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Abstract. Emission spectra following electron impact on molecules of the homologous series of fluo-
romethanes CH,F4_, with £ = 0—4 have been investigated from the near infrared at 700 nm to the
ultraviolet VUV-spectral region at 100 nm. Earlier experimental data for the visible and ultraviolet spec-
tral region were revised and evaluated again on the basis of reliable new data for the dynamic viscosity of
the molecules. The measurement of absolute and relative cross-sections were systematically extended into
the VUV region from 100 nm to 200 nm. The examination of atomic lines as well as molecular band systems
in the VUV gives further insight into the dissociation mechanism and shows that many excited levels even
of atomic and molecular species cannot be populated directly, but only by transitions from higher-lying
energy levels. Simple steric effects can be distinguished from more complex transition phenomena.

PACS. 34.80.Gs Molecular excitation and ionization by electron impact — 52.20.Fs Electron collisions

1 Introduction

The dissociation of fluoromethanes following electron im-
pact has been the subject of many investigations in the
past. In an earlier paper [3] we discussed systematically
the emission spectra of CH3F, CHyF; and CHF3. Now
absolute emission cross-sections of the diatomic band sys-
tems of CH and CH™T are calculated for all H-containing
compounds on the basis of synthetic spectra. With data
for the dynamic viscosity of the fluoromethanes taken from
literature absolute emission cross-section values which we
reported earlier have to be corrected.

Using a new VUV-apparatus the investigations were
extended into the spectral region from 100 nm to 200 nm,
where several spectral lines of atomic H and C are found.
An analysis of these atomic lines may be helpful to deter-
mine dissociation channels which lead to the total dissoci-
ation of the target compound into atomic fragments. Ab-
solute emission cross-sections of atomic lines in the VUV
spectral region could be calculated relative to known cross-
section values of atomic lines and diatomic band systems
of reference gases as CH4 and Ns.

We also examined the emission spectrum of CFy, es-
pecially the continuous emission in the VUV-spectrum of
CF4 between 150 nm and 180 nm in comparison to the
continuous emission in the ultraviolet and visible spectral
region between 200 nm and 500 nm. Comparing the ex-
citation functions of both continua, the radiative species
can be identified which will be formed immediately after
the collision process.

? e-mail: okeller@rz.uni-sb.de

2 Experimental

For the investigation of optical emission spectra and the
measurement of absolute and relative emission cross-
sections two different experimental setups have been used,
a gas-target-system and a crossed-beam-system which
both have been described in detail earlier [1-3]. Both
systems could be inserted into the IRUV-apparatus
which allowed investigations in the spectral range
from 200 nm to 800 nm. In addition to the head-on-
photomultiplier (Hamamatsu R1104) now a side-on-
photomultiplier (Hamamatsu R1527P) with maximum
sensitivity at 420 nm and a dark count rate of only
5 cps has been used.

The measurements in the region from 100 nm to
200 nm were performed with a UHV-recipient directly cou-
pled to a vacuum-monochromator. In order to avoid con-
tamination of the the large volume of the monochromator
by the target gases or by air, if the electron gun has to
be changed, both components were separated by a MgFs-
window as shown in Figure 1. The radiation from the inter-
action region was focussed by a MgF;-coated mirror onto
the entrance slit of a 0.75 m monochromator. The emitted
light was analyzed by a standard photon counting system
using a solar blind photomultiplier (Hamamatsu R1259P)
with maximum efficiency at a wavelength of 120 nm and
a dark count rate below one count per second. Because of
the special optical setup in the VUV-apparatus, only the
crossed-beam-system could be used in the VUV-spectral
region. The entire apparatus and the data requisition and
analysis were controlled by programmable microprocessor
devices.
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Fig. 1. VUV-apparatus, UHV-recipient and 0,75 m vacuum
monochromator, EB electron beam, Gas molecular beam,
M mirror, F MgFs-window, PMT photomultipliertube, PA
preamplifier, CF constant fraction discriminator, counter, SM
stepping motor, HV high voltage supply.

3 Calibration of the electron energy
and the spectral sensitivity
of the optical detection system

In the IRUV-apparatus the calibration of the electron en-
ergy was performed relative to the thresholds of the excita-
tion functions of the molecular nitrogen bands at 337.1 nm
and 391.4 nm as described earlier [3]. For energy calibra-
tion purposes in the VUV region we used the threshold at
8.44 eV of the excitation function of the xenon resonance
line at 146.9 nm which was determined before each one of
the fluoromethanes measurements.

