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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 information 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 chemical 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 Tesonance 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 modelling 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-CO2 and DF-CO2
systems over the temperature range 200-350K.

2. Vibrational relaxation rates of HF(v=1) by H, D, 0, F, Cl,and Br atoms
at T = 300K. |

3. Vibrational relaxation rates of C02(00°1) by H,0,N,F,cl atoms at T=300K.
4. Vibrational relaxation rate of CO(v=i} by O atoms at T=200K.

5. Vibrational relaxation rates of CO2 (010) by 002, NZ' and He.

6. A comuter model for the CSZ-OZ-He chemical laser.

7. A model for the CSOZ-OZ-He CO chemical laser.

8. Development of a CO v=1-0 pulsed chemical laser.
iV




The studies of vibrational relaxation by atoms provide the first

comprenensive data for the HF, CO, and €0 lasers. To accomplish this a

new experimental technique, microwave paramagnetic resonance of atoms,

was added to the laser induced fluorescence method to enable accurate

determination 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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Low Temperature Vibrational Relaxation HF, DI, HF-DF,
HF-C0,, DF-CO, '

Vibration to Rotation Energy Transfer in HF

Vibrational Relaxation of HF(v=1) and DF(v=1) by
Collisions with Atoms

Vibrational Relaxation of CO, (00°1) by Collisions with
Atoms
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ARPA Final Report

Professor T.A. Conl

Two primary tasks have been performed during the period from 10-1-73
to 9-30-74. Laser-induced fluorescence ieasurements of vibrational energy
tra;lsfer rates for the IIF, DF, HE-DE, I—IF-.COZ, and DF-CO2 systems have been
performed over the temperaturc range from 200 to 350°K to extend our pre-
vious work in the range from 300-700°K. A second investigation has been
the design and prelimindry testing of a sophisticated experiment designed
to measure vibration to rot:ition energy transfer vates in IF. Progress on

each of these tacks is summerized in the following.

1. Low Temperature Vibrational Relaxation Rate Measurements

The measured rate constants for the HF, DF, HE-DF, l-IF-OO2 and DI"—CO2
systems are summarized in Table and Figuves 1 and 2. This work is in
preparatiori fer publication in the Journal of Chemical Physics. the rate

constants and probabilities refer to the processes:

A. I-IF-CDZ and DF—CO2 Systems :
13 .
HF(v=1) + 00,(00°0) S HE(v=0) + 00,(00°1) (1a)
k
L2, 1E(v=0) + 0, (un*0) (1b)
k ]
c02(00°1) + HE(v=0) S C02(00°0) + 1IF(v=1) (2a)
Ko 2
S CO2 (nm"0) + HE(v=0) (2b)
B. HIF and DF Systems:
-k
HE(v=1) + DE(v=0) L% [i(v=0) + DF(v=0) (3a)
k

T (v=0) + DE(v=1) (3b)




1
HF(v=1) + HF(v=0) ~== 2HF(v=0) (4)
X |
DE(v=1) + HE(v=0) —==» DE(v=0) + HE(v=0) (52)
kl
—&» DE(v=0) + IF(v=1) (5b)
k22
DF(v=1) + DE(v=0) —==> 2DF(v=0) (6)

Two important features of the experimental data should be noted. Figures
1 and 2 rcveal that the probabilities have inverse temperaturc dependences
approximatcly described by the relationship P « T where 1.25 <n < 2.0.
Secondly, at the lowest temperatures (200-220°K) the influence of polymers

of the HF and DF was easily discernable. The rates for deactivation by HF

dimers and tetramers arc very large and dominate other processes in the
temperature range from 200 to 220°K. 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 thc mononer effects.

II. Vibration to Rotation lnergy Transfer in HE

Apparatus are being assembled for a double-resonance experiment designed
to measure the rates for vibration to rotation energy transfer in HE. The
processes of interest arc

HE (v=1 ,Jl) + [-IF(v=O,J2) > I-IF(v=0,J1') + [IF(\FO,JZ'). (7
The experiment consists of the usc of onc HF laser to pump the IIF(v=1,J1)
molecules in less than 500 nanoseconds and the use of a second probe laser
to monitor the populations of IIF(v=O,J1') and I-IF(v=O,J2') at later times.

Figurc 3 illustrates the experimental technique. The detection of

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




Rate Constants (104scc—11brr_l), and Probabilities

Rate Constar £ Measurcments

System  Temperature
11

HF-(0, 4.0 .0061
HF-C0, 5 .0061
HF—CO2 .8 .0070
I-IF—CO2 .85 .0081
HE-(0, .45 .0076
I-IF—CO2 Sl .0082
HF-CO2 9 .0091
HE-CO, o .0095
HF—CO2 .0 .0108
HF-CO2 Bs A015%
fDF—CDZ ol .0018
DF—CD2 .50 .0022
DF-CO2 .80 .0026
DE-CO, .10 .0029
DE-CO, .20 .0030

-4-

TABLE I
for HF-CO

and DF~CO2 Mixtures

g ety B W
2.8 .0038 2.55 .0034
3.2 0041 2.8 .0036
3.5 0045 2.7 0055
4.25  .0052 3.3 0041
4.2 .0052 3.3 L0041
4.1 0049 3.45 0041
4.95  .0058 4.0 .0047
5.9 .0067 4.4 0050
6.7 0072 5.5 .0057
8.1 .0083 6.2 .0064

13.5 0185 1.11 .0015

15.0 0187 1.30 L0017

16.5 .0207 1.60 .0020

19.4 0233 1.75 ,0021
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determination of the HF(v=0,J') population of eqn. (7); that is,

HE(v=0,J') + n° » HF(v=1,J'-1) (8)

(where n° is provided by the probe la.er),
followed by the fluorescences:
HE(v=1,J,'-1) > HE(v=0,J;'-1) + n° (9a)
> HF(v=0,J,'-2) + n° (9b)

The apparatus and instrumentation for initial experiments have been nearly

complcted. These studies will be our primary task during the coming ycar.
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The Letters to the Editor section 15 subdivided fnto four categories entitled N !
Communications, Noutes, Cornments and Erratin. Tine textual inateriol of cach Letter l
is limited to 1200 words niinus the following: (4] 200 vocds for o sopiane figuee

one-columin wide.  Laryer figuees are scaludd in proportion to theic area. (b} 50 ‘
words or each displiyed equation, ) 7 veords for cach line of table including {
headings and horizontal rulings. Proof will be sent io authors. Sees the issue of {
1 J2auaqy 1974 for a fuller description of Letters to the Fditor. i
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NOTES t
o 4
!
L] i . L » .. , ‘- N \5:: » -.L e ;
Viorational 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)
1
4
; ' b
; The laser-excited tluorescence method has been em- the HI and DF systeras in this temperature range, '™
! ployed lo determine rate constants for vibrational ener- Although good qualitative agrecment cxists as to the
1 gy transtor (V—V, R) and deactivation (V - R, T) pro variations in energy transfor probabilitics with tempet-
p cesses in HF-DF mixtures at temperatures from 297 to ature and isotopic composition, therc are some impor-
: I3 °K e dportines of onosscees beiuodine OF wiliea-

il '.::":1|)| o i s vppaneion Tebwlbod Dhe availofle ikl

; tional energy transfer processes in HF and DY chemienl For this reason, we report here the results of careful \
: lasers has led to several recert rate measurements for recent measurements of the rates for the processes 1
: ] ’ :
3
f ki o -1
i HF(v=1)+ DF(r= 0)—5% HI'(v = 0)+ DI"(v = 0)+ AL, = 39G2 cm (1a)
: ky i
—~ HF(v=0)+ DF(v= 1)+ AE,= 1055 cm’ !, (1b)
b =
HF(p= 1)+ HF(@=0) s 2[1F(v = 0) 1 A, 3982 cm (2)
Ry o .
DF(v= 1)+ HF(# = 0)— DF(v = 0)+ HF(v=0)  AE,= 2907 cin ! (3u)
4
e D =0)+ HF(v=1)+ AE,= - 1055 cm™, (31)
k., 4
DF(=1)+ DF(v= 0)—~~ 2DF(» = 0) + AL, 2907 cm ', (4)
. ]
: The present apparatus and gas handling techniques choked values as deseribed in Ref. 1. The I7((5) Lransi-
have been described in detail elsewhere. "®® HF and tion from an IF chemical laser pulsed al 200 11z with a
DF v.ere introducced scparately into the fiow through putse encrgy of less than €. 04 mJ and a pulse widih of
i 0.5 psec FWHM was used lo eacite HF in HE/DF argon
14 0 ; r | I [ l r | mwixtures. The HF(DT) partial pressures ranged from »,
i 0.10 to .5 torr; thic argon partial pressure was fixed
F 12 - KgtKyp = 11.020.8~ at 30 torr, A cold gas filter of HF(DF) wag used Lo as-
- /“/::"‘ certain that no apprecioble component (<2%) of 2~ 1
'5 10 |- ./,,/’ A = hand fluorescence was present. Interference filters
= /-/"’ were routinely used to sepuarate HF and DF fluores-
g 8-—/(/. 1 .‘l " Al J ) 1° e 7 Oo1r e s
o - - cences, - Oven temperatures were vead to £3 °IK accu
o TTKRpE 7005 racy with thermocouples. ®
-~ G- )
oy ./K,'_. *Kp=3.600.4
& 2 [Le . Fpp=1.904, ~ TADLE 1. Hate constant measurements for mixtures of {1
s N e \ and DI, -
2 t- B =
1ate constiants (l()" sog! tnrr")
o By L 1 1 | SIS | WS | TR { TS o6 Sl AR )
o of 02 03 04 05 06 07 08 09 (0O Temperature by kol leyq Rt beyy = heyy
X 297 8.401,0 13.54 1.0 2,6:0.4 41804
e Iy ' :- t » s
FIG, 1. Ohserved HE and DI single expevimestol deany vides f:l ,1“ " ’ l;' (; :(of' i f: i : f
for HI=DF=irpon mistuves at 73206 2°K us w funetion of ik bt Ll (L N OB e

o G [0 o 0 e 47, 2,910.3 acbiu.g 0.8:0,1
the reduced mole fraction of DV X Xpe /(e Xup). The _1,‘7(; » { CuLs m9tal o & oo :
H . ¥ . 3 . - . she ol ot . ood 2 hE LS ..
1 upper curve is for IHE luor tscence; the lower curve for DI L ; 0 [ 2
[ 2.0t01 R T (Bl A 0,50 (R
K fluorescence. = = = >
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¥1G. 2, Teraperaturc dependences for the probabilities for the
energy transfer processes of gs. (1)—{4). The probabilitics
P have been caleulated as discussed in Ref, 8: A, Ref, 1; 4,
Ref, G; », Ref. 8; O, present work,

In Fig, 1, ihe observed Hi® and DF single exponential
Juorescence decay rales (p’s )7? are given for a com-
plele range of compositioas at the fixed temperature of
3212 K (p’ is the sum ol HIF and DF partial pres-
sures). The intercepts A= 0 and X{,p= 1. 0 for the
lower curve (DP fluorescence) ive the values indicaled
for the respective rate constant s BJ by, and ky, when a

gt
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small correction is made for the deactivation by open.’
Sitailarty, values for 2ok, aud by ave abloined from
the intercepts for the 1 fluorescence decay rates of
Fig, 1 {upper curve). dhe values for o+l could al-
ternatively be determiaed from observalions of the rise
of DI fluorvicence; such measurements alwiys agreed
well with those obtained from the decay of HE flunres-
cence.

The measured rate constunts are tabulated in Table I,
'he strong inverse temperature dependerce of the vi-
srational energy transfer and deactjvation probabilitics
for Processes (1)=-(4) ave indicaled in Fig, 2. Addition-
al data obtained in {his laboratory with three diiferent
experimental apraratus are included with the present
data in Tig. 2. 1t should be noted that though the differ-
ent data sets of Fig. 2 are nicely self-consistent, the
values of k.4 &, given here exceed other reported val-
ues®7 by nearly a factor of 2 at the lower temperatures.

LY VI |
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2J. K, Hancock and W. B Green, J. Chem. Phys, 57, 4515
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iomp ndence of vibrational relaxaiion in iha

srajure depe
H¥F, Df HF-CO,, and DF-CO, sysiems™

.ucht! and Terrill A. Cool

Roy A. !

Department of Applied and Engireering Physics, Cornell University, Ithoca, New York 14850
(Reecived 13 July 1973)

The loser eacited fluorescence: method has been employed to determine rite constants for V->V, R
and V - R, f relaxation 1F(e = 1) and DF( = 1) by €O, over the temperature range from 295 to ;
670°K. The self-deactivation rates for HF(v = 1) and DF(v = 1) by ground state molecules and the ;
rate of V -V, R transfer from HF (v = 1) and DE(e = 1) to the CO; (00 1) state exhibit a marked {
decrease with increasing temperature. The results provide additional evidence for the conv ersion of ,‘
the large vibrational cnergy defects of the present systems into rotational motion of the hydrogen ‘
halide nnder the influence of a sizable attractive intermolecular potential well. !
. I. INTRODUCTION A. Laser source B

Recently 1auch effort has been directed toward the
development ol eflicient “transfer chemicul lusers”

‘ hased upon vibrational energy transler Lo the upper CO,
laser level from various hydrogen- and deuteriumn-hi-
lide reaction procll.lcts.1 The laser fluorescenee method
‘has been applied in several recent studies to the mea-
surement of key rates for vibrational deactivalicr aad
vibrational encrgy transfer for the HX-CO, uud DX-CO,
chemisl laser systems (<=¥, CI, Br, 1).%°

Large rates for energy transfer and deactivation have
been ohserved at room temperature for these systems
despile the extstence, in most cases, of quite large
; vibrational energy discrepancies belween initinl and
; final molecular states. The large rates [ov these ex-

amples have been attributed to substantial encrgy trans-
fers to rotation under the influence ol sizable ulirietive
intermoleeular forces. 2® A valid deseription of these
processes has not been achievable within the framework
| of first order perturbation theories based upon the use
of the Born approxiruntion. Recent theoretical work
carried to higher order perturbations, consistent with
| * relatively strong multipole moment interactions, has
yielded results in good agreerment with room tempera-
ture measurements on the HE-CQ,, NF--CO, and HCl-
CO, systems. ©

| In the present work, compreliensive rate measure-
ments on the HF-CO, and DF—-CO, systems hitve been
performed from 295 to 670 °K. The results exhibil the
pronounced inverse lemperature dependence associated
with systems subject to strong attractive interactions.
An accurale description of the observed temperatuve de-
peadences tor tie vibrational energy transler rales
should provide a sensitive check on suceessiul thaoroet-
ieal approwches,

il. EXPERIMENTAL APPARATUS AND TEC CHNIQUZS

The taser fluorescence appiratus and mensurenient
tachnigues used in this work bave been described in de-
tail clseshere. > The following discussion is Hnitert
to a deseription of several imporbiant modificiutions
wvhiteh have been made to facititate the presenl measure-
ments. A schematic diagriam of the ex parimentat ap-
paralus is given o Fig. 1.

A repetitively pulsed transverse-pin-discharge cheni-
jeal Inser was substlituted [or the chopper modwlated cw .
chemical laser used previously.7 The pulsed laser
ulilized w premixed high speed (100 m/sec) flow of He,
SFg, and Hy(D,) to provide laser pulses of approximalely

5 jtsec FWIHAM at repelilion frequencies as high as
2000 11z, The [low direetion was transverse (sec Fig.
1) to u row of 80 tungzsten pin cathodes spaced 5 nuu
apitet and aperaled with individual baliast resistors of
250 ohus. A 6 mm diameter aluminum rod anode was
positioned parallel to the eathode row with a gap spacing
of 15 mm. The discharge was drviven by a thyratron
conlrolled resona b-charging civeuvit eomnected to 16
disicharse capneitors of 250 pl eachi,  Each eiapacilor
fed live discharge ping in pavallel.

A diffraction grating was employed to permit single
line laser operation. Both the diffraetion grating and a
dielectric~-coated germanium output mirror weve
nmounted internally and purged with dry nitrogen to pre-
vent the accunmulidion of ground state IE (DF) in the A
spuace belween the optieal surluces and the discharge ’
region. The P(5) and 72,(7) transitions for HF and DF, J
respeetively, were employed at typical Inser pulse ¢n- %
ergies of 0,04 mJ., Respective pulse repetition rates
of 500 Nz and 50 Nz represented optimum compromises
bhelween pulse encrgy and data aequisilion rates for the
HF and DI systems.

