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ANNUAL TECHNICAL REPORT

(Contract No. NO0O001l4-76-C-0380)

MECHANISMS, BRANCHING RATIOS AND RATE CONSTANTS
FOR EXCITATION PROCESSES IN RARE GAS SYSTEMS.

Summary

The work done with support from this contract can be divided into three
categories:

¥. Measurement of total quenching rate constants and branching fractions

for krypton halide formation for metastable krypton atoms reacting

with halogen containing molecules. These results can be compared to

similar data obtained previously from this laboratory for reactions

of argon and xenon metastable atoms. The decay of Kr(3P2) and Xe(3P2)

in pure argon also has been studied.
I1I. Construction of an apparatus which will permit the measurement of the

rate constants for electronic excitation of products from charge transfer
2+. These charge transfer reactions will be compared to
the Penning ionization reactionms of He(23S) atoms; some data have been ac-

reactions of He

quired for the latter and are included here.

IIT1. Investigation of the applicability of the ionic-covalent curve-crossing
mechanism for the formation of Brz*, Iz* and other excited states of
molecular halogens that have been demonstrated to be candidates for U.V.
lasers.

All of this work is directed towards discovery of new excitation processes in

electrically pumped rare gases that might lead to new visible and U.V. lasers or

to measurement of kinetic data that will be of value to modeling calculations

for known laser systems.

Dr. Robert Chang and Mr. John Kolts worked full time on the contract. In
spite of this being the first year of effort, a reasonable amount of laboratory
measurements have been made. This report will be divided into three chapters
according to the topics outlined above. A paper has been published describing
the work done in III, and the reprint of that paper comprises the section for

[IT. The report for the other two sections has been written in a style that

peo—
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will permit expansion into manuscripts suitable for journal publication;
experimental data rather than extensive interpretation are emphasized. In
addition to the data obtained for He(23S) reactions, construction of the

s : et : i
apparatus that will be used to monitor Hez reactions 1s described in Section [I.

L. Dxffusion, Two Body, and Three-Body Deactivation for Ar( P ), Ar ( P i)
Kr( P. ) and Xe( P, ) in Argon and Total Quenching Rate Constants for Kr(“P )
with Varlous Molecules.

J. H. Kolts and D. W. Setser

I-A. Introduction

Interest has focused on electronic energy transfer reactions of the rare
gas metastable states, because this class of reactions is of considerable
importance to visible and ultraviolet lasers. In previous work from this lab-
oratory, the total quenching rate constants have been reported for the react-
ions ofAr( P ), Ar( P ), Xe( P,), and to much lesser extent for Kr( P2) with
various quenching molecules Lyoed These experimental measurements have employed
the flowing afterglow technique. As will be demonstrated by the data reported
here, the total quenching rate constants for hr( P. ) generally follow the trend
established for Ar( P ) and Xe( P2) metastable states. By combining the total
quenching rate constants, k_, with the rate constants for individual exit

Q

channels, kqi; the branching fraction k /kQ for individual exit channels can
be ascertained. The determination of the exit channel rate constants by emis-
sion spectroscopy, will be the objective of our future work.

In addition to rate constants for quenching by additive molecules, preliminary
rate constants for the diffusion, two—body deactivation, and three-body deacti-
vation rates or3Ar( P ), Ar ( PO), Kr( P ) and Xe( P ) in argon have been obtained.
Results for Ar( P2) and Ar( PO), which can be compared with literature values,
support the validity of the experimental technique. The two~body rate constant
for Ar(aPO) is approximately ten-fold larger than for Ar(3P2); however, the
three—body rate constants are about equal The two-body rate constants for
Kr ( P ) and Xe( P ) resemble that for Ar( P ) The three-body rate constant
for Kr(3P ) is a factor of 3 lower than for Ar( P ), the three-body rate

constant for Xe( P ) was too small to be experimentally measured.

I-B. Experimental Results

The experimental flowing afterglow apparatus was essentially that used

in previous work L Argon metastables were produced in a cold-cathode

discharge; the gas flow subsequently passes through a right angle bend to
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eliminate effects arising from trapping of resonant radiation produced in the

cold-cathode discharge. Krypton and xenon metastables were produced by adding

either krypton or xenon to the gas flow upstream of the discharge. Enough

xenon or krypton is added to eliminate all of the argon metastable atoms before
the gas flow reaches the reaction region. Typical xenon and krypton flows are
0.10 mmole/min and 0.60 mmoles/min, respectively. The Ar carrier flow is

0.152 moles/min.

The reactor portion of the flow tube consists of 31 mm i.d. pyrex tube
fitted with a shower head reagent inlet system and quartz observation windows 1
spaced along the flow tube. Typical flow velocities are 80 to 90 meters per
second; the pumping was provided by a Roots type blower backed by a 50 1/sec
mechanical pump. Flow tube pressures were monitored using a Celesco Industries
PD7 pressure transducer, positioned at the midpoint of the flow reactor. Argon
flows were measured using a Fischer-Porter floating-ball flow meter.

The concentration of Ar, Kr, or Xe metastables was followed by atomic

absorption spectroscopy using a modified Beer-Lambert 1aw,l

I = I lexp-a([M*]1)"], (1)

with y = 0.95 and [M*] being the metastable atom in question. Source lamps
used for the absorption measurements were Oriel Optics pen-ray lamps operated
in the AC mode. The optical system consisted of a 0.3m McPherson monochromator
fitted with a RCA 7102 photomultiplier tube cooled to approximately 240°K. The
light beam was chopped and fed to a PAR phase-lock amplifier. The absorption
of the Kr 811.2 nm line was typically 23% for a triple light pass across the
reactor. This absorption corresponds to a metastable krypton atom concentra-
tion in the flow reactor of mlxlOlO metastables cm‘3. The concentrations of
Xe(3P2) and Ar(3P2) are higher by a factor of ~2.

