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Technical Report Summary 

This report describes research conducted at Cornell University on molecular 

and chemical lasers. The objective of this work has been to provide precise, 

quantitative infomation concerning: the rates with which vibrational and rota- 

tional molecular energy in important laser molecules is transferred to other 

molecules and relaxed by collisions with atoms; the investigation of mechanisms 

in chemical laser excitation and the development of accurate models for impor- 

tant cheüiical laser systems; research on new chemical laser systems. 

The methodology employed consisted of: laboratory experiments utilizing 

laser induced fluorescence to study molecular relaxation and energy transfer; 

double resonance experiments to study vibration to rotation energy transfer; 

chemical laser initiation and pumping by electrical discharges in gases and by 

volumetric heating of gas mixtures with external lasers; literature survey of 

known reaction rates appropriate to the iradelling of a chemical laser system; 

computer code development for selected chemical lasers. 

Specific technical results obtained were: 

1. Vibrational energy transfer rates in the HF, DF, HF-DF, HF-C02 and DF-C02 

systems over the tenperature range 200-350K. 

2. Vibrational relaxation rates of HF(v=l) by H, D, 0, F, Cl,and Br atoms 

at T = 300K. 

3. Vibrational relaxation rates of C02(0001) by H.0,N,F,cl atoms at T=300K. 

4. Vibrational relaxation rate of GO(v-l) by 0 atoms at T=300K. 

5. Vibrational relaxation rates of CO2(010) by C02, N2 and He. 

6. A computer nodel for the CS2-02-He chemical laser. 

7. A nodel for the C^-CyHe CO chemical laser. 

8. Development of a CO v-1-0 pulsed chemical laser. 
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The studies o£ vibrational relaxation by atoms provide the first 

comprehensive data for the HF, C02 and CD lasers. To accomplish this a 

new experimental technique, microwave paramagnetic resonance of atoms. 

was added to the laser induced fluorescence method to enable accurate 

detemination of atom concentration to be made in the low temperature 

region appropriate to laser operation. These results should be extended 

over a range of temperature to assist the development of adequate theories 

to explain these important processes. 

The rates experimentally determined in these studies can be directly 

utilized in the comprehensive modeling that is required for the develop- 

ment and scaling of important high power chemical and molecular lasers. 
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AllPA Final Iteport 

Professor T.A.  Cool 

Two primary tasks have been performed during the period from 10-1-73 

to 9-30-74. Laser-induced fluorescence measurements of vibrational energy 

transfer rates for the I1F, DP, IIF-DF, HF-C02, and DP-C02 systems have been 

performed over the temperature range from 200 to 350oK to extend our pre- 

vious work in the range from 300-7000K. A second investigation has been 

the design and preliminary testing of a sophisticated experiment designed 

to measure vibration to rotation energy transfer rates in IIP. Progress on 

each of these tasks is summarized in the following. 

I.  Low Temperature Vibrational Relaxation Rate Measurements 

The measured rate constants for the IIP, DF, HP-DP, I1F-C02 and DP-C02 

systems are summarized in Table and Figures 1 and 2. This work is in 

preparation for publication in the Journal of Chemical Physics. The rate 

constants and probabilities refer to the processes: 

A. HF-GCL and DF-C02 Systems: 
 k 

HF(v=l)  + C02(00o0)  -^ HP0=0) + C02(0001) (la) 

---► HF(v-O)  + CC^Cni/o) (lb) 

k ' 
C02(0001)  <■ HF(v=0) --> CO2C00o0) + HF(v=l) (2a) 

k 
' "L--> C02(ni/o) + HP(v=0) (2b) 

B. HP and DF Systems: 

HF(v=l)  + DF(v=0)    --^ HP(v=0)  + DP(v=0) (3a) 

k 
C--> HF(v=0)  + DF(v=l) (3b) 
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HFCv=l)  + HFOO   —-> 2IlF(v=0) (4) 

DF(v=l) + HFCv=0) —-> DF(v=0) + IIF(v=0) (5a) 

k' 
~^-y DF(v=Ü)  + HFCv=l) (5b) 

DF(\n=l)  + DF(v=0) -—-^ 2DF(v=0) (6) 

Two important features of the experimental data should be noted.  Figures 

1 and 2 reveal that the probabilities have inverse temperature dependences 

approximately described by the relationship P « T n where 1.25 < n < 2.0. 

Secondly, at the lowest temperatures  (200-2200K) the influence of polymers 

of the HF and DF was easily discemable. The rates for deactivation by 1IF 

dimers and tetramers are very large and dominate other processes in the 

temperature range from 200 to 220oK.  It was possible to separate out the 

contribution from the monomer in each case; the data of Table I and Figs.l and 

2 include only the monomer effects. 

II. Vibration to Rotation I.inergy Transfer in HF 

Apparatus are being assembled for a double-resonance experiment designed 

to measure the rates for vibration to rotation energy transfer in HF. The 

processes of interest are 

HF^l,^) + HF(v=0,J2) -MIF^O,.^') + HF(v=0,J2').      (7) 

Ihe experiment consists of the use of one HF laser to pump the IIFfv^jp 

molecules in less than 500 nanoseconds and the use of a second probe laser 

to monitor the populations of IIF^O,^') and HF(v=O,J2'0 at later times. 

Figure 3 illustrates the experimental technique. The detection of 

R-branch fluorescence in process  (9b)  (below) provides the means for 

..> - 
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TABLE I 

Rate Consta1 t Measurements    for I1F-C02 and DF-C02 Mixtures 

l^ate Constcmts  (10 sec" Torr' ), and Probabilities 
bystem  J einperature 

(0K) 
kll 

4.0 

Pil 

.0061 

Vk12 

2.8 

P +P19 e 12 

.0038 

e  21 

2.55 

P ,+P-, 
e  21 

HF-C02 357 .0034 

HF-CO2 327 4.2 .0051 3.2 .0041 2.8 .0036 

HF-C02 328 4.8 .0070 3.5 .0045 2.7 .0035 

HF-C02 300 5.85 .0081 4.25 .0052 3.3 .0041 

HP-CO, 298 5.45 .0076 4.2 .0052 3.3 .0041 

I1F-C02 280 6.1 .0082 4.1 .0049 3.45 .0041 

HF-C02 268 6.9 .0091 4.95 .0058 4.0 .0047 

HF-C02 250 7.5 .0095 5.9 .0067 4.4 .0050 

HF-C02 225 9.0 .0108 6.7 .0072 5.3 .0057 

HF-C02 208 10.5 .01?? 8.1 .0083 6.2 .0064 

DF-G0o 357 1.15 .00.18 13.5 .0185 1.11 .0015 

DF-C02 328 1.50 .0022 15.0 .0187 1.30 .0017 

DF-CD2 300 1.80 .0026 16.5 .0207 1.60 .0020 

D1'-C02 281 2.10 .0029 -- -- -- -- 

DF-C02 275 2.20 .0030 19.4 .0233 1.75 .0021 

DF-C02 '  250 2.90 .0038 22.8 . 0262 2.10 .0024 

DF-C02 228 3.50 .0044 29.6 .0324 2.80 .0031 

DF-C02 214 3.60 .0044 __ -- -- -- 

DF-CO, 207 4.6 .0053 31.0 .0368 3.3 .0039 
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determination of the HFO^J') population o£ eqn.   (7); that is, 

HFOO.J')  + n0 -> HFOM'-l) (8) 

(where n0 is provided by the probe lajer), 

followed by the fluorescences: 

HFCAKL,^'-!) -MIFCv^O.^'-l) + n0 (9a) 

^IIF^O,^'^) + n0 (9b) 

The apparatus and instrumentation for initial experiments have been nearly 

completed. These studies will be our primary task during the coming year. 
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NOTES 

Vibrational relaxation in HF and DF mixtures 
Roy A. Lucht and Terrill A. Cool 

School of Applied and Engineering, Physics, Cornell University, Ithaca. New York 14850 
(Received 20 November 1973) 

The laser-excited tluoresccncc method has been cm- 
ployed to determine rate constants for vibrational ener- 
gy transfer (K— V,It) and deactivation {V-R, T) pro- 
cesses in IIF-DF mixtures at temperatures from 297 to 
678 CK.   The importance of an understanding of vibra- 
tional energy transfer processes in TIF and DF chemical 
lasers has led to several recent rate measurements for 

the HF and DF systems in this temperature range. 1~8 

Although good qualitative agreement exists as to the 
variations in energy transfer probabilities with temper- 
ature and isotopic composition, there are some impor- 
tant systematic discrepancies between the available data. 
I'or this reason, v/e report here the results of careful 
recent measurements of the rates for the processes 

/ 

k 
HF(ü= l)+DF(('*-0)^lHF(y = Oj + DFC"1" 0) i- A£V 39G2 cm'1 

HF(i; = 0)+DF(y= 1)+ t-.E,,- 1055 cm'1, 

'MI 
HF(w=l)+HF{y = 0)-ü-2HF(j; = 0) -i AAV 3962 cm   , 

DF(y = 1)+ HF(." = O)-^- OF{u = 0) + HF(ü = 0) i AJS„= 2907 cm'1 

0)+IIF(y= 1) h AJS^ -1055 cm"1, 

DF(w= 1)+ DF((;= 0)—'«■ 2DF0' = 0) + tiEv= 2907 cm"1. 

^■m{v = 

*» 

(la) 

(lb) 

(2) 

(3a) 

(3b) 

(4) 

The present apparatus and gas handling techniques 
have been described in detail elsewhere. 1'c,8 HF and 
DF v ere introduced separately into the flow through 

—    c 

1 1 r—r T—r 

Ke.Kl2--ll,O!0.e^^- 

,Ki'K2|=3.';«0 4 

.1 , L L_ -1 

K?2 = l.9'0 1, 

O      O.I      0.2      0.3     0.1     0.5     0.6     0.7      O.il     0.9 

><'DF 
FICI. I. Observed III-' and DK Kiiif.lo c.\i)'.-iirnf:,i.d decaj 
for HK—DF-argon mlxluros at T-'Xll- 2'K as a ruuctlon 
the reduced mole [ruction of JM''; A'IJ;.-- .Vop/tAnf ■ A'm-). 
uii|ie!' curve is for IIF nuorjsconco; llio lower ciuvu to]- 

rUioroscencc. 

i.o 

I  
choked values as described in Ref.  1,   The P/5) transi- 
tion from an IIF chemical laser pulsed at 200 Hz wilh a 
pulse energy of less thaji 0.04 mJ and a pulse width of 
0. 5 fisec F\VHM was used to excite HF in HF/DF argon 
mixtures.   The HF(DF) partial pressures ranged from 
0.10 to 1. b torr; the argon partial pressure was fixed 
at 30 torr.   A cold gas filter of HF(DF) was used to as- 
certain that no appreciable component ( < 2;j) of 2- 1 
band fluorescence was present.   Interference filters 
wore routinely used to separate HF and DF fluores- 
cences. '  Oven temperatures were read to t 3 DK accu- 
racy with thermocouples.8 

TAULK I.   UnU; c;on."t;iiit measurements for mixtures of IIF 
and DK. 

Hate constants (10' sec    torr  ) 

Tomperuluro    /.■ 

2Ü7 

rales ;I-.M 

of 
Thn 

DF 

Ü9Ö 
475 
.-;7n 
OVt« 

'■■u i:.. '/ ... hi <.•;.+/.•,,«//„ 
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-. 2.   Ter.ipei'catui'c dependences for tlio protabilitios few the 
energj' transfer processes of IJqs. (l)-(-!).   ThoprobabiliUes 
P have lieen calculated as discussed hi Ref. S:  A, Ref, 1; *, 

FIG. 

Kef. G; », Ref. 8; o, present .work. 

Li Fis;. i, Liic observed Hi7 ;uul DF single exponential 
'luoiesoencc decay rates (/J'I ) ' arc given for a com- 
plolo range of corapositio.is at the fixed temperature of 
321 ±2   K (/)' is the sum nf ]!F and DF partial pres- 
sures).   The intercepts A aF= 0 and X'nv-- 1. 0 for the 
lower curve (DF fluorescence)  Jve the values indicated 
for the respective rale constant ; k'a + kix and kzz when a 

Similarly, values fur /.',, i A',-, and l;u are obtained from 
the inlorccpls for the II !■'fluorescence decay rates of 
Fig.  1 (upper curve)-   The values for k,. vl'i:. could al- 
ternatively be determined from observations of the rise 
of DF fluorescence; such measuremenls always agreed 
well with those obtained from Ihe decay cf 11F fluores- 
cence. 

The measured rale constants are tabulated in Table I. 
The strong inverse temperature depender.ee of the vi- 
brational energy transfer and deactivation probabilities 
for Processes (l)-(4) are indicated in Fig. 2.   Addition- 
al data obtained in Uns laboratory with three diifcrnnt 
experimental apparatus are included with the present 
data in Fig. 2.   It should be noted that though the differ- 
ent data sets of Fig. 2 arc nicely self-consistent, the 
values of kg+k^ given here exceed other reported val- 
ues5'7 by nearly a factor of 2 at the lower temperatures. 
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"Deactivation ol HF and DF by argon is slow and difficult to 

measure accnratcly.   Tho deactivation rates for both mole- 
cules from the arjjon used here do not exceed 50 and 100 
sec"1 •Torr"'at 300 and G7D°K, respectively (Ref. &); in the 
present data reduction, we luve used the value of C5 
sec"1 •Torr"1 at all temperatures. 
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Tempsmture dependence of vibrcitional relaxation in Jne 
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The hiser excited fluoresccnci: method has been employed to determine r;ite constants for V -> V, R 
oiul V -► K, T relaxation \\V(v = 1) and IJl;(v - 1) by CO, over the temperature range from 295 to 
670"K. The self-dcactivation rates for HF(v = 1) and DF(v = 1) by ground slate molecules and the 
rate of V -► V, R transfer from W{y = 1) and DF(i' = 1) to the CO, (00"1) state exhibit a marked 
decrease with increasing temperature. The results provide additional evidence for the conversion ot 
the large vibrational energy defects of the present systems into rotational motion of the hydrogen 
halide under the influence of a sizable attractive intermolecular potential well. 

I. INTRODUCTION 

Recently much effort has been directed toward the 
development of efficient "transfer chemical lasers" 
based upon vibrational energy transfer to the upper C02 

laser level from various hydrogen- and deutcrium-ha- 
lide reaction products.1   The laser fluorescence method 

"has been applied in several recent studies to the mea- 
surement of key rates for vibrational deactivation and 
vibrational energy transfer tor the HX-COs and DX-C03 

chemical laser systems {X=F, Cl, Br, 1).""' 

Large rates for energy transfer and deactivation have 
been observed at room temperature for these systems 
despite the existence, in most cases, of quite large 
vibrational energy discrepancies between initial and 
final molecular slates.   The large rates for these ex- 
amples have been attributed to substantial energy trans- 
fers to rotation under the influence of sizable attractive 
intermolecular forces.z'3  A valid description of these 
processes has not been achievable within the framework 
of first order perturbation theories based upon the use 
of the Born approximation.   Recent theoretical work 
carried to higher order perturbations, consistent with 
relatively strong multipole moment interactions, lias 
yielded results in good agreement with room tempera- 
ture measurements on the IIF-C02, DF-COa and I1CI- 
C02 systems.6 

In the present work, comprehensive rate measure- 
' meats on the IIF-C02 and DF-COz systems have been 

performed from 295 to G70 "K.   The results exhibit the 
pronounced inverse temperature dependence associated 

" with systems subject to strong attractive interactions. 
An accurate description of the observed temperature tle- 
pondences tor Lho vibrational energy transfer rates 
should provide a sensitive check on successful theoret- 
ical approaches. 

II. EXPERIMENTAL APPARATUS AND TECHNIQUES 

Thi laser fluorescence apparatus and measurement 
techniques used in this work have been described in de- 
tail elsewhere.3•'',8 The following discussion is limited 
to a description of several important modifications 
which have been made to facilitate the present measure- 
ments.   A schematic diagram of the experimental ap- 
paratus is given in Fig. 1. 

A. Laser source 

A repetitively pulsed transverse-pin-discharge chem- 
ical laser was substituted for the chopper modulated cw 
chemical laser used previously.'' The pulsed laser 
utilized a premised high speed (iÜO m/sec) flow of He, 
SFC, and ll.;(n2) to provide laser pulses of approximately 
0.5 (isec FWHM at repetition frequencies as high as 
2000 11/..   The flow direction was transverse (see Fig. 
1) to a row of 80 tungsten pin cathodes spaced 5 mm 
apart and operated with individual ballast resistors of 
250 ohms.   A 6 mm diameter aluminum rod anode was 
positioned parallel to the cathode row with a gap spacing 
of 15 mm.   The discharge was driven by a thyratron 
controlled rcsonai t-charging circuit connected to 10 
discharge capacitors of 250 pF each.   Each capacitor 
fed five discharge pins in parallel. 

A diffraction grating was employed to permit single 
line laser operation.   Both the diffraction gratiiif; and a 
dielectric-coated germanium output mirror were 
mounted internally and purged with dry nitrogen to pre- 
vent the accumulation of ground state IIF(DF) in the 
space between the optical surfaces and the discharge 
region.   The 7^(5) and P,(7) transitions for HF and OF, 
respectively, wer? employed at typical laser pulse en- 
ergies of 0.04 m.J.   Respective pulse repetition rates 
of 500 Hz and 50 Hz represented optimum compromises 
between pulse energy and data acquisition rates for the 
HF and DF systems. 

B. Heated absorption cell 

The fluorescence cell shown schematically in Fig. 1 
was machined from solid nickel.   Cell windows of sap- 
phire were employed to accommodate the passage of the 
laser beam through the cell.   A double window construc- 
tion was employed in which the inner and outer windows 
were separated by moans of an evacuated tube of 1 cm 
i.d. and 15 cm length.   This acted as a heat shield to 
maintain the inner window at the temperature of the in- 
terior of the cell.   Temperatures were read to an ac- 
curacy of -.i 3 "K with a thermoccaple immersed in the 
absorption coll gas flow.   This Ujnrmocouple was 
checked periodically again;;*, a mercury-glass thermom- 
eter inserted into wells located along the cell body.  The 
gases entering the cell were premised by passage 
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FIG. 1.   Schematic diagram of experimental apparatus. 

through passivatcd stainless stool tubing of 3 mm i.d. 
and 2. 5 m length.   The cell contained a plenum chamber 
and flow baltlins to permit uniform heating of the gases 
to the cell temperature before passage into the laser 
absorption region.   The absorption region consisted of 
a cylindrical chamber of 1 cm diameter and 8 cm length 
into which the entering flow was introduced in a laminar 
fashion without recirculation or separation.   The flow 
passed uniformly along the cell axis and was removed 
around the periphery of the window Ihrough which the 
laser beam pht.ercd.   An additional sapphire window 
(sec Fig. 1) was placed at right angles to this window 
to pass fluorescence from the absorption region into a 
gold coated light pipe leading to the detector and in- 
frared fillers.   The light pipe could be filled with IIP 
or DF when desired to act as a cold gas filter.   The flu- 
orescence from HF and DF could be attenuated by a fac- 
tor of about 100 by this means, which demonstrated the 
absence of appreciable 2- 1 band fluorescence. 