The spectral sensitivity of the optical detection sys-
tem in the IRUV-apparatus was determined relative to
the emission of a calibrated tungsten iodine lamp, as de-
scribed earlier [3]. In order to obtain absolute emission
cross-sections, the spectral intensities have to be normal-
ized to the electron current and to the density of the target
molecules in the interaction region as a function of tem-
perature and gas pressure in the gas-target-system. The
pressure was measured by a spinning rotor gauge (MKS
Instruments SRG-2). The reliability of the monitored gas
pressure depends strongly on the parameters of the spin-
ning rotor gauge. In earlier investigations we used the tem-
perature dependent dynamic viscosity values of CHy and
calculated dynamic viscosity values for CFy. The data for
CH3F, CHyFy and CHF3; were obtained by a linear fit
between the values for CH4 and CF,4. But measuring the
gas pressure of the target gases before and behind the
multicapillary orifice used for reducing the pressure and
comparing them with known species under molecular flow
condition, we saw, that the calculated viscosity data must
be erroneous. With data from literature for the dynamic
viscosities [4] we find different values for the density of the
target molecules. As a consequence, different gas depen-
dent correction factors must be used for the calculation
of absolute emission cross-sections. The reliability of the
dynamic viscosity data could be verified by comparing the
gas pressure in the interaction region and the gas pressure
before the multicapillary orifice. The ratio of both values
is plotted versus the gas pressure before the multicapillary
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orifice in Figure 2 for several gases. These values vary only
within a very small range of + 0.9% which is less than the
accuracy of the spinning rotor gauge of 4 1.5%. Therefore
we assumed the same value for all gases under molecu-
lar flow conditions. The values of absolute emission cross-
sections which were reported earlier [3] and which have to
be corrected are now assigned by an asterix in Tables 3.
In the VUV-spectral region absolute emission cross-
section could only be determined by comparison with
known absolute emission cross-sections of other atomic
or molecular species with an appropriate emission in the
same spectral region. For the absolute emission cross-
section of an atomic line, ¢.e. of a reference gas, one finds:

o(T)
eref (1)

Oref =

where o,.5 is the absolute emission cross-section at a
given electron energy, a(T') a temperature depending fac-
tor which contains the density of target molecules within
the molecular beam for given experimental conditions,
E(Xo) is the sensitivity of the entire optical detection
system at the wavelength \g and Z,.; the sum of the
measured count rates.

In the spectral range between 120 nm and 260 nm ab-
solute emission cross-sections of atomic lines and molec-
ular band systems have been reported by various au-
thors [5-9]. The band systems and atomic lines which
could be used for calibration purposes are the following:

e the 4th positive system of CO, A IT — X2X, in a spec-
tral range between 134.8 nm and 198.8 nm following
300 eV electron impact [5,9];

e the Lyman-Birge-Hopfield-system (LBH) of Na,
alﬂg — Xlﬂg‘, in a spectral range between 134.8 nm
and 198.8 nm following 300 eV electron impact;

e the Lyman-a-line at 121.6 nm following 100 eV elec-
tron impact on CHy [6];

e two strong atomic N-lines at 174.4 nm and 149.4 nm
following 300 eV electron impact on Ns.

Emission spectra following electron impact on Ny, CO
and CH4 were measured in order to determine the re-
sponse of the apparatus. Subsequently the fluoromethanes
were measured under the same experimental conditions.
The gas pressure before the multichannel orifice was kept
constant to within + 0.5% by means of a gas flow con-
trol valve. As the molecular gas flow through the multi-
channel orifice varied only by 1%, when the target gas
was changed, it was justified to assume equal experimen-
tal conditions in the molecular beams simply by keeping
constant the gas pressure in the volume before the multi-
channel orifice.

For the emission spectrum of Ny, the most prominent
features are atomic lines. The LBH-system is unsuitable
for calibration purposes due to the long lifetime of the
emitting states [10-12]. The emission spectrum of CO
shows diatomic molecular bands of the 4th positive sys-
tem as well as several atomic lines. Table 1 shows the
identified molecular bands and absolute emission cross-
sections reported by other authors [4,8]. The (1-1)-band
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at 156.0 nm is superimposed on an atomic C-line and was
not used, the (3—4)-band is very close to an atomic C-line
and could not be resolved, given the spectral resolution.
The absolute emission cross-section of the Lyman-a-line
at 126.1 nm following electron impact on CHy, reported by
Mghlmann and de Heer [8] with a value of 11 x 107! cm?
could be used for calibration purposes without any restric-
tions.

