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Velocity relaxation of fast hydrogen atoms colliding with rare gas atoms @ and NO molecules has

been investigated by measuring Doppler broadened H atom spectra. The fast hydrogen atoms were generated

by photodissociation of 6 at 243.2 nm, and the H atom spectra were measured by two photon absorption
laser induced Lymau fluorescence. The H atom spectra show an anisotropic velocity distribution with the
anisotropy parametefs = —1.0 £+ 0.05, without any colliding gases. Degradation of the anisotropy of the
angular distribution was measured as a function of pressure of the colliding gases, He, As, s, ahd

N>O and the collision cross sections for velocity direction change were measured.

I. Introduction We photolyzed the k& molecules with a nanosecond laser pulse

hi . by elasti dinelast lisi and detected the H atoms by two-photon absorption and induced
Quenching energetic atoms by elastic and inelastic collisions g, rescence within the same laser pulse. By using polarized

with surrounding bath gases is one of the fundamental processes, 4., light, we measured the Doppler profile of the H atom

taking place in the upper atmosphere and in chemical reactorsg,e s showing anisotropic velocity distribution. Thus, we

as well. Thehenerlgetlc atoms are dqften _ge_nera(tje_d by photodis-p enared an ensemble of the hydrogen atoms with an anisotropic
sociation, photoelectron impact dissociation, dissociative re- yeiocin”distribution and measured the degradation of the

combination, and so forth. The collisions in some cases pmduceanisotropy by collisions with bath gases as a function of bath
rovibrationally excited molecules that would undergo chemical as pressures. In this way, the cross sections for the direction
reactions. Thus, detailed understanding of the collision processe hanging collisions taking’ place in the early stage of the
is crucial to analyze subsequent physical and chemical processesa|axation processes were measured.

The collisions of energetic atoms have been theoretically
studied by numerically solving the Boltzmann equation for non-
Maxwellian anisotropic velocity distributioh.The velocity
distribution depends on both the direction and magnitude (speed) The experiment was performed in a flow cell with two arms
of the velocity. The eigenvalues of the collision operator depend in which baffles are placed to minimize scattered radiation. The
on the mass ratio; = me/my, wheremg andmy are the masses  cell was evacuated to a pressure of 3Torr with a mechanical
of the bath gases and target atoms, respectively. Whenl, pump. The hydrogen atoms were generated by photodissociation
the distribution over angles is relaxed much more rapidly than of H,S slowly flowing through the cell at a sample pressure of
the distribution over magnitudes, whereas the opposite is trueabout 120 mTorr which was measured by a Baratron gauge.
for y < 1. Experiments have been reported for each of the  The horizontally polarized 243.2 nm photolysis light was a
extremes and an intermediate case. Park et al. measuregrequency-doubled output of a dye laser (Lumonics HD-500)
thermalization cross sections for fast hydrogen atoms colliding pumped by the second harmonic of a pulsed Nd:YAG laser
with rare gas atom3They found rapid relaxation of the angular (Lumonics YM-800). The temporal profile of the light pulse
part of the velocity distribution and slower relaxation of the was measured with a fast photodiode (Hamamatsu) and found
radial part. Cline et al. found for the case of energetic | atoms to be a Gaussian shape with fwhm of 7 ns (Figure 1). However,
that relaxation of the speed preceded relaxation of the angularlyit is believed that the measured value is an upper bound because

[I. Experiment

dependent part of the velocity distributiérMatsumi et al.  of the RC time of the detection electronics. The nominal fwhm
measured the rate of both relaxation processes for superthermajajue is supposed to be about 5 ns. The hydrogen atoms
O('D) atoms colliding with rare gas atoms ang iNolecules’® generated in the 1s state were then excited to the 2s state by