B. Heated absorption call

The fluorescence celi shown schiematically in Fig. 1
was inachined from soltd nickel. Cell windows of sap- ;
phire weve employed to wecommodate the passige of the 0
laser beam through the coll, A double window conslruc-
tion wie employed in which the inner and outer windows
were separaled by means of on evneeated tube of 1 e
i.d., and 15 ¢m length. This acted as a heat shield to
mitintain the inner window at the temyerature of the in-
terior of the cell, Temperatures wvere read to an ac-
curacy ol 4 3 °K with it thermoceaple immersed in the
absiorplion cell gas flaw. This thermocounle was

chected periodically spiinat mercury-glivas thermom-
The

clev inserted inlo wells located along the cell body.
gases entering e cell were premiseld by inssage
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FiG. 1. Schematic diagram of experimental apparatus.

througlh passivated stainless steel tubing of 3 mm i. d.
and 2.5 m length. The cell contained a plenum chamber
and flow baffling to permit uniform heating of the pases
to the celt temperature before passage into the luser
absorption region. The absorption region consisted of
a cylindrical chamber of 1 em diameter and 8 em length
into which the entering flow was introduced in a laminay
fashion without recirculation or separation. The flow
passced uniformly along the cell axis and was rewmoved
avound the periphery of the window through which the
taser beam entered.  An additional sapphire window
(see Pig, 1) was placed at vight angles to this window

to pass fluorescence from the absorption rezion into a
gold coated light pipe leading to the detector and in-
frarved filters. The tight pipe could be filled with 1HF

or DT when desired to act ns a cold gas filler.  The flu-
oreseence from UEF and DEF could be attenuated Ly o fie-
tor of about 1D0 by thig mcans, which demonstrated the
ahsence of appreciable 2-1 band fluorescence.

Ftuorescence was observed with au InSh detector and
associated eircuitry with o time response of 21 sec.
Marrow band interference filters™” were used for ob-
sorvations of flnorescence from the COA(OO“l)

- C0,(00%) hand and for R-branch ftuorescence from 1F
(1~ 1) and DF (v =1). The high Lackground radialion as-
sociated with celt temperatures above 600 °K dictated
the witter eooling of the filters and the use of a4 Au: Ge
deteetor at the highest tempoeratures,

The gas handting procedures and apparatus described

previously®® were employed in the present work. The
major impurities (in parts per million} of the gases
used ju s study were as fotlowa: mrpon: Alr Products
Unp srade, typical anatysis (0,2, Na<d, COx<1,
H.0 < 3); HEF: Aibr Products CP gride, Iypicil analysis
{1i.Silg =30, 80, =40, Hp= 300); D Moerek, Shavp and
Doluue, CP grade, guarindecd minimnn isotopic puavity
of 987 COu Alr Products, (0,+N.=10, CO<10, Cf,
1.4, 1LO<1.9).

A dvy ice cold trap was eployed in the avvon ftow to
minimize e witer vapore hpurily.  The HF(DE) way
fritied by repeated trap to trap distithition belween
77 ond 195 TI. In each stoye of distitlation, e mid.
dle GU7 of e saapte vee vetained, e distilled san-

J. Chan, Phys., Val, €23, Has 3, 1 Fetvuary 1074

ple was condensed aned pumped an at 5% F oo e
restdut! T, oe Dy e senoplie wivs fimadly bl o e
te mperatuee for 3 to 4 hoaes hotope wae, .'1'?\.i*i vt ecd

that the sumple did not contain an excess notsegaitil paen
fraction of associated HE(DE).

A continuous flow system was employed to minimize
the effects of surfuce reactions in cuausing adsorption,
decomposition, and contamination of the gas samples.?
The residence time for gases within the absorption coll
was 0.2 sec. The passivation of the cell and connecting
lines was accomplished by an initial exposure of the cnl
tire system to 600 torr of C1¥,; for 2.1 I fotlowed by the
passivation proceduras previously deseribed.®® The cn-
tire process was repeated between HF-CO, and D' -CO;,
data sets,

All measurements were performed with au argon
pressure within the celt of 30 torr to act as an inert
buffer gas to preveat excessive diffusion to the walls aud
to ensure rotational thermalization of HE and DY. Typ-
ical partial pressures of H¥, DF and CO, ranged from
0.05 to 3 torr.

N, EXPERIMENTAL RESULTS

A. Vibrational velaxation processes

The processes of importance in deseribing vibrationat
relaition in the NP-CO, and DE--CO, systems inctude
vibration to vibration aud votation (V- V, R) encrey
transier

"'t.‘
HE{r=1) 1 CO,(00%0) = HEF (0 - 0) + CO,(00% 1 AE,

=1612 em™ (1)

andt the vibretion to rotation and trausialion (V-- R, 1)
ceactivation processes:

ko
HEF (= 1)+ C0,(00%0) ~< {0 =< 0) + CO,(nm*C) + AR, ,  (2)

k
C0O,(00"1 +HE(r=0) 2 cotim’0) +1IF (= 0)+ AR, ,  (3)
13
HEF (0 =1)+ 1P @ =0) X 112 =0) + HF (2= 0) 4 AL,
= 3962 cm™ ! 1))

Koz
C0,(00°1) + CO,(00°0) = CO,(nn'0) + COL(00°0) + AL, .
(5)

Anatogous proeesses apply for the DF—CO, system with
the vibrational energy discrepancies AL, =553 em™ for
Procezs (1) and AL, 2907 em™ for Process (4). Pro-
cesses (1) through (5) nre inplicitly summed over att
possible ratationnl quanturn nuraber ehanges.
Vibrational danetivation by the nrgon diluent is de-
scribed by the process
- Sl 3 " ] .y -
DE@= 1) 4 Ar 2 HE(e = 0)+ Ar = &1, 3962 cm™t
{6
(and an walogouss expresiou for DIY), and the process
bt

COL(00°1) 1 Ar 52 COLtn"0) ¢ Av s AE, . ()

Baperiments were perforimed ot i sh enovrh presisures
that tie infhuences of vadintive decay could be negloct .
NMarcover, the presence of the argcn buffor acted {o e
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sure that robtional equitibration of 117 and DIE was
achieved on a time scale shovt compared Lo that Tor vi-
brationnl rekaxation, When rotational equilibrium at the
temwperature T exists, then the forward and reverse rates
for the overall process (1) (summaod on J) ave reluted

by the expression

k/kl=exp(AE/JRT) . (8)

Solutions to the 1 ate equations for the Processes (1)-
(7) describing the temporal variations in HF(v=1) or
DF (2 =1) and CO,(00"1) populations in response to a
laser-induced population {HF]; or [DF]; have been

given® ! in terms of two exponential decay constants
1
o= {ay v by [(a; = b)2+ dat I 2} (9
where

a /P = (kg rie,) Xeo, +bu Xipy + Ryn Xar
b/ =k Xy ,
/P =keXco,
anl
by/p = Uegtlog)) Xy + g KXoy + lom Ny

The melhod we have employed in data reduction is
based upon the determination of the decay constants; X
awl Mo, for limiting cases when the concentration of one
of the molecules HF(DE) or CO, approaches “ero. e
The expressions for the relaxation times tor the fluo-
rescence in the limiting cases have the two posisible
forms given in equations (10) and (11):

(ple) sk b logp 4 Ry (P /D) When Xy piy=0, (104

(p") = kyga kyn(P/7) when Xeg, =0, (104)
or .

(15 v g + Ly (/D7) When Xy ey = 0 (11a)

(p'e) e logb by +hegn (/D) wihen Xeg,~ 0 . (11n)

In these expressions p’ is the sun of the partial pres-
sures of HE(DP) and CO,; P, 18 the partinl pressuve of
argon; 7 is the incasuced single exponential time con-
stant for the sitvalions described in Table T,

B. Self -dzactivation of HF and DF

Neasurcments were made of the single exponential
decay of fluprescence from HE(r=1) and DF{»=1) in
nixfures of HE or DF with 30 torr of avgon Luf{er sas.
Valnes of the relaxation vates, (p#)™?, weve adequately
descvibed by the velationship (10b):

vyl v S
(pe) ek Xupnsr d B Nae

PTABLE L Limitigg cowditions on mensured single esnevimens
tiztl tuae constint 7.
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¥IG. 2. Tewmperatiree dependence of the probability for self-
deactivation of HE: line B-C, Boll ml Colen Ref. 155 line 8,
Solomon, el al., Ref. 123 line B, Blair, et al., Ref. 17, O,
Atvey and Fried, Ref. 20y o, Hamvock and Green, Ref, 4, ¥,
Rlair, ef al., Ref. 17, X, Al) ond Coal, Ref. 11; A, Fried,
et ol., Ref, 1S; 4, Boti, Ref. 16; O, Wachen, Ref. 19; 1,
Stephens and Cool, Lef. 3; @, present wark.

’

Values of Iy, were too small to be accurately measured;
however, values of 50 sec™ torr™ and 100 sec™ torr™
arc reasonable upper bounds on &y, wt 295 and 675 °K,
respectively, for both HF and DF.

The temperature dependences of the mensured prob-
abilities for deactivation of HE(v = 1) arc presented in
Figs. 2 and 3 along with the previous measurements of
several authors.

Hich tewmnperatnve data have been obtained with the
shocl: tube by Solomon ef al, ¥ Blaver ¢t al.,' by Bott
and Cohien, ' Bot:® and Blair, ¢f ol 7 Bott! und
Blaiv ef of. 27 have combined the use of a shoel lube with
the Luger induced fluovesconce technique (o obtatn doada
for HF deactivation ot infermediate tempevatures,  T'vo
other studies, boeaides the present one, lave ciaployaed
heated ovens and the bser fluorescence methost tor
measuremenis at taeperaares beiow 103071 Pricd,
el al ' have preseatat measurements of HE self-deac-
tivation for tenperaieres from 202 to 730 K. Hinchen?
his measurad the deteetivation rates for both HE wt DY
in lhe temperiture raene from 295 to 1000 'K, Previous
studies of HE self-deactivation near room temperatuve
inelude 1the originat mcasarement of Atrev and Fricd w
350 °IC, # the subscnment work of Sephens nad Coel® at
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FIG. 8. ‘Temperatare dependence of the probubility Tov relf-
deactivition of MY line B-C, Botiavd Cobaen, Ref. 16; line
L, Lhwer, ef al., Rel. 13, O, ilinchen, Ref. 19 a; Stephens
and Cool, Mef. 3; 011, Ahl and Cool, Ref. 11; 9, presceut work,

350 K, the measurements of Hancock and Greent il
205 K, and the results of Ahl and Cool'! at 390 und
350 “K. Stephens and Cool® have given a value for the
scll-deactivation rate of DIM(v=1) at 350 K,

Discrepancies of factors of two exist between mea-
surements nuide by the several groups.  Fvidenlly sys-
tematie ditferences in experimental teclinigne exist be-
cause the discrepancies ure somewhal beyond the re-
spective experimentil uncevtiinties quoted by the vari-
ous investiyitors. The most likely sources of such sys-
taaatic differences would appear Lo stem {rom the dif-
ficullies in precise determination of sample pressures
and in the minimization of the ¢ffectls of surface adsorp-
tion and degassing of HF and DF. Hinchien observed
possible effeels of degassing from the cell wulls undor
conditions of Tow flow rates for undiluted HE and DY
samples. To minimize these cfiecets, the present ex-
periinents were performed at cell pressnres above 89
torr with a combined gas Qow (117 or DE aud argon) of
0. 015 m/see at winean tlow velocily of about 6 em/
see, These flow conditions npprosimote the masimum
flow viates sed by Itinchen, '™ Varitions in fluw e
tp o down by a factor of tivo had Title ctieel oninge-
sured relasilion rates except ot the Mishest fempaerstuee
o 670 "K. AL his temperature the appareat deactivi.
tion rote decrensed by 207 (to a vitllue within the prob-
able error litail shown in Fio. 2) when the Tlow rale wis
increascd by o factov of three. At sueh bigh Oow radee
pressure uctuntions were enconnteced which msds ac-

J Chew Phys,, Vi, 60,

flo. 3,1 et

curdle rate mensurements diffionlt, The denctivirny
probubilitics fov B and DF obtained in e pru

00 A5
1
H

k
work are cousistenily highor nt wll temperaluve:s th oy
those reported by Hinchen. For severd renson: coeil
degassing does not appenr lo explain these diseropa -
cies: () measured rates of cell degassing fov T and
DF at the end of a given run did not exceed 0. 930 torv/
min even at the highest cell temperitu res, (1) linear
variations in (p+)! with Xywenpy Were observed for alt
HF (DF) mole fractions (0= Xy ppy 20.1), o) o in-
tercepts for X pepp == 0 did not exceed 100 sec™ orr™?,
() the discrepancies do not increase markedly with cell
temperature.

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

C. Vibrational energy transier and deactivation in the
HF-CO, systcm

The transfer of encriy from HF(v=1) to the €0,(00°1)
upper lascr level is believed to oceur prinurily by the
sinple-step mechanism of process (1),® vather than by
an initinl coupling to the CO,(10°1) or €O,(02°1) levels
as was nitially suggested.® Evidently energy transfer
to rotalion of HF upon recoil results in an over-all in-
ternal enerpy discrepaney for process (1) which is sub-
stun!tiully less than the vibritionnl energy defect of 1612
1 TR

For the HF-CO, system, the value of By; is olways
sulliciently larae compared to values for the suing o
kg and Bl kg hal a2 by for all mixture compositions
and cell temperatnres. Moveover, the large vibrationnl
energy Aeiecl for process (1) ensures that () — b,)?
>4a, O, Therclore, meisured vahies of (p'v)! vary
linearly with the composition of NF~CO, mistures and
exliibit the luniting bhehavior tor small mole Draciions
specified in the first eolninn of Tuble 1.

The experimental procedure followed heve consisted
f two parts. Inthe fivet case, Muorescence [rom

N¥(e=1) moleanles wis monitored to determine the vier-
iation in the fluorescence decay rate, (p')™ , aa o fune-~
tion of the radiced CO, mole fraction, Xéoz':‘ .\’cuz/
(Xpe +Xeo,). The intercepts at N, =0 and Xgg, =1 of
such data plols yielded values of 2y + k(b /p") ond
herbyya by (pa/p'), respectively. Sccondly, the decuy
of Hunvescence from €OL(00°1) molecules was monilovred
to establieh the variaticn of the COLGGM) denctividion
vates, (p5)7, a5 a function of ihe reduced CO, mule
[ractios, .\.'('..-J‘,. Tn this ciase the reapactive intereopts
al ,\'('.”’: 0 onel N, = 1 provided values for the quanti-
STC S S O ) A T W  L

Fiw. 2 shows pelicintion rate dein for fhe decay af
(e 1) mulecules e a funclion of the reduced mole
Craction, ','_‘“?, for Lemperatures vaninge frou 297 to
670 "5, Thee dinee dvoen at 350 700 corvespunds fo the daln
previously presented by Stephens and Coon, ® The solis
data proints ot N, 0 0 ave b vatues of by =2 1 (0./07)

.

My, obilivined Tromy the seranreiients of G ey
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FIG. 4, Obscrved HE fluorescence deeay rates for HE—CO,—
argon mixtures for several temperatures as o function of the
reduced mole fraction of COy Rpg,=Xee,/ (Xypt Neo,)-

‘HfP(e=1) fluorescence in HF—argon mixturcs. After sub-
traction of a small covrection for the (p,./p )y, terin, 22
the intercepts of Fig. 4 yield values for the rate con-
stants 2y and b+ Ry as a function of temperature.

Valucs for the rate constanl sum, 20+ ka, weve ob-
lained from CO,(00°1) fluorescence deciy duti. The
datiu reduction praceduve is illustrated by cousideration
of the datu of Fig. 5 oblained at the temperature of
500 K. Decause kyo(p,/p") was nol negligibly small and
since f,,/p’ varied from poinl to point, cach dala point in
Fig. 5 Lad to be individually correcled before an-c-
curate vidue of £+ £y, cnuld be deduced from the lelt-
hand intercept, Initial data reduction was accomplished
with use of the published values® of k,,, and I, for nor-
malizution of the relaxation data to & meuan value of p,,/
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FIG. 6. Same as Fig. 5 after normalization for eftects of
deactivation by argon (sce text).

p’. The results of such normalizalion for lhe data of
Fig. 5 to a value of p./p’=18.0 are given in Fig. 6.
Notice that the righl-hand intercept of Fig. 6 is aboul
50% higher Lhan the value of 3730 sce™ - torr™ expected
from the published values® of &y, and by, All CO; flu-
orescence data al other lempevialures for both the NF-
CO,; and DF~CO, systems exhibiled similiuv discrepancizs
with the expected values for the righl hand inteveepts of
such data plots. Impurities in lhe argon mighl explain
this behavior; celt degassing could nol conltribute enough
deaclivation to account for these observutions, In any
casce these diserepancies were not of scvions concern
since lhey were always small compured to the magnitudes
of lhe measured rate constants and could not have in-
troduced appreciable uncertainties in the resulls, Dati
similar to lhose of Fig. 5 were obtained al other tem-
peralures ranging from 297 °K to 670 °K; in all cases a
lincar variation in the reluxation rate with Xgg, was ob-
scrved and valuns of &)+ 2, were deduced at cich tem-
perature fram the value of (p'0)! for X&o,—~ 0 alter cor-
rections for the o, (p./p') term were made with the ks
values of Slephenson ef al,

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

The deciy of DF(ir=1) fludrescence obeyed the reli-
tionships (10a) wud (10b) for limiting cases X, p—~ 0 and
Xta,~0, respeclively. A substantially linear verintion
of (f: 1) with composition was chservaed ot oll tempan-
tures as is lustrated in Fig, 7 far data taker ot 299 °F,
The intercepts from such data plots were usod to deter-
mine the temperature dependences of the rate coustants
Iy and Bl k.