Argon carrier gas was supplied by Air Products with a rated purity of
99.995%. Prior to entering the discharge, the argon was first passed at high
pressure through a room temperature zeolite trap and then through two low
pressure liquid nitrogen cooled zeolite traps. Krypton and xenon was purchased
from Cryogenic Rare Gas Labs (Research Grade) and were metered into the Ar
flow without further purification. Reagents used for the determination of
total quenching rate constants were either distilled or sublimed under vacuum
several times before being mixed with argon diluent (85 to 90%). Most reagents
were stored in glass storage bulbs. Florine and flourine containing reagents,
which react with glass, were stored in passivated stainless steel containers.

Reagent flows, typically 1-20 umoles/min, were measured by monitoring the

change in pressure-vs-time in a calibrated standard volume. Without altering

- \ — |




the flow, the reagent gas then was diverted to the flow reactor for the quench-
ing measurements.

To find DO, k., k, and kQ the following first order rate law was used:

) K.
| 1In %E;% = —(—529——- + kl[Ar] + kz[Ar]2 + k_[Q])t. (2)
A [Ar] Q

Do is the diffusion coefficient, A is the characteristic diffusion length, kl

is the two-body deactivation rate constan!, k, is the three-body deactiva- 1

2

tion rate constant, and k. is the quenching rate constant for the reagent, Q.

For low values of absorpt?on,.iZSZ, the Beer-Lambert relation can be used and
In(ln I/Io) o 1In[M*]/[M*]o. The concentration of the Kr(3Pl) and Kr(BPO)
states were below the detectable limits of atomic absorption spectroscopy.
Thus, these states can not affect the kinetics for Kr(3P2). Also the concen-
tration of Kr is sufficiently small that encounters between Kr(3P2) and Kr
can be neglected.

In the absence of added reagent, the pseudo first order rate constant,

K' governing the decay of the metastable atoms is given by

D
K' = —2—°— + kl[Ar] + k2[Ar]2. 3)
A" [Ar]

The pseudo first order rate constants are measured by observing the decay of
[M*] along the flow reactor. The results for Kr(3P2) and shown in Figure 1
for the 0.5 to 3.5 torr range. In order to assign Do’ kl and k2’ these K' 1
values were fitted to equation 3 using a non-linear least-squares computer
routine. The line in Figure 1 shows the degree of fit. The range of pressure
that can be used is rather narrow because as K' increases, [M*] rapidly declines
at the last few windows. A further limitation 1s that the Roots blower can
accept only 3 Torr at the entrance port without overheating. In order to obtain a
higher pressure, it is necessary to throttle the flow, which further accelerates
the decay of [M*] along the tubular reactor. Additional measurements are needed
at higher pressure to permit more reliable rate constant assignments; however,
preliminary values of the rate constants are reported in Table I along with some

pertinent literature values. The diffusion coefficient and two-body de-excitation

rate constants for Ar(3P0) compare well with the results of Ellis and Twiddy;
however, the three-body deactivation is a factor of two larger than their value.
In the case of Ar(3P2), our two-body rate constant agrees with the literature

\ values but again the three-body rate constant is larger than the generally accepted

value. We are unaware of any prior measurement of the decay constants for
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Table

-6-

I  Diffusion, Two-Body, and Three-Body Rate Constants

System Do(cm—lsec—l) kl(cmjmolec-lsec_l) kz(cm6molec—2suc_1)
ArCP )+Aar  (1.98+0.1)x1082  (5.2240.9)x1071%2  (2.6+0.9)x107323
0 % 18b = ~15b o -32b
(1.77+0.17)x10 (5. 6+0.7)x10 (1.4+0.15)x10
arCey+ar  (2.09+0.1)x10%82  (0.75+0.3)x101%2 (3. 3440.4)x10~ 322
2 5 18b ¥ 15k 2 -32b
(1.66+0.17)x10 (1.0+0. 3) x10 (1.7+0.2)x10
.76 w 1008 1,23 % 10 2° 0,85 x 16" 22¢
keCpy+ar (3.2200.3)x10%% (1.6940.6)x1071%% (12540, 7)x107>%2
XeCR)+Ar  (3.1440.4)x10°%%  (1.730.6)x107%  (0.140.1)x10722
kr(CP )y  1.52 x 10139 9,0 x 107179 5.36 x 10 324
2 18e _15e A
0.91 x 10 2.44 x 10 2.59 x 10
Xe(3P2)+Xe 365 10 8.5 x 1073f
a. This work
b. E. Ellis and N. D. Twiddy, J. Phys.,B: Atom Molec. Phys. 3, 1366 (1969)

c. A. V. Phelps and J. P. Molnar, Phys. Rev. 89, 1202 (19°3)

d. R. T. Ku, J. T. Verdeyen, B. E. Cherrington, and J. G.
A8, 3123 (1973)

Eden, Phys. Rev.

e. C. J. Tracy and H. J. Oskam, J. Chem. Phys., 65, 1666, (1976)

f. P. R. Timpson and J. M. Anderson, Can. J. Phys. 48, 1817 (1970)
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Kr(jPz) and Xe(ng) in Ar. The values of Kr(jPz) in kryptorn and Xe( |

xenon are included in Table I for comparison purposes. In each caw

body rate constants in Ar much smaller than in the heavicr rare ga.. 1o ta

the two-body rate constants for Ar(3P2), Kr(BPz) and Xu(3P£) are the same

to within experimental error. The most interesting finding is that the three-

body rate constant for Kr(3P2) in Ar is '"normal"; whereas, for Xc(sz) the

three-body rate constant was too low to be measured (note that the error limit

gives an upper limit of <0.2 x 10_3Z cmb molc(‘.“l sev_l). |
For the determination of the quenching rate constants by added reagent,

the [M] is measured vs distance for a fixed concentration of [(Q] and constant

argon pressure. The experiment is repeated for various flows of reagent

(see figure 2) and a set of pseudo first order rate constants for various

are obtained. Then rate constants are plotted vs Q, see Figure 3, and the

slope from the resulting line gives the quenching rate constants for various Q.

Actual data reduction is done using linear least square fits; typical standard

deviation are +10%. The absolute uncertainty is considerably larger because

of uncertainties in the conversion of flow distance to flow times. The long-

term rcproducibilily was checked by studying the reactions of Kr(3P2) + NF3

and Xu(jPz) + Br,. Three separate experiments were done for each case using

three different mixtures with time periods between experiments of up to eight

months. For each case the deviation from reported values was less than 107%.

