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I.    INTRODUCTION 

Successful operation of chemical lasers requires that the pumping of 

excited vibrational levels be rapid with respect to collisional removal and 

decay by spontaneous emission.    In the F + H? chemical laser,  the reaction 

F + H2 -HF(v < 3) + H (1) 

provides a population inversion.    Vibrationally excited HF can be deactivated 

by H2,  F, H,  buffer gas,  and by HF itself.    Rate coefficients for HF(v = 1) 

1 2-5 6 quenching by HF,     H^, and F    have been determined experimentally. 

7  8 Classical trajectory calculations   '     for H + HF(v > 1) indicate that H atoms 

can be the dominant deactivator in hydrogen halide laser systems.    Measure- 
9 

ments for H + HF(v = 2,3) deactivation made by Kwok and Wilkins    are in 

good agreement with the trajectory calculations.    For H T HF(v =1),  Kwok 

and Wilkins found a rate coefficient slightly smaller than predicted, while 

Quigley and Wclga    recently reported an upper limit that is more than two 

orders of magnitude smaller.    In this paper,  we present kinetic measure- 

ments for the deactivation of HF(v = 1) and DF(v = 1) by H and D atoms at 

T = 295 K.    These data were obtained by means of the techniques of laser- 

2-5 induced fluorescence        for HF vibrational relaxation measurements and 

isothermal calorimetry      for the H-atom concentration measurements.    An 

upper limit for the rate of the reaction 

D + HF(v = C» - H + DF(v = 0) (2) 
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was estimated.    The present results are useful in evaluating the potential 

energy surfaces used for H + HF in the published trajectory calculations. 

A measurement of the process H + HCl(v = 1), confirming a recent study by 

Arnoldi and Wolfrum,11 is presented for comparison with the data for HF 

and DF. 
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II.    EXPERIMENTAL APPARATUS AND PROCEDURE 

A.        FLOW SYSTEM 

The experimental apparatus used in this study is shown in Fig. 1.    The 

fluorescence cell was constructed of 22-mm i.d.   pyrex tubing with window 

flanges cut on three sides such that the distance from tube center to each 

window was 14 mm.    The inside ot the cell,  including the sapphire windows, 

was coated to reduce atom recombination and loss of HF at the walls.   When 

12 first applied, teflon coatings      were quite effective; however, it was found 

that the coatings were slowly degraded by HF.    Halocarbon wax (Halocarbon, 

Inc.) coatings were used reproducibly to maintain high H-atom concentra- 

tions (—5 X 10      cc) in the presence of HF.    The kinetic results were the 

same with either coating.    Hydrogen and deuterium atoms were produced 

by a 2450-MHz microwave discharge in He-H^ or He-D^ mixtures.    The 

microwave power coupled to the 10-mm i.d. quartz discharge tube was <50 W. 

Downstream of the discharge, the walls were coated as previously described. 

Approximately 7 cm upstream of the fluorescence region,  HF was mixed into 

the gas stream.    All experiments were run at partial pressures of 1 to 3. 5, 

0.01 to 0.05,   and 0. 1 to 1 Torr for He,  HF,   and H^,   respectively.    At low 

H? partial pressures,  approximately 40% of the H^ was dissociated.    Mass 

flows were measured with rotating ball flowmeters calibrated by pressure- 

rise measurements in a standard volume.    Flow velocity in the fluorescence 

region wac Wpically 300 cm/sec. 

-7- 
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B.        LASER-INDTTCFD FLUORESCENCE 

The use of a pulsed laser to pump a small amount of HF(DF, HC1) to 

the v * 1 level h.s been described previously. *' 4   Briefly,  the TEA laser 

operates by repetitively discharging a 3000-pF capacitor at 20 kV through an 

SF^-Ho(D0) mixture.    For the HC1(1 - 0) laser, a mixture of H2 4 CL, was 

used.    The laser pulse passes through the fluorescence cell twice,  and the 

induced fluorescence is observed perpendicular to the direction of excitation. 

The fluorescence region is focused onto a liquid-nitrogen-cooled InSb detector 

with an f/1. 5 CaF2 lens system.    An ac-coupled amplifier (Perry Model 050, 

gain = 100) is housed in proximity to llo detector in a doubly shielded box. 

The output signal 13 displayed on an oscilloscope,  and the decay traces are 

recorded on Polaroid film. 

C.       ISOTHERMAL CALORIMETER 

The isothermal calorimeter consists of a movable coil of 0.01-in. - 

diam 90% Pt 10% Rh wire wound intc an hour-glass shape with a 0.75-in. 

maximum diameter.    The coil is supported on W rods coverod with teflon 

sleeving.     Catalytic efficiency is regenerated periodically by electro- 

deposition of Pt black on the coil.    The probe can be translated axially along 

the cell to a point very close to the fluorescence region in order to measure 

the rate of wall removal of the H atoms.    The probe usually was positioned in 

the system approximately 5 cm downstream of the fluorescence region ar.d 

suffered no ill effects from the small quantity of HF in the system.   Measure- 

ments of H-atom concentrations were unaffected by the presence of HF. 

