Vibrational Energy Transfer in Gas Phase Water and Ammonia
Floyd Eugene Hovis, Jr.
Abstract

The V»T,R relaxation rate for NH3(v2) has been studied from 198°K

to 398°K by the method of laser-excited vibrational fluorescence. The
self-deactivation rate constant decreases from 2.4 usec_1 torr-1 at
198°K to 0.65 usecm1 torr—1 at 398°K. The rate constants for deactiva-
tion by He, Ar, N2, and 02 are much smaller and show a weak temperature
dependence in the opposite direction.

The vibrational relaxation rates of the coupled Vis V3 stretching
level manifold and of the 2v2 bending level in H2180 has been studied
from 250°K to 400°K using the same method as for NH3. The Vis Vg3
self-deactivation rate goes from 1.4 usec:_1 torr_l at 250°K to 0.48
usec_1 t:orrn1 at 400°K. For 2v2 it goes from 4.5 usec"1 torr"1 to
1.9 usec—1 torr_l. The temperature dependence of the deactivation of
both levels by He and Ar is much weaker and the rates are several
hundred times slower. Deactivation of vl, v3 by N2, 02, and CO2 is
measured only at 293°K. N2 and 02 deactivate Vis V3 about 5 and CO2

about 50 times faster than He or Ar.
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CHAPTER 1
INTRODUCTION

The purpose of these studies was to measure the rates of vibra-
tion-to-vibration (V-+V) and vibration-to-translation and rotation
(V»T,R) energy transfer in gas phase, polyatomic, hydrogen bonding
systems, specifically H2180 and NHB' Both the temperature dependence
and effect of varying collision partners was observed.

These relaxation rates are much faster than for "normal" molecules.
The strong hydrogen bonding interaction and small moments of inertia
are believed to be responsible for this. Table I gives the number of
hard-sphere collisions, Z, required for HF, HCl, and CHA self-deacti-
vation at rcom temperature. Note that in spite of having the least
amount of energy to transfer, CH, is the slowest ta self-deactivate.

4

Previous measurements of the NH3 and HZO V-»T,R rates, primarily by

ultrasonic absorption or dispersion techniques, have shown that these
rates are fast; however, the measurements do not agree well in magnitude.
Reported values of NH3(v2) self-deactivation rates range from 4 to 35

hard-sphere collisions.6_11 For the self-relaxation of Hzlao(vz) the

reported values vary between 3 and 80 hard-sphere collisions.12720
By studying the temperature dependence of the relaxation rates one
hopes to gain information on the mechanics and forces which cause energy
transfer. The temperature dependence is an important check of theoretical
models.21
Knowledge of these relaxation rate constants and thelr temperature

dependences is useful for understanding more complicated systems of which

they are a part. Water is a major combustion product and its vibrational



Table I

Comparison of V»T,R Self-Relaxation in HF, HCl, and CH

4
Mode Deactivated v(cm_l) Z References
H¥{v=1) 4139 70 1, 2
HCl{v=1) 2990 7900 3

Ch, (v,) 1306 19,000 4,5




relaxation affects the dynamics of the preduct gases. The particular
pathways and rate constants for V+V and V»T,R energy transfer control
the infrared laser action in electric discharge pumped water vapor.zz_25
By two-photon pumping NH3(2v2—) laser action can be obtained with lvz-
or 1v2+ as the terminal 1evel.26 The success of certain proposed
schemes to measure the concentration of HZO at high altitudes by looking
at its ir emission will be determined by the vibrational relaxation
rates of water.

The method used for studying these relaxation rates is that of laser-
excited vibrational fluorescence. After the molecules are initially
excited to a known vibrational level, the time dependence of the ir
emission from all levels of interest is monitored. By the use of an

appropriate kinetic model the fluorescence intensity vs time data

vields the rate constants.



CHAPTER 1I
NHB(VZ) DEACTIVATION

A. Introduction

This chapter describes the measurement of NHB(vz) V-+T,R relaxation
rate constants as a function of collision partner and temperature. The
temperatures range from 198°K to 398°K and the collision partners for
which relaxation rate constants are measured are NH3, He, Ar, NZ' and 02.

The measurements are done by the method of laser-excited vibrational
fluorescence. A CO2 TEA laser was used to pump - or R-branch transi-
tions of the vz(t) states. The time-resolved emission from the P- and
Q-branches of the same level was analyzed to extract the deactivation

rate constants,

B. Experimental

The CO, TEA laser is made from a Tachisto model 215 discharge head

2
utilizing ZnSe Brewster angle windows to give horizontally polarized
output. The oscillator cavity formed by a master grating and Ge output
coupler is 120 cm long. The PTR Optics model ML-303 grating had 150
lines per mm and was blazed to give optimal first order reflectance in
El between 9 um and 11 pm. This allows selection of single rotation-
vibration laser transitions. With no aperture in the cavity the output
beam is a rectargle of 20 mm height and 10 mm width. An adjustable iris
mounted in the cavity could be used to limit the beam size. A 6 mm di~
ameter beam giving a uniform burn pattern at the fluorescence cell was
used for all experiments. The Ge output coupler was uncoated and had a

10 m radius of curvature on the cavity side and was antireflection coated

and flat on the output side.



The high voltage needed for the laser excitation discharge was
provided by a Hippotronics model R-50B power supply with its internal
current limiting resistor removed. The discharge head itself had the
necessary current limiting resistors built into the charging circuitrv.
The range of operating voltages was 26 kV to 30 kV. The stored energy
was dumped by breaking down a spark gap built into the discharge head.
This required the application of an external -200 V pulse into the dis-
charge head circuitrv. A circuit diagram of the variable rate pulser
that was used is shown in Figure 1. The maximum repetition rate of the
laser was two Hz, with ~ 2/3 Hz typically being used.

All of the laser components except the -200 V pulser were mounted
on a 12 mm thick Al plate that was 63.5 cm x 147.5 cm. A 33 cm high
box of 1.6 mm thick Al built up from this plate and was well-grounded
to a Cu water pipe to help shield against RF noise generated by the
laser discharge. The only holes in the box were one to allow horizontal
adjustment of the grating, one to allow vertical adjustment of the output
coupler, and one for laser output. To further cut down on RF noise the
110 Vv AC input to the high voltage power supplv went through a Corcom
model 3K5 EMI filter which was mounted in the wall of the Al box.

In spite of all the precautions there was ~ 2 usec of RF pickup,
most of which came before the laser pulse. This noise was fouad to be
associated with the triggering circuitry. The -200 V pulser was external
to the laser and the trigger pulses were input through a BNC connector
in the wall of the laser. A small box that allowed putting varving
sized capacitors between the pulser input to the laser and ground was
constructed. It was found that a 1 uF capacitor greatly attenuated the

RF noise but still allowed normal laser triggering at 1 Hz or less.



Figure 1. Circuit diagram for -20% V, variable repetition rate pulser
used for CO, laser trigrering.
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It the Hv:ﬁ”z:ﬂz flows were adjusted to pive maximum energ: (flows

of 10:H00 standard cubic fect per hour) the laser pulsce consists of a

50 nes o FRHM spike containing 507 of the encergy followed by a ~1/2 Lsee

tail containing the rest. By reducing the N flow and increasing the

o, and He flows jrois possible to «liminate the tail. Running the

laser on the (007 1)=(0270) R(I6) transition and using He:CO flow

2772
rates of 12:10:3 standard cubic feet per hour gave pulses with 30-50 nt
of enerpy and a4 50 nsec FWHM spike containing <957 of the energv. For
the experiments using the (067 1)=(10 0) R(4) and (007 1)-(10"0) p{l4)
Jines similar flow rates were used and the pulse enerpies varied between
15 1 aad 7y mlb. In all cases the laser pulsce shapes were checked with
4 photon drag detector and small adjustments in the flows made to give
stable output with the sharp pulses described above.

. . . 28

The (00 1)-(02°0) R(16) CO, laser transition has bec  shown™ = to
pump the ak(6,0) lTine of the .., fundamental vibration bar of NH3' The

2
. e . 9 . .30
spectroscopic data of Shimizu and Garing et &i. show that the

(=]

(1} 1)-(10 0) R(6) and R(14) lasecr lines pump the s((5,4) and aR(1,1)
transitions, respectivelv.

The single shot signal-to-noise (S/N) was never adequate for
analvsis.,  Averaging between 100 and 200 shots gave S/N - 10. The sipnal
averaging svstem consisted of a Biomation 8!00 transient recorder, a
Tracor-Northern NS575 or NS575A digital signal analvzer, and a Hewlett-
Packard 7004 X-Y recorder. The fastest sampling rate of the transient
recorder was 10 nscc per point. Teo establish the baseline well the
sampling rate could be switched at a variable delay after the initial
trigger. 1n most cases traces were recorded on 1/2 of the digital

analvzer memory, or 1024 points. The first 800 points were recorded at



10 or 20 nsec per point and the rest at 0.5 or 1.0 .sec per point. A
Rolfin model 7415 photon drag detector provided triggering for the signal
averaging svstem as well as providing a check of the laser pulse shape

in time. For the fast laser pulse used it was necessary to amplify

the photon drag signal to ~1 V peak in order to get stable triggering

of the transient recorder.

The infrared detector used was a liquid He ccoled 5 mm x 10 mm
Cu:Gr photoconductive detector. The dewar holding it and the xl
impedance matching amplifier mounted on the dewar have been du cribed
prrvinus]y.Bl The detector is mounted such that the can itselfl provides
the pround return and ance lead provides the detector bias voltage and
signal curput. A 10 k.. load resistor is mounted outside the Dewar in
the copper box containing the x! amplifier. A Keithley model 104 wide-
band amplifier is used to amplify the signal x100 before signal averaging.
The response time of the detection system using the 10 kI load resistor
wias 180 nsec.

The Dewar used has mounts for two " diameter substrates, one the
same temperature as the detector and one liquid Nz cooled. A 2 mm thick
BaF2 window was in the detector temperature mount and usually nothing in
the liquid N, cooled mount. For most experiments the ir interference
filters were used externally.

For the 293 * 2°K measurements the pyrex fluorescence cell, which
was 25 cm long and 2.5 e¢m in diameter had Brewster angle 2ZnSe input and
output windows to minimize scattered light. The excitation beam was
single passed through this cell and onto the photon drag detecto~. There
were 2.5 cm fluorescence viewing windows of NaCl in the top and bottom of

the cell. A 2.5 cm focal length parabolic mirror directed the fluorescence



coming cut the bottom window back toward the detection system. A 5.1 cm

diameter (/] NaCl lens collected and focused the fluorescence onto the
detector.  one-to-one imaging was used.

The measurements at 198 ¢ 3K and 398 * 317K were done with a dif-

terent fluorescence cell. [t was 22 cm Jong, 1.9 cm in diameter, and
had only one fluorescence viewing window. The laser input and fluore-—

cence viewing, windows were made of 2 mm thick Burz. A BaF2 rear window

with a pold coating on the inner surface gave two passes of the exci-

tation beam.  All the windows were mounted with EPO-TEK H-77 high temper-

ature cpaxy. The brass, BaF,, and cpoxy all have very similar coeffi-

cients of thermal expansion, and thus minimized the chance of breaking

thee windows when the cell was cooled or heated. The cell and an ashbestos

coated steel can into which ir could be mounted arce shown in iipure 2.