As a check on our handling procedures of florine compounds, separate runs

were made on a laboratory prepared Fz‘mixture and a commercially prepared F2

mixture. Rate constant values for Kr(BP,) + F, for the two mixtures were

2 2
61 and 71 x lO—ll cm3 molec sec , respectively.

The work done during the past year has been focused upon Kr(3P2) reactions.
The results are tabulated in Table 2; previous studies with Ar( Pz) and Xe( P2)
are included for sake of completeness. With the exception of some of the reagents
which have small rate constants, the values of k()for the same reagent tend to
be similar for all three metastable atoms. Three noteable exceptions may

be C,H NZO and €O, reacting with Kr(3P2); these molecules will be reinvestigated

26 2
to further check the values in Table 2. Conversion of the rate constants to
cross-sections give cross-section values that ao increase somewhat in the Ar,

Kr, Xe series, because the thermal velocity declines in the series, i.e.

oy = k_/<v>. The rate constant measurements are nearly complete. We only

Q Q
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Table 2 Quenching Rate Constants (l()—“ym3 molec ] r-:cchl)
Ar(3P,) l(r(‘ji'v,) o “:.‘(3“')
0 g T . ]
Reagent ky g(a™)?a 9 o(A )2 k o(A7)a
F2 75 132 72 146 75 161
Cl2 11 142 73 179 72 193
Bl‘2 65 147 61 178 60 202 ‘
L€ 61 138 48 143 50 171 5‘
IBr 70 216 i
CIF 74 141 68 156 63 154 :
OF2 57 107 95 L2 S 139
NOC1 48 95 51 139 '1
NOF 36 68 47 102 45 106
NF3 14 28 12 29 8 23
N2F4 3 65 33 90 !
CF30F 42 90 42 114 47 143 ’:
SF6 16 36 18 a4 23 75
SeF6 71 166 65 246 : :
TeF6 58 135 63 230
SOZFZ 42 89 : J
5,1, 53 115 48 129 49 150 |
SOCl2 67 145 58 163 58 182 :
CF4 4 8 0.07 B2 ye0s 0.1 §
(JF]H 3L 64 15 3 0.6
CFZHZ 35 79 40.9 99
CH,F . 91
CH4 6%, 45 37 54 33 49




Table 2 continued

Zzen L

Ar( 3P2) Kr( ""v,‘,.) Ke 'j"z )

Reagent kQ U(RZ) kQ (;(KZ) k() o(&%)

C,H 66 109 50 93 64 125

N, 3.6 5.8 0.39 .7 1.9 3.7

N,0 44 81 31 66 44 100

NO 22 36 16 29 25 48

S0, 58 139 ]
0, 21 35 16 31 22 44 '
H, 6.6 3.6 3 1.7 1.6 0.9

co 14 2.3 5.7 10 3.6 7.0

co, 53 97 34 72 45 103

Xe 18 40 16 46

Kr 0.6 dhe3
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intend to measure rate constants foir dg, “v and a limited number of other reagents

Attention than will be given to determination « roducts from the quenching

reactions.

I-C Discussion of Results

Although the values assigned to the diffusion coefficients, the two-body
deactivation rate constants and the three-body deactivation rate constants are
preliminary, they are sufficiently reliable to reach some tentative conclu-
sions. The diffusion coefficients for the metastable atoms are all smaller
than for ground state atoms because of the increased physical size of the
excited state atoms. Although the effect may be magnified by experimental
error, the diffusion coefficients for Kr(3P,) and Xt(jvy) appear to be larger
than for Ar(3P2); all are in Ar. This can be attributed, at least in part,
to the combination of energy exchange and mass diffusicn for Ar* in Ar.

This combinationof processes is known to lower the apparent observed diffusion
coefficient.5

The physical interpretation of the two-body deactivation process for the
(3P2) states is not well established. Collisional excitation to the 3P1 level,
followed by subsequent rapid decay, is not consistent with the nearly equal
magnitudes of the rate constants found for Ar(jP,), Kr(ij) and Xe(3P7) in
argon because the energy separation between the 'Pl and jpz states increases
in the series; 607, 945, and 977 cm—]. This conclusion is supported by
the lack of a temperature coefficient for the two-body St&p.7 Thus, the
two—-body term may be collision induced radiation (or radiative recombination).
Another alternative is the following set of processes, written for convenience

for Ar(3P2) v

5 kA K%
Ar ( P2\ BN e AT + Ar
ek kB
Ar2 e hv + 2Ar
ke 3
A e GRE(CBL Y A SAT
* 3 2
The steady state expression gives [Ar2 ﬁ = k, [Aar(CP,) ] [Ar,] /{hi + kr!Ar];.
’ i £ & )
The loss rate of Ar[}le is given by
3 2
& kBkA[Ar( Pz)][Arz}
kB[Arq ] = ——
ky + kg [Ar]
and if k _[Ar] > k, then an effective two-body decay process results. The

Sl - B

Ar is used to represent bound states just slightly below the dissociation




limit. A scheme similar to that above has been invoked to explain the
S £ Lol ; l 8
collision induced emission from 0O( S) by rare gases. More work clearly

remains to be done to characterize these two-body processes.

The most interesting result, as well as the most pertinent for laser
systems, is the slow three-body process for Xe(3P7) in argon. Since the
three-body process represents diatomic excimer formation, this result is

) emission from an ArXe* excimer

consistent with the failure to observe9
in Ar/Xe mixtures excited by discharge or absorption of vac U.V. resonance
energy. The ArXe* excimer must have a very small binding energy. In
contrast the ArKr* excimer emission has been observedg’lu, which is consistent
with a "normal" three-body rate constant. During the next few months, we
hope to study the vacuum U.V. emissions from Ar(3P2), Xe(3P2) and Kr(BPZ)
in argon using the discharge flow apparatus. Such observations should help
to characterize the final product states from the three-body and two-body
steps.

