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discrepancy between the measurements and calculations
seem likely.

Similarly, appearance potential data are consistent
with the assumption that only a minor fraction of the
ions come from excited states which were not considered
in the calculations. Two other pieces of evidence also
substantiate this conclusion. First, the angular distribu-
tion' of ions over the entire range of proton energies
observed is characteristic of a 1s0., —+ 2po.„ transition.
Second, optical observation' of the excited ionic states
show the cross section to be too small to account for
more than a few percent of the observed ions.

The temperature of the collision chamber was meas-
ured and was low enough that rotational excitation
should not have contributed significantly —particularly
in view of the small eGects produced by such excitation.
At these temperatures vibrational excitation should be

E. R. Williams, J. V. Martinez, and Q. H. Dunn, Bull. Am.
Phys. Soc. 12, 233 (1967).

entirely negligible and thus is not considered. as a
possible explanation.

Deficiencies in the calculation may lie in the Franck-
Condon assumption —namely that the electronic matrix
element is nearly independent of R over the range of R
where X„(R) has appreciable values. Strong variations
in such electronic factors are known for other transi-

tions, ' " but no examples are available which would

produce the large discrepancies observed here.
One further possibility is that repulsive high-lying

Rydberg states of H2 autoionize to form the observed
H+ with apparent appearance potential consistent with

the 2po state of H2+.
Ke conclude that these latter two possibilities are the

most likely explanations of the observed discrepancy.

' Gordon H. Dunn and Bert Van Zyl, Phys. Rev. 154, 40 {1967).
'0 J. M. Peek, Phys. Rev. 154, 52 (1967); 134, A877 (1964);

140, A11 (1965).
"D.R. Bates, J. Chem, Phys. 19, 1122 (1951).
"M. R. Flannery and V. Opik, Proc, Phys. Soc. (London) 86,

491 (1965).
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The relative cross section for inelastic collisions of the second kind between electrons and mercury atoms
in the excited 'P1 state was measured as a function of electron energy. Excited atoms were produced by
absorption of the 2537 A resonance line from a mercury arc, A low-energy beam of electrons was produced
using the retarding potential difference method. Scattered electrons which gained kinetic energy were
detected by passing them through a potential barrier which reflected unscattered electrons. The data are
in good agreement with the cross section computed by applying detailed balancing to the known cross section
for excitation to the 3P& state by electron impact. Information about the angular scattering dependence
was also obtained.

I. INTRODUCTION

~ IRECT measurement of inelastic collisions of
the second kind between electrons and excited

atoms has been attempted in only a few early studies. ' 4

The superelastic collision reported in this paper is
shown in Eq. (1):

e+Hg ('P&) —+ Hg ('So)+e+4.89 eV. (1)

An electron striking an excited mercury atom is
scattered with increased kinetic energy leaving the atom
in its ground state.

* Research supported by the U. S. Ofhce of Naval Research.
f Present address: Yale University, Department of Engineer-

ing and Applied Sciences, New Haven, Connecticut.' H. D. Smyth, Proc. Natl. Acad. Sci. (U, S.) 11, 679 (1925}.
~ H. D. Smyth, Phys. Rev. 22, 108 (1926).' A. Leipunsky and E. Strau6, Z. Physik 58, 104 (1929).
4 Q. D. I atyscheG and A. I.Leipunsky, Z. Physik 65, 111 (1930).

Smyth' attempted to measure the energy given to
one electron during dielectronic formation of I, Smyth, '
and Leipunsky and StrauP tried to measure super-
elastic electrons from excited states produced by chemi-
cal reactions. LatyscheR and, Leipunsky4 measured fast
electrons from excited states in mercury vapor which
were populated by absorption of the 2537-A resonance
line. Their results were not clear-cut because of the
primitive techniques of the time. In addition, they as-
sumed that most of the excited atoms were in the 'I'0
metastable state as a result of de-excitation from the
'P1 state by collision with normal atoms. This process
is unlikely at the pressures they used.

The present work was undertaken to produce super-
elastic collisions with a known excited state of mercury
and to study the dependence of the relative cross sec-
tion on energy.
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II EXPERIMENT

A. Descriytion of Tube

A diagram of the tube used in this experiment is
shown in Fig. 1. Plates S~ through S5 form an electron
gun which can be operated in the retarding potential
difference ™odeto ™prove the energy resolution.
Plates 55 and S6 form a Geld-free collision chamber.
Plate S7 is a retarding electrode used to analyze the
energy of the main beam and the scattered electrons.
Current arriving at the electron collector EC is mea-
sured by a vibrating-reed electrometer. The electron
beam is collimated by a uniform magnetic Geld of 180 0
produced by a Helmholz coil.

