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I. INTRODUCTION

The deactivation of vibrationally excited DF by the products of the F +
D, reaction directly affects the performance of the DF chemical laser. Dis-
cussions of the various deactivation processes and their recommended rate
coefficients can be found in Refs. 1~3. 1In the cold-reaction DF laser, one D
atom is produced for each DF molecule, and the effects of DF(v) deactivation
by D atoms must be considered. The analogous case of HF(v) deactivation by H
atoms has been studied in several labor:at:ories.l'-8 Of particular importance
-8

is the observatio that the removal rates of HF(v) by H increase very

dramatically for v * 3.

The only measured rates of DF(v) deactivation by H and D atoms to be
reportedS to date are for v = 1. 1In the present study we have measured the
removal rates of DF(v = 3 and 4) by H and D atoms at 295 K. The experiments
were performed in the same apparatus as the previous HF(v) -H experiments6’7
using the technique of laser-induced fluorescence. Helium, D,, and a small
amount of DF flow through a fluorescence cell in which a pulsed DF laser pumps
a small fraction of the DF(v = 0) to v = 3 and 4 by sequential photon absorp-
tion. Before reaching the cell the helium and Dy flow through a microwave
discharge which produces D atoms. The difference in the decay rates of the DF
overtone fluorescence obtained with and without D atoms 1s used to determine

the deactivation coefficients.

The removal of DF(v = 4) by D atoms can proceed by three channels:

D' + DF(v = 4) + D' + DF(v < &) (1)
+ D+ D'F(v < 4) (2)
+ DD + F (3)
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These channels, nonreactive deactivation (1), reactive deactivation by D-atom
exchange (2), and the back reaction of the F + Dz reaction (3), are discussed

in Section IV.




II. EXPERIMENTAL APPARATUS AND PROCEDURE

The experiments were performed in the fluorescence cell-flow system de-
scribed in Ref. 6 and shown schematically in Fig. 1. The photomultiplier was
positioned at the end of the flow tube so that fluorescence from the entire
length of the cell would contribute to the signal. Because of the low signals
for DF(v = 3, 4), it was not possible to place the photomultiplier transverse
to the laser beam. The required position of the photomultiplier precluded
direct measurements of the H(D) atom concentrations with the catalytic probe
used in Ref. 6. Therefore, the density of the H and D atoms was inferred from
their effect on the decay time of the HF(3) fluorescence and the previously
measured removal rate coefficients.7 Experiments were performed in which the
HF impurity in the DF was pumped to the v = 3 level with an HF laser. The

subsequent decay rate of HF(v = 3) was measured with and without the atoms

present.

An RCA GaAs photomultiplier was used to monitor the fluorescence from
HF(v = 3) and DF(v = 4). A Kodak Wratten filter (B7B) and a 0.62-cm sheet of
Plexiglas were used to attenuate scattered light from the microwave discharge
and the laser pulse. A DuMont Type 6911 (S-1 response) photomultiplier behind a
Corning CS7-56 filter and 0.62 cm of Plexiglas was used to monitor DF(v = 3).
Typically, 256 or 512 pulses were averaged for DF(v = 3) and DF(v = 4), where-
as only 32 to 64 were required for HF(v = 3). Other apparatus, such as the

DF-pulsed laser and the signal processing instruments, have been previously
described.9

The experiments were performed at room temperature (295 K) and at a total
pressure of 5.5 Torr. The bulk of the gas flow was helium with partial pres-
sures of ~ 0.02 Torr DF, ~ 0.04 Torr DZ(HZ), and ~ 0.02 Torr D(H) atoms.
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ITI. RESULTS

A. VIBRATIONAL RELAXATION OF DF(v = 3) BY D ATOMS

The DF 3 * 0 overtone fluorescence was recorded with and without the D
atoms produced by the microwave discharge. The fluorescence decay times

were ~ 257 shorter with the D atoms present. As described in Ref. 6,

-1 -1 1
A(?) = Ton = off - (kDF-D -7 km?-nz) (0] (%)