Measurements at 198 K were done by filling the dewar with a drv

i +/ethanot bath.  The 398 K measurements were done using a Haake model
'l constant temperature circulator that had Dow Corning 550 silicone oil
as the heat transfer fluid. The temperatures were meacured with an

Omega model UCA 3513 calibrated thermistor. For botb the 198 K and

398 K experiments dry N, was flowed through a Cu coil immersed in the

Bewar and then over the laser input and fluorescence windews to prevent
fogping and to minimize temperature gradients across the windows.
Dificerent sets of interference filters were used for cutting out
scattered light from the differing excitation lines. They are placed
in metal holders which are taped directly to the base of the detector

Dewar. For experiments using pumping by the (007 1)-(02°0) R(16) line

two OCLI wide band pass filters were used. One of them, W11680-S, had

half-power points at 770 cm_1 and 960 cm_l, 1% transmitting points at



Cell used for 198K and 398°K NH, measurements. The cell
body is made of brass and is 22 ¢m long, from BaF, input
window to rear reflector. A telescoping Cu pipe, not shown
in the figure, formed a dead air space between the fluor-
escence window shield and the NaCl collecting lens. A 1"
I1.D. Cajon Ultratorr connector provides the liquid tight
connection between iihe steel can and cell.
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750 cm_l and 985 cm-l, and »80% transmission from 940 cm_1 to 790 cm-l.

The other, Wi11724~9, had half-power points at 780 and 970 cm—l, 1%
transmitting points at 755 and 990 cm_l, and >B5% transmission from 795
to 950 cm_l. This combination of filters transmitted most of the P-
and (Q-branch lines of the NHZ(vZ) band.30 For the experiments which
used (0071)-(10°0) R(6) and R(14) pumping, two OCLI long pass filters
were used, 1.10832-9 and L11382-9. They had cut-on frequencies (5%
transmitting) of 920 cm_1 and 880 cm_l, respectively. The former had
>75% transmission from 890 to 655 tm_1 and the latter had -85% trans-
mission from 865 to 655 cm_l. This combination transmitted most of the
P-branch of the NHB(vz) band. For all the experiments the liquid He
cooled 2 mm BaFZ in front of the detector eliminated frequencies less
than 650 cn'l_1

The fluorescence cells were connected to a glass and Apiezon-N
grease vacuum manifold. The manifold plus either cell could be pumped
to less than 10_6 torr. A Celesko pressure transducer was used to
measure pressures -5 torr and a Hg manometer used to measure higher
pressures. To minimize uncertainties in the NH3 pressure, the system
was first saturated with NH3 and then allowed to equilibrate until the
pressure decreased less than 27 in 15 minutes. At that time the desired
buffer gas was added and allowed to mix until successive traces 15
minutes apart gave the same result. This ranged from 1/2 hour for
p, < 25 torr to >2 hours for p_ > 100 torr.

The NH, used was Matheson anhydrous grade with a minimum purity of

3
99.997%. The buffer gases were Matheson research grade of the following
purities: Ar, 99.9995%; He, 99.9999%; NZ’ 99.999%; 02, 99.99%. 1In

addition, the Cu connecting line to the buffer gas tanks had a loop

immersed in liquid N2 during the course of the experiments.



. Result and Analysis
The fundamental of the vy vibration of NH3 actually consists of two
states, one which is symmetric (4) with respect to inversion and one

32 Since the two levels are separated bv onlvy

which is asvmmetric {(-).
- -1 .

abont 35 rm for the fundamental, their [luorescence cannot be resnlved.

o . . -1 N

hew will be treated as a single level of 950 cm frequency, the

average of the + and - states.

Some attempts were made to do measurcments in pure NH3. It was
found that the S/N of the fluorcscence increased as some power of the
Nﬂj pressurce greater than one.  Four torr of NH3 gave a S/N of ~10, but
there was also long time fluore-rence and sheck waves due to sample
heating. Figure 3 shows such a trace. This is not surprising in light
of what is known about the overlap of the C02 laser lines with the
NH3(<Q) absorption frequencies. The certer frequencies of the laser
. . . . 29,30
linc and absorption lines are separited by several Doppler widths
s0 that their coincidences are probably on the tails of the Lorentzian
absorption profiles. 1In this case the absorption cross section will
increase linearly with pressure.33 Taking account of the simultaneously
increasing number density, one would expect that the absorbed energy,

. 2
and thus fluorescence, would increase as Pyy. -
3
The sample heating can be treated in a manner similar to that used
; 34 .
for the low frequency bends of CD4 by Zittel and Moore. An analysis
similar to theirs shows that the fluorescence intensity is given by

- (1+v) (kNHBPNH;kMpM) t

= F PR .
F=F(t i © 1y MW

where Y is the ratio of the heat ca;acity of the Vo mode of the NH3 in

the sample to the total heat capacity of the sample. This result assumes



Figure

7

2.

Fluorescence intensity vs time for 3.8 torr NH,.
shock wave peaks around 10 usec and 18 psec.

Note the
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that the V-T,R processes occur rapidly compared to energy losses out of
the excitation volume, i.e., neglects heat diffusion to the walls and
uses heat capacities at constant volume. It is seen that the initial
intensity will decay not to zero but to y/(l4y) of its initial value.
Assuming the vy mode to be a doubly degenerate harmonic oscillator at
950 cm—l, v/ (l+y) is found to be about 10% for pure NHB' An effect on
the order predicted was seen in pure NH3 samples.

The use of a buffer gas can effectively eliminate the effect just
described. For an inert gas/NH3 mixture with XNH3 = 0.05, v/(l+y) is
only about 1%. All of the samples used to measure the relaxation rate
constants have XNH3 < 0.05 so the effect was negligible.

An estimate of the heating was made for a sample that should show
one of the larger effects. 1t had XNH3 = 0.05 with pNH3 = 0.377 torr
and Par = 7.55 torr done at 293°K, For a 0.5 torr sample of pure NH3
and laser pulse energies of 50 mJ the data of Chang and McGee on
absorption of the 00°1- 02°0 R(16) laser line’C show that the excited
volume should absorb about 0.1 mJ. Added buffer gas will increase this
due to increasing the Lorentzian absorption tail. Using this 0.1 mJ
figure plus empirical comparisons of pure NHB sample fluorescence to
those with added buffer gas indicate that 0.5 mJ is a very safe upper
limit on the energy absorbed by the XNH3 = 0,05 sample. Assuming all of
the absorbed energy goes into heating of only the excitation volume and
using heat capacities at constant volume gives an upper limit on heating
of this sample of 13°C. Nearly all of the other samples measured would

have significantly less heating. Most importantly, for none of the data

used were there any significant long time fluorescence tails.

17



To summarize this discussion, the reasons for measuring the relax-
ation rates in mixtures are twofold. One is that the use of a buffer
gas prevents unwanted heating effects. The other is that pressure
broadening bv the buffer gas increases absorption on the Lorentzian tail
and thus gives better S/N. Note that in the case of adding a buffer gas
the hedat capacity increases more rapidly than the absorbed energy so
there is no runaway heating as for pure N”B'

The method of analysis of the data is quite straight forward. Since
only one excited level is involved, after the initial excitation the
fluorescence intensity (and therefore excited state population) decavs

as a single cexponential

F e, e 7, (2
The lifetime - for a sample is measured from the slope of a plat of
logF vs t. Figures 4 and 5 show a fluorescence trace and its log plot

for a sample at 293 K. The lifetime is related to the parameters of

intercst by the equation

Upt = Gy ~Ryd Xy * Ky 3
3 3
where p is the total pressure, kN”3 the NH3 self-deactivation rate
~onstant, k'\1 the buffer gas deactivation rate constant, and XNH3 the
mole fraction of NH3. By plotting 1/pt vs XNH3 for a series of mixtures
with M, kNH] and kM are given by thc slope and intercept.

For a given temperature it was not necessary to do a full 1/pt vs
XVH plot for all the buffer gases studied. 1Initially, such a set of
data would be taken for one or two of the buffer gases. The value of

k and the appropriate kM was obtained by linear least squares fits of



Figure 4.

Trace of fluorescence intensity vs time for an Ar/NH
mixture at 293°K.

3
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Figure 5.

Trace of log of fluorescence intensity vs time for data
of Figure 4.
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the data in which each point is weighted by l/oi, with 5 (I/PTi).
For the rest of the buffer gases only data at low XNH3 were taken. The
value of kM was calculated from each mixture using Equation (3) and the
results of 4 to 7 mixtures averaged to give the reported value for kM'
In estimating the uncertainties of the NHB(vZ) deactivation rate
constants, account was taken of the effect of possible systematic errors
in the NH3 pressure. For all of the kNH3'S the standard deviations
estimated from the least squares fits were 4% or less. To take account
of the effect of NH3 pressure uncertainties on kNH we note that for
the high mole fraction points that are the most impgrtant, kNH3 ~
l/p‘lXNH . The random uncertainty in the 1/pt values is estimated to be
5%. Thz uncertainty in XNH3 (i.e., in pNH3) is estimated to be 10Z.
This estimate is gotten from HZO experiments where it was possible to
measure the self-relaxation in pure H20 and in mixtures. The rate con-
stants from pure samples and from mixtures were compared. This showed
that 10% is a reasonable estimate of the possible error caused in XHZO
due to adsorption or desorption cf HZO when the buffer gas was added.
Since the effect should be no larger for NH3, 10% was also used as the
uncertainty in XNHB' Using this plus the 5%Z 1/pt uncertainty gives a
*157 uncertainty in kNHB'

The uncertainties in the kM's were estimated using kM = 1/pt -

kNH3 XNH since in all cases kM << kNHB' This gives

Ak, = A(1/pt) + A( ). (4)
M kNH3 XNH3

For each mixture from which a kM was calculated a AkM was estimated using
5% of the 1/pt value for A(l/pt) and 25% of the kNH XNH value as the
3 3

A(kNHT XNH3)' This procedure takes account of the effect possible
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svatematic ervors in kNH and XNH could have on the kM‘S' The un-
3 3
certainty reported for a given kq is the average of che Akq's. In the
cane of k 'y gotten from least squares fits, the lowest &ﬂl points were
M NH

used to estimate the ﬁkq'h as just described.

The data for determining k as a function of temperature are

NH3

NH plots of Figures 6-9. While taking the 198°K
3

shown in the 1/p- vs X
and 93K data a check was made to see if any dependence of the relaxa-
tion rates on rotational state could be observed. 1f there were such an
eifect it wonld most tikely be observed at higher X”H values where there
- N
3

is Jess rotational relaxation by the buffer pas. At 1987K using Nz as
the buffer gas no effect is observed, as illustrated in Figure 6. Some
additional measurements with Ar at 293 'K, not shown in Figure 8 were

also done. A sample with p = 0.377 torr, = 7.17 torr and thus

N Par

Yp T 0.50 was studied using all three of the possible excitation lines.
3

Using the previously measured k\r‘ all of the measured 1's gave values
A

that agreed with the value from Figure 8 within 10%. Since the

of k
NH
3

S/N for these experiments is not as good as for much of the data, this
difference is not significant.