4 Results

4.1 Emission spectra and absolute emission
cross-sections

The emission spectra following 100 eV electron impact
in the spectral region between 200 nm and 800 nm have
been described earlier [3]. The identification of diatomic
spectral components and the calculation of absolute emis-
sion cross-sections have been performed using synthetic
spectra of the A2A — X?2II-system of CH. But because
the A2A — X2II-system of CH is contaminated by the
A'IT — X'X+-system of CHT, it was necessary to add
a synthetic spectrum of this system in order to achieve
maximum precision for the resulting cross-section values.
As one observers only one P-, J- and Q-branch in the
emission spectrum, it was not necessary to distinguish be-
tween Hund’s coupling cases a and b for the 1T — 1X-
transitions and, therefore, the calculation of rotational
term values was performed using a simple power series.
The corresponding Honl-London-factors were taken from
Herzberg [13]. Appropriate molecular constants were re-
ported by Herzberg [13], Carrington and Ramsey [14] and
Mahan and O’Keefe [15]. Finally, synthetic spectra for the
B%Y — X?%II-system of CH at 350 nm were calculated
in the same way. The 2X — 2II-system shows the same
transitions as the 2II — 2X-system. It is only for large
separation between 211, 2 and 211, /2, that one observes

in the reaction region to the gas pres-
sure before the multicapillary orifice as
function of the absolute gas pressure.

Table 1. Identified vibronic bands of the CO: A'IT — X?X-
system. Absolute emission cross-section values following 300 eV
electron impact onto CO are taken from the literature. All

values have the unit 107*° cm?.

Wavelength (nm)  Vibronic transition  [5] [7]
W ="
138.4 7-1 - 1.01
140.8 6-1 - 2.54
146.3 4-1 - 5.69
149.3 3-1 - 2.80
140.9 1-0 - 19.1
154.2 3-2 - 7.27
156.0 1-1 - 10.6
157.6 2-2 - 6.30
159.7 0-1 - 7.50
163.0 2-3 - 6.19
164.7 34 3.4 3.62
166.9 1-3 3.34  3.26
172.9 1-4 6.48 6.21
179.2 1-5 4.39 443

two subbands 2X — 2171/2 and 2X — 2173/2 and, there-
fore, two components for the P-, Q- and R-branches must
be considered. Termvalues for the X2II-state were calcu-
lated using the same formulas as for the A2A — X?2II-
system. The term values for the B%X-state were calcu-
lated with the formula of Herzberg. Honl-London-factors
for the 2X — 2[I-transition were taken from Earls [16].
When no data for Franck-Condon-Factors of the consid-
ered vibrational transitions were available, the formulas
given by Waldenstrom and Naqvi [17] could be used to cal-
culate these factors. For small values of the vibronic quan-
tum numbers v’ and v they found an excellent agreement
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Fig. 3. Comparison of calculated and measured emission spec-
trum of CHy, (a) convolution of H,-line with the apparatus-
profile, (b) simulation of CH": A;IT — X1 X" system (0-0)
and (2-1) band, Tro: = 3000 K, (c) simulation of CH: Ay A —
XoIT system (0-0), (1-1) and (2-2) band, T,o: = 3000 K, (d)
convolution of (a), (b) and (c), (e) measured emission spec-
trum. Horizontal lines indicate the corresponding zero-lines.

between calculated and experimentally determined factors
for vibrational transitions of N3. A comparison of syn-
thetic emission spectra of CH on the basis of calculated
Franck-Condon-Factors with the intensity distribution of
measured emission spectra showed that it was justified to
use the formulas in our case too.

Synthetic spectra for the investigated diatomic band
systems were at first calculated for the emission spectrum
of CH4 because the absolute emission cross-sections of the
A2A — X2[I-system of CHy are well-known. Figures 3a—
3e show the comparison between the calculated spectrum
and the experimentally determined emission spectrum of
CHy. The A2A — X2]I-system of CH shows only parts of
the (0-0)-, (1-1)- and (2-2)-bands in this spectral region,
the A'IT — X'X+-system of CHT consists of the (0-0)-
and the (2-1)-bands. The discrete bands in the emission
spectrum above a wavelength of 435 nm are due to the
(0-1)-band of the B2Y — X?[I-system of CH and were
not considered in the calculations of the synthetic spectra.
Absolute emission cross-sections for the considered band
systems are listed in Table 2. The determined values show
an excellent agreement with the data from literature [8,9].
The calculated spectra allow furthermore the determina-
tion of absolute emission cross-section values for single vi-
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Fig. 4. Comparison of calculated and measured spectra for
the various compounds.

Table 2. Absolute emission cross-section values following
100 eV electron impact onto CHy for the observed CH: A2A —
X?II-system and the CH': A'IT — X! X-system in compari-

son with literature data. All values have the unit 107° cm?.