The exponential decay times of the fluorescence traces and the calculated
values of 8(1/T) are presented in Table 1. The latter have an average value
of 6 1073 1™l 1f all five values are included, or 5.3 x 1073 us~! 1f the
high and low values are excluded. This compares to a value of 6.3 X 1072 st
obtained under the same conditions for HF(v = 3) removal by D atoms. Using
7 of 5.9 x 1013 cm3/mol—s for the HF(3)-D removal

rate, we estimate 5 + 2 X 1012 cm3/mol-s for the value of kDF—D -1/2 kp

the previously measured value

F-D,°
2
The value9 of kDF—Dz = 2.8 % 1011 cm3/mol—s is small compared to the uncer-

tainty in the measurement and can be neglected.

B.  VIBRATIONAL RELAXATION OF DF(v = 3) BY H ATOMS

The H atoms had a smaller effect on the DF(v = 3) fluorescence decay
times than the D atoms. The values of A(1/T) for DF(v = 3) are smaller by a
factor of about 35 than the values for HF(v = 3) (see Table 2). Using a valuc
of 6.3 X 1013 for the HF(v = 3)~-H removal rate,6 we obtain a value of about
2 x 1012 cn’/mol-s for (kpp-g - 1/2 kDF—Hz)' The small value® of 0.8 x 10i!
cm3/mol-s for kDF—Hz makes it a negligible contribution. Since the decay
times with and without the atoms differ only by about 10%, there is a large
uncertainty in the measured value of kpp-n = 24+2x 1012 cm3/mol-s.

C. VIBRATIONAL RELAXATION OF DF(v = 4) BY D ATOMS

The data for DF(v = 4) removal by D atoms are listed in Table 3. The

exponential decay times of the fluorescence traces obtained with and without

the D atoms differ by about a factor of 2. The decay rates for HF(v = 3) are




Table 1. Removal Rates of DF(v = 3) by D Atoms
Run Ty, LIPPN a(L/T) x 103, A(1/7) for HF(v = 3),
Ug Us us'l Us'l
1 44 97 12.4 \
2 51.6 69.5 5.0
3 54.4 78 5.6 S (5.5 & 1) x 1072
4 59 66 1.8
5 54 75.1 5.2
6 x 2
Table 2. Removal Rates of DF(v = 3) by H Atoms
Run L Toeps  B/T) x 103, A(1/7) for HF(v = 3),
™ g pg~1 us~!
1 73.1 66.6 -1.4
2 52.2 56.2 1.3 (5.0 £ 1) x 1072
3 45.7 49.1 1.5
4 49.5 56 2.3 { (8.0 £ 1) x 1072




Table 3. Removal Rates of DF(v = 4) by D Atoms
;
Run Tons Toffr A(r/t) x 102, A(1/t) for HF(v = 3),
us Ve pg~l ug~l
1 40.4 95 1.43
2 36.5 85 1.56 9
(3.0 £ 0.5) x 10
3 40.9 82 1.23
4 43 92 1.23
5 36.1 100 1.77
F (4.1 £ 0.5) x 1072
6 33.9 100 1.95
7 29.9 98 2.34
(4.7 £ 0.5) x10~2
8 29.9 98 2.34
9 34,2 118 2.23 (5.4 £ 0.5) x 1072
10 40 125 1.70 (5.0 £ 0.5) x 10”2
11 33.8 130 2.19 (4.6 £ 0.5) x 1072




plotted versus those of DF(v = 4) in Fig. 2. The value of A(1l/T) for DF(v = 4)

averaged 0.46 times the values of A(1/1) for HF(v = 3). Using the previously

7

measured value’ of 5.9 x 1013 cm3/mol-s for the HF(3)-D removal rate, we

obtain a value of (2.6 £ 1) x 1013 cm3/m01—s for the removal rate of DF(v = 4)
by D atoms. The values of 9.1 x 1011 cm3/mol—s and 3.4 x 101 cma/mol—s for
9,10

the deactivation rates of HF(v = 3) and DF(v = 4) by D, can bhe neglected.

