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The trapped-electron method is applied to the measurement of the slopes of the vibrational
cross sections near their respective thresholds. Absolute values are obtained by normaliza-
tion to positive-ion cross sections. The values obtained in H2 are 43 for v=1, 0.72 for v= 2,
0.04 for v=3, and 0.003 for v=4, in units of 10 cm/eV. The values for N2 are 2.5 for v=1
and about 0.02 for v= 2, whereas, the values for CO are much larger, i.e. , 120 for v= 1 and

2.4 for v= 2. Various corrections that are necessary for determining absolute cross sections
from trapped-electron data are discussed. The validity of the corrections is studied for the

case of the 2 S excitation function in He.

INTRODUCTION

Cross sections for the excitation of vibrational
levels of the ground electronic state of diatomic
molecules have been previously measured using
electrostatic energy analyzers, ' ' using the
trapped-electron method, ' and using an analysis
of swarm experiments. ' ' A recent review of
vibrational and rotational excitation may be found
in a paper by Phelps. " Electrostatic analyzers
have proved to be invaluable in the study of an-
gular dependence, but are relatively insensitive
for measurement of small cross sections near
threshold. The swarm analysis has produced
cross sections for excitation to the first vibration-
al level which are quite accurate close to thresh-
old, but the method is less accurate at higher en-
ergies.

The trapped-electron method, "used in the
present study, has high sensitivity because it al-
lows complete collection of inelastically scattered
electrons and is therefore suitable for the mea-
surement of total inelastic cross sections near
threshold. In this paper, we report the absolute
cross sections for vibrational excitation of several
states of H„D„N„and CO, and we describe
changes in the geometry of the tube which give
improved operation in the vibrational regime. A
discussion is given in Appendixes A and B of two

important corrections necessary for the evaluation
of absolute cross sections using the trapped-elec-
tron method. The validity of the corrections is
studied in Appendix C for the case of the 2'S ex-
citation function in helium.
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Figure 1 shows a schematic diagram of the tube
and the variation of potential along the axis. An
electron beam, collimated by a magnetic field of
about 180 G. is accelerated into the collision
chamber with voltage Vg. The collision chamber
consists of two end plates and a grid formed of
ten thin wires, 0.007 cm diam, strung longitudi-
nally and spaced equally around a circle. A cylin-
drical outer collector (marked trapped-electron
collector in Fig. 1) surrounds the collision cham-
ber. By applying a positive voltage to this col-
lector, with respect to the collision chamber, an
electrostatic well, having a depth W (in volts),
can be produced along the axis of the tube.

An electron making an inelastic collision just
above the threshold for an inelastic process loses
most of its energy and is trapped in the well. It
spirals back and forth following the magnetic field
lines and eventually makes enough elastic col-
lisions to diffuse across the magnetic field to the

APPARATUS

The trapped-electron method has been discussed
in a number of papers, "~"and therefore, only a
short description is given here.

FIG. 1. Schematic diagram of the trapped-electron
tube, and the potential distribution along the axis of the

tube. The accelerating voltage is given by Vg, and the

depth of the well by W.
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trapped- electron collector. At an electron energy
that exceeds the threshold of an inelastic process
by the amount 8', the electrons have enough en-
ergy remaining to escape through the potential
barrier at the end of the collision chamber, and
the trapped- electron current vanishes. There-
fore, as a function of accelerating voltage, the
trapped-electron current is zero below an in-
elastic threshold, and then grows to a peak which
is proportional to the magnitude of the cross sec-
tion at an electron energy that exceeds the thresh-
old by W.

The usefulness of this technique at low energies
has been hampered by the presence of a large
strongly varying background current which results
from elastically scattered electrons. ' This
arises as follows: For a given well depth, the
solid angle into which an elastically scattered
electron must be oriented in order to escape be-
comes smaller as the electron energy decreases.
Thus, it becomes increasingly probable that
elastically scattered electrons reach the collector
as the energy decreases. Because the elastic
cross section is generally large, the background
current may obscure the smaller current arising
from inelastic processes. This effect most
likely accounts for the failure to observe vibration-
al excitation in H, of an earlier attempt" that
used the trapped-electron method.