To he sure that the observed fluorescence was due to vy fundamental
and not hot band fluorescence, an experiment was done with a 4 cm gas
filter cell containing ~ 170 torr of NH3 between the t.uorescence cell
and detector. The peak fluorescence intensity seen with NH3 in the
filter cell was about 3% of that seen with the cell empty for a sample
containing 0.67 torr of NH3 and 66 torr of Ar. Thus population of

higher levels is not sufficient to interfere with the v, fundamental

fluorescence analysis.



Figure 6.

NH3('2) deactivation in mixtures with N2
The x's are at 398°K using (00°1)-(02°0)R(16) excitation,
and give a slope of 0.65 usec—l t:orr-'1 and an intercept of
0.011 usec_l torr_l. The solid points are at 198°K and

give a slope of 2.3 usec—1 t:orr‘—1 and an intercept of 0.0091
usec_l torr_l. The excitation lines for the 198°K data are:
e - (00°1)-(02°0) R(16); m - (00°1)~(10°0) R(6); and

a - (00°1)-(10°0) R(14).

at 198°K and 398°K.
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Figure 7.

NH3(v2) deactivation in mixtures with He at 198°K using

(0G0"1)-(10°0) R(14) excitation. The slope is 2.5 usec-l

torr_1 and the intercept is U.0056 l.lsec-1 torr_l.
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Figure 8.

NH3(v2) deactivation in mixtures with Ar at 293°K using

(00°1)-(02°0) R(16) excitation. The slope is 1.3 usec_1

torr_1 and the intercept is 0.005¢9 usec_1 torr_l.
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Figure 9. NH3(;2) deactivation in mixtures with He at 293°K using

(00”1)-(02"0) R(16) excitation. The slope is 1.2 \.tsec_l

torr_1 and the intercept is 0.0093 1Jsec_1 torr—l.
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The low XN data from which the remaining kM's were determined
H3 }
are shown in Figures 10-12. The NH3 pressures used ranged between
0.08 torr and 0.25 torr and the XVH 's between 0.00066 and 0.029. The
3

lines drawn on the figures have a slope =qual to the average value of
k“ from all mixtures and an intercept of zero.

A summary of all the measured NHl(v2) deactivation rate constants

along with their corresponding cross scctions and probabilities is given

in Table IT.



Figure [0. Data for :{H3(u2) deactivation by Ar and O

2

at 198°K.
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Figure 11.

Data for NH3(v2) deactivation by O

2

and N, at 293°K.
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Figure 12, Dbata for NH}(.&,) deactivation by He, Ar, and ()2 at 398°K.
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Table 11

Neactivation of NHJ('..,) by M

T('K) k(ilsc-c_{ torr_l) k(cmj_mg_l‘nlc_u‘lgj_l_._sp‘cilr)_ o 7_ h____!‘f
198 2.4+ 0.4 (4.9 + 0.7) x 107t 6.9 0,22
293 1.3 £ 0.2 (3.8 + 0.6) x 107}] Q4 0.14
398 0.65 + 0.10 (2.7 + 0.4) x 107! 2.7 0.085
198 (5.6 + 1.0) x 1077 (1.1 +0.2) x 10713 0.010 aax Tt
293 (9.3 £ 1.0) x 107° (2.8 = 0.3) x 10717 v.020 6.8 x 107°
398 (1.0 £ 0.15) x 1072 (4.1 +0.6) x 10717 0.025 1 x 107"
198 (3.5 + 1.0) x 1073 (0.7 + 0.2) x 10713 0.012 4.2 x 107"
293 (5.9 0.7) x 1073 (1.8 0.2y x 1079 0.025 8.7 x 107"
398 (8.6 £ 0.7) x 107° (3.6 ¢ 0.3 x 107" 0.043 15 x 107"
198 (9.1 + 1.4) x 1073 (1.9 £ 0.1 x 10713 0.030 a.s x 107"
293 (1.2 £ 0.13) x 107 (3.6 + 0.4) x 10713 0.047 15 x 107"
398 (1.1 + 0.1) x 1072 (4.5 + 0.4) x 10713 0.050 16 x 107"
198 (7.5 + 1.2) x 1073 (1.5 + 0.25) x 1073 0.025 8.6 x 107°
293 (1.4 2 0.14) x 1072 (4.2 + 0.4y x 107"° 0.056 19 x 107"
398 (1.5 £ 0.12) x 1072 (6.1 £ 0.5) x 107" 0.070 2 x 1070
8calculated using the molecular diameters d = .17 /\, d = 2.1 A d o= 2.8 .;i,
NH He Ar

3,15 A and d, = 2.93 A. a5 = k/%.
0,

G



CHAPTER TI11

quso DEACTIVATION STUDIES

A. Introduction

The experiments described in this chapter are studies of the V-V
and V-T,R relaxation rates of HZlBO using the method of laser-excited
vibrational fluorescence. The first set to be described was done at
room temperature using a relatively low power Nd:YAG pumped optical
parametric oscillator (OPO) to provide tunable ir with which the
asymuetric stretch, vy, could bhe excited. Fluorescence is observed

2

1 Y3 stretching manifold, from the bend overtone 2.,

from the coupled w
and from the bend fundamental Vo

There are a number of purposes for the room temperature studies.
The first was to provide more data for the calculation of the total
deactivation rates of the vibrational levels involved. Much data on
this had already been taken by Finzi.31 In addition, measurements of
the relative fluorescence intensities from sz and v, were done and
analyzed to give qualitative information on the branching ratios of the
various V-+V pathwavs. Finally, measurements of the gquenching of the
stretching levels by NZ’ 02, and CO2 were made because of their importance
in atmospheric problems. All of these are described in Section B of
this chapter.

Section C of this chapter describes studies of the temperature
dependence of the total deactivation rates of vis Vg and sz from 250°K

to 400°K. A newer more powerful Nd:YAG pumped OPO was used to make these

measurements.
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B. Room Tempcerature Measurements
1. Experimental
. . . 3
Most of the experimental set-up has been described previously,
and only a summary of the most important features will be given here,
ceps . . L . 1
Because of the difficulty in tryving to eliminate atmospheric HZ 6]

from the OPO cavity, ”2180 was used for these experiments. The vibra-

tional froquonricsls’}b of Hzlbo and HZISO for the levels of interest
differ at most bv 15 cm_l, implying that their vibrational energy trans-
fer rates should be similar.

A Chromatix modcl 1000E Nd:YAG laser was used to pump the 990

phase-matched, temperature-tuned, OPO. A Fabry-Perot etalon with a free

Ca1 - . - . -1 :
spectral range oi 1.4 ¢m and a4 {inesse of 14 at 3850 cm was used in
the OFO cavity. This increased the power per cavity mode and the fre-
quency stability. 1In addition, since only one cavity mode overlaps an

absorption line and that one is essentially completely absorbed, de-
creasing the power and number of nonabsorbing modes decreases the scat-
tered light. The ctalon restricts oscillation to less than four cavity
modes spaced by 0.025 cm_l. The OPO output near 3800 r:m—1 consisted of
70-100 nsec pulses (FWHM) at either 45 or 75 Hz and 5-10 uJ in energy.
Roughly 15% of the beam was split off and sent through a spectrophone
cell containing 4 torr of water vapor to allow continuous menitoring of
the water vapor excitation. Finzi's previous results3 had found no
dependence of the relaxation rates on the initiallv excited rotational
state. Therefore, all measurements looking at sz or v, were done
exciting on the strongest v, line at 3839.8 cm_l. For the experiments

3

observing vy fluorescence, excitation was on the vy line at 3730.6 cm

35
The assignments of these transitions have been pgiven by Fraley et al.

1

All experiments were done at 20 % 2°C.
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The signal averaging svstem was the same as that used for the NH3
experiments described in Chapter II.

The infrared detector was a 3 mm x 10 mm Cu:Ge photoconductive
detector cooled to 14°K,  In conjunction with an SBRC model A320 cur-
rent feedback amplifier it had a risetime of 80 nsec. The Dewar contain-

ing the detector had a liquid N, cooled, rotatable filter wheel capable

2
of holding up to six 2.5 cm diameter interference filters. An addi-
tional filter was placed outside the detector Dewar. For observation
of -Z(V2 =1 +0) or 2v2(vz= 2 +1) flucrescence a long wavelength pass
filter with a 2000 cm-I cut-on was used externallv. A wide pass filter

with FWHM of 600 x:m_l centered at 1500 (:m_l was used inside. For obser-

vation of . fluorescence s short pass filter with a cut-on of 3750 cm
1

3

was used externallyv., A wide pass filter with a FWHM of 1100 cm
centered at 4290 cm_1 was used inside. A 5 cm diamter f/1 Can lens
focused light from the fluorescence cell onto the detector.

The fluorescence cell was rectangular with reflecting mirrors of
Tth—overcoated silver to allow multiple passing of the excitation beam.
The fluorescence transmitting windows were made of Can. The combined
leak rate of the fluorescence cell and glass and Apiezon-N grease vacuum
manifold was -5 x 10-A torr per hour. The space between the fluorescence
cell and detector was purged with dry NZ' A 4.4 cm long gas filter

containing about 20 torr of water vapor was inserted in this space to

fluorescence for observation of 2v, fluorescence alome.

block " 2

For experiments in which relative fluorescence intensities were
measured the 4.4 cm filter cell was replaced by a 15 cm long evacuable
filter cell that also held the collecting lens. It filled all but 5 mm

of the distance between the fluorescence cell and detector. The lens
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helder/filrer cell was first evacuated and the total 9 plus 242 fluor-
cscence was observed.  Then it was filled with 13 torr of HZIEO and the
2 > fluorescence alone was observed under identical conditions. Only
pairs of traces for which the amplitude of the spectrophone cell signal
varied by less than 77 from the mean value were used. After both traces
woere taken the HZIBU in the lens holder/filter cell was frozen out and
the cel! re-cvacuated before the next pair of traces was taken.

The strony adsorption of wiater vapor on surfaces requires special
care in pressure measurements.  lor pure HZO a Cclesko pressure trans-
ducer continuously monitored the pressure.  Only data for which the
pressure changed < 2% were used.  For mixture experiments, the partial
pressure of water vapor was held constant by equilibration with water in
a4 rooled sidearm whose temperature was controlled to $0.05°C. The
partial pressures of the H20 in the various mixtures ranged between
0.28 and 0.43 torr.

The HZISU used was distilled from a sample that was >957% ]BO water
and that had been degassed in three freeze-thaw cycles. The other gases
used were of the same purity as those given in Chapter II.

2. Kinetic Model

The energy levels involved are shown in Figure 13. The rate pro-
cesses involved and the derivation of the needed equations will be
summarized in this section.

For HZO(uo), level 1, there is only one deactivation channel

K
Hy00,) + M =05 1,0(0) + 4 + 1588 en” )

where M is any collision partner, including HZO' H20(2v2) may be

deactivated by



Figurec

13.

18
Energv level diagram for H 0. laser excitation (heavy)
and fluorescence are indicated by vertical arrvows.
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ka1 -1

HQO(Z:Z) + HZO(U) —=— 2H20(=2) - 31 cm (6)
ko) -1

HQO(Z'Z) + M HZO(,Z) + M+ 1757 ¢cm (7
. 20 .-

H,0(2.,) + M = H000) + M+ 3145 em T (8)

The stretching levels can transfer energ. to anv of the lower levels

k.

