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Observation of CN 4 — X and B — X emissions in gas-phase collisions
of fast O(*P) atoms with HCN
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Optical emissions in single-collision reactions of fast (5-25-€V translational energy) O(*P) atoms with
HCN have been measured in a crossed-beam geometry. The emissions were observed in the wavelength
range 345-430 and 550-825 nm, and were identified as the CN(B 23+ X 23*) and CN( 4 I, > X 2Z™)
transitions, respectively. The experimental B — X vibrational bands were found to fit a synthetic spec-
trum of CN at a vibrational temperature of 7000 K (0.60 eV) and a rotational temperature of 2000 K
(0.17 eV). The A —X spectra were simulated in terms of known Franck-Condon factors for that band
system. The energy threshold for the CN(B-—X) emission was measured to be 7.410.8 eV
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(lab) or 4.6+0.5 eV (c.m.),
O(P)+HCN(X)—OH(X)+CN(B).

PACS number(s): 34.50.Lf

I. INTRODUCTION

Detailed studies of the reaction of fast neutral atoms
with molecular targets under single-collision (nonplasma)
conditions enables one to follow the transition between
endoergic and exoergic reactions. Reaction channels
which are normally closed under thermal-energy condi-
tions can open at higher collisional energies. In addition,
one can compare conditions in which the molecular sys-
tem has, using equipartition of energy, 1/2kT (or 0.026
eV at T =300 K) available to it in each degree of freedom
(translational, vibrational, and rotational), to one in
which the molecular intermediate state has enormous en-
ergy (5 eV say, or 58000 K) in just one (here, the transla-
tional) degree of freedom. For example, in a study of the
reaction [1] HF +Ba—BaF+H it was shown that as the
center-of-mass (c.m.) translational energy was varied be-
tween 0.056 and 0.56 eV, the excess energy appeared
mainly as product translational energy, with smaller
amounts in rotational and vibrational excitation of BaF.
Similarly, in a study of the reaction of fast H atoms with
N,O [2] a channel which is endoergic by 1.4 eV
[H+N,0—-NH~+NO] was found to occur with equal
probability to one exoergic by 2.73 eV
[H+N,0—-OH+N,]. The translational energy of H in
this study [2] was bimodal at 2.7 eV (85%) and 2.2 eV
(15%).

At thermal energies, and at temperatures (in the
Maxwell-Boltzmann equilibrium sense) as high as 1000 K
(or 3/2kT =0.13 eV for the three translational degrees of
freedom), the reaction of O(3P) with HCN proceeds
through the channels:

O(P)+HCN(X)—0.07 eV—->NCO(X)+H(1S) , (1)
O(*P)+HCN(X)+1.43 eV—CO(X)+NH(X) , )
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which agrees with the

energy threshold for the reaction

O(P)+HCN(X)+0.93 eV—>OH(X)+CN(X) . (3)

The rate coefficients for these reactions have been re-
viewed [3], and the overall rate coefficient [sum of reac-
tions (1)-(3)] is reasonably well established:
8.6X 107 12¢(740%/T) [ynits of cm’/(molecules)] in the
temperature range T =450-650 K and 1.94
X 107 10¢(—7460/D) jn the range 1800-2500 K. The indivi-
dual rate coefficients have large uncertainties and are ap-
proximately given by [3]

k] =1.2X lo—loe(‘“7460/T),

k2=37x lo—lle(_7740/T) s

and
k3 <8.3X 107 e(711000/T)

The ergicities are estimated to be —11.5 kJ/mol (—0.12
eV), —119 kJ/mol (—1.23 eV), and +89.9 kJ/mol (0.93
eV) for reactions (1), (2), and (3), respectively [3]. Under
energy-equipartition conditions one would thus expect re-
action (1) to proceed rapidly, with slower rates for reac-
tions (2) and (3).

Reported herein is a study of the reaction of fast [labo-
ratory (lab) energies of 5-25 eV] O(*P) atoms with HCN
under single-collision conditions. The study was under-
taken to identify the channel(s) which are active in the
hyperthermal energy regime. One may also investigate
the effect of increasing collision energy on internal elec-
tron excitation of the products. For example, the forma-
tion of excited electronic states in reactions (2) and (3) re-
quires that extra energy be provided to the reactants
(electronic energies are from Ref. [4]):
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OCP)+HCN(X)+2.3 eV>CO(X '=S%)+NH(4 °I1;) ,
@)

