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Dissociative excitation of H,S by electron impact
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Vacuum-ultraviolet emissions following the dissociative excitation of H,S by electron impact at 100 eV
incident energy have been measured. The absolute photoemission cross sections are presented over the wave-
length range from 94 to 170 nm and the H, S1, or SiI transitions producing the features identified. The measured
cross section of the Lyman-a emission at 121.6 nm for an electron-impact energy of 100 eV is
(9.79+0.67) X 10~'8 cm?. Excitation functions of the dominant H and SI emission lines are shown for
electron-impact energies from threshold to 300 eV. We study the near-threshold region of the excitation
functions and use the measured threshold energies to identify the dominant fragmentation channels.
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I. INTRODUCTION

Hydrogen sulphide (H,S) is an important molecule from
many standpoints. It is a major pollutant in earth’s atmo-
sphere being released in many natural and industrial pro-
cesses [1-3] and has been identified in comets [4], nebulae
[5], interstellar clouds [6], and extragalactic sources [7]. H,S
is also widely used in the semiconductor industry and in
plasma processing [8]. The molecule has a relatively large
dipole moment of 0.98 D, and so its presence can have a
significant effect in plasma situations, for example, on the
electrical conductivity. Recent work [9,10] has indicated that
H,S plays an important role in regulating blood pressure in
humans.

Electron interactions with H,S have been studied fairly
widely, but there are still significant gaps in our knowledge.
The experimental data for the ionization, attachment, total,
integral, and momentum-transfer cross sections obtained be-
fore 2003 were surveyed in the Landolt-Bornstein review
[11], while a broader review covering all the different
electron-impact processes was given by Karwasz et al. [12].
Measurements of the total cross section cover the range from
1-1000 eV [13-15] and are in good agreement with one
another. Elastic differential, integral, and momentum-transfer
cross sections have been measured [6] over the energy range
from 1 to 30 eV, and a large number of different theoretical
approaches have been applied to calculate these parameters
(see Refs. [7,8] for summary and discussion). More recently
[16,17] both the energy and angular ranges have been ex-
tended, and extensive comparisons have been made between
experiment and theory. Ionization cross sections have been
measured [18-20] from threshold to 1 keV. Agreement be-
tween different experiments and between experiment and
various semiempirical theories for the ionization cross sec-
tions [21,22] is poor. Dissociative attachment resulting in the
production of H™, S7, and SH™ has been studied by a number
of groups [19,20,23-26].

Limited information on excitation or dissociative excita-
tion of H,S is available. The emission spectrum in the near
UV and visible spectral regions, obtained following electron
impact, has been presented by Horani et al. [27], Dixon et al.
[28], and Toyoda et al. [29]. Prominent features were the H
Balmer series and the HS* and H,S™ molecular emissions.
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Mohlmann and de Heer [30] measured absolute cross-section
data for the Balmer series and obtained a value of
6.2X1071% cm? for the Ha line at 100 eV electron-impact
energy. Ogawa et al. [31] studied the velocity distribution of
the excited H(n=4) fragments following dissociation by
monitoring the Doppler profile of the HS line. Meyer et al.
[32] investigated the radiative relaxation and fragmentation
dynamics of H,S following excitation by high-energy
(~165 eV) photons by observing fluorescence from H, S¥,
S?*, and HS* fragments in the 300-700 nm range. To our
knowledge, no data are available on emissions in the VUV
spectral region.

We present complete coverage of the emissions in the
90-170 nm region and provide excitation functions for
prominent transitions and absolute cross-section data. By ob-
serving the excitation functions in the near-threshold region,
the likely dissociation channels of H,S following electron-
impact excitation are identified.

II. EXPERIMENT

The experimental apparatus has been described in detail
elsewhere [33-35], and so only an outline will be presented
here. The apparatus consists of an electron-impact collision
chamber joined to a %m Seya-Namoika VUV spectrometer
with a 2400 lines/mm diffraction grating. Base pressures in
the two chambers were typically 107 Torr. To produce an
approximately constant electron-beam current over the en-
ergy range from 10 to 300 eV, the electron beam was mag-
netically collimated. The energy resolution of the electron
beam was approximately 0.5 eV full width at half maximum
(FWHM), although the presence of H,S was found to de-
grade this somewhat. Suitable voltages applied to the Fara-
day cup prevent the backscattering of electrons and allow the
efficient collection and recording of the beam current. The
beam current was typically 50 uA.

In the cross-beam measurements, a beam of gas mol-
ecules effuses from a capillary tube and intersects the elec-
tron beam at 90°. The photons emitted at 90° with respect to
the electron and gas beams are detected by a channel electron
multiplier, which is coated with CslI to increase the detection
efficiency at wavelengths above approximately 110 nm. The
main advantages of using the cross-beam technique are, first,
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the higher concentration of molecules in the interaction re-
gion leads to an increased count rate and, second, the adverse
effects of the H,S on the electron-beam energy resolution
and filament lifetime are reduced. However, the gas density
across the H,S beam is not uniform and, hence, the interac-
tion volume between the electron beam and target gas can
depend on the electron energy through variations in electron-
beam focusing. Therefore we checked the reliability of the
cross-beam measurements using the static gas method, where
a uniform gas density is achieved by removing the capillary
tube and then filling the chamber with a homogeneous den-
sity of H,S. The electron-beam current /, and the driving
pressure for the target gas beam P (as measured using a
baratron absolute pressure gauge) were recorded synchro-
nously with the photon emission count rate, so that the total
photon counts could be normalized with respect to P and /,.
Therefore, any variations in the pressure and current during
the data collection did not produce errors in the final data
presented below. The H,S target gas density and the
electron-beam current were low enough to prevent resonance
self-absorption of emitted radiation and multiple scattering
between the electron beam and target gas. Furthermore, the
source densities were sufficiently low that radiationless
quenching of the excited fragments produced negligible ef-
fects.