H,0{stretch) + RE Hy00(2.,) + M+ 596 em! (9

ki -1

H,0(stret-hy + H,000) - === 2H,0(.,) + 565 cm (10)
kiy -1

Hy0(urreteh) + 8 == H,0(:) + M + 2153 cm (11)
kin -1

H,0(stretch) + M —=> HZO(O) + M+ 3741 em . (12)

The value of i indicates which stretching level is involved with i=4

implying e i=5 implving I3 and i=3 implying the two stretching levels
treated as a reservoir. The AE's given are for U3 and would be 92 cm-]

less f'r I Since the band centers of ) and vy are separated by only

-1 . .
92 cm , energy transfer may occur in both directions

1

K
M+ H,000,) i>|42o(~.1) + M+ 92 o (13)

45

2

Except for (13) all processes are considered to proceed in the for-
ward direction only. This follows from the large energy discrepancies
and/or small populations of excited molecules. All radiative decay rates

are at least three orders of magnitude slower than the measured
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collisional decay rates and are neglected.37’38

From processes (5)-(13) first order differential rate equations may
be written for each level Ni(t). This is done in two parts. First, the
coupled equations describing 2] and vy are solved to give their time
dependence. Then assuming v, and vy act as a single reservoir the time

1
dependences of sz and v, are obtained. For all of the analyses it is
assumed that the excited population is small so that the ground state

population can be treated as constant.

The equations for the stretchiny levels are simplified by defining

=
I

= (k4+ Bks)/(1+ﬁ)

kI = (k5+ &ka)/(1+8)

. -1 .
= k&s/kSA = exp/-(92 em Hhc/kT! = 0.64, (14)

Solving the coupled differential equations implied by (9)-(13) for

excitation of level 5 gives

N_(0) -r,t -r,t
_ s L 2
N = g {ee D re 2 (15)
N.(0) , -r. ¢ -r,t
. _ 3 1 2
N0 = Pz e e ) (16)
—l‘lt
Ny (E) = N, (6) + N () = N (0) e an

where



lal
I

= k3[H20]

*
r, = (k k 4-k3)FH20]. (18)

567 K45

Notice that k3 is simply the weighted average of the rate constants

for deactivation of vy and v3. In deriving (15) and (16) the assumption

that (k5 'k4)2 << 6.5 k54 k3 was made. The basis for this assumption is

as follows. Without making the assumption one finds that

[H,0] L
[ ¢
T, 2 (k5+k4+k54+k45 3 (k54+k45)\1+x) }
1
where
2(ke,-k, ) (k.-k,) (k.-k )2
- 54 45 5 "4 + 5 74
2 2
(kg tkys) (kg4 *ky5)

1
Expanding (ld-x)ﬁ as a power series in x gives for r,

(k5~k4)2 (k5-|<4)2(1—e)2 higher
r, = szo] k3 - + + order (19)
4k54(1+B) 4k54(1+B) terms

Clearly the 2nd term in (19) is larger than the 3rd. From the observa-

tions31 that: (1) the v vq fluorescence decays as a single exponen-

1
tial of the same rate whether vy or v, is excited and (2) the vy fluores-
cence is smaller relative to the bending fluorescence than expected it is

concluded that v, - v, coupling is rapid and a lower limit on k54 of

1 3
10 usec—l torr-1 is estimated. 1In addition, k5 and k4 are expected to
be similar in magnitude and as will be shown later k3 = (k4+ ks)/(l+B) =

0.75 |.|sec—1 torr_l. Thus a reasonable assumption is (k5—k4)2/4k54(1+6) <<

k3, yielding Equation (18).
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The time dependence of the ZvZ population follows from Equations

(6)-(8) and (17):

-k, [H O]t -k,"H 07t
32 e 2 2 ) (20)

Nz(t) = Cz(e
where

1]
k2 E (k21+k2]+k20)

C2 £ NS(O){RBZ/(kz—kB)I.

The rate constant kZ gives the total deactivation rate of Zuz. The rate
constant ka is for overall transfer from the stretching reservoir to
232, the population weighted average of the vy 2u2 and v3<>2v2 rate
constants.

The time dependence of Nl(t) is

—kBFHZOJt -k, H 01t -k, "H, 0]t

N (0 =C1C2[Ae +Be 2 2 _(B)e ' ? ] 1)
where

C, = (2k21+k )

21
A= [1l4 w(kz-k3)/C1]/(k1-k3)

]
W= (2k31+k31)/k32

The rate constant k1 = klO gives the total decay rate of Vo The rates
for transfer from the stretching re -voir to give 2H20(v2) or HZO(vz) +
HZC(O) are given by k31 and k;l’ respectively. These are population -

weighted averages of the corresponding rate constants for vy and Vqe
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The quantity W/2 is the ratio of the number of bending quanta produced
directly in v, to those produced via 2v2.
The ratio F of the integrated fluorescence from v, to that from 2v2

is measured experimentally. Since the geometry, detector sensitivity,

and filter transmission factors are nearly identical for v, = 2-+1 and

vy = 1-+0 fluorescence,
1 1
F= (=) N, (t)dt/ () N, (£)dt
T 1 T, 2
0 0
2
= (€, +k W) /k (22)
.8 1 2 1

where L8 and 1, are the radiative lifetimes for v, and 2v2. The value
of F gives qualitative information on the channels through which energy
flows.
3. Results
; . : 18
a. Relaxation Times in Pure H2 0
. 18 s s 37

Since H2 0(v3) has a radiative decay about 14 times that of
HZO(vl), the fluorescence from the stretching region is due almost entirely
to the v, population. However, the double exponential predicted by

3
; R 31,39
Equation 15 is never observed. Finzi et al.

show that this is due
to the fact that the equilibration of V1 and v4 occurs faster than the
time response of the ir detector. They set a lower limit for k54 of
10 usec:‘1 torr. The single exponential decays of vy fluorescence
observed are thus a measure of k3.

The measured decay times for the stretching vibrations from Finzi's
dat331 plus these experiments are plotted in Figure l4. The slope of

5 -1

this plot gives k3 = (7.5%+0.7) x 107 sec torr—l. Uncertainties quoted

are the standard deviations for a single measurement.



18
Figure l4. Inverse decay time vs pressure from H, O(va) fluorescence
experiments.
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The 2v2 fluorescence traces analyze well as the double exponentials

predicted by Equation (20). The slower decays yleld a rate constant of

5

(8.0%0.9) x 10° sec” ! corr_l, equal to k, within experimental error.

3

Thus the faster rise musc give k the rate of deactivation of sz. The

27
data for the sz rise times from these and Finzi's experiments are
plotted in Figure 15. The slope gives k2 = (3.020.4) x lG6 sec_l torr_l

The total bending fluorescence, i.e., the sum of sz and vy fluor-
escence, is the sum of three exponentials as described by the sum of
Equations (20) and (21). However, the experimental traces are well firt
by double exponentials. Finzi's data gives a decay time of (8.!*0.4) x
105 sec_‘ torr_l, in good agreement with the previously measured value
of k3. His data give a rate constant for the rise, denoted k', of
(2.0t 0.2) x 10°% sec”! torr—], significantly smaller than kz\

Two explanations for this must be considered. One is that the sum
of the cocfficients of the exp(—szﬂzoft) terms in Equations {20) and
(21), weighted by the appropriate radiative lifetimes, cancel. 1In this
'

case kl would be given by the experimental k1 with its error limits,

Another possibility is that the rate constants kl and k2 are close enough
and the exp(—klfﬂzolt) and exp(-kZFHZOJr terms have amplitudes such that
they combine to give an apparent single exponential over the 1 to 1.5
decades for which the fluorescence signal is larger than the noise.

To get limits on k1 for the latter case an equation of the form

Q=0D exp(—szH ole) + Eexp(-kl[HZO]t)

2

6 - -1
was considered. The value of k2 was fixed at 3 x 10 sec ! torr , D
and E were allowed to vary arbitrarily, and Q was required to appear to

be a single exponential of rate ki within the scatter of the data.



1
Figure 15. Inverse risetime vs pressure for HZ 80(2\)2) fluorescence
experiments.
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Allowing all possible combinations of D and E gave 1.8 x 106 sec_l v:orr_1

< kl < 3 x 106 sec_l torr_l. It should be noted that all values of kl
between these limits could be made to fit the above requirements. For

kl < 1.8 x 106 sec-l torr_l Q could no longer be made to appear to be a

single exponential. The value of k2 was chosen as an upper limit because

k, is expected to be larger than kl due to cortributions from the nearly

2
. ' 40,41
resonant V-V channel and the expectation that k21 > klO' For HC1

42,43

and HF 25 1 relaxation rates are much larger than 1+ O rates.

b. w vg Quenching in Mixtures

e

Deactivation rates for the Vis Vv level by N 02, and CO

3 2° 2

were determined, The contributions to the observed rate constant kobs

or observed lifetime Tobs WETE calculated from

kobs = lp Tobs ~ kHZO XHZO + kMXM’ @3

where p is the total pressure, XH 0 the mole fraction of water, XM the
2

mole fraction of the collision partner, kH 0 the self-deactivation rate
2

constant, and kM the rate constant for deactivation by M. When 1/p T obs

vs XHZO is ploited for a series of measurements the intercept gives kM
and the slope gives (kH20 - kM)'

Figures 16-18 give the results for NZ’ 02, and CO2 respectively.
The measurrd rate constants for Vs v3 deactivation by N2 and 02 are
(1.5%0.4) % 106 and (l.1*0.4) x 104 sec_l torr_l, respectively. 1In
addition the self-deactivation rate constant gotten from rhe slopes
agrees with that from the pure water measurements within experimental
error.

For CO2 the deactivation rate constant is much faster, 1.1 x 105

- -1
sec 1 torr . This is most likely due to the possibility of near-resonant

V-V transfer to €0,(10°1), €0,(02°l), or perhaps CO (00°1). However,
2 2 2



Figure 16.

Plot of 1/pt vs H

2

18, mole fraction for the HZIBO(JB)

fluorescence .decays in N, mixtures.

2
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Figure 17.

Plot of 1/p7 vs hleO mole fraction for the H

fluorescence in O, mixtures.
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Figure 18.

Plot of 1/pt vs H 18

2

0 mole fraction for the H lBO(\J3)

2

fluorescence in CO, mixtures. Sleope = 0.55 usec_1

-1
torr ~; intercept

2

0.11 usec_l 'corr_1
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the self-deactivation rate constant gotten from the slope, 5.4 x 105
soc‘l torr_l, is low compared to the value from pure water. A model
which allowed for reversible V-V transfer between the C02 and HZO(JI, )3)
was tried nsing the known C02 sclf-quenching rates,31 but this failed to
account for the decreased slope. Tt should be noted that for all of
these mixture experiments the cooled sidearm on the fluorescence cell
contained frozen water. 1t is possible that when the CO2 was added it
formed a chemis .hed laver on the surface of the ice and lowered the
Hzﬁ partial pressure, thus Jecreasing the slope of the l/pt vs XHZO plot.
Whatover the elfect, in the limit XHZ()»O the intercept will give kCO
s0 the value obtained from Figure 18 is certainly correct to within
2507,

c. Relative Intensity Measurements

The ratio of the total number of photons emitted by HZO(uz)

to the total number emitted by HZO(ZvZ), defined as F in Equation (22),

18
2 0.

between the observed total bending and bending overtone areas. F was

was measured for pure H The H20(,2) area was taken as the difference
found to be 0.84 * 0.16, where the uncertainty is chosen to include the
full range of experimental values measured at 0.086, 0.113, 0.l44, and
0.179 torr. The primary source of the uncertainty in F is due to varying
absorption and thus fluctuating fluorescence intensities. At too high a
pressure self-absorption of the vy fluorescence would cause an error in
the measured F value. Finzi31 found that the total bending fluorescence
intensity increased linearly with pressure up to about 0.2 torr. This

shows that below 0.2 torr self-absorption is not important.

