAL ENERGY TRANSFER RESULTS 

RATE PROCESS TEMPERATURE  RATE CONSTANT 
M sec 'torn ') 

DEACTIVATION 
PROBABILITY 

TbT 
COLLISION CROSS SECTION 

N20(OOI) + CO(V=0) * \kk 3.V*(5)(a) 2.67(-2) \.2l* 
N2(0O0) + CO(v-l) 196 2.79(5) 2.52(-2) 117 

a^? 2.50(5) 2.5M-2) 1.18 
300 2.25(5) 2.52(-2) 1.17 
353 2.08(5) 2.52(-2) 1.17 
kos 1-93(5) 2.51(-2) 1.17 

N2O(O0l) + N70 * \kli 1.53(3) \.25{-k) 6.25(-3) 
N20(mno) + NjO 196 7.56(2) 7.l8(-5) 3.60(-3) 

2k7 6.52(2) 6.95(-5) J.hSl-i) 
300 7.11.(2) 8.39(-5) h.2\{-i) 
353 9.13(2) 1.17(-')) 5.87(-3) 
^05 1.23(3) l.68(-')) 8.i)3(-3) 

N20(OOI) + CO ^ \kk 3.80(2) 2.95(-5) 1.37(-3) 
N?0(mno) + CO 196 3.7'.(2) 3.39(-5) 1.58(-3) 

2^7 ^.22(2) '..28(-5) 1.99(-3) 
300 5.37(2) 6.0l(-5) 2.79(-3) 
353 7-35(2) 8.92(-5) '..l5(-3) 
bOS 9.90(2) 1.29Hi) 5.98(-3) 

N20(001 + Ar ? \',i, 2.78(1) 2.58(-6) l.ll(-l») 
N20(mno) ■*  Ar 196 3.68(1) 3.99(-6) 1.7l(-l() 

21*7 5.03(1) 6.12(-6) 2.63(-'i) 

300 7.31(1) 9.80(-6) >*.2\i-l*) 
353 1.01(2) l.'<7(-5) MK-ft) 

ia\     t    LLIc\    -    1 l.l. .. ,„5 

itOS I.ii2(2) 2.2l(-5) 3.S0{-l*) 

»; 

(b)   Oeactivatlon probabilities 

is   the  rate constant   in sec' 
were  calculated  using  P 

■I 
(2.31 x IG*8) KT] „VdL where K 

torr  , u is the reduced mass (AMU units) and d 

is collision diameter in Angstroms (d » 3-7 CO, k  0 N,0, and 3./, Ar). 

AB 

AB HdA + dB) 

13 
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ELECTRICAL INFRARED LASERS 

] •  SHORT PULSB C02 MOLf-CUl.AR LASER 

In the present reporting period the work being carried 

out under this section of the ARPA/NRL high energy laser 

program has been completed. In the previous reporting period 

(1 .July - 5 1 December 1973) the high power, nanosecond 

pulse C02 laser had been assembled and was operating at an 

output pulse energy % 50 J.^     Our work in the period 

1 January - 31 June 1974 has been concerned with improving 

the system reliability and upgrading its performance to 

what we consider close to its maximum operating level. 

A new, higher power mode-locked oscillator has been installed 

and by using a large aperture, low absorption, CdTe Pockels 

ceil in the pulse switchout system, a single pulse energy 

output of 12 mJ has been achieved. A fourth 3 x 3 x 50 cm 

amplifier has been added to the chain to increase the single 

pulse energy into the Lumomcs amplifier. The pulsed power 

supplies which drive the 3 x 3 x 50 cm amplifiers have 

been reworked to improve their reliabHity and triggering 

jitter. We have also increased the operating pressure of the 

Maxwell e-beam amplifier to 1810 torr thereby increasing 

the energy storage of this device. 

In addition we have developed a compact, high pressure 

(15 atm) electron-beam-controlled C02 laser and have succeeded 

15 
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In mode-locking this laser by using p-type germanium as a 

saturahlo absorber. Tbc mode, locked pulsewidths from this 

device are expected to be < KM, psc. and should be suitable 

tor amplification in a high pressure amplii.cr chain. 

L'-JjJl 11°wy r Qsci 11 ator Jlesipn 

For our previous work the single nanosecond pulse energy 

available from the helical pin mode-locked laser oscillator 

was limited to <,  .3 mJ.  In an effort to increase thus energy, 

the pin laser was replaced with a 2 x 2 x 100 cm gain tube 

of a design similar to the first amplifier of the chain 

(solid electrode Lamberton-Pearson design).  This oscillator 

has been operated using a laser gas mixture of 7^:2 

(Hc:N2:C02) and an energy loading % ino j/?,.  The laser 

discbarge is driven by a single capacitor (0.1 .F) operating 

at a voltage of 28 kV yielding an li/N ;b 5.7 x 10"16 V cm2 

in the gas. 

The laser was mode-locked using the germanium acousto- 

optic modulator described in a previous report.m However 

the high gain of this laser necessitated use of a higher 

RF drive power to the modulator to obtain stable mode-locking. 

The energy in the mode-locked pulse train was typically 

100 mJ in a clean TEMoo mode in a beam diameter ■. 3 mm. 

This was obtained using a laser cavity consisting of a 60% 

reflectivity output coupler and a 4 m radius 100% reflectivity 

16 
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mirror separated by % 350 cm. The 100 m.J pulse train energy 

is greater than the < 70 m,J .-is previously obtained in the 

pulse train from the helical pin laser. In addition the energy 

output from the solid electrode laser occurs in a small 

number of high intensity mode locked pulses whereas the 

helical laser emitted a long, low intensity pulse train. 

The peak pulse energy from the present system is about a 

factor of four higher than previously achieved. Laser emission 

occurred only on the P(20) line  of the 00°! - 10o0 band 

of C02.  While use of a single line oscillator does reduce 

the energy ext-acted from some of the amplifiers, it will 

be seen that high energy extraction efficiency is still 

obtained with the e-beam amplifier.  This is achieved due 

to the high input energy density of the pulse at this ampli- 

fier and due to the fast rotational relaxation time obtained 

by operating the e-beam at high pressure. 

As before, single pulse selection is carried out using 

a switch-out system consisting of a Pockels cell placed 

between crossed, stacked germanium plate polarizers.  The 

switch-out system has been improved by replacing the GaAs 

Pockels cell crystal with a larger one made of CdTe.  The 

physical and electro-optical properties of CdTe and GaAs 

are compared in Table 1.  The small optical absorption and 

largo electro-optic coefficient, of CdTe make it superior 

17 
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to GaAs for electro-optic modulator applications. For the 

prcscnl application the switch-out .system should have a high 

extinction ratio (OR).  The extinction ratio is defined hy: 

liR = /- 
c 

(1 

where Tp is the transmission of the polarizer-Pockels cell- 

analyzer arrangement when the polarizer and analyzer are 

parallel and Tc is the transmission when they are crossed. 

The extmotion ratio of the system has heen measured using 

the setup shown in Fig. 1.  A stähle cw Cü2 laser beam is 

directed through the switchout system onto a sensitive Ge:Cu 

detector. The cw laser is chopped and the signal from the 

detector is monitored using a lock-in amplifier. This permits 

direct measurement of the weak leakage signal obtained when 

the polarizer and analyzer are crossed. Saturation of the 

Ge:Cu detector must be avoided when measuring the large 

signal transmitted when the polarizer and analyzer are 

parallel. Saturation effects are eliminated hy using calibrated 

attenuators to measure this signal thus keeping the light 

level within the linear range of the detector. 

The polarizer and analyzer used each consist of four, 

•3" diameter germanium plates. The plates are held at the 

Brcwster angle giving a c]car aperture, through the setup, 

of   3/4". Using this arrangement the extinction ratio of the 

18 



polarizer and analyzer alone has been measured as %  2  x H)4. 

This is considerably less than the theoretical maximum 

value of 1.7 x KT .  Light scatter inside the stacks is 

not considered a problem due to the large stack aperture 

(0.75") achieved by using 3" diameter germanium plates 

held at Brewsters angle. However, since the faces of the 

plates are parallel, multiple interna] reflections could 

cause the observed reduction of ER. This problem could be 

resolved by wedging the plate surfaces at a small angle 

(^ 13 min).  When the CdTe Pockels cell is placed in the 

system HR drops to ^ 8 x 103 for a 3 mm probe beam diameter. 

This is caused by the residual birefringence in the CdTe 

crystal. 

The Pockels cell was designed in a manner similar to 

that previously described for our GaAs cell.  figure 2(a) 

shows the details of the system. The crystal dimensions 

are 10 x 10 x 40 nun, which were chosen to minimize diffraction 

effects, to provide a convenient operating voltage, and to 

permit good electrical matching of the Pockels cell to the 

30 ohm cable used in the system.  The electrical matching 

characteristics of the system were checked using a time 

domain reflectometer and the TOR trace is shown in Pig. 2(b). 

The electrical reflections from the Pockels cell is %6% 

19 



The mode-locked laser and pulse selection system were 

operated in the setup shown in Fig. 3.  A beam-splitter 

directs '. KU of the laser output to fire the laser triggered 

spark gap thus applying a short (^13 nsecj high voltage (11.7 kV 

I"1^  to the Pockels cell.  Synchronization of the voltage 

pulse with the arrival of a mode-locked laser pulse at the 

Pockels cell is achieved by adjustment of the length of 

cable connecting the laser triggered sparkgap to the Pockels 

cell.  After passing through the Pockels cell the high 

voltage pulse is propagated down a length of 30 ohm coaxial 

cable and terminated in a matched .SO ohm resistive load. 

The triggering jitter of the system was % 1 ns and the 

pulse selection procedure is shown in Figure 4.  Complete 

switching of the main pulse in the mode-locked train is 

achieved giving a selected pulse of energy '. 12 m J,  This 

pulse is then directed down the amplifier chain for ampli- 

fication to a high energy level. 

Pre amp] i f icrs 

I" our previous work this section of the chain consisted 

of one 2 x 2 x 100 cm amplifier followed by three (3 x 3 x 50 cm) 

devices.  With this setup the energy available at the input 

of the Lumonics was ^ 1.5 J.  The beam diameter after the 

beam expander is ^ 8.1 cm giving an input energy density 

to the Lumonics ^ 30 mJ/cm2 which is much lower than the 

20 



Saturation energy of atmospheric pressure C02 amplifiers 

f- 130 mJ/cm2).  Thus the pulse energy at this point in the 

chain can he increased with advantage. We have therefore 

added a fourth 3 x 3 x 50 cm amplifier to this part of the 

.chain.  Coupled with the improved oscillator pulse 

energy available, this has increased the single pulse energy 

into the Lumonics to % 3 - 4 J (M3ü - 80 mJ/cm2j. 

The driving circuits of these five amplifiers have been 

rebuilt to provide better operating reliability at the 

high voltages used. In addition the amplifiers are now 

triggered using a high voltage pulse generator having five 

independent output channels resulting in a firing jitter, 

for each unit, of < 50 nsec.  This is necessary due to the 

short time (MOO nsec) during which the gain of these 

amplifiers is near maximum. 

Large Aperture Amp]ifiers 

Most of the energy stored in the amplifier chain is 

in the two Lumonics amplifiers and the Maxwell electron- 

beam-controlled device. As a means of increasing the overall 

operating level of the system it would seem to be most 

profitable to concentrate on upgrading the performance of 

this section of the laser chain. Since the Lumonics ampli- 

fiers are operating at their maximum level, we have investi- 

gated the possibility of increasing the energy stored in the 

Maxwell amplifier. 
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Th c stored energy (F.^,,) in a CO amplifier is given hy 

;-ST  cpa J/P, (2) 

where p Is the operating pressure in torr. u is the small 

signal gain and c is a constant which is aependent on 

various properties of the laser gas and the gain measurement 

wavelength. The derivation of this equation is given in a 

later section of this report. Thus an increase in EST can 

be achieved by increasing either the operating pressure or 

the gain of the device. In practice, self-oscillation 

Problems limit the max mum value of n  that can he used 

"n the present system u^   „.„S em ' J .  Thus the pressure- 

should be increased to maximize li^.  We have previously 

operated the e-beam amplifier at a pressure of 1550 torr 

and we have since investigated its gain performance at 

pressures up to 2050 torr. 

In the present system an upper limit on the operating 

pressure is set by the maximum voltage that can be applied 

to the sustainer capacitor bank. As the gas pressure is 

increased the sustainer voltage should also be increased 

to optimize the electron energy distribution in the discharge 

for maximum pumping of the upper laser levels of (^ and the 

strongly coupled levels of N^. Vor   the .3 ;'.: , file : N2 ; C()7) «as 
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mixture normally used in this amplifier the optimum 

coupling to the 00°! level of C02 and the vibration.) levels 

of N2 is obtained(Zj for E/N % 1.5 x lO-16 V cm2.  The 

sustainer bank has a maximum charging voltage of 75 kV thus 

optimum E/P can be reached for a maximum pressure of 1500- 

torr (amplifier electrode separation = 10 cm).  For higher 

pressures of course the pumping process will be less 

efficient.  This was obvious as an increase in the input 

energy density/atm.  required to achieve a given gain, as 

the gas pressure was increased. 

Based on the gain results an operating pressure of 

1810 torr was chosen as optimum for the system. This gives 

a large pa product for a gas energy loading which is not 

excessive. This operating pressure could be increased by 

fitting the amplifier with a higher voltage sustainer bank. 

Pulse Amplification 

The complete laser system was assembled as shown in 

•••iHure S.  Saturable absorber cells 1 and 2 are included 

to prevent amplification of leakage and self-oscillation in 

the amplifier chain, respectively.  The construction of 

these cells and their important  dimensions are shown in 

Figure 6.  Cell 1 was filled with an SFg/He mixture to a 

total pressure of 760 torr.  The SF6:He mixture ratio used 

was typically 1:6.  Cell 2 was typically filled with pure 
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Sl7() to .1 pressure of IS torr. 

The ouiput. pulse at the end of the amplifier chain was 

monitored using the setup shown in Figure 7.  A sodium 

chloride beam-splitter splits eft 8',', of the beim for energy 

monitoring using a Gen-Tec calorimeter {sensitive area 

23 cm ).  A further sodium chloride beam splitter directed 

part of the laser pulse onto an Oriel photon drag detector for 

temporal measurements using a Tektronix 7904 oscilloscope. 

The oscilloscope was placed in a screened room to isolate 

it from electrc-magnetic noise generated by the electron 

gun.  Figure 8 shows oscilloscope records of the output 

pulse.  The lower trace, which is on a long time scale 

demonstrates the absence of large leakage pulses around 

the main pulse.  In this case the measured energy was %7() J. 

Energy measurements taken without activating the Pe kcls 

cell show a leakage energy < 4 J.  The pulse energy obtained 

at various stages in the amplifier is shown in figure 5. 

Some indication of the spatial energy profile and 

coherence properties of the laser pulse have been obtained 

by replacing the energy monitoring calorimeter with a 

suitable beam stop to obtain laser burn patterns.   Unexposed, 

developed Polaroid film was used as a simple means of 

obtaining the above patterns.  A typical burn pattern is 

shown in Figure 9.  In the above setup the sodium chloride 

beam splitter acts as a shear plate interferometer.  Rach 
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face of the plate reflects 4% of the incident pulse energy. 

The wavofronts from each surface have a lateral shear with 

respect to each other due to the thickness of the plate and 

the angle of incidence O 20oJ.  The wavefronts also are 

inclined at an angle to each other due to the plate wedge 

O 3') and are time delayed hy 2nd cos ^/Q   where n is the 

refractive index of sodium chloride, c the velocity of 

light, d the plate thickness O 3 cm) and $   is the internal 

angle of incidence on the plate. 

The first thing that can be deduced from the burn pattern 

concerns the temporal coherence of the laser pulse.  Since 

the burn pattern is formed by two superimposed  inclined 

and delayed beams the fact that high contrast interference 

fringes are formed shows that the coherence time of the 

pulse is at least 2nd cos (j)/c which in this case is ^250 psec, 

The reJative straightness of the fringes indicates that the 

spatial coherence of the beam is good.  A large variation 

of phase across the beam would cause curvature of the 

fringes.  The pattern in Figure 9 indicates a wavefront 

distortion of 4, X across the beam.  Finally the variation 

of burn intensity along one fringe gives an indication 

of the beam intensity variation.  In the present case some 

spatial intensity modulation is evident on the pulse. 

These results are interesting in view of the fact 

that little effort was made to avoid interaction of the 

beam with diflraeting apertures as it propagated down 
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the amplifier chain.  The only criterion used was that the 

beam diameter at any part of the chain should he less than 

the amplifier aperture at that point.  This did produce 

diffraction effects which were evident in the preamplifier 

stages.  No window damage problems occurred due to this 

beam non-uniformity. However these non-uniformities would 

disappear due to diffraction as the pulse propagates 

towards an experimental area.  It would thus seem that 

large C02 amplifier chains can be built with minimum 

attention being paid to "aperturing problems".  An estimation 

of the beam divergence of the laser is obtained from 

consideration of the beam expansion from the input to the 

Lumonics amplifiers to the point where the burn patterns 

were taken.  The beam expands from 8.1 cm diameter to 

8.7 cm diameter over a distance *.  SOU  cm giving a full 

angle divergence of <1 mR. 