Two types of experimental data were collected. In the
wavelength scans, the electron-beam energy is fixed at 100
eV, while the photon emission rate is measured as a function
of wavelength. For the excitation functions, the VUV mono-
chromator system records the photon emission rate of a se-
lected emission line as the electron-beam energy is scanned
from threshold to 300 eV. To calibrate the electron-impact
energy scale, we collected threshold excitation functions for
He(2 'P-1'S) emission at 58.4 nm and the selected H,S
emission to be calibrated under identical experimental con-
ditions. In particular, the same gas mixture of 100 mTorr of
He and 100 mTorr of H,S was used for both excitation func-
tions. The energy shift required to correct the He(2 'P-1'S)
threshold to the known spectroscopic value was then applied
to the H,S excitation function.

There are a large number of repulsive channels for H,S,
and so any polarization of the photons emitted following
dissociative excitation is expected to be small [36]. To our
knowledge, a polarization greater than 5% has never been
produced by the dissociative excitation of a triatomic mol-
ecule. Furthermore, even if the polarization was 5%, the cor-
rection to the cross section would be less than 2% [37]. Any
possible errors introduced by polarization effects are there-
fore significantly smaller than the total errors from other
sources and thus have been neglected.

III. CALIBRATION OF THE DETECTION EFFICIENCY
AS A FUNCTION OF WAVELENGTH

A. Relative detection efficiency

The relative probability of detecting a photon as a func-
tion of wavelength was determined by comparing the theo-
retical H, emission spectrum with our corresponding mea-
sured spectrum. A similar comparison between experiment
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and theory was performed by Liu et al. [38] over the wave-
length range of 114-169 nm and, with slightly improved
spectral resolution and theoretical accuracy, by Jonin et al.
[39] from 90 to 120 nm. This section begins with a review of
the established theoretical model. We then discuss our ap-
proach to (i) including the effects of resonance self-
absorption in the model and (ii) fitting the model to the ex-
perimental data.

The photon emission rate, I, following electron-impact
excitation of H, is the product of the excitation rate g and the
emission branching ratio:

AW, J:;00J7)

ey d o) = 80, 1) 05, (1)
where v and J are the vibrational and rotational quantum
numbers, respectively. The subscripts i, j, and k denote the
initial H, ground state X 'S*; the intermediate 2poB 'S},
2pmC ', 3poB’ 12;, and 3pwD 'TI, excited discrete
states; and the final lower state, respectively. A(v;,J;;vy,J;)
is the Einstein coefficient for spontaneous emission of a pho-
ton produced by the transition from level j to k. We used the
calculated emission probabilities A(v;,J;;vy,J;) and the
observed wave numbers for the B, C, B’, and D’ emission
lines from Refs. [40-43]. A(v;,J;) is the total emission prob-
ability from level (v;,J;) to all possible final states k and
includes the discrete states and the continuum, that is,

A(U,,Jj) = E A(vjv]j;vk,]k) + 2 Ac(vj’-]j;eka‘,k)dek'
Ik

Vg
)

The last term in Eq. (2) is the dissociative transition prob-
ability, A., of molecular hydrogen into two ground-state
H(1s) atoms summed over J;, and integrated over all kinetic
energies of the dissociating atoms, e;. The total transition
probabilities for the B, C, B’, and D' states of H, are calcu-
lated in Refs. [44,45].

For one molecule, the total excitation rate from the initial
states i to the level (v;,J;) is given by

8(Uij):FeE N;oy;, (3)

where F, is the electron flux, N; is the probability of the
molecule being in the initial state 7, and gy is the excitation
cross section. At a temperature of 300 K, effectively all the
H, molecules are in the zeroth vibrational state v;=0, and so
N; is the fraction of molecules in the rotational level J; of the
lowest vibrational state, that is,

S

Ni=N@;=0.) = -~ (2J;+1 )e B/ MIFDRCIKT - (4)
where S=1 or 3 for even or odd J;, respectively, to account
for nuclear-spin statistics, 7.398 is the normalization factor
to ensure that X;N,=1, and the rotational constant B, of
the H, initial state '3" is 60.80 cm™". For an electron-impact
energy of 100 eV, in common with other models [38,39], the
approximation is made that the electron-impact excitation
cross section for optically allowed transitions dominate
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those for optically forbidden transitions. For a given excited
3 state in level (v;,J;), the summation over i in Eq. (3)
then simplifies to adding the excitation rates for the
P(Jl:J]+ 1 N Ui:O’vj) and R(‘Iiz‘lj_ 1 N Ui=0,vj) branches
only, whereas for the I1 states the Q(J;=J i v;=0,v j) branch
is also included.

The excitation cross section g;; for an electron-impact en-
ergy E and transition energy E;; is calculated using the fol-
lowing function introduced by Shemansky et al. [46]:

1 1(2J;+1 G 1 1
O-[]O(—S—(_';)A(UZ,JVU]’J]) _0(_2__'5)
ELE(2J;+1) TLG\XT X

4
Cs Cgl
+ X-1 -nCegX)+—+——+InX|,
z( Jexp(—nCgX) ctox n]

(5)

where X=F/E;;. We used the values of the coefficients
C,...,Cg determined by Liu et al. [47] from the experimen-
tal excitation functions of the Lyman and Werner bands of
H2.
The photons emitted by the decay of the excited H, states
may be absorbed by the background gas present between the
interaction region and the channeltron, which is known as
resonance self-absorption. The background H, molecules are
effectively all in the zeroth vibrational state, and so only
emissions resulting from the decay to the v;=0 ground state
can be reabsorbed. To account for the effects of resonance
self-absorption in the model, the following multiplicative
factor is included in Eq. (1):