Transition 8] 9]
CH: A’A — X217

complete transition 17.6 + 1.05 17.0 17.0
(0-0) 8.5 + 0.51 - -
(1-1) 74 £ 044 - -
(2-2) 1.7 £ 0.10 - -
CH™: A'Il » X'¥

(0-0) + (2-1) 41 + 024 - -
(0-0) 3.1 + 018 - -
(2-1) 1.0 £ 0.6 - -

bronic transitions. In the same manner, absolute emission
cross-section values for CHsF, CHyF> and CHF3 for the
same systems were caculated from the synthetic spectra
and listed in Table 3. The comparison between the calcu-
lated spectra and the measured emission spectra is shown
in Figure 4. The values for the A2A — X?2II-system of
CH show a strong dependence on the number of H- and
F-atoms in the target, respectively, whereas the values for
the A'IT — X! X*-system of CH seem to be nearly un-
changed for CH3F and CHyFs.
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Table 3. Absolute emission cross-section values following 100 eV electron impact onto CHsF, CH2F2 and CHF'3 for the observed
CH: A2A — X?[I-system, the CH": A'IT — X' X-system, the B?Y~ — X?II-system and the Balmer-lines H,~H¢. All values

have the unit 107%° cm?.

Compound CH3F CH,F; CHF3
Transition
CH: A’A — X211
complete transition  14.75 + 0.88" 7.094 + 0.42 2.171 £+ 0.13
(0-0) 7.02 £ 0.42 3.35 £ 0.20 0.91 £+ 0.05
(1-1) 6.31 + 0.38 3.01 + 0.18 0.81 + 0.05
(2-2) 1.42 £+ 0.08 0.74 £ 0.04 0.45 + 0.03
CH': A'Il - X'¥
(0-0) + (2-1) 3.23 £ 0.19 3.23 + 0.19 2.01 + 0.12
(0-0) 2.62 £ 0.16 2.62 + 0.16 1.63 £ 0.10
(2-1) 0.61 + 0.04 0.61 + 0.04 0.38 + 0.02
CH: B>’Y~ — X’II
(0-0) 8.82 £+ 0.61 6.56 + 0.45 4.20 + 0.28
Balmer-lines
H, 25.73 + 0.53" 20.59 + 1.22 16.34 + 0.97"
Hpg 6.72 + 0.40" 4.95 + 0.29" 3.56 + 0.21"
H, 3.01 + 0.18" 2.02 + 0.12* 1.36 + 0.08"
H;s 1.36 + 0.094" 0.99 + 0.069 0.82 + 0.056"
He 1.13 + 0.078" 0.89 + 0.0622 0.67 = 0.046
He 0.60 £+ 0.041 0.49 £+ 0.034 0.35 + 0.024

The B2X — XZ2II-system of CH which appears be-
tween 387 nm and 415 nm is contaminated by the atomic
H-lines Hs, He and He. The analysis of the observed (0-
0)-band was again performed by comparing calculated
synthetic spectra withe measured emission spectra. The
calculated line positions are in a very good agreement
with the data of Bernath et al. [18]. For rotational quan-
tum numbers up to J = 13.5 deviations are less than
0.05 nm. However, the intensity distribution could not
be reproduced by a unique thermal population of the
rotational states. For higher rotational quantum num-
bers, there is an increasing difference between the mea-
sured and the calculated intensities. But the line intensi-
ties could be adjusted by a factor in the exponent of the
Boltzmann-factor, which depends on the rotational quan-
tum number. This factor means that the population of the
higher rotational states is greater than in thermal equilib-
rium. A similar non-thermal behaviour has been observed
for the (0-0)- and (1-0)-bands of the OH-radical earlier
[19,20]. The calculated synthetic spectra and the
meausured emission spectra of all investigated target com-
pounds are shown in the Figures 5a—5c. The strongest non-
thermal behaviour is observed in the emission spectrum of
CH3F2 which shows a strong increase of the intensity be-
tween 390 nm and 392 nm followed by a steep decrease.
Although it was possible to reproduce the intensity dis-
tribution for many rotational lines using the correction
factor, there still remains a large difference in the broad-
ening of the rotational lines. At higher rotational quantum
numbers, the measured emission lines appear to be nearly

continuous, whereas the lines in the synthetic spectra yield
a discrete structure. The strongest broadening can be ob-
served in the @-branch with quantum numbers greater
than J = 13.5. We assume that the reason for this be-
haviour is the predissociation of the molecules in highly
excited rotational levels of the excited electronic state.