Discussion of the Kr(BPZ) quenching rate constants will be delayed
until more is known about the exit channel distributions. At the present
time KrF* formation rate constants from F2, NF3, NEFQ’ UFZ’ CF3OF, NOF and C1F
have been investigated. The results are tabulated in Reference 3. The
branching fraction for KrF formation was unity only for Fz and OF2. In
general the branching fractions for XeF* formation tend to be higher than for
KrF* formation. A special study11 has been done with X9F2*. In this case,
excitation transfer giving XeF;, which subsequently predissociates to give
XeF*, competes with reactive quenching giving KrF* + Xe + F. The KrF#*
emission (at low pressure) extends from 2450 A to slightly beyond 1950 R‘
The emission from the other krypton halides occur at even shorter wavelengths.
Thus, vacuum U.V. observations are necessary to definitely measure the exit

channel rate constants. In doing this work, we intend to use the internal

3 i :
standard method™ with either C12 or F, serving as the standard.
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II-A Construction of a Flowing Afterglow Apparatus for the study of He,

The construction of a new flowing afterglow apparatus that can generate and

: +
monitor He

- £ e , :
generated by charge transfer reactions with He2 ,1s the major construction

project of this contract.

of the apparatus.

Quadrupole
Mass
Spectrometer

\\\\\\\\ Reagent

Mechanical
Pump

N

) » Aas well as observe the emission from electronically excited products

The block diagram below summarizes the components

"///// Gate valve

Electron

Roots
Blower

Viewing port i <ha
Monochromator
The 4" pumping part
is denoted by the dotted
lines. It is used to
pump the 4" pipe behind
the second pinhole.

i

Power Suppl

Reactionsg

Beam
[nlet //
| P A TP
..——-—
65 ! et Flow




All of the equipment needed for the spectroscopic measurements are readily
available in our laboratory. The quadrupcle mass spectrometer and the 4" and
6" pumping stations also were available. However, it was necessary Lo purchase
the large mechanical pump, the Roots blower, materials for the differential
sampling inlet for the mass spectrometer, components for the flow tube, and all
gas handling and pressure measuring components. The pumping system has been
designed so that high pressures (V10 torr) can be accepted by the blower. This
is important since He9+ is generated by the three-body recombinations of Ho+
ions. As of January 1, 1977, all of the apparatus shown in the diagram, except
the electron gun filaments and power supply,were installed. However, consider-
able work remains to be done before experiments can be done. The most important
tasks are tuning up the mass spectrometer, which has not been used for about 18
months, reduction of vibrations from the large pump, adjustment of the sizes of
the pinhole leaks on the nose cones separating the differential pumping zones,
and developing the "proper" bias potentials on the nose cones for sampling of
positive ions. We are in close contact with Dr. Dan Albritton of the NOAA labs
and will be following his advice with respect to solving these as well as
problems that may develop. This work is being done by Mr. John Kolts. During
the first year, he has mainly supervised the shop personnel in construction
of the sampling interface and assembled components as they become available.
John's main laboratory efforts have been on measuring the metastable Kr(3P2)
reaction kinetics (see section I). During the forthcoming year, John will
divide his time between completing the Kr(3P?) measurements and bringing the
new He2+ flowing afterglow apparatus into operation.

II-B Rate Constants for Exit Channels Giving Emission from Quenching of He(23S

by Small Molecules.

)

R. S. F. Chang and D. W. Setser
Introduction

; 1-4 5
The total quenching rate constants for metastable and resonance” states

of the rare gas atoms have been measured for a variety of reagents. For

quenching of the metastable atoms by efficient molecular reagentsya correlation




has been found between the magnitude of the quenching cross-sectrions and the Ce
cocfficientl or polarizability2 of the reagent molecule. This correlation is
evidence that the magnitude of the quenching cross-section is determined by

long range iuteractions in the entrance channel. However, the distribution

of exit channels is determined by subsequent shorter range interactions during

the collision process. In order to more fully understand the quenching reactions,
the exit channels need to be characterized. Our laboratory has recently assigned
some product distributions from the quenching of the heavy metastable rare gas
atoms.l The present work is a continuation of our efforts and deals mainly

with product distributions from quenching by He(238). Although the available

3 :
energy from He(27S), 19.80 eV, exceeds the ionization potential, neutral

dissociation can be an important exit channel rather than Penning ionization.
In this work reference reactions with known rate constants for a given emission
are used to assign the rate constants for dissociative excitation of hydro-
carbons and Penning ionization of small molecules. The reactions of N2 or

CO with He(ZBS) yielding N2+(B) and CO+(B) are shown to be suitable reference

reactions for emissions excited by metastable helium atom reactions.
Experimental

The cold hollow-cathode discharge source and the flow tube used in this
study were similar to the designs previously utilized for observation of
g0 s : 1 :
emissions from reaction of metastable rare gas atoms. All observations were

made at a pressure of 2 torr or less to exclude excitation from sources other

than the metastable atoms, i.e., atomic and molecular ions of helium. The
; . 10 11 -3
concentration of the metastable atoms were in the 10 <10 cm range.

Reagent gases were mixed with helium and stored in reservoirs. For most of the
measurements, mixtures of the reagent and reference molecule (N, or CO) were
prepared. For these experiments the mole fraction of the components, but not
the absolute flow rates, are needed. Spectra were obtained with a 0.75 meter
Jarrell-Ash monochromator fitted with EMI 9558(Q photomultiplier tube and SSR
photon counting rate meter. Data from this monochromator were taken with
computer control of the monochromator drive. The response of this detection
system was calibrated from 190-850 nm, Correction for the response was done

via the computer as the emission Intensfities were integrated.

Reference Reactions for Assignment of Dissociatfve Excitation Rate Constants.

The rate constant for an observed emisslon process can be easily assigned




by comparison to the intensity from a reaction channel with a known rate constant.

; A e ; ; 5} 1 .
In this section the N, and CO reactions with He(2 S) will be shown to be suitable

: ) e pas ol b s : s
reference reactions for He(27S). The total quenching rate constants for CO
4 A : - -
and N2 have been measured several times wusing the flowing afterglow technique.
The branching ratios for the various products have been ascertained from

1 . ; Lok,
z and from observation of emission intensities.

energy analysis fo the electrons
These are listed in Table 1. To assign the formation rate constants for the
various channels in Table 2, we used the total rate constants of Ref. 4a and the
branching ratios of Ref. 6a and 13 as being most representative of the
available data.