-9- 



The isothermal catalytic probe serves as one arm of the self-balancing 

13 Kelvin bridge described by Trainor et al.        The control circuit supplies suf- 

ficient current (~1 amp) to heat the probe to an elevated temperature such 

that its resistance equals the resistance of the standard bridge resistor 

(~3 Q).    The electrical power supplied to the probe can be calculated from 

this standard resistance and the current through the probe coil.    Recombi- 

nation of H atoms on the probe reduces the amount of external power required 

to maintain the probe at elevated temperature (~150 C) and resistance.   This 

decrease in external power is a direct measure of the mass flow rate of H 

atom..10'13'14 

Before isothermal calorimetry cm be used to measure absolute atom 

densities, the following must be determined:   (1) the accommodation of the 

recombination energy on the surface of the platinum coil,  (2) the efficiency 

of the coil for recombining the atoms, and (3) the sensitivity of the coil to 

— 13 electronically or vi*, rationally excited species.    Trainor et al.      recently 

measured the accommodation coefficient for the heat released by the recom- 

bination of H atoms on Pt.    They found it to be near unity by comparing the 

probe measurements with a second absolute measure of H atoms,  i.e., 

chemical titration with NOC1.    This observation is supported by 

15 
work by Heidner.        No H~(v = 1) was observed by means of the vacuum ultra- 

violet absorption spectrum when H atoms recombined on a Pt coil. 

Several experiments were conducted to measure probe efficiency and 

linearity.    Relative II-atom concentrations upstream and downstream of the 

probe were measured by the NO gas-titration method of Clyne and Thrush. 

-10- 
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The (0, 0,0) - (0, 0, 0) band of HNO* at 760 nm was monitored with a Bausch 

and Lomb high-intensity monochromator and a GaAs photomultiplier.    The 

HNO* fluorescence signal in this experiment showed that greater than 95% 

of the H atoms were removed on the probe.    The intensity of the HNO* 

fluorescence is linear with NO mass flow rate for constant [H] (Fig.  2) and 

linear with the power dissipated by the recombLiing atoms on the coil for 

constant [NO] (Fig. 3).    The nonzero intensity at AW = 0 (Fig. 3) probably 

* 16 is due to the underlying NO- continuum. 

No signal was measured on the probe (<3 mW) when pure He was 

passed through the discbarge.    This demonstrates that there is no gas heat- 

ing caused by the discharge that persists into tl » fluorescence region.   Meta- 

stable electronic levels of H atoms or H~ cannot survive the transit time 

from the discharge to the fluorescence cell nor can vibrationally excited 

14 H- that is rapidly deactivated in the presence of H atoms. 

D.       MATERIALS 

Hydrogen fluoride (Matheson Co., 99.9%, in liquid phase) and deuterium 

fluoride (Ozark Mahoning, 98%, in liquid phase) were purified by pumping on 

samples at 77 K to remove H,(D ' and then distilling into a passivated 4-liter 

stainless-steel tank.    These gases were usually diluted 1:1 in Ar to a total 

sample pressure of 1 atm.   Hydrogen chloride (Matheson, 99%) was used without 

p    if:   ..ion and dilution; Cl2 (Matheson, 99.9%) was used in the HC1 laser with- 

out purification.   Helium (Air Products, 99.995%) was passed through a molecular 

sieve trap that was periodically baked-out under vacuum at elevated tempera- 

ture.   Hydrogen (Matheson,  99.95%) and deuterium (Oak Ridge,  >98%) were 

-11- 
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Fig.   2.    Comparison of isothermal calorimeter and nitric oxide 
titration for linear relation of HNO* fluorescence with 
the addition of NO at constant [H] 
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intentionally not purified, since purification caused a marked reduction in 

the production of atoms.    In fact, minute amounts of H-O were generally 

added in a controlled manner to the H, and D~ flows to catalyze large atom 

17 production.        Water was added by passing H-fD«) through a cold trap con- 

taining H20 (B) at either -23 or -196 C.   Nitric oxide (Air Products,  99. C%) 

was purified br passing the gas through a trap containing Ascarite cooled co 

-78 C and then redistilling a sample from -150 to -193 C.    Sulfur hexafluo- 

ride (Matheson, 99. 3%) was used in the pulsed laser without further 

purification. 

