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Measurement of Excitation of N» CO, and He by Electron Impact*
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The inelastic excitation of N2 and CO by electron impact is studied using the trapped-electron method. In
this method those electrons which have lost a portion of their initial energy in an inelastic collision are
trapped in a potential well. Well depths up to 3 volts are used in the present experiment. The operation of
the apparatus is checked for helium, where the shape of the excitation function is known accurately. The
shape of the excitation function for metastable helium atoms obtained by the trapped-electron method is in
good agreement with previous results. A large inelastic peak is observed at 2.3 ev in N2 and 1.7 ev in CO.
This phenomenon is discussed in terms of the formation of a temporary negative ion state of N2 or CO and
subsequent decay into various vibrational levels of the molecule. This model explains the sharp peak in
both the elastic and inelastic cross section in N2 and CO. Neither 02 nor H2 show such a sharp peak at low

energies.

'

~ XCITATION of molecules by electron impact can
~ be studied by means of the trapped-electron

method. Some aspects of this method have been de-
scribed in a previous publication' which will be referred
to as Part I. In this method, an electron beam traverses
an electric and magnetic field configuration in which
those electrons which have lost energy in an inelastic
collision are prevented from reaching the electron beam
collector by a potential well. These "trapped electrons"
(also called "slow electrons" in Part I) are collected on
the trapped-electron collector and are a measure of the
inelastic cross section. This paper presents an extension
of the technique described in Part I. With the present
tube, measurements can be extended to a well depth of
about 3 to 4 volts, whereas the results presented in
Part I extended to a well depth of only 0.1 to 0.2 volt.
This increased depth of the potential well enables us
to study the excitation function of atoms up to 3 to
4 ev above the onset of excitation. The results in
helium are reported in Sec. III. In the case of molecules,
inelastic processes can be detected which could not be
detected with a small well depth. The results obtained
in N~ and Co are discussed in Secs. IV and V.

I. APPARATUS

Two different tubes are used for this experiment.
They are identical in the principle of operation and
differ from each other in the magnetic Geld uniformity
and in the length of the collision chamber. The original
tube will be designated as Tube A and the improved
version as Tube B. Following a general description of
the method, the differences between the two experi-
mental arrangements will be discussed.

A schematic diagram of the experimental arrange-
ment is shown in Fig. 1. Electrons from the filament, Il,
pass through the electron gun (only the retarding plate,
I'2, is shown) into the collision chamber and are col-
lected on the electron beam collector E. A magnetic

*This work has been supported in part by the Office of Naval
Research.

' G. J. Schulz, Phys. Rev. 112, 150 (1958). This paper will be
referred to as Part I.
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FIG. 1. Schematic diagram of tube and potential distribution
at the axis of the tube. F is the 61ament, P2 is the retarding
electrode, 6 is the cylindrical grid forming the collision chamber,
M is the cylinder for collection of trapped electrons, E is the
electron beam collector. Vg is the accelerating voltage and W is
the depth of the well. The double line in (b) indicates the energy
of the electron beam and the arrow indicates the energy lost by
an electron in an inelastic collision. The electron energy in the
collision chamber is (Vg+W').

~ G. J. Schulz and R. E. Fox, Phys. Rev. 106, 1179 (1957).

field aligns the electron beam. The construction of the
electron gun, and the vacuum technique used have
been described previously. ' ' The electron gun employs
the retarding potential difference method so that the
e8ect of nearly monoenergetic electrons can be mea-
sured. The grid, G, is surrounded by the cylindrical
collector, M (10-millimeter diameter). The potential on
M is usually positive with respect to G. The grid is
much coarser than that used in the tube described in
Part I; ten gold-plated molybdenum wires of 0.06-mm
diameter are strung between the end plates, forming a
cylindrical screen six millimeters in diameter. A large
fraction of the potential applied between the grid, G,
and the cylindrical collector, M, penetrates into the
center of the tube. The potential diGerence between
the center of the tube and the collision chamber elec-
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trodes is the well depth and is denoted by 8'. Figure
1(b) shows, schematically, the potential ts the distance
along the axis of the tube.