D. THE REMCVAL RATE OF DF(v = 4) BY H ATOMS

The DF(v = 4) fluorescence decayed exponentially in the gas flows con-
taining H, without the microwave discharge. However, with the microwave dis-
charge on and, therefore, H atoms present, the observed fluorescence rose to a
maximum at about 30 us before beginning its exponential decay. A fluorescence
trace is shown in Fig. 3. Since DF 4 + O fluorescence and HF 3 + 0 fluore-
scence fall within the spectral bandpass of our photomultiplier-filter system,
a logical interpretation is the following. DF(v = 4) is removed by the three

reactions

k

H + DF(4) »° HD + F (5)

kg ;
H + DF(4) +® n + DF(3, 2, 1, 0) (6)
DF(4) + M+ DF(3, 2, 1, N) + M (1)

where M = H,, DF, etc. The F atoms react with the abundant Hy to produce HF(v
= 3) in the reaction

F+Hy»>HF(v=1,2,3)+H (8)
Only DF(v = 4) emission produces the photomultiplier signal immediately after a
the laser pumping of DF. However, at longer times both DF(v = 4) and HF(v = 3)

fluorescences contribute to the signal. Analytical expressions are derived in }
the Appendix for the fluorescence intensities of these two species. They

indicate that the exponential decay rate at long times can be related to the
total removal rate of DF(v = 4) by H atoms. Because of the rapid quenching
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rate of HF(v = 3) by H atoms, the HF(v = 3) fluorescence is essentially

proportional to the DF(v = 4) concentration. The total fluorescence intensity
at long times (extrapolated back to time = 0), and the initial DF(v = 4) fluo-
rescence intensity can be used to estimate the contribution of Reaction (5) to

the total removal rate. From the Appendix we have

0
T total Ser Yr . 1T2

(=) -1 = 5 F ——— kg [H] (9
1 oF »r 2771

DF

where Iototal is the intensity obtained by extrapolating the total intensity
of long times back to time = O, IODF is the DF intensity at time = 0, S is the
relative response of the photomultiplier at the wavelengths of the HF and DF
lines, A is the Einstein coefficient for the lines, F is the fraction of

HF(v = 3) produced by Reaction (8), and 11 and 12 are the rise times and decay
times, respectively. A value of 1.24 X 103 was determined for (SurAyr/SprApF)
by a detailed calibration of the detector, which folded in the values of A
from Ref. 11. This large value means the photomultiplier is8 1.24 x 103 more
sensitive for HF(v = 3) detection than for DF(v = 4). F has a value3 of 0.28.

From the fluorescence trace shown in Fig. 3 we estimate T, = 55 & 3 us, = 20

+2ws, (19 . ./190) =5, and [H] ~ 0.8 x 1077 mol/cm> obtained from HF(v = 3)

decay times. Using these values and Equation (9), we obtain kg = 5 x 101l

cm3/mol—s. The decay time of 55 Us compares with a decay time of 130 us ob-
tained without the microwave discharge (and, therefore, without H atoms).

From these decay times we calculate a total removal rate of (1.3 + 0.3) X 1013
cm3/mol-s for DF(v = 4) by H atoms.

To determine the H atom concentration, the HF impurity in the DF was
pumped to HF(v = 3) with the HF pulsed laser. The HF(v = 3) fluorescence de-
cayed exponentially with a decay time of 21 Ms. This decay time is consistent
with the value of Tl - (k[H])'l, where k is the rate coefficient for the
removal of HF(v = 3) by H atoms. The decay time of HF(v = 3) fluorescence in

the first experiment 1s described by the same equation to a good approximation.