A portion of the elastically scattered electrons
will rescatter with their velocities oriented cor-
rectly for escape. However, those electrons
which diffuse radially beyond the exit hole of the
collision chamber collide with the metal end
plates, and a fraction of these is reflected back
into the chamber and eventually contributes to
the unwanted background current. In the present
work, the reflected current has been partially
suppressed by enlarging the exit hole of the col-
lision chamber and the two following plates to a
diameter of 0.2 cm.

The elastically scattered electrons, which are
confined in the collision chamber, have a long
effective path length for making inelastic colli-
sions. The correction necessary to take account
of this effect is discussed in Appendix A.

The well depth is determined by applying a
negative voltage to the trapped-electron collector
relative to the collision chamber, thus creating a
potential barrier in the path of the electron beam.
By measuring the shift in the electron-beam re-
tarding curve for different values of the applied
voltage, the size of the barrier is determined.
This is the well depth with reversed polarity.

The tube is constructed of Advance metal and
molybdenum grid wires with a diameter of 0. 007
cm. All metal parts are gold plated to avoid con-
tact potential shifts. The electron gun consists
of a thoria-coated iridium filament and three ac-
celerating plates (not shown in Fig. 1). The re-

tarding-potential-difference method" is used to
produce an electron beam with 0. 1 eV width at
half-maximum. The tube is mounted in a stain-
less-steel envelope, and externally mounted
Helmholtz coils provide the collimating magnetic
field. The tube and vacuum system are baked at
400 C and reach a background pressure of
1X10 ' Torr. Reagent grade gases from high-
pressure bottles supplied by the J. T. Baker
Chemical Company are used. Continuous flow of
the gas is maintained in order to minimize the
buildup of impurity gases in the collision chamber.
The pressure in the collision chamber is typically
1&&10 ' Torr. In this pressure region, the
trapped-electron current shows a linear depen-
dence on pressure.

RESULTS

Figure 2 shows the trapped-electron current a~
a function of electron energy in H„measured
with a well depth of 0.07 V. The elastic back-
ground current is present at energies below 0. 3
eV. The two peaks in Fig. 2 are associated with
the excitation to the first and second vibrational
levels near their thresholds at 0. 52 and 1.01 eV,
respectively. " The energy scale is determined
by the appearance potential of positive ions and is
considered reliable within 0. 15 eV. The height
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FIG. 2. Energy dependence of the trapped-electron
current in H2 measured with a well depth of 0.07 V.

The sharply rising current below 0.3 eV is due to the

elastically scattered background current. The two

peaks at higher energies represent excitation to the

first and second vibrational levels.
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of the peaks shown in Fig. 2 is proportional to the
excitation cross section at an energy above thresh-
old equal to the well depth. By taking several
sweeps with different well depths, the cross sec-
tion can be observed as a function of energy.

As the well depth increases, the elastic peak
grows rapidly, eventually overwhelming the peaks
due to excitation to the lower vibrational levels.
For this reason, the largest well depth used here
is about 0. 12 V. The third and fourth vibration-
al levels in H„discussed below, are the only ex-
ceptions. Because they are far removed in en-
ergy from the elastic peak and are well separ-
ated from each other, they can be traced to 0. 35
eV above threshold.

Absolute magnitudes are assigned to the cross
sections by comparing the trapped-electron sig-
nal with the positive-ion signal at 40 eV and nor-
malizing to the ionization cross sections mea-
sured by Rapp and Englander-Golden. " The val-
ues thus obtained are corrected for the finite
energy spread of the electron beam, as described
in Appendix B, and for the effective path length
resulting from confined elastically scattered elec-
trons, as described in Appendix A.

Data similar to that shown in Fig. 2 are also
taken for excitation to the first and second vibra-
tional levels in D„N„and CO. These measure-
ments are made with well depths below 0. 12 V,
and within experimental error are consistent with
a cross section having a linear energy dependence
over this narrow range. The slopes of these
cross sections just above threshold are tabulated
in Table I. The error in these values (+50%) re-
sults largely from the uncertainty in subtracting
the contribution of the elastic background current.