The length of the collision chamber in Tube A is 19
millimeters, that of Tube 8 is 152 millimeters. The in-
creased length of the collision chamber should improve
the uniformity of the well. A magnetron magnet with
pole spacing of 5.5 centimeters and a Qux density of
1000 gauss is used with Tube A and a solenoid supply-
ing a Qux density of 300 to 1000 gauss is used with
Tube B. The more uniform magnetic field in Tube 8
forces the electrons to travel along the center of the
tube so that the potential drop across the electron
beam due to the variation of the well potential in the
radial direction is minimized. This is especially impor-
tant when high values of well depth are used. Experi-
mental evidence for this improvement is discussed in
the next section.

Another re6nement of Tube 8 consists of plating the
electron collector with platinum black in order to re-
duce secondary electron emission at the electron col-
lector. The remainder of the tube parts is gold plated.
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FIG. 2. Determination of the well depth by electron retarding
(Tube type Bl. Electrons are retarded before entering the collision
chamber, and collected at the electron collector, E, which is kept
at +3.0 volts with respect to the collision chamber. The shift of
the curves on the voltage axis is due to the penetration of the
applied voltage, U~g, into the center of the tube and equals the
well depth, 5'.

The principle of the method has been described in
Part I and will be only brieQy summarized. An electron
in the beam which makes an inelastic collision and
whose residual energy is smaller than the well-depth
voltage, is trapped in the axial direction by the electro-
static well. It cannot reach the collision chamber elec-
trodes and will oscillate in the well until it Ands its
way to the trapped-electron collector, M. The collec-
tion mechanism is discussed in Sec. II of Part I.

the potential between M and G(Vsrz); and by observing
the shift in the electron retarding curve4 when a nega-
tive potential is applied between M and G such that the
electrons have to overcome a potential barrier.

The latter method is by far the simplest and fastest
way to determine the well depth and it is used peri-
odically to ascertain that the alignment of the grid and
the cylinder 3f has not changed. A plot of the retarding
curves at various values of U~g is shown in Fig. 2.
These data have been obtained with Tube B. Similar
curves using Tube A show a broadening of the retarding
curves which increases with an increasing value of
U~g. It is believed that electrons in Tube A do not
pass through the exact center of the tube and thus a
potential drop exists in the radial direction, across the
electron beam. This effect is especially pronounced at
a high well depth.

The well depth determined by the three methods
described above should agree within experimental error.
Figure 3 shows a plot of the well depth determined by
the three methods vs the magnitude of the applied
potential, V~0, for Tube A. The agreement is seen to
be most satisfactory.

III. ATOMIC EXCITATION —HELIUM

Energy Deyendence of Cross Section

In order to check the operation of the tube with a
deep well, the trapped-electron current is measured as
a function of electron energy for helium. With a fixed
well depth, 8', we can trace out the excitation function
by varying the electron accelerating voltage, V&. This
allows a determination of the excitation function be-
tween the onset of excitation, Vx, and (Ux+W); at an
energy (Vx+W), an artificial cutofF occurs due to the
fact that electrons having suGered inelastic collisions
now end up above the top of the well and are not
trapped.

Alternatively, it is possible to keep the electron ac-
celerating voltage Axed at a value below the first excita-
tion potential and vary the well depth. The advantage
of this method is the absence of an artificial cutoft; all
inelastically scattered electrons are collected at all
energies. ' Both these methods yield nearly identical
results in atomic excitation (except for possible modi-
fications discussed in the next section) but not in all
cases of molecular excitation.

II. DETERMINATION OF WELL DEPTH

It is desirable to establish accurately the well depth,
O'. This is done by three independent methods, namely
the potential mapping of a scale size model of the tube
in an electrolytic trough; by observing the shift in the
threshold for positive ion production' as a function of

' The positive ion current is plotted against electron accelerating
voltage (using the retarding potential difference method) from
threshold to about 2 volts above threshold. This curve is extra-
polated linearly to the voltage axis for each value V~g. The shift

on the voltage axis results from the penetration of the voltage
U~g to the axis of the tube and is equal to the well depth. In this
experiment the potential of M must be negative with respect to
G so that positive ions can reach the ion collector, 3E.