Finally we should consider the output energy obtained 

from the laser system.  The laser pulse sweeps a volume 

^ SH     in the Lumonics amplifiers and    % 6£ in the Maxwell 

e-beam amplifier.  We wish to compare the energy available 

from each amplifier with the actual energy extracted by 

the laser pulse. The small signal gain fa), and rotational 

population inversion (A) on the one line of a CO, laser are 

related by: 
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a    -    0    rS (3) 

where  ü   is  the  stimulated   emission  cross-section.     For  a 

3:',,: 1 (lle:N2:(:02)   laser  gas   mix   (which   is  approximately  the 

mixture   used   in  both  amplifiers)   the   stimulated   emission 

cross-section  on   the   P(20)    line   of   the   10   \m  band   of   CO,   is 

given   by: *•   J 

ajpC20)l 1.5  x   10 
18 m cm (4) 

where p is gas pressure in torr.  Thus the rotational 

inversion on the P(20) transition is given by 

l        J        1.5 x   Id"18 12^ m (5) 

The   rotational   inversion   (6),   and   the   00°!   -   lÜo0   vibrational 

inversion   (A)   are   related   by: 

6(.J)   =   ff,J)   A f6) 

where ff.lj is the fraction of molecules in the ,1th rotational 

level.  Assuming these levels are in thermal equilibrium 

the fraction f(J) is given by: 
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M]   =   8j   ox,,  {^i| Es 
LI 

j   cxp   ^ -pp— C7) 

whe i( ere   gJ        (2J   +   D     is  the   statistical   weight   and  . (J)   is 

the   energy  of  the  ,Jth  rotational   level,   and   k   is   the 

Boltzmann   constant.     Thus  assuming   n   gas   temperature  of 

300   K   we   obtain: 

f(19)   ^   0.068 (8) 

We  can   therefore  relate  gain measurements  on  the  Pf20j 

transition  of  the   00°!   -   10o0   hnn.i   f«   ^-i u ^ i- .>-   uu   i       iu  u   nand   to   the   vibrational 

inversion   on  this  band  by: 

A(00Vl0O0) rji D,(2oyi 
^19)   x   1,5   x   10   1H  II^l m 

•'•   A  =   1.29   x   101()  p  a 

C9) 

(10J 

The   00ol-10o0  vibrational   stored 

gas   is   given  by: 

energy  in   one   liter  of 

JST =   103  A  ^       J/z 
(11) 

which   for   the   10  urn  C02  wavelength  gives 

2H 
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EST  %  1.875   x   in"17   A J/Ä f 12) 

Combining   equations   (10)   and   (12)   we   obtain 

^ST =   0.24   p   nt       J/£ (13) 

For nanosecond pulse amplification the lower laser level 

does not have time to empty during the pulse passage thus 

the maximum energy available (EAV) for nanosecond pulse 

amplification in a C02 amplifier is: 

JAV = EST/2 fl4) 

•'• EAV ^ 0-12 P ^ J/Ä (15) 

i 

The small signal gain in the Lumonics amplifiers is 

^ 0.038 cm ' and in the Maxwell e-beam amplifier is ^ 0.05 cm'1 

Thus the maximum energy available in these amplifiers is 

17.3 J in the Lumonics and (.5.2 J in the Maxwell amplifier. 

From Fig. 5 it is seen that the energy extracted from the 

Lumonics amplifiers is ^13.5.1 and from the Maxwell amplifier 

is ^ 55 J.  These numbers are consistent with the energy 

available from the amplifiers.  A high percentage of avail- 

able vibrational inversion is removed from the Maxwell 
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device due to the large input pulse energy density and fast 

rotational relaxation time (because ol the high pressure), 

wh.ch overcome  the problem of single line oscillation of 

the driving oscillater. 

Conelus ion 

We have successfully demonstrated the operation of a 70 J. 

nanosecond pulse. C02 laser system.  The present amplifier 

chain seems to be a good combination of uv preionized and 

electron-beam-controlleJ amplifiers.  The less expensive 

uv preionized amplifiers have been used for pulse pre- 

amplification whereas the main energy amplification in the 

chain is supplied by the more sophisticated electron-beam- 

controlled amplifier.  The reliability and reproducibi1ity 

of the various components in the system (amplifiers, 

trigger generators, oscillator, switching system, etc.) 

have been developed to the point where the system is suitable 

for long term operation for laser-matter interaction studies. 

Certain aspects of the system could however benefit 

from further investigation.  for critical experiments the 

output beam intensity profile should be improved. Further 

work on the properties of the saturable absorbers is required 

to obtain the best compromise between effective amplifier 

isolation and minimum attenuation of the propagating laser 

pulse. In addition an experimental program should be under- 

go 
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taken to clarify the dynamics of short pulse amplification 

in C02 amplifiers and for comparisons with existing theory^ 

which describes the process.  finally, for laser-target 

interaction studies, the development of convenient and 

effective optical isolators are required to prevent possible 

damage problems due to laser light reflected from the target. 

High Pressure C02 Laser Devejlojgment 

For some experiments on the interaction of high energy 

C02 laser pulses with matter, it would be desirable to use 

high energy picosecond laser pulses.  An atmospheric 

pressure C02 laser operating on a single rotational line is 

limited, by bandwidth considerations, to giving output 

pulses ^ 250 psec.  In practice the output pulses are typically 

^ 1 nsec.  However at very high pressure (^ 10 - 15 atm) 

pressure broadening  auses spectral overlap of neighboring 

C02 rotational lines.  For this type of C02 laser the avail- 

able bandwidth for mode-locking is greatly increased.  As 

an example, if locking could be achieved over ten rotational 

lines, the available bandwidth would be Av % 400 GHz which, 

using Av • At % 1, could give a mode-locked pulsewidth 

At ^ 2.5 psec.  Thus a mode locked multi-atmosphere C02 

laser should be a good method of producing picosecond 

pulses at 10.6 ym. 

We have developed a mode locked high pressure electron- 

beam controlled C02 laser.  Lor these experiments the large 
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are. Maxwell e-beam machine was used to investigate the 

operation of a small high pressure C02 laser.  The Maxwell 

machine is well suited to thus type of experiment due to 

its high output current (> 1 A/cm2J and variable voltage 

and pulse length.  A small high pressure chamber was 

attached to the front of the Maxwell machine (Fig. 10) 

and we have investigated the operation of the laser at a 

pressure of 15 atm.  The potential performance of any laser 

can be predicted from small signal gain measurements on the 

active medium.  Thus in our first experiments we investigated 

the dependence of the laser gain on the laser gas mixture. 

The gain measurement setup is shown in Figure 11.  The 

Maxwell electron gun was operated at a pulse length of 

0.S Msec and the sustainer voltage was set at 52 kV giving 

ani:/N- 1.3 x lO^Vcm2.  The laser discharge volume was 

(1 x 1.1 x 20J cm3.  The laser current, and therefore the 

energy deposition in the gas, could be varied by changing 

the electron beam current. 

Gain measurements have been taken, using a cw C02 probe 

laser, for gas mixtures ranging from 70% lie; 50% CO  to 70% 

He; SI   C02; 25% N-,.  We have also taken gain measurements 

for various wavelengths on the CO., <j ,nd , „ m  |)ands- 

Figure 12 shows the important results of these measurements. 

Highest gain was measured in mixtures containing a small 

amount of N2 and the best mixture tested was 70% He; 25% CO.,; 
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506 N2.  In addition highest gain was measured on the 

in MU, R-branch of CO,,.  A maximum gain of 5.2%/cnj was 

measured for this mixture.  This was achieved at an energy 

input to the gas of 115 J/Ä.atm and using an electron gun 

current ^ 1.5 A/cm2.  Thus, provided large electron gun 

currents are available, the high pressure laser operates 

with best efficiency using high concentrations of CO 

However in some setups there might be an upper limit 

on the electron-gun current available in which case the 

laser gas mixture should be chosen to maximize the discharge 

current, and therefore the energy deposited in the gas. 

This is necessary since the gain increases rapidly with 

energy input for all gas mixtures.  Figure 13 shows a set 

of results obtained for the discharge current versus 

percentage C02 in the laser mix for a fixed electron-gun 

current and a constant sustainer voltage.  It can be seen 

that the laser current is much higher for the 5% CO 

mixture than for ehe 30% CO., mixture.  The energy input to 

the gas would also be correspondingly higher.  Thus for an 

electron-beam current limited system, highest gain operation 

(but not necessarily highest efficiency) is achieved by 

using high N2 concentration mixtures.  The lower measured 

current for the high concentration C02 mixtures is caused 

by a reduction of the electron number density in the discharge 

due to the large attachment rate coefficient of C02.  A laser 
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energy output . 1.2 J has been obtained from this device 

for a laser efficiency '. 2. SI.     The maximum output from the 

laser is limited by damage to the cell windows.  By using 

apertures in the laser cavity TliMoo mode operation was 

easily achieved. 

The high pressure laser has been mode-locked using the 

configuration shown in Figure 14.  For these experiments 

the laser was operated at 12 atm using a 70%  He; 15% CO ; 

IS". N2 gas mixture.  Passive mode locking is obtained using 

p-type germanium as a saturable absorber.  The important 

characteristics of this material are shown in Table 2. 

The very short lifetime of the absorbing transition is an 

important requirement for obtaining picosecond pulses 

from the laser. 

The output from the mode-locked laser was monitored 

using a photon-drag detector and a Tektronix 7904 oscillo- 

Bcope.  By operating the laser close to oscillation threshold 

it was possible to obtain clean output trains of mode 

locked pulses.  A typical pulse train is shown in Figure 14. 

The temporal width of individual pulses could not be resolved 

with the above detection system but it is expected that 

the pulsewidths are < 100 psec.  These short laser pulses 

could be amplified in a high pressure amplifier chain to 

provide multi-joule picosecond C02 pulses for target 

interaction studies for comparison with similar experiments 

being performed with Nd-3+:glass lasers. 
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FROM L.TS.G 
TO 30 Ü 

TERMINATION 

□ DIELECTRIC SEALANT 

DLUCITE 

ES Cd  Te   CRYSTAL 

M ALUMINA 

■ COPPER CONDUCTORS 

(a) 

SPARK   GAP 

Z =50ß 

z=3on 

■ 

POCKELS   CELL TERMINATION 

SS 

(b) 

Fig. 2 - (a) Constructional details of the CdTe Pockels cell, and (b) TDR trace 
of the complete Pockels cell switching system.   Time scale:   10 nsec/di\ nv. 
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Fig. 4 — Oscillator operation as mon- 
itored by:   (a) and (b) detector no. 1; 
(c) and (d) detector no. 2; 
Trace details: 
(a) Spark-gap blocked.   200 mV/div; 

20 nsec/div 
(b) Spark-gap blocked.   200 mV/div; 

20 nsec/div 
(c) Single selected pulse. 

500 mV/div; 1 nsec/div 
(d) Single pulse contrast. 

20 mV/div; 10 nsec/div 
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ABSORBER 
GAS 

SODIUM CHLORIDE 
WINDOWS 

STAINLESS STEEL 
SPACER 

CELL 1   d» 40mm,  t • Imm 
CELL2  d=60mmi t »Srnm 

Fig. 6 - Details of absorber colls 
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Fig. 8 - Output pulse from laser system. Upper: Pulse 
shape on 1 nsec/div. Lower: Output on 20 nsec/div and 
a more sensitive voltage scale. 
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Fig. 9     Output pulse bum puttern.  Beam diameter is 8.7 cm 

46 



■»"r 

■u j 

=3 

T3 
ii 

-C 
U 
M 

ü 
>-. 

J 
o u 
a 

lO 

I 
o 
H 

Sf 

47 



■»•r 

t   t   f 
-^ 

V) 

QTUJ 

<2 
-J< 

< LÜUJ 
LJJ •-> 
GO ?LiJ 

O 
01 
h- o 

ÜJ 
N 

LU 
_l 
LU 

UJ 
Q 
OQ 

< 
o 

LU ÜJ 
CD w 
o_i _l 
Q:Lü 3 
CL> Q- 

.ÜJ 2 

< o O 

o 
O 
ii 

a: 

or 
o LÜ 
»- 0. 
o o 
LU o 
1- w 
LU + o 
Q _l 
3 _) 
o o 
.  . w 
<D o 

CD 

48 

73 

bo 

u 

ft 

■   ■ 



0.05- 

a0.04 

z 
UJ 
u 
li. 
li- 
LU 
O 
O 

0.03 
< 

< 
UJ 
a. 

0.02 

70%(He),25%(C02)i5%{No) 

70%(He);30%(C02) 

10 

Fig. 12 
on (0, 
line of 

20 30 
ENERGY INPUT (JOULES) 

- Gain characteristics of high pressure COo laser for results taken 

49 

   



1.4 

1.0 

< 

I- 
Z 
LÜ 
Q: 
Q: 
ID 
U 

Q: 
UJ z 
< 

fe 0.8 
Z) 
c/) 

0.6 

0.4 

HELIUM CONCENTRATION = 70% 
ELECTRON-BEAM CURRENT = 0.25A/cm2 

GUN VOLTAGE = 260 kV 
'Vcm: E/N = IO"l6w—2 

1 1 
10 26 15 20 

% C02 IN LASER M! 
Fig. 13 — Sustainer current variation in high pressure CO2 laser 

30 

50 

■     » ■ «mi.'» 



■ ■      • 

■^r 

>- I- 

■KB 

~M 

►11 

IM 
o 
ü 

3 

O   OJ 
U5 

C   3 

O   35 
-r ■* 
T3   O 
O "? 
C  v B -o 

ä a 

11 
C5 T3 

1 
Ü 

H 

0) 

Op      I 
II 

51 



2.  ELECTRIC DISCHARGE GASDYNAMIC LASER fEDGDL) 

A subatmospheric plenum EDGDL has been fabricated in 

order to study the D2-HC1 transfer laser system.  A descrip- 

tion of the apparatus is presented in reference 1.  A picture 

of the assembled apparatus is shown in Figure 1 and a schemat.c 

is shown in Figure 2.  The D., (diluted in either Ar or He) 

is vibrationally excited by an electric discharge in the 

subsonic plenum prior to undergoing supersonic expansion. 

HC1 is injected part way through the nozzles with mixing and 

vibrational energy transfer continuing into the cavity region. 

During this reporting period preliminary HC1 fluorescence 

studies have been performed.  Figure 3 is a trace of the 

total HC1 fluorescence as monitored with a Ge:Au detector, 

as a function of position along the flow.  The fluorescence 

can be seen to increase as the optics translate away from 

the exit plane of the nozzles.  The fluorescence then levels 

off before decreasing near the end of the available window. 

To date the signals have been too weak to resolve the HC1 

spectra, however, filters have been used to identify the 

signal as 3.5 > 4.0 p HC1 fluorescence.  HCI fluorescence 

has also been observed when the D2 has been replaced by H 

Attempts at producing a laser were unsuccessful. 

■ 

Ref.   1 
f JuivR^7f er^rS8ramuSemiannual  Technical  Report 
Report Jo'32846!  ^^  1973'  NRL M™dumP 
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Further studies to characterize the mixing, D2 vibrational 

excitation in the discharge, and transfer to HCl will 

continue in order to optimize the HCl excitation. These 

experiments will he followed by the construction of a high 

Q cavity to investigate the lasing potential of this system. 
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Volume I, numbci I 
OHTICS COMMUNICATIONS 

RELIABLE MALI WAVE OPERATION OF A GaAs POCKELS CELL 

l.l(IIAMI>A(,Ni:.|   0'NI.ILL:nidW TWilirNI-Y 
Navel Research Lahoratory, WashinKtwi.n.C 2037$, USA 

Received IS lelwuary IV?*! 

Ihe design and operation of a GaAs Pockets cell suitable lot reliable s.l.-, t,„„ ,.f         , 
the output of a mode-locked almosphcric oreMure CO   i 1V i      K Sl"slt■ n;","SC1"'»1 P"'« ft  

May 1974 

GaAs I'ockcls cells have presiuusly been used in 
double pass (11 and transmission |2.3| arrangements 
i" select single nanosecond pulses from the mode 
locked pulse Hums produced by high pressure V02 

lasers. While the double pass configuration can in Ihe 
"iy give h -h switching efficiency al a low operating 
voltage, n is not ihe optimum arrangement to use in 
practice because light can leak back into the laser re- 
sonator making n difficult to obtain reliable mode- 
locking. In addition the system is highly lossy due to 

absorption and diffraction after a double pass in the 
small aperture crystal. Previous work [2] with a single 
pass transmission arrangement has been restricled to 
a low operating voltage on the GaAs (1.2 kV/mm) 

with the result (hat the switching efficiency was low. 
fhis constraint was imposed to stay below the dc 
breakdown voltage of the crystal. Ii is expected how- 
ever thai the breakdown strength of the GaAs will be 
highei lor short pulses because resistive healing of the 
crystal is reduced. Thus thermally induced runaway 
can be avoided. Mill el al. f4j have recently reported 
pulsing a GaAs I'ockels cell to its half wave vohage l.ul 
no details of the long-ierm operation of Ihe device were 
given. In this paper we describe the design and opera- 
lion of a GaAs I'ockels cell which can be pulsed to its 
half wave voltage. The system has also been designed 
to mimimi/e reflection of the voltage pulse applied to 
11"-' Pockels cell, since the reflected pulse can return at 
a later time and produce secondary switching [S). This 

0 This work was supported by ihe Defense Advanced Research 
I'rojects Agency under RPA Order 2062, 

can be a serious problem when the I'ockels cell is used 
lor selection of a single mode-locked pulse for amph- 
licalion m a high-gain amplifier chain |5,6|. 

in Ihe GaAs crystal used lor ihe present experi- 
ments the electric field is applied perpendicular to a 
(MO) plane with ihe laser beam propagating normal 
load 10) plane. For this configuralion the half wave 
retardation voltage is given by |7| 

n y 
2"iWi' 

Reprinted with permWon «f North-Holl-nd PubU.hh.g Co.. Am.terd.m. The NethertancU. 
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where X(l is the vacuum wavelenglh of the laser «0 is 
Hie refractive index at the laset wavelength, r4| is the 
elcctrooptic coefficient, J is the thickness and / is the 
length ol the crystal. The crystal dimensions are 
8.6 X 8.6 X 50 mm and using X» = 10.59 /um nn = 
3-34 [9] and r4| = 1.6 X 10" ^rn/V (9] gives Vl = 
15.3 kV The crystal has a resistivity ~2X 108 S^m 

and was anti-reflection coaled on both ends. The op- 
Heal loss of ihe crystal (rellection and absorption 
losses) was measured io be ~ 13'/ using a cw CO, 

laser. Using Ihis hisei ihe exlinction ratio of the crys- 
tal when placed bclween crossed polarizers was mea- 
sured to be -   1300: I indicating the GaAs was of 
good quality with low residual birefringence. The ex 
linction ratio ol the crossed polarizers alone was 
-3500:1. 