The dependence of the reluxation rate, (p°5)!, for the
decay of CO,(00°1) fluorescence upon the reduced Cco,
mole fractlon, Xgo,, was determined for several tem-
peratures ronging from 257 th 670 °k. CIn contrant to
the Hnear dependence (see Fig. 5) found at all teaipora-
tures for the HIP-CO, sysbom, o pronounced nortinen s
ariation of (p'+)™! with .\'é,,h_ was ohaerved ior all tem-
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FiG. 7. Observed DF flucrescence decay riles for D¥—CO;-
argon mixtures at 299 °K as a function of the reduced mote frac-
tion of €O, Niq,* Xeo,/ (Ko + Xeo,)-

peratures above 325 °K for the DF-CO, systemn. Fio, 8
illustrates this nanlinear behiavior for the data talen at
7'=470 °K. Tle relaxatiou data of Fir. 8 have been nor-
malized to the value (/:,,,/p'):lz. 0 in the manner dis-
cussed in cannection with Fig, 6.

The explanation for the curvaturc of data plots typificd
by Fin. 8is found by consideration of the magnitudes of
the severat rate constants of Eqs. (9). For the DF~CO,
system the present measurements indicate that (eg+ k)
>y Tor all temperatures investigated heve. In contrast,
for the HE-CO, system the large valae of &y ensured
thiat lire above inequality was reverseasd at all temypera-
tures nvestigated.  BExiumination of Bags. (9) reveals
tiat for tie DF-CO, case b,/ becomes tareer than a,/p
for sufficicutly smalt values of Xé(‘,“_; however, for the
it -CO, case the relationshipt o) < b, Lolds at atl values
of X¢q.- Therefore, the relatiouships (10h) and (11u) are
applicable to the analysis of lhe decay of CO,(00%1) flu-
orescence fram DY -CO, mivtures; for HFP-CO, mis-
luves the retutionships (104) and (10n) are applicahle,
a4 s been stated,

The curves shown with the data of M. 8 indicate cal-
culated variations of the decay rate A,/p =(p'+)! for
three difterent assunred values of the rate constunt sum
Ili by Au effcetive value of kg, = 185 sec™ < tarr™ was
used jn the cateulations to force the calculinted curves
to iit the measured right-hand intercept [(p':) = 2300
socTh - torr™ | rther than the intercept [(#7)! = 2250
see”t ctarr™ | caleulabed with the value of by, = 140
see b ctoret of reference (23). the salid curve Tives a
st Tit with the expevimental diuti foe e vadee L) sl
28108 goet dtarrt The upper i lower dashod
i es wee tor ALk, = 3,44 10° sec”t  tore™ ond 2.8
#10% see™ o™ respectively; Hhese curves represaat
rensomwable upper and lower bounds on 2l ko The un-
cortiinly concerning the vieht hand Snteveepls of datby
s like ot of Fig, & did not Jueve v impoctael effect
cu the ultinete selection of values for the rate constant
sute Ll fey wtdl temporatures investivated. The bive-

M

14 corrbriind v g a » Sy 5 | o0y oo H 5
estuneertiinty in £l by arining fvom this cause oc-
curred for tu dula taben at te hichest tooone e ol

670 "Rt wis estiniited to he 3 10

E. Summury of rati constant measurements for the
HF-CO, and DF-CO, systems d

1. Deactivation of HF and DF by co,

The measured probabitities for vibrational deactiva-
tion af IIF or DF by the processes (1) and (2), with the
combined rate constants kg + k., are given as o function
of temperature in Fig. 9, The previous measuroments
of Hancock and Green® at 294 °K, Stephens and Cool® at
350 °K, Atrey and Smith® at 300 °K, and Bott® are aiso
indicated in Fig. 9.

TFor the DF-CO, casc a4 simple comparison of the
maguitudes of the probubilities of Figs. 3 and 9 indicates
process (2) is negligible us compared to pracess (1).
That is, the rate constants, ky,, for scli-deaclivation
of HIF and DF ought to greatly excecd the rute constants,
kyy, for deactivition by process (2) because of the rela-
tively weaker inferaction in the latter cuse. Thas, the
inequality £, vleyp =Ry <k <k k), can provide uscful

bounds on the true values of £, for the DF~CO, case. ;

The bounds an the values of £, and £ inferred in this
manner are summarized in Table H. Table I indicates
that the V-~V process (1) entirely dominates the V- I3,
T process (2) in the DF-CO, case.

Uniortuiittely, hawever, for the HF-CO, casc the vat-
ucs of by are so large that the above inequality is not
usciul and it is difficull to estimate the contribution of
ks to the rate constant sum, k+ 52y,

A pronounced inverse temperature depaudence of the
deactivatiom prebabitities is evident in Fig. 9, This

dependence eannot be represented in a simple fashian;
however, if the probability were to be expressad as
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FIG, 9. Temperntare depenrdeice of the probability for dencti-
vitlion of HF pud DI by CO, by processes (1) and (2). v, Sleplens
and Coul, Ref, i, O, DF-CO,, Aircy and Sniith, Nef, 24, A,
DI—CO,, present work; O, HY-CO,, Doll, Ref, 25; 0, HF-Cu0,,
Alvey and Smith, Ref, 24 o, HE—-CO,, lHaucock apd CGreen,
Rel. 4, 0, HF—-CO,, present worls 1, [1F'—CO,, Stephens uned
Cool, Rel, i,

P T then values of 1 would vary frone ubont 3 at
300 1< to less than L at 650 °K.

2. Deaciivation of CO, (0097) by HF and Df

Ruate constants for deactivition of C0,(00"1) molecules
Ly T and DI have been previously given by Chong, ef
al.® Hancock and Green, *and Stephens and Cool.® For
the HE'-CO, sysiem Il+hy =k, , and thus deuclivation
measurernenls yield &y, directly. In the DI-CQ, case
i2o may be estimated with reasonable acenracy (sce
Tuble 1), and therefore the contri, ttiva of £ to the
measured overall rate of deactive ion cun be determined,

Mensured probubilities for dectivation of CO,{00")
by process (3) for HE and DF arc presented jo Fig, 10
along with the results of the previous measurements.,
Here aymin a marked decrease in probability for deacti-
wition wecorpanies a temperature ivcrease over the

Rate Constant: (H1- cQy)
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tenporatu e cante investicaied.

Allof the rate constunts iwnd associnted probabilities
ol the present worl: ghven in Figs. 2,3, 9 and 16 qee
surmmavized alonr with cstimated ervor limits iy Table
11

V. DISCUSSION

The primary interest in the present measurements ;
lies in what they reveal concerning the natare of the
intermolecular potential for HE~CO, and DF-CO, col-
lision pairs. Evidence has been cited® [or the existence
of moderately deep attractive intermolecular potential
wells for the HF-CO,, DF-CO,, HCL--CO, and DC1-CO,
systems.  Couceivably these systems ave similar Lo the
HX~1i¥ systems in which forces of a uyd rogen bonding
nature, strongly seasitive o intermolecular orienty-
tion, are thought to be inftuential in eneryy transfer
processes. % Tual is, because the clectron charge
distribution in CO, is strongly localized in tho vicinity
of the oxygen atoms? the coltineny configuration,
F—11---0=C=0, with the hydrogen ntom adjacent to an
OXygen atom, may posscs an associalive potential min-
imum., The opnosite collivenr configurution, witl the
fluorine atom centrally located, should lead to an es-
sentiully repulsive interaction. At low temperatu ves,
and for collisions with irnpacet parameters small ciough
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FIG. 10, “Verperatene depaisionee of Lie probabit: 1oy denee
Livattion of COLUU T oleer, T UG MU ot ().
VL QO ol wnd Gieen, et 15 o, CQu=-tit, tingg
Ref, 25; &, co,nr, Clougs, el al., Bof. &, 0, CO=q1r,

Stephens o Coul, [of, o O, CO N, present worls - il :
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TALLE [ Sumnary of rate constunts and probabilitic:s,

System Tergerature CK) fate constants (108 see™ oreh), and probabilities?
ki P byt hp Pory by o

hE-CO, 209 2.740.4 0, 0008 21,040 0. 0650 2,620,  0,0032
D¥'-CO, 325 2.1:0.3 0.0030 19.013 0. 024 2.2:0,3 0.0028
l)I-'-—C()zh 350 2,010.2 0. 0030 17.2£2.5 0.028 1.9:0.4 0.0925
DY-COs  3uD 1.24£0.3 0.0019 14.6:2.5 0,021 1.520.4  0.0021
DF-CO, {73 0.87+0.2  0.0017 11.7+2.5  0.018 1.2:0.3  0.0019
DF~-CO, 566 0.7720.15 0.0015 9.7+2.0  0.016 1.6:0.2  0,00L7
D¥-CO, 670 0.6:1440,14 0,0013 8.6+1.5 0.016 0.6:0.2 0.0015
HE-CO, 295 8.440.7 0.0117 7.040.5 0.0085 4,7x0.5 0.0057
HF--C0, 3214 6.7:£0.4 0.0098 5,004  0.0062 3.7:0.5 .0017
1[1.‘,.(;(_)2‘) 350 5.2+0.3 0.0078 3.6£0.4 0, 0017 3.5+0.5  0.00!6
HF-CO, 420 3.9£0.4 0.0066 3.1:0,3  0.0014 2.7+0.9  0.0039
[r-co, 500 2.810.4 0. 0053 2.2+0.8 0.0035 2.0:0.4 0.0031
HF-CO; 550 2.4:0.4 0.0019 2.0+£0.3  0.0031 1.4:20.3 0.002¢
HF—CoO, 670 2.0:0.1 0.001t 1.8+£0.3  0.0001% 1.1£0.2  0.0020

“I'he probubitities, P, have heen caleulited from the velationship P b/ winldy +da)*, where dy and
dy ave the molecutar diameters; b is the measured rate constant (see! - torr")-, 2 i5 the number
density of wolecules (em™ « tove™?); awd 7 is the uverage speed of approach helween molecules of o
given paiv. For HF aud DF u eoilision dinmeter of 3.0 A has heen asaunmed; collision dinmeters
of 3.3 X have been taken for HCH and DO, and a value of 3.9 & has been taken for CO4, sead. O,
Hershivlder, C. F. Curtis aud R. B, Bivd, diolecrlar Theary of Gaser ard Liguids (Wiley, New
York, 1934), pn. 5497, 1200.

SSew ef. 3,

to come under the influence of a shove range polentinl when the collision occurs with the hydrogen alom
with such features, there would be @ tendeney for inter- caught betwean the messive £ alom and the CO, mole-
molecular alizument in the relatively stuble hydromen cule.®! Moveover, encrpy transfer fo or fram the ro-
bonded configuration. At larger impact paramelers tational motion of HE would bhe expected to be efficient
where the intermolecular clectron chivge overlap is because of the highly anisotropic nature of the inter-
negligibie, the interiiction polentinl would be deminated molccular potential for molecular orientations wear
by interactions petween the transition dipnles fov IE the hydrogen bonded confisuration. 2 These offecls
and CO, and by the interaction between the pevmanent should be important for the small to moderate impact
dipvie moment of ITF and the guadrupole moment of paramcter collisions outside the region of validily of
(;()(,..c the impact parameter first-ovder-periuvhition theories.
‘There would appear {o be three possible sources for The temperiiure dependences of vibrational energy
tiie observed existence of an inverse temperature relu- transier and deactivation processes for the HGL-COy and
tionship for the transition probabililies for the IIF-CO, DCI-CO, systems have recently been delermined in the
and DF-CQO, systems at low temperatures: range from 300 to 510 “K by Stephenson, ef al.? The

vibrational relaxidion probabilities for the HC1-CO, ind
DC1-CO, systems are compared with the present vesulls
for the IF-CO, ind DF--CO, systems in Figs, 11 and
12. The V-~V transfer probubilities of Fig. 11 corre-
spoud Lo energy transfer in the exothevmic divection for
the processes

() At iaree impact parameters, in the region of
validity of pevturbation caleulations based on the Barn
approximation, an “impict parameter” or “straight-
line-Lyajectory™ approach teads o a thermally averaged
traasilion probability for near resonunt eneryy transfer
that deereases with increasing temperature indepen.- 5
dently of the precise nature of the interiction poten- HX (0 1) + CO(00°0) = IX (2 = 0)+ CO,(00°) + AE,

THI 9
(12)

(h) Al moderate impaet pacameters, somoewhal Luris- with respective vibrational enerey defects of AR, - 1612
cr tian the hypothelicul classiceal distunee of closost cm"l, 538 et 537 e and - 258 et for HX =,
cioronch for zavo impact parametes, the attractive DE,ICL and DCL. For the 1HF=CO, cass the probubili-
poriien of even a sphevically symmatric (oricntition ties of Fig. 1 correzpond to the measeved vatues of 2,

croeed) interoction potentinl can leid to Lransition 4 Ly which provide onle an upper bouond o the Vo V
peotabilition with an inverse temperature deperdense.™ transfor probability fov pracoss (L2),

() Che shorl range anisotropy intvoliced isto the Dillon and Stephenson? e recantly developed
intemnleculia polential by the hydroven-bondiny intev- sumiclissicnt pth-ordor pecturbation theovetical ip-
aetini coubd introduce a tendency for o fvovable alicn- pronch which appuies fo provide very sotisfaclory peoe-
rent for bathe Voo Vo Road Ve IR energy irnnstors al dicliong of the proleditities for the V- V) I processes
Lo ¢ teseperabires aned small impeet pavigaetovs, ®° (1), e theoraticnt probabitities for the Hi-COL, DI -
i b, vibrational enerey transfor witt b foeiiitated CQO,, and MO0, sysioms edeabied b velerence (65)

" ; v 3 3 Reproduced from
4. Gl Fiys., Vol Gil), Mo 31 Febriacy 1974 bespl available copy.
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FIG. 11, Compurizon of the tempmsture dependences of th
V=V W tensfer peobabitities for process (19) for Ihe - o,
DCI-CO,, TIF-CO, aud DE~CO, systoms: A, HC1-CO,, Stephen-
son, ctaf., Lel, 2, 4 DCI-CO,, Stephenson, ef al., Hel, 2; 0,
HCi- €O Theary of Ditlon and Stephenson, Ref. 6, 0, 1tE-CO,,
Stephens wnd Cool, Ref. 55 0, UF--CO,, prescut work; O,
HE~CCy, theary of Dillon aud Stephension, 1el. iy 21, hE-C,,
Stephiens mid Cool, Nef, 8, O, D¥-CO,, prescut worl;; ¢
DF-CO,, theary of Dillon and Stephenson, Ref. 6.

are included with the experimental dida of Fig. 11, Cal-
culations are not yet available for the DCI-CO, system.,

An Reportant feature of the data of Fig. 11 is the
abrupt increase in V-- V, R transfer probuability as the
temperetuce decrenses from 400 to 300 “¥ for the HI—
CO, and DE--CO, systems.  Approximate caleulations by
Dillou azd Stephenson® for the HE-CO, and DF-CO,
systems in this temperature range do not indicate the
large decrense in probability for increased temperature
exhibited by the dati in Fig. 11. Nevertheless the
woreement between experiment and theory shown in Tig,
11 must be reparded as quite eood. the theary while
periores containing cormautationul apprus

nations is in-
depesdent of vd o choices of molecalur parametecs,
Thig axreement londs support to the notion inherent in
the theavy that the teansition probubility isaporoximately
propos i to the product of the squaved dipale matris
clecnints [oe the vibrationl transitions inoolved,

Tiw heory of Dilinn and Stephienson deseribes My ¥
=V, I isiereciioe bebween IR and CO, 22 0 conbination
of V-V aad it B otransfer effeels. The V-~V lranalop
is nccounted toe in torms of o dipole—dipole tranzition
moreeni ccrevaciion; the R-—- R tracfovs nee deserilied
by ipecicaieni m

e

ssent interaction betwieen the dipole

Lo Clvin Pliys., Vol €4, My, 3,1 el 1975

SE——

Hi-CO, ot DE .(.'()., %l/k_

mament of HX avd the gquandrupanle ioment of COs. fhe
sl pertusbution approach based upon use of ke born
approsiination followed previoustly by other wethoes” "5
hits been discavded in favor of o meore approprinte de-
scription for the relatively strong interactions of pres-
ent interest. Recognition has been given to the impor-
tint role played by multiquantum rotational transitions in
minimizing the overall conversion of internnl e ey in-
to treimslaticnal wotlon. “Tnthe Billoa 4id Sleplicitoun
approach, a proper calculation of the probability for a
transition between initial and final states must toke ac-
count of the efficacy of the time-dependent intermolecu-
lar potential in inducing an ordered sequence of virtun!
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 Sharma® which have been discussed
in connection with HX~-CO, systems by Stephenson, ef
al.?