Fluorescence was observed with an InSb detector and 
associated circuitry with a time response of 2;i sec. 
Narrow band interference filters3'1 wore used for ob- 
servations of fluorescence from thd CO^ÜO 1) 
- CO2(0000) band and for «-branch fluorescence from HF 
(r • 1) and DF {v = 1).   The high background radiation as- 
sociated with cell temperatures above G00nK dictated 
the water cooling of the filters and the use of a An: Ge 
detector at the highest temperatures. 

The gas handling procedures and apparatus described 
previously3,8 wore employed in the present work.   The 
major impurities (in parts per million) of the gases 
used in this study wore as follows: argon: Air Products 
UHP grade, typical analysis (02<2, V-.<'\, V.0.<1, 
H.,0<3); IIF:   Air Products CP grade, typical analysis 
(II2SiFB = 30) SO2 = 40, H2 = 300); DF:   Merck, Sharp an:! 
Dohme, CP grade, guaranteed minimum isotopic purity 
of fJ<r: ; C02:   Air Products, (O., •■\,:.-1.0, CO<10, CH., 
: 1.4, II20<l.ö). 

A dry ice cold trap was employed in the argon flow to 
mlnlmizo '.he water vapor impurity.   The ItF(DF) was 
purified by repeated trap lo trap distillation between 
77  K and lyii 'K.   In each stage of diöüUaUcm, Ihc mid- 
dle 90'c of the .-.ample was rolained." The distilled sam- 

ple was condensed and pumped on at TV   K in r. ::.,•.•,■ .r v 
residual li., or I),.   Til ■ sample was tiaall'. In". : .a : •. ,•:•. 
U mpcraluro for 3 to'j hours before use.   This <-:\ ;uri il 
thai the sample did nol conlain an excess nonetiuil';! riu::! 
fraction of associated IIF(DF). 

A continuous flow system was employed to minimize 
the effects of surface reactions in causing adsorption 
decomposition, and contamination of the gas samples.3 

The residence time for gases within the absorption cell 
was 0. 2 sec.   The passivation of the cell and connecting 
lines was accomplished by an initial exposure of the en- 
tire system to 600 torr of CIF3 for 24 h followed by the 
passivation procedures previously described.3'0  The en- 
tire process was repeated between HF-C02 and DF-C02 

data sets. 

All measurements were performed with an argon 
pressure within the cell  of 30 torr to act as an inert 
buffer gas to prevent excessive diffusion to the walls and 
to ensure rotational thcrmalizalion of HF and DF.   Typ- 
ical partial pressures of HF, DF and C02 ranged from 
0. 05 to 3 torr. 

111. EXPERIMENTAL F^ESULTS 

A. Vibrational relaxation processes 

The processes of importance in describing vibrational 
relaxation in the HF-C02 and DF-CO;. systems include 
vibration to vibration and rotation (V — V, R) energy 
transfer 

HF(y = l). co;:(oono)::iiF(^ 0) 1 co2(oo03) 1 A/.:„ 
»„' 

: 1612 cm'1 , Ü) 

and the vibration to rotation and translation (V-U,T) 
deactivalion processes: 

HF((^ 1) iCO2(0000)--HF(/': 0) tCOadun'o) FAE,, ,      (2) 

*,. 
CO^OO"    iHF(c-0)-:cO2(nm'o) FHF(y = 0) +AE„,     (3) 

HF(r - 1) I HF(?' =0) i1 UFO-' = 0) F HF(ü = 0) . AK„ 

--- 3952 cm'1 , (4) 

COi,(üO',i) 1 CO2(0000) -• CO,(nm'ü) + CC)2(0Ür'0) + AE., . 

(5) 
Analogous processes apply for the DF-C02 system with 
the vibrational energy discrepancies AZ^.^Söa cm"1 for 
Process (1) and A/i„-2907 cm"1 for Process (4). Pro- 
cesses (1) through (5) are implicitly summed over all 
possible rotational quantum number changes. 

Vibrational doactlvation by the argon diluent is de- 
scribed by tin: process 

IIF(i'= Di Ar--'IH'O'. 0) , Ar i AEU=3962 cm"1 

(G) 

(and an analogous exproslon for DF), and the process 

CO-(üü"l) 1 Ar -'-ICOJnin'o) 1 An AE„ . (7) 

Experiments were performed at high enough prossun H 

that Uie influences of radiative decay could bo tieglcctud. 
Moreover, ti)'.' presence of the argon buffer acted to en- 
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sure tluil roUitioiuil equilibration of II.V and DF wna 
achieved on a time scale short compared to that for vi- 
bralional relaxation.   Wlicn rotational equilibrimn at the 
temperatureT exists, then the forward and reverse rates 
for the overall process (1) (summed on J) are related 
hy the expression 

ItJk'^eM^BjliT) . (8) 

Solutions to the i ate equations for the Processes (1)- 
(7) describing the temporal variations in HF((' = 1) or 
DF(('~1) and CO2(000l) populations in response to a 
laser-induced population [HF]a or [DF]0 have been 
given9'10 in terms of two exponential decay constants 

^i.n = 5 («i + h i [(«! - h)z + 4a2&1]
l/2} (9) 

where 

"i/l' = Ü'e + k^XcOz + 'hiXiir + 'hmXAr , 

bi/l'-'KXur > 

and 

bz/l> = (/.'e h /.'a,) Xllf- + k^Xc0z + kZm XAr . 

Tlie method we have employed in data reduction is 
based upon the determination of the decay constants, \l 

and >-., for limiting cases when the concontralion of one 
of the molecules nF(DF) or C02 approaches zero.3,11 

The expressions for the relaxation times tor the fluo- 
rescence in the limiting cases have the two possible 
forms given in equations (10) and (11): 

(//r)"1 =V/'i8 '■'■iJt'Jl'') when X'IlK(DV,- 0 , (10a) 

(//r)-1 -/.•„! /.■,„(/-,,///) when Xcor 0 , (10b) 

or 

(//r)"' = A'2, vh,n{l>Jl>') when A'HFnjK,- 0 , (11a) 

U>'rrl = k'c + kzx i-k^pjp') when A'C02- 0 . (lib) 

In these expressions/)' is the suns of the partial pres- 
sures of IIF(ni'') and C02; pm is the partial pressure of 
argon; T is the measured single exponential time con- 
stant for the situations described in Table I. 

B. Self-deactivation of HF antl DF 

Measurements were made of the single exponential 
decay of fluorescence from HF(ü = l) and DF'c-l) in 
mixlurcs of HF or DF with 30 torr of argon buffer gas. 
Values of the relaxation rales, (/T)'

1
 , wore adequately 

described by the relationship (10b): 

(^r)"1"/c-1,A
r|,K,);.) (/.'j-.A'; 
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FIG. 2.   TompemturG düpendenco of the jirobability for sotf- 
deactivation of HF: lino li-C,  ßott ard Cohen  Hot. 1 ; line S, 
Solomon, rial-, Rof. J'-'-. lino B, Blair, dal., Flof. 17;  a, 
Airoy and Frif-cl, Rof. 20; o, Hancock and Grecti, Ref. 4; V, 
Blair, et at., Ref. 17; X, AM and Cool, Rof. 11; A, Fried, 
etc!.. Kef. IS;   A, Bolt, Kef. IB; O, Hinchen, Rof. 10; U, 
Stephens and Cool, Ref. o; O, present work. 

Values of l:ln were too small to be accurately measured; 
however, values of '0 sec'1 torr"1 and 100 sec"1 torr"1 

are reasonable upper bounds on kln at 295 and 675 "K, 
respectively, for both HF and DF. 

The temperature dependences of the measured prob- 
abilities for cleactivation of HF(u = l) are presented in 
Figs. 2 and 3 along with the previous measurements of 
several authors. 

High temperature data have been obtained with the 
shock tube by Solomon el al.,12 Blauer et nl.,u by Bolt 
and Cohen,14'15 Bott13 and Blair, cl al. " Boll10 and 
Blair cl al.    have combined the use of a shock lube with 
the laser induced fluorescence technique to obtain data 
for HF cleactivation at intermediate temperatures.   Two 
oilier .studied, besides the present one, have employed 
heated ovens and the laser fluorescence method for 
measurements at tempuracures below 1000 "IC.   Fried. 

~-~~        c' '"''•    have presented measurements c.f HF solf-dcac- 
tivatlon for temperatures from 300 to 730 'IC   Hinchen10 

has measured the duactivation rates for both HF and ])!■' 
in the temperature range from 295 to 1000"K.   Previous 
studies of HF sclf-doactivation near room tomperaturo 
includo the original measurement of Airoy and Fried ai 
350 "K,2" the subsequent work of ?;ephen3 and Cool3 at 
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3i30  K, tlic measurements of Hancock and Green4 at 
20!) 6K, and the results of AM and Cool11 at 300 and 
3iJ0 °K.   Slepliens and Cool3 have given a value for the 
sclf-deactivation rate of DF(v-l) at 350 'K. 

Discrepancies of factors of two exist between mea- 
surements made by the several groups.   Evidently .sys- 
tematic differences in experimental technique exist be- 
cause the discrepancies are somewhat beyond the re- 
spective experimental uncertainties quoted by the vari- 
ous investigators. The most likely .sources of such sys- 
tematic differences would appear to stem from the dif- 
ficulties in precise determination of sample pressures 
and in the minimization of the effects of surface adsorp- 
tion and degassing of IIF and DF.   Hlnchen10 observed 
possible effects of degassing from the cell walls under 
conditions of low flow rates for undiluted HF and DF 
samples.   To minimize these effects, the present ex- 
periments were performed at cell pressures above 30 
torr with a combined gas flow (III-' or DF and argon) of 
0. Oiö mM/sec at a mean flow velocity of about G cm/ 
sec.   These flow conditions approximate the maximum 
flow rate jod by Ilinchon.     Variations in How ite 
up or down by a factor of two had little effect on mea- 
sured ivlaxalion rates except at the highest temperature 
ol G70  K.   At Ulis temperature the apparent doactlva- 
fion rate decreased by ?.0?< (to a value within Ihe prob- 
able error limit shown in Pig. 2) when Ihe flow rate was 
increased by a factor oi three.   At such high flow rates 
pressure fluctuations wore enconotevud •..•Inch made ac- 

^ 

curate rale measurcmeals difficult.   The deactivatiun 
probabilities [or HK and DF obtained in the pro ;■■;■.; 
work are consistently higher at all temperature:; Ui m 
those reported by Ilinchon.   For several reasons coll 
degassing does not appear to explain these discrepan- 
cies:   (a) measured rates of cell degassing for IIF and 
DF at the end of a given run did not exceed 0. 030 ton/ 
min even at the highest cell temperatures, (b) linear 
variations in C/)-)'1 with XHT(nF) were observed for all 
HF (DF) mole fractions i0^Xl[F(T)?ts.Q.i), (c) the in- 
tercepts for A',(F(DK)~ 0 did not exceed 100 sec"1 ton--1 

(d) the discrepancies do not increase markedly with cell 
temperature. 

While the discrepancies among the various data shown 
in Figs. 2 and 3 are probably not unreasonable for mea- 
surements of this nature, perhaps some of the differ- 
ences can be resolved as more experience is gained with 
the use of the various techniques. 

C. Vibrational energy transfer and tleactivation in the 
HF-C02 system 

The transfer of energy from. HF(ü = l) to the CO2(000l) 
upper laser level is believed to occur primarily by Ihe 
single-step mechanism of process (I),3 rather than by 
an initial coupling to the CO2(10ni) or CO2(02"l) levels 
as was initially suggested.81   Evidently energy transfer 
to rotation of HF noon recoil results in an over-all in- 
ternal energy discrepancy for process (1) which is sub- 
stantially leas than the vibrational energy defect of lfil2 
cm"1. 

For the 1IF-C02 system, the value of /.■,[ is always 
sufficiently large compared to values for the sum-; l:e 

i /I'U and A'c+Ztgi thai r^ >b2 for all mixture compositions 
and coll temperatures.   Moreover, the largo vibrational 
energy defect for process (1) ensures that («, -/)2!' 
»4flaii1.   Thoroforo, measured values of (j'';)'1 vary 
linearly with the composition of HF-COj mixtures and 
exhibit the limiting behavior for small mole fractious 
specified in the first column of Table I. 

The experimental procedure followed here consisted 
of two parts.   In the first case, fluorescence from 
UFO'   1) molecules was monitored to determine the var- 
iation in the fluorescence decay rate, (//r)"1, a.; a func- 
tion of the reduced CO, mole fraction, X'co.& A'cu / 
UHF I A'(:(J.   The intercepts at A'^-ü iu-.d A'co2 = l of 
such data plots yielded values of kn + kiaU'm/l'') and 
/.;.■!/.■,:, i/.'i,,(/',,//''), respectively.   Secondly, the decay 
of fluorescence from CO2(000l) molecules v.as monitored 
to establish the variation of the CO;.(üfjnl) deactivatiun 
rates, {h'-.Y1, as a funcUon ot the reduced CO, mole 
fraction,  V',,..   In this case the respective intercepts 
at A'co 

: 0 and Xa0n= I provided values for the quanti- 
ties Av'-i /■•,, i l-i:A!'.?!'') and h,-,; //..//V//.'). 

Fig. ■' shows relaxation rate d'ita for (lie decay nf 
IIF(/'- 1) molecules as n function ot the reduced mole 
fraction, A'co > for temperatures rangln;1, from 207 to 
(170 "K.   The lino drawn at 350 'K corresponds lo the data 
previously presented by Stephens and Cooi.3 The solid 
data point-; at A'co,: 0 :"'o the values of /.•„ «/.',, i (/',„//»') 
>:/.•,, obtained fi tin IltS ot liu: 
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FIG.  !.   Observed HF fluorosconoo decay rates for HF-C02- 
ar^ou mixtures for several temperatures ns n function of tlie 
reduced mole fraction of CO2; ^coi^^coy'^iir'1 ^COJ)- 

'HF(f = 1) fluoresconcti in HF-argon mixtures.   After Kub- 
traction of a small correction for the (/'„//''K'is, term,22 

the intercepts of Fig. 4 yield values for the rate con- 
stants A'n and /.•„ i- /;,, as a function of tempprature. 

Values for' the rate constant sum, l!'e+kzl, were ob- 
tained from CO2(00nl) fluorescence decay data.   The 
data reduction procedure is illustrated by consideration 
of the data of Fig. 5 obtained at the temperature of 
500 ■'K.   Because l;Zn(j>n/l>') was not negligibly small and 
since /'„/// varied from point to point, each data point in 
Fig. ö had to be individually corrected before an ac- 
curate value of k'e + kn could be deduced from the lett- 
hand intercept.   Initial data reduction was accomplished 
with use of the published values83 of kZm and k.u for nor- 
malization of the relaxation data to a mean value of /;,„/ 
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FIG. G.   Same as Fi^. 5 af'.er normalization for eilcots of 
deactivation by argon (see text). 

/>'.   The retiults of such normalization for the data of 
Fig. 5 to a value of l>m/t>'= 18.0 arc given in Fig. 6. 
Notice that the right-hand intercept of Fig. 6 is about. 
50% higher than the value of 3730 sec'1 • torr'1 expected 
from the published values23 of k^ and kZm.   All C02 flu- 
orescence data at other temperatures for both the I1F- 
C02 and DF-C02 systems c;diibitod similar discrepanciec 
with tlie expected values for the right hand intercepts of 
such data plots.   Impurities in the argon might explain 
this behavior; cell degassing could not contribute enough 
deactivation to account for these observations.   In any 
case these discrepancies were not of serious concern 
since they were always small compared to the magnitude!: 
of the measured rate constants and could not have in- 
troduced appreciable uncertainties in the results.   Data 
similar to those of Fig. 5 were obtained at other tem- 
peratures ranging from 297 0K to 670 "K; in all cases a 
linear variation in the relaxation rate with A'co was ob- 
served and values of k'e+kzl were deduced at each tem- 
perature from the value of {/''7)"1 for A'co^-O after cor- 
rections for the /.'2w(/'„//>') term were made with the kz, 
values of Stephcnson el al.2'1 

D. Vibrational energy transfer and deactivation in the 
DF-C02 system 

The decay of DF(w = l) fluorescence obeyed the rela- 
tionships (10a) and (10b) for limiting cases .V',)F-0 and 
■^coj,"""0» respectively.   A substantially linear variation 
of (A'T)"

1
 with composition was observed at all tempera- 

lures as is illustrated in Fig. 7 for data taken at ?.i)9 "K. 
The intercepts from such data plots were used to deter- 
mine the temperature dependences of the rate constant-; 
/.•„ and/.•.. 1/.•!;.. 

The dependence of the relaxation rate, (/»'r)"1, for the 
decay of c;O..(00',l) fluorescence upon the reduced CO,, 
mole fraction, X'COi, was determined for several tem- 
peratures ranging from 29/ to 070 "K. . In contra.t to 
the linear dependence (sco Fig. 5) found at all tempera- 
tures for the IIF-CO2 sy:;1, m» " pronounced nonlinear 
variation of (//T)'

!
 with .\i(u was obsorved for all tem- 

) 
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FIG. 7.   Observed DF fluuroscenco decay rales for DF—C02- 
ai'gon mixtures at 299'K n.- ;i [iinclio;i of the reduced molo frac- 
tion of CO,,; XJ.0;,- xc0/(xnF. + xC02). 

pcraturos above 325 0K for tho DF-CO;, syslom.   Fig. 8 
illuslnitcs lliis nonlinear bcliavinr for the data taken at 
7'---470 0K.   Tho relaxation data of Fig. 8 have been nor- 
malized to the value (/jm//)') = 12. 0 in the manner dis- 
cussed in cnmicction with Fig. 6. 

The explanation for the curvature of dala plots typified 
by Fig. 8 ).': found by consideration of the magnitudes of 
the several rale constants of Eqs.  (9).   For tho DF-CO;, 
system the present measurements indicate that ('.','■>/'B1) 
>/.'il for all temperatures investigated here.   In contrast, 
for the I(F~C02 system the large value of /v'n ensured 
that the above inequality was reversed at all tempera- 
tures investigated.   Examination of Kqs. (9) reveals 
that for the DF-CO;. case h.Jl> becomes larger than ajl> 
for sufficiently small values of A'^.,,,; however, for the 
JIF-COo case the relationship ax < bz holds at all values 
of A'co •   Therefore, the relationships (10b) and (Ua) are 
applicable to the analysis of the decay of CO2{000i) flu- 
orescence from DF-CO;, mixtures; for TIF-CO;. mix- 
tures the relationships (10.0 and (10b) are applicable, 
as has been slated. 

The curves shown with the data of Fig. 8 indicate cal- 
culated variations of the decay rate \z/j>-(l>'r)'* for 
three different assumed values of the rate constant sum 
/.',' +A'^.   An effective value of Av,,. - 105 sec' •torr    was 
used in the calculations to force the calculated curves 
to fit the measured right-hand intercept [(/»'T)"

1
 =2800 

sec'1 -torr'1] rather than the intercept f(//T)'r=2260 
sue'1 • torr'11 calculated witli the value of k^ = 140 
see"' .torr'1 of reference (23).   The solid curve gives a 
b.'-i fit with the experimental data for the value /.■' f/.v, 

;•;. i • 1()! sec"' 'torr'1.   The upper and lower dashed 
curves are tor /;' i K,-3.4>. Kr see"1 •torr"1 and 2.8 
xlü' sec"1 • torr"1,  respectively; these curves represent 
roaHonable upper and lower bounds on A',.' A,

il.   'j'iie un- 
certainty concerning tho right l\and Intercepts of data 
plo!« like that of Fig. 8 did not have an important effect 
(,■!; Hie ultimate selection of values for the rate constant 
sum /■'. i A.-.i i'>t all temperature:, inve.-stii'.aled.   Tlie larg- 

est uncertainly in 1.'., A',, arising from liiis cause oc- 
curred for the data taken al Uie highest K mpi r.iture LI! 