The pulse selection system consists of a pulse form- 
ing cable, a lasei triggered spark gap (LTSCj and the 
GaAs Pockels cell. 'I he LTSG and Pockels cell have 
been constructed to match the 30 SI impedance of ihe 
high voltage co-axial cable used to connect them. The 

11 
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fROM L  T  S G 

ES GA AS  CRYSTAL 

B  ALUMINA WEDGES 

0 DIELECTRIC  SEALANT 

□ LUCITE 

■ COPPER CONDUCTORS 

TO son 
TERMINATION 

lit;  1. Schematic showing conslructionai details of the GaAs Pockels cell. 

I PSG is similar in construction to that described by 

Milamel al. [lOj. The Pockels cell was constructed 
by placing the GaAs between two ilumina wedges and 
the whole assembly (fig. 1) was held in a Lucite box 
taking care to avoid stressing the crystal. Stnpline con- 
nections were made to the lop and bottom of the crys- 
tal and the strips were tailored to achieve a smooth 
electrical transition through the Pockels cell. The om- 
pul cable from the Pockels cell is terminated in a 3012 
resistive load. The electrical characteristics of the com- 
plete system weie observed using lime domain re- 
lledomciiy and in ihe final arrangement voltage reflec- 
tions al the various components weie ~ 10%. A cali- 
brated voliage monitor was connected across the 
Pockels cell to facilitate synchronization of the applied 
high voltage pulse with an individual mode-locked laser 
pulse. 

The switching system was tested using the arrangc- 
mem shown in fig. 2. The output of an acousto-opti- 

caliy mode-locked [ 11 ], helical-pin, atmospheric- 

pressure C02 laser [12) was directly through the GaAs 
Pockels cell which was positioned between crossed, 
slacked germanium plate, Brcwster angled polarizers 
The output of the laser was a Hain of 1.2 nsec pulses 
with a total pulse train energy of 70   HO mJ and 

a peak pulse energy ~ 5 mJ. The laser operated in a 
clean TEMQQ mode. A small portion (~ 15%) of the 
beam is used to trigger the LTSG by focusing it in the 
gas ~0.2 mm from the cathode of the device using a 
2S mm local length anti-reflection coaled germanium 
lens. The LTSG and pulse forming cable were charged 
lo 31 kV with the gap filled with nitrogen at a pres- 
sure of 140 psig. The electrode spacing was 0.75 mm. 
The beam intensity was carefully adjusted to Irigger 
the LTSG at the peak of the laser pulse train and the 
triggering jitter was < 2 nsec. Lie length of .he pulse 
forming cable was adjusted to give a 13 nsec high volt- 
age pulse from the spark gap. The length of the cable 
connecting the LTSG and the Pockels cell was adjusted 
to synchronize the high voltage switching pulse with 

R;65% FLAT 

R^I007. 4 m 
RADIUS MIRROR 

BREWSTER ANGLED 
Ge MODULATOR 

GaAs 
POCKELS CELL 

V / / 
15m HELlCAl 
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t! ./ 

/   BEAM-SPLITTER ANALYZER 

1       X 
r'     L       /     tfn  \        SINGL 
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I it;. 2. bxperlmental arrangemctu used lor lestliiR ihe Pockels cell system. 
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I'ig. 3. Operation ol Puckels cell. Upper irace: higli-vollagc 
switching pulse, lower trace: niodc-locked pulse train showjiin 
lOOT switching of a single mudc-locked pulse. 

llie arrival of a mode-lockec1 laser pulse. 
A typical voltage pulse as applied to the Pockels 

cell is shown in Pig. 3 (upper). The switching efficiency 
ol the system is observed by monitoring Ihe laser beam 
rejected from the first plate of the analyzer stack (see 
tig. 2), using a last riselime photon drag detector and 
a Tektronix THiA oscilloscope. A typical recording 
using tins system is shown in fig. 3 (lower). The miss- 
ing pulse has had Its plane of polarization rotated by 
WJ   by the Pockels cell and has been transmitted by 
Ihe analy/ci stack   It can be seen Ihul complete swil- 
chlng ol the single mode-locked pulse has been achiev- 
ed. The I'ockels cell has bee.i operated at its hall-wave 

voltage toi more than 10.000 shots without degradation. 
In conclusion we have shown that GaAs Pockels 

cells can be used lor reliable and efficient extraction 

of single pulses from Ihe mode-locked pulse trains pro- 
duced by high pressure CO-, lasers. The system describ- 
ed in this paper routinely delivers pulses, with energy 
> 3mJ, fin driving a high gam a)2 amplifier chain (6|. 
Due lo the huge aperture components used in ihe pres- 
ent set up Ihe pulse spatial mlensity piofilc is smooth 
and spherically symmelrii   This is an important advan 
lago ol Ihe picsenl arrangcmcnl over those employing 
rellcclion analyzers 11,4|. Willi these systems Ihe 
beam will contain mleileicnce fringes due lo retlec- 
lions at the parallel surfaces of ihe germanium plates 

The authors wish to thank Mr. Neville Harris for 
his many helpful suggestions. The technical work of 
Mr. J. Peele who designed and conslructed the equip 
menl is also acknowledged. We wish lo thank Mr. D 

Shores lor his assistance In some of Ihe experiments. 
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APPENDIX   2 

Operation of a 15-atm electron-beam-controlted C02 laser 
N W Harris, F. O'Neill, and W. T. Whitney 

IMUI Ph \tlcs Branch. Opu, al Sum, es On ision. Nmvl Keuwch Uhonlory. Wasllinglon, f) l' JOJ 7} 

(Rcccivnl 2 May 1974) 

Wc iacrtx Ihc operanon Df a  15-aim cleclron-beun.conlrollcd CO, User. SUblc glow discharges 
have been uiMJMd in .he highpressure HeCO,;«, m.xlures for 05 M^ec utmg an electron-beam 
L-urrcnl of S I 5 A, cm'   A binall-tignal gain - 0,05: , in ' has been rnejsuccd in a 
10.<lliM :5'^rO )5'«<N, I mixlme for an energy input lo Ihe gas - I I 5 J/l aim. We have 
ohlamed a Ijser oi Ipul energy ol I 2 J from a volume of 22 cm1 for an overall efficiency of ' S% 

Al present there is much interest in the operation of 
hit,'li pressure molecular gas lasers because the broad 
bandwidth provided by the mutual overlapping of pres- 
sure-broadened rotational lines will [icrmlt continuous 
frequoncy tuning and picosecond pulse generation using 
Inlra red-emitting gases. The continuous tunability of 
these lasers is particularly attractive for Infrared 
Bpeclroscopy and for selective vibrational-rotational 
excitation ol molecules as a first step in isotope separa 
tion experiments' or for studies on laser-Induced chemi- 
cal reactions.2 By using various gases (e.g.,  HF,  CO, 
COj,  N20) it should be possible to obtain high-power 
tunable coherent radiation in the spectral range 2-17 
Um. Many vibiation.ll energy levels of molecules lie in 
this region. In addition,  these molecular gas lasers 
potentially offer higher power levels than presently 
available from tunable Infrared sources,  vi?..,  diode 
lasers, spin-flip Itaman laseis.  and frequency-mixing 
devices. 

High-pressure CO, lasers have previously been oper- 

Appllad Physic» Leitms, Vol. 25. No 3. I Auflusi 1974 

ated using optical pumping3 and by electron-beam4-'' or 
uv8 prelonization of gas discharges. More recently 
Dlancherd et ol.' have reported the operation of a 6-atni 
double-discharge C02 laser. In addition high-pressure 
operation of a HF chemical laser" and an optically 
pumped N20 laser' has recently been demonstrated. 
Highest gain has been achieved with atmospheric  pres- 
sure C02 lasers using electron-beam-controlled dis- 
charges. '"■" In this paper we report on the extension of 
this technique to pressures - 15 atm. The present sys- 
tem differs considerably from the laser described in 
Ref. 5 where a short (- 10 nsec) high-current (- 20 A/ 
cm ) electron-beam pulse was used to preionize the 
laser gas. The main discharge energy was then supplied 
by a low-inductance high-voltage capacitor connected 
across the laser electrodes. In the present system the 
laser discharge is sustained in the He:C02:N2 mixtures 
using a low-current (£l, 5 A/cm*) long-pulse V 0. 5 
/isec) electron beam. The election number density pro 
duced in the gas by the electron beam determines the 
laser discharge current supplied by a high-voltage sus- 

Copynijlu O 19/4 Amcucan Institute of Phyncj 
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LASER WIND.;)* 
APCHIWE 

tllCTKON 
BEAM   - 

LUCITE INSULATOR 

ALUMINUM ANODE 

~«—-lOSUSTAINER 

- CA1HO0E GRID 

- MICH PRESSURE GAS 

FIG, I. CroBB-seotlonal view of the blgh-presiure laser 
chamber. 

current pulse and corresi»ndinR gain recording are 
shown in Figs. 2{a) and 2(b). Measurements were taken 
at a pressure ul 200 pslg and an K/W-1,32x10'" Vcm2. 
This value of /■' ,V us rinse to that required for optimum 
pumping of the 00  1 level „1 C02 and the strongly coupled 
levels of Ns. "■■" Various gas mixtures were investigated 
ranging from 70; (Hel StKUCOj) lo 701{He); 10'?,(CO2); 
2CI%(N2), Arcing did not occur in any of these mixtures. 
The highest gam was measured for small added amounts 
of N, and the bcsl mixture tested was 70%(He);25%(COj): 
5"r(N,) which is close to the optimum mixture [or atmo- 
spheric-pressure electron-beam-controlled devices, M 

These comparison measurements were taken with the 
cw probe laser tuned to line center of the rt(20) line of 
the 00 1-02 0 COj transition. The gain-versus-ener,y 
input results for the best mix are shown In Fig. 3 and, 
for comparison,   results for 7(%(He)30%(COa) are also 
given. With all gas mixtures the gain increased linearly 
with time and peaked at the end of the current pulse. 
As expected the gain pulse decay time increased with 
N2 concentration due to the energy transfer from the N2 

vibratiunal levels to the 00  1 level of C02. 

talner capacitor. The laser is characterized by sim- 
plicity of operation and high optical gain. Extremely 
■••liable arc-tree operation is obtained for pressures 

up lo 15 aim. Higher-pressure performance has not 
been investigated since almost complete rotational lino 
overlap is achieved for pressures > 10 atm.3,M 

A cross-sectional view of the laser chamber is shown 
In Fig.  1. The high-voltage electron beam generated by 
a variable-voltage variable-pulse-length cold-cathode 
gun enters the laser chamber through a 0.001-in. -thick 
titanium foil. The beam current,  and therefore the laser 
discharge current,  could be varied by changing either 
the gun's operating voltage or its internal cathode- 
anode separation. For the present experiments, the 
pulse length was fixed at 0.5 Msec. The titanium foil is 
supported by a perforated {-in. -thick stainless steel 
structure, The lonlzation produced by the electron beam 
controls a discharge between a smooth aluminum anode 
and a fine copper grid cathode placed 2 mm from the 
foil. The purpose of the ,?rid is to protect the foil from 
possible arcs in the laser chamber. 

The aluminum anode,  which is connected to a 0.22- 
;iF low-inductance sustainer capacitor,  is supported by 
a 2-in. -thick Hielte Insulator. The laser discharge 
volume is 1 ■ 1. I- 20 cm3 and the ends of the laser 
chamber are scaled by 2-cm-tliick Brews.er-angled 
polycryslalline NaC windows (clear aperture 1 cm) held 
in steel supports.   The chamber withstood pressures up 
to 35 aim and no optical distortion was evident at the 
working pressure of 15 atm. The laser gas flowed 
through the chamber at a rate sufficient to renew the 
gas between shott    Electrical probes were used to 
monitor the sustainer voltage and current, to allow 
calculation of energy deposition In the laser gas. 

Optimization of the laser was carried out by taking 
gain measurements using a low-power cw C02 laser. 
The gain signals were observed using a sensitive Ge;Cu 
detector system, with a measured rise time of 35 nsec 
and an exponential fall time of 170 nsec. A typical laser 

■nlüib dt.' mä 

■äwi 

ol 

FIG. 2. Typical osalllriaoope traces s 
the laser system, (u) Laser ourronl |i 
horizontal; 0.5 (igeo/dlv. (h) Gain puli 
Laser puls«j 2ü nseo/dlv. 

howtng the ope 
nine;  vertical: 
w; 0.j useo/d 

rut Inn of 
330 A/dlv; 

Iv. tu) 
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IK',   i   liain uharactcrislius of en  l.isi r for result.s taken on 
i   .A) Lhc RiM) line of (he Otn-oai) iransiiion ami on I ;) the 
«Hi.) Iini' of the OOl-imj liiin.sili.in. 

Gam ineasurementB have also been taken on various 
rotational lines of the 00 l-io o and 00 1-02' 0 laser 
bands to determine the wavelcnuth of maximum (;ain. 
Results were taken tor the «(20) and /'(20) lines of both 
bands and for the «(16) line of the 00 1-10 0 band. 
Maximum [tain was measured on the «(16) lino of the 
00 110 0 transition and results for this line are shown 
in Fix. 3. This agrees wilh the results of Ref. 3 where 
the aulhora observed laser action on this line at high 
pressure,  but differs from the observations of Rcf. 6 
where lasing occurred on the «(20) line of the 00 1-02 0 
band. The maximum gain cocfficienl measured was 
0, 01)2 cm-' which was achieved tor an energy iniml to the 
laser of 1 lt> J/J aim and a nun current -1.5 A/em*. The 
ram was still increasini; linearly with energy at the 
highest input energy u«0d.  From Fig. 3 11 is seen that a 
gain .if 0.05 cm"1 is obtained for an energy input - loo 
■I latm. This is a sigmficanlly lower energy density 
than i- required to obtain similar gam in atmospheric- 
Ijrensure devices,  the correspmiding energy being 
- 150   200 .1  I aim. "■'>•'« Tins lower energy requi're- 
minl could be caused by gain cnliancement due to rota- 
tional line overlap at high pressure. 

The system was operated as a laser using a cavity 
consisting ol a 1001, rellecdvlty "l-m radius mirror 
and a OOT reflectivity flat,  both dielectric coated. A 
typical laser pulse, as delected using a photon drag de- 
tector and a Tektronix 7904 oscilloscope,  is shown in 
Fig. 2(c).   The laser emission occurred close to the 
peak of the gain pulse.  Using the highest-gain mix and 
maximum available gun current,  a multimode laser 
outful of 0.875 J was obtained for an energy input of 35 
.) giving a laser efficiency of 2. ft",'. Using the same gun 

current,  a larger sustamer current was oblamed for a 
70', (Ho); Ift'WCOj): IS'ffN;,) mix.  and an energy output of 
1.2 J was obtained at an energy input of 47 .1    The 
smaller sustamer current In Hie high-percentage CO., 
mixture is caused by the reduced electron number den- 
sity due to the large attachment rate coefficient of CO-." 

The laser nscillation wavelength was checked using an 
Optical Engineering apectrum analyzer. The fluorescent 
screen normally used for detection purposes in the in- 
slrument was replaced by a strip of developed unexposed 
Polaroid film. Burn marks on the film Indicated the 
laser output wavelength.  For these measurements,  the 
dielectric-coated laser nprmrs were replaced by a 7  m 
gold mirror and an uncoatccl 3  mm-thick germanium 
etalon. Under these conditions the laser oscillated 
strongly m the vicinity of the rt(14),  R(16),  and «(181 
lines of the 00 1-10 0 CO. transition,  with strongest 
emission in the region of the «(16) line. The laser 
oscillated at seven separate wavelengths co-responding 
to the resonances of the etalon output mirror,  including 
a wavelength midway between the «(16) and «(181 rota- 
tional lines. This demonstrates the possibility of using 
narrow-gap Fabry-Perot Interferometers,  rather than 
diffraction gratings, ' to obtain frequency tuning of the 
high-pressure laser. 

In conclusion, we have demonstrated tin operation .>! 
a high-gam high-efficiency electron-beam-controlled 
15-atm CO, laser, and we have presented preliminary 
results on the effect' of gas mix and energy input varia- 
tion on the performance of the laser. A mure complete 
Investigation is at present being carried out and will be 
reported elsewhere. In addition we have clearly demon 
strated the possibility of using Fabry-Perot Interferom- 
eters as tuning elements in this type of laser. 