The Dillon and Stephenson theory incorporales the
first two of the three explanations oftered above for the
existence of an inverse temperature dependence for en-
ergy transfer probability. ‘That is, the important con-

r..’l i .|;.>... w Loy

e ety eonme fromn atli-odct inte s
aclions that are near resonunt and involve an auisotrop-
ic long range polential; moreover, the tempoerature de-
pendence asaacnted with curved trajectories at modor-
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B, A, tucht and T, A, Cenl: Vibratinnet rlaxaiion in HE, DE,

whely Luere hmpact paramelers was inciuded since tra-
jeoiorvies were eileulated with sy hevicadly symmetric
potestial with an attractive povtion (Lennavd-Jones).
Mowever, the calculations did not incluce the effects of
shure range anisolropy in the intermoleculay polteutial
and this may be the reason that the caleulations do not
adeguately predict the steep inverse temperature de-
peudence observed in the prescut expeviments.

Further evidence for the existence of strong attraclive
intormolecular forces in the HFP-CO, and DF-CO, sys-
{eins is given by the V- R, T relaxation data of Fig. 10
which are replotted in Fig. 12 for comparison with
the HCL-CO; apd DC1-CO, systems, The p robabilities
for HF and DF refer to the process (3) with rate con-
stant k. The probabilities for the HC1-CO, and DC1-
CO, systems of Fig. 12 refer to the upper bounds on £y
given by Stephenson, el al.®

A strong inverse temperature dependence is again

evidet 1ot e donettvalion OF € f".-\,:‘l 7 ':, byl REES onlptl
DI, whereas a slight incvease in probability with in-
cransing temperature perhaps exists for deactivation by
nCl and DCL, The kesser rate of deactivation by DI
than that for HF sugeests encrgy transfer to rotation of
the collision partner. The deactivation by HCL and DCI
dois not give as clear evidence of this, although it
showld be emphasized that the HCL and DCL data are only
upner bound s for the actual values of o,

Semicmpirvical raodels of various types have been
used to explain the gnalitialive fealures of the solf-de-
activation of IIX~ITX collision pairs. '*27% Animpor-
Lani fenlure of these models is the inclusion of a sub-
stontial attractive intermolecular poteatial weltl to ac-
cownt for the ohserved temperature dependence of do-
activation probabilities. Berend and Thommavsou™
hivce employed an interaction potential designed lo ex-
plizitly account for hydrogen bonding in the HEF and DP
systems.  Shin®! and Batt and Cohen' have accounted
for intermaleculay attraction in tevins of a dipole~di-
pote juteruction. None of these theoretical resulis
have heen included with the data of Fig. 2 and 3 because
cormparisons of theory and experivient have been ade-
quately discussed elsewhere, 2% A similar approach
hus been followed by Shin® in calculations of the deac~
tivation of CO, by HF and DF. The calculations arce
compared with experimental results in ¥ig. 10, 'The

heory does not nppear to offer a good deseription of the
dongtivilion processes as ¥ig. 10 indicates, The ciief
difficulty is that the observed temperature doperdence
of dnnctivation probabililies is not reproduced ju the
cateutations.,
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Vibrational Deactivation of Molecules by Collisions with Atoms

Professor Wolga

The two experimental systems we have constructed for the purpose of
measuring deactivation rates of HE(v=1) and CO.2 (00°1) have been described
in previous repuits. During this contract year we have finished the exper-
imental studies of HF(v=1), DF(v=1) and CDZ (00°1) deactivation at room
temperature by a variety of atomic species. We shall discuss the individual

measurements in separate sections below.

Atom Deactivation of HF(v=1) and DE(v=1)

Our data is summarized in Table I below for HE(v=1) and DF(v=1) at T=300K.

Table I
X k -HE(sec "-Torr' %) | K -DF(sec”-Torr 1)
o(’p 1.0 + 0.2 x 10° 2.5 £ 0.7 x 10°
F(%p) 0.9 + 0.2 x 10* 2.1+ 0.4 x 10*
i@y 2.4 + 0.5 x 10° 6.6 + 1.0 x 107
H%S) 2 015 5 T |l e
n(%s) gt [T e
Br(zPS/z) (A Rt UMM RER (e

The entries in the DF colum for H and D deactivation were not studied
because of the very slow deactivation of HF and our belief that no significant
change is expected for DF. Several experimental runs werc made, however, on

the DF-1I system to check this hypothesis. No discernable change D1 the DT

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

x-

~
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data with extensive experimentation.
Several featurcs of this data should be commented upon. )

g Q Q g 5 3 Yy

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

rapidly by the same collider than was HE(v=1). This is contrary to what is

cxpected for conventional V + R, T deactivation. We avc 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 principa] difference
between these two sets of collision partners is that O, F and CL posscss

orbital angular momentum degeneracy (L > O)vhile H and D arc in S states

(L = 0). Nikitin 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 momentun 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 encrgy loss is established. Resonant energy
exchange processes gencrally lead to efficient deactivation. The contrast
in our data between the rates due to L = 1 and I, = 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
comment upon it further in our discussion of our (,'02 deactivation data.

3. 'Ihe rate for the deactivation of IIF(v=1) by ]31'(2P3 /2) atoms is cxtremely :
fast, 1 x 106scc_1Torr, within a factor of ten of gas kinetic. We attribute

this fast rate to a resonant process - Vibrational-EFlectronic cnergy transfer t

schematically described by
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HF(v=1) + Br( Ps/z)ﬁ(T—r HE(v=0) + Br( P3/2). N
e

The fine structure splitting in Br is 3685 cm_1 while the 10, P(6)
1

~ o~

transition in HF 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 ratc is one of the clcarest

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

S

resonantly cnhanced. As well, it supports the recent observation(]‘) by Hon
: ] and Novak that the presence of Br enhance’ the effectiveness of their HF

overtone laser presumably by providing an cffective deactivation process
for the v=1 state.

We have not vepeated this work for DI as yet because no comparable

.
resonance exists in this system.
, We are writing up the HF and DF work for publication as well as the
V » E transfer studies in the HFE-Br system.
Atom Deactivation of CO2 {00°1)
Our data is summarized in Table II below for CO2 (00°1) at T = 300K.
'[ Table TI
l"’/ _:‘(_ k-0, sec” Morr ™!
| o(’p) 6.7 + 1.2 x 10°
5 ci¢’p) | 4.9+ 1.3 x 10°
' r’r) | 1.04 % .09 x 10°
H(%s) 3.3 4 3 x 10°
ni%s, <2 x 10°
N < 9.5 x 10°

These rates describe the collisional process: C02(00°1) LI COz(m,n,o)+X

(1) J.E. Hon and J.R. Novak,''Chemically Pumped Ilydrogen Fluoride Overtone Laser™
paper TA6, 4th Conf. on Chemical and Molecular Lasers, St. Louts, Mo.,
10/21-23/74.
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Several features of this data require comment. o
1. As with HF(v=1) the relaxation due to collision with halogen atoms possess- i

ing orbital degeneracy is much faster than with S state atoms. O atom relaxa- k
tion is also faster but not by as large a factor. ,‘

2. Rate enhanccment due to complex formation between CO, and 0, Cl, or F is

2
tentatively ruled out by our measurements of the broadening coefficient on
the atomic ESR lines by COZ' COzbroadens these lines at rates 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 CO2 by 0, F, and C1 can be ruled out.

3. Chemical reaction of CO7 (00°1) with Cl, ¥, and O are also ruled out as

rate enhancing mechanisms. 'The reactions with Cl and I’ arc highly endothermic
while the reaction with O is ru’'~d out becaust. the reverse rate is extremely
slow while the forward reaction is slightly endothermic.

4, V to E transfer from HE(v=1l) to the first excited spin-orbit state of

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

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

splittings reveals. '
" €0, (00°1) + X > €0, (1170) + X# 416 cn ™"
(0,(00°1) + X + (0, (03°0) + X% 272 e "
Table 111
Specie X Spin Orbit Splitting, cm_L
0 158.5 (J=1), 226.5 (J=2)
F 404
cl 881
; W Ly .
4
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. The Nikitin mechanism discussed in regard to our IF measurcients may t

|

be opcrative here as well. ‘

6. The Cl and F deactivation rates we have measurcd arc among the fastest |
CO2 (00°1) deactivation ratcs yet mcasured. The effectiveness of FF atoms ,
parf;icularly in relaxing CO2 (00°1) must be taken into account in computer :
codes designed to predict HF-CO2 and DF—CO2 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 yecar we shall concentrate on thce following ’

studies mentioned in decreasing order ox cmphasis.

1. The relaxation of HC1(v=1) and [Br(v=1) by atoms at room tempcratures
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 HE, DF, and HCI.

3. We shall scek to define experimental conditions under which reactive

collisions may be studied.

£ Punlications and Conference Papers
y 1. G.P. Quigley and G.J. Wolga, '"Deactivation of HF(v=1) by F, 0, and H atoms",
Chem. Phys. lLett. 27, 276 (1974).
2. G.P. Quigley and G.J. Wolga, 'Vibrational Deactivation of HF(v=1) and DF(v=1)

by Collisions with Atoms," Paper MD8- 4th Conferonce ca Cheaical oad Melecular

Lasers., St. Louis, Mo. October 21-23, 1974.
Ny a3
3. M.T. Buchwald and G.J. Wolga, "Vibrational Deactivation of COZ( ) by

Collisions with Atoms,' Paper MD9 - ibid. Submitted for publication, J. Chem. Phys.
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DEACTIVATION OF HF(v=1) BY IF, O, AND H ATOMS

G.P. QUIGLEY and G.J. WOLGA

Laburatory of Plasmu Studies, Cornell University, Ithaca, New York 14850, US:]

Received 26 Aprit 1974

“Uhe Liser indaved Thiorescence wethod has been used to measure the rate of deactivation of 11w = 1) by F, O,
and 1 atoms at 3007 K. The rate for F-atoms was Tound o be ke = (0.9 2 0.2) % 107 sec™! torr ™!, tor Q-a101s
ko =002 % 105 see ™! torr !, and for Patonts, an upper Hmit to the rate was found to be ki
< 0.5 % 103 see™! tor ™!, The resnlts are explained qualitatively in ternss of @ vibronic 10 transhitional encigy tran

fer mechanism.

1. tutroduction

A larze body of literature exists on experimental
studies of vibrational encrgy transfer processes in-
volving HE [1-9]. The initial motivation fer this
work was its relevauce to the HI¥ chiemical faser. Sub-
sequent discovery of enomalous effects suclias the
unusual temperature dependenc. for the V= Ry
self-relexation rate and the magnitude of this rate
(the absolute magnitude as well as the relative mag-
nitude compared to the V' Vrate) have ulso added
to the great interest.

The present study is concerned with the deactiva
tion of HI* by reactive atomic species. These rates are
of importingee beeause it is thought that atoms of
this hind fiave o substantial effect on the rate of de-
cay of vibrationally excited species. The Fand 11
atonn tates are also revded to chiaracterize the HE
Liser system tor the purpose of oplisizing efticiency.

2. Experimental

‘The vibrational relaxation data reparted heic were
obtuined ina fast flow systemn with the luser induced
uorescence tecinique [10]. The laser seuree was o
pulsed U1 chemical laser (SFg:H, = 16:1) of the
transverse electrode type. The laser was operated
multiline and the gas Now, SFeand 11, mixture, and
discharge pulse rate were adjusted to give optimin

276
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HEF v=1~>v=0output. The pulse cnergy was | mi,
55% of which was on the 1 — 0 trausitions (¥, Py, Ig)
The total pulse duration (including 32,2~ 1, aud
1 = 0 transitions) was less than 1 psec.

A schiematic dingram of the experimental appuratns
is shown in fig. 1. There are two distinet parts to this
experiment. First, the eftect of the atoms on the popu-
lation of HI(v = 1) is detenmined by micasunng the
change in the decay time of the W laser indneed
fluoreseence with and without a dischinge in the di-
lucut plus parent molecule tlow. Second, the atvin
concentration in the fluorescence cell was measured
with an EPR spectrumeter by recreating all How and
wall conditions in another section of the tlow system
(upstrean) with an EPR cavity in the seme location
relative to the discharee as was the fliorescence cell.

The procedure was to set up i low of diluent
{usually argon) plus parent molecnle (X, = [, 05,
I1y). This Tow is uniguely detenmined by tle pres-
sures 5 and £y (likewise £y and £3) which were meas-
ured witli a corrosive gas resistant capacitance mano-
metar. A simall amaeunt ol NI was added downstiean
(less than 152 of the total Tow) thirough small hioles
distributed zround the circumicrence of the Teflon
tube, The 1 is well mixed witl the Ar + X5 flow
at the tluorescence cell.

The microwave discharge took pliace in a quartz
tube. Al otlier tulos weere either Teflon or quuity
with a Tellon insert to reduce wall recombination,

‘Thie NF fluorescence was monitored with an




HF QUARTZ TUBE WITH
INJECTION TEFLON INSERT
THROUGH CAVITY
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BIOMATION 8100
NORTHERN AMPLIFIER PERRY 730
SCIENTIFIC 575 {BANDWIDTH = AUTO-BIAS
SIGNAL AVERAGING 500 KHz) AMPLIFIER
SYSTEM
TO EPR
SPECTROMETER A
77°K| HF1-s0
P, P. 1 P P
3 3 2 | R-BRANCH
ZngS(EHz _ 2.3I58<3Hz L /FiLTER
CHARGE EPR CAVITY CHARGE S
Ar v X,— FTEFLON TUBE——] |CYLINDRICAL [ | l—TEFLON TUBE—-—O_ PUMP
_____ TEOll - ——— .

4;51. FLLUORESCENCE

HF
INJECTION CELL WITH TEFLON
TUBE INSERT

Fig. 1. A schematic diagra n of 1he experimental apparatus.

InSb PY detector. A narrow band interferesnce filter
passed only the HE T -> 0 R.branch emission. The
overall response ol the system was less than 0.5 pscc.
The laser power was reduced to avoid overpuniping
the HEF and thus eliminating the problems of V- V
transfer and heating of the gas due to V-R, T energy
transfer processes. The 1 sultant loss in signal to noise
was made up by the Biomation 8100 - Northern
Seientilic 575 signal averaging systeni.

A complete block diagram for the EPR spectrom-
eter is not shown in fig. 1. A detailed description
of this system will be given clsewhere, This technigue
for measuring absolnte concentrations of gus phase
radicals is well knowir and described by Westenberg
(.

The gas flow is along the uxis of the high @ cylin-
dricul cavity in a 10 mm i, quartz tube. The thin-
walled Teffon tube insert substantially reduces or
clitninates wall recombination znd heuce non-uni-
fonmities in the wiom concentration without signili-
cantly affecting the sensitivity of the spectrometer.
Takmyg the sing-squared dependence of the microwave
nuignetic Reld into account, the 3.5 em long EPR
cavity gives a resolution of ahout 2 ¢ over which
the average atom concentration is determined. The
nswil problems ol saturation of the spin system by
high pawer microwave fields and broadening due to
large mmplitude magnetic field modulation were scru-
pulously avoided.

The Tollowing gas sumples were used: Fy: Air
Products technical grade (purity > 98%); O, Linde

e o vl et Y B R

UHP (purity > 99.997%); H,: Matheson UEP (purity
>99.9999); Ar: Matheson Purity (purity 2> 99,99959%);
He: Mathieson Purity (purity > 99.9999%); HI*: Mathe-
son (pririty 2> 99.9%).

Further pwification involved passing each gas (ex-
cept HF) through a liquid nitrogen cold trap. The HE
was purified by trap to trap distillation between 77°K
and 195°K.

3. Results

For Fy and Q4 in an argon diluent, the pertinent
energy transfer proeesses in the deactivation of
HEF(v=1jarc:

k
HE(u=1)+HF(u=0) -» 2HF(u=0), (1
kia
HE=1)+X,(0=0) = HE@=0)+3,0=0), (2)
k
HE(=1)+Ar  HE(w=0) FAr. )

These apply while the microwave discharge is oft, and
the decay time of the fluorescenee is given by:

]/T() =k“ [HF) +k12[X2] +kl3[!\l‘l. (4)

This assumes that [HEF(p = 1)] is sinall.