OCP)+HCN(X)+4.1 eV—>OH(X I1;)+CN(B2z%) .
39

In addition to this intrinsic interest in high kinetic-
energy reactions the advent of space exploration and
space-borne observing platforms has revealed new phe-
nomena. Studies of spacecraft surfaces and the surround-
ing atmosphere in a low earth orbit have indicated that
the CN B —X emission is observed when the spacecraft
shuttle-engine-exhaust species (including HCN as partial-
ly combusted fuel) collide with the atmosphere [S]. A
spacecraft in a low earth orbit travels at approximately
7.8 km/s (depending on its altitude, with relevant alti-
tudes in the range 300—1000 km). The spacecraft surface
and the surrounding gaseous envelope collide at this ve-
locity with the atmosphere, which consists of approxi-
mately 70% O(3P) atoms at 300-km altitude. Surfaces
facing the direction of travel have been observed to glow
in the visible spectral region (for a review, see Ref. [6]).
The emission is continuous at a spectral resolution of 3.4
nm [7,8] and has been attributed to electronically excited
NO, [7]. In this example, incoming fast O atoms recom-
bine with NO, and the translational energy is converted
into electronic excitation of the NO,, and into a high
translational energy of the emitting NO,* as it departs
the spacecraft surface [7,9].

II. EXPERIMENTAL METHODS

The atomic-oxygen source, target region, and spec-
trometer system used in these measurements were the
same as those used previously in single-collision, beam-
beam collision studies of the gaseous targets H,O, CO,
[10], and N,H, [11]. By way of summary, the collision
measurements are carried out in uniform, high-intensity
(6 T) solenoidal magnetic field (see Fig. 1 of Ref. [12]).
Magnetically confined electrons of 8.0-eV energy attach
to a beam of NO to form N+O~(?P). The magnetically
confined O~ ions are accelerated to the desired final ener-
gy and are separated from the electrons by a trochoidal
deflector. The electrons are photodetached from the O™
ions using all visible lines from a 20-W argon-ion laser in
a multiple-pass geometry. The detachment fraction is
8-15%, depending upon the velocity of the O~ ions
through the detachment region (see below). The resulting
O atoms are left exclusively in the ground 3P state. The
O and (undetached) O~ beams are then directed towards
the HCN target. The O™ ions, and any photodetached
electrons, are reflected prior to reaching the HCN beam
by a negative bias on the emission-collection mirror be-
fore the target. The neutral HCN beam itself is formed
by effusion through a 1.0-mm-diam hypodermic nozzle.
The target region was differentially pumped with a cryo-
pump to maintain a pressure difference of 1.3X 10 * Pa
(source) and 2.7X107°% Pa (target) during operation.
Base pressures were 1X107% and 7X107% Pa at the
source and target, respectively.

Optical emissions from the collision region are collect-
ed with a spherical mirror and focused onto the entrance
plane of a double-grating monochromator. Separate
spectra of the emissions and backgrounds are recorded
via multichannel scaling. The spectral resolution is 4.0
nm [full width at half maximum (FWHM)]. The princi-
pal sources of backgrounds are O~ collisions with sur-
faces and, in the wavelength range 450—550 nm, scat-
tered light from the argon-ion laser and the directly heat-
ed electron emitter. The HCN was obtained commercial-
ly [13] and had a stated purity of greater than 99.5%
with the remaining impurities being H,O (<0.5%) and
H,SO, stabilizer (0.1%). The purity was verified by
measuring the fractionation pattern of the HCN with a
quadrupole mass analyzer. A base peak of 27 amu was
found, with no trace at the 0.5-1% level of other impuri-
ties, especially C,N, at 52 amu [14]. The HCN was con-
tained in a stainless-steel cylinder, and was subjected to
ten freeze-thaw cycles with liquid nitrogen to remove dis-
solved gases. All valves and transfer lines were stainless
steel.

III. RESULTS AND DISCUSSION

A. Emission spectra

The relation between laboratory and c.m. energies is
given by the standard expression [16]

E\E,

mym,

172
mm, E, E,
Ec.m. -

m;+m, |m, m,

cos6 I s

4)

where m; and E; are masses and laboratory energies (sub-
scripts 1 and 2 refer to O and HCN, respectively). The
energy of the HCN molecules in the beam is thermal
(E,=0.04 eV), and the angle 6 between the O and HCN
beams is 90° for crossed-beam collisions. Contribution
from the second term in Eq. (4) (order of 0.01 eV c.m. en-
ergy) is neglected, as is the effect (third term, order of
0.01 eV c.m. energy) of the HCN beam angular width. In
this case Eq. (4) reduces to E_ , =0.628E,. Equation (4)
is based only upon the laboratory energies of the incident
particles and gives no information on the energy sharing
between the outgoing particles in the given reaction
channel.