The authors wish to thank L, F. Champagne for many 
helpful suggestions. They also acknowledge the techni- 
cal assistance of J.  Pcole and D. Shores. 
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ELECTRONIC STATE LASERS 

1•  ELECTRON BEAM INITIATED VISIBLE TRANSIT ION LASERS 

ABSTRACT 

The Ar-N2 laser, which was discovered during the previous 

reporting period, has been more fully investigated. Laser 

peak powers ol nearly 200 kW have been obtained on the N2(C-B) 

transition at 357.7 nm.  A computer code has been used to 

quantitatively predict the concentration^ of the upper and 

lower laser levels.  Comparison between the N'fC-B) 

fluorescence measurements and the computer predictions show 

excellent agreement. 

The inorganic halide new laser project has also received 

attention.  A number of experimental difficulties arose and 

are discussed in the experimental section. 

INTRODUCTION 

Laser emission depends on the excitation of atoms or 

molecules to a specific energy level.  In the present project, 

a powerful relativistic electron beam (e-beam) was used to 

excite rare gas-additive mixtures. The high velocity electrons, 

86% of the speed of light, primarily cause Lonization of the 

gaseous species.  The challenge is to use the rare gas ions 

and the following rare gas collision processes for laser 

pumping.  By 
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1. 

2. 

3. 

4. 

5. 

e + R »• R+ + © + e 

R+ + 2R ► R2
+ + R 

R2
+ + c >  R* + R 

R* + 2R -> R * + R 

R2* + 2R + hv 

controlling the partial pressures of R and A (additive) 

separately, one can choose the species which will interact 

with the A and thereby effect an inversion in the electronic 

levels of A.  As indicated in steps 1 - 5, R+, R +, R*, 

R2* or hv can be used to transfer energy to A. 

Let us consider three examples.  Collins et al{1) have 

studied the resonant charge transfer step (6). 

6. He2  + N2 -^ N2
+(B) + 2He 

Resonant charge transfer^ theory predicts the selective 

excitation of N2 to the N2
+(B) state.  To achieve significant 

optical gain via step (6), one must adjust the concentrations 

of He and N2 such that rate (2) > rate (7) and rate (6) < 

rate (3)  where R represents He and A represents N7. 

7-     He  + N2 > products, 

lixperiincntally optical gain was measured by Collins to be 
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0.05 cm ! on the (0,1) vibrational component of the 

2.. +    2  + 
B  Eu *  X  ^P  transition at 427.8 n g   " " 'JL ',i/-0 "m-  me partial pressures 

of He and N2 were 2280 and 0.8 torr respectively. 

A second example of specific excitation involves the 

photolysis of N20 by the radiati 

absorption step is indicated in step (8). 

<>" emitted by Ar *   The 

8. hv + N20 > 0(]SJ + N2 

The quadrupole transition given by step (9) 

9. O^S) - O^D) + hv = 557.7 nrn 

is expected to show significant optical gain.  m this scheme 

it is important that rates (2)   -   (5) be faster than any 

competing process with N.,0.  In this example R represents 

Ar and A represents N20.  This implies very high pressures 

of Ar and relatively low pressures of N.,0 .  Murray et alf2^ 

have observed a high level of O^S) emission from e-beam 

excited mixtures containing Ar at 23 ktcrr - 68 ktorr and 

N20 at 0.1 - 10 torr. 

We have seen examples of energy transfer to an additive 

by charge transfer and by photolysis.  In the present work 

argon metastable species were used to transfer their energy 

to N2 as shown in step (10). 

■ 

■ 

. 

(>(> 

■ 



■ 

10 

]] 

Ar* + N2 ► N2fC) + Ar 

N2(C) > N2{ßJ + hv = 3S7.7 nm 

Laser emission was detected on the second positive transition, 

step (11).  The relevant energy levels of both N2 and Ar 

are shown in Figure 1.  Both the Ar-N2 laser and a theoretical 

model were developed during the current reporting period. 

A published paper on this subject is included in the 

appendix. 

EXPERIMENTAL 

A. Optics 

Figure 2 illustrates the optics, laser cell, and e-beam 

device.  Initial experiments were performed with a low loss 

optical cavity consisting of a > 99.7%   reflectance dielectric 

mirror and a partially transmitting dielectric mirror.  The 

transmission of the latter was 10% at 357.7 nm and 36°. at 

380.5 nm.  Quartz Brewster angle windows attached to holders 

with a 0.67 cm diameter bore were used.  Further work was 

carried out with normal incidence windows spaced 31.9 cm 

apart.  The windows had a useful diameter of 1.27 cm. 

In most of the shots with the normal incidence windows, a 

single > 99.71 R mirror was used. 

B. Laser Cell 

The stainless steel laser cell had an internal dimension 

of 1.27 cm along the direction of the e beam.  The o beam 
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entered the cell through a 25 M thick titanium foil supported 

by a 0.67 cm thick steel plate with fourteen 0.95 cm diameter 

holes in a linear array over 15.4 cm.  The maximum beam 

width as defined by the 0.95 cm diameter holes compares to 

the internal cell width of 1.27 cm. 

C.  ('alorimetry 

The e-beam energy delivered to the laser cell and 

deposited in the gaseous mixtures is an important parameter. 

This parameter determines the efficiency of an e-beam pumped 

laser.  It can also be used, in conjunction with absolute 

fluorescence measurements, to obtain an estimate of a 

specific reaction rate constant such as the one for step (10). 

Consequently, the energy deposition problem was examined 

closely.  Two different approaches were taken.  In the first, 

a calorimeter was used to measure the e-beam energy at the 

titanium foil entrance window of the laser cell.  The 

deposited energy can be calculated from the kn-wn stopping 

powers of the gascs(3) and the depth of the cell, 1.27 cm. 

This technique should be valid for the thin gas targets 

where e-beam scattering by the gas does not increase the 

high energy electron path length nor decrease the high 

energy electron velocity sufficiently to increase the 

stopping power. 

Previously the e-beam energy was determined to be 

36 + 6 .1.  This measurement was made with a carbon block 



calorimeter 1 x ] x 15.4 cm3.  The measurement was repeated 

with an aluminum calorimeter 1 x .079 x 15.4 cm3.  Great care 

was taken to insure that the iron-constantan thermocouple 

was in good contact with the calorimeter; that a low 

inductance return path existed; and that the calorimeter was 

sufficiently adiabatic.  The sensitivity of the calorimeter 

was 62 J per mV.  By coincidence the new measurements 

exactly reproduced the old measurements, 36 + 6 J. 

D.  Scattering 

After this verification, the electron beam scattering 

was investigated.  One atmosphere of lab air was the 

scattering medium.  The electron beam spatial distribution 

was observed by photographic detection of the induced 

fluorescence.  The laser coll was replaced by a folded piece 

of stainless steel sheet metal whose back wall was 1.90 cm 

from the e-beam entrance window.  An open end and a wide 

top slot allowed the e-beam induced fluorescence to be 

photographed.  A Graphex camera with Polaroid type 57 

film or Royal X Pan film was used to record the fluorescence 

at fl6-f32.  A Joyce, Loebl and Co. microdensitometer MK-I1IC 

was employed to generate the traces shown in Figure 3. 

Two things are apparent from these traces.  One is that the 

beam is quite uniform across the 14 - 0.95 cm diameter holes 

in the foil support plate.  The other is that the beam 
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divergence due to scattering or other phenomena is not a 

serious problem at one atmosphere.  The conclusion is that 

the method of calculating the e-beam energy deposition with 

the assumption of no scattering is quite acceptable. 

E.  Chomical Dosi me try 

Although the technique described above was found to 

be satisfactory, it was decided to verify it by chemical 

dosimetry.  In chemical dosimetry, the stable and product 

yield from the e-beam excitation of a gas is measured.  The 

most common dosimeter utilizes N20 as the target gas.  After 

the e-beam excitation of the N20 gas, the N20 is condensed 

out at liquid nitrogen temperature.  The remaining gas is 

mostly N2.  From a knowledge of the pressure and the volume, 

one can readily calculate the N, yield.  This yield is 

related to the deposited e-beam energy in tables compiled by 

NBS   .  The yield is expressed m g-units or the number of 

product molecules formed per 1()U eV absorbed.  The g value 

for N2 from N20 is 12.4 at high dose rates and N20 pressures 

from about 400 - 2000 torr. 

After purification, N20 samples were irradiated over 

a wide pressure range, g-values were calculated from the 

measured N2 yield and the absorbed energy determined from 

the calorimetric method.  These results are presented in 

1'igure 4.  There is a discrepancy of approximately a factor 

/() 



of five between the present results and the 12.4 g-value. 

This suggests that the calorimetric technique underestimated 

the absorbed e-beam energy by a factor of five. 

Such a large factor could be caused by energy deposition 

from low energy electrons backscattered from the laser cell 

walls.  Since this effect depends on the atomic number of 

the wall material^, an aluminum liner (Z=13) and a lead 

liner (1=82)   were inserted into the cell.  The chemical 

dosimetry measurements were repeated. However g(N2J was not 

affected.  Thus backscattered electrons were not identified 

as a major problem although the number of backscattered 

electrons is expected to be significant^. 

It is apparent that an accurate determination of the 

energy deposited by an e-beam in a j^as is difficult to carry 

out.  The difficulty stems from the number of ways in which 

energy can be deposited in the gas. Simple absorption of the 

e-bcam, scattering, and back-scattered electrons have been 

considered here. Other possibilities include the return 

current electrons and the energy (velocity) distribution of 

the e-beam. 

In the original work with chenucal dosimetry^ on high 

dose rate devices, i.e. pulsed e-beam machines, extensive 

calorimetric measurements were made.  Both the thickness and 

the position of the calorimeter were varied. The dosimetry 
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technique therefore should provide a heiter estimate of the 

absorbed e-bcam energy. 

'''  ^as Hand 1 iiiR System 

An all metal bakeable «as handling system was used in 

the present experiments. A four inch diffusion pump allowed 

evacuation to 1 (T6 torr.  Pressures up to 21 ktorr (400 psig) 

have been handled in the system. Caseous mixtures were 

prepared by filling a one liter tank with the additive 

gas.  The high pressure rare gas was suddenly admitted to 

the one liter tank where turbulent mixing occurred.  This 

mixing was promoted by admitting the high pressure gas to a 

pipe winch ran the length of the inside of the tank and 

winch contained 30 - .079 diameter injection orifices. 

The mixed gas was then transferred to the laser cell from 

the one liter tank.  Variations in the mix:ng time from 

5 minutes to 2 days did not affect any of the results. 

G-  Heated Cell System 

It is necessary to have a heated cell for the planned 

metal halide laser experiments. The vapor pressure of metal 

halides such as copper, mercury, and thallium become appreci- 

able, i - 10 torr, only at temperatures above 700oK.  The 

existing laser cell was designed to bo compatible with that 

requirement.  In order to test the healed cell, however, a 

number of changes were made.  The quart/, window, were replaced 

by sapphire windows sealed to a Kovar fitting.  The fitting 
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was welded to a flange which was attached to the laser cell. 

The welding proved to be dilliciilt. In the first attempts 

cracking occurred in the Kovar sleeve in the vicinity of the 

weld. After some experimentation with the welding configura- 

tions, the problem was solved. 

Four 500 W 1-irerod heaters were inserted into the laser 

cell body.  An oven was then constructed around the cell. 

The cell was next heated to the design temperature and allowed 

to cool back to room temperature.  The following problem 

areas were noted. The windows were too cool.  The attempted 

solution was to place a heavy copper sleeve between the 

cell body and the windows to improve heat conduction. Also 

a better oven was constructed. The oven is shown in Figure 

5.  A test of this arrangement indicated that it would be 

necessary to heat the windows directly. 

These tests also showed that the e-bcam cathode and 

prepulse hold-off plate reached excessive temperatures which 

caused the hold-off plate to melt.  This difficulty was 

rectified by replacing the plexiglas plate with a Teflon 

plate and by redesigning the cathode and cathode holder to 

reduce heat conduction to the plate. 

Finally a salt (metal halidej reservoir was fabricated. 

The reservoir has two features. Its temperature can be 

controlled independently.  The added rare gas can be flowed 

directly over the surface of the salt to facilitate mixing. 
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With the apparatus illustrated in Figure 5, a limited 

number of test shots were carried out with mixtures of TH 

and Ar.  Emission was observed from the sought after species, 

Iho T17Z,S state, on both the ,',77.5 and 535.Ü nm transitions. 

At the end of the experiment, a coating of TU was found to 

cover the sapphire windows. 

Overall, substantial progress has been made to build an 

apparatus for metal halide vapor research at temperatures 

above 70()oK.  Heating the windows directly win allow this 

program to begin laser oriented experiments. 

RESULTS AND DISCUSSION 

A-  how I'ower Ar-N-, Laser 

The Ar-N2 laser discovered during the previous reporting 

period was developed in the current period.  Our findings 

were recently published^.  A copy of the manuscript is 

included in the appendix.  in this section the manuscript- 

is summarized and additional comments are added to clarify 

certain points, baser emission was proven to occur. Figure 6 

reproduces a fluorescence spectrum and a laser spectrum. 

baser performance as a function of pressure and mixture 

composition was described in the paper. 

A theoretical kinetic model was setup to predict 

temporally the concentrations of the upper and lower laser 

levels.  The model data is listed in Table 1.  A sample of 

the computer output is presented in Figure 7.  Comparison 
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between   the model   predictions  and   the   Fluorescence   from  the 

upper   laser   level,   N^CJ    is   f-iven    In   figures   8   and   !).     The 

agreement   is  quite   good.     The   ramifications   of   the   comparison 

have   real   significance.      First   the  major   laser   pumping 

route  was   identified  to  be   step  A4   rather   than   step  A9. 

The   former  was   tentatively  predicted   from   our   earlier 

results  while   the   latter was  emphasized   in   the  abstract  of 

Hill   et  al(8)   for   the  VIII   TliEh  meeting.     The   importance  of 

the  choice  of  the  pumping   step   is  that   step  A9  predicts  a 

high  nonlinear   increase   in pumping  with  a  more   intense 

e-beaia  while   step  A4  predicts  only  a   linear  behavior.     All 

of  this  dramatically  affects   scaling  of   the   laser   to  higher 

peak  powers.     Since   both  the model   and   the  measurements  were 

done  on  an absolute   basis,   a   relative   rate   constant   for 

step A4  could  be   obtained.     The value   was   found  to  be   13'70% 

of  the   value  for   step  A5.     This   strongly  disagrees  with  the 

only  prior  absolute  measurement,   0.4%,   which   is  cited   in 

Table   1.     According   to  E.G.   Zipf   (private   communication), 

his   value  of  0.4%  may  have  a   substantial   uncertainty  because 

of  the  complexity   of  his  experiment.     A more   detailed  compari- 

son  on   rate  constant   k  A4  values   are  contained   in  Table   II. 

The  other  two  values   in  Table   11   are   limits   obtained  from 

observations  of  both  N2fC)   and  N2(KJ   emission.     In  the  future 

we  plan   to monitor   the  N2(BJ   emission   in  order   to  better 
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undersrand   both   the   laser   emission  and   the   fundamental 

co1 I i s i on  processes. 

''' ■     'iiil'1. Power Ar - N-  Laser 

A   report   on   the  discovery  of  the  Ar-N2   laser   at   NRL, 

prompted   several   groups   to   investigate   tin:,   new   laser. 

While   the   NRL  work   was   in   progress,   M.   Bhaumik   (private 

communication)   observed   some   very   high  power   laser   pulses 

from  e-hcam  excited  Ar-N-   mixtures.     Subsequently  an 

anomaly   in  the  optical  cavity  design  was   found   in   the  present 

work.     The  anomaly  was   that   the   replacement,  of  the   Brewster 

angle  windows  by  normal   incidence  windows   substantially 

increased   the   laser   output.   The   effect   was   reproducible   and 

was   not   affected   by   rotating   both   Brewster   angle   window 

holders  by  90°.     Since  the   effect   is  not   expected   to   be  a 

general   one,   its   causes   were  not  examined   experimentally. 

Further  experiments   were  performed   with   the   normal 

incidence windows.   Two   0.67   diameter  apertures   placed  next 

to   the  windows  were  removed.   These apertures  were   essential 

to  make  a meaningful   comparion     between  the   intensity  of 

the   laser  emission   with   the   Brewster  angle   windows   which 

were   held  by  a   holder with   a   0.67  diameter   bore  opening. 

Removal   of  the  stops provided  windows  with  an  effective 

diameter  of  1.27  diameter.    In  general   only  one   laser  mirror 

was   used.     Superf1uorescent   emission   occurred  with   or  without 
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the single mirror.  However, the highest output was observed 

for the single mirror cavity relative to no mirrors or to 

the pair of" mirrors used in conjunction in the Brewster 

angle windows.  This is shown in l-ig. 1 (). 

An overview of the experimentaJ results is given in 

Fig. 11.  Laser action was observed from 600 - 5000 torr in 

a 5°; N2-Ar mixture.  Laser peak power was determined with 

a calibrated neutral density filter and photodiode combina- 

tion.  Figure 11 illustrates a typical set of traces with 

the scope voltage converted to absolute units.  Also shown 

on this figure is the laser output with the single mirror 

blocked.  Laser energy was determined from the integrated 

signal. 