Cyi= | (v=w)exp| - ﬁclBijkl(V_ vija |dv
0 c

for v, =0,

ij= 1 for Uy # 0, (6)
where v; denotes the transition frequency, /(v—vy,) is the
line profile of the absorption cross section for a given tran-
sition k—j normalized to unit area, N, is the fraction of the
background molecules in the state k [see Eq. (4)], and « is
the column density corresponding to the photon’s path,

a= f n(z)dz, (7)

with n(z) representing the number density of background H,
molecules at the spatial position z. By; is the Einstein transi-
tion probability for absorption normalized per unit frequency
interval, which can be calculated from the Einstein Ay coef-
ficients [40-43] using the relation

A 20+1
8mhvy, 2J+ 1

Bkj= Ajk (8)

At temperatures around 300 K, the Doppler width is much
greater than the natural width of the line. We therefore only
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include the effects of Doppler broadening on the linewidth,
and so I(v-vy) is represented by a Gaussian centered at
v=1v; with unit area and a FWHM of

—2v,.[2kTIn 2\
w(zana)”

Avp=V2—4
b c M

where M is the H, molecular mass and k is Boltzmann’s
constant. For self-absorption the Doppler frequency shift oc-
curs in both the emission and absorption processes, and so it
is necessary to include the factor of \2 in Eq. (9).

The most significant effect of the self-absorption is to
reduce the emission intensity for wavelengths shorter than
approximately 102 nm, where many of the emission lines
involve decay to v,=0. In particular, the emissions from C
states with relatively large cross sections decaying to low J;
values are highly attenuated. One approach to reduce the
effects of self-absorption is to use relatively low gas pres-
sures. However, a lower gas pressure results in decreased
count rates and, hence, much longer collection times are re-
quired to achieve an adequate statistical accuracy. We there-
fore chose to use H, gas pressures where the effects of reso-
nance self-absorption are evident and then account for the
absorption by treating the column density as an adjustable
parameter in the fitting procedure (see below). We obtain a
column density « of 6.4 X 10"* cm™,

In addition to the direct excitation of the discrete states
from i—j, the E,F IE;—B cascade effects are included in
which excitation occurs from an initial state i to an interme-
diate excited state such as E or F before decay (or cascade)
to the B state. For an electron-impact energy of 100 eV,
cascade processes contribute approximately 11% of the total
B-state excitation cross section and primarily cause an in-
crease in emissions from B states that decay to final states k
with low vibrational quantum numbers v, [48]. We used the
E,F-B cascade model of Ref. [48] and the recommended 3
value of 0.7.

The excited discrete states can decay to the repulsive
ground-state potential curve resulting in two dissociated
H(1s) atoms. The decay to the steep potential curve of the
ground state from several vibrational levels of the excited
state produces a broad continuous emission spectrum. The
continuum emission begins at wavelengths above 121.6 nm,
but the cross section only becomes significant at longer
wavelengths, especially in the region from approximately
145 to 170 nm. For an electron-impact energy of 100 eV, the
ratio of the continuum emission cross section to the total
emission cross section (including the discrete state and the
continuum) is 27.5% for B states and 1.5% for C states [49].
Therefore, only the B-state emission continuum is included
in the present model spectrum. The continuum emission rate
is calculated using the model discussed in Ref. [49] and the
theoretical data available from Ref. [43].

Using Egs. (1)—(9), we calculated the H, emission spec-
trum produced by the direct excitation of the B, C, B’, and D
states; E,F IS* B cascade effects, the B-state dissociative
continuum; and included the effects of resonance self-
absorption. To account for the spectral resolution, the theo-
retical H, emission spectrum is convolved with a Gaussian
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FIG. 1. (a) Fit of the model H, emission spectrum to our mea-
sured spectrum and (b) the relative probability of detecting a photon
as a function of wavelength for the VUV monochromator and
channeltron.

apparatus function with a FWHM of 0.79 nm before com-
parison with experiment.

To determine the variation in the relative probability for
detecting a photon with wavelength, we least-squares fitted
the following model expression to the measured emission
spectrum:

3
)| HoaO) + 2 @, G0, W) |, (10)

m=1

P(\;py, ...

where P(\;py,...,py) is the relative instrumental probabil-
ity function with adjustable parameters py, ...,py, Ho(N) is
the broadened theoretical H, emission spectrum, and, to rep-
resent emissions from the broadened Lyman H(2p 2po),
H(3p ?P°), and H(4p 2P°) Rydberg states, a,, G(\y,,, W) is a
Gaussian centered at A\, with a FWHM of W and an ampli-
tude proportional to a,,. The summation in Eq. (10) is limited
to principle quantum numbers n <5, since emissions from
the Lyman H(np >P°) Rydberg states with n>4 have rela-
tively small cross sections and merge with the molecular
emissions. A suitable function P(M\) that reproduces the
gradual variations in the detection probability as a function
of wavelength with the fewest number of adjustable param-
eters consists of a cubic polynomial and a Gaussian. In the
fitting procedure, the variance is minimized with respect to
the parameters py,...,Py»qu>Nom» W, and the column den-
sity a. The resulting fit and the instrumental probability
curve are shown in Fig. 1. The shape of the curve arises from
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the wavelength dependence of both the channeltron sensitiv-
ity and reflection efficiency of the diffraction grating. The
broad peak centered at approximately 145 nm is likely be-
cause of the variation in the grating reflection efficiency,
which is blazed for maximum reflection at a wavelength of
150 nm. The quantum detection efficiency of the channeltron
decreases with increasing wavelength over the range shown.
An advantage of fitting Eq. (10) to the data is that one can to
separate the H Lyman-« peaks for n <5 from the overlap-
ping molecular emissions, which improves the accuracy
when determining the absolute cross sections by around 6%
(see Sec. III B).