Shown in Fig. 1 are spectra of the CN 4 —X and
B — X emission systems resulting from the collisions of O
and HCN. Also shown is a simulation of the 4 —»X
emission in terms of energy locations [4] and Franck-
Condon factors [15] of the vibrational bands. The labora-
tory energy for the O+HCN collision system was 20.0
eV, corresponding to a c.m. energy of 12.6 eV. The
B — X band system in Fig. 1 is approximately two orders
of magnitude more intense than the 4 —X system. It is
shown in more detail in Fig. 2 at a lab energy of 10.6 eV
(6.7 eV c.m.). Here one has contributions from three
main sequences: Av=+1 centered at 358 nm, Av=0 at
387 nm, and Av=—1 at 417 nm. In addition, a
nonlocal-thermodynamic-equilibrium computer code was
used to characterize the emitting B state in terms of a



48 OBSERVATION OF CN 4 —X AND B —X EMISSIONS IN GAS- ... 429

T T T i B T
| B2Z*—ex23* O(®P) + HCN
it 12.6 eV (CM)

08} !
i AT, —-Xx25*

| b
06} ‘ A TR
l }1 4nm
E: DATA

04—

1 et AN

0.0 n

i 1 ;i’J‘J,l‘ljlllll!“i}l”\itg

L 1
300 400 500 600 700 800
WAVELENGTH (nm)

—0.0

CN (B—=X) INTENSITY (arb. units)
CN (A—=X) INTENSITY (arb. units)

FIG. 1. Measured and simulated spectra of the CN 4 —X
emission system in the wavelength range 550-850 nm, at a lab
energy of 20 eV (12.6-eV c.m. energy). Also shown is the CN
B — X emission in the range 300-440 nm (see Fig. 2).

separate vibrational T, and rotational 7, temperature
[17]. All important vibrational bands up to v'=v"'=9
were included, as well as all rotational states in each
v',v"" level whose rotational energy did not exceed 2 X 10*
cm ! (2.5 eV). Oscillator strengths were taken from Ref.
[15]. A Boltzmann distribution of population in the B
state was used. Results are shown (solid line) for the
combination T, =7000 K (0.60 eV) and T, =2000 K (0.17
eV). The agreement between experiment and simulation
is within the combined uncertainties.

B. Reaction threshold

Central to specifying the appropriate reaction channel
is the threshold energy of the channel. This measure-
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FIG. 2. Measured (®) and simulated (——) spectra of the

CN (B—X) emission system at 6.7-eV c.m. energy. The
Av=+v'—v""=0, +1, and —1 sequences are shown. The simu-
lated spectrum corresponds to vibrational and rotational tem-
peratures of 7,=7000 K (0.60 eV) and T,=2000 K (0.17 eV),
respectively [17].

ment in turn relies on accurate knowledge of the energy
distribution of the O(3P) atoms in the beam. This energy
distribution was obtained from the energy distribution of
the O~ (°P) ions: the approximately 1.0-eV excess c.m.
energy in the photon absorption-detachment process is
shared between the outgoing O(*P) atom and the elec-
tron, with the lighter electron taking up practically all
the excess energy. And hence the energy distribution of
the detached O(3P) atom (after correction for the chang-
ing detachment efficiency with velocity, see below) will be
very nearly identical to that of the O~ (?P) ion, to within
the ratio m /m, (electron mass m,).

The magnetic confinement of the O™~ ions made for a
convenient  retarding-potential  difference  (RPD)
geometry. The retardation and ion detection was carried
out by means of a biasing grid placed before the sample
holder used as a Faraday cup. Measurements were made
of O™ current as a function of negative retarding voltage
on the grid. Results of the retarded current are shown in
Fig. 3.

The RPD technique measures the axial width of the
particles in the beam. One may also estimate the
broadening in the radial direction due to the O™ space
charge. Balance between the repulsive force F,=eE, of
the radial electric field E, and the centripetal force
F.=evyXB of the confined, spiraling ions (v, is the ion
tangential velocity) provides a measure of the rotational
kinetic energy T,=1/2mv3. Under the present experi-
mental conditions of beam diameter, energy and current
T, was calculated to be less than 0.1 eV. This was also
verified by observing the diameter of an eroded spot on a
silver thin film placed in the O(*P) beam. One obtains a
divergence half-angle from the diameter, and hence T'.
The value obtained in this measurement was 0.06 eV at
8-eV (lab) O(’P) energy, so that effects of the radial ener-

07(%P) CURRENT (arb. units)

ENERGY (eV)

FIG. 3. Energy distribution of the O~ (?P) ions at an ion
current of 0.71 pa, as obtained by retarding-potential difference
(RPD) measurements. Shown are the O~ RPD curve and the
O(?P) distribution obtained from the derivative of the O~ RPD
curve, corrected for the variation of detachment efficiency with
energy. The peak energy is 8.6+0.2 eV, and the FWHM is
0.75+0.01 eV.
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gy width were considered negligible.

