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Various techniques from the field of surface science have allowed the development of a

method for measuring the total absolute cross section for electron-impact-induced dissoci-

ation of a number of molecules. The technique is particularly reliable for the fluoroal-

kanes such as CF4, CF3H, CqF6, and C3FS. The total dissociation cross section for CF4

has been measured for energies between threshold (-12.5 eV) and 600 eV. The magni-

tude of the cross section at its maximum is 5.5)(10 ' cm'. Less extensive data are

presented for CF3H, C2F6, and C3FS. Their cross sections at the maxima are 5.8)(10
cm, 8.6)(10 ' cm, and 1.18X10 ' cm, respectively. Arguments are presented which

suggest that the total dissociation cross section for each of these gases is equal to the sum

of the cross sections for excitation to all electronic and ionic states, i.e., the total cross

section for electronic excitation. The results are discussed from the point of view of the

Bethe theory. It is concluded that the Bethe asymptotic behavior is not yet attained in

the energy range of these measurements.

I. INTRODUCTION

The interaction of electrons with molecules pro-

duces ionization, electronic excitation, and dissoci-

ation. If the final state of a molecule is easily

detected, which is the case for positive and nega-

tive ions, fluorescent excited states, and in some

cases metastable levels, then experimental cross

sections are often available. In contrast, absolute

total dissociation cross sections, which are of in-

terest in many fields of physics and chemistry, are

virtually unknown. This state of affairs is primari-

ly a consequence of the experimental difficulties

encountered when attempting to measure the num-

ber of neutral fragments created in electron-

molecule collisions. The paucity of data is illus-

trated by the 1976 review article of Polak and Slo-

vetsky, ' who in Table II of their paper list six mol-

ecules for which some published information is

available. They further suggest (on p. 258 of Ref.
1) that in only one case (i.e., the dissociation of ni-

trogen) have all the experimental problems been sa-

tisfactorily resolved. Therefore, the accuracy of
the data for many other molecules is quite uncer-

tain.
Various techniques from the field of surface sci-

ence have allowed us to develop a method for

measuring the total cross section for electron-

impact-induced dissociation to an accuracy of
20—25 %. Results for nitrogen, ' methane, and

ethane have been published. Extensive data for
CF4 and less extensive data for CF3H, CF2F6, and

C3F8 are now reported here.

The experimental method consists of developing

a situation satisfying two requirements. First, the

gas of interest in a closed volume does not react

with the vacuum-system surface and therefore

remains in the gas phase indefinitely. Second,

fragments produced from this gas by any method

are removed from the gas phase with unit probabil-

ity because they react chemically with a freshly

evaporated metal film (often called a getter} or the

surrounding walls to form a nonvolatile solid.

Under this situation, the number of molecules leav-

ing the gas phase is equal to the number of frag-
mentation events. In other words, the change in

partial pressure within the closed volume is direct-

ly proportional to the number of gas-phase mol-

ecules dissociated. Therefore, the dissociation

cross section cr is directly proportional to
(1/P)(dP/dt) where P is the pressure and t the time

(see Sec. II for more detail). (Note that the cross-

section measurements do not require a knowledge

of the absolute pressure. This eliminates a large
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potential source of error. )
The techniques used in the experiments reported