Using Equatioi. (.2) we can write



k

2k 2k 2

2 32

: '
2k, +k 2%k, +k 1 k
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2

For the radiative lifetime ratio we use the harmonic oscillator approxi-
mation s 212. The maximum value of kl/k2 is unityv and of the experi-
mentally observed F is 1.0. Thus, the rhs of Equation (24) is clearly
less than 1.0 and may be as small as 0.40. The lhs of Equation (24)
consists of two important branching ratios for the energy flow. The
first is the fraction of bending quanta transferred out of 2v2 which
appear in v,. Tt is by definition less than one. The second is the

branching ratio for the production of bending quanta in v, vs 2v2 by

1 V3 1t is necessarily less than the rhs, which is

deactivation of .
in turn less than 1.0, Thus, we may deduce unambiguously that at least
one-half of the bending quanta are initially produced in the sz level.

Experiments give us no direct determination of the relative magni-

71 k21, or k20' In most molecules we would safely assume

tudes of k
that the V-»V rate would be very much greater than the V-T,R rates and
thus k21 >> k;l’ k20' For water it seems more likely that k;l > k21
This follows from the fact that the experimental value of klO is at
least half that of k2. Even for water it seems safe to assume that the
2~+1 V-T,R rate would be greater than the 1-0 rate, i.e., kél 2 klO'
With the large cross section, the V+V and the 20 V-»T,R processes might
take a bit away from the 2+ 1 cross section, but ordinarily we might
expect kél = 2k10. Thus, we presume k;l x klO > 1.8 x 106 sec_l torr_l,
and therefore k;l > % k2. This limits the first ratio on the lhs of
Equation (24) to values between 1/4 and 3/4. The upper limit for the

second ratio is then 3/4 and the lower limit remains zero. Thus, we may

conclude that the dominant relaxation channel is transfer from the
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stretching vibrations to the bending overtone vibration, followed by

sequential V»T,R transfers of bending quanta.

. 18
C. Temperature Dependence of M, 0 4

2 and 2,2 Quenching

173

1. Experimental

¥or these studies a newer, higher energy KNd:YAG pumped OPO system
was used. Because of the increased energy and bandwidth of the OPO
output, scattered light was more of a problem, and it wasn't possible to
extract rate constants from g fluorescence. However, by analyzing 2,2
emission as described previously, it was possible to measure both the
o vy and Zuz quenching rate constants.

The Nd:YAG used to pump the OPO was a Raytheon model SS5404 and
provides up to 250 ml}/pulse TEM_, at a repetition rate of 10 Hz. The
cutput has a pulse width of 10 nsec FWHM and a spectral bandwidth of
0.15 cm_l_ Typical Nd:YAG laser pumping energies ranged from 140 to 180
mJ/pulse.

The OPO is of the general design described by Brosnan and Byer.aa
For these experiments the total OPO output was 5-10 mJ)/pulse, implving
about 2-4 ml/pulse at the 3839.8 t:m_-l idler frequency used to pump
H2180(v3). This is the same strong traunsition used in the previously
described room temperature measurements. The bandwidth of the idler is
0.15 cm_] and rhe pulse duration !0 nsec FWHM. An etalon in the OPO
cavity allows convenient fine tuning over a 1.5 cm-l free spectral range.

The idler frequency was set approximately using a SPEX 3/4 m mono-
chromator. A spectrophone cell containing 4 torr of Hzlso was used to

tune the OPO into resonance with the v, absorption line. The reflected

3
QPO beam from the fluorescence cell was passed through the spectrophone

cell, and then the OPO was fine tuned to give maximum acoustic signal.
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For all data taking the total OPO output was used. To insure that the
signal wasn't absorbed, a Ge flat that completely blocked the signal and
partially transmitted the idler was placed in front of the spectrophone.
The maximum acoustic signal occurred at the same frequency with and with-
out the Ge flat.

Becausc of the higher OPO output within the bandwidth of the
absorption it wasn't necessary to use the short multiple pass f{luorescence
emploved in the room temperature measurements. This greatly simplified
the hot cell design, which was essentially the same as that used for the
NH3 studies (see Fig. 2). The only difference was a reduction of the
length to 4 cm.

For the low temperature measurements a Lauda K-4/R recirculating
bath with isopropanol was used. For high temperatures an oil bath was
heated using a 750 W heating coil and vibration isolated stirrer.
Temperature¢ control was provided by a Fernwall #17000-0 Thermoswitch.

Since the cell was 4 m from the OPO, lenses, 5 cm in diameter f/40
and £/20 of Can, were used to give a beam diameter of 3 mm at the
fluorescence viewing region. The same collection optics, ir detector
and signal averaging system as that described previously were used.
However, the wide pass filter was replaced by a long pass filter with a
2080 cm_l cut on frequency.

The fluorescence cell plus the glass and Apiezon-N grease manifold
to which it was connected could be pumped to 10'_6 torr. There was no
cooled sidearm on the fluorescence cell, and mixtures were prepared the

same way as described for the NH3 experiments. The gas purities were the

same as given previously.



2. Results and Analvsis

To extract deactivation rate constants from 212 fluorescence, the
same method of analvsis as that for the room temperature studies was used.
All of the 2.7 fluorescence Lraces were found to analyze as a sum of
single rising and falling cxponentials. The 293°K studies of pure H2180
showed that the rate constant derived from therise is the sz deacti-
vation rate constant and that from the decav the RIS deactivation race
constant.

To insure that the interpretation of the rise and fall was mad.
corrvctly as the temperature was changed, measurements in pure water were
made at 250 ¢+ 3 K, 274 + 3K, 350 * 3K, and 400 * 4°K. Decrecasing the
temperature below 293 K increased both the rise and fall rate constants,
but they never came close in magnitude. Similarly, as the temperature
was increased above 293°K, both the rise and fall decreased but never
overlapped. Thus we can conclude that over the temperature range of
250 K to 400 K the rising exponential gives the 242 deactivation rate
constant and the falling exponential gives the vl. 3 deactivation rate
constant. The raw data is shown in Figures 19 and 20. The rate constants
at each temperature are calculated by averaging the results of all samples
at that temperature. The lines in Figures 19 and 20 are drawn such that
their slopes give rhesce average values and their intercepts are zero.

Once the pure water rate constants were determined it was possible
to measure the temperature dependence of the He and Ar deactivation rate
constants. 1n the previous room temperature SLUdies,J where it was
possible to observe both vy and 2u2 fluorescence, it was shown that the
deactivation of vye Vs by Ar was significantly slower than deactivation

of 2v, by Ar. 1ln this case, for any mixture of Ar and H20, the rise of

2
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Figure 19.

Temperature dependence of H

e - 250°K, slope = 1.4 usec

1.0 usec_1 torr—1

2

18O(ul,v3) deactivation:

torril; + - 274°K, slope =

; & - 350°K, slope = 0.59 usec_1 torr ;

x - 400°K, slope = 0.48 usec-1 torr .
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Figure 20.

Temperature dependence
e - 250°K, slope = 4.5
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x - 400°K, slope = 1.9
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the 2v2 fluorescence gives the sum of processes that deactivate 2v2 and
the decay gives the sum of processes that deactivate Vs Vae

To determine the He and Ar deactivation rate constants the following
procedure was used. First a few relaxation rates were measured in
mixtures with mole fractions such that the relaxation was predominantly
HZO self-relaxation. As with pure HZO the rise gives the 2v2 relaxation
time and the fall the Vs Vi relaxation time. Then four to six measure-
ments were made at low mole fractions and they were analyzed assuming
the rise still gave 2v2 relaxation times and the fall gave vl, v3
relaxation times. Using all these points a 1/pt vs tzo plot was made
for both the rise and fall data. If the interpretations of the rise and
fall were correct the plots should be linear with slopes giving the
appropriate self-relaxation time., Figure 21 shows such a plot for the
He data at 250°K. Clearly, the only consistent picture results from the
interpretation used. If at the low XH20 points one reverses the inter-
pretation of the rise and fz11, the result is a Vis Vg se’f-relaxation
rate constant that is a factor of 2 too slow and a negative rate constant
for 2v2 relaxation by He. Such analyses for He or Ar at 250 * 3°K,
296 * 2°K, and 400 * 4°K showed that for all XHZO the correct interpre-
tation is to assign 2v2 relaxation to the rise and Vl’ Vq relaxation to
the decay. The raw data is displayed in Figures 21-26. The reported
buffer gas rate constants were calculated as in the NH3 experiments, with
only low XHZO points being used and corrections made for self-relaxation
using the rate constants measured from pure water samples.

The uncertainties reported are calculated in two ways. For the
self-relaxation rate constants the pressure was monitored continuously

and changed <2% for all experiments. 1In this case the usual statistical



Fipure 21. Results of analysis of H2180(2L7) fluorescence in He
mixtures at 250°K. + - from decav times, k, = 2.1
He
-3 -1 -1 . . -
1y usec torr . ® - from rise times, k =74
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Results of analysis of HZISO(Z,Z) fluorescence in Ar mixtures

" - -1
at 250"K. + - from decay times, kAr =1.1x 10 3 usec
1

torr . e - from risc times, kAr = 7.6 % 10_3 ;sec-l torr—]
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Figure 23, Results of analvgis of H. 0(1y2) fluorescence in He mixtures

2 .
at 296 K.+ - from decav times, kHe = 2.1 x 10‘} .‘ser—1
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Figure Y4, Fenalr of analynis of H, (2.. flusrescence in Ar mixture.
. o -3 -
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Figure 26, Results of analysis of Hzlgo(z,z) fluorescence in Ar mixtures
. -3 -1
at 400"K. + - from decay times, kAr =1.7 x 10 usec
- -2 - -1
torr ]. < - from rise times, k, = 1.8 x 10 Jsec ! torr
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analvsis is appropriate and the uncertainties reported represent one
standard deviation.  Thee He and Ar measurements are subject to the same
possible systematic errors described far the NH3 measurements, and
uncertainties were estimated in the same manner. In this case Z(1/p7)'s
were estimated to be #1077 (a4 larger value than for NH3 because of
increased uncertainty in analyzing double exponentials) and the
Lk“ ”Iﬁ were the one standard deviation described above. The AX” ”'5

K z
were estimated to bhe $107 by a comparison of the sel)f-deactivation rate
constants obtained from pure water samples to those obtained from

mixtnres.  The average difference between the self-relaxation rate

conntants from pure water and those from the slopes of Figures 21-26

18 . . i
A summary of the H, "0 deactivation rate constants and their

uncertainties are given in Tables III and 1V. The implications of these

results will be taken up in tbe next chapter.
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Table 111