When the microwave discharge is turned on, some
ol the X5 is dissociated giving an additional channel
for deactivation:

q

HEQ = 1) 4 XY HEQ =0) + X. (5)

In this case, the decay time of the fluoreseence is
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given by
ey =k Dk GOX, ] 5 1XD)
R AL kX (6)

The difference between (6) and (4) gives:

LS (B UL 0 -

f1a m[ﬁ? ?n]*’*k”' 2
The rates used for ky5 were: for Oy, k5 =400 see™ !
torr=! [4,5] aud Tor Fy, k5 =100 scc™! torr™ 1 [6].
These turn out to be negligible corrections.,

The importance ol using the EPR spectrometer
for measuring [X|] is that it allows one to determine
the absolute concentration of the atonic species in
a fust Now system without the need to alter the flow
(as in titration or catalytic probe methods) or even
to know what the tlow rates are. For I and O atous,
the absolute accuracy of the EPR measurement of
concentration is better thun 10%.

Another souree ol error is inmeasuing the change
iu the total Muoreseence decay rate. For O and F
atoms, the chaunge is significant and hencee the error

CHEMICAL PUYSICS LETTERS

15 Jaty 1974

is small (10%). A typicel run showing the change in
decayrate ol THEQ: = 1) in a mixture of O, Oy, Araud
HI us a function of O atomn partial pressure (77, ) is
shown in tig, 2. Similar results were obtained with
{Tuorine,

Using cq. (7}, one can plot (rl'_)l T l) as a lune-
tion of atom partial pressure. The result should be u
straight line ol sope equal to the atowm deactivation
rate Kp 4 und intersecting the origin, The results ol
such a plot tor the F and O atom data are shown in
lig. 3. The rates determined Trom these data are:

ke =09£02) X 10% sec™ Lo !

ko g = (1.0402) X 0% see orr !

For the case of Hatoms, the cnergy transler is
complicated by the near resonance of the first vibia-
tional levels of 1, and HE. This gives rise to u double
exponential deeay [7]. The fust decay is due to V--V
transler from I to 17y and HE selftrelaxation, and
the slow process is related to the decay ol the 11, —HI*
vibrational energy pool through V--R,'T transler Irom
HIF(u = t). The atoms would be expected to elfect

-——y
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this slow rate by deactivating both Hy(v = 1) and
1 (v = 1). The former rate is known ta be [12}:

Ky, =(1.0+05)X 10% see Leore

However, under na circtmstunces was there any
change observed due to the presence of 11 atoms,
The anly safe thing that one ¢an say in this case
is that the hydrogen atoms are not as eftective as 1,
in relaxing HE(v=1). This puts an upper limit on the
atom deaetivation rate of [7]:

3 1 e -1
L“_m;<5(L”2_m,)<0,5X 107 sec™ ' torr™ .

4. Conclusion

These and other preliminary results of this lubora-
tory (D.Non HF(v=1) [13]: O, C1, L onr CO,(001)
{14]) lend support to the non-adiabatic theory of
Nikitin [15] which is bused ou @ vibronic to trans-
fational energy transfer mechuism, Brielly, 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 HE(v=1). During a collisional encounter,
the deganeracy which exists at infinjte separation is
split and electronic transitions are possible between
these states, When the frequeacies of the electronic
trunsition in the atom and the vibrational transition

in HF become equal, there is a large increase in the

¢ross section for energy transfer,

This says nothing of the possibility for lust relaxa-
tion caused by ator exchange or abstraction reactions
liich could predominate under favorable conditions.
This certainly appeurs to be true in the case of O and

11 atoms “deactivating” vibrationaliy excited MCI [16].

Haweve,, it does not appear to be important for the
F and 11 atom encounters with 11F(7’ = 300°K). This
is supported in part by the recent calculations of
O'Neii et al. [17] which snggest a minimum barrier
height for thie exchange reaction:

E -+ HE(u=0)= FIl(=0) + I of 18 keal/mole,

Fisous hight temperature resvlts tor the deactivation

"o #l(u=1) by F-ntoms have been reported [2,8,9].

We choose to compare our resnlts with those of Blair
et al, [2]. This is shown in the Landau--Teller plot
of fig. 4. The ratlier substantial temperature range of
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Vibrational Deactivation of Carbon Monoxide by Atomic Oxyaen

%)

Prof. R.A. McFarlane

Introduction

In chemical laser systems where CO molecules arc the active species,
modeliing and optimization of lascr performance require that information
be available on the rates at which vibrationally excited (D molecules arc
deactivated by collisions with any other species present. The past contract
period has been devoted to measurcments of such rates using laser induced
fluorescence techniques similar to work on other molccules being carried
out in this laboratory.

Of particulav importance in situations where the active (0 wolecules are
produced in thc reactions

0+ CS, »CS + 80

2
OFTHESTNER COEELES
is the role that atomic oxygen could play in the removal of vibrational
energy from CO%. Therc ave 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 siunificant contributions to the total loss
rate of CO* molecules. An alternative process where CO2 molecules are
produced as a result of chemical reaction is known to be slow and is not
expected thercfove to be a significant loss mechanism in the laser system.
Our efforts have therefore been directed toward the measurcment of
the deactivation rates of €O(v=1) moleccules by atomic oxygen and this report
will describe the development of the necessary laser source for (0 excita-

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

g




tion of an L.P.R. system for absolutc atom concentration determinatiocii, ‘

some preliminary data on the O + CO* rate and the direction of our ongoing
activities.

General System Description

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

is accomplished by using the second harmonic of a pulsed CO2 TEA laser. The

overall block diagram of the experiment is shown in Figurc 1. The TEA lascr {
operates cn the P(24) transition of the 00°1 - 02°C band of CO2 at 1043.154

cm - and is frequency doubled in a tellurium crystal to provide radiation
which coincides with the P(14) transition of CO v=1 to v=0 at 2086.325 cm_l.
The pulse duration of this excitation is 300 nanoseconds and the subsequent
fluorescence of the (O(v=1) molecules is monitored by an In3bh photoconduct-
jve detector which observes spontancous cmission in a direction perpendic-
ular to hoth the excitinn beam and the direction of gas {low.

The laser excitation on P(14) directly populates the J = 13 level of
v=l. To minimize the cflect of laser light scattered dircctly into the
detector a short pass [ilter is placed in front of the TnSh detector to
reject the P14) frequency 2086, 325 cm—l 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 amplificr which provides the necessary zero bias and
this drives a Model 450-AG post-amplifier modified to drive a 50 ohm load.
The frequency responsc of the detector amplificr conbination Limits
observations to pulsc risetimes of about 2 psec. The fluorescence decay
times which are obtained in the present experiments are substantially longer

than this and are conscquently faithfully reproduced. To enhance S/N ratios
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of single pulse signals, cach pulse waveform 1is digitized with a Biomation
Model 8100 Waveform Digitizer and digital information for each of 2000
points in time during cach pulse is accumulated in a Northcrn Model 575
Signal Averager. Typical runs accumuilate data from 250 pulscs. At the comp-
letion of each run the data is read from the signal averager to a magnetic
cassette in a T.I. Model 733 A.S.R. data terminal. To obtain a measuie of
the fluorescence decay rate the data are processed using a Least Squatrcs
computer program to derive both a value for the decay rate and an estimate
of its uncertainty. Computer programs arc now operating for single and
multiple exponential fits and to avoid the present requirement for punching
the data manually onto computer cards we are presently arranging dirvect
communication between our data terminal and. the Cornell TBM 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 signi ficant reductions in
wncertaintics of fit will be possible. The vealization of this interaction
with the computer is essentially conpleted.

The 'fBA Laser

Ior this experiment a laser operating at 9.59 u is required which is
capable of opcration in a selectable yotational transition, which can
produce peak outputs on thic order of 0.5 Mv for efficient harmonic gener-
ation and which can operate at one p.p.s. repetition rates rcliably over
extended periods.

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

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




the flowing gas colum. An E.G.&GG. 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 discharees are obtained in COZ’ NZ’ He
gas mixtures at total pressures as high as 500 Torr.

The laser cavity is formed by a concave reflector with 20% output
coupling and a plane difraction grating for sclection of the operating
wavelength. Single linc operation in the 00°1 - 10°0 band and the 00°1 -
02°0 band of CO2 is possible over a range of rotational lines up to J = 40
and output energics on the order of 100 - 200 mJ are availablc.

Optics and lammenic Generator

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 € axis
and the votation of the crvstal about the hean dirvection.

‘e first concave mirror in the optical path focuses the 2 cm diameter
10 1 beam onto the telluriim crystal. Care is taxen to avoid placing the
entrance plane of the crystul exactly at the tocus since energy densities
su.{."l?icicntly large to cause surface damage can occur. Beum diameter at the
crystal is controlled at about 1 mm. The sccond harmonic sivnal is optimized
by adjusting the crystal orientation while monitoring the output of a Au:Ge
detector on the far 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 measurcments. Larger pulse energies should be available

considering the encrgy at the fundamental and a new boule of tz2lluriwm has




been cut to provide a larger clear aperturc system which is expected to
L
increase the energy at 5 u 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 10—5 Torr and is capable of a volumetric

pumping ratc of 100 cfm in the pressure range of 0.1 to 10 Torr . The maximum !
pumping capability is not required for most of the experiments on flowing gas o
mixtures. In addition, high quality ball valves are placed at each cnd of

| the flow-mixing tube, shown in Figure 2 and provide the capability for sCaled-
off operation with completely negligible leak rates.

]
Provision i« made to introduce NOZ into the Ffluorescence cell for titra-
tion determination of the atomic oxygen concentration resulting from the

microwave dischargce in ()7 farther upstream. A teflon tube between the micro-
wave discharge and the fluorescence coll minimizes atomic recombination.
Absolute pressures and pressure gradients arc measured using oil mono -

meters and combined with Flowmeter information adequate data is available

to specify the concentration of atonic oxyeen in the region of the fluores-

*
. cence cell. For measurcments on other atomic species an E.P.R. system has
“ heen constructed to provide atom concertration measurements but has not yet

been used with the flow mixing system.

L.P.R. Svstem

A block diagram of the E.P.R. system constructed during this contract
period is shown in Figure 3. As a generator o Y band radiation a Cunn diode

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

.




the laboratory. The present oscillator produces about 10 my at frequencies )
ncar 9400 Mlz and can be grossly tuned mechanically and fine tuncd by

changes in the operating current. This latter capability is cxploited to
provide stabilization ot thc oscillator frequency to the rcsonant frequency
of the TEll mode of the E.P.R. cavity. This brings about a substantial rc-
duction of noise over the unstabilized situation.

The system in Figure 3 is entirely conventional and nced not be des-
cribed in detail with the cxception of the electronics system for stabiliz-
ation. A block diagram of this is shown in Figure 4. Superimposcd on the
main D.Cf voltage driving the Gunn oscillator is placed a small a.c. compon-
ent at 70 kHz. This results in a frequency mcdulation of the 9400 Mz signal
and if the center frequency is different from the 1“11 mode resonant frequ-
ency, a 70 kllz component appears in the output of the balanced mixer. A
tuned amplifier and an intcgrated circuit multiplicr (Analog Devices Model
ADS30.J) provide for phase sensitive detection of this sigral and @ high
stability.integrator (Aalog Dovices Model 45.0) DIOULICES @ coriection voltage
tothe atded wolitheMDICT Tevellise tichatrolf vetl ey Thils correctiondis of such
a sign as to retumn © o zero 70 kllz sipgnal level which weans the Guin
oséiilator and cavity frequency wre the same. The 70Kz derives from an
Tntersil Type 8038 integrated circuit waveform generator and the necessary
phasc shift control is provided for optimum locking adjustment.

The electromagnet is powered by a Hewlett-Packard 0-15 ampere D.C.
supply. Tt was determined that the current stability of this supply alone
was inadequate and a high precision sccondary current stobilization system

was constructed. Provision is made in the secondary system for ficld sct

and ficld sweep capabilities.




Experimental Results

To verify the proper operation of the laser induced fluorcscence systern,
initial static measurements were made of the rate constant for the deactiv-
ation of CO(v=1) by collisions with O2 and II2 molecules. ‘The first of these
represents a V-V process and the latter a V-R, T process. Our results arc

corﬁpared with the rccent literature in Table No. 1

Table 1
k in sec ltorr |
1 D \f - * ’(a) 1 (b,C)
CO(v=1) deactivator Present Work  Green § Hancock J.G. Stephenson
CO-O2 V-V 2.65 2915 S8
CO-I-I2 V-1 1 18.1 14.0 16.4

(a) J. Chem. Phys. 59, 4326 (1973).
(b) J. Chem. Phys. 60, 3562 (1974).
(c) Appl. Phys. Lett. 22, 576 (1973).

Good agrcoment is obtained with the results of other workers and this
verifies the proper Functioning of the fluorescence neasurement system,

[n experiments using oxyqen atoms it is necessaty to correctly balance
the experimental conditions in light of two conflicting requircments. The
gas Flow rate must be fast cnough to avoid complete O atom recombination
before they rcach the fluorescence cell but the (0% molecule residence time
in the fluorescence cell nmust not be too short in order that some increment
in loss Tate due to O atom collisions be appavent. We have found this incre-
ment can be easily measured even when the volumetric punping ratc of (0%

molecules is a significant fraction of the total (0* loss ratc in the absence

of O atoms.




At the present time the major source of error in our measurcement of

the rate of O atom deactivation of CO* (v=1) arises from NOZ titration
difficultics. This of course impacts our O atom concentration determination.
Unless the flowmeter in the NO2 line is scrupulously cleuan, sticking of
the float gives inaccurate and irreproducible results. This problem will
not be present when our E.P.R. apparatus is incorporated into the system.

The destruction rate of CO* via

* + 0> 00 + 0 + AL

was measured over a range of [0] values and from the slope of destruction
ratec of CO* vs [0] a very preliminary value for the prt product was derived.

We find
pt = 0.55 psec atwospheres

and estimate from our range of [0] atom uncertainties, maximum and minimum
limits of 13 pscc atmoipheres and 0.34 psec atmospheres respectively. The
extrapolation to room temperaturc of the shock tube data of R.E. Center
would give a valuec near 2.2 pscc atmospheres. A calculation reported by
Kelley at the 1974 St. lLouis Conference on Molecular Lasers indicated a
theoretical value of 20 psec 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(14) and a new tellurium crystal is
being installed for increased harmonic gencration cfficiency. A photomulti-

plier detector is being sct up for a more precise NO, titration endpoint

2

determination. With these improvements further data on O atom deactivation

of CO* will be taken to reduce our above uncertainties.

g gogm




A high temperaturc/low temperature flow mixing section is being
installed in the region between the pole faces of the E.P.R. magnet.
This will replace the wnit in Figure 2 and has incorporated into it a
single jacket which surrounds the fused quartz tubing. There are provision
for flowing liquid Nz along the entire scction 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 300°C or greater.

Measursments over this temperature range will be made of CO*(v=1)
deactivation by oxygen atoms as well as other specics whose concentrations

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

Professor S.H. Bauer

The following summary of accomplishments consist of bricf reports and

preprints of two papers submitted for publication.

1. Bending Mode Relaxation of (€O,

The results of Peter Walsh's experiments were presented at the April ACS
Meceting, in Los Angeles., Emission [rom an HF-~1E laser [SF6 + H2 + He, cleetricaliy
pulsed] at 2.8 um is partially absorbed by carbon dioxide. TIT lines at 3622.71,
3577. 8 and 3644, 16 [im pump the (0201) level, that at 3693.50 pm puinps the (1111)
level, and the two lines at 3593.80 und 3577.80 pump the (0311) level of COZ'

Linc center frequency mismatcehing is rectified partially by pressure broudening
the absorber with argon or with mixtures which incorporate other cellision pariners
of intercst. At CO2 concenirations ahove 2%, collisions with the (0000) state
rapidly degrade the pumped states so as to overpopulate the (0001) and (OnQO) stales,
from which fluorescence is observed at 4.3 pm and 15. 0 fum, respectively. The

latter emission showed an carly growth, followed by a fluorescence decay; e fotal

fluorescence intensity could be represented by a supcrposition of two cxponentials,
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The longer period was associated with v-T de-excitation of COZ’ from which the
values:

] -3l = -
k(coz—Ar) = 41 sce torr , and k(COz—COZ) = 227 sec ltorr :

were deduced. These cheek reasonably well with éxtrapolntcd shock tube
measurements and ultrasonic data. The rate eonstants for pumping (On’qO) proved
to be about twice the literature values for the (0001) de-excitation: ~ 120 secmltorr*
for COz—Ar and 660 scc_ltorr—l for coz—coz. As yet the explanation for this is
not elear. Corresponding values were also measuved for two additional collision
pariners, 082 and COS.

This work did not receive ARPA support through salary recovery.