We next discuss the main sources of error when determin-
ing the probability curve P(\) shown in Fig. 1. First, the
accuracy of the theoretical model is partly determined by the
errors associated with the coefficients C;,...,Cg and the
transition probabilities A(v;,J;;vy,Jy). For all but the weak-
est transitions, the fractional errors of the transition prob-
abilities A(v;,J;;v,J;) are less than 3%. The transition
probabilities A(v;,J;;vy,J;) occur many times in Eq. (1) and,
hence, the individual errors of 3% propagate to give a final
error in the photon emission rate / estimated to be less than
10% [39]. For the different excitation energies E;;, the errors
in the relative cross sections due to the inaccuracy of the
coefficients Cy, ..., Cq [see Eq. (1)] are negligible relative to
the other errors involved [39]. Second, there are significant
emissions from states not included in the present model,
namely, the 4pmD’ 'TI, discrete states [39] at wavelengths
shorter than approximately 104 nm and, in the region from
92.6 to 95.0 nm, the H(1s-np) Rydberg series with n=5.
The errors in the region from 93 to 96 nm are consequently
estimated to increase from 10% to less than 15%. Finally,
there are statistical errors when fitting the model spectrum to
the experimental data. The fitting errors are highest at both
ends of the fit, that is, approximately equal to 1% at 94 nm
and 3% at 167.5 nm but reduce to less than 1% at interme-
diate wavelengths. The total error in the probability P(\) is
thus approximately 15% in the region from 93 to 96 nm and
reduces to around 10% for remainder of the curve.

At wavelengths longer than approximately 170 nm, the
H, emission cross section becomes small and so the statisti-
cal errors in determining the probability curve P(\) are large.
As the wavelengths reduce below approximately 94 nm, the
cross sections of the states not included in the model become
increasingly significant. Therefore we only present below the
calibrated cross sections in the wavelength range from 94 to
169 nm.

B. Normalization of the absolute cross sections

To remove the effects of the variation in the detection
probability with wavelength, the H,S wavelength scan is di-
vided by the relative probability function P(\) shown in Fig.
1. The corrected H,S relative photoemission cross section is
placed on an absolute scale by comparison with a known
absolute cross section using the relative gas-flow technique
(see Van der Burgt e al. [37] and references therein). We
used the H, Lyman-a emission line as the absolute cross-
section standard. The cross section for H, Lyman-a emission
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FIG. 2. Photon count rate versus capillary head pressure for H
Lyman-«a emission from H, and H,S under conditions of molecular
flow.

at an electron-impact energy of 100 eV was recently revised
by McConkey et al. [50] to (7.03+0.47) X 10'% cm?. An
ideal H,S emission feature for comparison is also Lyman-«
at 121.6 nm, since it has the same wavelength and the largest
cross section in the spectrum.

At sufficiently low pressures, the flow of gas through the
single capillary tube is collisionless or “molecular.” Under
conditions of molecular flow, the number density of target
molecules is proportional to the source pressure. Therefore
the relative H,S Lyman-« and H, Lyman-« cross sections
can be obtained by comparing the slopes of the count rate
versus pressure graphs shown in Fig. 2. A capacitance ma-
nometer (MKS type 220, 1 Torr full scale range) was used to
measure the absolute driving pressure. All the experimental
parameters were constant during the measurements including
the electron-beam energy, the observed wavelength, and the
slit widths. The total photon counts were normalized with
respect to the Faraday cup current integrated over the data
collection period.

At the spectral resolution of 0.79 nm for the H, spectrum,
the H Lyman-« emission line appears superimposed on a
continuous background from the unresolved molecular emis-
sion lines (see Fig. 1). The fitting procedure discussed in Sec.
IIT A allows one to separate accurately the contributions to
the cross section by Lyman-« and the molecular emissions.
The gradient of the line fitted to the H, data shown in Fig. 2
consequently needs to be reduced by 6% before comparison
with the H,S fit. We then obtain

o[H,S(Lyman-a)]=(9.79 + 0.67) X 10718 cm?, (11)

where the error is due to the uncertainties in the absolute
cross section for H, Lyman-a emission and the fitted gradi-
ents of the pressure versus count rate graphs. The normaliz-
ing factor required to place the H,S Lyman-a cross section
on an absolute scale is applied to the whole H,S wavelength
scan, so that the H,S features at all observed wavelengths are
normalized absolutely.
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FIG. 3. [(a)-(c)] H,S photoemission spectrum over the wave-

length range from 90 to 170 nm for an electron-impact energy of
100 eV. The cross section has been corrected for the variation in the
photon detection probability with wavelength. The transitions pro-
ducing all but the smallest features are identified in Table L.

IV. RESULTS AND DISCUSSION

A. Spectra

Figures 3(a)-3(c) show the H,S photoemission spectrum
for an electron-impact energy of 100 eV, which has been
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corrected for the variation in the detection probability with
wavelength. The atom or ion and the transition that produce
the features are presented in Table I. At wavelengths below
126 nm, the spectrum is dominated by emissions from S*
and the H Lyman series, whereas at wavelengths longer than
126 nm the neutral S multiplets are most prominent. The
Lyman-« emission at 121.6 nm has much the largest cross
section in the spectrum.