The collision cross sections of the hydrogen atom with rare subsequently absorbing two more photons of the same wave-
gases were measured by crossed beam experiments at collisiotength within the same light pulse and collisionally quenched
energies under 1.5 eV and interatomic potentials were de-to the 2p state followed by emission of Lymanfluorescence
duced®” We report in this paper the collision cross sections at 121.6 nm. The induced Lymanfluorescence was detected
for the fast hydrogen atoms produced by photodissociation of at a right angle to the laser beam by a solar blind photomuiltiplier
H,S collided with rare gases and:ND,, and NO molecules. tube (Hamamatsu R1259) through a Lymanfilter. To
maximize the signal-to-noise (S/N) ratio in the spectra, dry
* Corresponding author e-mail: hlkim@cc.kangwon.ac.kr. nitrogen was flowed between the PMT and the LiF viewing
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assuming instantaneous dissociation upon absorption of the light.
In the above equatiorq. , is the angle betweeey and recoil
direction, v, of the photofragmentP, is the second-order
Legendre polynomial, anflis the anisotropy parameter which
reveals the angular distribution of the fragments. The anisotropy
parametep} has the limiting value of 2 for the parallel transition
(the transition dipole moment aligned parallel to the recoll
direction), while for the perpendicular transition, it s1.
According to the addition theorem for Legendre polynomials,
the above equation then becomes

1(6) = 45 [1 + BPAcos, JPy(cos, )]

10 0 10 2
0 30 40 50 60 where 6., and 6,,, are the angles oéy and v to the probe
Time(ns) directionz. Since the experimental geometry of this studygis

O z and the Doppler shift of the absorption frequenay,
compared toy, of the atom at rest is given by

Figure 1. A temporal profile of the light pulse measured with a fast
photodiode. The fwhm value is 7 ns.

V= vo(l + % C039v,z)

the Doppler broadened profile of the spectra becomes

1 v — vo\%c\2
1—>p43 =l -1

4ﬁ{ ( Yo ) (U) }]

The observed H atom spectra were fitted well by the above
" . " . ! equation with a speed of 14 800 m/s gfic= —1.0 + 0.05,

82268 82272 82276 82280 82284 implying that the transition dipole moment is aligned perpen-
dicular to the molecular plane. From the speed of the H atoms,
_ the fraction of the available energy (the photon energy minus
Figure 2. Doppler broadened spectrum of the H atom produced from the bond dissociation energy) released as translation is calculated
photodissociation of k& at 243 nm. The solid line is the best fitto the {5 e .96.
observed spectrum by the equation in the text. As mentioned in the Experimental Section, the spectra were
. . . . . . measured under various experimental conditions in order to test
window. The line width of the laser is 0.06 cftin the visible the saturation and the effect of the spot size at the focal point.

mea;ured from rotationally resolved gaseogss;bectra_ at We have tested the lensesfof 15, 50, and 100 cm with the
ambient temperature. The Doppler broadened laser induced

fluorescence excitation spectra of H atoms were then meas.ure(Jaser power from 30@J/pulse to 3 mJ/pulse. At very high light
- . P . densities such &= 15 cm and 2 mJ/pulse, the spectra showed
with a gated integrator and a signal processor.

The maximum energy of the 243.2 nm light obtained from saturation. Besides, since the generated H atom is moving fast,

. : . . ... 14800 m/s, it can escape from the viewing zone during the
our system is about 3 mJ/pulse. Since this photodlssoua'uonIorobing period 57 ns when the light beam is tightly focused.

a_md detection of H. atoms requires at least three_ photons, theThus the spectra were measured with the laser power kept as
light was focused with a lens. To test power saturation and effect low a{s possible and with the lens= 100 cm which has the

of the spot size at the focal point, the lenses with various focal diameter of the spot size of at leas800xm at the focal point.

lengths were used. . . e
The Doppler broadened H atom spectra were measured in aThe log-log plot of the measured signal intensities vs the laser

. . ) Jower shows a straight line with the slope of 3.2 (Figure
static cell in the presence of various bath gases. The sampl 3). This slope is consistent with a one-photon dissociation
ressure of BS was fixed as 100 mTorr and the spectra were 7
Fneasured by adding He, Ar, Kr,o,NO,, or N;O at 5ifferent process followed by a two-photon probe process.
o ’ In Figure 4, the Doppler broadened spectra of the H atoms
pressures up to about 30 Torr. The gases were purchased fron?:0

Aldrich, Spectra Gases, and local companies with stated purities lided by Ar gas at different pressures are shown. The spectra
higher than 99% and used without further purification. show an apparent increase of the anisotropy paranjefesm