Il e (‘,SZ—O?—i‘c Chemical laser

The assembly of kinetic data and the preparation of an extended

&

computer procram to wadel the CS,-0,-tle chenical laser was completed.
There is general consznsus that the dominant pumping reaction which
produces CO lasing is:

sz + ofp,1 — s’p,) + co (15,

and that in the chain reaction, CS radieals are produced via a rapid abstraction of
S by O firom CSZ’ with regeneration of oxygen atoms in the reaction

S -+ ()2 — 8O + 0. Todevelop an adequate but tractable meehanisin we
sought a minimum set of auxiliary steps; that is, those reactions which if omitted

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

CO(V), 0, S, and CS. After a thorough search of literature and the introduction

of plausible rate parameters for all possible reactions, a sequence of computer
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trials were run with our fully developed kinetics program, whieh incorporales
v~ and v-v transfer rates as well as the adiabatic condition, for the time
cvolufion of the state and species populations, following the pulsed dischavge.
Then, by successive appreximations some of the reactions were climinated and
others inscricd until a sclf consistent sct of steps was developed,

An adequate compuicr model conforms to the following criteria. It
mcorporales:

o)

(i) all chemical reactions and their inverses thal significantly affcet [CO {3
(i) all (v-71) and (v-v) processes and their depandence on vibral.onal state,
temperature and collider species;

(ii1) state population changes due to radintive processes; and

(iv) it permits the computation to be made either on aa isothermal or adiabatic
basis. The adeguacy of such a nrogram can be ascertained by subjecting it to a
series ¢f tests which include checks on: («) internal consistency; and

(£) agreement with literature values foir vavious rete constants --- i.ec. chemical
and energy transfer coctficients to within their specified crror limits, The
primary function of a model is to predict (for all transitions) lascer gain ve lme
following the initintion of reaction. Also, it gshould account quantilatively for

chemilumincscence {I(v, 61 es it is affected by initinl composition, discharge

veltage, added reasents, ele,

The reactions Finally accepted in the model are indicated in Table
I which is in matrix fomm 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 vavious species were computed for

g . O =A%
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typical rcaction conditions, the eight most important rcactions and 17 of
lesser significance (listed on the following page) werce sclected.

A1l available thcorctical and experimental rcports on €O rclaxation
by the variety of species present in the lasing plasma were rcviewed. Thus
covered were v,v and v, T processes for O(V) with itself and with lle, O,
Sc 02, CS, SOZ’ S0, 0CS, and (‘SZ. Anproximately 20 test runs were made using
the overall model. First, note that this model is sclf-consistent as demon-
strated by the many preliminary computational runs whereir. reactions were
‘selectively int  duced or omitted, and the results compared with cases
where the corresponding reactions were omittel or inserted. On the basis of
their net contribution to the time dependent concentvation of the vibration-
ally excited €O (we now belicve) any subsequent reasonible changes in the
magnitudes of the specific rate constants will not affect the sclection of
reactions. Second, the principal check was made by showing that the wmodel re-
produces the time evolution of [CO(V)] ¢ s derived from our chemiluminescent

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

2455 (1973)]. A complete report documenting this model is available.
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ITi. Alternate Hydrogen Sources for HF and DF Lascrs

The utility of formaldehyde {IIZCO and DZOO] as a hydrogen source for t
an UF or DI laser, a source which does not require storage of the fuel in

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

INTRODUCTION

Laser radiation in the range 2.8 to 3.2 pm is most efficiently obtained from
the combustion of hydrogen or hydrocarko with fluorine atoms. Nearly all hydro-
carhons and molecular hydrogen have the same exothermicity when combined with

fluorine, but formaldehyde presents somewhat more exothermic combustion

rcactions:
F + H,CO — HF + 1CO AH® = -44.4 kecal/mole
F + HCO — HF + CO AIL = -72.7 keal/mole

These should be compared with the Y'cold reactions':

F+H — HF +H AIL = -31. 5 keal/mole
F + CH, — HF + CH, AH® = =32 keal/mole

In addition to the possibility that the HF may leave in a higher state of vibrational
excitation were formaldchyde 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.

Fven if cxeited CO were not a direet product of reaction, there was the possi-

bility that energy transfer from DF(V) to CO (near rcsonance) would pump the
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latter. Finally, onc should not overlook the possibility of a chain reaction:

(0]

Fz + IICO — HF + F + CO AU~ = -84.28 kecal/mole
F, + HCO — HFCO + T AH° = -81.09 keal/molc
F + HFCO — HF + FCO AH® = -35.5 keal/mole
F, + FCO —~ F + F,CO AR® = -92.5 keal/mole

EXPERIMENTAL APPARATUS

Prcliminary to experiments with a cw flow system the utility of HzCO and
DZCO was evaluated in a TEA configuration, where these rcagents were mixed
with He and SF6 and lasing initiated by an electriecal discharge. A rectangular
tube was used; it has a cross section of about 6.5 c:m2 and is 1.2 meters long.
1t is [fitted with Brewster angle windows (KBr). ‘The optical cavity is 1.5 meters;
the output mirror was either a 50% transmitting germanium flat or a 2 1n focal
length gold mirror, with a 1 millimeter coupling hole (5% output). The back
rcflector was a two meter focal length gold coated surface. The clectrical encrgy
was deposited through 240 pins to a grounded rod (1 cm dimineter); the discharge
path is 1'5 mm; a 0.045 pf 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 ps, The
repetition rate was 1 per 3 seconds; this assured complete removal by gas flow of
all products preduced in cach pulse.,

The flow rate of materials was ealibrated by timing the pumndown time from
a measured volume of gas at the pressures used. At 10 to 80 torr the flow was
found to be 0.71 millimolc torr_l. Relative intensitics were mecasured as a function
of system paramecters; these were recorded as the oscilloscope output irom a gold

doped germanium detector, maintained at 77°K; output resistor 10 K. The




different wavelength regions were sclected by narrow bund pass infrared filters

placed in front of the detector port. The total encrgy output was measured with
a CDC 100 thermopile, and a Keithley microvoltmeter.

Pressures were measured with a mercury monometer and with a Wallace
and Ticrnan gauge (full range: 50 torr). The gases were mixed thoroughly duriné
the 30 sceond elapsert time for flow from the injection region to the Jaser cavily.
The monomer was swept into the laser tube by a nitrogen stream. The HZCO
monomer liquid was prepared prior to use by decomposing paraformaldehyde
in an oil slurry at 120°C. It was lrapped at -67°C us 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 me«sured as a function of impressed voltage, and the
partial pressures of the hydrogen and deuterium atom sources. The resulls are
summarized in Table I and displayed graphically in Figures 1-4. The remarkable
ohservation is that when H or D atoms were generated from IIZCO or ]'.)ECO as
monomers the flow requived was 1/15 (in millimoles per minuie) of f]mt for
gascous I-Iz or D2 {o reach the oplimum outputl enevgy. This was recovded as the
partial pressure of the formaldehyde source, and cross checlied by weishting the
paraformaldehyde polymer consumed. With HzCO, the maximum power attained

was several percent greater than with HZ using the same quantities of SFG’ §(8

and input clectric energy. However, with D200 mixtures the maximum was one

half as large as that which could be obtained under the same conditions with Dz.




The formaldehyde gave a different shape curve for pressure vs oulput than did !
the hydrogen sources. In Figures la and 1b the output reaches a maximum o
quickly and slays flat with inercasing pressure beyond 0.2 torr whereas for
hydrogen the maximum is attained later at 15 times the formaldehyde pressures |
(Figures 2a,b); subsequently the power slowly decreases at larger pressures,
where presumably the hydrogen beeomes a charge carricer for the high voltage pulses.
With formaldehydc the optimum output power is attained at lower driving voltages.
The curves in Figure 3 show that with HzCO the maximuin is reaechedat 21 Kv, whereas with
Hz the power slowly continues to risc to 25 Kv. Figure 4 a similar graph for
chO VS Dz'

Prior to testing [or lasing {rom CO, utilizing the formuldehydes as the souwrce,

the cavity was recheeked [or alignment. The reagents ST, I, CO and IHe were

6
mixed, with partial pressures for cach varvied from 0.1 to 50 torr. The formal-

5 : ML r ; o oy T4
dehyde was introduced as a gas, from the liguid monomer maintained at -22,9°C,
where it has a vapor pressure of 600 torr. In another arrangement, the S 6 and He

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

2
o . . : . &

heated to 60-120°C with an oil bath. In experiments with the H,CO an IR filtcr (# 1)

which has 807 transmittanee [rom 4.0 to 6.5 um, and completely absorbs all HEF

ouiput between 2.7 and 3.1 pra, was used. Under all conditions tested no radiation

was observed over the inteyval 4.9 to 5.1 p,as would be expected were CO Iasing

achieved. -

To delect possible CO ehemilumineseence, adjacent to DF laser cmission
over the region 3.7-4.1 p, a combination filter was prepared and its transmission

checked. It incorporated a thin laycr of DZO liquid. The et transmission with




cutoff filter s+ 2 is shown in Figure 5. This gave a narrow band centered at 5

(70% maximum); sapphire windows with a DZO liguid thickness of 0.025 mm
proved best. Ncither tthzCO nor the DZCO showed purc fluoresecnee 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 casc was any CO radialion obscrved. It
is interesting to notc that Shortridge and Lin [4th Conference on Chemical and
Molcenlar Lasers, October 1974, Abst. MB5] obscrved very liltle CO emission from

the reaction: |
3 o :F _‘$ (V) 0
o(’py + cur — {O¥co 1 - HrF + cCo AT = -181 keal/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 apparvatus described by
Roscn, Sileo and Cool [[EWE Journazl Quantum Elecironies, 9, 163 (1973)]. The
oxidizer slream consisls of premixed F2 and Ic gases, which pass througl. a
1 kv, 2450 MIiz microwave dischavge. The fuel gas (HZCO, efe.) is injected
into the flow through a row of 40 tubes, cach with seven 0,127 mm holes, sct
perpendicular io the flow direction; C)an windows were sct at their Brewster
ancle. he optieal cavily can be translated along the output windows, starting ot
the injector position, and downsiveam for 17 ¢m. The cavily mirrors consisted
of a 1 meter radius gold reflectors, separated by 0.5 meter. Coupling was made
through 0. 25 and 1.0 mn diameter holes. Occasionally dielectric coated germanium .

Jnirrc{é were used; these transmitted 0.5, 5.0 and 10% of the output. Under all

conditions of flow, at all cavity pozitions downstream, there was no HF lasing with
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IIZCO, cven though the system was well aligned and produced substantial levels of

HF laser radiation from H_, + F

3 9° Since the optinium I-I2 pressure into the

injectors was 50 torr, liquid polymer was preparcd and its vapor was injected
at flow rates up to 150 torr; still no lasing was observed. In an additional test for

possible lasing, a mixture of H_ and I"z was initially sct up, and then the pressure

2
cf 11 9 was dcercased while that of }IZCO was inereased. There was no enhanced
lasing; furthermore, as the hydrogen pressure deercased the total laser output
also decreased. Thus it appears that while formaldehyde constitules an excellent
source of hydrogen in TEA-pulsed operation, and eliminates the need for carrying

high pressnve hydrogen at afuel source, we have not yet found conditions wherein

formaldchyde can be used as a source of hydrogen in 1 ew configuration.

TABLE 1

H IIZCO D D,CO c, 1

2 2 2 24
A range (im) 9.7-3.1 2.7-3.1 3.7-4.2 3.7-4.2 9.7-3.
Iall -widtiy 2 s 2 15 1 s 4 ps 2 ps
i) e
AN 0.78 0.81 1.0 0.5 0.21
Power
Toules 0.017 0.019 0. 047 (0.023 0. 005
Waits 1700 1900 2300 1150 500
Hoshl on 22 27 21
(Kv)
:I}:
Dest PP
: 5.9 o . g
e : 0 3.0 0.2

¥
Of fuel [SF6 = 31 Torr; Ile = 16 Torr].




Figurc 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

FIGURE LEGENDS

Dependence of relative power on fuel pressure.

(a) H,CO : () D,CO

Dependence of relative power on fucl pressure.

() H, (t) D,

Dependence of relative power on impressed voltage.

p(SFG) = 35 torr p(H2) = 3 forr

p(de) = 18 torr P(I1,C0O) = 0.3 torr

Dependence of relative pewer on impressed voltage.

p(SFG) = 31 torr piD,) = 1torr

p(He) = 16 torr p(DZCO) = 0.3 torr

Transmittance spectra for filters.
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1IV. Laser lleating Initiated Chemical Reactions

Construction of an adequate high intensity pulsed CO2 lascr (*25J/pulsc) .
has taken much more c¢ffort 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
o (=]

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 gencrate a line | !
focus with a cylindrical lens, which will be projected along the axis of a

DS 8 6

this concurrent pyrolysis-o¥idation veaction should be intense enouch and of !

cell that contains a mixture of SF., B, I and NOZ' The 1light gencrated from

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

visible laser. This system will be studied in the near Futurc.

V. €O v=1-0 Pulsed Chemical Luser

The conditions under which CO(1 > 0) lasing occurs in the CSZ—OZ—I-Ie
pulscd chemical laser were discovered. The results of this work have been
described in a short publication, accepted by Chemical Pilysics Letters [copy

attached].

VI. C302 + O2 _He Chemical €O Laser

Our studies of the [CSOZ i 02 + He] pulsed laser consist of four parts.
First, both literature and experimental surveys were made of preparative
methods, in scuarch for an efficient route for generating substantial quantities

of the suboxide. In this

P A ity (s K 5 i ol P L g R
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we were only partially successful, Yields of up to 157 were obtaiﬁed, comparcd to
conventional yields of about 8%. The second part eonsisted of a parametyrie s udy
of reagent composition and of diseharge conditions to maximize laser output for an
axial diseharge configuration, and the recording of relative lasing intensities and
delays for onset of lasing as a funetion of the upper vibrational state. The effeet '
of added eold CO was also investigated. In the third part, relative populations of
exeited stales, as present at a sequenee of delays after pulse initiation, were
obtained from ehemilumineseence data, in the absence of lasing.

A mechanism was developed whieh aceounts seini-quantitatively (via our
eomputer 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

2 2
(v —v-1)

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

0302 at low v's and C2O at v ~7,8. Intracavity losses, therefore, remain high

until these reagents are substantially depleted. Absorptions by 0302 and C20

v —v-1)

have been measured over a range of v's for CO radiations. Our mecdel
also aceounts for the long delay times for the onset of 1asing (following pulse

discharge), eharaeteristie of the axially initiated eonfiguration.

—””
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V. STIMULATED CO EMISSION OF THE (1 — 0) BAND IN A PULSE INITIATED
(CS, + O,) CHEMICAL LASER H

Josef Stricker 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(l) and by Djeu(z) . The first investigators initiated lasing inCS, +0 -

2 2 !
mixtures by flash photolysis. They reported typical delay times of 12-20 Us and
emission pulses which lasted ft.)r 15 to 60 pis, depending on the gas composition and - |

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

tinous discharge was sent through H

2 N2, Xe and CO mixtures, at liquid nitrogen {

tempera:tures. Heie we report on lasing at the fundamental band of CO, generated
in CSZ—OZ—He mixiures when initiaied by an electric pulse of ~0.7 ps duration. The
mechanisms for producing the invertéd populations are clearly different in these
three cases.
A slowly flowing mixture of helium (3.25 torr), O2 (0.40 tc;rr), and CS2 (0.08 torr)

was subjected to an axial 13 Kv pulse (ring electrodes) in a one mefer tube;
C = 0.0051 pf. ®) Rotational lines ranging from P(14). .. P(10) for the (1 — 0)
transition were recorded using 2 Au-Ge detec;tor (LN), viewiﬁg the laser emission
through a PE 98 grating monochromator. Spectroscopic resolution for line identi-
fication was 0.. 9 cm_l; for recording time dependence of individual lines, the slit
was 'opened to 3 .6 cm—l. ,Delay times for onset of lasing we;re ~160 us, while pulse
durations were betwéen 600 and 800 ps. In contrast, typical values for v = 13 - 12
trans.itions, lasing pulses lasted ~200 s after a delay of ~20 us. To establish

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

~

o~
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cell 8.8 cm long was filled with CO at 0.17 torr (roo'm tcmperatui'c) and intcrposed
betwecn the laser and the monochromator. There was a marked dccrease in the
transmitted energy. The I(I/I ) values obsexved [4.0 for P(10), 2.3 for P(11),
and 1.9 for P(12)] chccked within acceptable error limits with the valucs calculated
from Young and Eachus ¢ vibrational matrix elements [3.2, 2.9, and 2. 5,
respectively]. Th.is O filled cell was almost transparent to all the other laser
lines. We could not obtain .lasing on- the 1 — 0 transition in 2 TEA configuration
using similar compositions, voltages and capacitzmc.cs.