G70oK and v/as estimated to be t 10  . 

E. Summary of rale constant measurements for the 
HF-C02 and DF-C02 systems 

7. Deactivation of HP and DF by C02 

The measured probabilities for vibrational deactiva- 
tion of IIF or DF by tho processes (1) and (2), with tho 
combined rate constants Ac + A',,, are given as a function 
of temperature .in Fig. 9.   Tho previous measurements 
of Hancock and Green'1 at 294 0K, Stephens and Cool1 at 
350 0K, Aircy and Smith21 at 300 0K, and Bolt35 are also 
indicated in Fig. 9. 

For the DF-C02 case a simple comparison of the 
magnitudes of the probabilities of Figs. 3 and 9 indicates 
process (2) is negligible as compared to process (1). 
That is, the rale constants, A'u> for seU-doaclivalion 
of IIF and DF ought to greatly exceed the rale constants, 
A'!-,, for deactivation by process (2) because of the rela- 
tively weaker interaction in tho latter case.   Thus, the 
inequality /.•„ \-hii-/in<ke<ke+li12 can provide useful 
bounds on the true values of A'c for tho DF-CO, case. 
The bounds on the values of /.•„ and /.•' inferred in this 
manner are summarized in Table II.   Table II indicates 
that the V- V process (I) entirely dominates the V- H. 
T process (2) in the DF-CO, case. 

Unfortunately, however, for the IiF-C02 case the val- 
ues of A'n are so large that the above inequality is not 
useful and it is difficult lo estimate the contribution of 
by, to the rale constant sum, A'1, + A,

12. 

A pronounced inverse temperature dependence of tho 
deactivation probabilities is evident in Fig. 9.   This 
dependence cannot bo represented in a simple fashion; 
however, if the probability wore to be expressed as 

if. T T 

k^.k,,, (IO'' soc"' torr"1) 

i.-', 

o  - J I... L 
0       01       OT. or. 

..I l l  
0.7     03      00       l( 

x; CO, 

FIG. B,   Observe i COi fltmn ■ cenco rlocuy rain • for lite IHIUM- 

iljigcs of relaxation for UF—C.'n2-nrgon mixtuivR :!l !"0 K ::-: :> 
fuiiclion <:'. I!:-- redutied run!., fraction cl CO;:  '''[■i).   "\-r..'<."■.■;,.■ 
' '''ci..); ('!. I'"' ' '"  il''"' '-"'■' ,u v' decay. 

J. Ch.tn. 1'iisi., Vol  BO, Nu. 3. I Fcbru.! 1974 

mm 



i  " r 1 r r i T 

;..        HX(u=l) ,002(00-0)—HXa^Ol^CO^ntn'o) 
r- — HX(" = 0).CÜ.-.(00"I) 

10 

300    400 ~Ö00     600  ToÖ    800 ~90Ö~iÖOÖ"lwo 

TEMPERATURE    (0K) 

FIG. U.   Tompornturc clcpemlunoo of tlio probabilUv for dcnrti- 
vahon o  HF and I,K by C02 by processes ü) and (2)  v s ' i c , 
and Cool. Hof. ,- o, DF-C02. Airey and Smith. LL £?* 

.r>r-C02   prcsoutworlvi □. HF-C02. Bott. R0f. 20; O, riF-CU. 

Cool   Her: ' ' prOSCntwork: a' m~c02. Stephens änd 

{"XT-" then vakios of n would vary from about I at 
300 K to less than ,' at 650 r,K. 

2.  Doactivation of C02 ^00°7; by Wand DF 

Rate, constants for doactivatlon of CO,(0ünl) molecules 
by III and OF have been previously KU'cn by Chang   el 
nl.   Hancock and Green,4 and Stephens and Cool.^For 
the IIF-C02 system K+kzl*kZV) and thus doactivatlon 
measurements yield !:„ directly.   i„ the DF-C02 case 
/.■, may bo estimated with reasonable accuracy (see 
Table II), and therefore the contrl, itUm of kz. to the 
measured overall rate of deactivr ion can be determinc-d. 

Measured probabilities for deactivalion of CO2(000l) 
by process (3) for IIF and DF are presented in Fig   10 
along with Die results of the previous measurements 
Here again a marked decrease in probability for cleacti- 
vaUon accompanies a temperature increase over the 

mnLK [I.   noundson the values of he and h[.. 

U'inp-.ü-niyrü 
( K) Hale Constanl i (DF-COjl 

'■:■ ■'■!. 

'■"•.u.-.v, 
lli.o i;; 
i i.n. 2.n 
n.-, i2.r, 
H.V !.!.(! 

(10' sec-' lorr-l 

11      /-..:   17.2 
B..'): I:'   11.2 

i.i ■/.•;.• i.o 
l.::- /.•;• l.s 
l.C- /.•'■ 2..'I 

l.-V   /.■'. 2.<, 
fi-»- '.;.• U.V       l.d: A-;- 2.8 
(;.':'-   /.'„-■ U). )          J.il     /.' ;;   (, 

temperalip.e range investigated. 
^ 

AU oi the raie constants and associated probabilities 
ofthe present work given in Figs. 2, 3, 9 and 10 are 
summarised along with estimated error limits in Table 

iV.  DISCUSSION 

The primary interest in the present measurements 
hes m what thoy reveal concerning the nature of the 
intcrmolocular potential for HF-C02 and DF-C02 col- 
lision pairs.   Evidence has been cited3 for the existence 
of moderately deep attractive intermolccular potential 
wells for the HF-C02> DF-C02, HCI-C02 and DC1-CO, 
systems.   Conceivably these systems are similar to the 
HX-h>. systems in which forces of a hydrogen bondin- 
nature, strongly sensitive to intermolccular orienta- " 
tion, are thought tu be influential in energy transfer 
processes. 2°^ That is, because the electron charge 
dis nbution in C02 is strongly localised in the vicinity 
of the oxygen atoms57 the collinoar configuration 
F-H- • • 0=:C-0, with the hydrogen atom adjacent'to an 
oxygen atom, may posses an associative potential min- 
imum.   The opposite collinear configuration, with the 
fluorine atom centrally located, should lead to an es- 
sentially repulsive interaction.   At low temperatures      ' 
and for collisions with impact parameters small enough 

T     r— r f— 
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u, A. Liicht ami  I, A. Uioi. ViUraiional rolaxatinn m III-, {): , lli   v.O, umi ül   C/J 

II!.   Summary of mU' coaslunts ;uirl |it'(ibubilili( 

System Tuir.iu •raUu-c CK) Kate coastai ts (Urs ■c"1 toi-i-1), i ncl pi-obab Uli'-.-,'1 

kn I'n V*i- /'c1'1.- /..,, 'hi 

DF-COj 2D9 2.7:10.3 0.0033 24. 0 ■■ 5 0.0.10 2.G±0.5 0.003'.; 
1)K-C0, 325 2.1i0.3 0.0030 19.0 1 3 0.02-1 2. 2 ±0,3 0.0028 
l)l'-C'Ü2b ;i.:".ü 2.0i:0.2 0.0030 17.2 !2.5 0.023 1.9 tO.'l 0.0025 
DF-COn nun 1.2:10.3 0.001.3 14. G t2.5 0.021 1.5i0. ! 0.0021 
DF-CO2 -173 0.87d 0.2 0.0015 11.7 (2.5 0.0 is 1.2 ±0.3 0.0019 
DI'-COj öGI; 0.77 ±0.10 0.0015 9.7 1 2.0 0.01c 1.0 fc0.2 0.0017 
DF-CO2 G70 O.G'IJO.II 0.0013 8.Gil.5 0.0 Ui 0.8 ±0.2 0.0015 
HI'-CO-, 2lJÖ 8.410.7 0.0117 7.0 1 0.5 O.O0S5 4.7 i0.5 0.0057 
UF-CO, 32-1 6.7i0.'l 0.009S 5.0 + 0.4 0.0002 3.7 ±0.5 (.'.0047 
HF-COj.1' 330 5.2 t 0.3 0.007S 3.G-.t0.3 0.0017 3. Or 0.5 0.001G 
IIF-COj 120 3.9:i:0.'l O.OOOG 3.1!: 0   3 0.0011 2.7±0.'; 0.0039 
IIF-C02 000 2.8i0.4 0.0053 2.2:1:0.3 0.0035 2.0i0.4 0.0031 
HF-CO, GS0 2.4-10.4 0.0010 2.0 ±0.3 0.003! 3.4 + 0.3 0.0024 
HF-COu G70 2.0:t0.4 0.0011 1.8 ±0.3 0.003! 1.1 ±0.2 0.0020 

aTlio probabilities, P, have been caloulalccl from the relationslnp iPM/.'/wydrfi + rfj)2, where rf] and 
di are tlio molecular diameters; h is the moasured rate constant (sec-1 • ton"1); n is the numbor 
density of molecules (cm"3 • torr"1); and v is the average speed of approach between molecules of a 
given pair.   For [IF and DF a collision diameter of 3.0 A has been assumed; collision diameters 
of 3.3 A have boon taken for 11C1 and DC1, and a value of 3.9 A has been taken for CO.,, see J. O. 
Itcrshfelder, C. F. Curtis and !l. 1',. lllrtl, Utolccvlar Tlicoty of Gasen and Liquids Wiley, Now 
York,  1951), 1 •-,. 597, 1200. 
fcSeü fief. 3. 

^ 
Iti.'S 

to come under the influence of a short range potential 
with such teaturps, tltere would be a tendency Cor inter- 
moledular alignment in the relatively stable hydrogen 
bonded configuration.   At larger impact parameters 
whore the intormolocular electron charge overlap is 
negligible, the interaction potential would be dominated 
by interactions between the transition dipoles for 11F 
and C'Oj, and by the interaction between the permanent 
cllpole moment of IIF and the qaadrupoU; moment of 
CO.,.6 

There would appear to be three possible sources for 
the observed existence of an inverse temperature rela- 
tionship for the transition probabilities for the Ilt''-C02 

and nr'-CX)-. systems at low temperatures: 

(a) At large impact parameters, in the region of 
validity of perturbation calculations based cm the Born 
approximation, an "impact parameter" or "straight- 
line-trajectory" approach leads to a thermally averaged 
transition probability for near resonant energy transfer 
Uiat decreases with increasing temperature indepen- 
dently of tht! precise nature of the interaction poten- 
tial.21 

(b) At moderate impact parameters, somewhat larg- 
er than the hypothetical classical distance of closest 
approach for zero impact parametLV, the attractive 
portion of oven, a spherically symmetric (orientation 
averaged) interaction potential can lead to transition 
prohabllitios with an inverse temperature dopenclence.89 

(( )  The short range anisotropy introduced into the 
inlcrinolecular potential by the hydrogen-bonding inter- 
action could introduce a tendency for a favorable align-' 
meni tor b ilh V-   V, R and V- U,T energy transfers at 
lo .■ temperatures and small impacl parameters.30 

That is, vibrational energy transfer will be faciUtaled 

when the collision occurs with the hydrogen atom 
caught between the massive F atom and the C02 mole- 
cule.3    Moreover, energy transfer lo or from the ro- 
tational motion of IIF would be expected to be efficient 
because of the highly anisotropic nature of the intcr- 
molecular potential for molecular orientations near 
the hydrogen bonded configuration.2B These effects 
should bo important for the small to moderate impact 
parameter collisions outside the region of validity of 
the impact parameter first-order-perturbation theories. 

The temperature dependences of vibrational energy 
transfer and dcactivation processes for the HCl-COg and 
DCI-CO2 systems have recently been determined in the 
range from 300 to 510 rK by Stophenson, ct al.z  The 
vibrational relaxation probabilities for the IfCl-C02 and 
DCI-C02 systems are compared with the present results 
for the I!F-C02 and DF-C02 systems in Figs. 11 and 
12.   The V--V transfer probtibilities of Fig. 11 corre- 
spond to energy transfer in the exothermic direction [or 
the processes 

f,, 

IIX(c = 1) + CO2(G000) ~ IIXCI' = 0) 1-CO,(ü0nl) 1- AK, , 

(12) 
with respective vibrational energy defects of AE1)~.IG12 
cm"1,  D^a cm'1, 537 cm"1 and --25?; cm"1 for HX--=HF, 
DF, HCl, andDCl.   For the HF-C02 case the probabili- 
ties of Fig. 11 correspond to the measured values of /.',. 
-1 /.'ia which provide only an upper bound o:. the V— V 
transfer probability for process (12). 

Dillon and Stephenson0 have recently developed a 
sumiclassical «th-order pei-turhatioii theoretical ap- 
proach which appears to provide very satisfactory pre- 
dictions of the probabilities for the V-• V, It processes 
(1).   The theoretical probabilities for the HF-C02, DF- 
CO;., and HCl-COj systems calculated in feference (ü) 

/ 
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KTG. J1.   Coinpta-lson of the tcmpomUu-C! dopencieuccs of tho 
V-- V,  R trjinrjer probabiiUles for iiroccsn (i:-!) for the 1IC1-C0;, 
DCl-COj, Ilf-COa and DF-C02 systems: A, HC1-C02, Stephen- 
son, ctal-. Kef. 2; Anci-CÜ2, Stephonson, rial., Kef. 2,0, 
HCi-f'Oj. thcoi-i of Dillon and Stephonson, Rof. (I; a, lll'-CO,. 
Stephens and Cool,  Uef. o; O, IIF-CO;,, present v/oi-k;  O, 
IIF-COj, thenry of IJillon and Stephonson, Kef. (i; M, Dl''-C;u2, 
Stophont..and Cool,  uef. 3; O, DF-CO,., iirosent work;  <>, 
DF-CO,, theory of Dillon and Stephonson, Ref. G. 

arc included witli the oxperimontal dula of Fig. 11.   Cal- 
culations arc not yet available for the DC1-G02 .system. 

An important feature of the data of Fig. 11 ir; the 
abrupt increase in V-V.R transfer probability as the 
temperature decreases from 400 to 300 eK for the TIF- 
C02 and rJF--C03 systems.   Approximate calculations by 
Dillon and Stephonson32 for the HF-COj, and DF-C02 

systems in this temperature range do not indicate the 
large decrease! in probability for increased temperature 
exhibited by the data in Fig. 11.   Nevertheless the 
agreement between experiment and theory shown in Fig. 
11 must be regarded as quite good.   The theory while 
perforce containing computational approximations is in- 
clcpeudent of afl h.oc choices of molecular parameters. 
This agreement lends support to the notion inherent in 
the theory that the U-ansition probability Is approximately 
proport.icmil to the product of the sciuaml dipole malrb: 
elements foi the vibrational transitions involved. 

The (heory of Dillon and Stephenson describes the V 
cractioi; belweeii IFX and C02 as n combination 
id It- R transfer effects.   The V- V transfer 
ed for in terms of a dipole-clipole transition 
itcniclion; the R--R transfers are described 
anent momunt interaction between tiie clinolc 

-V, Ri 
of V - V 
is accoi 
mornejii 
by !i pei 

moment of IfX and the ciuadi-upole moment of CO,.   Tiie 
small perturbation approach based upon use of the tiorn 
approximation followed previously by other aiaiiors:-"J,3:i 

has been discarded in favor of a more appropriate de- 
scription for the relatively strong interactions of pres- 
ent interest.   Recognition has been given to the impor- 
tant role played by multiciuantum rotational transitions in 
minimizing the overall conversion of internal es   rgy in- 
to translational motion.   In the Dillon and Stephonson 
approach, a proper calculation of the probability for a 
transition between initial and final states must take ac- 
count of the efficacy of the time-dependent intermolecu- 
lar potential in inducing an ordered sequence of virtual 

transitions along a multiquantum path of intermediate 
rotational states.   The results obtained with the now 
theory provide a remarkable improvement over the first 
and second order perturbation theories of multipole mo- 
ment interactions of Sharma33 which have been discussed 
in connection with IIX-C02 systems by Stephenson, el 

The Dillon and Stephenson theory incorporates the 
first two of the throe explanations offered above for the 
existence of an inverse temperature dependence for en- 
ergy transfer probability. That is, the important con- 
tributions to the probability come from »th-order inter- 
actions that are near resonant and involve an anisotrop- 
ic long range potential; moreover, the temperature de- 
pendence assocatcd with curved trajectories at modor- 
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l-ir;';e impact parameLers was included .since Ira- 
!■:..; Worc calculated witli n sphericully syramclric 

polential with an attractive portion (Lonuarcl-Jonos). 
However, the calculations did not include the effects of 
short range anlsolropy in the intermolocular potential 
and this may be the reason thai the calculations do not 
adequately predict the steep inverse temperature de- 
pendence observed in the present experiments. 

Further evidence for the existence of strong attractive 
intermolocular forces in the HF-C02 and DF-CO2 sys- 
tems is given by the V-R.T relaxation data of Fig. 10 
which are replotted in Fig. 12 for comparison with 
the IICl-COa and DCI-C02 systems.   The probabilities 
for HF and DF refer to the process (3) with rate con- 
stant l:n.   The probabilities for the HC1-C02 and DCl- 
C02 systems of Fig. 12 refer to the upper bounds on kzi 

given by Stcphenson, ct al.2 

A strong inverse temperature dependence is again 
evident for the deactivation of CO2(005l) by both HF and 
DF, whereas a slight increase in probability with in- 
creasing temperature perhaps exists for deactivation by 
IIC1 and DCl.   The lesser rate of deactivation by DF 
than that for HF suggests energy transfer to rotation of 
the collision partner.   The deactivation by HC1 and DCl 
does not give as clear evidence of this, although it 
should be emphasized that the HC1 and DCl data are only 
upper bounds for the actual values of .'.'a- 

Bemiempirical models of various types have been 
used to explain the qualitiativc features of the self-de- 
activation of IIX-HX collision pairs.14'""3''  An impor- 
tant feature of these models is the inclusion of a sub- 
stantial attractive intermolecular potential well to ac- 
count for the observed temperature dependence of de- 
activation probabilities.   Bcrond and Thommarson30 

have employed an interaction potential designed to ex- 
plicitly account for hydrogen bonding in the HF and DF 
systems.   Shin31 and Eott -and Cohen1' have accounted 
for intermolecular attraction in terms of a dipolc-di- 
pole interaction.   None of these theoretical results 
have been included with the data of Fig. 2 and 3 because 
comparisons of theory and experiment have been ade- 
quately discussed elsewhere. 14,:l0,3'!   A similar approach 
has been followed by Shin35 in calculations of the deac- 
tivation of COa by HF and DF.   The calculations arc 
compared with experimental results in Fig. 10,   The 
theory does not appear to offer a good description of the 
deactivation processes as Fig. 10 indicates.   The cnief 
difiiculty is that the observed temperature dependence 
of deactivation probabilities is not reproduced in the 
calculations. 
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Vlbrational Deactivatioii of ^■blccules by Collisions with Atoms 

Professor Wolga 

'Die two experimental systems we have constructed for the purpose of 

measuring deactivation rates of riF(v=l) and 00^(00°!) have been described 

in previous reports. During this conti-act year we have finished the exper- 

imental studies of HF(v=l), DF(v=l) and GC^COO0!) deactivation at room 

temperature by a variety of atomic species. We shall discuss the individual 

measurements in separate sections below. 