—1 under no collisions to 0 as the Ar pressure increases. From
the above equation, the spectra of the rectangular shape should
be expected when the angular distribution of the H atoms
A typical Doppler broadened H atom spectrum is presented becomes isotropig3(= 0). The direction changing collision is
in Figure 2. Since the photolysis and probe have been achievedso effective, that is, the cross section for the direction changing
by the same light pulse, the polarization direction of the collision is so large, that the evolution of the Doppler broadened
photolysis lighteq, is perpendicular to the propagation direction  |ine shape may be very sensitive to the small number of average
of the probe lightk,, that is,eq O ky. The angular distribution  collisions. In the meantime, however, transfer of the translational

10) =+

Wavenumbe‘r(cm")

Ill. Results

of the photofragments is described by the equdtion energy seems to be ineffective, which is reflected by almost no
change in the line width of the profiles. The appargstas a

_1 function of the pressure of various colliding gases were

1) 4 [+ APy(cod,, )] measured and plotted in Figure 5. As seen in the figure, the
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Figure 3. Log-log plot of the measured signal intensities vs the laser O NO
powers. Symbols indicated are from lenses of different focal lengths. . )
The plots show linear slopes of 3t30.2 with saturation at high powers. 0 5 10
H,S + Ar Pressure(torr)

Figure 5. Measured average anisotropy paramgteas a function of
various bath gas pressures.

excited to thelB; state that is bound along the symmetric
stretching vibrational coordinate at the Fran€kondon region.
0.31 torr 1.88 torr The 1B; state is crossed by the repulsiv&, state near the
bottom of the!B; potential energy surface forming a conical
intersection. Recent measurements of the emission spectra of
: . . . . . . H,S excited at 199203 nm clearly show an evidence of the
82270 82275 82280 82285 82270 82275 82280 82285 conical intersection near 200 n¥Upon excitation of HS near
Wavenumber(cm™) Wavenumber{cm™) and above the conical intersection, the excited molecule initially
feels the force along the symmetric stretching vibrational
coordinate. As the dissociating molecule samples the conical
intersection, an influence by tAA, state leads the molecule to
the exit channel repulsive along the asymmetric stretching
vibrational coordinate. In the adiabatic picture, however, the
diabatic 1B; and A, states are correlated to the twa"
adiabatic surfaces along the asymmetric stretching vibrational
4.05 torr 7.36 torr coordinate in theCs symmetry!® The A" state is purely
repulsive and the2" state at higher energy is bound, both of
which are all dipole allowed from the ground electronic state.
The absorption is to both the repulsivBAl’ state and the bound
2IA"" state leading to the structured absorption at the shorter
wavelength side of the spectrum. The measured anisotropy
Figure 4. Doppler broadened H atom spectra at different Ar bath gas parameterf = —1.04 0.05) reveals that the transition at 243
pressures. nm is purely perpendicular, that is, the transition dipole moment
) lies perpendicular to the molecular plane. The fact that the
cross sections are expected to be larger for the atoms orfraction of the available energy distributed to the translational

J— i

P

82270 82275 82280 82285 82270 82275 82280 82285
Wavenumber(cm™) Wavenumber(cm™)

molecules of larger masses. energy of the fragment is 0.96 with little vibrational excitation
of SH is in good agreement with the previous results. The
IV. Discussions photodissociation of b8 at 243 nm is prompt, at least the

lifetime of the excited molecule is shorter than a rotational

i iation d . ‘ ited within the fi ; period. The two diabatic excited staté8; and!A, are strongly
Issociation dynamics of#3 excited within the first continuum coupled and are correlated to the adiabaticsArfaces along

have been reported by many authors. The at_)sorption starts from[he asymmetric stretching vibrational coordinate. At 243 nm,
a;lound 250 nlm anr(]:i peaks _about 2d0(; nmgwthddﬁfusgrgﬁmmis alihe longer wavelength side of the first continuum and with
shorter wavelengths superimposed by a broad contl " _energy below the conical intersection, the vertical transition from

ti;ethpresvll_? lfJS StUd'etS’ zatngu[ar an(:] w:tc—lzrngl energlly d'tsg”bu.tt'ﬁ.nsthe ground state directly accesses the repulsive part of-&kie 1
?h ? ¢ ra%men S atvarious p oga{“slsT\r/]vavz_eng .St.W' "N adiabatic surface and the dissociation takes place along this
e first continuum were measur&d: e dissociation fpotential surface.