Laser emission at 600 torr commenced just before the 

time at which the fluorescence peaked, i.e. the maximum 

pumping rate. As the total pressure was increased, laser 

emission occurred earlier; At 5000 torr, the laser peak was 

reached after a delay of only 2 ns.  The FW11M was 5 ns.  A 

similar temporal behavior was noted for the low power Ar-N 

laser. 

Let us now consider the efficiency of the laser. 

Figure 11 shows that the highest efficiency is achieved at 

1000 torr since the e-beam input rises linearly with pressure 

At higher pressures, the laser energy and efficiency decrease 
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because the pulse width narrowed (aster than the amplitude 

increased. The decrease in efficiency, however, would be 

partially offset if only the e-heam energy deposited prior 

to the laser termination time was used to calculate 

the efficiency.  from the two energy deposition calculation 

methods,  the efficiency was calculated to be in the range 

0.08    0.4%.  In any event, it is more than a factor of two 

higher than previously reported for an c-heam pumped N, 

(9) 
laser   .  Experiments were also carried out at 2.:,".,   and 

7.5',', N2-Ar.  Laser performance indicated that F,", N2-Ar was 

the best laser mixture. 

Ault et al lj   have also reported laser emission from 

e-beam pumped Ar-N2 mixtures.  They obtained an efficiency 

of 0.21 from a 4760 torr Ar-40ü torr N2 mixture.  Their peak 

power was 0.5 MW.  Thus experimental1y there is some agree- 

ment in the Ar-N- laser system. 

Two additional parameters were explored with the high 

power Ar-N2 laser.  First the laser gain near threshold at 

1500 torr was deduced from a trace; of the laser emission 

taken at 2 ns/div with a Tektronix 790-1 scope. The signal 

was plotted in arbitrary units on a log scale.  See figure 12. 

The abscissa is a distance scale derived from the speed of 

light, the length of the e-beam excited volume, end the 

mirror separation distance. The initial gain was ascertained 
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to be 0.22 cm' .  It was fell thüt assignment of values for 

a small signal gain coefficient and saturation parameter 

was inappropriate since the rates are so removed from steady 

state equilibrium.  in other words these parameters are 

rapidly changing functions with tune. 

Secondly, the high resolution laser spectrum was taken 

in the 5th order of a 3/4 m .Jarrell-Ash spectrometer. The 

Ar-N2 laser operates at pressures up to around 200 times the 

conventional nitrogen laser.  it was of interest therefore 

1o see if the spectra on the 357.7 nm band were similar. 

Figure 13 presents the spectrum of the high power Ar-N7 

laser taken with Polaroid type 57 film.  The laser emission 

was attenuated by passing the beam through a short focal 

length lens and a ND2 filter,  llg lines were used in the 

wavelength calibration.  The nearest of these lines, 

2 53.7 nm in 7th order, is shown in figure 13.  While the 

spectrum docs not resolve individual lines, the bandpass 

of t'.c laser is <   0.05 nm.  KusUn et a 1 ri 'J ascertained 

that the conventional laser emits strongly from about 

357.6112 - 357.6613 nm. 

In summary, a theoretical model of the events in e-beam 

excited Ar-N2 was completed.  The Ar-N2 laser was developed 

2 
to a peak power of about 200 kW.  Future work on the Ar-N 

system centers around monitoring the lower laser level N (B) 
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emission.     This   is   challcngin8  because  of   its   long   lifetime 

and   the  poor  detectivity  for   radiation   in   the   0.8        ].()   M 

reg i on. 

The  metal   halide  planned  experiments   will   begin   soon 

now   that   the   heating   problems   are   largely   solved. 
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1AIIIL   I,   KINETIC   ÜAIA  FOfi   Uli   Ar   N,   COMPUIIR  CODE 

A.     STEPS   rOf<  N?(C)   PRODUCTION  AND   LOS', 

STEP 

I 

2 

3 

Ar     i   ü  Ar    ,  Ar       +  Ar 

Ar        t   e    ,  Ar■   +  Ar 

Ar-1   +   2Ar Ar,*  +  Al- 

Ar-    -1   N^    .  N?(C) I   Ar 

Ar'   <   Nj    •  N   f   + Ar 

U?U)   + Ar    .  H?
r ♦   Ar 

N2(C)    ,  N,(B)   •   hu 

N2(C)   t-  N2    •  2N2 

2N2(A)    ► N2(C)   f N, 

2N2(A)    .  H2(B)   t N2 

2.1)  x   10 

7  x   10 

il 

(> * 10 ) > 

1.? X 10 13 

3 / 10 
i i 

<i 

i  x   10 
I 1 

2 .',  x   10 

I . I '^  x   10 

2.6.  lo"10 

!    1   x   10"9 

I I 

RCFERENCI 

b 

r. 

ADDITIONAL  STEPS  FOR N2(B)   PRODUCTION  AND  LOSS 

Ar-   4   N2   • N2(li)   + Ar 

Ar2-    i   H?   ■   N2{D)   t   2Ai 

Ar   '    •  2Ar   +  hu 

N2(B)    * Ar    .  N   (A)   +  Ar 

N2(B)    > N2(A)   >  Ku 

n.d. 

I   x   10 
1 I 

N2{B.   v  -I)   t   N2 2N 

I   x   10 

1.0  x   10 

1.2   x   IQ5 

2.2'.  x   10 

12 

12 

two-hoil/  units,   cm  /ML;   .jnd   1 hn-i-hody   unit! 

Soc.   I/,   Vi'j  (I972J 
y  dctnrmi nftl. 

Chan, Phy.. ',). loo^ (1C70) 
■^3. 65 (lg/O) 

RadiaiIve unili, sec 
cm6Aec. 

E.U.   McDanicl,   V.   Cermok,   A.   Dal(|,irno,   E.F..   Forguson,   L.   Frledmnn, 
loii-Moleculii Reactions   CWt ley-lnterscicnce,  Nnw Vork,   IS70) ,  (j.   338. 
J.N.   Bardsley  and M.A.   Biondi,   In Advances   in  Aiixnic and Molei.ulnr 
Physics   (Acadumic,   New  York,   lrj/0).   Chap.   I. 
i.   LeCalv« and M.   Bourüne,   J.   Chem.   Phy,.   r,H.   I'i')6   (19;3) 
«.A.  Gutchecli  an-'  E.C.   Zipf,   Bull.  AIB.   Pnys 
Hj  electronir:  ■, 1   te dI', lr ihut Ion   iicompli'le 
Tot.-1   k  for disappearance  of An. 
D.W.   Setscr,   D.H.   Stedman and  J.A.   Coxon,   J 
A.W.   Johnson and  R.G,   Fijw!';r,   I.   Chem.   I'hys 

P.   Millet,   i.   Salamero,   n.   Brunei,   J.   Goly,   Ü.   Bl.inc,  and   J, L.   fuysslri 

J.   Chora.   Phy..   58,   5'.i39  iWl). 
tj.H.  Hay. and H.J.  Oskom,   J    Chuiii,   I'hys.   S'l.   ISO/  (19/3);   '■'), 
f,08H  (19/3). 
Estimate made hy  D.J.   Eck»! rora,   P.A.   (,iii(hf;(t,   P.H    Hill,   l).   Ilin-.iis, 
and   Ü.C.   Lon-nts,   Stanford  Research   lii-.liliin    ri-chnlca I   Report   HP 

/3-I   (1973). 
H.A. Koehler, Lawrence Llvermor« Laburatory, Private Communication 
:o  ü.C. Lorants, SRI. 
R.A. Younq, C. Black and T.C. Slangor, ). Chem, Phys. SO, 303 
(1969) 
B.   Rosen,   ed.,   SujjKUed ^onstanls  Speit mscup U   |),-iia  Rr-Litlvc   to 

Diatonic Moleculas  (Paraantin  Press,  New York,   I'/VO; p.  266, 
.J.W.   Dreier  .jnd  D.   Ferner,   Chem.   Phys.   I.el 1.    I',,   I r,')   (ri72). 
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Fig. 2 - E-beam device with the laser cell and optical cavity 

used for the low power Ar-N2 laser 
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Fig. 5 — Oven and heated cell mounted on the e-beam 
device.   Test temperature 7420K. 
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Fig. 6 - Comparison of the fluorescence spec' n (A) and the laser spectrum (B) 
arising from excitation of a 5% N^Ar mixture at a total pressure of 1500 torr 
The bands all originate from v = 0 of N2(C) and terminate on v of No(B) as in- 
dicated by the number to the right of the decima; point. 
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Fig. 12 - Laser gain derived from the leading portion 

of a laser pulse from 1500 torr 5% N2-Ar 
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APPENDIX 1 

A^-NI mfcw"' 3577 and 3805 Ä '" «'^«"-beam-pumped 
S. K. Searles and G. A. Hart' 

tu„r Phyucs Branch. OpM Science* ftv«,,,. MR1 ÄwanrA tflta««,^  «'«fito,»«   DC MJ73 
(Received II March 1974. in final form 29 April  1974) •""•"g'on. ü.t. m7i 

Expenmenu were perforn.cl wnh cleclron-beun-pumped Ar-N, nuamre.. U«r em.M1on on the 
Meood potitive band iransinons 3577 A (O-l) ««i 3805 A (0-2> w», nL~, , 
fni..! wnh n,-«. . '   ^ was ot,1*rv«l in an optical caviiv 
w ndUW   l^5     i'? T   SOmC "C   '•" P"Umn"> "•,er"nCT•5 '" ""ich the Zm 

There has been a great deal of research interest in 
the C   ir.-ß »IT, nitrogen .user    Patterson ft at.' have 
rQported superfluorescent emission at 3371 A arising 
from the electron-beam (e-beatn) excitation of low- 
pressure nitrogen. A tnveling wave tube was used l.y 
CJodard   to obtain both high power and high efficiency. 
Nelson el n/.5 have producad exceptionally long C-li 
lasei pulses,  up to 20/iscc,  from a Ar-N2-HF mixture 
pumped by an e-lmm s.slalner system. Their observed 
laser transitions inclul.d 0-0,   I, 2, 3. 

We report here a C-« laser operating strongly on the 
0-1 (3577 A) traiuition and weakly on the 0-2 (3805 Ä) 
transition. A SO-nsec-long relativistic e-beam pulse 
was used to pump the gas. 

The e-beam generator output was a SO-nsec-long 
pulse of 500-keV electrons. Figure 1 shows a typical 
integrated U dot signal. The pulse entei .d the laser 
tell through a 25-»i-thick Ti foil supported by a steel 
plate with lourteen 0. 95-riM-dlam holes spaced evenly 
■ iver a length of 16.4 cm. The beam energy Into the 
laser cell wag determined to be 36 ±6 J by carbon block 
ralorimetry. The over-all beam uniformity was mea- 
sured to be ± 15% by thin-film dosimetry. 

The laser cell was fitted with Brewster angle quartz 
windows in a transverse geometry to the electron beam. 

Aoplwd Phync« HlWn. Vol. K. No. 1, 1 July 1974 97 

The optical cavity was defined by the 0.67-cni-diam 
holes in Hie Brewster window holders and a     99 T, 
reflectance dielectric mirror and partially transmitting 
dielectric mirror. The transmission of the second mir- 
ror was I0<| at 3577 A and 36't at 3805 A.  The cavity 
length was 55 cm. A quart/, window  counted mutually 
perpendicular to the optical axis and the e-beam axis 
allowed fluorescence measurements. Emission moa 
surements were made with ITT F4018-S5 photodiodea 
As shown in Fig.  1, the beam current,  laser emission 
and fluorescence were measured for each shot and 
synchronized with a fiducial tune mark. A 1-m Jarrell- 

* MS60.^8!1" wa8 U8ed tü ld,,ntlfy the Ni tnuuitlona. 
A 3200-„800-A Corning hand  pass filter was used to 
restrict the side-emission measurements to C'-ä fluo- 
rescence. The gases used In the experiment were 
99. 997'?- pure Ar and 99. 998% pure N,. 

Emission measurements were made over the pressuro 
range 200-5300 Torr. The partial pressure of N. rela- 
tive to Ar was 1,  5, or 10'# . Representative oscillo- 
grams are shown in Fig.  1. The following trends were 
observed for the three Ar-N2 nuxtures. At the lowest 
pressures at which laser action occurred,  peak fluores- 
cence was reached after the end of the pumping pulse 
and before the laser pulse. In the 5% mixture at 250 
Torr the fluorescence peaked at 110 ns after the begin- 

Copyright C 1974 Amarictn Insntuie ol Phyiici 
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s, ,',. '       , VPur    ?rrent pl""e '"«^"'•od at the cathode. 
Squam potota show the theoretical simulation of the pulse   A 
tin,.. M.ark appears near the end of each trace. All oscllio'. 

Som tto^T? '7'" '; K;'  i0-2 VAliV■, W ^"rescenee iron, the 0-0,  1,2 tMnil'.ons »t 400 Torr, DOU, theoretical «rve   „r .up, ,_M wllh m mult.p|.(.()       l70   Tr «^ 
the re   e, I curve with Inclusion of steps B and 10. Amplitude 

S VÄ Si n   "'■'-' V/tnVj {C> UMr en,""!l0" at "»O Torr. (. V,dv.) (d) Huorescenco at 1500 Torr. Dots, theoretical 
curve for steps 1-H with «(4) multiplied by 125. Triangles 
theoretical curve with inclusion of „eps 9-11. Amplüude 

TO r'" 'r,;''^.f •;o-r
r' v/üiv■, '•'L^ «^«««IMO lorr. (20 V/diV,). Time scale for (a)-(e) 50 nsec/dlv. 

nini? of the current pulse. Laser action peaked 45 nsec 
later. An increase in pressure shifted the peaks toward 
the current pulse as shown in Fig.  1. The best laaer 
efficiency for all three mixtures occurred at 800 Torr 
total pressure. Relative efficiency values were 1. 1:14- 
5.3 for 1, 5, and 10'| mixtures, respectively. Beam 
outixtt divergence was measured to be 6 mrad. The 
3577-A transition was the only laser line recorded 
with the exception that the 3805-A line was weakly re- 
corded over a narrow pressure range in the 5 and 10% 
mixtures. 

In fluorescence the relaM'-»> linn intensities were in 
agreement with those predict«     bj the relative transi- 
tion probabilities (/1„.„,  12. 1; A,.,, 8. 6; 40.2, 3.0), < 
The tluoreacence signals «rew linearly with pressure 
until about 1500 Torr and reached . maximum at about 
3000 Torr. 

We now consider the proof that the axial emission is 
due to stimulated emission. The following four factors 
demonstrate laser emission. 

(i) Removal of the far mirror reduced the axial 
emission by as much as 2 orders of magnitude. 

(ii) The axial pulse shape, width, and amplitude in- 
dicate laser action when comparison is made with the 
fluorescence signal (see Fig.  1). 

(lii) The dominant line in fluorescence is absent in 
the laser spectrum although all lines originate from a 
common level. 

(iv) The ratio of axial emission to side emission is a 
strong function of pressure and mixture composition as 
illustrated in Fig. 2. 

A mechanism for population of the upper laser level 
is presented in Table I. A Runge-Kutta-Treanor com- 
puter program was used to calculate the concentration 
of the various species from 0 to 600 nsec. The pump- 
ing pulse had a trapezoidal shape patterned after the 
experimental current pulse shown in Fig,  1. The 500- 

TAtlt.K I.  Mechanism for population 0fN.(C) 
Step 

1.   Ar*t2Ar-ArJi Ar 

*•• 
2.5*10-11 

Ueferencc 

b 
2.   ArJ.e-Ar« »Ar 7xlfl-' c 
■1.   Ar'»2Ar-Ar,,*Ar 6 xlo-" d 
4.   Ar*-t-ty-H(C)+Ar 1.2X10-I1 

'■ 

5.   Ar< + N,-N,'tAr :t xio-11« d 

6.  N,«?)+Ar-V+Ar 3X10-13 
h 

7.   ty(C)—N,(B)+*i/ 2.5X10' 1 
8.   tytO+Nj-IN, i.iexio*11 

1 

9.   Ar'.N,-N,M) + Ar 3x10-11 

10.    2N,M)-N:(C) + N! 2.6x10-1» k 

11.   2N2M)-N!(B)4Nj 1.1 xio-» k 

'Radiative units   sec"'- two-body units. omVeeO! and three. 
body units, crnVsec. 

»E.A/. McDanlel    V. Cermak, A,  Dalgarno, E.E,  Ferguson 

CJiBa,r<ISn/ and ^ A- Dlondl' ln A»«"«« i" Momie and Molecular Phystcs (Academic, New York,  1970), Chap   I 

(197% °nd        n0Urene' ''• Chem-   PhyS- b%' 144« 

*395(lC972)heek"ndK-C- Z1Pf• BU"- Am-  PhvS- Soc- 17. 

■Tot^rr'n S""0 dlstrlbutlon '»eompletely determined, i otal * for disappearance of Ar« 
D^W. Setser, D.H. Stcdmf.n, amlJ.A. Coxon. J   Chem 
Phys. 53, 1004 (1970). i «. wnem. 