Optimum operating conditions for maximum power output on the P(10) line
were determincd by parametric variation of partial pressures and dischargc voltages.
The maximum appears at p(He) ~ 3.25 torr; p(Oz) =~ 0.3 torr, and p(CSz) = 0.08 torr,
using ~11.3 Kv discharges (Fig. 1). Corresponding dclay times: are also shown in
Figure 1; they are inversely rclated to the dis c};arge voltages. The nct trends are
as expected, based on the extent of fragmentation By the initiating electrical pulse.
To eliminate populating the lower siates by induced trar.xsitions from the upper
states, intensities werc rcméasured with a grating tuned cavity. The rclative powers
as a function of disch_arge voltage are shown in Figure 2 (apper) aﬁd the corresponding
delay times in fhe lower portion. Note that the latter values arc about thrce times
longer than,'for the frec running configuration. It is also intercsting to note that
at specific grating positions the las-ef output consisted of two bell shaped peaks
separated by 430-470 ps, dcpending on the dischzujge voltage. The pcak centered
at 850 s was complelcly absorbed by cold CO, while that at 420 us was unaffected.
These were later identified as P(10) for 2 —~ 1, at.2077. 14 cm—1 and P(16),

v=1—0at 2077.65 cm_l, respectively.




The above obscrvations indicated that under the specific conditions of thesc

@)

expel:imeﬁts, in contrast to the higher discharge voltages uscd in our first repoxt™ 7,
the initial population generated chemically in t‘he low v Icvels does not rise; it is
likely that under present eonditions, the low v states are uniformly populated, as
proposed by Powell and Kelly(s), or possibly decrcasc as initially pro;;osed by '
Hancock, Morley and Smith(e). Hence when the cavity is free running a partial
inversion rc;lative to 2 — 1 and 1 — 0 occurs sooner, due to the stimulated
transitions, while in a tuned eavity lasing eonditions are attained later because
of the time required for v-v de-excitations. This assumption was ehccked with

the Nielsen-Bauer model(7) for the CS_ + O2 systcm. The following assumptions

2
were introduced: (a) For p(CSz) = 0.1 torr, p(02) = 0.3 torr, and p(He) = 3. 25 torr,
we assumed that 60% of the total clectrical cnergy in the capacitor was nsed for

dissociation [2.29% of the 02; 127, of the CS,, and 8.5% of CS]. () The rcacting

2

system is adiabatie, with an initial temperature of about 400°K. The computer
program was run three timcs, cach with a set of rclative reaction ratc constants,

corresponding to the thrce proposed initial vibrational state distributions for the

v .
pumping reaction: CS + O ——l—{—-;» CO(V) + S. While no positive gain was

computced for the v = 1 — 0 transition on the basis of the branching ratios given in
refcrence 3, eomparable delay times and gains were found for the distributions
given in rcferences 5 and 6 (Table T). Thus, on the basis of the present obscrvations

no choice can be made betwcen the latter two distributions for this laser operation.
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TARLE I

Inversion starts Max Inversion
. Delay Delay
Optimum Time gain Optimum Time gain
d (usec) (arb.units) J (usec) * (arb.units)
Powell and Kelley(s) 15 180 0.40 | 12 300 c.5
; (6) 1
Hancock, ef.al. i4 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(11) and P(13j,
v =1 — 0 transition, as a function of discharge voltage (grating

runed cavity).
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VI, MODEL FFOR THE {0302 + 0, + He} LASER

The apparatus utilized in these experiments was essentially identical with
that used for the {.CS2 +0 P + 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
\.vas simulated: discharge voltage = 12 Kv; capacitor 0.051 pf; assume that half
of the avail;ible electrical energy is utilized for dissociation of the reagents. The
gas mixture consisted of 0.19 torr 0302, 0.55 torr 02, and 3.75 torr He. This
corresponds to an optimum combination for CO lasing. In’tial conditions for the
computer program were: 5% of the 0302 dissociated into CZO + 0; 0.8% of the
O2 was dissociated into atomic species; of the 020 initially prqclllced 3.5% was
further dissociated into CG + C. That a substantial fraction of the 0302 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

+
Ot and C was produced at a

+ ]
fragment is CZO; the parent ion only 7/10 of C2

level 0.4 of 020+. The thermochemical data inserted in the program are listed
in Table I. The heat of formatidn of CZO was‘taken as 92 keal/mole, on the basis
of K,T &W [Z. Phys. Chem., 68, 321, (1969)] in contrast to the value given in
the JANATF Tables [68. § keal/mole].

Of 78 possible reactions involving the species G, CZO’ CrRONOT O2 and CO,

(v)

only 21 were found tc make a significant contribution tc the preduction of CO''/,

3

These 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 cach




TABLE I. Thermochemical Data
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No Specie Inll«‘txl'zlctlivf)(:e Cp(a) AH: 22

1 c 7.382E-05 4,974 1.712E 02
2 co, 0.0 1.028 01 ~9.408E 01
3 c, 0.0 9,177 2.009E 02
4 c,0 2.035E-03 1.131 01 9.230E 01
5 C,0, 4.007E-02 1.862 01  -2.153E 01
6 0 1.954F -03 5.108 5.980E 0
7 0, 1.211E-01 7.313 0.0

8 o, 0.0 1.088 01 3.402E 01
9 c, 0.0 9.068 1.961E 02
10 He 8.326E-01 4.975, 0.0

11 co® 2.183E-03 7.067 -2.631E 01
12 coV 0.0 7.067. -2.018E 01
13 co® 0.0 7.067 -1.413E 01
14 co® 0.0 7.067 -8.152E 00
15 cot® 0.0 7.067 -2.251E 00
16 co® 0.0 7.067 3.575E 00
17 co® 0.0 7.067 9.326E 00
18 co™ 0.0 7.067 1.500E 01
19 co® 0.0 7.067 2.060E 0i
20 co® 0.0 7.067 2.613E 01
21 co™¥ 0.0 7.067 3.158E 01
22 cotd) 0.0 7.067 3.696E 01
23 co®® g0 7.067 4.22TE 01
24 co™ 0.0 7.067 4.750E 01
25 co® 0.0 7. 067 5.266E 01
26 co™® 0.0 7.067 5.775E 01
27 cot® 0.0 7.067 6.276E 01
28 cot” 0.0 7.067 6.770E 01
29 co®® g0 7.067 7.270E 01
30 cot® 0.0 7. 067 7.770E 01




' &

]

TABLE I (Continue)

No. Specie In;;itl;i(:e Cp( AH? o,
31 CO(ZO) 0.0 7.067 8.270E 01
32 C0(21) 0.9 7.067 8.770E 01
33 CO(ZZ) 0.0 7.067 9.270E 01
34 C0(23) 0.0 7.067 9.770E 01
35 CO (24) 0.0 7.067 1.027E 02
36 C0(25) 0.0 7.067 1.108E 03

(2) in cal/mole-degree at 450°K.

(b) in cal/mole at 450°K.
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specie via a given reaction was comparcd at short and long times, nnd for high
and low lcvels of dissociation, with the rates of formation from all recactions. I
the rate of formation of a selected specic in a particular reaction was found to be
less then the sum rate by a factor of 10"4 that rcaction was discarded.

The two reactions which generate CO in excited vibrational states are:
€0, + 0 —~ co™ . CZO,‘and, c,0 + 0 — co” + co. m Table
all the reactions included in the program and their rate constants are listed with
the corresponding enthalpies; references to the literature are cited in the
extended rcport.

Of primary interest to this project arc the valucs assumecd for the vibrational
rclaxation of the chemi-cexcited CO(V). The speeific rate constants for most of
the specics which appear in this system have been prescnted in the rcport on the
{CS2 + 02 + He} system. The atomic specics deactivate CO via v-T proccsses,
whilc the molecular specics arc involved both in v-T and v-v stecps. The latter,
of course, arc most effective when the energy discrepancy is small, of the order
of kKT or less. The rates which have been presented previously will not be dis-

cussed. Attention is called to the following. The relaxation of CO(V) by C was

neglected, since the rate constants for deactivation by atomic carbon were cqual
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(V)
by (DZ at room temperaturc are given by Stephenson and Moore [J. Chem.Phys., 50,
1911(1969)], and by Rosser and Sharma [J.Chem.Phys., 54, 1196(1971)] for v = 1.

Hancock and Smith [App.Opt., 10,1827(1971)] presented kv v-1 values for 4<v<13.
b

The rate constants for the other vibrational states were obtained by interpolation of
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TABLE I Kinetic Parameters: k = A exp(-E /RT)

“k{T.= 300°K)

Bt BEEIER e molz?sgc a r‘;g;:e ~literature- A";’00
1 C+CO,+M = CO+CO*M ax 100 5.1 <6x10° -129.8
2 C+CO = C, + CO 6x 107 0.6 | - 89.0
3 c+o, = CO+ 0 1.0 x 1004 2.8 i'f;:golfk -137.7
4 CO0+0, = CO+ CO, 2.0 xm:Z 1.5 4.9x1oii -212.7
5 CO0+0, = 200+0 2.0 x10" 1.5 5.0x 10 - 85:1
6 €O, +0 c,0 + co, 2.0x 1012 2.2 @.54.2)x10° - 40.1
7 0, +M * 0+0,+M 2.0 xmif 24.0 - 25,8
8 0+ 0, = 20, 2,0 x10 6.0 - - 93.8
9 C,+0 = €O+ C 1.0 x 10 3.0 . -115.8
10 Cco+o0 = co® + co® 1.72 x 1013 0.6 (5.743) x 101 -204.7
n co+o = co® + co® 1.02x 10" 0.6 - -198.6
12 CO0 + o0 co®? + co® 4.69x 1012 0.6 S -192.5
13 co+o0 = co® + co® 2.3 x 10°2 0.6 = -186.6
1“0 + 0 = o co® 1.17x 10°2 0.6 . -180.7
15 €O + O co® & co®© 6.64x 10 " 0.6 - -174.8
1 co+o = co® + co® 1.95x 10"} 0.6 - -169.1
7 c0+0 = o + co@ 1.56 x 1011 0.6 - -162.9
18 CO0+o0 = co® + co® 0.0 = -157.8
19 co0+ o0 = co® 4+ co®® 0.0 = -152.3
20 CcO0+o0 = co® 4+ co® 0.0 = -146.8
21 CO + O co®™ + co® 0.0 : . -141.4
22 G0 + O co? 4 co® 7.81x 100 0.6 - -136,1
23 CO + o = co™ 4 co@ 3.13x 10" 0.6 B -130.9
24 €0 +o0 = co™ 4+ co® 1.64 x 1012 0.6 - -125.7
25 €0 +0 = co®® 4+ co® 1.41x 102 0.6 - -120.7
26 €O, + C, = C,0+ CO 7.0 x10% . 6.0 = - 40.8
21 C + CO, = 200+ C, 1.0 x 10" 4.0 - - 1.4
28 C0 + C0 * 200 + C, 4.0 x10%% 3.0 - - 36.3 .
29 CO0+0 =¢,+ O 6.0 x 102 54.5 = 48.8
30 €0 +0 =00, +C 2.0 x10™ 3.6 - - 75.0
31 C + c2'o =C, + O 3.0 xloii 4.0 - - 7.6
a2 ¢ + C = ¢, + C, 1.0 x 10 36.0 = 34.4
33 ¢, + CO0 =00 +C 3.0 x 103 0.7 - -123.3
4 G +0 * co + C, 6.0 x 10" 0.7 - - 81.4
3 G, + 0, - ® 200 + C - 5.0 x 102 1.5 - -71.5
3 €O, + 0 = co® + 2c0® 8.7 x 102 2.0 @.2+1.2)x10" 1172
3 ' CO, + 0 = co® + 2c0® 5.8 x10%2 2.0 > -111.1
38 €O, + 0 = co® 4+ 2c0® 2.1 x 10'2 2.0 = ~105.0
39  C0, + 0 = co® + 2c0® 1.1 x 102 2.0 - - 99,0
90 co, + 0 = coP s aco® 6.8 x 10! 2.0 - - 93.1
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TABLE II (Conlinued) !

. . q

{

o |

)

. 0 {

cc keal k(T = 300 K) o '
No. et lon mole- sec 2 mole ~literature- AH300
41 ol o= co® + 2c0® 2.8 x 10°) 2.0 2 3 - 87.8
42 0, + O co® + 2c0© 15 x10? 2.0 - - 81.6
43 co, + 0 = co™ + 200 1.7 x 10! 2.0 = - 75.9
44 c0, +0 = co® 4+ 2c0 5.3 x 10! 2.0 = - 70.3
s co + 0 = co® + 200 2.6 x 10%) 2.0 = - 64.8

372 _ s .

46 o0 +0 = col® +2c0® . 19 x10 2.0 = - 59.3 :

Sn2 11 (0) 10 {
. co, +0 = cotV + 2co 9.2 x10 2.0 . - 53.9
48 CcO, +0 = co™ + 200 0.0 - - 48.6
49 2.0. + O co®® 4 2co® 0.0 - - 43.4

JIsz 14) (0) =. A }
50 cio, +0 = co™ 4+ 2co 0.0 _ - - 38.2
51 co, + 0 = co™® 4 2c0f 0.0 - -33.1




these data. The [inal values used are giveninTable I, The temperature dependence
of kl.-> 0 for CO2 on CO was given by Stephcnson and Moore; the rate constant
changes linearly with temperature, in‘conh'ast to the SSH theory, which predicts 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 C 20, note that one of its fundamental vibrational frequencies
is 1978 cm-l; this falls between the v = 7 and v = 8§ for CO. In such a case of nearly exact
resonance one should not anticipate a strong temperéture dependence. The
vibrations of OCS molecules are also in resonance with CO at the 4th vibrational
level. For CZO we used the OCS values for kv,v—l giveii by Hancock and Smith,

but the values were scaled in order to bring the largest kv v-1 tov =7. These
are listed in Table IV.
C302 has a characteristic normal mode vibration at 2200 cm_l, which is close

to the spacing for the fundamental transition of CO. Hence k V-1 should be large
for v =1, and its magnitude should decrease for higher v's. We assumed that
kv,v—l to be the same for C302 as for NZO on CO, siﬁce one of the normal modes
of NZO is 2224 cm_l. The rate consiants for 4 <v <13 were taken from Hancock’
and Smith; the other values were interpolated frc.n these data (Table V).

The computed concentrations of C2 as a function of time, under laser
operating conditions, are shown in Figure 1., Note that its magnitude vises very
rapidly anc attains a maximum at about 33 ps; then it dccreases gradually. The
reactions that produce C2 are (2), (27), (28), and (34); reaction (29) proceeds in

reverse direction .' us reducing the C2 concentration. Reactions (2) and (34) are

exoergic, sufficiently to excite C,, to the A state, the upper level in the Swan band

i) R . -
=T ot v




(&

TABLE 11

3 = =
Rate Constants, k (cm mole 1sec 1) for
v,v-1

Deactivation of O by co,

) v,v-1
1 4,13 x 104
2 3.30 x 10°
3 2.50 X 10*
4 1.80 x 10*
© 5 1.00 x 10*
6 9.50 x 10°
7 9.00 x 10°
8 9.50%x 103
9 1.25 x 10*
10 2.00 x 10*
11 3.20 X 10*
12 5.10 x 10*
13 6.70 x 10
14 9.00 x 10
15 1.10 x 10°
' 16 1.25% 10°
LT 1.40 X 105

(8o
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TABLE IV i

k, g1 (€50 (cm°mole “sec ) ‘:

3

v_ v,v-1 |
1 6 x 105
2 1.5x 106
3 3.6x 106
4 6 x 106
5 1.3x10°
6 2.4%10°
7 3.6x 10"
8 3.4x 10'7
9 2.2 x 10"
10 7.9 % 108
11 4.2 x 10°
12 2.3 x 10°
13 1.8x 106
14 1.1x 10°
15 6 x 105
16 2.4%10°
17 1.2x 105
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TABLE V
kv,v—l (0302) (cmsmole—lsecnl)
/
M v,v-1
1 6 x 105
2 5.4 x 105
3 4.4 % 105
4 3.0x 105
5 1.5x 105
| 6 9.0x 100
A 7 5.8x 104
8 5.1x 104
9 5.1x 104
10 6.0 x 104
11 6.0 x 104
12 6.0x 10"
13 5.6 x 104
14 5.6x 104
15 4.8x 104
16 4.2 x 104
‘. 17 3.6% 10"
-

N
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system [A3IIg - X31'[ ]. Thc ratcs of production of 02 by thcse reactions (in
A u :

moles Cm-SSeC-l) are summarized in the following table.

delay times (usec)

Reaction
No. Reaction 2 17 33 .43
2 C +C,0—~C, +CO 1.3x10° % 1.ex10 % 2.0x10°  9.0x107'°
34 C,+0~~CO+C, 7.0x10°7  6.0x10 % 7.0x107'%  6.0x107'C
27 C +C0, ~2CO0+C, 1. x107 % 2.2x107%% 5. 0x10%8  2.7x10718
28 C,0 +C,0--2CO +C, 2. x10 % 12x10t soex10® 3.ex107C

the oxygen present in the discharge; the results are shown in Figure 2 for the

pressure. This is compatible with our assumption that the principal mechanis

for 02 production is (2). When oxygen is introduced the amount of ()20 and -*

Additional support is provided by

of C302; 2

3 2
in the (A3H ) state.
™)

46, 4157 (1967)] proposed that the reaction (2) produces C2

The calculated and observed vibrational state populations of CO" "/, at several

During the first 30 2s the most important contributor to the production of C 9 is

step (2). This is supported by the measured Swan band radiations as a function of

indicatcd v-v transitions. Clearly, the relative intensities of the Swan bands dcpcnd

strongly or. the oxygen pressure; they' decrease sharply with increasing partial

m

available for this reaction are reduced, causing the sharp decrease in intensity.
literature reports on the thermal decomposition
C_ is produced. Klemenc, et.al. [Z. Elekirochem., 40, 488 (1934)]

suggested that the overall reaction is: C_,O_  +# 002 tE Cz; Kunz [J. Chem. Phys.,

delay times, are shown in Figure 3. The solid lines are the experimental results
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(Sheasley), and the points were eomputed; in eaeh ease, the magnitudes were
normalized to unit value at v = 8. On comparing the vibrational populations ¢
derived experimentally from the ehemilumineseence intensities,with those ¥
computed (Figure 4),we find the agreement is fairly good, exeept for the distri- |
bution at the 40 psec delay time. In this ease the model shows higher values by a'

factor of about 2. The reason could be the low ehemilumineseence intensity

emitted at this early delay time, and the need to use a wide monochromator slit. .."