13
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IV. DISCUSSION

The present data for DF(v = 3) deactivation by H and D atoms contain
large uncertainties because of the relatively small changes in the decay times
with and without the microwave discharge. 1In spite of their iarge uncertain-
ties (Table 4), they are smaller by a factor of 10 than the rate coefficients

for the deactivation of HF(v = 3) by H and D atoms.7

The rates of HF(v) and
DF(v) deactivation by diatomic molecules have been found to scale as v® when
the deactivation process is exothermic.?+10 The scaling parameter is inde-
pendent of the diatomic collision partner, and for DF(v) deactivation n =

1.9 + 0.1. It is not known whether the same scaling parameter applies to
DF(v) deactivation by atoms, and tue present data, given in Table 4, are too
imprecise to determine the dependence. It would appear, however, that the
rate coefficients for DF(v = 3) deactivation by H and D atoms are faster than

we would predict on the basis of the DF(v = 1) data and a vl+? scaling.

The rate coefficients obtained for DF(v = 4) removal by H and D atoms
are given in Table 4. They are approximately five times larger than the
DF(v = 3) -H, D deactivation rate coefficients, but two to four times smaller
than the HF(v = 3) -H, D deactivation rates. The rate coefficient for DF
(v = 4) removal by Reaction (3), the reverse of the pumping reaction, can be
estimated on the basis of the overall reaction rate for F + Dy, the relative
vibrational distributions, and the equilibrium constant K3,_3 = k3/k_3. Cohen

and Bott3

reviewed the data for the F + D, reaction and recommended a value of
(0.95 £ .17) x 1013 cm3/mol—s for the rate coefficient at 295 K and recom-
mended the Perry and Polanyi valuel? of 0.26 for the branching fraction into
the v = 4 level. A value of K3’_3 = 1.03 can be calculated from the thermo-
dynamic data in Table 5. Using these values we obtain a value of k3 =

2.6 x 1012 cm3/mol-s, with perhaps a 502 uncertainty. Since this value is
almost an order of magnitude smaller than the present measured value of the
total removal rate of DF(v = 4) by D atoms, it would appear that vibrational
deactivation, Reactions (1) and (2), is the dominant mechanism for DF(v = 4)

removal.

Berry studied the reactionl3

15




Table 4.

Removal Rate Coefficients

Rate Coefficients, cm? /mol-s

Excited
Molecule H

D

Hz D,

DF(v = 1) 3(6.7 + 1.8) x 1010
DF(v = 3) ©(2 £ 2) x 1012

4) (1.3 £ 0.6) x 1013

DF(v
DF(v = 4) 9¢5 £ 2) x 1011

3Ref. 5

bRef. 9

CPresent results.

dReaction (5), present results.

®Reaction (3), see text.

aco + 9) x 1010
c(5 + 2) x 1012
€(2.6 + 1) x 10!3

€3 + 1.5) x 10'2

b0 x 1010 b3.8 x 10!}
bg.2 x 1010 by.g x 101!

b .68 x 101! P3.4 x 101!

16




Table 5. Thermochemical Data?®

$%298 BHE 298

: Species cal/mol-K kcal/mol
F 37.917 18.860

D 29.455 52.992

! H 27.392 52.103
D, 34.620 0.000

Hy 31.207 0.000

HD 34.343 0.077

DF(v = 0) 42.924 -65.85

DF(v = 4) 42.924 -34.160

4g5ee Ref. l4.




At S —

10
F+ an]; DF(4) + H (10)
-10

and reported the rate of the F + DH * DF + H reaction to be 0.51 £+ 0.03 of the

rate of the F + Dy * DF + D reaction. He also reported the branching fraction

into DF(4) to be 0.13 + 0.09. These values, together with the value of (0.95

+ 0.17) x 1013 cm3/m01-s for the F + D, reaction, combine to give k;5 = (6.3 ¢

4.0) x 10!! cod/mol-s. A value of KlO,-lO = 2,0 can be calculated from the .
thermochemical data of Table 5. This results in a value of (3.1 + 2) X 10!l ‘]
cm3/mol-s for k_1g» Which is in agreement with the value of (5 % 2) 1011 i
measured in the present study. This good agreement between the directly mea-

sured value of k_1o and the value calculated from the value of k, reinforces

our confidence in the calculations of the removal rates of HF(v = 3), DF(v = &)

by H and D atoms by the reverse of the pumping reactions.