4 Electrons are retarded as they enter the collision chamber and
are collected at the electron collector E which is kept at a poten-
tial of about +3 volts with respect to the collision chamber elec-
trodes. The shift of the inflection point of the retarding curve
from that of the retarding curve taken with V~g=0 is equal to
the well depth S'.

' Above energies where ionization occurs this method measures
directly the cross section (Q +2Q;) where Q and Q; are the ex-
citation and ionization cross sections, respectively.
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Figure 4 shows a comparison between the excitation
cross section obtained by the trapped-electron method
with the well depth fixed at 2.6 volts and by the
"metastable production method. " ' Both curves are
normalized to unity at the peak of the 2'S excitation.
The trapped-electron method shows a less pronounced
dip at about 20.6 ev due to the poorer energy distribu-
tion of the electrons when using this method. ' The de-
parture above 21.2 ev is presumably due to the excita-
tion of the 2'P resonance level which the metastable
production method cannot measure. The shape of the
excitation function of helium metastables determined

by the trapped-electron method and the metastable
production method is, therefore, identical within the
limitations of each experiment. Since the latter method
depends on the yield of electrons by metastable atoms
in the 2'S and 2'S states' and the trapped electron
method is independent of these secondary coefFicients,
it can be concluded that the yields of electrons by the
incidence of metastable atoms in the 2'S and 2'S states
on a gold surface are identical. This finding is in agree-
ment with theory.

Magnitude of Cross Section

It was originally believed that the trapped-electron
method would be a most reliable way of determining
the magnitude of the cross section at the peak of the
2'S level. The method is independent of any secondary
coefficients for metastable atoms and does not include
transmission coefFicients through grids since none of the
trapped electrons are collected by the grid. In addition,
it is easy to check the instrument by measuririg positive
ion production and thus calibrate the pressure gauge. "

Careful experiments under a variety of operating
conditions and with both types of tubes (A,B) show

that the cross section measured by the trapped-electron
method at the peak of the 2'S level is larger than the
accepted value of 5)&10 ' cm' given by Maier-I. eib-
nitz. " In fact, the measured cross section at a fixed
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electron energy (peak of the 2'S excitation) increases
with increasing well depth despite the linear depend-
ence of the measured current with pressure. The dis-

crepancy is 14'Pq at a well depth of 0.69 volt and 50'Pq

at 1.6 volts.
The dependence of the measured cross section on

well depth is believed to be caused by those electrons
in the beam which have made elastic collisions. These
electrons maintain their original energy but their
velocity vectors are reoriented. Those electrons whose
velocity is nearly perpendicular to the axis of the tube
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Fio. 3. Well depth es applied potential, V~@, determined by the
three methods indicated on the graph. In the geometry used,
thirty-seven percent of the potential applied between M and G
penetrates to the axis of the tube. These data are obtained with
Tube A and an electrolytic analog of the same.

' In the metastable production method, the secondary electrons
due to the arrival of metastable atoms at a metal surface are
measured. See reference 2 and R. Dorrestein, Physica 9, 447
(1942).

7Although the electron beam reaching the collision chamber
has an energy spread of the order of 0.1 ev, it will acquire a larger
eRective energy spread due to the nonrectangular shape of the
potential well.

The excitation function obtained by the metastable produc-
tion method is due primarily to the 2'S and 2'S states in the
energy range shown in Fig. 4. The position of the second peak on
the energy scale makes it improbable that it can be due to the
2'P state as recently postulated (S. J. B. Corrigan and A. Von
Engel, Proc. Phys. Soc. (London) 72, 786 (1958). Further proof
that the second peak results from the 2'S state is given in Part I
where it is shown that the slope of the excitation function for the
2'S state near threshold is three times larger than the slope for the
2'P excitation function near threshold.

'H. Hagstrnm, Phys. Rev. 91, 543 (1953); L. J. Varnerin,
Phys. Rev. 91, 859 (1953).

'0 In the present experiment, a correction of' 7% was necessary
to bring the positive ion cross section into agreement with that
given by P. T. Smith, Phys. Rev. 36, 1293 (1930)."H. Maier-Leibnitz, Z. Physik 95, 499 (1936).
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FIG. 4. Excitation function in helium. The closed circles are
data obtained by the trapped-electron method and the open
circles are data obtained by the metastable production method.
The discrepancies between the two methods are discussed in the
text. Both curves are normalized to unity at the peak of the 23S
excitation.