Because of the differences between synthetic and mea-
sured spectra, it was not possible to calculate absolute
emission cross-sections in detail. However, the experimen-
tally determined shapes of the Balmer-lines Hs—H could
be used for further calculations. By subtracting the val-
ues of the Balmer line intensities, the absolute emission
cross-sections of the total (0-0)-band of the B2Y — X?2[I-
system for all compounds could be obtained by integrating
the remaining intensities over the entire spectral region
of the (0-0)-band. These absolute emission cross-sections
for B2Y — XZ2II- and the Balmer-emission, which are
listed in Table 3, show again a linear dependence on the
number of H-atoms in the target, which was observed for
the A2A — X?2II-system, whereas the CH'-system does
not show any dependence on the number of H-atoms.
The absolute emission cross-sections for A2A — XZ2IT,
B?Y — X?P and Hs—H are plotted versus the number
of H-atoms in Figures 6a—6¢. These experimental results
give a strong hint, that the increasing cross-section for
the production of excited H-atoms by electron impact is
merely a steric effect, while the production of excited neu-
tral or ionic radicals is due to more complex processes in
the highly excited states of the parent molecule.
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Fig. 5. Convolution of the Hs—H¢-line with the calculated
spectrum of CH: Bo X' — X, II (0-0) band, upper curves, mea-
sured spectrum, lower curves, for the various compounds.

4.2 The VUV emission spectra

The emission spectra of CH3F, CHyF,, CHF3 and CFy
following 100 eV electron impact in the spectral range
between 100 nm and 200 nm are shown in the Fig-
ure 7. The spectral band pass of the monochromator was
AX = 0.275 nm fwhm. The emission spectra of CHsF,
CHyF; and CHF3 show the same atomic lines, but with
different relative intensities. There are several C(I)-lines
due to singlet and triplet transitions above the Lyman-a-
line. The spectra show additionally an atomic C(II)-line.
The emission spectrum of CF4 shows the same atomic C-
lines, which now are superimposed on a continuous emis-
sion between 150 and 180 nm. Photon/ion-coincidence
experiments [21] have shown that the emitter of this con-
tinuous part is a highly excited CF;{—ion which will be
formed by the fast decay of CFJ (X). The CF] (X) state
will be populated from the CFJ (D) state which will be
directly formed in the collision process. A similar process
leads to the continuous radiation which can be observed
between 200 nm and 500 nm in the emission spectrum of
CFy4 [2].

Using the data of Méhlmann and de Heer [8] absolute
emission cross-sections for the Lyman-a-line were deter-
mined for CH3F, CHyF2 and CHF3 by means of equa-
tion (1) and are listed in Table 4. The reported statistical
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Table 4. Absolute emission cross-section values of the Lyman-
a-line and of the atomic C-lines at 156.1 nm and 165.7 nm fol-
lowing 100 eV electron impact onto CHsF, CH2F2 and CHF's.
All values have the unit 107° cm?.

Compound CHsF CH2F, CHF3

Oabs(100 evyLa  10.9£0.56 8.24+0.41 5.84+0.30
C: 156.1 nm 3.33+0.26 3.68+£0.28 4.844+0.37
C: 165.7 nm 575+0.44 5.82+0.45 7.004+0.54

error limits were obtained from repeated measurements of
the Lyman-a-line. Figure 6 (lower right part). shows the
determined absolute emission cross-sections for Lyman-«
emission plotted against the number of H-atoms of the dif-
ferent targets. A linear dependence can be observed again.

In order to obtain absolute emission cross-sections of
the C(I)-lines at 156.1 nm and 165.7 nm the sensitivity
of the optical detection system at these wavelengths was
determined by means of known absolute emission cross-
section data for the (3-2)-, (2-2)-, (3—4)- and (1-3)-bands
of the 4th positive system of CO at 154.2 nm, 157.6 nm
164.7 nm and 166.9 nm. The sensitivity at 165.7 nm was
obtained by a linear interpolation between the values at
164.7 nm and 166.9 nm, as the sensitivity varies only
very weakly in this spectral range. Between 154.2 nm and
157.6 nm there is a stronger variation of the sensitivity, so
that a linear as well as a square interpolation was used to
determine the sensitivity at 156.1 nm. But the difference
between both interpolations was less than 0.5%. The ab-
solute emission cross-sections of both C(I)-lines are listed
in Table 4 for all compounds. There is no dependence on
the number of H-atoms in the target.