To determine the relative cross sections, we fitted Gauss-
ian line shapes to obtain the areas under the peaks shown in
Fig. 3. The relative cross sections are then placed on an
absolute scale using the method of Sec. III B. The absolute
cross sections and the observed wavelengths of the transi-
tions are listed in Table I. The quoted errors in the absolute
cross sections include the uncertainties in the areas from the
Gaussian fits, the statistical errors when fitting the model
spectrum to the experimental data (see Fig. 1), and the un-
certainty of 7% when placing the relative cross sections on
an absolute scale [see Eq. (11)]. As discussed in Sec. II, any
variations in the pressure and current during the data collec-
tion do not produce errors after the normalization procedure.
In addition to the random experimental errors in Table I,
systematic theoretical inaccuracies of 10%—15% in the sen-
sitivity calibration procedure are expected, arising from the
inaccuracy of the model H, emission spectrum (see Sec. IIT).

In some regions of the spectrum, weak features overlap
with larger peaks and produce shoulders. To improve the fit,
Gaussian line shapes were included to model the shoulders,
but, due to the low statistical accuracy and nonuniqueness in
the fitting procedure (or correlation between the parameters),
the weak overlapping features are excluded from Table 1. All
the features included in the fit are identified by numbers in
Figs. 3.

In Fig. 3(c), we note the two prominent St [*D°-*P, ; ]
multiplets composed of features numbered 39-41 and
44-46. The former multiplet is produced by dissociation of
the parent molecule together with promotion of the outer 3p
orbital into a 3d orbital based on a *S° ionic core (see Table
I). The multiplet splitting is caused by transitions to the three
fine-structure components 3P2y]y0 of the ground state. The
relative intensities within the multiplet are approximately de-
termined by the statistical weights (2J,+1) of the ground
state. For features 44—46, the 3p orbital is excited to a 4s
level based on a 2D ionic core. In contrast, the 166.7 nm
feature arises from a singlet-singlet transition from the upper
3s23p3(2D)4s 'D° level to the 3s23p* 'D, level within the
ground configuration.

In addition to the strongest neutral S features discussed
above, some of the weaker SI emissions are of interest.
Features 31-35 in the wavelength range from 138 to
140 nm [see Fig. 3(b)] represent inner shell 35— 3p excita-
tions leading to dipole-allowed transitions within the
3s23p* 3P2,1,0-3s3p5 3P‘2”1’0 fine-structure multiplet. The
Su  features 18-20 produced by the transitions
3s23p? 4S‘3)/2-3s3p4 4P1/2’3,2’5,2 and feature 15 composed
of the four wunresolved emissions from the S
3523p3 2D°-3s3p* D multiplet also involve inner shell
35— 3p excitations. The 168.8 nm 3s23p* 'S-353p° ' P tran-
sition leads to cascade population of the metastable 'S state
within the ground configuration.
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In data taken at longer wavelengths than shown in Fig. 3,
there is an indication of the SI [3s23p* 3P-3523p3(*S)4s 35°]
multiplet between 180.7 and 182.6 nm. However, due to poor
sensitivity of the detection system at these wavelengths and
the possible contamination of the spectrum by overlapping
second order emissions, no positive identification could be
made and hence no cross-section data are presented.

B. Excitation functions and dissociation channels

Figure 4 shows the H Lyman-« excitation function pro-
duced by the dissociative excitation of H,S for electron-
impact energies from threshold to 300 eV. The curve is rela-
tively featureless with a maximum around 65 eV and a
threshold near 13.8 eV. The excitation threshold energies of a
given emission line for the different possible fragmentation
channels can be calculated using the standard enthalpies of
formation, AH;, available from, for example, the reaction
thermochemistry data page in the NIST Chemistry WebBook
[51]. The threshold energies for H(121.6 nm) emission and
the corresponding fragmentation channels are given in Table
II. The minimum possible energy required to fragment the
H,S molecule into HS+H and excite the H into the 2p state
is 14.11 eV, which is consistent with our measured threshold
within the fitting errors. This dissociative excitation process
may be represented by

e (E) +H,S(X 'A)) — H(2p) + SH(X *TI) + Eyy, + ¢ (E,),
(12)

where X represents the ground state, Ey;, denotes the kinetic
energy of the atomic and molecular fragments, and E; is the
energy of the scattered electron. The emission cross section
has a concave upward slope near threshold, which suggests
that cascade to H(2p) from atomic H(n) states with n>2
enhance the emission cross section. This would be consistent
with the findings of Mohlmann and de Heer [30] who studied
the excitation of the Balmer series H(n—n=2) and mea-
sured cross sections with a similar order of magnitude to the
Lyman series data presented here. Total fragmentation of the
molecule yielding H(2p) with a calculated minimum energy
of 17.80 eV (Table II) could also be contributing.

A clear change in slope of the excitation function, which
occurs around 28 eV, signals the onset of another H(2p)
production process, possibly the simultaneous ionization and
excitation channel:

e (E)+H,S(X 'A)) = H(2p) + SH* + Ey;, +2¢™. (13)

Process (13) has a calculated minimum onset energy of
24.55 eV, but it is well-known [31,52] that atomic hydrogen
fragments from H,S dissociation can possess considerable
kinetic energy due to the repulsive potential surfaces of the
excited parent molecule involved. A further possibility, with
a predicted minimum energy of 28.0 eV, would be a total
fragmentation process with both H atoms excited, namely,

e (E) +H,S(X 'A)) — 2H(2p) + SCP) + Eyy, + ¢ (E,).
(14)

Alternatively, one of the H atoms could remain in the ground
state while the S atom is ionized:
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TABLE I. The atom or ion and the transition that produce the features numbered in Fig. 3 and the measured emission wavelengths and
absolute cross sections.