G. J. SCH ULZ

are now trapped until another collision reorients their
velocity in the axial direction, such that they can reach
the electron beam collector or the collision chamber
electrodes. These elastically scattered electrons do not
reach the trapped electron collector because many col-
lisions are necessary to diffuse there. However, the
elastically scattered electrons essentially increase the
eGective path length. They make many traversals
parallel to the axis of the tube and are measured on the
electron collector only once. The fraction of elastically
scattered electrons trapped in the tube depends on

(W/U), the ratio of well depth to the total electron
energy, U, and the angular distribution of elastically
scattered electrons. " Since the shape of the angular
distribution is not known accurately, it is not known at
present how to extrapolate absolute cross-section data
to zero well depth.
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FH:. 5. Excitation spectrum of nitrogen using a well depth of
0.2 volt. The Franck-Condon range of a few states of the nitrogen
molecule is indicated.

"If we assume that the con6ned elastically scattered electrons
have a path length in the collision chamber equal to their mean
free path, then the measured cross section, Q~, can be related to
the true cross section, Q, by the relation Qsr=QL1+iW/Vl"]
where W is the well depth and U is the electron energy. The ex-
ponent, e, depends on the angular distribution of elastically
scattered electrons. For an isotropic distribution, we have m=0.5.
However, an anamolous angular distribution of elastically scat-
tered electrons could occur near the peak of the 2'S level in view
of the suggestion of E. Baranger and E. Gerjouy LProc. Phys. Soc.
(London) 72, 326 (1958)j that a compound state exists in that
energy range.

IV. MOLECULAR ELECTRONIC EXCITATION—
NITROGEN

When applying the trapped-electron method to mole-
cular electronic excitation one must distinguish between
two limiting cases, namely, (a) transitions to a repul-
sive-type state in which the potential curve for the
state traverses the Franck-Condon region over an
energy range much larger than the well depth, and (b)
transitions to a bound state. In case (a) we trace out
the integral of the cross section for production of elec-
trons with kinetic energy from 0 to W (ev) resulting
from transitions from the ground state to the repulsive
state within the Franck-Condon range. (See Part I,
Sec. V.) Case (b) resembles the excitation to atomic
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FiG. 6. Excitation spectrum of nitrogen using
a well depth of 0.8 volt.

levels (as discussed above for helium) if a given vibra-
tional state is preferentially excited. This condition is
fulfilled when the minimum of the potential curve for
the excited state lies at approximately the same inter-
nuclear separation as the minimum of the potential
curve for the ground state.

Figure 5 shows the results obtained in E2 with a
fixed well depth of 0.2 volt. In this case, only electrons
with kinetic energy in the range 0—0.2 ev contribute to
the trapped-electron current. Four distinct peaks occur
below 12 ev. The first, at 2.3 ev, will be discussed in
the next section. The second, with an onset above 6.0
ev, is associated with the A'Z„+ state, which is the
lowest electronically excited state of the nitrogen mole-
cule. The potential curve for this state traverses the
Franck-Condon region over an energy range of 4 ev,"
and thus fulfills our definition of a repulsive-type state.
The second peak results from the a'm, and other states
in that energy range. The onset at 11.2 ev (with a peak
at 11.5 ev) coincides energetically with the excitation
of the C'x„state. An examination of the potential curve
for the C state shows" that the potential minimum
occurs at almost the same internuclear separation as the
minimum of the ground state. Thus, we must consider
the C state an atomic-type excitation process.

Figure 6 shows the trapped-electron current es elec-
tron energy at a well depth of 0.8 volt. The absence of
a peak due to the C state should be noted. It is an indi-
cation that the excitation function for the C state peaks
less than 0.8 ev above threshold. This finding is confirmed

by recent optical experiments. "
V. LOW-ENERGY INELASTIC PROCESS—

NITROGEN

The most striking feature of the curve in Fig. 5 is the
peak with a maximum at 2.3 ev. This low-energy loss

"For a diagram of potential energy curves for nitrogen, see
W. Lichten, J. Chem. Phys. 26, 306 (1957). Higher states could
contribute to the erst peak of Fig. 4 above 7.5 ev, but the lack of
a break in the curve suggests that the cross section for these
higher states must be smaller near threshold than for the 3'Z„+
state.