Deactivation of H,la(‘( e Y obhy M
M _TCKR) k(usegj}»}gﬁ[:}) o B(ym‘ moier H}ff_sugi{{ .iy\Y‘ . Pi
Hﬁlao 250 1.4 + 0.14 (3.5 + 0,39 x T 4.0 0.20
293 0.75 + 0.7 2.2 0.0 ¢ 107! 2.7 0.11
400 0.48 + 0.05 ooy g 107! 2.2 0.088
Ye 250 2.1 £0.8) x W0 (5.4+2.1) w1001 sax 107 2w
296 (2.1 2 0.5) % 1000 (6.4 + 1.5) x 107" aex 107 23 07"
400 (1.8 + 0.5) x 107° (7.3 + 2.0y % 107t¢ 4.6 x 1077 2.3 x 107"
- 1. _ .
Ar 250 (1.1 £0.4) x 1070 (2.8 + 1.0) = 1071* a5 x 1070 g x 107"
296" (2.0 £ 0.5) x 1070 (6.2 £ 1.5) « 1071° 8.8 x 1070 %5 x 107"
=14 -
400 (1.7 0.5 x 1072 (7.0 + 2.0) 5 10”"" 8.8 x 1070 15 x 107"
-2 -13 2 -3
N, 293 (1.5 + 0.4) x 10 (4.6 + 1.2) x 10 b.h x 10 2.3 x 10
-2 -13 , -2 -3
0, 293 (1.1 £ 0.4) x 10 (3.3 1 1.7} x 10 4.6 x 10 1.8 x 10
=12 -
co, 293 0.11 * 0.05 (3.3 ¢ 1.6) < 10717 0.5 1.0 x 1072
? calculat.d using the molecular diameters 4y o= 2.8 A, dy = 2.24 A, d,, = 2.86 A, dy = 3.15 A,
d =2.93A&, and d.. = 3.92 A. @ = k/7. 2 € r N2
0, co,

b :
This value is smaller than rhat reported in Reforence 19, but these measurements were done
under conditions where it could be more accuratelv measured.

(8



Table TV

- 14 .
Neactivation of H, o ol ) bw M

M T{"K) k(LSOC—l tn:r_l) ~ "kﬂ(ﬂ]hmplp‘c»u ,e_l Vsc’c:l)?Aw A(,:‘\A_‘_),d -

Hzlso 250 4.5 + 0.4 (.2 0.1 x 10710 1o
293 3.0 0.4 (@.1+ 1.0 x 1071 N
400 1.9 + 0.2 (7.8 + 0.3) x ' s

He 250 (7.4 +2.7) x 1073 (.o = 0.7 x 107 ? s x 1070 T
296 (1.0 £0.2) x 107° 3.2+ 0.7 x 1071 Srx10Tt 1o
400 (1.1 +0.3) x 1072 bt tioy x 107 18 x 1070 1.

Ar 250 (7.6 £ 1.5) x 107} 2.0+ 0.5 x 107"} Lox 1077 1
296 (.1 :0.2) x 1077 .20 x 10 P A8 x 1070 1.
400 (1.8 +0.3) x 1072 (7.6 + 1.4 x 1070} 9.3 x 1077 a7

a Calculated using the molecular diameters d = .8 R, d =22 .::\, d,\r = .86 A

0,0 He
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CHAPTER IV

DISCUSSION

A Intradaction

inothis final Chapter the implications of the mcasurements just
dvsoriced wit! be discussed. In Sections B and € comparisons will he
made o 0ther measurements of the same rates, to rates for similar
sustems, and to theoretical predictions.  Next Sevetion D will follow
with an application of the temperature dependences ohserved to qu
vapor Saser optimization.  In Section E we will shew that a scheme for
H, ot detectinn 4t high altitudes by looking at sunlight induced ir

Fooawes g onriel discussiun ol this

T SR R

applioation or Hoo (.], +o) quenching by CO, to understanding the ir

3 2

emission from Mars and Venus., Section G summarizes this work and

supgest: arceas of intercest for further research.

B. Comparison to Other Measurements
Manv attempts have been made to measure the relaxation rate of HZO

4
3,46 In purc water the vibrational

(,7) with acoustic techniques,
rvlaxation is strongly masked by the mucn larger rotational relaxation
and classical sound absorption. in measurements of a few percent of

H,0 in UZ the vibrational relaxation is moved to sufficiently low fre-
quency and the vibrarional heat capacitv is sutficiently large (due to
the O2 which V-V exchanges rapidly with the HZO) that moderatelv

dccurate measurements can be made. Bass and Shields17 find energ,
transfer probabilities ¢f 0.20 . 0.05 in the temperature range 300-500°K.

- -1
Their room temperature rate k 1.3 £ 0.3 usec ! torr is not far

10~

from the lower limit established here. The manv other datd which have



gained considerable self-consistency over the years (k10 = 0,15 1.‘5ec‘1

~1,4
torr l) 3 are completely incompatible with the laser fluorescence results.

Such slow decay rates would have been easily observable by laser
fluorescence.

Kung and Center47 have measured the relaxation of vy by HZO’ He,
Ar, and Nz in a shock tube experiment covering the temperature range
1800-4100°K. Their experiment is not sensitive to the value of k32 and
shows only that it is within an order of magnitude of klO' The observed
temperature independence of p1 would imply energy transfer probabilities
proportional to T%. This variation is, however, too small compared to
experimental uncertainties to be significant. The observed probabilities
at high temperature are essentially the same as found here for room
temperature.

In a recent study of the quenching of Br(4 ZPI/Z) by H20 Hariri
and WittigAB used the resulting H20 (vl, v3) fluorescence to measure the

3

usec_l torr_l. In a similar study of the quenching of I(5 2P1/2) by HZO’

total self-quenching of Hzo (vl, v,). They report a value of 1.0 * 0.3

Grimley and Houston“9 find an HZO (vl, v3) self-relaxation rate of 0.77 *
0.09 usec_1 torr_l. Both of these results are at room temperature and
compare with the value of (0.75 * 0.07) usec-l torr“1 obtained here.

Thus all of the direct measures of HZO (vl, v3) self-deactivation are in
quite good agreement.

Most of the recent room temperature measurements of NH3 (vz) self-
relaxation by acoustic techniques are in reasonable agreement with that
reported here, considering the difficulties «f large corrections for
classical absorption and rotational relaxation. Lambert and Salter6 saw

no sound velocity dispersion over the f/p range they studied and thus
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concluded kNH3 > 1.1 usec_l torr—l. Cottrell and Matheson7 did similar
measurements and report similar results. Jones et al.9 measure both
velocity dispersion and absorption at larger f/p values. By fitting
their results with the same relaxation time for both rotational and

vibrational relaxation they obtain a value for kNH of 1.8 usec—] torr_l,

but report no uncertainties. Of the recent measurgments by acoustic
techniques, the value of ~ 0.22 usec_l torr_1 for kNH by Strauch and
Decius8 from the velocity data is the furthest from tiat reported here.

Bass and Ninterlo measure k. from 300°K to 773°K. At 300°K they
report a value of 0.73 psec”! torr b. However, their estimated uncer-
tainties in this value due to a 10% uncertainty in the absorption meas~
urements include values ranging from 0.45 usec:_l torr—l to 1.8 usec_l
torr_l. They note that the difference between their result and that of
Jones et al.9 can be largely attributed to the different methods used
to extract relaxation times from absorption data. Their values of kNH
decrease monotonically as T is increased to 0.45 us:-:cc:_1 torr—l at 773°K.
Their uncertainties at 773°K include values from 0.35 to 0.6 use&:_1
torr_l. Thus, although they report a probability of deactivation of 0.1
over the entire 300°K to 773°K range, their uncertainties include the
values of Table TI.

An infrared-ultraviolet double resonance technique used by
Ambartzumian et al.11 to study the room temperature V-T,R rate of NH3 (vz)
gave values of k, and ky of 7.0 x 1072 psec™t torr™! and 1.1 x 1072
usec_l :orr_l, in good agseement with those reported here. However,
their value of kNH3 was 0.69 * 0.15 usec_l torr-l, almost a factor of

two slower than found here. An error in their NH3 pressures could lead

to a significant change in the value without significantly affectin
3

the kM's.



C. Comparison to Other Systems and to Theory

1. HZ() and NH3

A comparison of ¥y V-T,R deactivation rates in the systems H

v

2

o, DO,

2 2

H,S, D,S, NH

25 Dy and ND3 illustrates the effects that hydrogen bonding and

3
rotation have on vibrational relaxation. Table V gives the results of
some cxperimental measurements of the rates for these systems. HZO and
NH3 have strong hydrogen bonds of 3.5—5.653_58 and 2.8—&.558_61 kcal/mole,
respectively, and deactivate quite rapidly. Even though deactivation of

. . -1 .
H,0 requires converting ~600 cm more energy into translation and

2
rotation, relaxation occurs more rapidly than for NHB' This could be
due in part to stronger hydrogen bonding. 1In addition, though, the
rotational constants of HZO are more than a factor of two larger than
for NH3. This rould be important in enhancing V-+R transfer.62

For HZS, which interacts much less strongly than either HZO or NHB’
the relaxation rates are more than an order of magnitude slower. The
comparicnn between NH3 and HZS is especially useful because in this case
the rotational constants are quite similar. It is thus clear that hyvdro-
gen bonding greatly enhances V+T,R relaxation.

A comparison of the hydride to deuteride relaxation rates in Table V
indicates the importance of rotation in the relaxation process. In all
cases the deuteride relaxes more slowly than the corresponding hydride.
Such behavior has been observed for many hydride/deuteride systems62
whether or not they are hydrogen bond. Using a modified SSH calculation
in which the rotational velocity replaces the translational velocity
Moore62 is able to show the importance c¢f V»R transfer for several sys-
tems. In this model it is their higher velocity of rotation that causes

the hydrides to relax more rapidly. In addition, from this model one
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Table V

Comparison of v, V+T,R Relaxation for Some
Polvatomic Hydrides and Deuterides at Room Temperature

Molecule k(usec_1 torr_l) Pa v, frequency(cm-l) Reference
H, %o 1.8 - 3.0 0.28-0.47 1588 This work
DZO 1.0 0.16 1179 50, 51
NH3 1.3 0.14 950 This work
ND3 0.16 0.020 749 7
HZS 0.048 0.0060 1290 52
DZS 0.018 0.0023 934 51
d. _ B 3 = = A =
i k/kgk and kgk calculated using dH20 dD20 2.80 A, dNH3
dND = 3.17 A, and dH g = dD g = 3.59 A,

3 2 2



would expect that the relaxation rates increase with increasing temper-
ature. This is seen to be the case for weakly interacting molecules
63

such as CHQ'

However, as is seen from the NH3 data in Table II and the data on
64 65 . .
HC1 and HF, the J-T,R relaxation rates of hydrogen bonding systems
show negative temperature dependences near room temperature. In recent
calculaticns on HF vibrational relaxation, to be discussed further in
the next section, the importance of orbiting collisions in inducing

66,67 The negative temperature

vibrational energy transfer is shown.
dependence observed can be explained as being due to a decrease in the
number of orbiting collisions as the average relative kinetic energy is
increased. It is interesting to note that such orbiting collisions can
be useful in explaining the relaxation properties of any system where
the intermolecular attractions are larger than the average kinetic
energy. Tusa et al.68 recently studied the vibrational relaxation of I2
in the v' = 14 level ci the B state by He in 2 supersonic jet. The
collision energies are low, only fluorescence from v' = 14 and v' = i3
could be observed, and the population in v' = 13 is larger than can be
accounted for by a forced oscillator deactivation mechanism. They are
able to fit their data by assuming that only very low energy collisions
are involved, with the implication being that orbiting resonances or
metastable complexes dominate the relaxation process.