Atom Deactivation of HFCv^l) and UPCv^l 1 

Our data is summarised in Table I below for HF(\-1) and DF(v=l) at T=300K. 

Table I 

X k,-HF (sec"1-Torr-1] 
X 

k -DFCsec^-Torr"1) 

oc3P) 1.0 ± 0.2 x ID5 2.5 ± 0.7 x 105 

FC2P) 0.9 ± 0.2 x 104 2.1 ± 0.4 x 104 

C1(2P) 2.4 ± 0.5 x 104 6.6 ± 1.0 x 104 

H(2S) < 0.5 x 103 

D(2S) < 1.5 x 103 

Br(2P3/2) 1.0 ± 0.5 x 106 

'ihe entries in tlie DF column for H and D deactivation were not studied 

because of the very slow deactivation of IIP and our belief that no significant 

change is expected for DF. Several experimental runs were made, however, on 

the DP-1I system to check this hypothesis. No discemable change in the DP 

self deactivation rate was observed and we therefore did not complete this 

wmm 
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data with extensive experimentation. 

Several features of this data should be commented upon. 

1. In all cases where comparison is possible DF(V=1) was deactivated more 

rapidly by the same collider than was IIF(v=l). This is contraiy to what is 

expected for conventional V ^ P}T deactivation. We are therefore led to 

consider other energy loss mechanisms. 

2. Deactivation by oxygen and halogen atoms was very rapid and 1-2 orders 

of magnitude faster than deactivation by H or D. A principal difference 

between these two sets of collision partners is that 0, F and Cl possess 

orbital angular momentum degeneracy (L > 0)while II and D are in S states 

(L = 0). Niki Lin has from analysis of molecular vibration data and his 

calculations postulated that a vibronic mechanism may lead to rapid deact- 

ivation when the collider has orbital angular momentum degeneracy. The 

mechanism he proposes is that during a collision this degeneracy is lifted 

during the close approach of the colliders and that when the resultant 

splitting creates an energy difference equal to the vibrational quantum a 

resonant process of vibrational energy loss is established. Resonant energy 

exchange processes generally lead to efficient deactivation. The contrast 

in our data between the rates due to L = 1 and L = 0 collision partners 

lends considerable support to. Nikitin's hypothesis in the case of atom 

deactivation. We believe this process is, in fact, generally true and will 

itent upon it further in our discussion of our QX cleactivatioh data. 

3/2- 

cornii 

3. The rate for the deactivation of MF(v=l) by BrC2P,/?) atoms is extremely 

fast, 1 x 10 sec   Torr, within a factor of ten of gas kinetic. We attribute 

this fast rate to a resonant process - Vibrational-Electronic energy transfer 

schematically described by 

. 7 i~ 
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HFCv=l) + BrC2P3/2)<~^IIP(v-0) + BrC2?^). 

Ihe fine structure splitting in Br is 3685 an     while tlie l-K), P(6) 

transition in IIP is 3693.5 cm    . Thus near perfect resonance exists for 

this process which we believe accounts for the fast rate we observe. We 

believe that our observation of this fast rate is one of the clearest 

demonstrations to date that V ->■ E process can be extremely effective when 

resonantly enhanced. As well,  it supports the recent observation^'J by Hon 

and Novak that the presence of Br enhance- the effectiveness of their IIP 

ovei'tone laser presumably by providing an effective deactivation process 

for the v=l state. 

We have not repeated tills work for DP as yet because no comparable 

resonance exists in dais system. 

We are writing up the IIP and DP work for publication as well as the 

V ■> E transfer studies in the HF-Br system. 

Atom Deactivation of C02(0001) 

Our data is summarized in Table II below for C02C0001) at T = 300K. 

Table II 

-1 
X 

oc2P) 

cic2?) 

FC2P) 

HC2S) 

D(2S, 

N 

k -OCL sec" Torr x     2 

6.7 ± 1.2 x 10 

4.9 + 1.3 x 10' 

1.04 ±  .09 x 10* 

5 

3.3 ± 3 x 10' 

< 2 x 103 

< 9.5 x 10' 

These rates describe the collisional process: C02(0001) + X   ■* C02(ni,n,o)+X 

(I) J.P. Hon and J.R. Novak,"Chemically Pumped Hydrogen Fluoride Overtone Laser" 
paper TA6, 4th Conf. on Chemical and Malecular Lasers, St.  Louis, Mo., 
10/21-23/74. 

J 
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Several features of this data require comment. 

1. As with HF(v=l)  the relaxation due to collision with halogen atoms possess- 

ing orbital degeneracy is much faster than with S state atoms. 0 atom relaxa- 

tion is also faster but not by as large a factor. 

2. Ruire enhancement due to complex formation between CO^ and 0, Cl, or F is 

tentatively ruled out by our measurements of the broadening   coefficient on 

the atomic ESR lines by CCL.  CO^broadens these lines at i-ates within a factor 

of two of the broadening rate of argon. Since we anticipate a strong effect 

on ESR line broadening due to complex formation we feel this mechanism for 

enhanced deactivation of CO- by 0, F, and Cl can be ruled out. 

3. Chemical reaction of COy(0Q°l) with Cl, F, and 0 arc also ruled out as 

rate enhancing mechanisms. 'Hie reactions with Cl and F are highly endothermic 

while the reaction with 0 is tv'-xl out because- the reverse rate is extremely 

slow while the forward reaction is slightly endothermic. 

4. V to fi transfer from HF(v=l)  to the first excited spin-orbit state of 

Cl, F and 0 cannot be ruled out.  Some near resonant V to E transfers are 

possible as the following relaxation mechanisms and Table III of spin-orbit 

splittings reveals. 

C02(0001) + X -> C02(1110)  + X-'H- 416 cm'1 

C09(Ü001) + X + CO^'OS^O)  + X*+ 272 cm"1 

Table Til 

Spec i.e X Spin Orbit Splitting, cm 

0 158.5  (J=l),  226.5  (J=2) 

F 404 

Cl 881 
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5. Ihe Mikitin mechanism discussed in regard to our HF measurements may 

be operative here as well. 

6. The Cl and F dcactivation rates we have measured are among the fastest 

C0-(00ol) deactivation rates yet measured. Ihe effectiveness of F atoms 

particularly in relaxing C02(0001) must be taken into account in computer 

codes designed to predict HF-CCL and DF-CO? chemical transfer lasers which 

undoubtedly contain F atom relaxers. 

This work is being written up in detail for publication. 

Continuing Work 

During the next contract year we shall concentrate on the following 

studies mentioned in decreasing order oi emphasis. 

1. The relaxation of HCI(v=l) and I!BrCv=l) by atoms at room temperatures 

will be studied. 

2. The design of apparatus to extend our atom deactivation studies to lower 

and higher temperatures is being considered. Successful attainment of con- 

trollable temperature in our apparatus will be followed by rate measurements 

with emphasis placed on HF, DF, find IIC1. 

3. We fhall seek to define experimental conditions under which reactive 

collisions may be studied. 

Publications ;ind Conference Papers 

1. G.P. Quigley and G.J. Wolga, "Deactivation of HF(v=l) by F, 0, and M atoms", 

Chem. Phys.  Lett.  27,  276 (1974). 

2. G.P. Quigley and G.J. Wolga, "Vibrational Deactivation of lIF(v=l) and DF(v=l) 

by Collisions with Atoms," Paper MD8-  4th Conference en Chemica]  and Molecular 

Lasers., St. Louis, Mo. October 21-23, 1974. 

3. M.I. Buchwald and G.J. Wolga, "Vibrational Deactivation of C02( £) by 

Collisions with Atoms," Paper MD9 -  ibid. Submitted for publication, J. Chem.  Phys. 
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DEACTIVAT10N OF HF(i;= 1) BY F, O, AND II ATOMS 

C;.l>. QU1GLEY und G.J. WOLGA 
Laboratory oj Plasma Studies, Cornell University, Itlrnca, New York I4S50, USA 

Received 26 April 1974 

The laser induced fluorescence method lias been used to measure the late of dcuctlvation of HF(u - 1) by F, O, 
and II alums at 300'K. The rate for l7-atomswas found to bckp  u\; = (Ü.9 1 Ü.2) x lO4 see'1 torr"', lorO-atoms 
ICQ_ up = (1.0 i 0.2) X I05 see"1 torr"1 , and lor ll-atoms.an upper limit to the rale was found to hi: k\\   \\]: 
< 0.5 X 103sec"1 torr"'. The results ate explained qualitatively in tcrmsof a vibronic to translational energy Iran- 
fcr mechanism. 

1. Intruductioii 

A lar^e body of literature exists on experimental 
studies iif vibrational energy transfer processes in- 
volving III: [1—9]. The initial molivation for this 
work was its relevance to the HF chemical laser. Sub- 
sequent disruvery of anomalous effects such as the 
unusual temperature tlepcndem.   for the V -> R,T 
self-relaxation rate and the magnitude of this rate 
(the absolute magnitude as v.ell as the relative mag- 
nitude compared to the V  V rate) have also added 
to the great interest. 

The present study is concerned with the deactiva- 
tion of HF by reactive atomic species. These rates are 
of importance because it is thought that atoms of 
this kind iiave a substantial effect on the rate of de- 
cay of vibrationally excited spee'es. The F and II 
atom rates are also needed to characterize the HF 
laser system for the purpose of optimizing efficiency. 

2. Experimental 

Tite vibrational relaxation data reported here were 
obtained in a last How ssstem with the laser induced 
fluorescence technique | lü). '1 he laser source was a 
pulsed HF chemical laser (SF6:H2 = 16:1) ol the 
transverse electrode type, The laser was operated 
multiline and the gas flow, SFg and 11-, mixture, and 
discharge pulse rate were adjusted to give optimum 

HF u= 1 ->■ u = 0 output.The pulse energy was 1 mJ, 
55% of which was on the 1—0 transitions (r0, l'-;, !g) 
The    lal pulse duration (including 3 -* 2, 2 -> 1, and 
1 -* 0 transitions) was less than I psec. 

A schematic diagram of the experimental apparatus 
is shown in fig. I. There are two distinct parts to this 
experiment. First, the effect of the atoms on the popu- 
lation of lll(i - 1) is determined by measuring the 
change in the decay time of the HF laser induced 
fluorescence with and without a discharge in the di- 
luent plus parent molecule How. Second, the atom 
concentration in the fluorescence cell was measured 
with an FPU spectrometer by recreating all How and 
wall conditions in another section of the How system 
(upstream) with an EPR cavity in the same location 
relative to the discharge as was the fluorescence cell. 

'1 he procedure was to set up a flow of diluent 
(usually argon) plus parent molecule (XT 

= '':• ^2' 
II,).This now is uniquely determined by the pres- 
sures /'T and l\ (likewise /^ and 1'^) which were meas- 
ured with a corrosive gas resistant capacitance mano- 
meter. A small amount of HF was added downstream 
(less than 1% of the total flow) through small holes 
distributed around the circumference of the Teflon 
tube. The HF is well mixed with the Ar + X? How 
at the fluorescence cell. 

The microwave discharge look place in a quartz 
tube. All other tubes were citlu-! Teflon oi quart/ 
with a Teflon insert to reduce wall recombination 

The HF fluorescence was monitored with an 
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Fig. 1. A schematicdiagra n of the experimental apparatus. 

InSb PV detector. A narrow b;tiicl interference filter 
passed only the HF 1 -* 0 R-branch emission. The 
overall response of the system was less than 0.5 /^sec. 
Tiie laser power was reduced to avoid overpumplng 
the I IF and thus eliminating tiie problems of V  V 
transfer and heating of the gas due to V-R,T energy 
transfer processes. The i ■sultant loss in signal to noise 
was made up by the Biomatlon 81ÜÜ - Northern 
Scientilic 575 signal averaging system. 

A complete block diagram for the EPR spectrom- 
eter is not shown in fig. 1. A detailed description 
of this system will be given elsewhere. This technique 
for measuring absolute concentrations of gas phase 
radicals is well known pnd described by Westcnberg 
[11]. 

The gas flow is along the axis of the high Q cylin- 
drical cavity in a 10 mm i.d. quartz tube. The tliin- 
walled Teflon tube insert substantially reduces or 
climinales wall recombination and hence non-uni- 
formities in the atoni concentration without signifi- 
cantly affecting the sensitivity of the spectrometer. 
Taking the sine-squared dependence of the microwave 
magnetic field into account, the 3.5 cm long EPR 
cavity gives a resolution of about 2 cm over which 
the average atom concentration is determined. The 
usual problems of saturation of the spin system by 
high power microwave fields and broadening due to 
large amplitude magnetic field modulation were scru- 
pulously avoided. 

The following gas samples were used: F2: Air 
Products technical grade (purity > 98%); C^: Linde 

UHP(purity >99.99%); H2: Matheson UHP(purity 
> 99.999%); Ar: Matheson Purity (purity > 99.9995%); 
He: Matheson Purity (purity > 99.9999%); HF; Mathe- 
son (purity > 99.9%). 

Further purification involved passing each gas (ex- 
cept HF) through a liquid nitrogen cold trap. The HF 
was purified by trap to trap distillation between 770K 
and 1950K. 

3. Results 

For FT and O2 in an argon diluent, the pertinent 
energy transfer processes in the deactivation of 
HF(u= l)are: 

kx 
(1) MF(u=l)+lIF(i;=0)   > 21IF(u = C)), 

hi 
HF(u=l) + X2(u=0) ->   l!F(u=0)+X,(u = 0)1    (2) 

HF(u = J)+Ar  -> 11I;0; = 0) t-Ar. (3) 

These apply while the microwave discharge is off, and 
the decay time of the fluorescence is given by: 

1/7.=/:., |11F) +A-n|X1]+AnlArl. (4) 

This assumes that [HF(ü= 1)| is small. 
When the microwave discharge is turned on, some 

of the X2 is dissociated giving an additional channel 
for deactivation: 

it M 
HF(u= 1) + X -> HF(u = 0) + X. (5) 

In this case, the decay time of the fluorescence is 
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given by: 

l/r^-AJIlFI +/c12(|X2 

HAi:,|Ar|+A|4(X|. 

HX1) 

(6) 

llio difference between (fi) and (4) gives: 

1       1 
AI4 - [x *\kn. (?) 

L'l)      'OJ 

Tlic rates used for k^ were: for OT.A'JT = 400 sec^'! 

torr   ' [4,5] and for Fj.A'^ = 100 sec"1 torr"J [6]. 
Tiicsc turn out to be negligible corrections. 

The importance of using the EPR spectrometer 
for measuring |XJ is that it allows one to determine 
the absolute concentration of the atomic species in 
a fast flow system without the need to alter the How 
(as in titration or catalytic probe methods) or even 
to know what the flow rates arc. For i; and O aton s, 
the absolute accuracy of the EPR measurement of 
concentration is better than 10%. 

Another source of error is in measuring the change 
i'.i the total fluorescence decay rate. For O and F 
atoms, the change is significant and hence the error 

is small (10%). A typical run showing the change in 
decay rate of 11F(I;= 1) in a mixture of 0,02, Ar and 
IIF as a function of Ü atom partial pressure (/Q) is 
shown in fig. 2, Similar results were obtained with 
fluorine, 

Using eq. (7), one can plot (r,,      r,,   ) as a func- 
tion of atom partial pressure. The result should be a 
straight line of slope equal tu the atom deactivation 
rate A14 and intersecting the origin. The results of 
such a plot for the F and O atom data are shown in 
fig. 3. The rates determined from these data are: 

^i-  III- =(0.9±0.2)X loSec"1 torr" ', 

/: ü  ill (1.0i0.2)X iO^ sec" ' torr" 

For the case of 11 atoms, the energy transfer is 
complicated by the near resonance of the first vibia- 
tional levels of IIT and liF. This gives rise to a double 
exponential decay [7j, The fast decay is due to V- V 
transfer from HF to I:? and 11F self-relaxation, and 
the slow process is related to the decay of the Hi-HI' 
vibrational energy pool through V  R,T tvansfer from 
\\\:(v - 1). The atoms would be expected to effect 

2O/150C 

Fig. 2. Scmilog plot of relative intensity :is a lunction ul' time for different discharge conditions in Ar + O2. 
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k0.HF = l 0 x 10 " sec" Torr" 

this slow rate by deactivating buth Wjiu - ') and 
HF('ü= l).Tiie former rate is known to bo [12]: 

kxv ^ =(1.0i 0.5) X If)4 sec" ' torr   '. 

However, under no circumstances was there any 
change observed due to the presence of II atoms. 

The only safe tiling that one can say in this case 
is that the hydrogen atoms are not as effective as 112 
in relaxing HF(ü= 1). This puts an upper limit on the 
atom deactivation rate of [7); 

<5(^ ,)<0.5X IC^sec"1 torr" 

F; v 3. Distribution of datii points as ciikuiatecl from eq. (7) 
iiU'Ut tlie measured atom deactivation rales for (a) 1; on 

. IlF(u= Dand (b)Ouii llF(u= 1). 

VH-HF ^2vMl2- HI 

4. Conclusion 

These and other preliminary results of this labora- 
tory (ON on HF(u= 1) [13]; 0, Cl, 11 on CC)2(t)ül) 
[14]) lend support to the non-adiabatic theory of 
Nikitin [15] which is based on a vibronic to trans- 
lational energy transfer mechanism. Briefly, as it ap- 
plies to our experiments, atoms with electronic or- 
bital angular momentum degeneracy would be ex- 
pected to be more efficient in transferring vibrational 
energy from Iir:(ii= 1). During a collisional encounter, 
the degeneracy which exists at infinite separation is 
split and electronic transitions arc possible between 
these states. When the frequencies of the electronic 
transition in the atom and the vibrational transition 
in MF become equal, there is a large increase in the 
cross section for energy transfer. 

This says nothing of the possibility for fast relaxa- 
tion caused by atom exchange or abstraction reactions 
which could predominate under favorable conditions. 
Tliis certainly appears to be true in the case of 0 and 
11 atoms "■deactivating" vibrationaiiy excited HC'l [16]. 
Howevc», it docs not appear to be important for the 
Fand II atom encounters with IlF(7'=300oK). This 
is supported in part by the recent calculations of 
O'Neil et al. [17] which suggest a minimum barrier 
height for the exchange reaction: 

F + llF(u = 0)-> FH(u=0) + F of 18 kcal/molc. 

dHr« yicnts high temperature results for the deactivation 
' Of HF(y= 1) by F-atoins have been reported [2,8,9]. 

Wc choose to compare our res"lls with those of Blair 
et al. [2). This is shown in the Landau  Teller plot 
of fig. 4. The rather substantial temperature range of 
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lOOU'K over which there is no rale measurement pre- 
cludes the drawing of any bvit the most speculative 
conclusions. '1 his figure clues show however that the 
trend established at high temperatures, for the dc- 
crcpsing effect of 1- atoms on IIRi'"-" 1) with increas- 
ing temperature, persists at least to room ten p"rature 
(300oK). The temperature dependence ol the ; tire 
ill relaxation rate 12| is shown for comparison. 

Clearly, more rate measurements arc needed above 
and below room temperature before anything defini- 
tive can be said about the effects of long range forces 
or chemical bonding on the efficiency of reactive 
atoms in deactivating IU'dr- I). 
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Vibrational Denctivation of Qrrbou Monoxide by Atomic Oxygen 

Praf. R.A. McFarlane 

Introduction 

In chemical laser systems where CO molecules are the active species, 

modelling and optimization of laser performance require that information 

be available on the rates at which vibrationally excited 03 molecules are 

deactivated by collisions with any other species present. The past contract 

period has been devoted to measurements of such rates using laser induced 

fluorescence techniques similar to work on other molecules being carried 

out in this laboratory. 