Mercury atoms in the excited 'P~ state are produced
in the collision chamber by absorpt, ion of the 2537-A
resonance line from an external mercury arc. To admit
the ultraviolet light, the chamber is surrounded by a
concentric quartz cylinder. To make the tube vacuum-

tight, the ends of the cylinder were polished and at-
tached to two stainless-steel endplates by means of
epoxy. The endplates support the electrodes and the
vacuum tubulation.

All Inetal parts of the gun are constructed of non-
magnetic stainless steel and were fired in vacuum
before assembly to reduce outgassing. The tube was
baked at 90'C for 10 h and reached a background
pressure of 2X10 ' Torr. To guarantee that impurities
are kept at a low level, the tube is pumped on con-
tinuously at low speed.

The mercury vapor pressure in the collision chamber
is varied by controlling the temperature of a side tube
containing liquid mercury. The tube itself is main-
tained at a constant temperature of 50'C.

3. The Mercury Arc

A mercury arc, similar to that described, by Houter-
mans, ~ provides a strong, unreversed source of 2537-A
resonance radiation. The arc is toroidal in shape to
allow light to enter the collision chamber from a large
solid angle.

Fluctuations in the light intensity can cause consider-
able noise because of the photoelectrons liberated from
the metal electrodes. Most of this current is shielded
from the collector. However, photons absorbed and
re-radiated in the collision chamber may eject electrons
from the slit edges, causing a background current which
fluctuates with the light intensity. The stability of the
arc described, here is excellent. The peak-to-peak noise
due to the photocurrent is 6)&10 " A when using a
1-sec time constant in the electrometer. Attempts to
use low pressure arcs with mercury pool electrodes, both
with and without cathode spot Gxers, were unsuccessful
because of large light fluctuations.

~ R. E. Fox, W. M. Hickam, D. J. Grove, and T. Kjeldaas, Jr.,
Rev. Sci. Instr. 26, 1101 (1955).' F. G. Houtermans, Z. Physik 76, 474 (1932).
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FIG. 1. Diagram of the experimental tube.

III. RESULTS

A. Retarding Curve

Consider now a beam of low-energy electrons sent
into the collision chamber. With atoms in excited states
present, the current which arrives at the electron col-
lector, with no retarding voltage at ST, consists of
unscattered, elastically scattered, and superelastically
scattered electrons. By increasing the retarding volt-
age, the main beam can be entirely rejected, allowing
only the superelastic electrons to arrive at the collector.

A typical retarding curve showing electron collector
current as a function of the retarding voltage is shown
in Fig. 2. The left side shows the main electron beam,
having 0.8 eV of kinetic energy, being retarded, ~ The
voltage is measured with respect to the filament and is
corrected for contact potential shift by requiring the
position of maximum slope to be at zero voltage. At
retarding voltages of —2.8 V, well beyond the high-
energy tail of the main beam, the small signal plotted,
with open circles could be seen. As the retarding volt-
age is made more negative, the signal gradually de-
creases into the noise somewhat above —5.1 V. If
superelastic collisions occur with atoms in the 'I » state,
then 4.89 eV is the maximum energy that electrons can
gain. Considering the small signal and the spread in
energy of the main beam, which is 0.3 eV at half-
maximum for this curve, the data are in fair agreement.

The signal could not be measured for retarding volt-
ages between zero and, —2.8 V. In this region, a portion
of the high-energy tail of the main beam is collected and
there is consid. erable scatter in the data.

The gradual decline in scattered current as a function
of increasingly negative retarding voltage is a result of
the angular dependence of the scattering process. The
main electron beam is retarded abruptly, that is, within
a few tenths of an electron volt, because essentially all
of the electron. velocity is directed along the axis of
the tube. The scattered electrons, however, are dis-
tributed as a function of the angle from the tube axis.
Because of the magnetic Geld, the electrons cannot
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The closed circles in Fig. 3 show the superelastic
cross section for electrons scattered between zero and
35' from the axis. ~ The region below 0.9 eV is taken
with an electron energy spread of 0.2 eV at half-maxi-
mum. Above this, the cross section is much smaller
and. it is necessary to broaden the beam to get a de-
tectable signal. Although the cross section is quite large
between zero and 0.3 eV, the electron beam current
drops off very rapidly as the energy is decreased and it
is not possible to see a signal below 0.3 eV. The data
shown in Fig. 3 represent the best run that was taken.
Other data show more scatter or inferior resolution but
preserve the general features.

FIG. 2. The electron collector current as a function of the
retarding voltage at plate Sv. The electron beam has an energy of
0.8 eV. The closed circles are calculated by assuming the electrons
are scattered with a cos~8 dependence. This curve is normalized
to the experimental data at —4.0 V.