-14- 
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III.    RESULTS 

A.        VIBRATIONAL-RELAXATION MEASUREMENTS 

Fluorescence decay times measured with and without the microwave 

discharge are listed in Tables 1 through 4 for the four combinations of 

HF(v = 1) and DF(v = 1) deactivation by H and D atoms.    The total pressure 

and the concentration of H and D atoms are also listed.    In the analysis of 

the data, it was assumed that spontaneous emission, diffusion and convec- 

tion losses, quenching by He,  and self-quenching by HF do not change when 

atoms are produced by the microwave discharge.    If these loss terms are 

combined as the decay time T and the decay times in the absence and pres- 

ence of the discharge are given by T. and T~,  respectively, then 

VkHF.H2rH
2]°+? ,3) 

T
2 

= kHF-H
2(rH2f - £[H]) - kHF-HtHi+ i 

(4) 

V^7   =(kHF-H-ikHF-H2)t
H] <*> 

where [H?]° is the concentration of H, without the discharge and k
Hp_H 

and kur „ are the rate constants for HF(v =  1) deactivation by H~ and H, 
rlr -hi £ 

respectively.    The concentration of rU can be significantly reduced by the 

production of H atoms [Eq.  (4)],  and r^ can be longer than T. if H atoms have 

-15- 

!*' — i    '.. '•••«••—WHWr 



B 
O 

< 
X 

n 
> 

X 

c 
o 

d 

s 
i—« 

€> 

PC 

c 
o 
I« 

JO 

••*   o « 00 en »« A 
w »n «T »O * NO •• 

••    • 
x t V* vrt * o © O O 

* * « * •N 4i ••1 
O» 

IM O J8« 
«n <r fM m r^ * * 
«• o «n •r* »» »< v« 

j-^ 

X   « 
•    m 

X   o J  E 
« 00 en -« X» 

IM m in >o * sO * 
- - * o o o o 
•N •M •H •N •M •d <M 

^ *•* * »H 
1                                            . en >o r- «4 v« •< fM 

X- 
1     | o o «n o © o o 

h  o 1 ' 1 1 • 
x ~ 

J?     x 

1* o o © © o o 'i 
o N in o I- m ~* 

0 _ 
•* * 00 ** m * 

4) 
n •H •N •H * « 

--     v o o O O o © M 
w        1 <T> 00 00 vC M r- I« *— i «-« vO I V« • h 
<1 1 • 

> 
© o o o o o 
00 o 94 r- m o 

+Z _. m * 00 m m * 
* •M •H •H •H •« 

ri  *> O o o o O o 
<1   • o» 00 00 >*o c> 

I 1 
in 

i 1 

o 

•H 

m 
•M •H 

0   to 
00 •* in «a 00 m 
m 00 o- M vO * 
- " " " ~ 

o 
r^ v# m •«r r- NO 

-    ü 
C   41 •H •H M •H •M •H 
o • i-    i m •* o m 00 r> 

NO <T- CT- rvj •£> * 
*•* *" ~* "* — 

°* *. o u — u 
X -* m r- o- — s£> o 

El Cl rg •X) 00 r» 

u *r o IT. O 

*   0 ** — rvj "- •£> r* 
H - « - - rM •* 

c 
3 ^* CJ fi •«r in vO 

oc 

3 
0 
00 
c 

u 

1 *; 

o 

m 

I 
c 
It « 
E 
t> 

£ o 

•     o 

1 i 

u 
0 
u 
u 
41 

•X3 

*j      n. 

•d -^ 
"O -« 

4/    I 

•*  I 
•M       I o   u, 
4,     X 
3>! 
rt   C 
> - 

-i    4, 

c C 
3 V 

OS Di 
C V 

-   « 

0 
u 
X 
QC 
3 
0 
h 
X 

-o 
41 

: I 5 
<3 
C 
c 
0 

o 
4) 
h 
h 
0 
u 

0 
(M 

X 

X 

J1   en 

-16- 

^iiii - • 



© * 
«4 IX) 

IVJ NO O^ d •* o co >£ n 

^   » »r co ro — OJ CO r- 

x    0 •H •H •H +1 -H + •H •« •H 

QE CO - *r r\) •" 
rj "" X3 u 

^ O co T CM o (VJ m »- «i 

l » 
1 •* E *      1 0) 

4J 
10 

>N 

Q    o> fe?- 
n 
E 
0 

•M 

k   J. 
X   o CM sO cr d 

CO 
•* o PJ 

id 

*   a t CO co (M CO t^ (M -" m 
CM        *•» * +1 -H •H •tl -H +t •« •H 3 

< IP CM a 
,_, o -r r~ O r- ""* c 

D2 
• • 1 

CO 
1 

o - o 
i 

CO • o 
i 

O 
1 

R) 
tl 

3 

0 

E 
Ü !l 

> h 
U 

o o o 
co 

o o 
r- 

o 
CM 

o o 
in > 

00 

<*< 
0 _, 

•      o 
--        0> 
—            0) 

< 

CM CM 

-H 

CM 

M 

CO 

O o 
•H 

o O 

•H 

O 

.2 

«H 
0 
c 
0 

r~ o CM 
co 

m 
i 

i 
i 

> 
< 

01 

O O o o O o n »_. -o 
rt ^ fM CM CM CO *" PO ** 
X »-   , •H -H +1 * M * •M w rt 

—     4i 

<1     " 
O 
r- 

o 
O 
co 

O O 

CO 

o O 

CO 

o O 
M 

1 

a* 
> 
0) 

t) 
u 

to 

01 
C 
0 

#—< Ul 

«J 
c 
0 
4-1 

43 

0   « 

•* in o O 

M 

o 
!M 

•H 

O CO 

co 

M 

-J3 

m 

it 

0) 
"0 
v. 
c 
0 

0) 