Measured peak Measured
wavelength cross section Atom Transition: NIST wavelength
Feature (nm) (10720 c¢m?) or ion configurations, terms, and J;—J; (nm)
1 9491 267%1.9 H 1s-5p, 28-2p° 94.9743
2 97.19 48.1+3.4 H 1s-4p, 25-2p° 97.2537
3 99.57 11.49%0.94 S 3s23p>-3s23p*(*P)3d, *D°-°F, 5~ 99.6007
4 100.02 8.71=0.78 St 3s23p3-3523p*(*P)3d, *D°-*F, 5-3 100.0485
St 3s23p3-3523p*(*P)3d, *D°-*F, 5-3 100.0804
5 100.58 8.75+0.74 St 3s23p3-3523p*(*P)3d, *D°-*D, 3~ 100.6093
St 3s23p3-3523p*(*P)3d, *D°-*D, 3-3 100.6261
6 101.40 9.54+0.80 Su 3s3p3-3523p*(*P)4s, *D°-*P, 3 -3 101.4119
St 3523p>-3s73p*(PP)4s, *D°-?P, 3 -3 101.4449
101.92 5.27%0.55 St 3523p>-3573p*(PP)4s, *D°-*P, 51 101.9537
8 102.54 133.4+9.1 H 1s-3p, 2S-2P° 102.5722
103.12 2.29+0.31 St 35?3p>-3s23p2(' D)4s, 2P°-’D, 33 103.0890
St 353p>-3s23p2(' D)4s, 2P°-?D, 33 103.1375
11 109.58 5.71+0.53 Su 3523p3-3523p*(*P)3d, *D°-*P, 3 -3 109.6602
12 110.17 10.96 = 0.87 St 3573p-3523p*(PP)3d, *D°-*P, 3 -3 110.1975
St 3s73p-3523p*(PP)3d, *D°-*P, 5 -3 110.2360
13 112.44 2.860.33 N 3523p>-3s23p>(PP)4s, 2PO-7P, 53 112.4396
Su 3523p3-3523p*(PP)4s, 2P°-2P, 33 112.4978
14 113.09 1.20+0.22 S 3523p3-3523p*(PP)4s, 2P°-2P, 53 113.1052
St 3523p3-3523p*(CP)4s, 2P°-2P, 3-1 113.1658
15 120.43 69.9%6.5 S 3s73p-353p*, DD, 3-3 120.3861
St 3s73p3-353p*, DD, 33 120.4290
St 3s73p-3s3p*, DD, 5-3 120.4335
St 3s?3p-353p*, DD, 5-3 120.4735
16 121.57 979 =67 H 1s-2p, 2$-2P°, 3 -3 121.567
18 125.07 142+1.7 St 3s23p3-353p*, 4s°-*P, 33 125.0578
19 125.40 30.5+2.7 Su 3523p>-3s3p*, 4so-tp, 23 125.3805
20 125.98 50.6+3.7 Su 3523p>-3s3p*, 4so-tp, 23 125.9518
23 129.44 9.75+0.85 St 3s%3p*-3s23p3(2P0)4s, *P-3pP°, 2-2 129.565 26
SI 3s23p*-3s23p3(2P%)4s, P3P0, 2-1 129.617 38
24 130.17 7.92+0.87 SI 3s%3p*-3s23p3(2Po)4s, *P-3P°, 1-2 130.233 70
S 3s23p*-3s23p3(2P%)4s, P3P0, 1-1 130.286 33
SI 3s%3p*-3s23p3(2P0)4s, *P-3P°, 1-0 130311 05
SI 3s23p*-3523p3(*89)6s, *P-35°, 2-1 130.342 95
27 131.58 8.99+0.81 S 3s%3p*-3s23p3(489)ad, *P-3D°, 2-3 131.654 23
SI 3s%3p*-3s23p3(489)dd, *P-3D°, 2-2 131.661 83
SI 3s83p*-3s23p3(*s9)4d, 3P-2D°, 2-1 131.661 83
28 132.29 5.62+0.63 SI 3s23p*-3523p3(*5°)4d, *P-*D°, 1-2 132.351 53
SI 3s83p*-3s23p3(*89)4d, 3P-2D°, 1-1 132.352 20
30 136.30 3.33+0.40 SI 3s%3p*-3523p3(2P0)5s, 1S-1P°, 0-1 136.130 40
S1 3s23p*-3523p3(°D%)3d, 'D-'F°, 2-3 136.303 30
S 3s23p3-353p*, 2P°-2D, $ -3 136.3011
Su 3s23p3-353p*, 2P°-2D, 53 136.3384
S 3s23p>-3s3p*, 2P°-*D, 5-3 136.3902
31 138.15 421+0.48 SI 3s%3p*-353p3, 3P-3P, 2-1 138.155 21
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TABLE 1. (Continued.)