Experiments were done to confirm the expected ratio of formation rate
constants for N2+(B—X) and CO+(B—X) by comparing emission intensities for the

; 3 . s
same concentration of He(27S). Assuming there is no quenching of any of the

He2(3S) + N, - N2+(B) + He + e

2
+ -
+ CO + CO (B) + He + e

emitting states, the relative emission intensity from a prepared mixture of N2

and CO is given by,

k ~1./2

co' B-x) " co* (s) 0! 5 0co+(B)(“co + He*) ~"“[cO] 0
IN2+(B—X) kN2+(B)[N2I ON2+(B)®N2-+ He*)“I/Z[NZ]

where I is the total emission intensity of the (B-X) system of the ionic species;
k is the rate constant for producing the ionic species in the B state via He(ZBS)
Penning Ionization; o is the mean thermal excitation cross section; and u is the
reduced mass of the respective He(23S) neutral system. Thus, a plot of [CU+(B-X)/

co+(a)/kN2+(B).
diluted in helium with different CO/N,

IN - versus [CO]/[N,] will yield a straight line of slope k
2 (B-X) 2

Six prepared mixtures of CO and N2
ratios were added separately to the helium afterglow at a total pressure of 2
torr. By changing the flow rate of each prepared mixture while maintaining
first order condition for the ionic emission intensities, six values of I

1

cot(B-x)’
N2+(B—X) were determined and averaged to obtiin each poini on the graph shown
in Figure 1. The (0,0) and (1,0) bands of CO (B-X) and N2 (B~X) emission
intensities were measured. Emission from v'>1 were not observed. After
correcting for the spectral response of the monochromator/detector these bands

were used to scale the observed intensity to the total relative emisssion

intensities15 in the following way,

y

14
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Table 1. Rate Constants and Product Branching Ratios for He(23s) + No and CO.
-11

a. Rate constants for the quenching of He(23S) at 300°K in units of 10

cm3 molec™t sec—l.
N2 co References
6.96 9.85 4a
71 4b
6.3 4e
6.7 10.7 4d
10 17 be
8.6 4f

b. Product branching ratios of the total He(23S) + N2 and CO reaction rates.

NJZ'(B) Ny (A) Ny (X) References
41 24 35 13
41 19 40 9
cot () cot(a) cot &) 5 References
davae 22 51 R 13 1
27 22 . e e e 6a,l7
22 58 cee 9
53 17 26 4 14
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CO" (B-X) versus [CO]/[NE]. The line
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is the least squares best fit.
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%,0%,0
3
z
s vnql,V" vl,V"
‘);n 1,v" i I1,0 q \)3 3 (3)
1,0'1,0 i
and
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TOTAL ~ Cgun B 5y L, (4) |

wherec;v,v” is the Franck-Condon factor+and Vot is+the transition frequency in
wave numbers. The scale factors for CO (B-X) and N2 (B-X) are listed in Table 3.
The slope from Figure 1, as determined by least square fit, is 0.68. This can
be compared to the ratio obtained from Table 2, which gives kCO+(B)/kN2+(B) = 0.93.
This agreement is satisfactory considering the large number of measurements from
different laboratories involved in obtaining the ratio from Tables 1 and 2.

One advantage of N2+(B) and CO+(B) as reference reactions 1s that only a

small number of vibrational levels are produced by the Penning ionization reaction.

Furthermore, most of the emission from a given vibrational level is concentrated
in one band. The experimentally measured re.ative vibrational band areas of the
B-X transitions are in good agreement with values calculated from Franck-Condon
factors. The present data may suggest a mild dependence of the CO+(B) transition
probabilities upon the r-centroid; however, this will not be discussed here.

The relative vibrational populations of N2+(B) and CO+(B) from the Penning

reaction are in good agreement with earlier work and need no further discussion.
One disadvantage of He(23S) + CO as a reference reaction is that the C0+(A-X)
emission is extensive in the 300 to 635 nm region and may overlap emission from
the other reactions being studied. Since both N2+(B) and CO+(B) are produced
from Hez+ and since N2+(B) is produced from He+, care must be taken to adjust
operating conditions (pressure) so that these ion species make no significant
contribution to the N2+(B) or CO+(B) emission intensity.17 This can be done by
monitoring the vibrational populations of N2+(B), since the appearance of high

vibrational levels identifies the presence of {ons.
Since the He* + CO reaction was used as the reference reaction to determine the

absolute cross-sections for emission of radiation as a result of Penning
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Table 2. Formation rate constants for the products of He(27S) + N, and CO

oWPTE =

: 2
reactions.
Rate Constant _ 3 -1 =1
Product (in units of 10 cm molec sec )
N: (B) 2.85
N;(A) 1.50
+
NZ(X) 2.61
Total 6.96
cot (®) 2.66
cot(a) 2.07
+
Cco (X) 502
Total 9.85

Table 3. Scaling Factors for the N2+(B-X) and C0+(B—X) Transitions

+
co (B-x)2

+ b
NZ(B—X)

511 0,v O,V"
B 3
19,0 V0,0
3
5" q iv" Vl ,V"
q 3
1,0 “1,0

1.69

2e52

1.45

3.66

a. J. E. Hesser, J. Chem. Phys., 48, 2518 (1968).

b. F. J. Comes and F. Speler, Chem. Phys. Letters, 4, 13 (1969).
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ionization for all the molecules studied here, the accuracy of the
excitation cross-—-section of (0+(M) itself becomes crucial. Hurt and Grablcla
have reported a CO+(B)/CO+(A) ratio of 3.1:1.0 fram Penning ionization, a value
quite different from the ratio1l.23:1.0 determined in this laboratory using the
same experimental technique. If the total He(23S) quenching cross-section for
CO were partitioned according to Hurt and Grable's results, the ratio of
Jcot(B)
the experimental value measured here.