'Reference 4. 
'P.  Millet, Y. Salamero, H.  Brunei, ,1. Galv.  D.  Blanc   and 
J.L.  reysster, J, Chem. Phys. 58. 5H:i9 (197n) 

;,■«;,. ?0
Sand"J- 09kan1' J-  Chem    W>y«.  SO.' 1507 (1973); 59, «088 (1973). 
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200 

1000 2000 JOOO 4000 5000 6000 

rro   2   lUtiO of axial emission to «Me ..mission with correction for relativ,, oolleotlon ofnolenclea blottod as a function of 
the total gas pressure and eomposUlon. 

keV primary electrons yave 3.5 Ar* and 1.0 Ar* per 
91 eV absorbed.5 

The secondary elections were assumed to cool rapid- 
ly without pumpint; de electronic states of Ar or N2   The 
return current was Ignored because the inside dimen- 
sions of the cell,  1.25X1.25x15 cm long lend to favor 
a return path along the surface ol the cell rather than 
through the bulk gas. Any secondary electron impact 
excitation of electronic states would preferentially ex- 
cite Ar and not significantly affect the basic mechanism 
presented here. The balance of the mechanism is given 
by steps 1-8 in Table I. The Ar* species was assumed 
to be the metastables SP0,  'P,. 

The eomputer-generated fluorescence curve was com- 
pared to the experimental curve with respect to three 
criteria: elapsed time to peak intensity,  FWHM, and 
peak ainplllude. Altogether 70 such comparisons can be 
made far experiments conducted al the three relative 
Nj-Ar concentrations of 1, 5. and 10% at total pressures 
of 250-5320 Torr taken in pressure increments of a 
factor of approximately 2 per step. The difference be- 
tween theory and experiment for the time to reach peak 
fluorescence is an average 61 121 li nsec while the dif- 
ference in FWHM is only 51 3 nsec. For the peak am- 
plitude the ratio of the experimental/theoretical inten- 
sities was calculated to he 180± 20 for 1";,  180t 30 (or 
5%. and 125± 15 for 10%, 

The immediate conclusion from the good agreement 
on the elapsed time and the FWHf    s that the mechanism 
is a reasonable one. However, U.     jnstant ratio of 
about 160 between experimental and theoretical intenni- 
ties deinonstrates that step 4 is too low by this amount. 

The experimental uncertainly in the /.■(4) number cited in 
Table 1 may be considerable since it is derived from ,i 
complex plasma physics experiment in which it is quite 
possible that some key processes are not well 
understood.6 

An alternative energy transfer mechanism given by 
steps 9-11 was also considered. The energy pooling 
step 10 has been suggested as a laser pumping process.' 
The C-li temporal emission behavior and pressure de- 
pendence predicted for ihis alternative model no loi.ger 
displayed good agreement witli experiments (see Fig.  1). 
Moreover the branching ratio ol steps 10 and 11 makes 
this alternative model incapable of predlctint; the fluo- 
rescence observed in side emission. 

The conclusion that kit) is too low is supported by 
some preliminary experiments in which Brcwster angle 
windows were replaced by normal incidence windows. 
This change was prompted by a report that e-beam- 
excited Ar-N2 mixtures gave powerful laser pulses.8 

With this window change intense superfluorescent pulses 
were observed in 5'? Ar-N2 mixtures over the pressure 
range 600-1540 Torr with a laser efficiency of 0.4'', . 
FWHM was 40 ns and peak power was 18 kW. Further 
experiments are in progress. 

The authors wish to thank Michael Ury for the design 
and construction of the pulse power generator for the 
electron-beam device. 

•Work supported In part by DAHl'A. 
■MSC-IOtL I'ostdiHloral Reseorch AsaOQlnte mü-presont. 
'E.l..  Patterson,   IB. C.eranlo. and A    Wayne .lulinson, 
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'n. ttodird, III:E j, qiinninni Electron, QE-io, 147 (1974) 
'i. v   Ni'iRim. (;.j. Moltanay, andS.R, Byron, Appl, Phy» 
XeU. 22, 7'J (1973). 

'A W, Johnion and R.O. Fowler 
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'I   H    I'elcrsun nnd.I.K   Allen 
11972) 

.1   rhem. Phya, 53. fir, 

1   Cham. Phj n   56. fioiw 

"K.c, zipf (private communication), 
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2.  DOUBLE PULSE EXPERIMENT 

*. 

For the present reporting period, the emphasis in the 

double pulse excitation experiments has been on the use of 

a fast-rising double DC pulse system for excitation of metal 

vapor laser systems.  This appears to be a more promising 

area of investigation than the RF-DC system. 

Using a prototype system, discharges in water vapor 

have been spectroscopically observed.  No desired B-A 

state emission from the OH radical was observed over a 

variety of discharge conditions with various buffer gases 

present.  Other experimentation was done with the tube 

operating as a N2 laser.  This mode of operation proved the 

fast rise-time of the excitation pulse and demonstrated the 

pressure range over which it could be used. 

Tetraethyllead vapor, at room temperature, corresponding 

to a pressure of about .3 torr, was admitted to the tube. 

In single-pulse operation with an argon gas buffer very 

strong emission of the expected lines was observed.  The 
o 

rise time of the fluorescence at 4057 A was about 10 ns, 

and it is assumed that the excitation followed the rise of 

the current pulse.  The decay time was observed to be *  60 ns, 

independent of argon pressure, much longer than the 9 ns 

natural lifetime.  This may be due to radiation trapping or 

cascade from higher levels, although systematic errors cannot 

101 



cannot   be   ruled  out   at   present.     A  heavy  deposition  of 

discharge  produced   Pb  prevented   further  work   with   this  tuhe 

to  clarify  this  question.     Observation  of radiation   trapping 

would  he of  use  as   a  means   of determining   the  metastahle 

population  density.     The   intensity  of  emission  observed 

from  single  pulses   in   Pb(e*)4   indicates   that   lasing  may  be 

obtained   from   lead  compounds  with   this   excitation   scheme. 

Construction  of  a   bakeable glass  discharge   tube  proved 

impractical.     Hence,   a  stainless  steel  transverse discharge 

tube was  designed  and  fabricated.     Concurrently,   a  vacuun. 

system and two  thyratron-switched discharge pulse  modules 

capable of   low  jitter,   high   repetition  rate  operation were 

constructed.   The  design  of  the  stainless   steel   discharge 

tube   is  such  as   to  avoid   the  glass  and  metal   sealing  problems 

Which  halted  construction   of  the  originally  proposed   tubes. 

The  present   tube   has  a  discharge   length   of  20  cm  and   is 

bakeable  to  over   500oC.     Metal  vapor   lamps  and  a   boxcar 

integrator  for  time  resolved  studies  have  been procured. 

The  discharge  tube   is  now under test  and  experiments  will 

begin  shortly. 

The  first   system  to  be  tried  is  expected  to  be  Til. 

Superradiant  emission  at   5350 A   in  a   longitudinal   discharge 

have  been   reported  by   researchers   in   the  Soviet   Union  but   not 

confirmed   in   this   country.   A   large   number  of  motü]   vapor 

compounds  are   candidates   for   investigation   using   the   transverse 

discharge  excitation  scheme. 
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3.     VISIBLH  CHEMICAL  LASER  EXPERIMENTS 

A  series   of   experiments   have   been  carried   out    in   a 
■ 

newly set up discharge-flow flash laser system involving the 

reactions of N atoms with a number of free radicals.  The 

N atom, which cannot be readily generated thermally or 

photolytically, was produced by a 10.0 W microwave generator. 

A typical N atom concentration of ^ 3 x 1013 atoms/cc 

was obtained as determined by the NO titration method. The 

N atom was mixed with various radical sources, such as CHBr.,, 

CH2Br2, CH2, Cl2, CFBr3 and CH2CO, in a Suprasil flashflow 

tube situated in a laser cavity formed by two high- 

reflectivity broad-band mirrors (% 140 nm-IR).  The flash 

lamp has a rise time of about 5 ysec with output above 165 nm. 

Free radicals were produced by photodissociation reactions,^ 3^ 

for example. 

CXBr3 + hv -> 3Br + CX(X = r,H) 

CH2CO + hv -> CH2(
1A1) + CO, etc. 

The radicals thus formed,then rapidly react with the N atoms 

present in the flow: 

N + CH i CN + H + 103 kcal/mole 

N + CF ^ CN + F + 69 kcal/mole 

N + CH2 ^
a CN + H2 + 106 kcal/mole 

5b I1CN + 11+122 kcal/mole 
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A number of experiments with varying reactant concentrations 

and flash energies have been performed.  No stimulated 

emission has yet been detected.  In order to test the cavity 

conditions and the  extent of reaction occurring in the 

system, a small amount of 11^ {:  0.5 torr) was added to a 

llow of % 0.02 torr N atoms and ■«. 0.5 torr CIBr^. carried 

by about 15 torr lie.  Flash photolysis of the flowing 

mixture produced a relatively intense H? laser pulse, 

probably due to the well-k-nown F + ll2 + HF
+.+ H reaction. 

This test clearly indicates that the system has been 

properly tuned, that the N + CF reaction Joes take place 

and a reasonable amount of CN has been generated chemically. 

Unfortunately, these reactions are new and all kinetic 

information including the overall reaction rates are not 

available in the literature. These experiments will be 

repeated with a 2 KW microwave generator and internal 

mirrors with higher reflectivities. 

Many more exothermic reactions such as 

0 + C,H *  CO + CH* 

N + C20 H. CN* + CO, etc. 

will be studied in the discharge-flow-flash system as well 

as the 1 psec transverse flash unit  (A > 10S nm) which 

is now under construction.  The unit will be ready for 

testing in early 1975.  The reactions to be investigated 
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in the initial stage of testing include: 

Of's) + Cll(2nJ > Cue1,) *   il(2S) + 36 kcal/mole 

(U'S) + CSC
1.] *  COi\)   + Sf

1!)) + 20 kcal/mole 

C0( TF) ■> C0(X1s"f) + hv C180 nm) 

0(lS) + Xe ■♦ XeO** ■> XeO* + 558 nm 

where Of^S) will he produced by the photod1ssociation of 

N20 at 120 nm, 

ro(;i2 + hv -> ci * + co 

Cl-* ■*■ 2C1 + hv C300 - 400 nm) . 
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4. OPTICALLY PUMPED COLL IS ION LASERS 

It has long been rocognizod that elficient c.w. gas 

lasers should utilize transitions connecting low lying 

energy levels.  Furthermore, since the lowest lying atomic 

levels are as a rule either metastahle or radiation trapped, 

it is generally understood that the lower laser level in 

these devices would have to be deactivated through collisions 

of the second kind.  One immediately comes to the conclusion 

that direct electrical discharge excitation would not be a 

10'. 
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suitable mode of pumping for an efficient c.w, visible 

laser, because the large concentration of the quenching 

gas required would most likely de-excite the electrons as 

well.  However, if the laser is pumped optically, almost 

arbitrarily large amounts of the quenching gas would be 

permissible.  If in addition the pumping radiation can be 

produced with great efficiency, there is a good chance that 

the resulting optically pumped collision laser would ha) 

comparably high overall efficiency. 

The basic scheme for the optically pumped collision 

laser is as follows: 

H)     |ü > + hv (pump) *■ |1 > 

(2) '1 > -► |2 > + hv'  (laser) 

(3) |2> + M^|()> + M 

ivc a 

where the three processes pertain, in order to optical 

pumping of the upper laser level, stimulated emission at the 

laser transition, and collisional quenching of the lower 

laser level.  A fundamental requisite for high efficiency 

is that E1 >>  E2, with the energy of the |0 > state taken 

to be zero.  The condition for gain in such a system is 

g2R2 > MAi2 + R12)' where g. is the degeneracy of |i >, 

A12 and R12 are the radiative and collisional rates from 

U > to |2 >, and R2 is the collisional quenching rate of 

|2 >. 
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Wo have demonstrated the feasibility of an optically 

pumped collision laser by achieving laser oscillation on the 

546.1 nm transition of llg through optically pumping a 

Hg-N2 mixture with a low pressure llg lamp (Appendix 1). 

The relevant steps involved are the following: 

(4) 

(5) 

(6) 

(7) 

(8) 

Hg(6  So) + hv(253.7 nm) ■* llg (6 3P ) 

Hg(6 3P ) + N? -> Hg(6 3p ^ + M 
*■ c c     2 

Hg(6 3Po) + hvC404.7 nm) -> Hg(7 3S ) 

Hg(7 \) *  Hg(6 3P2) + laser (546.1 nm) 

Hg(6 3P2) + N2 -. Hg(6 3P1>ü.6 
lSQ)   + N2 

Note that eqns. 1-3 correspond to Eqns. 6-8 in the case of 

the Hg laser.  The Hg(6 3Po) level is in effect the 

|0 > state in this modified scheme. 

To assess the potential of the llg 546.1 nm laser, we 

have measured R12 and R2 for Hg in collisions with N2 

(Appendix 2).  The results show that, one should be able 

to convert 401 of the photons absorbed at 404.7 nm into 

laser output at 546.1 nm.  At present, standard Hg lamps 

can produce 253.7 nm radiation with % 201 efficiency at low 

pressure and 404.7 nm light with ^ 2%  at medium pressure. 

Thus, it is anticipated that, with the use of both types 

of Hg lamps, an overall efficiency close to \%   could be 

realized for the Hg 546.1 nm laser. 
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W<: arc presently  engaged   in experiments   to  verify 

the   high   efficiency   capability  of   the   ||g   laser.      In   addition, 

similar  experiments  are   being   conducted   to  explore   the 

possibility  of  optically   pumped   collision   lasers   in   other 

media.      These   include   laser   attempts   on   t lie   535.0   nm 

transition   of   T£  and  a   number  of   visible  and   near   I.R. 

transitions   of   Na   in   a   Hg-Na   transfer   systi em 
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APPENDIX 1 
Optically pumped cw Hg laser at 546.1 nm 

N. Djeu 

Um, flfefel Bmnch. OpUcat Seltne* Divüio*. Nanl Renorch Laicralory.  Wa^int.on. D   C 20175 

R. Bumham 

Scitnce Applieaiioiu. Inc.. Arhngton.  yirxmia 22209 
(Rncived 13 Mc    1974) 

Z laS"^"l,l",n h
|" S*? •ch'"cd on ,h' 5** '""' BM in Hg 1 u..ng u, Up„c.l punptng 

whetne   Tht poicnlials of Ihis later ire discimed >•     i    B 

A cw atomic Hg laser at 546.1 nm has been realized 
by optically pumping a mixture of N2 and Hg vapor. The 
upper and lower levels of the laser transition are the 
7 'S, and 6 'f, terms of Hg I,  respectively. Hopefully, 
this will become the first of a new class of atomic gas 
lasers which combines optical pumping by a resonance 
lamp with the collisional quenching of the lower laser 
level which is a lov-lylng metastable state. The physi- 
cal separation of the excitation source from the laser 
medium allows one to use large amounts of some 
quenching gas to depopulate the lower laser level with- 
out interfering with the pumping process. An optically 
pumped collision laser could have an efficiency compa- 
rable to that for the production of the pumping line by 
the lamp. 

The relevant energy levels and the excitation scheme 
employed in the Nj-Hg laser are indicated In Fig.  1. 
Mercury atoms in the ground 6 % level absorb photons 
at 253. 7 nm to populate the 6 •/>, level,  are colllslonally 
deactivated by N, to the 6 SP0 level, and accumulate 
there due to the latter states long lifetime. Absorption 
of a second photon at 404.7 nm takes the atom from the 
6 iP0 state to the upper laser level 7 'S,. After under- 
poing stimulated emission at 546.1 nm, the atom is 
quenched out of the lower laser level 6 3/Jj,  again 
through collisions with N2. Although a dashed arrow is 
drawn from 6 5Pa only to 6 5P„ the distribution of final 
states of Hg from the last process is still d matter of 
speculation. Also omitted in Fig. 1 is the pouslblllty of 
optical pumping of the upper laser level by absorption of 
a 435.8-nm photon from 6 'Z',. This Is considered a 
minor process In the present device because the 6 'f, 
level Is expected to have a much smaller density com- 
pared to 6 Vv Note that the N^Hg laser described here 
actually is based on an extension of the general scheme 
outlined in the first paragraph,  but the principles are 
well illustrated In the present system nevertheless. 

In our experiment, optical pumping of the laser medi- 
um was obtained from an electrodeless lamp coaxial 
with the laser tube. The lamp and the laser tube «ere 
35 and 3 mm in diameter,  respectively. An Intermediate 
tube of 7-mm diameter was used for water cooling both 
the lamp and the laser medium. The apparatus was con- 
structed with fused silica and had an active length of 30 
cm. The lamp had a sldearm containing a drop of mer- 
cury {-20 mg) at room temperature and was operated 
at 20 MHa;. The innermost tube terminated In Brewster's 
windows and had sldearms for varying the N, pressure. 
One of these sidearms had a U bend, In the bottom of 
which was placed a small drop of mercury (-20 mg), 
also kept at room temperature. Isotropie Hg»00 of 89.% 

purity was used in both the lamp ant', the laser tube. 
The laser cavity was formed by two 1-m-radius-of- 

curvature 0.1% transmitting mirrors. The laser output 
power from one of the mirrors as a function of N2 pres- 
sure is given in fig. 2. Laser oscillation began at an 
Nj pressure of 10 Ton-,  rose very sharply before 
reaching a maxlnum at about 25 Torr. At higher N, 
pressures the small-signal gain diminished while ttie 
saturation parameter increased,  resulting in the slow 
fall in power output observed.  Probing with a cw dye 
laser showed a peak gain of 3% per pass at an N, pres- 
sure of 25 Torr. The data in Fig. 2 were taken with 1 - 
kW electrical input into the lamp. It was pstimated that 
the lamp produced radiation at 253.7 and 404. 7 nm with 
~ 10% and ~0.1% efficiency,  respectively. Most of the 
light at 253.7 nm was wasted,  and approximately one- 
third of the light at 404. 7 nm was effective in pumping 
the upper laser level in the present arrangement. Only 
a small fraction of the latter was converted to laser 
output, since the mirror transmission was probably an 
order of magnitude smaller than scattering losses in 
the windows and mirror coatings. 