B. Re1ative Cross Section

If now the accelerating voltage of the main beam is
varied keeping the retarding voltage adjusted. to the
same position, say —3.2 V, on the retarding curve, the
relative cross section as a function of energy may be
found. The scattered current must be normalized at
each energy by the magnitude of the main beam, which
must be measured necessarily without retardation. It is
assumed that the path length traversed by the reQected
beam does not vary with energy. The effect of a chang-
ing elastic cross section is discussed, in Sec. III C.
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FIG. 3. Comparison of cross sections for collisions of the second
kind as a function of electron energy. The curve plotted with open
circles is calculated from the cross section for collisions of the
erst kind by using detailed balancing and is normalized to the
experimental data at 2.0 eV.

escape and, are forced. to spiral down the axis. The
retarding field acts only against the component of
velocity parallel to the axis. Therefore, electrons scat-
tered. at large angles are reQected with less retarding
voltage. The range of voltage plotted. in Fig. 2 corre-
sponds to electrons scattered between zero and 40'
from the axis.

C. Pressuxe Variation

The data shown in Figs. 2 and, 3 were taken. at
mercury pressures in. the low 10 ' Torr range. At lower
pressures, the density of excited states is too small to
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FIG. 4. Density of excited states as a function of
mercury density.

7 Because the main beam is reflected, the superelastic current
may also contain a contribution from electrons backscattered into
angles from 145' to 180'.

produce a detectable signal; at higher pressure, the
main electron beam is appreciably attenuated because
of elastic scattering by atoms in the ground state.

Although the mercury pressure is not known abso-
lutely because of the low-speed pumping on the tube
to remove impurities, the relative pressure may be
varied, by controlling the mercury reservoir tempera-
ture. The density of the excited, states, which is propor-
tional to the scattered. current normalized, by the beam
current, at any given energy, is plotted as a function
of the relative mercury density in Fig. 4. This curve
was taken at an electron energy of 0.8 eV. The linearity
indicates that the mercury vapor is optically thin. At
higher densities, most of the absorption of the 2537-A
line would take place near the walls and the density of
excited states in the center of the tube would decrease.
The linear relationship also indicates that no change
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in electron path length has occurred because of in-
creased elastic scattering in the range of densities used.
This implies that the path length would also be un-
affected by a similar sized change in the elastic cross
section with energy.
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IV. DISCUSSION

A. Angular Scattering Dependence

Since t.he initial state of a mercury atom before a
superelastic collision is the 3Pi state and the final state
is the '50 ground state, the electron gaining energy
must also gain one unit of angular momentum. Io the
limit of zero velocity for the incoming electrons, that
is, at the threshold for the superelastic collision process,
the electron beam carries no angular momentum. After
the collision, conservation of angular momentum re-

quires that the scattered electrons each have one unit
of angular momentum. In terms of a partial-wave
analysis, the only component of the scattered current is
the 1=1 or p wave. This argument is rigorously true
only at threshold. However, for low energies we may
expect the p wave to be the most important component
of the scattered current in the absence of reso-
nance effects.

This partial wave has an angular scattering prob-
abilitv which varies as cos'0. By 6nding the axial com-
ponent of the velocity corresponding to scattering at
angle 0, it is simple to compute the retarding curve,
which is plotted in closed circles in Fig. 2. The curve is
normalized to the experimental data at —4.0 V. The
agreement with the data taken at a beam energy of
0.8 eV is good.

By taking retarding curves for many beam voli, ages,
the angular scattering could be studied as a function of
energy. The signal and resolution are not good enough
to warrant this except at the energy used here, where
the signal is largest.

B. Detailed Balancing

Cross sections for collisions of the first and second
kind are related by the principle of detailed balancing.
Klein and Rosseland' first predicted the existence of
superelastic collisions from this consideration and
derived the relationship shown in Eq. (2). Let o~s and
0.2~ be the cross sections for collisions of the first and
second kind, respectively, let hE be the energy differ-
ence between the two states of the atom, and g~ and g2
be the degeneracies of the lower and upper atomic
states, respectively:

(&)= (g /g )(%+»)I&) %+~&). (2)

Fortunately, data concerning the relative cross sec-
tion for collisions of the hrst kind in mercury have been

' Q. Elean and S. Rosseland, Z. Physitr 4, 46 (1921).
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I'xG. 5. The relative cross section for excitation to the 'P~ state
of mercury by electron impact as measured by Zapesochnyi and
Shpenik. The curve is shifted by 4.89 eV.

recently published. ' "The superelastic cross section is
easily calculated from this by the Klein-Rosseland equa-
tion above and offers a check on the direct measurement
made here. Since the structure in the excitation func-
tion is directly related to that in the superelastic cross
section, a discussion. of several interesting features
follows.