3 
•—i 
u 
C 

»-    a 00 
CM 

O 
co ro 

o 
CM 

CM 
CO in 

in 

a» 

u 
0 

> o o- in 01 

OJ —1 •o •o 
. .      U 

•M •« •M •H M 
41      *  «V 

rsj 
0   </< 00 O «r O CO 3 IS 

ii JO 

1-       -i. 
CM 

co (J- <M 
1' 

co 
CO m 

0 

DC 
C 

'5 
x) H o> 

2u m i« 00 — r- en <o h •o — 
**•• • 

'"   0 D ic N r- r~ m 

£E T3 

0    [n 

o>   X 
b v> • •c ei X r-j 

01 
3 JÜ 

• k- „ O r-l OJ in OJ •" d  C a. o \-> — — — O CM " "" fc 
2 

Q c 
- C-] CO -T m -i> r~ oo 

0> 

OS 
4J 

01 

0 
to 

a     t- 

c .-H 

01 

d 
0 

u 

^ u 
0 

o     K 
E      «B 

2     o 

01/ 

o 

c 
o 

d 

s 
a 
x 
Oi 

-17- 

^mmm 



o 

Is 
M 

o •M 
eo 

o 

D 
in 

-* 
•N •M •M * + * -N « 

•i «O r<* o f* * r- 
M«   U * r» •* •/» r- w f*> >o 

-X 

** « 
E   • - 

• 

o 
< f\l CM 

o •   4 
00 

cö 

J3 
If) 

o 

* 
*-         O •M * •H •H •« •H •H •W 

3 

• • 
** 2 

•• in O >o f _ ao _ a 

>> * vO •* •* vO ^ 
«NI 

c 

j* fVJ ii 

•-4 ft! 
X 

V > £ 

Q 

O 
O 00 

o 
•H 

o 
a* 

o 

•H 

O 
er- 

O 9 0 
u 

c 
o 

M "-»     t) * O 00 o oc 
0 vO * fO 00 4 (fl 
c 
0 

4-> 

« 
fl m NO ro 0) 

< 
T3 

id 

J7 o O CO 
o 
t 

o o O 
It 

IN 

ft 

*      1 
co r~ f\l M (M fO c 

4» 2   * •« •H * * •H "•* * > 

« <3   " r- vO 
00 o en 

fVl 
o 
nj 

O 
IT V 

« 

w* u 
c 
II 

c 
o 

c 
o O O o 

••4 * T c 
0 
u 

-0 
«I 0« 

0  at o in O 

•M 

CO 

+1 •H M 
g 

.5 **, 4J CO a- h 
CO (VJ IM <\J fM m i-   E 

> 
V 

0     r' 
IN    b< 

, o O o in in in O 
•v 

CO c o * * M -H •« M 3 
•o^ 

4) in in in M 00 
0 

5 * (0 
r- r- 

m 
CO 

CO 
rg rg 

X o 
rvi 

CO 
c 
'5 

H &• * u. 
o o 

X - 
(M o r» fM a- fM X "°.S _ 0 * c r~ m •v 

s £ 

&   4, 

b•ta> u 
II 

tfi X u X u 
0. o O — *i •* m m 

h    j <M «M •M - - - - E 
£ 
c 

it n 

c 
a 

(VJ f*l f n * t- 

Si    w 
>: 5r  p 

1 « x>            V. 

C 
3 

« 

QCi 
3 
0 

0 
o 

O 
N 

y    .2 

-18- 

mrrt*>iii MI« i i   



- 1 

2   ? 
rt 

o •"*• 

o o 

CO 

P0 

•o r- CO 

x    o -H * + •H 4l * •M •M 0 

91 NO iM « •-• r- vO 
— 

"• sP 
lu   u c O o O PO M O O o 
C u • i 1 

1 

X CO 
0 

"a 

«0 
•*«     1 

M         g 
CO        B 

o *" r- r- 00 sD p- 
X 

m »-• «H o o rg — "* d 00 

£ +1 •M ¥ •H ¥ •H H •« 
in 

c 
4-» 

—      u r» >o d u f* O o vO •* CT- ^J » 
< C(~" P0 (M - - -r O i <• e 

Q 
fe7* 

i 
4) 

E 
Ü   - 

•*        X 

i E 
in 

*4 o o 
* c O o o o X O 

v-4 

5 
0 C 

3 
(X 

1 M ** J- sO o o C1 O^ ft« 
£ M IX> CO (M "0 *VJ *•' p- 

0      1 ¥ •H -H * * * ¥ no 
c 
0 c a- 

ST o O O O o o O »- 
> 
< 

4-1 

o 
m 

T3 

Q 
<4H 

•v.         to 
•»0 

| I 
r» 

o 

i 

IT ? 1 .2 •: 
>   0 

c 

in 
0 T3   i- •M I-* 

c O rt in C 
J> o O o o o © o n r 

12 c 
i-3 

tl 1. 