In order to convert the derivative of the O~ (*P) RPD
curve to an O(3P) distribution one must correct for the
changing O~ detachment efficiency with particle velocity
through the multiple-pass detachment mirrors. This
changing efficiency will distort the derivative, since the
lower-energy portion of the O~ distribution will be more
efficiently detached than the higher-energy portion. The
detachment efficiency g was determined experimentally
and can be expressed in terms of known experimental pa-
rameters

g(V)=1—exp(—faL/V), (5)

where f is the laser flux [photons/(cm?s)], o the detach-
ment cross section (cm?), L the total path length in the
multiple-pass mirrors (cm), and ¥ the O~ velocity (cm/s).
The variation of g with V was obtained by measurement
of the change in O~ current in the biased-grid Faraday
cup near the beam target, as a function of the O~ energy.
(When the laser is turned on, the O~ current decreases
due to photodetachment.) The correction factor was
then applied to the derivative of the experimentally ob-
served RPD curve [0 (?P) curve in Fig. 3)] and the
OCP) energy distribution was obtained. The width of
the O(°P) distribution (Fig. 3) at the indicated O~
current (0.71 pa) was 0.73 eV (FWHM). The lab energy
of OC3P) in Fig. 3 was 8.6 eV. The O~ (?P) RPD curves
were measured at ten energies in the range 5-25 eV and
were found to be unchanged, within experimental error.
The O(3P) distributions were then calculated at each en-
ergy through Eq. (5).

The O(*P) energy is known to within the difference in
contact potentials of the metals (W and Ti) used in the
system. This difference, and hence the maximum uncer-
tainty in the O-atom energy, is estimated to be +0.2 eV
[18].

With the monochromator detection wavelength fixed
at 387 nm (peak of the Av=0 sequence in the B—X
emission), the emission intensity was monitored as a func-
tion of O(®P) energy. Results of this measurement are
shown in Fig. 4. By unfolding the O(*P) energy distribu-
tion (Fig. 3) from the data one obtains an energy thresh-
old of 7.41+0.8 eV (lab), or 4.6+0.5 eV (c.m.), with the
principal source of uncertainty due to poor counting
statistics at the threshold. The threshold energy is very
likely an upper limit since (a) it includes additional rota-
tional, vibrational, and translational energy in the OH
and CN products, and (b) thresholds generally trend to
lower values with any increase in the instrumental
signal-to-background ratio. It is possible with this mea-
surement to determine that the reaction channel is reac-
tion (3'). From the enthalpies of reaction, the energy re-
quired for reaction and excitation to the B level at 387
nm is 5.25 (H—CN bond energy) —4.35 (O—H bond en-
ergy)+3.20 (B-state energy)=4.10 eV (c.m.) or 6.53 eV
(lab). This is in good agreement with measurement
(4.610.5-eV c.m.), especially with the caveats above.
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FIG. 4. Excitation of the B—X emission at 387 nm as a
function of O(*P) lab energy in the range 5-25 eV (curve A).
The excitation function has been deconvoluted from the energy
distribution of the O (*P) atoms (see Fig. 3), and the excitation
threshold is measured to be 7.4%+0.8 eV (lab, from curve
A X10). Dotted portion at threshold (- - - -) is the intensity
without deconvolution, showing effects of the high-energy tail in
Fig. 3.

C. Reaction dynamics

Reaction (2'), even though requiring less energy than
reaction (3'), is not detected. The NH A4 — X transition is
strong, peaks at 337.5 nm [11], and is absent from the
spectra.  HCN in its ground state is linear, with
configuration H—C—N. Reaction (2') requires a molec-
ular rearrangement, perhaps to the H—N—C
configuration. This configuration is known to lie
0.625+0.04 eV above the H—C—N configuration [19].
Moreover, ab initio calculations predict a barrier to the
conversion, with the transition state lying 1.94+£0.04 eV
above the H—C—N energy [20]. Hence an energy of
about 4.2 eV is required for reaction (2’) to occur. By
contrast, reaction (3’) requires less energy and can
proceed by a simpler (“harpoon”) mechanism wherein
the H atom can be stripped from the CN portion by the
incident O atom [21]. It is interesting to speculate on the
conditions which might allow reaction (2’) to occur. One
possible scenario is to pump the energy required to reach
the transition state into HCN vibrational modes. Col-
lisions with O(*P) could then lead to the formation of
NH(4).
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