in this paper might be unfamiliar to investigators
studying collision phenomena even though the con-
cept is quite old. Therefore, it is appropriate to
make a few comments about the reliability of the
results. Our original measurements dealt with ni-
trogen and involved less sophisticated techniques
than were used in the present investigation;
nevertheless, the results agree quite well with simi-
lar measurements made independently by Teloy
and are internally consistent with results obtained
by Niehaus, who used a different method. For a
discussion of the relationship between our data for
N2 and those of Niehaus, see Ref. 9, p. 458 and
Ref. 1, p. 270. Moreover, Zipf and McLaughlin
examined numerous excitation channels contribut-
ing to the total cross section for the dissociation of
N2 by electron impact and determined excitation
functions and cross sections. Their total cross sec-
tions, which were determined by summing the par-
tial cross sections, are in good agreement with our
measurements. Similar conclusions can be drawn
for methane. Melton and Rudolph' measured the
total dissociation cross section for CH4 at an elec-
tron energy of 100 eV using techniques different
from ours, and their result is -3.5)&10 ' cm
which is to be compared to our result of
4.0&(10 ' cm . The discrepancy of 15% is well
within experimental error. Manton and Tickner"
investigated the dissociation of methane using yet
another method. Analysis of their data by Polak
and Slovetsky' indicates a cross section of
3.75X10 ' cm for 50-eV electrons. This is to be
compared with our result of 3.8)(10 ' cm .
These comparisons along with the experimental
tests for possible artifacts described in Sec. II pro-
vide convincing evidence for the reliability of the
methods used in this investigation. It should be
emphasized, however, that the experimental checks
described in Sec. II are essential since large sys-
tematic errors are quite probable with some gases.

II. EXPERIMENTAL

A. Apparatus

The experiments were conducted in a closed
volume that contained a quadrupole mass filter, a
freshly evaporated titanium getter, the experimen-
tal tube (see Fig. 1), and an ionization gauge,
which was operated at either 1-pA or 10-pA elec-
tron emission (see Ref. 4 for more details about the
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FIG. 1. Schematic of the experimental tube. Elec-
trons were emitted from the tungsten filament F, and
collected at electrode H. The electrons were columnated
by a solenoidal magnetic field of -250 G parallel to the
tube axis. Typical electrode potentials were as follows.
Electrodes D-F were held at the same potential and de-
fined the electron energy. The semicircular grid J was
generally held at 2 V positive and grid E at 2 V negative
with respect to D. This provided a small drawing-out
field for ions without changing the energy of the elec-
trons at the center of the tube. The circular grid L was
held at the same potential as E. Electrodes A, 8, and C
were held at 6.3, 15, and 1 V positive with respect to the
filament. Electrode H was held 75 V positive with
respect to D-F for electron energies greater than 40 eV
and was held at the same potential as F for electron en-
ergies less then 40 eV. (See text for explanation. )
Currents to all electrodes were monitored. The tube was
heated in a vacuum furnace at 1000'C for 1 h prior to
use. The drawing is to scale and the distance between
the filament surface and the point where the electrons
are collected at H is 9.65 cm. The apertures in elec-
trodes A-F are covered with a highly transparent mesh.
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vacuum system). Electrons were emitted from the

tube filament F, (see Fig. l) and collected at elec-

trode H. A 75-V bias between F and H eliminated

nearly all of the secondary electrons which would

normally have been reflected. Therefore, accurate

measurements of both the electron current and

path length could be made. However, at low ener-

gies the acceleration of electrons between F and H
could introduce significant error into the cross-

section measurements and therefore F and 0 were

held at the same potential. Dissociation cross sec-

tions were measured at 40 eV both with and

without the 75-U bias and the ratio determined.

The apparent cross sections obtained at electron

energies less than 40 eV were then mulitplied by

this ratio in order to give the absolute cross sec-

tions shown in the figures and tables. This pro-

cedure is somewhat arbitrary but unfortunately

there is no alternative. The error introduced by

the presence of reflected secondary electrons is

quite small ( & 5%) and the use of the ratio tech-

nique further minimizes it. The use of the modern

ultrahigh-vacuum techniques was standard pro-

cedure for the experiments reported in this paper.

B. Procedure

The number of fragmentation events is directly

related to pressure change through the ideal-gas

law, i.e.,

dN V dP
dt kT dt

L

where P is the pressure, k the Boltzmann constant,

T the temperature, and N the number molecules in

the closed volume V.