dynamics was also studied by measuring emission spectra o . . .
Y y - p B. Collision Cross Sections of H Atoms.The velocity

dissociating HS moleculeg>16 All of these measurements distribution f hotodi inted f lecul ith
suggest that the transition is induced by b a electron listribution for atoms photodissociated from molecules wit
linearly polarized light can be written rigorously as

promotion in theCy, symmetry. Electronic structure calculations
predict that the excited states responsible for the transition are _ _ _
mainly the!B; and!A; statest’1° The HS molecule is initially f(0,t) = fo(v,1) + Bfean®f(v,1)Py(cosb)

A. Photodissociation Dynamics of HS. Studies of photo-
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TABLE 1: Measured Collision Cross Sections (&) of the
Fast H Atoms Colliding with Various Atoms and Molecules

this work thermalization

He 7+2 10+ 22
Ar 20+ 3 9+ 22
Kr 60+5 12+ 22
\F3 14+ 2
O, 21+2
N.O 32+ 3

a Reference 2.

4t the data was repeated with the smooth Gaussian function with

— 20A° 7 ns fwhm forl(t) and compared the cross section values. The
—-— 2342 obtained values are not significantly different from those
. . . measured from the experimental temporal profiles, mainly within
0 2 4 6 8 the error bounds. The fitting seems to be deviated from the
experiments at high pressures as seen in Figure 6. The deviation
Pressure(torr) mainly originates from the single speed assumption of the H
Figure 6. A typical fit of the observegs as a function of the Arbath  atoms. Since the mass of the colliding gases is not infinite,
gas pressures in order_to obtain collision cross sections. The best fit isenergy transfer takes place by collisions. As the pressure
obtained for the experimental values at low pressures. increases, the H atoms after the collision have different speeds
and the distribution of speed affects the experimentally observed
Doppler profiles, which results in more rapid convergence of
he experimentally measured anisotropy parameters to zero.
hus, the cross sections were obtained from the best fit at low
pressures. In addition, in this fitting, the hard sphere collision
and the first-order rate process is assumed. The deviation of
the fit at high pressures might come from some small angle
scattering collisions with larger cross sections due to short-range
potential interactions. Contribution of these collisions to the
anisotropy may be calculated if these realistic potentials would
be known.

The cross sections for direction changing collisions or
disalignment cross sections depend on the masses of the
colliding partners. When the fast H atom strikes a bath molecule
B = B0y or atom with infinite mass, in th_is case thg atom could never

lose kinetic energy but its velocity correlation would be zero.
The cross sections measured in this work for collisions relaxing
p to zero are larger than those reported by Park et al. for speed
reducing collisions, implying that the direction changing col-
lisions dominate energy transfer collisions as expected since
the lightest H atom collides with the heavier gases.

where § is the anisotropy parameter of the fragments. In a
general casd(t) would be absorbed ify(v,t). In the present
case, however, the specific assumption is made that the potenti
of interaction is that of two hard spheres. The experimental
results will be shown to support this assumption. Relaxation of
the anisotropy is shown by change in the shape of the Doppler
broadened line as in Figure 4, while relaxation of the speed
distribution is shown by reduction of the line widktA single
hard sphere collision results in an isotropic velocity distribution.
Thus, at any given time, the atoms which have undergone no
collisions preserve their initial anisotropic distribution. fgf;

be the fraction of atoms which have undergone no collision.
Then, the apparent measurgds given by

wheref(0) is the anisotropy parameter of the H atoms without
the bath gases, that is,1 in the present experiment, afig is

the fraction of the H atoms experiencing no collisions. Because
the collision takes place before the probing two photons are
absorbed by the H atoms and the whole LIF signal is produced
within the single laser pulsé, is given by assuming the first-
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