DISCUSSION

Figure 3 shows the data for excitation to the
first vibrational level in H, . The dashed line in-
dicates the slope of the cross section measured
within 0. 1 eV of threshold using the trapped-elec-
tron method. Also shown 'are the electrostatic
analyzer data of Schulz, '~" Ehrhardt et al. ,

' and
the cross section deduced from an analysis of
swarm data by Engelhardt and Phelps. ' The pres-
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FIG. 3. Comparison of the data, for the excitation of
the first vibrational level in H2 as a function of energy.
The slope of the cross section found by the trapped-
electron method (TEM) is shown by the dashed line. The
cross section is measured oniy for the first 0.1 eV above
threshold.

ent data indicate a large cross section near thresh-
old. This confirms the analyzer data of Menendez
and Holt' and Ehrhardt et al. ,

' who found an ex-
citation function which increases monotonically
from threshold up to its maximum. Recent data
by Boness and Schulz" obtained in a double elec-
trostatic analyzer are also in agreement with this
result. The delayed onset previously observed by
Schulz' using a double electrostatic analyzer was
apparently due to a lower signal-to-noise ratio
near threshold.

Vibrational excitation to v = 2 is shown in Fig.4,
together with the analyzer data of Schulz, ' and
Ehrhardt et a/. ' By broadening the electron en-
ergy distribution to about 0. 2 eV width at half-
maximum and using higher beam current, it is
possible to measure excitation to the third and
fourth vibrational levels near threshold. Figure
5 shows the result for v = 3, in comparison with
the analyzer data of Ehrhardt et a/. ' The trapped-
electron data are shown with open circles. The
dashed line is a reasonable interpolation between
the two sets of data.

There are no other data with which to compare

TABLE I. Slope of the cross section for vibrational excitation near threshold, in cm /eV.

'v= 1
g= 2

v=3
g=4

H2

4.3 x10
7.2x10 "

4 x10
3 x10

D2

2.0x 10
3.5 x10

Ng

2.5 x 10
-2x10 20

CO

1.2 x10
2.4 x 10
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0. 36 eV, from the maximum for excitation of the
temporary negative ion at 2 eV. No pronounced
isotope effect such as that occurring in the dis-
sociative attachment" of electrons in H, and D, is
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the ground and lower vibrational levels. Dis-
sociative attachment, therefore, is unimportant
as a competing process.
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our results for excitation to v =4. The energy
dependence of the cross section over the 0. 35-eV
range above threshold is similar to that for v = 3.
The slope at threshold is given in Table I.

Excitation to the vibrational levels is assumed
to take place through the formation of a tempo-
rary negative-ion state, H, , with a lifetime
estimated to be 1&10-"sec. " The cross section
for excitation to this state has a maximum in the
vicinity of 2 eV. However, the large cross sec-
tion for excitation to v = 1 at threshold indicates
that excitation to the temporary ion state" is
broad enough to overlap the v = 1 level at 0. 5 eV.

The cross section at threshold for excitation to
v=1, measured here, lies above that found by
Engelhardt and Phelps, ' and Ehrhardt et al. ' Al-
though the error limits overlap slightly, it is not
clear at present whether the difference is signif-
icant. Agreement with the data of Ehrhardt etal. '
for excitation to v =2 and v =3 is good.

The cross sections to the first and second vi-
brational levels of D, near threshold are found to
be 47% of the corresponding cross sections in H, .
This is in good agreement with the figure of 54%%u~

obtained by Engelhardt and Phelps' for excitation
to v = 1 in D, and H, . As in the case of H„how-
ever, the absolute magnitude of the cross section
measured in D, is larger than that found by using
the swarm analysis.

Vibrational excitation in D2, as in H„proceeds
through the formation of a temporary negative ion.
The cross section for excitation to the temporary
state is expected to be nearly the same in both

gases. The smaller cross section for vibrational
excitation in D, near threshold most likely results
from the larger separation of its threshold at

FIG. 4. Comparison of the data for the excitation of
the second vibrational level in H2 as a function of energy.
The slope of the cross section found by the trapped-
electron method (TEM) is shown by the dashed line. The

cross section is measured only for the first 0.1 eV

above threshold.
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FIG. 5. Comparison of the data for the excitation of
the third vibrational level in Hq as a function of energy.
The trapped-electron data are shown by the open circles.
The dashed line is a reasonable interpolation between
the present data and those of Ehrhardt et al.