The fragmentation rate dN~/dt due to reactions

at the hot filament and due to electron bombard-

ment in the i' gauge is given by

dNi =—C)N,
dt

where C& is a constant to be determined experi-

mentally. The fragmentation rate resulting from

election bombardment in the experimental tube is

given by

dN2

dt
= —N, DoN/V,

where N, is the number of electrons per second

travelling a length D through the experimental tube

(see Fig. 1) and o is the fragmentation or dissocia-

tion cross section. The total fragmentation rate is

dN( dN2

dt dt dt
+-

= —(CI+N, Do IV)N .

The following procedure is used to determine 0.

experimentally. A pressure-versus-time curve is

determined with the electron beam off (N, =0}and

then with it on (i,=50 p, A} and then again with it

off. (The electron beam was turned on by applying

a voltage to electrodes A and B. No other parame-

ters were changed. ) Typical data are shown in Fig.
2 for CF4 and in Fig. 3 for CF3H, CF2F6, and

C3F&. An exponential least-squares fit to the first

and third data segments yields C& while a similar

to fit to the second segment gives Cq where

C2 ——C)-+N, Du/V .

Then

o =(V/N, D)(C2 —C)) .

The exponential fit to the experimental data is

extremely good with the coefficient of determina-

tion (i.e., the parameter which determines how well

the exponential curve fits the data, with a value of
one indicating a perfect fit. For a precise defini-

tion see Ref. 12) usually being better than 0.99 and

often better than 0.999. The least-squares analysis

provides information much more precise than that

which could be obtained from a graphical analysis
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FIG. 2. Pressure versus time. Typical raw data for

CF4. The electron beam was turned on and off by ap-

plying a voltage to electrodes 3 and B (see Fig. 1). All

other system parameters including the filament tempera-

tures remain unchanged during an experiment.
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FIG. 3. Pressure versus time. Typical raw data for
CF3H, C2F6, and C3FS. The electron beam was turned
on and off by applying a voltage to electrodes 3 and 8
(see Fig. 1). All other system parameters including the
filament temperatures remain unchanged during an ex-
periment.

such as that shown in Fig. 2. The random error in
the determination of C2 —C& is of the order of
+6%%uo. The volume V is known to +2%, the path
length D to +9%%uo, and the electron current to
+3%. The total uncertainty in the measured dis-
sociation cross section is +20%.

C. Influence of system parameters

The measured dissociation cross sections were
found to be independent of electron current and
pressure as is shown in Fig. 4. They were also in-
dependent of the ion-draw-out field and of the
strength of the magnetic field which was used to
focus the electrons. The magnetic field was varied
by a factor of 2 and the resulting cross sections all
fell within the +6% random uncertainty (see Fig.
4). The electron energy was calibrated by using the
ionization potential of argon, as shown in Fig. 5.
The ionization potential for argon is known to be
15.76 eV and the energy scale was adjusted so that
a linear extrapolation of the ion current to zero
gave this value. The dc ion current was measured
at electrode S.

Relative ionization cross sections for argon were
measured in our tube and compared with the abso-
lute vlaues of Rapp and Englander-Golden. ' The
shapes of the two curves were identical for energies
up to 600 eV. Similar results for neon and

1-
0

1 2 3 4 5 6 7

Magnetic Field (arb. units)

FIG. 4. Dissociation cross section versus electron
current (top), versus pressure (middle), and versus mag-
netic field (bottom). This figure indicates that the meas-
ured cross sections are independent of various parame-
ters. Most data presented in this paper were taken at
P=2X 10 ' Torr and for a magnetic field of 5 in the
units of this figure. The small dependence of the cross
section upon magnetic field is not statistically meaning-
ful since there is a +6% uncertainty in the measured
values for each point (see Sec. II).

methane were included in Ref. 4. Therefore, we
assume that the shape of the cross-section curves
presented in this paper are correct and that the ab-
solute value is generally accurate to +20%.