It has been suggested8 that the fast removal rates of HF(v = 3) and
DF(v = 4) by H and D atoms might be the result of the back reaction of the

8 used the method of chemilumi-

pumping reactions. Polanyli and coworkers
nescence depletion with mass spectrometry (CDMS) to study removal rates of
HF(v = 1 - 6) by D atoms. With this technique they could determine relative
depletion rates of the various levels and appearance rates of products. They
found the depletion rates of HF(v) to increase dramatically for v = 3 through
6 from the very low rates for v = 1 and 2. When they added D atoms to a gas
mixture containing HF(1), HF(2), and HF(3), they observed the fast removal of
HF(3) and the appearance of HD. No HF(v = 1,2) increases were observed.
Their results suggest that the removal of HF(3) by D atoms occurs solely by
the isotopic analog of Reaction (1). This is inconsistent, however, with the
results of the present study in which the rate coefficient of DF(v = &)
removal by D atoms was found to be almost an order of magnitude larger than
that estimated above for Reaction (3) (the reverse of the F + Dy pumping
reaction). On the basis of the present data we conclude that vibrational
deactivation must be the major channel for DF(v = 4) removal by H and D

atoms. The dominance of vibrational deactivation was postulated by Heidner

18




7

and Bott’ for the fast removal rates of HF(v = 3) by H and D atoms and the '1‘_1

temperature dependence of these rate coefficients bhetween 200 and 295 K.

Of concern to laser modelers is the effect of D~atom deactivation on
laser performance. In the “"cold reaction” chemical laser there is one D atom
produced for each DF molecule. According to the recommended rate coefficients
given in Ref. 3, the V-R,T deactivation of DF(v = 3) by DF has a rate coeffi-
clent of 4 x 1012 cm3/mol-s at 295 K, and the V-V exchange between DF(v = 3)
and DF(v = 0) has a rate coefficient of 1 x 1013 cm3/mol-s. Therefore, with
the rate coefficient of 5t 2 x 1012 cm3/mol-s obtained in the present study,
the deactivation of DF(v = 3) by D atoms 1is significant but not dominant in
determining the removal rate of DF(v = 3). On the other hand, the deacti-
vation of DF(v = 4) by atoms may well dominate over the self-deactivation by
DF. According to Ref. 3, the recommended rate coefficients for the V-R,T
deactivation of DF(v = 4) by DF and for the V-V exchange between DF(v = 4) and
DF(v = 0) are 7 x 1012 cn3/mol-s and 7.4 x 1012 cm3/mol—s, respectively.
Therefore, the value of (2.6 £ 1) x 1013 cm3/mol-s obtained in the present
study for the deactivation of DF(v = 4) by D atoms is larger than the sum of
the V-V and V-R,T self-deactivation rate coefficients of DF(v = 4) by DF.
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APPENDIX

THE REMOVAL RATE OF DF(v = 4) BY H ATOMS

The DF(v = &), which is produced by the laser pulse, is removed by the

three reactions

kg
H + DF(4) +° HD + F (5)
ke
H + DF(4) +° H + DF(3, 2, 1, 0) (6)
DF(4) + M+ DF(3, 2, 1, 0) + M ¢))

where M = Hy, DF, etc. The F atoms react with the abundant H, to produce
HF(v = 3) in the reaction

F+Hy+>HF(v=1,2,3)+H (8
The HF(3) 1is then deactivated by H atoms by the process
H+ HF(3) + H+ HF(v = 2, 1, 0) (11)
Since the reverse reactions can be neglected when compared to the forward

directions of Reactions 5, 6, and 7, the DF(4) disappears exponentially. The
population of DF(4) can be described by

ooy

[DF(4)] = [DF(4)], exp(%;-) (12)

where [DF(4)], is the initial DF concentration produced by the laser pulse,

L g oo

and TZ is the exponential decay time.