. \r 00 
CT- 

c* 
-0 a: i- 

X 

0) 

¥ 

O 
M 

o 

¥ 

O 

i 

o 

oo 

O 
O 
a- 

o £ 
o 

t c 
Si 

o " 

41 X 
*•; 

o c 
C   D. 

05 

0 
b 

C 

3 
c 

tf ' 1 1 ' C 
3 

05 

01 

n 

c 
c 

t-< 

CO o IT •* c u 
c 
0 •H •H ¥ * -H * 

9i 
n u 

u 
4-> +Q1 O 00 o C in "* — p Is- u 

3 
u rt r- m O t- «o <y to W   o p- u 

-* 00 P0 " 0 «Ü 4-* • 0 

Si   r1 
a "o X 

> r~ 
oo 

CO 00 
•* ^j- r* •o     • 4 1 "o 

c 
0 

4 • -t 

«     U 
R 41 
0   » 

i-     a. 

¥ 

O 
co 

•H 

O 

¥ ¥ 

r- 
00 

•M 

c- 

¥ 

m 
o a 2 

e 
PJ m r«"> *^ u ^ .-8 

f—1 

i 

X 
00 
3 
0 u 
X 

o 

X 
in 

c 

"a 
X 
V 2* f» * *c *r . r» r- 

*3 
a6 m v£> o-i •»r r- >o rt 

0 ~ 

i    so 
CO • 
It 

Q 

u 

V 

u N ro m o c- o O !         3 Q. U 
CL C 

O P0 

<M 

o »M -vj 

!S    to    Q 
C 

sc  g 
c 

as - (M fl *• in o r- it              Z       — pj ro 

-19- 



less than half the quenching efficiency of H2.   An i -ipection of Eq.  (5) reveals 

that one measures kj^jj - ^^HF-H '    For a11 four isotjJ>ic «xp*riment8» 

the measured difference in decay rates,  i.e.,   1/T2 - 1/TJ, was very small. 

In addition,  thib measured difference must be corrected for the small amount 

of H70 required for the efficient production of H atoms.    Water is a fast deac- 

tivated of HF(v = 1),  and it is partially dissociated to less efficient quenchers 

by the discharge.    Values of A(1/TH Q) were estimated experimentally for 

each run by measuring the fluorescence decay times with H2 replaced by an 

identical flow of Ke through the H2 flow line.    Thus, the values of 1/T2 - 1/TJ 

listed in Tables 1 through 4 are corrected by means of Eq.  (6). 

('* " ''L," (*» " *'/*."   V"z o 

We have estimated the uncertainties in the measured quantities T^,  T^, 

H, and A(1/TR Q).    The resulting uncertainties in the values of ^HF.H - 

ill k• „    calculated from Eq. (5) are generally consistent with the sample 
HF-H^ 

standard deviation <x    calculated for each data set.    For the H + HF data, the 
mm 

standard deviation from the mean <r- is much smaller than the estimate of the 

experimental uncertainties.    We report the larger value since the number of 

data points is small for reliable statistical analysis.    The reported values 'or 

kHF - D - 1/2 kHF  D2' kDF-H ' 1/2 kDF-H2' and kDF-D " t/2 kDF-D2 "« 

the mean of the measurements in Tables 2 through 4,   respectively,  with an 

uncertainty equal to the sum of cr- and a systematic *> rror (from flow rates. 
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decay times, and a ton* concentration) of ±10%.    For k„p_.r - 1/2 ^up.jj » 
it 

the error reported is an estimate of the deviation from the mean plus a 10% 

systematic error.    None of the values reported includes either the random 

or systematic error in the molecular rate coefficient, i.e., ^up_pj  •    Of the 
it 

four rate coefficients reported, the absolute value of kDv.n *8 ^Y *ar *^e 

mcst sensitive to an error in krjF-D  • 

There are two ways by which the precision of the quantity k„FH - 

1/2L.      H    can be improved in these experiments.    One method is to increase 
Cm 

the concentration of H atoms; however, this as yet has not been accomplished. 

Another method is to improve the precision of 1/T2 - 1/TJ.    An uncertainty 

of ±5% is assigned to the measured T values.    The apparent precision can be 

greatly improved by signal-averaging; however,   subtle systematic error;, 

such as gas heating of a few degrees might then become important.    It would 

be ideal to find an H-atOk \ precursor that does not deactivate HF(v = 1). 

Unfortunately,  most such precursors deactivate HF(v = 1) more rapidly than 

does H2,   and they also introduce free radicals with unknown quenching 

efficiencies for HF. 