C. Ng

Data for excitation to v = 1 in N, are shown in
Fig. 6, with the cross sections deduced from
swarm data by Engelhardt, Phelps, and Risk' and
the low-energy portion of the analyzer data by
Schulz. ' The sharply increasing cross section ob-
served above 1. 5 eV represents the contribution
of the temporary negative-ion state N, , which
lies near 2. 3 eV. This state has a relatively long
lifetime and well-developed vibrational structure.
The excitation to v =1 and higher vibrational levels
of N„which proceeds through this state, has been
studied in detail by Schulz, '~ ' and Ehrhardt and
Willman. 4

The small cross section at threshold may result
from direct excitation and from any residual
tailing of the temporary negative-ion state ex-
tending to 0. 29 eV. According to Phelps, "the
low-energy portion of Chen's theoretical cross
section is identical to that of Engelhardt, Phelps,
and Risk' below 1.2 eV.

The trapped-electron data show no evidence for
the curvature in the cross section just above
threshold. The scatter in the data due to sub-
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FIG. 6. Comparison of the data for the excitation of
the first vibrational level in N2 as a function of energy.
The slope of the cross section found by the trapped-
electron method is shown as a dashed line. The cross
section is measured only for the first 0.1 eV above
threshold.

to v = 1, if the Born approximation is valid. ' The
trapped-electron data give a ratio of 1.9 ~10 ' for
the slopes at threshold. This suggests that ex-
citation to the second vibrational level, which is
closer to the temporary negative-ion state, may
be larger than predicted by direct excitation alone.

CONCLUSION

In this work, the trapped-electron technique is
applied to the study of vibrational excitation near
threshold. The results indicate for H, and D,
that the vibrational cross section at threshold may
be considerably enhanced by the presence of a
broad temporary negative-ion state, centered
2 eV higher. In the case of N„ the temporary
negative-ion state is considerably narrower, and
its influence at threshold is proportionately
smaller. Although a similar temporary negative-
ion state exists in CO, excitation at threshold is
dominated by the molecular electric dipole mo-
ment.

traction of the elastic background current may
make this feature difficult to observe.

Excitation to the v = 2 level in N, is observable
but difficult to measure because of its small size
and because of the small separation in energy from
the v =1 level. The cross section at threshold is
estimated to be 1% ot' that for the v = 1 level.

D. CO

Data for the excitation to v=1 in CO are shown
in Fig. 7, in comparison with the data of Schulz, '
Ehrhardt et al. ' and Hake and Phelps. ' As in the
case of N„no curvature at threshold could be ob-
served within the error caused by the large back-
ground current.

Carbon monoxide, being isoelectronic with N„
also possesses a compound state which dominates
vibrational excitation at energies between 1.2 and
3 eV. ' The structure in the vibrational excitation
at these energies is less pronounced than in N„
indicating a shorter lifetime of the temporary neg-
ative ion, and thus a broader energy range over
which excitation takes place. The excitation at
threshold may therefore contain a larger contri-
bution from the compound state than in N, . The
dominant means of excitation at threshold, how-
ever, should result from the electric dipole mo-
ment possessed by CO. This is substantiated by the
agreement of the cross section below 1 eV for ex-
citation to v = 1, deduced by Hake and Phelps, ' and
the simple Born-approximation calculation also
discussed in their paper. The present data show
that the cross section at threshold is 50 times
larger than that in N, .