Fortunately, there exists a large body of literature 
dealing with the energy levels involved in the N8-Hg 
laser which enables an estimate to be made of the maxi- 
mum efficiency the s.-stem may ultimately attain. As- 
suming that output coupling constitutes the only form 
of cavity loss,  a simple rate equation analysis shows 
that the power output In photons per second is given by 

Hg I 
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FIO.  1. Energy level« of Hg I peitnunt to the N,-llg laser. 
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I'll. 3. cw la «Mr output at B40 1 nm from n 0 1', trnnsmlllini; 
mirror M a futuiion of N, preuure   The l„Sor tube had a 
mnmetor of .1 mm and an active langth of 3U cm   The electrlcH 
Output delivered by the puwer supplv was 1 kW 

where Au, and «., are the radialiv,; transition probability 
and collisional quenching rate by N, of the up|)er laser 
:»vel into the lower laser level. A', and «^ are the cor- 
responding rates from the upper laser level to all other 
levels, and R, is the total collisional quenching rate of 
the lower laser level by N,. ' The parameter /is the 
ratio of the laser saturated gain coefficient to the small- 
signal gain coefficient (assuming the transition is pres- 
sure broadened), and g, and g, arc the degeneracies of 
the upi)er and lower laser levels. Finally, P,, is the rate 
of pumping of the upper laser level by 404.7-nm radia- 
tion In photons per second. 

For the 7 '.S, and 6 'Pl levels of Hg, gf   3, Kl - 5, 
A*    4.5x10'sec"1, und Al    5.8 ^ 10'sec"'.2 The total 

quenching coefficient of 7 3S. by N2, («,'-t H,,). /'(N ) 
has been measured to K 4.3x|0' sec-'lbrr-'.3 Experi- 
ments recently completed by us give fi,/P(N.)    2.7 
'10« sec"' Torr-' and Hul P^) < 0. 5*10« sec"1 Torr"1. ' 
For a reasonable amount of output coupling,  /   . 1. At an 
N, pressure of 100 Torr then,  one calculates /'„,, 
■ 0. 40/',,   Thus it appears that about half the photons 
absorbed at 404.7 nm by the laser medium should re 
appear as stimulated output 111 a properly scaled N.-Hs 
laser. 

An equally important question to ask is how much 
light at 253.7 nm must be supplied in order to maintain 
a 6 ]P0 density high enough to make the laser medium 
optically thick to 404.7 nm. With the pumping intensities 
at 253.7 and 404.7 nm in the present device,  it appears 
that the major loss mechanism out of the triplet loop is 
the reradiation of 253. 7-nni light by 6 '/', at a rate of 
-lO^sec-'cm'3. At higher 404.7-nm pump rates,  a 
larger flux of 253.7-nm photons may be required if 
there is substantial quenching of the 7 'S, or the 6 '!• 
level directly to the ground 6 '.S,, state by N., However 
at present the 253.7-nm line can be produced with - 1()'; 
efficiency (in low-pressure llg lamps such as the one 
we have used),  whereas the 404.7-nm line with only 
~n efficiency (in highei-prcssure Hg lamps). Then 
fore,  it is felt that the over-all N2-Hg laser efficiency 
probably will be determined largely by the efficiency 
for the production of 404.7-nm radiation and that efforts 
should be directed towards the enhancement of the latter 

'It is assumed lerc thai ihe radiative decay of the lower laser 
level Is negligible 

;P. .lean, M   Martin, ,I p   Barrnt, and J.L. Coton   Acnd 
Sei   B264, 1791 (1907) 
'IP.  Darrat, J. i,   Cojan, and V    l«cluse. Acad. Sei    D 
262, 609 (1980). 
'It,  Burnham and N.  Djeu (unpublished). 
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APPENDIX 2 

ABSOLUTE  RATES  OF  COLLISIONAL  DEACTIVATION 

Hg(6p   3P2)   BY  NITROGEN   AND  CARBON  MONOXIDE 

R.   Burnham 

Science Applications, Inc. 
Arlington, Virginia 22209 

N. Djeu 

Naval Research Lahoratory 
Washington, D.C. 20375 

ABSTRACT 

The total rates of collisional deactivation of the 

6p  P2 state of mercury by nitrogen and carbon monoxide 

have been measured.  The experimental technique involved 

the use of a narrow-band cw dye laser to probe the absorption 
o 

at the center of the 5461 A line of mercury in an optically 

pumped cell as a function of the pressure of the deactivating 

gases.  The measured rates at 3250K were 3.0 x U)b   sec^torr"1 

and 6.2 x 10 ' sec^torr"1 for deactivation by N2 and CO 

respectively.  Also measured were the rates of collisional 

deactivation from the 7s 3S1 level into the 6p 3P  level. 

These partial quenching rates were found to be less than 

5    -1     1 
7 x 10  sec  torr'  for N2, and equal to 4.4 x 10

6 sec^torr'1 

for CO. 
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INTRODUCTION 

The COllisionally induced relaxation of the component 

states of the Op 3P multiplet of mercury has booft studied 

extensively as an example of the non radiative transfer of 

energy between excited states of a particular atomic species 

and unexcited atomic or molecular states of another species. 

Recent papers have dealt with the question of the relative 

importance of processes which deactivate the 6p 3P 

state to the 6P ^ and 6s LS0 metastable and ground states 

Of mercury in collisions between mercury atoms and various 

molecules.f1'2'3)  Deactivat ion of the 6p ^ state to the 

ground state has also been investigated.^  However, the 

only studies to date dealing with the deactivation of the 

6p  P2 state have been measurements of the relative rate 

constants for the process: 

Hg( P2) + M > Hgf^Pj) + M*,      (i) 

where M represents any one of a number of the diatomic, 

polyatomic, and hydrocarbon molecules which were studied.t5»6' 

In the present paper is described a measurement of the 

absolute total rate for deactivation of the 6p 3P  state 

Of mercury in collisions with unexcited nitrogen and carbon 

monoxide.  The investigation described in the following 
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sections was undertaken in conjunction with a study of the 

possibility of obtaining laser action on tho  Hg i (7s 3,S  -> 

6p P2)   transition at 5461 A in an optically-pumped, 

collisionally-deactivated system.  The realization of cw 

laser oscillation on the above transition^ has pointed 

to an important application of the knowledge of absolute 

rates for collisional deactivation of excited electronic 

states in a new class of atomic lasers.  In these devices, 

optical pumping of the upper level of a particular transition 

would be combined with collisional deactivation of the lower 

(possibly metastable) level of the transition in order to 

achieve the inversion necessary for amplification. 

BXPEjUMENTAL METHOD 

The absolute rate of deactivation of 6p V, level of 

mercury was obtained through simultaneous measurements of 

the spontaneous emission intensity at 5461 A and the 

absorption coefficient at the same wavelength in a steady- 

state opticaHy-excited system.  Figure 1 is an energy-level 

diagram of the relevant states of the mercury atom, and 

Figure 2 shews the apparatus used in the experiment. 

Ihe 6p  Pj, 7s  Sj, and higher lying levels of mercury 

were populated through absorption of radiation in a quartz 

ceil containing isotopically enriched (89%) 11H
2(1() at a 

few microns pressure together With the doactivatiftg gas at 
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pressures which were varied between 1 and I0(i tor,. 

Surrounding the absorption cell was a low pressure .ercury 

lamp which was excited by several hundred watts of r.f. 

Power at 20 MHz.  A cooling jacket through which distilled 

water was circulated separated the lamp from the absorption 

cell.  The Op 3p] lcvcl W;js ^.^ t|um^h ^^.^ of 

the resonance line of mercury at 2537 A, while the 7s 3S 

level was^excited through subsequent absorption at 4047 X 

and 4358 A.  (The 6p 3po levcl was populated through 

intramultiplet quenching from the 6p ^   level. J  The 

higher-lying 6d 3D and 6d h  levels were also excited 

through absorption of lines in the near UV which terminate 

on the 6p 3P0 levels and which were emitted by the lamp. 

The density of atoms in the 7s -^ level was inferred 

from a measurement^of the absolute intensity of the line 

radiation at 5461 A emitted by ,he column of mercury atoms 

in the ahsorptipn cell.  Similarly, the densities of atoms 

in 6d h  and 6d lD levels were monitored Ln order to determine 

the contribution to the pumping rate of the 6P 
3P2 state 

from these levels.  However, the cascading from these higher 

levels into the 6p 3P2 level was found to be negligible. 

For the purpose of the absorption measurement a con- 

tinuously-pumped tunable dye laser was used to provide a 

probing beam of narrow-band radiation at 5461 A.  The 
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bandwidth of the radiation was limited to less than 100 MHz 

by a pair of quartz etalons located within the laser cavity. 

Tuning of the output frequency of the dye laser was facilitated 

through rotation of these otalons.  The output of the dye 

laser was tuned to the center of 5461 A transition by 

monitoring the absorption of the laser light passing through 

a small cell containing a discharge in Hg200.  Simultaneously, 

the frequency and mode structure of the beam from the laser 

was monitored with a scanning Fabry-Perot interferometer. 

It was found that with careful adjustment of the dye laser, 

the output frequency could be maintained within 100 MHz of 
. o 

the center of the 5461 A transition. 

The technique for probing the absorption coefficient 

of the transition at 5461 A involved splitting the output 

beam from the dye laser into two beams of approximately 

equal intensity.  One beam traversed the optically pumped 

absorbing region while the other served as a reference of 

the intensity of the output from the dye laser.  The two 

beams impinged upon matched vacuum photodiodes, and the 

difference between the signals from the photodiodes was 

displayed on an oscilloscope.  A periodic null reference 

was provided by a chopper which interrupted both light 

beams simultaneously.  The ultimafe detectivity of the 

system was limited by noise which was not cancelled in the 
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difference signal, however the effects of absorptions as 

small as U along the length of the cell could be readily 

observed.  In an experimental run deactivating gas was 

allowed to flow over mercury contained in a sidearm at 

room temperature and into the absorption cell.  Simultaneous 

measurements were made of the spontaneous emission at 5461 A 

and the absorption in the cell, while the total pressure in 

the cell was read from a mechanical pressure gauge. 

THI-ORETICAL CONSIDERATIONS 

The absorption coefficient for radiation at the center 

of a doppler-broadened line may be written as: 

a(vo) = kofN^u - W (2) 

where Nu and N^ denote the density of atoms in the upper and 

lower levels of the transition and gu and g? denote the 

degeneracies of the levels.  The absorption cross section 

at the center of the line is defi ned in terms of the tempera- 

ture and the transition probability, A  , as: 

c3 A 
UÄ 

8™ gn o 6Ä, 
(30 

The second term on the right side of Eq. 2 gives the 

contribution to the absorption coefficient from stimulated 
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emission.  The magnitude of the absorption at line center 

by a column of gas of length L is: 

Abs = 1 - exp (' / afvo'x^ dx) (4) 

Inversion of F.q. -1 gives the absorption coefficient in terms 

of the measured absorption: 

I 
a(vo) = -Än(l - Abs) (5) 

.. 

In Eqn. 4 the integrated absorption coefficient äfv )     is 
o ' 

defined as in Eqn. 2 in terms of Nu and N£, the densities 

of the excited states of mercury integrated over the length 

of the column of gas. 

In the optically-pumped system described above, the 

densities of atoms in the upper and lower energy levels of 
o 

the transition at 5461 A may be related through the steady 

state solution to the rate equation for the lower (6p 3P ) 

level.  This equation may be written as: 

dNJ 

dF = o = ■ "u fui + k'M - N^k^M + f^k^M*.  (6) 

The first term in Eqn. 6 includes the effects of radiative 

decay and possible collisionally-induced relaxation from the 
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upper to the lower level.  In this term the rate constant 

for the quenching process is denoted by k'. and the density 

in the ground state of the deactivating species is denoted 

by M.  The transition probability for the 5461 A transition 

has a measured value of 0.45 x 108sec'M8)  The second 

term in liqn. 6 gives the rate of relaxation of the lower 

state population, with k21 denoting the rate constant for 

collisional deactivation.  The last term in Eqn. 6 allows 

for the effects of a back-reaction of the form, 

Hg( Vo3 + M* + Hg(3P23 + M (7) 

which would tend to populate the lower level.  The energy 

of the excited species. M*. may be in either internal motion 

or translation.  Solving Eqn. 6 for N^ and inserting this 

quantity into the integrated form of Eqn. 2 yields: 

a(V   *    k12M*  ,, 
TTI^  Nl T^- M- = ^u 

u£  + k 
k^M      k (8) 

21  «u 

The second term on the left hand side of Eqn. 8  gives the 

approximately constant absorption due to population of the 

6p P2 level through processes of the type indicated by 

Bqn. 7.  The magnitude of this term may be estimated from 

a knowledge of the temperature of the gas in the absorbing 

igion  and of the density, ^. of atoms in the 6p 3P- and 
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PQ levels.  Treatment of this quantity in the present 

experiment will be discussed in the following section. 

In the absence of the term considered in the previous 

paragraph, a plot of the measured absorption coefficient, 

normalized to the upper state density, versus the reciprocal 

of the pressure of the deactivating gas should yield a straight 

line, the slope of which gives the rate constant for the 

collisional deactivation of the 6p 3P2 level.  Additionally, 

the point at which the straight line crosses the x-axis 

gives the ratio of the collisionally induced rates into and 

out of the 6p P2 level.  This ratio is of interest since if 

it is found to be less than gl/gu   there exists the possibility 
o 

of obtaining gain on the 5461 A transition at a finite pres- 

sure of the deactivating gas. 

RESULTS AND DISCUSSION 

Frbm Eqn. 8 it is evident that in order to obtain the 

rate of collisional deactivation of the 6p 3P? level, the 

magnitudes of tne quantities a(vo), fiu, M, and k must be 

measured simultaneously.  In the present experiment the value 

of a(vo) was obtained from the measured absorption; NT , the 

integrated density of atoms in the 7s 3S1 level, was inferred 

trom the intensity of the spontaneous emission at 5461 A 

from the optically-pumped cell; the density M was obtained 

in terms of the pressure of the deactivating gas; and the 
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absorption cross - sect ion at the center of the dopplcr- 

broadened line was determined directly from a measurement 

of tlie linewidth of the spontaneous emission at 546! A. 

The line profile was resolved with a Fabry-Perot eta Ion 

which had a free spectral range of 3 GHz and an instrumental 

finess of approximately 50.  The measured linewidth was 

500 MHz which (under the assumption that the doppler-effeet 

was the only broadening mechanism) corresponds to a 

temperature of 3250K, the approximate temperature of the 

cooling water which circulated between the lamp and the 

absorption cell. 

The results of the absorption measurements are presented 

in Fig. 3.  The plotted points represent the absorption 

coefficient at line center normalized to the density of atoms 

in the 7s  S1 level at each pressure of the deact rating 

gas.  From the slopes of the lines drawn through each set of 

experimental points the following values were obtained for 

the rates of collisional deactivation at 3250K: 

k21(N2) = 3.0 x 106 sec'1 - torr"1 

k2]fCO) - 6.2 x 106 sec'1 - torr'1 

Tho cross-sect ions correspond inj; to the above rates .ire 
Oo 2 2 

0.1 A  and 12.0 A  (or N2 and CO respectively.  Uncertainties 
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in the measured rates of deactivation arise principally 

from experimental error in the determination of the absolute 
o 

intensity of the spontaneous emission at 5461 A, which 

involved the calibration of the photomultiplier against a 

tungsten strip lamp.  The overall uncertainty for the above 

rates is estimated to be about + 35%. 

Inspection of Fig. 3 reveals that the points at which 

the absorption coefficients cross the abscissa correspond 

to pressures of 10.5 torr and 7.5 torr for N2 and CO 

respectively.  Inserting these values into Eqn. 8 along with 

the values for the measured rates of deactivation yields 

the collisionally induced rates of relaxation from the 

3 3 
7s •S1 level into the 6p  P2 level.  The resulting rates are: 

and 

k'(N2) = 7 x 105 sec'1 - torr"1 + 100%, 

k'(CO) = 4.4 x 106 sec'1 - torr'1 + 60%. 

The large uncertainties in the above figures resulted 

from substraction in Eqn. 8 of two quantities of nearly 

equal magnitude.  As a test of our experimental results 

which would be independent of the probing technique described 

above, a low-loss optical cavity was placed around the 

optically-pumped cell, and observations were made of the 

pressures of the deactivating gases at which laser oscillation 
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began on the 546] A transition.  The observed pressures were 

about St below the abscissa-crossing points given above for 

both nitrogen and carbon monoxide.  From this result it 

was concluded that the actual value of k'(N2) is likely to 

be significantly smaller than the value derived above.  The 

uncertainty introduced by the discrepancy in pressures was 

less severe in the case of deactivation by carbon monoxide 

and the value given for k'(CO) is felt to be significant. 

Using the measured cross-section of 41 A2 for the total 

deactivation of the 7s ^ level by carbon monoxide^ 

together with our value of k'(CO), a branching ratio into 

the 6p 3P2 level of 25% was derived. 