Experimental data obtained for the relaxation of HCl(v =  1) by H atoms 

are plotted in Fig. 4 .    For these data,   T- was much shorter than Tj  [Eq.  (5)]; 

hence,  the deduced rate coefficient kHC1_H is much larger and much more 

precise than those for HF(DF).    A small correction to the H-atom concentra- 

tion (13%) must be made to account for loss between the fluorescence region 

20 
and the probe.    This H-atom loss results from the following reactions 
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Ill I III      I 

1 2 
[Hj,  mol/cc 

3 x 10 

Fig.  4.    Removal of HCl(v = 1) by H atoms.    Slope of this plot 
equals (kHC1_H - J/2 kHCl-H~*    Re8Ultin8 value of 

kHCl-H " (4# * * °,4) X  ,()12mol/sec- 
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i     ; 

H + HCl(v = 0) 5t H2 + Cl (7a) 

2C1 + wall - Cl2 (7b) 

H + Cl2 - HC1 + Cl (7c) 

The value of (4. 1 ± 0.4) x 1012 cc/mol-sec obtained here is in excellent 

agreement with the data of Arnoldi and Wolf rum,       who obtained k.,-..       = 
HC1-H 

12 
(3. 9 ± 1. 3) x 10      cc/mol-sec.    They used a chemical titration technique to 

measure [H]. 

B.   FLUORINE-ATOM EXCHANGE 

Two experiments were performed to estimate the rate coefficient for 

the forward reaction 

D + HF(v = 0) 5T H + DF(v = 0) (2) 

This measured rate coefficient provides a direct test of the surface used in 
ft  ? i 

the classical trajectory calculations.   ' These calculations were made on 

the basis of a 1.5 kcal/mol barrier for exchange Reaction (2) and yielded the 

large room-temperature rate coefficient of 7. 5 x 10      cc/mol-sec (Table 5). 

In the first experiment,  the laser-induced fluorescence from HF(v = 1) was 

recorded in a flowing mixture of HF,   D2,   and He with and without the micro- 

wave discharge.    The HF was added to the mixture 20 msec upstre.\m of the 

fluorescence region.    The fluorescence intensity extrapolated to zero time 

following the laser pulse is proportional to [HF(v = 0)] for weak absorption 

cf the laser radiation and low self-absorption of the induced fluorescence. 
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For our experimental conditions,  Reaction (2) will be driven far to the right 

at  equilibrium,   i.e.,   K       =  3.3,   [HF]  =  6 X  10"9 mol/cc and [D] = 

-9 
6x10      mol/cc.    However, no reduction in the laser-induced fluorescence 

from HF(v = 1) in the presence of D atoms was observed.    Such a reduction 

would be expected if HF(v = 0) decreased in concentration.    With a generous 

10% uncertainty assigned to the change in the [HF(v = 0)], A[HF(v = 0)]/ 

[HF(v = 0)] < 0. 1 * k2[D]t.    With t = 20 msec and [D] = 6 X 10"9 mol/sec,  it 
Q 

can be concluded that k2 < 1 x 10    cc/mol-sec.    Another and more sensitive 

experiment consists of probing for DF( 1 - 0) laser-induced fluorescence, 

i.e.,  DF appearance, under the conditions previously described for HF(v = 0) 

disappearance.    No fluorescence was detected.    Our calibrated threshold 

detectivity for DF(v = 0) is 3 x 10"   * mol/cc.    Therefore, A[DF(v = 0)]/ 

[HF(v = 0)] < 5 x 10"    a k2[D]t.    This calculation implies that k, < 2. 5 x 
8 " 

10    cc/mol-sec.    This latter limit is probably the more reliable. 
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• III! 

IV.    DISCUSSION 

A.       VIBRATIONAL-RELAXATION EXPERIMENTS 

There is poor agreement between the experimental results for H-atom 

deactivation of HF(v = 1) (Table 5).    The value 1.4 ±0.4 X 1011 cc/mol-sec 

for this study is smaller than the upper limit of (7 ± 4) X 1011 cc/mol-sec 

reported by Kwok and Wilkins   but larger than the upper limit of 9 x 109 cc/ 

mol-sec reported by Quigley and Wolga.     The experimental technique used 

by Quigley and Wolga is similar to that of this study, but they use ESR to 

detect the H atoms.    The method of analysis is different in the two experi- 

ments, however. 

When HF molecules are excited to their first vibrational level in the 

presence of H2, there is an initial decay of the HF(v = 1) as energy is trans- 

ferred to H2 vibrational excitation.   At longer times, the populations of 

HF(v = 1) and H2(v = 1) are vibrationally coupled,  and both decay with an 

overall time constant determined by the combined (V -* R, T) processes.3 

Quigley and Wolga observed no H-atom effect on either the first cr the sec- 

ond decay time.    From this observation,  they concluded that !<„„  „ was 
HF-H 

less than one-half the V - R, T deactivation rate of HF(v = 1) by H? 