Of particular importance in situations where the active CD molecules are 

produced  in the reactions 

0 -i cs2 -> CS + SO 

0 '■■ CS    -> CO* + S 

is the role that atomic oxygen could play in the removal of vibrationnl 

energy' from CO-. There are two possible routes by which this can occur, a 

direct V-T process and an atom exchange process and It Is  to be expected 

that both of these will make significant contributioiis to the total loss 

rate of CO* molecules. An alternative process where C02 molecules are 

produced as a result of chemical reaction is blown to be slow and is not 

expected therefore to be a significant loss mechanism in the laser system. 

Our efforts have therefore been directed toward the measurement of 

the deactivation rates of C0(v=l) molecules by atomic oxygen and this report 

will describe the development of the necessary laser source for 00 excita- 

tion,  the gas handling system and fluorescence cell, the design and    Dilstrus- 

CJ 
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tion of an E.P.R. system for absolute atom concentration de termination, 

some preliminary data on the 0 + COÄ rate and the direction of our ongoing 

activities. 

General System Description 

The excitation of CO molecules in either a static or flowing situation 

is accomplished by using the second harmonic of a pulsed C02 TEA laser. The 

overall block diagram of the experiment is shown in Figure 1. The TFA laser 

operates on the P(24) transition of the 00°! •> 02on band of C02 at 1043.154 

cm"1 and is frequency doubled in a tellurium crystal to provide radiation 

which coincides with the P(14) transition of CO v=l to v=0 at 2086.325 an . 

The pulse duration of this excitation is 300 nanoseconds and the subsequent 

fluorescence of the C;0(v^l) molecules is monitored by an InSb photoconduct- 

ive detector which observes spontaneous emission in a direction perpendic- 

ular to both the exciting beam and the direction of gas flow. 

The laser excitation on P(14)  directly populates the J = 13 level of 

v=l.  To minimize the effect of laser light scattered directly into the 

detector a short pass filter is placed in front of the InSb detector to 

reject the PfM)   frequency 2086.325 cm     and to pass only emission on 

R-branch transitions near R(12). The output of the detector is coupled to 

a Perry Model 720-84 amplifier which provides the necessary zero bias and 

this drives a Model 450-AG post-amplifier modified to drive a 50 ohm load. 

Ihc frequency response of the detector amplifier combination limits 

observations to pulse risetimes of about 2 ysec. The fluorescence decay 

times which are obtained in the present, experiments are substantially longer 

than this and are consequently faithfully reproduced. To enhance S/N ratios 

J v^-"^ 
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o£ single pulse signals, each pulse waveform is digitized with a Biomation 

Model 8100 Waveform Digitizer and digital information for cacli of 2000 

points in time during each pulse is accumulated in a Northern Model 575 

Signal Averager, 'typical runs accumulate data from 250 pulses. At the comp- 

letion of each run the data is read from the signal averager to a magnetic 

cassette in a T.I. Model 73.3 A.S.R.  data terminal. To obtain a measure of 

the fluorescence decay rate the data are processed using a Least Squares 

computer program to derive both a value for the decay rate and an estimate 

of its uncertainty.  Computer programs are now operating for single and 

multiple exponential fits and to avoid the present requirement for punching 

the data manually onto computer cards wo are presently arranging direct 

communication between our data terminal and the Cornell IBM 370 computer 

using an. acoustic coupler and the time sharing capability of the 370.  The 

entire 2000 data points will be available for curve fitting rather than the 

approximately 100 now processed on cards and significant reductions in 

uncertainties of fit will be possible.  The realization of this interaction 

with the computer is essentially completed. 

The TBA Laser 

Vor this experiment a laser operating at c,.59 u is required which is 

capable of operation in a selectable rotational transition, which can 

produce peak outputs on the order of 0.5 Mv    for efficient harmonic gener- 

ation and which can operate at one p.p.s.  repetition rates reliably over 

extended periods. 

A u.v. preinnized laser with an active discharge region 3 cm x 3 cm 

x 40 cm is driven by discharging a 0.2 yfd low inductance capacitor into 

^ 
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the flowing gas column. An E.G.^G. HY-5 hydrogen thyratron is employed as 

a switch and plane parallel transmission line geometry is used to minimize 

circuit inductance and thereby increase the speed of the discharge.  Typical 

operation is at 25 kV and uniform discharges are obtained in C02, N2, He 

gas mixtures at total pressures as high as 500 Terr. 

The laser cavity is formed by a concave reflector with 20% output 

coupling and a plane difraction grating for selection of the operating 

wavelength. Single line operation in the 00°! -> 10o0 band and the 00ol -> 

02o0 band of C02 is possible over a range of rotational lines up to J = ^10 

and output energies on the order of 100 -  200 nJ are available. 

Optics and Unrr.-onic nennrator 

The output from the laser is transmitted via a folded optical system 

to a crystal of tellurium mounted in a gimbal led holder for control of both 

the orientation of the beam direction with respect to the crystal C axis 

and the rotation of the crystal about the beam direction. 

The first concave mirror in the optical path focuses the 2 cm diameter 

10 u beam onto the teliuriurn crystal.  Care is taken to avoid placing the 

entrance plane of the crystal exactly at  the focus since energy densities 

sufficiently large to cause surface damage can occur.  Ream diameter at the 

crystal is controlled at about 1 mm.  The second harmonic signal is optimized 

by adjusting the crystal orientation while monitoring the output of a Au:Ge 

detector on the .Car side of the fluorescence cell.  A sapphire window rejects 

the fundamental signal. 

Typical outputs at 5 p of 10 pJ have been measured which is adequate 

for the fluorescence measurements.  Larger pulse energies should be available 

considering the energy at the fundamental and a new beule of tellurium has 

s 
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been cut to provide a larger clear aperture system which is expected to 

increase the energy at 5 y by five to ten times. 

Gas Handling System 

A two stage Roots blower backed by a mechanical pump is used to ex- 

haust the fluorescence cell and associated vacuum system. The blower is rated 

at an ultimate pressure of less than lO-5 Terr and is capable of a volumetric 

pumping rate of 100 cfm in the pressure range of 0.1 to 10 Torr . Hie maximum 

pumping capability is not required for most of the experiments on flowing gas 

mixtures.  In addition, high quality ball valves are placed at each end of 

the now-mixing tube, shown in Figure 2 and provide the capability for sealed- 

öff operation with completely negligible leak rates. 

Provision is made to introduce NCU into the fluorescence cell  for titra- 

tion determination of the atomic oxygen concentration resulting from the 

microwave discharge in 0^ farther upstream. A teflon tube between the micro- 

wave discharge and the fluorescence cell minindzes atomic recombination. 

Absolute pressures and pressure gradients arc measured using oil mono- 

meters and combined with flowmeter Lnformation adequate data is availabie 

to specify the concentration of atomic oxygen .In the region of the  Eluores- 

cence cell.  For measurements on other atomic species an E.P.R. system has 

been constructed to provi.de atom conctr^ration measurements but has not yet 

been used with the flow mixing system. 

F.P.R.  System 

A block diagram of the E.P.R. system constructed during this contract 

period is shown in Figure 3. As a generator of X band radiation a Gunn diode 

oscillator replaces the reflex klystron used in the other F.P.R. systems in 

s..,^- 
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tlic laboratory. Tlie present oscillator produces about 10 mw at frequencies 

near 9400 MIz and can be grossly tuned mechanically and fine tuned by 

changes in the operating current. This latter capability is exploited to 

provide stabilization of the oscillator frequency to the resonant frequency 

of the TTL, mode of the E.P.R. cavity. This brings about a substantial re- 

duction of noise over the unstabilized situation. 

The system in Figure 3 is entirely conventional and need not be des- 

cribed in detail with the exception of the electronics system for stabiliz- 

ation. A block diagram of this is shown in Figure 4. Superimposed on the 

main D.C. voltage driving the Gunn oscillator is placed a small a.c. compon- 

ent at 70 kHz. This results in a frequency modulation of the 9400 MHz signal 

and if the center frequency is different from the 'IF,,, mode resonant frequ- 

ency, a 70 kHz component appears in the output of the balanced mixer. A 

tuned amplifier and an integrated circuit multiplier (Analog Devices Model 

AD530J) provide for phase sensitive detection of this signal and a high 

stability integrator (Analog Devices Model 43J'j produces a correction voltag:. 

to be added to the D.C. level set. control value. This correction is of such 

a sign as to return to a zero 70 kHz signal level which means the Gunn 

oscillator and cavity frequency are the same. The 70kHz derives from an 

Intersil Type 8038 integrated circuit waveform generator and the necessary 

phase shift control is provided for optimum locking adjustment. 

'Hie electromagnet is powered by a Hewlett-Packard 0-15 ampere D.C. 

supply. It was determined that the current stability of this supply alone 

was inadequate and a high precision secondary current stabilization system 

was constructed. Provision is made in the secondary system for field set 

and field sweep capabilities. 

*m 
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Experimental Results 

To verify the proper operation of tiie laser induced fluorescence system, 

initial static measurements were made of the rate constant for the deactiv- 

ation of 000=1) by collisions with 02 and II2 molecules. The first of these 

represents a V-V process and the latter a V-R»T process. Our results are 

compared with the recent literature in Table No. 1 

Table 1 

-1 
Drr 

.(b.c) 
k in 

-L  -1 sec torr 

C0(v=l) deactivator Present Work 
fa") 

Green l\ Hancock1 J.G. Stephenson 

C0-02 V-Y 2.65 2.75 2.88 

C0-H2 V-R'T 18.1 14.6 16.4 

(a) J. Chem. Phys. 59, 4326 (1975). 

(b) J. Chem. Phys. 60, 3562 (1974). 

(c) Appl. Phys. Lett. 22, 576 (1973). 

Good agreement is obtained with the results of other workers and this 

verifies the proper functioning of the fluorescence measurement system. 

In experimerits using oxygen atoms it is necessary to correctly balance 

the experimental conditions in light of two conflicting requirements. The 

gas flow rate must be fast enough to avoid complete 0 atom recombination 

before they reach the fluorescence cell but the CO- molecule residence time 

in the fluorescence cell must not. be too short in order that some increment 

in loss rate duo to 0 atom collisions he apparent. We have found this incre- 

ment can be easily measured even when the volumetric pumping rate of CO" 

molecules is a significant fraction of the total CO* loss rate in the absence 

of 0 atoms. 
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At the present time the major source of error in our measurement of 

the rate of 0 atom deactivation of CO-" (v=l) arises from NO- titration 

difficulties. This of course impacts our 0 atom concenti-ation determination. 

Unless the flowmetcr in the NCL line is scrupulously clean, sticking of 

the float gives inaccurate and irreproducible results. This problem will 

not be present when our B.P.R. apparatus is incorporated into the system. 

'Ihe destruction rate of CO'" via 

GO" + 0 -> CO + 0 + AB 

was measured over a range of [0] values and from the slope of destruction 

rate of CO* vs  [0] a very preliminary value for the px product was derived. 

We find 
pt = 0.5S ysec atmospheres 

and estimate from our range of [0] atom uncertainties, maximum and minimum 

limits of 13 ysec atmospheres and 0.34 ysec atmospheres respectively. 'Hie 

extrapolation to room temperature of the shock tube data of R.E. Center 

would give a value near 1.7. ysec atmospheres. A calculation reported by 

Kelley at the 1974 St.  Louis Conference on Molecular Lasers indicated a 

theoretical value of 20 ysec atmospheres including both atom exchange and 

inelastic collisions. 

Future Work 

A new fluorescence cell has been built with larger windows with the 

hope of minimizing scattered light at P(140  and a new tellurium crystal is 

being installed for increased harmonic generation efficiency.  A. photomulti- 

plier detector is being set up for a more precise N0? titration endpoint 

determination. With these improvements further data on 0 atom deactivation 

of CO" will be taken to reduce our above uncertainties. 
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A high temperature/low temperature flow mixing section is being 

installed in the region between the pole faces of the H.P.R, magnet. 

Ulis will replace the unit in Figure 2 and has incorporated into it a 

single jacket which surrounds the fused quartz tubing. There are provision 

for flowing liquid I\' along the entire section and heating coils, driven 

from a thermostatically commanded source, will permit stable operation at 

any temperature above that of liquid nitrogen. Materials of construction 

should permit operation as high as 3000C or greater. 

Measurements over this temperature range will be made of COft(v=l) 

deactivation by oxygen atoms as well as other species whose concentrations 

cannot be determined by titration but do require the E.P.R. capability. 
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New Chemical Laser Systems 

Professor S.H. Bauer 

The following smnmary of accomplislments consist of brief reports and 

preprints of two papers submitted for publication. 

I.  Bending Mode Relaxation of CO., 

The results of Peter Walsh's experiments were presented at the April ACS 

Meeting, in Los Angeles.   Emission from an TIF   laser [SF   + H2 + He, electrically 

pulsed] at 2.8 /am is partially absorbed by carbon dioxide.   IIF lines at 3622.71, 

3577. 8 and 3644.16 /im pump the (02°!) level, that at 3693. 50 jim pumps the (11 1) 

level, and the two Hues at 3593. SO and 3577.80 pump the (03 1) level of CO,,. 

Lino center frequency mismatching is rectified partially by pressure broadening 

the absorber with argon or with mixtures which incorporate other collision partners 

of interest.   At CO   concentrations above 2%, collisions with the (00 0) state 

o f 
rapidly degrade the pumped slates so as to overpopulatc the (00 1) and (On 0) states, 

from which fluorescence is observed at 4.3 /im and 15.0 /im, respectively.   The 

latter emission showed an early growth, followed by a fluorescence decay; the total 

fluorescence intensity could be represented by a superposition of two exponentials. 

S 
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Tlic longer period was associated with v-T de-excitation of C0.3, from which the 

values-. 

k(CO -Ar)   =  41 sec" torr    , and k(CO -CO )  =  227 sec    torr 

were deduced.   These check reasonably well with extrapolated shock lube 

measurements and ultrasonic data.   The rate constants for pumping (On 0) proved 

to be about twice the literature values for the (00 1) de-excitation: « 120 sec    torr 

for CO -Ar and 660 sec~ torr"   for CO -CO  .   As yet the explanation for this is 
Ci Ct £i 

not clear.   Corresponding values were also measured for two additional collision 

partners, CS   and COS. 

This work did not receive ATIPA support through salary recovery. 

II. CS7-0?-iie Chemical Laser 

Hie assembly of kinetic data and the preparation of an extended 

computer program to iradel the CS^-CyHc chemical laser was completed. 

Ihere is general consensus that the dominant pumping reaction which 

produces CO lasing is: 

cs(0)[S+] + O[
3
P2] - SI

3
P2] + co(v) [1s+], 

and that in the chain reaction, CS radicals are produced via a rapid abstraction of 

S by O from CS  , with regeneration of oxygen atoms in the reaction 

S   +  O      —   SO  -i-  O.   To develop an adequate but tractable mechanism we 

sought a minimum set of auxiliaiy steps; that is, those reactions which if omitted 

would affect to a measurable extent the concentrations of the important species: 

CO^, O, S, and CS.   After a thorough search of literature and the introduction 

of plausible rate parameters for all possible reactions, a sequence of computer 

L> 
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trials were run witli our fully dove]oped kinetics pro;.',-ram, which incorporates 

v-T and v-v transfer rates as well as the adiabatic condition, for the tune 

evolution of the state and species populations, following the pidsed discharge. 

Then, by successive approximations some of the reactions wore eliminated and 

others inserted until a self consistent set of steps was developed. 

An adequate computer model conforms to the following criteria.   It 

»1 

incorporates: 

(i)  all chemical reactions and their inverses that significantly affect [COv/], ; 

(ii)  all (v-T) and (v-v) processes and tlioir dependence on vibrational state, 

temperature and collider species; 

(ill)   stoic population changes due to radiative processes; and 

(iv)  it permits the computation to bo made cither on an isothermal or adiabatic 

basis.   The adequacy of such a program can bo ascertained by subjecting it to a 

series cf tests which include checks on:   {a) internal consistency; and 

(f.) agreement with literature values for various rale constants — i.e. cheanical 

and energy transfer coefficients to within their specified error limits.   The 

primary function of a model is to predict (For all transitions) laser gain vs time 

following the initiation of reaction.   Also, it should account quantitatively for 

chemilumincsccnce [I(lVt)] as it is affected by initial composition, discharge 

voltage, added reagents, etc:. 

The reactions finally accepted in the model arc indicated in Table 

I which is  in matrix form with the numbered reactions above the line 

being employed. On the basis of these and an extended series of preliminary 

runs,  in which the concentrations of the various species were computed for 

.^ 
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typical reaction conditions,  the eight most important reactions and 17 of 

lesser significance (listed on the following page) were selected. 

All available theoretical and experimental reports on CO relaxation 

by the variety of species present in the lasing plasma were reviewed. Thus 

covered were v,v and v, T processes for CCr J with itself and with He, 0, 

S, CL, CS, SCL, SO, OCS,  and CS?.  approximately 20 test runs were made using 

the overall model. First, note that this model is self-consistent as demon- 

strated by the many preliminary computational runs wherein   reactions were 

selectively int    duced or omitted, and the results compared with cases 

where the corresponding reactions were omitte I or inserted. On the basis of 

their net contribution to the time dependent concentration of the vibration- 

ally excited CX3 (we now believe) any-subsequent reasonable changes in the 

magnitudes of the specific rate constants will not affect the selection of 

reactions. Second, the principal check was made by showing that the model re- 

produces the time evolution of [CO^J    as derived from our chemiluminesccnt 

measurements.   [S. Tsuchiya, N. Nielsen and S.H. Bauer, J.  Phys. Chem., 77, 

2455 (1973)].  A complete report documenting this model  is available. 

MMHI^MHMHMHB 
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MOST IMPORTANT REACTIONS 

•k = Ae"] 3a/RT 

E 
o a 

k (400 iq 

12 

A (kcal/mole) 

13 
1. o  +  cs2 *t OS + so 2.8 x 10 

11 
1.03 x 10 

12 
1.03 

2. 0  +   cs0 ♦^ s    +    OCS 3.0 x 10 1.1 x 10 1.03 

3. 
2 

O    +    OCS ft so + co(0) 6.8x 1010 

11 
4.08 XXO13 

^11 

5.08 

10. S    H-   02 5i o   +  so 9.0 x 10 
17 

9.0 x 10 0.0 

13. O  + SO  +  M ^ SO    +  M 3.2 x 10 
7 

3.2 x 10 
13 

0.0 

14. SO   +   0o 4^ o + so2 7.0 x 10 2 x 10 10.0 

17-32. 
2 

0    +    OS Jt s  +  co(v) 
1. 5 x 1013 1 xlO14 1.5 

33. o  +  csn ji co(o)   +V 1.5 xlO11 5.6 XX011 1.03 

NEEDED — but,  LESS IMPORTANT REACTIONS 

k (400 K) 
f 

4. S   +  CS     +   M 

5. O   +  02   +   M 

6. 0   +   03 

7. 02    >   S20 

8. O   +  S20 

9. O   +  S20 

11. O + s2 

12. SO   i-  SO , 

15.. SO + 0o 

16. SO + SO 

34/ SO + SO 

GO. S + C33 

61. O + CS3 

62. SO + CS3 

63. CS + S202 

66- O + S202 

67. SO + S202 

^ CS +   M 

^ O +   M 

= 0
2 *  02 

^ so + so2 

& so + so 

* 02 '• S2 
^ s + so 

s„ + so 
2 

^ o2 + so, 

"   S202 
- s + so„ 

- CS    + so 

- cs2 + s2o 

- OCS + s?o 

~ o2 + s2o 

- s2o + so2 

1.8x 10 

1.9x 10J 

2.9x 10 

l.Ox 10 

1.0 x 10 

l.Ox 10 

2. Ox 10 

1. 0 x 10' 

17 

)14 

.10 

8 

11 

10 

12 

1.1 x 10 

l.Ox 10 

6.9x lo' 

1.2 x 10 

2.4 x 10^ 

1.2 x 10" 

l.Ox 10 

l.Ox 10 

l.Ox 10 

11 

10 

11 

12 

11 
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III. Altcmate Hydrogen Sources for HF and DF Lasers 

The utility o£ formaldehyde [H2C0 and D2CX)] as a hydrogen source for 

an HF or DF laser, a source which does not require storage of the fuel in 

high pressure containers was tested. A report is sunuiiarized below. 