D. Background and experimental requirements

Fragmentation often yields stable gases as well
as radicals. The fate of these particles depends
strongly upon their chemical properties. The radi-
cals, which are very reactive chemically, are prob-
ably adsorbed on the walls which surround the re-
gion where they are created. They disappear from
the gas phase independent of whether a getter is
present. In contrast, the partial pressure of some
stable gases (for example, hydrogen) increases in
the absence of a titanium getter but remains negli-
gibly small when the getter is present. Conse-
quently, it is certain that these gases are adsorbed
at the getter surface.

It should be emphasized that because of the
small total pressure used in these experiments (see
Fig. 4), gas-phase ion-molecule or radical-molecule
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FIG. 5. Dissociation cross section versus electron en-

ergy, and relative argon ionization cross section versus
electron energy. Ionization cross sections for argon (not
absolute) measured in our experimental tube were used
to calibrate the energy scale. The ionization potential
for argon is 15.76 eV and the energy scale adjusted so
that a linear extrapolation of the ion current to zero
yielded this value. This insert is electron-impact
energy-loss spectra from Ref. 14, taken at scattering an-
gles 8=0' and 0=3'. The almost constant signal
corresponding to -2)(10 "cm below 12.5 eV is be-
lieved to be an artifact.

reactions do not occur. At these low pressures, re-
actions with the wall occur long before gas-phase
reactions have a chance to happen.

There are three experimental problems which
must be solved in order to obtain reliable results.
First, some gases are dissociated so rapidly by re-
actions at hot filaments that it is difficult to ob-
serve dissociation by the electron beam. This is a
major problem for H2, 02, and many hydrocarbons
but is only a minor problem for the fluoroalkanes
used in these experiments. These fluoroalkane
gases react very slowly with tungsten even at tem-
peratures as high as 2500 K. They did, however,
react much faster with the low work function fila-
ments used in our previous experiments on meth-
ane and ethane. Therefore, in the present experi-
ments, all the filaments were changed to tungsten.
The second major experimental problem involves
the desorption of impurity gases from the walls
into the closed volume. This problem was readily
solved by using a freshly evaporated titanium
getter which rapidly pumped impurity gases but
which did not react with the fluoroalkanes. The

third experimental problem is related to the re-
versible adsorption of the gas of interest on the va-

cuum system walls and other surfaces. When re-
versible adsorption occurs then a change in pres-
sure is not related to the number of dissociative
events since the number of undissociated molecules
adsorbed on the wall does not remain constant.
This is expected to make it difficult, for example,
to work with H20 and CO. However, reversible
adsorption is not a problem for the fluoroalkanes
nor for methane, ethane, or N2.

In order to demonstrate that the change in par-
tial pressure is directly proportional to the number
of fragmentation events, four criteria must be ex-

perimentally established. First, it must be shown
that the molecules of interest do not leave the gas
phase as a consequence of an interaction between
electrons and molecules adsorbed at the surface
where the beam is collected. The validity of this
first criterion was verified by showing that the
number of molecules which leave the gas phase as
a result of electron impact was negligibly small
when the electrons travel most of their path length
at low energy ( & 8 eV) and are accelerated to 100
eV just before being collected at the surface. An
opposite result would have been expected if dissoci-
ation of adsorbed molecules were producing a pres-
sure change. Secondly, it must be established that
undissociated ions or undissociated, excited neutral
species do not leave the gas phase because of a re-

action at the surrounding surfaces. Fortunately, it
appears that all electronic-excitation pathways ulti-

mately lead to dissociation for the fluoroalkanes
used in this work. (For a discussion of this subject
see Sec. III.) Therefore, this second criterion is ir-

relevant for these gases. Thirdly, it must be shown
that none of the fragmentation products remain in