The cross section for excitation to v = 2, which
was neglected in the swarm analysis, is expected
to be smaller by 3. 5&&10 ' than that for excitation
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APPENDIX A: CORRECTIONS FOR EFFECTIVE
PATH LENGTH

In this section, we discuss the effect of the elas-
tically scattered electrons on the measurement of
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FIG. 7. Comparison of the data for the excitation of
the first vibrational level in CO as a function of energy.
The slope of the cross section found by the trapped-
electron Inethod is shown by the dashed line. The cross
section is measured only for the first 0.08 eV above
threshold. The portion of the data of Hake and Phelps
shown with long dashes is only approximate. Vibrational
excitation at energies above about 1 eV could not be
determined because of the absence of appropriate experi-
mental electron transport data.
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the vibrational cross section. At low electron
energy, a fraction of the main electron beam is
scattered elastically into a solid angle such that
the axial component of electron velocity is in-
sufficient for escape through the potential barrier
at the ends of the collision chamber. These elec-
trons spiral along the magnetic field lines and re-
peatedly traverse the collision chamber. Succes-
sive elastic collisions orient most of these elec-
trons correctly for escape, but a few electrons
are always trapped and eventually migrate to the
trapped-electron collector. At any time in this
sequence, an electron may make an inelastic col-
lision and contribute to the trapped-electron sig-
nal. The measured inelastic cross section is
therefore larger than the true value. Because the
fraction of the main beam which scatters elasti-
cally is small, one might expect the correction to
be unimportant. Although the scattered electrons
are indeed few in number, they have very long
path lengths compared to the main beam. At the
energies and well depths used in this work, the
correction cannot be neglected.

The effective beam current may be calculated in
the following way: Let I, equal the main elec-
tron-beam current, N equal the density of mol-
ecules in the collision chamber, Qe equal the
total elastic scattering cross section, l equal the
path length of the collision chamber, X equal the
mean free path for elastic scattering, TV equal the
well depth in volts, and E equal the electron en-
ergy in the collision chamber in eV.

In order for electrons in the main beam to scat-
ter elastically and be temporarily trapped, they
must scatter at an angle greater than a certain
critical angle 8&, measured with respect to the
tube axis. It is easily shown that

cos8 =(W/E)' '
C

Furthermore, it follows for the case of isotropic
elastic scattering, that the fraction of the elasti-
cally scattered electrons which is temporarily
trapped after the first collision is given by
(W/E)"'.

Therefore, the electron current, which is tem-
porarily trapped after the first elastic collision,
provided that NQ, l «1, is given by

I NQ l(W/E)' '
0 e

We also assume that the elastic cross section is
larger than the inelastic. On the average, these
trapped electrons move a length equal to the elas-
tic mean free path X before rescattering. Rel-
ative to the main beam current, the scattered
beam current must be weighted by a factor of
X/l = (NQel) '

We have at this point an effective beam current
given by

+f NQ l(W/E) ~~ (~Q l)
0 0 e 8

After several successive elastic collisions, the
eff ective beam current is given by

f.tl+(W/E) ~ +(W/E)+(W/E) ~".. .].
Because 5' is always less than E, the higher

terms become smaller. Although only a finite
number of collisions take place, we may sum the
series over an infinite number of terms to good
approximation. The effective beam current then
becomes

I [i —(W/E)'"]

This yields immediately the relation between the
true cross section and the measured cross sec-
tion

true measured'

As an example, for the case where % =0. 1 V and
E = 0. 5 eV, the measured cross section must be
multiplied by the factor of 0. 55.

Unfortunately, this simple analysis is only
correct for elastic scattering which is isotropic.
If the first elastic scattering event takes place
more strongly in the forward direction, this will
lower the amount of the current which is tempo-
rarily trapped. In this case, the correction used
above gives a cross section which is smaller than
the true value. Because the angular dependence
of the elastic scattering in molecules is not gen-
erally known at low energies, the data given in the
body of this paper are corrected using the assump-
tion of isotropic scattering.

APPENDIX B: CORRECTIONS FOR FINITE
ENERGY DISTRIBUTION

Because the well depths used in this work are
comparable to the energy spread of the electron
beam, considerable broadening of the trapped-
electron peaks occurs. Unless corrected, this
would lead to an underestimate of the inelastic
cross section. The following calculations" were
made in order to indicate the range of well depths
(relative to the energy spread) for which sizable
correction must be employed.

The trapped-electron current as a function of
energy is derived for the special case of an in-
elastic process with a cross section increasing in
a linear manner above threshold and an electron
beam having a Gaussian distribution of energies
with a full width at haH-maximum of ~ eV.
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FIG. 8. Computed trapped-electron peak shape as a
function of electron energy. These curves are derived
for the special case of an inelastic process having a
cross section which increases in a linear manner above
threshold. The triangular peak is the result for an in-
finitely narrow electron-energy distribution. The curve
shown with open circles is the result for a Gaussian
energy distribution with a half-width of 2 W.