Measured peak Measured
wavelength cross section Atom Transition: NIST wavelength
Feature (nm) (10720 cm?) or ion configurations, terms, and J;—J; (nm)
32 138.53 2.80+0.39 S1 3s%3p*-353p3, 3P-3P°, 1-0 138.551 00
33 138.87 87+1.0 St 3s%3p*-353p3, 3P-3pP°, 22 138.843 47
St 3s%3p*-353p3, 3P-3P0, 1-1 138.915 38
34 139.29 3.24%+0.61 S 3s23p*-3s3p°, 2P-3P°, 0-1 139.258 78
35 139.62 6.45+0.68 S 3s23p*-3s3p°, 2P-3P0, 1-2 139.611 22
36 140.16 3.95+0.33 SI 3s23p*-3s23p3(189)5s, 3P-35°, 2-1 140.151 36
37 140.93 2.24+0.40 S 3s23p*-3s23p3(489)5s, *P-35°, 1-1 140.933 69
39 142.52 29.6+2.1 S 3s%3p*-3523p3(459)3d, *P-3D?, 2-3 142.503 01
SI 3s%3p*-3523p3(489)3d, *P-2D°, 2-2 142.5188
S 3s%3p*-3523p3(489)3d, *P-3D°, 2-1 142.521 90
40 143.36 19.1+15 SI 3s%3p*-3523p3(489)3d, *P-3D°, 1-2 1433278
SI 3s23p*-3523p3(*89)3d, *P-3D?, 1-1 143.331 05
41 143.75 4.62+0.53 St 3s23p*-3523p3(*89)3d, *P-3D°, 0-1 143.696 75
43 144.85 11.91+0.98 SI 3s%3p*-35s23p3(2Po)as, 'D-'P°, 2-1 144.822 90
44 147.42 82.6+5.7 SI 3s%3p*-3523p3(°D°)4s, *P-3D?, 2-3 147.399 48
S 3s%3p*-3s23p3(PD%)4s, *P-3D°, 2-2 147.438 00
SI 3s%3p*-3s23p3(°D%)4s, *P-3D°, 2-1 147.457 15
45 148.34 478+3.4 SI 3s83p*-3s23p3(PD%)4s, *P-3D°, 1-2 148.303 90
SI 3s83p*-3s23p3(°D%)4s, *P-3D°, 1-1 148.323 30
S1 3523p*-3523p3(*5°)3d, *P->D°, 0-1 148.5622
46 148.77 12.7+1.1 S1 3s23p*-3523p3(*D°)4s, 2P-3D°, 0-1 148.715 00
No corresponding emission line in the
47 161.83 3.19+0.41 P NISgT e
48 166.73 106.4+7.3 SI 3s83p*-3s23p3(°D°)4s, 'D-'D°, 2-2 166.668 75
49 168.84 6.77+0.62 SI 3s%3p*-3s23p3(°D%)3d, 'S-'P?, 0-1 168.753 05
e (E) + H,S(X 1 A)) — H(1s) + H2p) + S*(X) + Ey;, + 2¢™. whether the initial excitation of the parent molecule was op-

(15) tically allowed or forbidden. However, Mohlmann and de
Heer’s [30] Balmer emission cross section data, following

Our data do not extend to a high enough energy to make  electron impact on H,S, indicates that the initial excitation of

a reliable Bethe plot of o versus In E, which would indicate  the parent molecule exhibits the characteristics of a spin al-
lowed but optically forbidden transition. It is reasonable to

2 assume that our H(n=2) excitation is similar.
10| ,-"— \,,l\ 4
— | N ] TABLE II. Calculated minimum threshold energies in eV for
5§ °r : ., 7 H(121.6 nm) emission for selected fragmentation channels below
© 1 an impact energy of 40 eV.
T 6 4
c
'*% Fragmentation channel H(121.6 nm)
& 4r .
g H(2p)+HS™(X) 11.83
O 2p ¢ - H(2p)+HS(X) 14.12
- / 1 H(2p)+H(X)+S(X) 17.80
o S T R A S I H(2p)+HS*(X) 24.55
0 50 100 150 200 250 300 JH(2p)+S(X) 28.00
Electron impact energy (eV) P ’
H(2p)+H(X)+S*(X) 28.16
FIG. 4. H(121.6 nm) excitation function for electron-impact en- H(2p)+H*+S(X) 31.40
ergies from threshold to 300 eV. See feature 16 in Table I for the 2H(2p)+S*(X) 38.36

transition details.
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FIG. 5. S1(142.5 nm) excitation function for electron-impact en-
ergies from threshold to 300 eV. See feature 39 in Table I for the
transition details.

Figures 57 show excitation functions for three prominent
neutral S lines at 142.5, 147.4, and 166.7 nm. In Fig. 8, the
H(121.6 nm), S(142.5 nm), S(147.4 nm), S(166.7 nm), and
He(58.4 nm) excitation functions are compared in the near-
threshold region. The calculated minimum threshold energies
for S(142.5 nm), S(147.4 nm), and S(166.7 nm) emissions
for the different possible fragmentation channels are pre-
sented in Table III.

It is clear from Figs. 5-7 and the more detailed observa-
tion of the near-threshold region shown in Fig. 8§ that the
three excitation functions have many common features.
First, by fitting a straight line in the threshold region
(E<18 eV) convolved with a Gaussian to represent the en-
ergy spread of the electron beam, we determined the follow-
ing similar threshold energies E,:

E[S(142.5 nm)]=11.54 = 0.37 eV,
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FIG. 6. S1(147.4 nm) excitation function for electron-impact en-
ergies from threshold to 300 eV. See feature 44 in Table I for the
transition details.
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FIG. 7. S1(166.7 nm) excitation function for electron-impact en-
ergies from threshold to 300 eV. See feature 48 in Table I for the
transition details.

E[S(147.4 nm)]=11.66 * 0.33 eV,

E[S(166.7 nm)]=12.17 £ 0.37 eV. (16)
To determine the process responsible for the energies [Eq.
(16)], consider the fragmentation channels:

e_(E) + HzS(X lAl) — S* + Hz(X,U) + Ekin + e_(ES),
(17)

where S* denotes the excited states S[3s23p3(*$%)3d D],
S[3s23p3(*D%)4s D], or S[3s23p>(*D%)4s 'P°]; and the H,
molecule may be left in the vibrationally excited state v. An
energy of 3.09 eV [51] is required to separate the S atom
from the parent molecule to form S+H, and an additional
8.69, 8.41, or 8.58 eV is needed to produce the S(142.5 nm),
S(147.4 nm), and S(166.7 nm) emissions, respectively. The
threshold energies for processes (17) are therefore 11.78,

T T T T T T
1.0
@a
£ 08
=}
g
L o6
c
il
©
(9]
3 0.4
g a: S(142.5 nm)
o b: S(147.4 nm)
02 c: $(166.7 nm) |
d: He(58.4 nm)
e: H(121.6 nm)
0.0 1 ] I I I ]
10 20 30 40 50

Electron impact energy (eV)

FIG. 8. H(121.6 nm), S1(142.5 nm), S1(147.4 nm), S1(166.7 nm),
and He(58.4 nm) excitation functions in the near-threshold region.
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TABLE III. Calculated minimum threshold energies in eV for
S(142.5 nm), S(147.4 nm), and S(166.7 nm) emissions for selected
fragmentation channels below an impact energy of 40 eV.