INTRODUCTION 

Laser radiation in the range 2. 8 to 3.2 pin is most efficiently obtained from 

the combustion of hydrogen or hydrocarboi with fluorine atoms.   Nearly all hydro- 

carbons and molecular hydrogen have the same exother.mi.ci.ty when combined with 

fluorine, but formaldehyde presents somewhat more exothermic combustion 

reactions: 

F + H CO    —   HF  + HCO AH0 = -44.4kcal/mole 

F  +  HCO    -    HF  +  CO All0 = -72.7 kcal/mole 

These should be compared with the "cold reactions": 

F + H     —    HF  -I-  H AH0 =-31.5 kcal/mole 
ex 

F  +  CH      -    HF   +  CIL AH0--32     kcal/mole 
4 a 

In addition to the possibility that the HF may leave in a higher state of vibrational 

excitation were formaldehyde used as a source of hydrogen, the other product of 

combustion could be vibrationally excited CO.   This would lead to a new route for 

the production of excited CO, with minimal contamination from the ground state. 

Even if excited CO were not a direct product of reaction, there was the possi- 

bility that energy transfer from DF(V) to CO (near resonance) would pump the 

/ J 

^ 
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latter.   Finally, one should not overlook the possibility of a chain reaction: 

F    + IICO    —    HF  + F  +  CO All0  = -84.28 kcal/mole 

F2   +  HCO    —    IIFCO  +   F AH0   = -81.09 kcal/mole 

F  +  HFCO    —    HF   +   FCO AH0   = -35.5   kcal/mole 

F2  + FCO    -*    F +  F2CO All0   = -92.5   kcal/mole 

EXPERIR'lENTAL APPARATUS 

.freliminary to experiments with a c\y flow system the utility of H„CO and 

D CO was evaluated in a TEA configuration, where these reagents were mixed 

with He and SF„ and lasing initiated by an electrical discharge.   A rectangular 
b 

2 
tube was used; it has a cross section of about 6. 5 cm   and is 1.2 meters long. 

It is fitted with Brcwster angle windows (KBr).   The optical cavity is 1.5 metersj 

the output mirror was either a 50% transmitting germanium flat or a 2 m focal 

length gold mirror, with a 1 millixncter coupling hole (5% output).   The back 

reflector was a two meter focal length gold conted surface.   The electrical energy 

was deposited through 240 pins to a grounded rod (1 cm diameter); the discharge 

path is 15 mm; a 0. 045 \& capacitor raised to voltages ranging from 14 to 33 Kv 

was used.   This combination gave a pulse with a half width of about 0.1 /Js.   The 

repetition rate was 1 per 3 seconds; this assured complete removal by gas flow of 

all products produced in each pulse. 

The flow rate of materials was calibrated by timing the pumpdown time from 

a measured volume of gas at the pressures used.   At 10 to 80 torr the flow was 

found to be 0.71 millimole torr    .   Relative intensities were measured as a function 

of system parameters; these were recorded as the oscilloscope output from a gold 

doped germanium detector, maintained at 77 K; output resistor 10 K.   The 
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different wavelength regions were selected by narrow band pass infrared filters 

placed in front of the detector port. The total energy output was measured with 

a CDC 100 thermopile, and a Keithley microvoltmeter. 

Pressures were measured with a mercury raonometer and with a Wallace 

and Tiernan gauge (Ml range:  50 torr).   The gases were mixed thoroughly during 

the 30 second elapsed time for flow from the injection region to the laser cavity. 

The monomer was swept into the laser tube by a nitrogen stream.   The H CO 

monomer liquid was prepar-ed prior to use by decomposing para formaldehyde 

in an oil slurry at 120OC. It   was trapped at -G7 C as a liquid.and 

was redistilled (for purification) to prolong the time in which it remains as a 

monomer.   Repolymerization is catalyzed by water, acid    and     particles in any 

form. 

EXPERIMENTAL RESULTS 

Laser output was measured as a function of Impressed voltage, and the 

partial pressures of the hydrogen and deuterium atom sources.   The results are 

summarized in Table I and displayed graphically in Figures 1-4.   The remarkable 

observation is that when H or D atoms were generated from 1I..CO or D CO as 

monomers the flow required was 1/15 (in millimoles per minute) of that for 

gaseous H   or Dr to reach the optimum output energy.   This was recorded as the 

partial pressure of the formaldehyde source, and cross checked by weighting the 

paraformaldehyde polymer consumed.   With HgCO, the maximum power attained 

was several percent greater than with II   using the same quantities of SPg, lie 

and input electric energy.   However, with DgCO mixtures the maximum was one 

hall as large as that which could be obtained under the same conditions with Dg. 

^.-••- 
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The formaldehyde gave a different shape curve for pressure vs output than did 

the hydrogen sources.   In Figures la and lb the output reaches a maximum 

quickly and stays flat with increasing pressure beyond 0.2 torr whereas for 

hydrogen the maximum is attained later at 15 tunes the formaldehyde pressures 

(Figures 2a,b); subsequently the power slowly decreases at larger pressures, 

where presumably the hydrogen becomes a charge carrier for the high voltage pulses. 

With formaldehyde the optimum output power is attained at lower driving voltages. 

The curves in Figiu-e 3 show that with IT„CO the maximum is reached at 21 Kv, whereas with 

H   the power slowly continues to rise to 25 Kv.   Figure 4 a similar graph for 

D2COvsD2. 

Prior to testing for lasing from CO, utilizing the formaldehydes as the source, 

the cavity was rechecked fur alignment.   The reagents SF,., 11 CO and He were 
6       2 

mixed, with partial pressures for each varied from 0.1 to 50 torr.   The formal- 

dehyde was introduced as a gas, from the liquid monomer maintained at -22.9 C, 

where it has a vapor pressure of 000 torr.   In another arrangement, the SF   and He 
G 

mixtures flowed over the solid polymer (H CO or D CO) which was stored in a trap, 

heated to 60-120 C with an oil bath.   In experiments with the H9CO an 1R filter (# 1) 

which has 80% transmittance from 4. 0 to 6. 5 /im; and completely absorbs  all HF 

output between 2,7 and 3.1 /irn, was used.   Under all conditions tested no radiation 

was observed over the interval 4. 9 to 5.1 /i,as would bo expected were CO lasing 

achieved. 

To detect possible CO chemiluminesccnce, adjacent to DF laser emission 

over the region 3.7-4.1 /i, a combination filter was prepared and its transmission 

checked.   It incorporated a thin layer of DO liquid.   The net transmission with 

_J 
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outoff filter #2 is shown in Figure 5.   This gave a narrow band centered at 5 /i 

(70% maximum); sapphire windows with a DO liquid thickness of 0.025 mm 

proved best.   Neither theH CO nor the D CO showed pure fluoresconce emission, 

as was checked by removing the output mirror.   For the latter tests a front surface 

off axis 20 cm focal length parabolic mirror was inserted to focus the light from 

the cavity upon the detector.   In neither case was any CO radiation observed.   It 

is interesting to note that Shortridge and Lin [4th Conference on Chemical and 

Molecular Lasers, October 1974, Abst. MB5] observed very little CO emission from 

the reaction: 

0(oP)   i-  CHF    -    Cl-IFCO }    -    IIF    +  CO ^(v) All   = -181 kcal/mole 

Nevertheless, they measured the vibrational state distribution for the product CO 

and found excitations up to v - 11, but no inversion. 

The cw flow experiments were conducted in the apparatus described by 

Rosen, Sileo and Cool [IEEE Journal Quantum Electronics, 9, 163 (1973)].   The 

oxidizcr stream consists of premixed F_ and He gases, which pass throng', a 

1 kw, 2450 MHz microwave discharge.   The fuel gas (H CO, etc.)   is   injected 

into the flow through a row of 40 tubes, each with seven 0.127 mm holes, set 

perpendicular to the flow direction; CaF9 windows were, set at their Brewster 

angle,    xhe optical cavity can be translated along the output windows, starting at 

the injector position, and downstream for 17 cm.   The cavity mirrors consisted 

of a 1 meter radius gold reflectors, separated by 0.5 meter.   Coupling was made 

through 0.25 and 1.0 mm diameter holes.   Occasionally dielectric coated germanium 

mirrqs were used; these transmitted 0. 5, 5. 0 and 10% of the output.   Under all 

conditions of flow, at all cavity positions downstream, there was no IIF lasing with 

J 
^_--- 

■MH^— *■ 
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II, CO, even though the systera was well aligned and produecd substantial levels of 

IIF laser radiation from II   + F  .   Since the optimmn H   pressure into tlie 

injectors was 50 torr, liquid polymer was prepared and its vapor was injected 

at flow rates up to 150 torr; still no lasing was observed.  In cm additional test for 

possible lasing, a mixture of H   and F   was initially set up, and then the pressure 

of H,  was decreased while that of H CO was increased.   There was no enhanced 
2 ^ 

lasing; furthermore, as the hydrogen pressure decreased the total laser output 

also decreased.   Thus it appears that while formaldehyde constitutes an excellent 

source of hydrogen in TEA-pulsed operation, and eliminates the need for carrying 

high pressure hydrogen at a fuel source, we have not yet found conditions wherein 

formaldehyde can be used as a source of hydrogen in .i cw configuration. 

TABLE I 

H2 
H2CO D

2 
D2CO C2H4 

X range (^n) 2.7-3.1 2.7-3.1 3.7-4.2 3.7-4.2 2.7-3.1 

Half-width 2 JUS 9 (/<? 4 fJS 4 ^is 2^ 

Relative 
Power 

0.7S 0.81 1.0 0.5 0.21 

Joules 0.017 0.019 0.017 0.023 0.005 

Watts 1700 1900 2300 1150 500 

Best V 
(Kv) 

27 22 27 21 

Best P 
(Torr) 

3.2 0.2 3.0 0.2 

Of fuel [SF,. = 31 Torr; He - 16 Torr]. 
o 

y 
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FIGURE LEGENDS 

Figure 1.       Dependence of relative power on fuel pressure. 

(a)   H2CO (b)   D2CO 

Figure 2.       Dependence of relative power on fuel pressure. 

(a)  H, (b)   D, 

Figure 3.       Dependence of relative power on impressed voltage. 

p(SF )  =  35 torr 

p(He)   =  18 torr 

p(H2)    =    3 torr 

P(H0CO)   =  0.3 torr 

Figure 4.       Dependence of relative power on impressed voltage. 

p(SF )  -  31 torr 

p(IIe)    =  16 torr 

p(D )   =  1 torr 

p(D CO) -0.3 torr 

Figure 5.       Transmlttance spectra for filters. 
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IV. Laser Heating Initiated Chemical Reactions 

Construction o£ an adequate high intensity pulsed CO laser (~25J/pulse) 

has taken much more effort and time than we had anticipated, even though a 

well designed unit had been described by Seguin. Indeed, there is a big gap 

between the bare description which appears in a journal article and the fully 

functioning device. After three periods of "restructuring" of the laser we 

hope that the present version will be operational at the 55 kV level, and its 

discharge characteristics properly controlled. Our objective is to use pulses 

developed by this laser (beam diameter approximately 4 cm) to generate a line 

focus with a cylindrical lens, which will be projected along the axis of a 

cell that contains a mixture of SFg, B^ and N02. 
rIhe light generated from 

this concurrent pyrolys is-oxidation reaction should be intense enough and of 

a quality that may provide essential information for the construction of a 

visible laser. Ulis system will be studied in the near future. 

V. CO v=l-0 Pulsed Chemical baser 

The conditions under which C0(1 ->   0) lasing occurs in the CS?-0?-He 

pulsed chemical laser were discovered. The results of this work have been 

described in a short publication, accepted by Chemical PHysics Letters [copy 

attached]. 

VI. C„ü7 + o2 He Chemical CO Laser 

Our studies of the  [CUI, + 0- •:- He] pulsed laser consist of four parts. 

First, both literature and experimental surveys were made of preparative 

methods,  in search for an efficient route for generating substantial quantities 

of the suboxidc.  In this 
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\ve were only partially succcssfnl.   Yields of up to 15% were obtained, compared to 

conventional yields of about 8%.   The second part consisted of a parametric study 

of reagent composition and of discharge conditions to maximize laser output for an 

axial discharge configuration, and the recording of relative lasing intensities and 

delays for onset of lasing as a function of the upper vil"rational state.   The effect 

of added cold CO was also investigated.   In the third part, relative populations of 

excited states, as present at a sequence of delays after pulse initiation, were 

obtained from chemilmninescence data, in the absence of lasing. 

A mechanism was developed which accounts seini-quantitatively (via our 

computer program) for the time evolution of lasing, as dependent on the upper state 

vibrational quantum number.   This lasing system is much weaker than CS   + O 

because (we believe) of strong absorption of CO radiation by the reagents: 

C O   at low v's and CO at v ~7,8.   Intracavity losses, therefore, remain high 

until these reagents are substantially depleted.   Absorptions by CO   and CO 

have been measured over a range of v's for CO radiations.   Our model 

also accounts for the long delay times for the onset of lasing (following pulse 

discharge), characteristic of the axially initiated configuration. 

^ 
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y,       STIMULATED CO EMISSION OF TIIE (1 — 0) BAND IN A PULSE INITIATED 

(CS2  + 02) CHEMICAL LASER 

Josef Strieker and S. H. Bauer 

Department of Chemistry, Cornell University, Ithaca, New York 14850 

Laser emission by CO on the v = 1 — 0 transition have been reported by Gregg 

and Thomas^    and by DjeiT '.   The first investigators mitiated lasing in CS0 + 00 

mixtures by flash photolysis.   They reported typical delay times of 12-20 /is and 

emission pulses which lasted for 15 to 60 /is, depending on the gas composition and 

flash lamp energy.   Djeu found a single line from the v = 1 — 0 band when a con- 

tinuous discharge was sent through H , N , Xe and CO mixtures, at liquid nitrogen 

temperatures.   Here we report on lasing at the fundamental band of CO, generated 

in CS -O -He mixtures when initialed by an electric pulse of mO.'l /is duration.   The 

mechanisms for producing the inverted populations are clearly different in these 

three cases. 

A slowly flowing mixture of helium (3.25 torr), O   (0.40 torr), and CS   (0.08 torr) 

was subjected to an axial 13 Kv pulse (ring electrodes) in a one meter tube; 

(3) 
C = 0.0051 fjf.       Rotational lines ranging from P(14)... P(lü) for the (1 -* 0) 

transition were recorded using a Au-Ge detector (LN), viewing the laser emission 

through a PE 98 grating monochromator.   Spectroscopic resolution for line identi- 

fication was 0. 9 cm    ; for recording time dependence of individual lines, the slit 

was opened to 3.6 cm    .   Delay times for onset of lasing were »160 /is, while pulse 

durations were between 6*00 and 800 /is.   In contrast, typical values for v = 13 — 12 

transitions, lasing pulses lasted »200 /is after a delay of «20 /is.   To establish 

that the radiation was produced by a transition to the ground vibrational state, a 

"' 
V 
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cell 8.8 cm long was filled with CO at 0.17 torr (room temperature) and interposed 

between the laser and the monochromator.   There was a marked decrease in the 

transmitted energy.   The to(l/l ) values observed [1.0 for P^O), 2.3 for P(ll), 

and 1.9 for P(12)] checked within acceptable error limits with the values calculated 

from Young and Eachus^ ^ vibrational matrix elements [3.2, 2.9, and 2.5, 

respectively].   This CO filled cell was almost transparent to all the other laser 

lines.   We could not obtain lasing on the 1 - 0 transition m a TEA configuration 

using similar compositions, voltages and capacitances. 

Optimum operating conditions for maximum power output on the P(10) line 

were determined by parametric variation of partial pressures and discharge voltages. 

The maximum appears at p(He) «3.25 torr; p(02) « 0.3 torr, and p(CS2) = 0.08 torr, 

using wll.3 Kv discharges (Fig. 1).   Corresponding delay times, are also shown in 

Figure 1; they are inversely related to the discharge voltages.   The net trends are 

as expected, based on the extent of fragmentation by the initiating electrical pulse. 

To eliminate populating the lower states by induced transitions from the upper 

states, intensities were remeasured with a grating tuned cavity.   The relative powers 

as a function of discharge voltage are shown in Figure 2 (upper) and the corresponding 

delay times in the lower portion.   Note that the latter values are about three times 

longer than for the free running configuration.   It is also interesting to note that 

at specific grating positions the laser output consisted of two bell shaped peaks 

separated by 430-470 /^s, depending on the discharge voltage.   The peak centered 

at 850 jJs was completely absorbed by cold CO, while that at 420 ^s was unaffected. 

These were later identified as P(10) for 2 — 1, at 2077.14 cm"   and P(16), 

v = 1 — 0 at 2077.65 cm" , respectively. 

s A 
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Thc above observations indicated that under the specific conditions of these 

(3) 
experiments, in contrast to the higher discharge voltages used in our first report     , 

the initial population generated chemically in the low v levels does not rise; it is 

likely that under present conditions, the low v states are uniformly populated, as 

proposed by Powell and Kellyv   , or possibly decrease as initially proposed by 

Hancock, Morley and Smith   '.   Hence when the cavity is free running a partial 

inversion relative to 2 -«-1 and 1—0 occurs sooner, due to the stimulated 

transitions, while in a tuned cavity lasing conditions are attained later because 

of the time required for v-v de-excitations.   This assumption was checked with 

(7) the Nielsen-Bauer modeP    for the CS   + O   system.   The following assumptions 

were introduced:   (a) For p(CS ) = 0.1 torr, p(0 ) = 0.3 torr, and p(IIe) =3.25 torr, 

we assumed (hat 60% of the total electrical energy in the capacitor was used for 

dissociation [2.2% of the 0_; 12% of the CS   and 8.5% of CS].   (b)  The reacting 
£u it 

system is adiabatic, with an initial temperature of about 400 K.   The computer 

program was run three times, each with a set of relative reaction rate constants, 

corresponding to the three proposed initial vibrational state distributions for the 
. v   ' . 

pumping reaction:  CS  +  O   > CO   '  + S.   While no positive gain was 

computed for the v = 1 —■ 0 transition on the basis of the branching ratios given in 

reference 3, comparable delay times and gains were found for the distributions 

given in references 5 and 6 (Table "1).   Thus, on the basis of the present observations 

no choice can be made between the latter two distributions for this laser operation. 
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TATIT.W T 

Inversion staii:s 
Delay 

Optimum     Time 
J            (psec) 

gain 
(arb. units) 

Max Inversion 
Delay 

Optimum     Time 
J             (/isec) 

gain 
(arb. units) 

Powell and Kellejr ' 15 180 0.40 12 300 2.5 

Hancock, at. al. 14 180 0.25 11 340 5.6 

LEGENDS FOR FIGURES 

Figure 1.      Relative powers and delay times for several mixtures, as a function 

of discharge voltage (conventional cavity). 