the gas phase. This criterion was particularly sim-

ple to establish for the fluoroalkanes using mass
spectrometry. For example, mass analysis of CF4
in our system using an EAI quadrupole mass filter
and 21-eV electrons produces only one mass peak,
i.e., CF3+ at 69 amu. The intensity of all other
mass peaks was less than 1% of the 69-amu peak.
After the pressure had been reduced by a factor of
2 as consequence of fragmentation by the electron
beam, the 69-amu CF3+ peak was still the only ob-
servable peak. There were no stable gases or radi-
cals that had remained in the gas phase. Only CF4
was present but at a reduced pressure. Fourthly, it
must be established that fragments are not recom-
bining at surfaces to reform the parent molecule,
e.g., CF4. Recombination, if it were occurring,
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would be a function of a number of adsorbed
species (e.g., fluorine atoms) on the surface. The
rate of recombination would tend to increase as the
number of adsorbed fluorocarbon radicals was in-

creased. This would be evident since the apparent
dissociation cross section would necessarily de-

crease with the number of runs. Several hundred
experiments were conducted and they were highly
reproducible. The very first run for CF4 yielded
an identical cross section to that obtained near the
end of the experiments. Therefore, we conclude
that recombination was not a problem in these ex-
periments. Since the four essential criteria have
been met, the measurements reported in this paper
must yield total dissociation cross sections.
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III. RESULTS AND DISCUSSION

A. Dissociation of CF4

The measured cross sections are presented in

Figs. 5 and 6 and in Table I. An apparent thres-
hold for dissociation occurs at —12.5 eV, and a

l
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FIG. 6. Dissociation cross section versus electron en-

ergy.

TABLE I. Dissociation cross section in units of 10 ' cm . The data on CH4 are taken
from Ref. 4, and the data on C~D6 from Ref. 5. All other data are based on the present
work.

Energy (eV) CF4 CF3H CH4 CpF6 CpD6 C3F8

22
30
40
50
60
72
80
90

100
125
150
175
200
250
300
350
400
450
500
550
600

1.17
2.50
3.50
4.30

5.20

5.55

5.51

5.32
5.02
4.72
4.45
4.20
3.98
3.78
3.60
3.45

2.4

5.5

5.8
5.7

5.4

4.9

2.7

3.8

4.0

4.0
3.8
3.6
3.5
3.3
3.0
2.8
2.6
2.5
2.4
2.3

2.1

3.1

8.1

8.5
8.6

8.1

7.3

3.5

7.0

7.6
7.65
7.6
7.5
7.3
7.1

6.9
6.7
6.4
6.0
5.6
5.3
4.9
4.6
4.3
4.1

4.39

11.0

11.6
11.8

10.0
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discontinuity in slope is observed at —15 eV. The
cross section increases linearly with energy from 15

to 22 eV. The cross section reaches a maximum of
-5.5X10 ' cm at —100 eV.

The data are quite consistent with information

from spectroscopic experiments. Harshbarger and

Lassettre' investigated CF4 using a high-resolution

electron-scattering spectrometer, and measured the

number of forward-scattered electrons which had

lost a given amount of energy in exciting a CF4
molecule. Some of their data are shown in Fig. 5

iinsert). There are features at 12.5, 13.7 and 14.0
eV (a shoulder), and at 15.8 eV. Similar structure

is seen in the optical absorption spectra of Cook

and Ching. ' The threshold for electronic excita-

tion seen at 12.5 eV is quite consistent with the

threshold observed in our experiments at about the

same energy. The strong transition, which has a
maximum at 15.8 eV, could easily account for the

change in slope which our cross section measure-

ments exhibit at around 15 eV.
The type of excitations which lead to these

features has been discussed in detail by Robin. '

He suggests that the 12.5-eV feature results from

excitation of an electron from a 1t& orbital to a 3s

Rydberg orbital, whereas the strong features

around 14 eV result from the 1t& ~3p and 4t2~3s
transitions. The feature at 15.8 eV is assigned to a

4t2~3p transition. It appears that all of these

transitions leave an electron in a Rydberg orbital.