For the particular case in which the spread of
electron energy is equal to half the well depth,
that is, AE = —,

' W', the trapped-electron peak shape
is illustrated in Fig. 8. Also shown is the theoret-
ical curve for infinitely good energy resolution
~E =0. The decrease in energy resolution pro-
duces a large change in the maximum value of the
trapped-electron current. In addition, the po-
sition of the peak is shifted to a lower energy.

We can take the ratio of the trapped-electron
peak height for a finite electron-energy distribu-
tion to the peak height for an infinitely narrow
distribution and plot it as a function of the ratio
of the well depth to the half-width of the electron
energy distribution. Such a plot gives an indica-
tion of the range of well depths over which sizable
error occurs. This is shown in Fig. 9. Note
that this curve is applicable only when the cross
section increases linearly and when the electron-
energy distribution is Gaussian. Only for
W&1. 64E does the error drop below 501~. If the
electron distribution is known, the correction fac-
tor for a given well depth may be found from
curves similar to that in Fig. 8 which are easily
calculated.

A second method for correction derives from
the observation that the area under the broadened
trapped-electron curve is the same as that under
the curve for monoenergetic electrons. Knowing
the well depth, the corrected peak height can be
found graphically. Because the experimentally
measured electron distribution is not a convenient
analytic function, this method is more easily
carried out, and is used for evaluating the vi-
brational cross sections given in the text.
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FIG. 9. Ratio of the trapped-electron peak height for
a finite electron-energy distribution to the peak height
for an infinitely narrow distribution, as a function of the
ratio of the well depth to the half-width of the energy
distribution. For a given value of the well depth and

half-width, this curve indicates the extent to which the
cross section is underestimated. These curves are
computed for the special case of a linear cross section
above threshold and a Gaussian electron-energy distri-
bution.

APPENDIX C: EXPERIMENTAL TESTS OF THE
CORRECTIONS

To demonstrate the validity of the corrections
discussed in Appendixes A and B, we apply them
to the measurement of excitation to the 2'S state
in helium by the trapped-electron method. To
isolate the effect of each of the corrections, we
have chosen two examples, in which one correc-
tion is necessary and the other may be neglected.

First we consider the correction discussed in
Appendix A for the increased effective path length
due to elastically scattered electrons. In a study
of excitation using large well depths, Schulz"
found that the apparent cross section at an impact
energy of 20. 4 eV was larger than that measured
by other means, "by an amount which depended
on the well depth. Using a well depth of 0. 69 V,
the cross section was 14% larger; using 1.6 V,
the cross section was 50%%uq larger. Applying the
correction derived in Appendix A, we must multi-
ply the apparent cross sections by factors of 0. 827
and 0. 721, respectively. This yields cross sec-
tions which are 94 and 108%, respectively, of the
true value. Because both well depths are large
compared with the half-width of the electron-en-
ergy distribution, the relative correction for
broadening discussed in Appendix B is negligible.

The correction for the finite electron-energy
distribution discussed in Appendix B is tested on
a measurement of the cross section for excitation
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to the 2'S state near its threshold at 19.8 eV. The
peaks of the trapped-electron current have been
measured at several well depths from 0. 040 to
0. 1 V with an electron-energy spread of 0, 2 eV.
In this case, W/E-0. 005 and the corrections dis-
cussed in Appendix A are too small to be signifi-
cant. However, W/DE&0. 5 and, from Fig. 9, it
is obvious that a correction for the finite electron-
energy distribution is required. Using the area
method described in Appendix B, the corrected
trapped-electron current at its peak is calculated.
The absolute cross section is found by referring
the trapped-electron current to the positive-ion
current produced at 40 eV and using the ionization
cross section of Rapp and Englander-Golden. "
The resulting data yield a slope at threshold of
1.6x10 "+30%%uo cm'/eV.