to N +(B) would be 2,15, which is more than three times larger than
2

Results
He* + Hydrocarbons

Neutral dissociative excitation pathways for the quenching of He(235)
by the simplest members of the aliphatic, cyclane, aromatic, olefinic and
acetylenic hydrocarbon series were studied. Table 4 summarizes the spectra
observed from each reaction. Experiments also were done in the vacuum ultra-
violet region; however, only H Lyman-o emission was observed. No evidence for
ion-electron recombination reactions as an excitation pathway was found for
any of these systems. The dissociative excitation cross-sections for quenching
of He(st) by the hydrocarbons was measured by comparing the emission intensities

. v +
of either CO (B) or N, (B) to the total emission intensity from the hydrocarbons,

e € -1/2 ..
Yeots-x) _ Kco*(p) 169 ) <°co+(B)>(”co—ne:)2 fcoj : -
e K HC) “Oc” (uHC—He*?_ " e

The easiest way t. do the measurements is to compare intensities from prepared
mixtures since this method insures that both reagents are subject to the same
[He(QBS)]. [f overlap of the emission from HC and N2+(B) or CO+(B) prevents
utilization of mixtures, then the emission intensity from HC and No+(B) was
obtained separately under conditions (low flows) such that the intensity was

first order in reagent. These intensities, corrected for reagent flow, were

then compared to obtain rate constants. The total emission intensity from the
hydrocarbons was obtained by monitoring the CH(A-X) band system and scaling to the
total emlssion intensity, according to Table 4. The dissociative excitation

cross-sections were deduced from the slopes of [HC/I versus [HC]/[CO]

cot(B-X)




Table 4 - Relative Hunmsmwnwmmm of Observed Spectra

molecular
b 5 or ¢ d
CH(A+X) CH(B*X) CH(C»X) oNAm.vv onﬁa|xv ouﬂonwv nNAm¢xv o~A>|xv CH (f»I) unassigned  H-lines nm\ON

He + CH, 0.67 0.28 0.05 - - - - - - - <0.01 i
+ CH, 0.46 0.11 0.04 <<0.01 <0.01 0.02 0.05 0.28 - ~0.02 ~0.02 1.63
+CH,  0.32 0.06 <<0.01 <0.01 Q.01 0.07 0.07 0.33 0.03 0.08 <0.01  0.79

B :
+ CHe™  0.06 0.04 i Wl ? ? ? 0.09 - 0.78 + 0.02 ¢ N % | §
+ Cyclo- 0.55 0.14 - - - - - - - - 0.31 2.22
C3ig

a) The relative intensities were taken as the ratio of the total band area of the observed spectrum to the total area of all
observed emissions (200.0-600.0 nm) adjusted for the response of the detection system as a function of wavelength.

b) Includes the High pressure and Tail bands.

c) Some bands appeared in the mm¥ + omm ’ owm MmmnnHOSm which could not be assigned unambiguously and were integrated
separately. Also includes continuum from Ar + ONmN. and the ommm AHmNc =2 H>Hmv molecular spectrum pius some unassigned
lines.

- d) om\nm is the ratio of the.total integrated, corrected emission arising from CH to those from C,.

va No emission observed.

%
The oNAm.a,n. & b) states may be weakly present, but are overlapped by the nmmm emission. Note that nmmm\ow + CH » 4.0.
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plots and are listed in Table 5. The dissociative excitation channel is only
8% of the total quenching for He(st) + C,)H2 and much less for CH4, C2H4 and

cyclo- The C?H result was surprising because the flame appears strong to

(131{6. 2
the eye and extensive spectra are obtained from 200-600 nm. Nevertheless, none
of the features are really strong and the emission accounts for only 87 of the
total quenching. It is interesting to note that the CH(A-X) and CZ(A—X) are
dominant in each of the reactions. The H* distributions always decline with
increasing quantum number.

The results of this work can be combined with previous studies7_lz of the
ionization pathways to better characterize the distribution of exit channels from
uc(zjs) + hydrocarbons. Herman and Cermaklzb have shown that associative
ionization does not compete effectively with Penning ionization. In molecular
beam stndieslza, analysis of the positive ions indicated that collision cross-
sections for ionizing reactions of polyatomic molecules with He(235) and He(ZIS)
were large (onthe order of 10 32) and the ionic fragmentation pattern quite
extensive.ll The lack of emission spectra that could be attributed to ionic
emission, except for the minor CH+ from CZHZ’ suggests that the electronically
excited states of the ions either fragment or undergo internal conversion before
the occurrence of radiative transitions. The negative results of the tests
for ion-electron combination spectra suggest that the observed neutral emission
must result from predissociation of RH* states formed in the primary process.
Table 6 is an attempt to compare the cross-sections for different exit channels
of He(ZBS) + hydrocarbon reactions. Since the helium metastables in Ref. 12a
consisted of both He(235) and He(ZlS), the data in the first column of Table 6
cannot be compared with the rest on an absolute basis. Also, it should be
noted that the absolute cross—sections for total ionization obtained by beam
mcasurementslza’]9 yield consistently higher values than the total quenching
cross-sections obtained by flowing afterglow me.asuro.zments.aa The discrepancies,
well outside the combined experimental uncertainties, are still not totally
explained although the finding of a temperature dependence for the quenching

) , ; 4b,19
rate constants explains many of the discrepancies. Y

One must, therefore,
exercise caution when comparing cross-section data obtained by different
methods. However, it is evident that ionizing collisions dominate the total

quenching of He(ZBS) by hydrocarbons.
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Table 5. Dissociative Excitation Cross-Sections for Quenching Hc(23s)

o ° *
Reactant uﬁ (a2)? 0 total (A2)b g He

g o total
cu, 0.06 9.8%a 0.006
C,H, 0.97 12 ~~0.081
C,H, 0.27 15" ~0.018
cyclo—C.H 0.17 23" ~0.008

36

*
a. o, is the dissociative excitation cross section determined in this study.

b. o total is the total quenching cross section for He(23S) with HC.