A Rydberg state is characterized as a system

where a single excited electron spends most of the

time at so large a distance from the ion core that

the core can be represented almost as a point

charge (see Ref. 16, p. 10). It is this size, i.e., a ra-

dius much larger than core orbitals, which qualita-

tively distinguishes a Rydberg orbital in a mol-

ecule. Since the Rydberg electron is nonbonding,

the ion core will tend to dissociate as if the Ryd-

berg electron were absent. Therefore, it is reason-

able to assume that much of the information avail-

able from dissociative ionization can be used to
understand qualitatively dissociative processes re-

sulting from Rydberg excitations. Dissociative
ionization produces about 75% CF3+, 11% CF2+,
and 7% C+. The number of CF4+ ions is negligi-

bly small. ' By analogy, the predominant frag-
ment produced by excitation of a Rydberg state is

expected to be CF3 and F, i.e.,

e +CF4—+CF3+F+e .

The cross section should be less than 1)& 10
cm for electron energies less than 12 eV. The rea-

son that most of the experimental points lie above

the energy axis in this region is believed to be due

to noise and to a small systematic error of un-

known origin. Harlan and Franklin' investigated

dissociative attachment (i.e., CF4+ e~CF3 + F
or CF3+ F ) and found that the cross sections at

the maxima were 6X10 ' cm for CF3 and

4—6X10 ' cm for F . The cross sections sug-

gest a resonance with half-widths of 2 —3 eV and

maxima at around 7 eV. There is no evidence for

these dissociative attachment processes in our ex-

periments. It should be emphasized, however, that

the two experiments are consistent with each other

since we would have been unable to detect a disso-

ciative attachment cross section whose magnitude

was less than -2X 10 ' cm .
Mass-spectrometry experiments always show the

absence of a CF4+ ion under normal circum-

stances. Therefore all ionization processes even-

tually lead to dissociation. There are some ionic

states which are known to be stable against dissoci-

ation, ' but fragment ions are probably formed

when they deexcite to the ground ionic state, which

is unstable. The fraction of the total number of
dissociative events which are due to ionization can

be crudely estimated. Beran and Kevan have

measured total ionization cross sections for a num-

ber of gases for 70-eV electrons. Their results ap-

pear to be systematically too large, compared, for

example, with the results of Rapp and Englander-

Golden. ' However, Ref. 20 reports the same ioni-

zation cross section for CH4 and for CF4. If one

assumes that the cross section for CH4, as reported

by Rapp and Englander-Golden, is correct and if
one assumes on the basis of Beran and Kevan's

data that it is equal to that of CF4, then the ioni-

zation cross section for CF4 at 70 eV would be
-3.6)&10 ' cm . The total cross section for dis-

sociation is 5.1)&10 ' cm at this energy and

therefore ionization events appear to account for
-70%%uo of the dissociative events. Dissociation

into neutral fragments, of course, dominates near

threshold.

B. Dissociation of the fluoroalkanes

The electron-impact energy-loss spectra of CF4
show no indication of vibrational structure. The
optical absorption spectra are continuous' and

there is, to our knowledge, no evidence for molecu-

lar band spectra ' of CF4. Moreover, ionization

leads to dissociation as indicated by the lack of a
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parent peak in the mass spectra. ' These results
suggest that dissociation occurs so rapidly that vi-
brational levels are broadened because of their
short lifetime. Since there is no state which exhi-
bits vibrational structure, it appears that all types
of electronic excitation lead to dissociation. A
similar conclusion has been drawn previously. A
possible exception might be excitation to forbidden
states which may not have been detected in the
electron-loss or optical experiments. Hence, we
conclude that the total cross sections for dissocia-
tion measured in the present experiments are also
the sum of the partial cross sections for excitation
to all electronic and ionic levels, i.e., the total cross
section for electronic excitation The .arguments
made for CF4 are also valid for CF3,H, C2F6, and
C3F8. None of these gases exhibit vibrational
structure in their electron-impact energy-loss spec-
tra nor a significant parent ion in the mass spectra
(see p. 179 and p. 188 of Ref. 16}.