The total metastable cross section has been
measured by Schulz and Fox" to be 4 x10 "cm'
+30/o, at its peak at 20. 4 eV. Using their ex-

citation function, this gives a threshold slope of
1.1x10 "cm'/eV+ 30'%%ug. The relative cross sec-
tion has been measured also by Pichanick and
Simpson'4 with better electron- energy resolution.
By assigning a value of 4x10 "cm' to the peak of
the relative cross section of Pichanick and

Simpson, we obtain from their data a slope at
threshold of 1.5x10 "cm'/eV +30%%. The in-
creased slope is most likely due to the improved
electron-energy distribution in the experiment of
Pichanick and Simpson. The value for the slope
of the 2'S excitation function near threshold, ob-
tained in the present experiment using the trapped-
electron method with the appropriate correction,
is thus in good agreement with the value obtained
from Pichanick and Simpson.

In conclusion, it is felt that the correction pro-
cedures outlined in Appendixes A and B are justi-
fied, and yield fairly reliable (+ 10%%uo) values for
cross sections near threshold.

~Work supported by the Advanced Research Projects
Agency through the Air Force Office of Scientific Re-
search.
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Much previous work on the energy deposition of electrons in gases has centered on the con-
tinuous-slowing-down approximation, the key element being the loss function —(1/s)dE/dx
Calculations generally reduce to energy integrals involving cross sections and this loss func-
tion. The limits of the continuous approximation are now examined by comparing it over
various energy intervals with a method which takes into account the discrete nature of the
energy lost in each collision. The calculation at each stage considers how an electron at a
particular energy will redistribute itself on average at all lower energies, with the distribu-
tion depending on cross sections and transition energies. Results of the present work for
He and N~, and comparisons to the continuous approximation, are given.

I. INTRODUCTION

An important aspect of upper atmospheric re-
search involves the question of how an energetic
electron incident on a gas populates the various
atomic and molecular states it can excite. For
example, recent studies of this nature, applied to
the calculation of spectral intensities of auroral
and dayglow lines, have been carried out by sev-
eral authors. ' ' For reasons of its great con-
venience, the continuous- slowing-down approxima-
tion (CSDA) is generally used in these applications
whereas the real situation is more in the nature of
a random-walk problem. Here the electrons de-
grade their energy by a series of quantum jumps
rather than by the CSDA assumption of continuous
energy loss.

The question of how well the CSDA does is, of
course, not a new one. Wilson' in the precomputer
era of physics studied electron and photon initiated
showers in lead by Monte Carlo probability wheel
methods. Fano' and Spencer and Fano' in an anal-
ysis of range and energy loss of ionizing radiations
in matter were concerned with the effects of oc-
casional very large losses due to bremsstrahlung.
They discussed an integral equation describing the
discrete loss and then combined approximate so-
lutions of it with CSDA to obtain a scheme involv-
ing both descriptions.

What is needed for present purposes is a care-
ful examination of CSDA at all energies of interest
to atmospheric physics. It is clear that for a

sufficiently low-energy electron incident on a gas,
the CSDA will predict too small an energy given
up to the various states on average. This point
may be illustrated convincingly by considering the
energy loss of a 25-eV electron in helium. Helium
is a rather special case among atmospheric gases
in that all the cross sections describing single-
electron excitations or ionizations have thresholds
benched together between 19.8 and 24. 6 eV. Thus
a 25-eV electron will on average lose 22 or 23 eV
on its first (and only) collision. On the other
hand, the CSDA, which involves an integration
over energy from 25 eV down to the lowest thresh-
old at 19.8, predicts a loss of only about 5 eV.
The arguments just presented for He do not lead
to such obvious conclusions when applied to gases
having thresholds widely distributed in energy nor
when applied to high energies. Further complica-
tions are present when the incident particles have
a spectrum of energies.

The present study investigates under what con-
ditions the CSDA is valid with respect to applied
problems. The model gases are He and N, using
the complete sets of semiempirical cross sec-
tions given by Jusick et a/. ' for He and tabulated
by Peterson et al. ' for N, . Only cross sections
for electronic transitions have been included, but,
as will be indicated in the results, the inclusion
of other cross sections tends to make the con-
tinuous approximation more, rather than less,
reliable. Hence the results of this work indicate
an upper limit to the discrepancies.