2 la
c. Estimated from the correlation with polarizabilities or C6 coefficients.
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He(2S) + N,0, CO, and 0 ~ 1

2 2

The experimental technique described for the hydrocarbons has been
extended to study diatomic and triatomic molecules known to give extensive
emission in the 190-850 nm spectral range from He(ZBS) reastions. The results
of some preliminary investigations are included in Table 7. Emissions from

excited parent ions dominate the observed spectra. Weak neutral emission from

3

+
N,(B-A) was observed in the He* + N H*XIZ ) was observed from

2O reaction and CO(a

He(27S) + CO,. Both of these neutral processes are thought to arise from recom-

bination of molecular ions and electrons. However, the atomic lines of oxygen
arise from primary interaction between He(23S) and 0218. An interesting obser-
vation from the N20 reaction is the appearance of the N2+(B—X) emission at high

+
pressures. Formation of N2 (B) requires an energy in excess of 19.8eV and we
2O+
+
predissociates to N2+(B) + 0. The N2 (B) vibrational distribution has maximum

. : : + ;
assign this reaction to charge transfer with He , giving an N state that

+
population at intermediate levels. Detailed interpretation of N20+ and CO2

spectra obtained from He(23S) + CO2 and N20 is planned. Also, additional work

will be done to assign cross-sections to emission processes from other molecules

reacting with He(23S). As soon as the Hez+ apparatus is operating, the excita-
+

tion processes from the He2 reactions will be compared with these He(ZSS)

reactions.

Table 7. C(ross-Sections for Emission from NZO’ CO2 and 02.

E Reaction Observed Emission Spectra Cross-
Sections

(6}

~2 + ~2 2

He(2’S) + N0 N ot @t - ¥ 5.37 A

o

3 2 2 2

X H 13.9 A

He(27S) + CO2 = CO2 (A Hu =+ X g)
o
» co. Y ¥t %) 2.48 A
: 2 u o3

o
> gotea’t +xziPr 0 0.3 a°

o

+ 2 2 . 2

He (2°8) + 0, + o, an, > x'm) 1.29 A

o
+ o4 4 2

> 02 (b Lg > 8 Hu) 2.48 A

0')

> ox (@) 1.61 A”

(a) Includes oxygen atomic lines observed in the 190-850 nm range.

(b) The CO(a),as well as, other CO* states,results from electron
combination with CO2 X).
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Quenching Reactions of Excited Atomic Halogen States (npa(‘\ +118) by
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The reaction of electronically excited state Br*(4p*, Ss) atoms with Br, and Brl produces electronically

excited Br*,

which gives a complex emission system in the 190-350-nm region. In both cases the

excitation reaction probably involves bromine atom transfer with formation of Br;. Similar reactions may be
expected between other excited np *(n -+ 1)s halogen atoms and suitable halogen donor molecules. These
experiments were done in a flowing-afterglow apparatus at 1-8 Torr; the Br* atoms were generated from
miteraction of the precursor molecules with metastable argon atoms or with metastable helium atoms.
Under high-pressure excitation conditions, formation of Br; by reaction of Br* with Br, followed by
vibrational relaxation may contribute to the excitation mechanism for the Br; laser system initiated by e-

beam or discharge pumping of Br,/Ar mixtures.

PACS numbers: 42.55.Hq, 34.50.Hc, 82.20.Rp, 82.30.Cf

Laser action recently has been observed on the
molecular bands of I, (342 nm)"? and Br, (292 nm), **
The spectroscopic assignments are not well known®;
however, it is accepted®’ that the upper state is of the
ionic type and that the lower state probably is a member
of the first excited triplet manifold. We shall denote
the upper state with an asterisk without attempting a
more definitive identification. The mechanism(s) for
producing the upper state in the discharge of e-beam-
pumped argon/halogen mixtures is not estab-
lished.'=" %% In this work we have investigated the reac-
tion between excited Br*(5s) atoms and Br,, which has
been suggested® as an excitation mechanism,

Br*(5s*P ,, *P,) +Br, - Br# + Br. . 1)

Based upon the observation of Br} emission, reaction
(1) does provide a possible way for forming Br¥. A
similar reaction also was found between Br*(5s) and
Brl.

The experiments utilized a low-pressure (1—8 Torr)
flowing-afterglow apparatus. Metastable argon (the
ratio of *P,/°P, is ~6:1) or metastable He(23S) atoms
were produced by flowing prepurified argon or helium
through a hollow cathode discharge. °'° The reagents
were added coaxially to the flow of metastable argon
atoms a few milliseconds after the discharge. Emission
from 190 to 800 nm was observed with a 0. 75-m Jarrel-
Ash monochromator fitted with a photomultiplier tube
and a SSR photon counting rate meter. Previous stud-
ies'” of the Br, +Ar(*P,) reaction have established the
quenching rate constant of Ar(*?,) by Br,, 66x10™"
e¢m’ molecule™ sec™, and the main primary productions,
as shown in reaction (2).

109 Journal of Applied Physics, Vol. 48, No. 1, January 1977

Ar(*P,) + Br, ~ ArBr* +Br
— Ar +Br*(5s) +Br
— Ar +Br*(5s”). (2)

The Br*(5s) and Br*(5s”) are thought to be formed via
predissociation of the initially formed ArBr*. The
Br*(5s), which have the distribution

AR Sy B B e Sy i
=0.12:0.20:0.11:1.0.0.80

constitute more than 989 of the observed emission,
Some very weak Br# emission in the 200~—~300-nm region

| .
il Ar0812

e
My

e

230 280
FIG. 1. Spectra from Ar*(*P; ,) + Br,. The bromine flow was
4.5 pmol min=! (corresponding to a concentration of 4,8 x101?
molecules cm=) with a flow tube pressure of 3, 3 Torr. Full
scale corresponds to 3000 on the rate meter; the spectrometer
slit width was 100 p,
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FIG. 2. Spectra from Br¥(5s) 1 Br,.
pm min™t (¢ n.n'l'(‘ﬁpumlin;; to o cond
cules em™) with a flow tube pre
corresponds to 30000 on the rate meter; ln( spectrometer slit
width v 100 p. The sharp features on (ln band at 310 nm is
OI{A-X) from the Al‘(.;]'b'.f) CILO (impurity) reaction,

The bromine flow was 187
tration nf 1.9x10" mole-
sure of 3.4 Torr, Tull scale

(see Fig. 1) also seems to be directly produced, but
this emission contributes less that 0,57, to the yield of
excited-state products.