Figure 2.      Relative powers and delay times for P(10), P(ll) and P(13), 

y - 1 -* 0 transition, as a function of discharge voltage (grating 

runed cavity). 
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Y/. MODEL FOR THE [C O     +  O     +   He} LASER 

The apparatus utilized in these experiments was essentially identical with 

that used for the {OS   + O   + He} system.   The results of a series of parametric 

studies have been previously reported by David Sheasley [Laboratory of Plasma 

Studies Report of November 1, 1973].   To test the model, the following situation 

was simulated:  discharge voltage = 12 Kv, capacitor 0.051 /rf; assume that half 

of the available electrical energy is utilized for dissociation of the reagents.   The 

gas mixture consisted of 0.19 torr CO, 0.55 torr O , and 3.75 torr He.   This 

corresponds to an optimum combination for CO lasing.   Initial conditions for the 

computer program were:   5% of the CO   dissociated into CO + O; 0. 8% of the 

Og was dissociated into atomic species; of the CO initially produced 3.5% was 

further dissociated into CO + C.   That a substantial fraction of the CO   was 

dissociated by the pulsed discharges is supported by the reported fragmentation 

patterns obtained in mass spectrometers with incident electron voltages of 250 ev. 

The relative intensities of the various mass peak showed that the most abundant 

+ ' + + 
fragment is CO; the parent ion only 7/10 of       C-O, and C   was produced at a 

level 0.4 of CgO .   The thermochemical data inserted in the program are listed 

in Table I.   The heat of formation of CO was taken as 92 kcal/mole, on the basis 

of K,T & W [Z. Phys. Chem., 68, 321, (1969)] in contrast to the value given in 

the JANAF Tables [68. S kcal/mole]. 

Of 78 possible reactions involving the species C, Co0, CO, O, O   and CO, 

only 21 were found tc make a significant contribution to the production of CO   '. 

Ther.j were selected on the basis of the following criteria.   In the first step all 

reactions were included in the program; then the net rate of formation of each 

urn 
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TABLE I.   Thermochemical Data 

No. Specie 
Initial Mole 

Fraction 
c<a' 

p 
AH^l 1 

1 C 7.382E- -05 4.974 1.712E 02 

2 C02 
0.0 1.028     01 -9.408E 01 

3 C2 
0.0 9.177 2.009E 02 

4 C20 2.035E- -03 1.131     01 9.230E 01 

5 C302 
4.007fi- -02 1.862      01 -2.153E 01 

6 O 1.954E -03 5.108 5.980E 01 

7 02 
1.211E -01 7.313 0.0 

8 03 
0.0 1.088     01 3.402E 01 

9 C3 
0.0 9.068 1.961F. 02 

10 He 8.326E -01 4.975. 0.0 

11 co<0) 2.183E -03 7.067 -2.63IE 01 

12 GO« 0.0 7.067. -2.018E 01 

13 co'2' 0.0 7.067 -1.413E 01 

14 co<3> 0.0 ■& 7.067 -8.152E 00 

15 co'4' 0.0 7.067 -2.251E 00 

16 co<5> 0.0 7.067 3.575E 00 

17 oo<6> 0.0 7.067 9.326E 00 

18 co«7' 0.0 7.067 1.500E 01 

19 co<8> 0.0 7.067 2.060E 01 

20 co'9' 0.0 7.067 2.613E 01 

21 co'10' 0.0 7.067 3.158E 01 

22 co'11' 0.0 7.067 3.696E 01 

23 co'12' 0.0 7.067 4.227E 01 

24 co'13' 0.0 7.067 4.750E 01 

25 co'14' 0.0 7.067 5.266E 01 

26 co'15' 0.0 7.067 5.775E 01 

27 co'16' 0.0 7.067 6.276E 01 

28 co'17' 0.0 7.067 6.770E 01 

29 co'18' 0.0 7.067 7.270E 01 

30 co'19' 0.0 7.067 7.770E 01 

s 
kw"'* 

^MM 
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TABLE I (Continue'l) 

No. Specie 
Initial Mole 

Fraction p 
AH°<D )   . 

31 CO«20' 0.0 7.067 8.270E 01 

32 co<21> 0.0 7.067 8.770E 01 

33 co(22> 0.0 7.067 9.270E 01 

34 co<23' 0.0 7.067 9.770E 01 

35 co'24' 0.0 7.067 1.027E 02 

36 oo'25' 0.0 7.067 1.108E 03 

(a) in cal/mole-degree at 450 K. 

(b) in cal/mole at 450 K. 
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specie via a given reaction was compared at short and long tunes, r.nd for high 

and low levels of dissociation, with the rates of formation from all reactions.   If 

the rate of formation of a selected specie in a particular reaction was found to be 

-4 
less then the sum rate by a factor of 10     that reaction was discarded. 

The two reactions which generate CO in excited vibrational states are: 

CO    + O  —  CO(V)   +  Co0, and, C_0  + O  — CO(V)  +  CO.   In Table H 
3   2 2d 

all the reactions included in the program and their rate constants arn listed with 

the corresponding enthalpies; references to the literature are cited in the 

extended report. 

Of primary interest to this project are the values assumed for the vibrational 

relaxation of the chemi-excited CO     .   The specific rate constants for most of 

the species which appear in this system have been presented in the report on the 

{CS    i- O   + He] system.   The atomic species deactivate CO via v-T processes, 

while the molecular species are involved both in v-T and v- v steps.   The latter, 

of course, are most effective when the energy discrepancy is small, of the order 

of kT or less.   The rates which have been presented previously will not be dis- 

(v) 
cussed.   Attention is called to the following.   The relaxation of CO     by C was 

neglected, since the rate constants for deactivation by atomic carbon were equal 

to those for atomic oxygen and the concentration of the former is very small com 

pared to that of the latter. The rate constant for vibrational relaxation of CO 

by CCL at room temperature are given by Stephenson and Moore  [J. Chem.Phys., 50, 

1911(1969)], and by Rosser and Shanna  [J.Chem.Phys., 54, 1196(1971)] for v = 1. 

Hancock and Smith [App.Opt., 10,1827(1971)] presented k values for 4<v<13. 
V y V      J- 

The rate constants for the other vibrational states were obtained by interpolation of 

(v) 

K.... 

MMHM 
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TAßlJE n.   Kinetic Parameters:   k = A ccpf-lw'HT) 

A         CC E    kcal 

a mole 
~k(T.= 300 K) 

AH300 No. Keacuon • mole-sec -literaturc- 

1 C + CO„ + M ^   CO + CO v M 3 x ID13 5.1 <6 x 109 -129.8 

2 
2 

C  + Co0 -   C_  +  CO 6X1013 0.6 - - 89.0 
2 z 

14 
12 

1.5x10     <k 
3 c +o2       . ^   CO  + o 1.0   x 10 2.8 k<2xl013 -137.7 

4 c o + o -   CO   + co0 2.0   x 1012 1.5 4.9 x 1011 -212.7 

5 
2            2 

*   2CO  + 
2 

o 2.0   xlO12 1.5 5.0x 1011 - 85.1 

6 

7 

2            2 

.C302+0 

03 + M 

^ c2o + 

5*     0    +    O 

C02 

2   +  M 

2.0xl012 

2.0   x 1015 

13 

2.2 

24.0 

(2.5±1.2)xl010 - 40.1 

25.8 

8 

9 

0 + 03 
c2 + 0 

*   202 

i:   CO  + c 
S.O   xlO 

J4 
1.0   xlO 

6.0 

3.0 - 

- 93.8 

-115.8 

10 c2o   +   O ^ co<0> + co(0) 1.72 x 1013 0.6 (5.7±3)x 1013 -204.7 

11 c2o  +  O 
c2o + o 
c.o + o 

^ co^ + co(0) 1.02x 1013 0.6 - -198.6 

12 ^ co<2) .+ co(0) 12 
4.C9X 10 0.6 - -192.6 

13 - co<3) + co(0> 
12 

2.34 x 10 0.6 - -186.6 

14 (■2o + o 
c2o + o 
C2Q   +   O 

crp +  o 

. .0W 
+ co(o) 1.17 x 1012 0.6     • - -180.7 

15 * co<5) H   CO(0) 
11 

6.C4x lü 0.6 - -174.8 

ir . co<6) + co(o) 1.95x 1011 0.6 - -169.1 

17 ^ co^ + co(0> 1.56 xlO11- 0.6 - -162.9 

18 c2o +  o 
c2o+   o 
c2o + o 
c2o + o 
c2o + o 
c2o + o 
C20   +   0 

c2o + o 
co2  + c2 

C   +   C302 
c2o + c2o 
c2o + o 
c2o + o 
c  + c "o 

- co^) + co(o) 0.0 - -157.8 

19 . co<9) + co(0) 0.0 - -152.3 

20 - co<10) + co(0) 0.0 - -146.8 

21 ^ co^11) + co(o) 0.0 • - -141.4 

22 . co^12) + co(0) 7.81x 1010 0.6 - -136.1 

23 . co<13> + co(o) 3.13 x 1011 0.6 - -130.9 

24 . co<14> + co(0) 1.C4X 1012 0.6 - -125.7 

25 ^ co<15> + co<0> 1.41x 1012 0.6 - -130.7 

26 

27 

28 

29 

30 

31 

- c2o + 
*   2CO  + 

- 2CO 

"   C2    + 

& co2 

" c„   + 

co 
C2 

*    C2 
02 

+  c 
o 

7.0   xlO13 

1.0   x 1013 

4.0   x lO1^ 

6.0   xlO13 

2.0   x 1013 

3.0   xlO13 

• 6.0 

4.0 

3.0 

54.5 

3.6 

4.0 

- 

- 40.8 

- 1.4 

- 36.3 

48.8 

- 75.0 

- 7.6 

32 

33 

2 
c3 + c 
c    + c o 

3 
- c2   + 

~   CO   + 

C2 
c„ 

1.0 xio14 

3.0   x 1013 . 

36.0 

0.7 

- 34.4 

-123.3 

34 

35 

2            2 
c3   +  O 
c, + o  • 

^   CO    + 

»   2CO 

3 
C2 

+  c • 
6.0   xlO13 

5.0   x IG12 

0.7 

1.5 

- - 81,4 

- 77.5 

36 
3            2 

C302   +   0 

c3o2   +   O 
C*02   +   0 

c3o2  +  O 
c3o2   +   O 

« co(0) 
+  2CO(0, 8.7   xlO12 2,0 (3.2 ±1.2) xlO11 -117.2 

37 « co« +  2CO(0) 5.8   x 1012 2.0 - -111.1 

38 - co<2) +  2CO(0, 2.1   xlO12 2.0 - -105.0 

39 ^ coP) +  2CO^ 1.1   xlO12 2.0 - - 99.0 

40 ^ co<4> +  2CO(0, 6.8   xlO11 2.0 - - 93.1 

mtm mm 
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TAHS.E 11 (Continued) 

Reaction 
ccf kcal 

2  mole 
k(T = 300 K) 
-literature- 

AH° „ 
No. "" mole-sec 300 

41 Co00 + O 
_, CO(5)   +   2CO(0) 2.8 xlO11 2,0 - - 87.3 

42 
3  2 

C„0o + O J* CO(6)  +  2CO(0) 1.5 xlO11 2.0 - - 81.6 

13 
3  2 

c„o0 + o ;. CO™   +  2CO(0) 1.7 X1011 2.0 - - 75.9 

44 
3  2 

c„o0 + o Ji CO(8)   +   2CO(0) 5.3 xlO11 2.0 - - 70.3 

45 
3  2 

c,o0 + o j* CO(0)   +   2CO(0) 2.6 xlO11 2.0 - - 64.8 

46 
3  2 

+ o J. CO(10)   +  2CO(0) 1.9 xlO11 2.0 - - 59.3 

47 
3  2 

+ o - CO(n)   + 2CO(0) 9.2 x 1010 2.0 - - 53.9 

48 
3  2 

C,0o + o ^ CO(12)   +  2CO(0) 0.0 - - 48.6 

49 
3  2 

+ o J. CO<13)   +  2CO<0) 0.0 - - 43.4 

50 
3  2 

CQ00 + o J* 
C0<14)   +  2CO<0) 0.0 , -■ 

- 38.2 

51 
3  2 

C302 
+ o ^ CO(15)   +  2CO(0) 0.0 - - 33.1 

.■to ■M 
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these data.   The final values used are given in Table DI. The temperature dependence 

of k for CO   on CO was given by Stephonson and Moore; the rate constant 

changes linearly with temperature, in contrast to the SSH theory, which pi-edicts a 

much stronger temperature dependence.   Thus, at 600 K the SSH value is larger 

by a factor of 3. 5 than the value given by S & M.   In our program the linear 

temperature dependence was used for all v values. 

With reference to CO. note that one of its fundamental vibrational frequencies 

is 1978 cm"1; this falls between the v = 7 and v - 8for CO. In such a case of nearly exact 

resonance one should not anticipate a strong temperature dependence.   The 

vibrations of OCS molecules are also in resonance with CO at the 4th vibrational 

level.   For C O we used the OCS values for k        , given by Hancock and Smith, 
2 v,v-x 

but the values were scaled in order to bring the largest k to v = 7.   These 
v, v~i 

are listed in Table IV. 

C O   has a characteristic normal mode vibration at 2200 cm    , which is close 

to the spacing for the fundamental transition of CO.   Hence k should be large 
V, V—X 

for v = 1, and its magnitude should decrease for higher v's.   We assumed that 

k        „ to be the same for C„0„ as for N.,0 on CO, since one of the normal modes 
v,v-l 3  2 2 

of NO is 2224 cm" .   The rate constants for 4 < v < 13 were taken from Hancock" 

and Smith; the other values were interpolated frcji these data (Table V). 

The computed concentrations of C as a function of time, under laser 

operating conditions, are shown in Figure 1. Note that its magnitude vises very 

rapidly ana attains a maximum at about 33 /Js; then it decreases gradually. The 

reactions that produce C are (2), (27), (28), and (34); reaction (29) proceeds in 

reverse direction J us reducing the CQ concentration. Reactions (2) and (34) are 

exoergic, sufficiently to excite C9 to the A state, the upper level In the Swan band 

J 

«■ 
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TABLE HI 

Rate Constants, kv v_1 (cm mole    sec   ) for 

Deactivation jf COv ' by C02 

v,v-l 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

4.13x10 
4 

3.30 x 10 
4 

2.50x 10 
4 

1.80x 10 

l.OOxlO4 

3 
9.50x 10 

9.00 x 10 
3 

9.50x 10 
4 

1.25x 10 
4 

2.00x 10 
4 

3.20 x 10 

5.10X 10 
4 

6.70x 10 
4 

9.00 A 10 
5 

1.10 x 10 
c 

1,25 x 10" 

1.40 x 10" 

i 

»>._--■ 

tm 
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TABLE IV 
3         -1      -1 

k       ^ (C20) (cm mole    sec    ) 

V k 
v,v-l 

1 6   xlO5 

2 1.5xl06 

3 3.6xl06 

4 6   xlO6 

5 1.3 xlO7 

6 2.4 xlO7 

7 3.6 xlO7 

8 3.4 x 107 

9 2.2 x 107 

10 7.9 xlO6 

11 4.2 xlO6 

12 2.3 xlO6 

13 1.8 xlO6 

14 
6 

1.1x10 

15 
5 

6   xlO 

16 
5 

2.4x10 

17 1.2 xlO5 

«-—^ 
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TAB1£ V 

3     , -1      -1 
k        - (CQ00) (cm mole    sec    ) 
v,v-l x  3  2' x 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

v,v-l 

6   x 105 

5.4x10 

4.4 xlO5 

3.0xlOE 

1.5xlOE 

9.0x10 

5. 8 x 10 

5.1x10' 
4 

5.1x10 

4 

6.0 x 10 

6.0xl04 

6.0 x 10 

5.6 xlO4 

5.6x10 

4.8x10 

4.2 xlO4 

3.6x10 

s ^^. 

~—*^*am 
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3 3 system [A 11    - X 11 ].   The rates of production of C   by these reactions (in 

-3      -1 moles cm   sec   ) are summarized in the following table. 

delay times (jusec) 
Reaction 

No. Reaction 2 17 33 . 43 

2 C + CJD — C„ + CO 1.3x10    3      1.6x10 2.0x10 9.0x10" -ow        "o 

34 C   +0-*CO + C0 7.0x10 17      6.0xlo"16      7.0xl0~16      6.0xlo' 

1/t IK 1ß Iß 

27 C+CO   -*2CO + C 1.1x10" 2.2xlo" 5.0xlo" 2.7xl0~ 

28 C O+ C„0 — 2CO+C0      2.1x10" 1.2xl0~ 5.9xlo' 3.8xlo" 

During the first 30 /is the most important contributor to the production of C   is 

step (2).   This is supported by the measured Swan band radiations as a function of 

the oxygen present in the discharge; the results are shown in Figure 2 for the 

indicated v-v transitions.   Clearly, the relative intensities of the Swan bands depend 

strongly or the oxygen pressure; they decrease sharply with increasing partial 

pressure.   This is compatible with our assumption that the principal mechanism 

for C9 production is (2).   When oxygen is introduced the amount of CO and • 1 

available for this reaction are reduced, causing the sharp decrease in intensity. 

Additional support is provided by       literature reports on the thermal decomposition 

ofC O0;  C   is produced.   Klemenc, et.al. fZ. Elektrochem., 40, 488 (1934)1 
3   2       A 

suggested that the overall reaction is:  CO    - CO    + C ; Kunz [J, Chem. Phys,, 

3 
46, 4157 (1967)] proposed that the reaction (2) produces C2 in the (A 11) state. 

(v) 
The calculated and observed vibrational state populations of CO    , at several 

delay times, are shown in Figure 3.   The solid lines are the experimental results 

»>._. 
; 

A 
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(Sheasley), and the points were computed; in each case, the .magnitudes were 

normalized to unit value at v = 8.   On comparing the vibrational populations 

derived experimentally from the chemiluminescence intensities,with those 

computed (Figure 4),we find the agreement is fairly good, except for the distri- 

bution at the 40 /Jsec delay time.   In this case the model shows higher values by a 

factor of about 2.   The reason could be the low chemiluminescence intensity 

emitted at this early delay time, and the need to use a wide monochromator slit. 

The two maxima in the CO   ' distribution (at v = 8 and v = 13,14) are compatible with 

the Clougji, Schwartz and Thrush experiments IProc. Roy. Soc. London, A317, 

575 (1970)].   Our model shows that the first peak at v = 8 is primarily produced 

by the CO   +0  —  3 CO reaction,which is sufficiently exothermic to pump SCO 

to the v = 6 state.   The second maximum at v = 13,14 is primarily produced by 

the C00 + O  —  2CO reaction; this is sufficiently exothermic to pump 2CO to 

about v = 18. 