'4 D. T. Stewart and E. Gabathuler, Proc. Phys. Soc. (London)
72, 287 (1958).
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process in nitrogen was first observed by Haas'5 in a
swarm experiment. The inelastic cross section shown in
Fig. 6 does not result from any known elcctronical y
excited states of the nitrogen molecule since the first
electronically excited level, 3'Z„, lies above 6.0 ev.
Haas has also pointed out that the "direct" excitation
of vibrational states of the nitrogen molecule by elec-
tron impact is improbable. '6 Only when the incoming
electron spends a time long compared to the vibration
time in the vicinity of the molecule can the cross section
for vibrational excitation be appreciable. This leads to
the hypothesis that a temporary negative ion state of
the nitrogen molecule exists around 2.3 ev.

A sharp increase in the total cross section at 2.3 ev
in nitrogen has been observed in Ramsauer type experi-
ments" and has been interpreted theoretically by
Fisk" as being due to an elastic process. His calcula-
tion gives a peak in the elastic cross section at 2.5 ev
and a subsidiary rise at 5.0 ev. Since the resonance
behavior in elastic and inelastic processes is related it
is possible that Fisk's elastic resonance process is a
manifestation of the existence of the nitrogen negative
ion state.

The curve of Fig. 6 exhibits a rise at 5.0 ev, and it is
possible that this increase in the inelastic cross section
results from a higher negative-ion state. Fisk's calcu a-
tion of the elastic cross section shows a similar rise at
about 5.0 ev, but the cross section obtained by Ram-
sauer-type experiments remains Bat in that energy
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'5 R. Haas, Z. Physik 148, 177 (1957).
' In order to explain the phenomena observed in the present

t ( d also in Haas' experiment) one would have to
b theostulate the excitation of high-lying vibrational states y

1 tron. However in "direct" excitation, the time spent
by the incoming electrons in the neighborhood of e m
about 100 times smaller than the vibration time. Under these
conditions, the excitation of vibrational levels is not appreciable.
(See H. S. W. Massey and E. H. S. Burhop, E/ectronic and Ionic
Impact Phcttomotta iClarendon Press, Oxford, 1952l, p. 454.

E/ectromc rJnd Ionic Impact Phenomena (Clarendon Press, Oxford,

' J. B. Fisk, Phys. Rev. 49, 167 (1936). See also reference
p. 214.

FIe. 7. Hypothetical diagram of the negative-ion state of
nitrogen. The energy scale is chosen to conform to the experi-
mental evidence. The negative ion presumably decays to various
vibrational levels of the neutral molecule.

I I

V~ = Cj. l Volts

0 V, = l.p Volts

1.5 Volts

o 08—
(0

0.6—
o
Ql

OE04-
O
Z'

0.2—

0 l 2 5 4
Electron Energy, ev

FIG. 8. Low-energy inelastic process in nitrogen. The data are
obtained by keeping the accelerating voltage, Vz, at the values
indicated on the graph. and changing the well depth, W. The
electron energy is equal to Vz+W. All curves are normalized to
unity at their peak. The relative magnitudes of the curves an
the cause for the shift are discussed in the text.

range. Regarding the magnitude of the inelastic cross
section at 23 ev, Haas gives a value of 15%%uq of the
elastic cross section, i.e., 3)(10 "cm'. In view of the
difhculties with absolute cross-section measurements
described in Sec. III, no attempt was made to deter-
mine the magnitude of this cross section.

Interpretation of the Trapped-Electron Method
for the Low-Energy Loss Process in ¹itrogen