In order to find additional spectral details in the emis-
sion spectra the electron energy was increased to 300 eV
which yielded an electron current of 400 pA. Also the
gas pressure in the gas line was increased to 0.3 mbar, to
increase the count rate. Emission spectra of CHyF5 and
CHF3 were now recorded again with a spectral resolution
of AN = 0.165 nm fwhm (CH2F2) and AX = 0.110 nm
fwhm (CHF3) respectively. Figure 8 for CHoF4 and Fig-
ure 9 for CHF3 show the resulting emission spectra. An
enlarged plot of the spectral region between 145 nm and
165 nm is inserted and shows that the discrete line at
158 nm is superimposed on an extremely weak continuous
structure the maximum of which is at 156 nm. This con-
tinuous part cannot be observed in the emission spectrum
of CH3F, but is very similar to the feature in the emission
spectrum of F, following 106 eV electron impact [22]. The
continuous part was assigned to the fluorescence of several
emitting excited electronic states of Fo. The assumption
that F5 is the emitter of the weak continuous part in our
emission spectra is in agreement with the prediction of
Martinez et al. [23] and the corresponding excitation func-
tions of the CH and CH™ systems which showed evidence
for the presence of radiation from the excited D’-state of
F2, as mentioned earlier [3].
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4.3 Relative emission cross-sections — excitation
functions

Figure 10 shows the excitation functions of the C(I)-line at
247.9 nm for CH3F, CHyF5 and CHF3 recorded with the
IRUV-apparatus using the crossed-beam-system. The ex-
citation function for CH3F as target molecule has a first
onset at 19.8 eV. For CHyF5 and CHF3 the excitation
functions of this line show several onsets: for CHyF5 there
is a first one at 8.2 eV and a second one at 12.2 eV. Be-
cause the C(I)-line is superimposed on the continuous ra-
diation emitted by excited CF5, the excitation function

target molecules.

contains contributions of this continuous radiation. The
onset values are in very good agreement with onset values
which were reported for this continuous part earlier [3].
A third onset may be estimated at 27.8 eV and only this
onset can be associated with the emission of the C(I)-line.
But because the continuous underground influences not
only the absolut value, but also the slope of an excita-
tion function, an exact determination of the third onset
value requires a more exhaustive analysis of the continous
part. A similar behavior can be observed in the excita-
tion function obtained for CHF3. The onset at 15.2 eV is
due to the continuous part in the emission spectrum and



316

— T T T T T
e 5
016 | - 0d 4
N &
L '3 g 4
2 g
0,14 8 g
14 Xy 3 4
s © ©
g
L n-g 9«: J
o~
I5e) 13 A
012 |- N2 ‘o ]
' o 3
I} -
w
= 0,10 % CF4 —
35
o
©
— 0,08 4
[0] e
E w
= I CHF. T
—— 3
c
5 0,06 WWM
Q
o
004 |- CHJF, |
0,02 H -
F CHF A
3
0,00
1 1 1 1 1 1 1 1 1 1 1
120 130 140 150 160 170 180

wavelength [nm]

Fig. 7. The main features of the VUV emission spectra of the
fluoromethans and for comparison of CF4. Further explanation
in the text.

146 148 150 152 154 156 158 160 162 1§4

count rate [arb. units]

Ll | —

120 140 160 180
wavelength [nm]

Fig. 8. The VUV emission spectrum of CHyF»> as in Figure 7
at enhanced energy of 300 eV shows an additional continuous
structure.

a second onset, due to the C(I)-line, appears at 27.8 eV.
Because the atomic C(I)-line in the continous part of the
CH,4 spectrum is only very weak its excitation function
has not been recorded.

Figure 11 shows the correponding Fano-plots of the
excitations functions. From the linear slope in the high
energy region one concludes, that only optical allowed pro-
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Fig. 9. The VUV emission spectrum of CHF3 as in Figure 7
at enhanced energy of 300 eV shows an additional continuous
structure too.
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Fig. 10. Excitation functions of the C(I)-line at 247.9 nm for
all investigated compounds with characteristic onsets. Expla-
nation in text.

cesses lead to the emission of the C(I)-line in the spectra
of CHyF5, CHF3 and CF4, wheras the Fano-plot of CH3F
consist of two parts. A linear part above the threshold is
followed by a nearly horizontal slope in the high energy
region (e.g. logE > 2.7) which indicates the presence of a
second, optically forbidden dissociative channel.

Because both C-lines at 247.9 nm and 192 nm have
their origin in the same excited 3! P-state they can be ob-
served for all compounds simultaneously and must show
the same energetic threshold value in the correspond-
ing excitation functions. Because the atomic C(I)-line at
192 nm is isolated in the emission spectra of all fluo-
romethanes it is possible to determine the threshold value
for the formation of excited C(I). The observed onset val-
ues in Figure 12 are exclusively due to the C(I)-line. It was
also possible to record an unperturbed excitation func-
tion of the C(I)-line in the emission spectrum of CF4. The
onset values for CHyF;, CHF3 and CF,4 are in a simi-
lar energy range of 24.8 eV, 25.2 eV and 25.8 eV which
is about 2-3 eV lower than the estimated onset values
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Fig. 11. Fano-plots of the excitation-functions from Figure 10.
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Fig. 12. Excitation functions of the C(I)-line at 193.1 nm for
all investigated compounds with characteristic onsets. Expla-
nation in text.