On the basis of arguments similar to those above
(i.e., the lack of vibrational structure in the spec-
tra), the total cross section for dissociation of
methane would be equal to the sum of the dissocia-
tion cross section plus the cross section for pro-
duction of CH4+:

o(CH4+)=1.45X10 '6 cm

This leads to a surprising observation. At an ener-

gy near their maxima (e.g., at 100 eV) the total
cross section for electronic excitation of CF4,
CF3H, and CH4 are almost identical, i.e.,

cTt t (5.5 to 6.0)X 10 ' cm

(see Table I}. Moreover, the total cross sections for
C2D6 and C2F6 are quite similar. Furthermore, be-
cause some ionic and neutral states in ethane are
nondissociative, the total cross section for electron-
ic excitation at their maxima may be almost identi-
cal for these two gases. Moreover, a few measure-
ments on CF3H3 at 100 eV indicate a cross section
for dissociation of -9X10 ' cm . The reliability
of the latter data is somewhat uncertain but the
magnitude of the cross section is similar to that of
C2F6. We know of no theoretical explanation for
the observation that all the fluoromethanes have
similar cross sections near their maxima nor why
the fluoroethanes seem to exhibit a similar tenden-
cy.

C. The Bethe theory

trons at high incident energy T is given by

4rao R 4c„T
„I'„ln

T/R E„"" R
(3)

where ao is the Bohr radius of atomic hydrogen
(ao ——fi /me =5.29X10 cm), and R is the Ryd-
berg energy (R =me "/2' =13.606 eV). Further,
E„ is the energy required for excitation of the nth
level and f„ is the optical (dipole) oscillator
strength

Enf„= M„,
R

where M„ is the dipole matrix element squared
measured in ao. Thus, one may write

47MO R 4Cn T
T/R E " Rn n

where the summation should be interpreted as an
integration when the final state belongs to a con-
tinuum. Thus, Eq. (5) can be written

4mao 4c„,T2

0 tot = M totlnT/R R

where M tot can be defined as

threshold

(5)

(6)

R d dE.
threshold E dE

(7)

An analogous formula has often been used to
describe ionization.

As first suggested by Fano, the analytical form
of the Bethe cross section [Eq. (6)] suggests a plot
of To„,/(4naoR) versus ln(T/R). Then, M„, is the
slope of the resulting curve. Remembering that
the total dissociation cross section for CF4 is equal
to o„„we show a Fano plot for this case in Fig. 7.
From the slope we find that M„, is 19.2 for elec-
trons whose energy lies between 200 and 600 eV.

An expected value of M„, can also be calculated
from published optical data for the absorption
cross section (o,z, in cm ) as a function of energy.
The oscillator-strength density can be written

df mc
&opt 9 1 1 X 10 OoptdE

where E is in eV. Then

wcR opt d
threshold ~&2g

On the basis of the first Born approximation,
the cross section for excitation of a state n by elec- =1.24X10'7 f dE .

threshold E (9)
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Equation (9) has been numerically integrated using

the absorption cross sections for CF4 of Cook and

Ching' and of Lee et al. in an energy range from

threshold to 68 eV. For energies between 68 and

270 eV, we have assumed that df!dE=13.3E
This functional dependence would, for example,

roughly fit the known data of Lee et al. for ener-

gies between 30 and 70 eV. From the optical data

we obtain an estimate M„,=10.3. This is roughly

one-half the value obtained from the electron-

impact data.
This discrepancy can arise in three ways: (1) the

optical data could be in error, (2) the electron-

impact data could contain a systematic error, or (3)
the electron-impact data could have been taken in

an energy range where the Bethe theory does not

apply. The third alternative is the correct answer

in our opinion.
If all dissociation cross sections were multiplied

by 0.6 then Mtot derived from the electron-impact
data would roughly agree with Mtpt derived from
the optical data. However, we believe that our

20,
0 1 2 3 4 5 6 7

In (T/Rj

FIG. 7. Fano plot for the total dissociation cross sec-

tion (solid curve with experimental points). T is the

electron energy, R the Rydberg energy, o the cross sec-

tion, and ao the Bohr radius. The dashed curve labeled

"Bethe asymptote" is schematic and is intended to sum-

marize our conclusions about the relationship between

theory and experiment. The slope, M„„was chosen to

agree with optical data (see text) and the intercept was

chosen so that two curves could be joined in a manner

which was similar to that of other analogous plots (see

Refs. 30—32).