Fragmentation channel S(142.5 nm) S(147.4 nm) S(166.7 nm)

S*+H,(X) 11.79 11.50 11.67
S*+H(X)+H(X) 16.30 16.02 16.19
S*+H(X)+H(2p) 26.50 26.21 26.39
S*+H} 27.22 26.93 27.10
S*+H(X)+H* 29.90 29.61 29.79
S*+2H(2p) 36.70 36.41 36.59

11.50, and 11.67 eV (see Table III), which are consistent with
our measured onsets [Eq. (16)] within the experimental er-
rors. As Table III shows, only processes (17) could therefore
produce our measured threshold energies.

A second common feature is the clear change of slope in
the excitation functions at around 18—19 eV. The most likely
cause is the onset of total fragmentation of the parent mol-
ecule with excitation of the S fragment. Thus:

e (E) +H,S(X 'A)) — S*+ 2H(X) + Ey, + ¢ (E,).
(18)

The predicted minimum energies [51] for processes (18)
range from 16.0 to 16.3 eV depending on which S emission
is excited (see Table III). The differences of 2-3 eV between
the observed and predicted thresholds would be taken up as
kinetic energy of the atomic fragments. Such fragment ki-
netic energies are reasonable [31,52].

A third common feature of the S excitation functions is a
sharp onset near 31 eV. This is most probably due to total
fragmentation of the H,S molecule with simultaneous exci-
tation or ionization of one of the H atoms in addition to S
excitation, that is,

e (E) +H,S(X 'A)) — S* +H(np) + HX) + Ey;, + ¢ (E,),
E,=262-26.5 eV, (19)

e (E) +H,S(X 'A)) — S*+ H" + H(X) + Eyy, + 2¢7,
E,=29.6-29.9 eV, (20)

where n=2 and the range of threshold energies, E,, for the
different S excitations are shown. In addition, there are a
series of possible thresholds at energies between processes
(19) and (20) due to the H(np) Rydberg states with n>2.
The calculated thresholds for processes (19) and (20) are
lower than the observed values but, again, it is expected that
the relevant repulsive surfaces will be quite steep resulting in
considerable fragment kinetic energies, particularly of the H
fragments. The partial cross section for the production of H*
is significantly larger than that for H} [19]. Therefore, emis-
sions from fragmentation channel [Eq. (20)], S*+H*+H(X),
are expected to dominate those from S*+H} (see Table I1I).

PHYSICAL REVIEW A 79, 042709 (2009)

The S(166.7 nm) excitation function (Fig. 7) exhibits,
first, a less rapid rise from threshold to the maximum cross
section and, second, a slower fall off as the energy increases
above approximately 65 eV than the S(142.5 nm) or S(147.4
nm) excitation functions (Figs. 5 and 6). This suggests that
the initial excitation of the parent molecule leading to
S(166.7 nm) emission has a larger optically allowed compo-
nent than for the S(142.5 nm) or S(147.4 nm) emissions.

Our measured H(1s-3p) cross section (see Table I) can be
used to calculate the H(2s-3p) cross section at 100 eV inci-
dent energy. Using the theoretical H(3p-1s)/H(3p-2s)
branching ratio of 7.448 [53], we obtain a cross section o
[H(25-3p)] of 0.17x107'® cm? for the two transitions
2810-2P; 12,32 Within the Balmer-« multiplet. M6hlmann and
de Heer [30] measured a total cross section o, (Balmer-a) of
6.2X107'% cm? at the same electron-impact energy for all
seven unresolved transitions contributing to the Balmer-a
multiplet. The ratio of o{H(2s-3p)]/o,(Balmer-a) at under
3% would require that most of the Balmer-« excitation is via
the 3s and 3d states.

Using the SiI data from Table I, we find that our total
excited S* ion production for 100 eV incident energy in the
wavelength range from 94 to 130 nm is 2.25X 107" cm?.
This is just 2.6% of the total cross section for S* production
of 85.2X 1078 c¢m? at 100 eV measured by Rao and Srivas-
tava [19].

V. CONCLUSION

We have studied the VUV radiation produced following
the dissociative excitation of H,S by electron impact at 100
eV incident energy. The relative sensitivity with wavelength
of the VUV monochromator system was calibrated by com-
paring our measured H, emission spectrum with the corre-
sponding theoretical cross section. The relative photoemis-
sion cross sections were placed on an absolute scale using
the relative gas-flow technique and the H, Lyman-a emis-
sion line as the absolute cross-section standard. The absolute
photoemission cross sections were presented over the wave-
length range from 94 to 170 nm and the H, S1, or ST transi-
tions producing the features identified. Excitation functions
for electron-impact energies from threshold to 300 eV were
shown for selected St and H emissions with the largest cross
sections. By examining the near-threshold region of the ex-
citation functions, we determined the threshold energies for
the dominant fragmentation channels of the dissociating H,S
molecule. We identified the processes likely responsible for
each threshold by comparing the measured threshold ener-
gies with the values calculated using thermochemical data.
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