Gain coefficients at different delay times were computed for v' = 2,3 11; 

for each v' level we computed the gain for P(l)... (P20) rotational lines.   The 

gain for a P-branch transition [v, J-l —- v-1, J] is given by: 

Fv(J-l)hc Fy^fflhc 

g=        S^e x jf-NBe"""**-   -N     *    /       kT 1 e        3kT    , 2flkT      v,v-l     L  v v v-1 v-1 J 
m 

where x       „is the vibrational contribution to the transition matrix element; m is 
v,v-l 

the mass of CO; F (J) is the rotational term value for the v' vibrational level; 

2 2 
F (J) = B (J+l) -DJ (J+l) .   The rotational constants were taken from Patel 

[Phys. Rev., 141, 71 (1966)].   x       is given by Young andEachus [J. Chem. Phys. 

s. _'•'•■ 

—       -   
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44, 4195 (1966)], and ratios of matrix elejnents forv up to  9    are given in 

Journal of Molecular Spectroscopy, 10, 182 (1963).   The ratios of matrix elements 

for v' = 10 and v' = 11 were calculated via: 

Vv-1    =   Av.v-1    (\o_   \3 

1,0 1,0 v,v-l 

This gives for v'= 8,9,10 and 11 the ratios: 2.8004, 2.9547, 3.1065 and 3. 2504.   The 

that 
model shows/positive gain is attained for v' = 6,7... 11, as summarized in Table VI. 

Note that the  model predicts lasing at the correct vibratlonal lines and at correct 

delay times for v' ~ 6, 9 and 10.   The calculated delay times for v' = 7 and 8 are 

very short, compared with those observed.   We propose that this is due to the fact 

that v' = 7 and 8 lines are absorbed within the system during the early times by 

the incompletely reacted reagents.   To check this assumption we measured the 

absorption of v' =7—6, P(i3) line by the laser plasma (no cavity mirrors) at 

several delay times.   C90 is one of the principal species in the system which could 

absorb CO radiation.   The wave numbers for the laser transitions v = 7 — 6 and 

8 — 7 are compared with C90 rotational lines ol the (001) band (Table VTI), 

computed by assuming: 

E  (V\ = 1978. 0 cm"1 ; B = 0.4085 cm" 
V   3 

D » 4B3/E  (iM2 = 2.36 x 10~7, where E  (y,) = 1074.0 cm" 
v   1 v   1 

B and D are the rotational constant needed to calculate the corresponding 

2 2 
term values: F(J) = BJ(J+1) - DJ   (J+l)  .   The last column of Table VII shows the 

fraction of CO molecules in the absorbing level.   Note the small discrepancy 

between the frequencies for CO and the CO.   By measuring the net absorption at 

-13 
about 300 jisec, when the CO concentration is very low, approximately 10       of 

S 

«-  ^ 
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TABLE VI,   Summary of Delay Times 

»1 

Inversion 
Starts 
(^sec) 

At 400 /us 

T = 5330K 

At 400 /JS 

T =300OK 

At 400 ps 

T = 400OK 
V 

r Gain 
(rel) 

J    . 
opt 

Gain 
(rel) J    . 

opt 
Gain 
(rel) opt 

Gain 
(rel) J   : 

opt 

6 

7 

8 

9 

10 

11 

240 

<40 

<40 

320 

400 

320 

0.18 

1.8 

10.5 

0.2 

0.1 

0.08 

20 

12 

11 

20 

20 

20 

0.4 

1.8 

1.9 

0.5 

0.1 

0.2 

19 

13 

15 

19 

20 

19 

1.4 

4.2 

4.9 

1.8 

1.03 

1.4 

14 

11 

11 

15 

16 

15 

1.13 

4.3 

4.4 

1.5 

0.8 

1.1 

17 

13 

13 

17 

19 

18 
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TABLE VII.   Computed Frequencies for CO Rotational Lines 

CO:ElV)  = 1978 cm CO Mnes with short T 
CO Population 

at 500OK 
N(J)/N 

Z V   3' . 

P(J) u(cm   ) ^o-'co v'-v" P(J) ^(cm   ) 

37 1947.82 0.30 7-6 10 1947.52 4. 5 x 10"'J 

47 1943.76 0.22 11 1943.54 3.8 xlO"2 

52 1935.65 0.16 13 1935.49 3.3 xl0"2 

57 1931.61 0.20 14 1931.41 
-2 

2.7x10 

62 1927.57 0.27 l-j 1927.30 2.3 xlO'2 

67 1923.55 0.39 iG 1923.16 9.7 xl0~3 

84 1909.93 0.05 8-7 13 1909.88 6.5xl0~3 

94 1901.99 0.22 14 1901.77 3.1 xlO"3 

riH 



■74- 

its initial concentration, we can estimate the CO contribution.   Then by sub- 

stracting this magnitude from the measured absorption, obtain the net absorption 

by CO at v' = 7 and 8.   This indicated that the assumption that CO was the only 

absorber was not adequate.   Were this the case the ratio of the net absorption co- 

efficient divided by the CO concentration would not vary significantly with the 

delay time, which it does.   We suspect that the remaining absorption Is due to 

the undecomposed CO, but the complete explanation for this discrepancy is not 

now available, nor do we have an explanation as to why the J's for the optimum 

transitions, as calculated, do not agree with those observed. 

We calculated the gain at different delay times when cold CO was introduced 

into the gas mixture.   The measured delay times at which gain first attains 

positive values, as a function uf the pressure of the added CO, are shown in 

Figure 5,    The initial conditions inserted in the program are the same as used 

previously, except the total pressure is higher due to the increase in the added 

CO.   The computed values are compatible with the experimental observations 

(Table VIII).   (a)  The delay times become shorter as more cold CO is added; 

(b) for ^=6,7 and 9 the absolute value for the gain reaches a maximum at 

approximately P      « 0.12 torr; (c) for v = 8 the gain is reduced as a function of 

the added CO whereas for v' = 10 and 11 the gain gees up with added CO. 

>• 

■—"' ^ M   - , Hk  -     ^^■——«——^—*—— 
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TABLE Vm.   Effect of Added "Cold" CO 

p(CO) = 0.0 torr P(CO) = 0.12 torr p(CO) = 0.8 torr 

v' Gain Delay (ps) Grain Delay (jiis) Gain Delay (/is) 

6 0.46 620 1.4 260 0.86 160 

7 4.1 160 4.3 120 2.9 80 

8 12 80 9.9 80 6.1 40 

9 1.0 640 1.4 P00 0.95 360 

10 0.6 640 0.97 560 1.2 320 

11 0.33 440 0.83 440 1.6 280 

mm 
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VII. Laser Initiated Reactions in Mixtures of B^IL 

Conditions for operating boron atom laser were discovered. This material 

is described in the attached report, which lias been submitted for publication 

in Qiemical Physics Letters. 

The exploratory work with the CO- laser initiated reactions in mixtures of 

B H   with one of the following oxidizers [O , NO, NO , PF   ] led to interesting 

results.   In these the admixed SF_ serves as an absorber and heat transfer agent. 
6 

The rapid heating of mixtures of B0H , N0o and SF„ produced high levels of 
z   6 2 6 

luminosity.   In most of these experiments the cell was filled with about 15 torr of 

SF-, 13 torr B H   and 25 torr of the oxidizer; it was exposed to a 10 watt cw-CO. 
o 4   6 2 

laser oscillating on the P(28) line.   Very bright yellow-green flashes were 

observed, particularly when the oxidizer was molecular oxygen or NO„; weaker 

illuminosities were produced when the oxidizer was NO or PF  .   The spectra of 
ä 3 

the light emitted were photographed with a Spex three-quarter meter grating 

instrument, and the plates read with a microdensitometer.   A large number of 

bands were thus recorded, ranging from X5875 to X3818.   These bands are super- 

posed on a substantial background which appears to be a continuum but not of 

uniform intensity.   The brightest regions of the spectrum appeared at 5800, 5400, 

5200, 4900, 4500, and 4000 A.   Some of these can be assigned to diatomic emitters, 

such as BO, BS, BF and H_; BO   is a very prominent emitter.   Several bands 

correlate well with spectra from H   and HO, however, these assignments have 

not been checked and at present we can only say that the system appears to have a 

very high radiative temperature.   As yet the relative intensities of these bands 

have not been quantitatively ascertained, since we do not have the sensitometric 

calibration for the film used in these studies.   It is clear, however, that the most 

t 
r 

Mi 



■78- 

intense band appears at 5875 A; this could be due to BO, second order, for 

2935 A.   There is a dense system of red-degraded double-head bands between 

e 2 2 
2700 — 4500 A which belong to the BO  a series [A n -* X S].   If this inter- 

pretation is correct then we must look for a reaction which is capable of generating 

97 kcal/mole to provide the exothermicity for exciting BO to emit at these short 

wavelengths.   The only such reactions known to us are the following: 

BH2  + O    —    BO  +  H2 AH0  =  -108(± 17) kcal/mole 

BO   + 02    -    B02  + O AH0 =  -109(± 4) kcal/mole 

This interesting system clearly merits further study. 

To help unscramble the mechanisms of pyrolysis and oxidation of boron 

containing systems, preliminary measurements were made utilizing a mass 

spectrometer and a rapid gas flow reactor to measure the rate of reaction 

between oxygen atoms and several boron hydrides. I land and Derr [Inorg. Chem., 

15, 339 (1974)] described a similar experiment in which oxygen atoms were 

allowed to react with BJ^. The rate constant they found is (4.21 + 2.7) x 10 

3 -1     -1 
cm   molecules   sec     at room temperature; it has an apparent activation energy 

of 4.8 + 0.5 kcal/mole    . We confirmed their value and then measured the 

corresponding rate between oxygen, atoms and BILOO. A much larger rate constant 

-13    3 -1       -1 
was found, as expected: k = (6.1 + 0.6) x 10     cm molecules    sec    , at room 

temperature. The rates of reaction of the boranes with molecular oxygen are 

too slow to be measured with his apparatus. In another experiment which sheds 

a light on this mechanism, he recorded the emission spectra produced on mixing 

HjBCO with oxygen atoms in a flow system. He found red-degraded, double-headed 

bands, and assigned the 

^m 
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highest transition to v', v" = 12^0  at 2700 A .   This corresponds to 104 kcal/mole 

above the ground state.   In the absence of molecular oxygen no BO« emission 

was seen.   It is suspected that the three body reaction BO + O -i- M -* BO   + M 

does not lead to high levels of excitation of BO .   On the other hand, when 

molecular oxygen was added, a very intense green band system from BO   was 

observed, presumably produced in the reaction BO + O    -•■  BO* + O. 

We conclude that a combination of techniques, such as the use of fast flow 

diagnostics, 
reactors with a mass spectrometer/ the photographic recording of spectra in low 

pressure flow systems, when one of the reagents is excited by a microwave dis- 

charge , and     parallel studies of laser heated initiation reactions, will be needed 

to develop adequate mechanisms, and lead to optimum conditions for generating 

chemiluminesceuce in the visible. 
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AN ATOMIC BORON LASER -— 

PUMPING BY INCOMPLETE AUTOIONIZATION, 

OR ION-ELECTRON RECOMBINATION 

J. Strieker   and S. H. Bauer 

Department of Chemistry, Cornell University, Ithaca, New York 14850 

ABSTRACT 

Pulsed lasing was obtained from discharges in mixtures of He (»10 torr) and 

a number of boron containing species (w 25 mTorr).   Discharge conditions for 

optimizing the output are briefly described.   Laser emission appears at 

2777 ±1.6 cm    , with 20-50 ^s delay after passage of the discharge pulse (wl ps 

half width).   The emitters are boron atoms.   Among the terra values for B I and B n 

only one pair of levels for B I have a. separation close enough to the observed 

frequency to be considered.   One possible mechanism is based on excitation to a 

metastable level above the first ionization limit.   A distant collision may induce 

transition to captured-alectron states at the limit (incomplete autoionization), which 

constitute the upper lasing levels; lasing them occurs by induced transitions to the 

2 
lower level, 7s,   S   .2, which is rapidly depleted.   Another possibility is the 

capture of an electron by B   into a very large Rydberg orbit, at the ionization limit, 

which are the upper lasing states. 

Permanent address:  Department of Aeronautics, The Technion, Haifa, Israel 
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Our search for a BH elimination laser so far has proved illusive, but we did 

discover laser emission from atomic boron, when low concentrations of certain 

boron bearing species, diluted in helium, are subjected to a pulse discharge. 

The lollowing is a brief description    " "fte experiment. 

The reactor tube is a 1" I. D. pyrex pipe, 120 cm long, fitted with rock salt  ' 

windows at their Brewster angle.   The discharge is impressed by two aluminum 

co-axial ring electrodes, placed about 1 meter apart.   A modest helium flow is 

maintained at the desired pressure, while the test gas is admitted several meters 

upstream for complete mixing.   Pulses from a 5.13 nf condenser are repeated at 

6 Hz, at set voltages; they are less than 1 /is in half-width.   The cavity consists 

of a 3 m radius gold mirror at one end and a gold flat with a 1 mm hole at the —J 

other, set about 160 cm apart.   With this arrangement laser emission from 

Ar  [»5 torr He, «5 torr Ar, wll Kv] is easily excited.   This emission starts 

with the discharge and declines rapidly; half-time »ilO /is.   Its wavelength is 

2.205 ± .005 /i, which corresponds to the reported Arl laser line at 2.20245 /i 

{3d[l/21o -* 4p,I3/2]1}.   Cavity alignment is greatly facilitated with this pulsed 

emission. 

The following gases produce laser radiation [the rationale for theii- selection 

is indicated below]:     BgH   [    B represents boron vath normal isotopic abundance], 

n n n 10 n n 
B2D6' H3 BCO'    ^^      B2H6 and   BBr3'   N0 lasinSwas obtained with   BC^o 

and   B(C H ) .   The purity of these gases was checked by mass spectroscopy 

and their infrared spectra.   No differences in laser operation could be detected 

when Airco (commercial) He was replaced by high purity (Matheson) He.   Very 

slight amounts of oxygen completely quenched lasing; H   is not quite so drastic 

K. _.-'■■ 
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for quenching; the addition of Ar reduced laser output power.   Lasing conditions 

were very sensitive to the pressure of the lasing gas; either too much or too 

little was detrimental, with the optimum pressure «25 mTorr. 

By a suitable combination of filters that spanned the range 1 -* 11 ptm, we 

established that the radiation appeared only between 2 and 4 pn; a gold doped 

germanium detector, cooled to liquid nitrogen, was used.   We did not test for 

radiations outside the 1 to 11 fim range.   With a calibrated 25 cm f. L Spex grating 

monochromator fitted with a 25 /xtn slits, a single line was found at 2777 ±1.6 cm   ; 

its width was less than or equal to the resolution of our intrument.   This frequency 

was unaffected by the reagents used.   The absence of any H/D isotope shifts 

eliminated BH, BH   and BH   as emitters; later confirmed by the observed lasing 

from BBr -He mixtures. The possibility that the emitter is BHe   was eliminated by the 
o 

absence of any     B/    B isotope shift.   We conclude that the emitter is atomic 

boron.   Indeed, absorption spectra of B and B  were previously recorded^ ' 

following flash photolysis in H0BCO.   The fact that neither BC.^, nor B(C H ) 

lased can be rationalized in terms of their respective average bond dissociation 

(2) 
energies^ ' and our observation that the density of boron in the discharge is very 

critical.   The following sequence suggests that boron hydrides are the best sources 

for boron atoms. '/■• 

<D> values:   B-B (70 kcal/mole); B-H (78); B-N (92); B-Br (103); B-C (106); 

B-C£ (127); B-F (181) and B-0 (187). 

Indeed, B-H   gave somewhat more intense emission than did B H .   The optimum 

discharge voltage for BBr   was several kilovolts higher than that for the boron 

hydrides, reflecting its higher average bond dissociation energy. 

mm 
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The shape of the output pulse is shown in Fig. 1.   We present a dual trace to 

illustrate the reproducibility of the laser output.   Delays ranging from 20 ps to 

50 ps were observed, depending on the He pressure and discharge voltage [Fig. 2]. 

The width of the pulse at half maximum is somewhat less than the delay time 

(«30 ps for a 40 ps delay).   When the pressure is low the delay time is shorter, 

suggesting that while He is necessary to sustain the discharge it may also quench 

the radiating species.   The pulse duration decreases with increasing He pressure. 

The output power of the laser depends both on the He pressure and the discharge 

voltage.   For a sequence of fixed pressures, the voltage dependence passes through 

a maximum [Fig. 3].   Over the range of conditions covered in these experiments, 

the maximum output using B0He as precursor appears at 11.5 Kv with He pressures 

10-12 Torr.   Increasing the voltage beyond this value reduces the concentration of 

lasing species and/or modifies the electron energy distribution toward an unfavorable 

shape. 

The appearance of a delay in the 20-50 Jis range for an atomic laser is indicative 

of a multistep collisional mechanism.   This was supported by 

our search for coincidence spacings among the term values for B I and B n. 

Reference to Moore's Tables™ and the later work by Edlen, et. al.      uncovered 

a single combination in the E I set which was close enough to be considered.   The 

-1        2 
limiting ionization level for the doublet states is 66,928.10 ± 0.1 cm     [nf   F 

series]^, while (2s) 27s, V ,_ occurs at 64,156 ±  ?   cm" ; i.e. 2772 ±  ?   cm 
1/6 

lower.   The fact that two well characterized states were observed above the ionization 

limit [2s 2p2,2P3/2> l/2 at 72,547 and 72,535 cm"1; 2p3,   S°/2 at 97,037 + x cm" ] 

suggests that pumping may start by excitation to a metastable state above the ionization 

limit.   Then, due to some perturbation such as a distance collision., de-excitation to the 

k-^-" 
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ionization limit occurs but with the electron still captured (incomplete auto- 

2     2        2 
ionization).   Lasing occurs by induced transition to Is   2s   7s,   Sy^ 

metastable  Mo    \ 
stable      \   3/2 / 

OR 

( P3/2il/2/   _ 

t„   2       "I     lasing 
(2s)   np J     ^ 

n large 

2        2„ 
(2s)   7s,    S 

1/2' 

Such a sequence of events accounts, in a qualitatively way, for our observation of 

a long delay time, and presents a novel pumping mechanism.   Dr. T. A. Cool 

called our attention to a second matching interval.   Extrapolation via a linear Ritz 

-1 2     2        2 
formula indicates a term value of 61,381 cm    for the Is   2s   5p,   P3^2# ^ state, 

1 2 
wMch is 2775 cm    below 7s.    S   ,      Thus the delay may be due to cascading 

2     2 
from the incompletely autoionized states to Is   2s   7s, which is the upper losing 

level, from which induced transitions are made to the 5p state. 

Another possible route for populating states at the ionization limit is the 

capture of an electron by B   during a large impact-parameter encounter.   The high 

sensitivity of lasing power to the pressure of B atom precursors suggests that 

populating the upper lasing level competes with other B atom or B   reactions. 

This work was supported by the Advanced Research Projects Agency of the 

Department of Defense and monitored by the Office of Naval Research under 

Contract No. N00013-671A-0077-0003. 
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LE GENDS FOR FIGURES 

Figure 1.    Oscilloscope traces of detector signal for two pulses of radiation 

at 2777 cm" ; 20 ps/div. 

Figure 2.    Delay (in /is) for onset of lasing, following the initiating pulse 

discharge, for a range of He pressures. 

Figure 3.    Relative power output as a function of impressed voltage, for a 

sequence of He pressures. 
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