V-*T 9 2  18 
^HF-HJ ~ 1,8x 10    cc/mol-sec.   '        Our observations are similar 

because we saw essentially no change in the first decay,  but different 

because we observed a decrease in the second decay time.    Our prelimi- 

nary modeling calculations show that this decrease is due predominantly 
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to deactivation of H^(v = 1) by H atoms       and to the change in H-(v = 0) 

concentration with a subsequent shift in the H~(v = 1) and HF(v = 1) 

concentrations. 
q 

Kwok and Wilkins    studied the deactivation of HF(v = 1) in the pres- 

ence of H atoms in a discharge flow tube.    Both HF(v) and H were created 

by titrating F atoms with H-.   An advantage of the laser-induced fluores- 

cence technique is that H atoms can be produced independently of the HF(v) 

and at much higher concentrations.    The higher concentration of H atoms 

increases the contribution of H + HF(v) relative to the other decay pro- 

cesses, i. e., spontaneous emission and V •* T quenching by HF.    Thus, 

the present experiment is a more sensitive probe of the relatively slow 

rate of destruction of HF(v = 1) and DF(v = 1) by H and D atoms. 

B.       COMPARISON WITH TRAJECTORY CALCULATIONS 

In addition to the results just cited for H + HF,  a great deal of data 

exist regarding the F + H? system, including measurements of the absolute 

reaction rate for Reaction (1) and the distribution of vibrational energy in 

the product HF.    Ab initio calculations of the potential-energy hypersurface 

22-24 
have been made by Bender et al.   "   '     Classical trajectory calculations for 

25 2.ft 
F + H- have been carried out by Jaffe and Anderson,       Muckerman,       and 

27 __ 
Wilkins      on various modifications of an LEPS surface.    Wilkins also cal- 

8   21 
culated rate coefficients for HF(v) and DF(v) deactivated by H and D. 

When the LEPS surfaces ".re calibrated against the experimentally 

determined activation energy for F + H?,  trajectory calculations give product 

vibrational distributions in gcod agreement with infrared chemiluminescence 

-28- 



26 
and chemical-laser experiments.   J   The ab initio calculations of the F + H2 

potential surface gave a barrier height that is identical with the experimen- 

24 tal activation energy of 1. 7 kcal/mol.    As Bender et al.       pointed out, this 

agreement is fortuitous,  considering the precision of the calculations 

(-2 kcal/mol). 

The agreement between trajectory calculations and our experimental 

8 results is not good in the case of HF(v = 1) deactivation by H atoms.   Wilkins 

in his calculation of H-atom deactivation of HF(v) used the same LEPS 

parameters that he used in his description of the F + H- surface.    However, 

the deactivation calculations are sensitive to a different portion of the potential 

energy hypersurface, i.e.,  H atoms colliding with the F end of HF. 

H' + FH"(v) - H' + FH"(v') (8a) 

H' + FH"(v) - H" + FH'(v') (8b) 

where v > v'.    Reaction (8a) represents nonreactive deactivation of HF(v), 

8  21 while (8b) represents reactive deactivation.    Wilkins' calculations   '       are 

summarized in Table 5 along with the experimental data for the four iso- 

topic combinations of H(D) deactivation of HF(v = 1) and DF(v =1).    The pres- 

ent results represent the sum of Reactions (8a) and (8b) since HF(v = 1) dis- 

appearance was monitored.    Comparison of experiment with theory (Table 5) 

indicates that Reaction (8b),  i.e.,   F-atom abstraction,  is the major point 

of disagreement.    As previously mentioned,  Wilkins' LEPS surface has a 

low barrier height (-1.5 kcal/mol).    In addition, the predicted rate coefficients 
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have large pre-exponential factors, Zi indicating no important configuration^ 

constraints on the collision partners.    The data reported here show that 

Wilkins' LEPS surface must differ signkioantly from the true surface in the 

region important to H-atom deactivation of HF(v) by F-atom exchange. 

Furthermore, this difference is probably in the barrier height,  although 

experiments carried out at a single temperature do not prove this contention. 
2ft 

Wilkins     has calculated a rate coefficienc of 7. 5 X 1011 cc/mol-sec for 

Reaction (2) as opposed to our measured value of less than 2. 5 X 108 cc/mol- 

sec.    The measured value indicates that the activation energy for F-atom 

exchange should be larger than 7 kcal/mol if an Arrhenius pre-exponential 
13 

factor of 2. 5 X 10      cc/mol-sec is assumed.    Calculations for an LEPS 

surface with such a large barrier would certainly result in a much smaller 

rate for reactive deactivation [Reaction (8b)] and would probably reduce the 

nonreactive rate [Reaction (8a)]. 

Several qualitative arguments can be mace for   i Carrier height larger 

than the LEPS prediction for HFH.    Potential energy surfaces determined 

for HXH intermediates are known to be critically dependent upon the exact 
29 

method of calculation.   '   Many calculations have identified wells in the sur- 

faces that have never been convincingly verified.    Blais and Truhlar30 re- 

cently carried out a valence bond calculation for DFH that explicitly treated 

the seven valence elections,  2pp Is«    U«  , and yielded a 14-kcal/mol poten- 
a        b 11 tial barrier.    This result contradicted Magee's earlier study      in which he 

found a 30-kcal/mol potential well for HFH, when he used a 2p1   Is       Is 
F     "a     »b 

basis set.    The 14-kcal/mol barrier reported by Blais and Truhlar30 would 
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imply an activation energy of approximately 11 to IE kcal/mol, considering 