The role of rotation is not as clear for relaxation processes in
wihich such orbiting collisions occur. It is possible that the conversion
of vibrational energy into rotation with the minimum possible AJ enhances

the transfer probability. In this case, one would expect the hydrides

to relax faster than deuterides. Whether this or some difference in the
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collision dynamics causes the deuterides to relax more slowly isn't
clear at this time.

Shin has investigated the V-T,R rates for NH3 (vz) and H20 (vz)
using a V-+T and a V=R model.21 The V-T model assumes energy transfer
occurs at preferred orientations. The importance of rotation discussed
above indicates a V-+T model is inappropriate, and the V+R model fails
to predict the strong inverse temperature dependence we observe for HHB.

In a recent calculation Shin21 considers the relaxation of HZO (vz)
through formation of weakly bound complexes. His room temperature result
is only about 307 slower than the lower limit established here, and he
finds the expected negative temperature dependence. However, the aver-
age rotational period of a water molecule is at least a factor of two
less than a typical nonorbiting collision time. The idea of a complex
of defined geometrv transferring energy into oscillatory modes seems
unrepresentative of the collision dynamics involved.

2. H20 (vl, ua) and HZO (2v2)

The stretch-to-bend V+V transfer probabiliries may be compared to
those for some other svstems. For CHA’ Hess and Moore69 find that

~ . i P
PCH -cn PCH _Ar As seen from Table III we find PH 0-H.0 >” FH_g-ar’
4 e Y 272 2
illustrating the importance of hydrogen bonding in enhancing V-V as

well as V-+T,R rates. McGarvey et al.70 have studied the deactivation of

HCN (Ja)- They find the C-H stretch is coupled to the othaer modes with

- -3 i o s L
PHCN—HCN = 8 x 16 °, The importance of hydrogen bonding is again illus
5

trated by their result that PHCN-Ar < 10 7. The smaller probabilities

compared to H, O may result from the smaller rotational constants of HCN

2

and the consequently increased difficulty of transferring the energy

discrepancy into rotation. 1ln light of this possibility it should be
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noted that they also find that Py .o = Py oo over the full 240°K -
450°K temperature range of their measurements. This indicates that it
is the ability of the excited molucule to undergo efficient V+R transfer
that is mos* important. Further evidence of the importance of rotation
in the stretch-to-bend processes is seen in the results of Grimley and
Houston. They find a room temperature probakility for DZO stretch
deactivation that is a factor of 3 slower than that found for HZO.

There are further similarities in the deactivation of HZO and HCN
stretches. HCN deactivation shows the same negative temperature depen-
dence seen for HZO' In addition, by also observing the decay cof HCN (vz)
fluorescence, McGarvey et al. conclude that the stretch-to-bend coupling
is slower than the bend V-+T,R rate, just as wa- seen for "20' This
indicates that multiquantum V-V transfers are less efficient than V-T,R
transfers of relatively large amounts of energy in these strongly inter-
acting systems.

As was mentioned earlier, Poulsen et a1.66 and Billing and Poulsen67
have calculated the V»V and V-T,R rates of energy transfer for HF from
v=1 to v=7 over a wide temperature range. The calculation treated
rotation and translation classically, explicitly accounted for orbiting
collisions, and used an ab initio SCF HF-HF potential energy curface.
Their findings are in qualitative agreement with a number of features
observed in the HZO system. For the temperature dependence of HF (v=1)
relaxation they find the experimentally observed negative temperature
dependence near room temperature that goes through a minimum near 1000°K
and then begins to increase. For HZO’ HCN, and NH3 relaxati6n the nega-

tive temperature dependence has been observed but the measurements don't

go to high enough temperatures to sce where a minimum might occur. The



fact that Kung and Center47 see a high temperature (1800°K - 4100°K)
probability for HZO (vz) deactivation close to the room temperature value
shows that such a minimum most probably ocecurs.

As mentioned previously, the calculation shows the importance of
orbiting collisions. They show that roughly half of the vibrational
deactivation of HF (v=1) at 300°K is a result of orbiting collisions.
Trey also find orbiting collisions greatly enhance V-V transfer rates.
Though orbiting collisions are shown to be important, the calculation
plus experimental data indicate that the participation of long-lived
collision complexes in which energy randomization occurs is not
important. In the calculation, multiquantum transition probabilities
were calculated for HF (v=3) and found to be negligible. Douglas and
Moore71 have experimentally studied HF (v=3, 4) relaxation. They find
that within experimental error all of the HF (v=4) deactivates to
HF (v=3). As discussed in Section III.B.3,c., H20 (vl, v3) deactivates
predominantly to HZO (sz), showing that energy randomization has not
occurred.

A final point of comparison is the relative magnitude of V-+T,R and
V-V rates. Billing and Poulsen67 conclude that at 300°K HF (v=2) de-
activation is 427 V~T,R and for HF (v=3) is 63% V-»T,R, This is in
spite of the large V-+T,R energy discrepancies compared to V-V processes.
Our observation that HZO (sz) deactivates predominantly by a V-T,R

process is in qualitative agreement with their conclusions for HF.

D. Effect of Rate Constants on Laser Operation.
As mentioned in Chapter I the temperature dependence of HZO Vis Vg
and 2v2 deactivation is important in determining the optimum operating

conditions for the electric discharge pumped HZO laser. The water vapor



laser oscillates on transiticus from the stretching levels to the 2v2
25 ; 72 : < .
level. Sarjeant et al. have measured relaxation times for the gain
in an electrically excited HZO laser. They report rate constants of 0.35
-1 ~1 ., ;
and 0.72 usec torr for transitions from v3 and v], respectively.

The temperature was thought to be 600°K. 1In a very rough approximation

73

the rates correspond to k3 (or perhaps to k5 and kA)' Pichamuthu et al.
have observed the exponential decay time of a laser pulse, very roughly
equal to the lower level decay time, and found a rate constant of 0.5
usec_1 torr-l, which should correspond to the k2 observed here. Thus
the effective rates measured in the laser media vary from equal to those
in Tables 111 and IV to a factor of six slower. Better agreement cannot
be expected in view of the complicated kinetics of the laser medium. The
very fast relaxation rates require rapid excitation and relatively low
operating pressures. A necessarv condition for continuous laser action
is that the relaxation of the lower level be rapid compared to that of
the upper level. Thus, it is reassuring that k2 is found to be greater
than k3. Since k1 is also found to be greater than k3, it may be pos-
sible to obtain laser action on transitions to the bending fundamental
level.

There arc several CW lines between V) 9T V4 and 2v2 on which the
laser will oscillate.25 The problem of optimizing the CW laser transi-
tions will be ~onsidered in terms of the model for a four level laser
given by Yariv.74 It is assumed that level 4 is pumped and couples
rapidly to level 3, which would be the vir V3 manifold. Oscillation
occurs between level 3 and 2. The rate constants k3 and k2 represent
the collisional deactivation of Vi Vg and 2v2, respectively. For

simplicity it will be assumed that level 3 deactivates to level 2



exclusively. The spontaneous emission rates are much slower and can be

ignored. The time dependence of levels 3 and 2 can then be written as

dN,% 33

dt " Ra 7 kgNaNy - Ny - g, Np) ¥y,

dN2 53

To T Ro t RgNgNp - RpWpNyp + Ny - g, Ny Wi

where R3 and R2 are the pumping rates of levels 3 and 2 and

(N, - 53/32 N2) H32 is the stimulated emission rate. 1In electric dis-

3
charge lasers some pumping of level 2 is unavoidable. Assuming N},
N, << Nl and solving for steady-state conditions, i.e., dN3/dt =
dNZ/d: = 0 gives

g.k
33
R,-—— (R,+R {
[ 3 ngZ 2 3

+
ss k NT W

2 3 32

where N, has been replaced by N the total H,O number density. When

1 2

ANss is below the threshold for oscillation, the cavity losses exceed

T

the gain and there is zero oscillation energy density so that W32= 0.

When R, is increased to the point that the cavity losses equal the gain

3

the threshold population inversion, ANt, is reached. Increased pumping

won't increase 4N, but will result in W32 > 0 such that

AN: = R/(k3NT4-H32) (26)

gk
where R = | R, - 233 (R,+R,)| is the effective pumping rate. Thus for
3 gzk2 2 3

a given pumping rate such that ANt is reached

Way = R/ANt - k3NT. (27)

. 8y
AN E (N3—E‘ NZ)SS = (25)
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he total power generated by stimulated emission, Pe’ is given by

P, = ANchvH32 = ANchv(R/ANt—kBNT) (28)

where V is the oscillating volume. The output power will be propor-
tional to Pe’ so optimizing Pe with respect to temperature will
optimize the laser output.

In optimizing with respect to temperature the levels involved are
sufficiently high that thermal populations can be ignored. From Tables
III and 1V it can be seen that k3/k2 is constant from 250°K to &400°K.

The rates R, and R, are due either to direct electron impact or rapid

2 3
cascading from higher 1evels.72 Since in electric discharges the elec-
tron temperature is much higher than the heavy particle temperature75
R3 and R2 may have only a weak dependence on the heavy particle tempera-
ture. Thus R probably has only a weak temperature dependence. The
other temperature dependent term in Equation (28) is k3, which Table 111
shows decreases monotonically from 250°K to 400°K. Based on the analysis

so far, the H, O laser will be most efficient at elevated temperatures.

2
Account should alsc be taken of the effect that temperature has on
the gain due to changes in linewidth and rotational distribution. To a
reasonable approximation, the gain y is inversely proportional t» the
linewidth. Assuming that the linewidth is primarily due to Doppler

=1
broadening, then y = T 2 and we have for the change in gain due to

change in linewidth

T \E
1
¥(T,) =(¥—) ¥(T)). (29)

To estimate the effect on the gain due to changing the rotational

distribution as the temperature increases it will be assumed that only
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the stretching levels are pumped by the electric discharge. For this
case y(T) = ANi(T), where Ni(T) is the population of the initial rota-
tional level in Vs Vge Assuming a Boltzman distribution of rotational
states and using the classical expression for the rotational partition
function, the change in gain due to changing population of the initial

rotational state can be written as

Tl 3/2 hvi(Tz—Tl)
Y(TZ) ="\t exp —*E;—T—"—] Y(Tl) (30)
2 172

where hvi is the rotational energy of the initial state. For the CW
. -1 -
lines of interest, most of the vi's are between 600 cm = and 1000 cm 1.
The combined effect due to linewidth and rotational population

effects is just the product of the two effects. Combining Equations

(29) and (30) gives

AN by, (T,~T )
Y(Tz) = G(TZ'TI)Y(TI) =tl T} exp ['—K?—T———— Y(Tl). (31
2 1°2
To see the effect, T1 = 300°K and vi = 80U cm_l were used to calculate

the values of G(TZ’TI) for T, equal to 400°K, 600°K, BOO°K, &nd 1000°K,
The values are 1.5, 1.7, 1.6, and 1.3, respectively. It can thus be
concluded that the optimum operating temperature would still be at
elevated temperatures, with the exact temperature depending on how far
beyond 400°K k3 continues to decrease.