C. Collisions of the First Kind

Zapesochnyi and Shpenik" have measured the
excitation function of the 2537-A line using an electro-
static analyzer to produce an electron beam with a half-
width of less than 0.1 eV. Figure 5 shows this excitation
function which has been shifted for convenience so that
the threshold, which is at 4.89 eV, occurs at zero energy.
This curve, which should not be used as a primary
reference, was taken from a photographic enlargement
of their curve, which was very compactly plotted, .

Just above threshold, an extremely sharp peak was
found which coincides in energy with sharp resonance
structure found in the total scattering of electrons from
mercury atoms investigated by Kuyatt, Simpson, and
Mielczarek. "This structure is attributed by Fano and
Cooper" to the formation of a temporary negative ion
in the (6s6p') 'I's~s state. This short-lived ion can decay
leaving the atom in the 'P~ state. The sharp peak in the
excitation function appears to be due to this additional
means of production.

The excitation function also contains a small peak
at 0.35 eV above threshold. Although no well-resolved

9 I.P. Zapesochnyi and O. B.Shpenik, Dokl. Akad. Nauk SSSR
160, 1053 (1965) /English transl. : Soviet Phys. —Doklady 10, 140
(1965)3.' I. P. Zapesochnyi and O. B. Shpenik, Zh. Kksperim. i Teor.
Fiz. 50, 890 (1966) )English transl. : Soviet Phys. —JKTP 23,
592 (1966)g.' C. E. Kuyatt, J. Arol Simpson, and S. R. Mielczarek, Phys.
Rev. 138, A385 (1965).

n l1. Fino and J. W. Cooper, Phys. Rev. 138, A400 (1965).
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resonance was listed here by Kuyatt, Simpson, and.

Mielczarek, "it is suggested that this peak is due to one
of the higher states of the 6s6p' configuration, such as

the 'D, 'S, or 'P', which decays leaving the atom in

the 'Py state.
The main peak at 0.6 eV occurs just above the

threshold for excitation to the metastable 'P2 state.
Zapesochnyi and Shpenik" suggest that this peak re-

sults from a quantum-mechanical interaction between
the 'P~ and 'P2 states. Although the width of the peak
is greater than that of the resonance peak at threshold,
the low-energy side is quite steep, rising to a maximum
in 0.1 eV. This suggests a resonance process. Again, it is

plausible that higher temporary negative ion states
near the metastable threshold could provide the
mechanism.

Finally, the peaks higher than 3 eU above threshold
are due to excitation to levels which cascade to the 'P~
state. The direct part of the excitation is not easily
separated. above this energy.

D. Comyarison

Using the Klein-Rosseland equation given above, the
cross section for collisions of the second kind computed,
from the data of Zapesochnyi and Shpenik. is shown in

Fig. 3. It is normalized to the experimental data found
here at 2 eV. The sharp peak just above threshold is
now greatly expanded by the rapidly rising multiplier

(E+AE)/E as E approaches zero, and is not included
in the graph.

The principal features of the curves are the same and
agreement is good except near the resonance peak just
above threshold. The differences arise from two sources.
First, the energy spread of the electron beam used here
is two to three times larger than that used by Zapeso-

» I am indebted to Dr. P. J. MacVicar-%helan for writing the
computer program foj. this calculation.

chnyi and. Shpenik. To assess the effect of energy

spread, a computer was used to simulate the measure-

ment of the high resolution data with the electron

energy distribution used, here. "Although closer agree-
ment is found, there remains a disparity at low energies.

The second source of disagreement is connected with

the energy dependence of the angular scattering. The
function calculated from Zapesochnyi and. Shpenik's

data is a total cross section for electrons scattered at all

angles. The cross section measured, here includes only
those electrons scattered between zero and 35'. If the
angular scattering dependence changes with energy,
then the fraction of scattered electrons which is col-

lected also changes and these two curves need not agree.
The most likely region for this to happen is near the
resonance structure.

If we assume that the negative ion has the con6gura-
tion suggested. by Fano and, Cooper, "then for the peak
near threshold we have the following reaction:

e+Hg('Pi) ~ Hg ('P@~)~ Hg('So)+e+4 89 eV.. (3)

Conserving both total angular momentum and parity
requires the scattered electron to leave with two units
of angular momentum. This wave is strongly peaked
in the forward direction, which implies that the frac-
tion of the scattered electrons collected in the resonance
region is larger than that collected at other energies.
This causes the cross section to appear larger relative to
that at higher energies and agrees qualitatively with
the data measured here,
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