Table 5. Threshold values of the excitation functions observed
for the C-lines at 193.1 nm and 247.9 nm and of the Lyman-«
excitation functions following electron impact onto the target
compounds. The experimental uncertenity of the electron en-
ergy is £ 1.5 eV.

Compound CHj; CH,F9 CHF3 CFy4
wavelength
C: 193.1 nm 19.8 eV 24.8eV  252eV 258 eV
C: 247.6 nm 19.8 eV 19.8eV  21.8eV 21.8¢eV
Lyman « 21.2eV  223eV 215eV -

of the line at 247.9 nm while the onset in the excitation
function of CH3F at 19.8 €V is the same as for the C(I)
line at 247.9 nm. All onset values for the C(I)-lines are
listed in Table 5. Figure 13 shows again the corresponding
Fano-plots which are very similar to the Fano-plots in Fig-
ure 11. For CH3F there are again two parts from optically
allowed and forbidden dissociative processes whereas the
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Fig. 13. Fano-plots corresponding to the excitation-functions
from Figure 12.
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Fig. 14. Excitation function of the continuous part of the VUV
emission of CF,4 at various wavelength.

Fano-Plots of the other targets show only optically allowed
transitions. For CH3F we find the most probable process:

CH3F — C(3'P) + Ho + H+F
(AH 4. = 20.5 V). (2)

The calculated minimum value of AH lies 0.7 eV above the
measured onset values. This difference can be explained by
the uncertainity in the electron energy of about 1 eV.
The excitation functions of the Lyman-a-line follow-
ing electron impact on CHsF, CHyFy; and CHF3 were
determined using the crossed-beam-system in the VUV-
apparatus. Onset values are listed in Table 5. Within the
uncertainity of the electron energy all values are the same
as those reported for the Balmer-emissions in the visible
part of the emission spectra [3]. Therefore, it must be con-
cluded, that the first excited state becomes populated only
by cascading from higher excited states. A direct popula-
tion of the first excited state could not be observed.
Excitation functions were also measured for the C(I)-
line at 133.5 nm and the atomic C-lines at 148.2 nm
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Table 6. Threshold values of the excitation functions observed for the C-lines and the C(I)- line following electron impact onto
the target compounds. The experimental uncertenity of the electron energy is + 1.5 eV.

Transition C(I) 133 nm C 1482 nm C 156.1 nm C 165.7 nm
Compound singulet triplet triplet
CHsF 31.8 eV 29.5 eV 27.7 eV 27.5 eV
CH2F2 37.5 eV 30.0 eV 28.5 eV 29.7 eV
CHF'3 38.1 eV 32.5 eV 319 eV 31.8 eV
CF4 30.0 eV 27.8 eV 27.1 eV 27.8 eV

Table 7. Threshold values of the excitation functions ob-
served for the continuous part of the VUV emission spectrum
of CF4. The experimental uncertenity of the electron energy is
+ 1.5 eV.

Wavelength  Threshold  Onset
158 nm 26.8 eV 40.0 eV
160 nm 26.9 eV 40.0 eV
163 nm 26.9 eV 40.0 eV

(singlet) 156.1 nm (triplet) and 165.7 nm (triplet). The
corresponding threshold values are listed in Table 6. All
excitation functions show a very slow increase up to the
maximum value at about 140 eV. Observations at even
higher energies for obtaining Fano-plots were not possible
in the VUV-apparatus.

The excitation functions of the atomic C-lines show
a second onset above 50 eV. These threshold values are
higher than calculated thermochemical data, so it must
be assumed that the formation of excited C-fragments fol-
lows the dissociation from highly excited Rydberg-states
of the target molecule which cannot be populated by opti-
cally allowed transitions. A similar behavior was observed
by Allcock and McConkey for the formation of atomic F-
fragments following electron impact on CHFj3 [24], which
means that highly excited target molecules dissociate into
atomic fragments. Because the threshold values are in the
same region as the observed second onset of the excitation
functions of the Balmer-lines, we assume a second dissocia-
tive channel which leads to the formation of highly excited
C- and H-fragments.