the effect of zero point energy, leading to a room-temperature rate coeffi- 

cient of less than 106 cc/mol-sec for F-atom exchange.    This is consistent 

with the upper limit given in Table 5 for D • HF(v = 0).    Since the v = 1 level 

of HF lies 11.3 kcal/mol above v = 0.  it is possible that there is insufficient 

energy in vibration alone to surmount the barrier for F-atom exchange.   This 

hypothesis could account not only for the relatively slow rate at which H atoms 

deactivate HF(v = 1) but also for the experimental observation of a much faster 

rate for H - HF(v = 2 and 3)9 where sufficient energy certainly exists to open 

the reactive channel.    At the present time, there have been no isotopic ex- 

change experiments designed to evaluate the relative contribution of Reac- 

tions (8a) and (8b). 

The experimental situation for H • HCl(v') is analogous to that for 

H +HF'v").    Several determinations  of the  rate  coefficients  for H + 

HClCv - 0) - H, + Cl [a closed channel for H * HF(v = 0)] have been made, 

and an upper limit for H t HCl(v = i) - H2 + Cl has been measured by 

Arnoldi and Wolfrum11  [this process contributed less *han 10% of the sum 

of Reactions (9a) and (9b)].    The experimencal separaten of reactive and 

nonreactive vibrational deactivation 

H' tCIH'W -H' + ClF*(v') 

H' + ClH"(v) - H'Cl(v') + H* 

(9a) 

(9b) 
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has  not been made.     Experimental evidence for a low barrier height 

(~1 kcal/mol) for the HC1D intermediate has been obtained by Wood32 for 

the reaction H + DCl(v = 0) - D + HCl(v = 0).    Interestingly, th-; pre- 

exponential factor obtained was also small (3 X 10      times gas kinetic), 

resulting in a small room-temperature rate coefficient.    Once again,  many 

semi-empirical calculations show HC1H to have a large attractive well. 

Since the sum of the rate coefficients for Reactions (9a) and (9b) is very 

large (~4X 10      cc/mol-sec),  an attractive surface is more plausible than 

in the case of H + HF.    It would indeed be interesting to determine whether 

ab initio calculations yield a marked difference in the barrier height (or well 

depth) for HC1H and HFH.    Such calculations are in progress for HFH. 33 

Experimental rate coefficients have been measured for the removal of 

HF(v = 1) and DF(v = 1) by H and D atoms.    These rate coefficients are much 

smaller than were predicted by classical trajectory calculations.   Our evidence 

strongly suggests that the barrier height for F-atom exchange is larger than 

the 1.5 kcal/mol used in the calculations.    The present results indicate the 

need for additional theoretical investigation of the potential energy surface 

for HFH. 
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LABORATORY OPERATIONS 

The Laboratory Operations of The Aerospace Corporation is conducting 

experimental and theoretical investigations necessary for the evaluation and 

application of scientific advances to new military concepts and systems.    Ver- 
satility and flexibility have been developed to a high degree by the laboratory 

personnel in dealing with the many problems encountered in the nation's rapidly 

developing space and missile systems.    Expertise in the latest scientific devel- 

opments is vital to the accomplishment of tasks related to these problems.    The 
laboratories that contribute to this research are: 

Aerophysics Laboratory;   Launch and reertry aerodynamics, heat trans- 
fer,  reentry physics, chemical kinetics,  structural mechanics, flight dynamics, 
atmospheric pollution, and high-power gas lasers. 

Chemistry and Physic« Laboratory:   Atmospheric reactions and atmos- 
pheric optics, chemical reactions in polluted atmospheres,  chemical reactions 
of excited species in rocket plumes,   chemical thermodynamics, plasma and 
laser-induced reactions,  laser chemistry, propulsion chemistry,   space vacuum 
and radiation effects on materials, lubrication and surface phenomena, photo- 
sensitive materials and sensors, high precision laser ranging,  and the appli- 
cation of physics and chemistry to problems of law enforcement and biomedicine. 

Electronics Research Laboratory:   Electromagnetic theory, devices, and 
propagation phenomena,  including plasma electromagnetics; quantum electronics, 
lasers,  and electro-optics; communication sciences,  applied electronics,   semi- 
conducting,   superconducting,   and crystal device physics, optical and acoustical 
imaging; atmospheric pollution; millimeter wave end far-infrared technology. 

Materials Sciences Laboratory:   Development of new materials; metal 
matrix composites and new forms of carbon; test and evaluation of graphite 
and ceramics in reentry; spacecraft materials and electronic components in 
nuclear weapons environment; application of fracture mechanics to stress cor- 
rosion and fatigue-induced fractures in structural metals. 

Space Physics Laboratory:   Atmospheric and ionospheric physics,  radia- 
tion from the atmosphere, density and composition of the atmosphere, aurorae 
and airglow; magnetospheric physics,  cosmic rays    generation and propagation 
of plasma waves in the magnetosphere; solar physic«,   studies of solar magnetic 
fields; space astronomy, x-ray 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 radia- 
tions in space on space systems. 
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