Figure 7 shows a hypothetical diagram of the tem-
porary negative-ion state and the ground state of

fnitrogen. The energy scale and the general shape o
the negative-ion state are chosen so as to conform to
the experimental evidence. On this model, the incident
electron excites the negative-ion state and the com-
pound molecule decays to the various vibrational states
of the neutral molecule. ' The two possible measure-
ments of the energy dependence of the cross section,
namely, with a fixed well depth or a 6xed accelerating
voltage, do not give the same curve on a model such as
Fig. 7. %ith a constant accelerating voltage fixed at
V&, and the remainder of the electron energy supplied

by the well depth, TV, we collect those electrons that
have a residual energy between 0 and W (ev). However,
the residual energy of the electrons is equa o el to the
d Gerence between the incident electron energy, V JVl clcnc

ithand the vibrational energy of the molecule. Thus, wit
a xc g wc6 d V measure only those processes which have

fv.left the molecule in a vibrational state in excess o
It follows that with V& equal to 0.1 volt, all inelastic
processes are measured (the vibrational spacing is ap-
proximately 0.3 ev), whereas with Vz equal to 1.0 volt,

"The incident electron does not suffer any energy oss
'

oss if the
negative ion relaxes to the ground vibrational state; this type of
collision is indistinguishable from an elastic collision.
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FIG. 9. Comparison of the peak shape of the low-energy in-
elastic process in nitrogen obtained by various methods. The
dashed curve is Haas'result in a swarm experiment, the solid
curve is replotted from Fig. 9 (constant accelerating voltage,
V&=0.1 volt). The experimental points are obtained by varying
the accelerating voltage and keeping the well depth Axed at the
values indicated on the graph. The points lie below the "total"
curves because of the relatively lower probability of exciting high
vibrational states.

~ The smaller population of the higher vibrational levels is the
reason for the very small eGect seen at 2.3 ev in Fig. 5, where a
small well depth is used, i.e., only high-lying vibrational states
are included.

only those states which have a vibrational energy in
excess of 1 ev above the ground state contribute. Figure
8 shows the experimental results for V~ equal to 0.1,
1.0, and 1.5 volts. All curves are normalized to unity at
their peak. Actually the cross section at the peak of
the 0.1-volt curve is twenty times higher than the peak
of the 1.5-volt curve. This decrease in peak height can
be ascribed not only to the decrease in the number of
states included in the 1.5-volt curve but also to the
fact that the cross section for production of high-lying
vibrational states is low." The shift on the energy
scale of the curves in Fig. 8 is attributed to the rela-
tively higher probability of exciting high vibrational
states with the faster electrons. The overlap integral
between the high vibrational states of E2 and high
vibrational states of S2 is higher than the overlap of
low vibrational states of E2 with high vibrational
states of E2. Haas observed that the energy distribution
of the electrons after inelastic excitation in his swarm
experiment is peaked around 1.5 ev, independent of the
incident electron energy, in the energy range from
2.7 ev to 5.2 ev. A tendency toward a constant value
for the departing electron energy is to be expected from
the above considerations (at higher incident energies
there is a trend toward excitation of higher vibrational
levels and, therefore, the departing electron energy
tends to remain constant).

Figure 9 shows, on a normalized scale, a comparison
of the data obtained in the present experiment with

V~=0.1 volt (total excitation) with Haas' experi-
mental data. The agreement is seen to be good. The
experimental points shown in Fig. 9 are obtained with
a well depth fixed at the three values indicated in the
6gure and varying the accelerating voltage, V&. In
this type of experiment, the trap depth determines the
number of vibrational states included in the experi-
ment. Thus, with 5"=0.8 volt, approximately three
vibrational states contribute to the experiment. As the
electron energy is increased by increasing V&, . states
lying higher above the ground state will be included
and lower states will be excluded. If the cross sections
for production of various vibrational states were equal,
the points should lie on the curves marked "total exci-
tation" in Fig. 9. The fact that the points lie con-
siderably below the curves, especially at the higher
energies, is taken as a further indication that the cross
section for production of high vibrational states is
smaller than the cross section for the low states. The
elastically scattered electrons trapped in the tube dis-
cussed in Sec. III may inQuence the shape of the curves
shown in Fig. 9. However, the ratio W/U remains
almost constant (near unity) for the "total excitation"
curve of Fig. 9 so that elastically confined electrons may
not infiuence the shape of the curve.
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FIG. 10. Excitation spectrum of carbon monoxide
using a well depth of 0.7 volt.