The excitation functions of the continuous part in the
VUV emission spectrum of CF,4 are presented in Figure 14
for several wavelengths. Threshold energies and second on-
set values are listed in Table 7. The threshold energies are
about 3.3-3.4 eV higher than the threshold values of the
continuous part between 200 nm and 500 nm in the emis-
sion spectrum of CF,. Miiller et al. [2] explained the con-
tinuous part between 200 nm and 500 nm by the formation
of CFJ into the excited C-state which rapidly decays into
its ground state. From this state the CF]-ion dissociates
into CF§ and atomic F. But since the energetic difference
of the onset values is equal to the energetic distance of
corresponding points in the continua, i.e. the maxima of
both continua, the higher onset values of the excitation

functions for the continuous part in the VUV spectral re-
gion can be explained by the formation of CFJ in the
excitated D-state. For both continua the emitting source
should be an excited state of CF.

5 Conclusion

The emission spectra of the fluoromethanes following
100 eV electron impact have been invetigated in the
spectral range between 100 nm and 700 nm. Absolute
emission cross-sections were calculated directly from the
calibration data and the measured spectra using the
IRUV-apparatus. In the VUV spectral region, absolute
emission cross-sections for some atomic lines were ob-
tained relative to known cross-sections of atomic lines and
molecular band systems.

Data for the dynamic viscosity of the fluoromethanes
have been controlled by measuring the gaspressures un-
der molecular flow conditions and lead to nearly perfect
agreement with known values of cross-sections, but re-
quired a revision of previously reported values of emis-
sion cross-sections. Absolute emission cross-section were
determined for the A2A — X2II-system of CH and the
AYIT — X'X*-system of CHt by means of synthetic
emission spectra. This procedure allowed the determina-
tion of cross-section values for several vibronic band sys-
tems for all H-atom containing compounds. The absolute
emission cross-section of atomic lines of the Balmer-series
were obtained directly form the measured emission spec-
tra. The cross-section values for the B2Y — X?2P-system
of CH were calculated from the measured emission spectra
relative to the cross-section values of the atomic Balmer-
lines which are superimposed on the B2Y — X?2P-system.
Because of the strong non-thermal behaviour of this sys-
tem and the broadening of the rotational lines due to pre-
dissociation, this band system could not be analyzed from
synthetic spectra. The absolute emission cross-sections of
CH-band systems and of the Balmer-lines show a linear de-
pendence on the number of H-atoms in the target whereas
the observed CHT-system does not show this behaviour.

The emission spectra following 100 eV electron impact
of the fluoromethanes as well as relative emission cross-
sections of spectral components in the VUV spectral re-
gion between 100 nm and 200 nm were analysed by means
of crossed beams in the VUV-apparatus. The strongest
components of the emission spectra are atomic C-lines and
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the Lyman-a-line for H-atom containing compounds. Only
the spectrum of CF4 shows a continuous part between
150 nm and 180 nm. Absolute emission cross-sections of
the Lyman-a-line and two atomic C-lines were obtained
relative to the well-known absolute emission cross-sections
of some diatomic band systems and atomic lines. The val-
ues for the Lyman-a-line show again a linear dependence
on the number of H-atoms in the target whereas the values
of the C-lines do not show this behaviour.

A more detailed analysis of the emission spectra of
CH;3F, CHsF;, and CHF3 showed the appearance of a very
weak continuous part between 145 nm and 165 nm which
could not be observed in the emission spectrum of CH3F.
This continuous part is very similar to the continuous
part in the emission spectrum of Fy following 106 eV elec-
tron impact [19]. According to the prediction of Martinez
et al. [23], which is in good agreement with the analysis of
relative emission cross-section of several CH-systems [3],
we assign the continuous emission to transitions from the
excited D’-state of F5. The very weak intensity can be ex-
plained by the long lifetimes of the excited species. Similar
to the LBH-system of Ny, excited fragments leave the ob-
served collision volume before radiating.

In addition to the relative emission cross-section re-
ported earlier [3], new excitation functions of spectral
components in the VUV region were analysed. A detailed
analysis of the excitation functions of the two atomic C-
lines at 247.9 nm and 192 nm shows that the dissociation
channels for CH3F are different from those of the other
fluoromethanes.

Evidently two different dissociation mechanisms lead
to the formation of atomic fragments. In one case, we
found atomic fragments which follow higly excited stats
in the target molecules and in the other case merely steric
effects support the removal of single excited H-atoms dur-
ing the dissociation process.

The excitation functions of the continuous part be-
tween between 150 nm and 180 nm in the VUV emission
spectrum of CFy4 show first onsets which are about 3.3—
3.4 eV higher than the first onsets in the excitation func-
tions of the continuous part between 200 nm and 500 nm.
This ernergetic difference is in good agreement with the
difference between both maxima of the continuous parts
and gives some evidence that the emitter of both continua
is an excited state of CFj .
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