In the present work high flows of Br, were used in
order to intercept the Br? (5s) atoms before radiative
decay (in the vacuum ultraviolet)., The Bri emission
spectrum that was obtained under the high flow condi-
tions is shown in Fig. 2. The difference between Figs.

1 and 2 is quite obvious, and secondary reactions clear-
ly must contribute to the Brd excitation for high flow
conditions. The spectrum in Fig. 2 is very complex; but
the most intense feature is the broad band at ~290 nm
which is close to the luser transition.®* The variation
of the Bry emission intensity versus Br, flow suggested
hot the formation mechanism for the spectram of Fig.
2 was a secondary reaction of Br* with Br,. This mech-
anism was econfirmed by reacling a high flow of Brl with
z".x'(“/’u‘z), and obtaining an emission speetruin similar
to that of Fig. 2, With Brl, an I} emission system,
peaking at 342 nm, also was observed. For further
confirmation, Br, was rcacted with He(2%S); the primary
reaction yields excited-state Br* atoins, as well as
Ponning ionization. "' For high Br, flows, a Br} emis-
sion spectrum strongly resembling that of Fig. 2 was
obtained, Since the distributions of alomic Br* states
ave not identical for the He(23S) and Ar(*P, ,) reactions,
the two Br) emission spectra need not be exactly the

e, Fxperiments also were done in which CF,Br and
l Ir were reacted with Av(’I‘0 2). With CF,Br a weak
emission in the 190—-250-nm range was observed. An
extended weak emission (200—300 nin) was observed
with HBr, which may be analogous to the many-lined
HC1* continuum observed from Ar(*P, ;) with HCL'* The
emiasions from HBr and CF,Br apparently result from
primary interactions with Ar(*P,). The failure to form
Br; could be either that Br*(5s) is not produced in the
primary reaction or that Br* does not react efficiently
with CF,Br and HBr, which have higher bond energies
than H.z or Brl, to form Brj.

Atlempts were made to oblain a spectrum of the Bry
cmission al higher pressures in order to simplify the
apprarance of the cpectrum, However, no relaxation
oo observed ever the 1--8-Torr region, which implies
that the radiative lifetime of Bry ie <50 nsee. Unfortu-
nately, the spectrum of Fig. 2 is not sufficiently re-
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:vltl;-:xy;',ln on a quali-
wemblince to the

solved to permit band assignments,
tative basis there is a ro:
excited in an Ar/Br, discharge,
is that the cnission may be

Br, spretra
“A further
a combination of bound-
13,14

complication
bound and bound-free spectra,

The cleclronic quenching of Bre(G: %] 2) s bees
studied by Bemand and Cly yne. ¥ The ¢ross
<0.04 A [or Av and 146 A* for Br,. Since the radiative
lifetime' of the P, ,, state (~5 %107
of magnitude larger than for *
magnitude larger than for the other three states,
Bemand and Clyne could only study quenching of the
P, ,, state. In our experiments [Ar,*P ,]=5x10" ¢ ™
and the [Br] concentration can bhe no luroer than twice
that of Ar(*P, ,). Therefore, radiative trapping: of the
Br*(5s) states will be unimportant. Under our experi-
mental conditions, [Br,]—5x%10"%--5>10"" jnolc-

cules em™ and mainly the Br¥ state with the longest life~
time (‘P;,,) will react with Br,. Fortunately, the
branching ratio for formation of Br} by reaction (2)
must be relatively high, and obser \f.lhtm of the Br;
ewission from quenching of Br*(6s) was po:

seolions are

sec) is an order
Py, and two orders of

Yl b
sible.

The jonization potentic! of Br*(5s) is 4.0 eV. There-
fore, interaction between Br*(3s) and reagents with
large clectron affinities can cccur by an icnic—«
curve-crossing mechanism in the same
tions of metaslable rare-gas atoms or altali-mela]
atoms with such reagents.'® The large quenching rale
constants and selectivity for formaticn of the ionic
molecular excited states in the quenching of the reso-
nance atomic halogrn states by halogen-containing
cules can be understood in terms of this mechanism,
The Ci*(4s) states have lonser lifetimes than the 7%1"(5\)
states and reactions analogous to reaction (i) wonld be
expected. Unfortunately, the primavy interaction of
Ar(®P, ;) with many chlorine-contaiuing compounds'
either produces Cl} dircetly or does not form C1*(45)
because of energy restrictions, and experiments with
Ar(“l’o.,,) for investigation of the C1* «+ RCI reaction (I
= polyatomic group) were inconclusive, Hu'.'.'ov(_‘:‘, reac-
tion of He(2*S) with Cl, dees give the Cl} 260-nni con-
tinunm. Since C1*(4s), as well as CL(A), are known
primary products, ' the excitetion of the C1J state
may involve reaction of C1*{(4s) with Cl,. The radiative
lifetimes of the I*(6¢) atoms are too short for the re
tious between 1* and RI molecules to lv studied casily by
the technique used in this work. Nevertheless, a very
weak I} emission was observed from Ar(® ) with Brl
and CF.l.

ay as the

s mole-

The interaction between argon mietaslable atoms (and
probably the diatomic argon excimeoer states) und bro-
minre- and iodine-containing molecules have large rate
constants and high branching ratios for forration of
electronically excited bromine and jodine aloms, The
present work indicates that the subsequent reactions be-
tween the excited state (2p?,n +1s) halogen atom and
halogea-containing nmlomlo are rapid and may have
appreciable branching ratios for formation of excited
states of the molecular halogens. Therefore, the
deposition of energy in mistures of argon with bromine-
or iodine-containing molecules provides an efficiont way

for forming the ionic exciled slales of the molecular
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halogens. Further work is needed to establish assign-
ments for the upper and lower molecular states and (o
measuare the rate constants for theiv quenching and
vibrational relaxation,
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