The two maxima in the CO(V) distribution (at v = 8 and v = 13,14) are compatible with

the Clough, Sehwartz and Thrush experiments [Proe. Roy. Soe. London, A317,
575 (1970)]. Our model shows that the first peak at v =§ is primarily produeed
by the 0302 + O — 3CO reaction,whieh is suffieiently exothermic to pump 3CO
to the v = 6 state. The second maximum at v = 13, 14 is primarily produeed by
the CZO + O — 2CO reaetion; this is sufficiently exothermie to pump 2CO to
about v = 18.

Gain coeffieients at different delay times were eomputed for v' = 2,3,..... 11;

for each v' level we computed the gain for P(1)...(P20) rotational lines. The

gain for a P-braneh transition [v,J-1 — v-1,J] is given by:

. I FV(J—l)hc ) Fv_l(J)hc
87 ¢ KT kT
S S TS CRE 3 [ . ]
= 3kT J 27KT xv,v—l Nvae Nv—le—le
m
wheré xv o] is the vibrational eontribution to the transition matrix element; m is
b

the mass of CO; FV(J) is the rotational term value for the v' vibrational level;

2
FV(J) = 'Bv(J+1) - DVJ (J+1)2. The rotational eonstants were taken from Patel

[Phys. Rev., 141, 71 (1966)]. x1_>0 is given by Young and Eaehus [§. Chem. Phys.,

-—
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44, 4195 (1966)], and ratios of matrix clements forvup to 3 are given in
Journal of Molecular Spectroscopy, 10, 182 (1963). The ratios of matrix clements

for v' = 10 and v' = 11 werc calculated via:

A
7(v,v—l - v,v-1 (Ul,O )3
%1,0 A1, 0 Ve, v1

This gives for v'= 8,9, 10 and 11 thc ratios: 2.8004, 2.9547, 3.1065and 3. 2504.. The
that

model shows/positive gain is attained for v' = 6,7...11, as summarizcd in Table VI.

Note that the model predicts lasing at the correct vibrational lines and at correct
delay times for v' == 6.9 and 10. The calculated delay times for v' =7 and 8 are.
very short, compaved with those observed. We proposc that this is due to the fact
that v' = 7 and 8 lines are absorbed within the system during the early times by
the incomplctely rcacted reagents. To check this assumptiog we measured the
absorption of v' = 7—6, P(13) line by the lascer plasma (nc cavity mirrors) at

several delay times, C,O is one of the principal species in the system which could

2

absorb CO radiation. The wave numbers for the laser transitions v =7 — 6 and
8 — 7 are compared with 020 rotational lines of the (001) band (Table VII),

computed by assuming:

E_(v,) = 1978.0 em : B =0.4085 cm

2 ~ .
D= 4B3/EV(U1) =2.36x10 7, where EV(vl) =1074.0 cm %

B and D are the ro*ational constant needed to calculatc the corresponding
term values: F(J) = BJ(J+1) - DJ2 (J+1)2. The last column of Table VII shows the
fraction of CZO molecules in the absorbing level. Note the small discrcpancy

between the frequencies for 020 and the CO. By measuring the net absorption at

about 300 psec, when the C_O concentration is very low, approximately 10_13 of

2

e’ 3 Vv




=TT

TABLE VI, Summary of Delay Times

Inversion
Feoeiis At~400 ([;LS At 400 ﬁs At 400 (L)ls
(usec) T =533 K T =300 K T = 400 K
v'

Gain Gain Gain Gain .
7 (rel) Jopt (rvel) Jopt (rel) Jopt (rel) Jopt

‘ 6! 240 | 0.18 | 20 0.4 19 1.4 14 1.13 | 17
7 <40 1.8 12 1.8 13 4.2 11 4.3 13

8 <40 10.5 11 1.9 15 4.9 11 4.4 13

9 320 0.2 20 0.5 19 1.8 15 1.5 17

» 10 406 0.1 20 0.1 20 1.03 16 0.8 18

} 11 320 0.08 20 0.2 19 1.4 15 1.1 1€




TABLE VII. Computed Frequencies for 020 Rotational Lines

1978 e “ CO lines with short T

C_O Population

%0 EV(Vf)l , — i at 500 K
PJ)| vem ) ”czo'vc o I V=v'"'| P& vem ) N(J)/N
37 | 1947.82 0.30 7-6 10 1947. 52 4.5%10"
47 | 1943.76 0.22 11 1943.5¢ || 3.8x1072
52 | 1935.65 .16 13 1935.49 3.3 %102
57 | 1931.61 0.20 14 1931. 41 2.7%10 2
62 | 1927.57 0.27 15 1927. 30 2.3x1072
67 | 1923.55 0.39 i6 1923.16 9.7%107°
84 | 1909.93 0.05 8-7 13 1909. 88 6.5x107
94 | 1901.99 0.22 14 1901.77 3.1x10°°

e

o




its initial concentrat‘on, we can estimate the CO contribution. Then by sub-
stracting this magnitude from the measured absorption, obtain the net absorptiun
by C

Oatv'=17 and 8. This indicated that the assumption that C_O was the only

2 2

absorber was not adequate. Were this the case the ratio of the net absorption co-
cfficient divided by the 020 concentration would not vary significantly with the
delay time, which it does. We suspect that the remaining absorption is due to

the undecomposed C but the complete explanation for this discrepancy is not

302'
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. Thc 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 col! CO is added;

(b) for v'= 6,7 and 9 the absolutc value for the gain rcaches a maximum at

appi'oximately P_ . =~ 0.12 torr; (c) for v = 8 the gain is reduced as a function of

(610
the added CO whereas for v' = 10 and 11 the gain goes up with added CO.
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TABLE VIII.

Effect of Added "'Cold’* CO

p(CO) = 0. 0 torr p(CO) = 0.12 torr p(CO) = 0.8 torr

v' Gain Delay (ps) Gain Delay (us) Gain Delay (us)

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 1.4 600 0.95 360
10 0.6 640 0.97 560 1.2 320
11 0.33 440 0.83 A 440 1.6 280
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VII. Laser Initiatcd Reactions in Mixtures of BZHG

Conditions for operating boron atom laser were discovered. This material

is described in the attached report, which has been submitted for publication

in Chemical Physics Letters.

The exploratory work with the 002 laser initiated reactions in mixtures of

B2H6 with one of the following oxidizers [02, N_O, NO

2 o PF 3 ] led to interesting

reéults. In these the admixed SF6 serves as an absorber and heat transfer agent.
The rapid heating of mixtures of B2H 6’ NO2 and SF 6 produced high levels of
luminosity. In most of these experiments the cell was filled with about 15 torr of
SFG’ 13 torr B2H 6 and 25 torr of the oxidizer; it was ¢xposed to a 10 watt cw-CO2
laser oscillating on the P(28) line. Very bright yellow-green flashes were

observed, particularly when the oxidizer was iolecular oxygen or NOZ; weaker

illuminosities were produced when the oxidizer was N20 or PF3 . The spectra of
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 A5875 to A3818. These bands are super-
posed on a substantial background which appears to be a continuum but not of
uniform intensity. The brightest fegions 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 Hz; BO_ is a very prominent emitter, Several bands

2

correlate well with spectra from H2 and H20, 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




intense band appears at 5875 k; this could be due to BO, second order, for
2935 k. There is a dense system of red-degraded double-head bands between
2700 — 4500 & which belong to the BO « series [A2H = xzz]. If this ‘inter- /
pretation is correct then we must look for a reaction which is capable of generating
97 keal/mole to provide the exothermicity for exciting BO to emit at these short

wavelengths, The only such reactions known to us are the following:

BH, + O — BO + H, AH® = -108( 17) keal/mole

]

BO + 0, - BO, + O AH® = -109(4) keal/mole

This irteresting 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. land and Derr [Inorg. Chem.,
13, 339 (1974)] described a similar experiment in which oxygen atoms were
allowed to react with B2H6' The rate constant they found is (4.21 + 2.7) x 10-15
cm3 molecules-lsec'1 at room temperature; it has an apparent activation energy
of 4.8 + 0.5 kcal/moleul. We confirmed their value and then measured the
corresponding rate between oxygen. atoms and BH3CD. A much larger rate constant

was found, as expected: k = (6.1 + 0.6) x 10'13cm3molecules-1sec'1, 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
H3BOO with oxygen atoms in a flow system. He found red-degraded, double-headed

bands, and assigned ihe




highest transition to v', v'' =12,0 at 2700 A . This corresponds t;) 104 kcal/mole
above the ground state. In the absence of molecular oxygen no BO2 cmission

was scen. It is suspected that the three body rcaction BO+ 0+ M — BO2 + M
does not lead to high levels of excitation of B02. On the other hand, when
molecular oxygen was added, a very intense green band system from BO2 was
observed, presumably produced in the reaction BO + @) = Bo;: +0.

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 recagents is excited by a microwave dis-
charge, and parallel studies of laser heated initiation reactions, will be nceded

to develop adequate mechanisms, and lead to optimum conditions for generating

chemiluminescence in the visible.
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AN ATOMIC BORON LASER ---
~ PUMPING BY INCOMPLETE AUTOIONIZATION,
"OR ION-ELECTRON RECOMEINATION

J. Stricker:.r and S. H. Bauer
Depariment 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 IIJOI‘OII containing species (~ 25 mTorr). Discharge conditions for
optimiziné the output are briefly described. Léser emission appears at ‘
2777 £ 1.6 cm Y, with 20-50 ps delay after passage of the discharge pulse (~1 ps
half width). The emitters are boron atoﬁs. Among the term values for BI and B I
only one pair of levels for B I have 2 separation close enough to the observed
frequency to be considered. One possible mechanisin is based on excitation to a
metastable level above the first ionization limit. A distant collision may induce
transition to captured-clectron states at the limit (incomplete autoionization), which
constifute the upper lasing levels; lasing them occurs by induced transitions to the
lower l:evel', 7s, ZS]' /2! which is rapidly Jepieted. 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 illusi\'re, but we did
discover laser emission from atomic boron, when low concc?ntrations of certain 3
boron bearing species, dilvted in helium, are subjected to a pulse discharge.

The [ollowing is a brief description ~ ‘*he experiment.

The reactor tube is a 1" 1. D. pyrex pipe, 120 cm long, fitted with rock salt 3
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 ]esé than 1 s in half-width. The cavity consists
of a2 3 m radius gold mirror at one end and a gold fiat with a 1 mm hole at the- -
other, set about 160 cm apart. With this arrangement laser emission from
Ar [z.S torr He, ~5 torr Ar, ~11 Kv] is easily excited. This emission starts
with the discharge and declines rapidly; half-time a~:10 ps. Its wavelength is
2.205 £.005 p, which corresponds to the reported Arl laser line at 2.20245 p
{3d[1/2]2 - 4p'[3/2]1}. Cavity alignment ié grfeatly facilitated with this pulsed
emission., .

The following gases produce laser radiation [the rationale for theii selection
is indicated below]: nB2H6 [ nB rep;:'esents boron with normal isotopic abundance],

10

n n n n . . e LU
BZDG’ H3 BCO, 35H9’ BZHG and BBra. No lasing was obtained with BCQ3

and nB(Csz)a. 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; H2 is not c';uite so drastic

LS
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for quenching; the addition of Ar reduced laser output power. Laéi’ng conditions
were very sensitive to the pressure of the lasing gas; cither 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 pym, we .
established that the radiation appeared only between 2 and 4 pim; a gold doped
germanium detector, cooled to liquid nitrogen, was used. We did not test for
radiations outside the 1 to 11 pm range. With a .calibrated 25 cm f. £. Spex grating

monochromator fitted with a 25 pm slits, a single line was fcund at 2777 +1.6 cm-l;

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, BH2 and BH3 as emitters; later confirmed by the observed lasing

+
from BBrs-He mixtures. The possibility that the emitter is BHe was eliminated by the

absence of any 10B/HB isotope shift. We conclude that the emitter is atomic
q®

boron. Indeed, absorption spectra of B and B2 were previously recorde

following flash photolysis in H3BCO. The fact that neither BCe,_ nor B(CZH&_))3

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 keal/mole); B-H (78); B-N (92); B-Br (103); B-C (106);
B-C# (127); B-F (181) and B-O (187).
Indeed, B5'ﬁ'9 gave somewhat more intense emission than did BZH . The optimm

discharge voltage for BBr_ was several kilovolts higher than that for the boron

3

hydrides, reflecting its higher average bond dissociation ehergy.
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'i’he shape of the output pulse is sliown in Fig. 1. We present.a dual trace to
illustrate the reproducibility of the laser output. Delays ranging from 20 pis to '

50 us 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 us delay). When the .pressure is low the delay time is shorter, F
suggesting that while He is necessary to sustain the discharge it may also quench
the radiating species.' The pulse duration decre:;.ses with increasing He pressure.

The output power of the laser depends bbth 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 BZH 6 as precursor appears at 11.5 Kv wit.h He pressures
10-12 Torr. Increasing the voltage bgyond this value reduces the concentration of
lasing species and/or modifics the electron energy distribution ioward an unfavorable
shape.

The appearance of a dglay in the 20-50 ys range for an atomic laser is indicative
of a multisiep collisional mechanism. ’I:his was supported by -
oﬁr search for coincidence spacings améng tile term values for BI and B II.
Reference to Moore's Tables(3) and the later work by Edlén, et.al. @) uncovered
a single combination in the E I set which was close enough to be considered. Tﬁe
limiting ionizatior; level for the doublet states is 66,928.10 £0.1 cm-l [nf 2F

: . ! _
series)™, while (@2s) 27s, 2S. . occurs at 64,156 £ ? cm - i.e. 2772+ 2 cm .

1/2

" Jower. The fact that two well characterized states were observed above the ionization

2 2 i % = d -
limit [2s8 2p , P3/2;1/2 at 72,547 and 72,535 cm 1;‘2p3, 48;;/2 at 97,037 +X cm 1]

suggests that'pumping may start by excitation to 2 metastable state above the ionization

limit. Thén, due to some berturbation such as a distance collision,. de-excitation to the




jonization limit occurs but with the electron still captured (incomplete auto-

1 0
ionization). Lasing occurs Dy induced transition to 132 2s 1Ts, 2s

1/2°

-

metastable (4 So
stable 3/2 /-
lasing

2 J : 2
OR e [(25) np] ——— (25)2 7s, S

g )
( P3/2; 1/2 it n large

1/2°

Such a sequence of events accounts, in a qualitatively way, for our observation of

a long delay tﬁne, and pfesents a novel pumping mechanism. Dr. T. A. Cool
called our attention to a second matching inter\}al. Extrapolation via a linear Ritz
formula indicates a term value of 61,381 cm"1 for the'ls2 232 5}:), 2P3/2;1/2- state,

Al = 2 . [
which ig 2775 cm = helow 78, S Thus the delay may be due to cascading

1/2
from the incompletely autoionized states to 132 252 7s, wﬁich is the upper lusing
level, from which induced transitior.s are made to the 5p state.
Another possible route for populating states at the ionizat.ion limit is the
capture of an electron by B+ during a large impact-parameter cncounter. 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.
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Figure 1.

Figure 2.

Figure 3.
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LEGENDS FOR FIGURES

Oscilloscope traces of detector signal for two pulses of radiation

at 2777 cm_l; 20 ps/div.

Delay (in ps) for onset of lasihg, following the initiating pulse

discharge, for a range of He pressures.

Relative power output as a function of impressed voltage, for a

sequence of He pressures.
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