data are much too accurate to allow this procedure

(see Secs. II B and II C ). Moreover, it is also our

opinion that the optical data are correct. This

opinion can be partially substantiated by checking

sum rules. The integral f (df /dE)dE should give

the number of electrons in the molecule. Using the

previously mentioned data and assumptions leads

to a value of 35 for this integral. Neglecting K-

shell electrons, one would have expected a value of
-32. In addition, the polarizability is given by

el'
E 2dfdE.

dE

Integration of this equation yields a value of
2.6x 10 cm, while the literature value is

-2.9)& 10 cm .
Since neither the optical data nor the electron-

impact data are believed to contain significant er-

ror, it is suggested that the Bethe theory does not

accurately describe the dissociation cross section at

these low electron energies. It is suspected that the

cross section reaches the Bethe asymptote in a

manner which is illustrated schematically in Fig. 7.
The curve labeled Bethe asymptote in this figure

has a slope which is determined by the optical ab-

sorption data and a constant (inc„t = —0.56) which

is adopted but is not unrealistic when compared

with the general trend in the ionization data of
Rieke and Prepejchal. However, their c; value

for CF4 seems to differ significantly from that of
many other gases. On the other hand, the value

for ct t chosen by us in Fig. 7 falls close to the

values of c; obtained for a variey of different gases

in their work.
It is not surprising that the dissociation cross

section does not reach the Bethe asymptote at the

low electron energies used in this work. Total ioni-

zation cross sections frequently do not reach the

Bethe limit in this energy range. As an exam-

ple, consider the electron-impact ionization of
methane. A Fano plot of the total ionization cross
section using the data of Rapp and Englander-
Golden' for electron energies between 200 and 900
eV yields a value of -7 for M;. Berkowitz,
Inokuti, and Person have calculated M; from

photoabsorption data and arrived at a value of
3.77. The latter value is also supported by the
newer experimental data of Backx and Van der
Wiel. This discrepancy can be interpreted as an

indication that the Bethe asymptotic behavior is

not yet reached for the ionization of methane in

this energy range.
Cross-section data often show a straight-line
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behavior on the Fano plot at incident energies
below the true asymptotic region. Other examples
are seen in the electron-impact ionization cross sec-
tions of He+ and Li+, for both of which experi-
mental data are reliable and the Bethe asymp-
totes are theoretically well established. Moreover,
straight-line behavior below the Bethe asymptotic
region has been noted by Tawara, Harrison, and de
Heer, who specifically discussed the EC-shell ioni-
zation cross section of CH4, Nz, 02, Ne, and Ar;
however, it is unclear whether the findings of Ref.
35 on the E-shell ionization might have bearings
on our present findings related mainly to the outer-
most shells. With the observation on tnethane (in
the preceding paragraph) and with the present re-
sult on CF4, we must regard the straight-line
behavior below the asymptotic region as something
general and probably significant, but have been un-

able even to propose a tentative theoretical expla-
nation.

tive attachment processes which occur at lower en-

ergy but were undetected in our experiments be-

cause of lack of sensitivity.
(2) Arguments have been presented which sug-

gest that the total dissociation cross sections for
the fluoroalkane gases presented in this paper are
equal to the sum of the cross sections for excita-
tion to all ionic and electronic states, i.e., the total
cross section for electronic excitation.

(3) It is suggested that the dissociation cross sec-
tion of CF4 in the energy range covered by these
experiments does not yet reach the Bethe asymp-
totic behavior.

(4) At their maxitna, the total cross section for
electronic excitation of CF4, CF3H, and CH4 are
almost equal. This is also the case for C2F6 and

C2H6. A reason for this observation remains ob-
scure.
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