VI. RESULTS IN CO, H2, 02

The results obtained in carbon monoxide are shown
in Fig. 10 for a well depth of 0.7 volt. The inelastic
cross section has a behavior very similar to that ob-
served in nitrogen, including the low-energy peak
which occurs at a slightly lower energy (1.7 ev) in CO
than in N2. The onset of the a'm state in CO occurs at
lower energies than the A'Z state in N2. The similar
behavior of CO and N2 is expected since the two mole-
cules are iso-electronic. A search for low-energy inelas-
tic processes in H2 and 02 by the same methods as used
in N2 and CO showed no pronounced peaks similar to
those observed at 2.3 ev in N2. An inelastic process is
observed using a large well depth in H2. The shape of
this peak is similar to the 5-ev process observed in N2
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(see Fig. 6), except that the broad onset occurs around
3.5 ev.
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Sauter Theory of the Photoelectric Effect*
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Results of Sauter are expressed in the form of a transition matrix which determines the photoelectric
effect cross section for arbitrary x-ray polarization and arbitrary initial and final orientations of the electron
spin. The structure of the matrix elements accounts for curious properties of the cross section in terms of
interference between orbital and spin currents. Expansion of the wave functions into powers of Z/137
simplifies the calculation of the transition matrix, reduces it to a special case of the bremsstrahlung theory
in Born approximation, and explains discrepancies between results of earlier calculations. Analytical and
graphical data are given on the photoemission of polarized electrons by circularly polarized x-rays.

1. INTRODUCTION

~' 'NCERTAINTIES regarding the significance of
theoretical results on the photoelectric eGect and

discrepancies between experimental results have stimu-
lated an e6ort to clarify the content of the theory and
to develop further its application. In the course of this
work it has emerged that the theories of the photo-
electric e8ect and of bremsstrahlung coincide, in essence,
to lowest order in Z/137. This paper reports the results
of analysis and calculations on the photoelectric eGect.
Separate papers deal with the mathematical justi6cation
of the expansion which establishes the connection with
bremsstrahlung, ' with applications of this connection' 4

and with a detailed analysis of spin effects in the absorp-
tion or emission of radiation. '

An important relativistic calculation of the cross
section for the photoelectric eGect in the E shell of
atoms was carried out by Sauter in 1931."The calcu-
lation involved an expansion into powers of the atomic
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~ K. W. McVoy and U. Fano, this issue LPhys. Rev. 116, 1168
(1959)7.' U. Fano, following paper [Phys. Rev. 116, 1156 (1959)7.' Fano, Koch, and Motz, Phys. Rev. 112, 1679 (1958).

4 J. W. Motz and R. C. Placious, Phys. Rev. 112, 1039 (1958).
5Fano, McVoy, and Albers, this issue LPhys. Rev. 116, 1159

(1959)7.' F. Sauter, Ann. Physik 9, 217 (1931).' F. Sauter, Ann. Physik ll, 454 (1931).

number Z and has accordingly often been classed as a
Born approximation, although this term is properly
applied in a more restricted sense. Because Sauter did
not follow the usual rather simple method of Born
approximation calculations, his results are not physic-
ally transparent. ' Sauter himself felt unable to "read
out" of his calculation results on the probability of
electron spin reorientation which were implicity con-
tained in it (reference 7, p. 485). Spin orientation and
its relation to circular polarization of the x-rays have
attracted increasing attention in recent years, ' and
will be considered in some detail in this paper.

It may be noted that the integral cross sections for
the photoelectric effect calculated by Sauter for high-Z

materials exceed by a factor 2 those obtained nu-

merically by Hulme et a/. , with exact Coulomb-6eld

wave functions"" and those obtained experimentally
at relativistic energies. (The discrepancy is much larger
still at lower energies, e.g. , at 50 kev. ) On the other
hand, the Hulme procedure has never been applied
extensively or to verify whether any of the more

8 An independent derivation of Sauter's results by A. Sommer-
feld, Atombatt agd SpektratHrtiert (F. Vieweg und Sohn, Braun-
schweig, 1939), second edition, Vol. 2, p. 482 ff., proved of little
advantage in this respect.' See in particular, K. W. McVoy, Phys. Rev. 108, 365 (1957).

"Hulme, McDougall, Buckingham, and Fowler, Proc. Roy.
Soc. (London) 149, 454 (1935).

» See in particular, W. Heitler, Quantum Theory of Radiation
(Oxford University Press, Oxford, 1954), third edition, p. 209 ff.