A similar analysis should apply to the two-photon pumped NH3 laser
that oscillates between 2\2(—) and lv2(+).26 In this case only k2 has
been measured. From Table II it is seen to be fasi and inversely
proportional to temperature. However, by comparison to HZO 2v2 and v,

results one would expect k3 for this laser to be faster than k2 and to
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also show a negative temperature dependence. Again, elevated tempera-
tures would be expected to be more efficient, though thermal populations

may cause the maximum to be reached at a lower temperature.

L. Analysis of HZO Detection Scheme

It has been suggested that accurate water vapor concentration pro-
files in the upper stratosphere and mesopherc might be deduced from

. . A 27 .
sunlight-induced emission at the 2.7 um /5 wavelength. This section
will consider the feasibility of such a scheme. The important par.imeter
to estimate is the steady-state population of vy due to pumping by

ahsorption of sunlight and loss through collisions and spontaneous

em.3sion. Letting N3 be the population of vy we can write

dN N
3 3 ©
-— = R - k NN ———lkMNN‘
d 3 3 H20 T4 M 33
where R is the pumping rate, k3 the vy self-deactivation rate constant,
N the H_ O number density, 1., the v, radiative lifetime, kM the de-
HZO 2 3 3 3

activation rate constant by M, and NM the total number density of M.

N2 and O2 are by far the main atmospheric constituents and at 296°K

deactivate vy at nearly the same rate. The term 2 k?N& will be replaced
N ?

0 N
; M_ 2 2 _
by simply ngM where ky = (k3 + kg Y/2 and N, = N02 + NNZ.
At steady-state
W55
N3 = R/(k3N + k?‘NM + 1/13). (32)

H20

To evaluate this, R must be estimated. This first requires estim-
ating the solar intensity as a function of altitude. The range of
interest is 40 km to 80 km. From 80 km outward the HZO concentration is

small enough that no significant absorption loss occurs. Using the data



Heeov e the oaverage B, conceatration in the 40 km o to 80 km range
cemnterteed av o fungcdon of altitude X by
“ ; -h 6 .
AOXY = exp {976 x 10 )(8x10-X) + 20. (33)
i,0
. - . . ;.3 : .
whedto 2§y in im oand .\“ , in molevules/em™,  The solar flux intensity
i
2
@t a frenqaency o with ahsorptien cress section (.) can be obtained by
chaltastine
N
1

. ) . .
ot . i 'H,,l){“) dx

' [§
YX'=8x10"

o s Cx10™@x10%0 00,
= !)(.) oxp -(5 x 10)~( )\ - (34)

i

, o S |
where 1. in (photons em 7 sec /cm

2
), =(v) in cm”, and 1, ic the flux
At A0 vm, The rate that molecules are pumpe.s at a given frequency and

altitude becomes

. R L. S50 R
R(X,.) = ax _(U)NHZO(X)I(X.V)- (35)

1o find the pumping rate for a specific vibration-rotation transi-
tion i onc should put in the appropriate lineshape for ci(v) and inte-

grate {35) from =0 to .==. To avoid this we note that77

s, = No_(v) dv = 5, N (36)
1 1
(o}

where S; is a constant called the line strength and N the number density
of absorber. A reasonable approximation that avoids integrating (353) is

to replace fj(u) by a constant value 9 such that

S5 = 0. hv (37
1 1
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where !, is the appropriate linewidth., For H20 (..) transitions at the
5

pressures of interest (-2 torr) the Doppler width of 0.01 cmhl ( FWHM,

should be used. The pumping rate for a specific vibration-rotation

transition Hj can then be written as

Ri(X) = k¥, Ji)ﬁ. = (X)1(x, ,j)a, (38)

7N
i (
i ”2)

Using (38) Hj was calculated for a strong, medium, and weak .
p)
TH
transition with croc<s scctions obtained from the data of Gates et al.

It should be noted that S; and thus 5, are temperature dependent. The

temperatures range from 180"K at 80 km to 250°K at 40 km to 270°K at

b

7 " ;
40 km. A constant temperature of 2307K, roughly the median, was used

to do the calculations. The Ri's at 40, 60, and B0 km are given for the
three transitions in Tahl. VI,

Finally, N;S can be estimated using (32). onsider the case of

60 km where T ~ 250K, N ~ 1010 molecules/cm}, and N + N,
H,0 0 N
2 H,0 2y,

7.2 x 1015 molecules/cma. From Table III, k3 = 3.5 x 107

molecule sec and a reasonable estimate of k? is 3.5 x 10_]3 cm3/molecu1e

cm”/

sec. Using the fastest pumping rate f;;m Table VI of 10S molecules/cm3/
sec and Ty = 14 msec gives N;S ~ 40 molecules/cm3. It should be noted
that the dominant deactivation term is for collisions with O2 and Nz.
Looking at a 10 cm_1 bandwidth around the strong transition includes the
medium line plus two slightly weaker lines and several weak lines.
Assuming that this is the observed bandwidth then a reasonable estimate
of the number of observable excited molecules is N;s ~ 100 molecules/cm
The juestion now becomes can this number density of excited molecules

be observed? First we must consider how many photons can be collected

by a detector of area A looking out into a cone of angle 6. For a



Table VI

H70(v3) Pumping Rates as a Function of Altitude and Cross-Section

31

v
o, mh? K¢ m) N (molecalos/vm’) 10X, v.) R (x) (ecules,
i H,O i i
2 ) e Emsec
40 2.0 x 10t! 0.014 1 4.0 x 10"
47° 9 a 5
3.3x10 60 9.7 x 10 0.82 1 1.1 x 10
80 4.9 x 10 1 6.9 x 10°
1 .
40 2.0 x 10 0.27 1 2.3 x 10
-17¢ 9 0 4
1.0x10 60 9.7 x 10 0.9 1, 3.9 % 10
80 4.9 x 108 1, 2.1 x 10°
‘ 40 2.0 x 10t! 0.79 1 1.2 x 10°
0.18x1077 60 9.7 x 10° 0.99 1, 7.4 10°
80 4.9 x 10° I 0.38 x 10°
a -1 o
Based on Av 0.0l em ', T = 230°K.
54 - 3 _ transition with v, = 3838 cm )
o4 ~ 303 i
c . . _ -1
Alb - 313 transition with vi = 3835 cm .
%4,, - 3, transition with v, = 3840 cm L,

e
Based on IO

6.3 x 100

photons cm“2

-1

-1
sec um from Reference 79.

S0t



single molecule a distance h from the detector where h -- detector
dimrnsjons then F, the fraction of photons emitted that hit the detector
is

F o~ a/trh?

Now cansider a spherical shell of thickness dh that is subtended by the
cone of basce angle . The number of emitters NF in the shell is simply

the volume of the shell times the number density of emitters or

C WSS L 2 _ 8
‘\I{ N3 2-h" (1 (‘us(z))dh.

The total number of photons per second from the cone of height H and

angle  then hecomes
) & Ny A .
= - | N = —_— - s (= K
‘]H : J I\E 57 {1 Cos(z)) {39)
3 0 3

where 1 is the radiative lifetime.
. . . K0
The final question is whether JH can be detected. From Hudson
*
the normalized detectivity D for a detector is related to the signal-
to-noise S/N, detector area A, electrical bandwidth ~f, and power falling

on the detcctor P by

p = §%ﬂ (anfy? (40)

Using (39) and (40) the photon flux from the cone will give

s/, - pD*/ (AGE)? = h\unn*/maf)'1

hvD*NS Sy

- 3 A 8
= 2—13 (Af) (l—cos(z))- (4al)
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Using data from Santa Barbara Research Center a PbS detector of area

1

2 1
0.16 cm” with D* ~ 6 x 10~ cm(Hz) ‘/watt (27 steradian field-of-view,

295 K background) is a good choice. Assuming a detector (at an altitude
of 60 km) looks parallel to the earth's surface into a cone of H = 10 km
and & = 30“ the altitudes abserved range from 57 km to 63 km. The PbS
detector has its maximum D* atL about 100 Hz. By chopping the signal at
this rate and using phase sensitive detection the effective &4f can be
reduced to 1 Hz. Using the average N;S as the IOO/cm3 value estimated

for 60 km, = 14 mscc, and v = 3838 cm | gives a (S/N)_yo ~ 2C

3
This value could be improved upon by decreasing the noise field-af-view
(2~ steradian black bodv was assumed) and using cooled narrow band

filters to increase the D*. The actual background should be significantly

less than a 295K black body. Thus it seems that the HZO detection

scheme is feasible.

F. 1lmplications for Planetary Atmosphere Studies

The vibrational energy transfer rate from HZO (vl, v3) to COZ(IODI)
or COZ(OZOI) is of interest to astronomers studying ir emission from the
atmospheres of Mars and Venus. Johnson et 31.82 have reported observing
strong 10 um emission from the atmospheres of both of those planets due
to nor-thermal population of C02(OO°1). They propose two possible
mechanisms to account for this. One involves direct absorption of the

near ir solar flux by CO_, followed by energy transfers to COZ(OOOI).

2

The other involves absorption of the near ir solar flux by H,0 followed
2

by energy transfer to C02. For this second mechanism to contribute

significantly they estimate that a transfer efficiency from HZO to

C02(OO°1) near unity is required. Since the total cross section for

quenching of H20(v1, v3) by CO2 is two orders of magnitude less (Tzble



110y, the sercond mechanism described above cannot contribute cignifi-

cant e to the nen-thermal O o'y population.

.. “onclusions

The VeV and V+1,% relaxation rates of low lving vibrational levels
of .‘iH.s and H, ]8() have been found to be quite fast., The probabilities
for self-relaxation at roon temperaturce are all preater than 0.1,

Tables T1-1V summarize the quenching rates that werce measurcd.
Comparizons to experimental and theorctical studies of other strongly
interacting svstems revealed certain common features.  The rates all
show negative temperature dependences near room temperature. Deuterides
deactivate more slowly than hvdrides, indicating that rotation plavs an
important rale in the vibrational relaxation. Multiguantum V-V trans-—
fers are slower than V->T,R transfers, even though the energy discrepancy
is much larger for the V-+T,R processes. Orbiting collisions seem to be
quite important in causing the rapid relaxation rates.

Further studies are needed to fully understand the processes in-
volved. Measurements at higher temperatures would show whether the
expected minima in the relaxation rates occur. It would bz interesting
to know i/ the stretch-to-bend coupling in NH, is slower than the bend

3
V»T,R rate, as was seen for HZO and HCN. Experimental and theoretical
studies of the rolLational state-to-rotational state rates could give a
better understanding of the role that rotation plays in the relaxation
rates. These are also the most difficult studies. Through them one

could hope to begin to make useful predictions for the relaxation rates

over a wide variety of conditions.
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