When the F atoms produced by Reaction (5) react quickly to form HF in
Reaction (8), the formation rate of HF(v = 3) can be described by the term
| 23
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F kg[H] [DF(4)] where F is the fraction of HF produced in the v = 3 vibra-
tional level by Reaction (8). The removal rate of HF(v = 3) is simply k,[H]
[HF(3)]. The rate equation for the formation and removal of HF(3) can be

solved to obtain

1%

HF()) = F kylH] PO, fexp(ZE) -exp(z)} (13)

1 ) 1

where T, is the rise time defined by 1/ T, = kyy[H]. The intensity of the

HF(3) fluorescence, Iyp (actually the photomultiplier signal), is given by

Iyp = Syp Agr [HF(v = 3)] (14)

where Syp 1is the response of the photomultiplier at the wavelengths of the HF
lines, and AHF is the Einstein coefficient for the lines. A similar equation
holds for Ipp:

Iototal, the total intensity of Ipp + Iyp extrapolated back to time = 0
from its values at long times, and IODF’ the DF fluorescence intensity at time

= 0, can be related to ks by the equation

0
(I totaly , _ SuF 0 S

— 5 T- 1
10 oF o T2 71

kg [H] 9)

Therefore, the value of k5 can be determined from the fluorescence intensity
profile 1f [H], the density of H atoms, is known. The values of A and F are
available, and the relative responses, Syp and Sprs can be determined by a

calibration.
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LABORATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation is conducting exper-
imental and theoretical investigations necessary for the evaluation and applica-
tion of scientific advances to new military space systems. Versatility and
flexibility have been developed to a high degree by the laboratory personnel in
dealing with the many probleme encountered in the nation's rapidly developing
space systems. Expertise in the latest scientific developaments is vital to the
accomplishment of tasks related to these problems. The laboratories that con-
tribute to this research are:

Aerophysics Laboratory: Launch vehicle and reentry aerodynamics and heat
transfer, propulsion chemistry and fluid mechanics, structural mechanics, flight
dynamics; high-temperature thermomechanics, gas kinetics and radiation; research
in environmental chemistry and contamination; cw and pulsed chemical laser

development 1ncluding chemical kinetica, spectroscopy, optical resonators and
beam pointing, atmospheric propagation, laser effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions, atmo~
spheric optics, light scattering, state-specific chemical reactions and radia-
tion transport in rocket plumes, applied laser spectroscopy, laser chemistry,
battery electrochemistry, space vacuum and radiation effects on materials, lu-
brication and surface phenomena, thermionic emission, photosensitive materials
and detectors, atomic frequency standards, and bioenvirommental research and
monitoring.

Electronlcs Research Laboratory: Microelectronics, GaAs low-noise and
pover devices, semiconductor lasers, electromagnetic and optical propagation
phenomena, quantum electronics, laser communications, lidar, and electro-optics;
communication saciences, applied electronics, semiconductor crystal and device
physics, radiometric imaging; millimeter-wave and microwave technology.

Information Sciences Research Office: Program verification, program trans-
lation, performance-sensitive system design, distributed architectures for
spaceborne couwputers, fault-tolerant computer systems, artificial intelligence,
and aicroelectronics applications.

Materials Sciences Laboratory: Development of new materials: metal matrix
composites, polymers, and new forms of carbon; component failure analysis and
reliability; fracture mechanics and stress corrosion; evaluation of materials in
space environment; materials performance in space transportation systems; anal-
ysis of systems vulnerability and survivability in enemy-induced environments.

Space Sciences Laboratory: Atmospheric and ionospheric physics, radiation
from the atmosphere, density and composition of the upper atmosphere, surorae
and airglow; magnetospheric physics, cosmic rays, generation and propagation of
plasma waves in the wmagnetosphere; solar physics, infrared astronomy; the
effects of nuclear explosions, magnetic storms, and solar activity on the
earth's atmosphere, ionosphere, and magnetosphere; the effects of optical,
electromagnetic, and particulate radiations in space on space systems.
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