In the preceding discussion it has been assumed that 

terms in Eqn. 8 arising from back-reactions of the type 

indicated in Eqn. 7 did not contribute significantly to the 

measured absorption.  The best evidence in support of this 

assumption lies in the quality of the fit of.   the experimental 

points in Fig. 3 to straight lines.  If the effect of the 

back-reaction were important it would be most pronounced 

at pressures at which the measured absorption was near zero. 

However, no systematic trend away from linearjty was found 

within the limiting sensitivity of U in the present experi- 

ment.  It seems reasonable to conclude then that the effects 

of the back-reaction at lower pressures of th?  deactivating 
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gases where the absorption varied from 10 to Sl)l   were 

ent i rely negligihie. 

An interesting comparison may he made between the 

cross-sections obtained in the present experiment and those 

for the total deactivation of the 6p 'V  and 3P  levels 

obtained in earlier studies.  In Table 1 are tabulated the 

relevant cross-sections together with the energy defects in 

the resonances between the intramultiplet term-value differences 

in mercury and the energies of the most resonant vibrational 

"transitions" in each of the molecules.  In the case of 

deactivation of the 6p ^ level, the energy defects are 

given for both the 3P2 - ^ and 3P2 - 3P0 term differences. 

Also included in Table I are the cross-sections for deactiva- 

tion of the 6p 3P0 level, although the route Cor  relaxation 

of this level is to the 6s 1S0 ground state.  Of note in 

Table I are the dramatic increases in the cross-sections for 

deactivation by both molecules as one proceeds from the 

lowest-lying to the highest-lying of the mercury triplet 

levels.  The enhancement of the cross-sections seems likely 

to be attributable to the opening of additional channels 

by which the deactivating reactions can proceed as the energy 

of the participating triplet state increases. 

The first excited electronic states of both nitrogen 

and carbon monoxide are energetically inaccessible in the 

collisional deactivation process.  It follows then that the 
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products of the deactivating reactions include only vibrationally 

excited molecules in the ground electronic state-.  The 

result of a recent study(3) also incidates that in deactiva- 

tion of the 6p \   level by both nitrogen and carbon monoxide 

the primary reaction route is through intra-multiplet 

relaxation to the Op ^ level.  Under the assumption 

that the branching ratios to the ground state rerrain small 

in the collisional deactivation of the 6p 3I>2 level by 

nitrogen and carbon monoxide, the relatively large cross- 

sections for deactivation of the above level might be expected 

to correlate to resonances between electronic and vibrational 

term differences.  Indeed the thirty-fold increase in the 

cross-section for collisional deactivation of the 6p 3P 

level over that of the 6P ^ level by nitrogen corresponds 

to an almost exact resonance between the 6pC3P  - 3p ) term 

difference and the (2-0) vibrational energy difference. 

Jn the case of deactivation by carbon monoxide the increase 

in the cross-section for the 6p 31»2 level o/er that for the 

6p  Pj level is about a factor of two.  This smaller increase 

might be explained by the smaller difference between the 

energy defects for the 6P(
3P2 - 3P1) and 6P(

3P] - 3
P ) 

deactivation by CO. 

While the importance of electronic-vibrational energy 

resonances cannot be inferred from the present work, this 
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work does point to the need for an experiment in which the 

branching ratios in the 6p 3P2 deactivation reaction could 

he measured.  Such a measurement would complete the knowledge 

of the deactivation routes for ;J 11 three of the 6p triplet 

states of mercury and allow meaningful theoretical models 

for the processes to he developed. 
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ABSTRACT 

Collisional quenching of carbon monoxide by hydrogen 

and nitrogen has been studied in the 100 - 65üüK temperature 

range using the laser excited vibrational fluorescence 

method.  The rate constant for C0-H2 deactivation increases 

smoothly with temperature from 2.6 + 0.3 sec"1torr"1 at 

112ÜK to 170 + 15 sec'Horr'1 at 6230K.  The vibration-to- 

vibration energy transfer results for CO-N2 mixtures 

(exothermic direction) show only a slight  temperature 

dependence from 103 to 6510K with a broad maximum of 

420 + 30 sec  tor^  in the temperature range 300 to 400oK. 

Comparison of our rates with high temperature shock 

tubes results show excellent agreement for the CO-H? 

V - R,T process and only fair agreement for the CO-N- V > V 

exchange process.  This latter discrepancy may be partially 

due to the uncertainties involved in extracting V > V 

energy transfer rates from shock tube data. 

INTRODUCTION 

Several groups of workers have recently reported gas 

phase vibrational energy transfer rates in the 100 to 300oK 

temperature region. (1)  Such studies are of two-fold interest. 

First, low temperature rates are relevant to certain gas laser 

systems, such as CO, which operate more efficiently at tempera- 
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tures near 1(H)0K.  Second, as sample temperatures are lowered 

and kinetic energy decreases, collisional interactions become 

more affected by attractive forces.  From a mechanistic 

point of view, this latter effect permits a more detailed study 

of the intermolecular potential energy between such species. 

Jn cases where low-to-internediate temperature studies and 

high temperature shock tube studies can be made to overlap 

for nearly so), a more complete view of complex collisional 

processes should be realizable. 

In this paper we report the measurement of CO-H2 and 

CO-N2 energy transfer rates from approximately 100 to 650
oK 

using the laser-fluorescence technique. The specific quenching 

processes under investigation are the following: 

k. 
CO-H 2 

CO(y-l) t H2  $■ C0(v=0) + il2 t AH - 2143 cm"1 

. 

COCv-1] ♦ N2(V-0):=äCO(V=0:| + N2(V=1J * Ali =   -188 cm"1. 
k ' e 

Some previous work over the lowla'le and high tempera- 

ture     ranges are available for these systems. However 

the present use of a single technique over a wide temperature 

range provides a correlation between the two sets of 

measurements which was previously lacking. 
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EXPERIMENTAL 

Our CO laser excited vibrational fluorescence apparatus 

has been discussed in detail previously.(^  The only major 

modification has been the addition of a variable temperature 

cell with a working range of l()ü-650oK.  Direct excitation 

of CO(v-O), J = 14 -. v = 1, ,J = 13) is achieved using a 

coincidental overlap (within 0.003 cm'1) with a frequency 

doubled C02 laser transition.  Fluorescence signals were 

detected with an InSb detector and processed through a 

Biomation 610B transient recorder which then relayed 

digitized waveforms to a Nicolet 1072 signal averager. 

The response time of th- entire detection system is approxi- 

mately 0.7 microseconds.  In most instances, signal-to- 

noise ratios exceeded one hundred after signal averaging 

between 256-1024 counts (at 20 cps) .  All C0-li2 mixtures 

exhibited smooth, single exponential fluorescent decay 

patterns and C0-N2 mixtures produced double exponential 

decay, as expected.(6)  Only R-branch emission from CO 

was detected through use of narrow band interference filters. 

Such filters proved necessary, not only to eliminate 

scattered laser light, but also to minimize pick up of 

fluctuations in black body radiation caused by the heater 

circuit in the temperature cell. 

The temperature cell was constructed from oxygen-free 

copper and was 3 cm in diameter by 6 cm long.  Three 
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Ceramasea] sapphire window assemblies wore silver soldered 

in position to provide an entrance and exit for the laser beam 

and one fluorescence viewing port at right angles to the beam. 

The cell was wrapped with 1/H" copper cooling coils (silver 

soldered in place) through which helium (cooled to liquid 

nitrogen temperature) was passed. Heat was supplied by a 

300 watt nichrome wire heater which was also wrapped around 

the cell.  Thermal isolation was achieved by suspending 

the cell in an evacuated metal dewar, fitted with CaF 

windows.  A gold coated glass light pipe was used to channel 

the 1R emission to a viewing window in the dewar. 

The cell temperature was controlled with an Electronic 

Control Systems (HCS) Model 6823 three mode temperature 

controller.  This unit proportionately feeds power to the 

heater coils and can hold and quickly reproduce any dialed 

temperature setting from 100 to f,S(J0K to within + 0.5oK. 

Temperatures were measured using two copper-constantan 

thermocouples attached at different locations to the cell. 

A Doric Model DS-350 digital thermocouple rndicator and the 

HCS  controller provided independent methods of measuring 

temperature.  Both units agreed within 20K over the entire 

temperature range. 

Care was taken to ensure that the thermocouple readings 

recorded on the outside of the coll corresponded to the 

gas temperature inside.  Simple ..libration of thermocouple 

4- 
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junctions at convenient ice, dry ice, and liquid N. 

temperatures proved unsatisfactory in this regard. Precision, 

fine wire thermocouples (0.005" in diameter, insulated with 

«lass sleeving and wrapped around the cell) were selected 

to minimize heat transport to and from the junction through 

the thermocouple lead wires.  This problem becomes acute 

when larger diameter thermocouple wire or insulating 

sleeving is used. Calibration of the thermocouples was 

accomplished by measuring the vapor pressure as a function 

of temperature of selected gases fa)2) CjHg, CIV and CHJ 

inside the fluorescence cell.  This procedure indicated 

that the recorded temperatures were in error by approximately 

five percent of the difference between cell temperature 

and room temperature.  This method gave results accurate 

to + 4 K at the temperature extremes. 

Gas pressures were measured during sample preparation 

using Wallace and Tiernan differential pressure gauges 

CO-20 torr and 0-800 torr).  The calibration of these gauges 

was checked against an MKS Series 144 capacitance manometer 

equipped with  10 and 1000 torr heads.  Agreement between 

the gauges and the capacitance manometer was better than 

one percent. 

Care was taken in sample preparation to maintain highest 

possible gas purity. Samples were handled on a greaseless 
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vacuum line (capable of vacuums to 10'6 torr).  Matheson 

Research Grade CO and N2 and gold label grade II, (impurities 

listed in Ref. 6) were stored under liquid nitrogen for at 

least three hours prior to use.  An initial seasoning of 

the fluorescence cell was performed by heating a mixture 

of CO and either 11, or N2 to ÖOO^K for 12 hours.  Data 

reported here include only those samples which could be 

cycled between 100 and 600oK and still maintain, within 

experimental error, the same initial relaxation time. 

These samples, when left overnight in the sample cell, did 

not show signs of degradation. 

During experimental runs, the fluorescence cell was 

detached from the vacuum line, thus its pressure could not 

be measured.  At temperature settings different from the 

sample preparation temperature, pressures were calculated 

assuming ideal gas behavior.^  This assumption is 

quite good in CO-H?, N, mixtures, even down to 10()oK. 

Calculations based on the virial equation of state showed 

that m   the worst instance for the data presented in Tables 1 

and II the pressure correction due to non-ideality was 

approximately 0.6%.  Confirmation of the reliability of 

calculating pressures in this manner was provided by filling 

the fluorescence cell at high temperatures (see Tables 1 

and II) as well as at room temperature.  No noticeable 

» 
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difference was observed in the rate constants measured. 

RliSIJLTS AND DISCUSSION 

(:Q-H? V   >  R,   T Transfer 

The data analysis of CO(v»l) quenching by H2 and N-, was 

outlined previously in a room temperature study of these 

collision partners.(6)  The V ■>  R,T quenching rate of CO 

by H2 is obtained from observed fluorescent lifetimes usinu 
-1 s 

obs kCO-H2
PH2-  

The C0 Pressure does not enter into 

the above calculation because V -^ V transfer to H2Cv=l) is 

too endothermic to occur (AE = -2018 cm'1) and the CO 

self-relaxation rate(8) is several orders of magnitude 

slower than the CO-H2 quenching rates measured. 

Table 1 lists the experimental data and calculated rate 

constants obtained over the temperature range 112 - 6230K 

in CO-H2 mixtures.  Our results are shown in Figure 1 plotted 

as Deactivation Probability versus Temperature (T"1/3). 

Also shown are the results of Miller and Millikan 

fie) 

1/3 

(la)   A J   and 

Stephenson and Mosburg^^ which cover tne temperature 

range 100 - 300oK, and the shock tube results of Hooker and 

Millikan. (2) The gap between the existing sets of data has 

now been smoothly spanned.  It is evident that three 

basically different experimental techniques yield consistent 

results in overlapping regions. 

Deviation from Landau-Teller behavior does not become 

noticeable in Figure 1 until T < 400oK.  At the lowest 
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temperatures studied, the CO-H2 quenching probability is 

two orders of magnitude larger than predicted by extrapolation 

of high temperature results. Presumably, attractive forces 

are at least in part responsible for this discrepancy. 

Sharma and KerntlJj have shown that long range forces 

exert an important influence in CO-II-, encounters due to the 

near resonant process: 

c:0(v=lj + H2(v-0, j-2) *  CO(v-O) + H2(v=ü, j = 6) + AB = 88 c in -1 

Their calculation has successfully accounted for the 

temperature dependence of the measured rate difference 

between the two spin states in H, in quenching C0.(10^ 

This observation may explain why normal H, (1/4 para, 

3/4 ortho) is 25-30 times more efficient in quenching 

c;ofv=lj than has been found with D2 or He.^
6'11^  Similar 

near-resonances involving direct coupling of CO(v=l) 

to the rotational energy levels of D, do not exist. 

CO N? V -> y Transfer 

Vibrational relaxation measurements were carried out in 

C0-N2 mixtures from 103 - (,S10K (see Table II).  liach GO- 

N? mixture exhibited two lifetimes as expected.  The 

slower lifetime in G0-N2 samples reflects a combination of 

collisional, radiative, and diffusional processes which 

are not easily separated.  Therefore, only the fast 

relaxation time in the CO-Nj, studies has been reported in 
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Table tl.  Rate constants for vihrational energy exchange 

between CO and N2 were determined using: 

and 

Tfast " kePN2 
+ kePco 

ke/k; = cAE/kT(Ali = -188 cm"1) 

The forward and reverse rate constants for V *- V 

transfer between CO and N2 are shown in Figure 2 as a 

function of temperature.  Also shown are the results of 

Stephenson and Mosburg(le) obtained using a technique 

similar to ours.  Exothermic transfer from N.,fv=l) to CO 

exhibits a broad maximum at S00-400OK with k' = 420 + 

30 sec  torr  .  The lowest temperature shock tube results 

are those of vonRosenberg, Bray and Pratt.f3^  Their 

results extend from 960 to 2200oK and suggest a temperature 

independent rate constant of 500 < k' < 1000.  The over- 

lapping shock tube results of Sato et alf4j (1700 - 2700oK) 

and McLaren and Appleton(5) (2200-4000oK) suggest rates 

increasing with temperature with values extending from 

1500 to 25,000 sec^torr"1. 

In contrast to the situation for V +  R,T transfer, 

measurement of V ► V processes by shock tube methods is 

quite difficult.  The first rigorous analysis of the 
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phenomenologica] equations covering V  v processes in 

shock tubes was provided by Sato ot aJ(4) in 196'J.n2) 

The accuracy of these measurements depends to a lar^e 

degree upon the extent of vibrational coupling between the 

two molecular species as both are being shock heated 

(undergoing T +  V energy transfer).  Laser fluorescence 

studies do not have this added complication as only one 

species is initially excited. 

The probability of V -> V energy exchange between N2 and 

CO versus T'1/3 is shown in Figure 3.  There is some 

discontinuity between the laser fluorescence studies and 

the lowest temperature shock tube results.  Our highest 

temperature data (near 650oK) show a leveling of the 

exchange probability at 5 x KT3 which does not extrapolate 

to the shock tube measurements.   Near 10()0oK. this 

probability is (1-2) x 10'4. 

Theoretical calculations of vibrational energy transfer 

fall into two distinct limiting situations.  in the case of 

near resonant V *  V transfer and at low temperatures, long 

range forces dominate and a linear log P01 vs T'1 behavior 

is expected.^)  For large energy defects (V - R.T transfer) 

and high temperatures, short range interactions are most 

important and T1^  temperature dependence is observed. C14 ) 

N2-CO V *   V energy transfer represents an intermediate case. 

At least three separate theoretical approache. towanP; 

CalcuUting NrW V - V transfer ra.es have been undertaken 
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Shown in Figure 3 arc the classifical trajectory calculations 

of Berend and BensonC15) and the recent serai-classical 

calculations of Shin.(]^  Both repulsive and attractive 

terms are included in the intermolecular potential function 

in these investigations.  Standard  SSH calculations(18, 

predict an extremely rapid fall off in transfer probability 

near room temperature, contrary to experimental observations, 

and these computations have not been included in Figure 3. 

None of the published theoretical calculations^15'16»19^ 

satisfactorily accounts for the order of magnitude increase 

in N2-CO V -> V transfer probability between 2000 - 4000oK 

reported by McLaren and Appleton.  However Shin's results 

are in accord with the measured probabilities below 200üoK. 

CONCLUSIONS 

We have measured the temperature dependence of C0(v=lJ 

quenching rates in collisions with ll2 and N2 from 100-650
oK. 

The V ♦ R,T deactivation of CO by Hj begins to deviate from 

Landau Teller behavior near 400oK and at 100oK is about two 

orders of magnitude faster than extrapolated high temperature 

results.  Direct transfer from CO(v-l) into rotation in 

H2rj=2 ► 6) is one possible explanation. 

It was not possible to overlap the present laser fluorescence 

studies in CO N2 V •* V transfer with the shock tube results 

which start near IGOoV  The shock tube results, taken as 
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••. «holo sugKc.S, a moderately rapid decrease in deactivatlc 

Probability with r1".    0ur  rosuUs indic..|te ., ^.^  off 

of tins rate at higher temperatures f65(J0K) .  The lowest 

temperature shock tube results yield exchange probabilities 

approximately two to four times larger than the value we 

measured at 6 5()0K. 
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