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Excitation of Hg atoms by electron impact, particularly into metastable states, was studied
in the energy range 4 to 15 eV. The excitation function for the 63P2 metastable state (5.46 eV)
was measured from threshold up to 8.5 eV. The absolute cross-sectional scale for this state
was calibrated by monitoring slow inelastically scattered electrons near threshold. The
cross section had a maximum value of 3.2 X 10~ ¢m? + 25% (rms) at 5.75 eV and dropped to
half this value at about 8 eV. An electron beam of 0.1-eV half-width was produced by the
Retarding Potential Difference RPD method. Excited atoms were detected by electron ejec-
tion from a tungsten surface. The secondary electron yield for the 63P2 state was typically
2x10™, Pronounced structure in the detector current with maxima at 9.00 and 9.60 eV was
attributed to the 7°P; state (8.64 V). It appears that the contribution of the 6p’ ’D,’ meta~

stable state was minor. An upper limit of a few times 107 cm

’ was estimated for the max-

imum cross section of this state. Another region of structure in the total detector current
occurred close to and above ionization threshold. Experimental evidence indicates that this
structure was produced by long-lived auto-ionizing states.

1. INTRODUCTION

Few measurements exist on metastable excita-
tion functions for the electron-impact excitation
of Hg.»2 No measurements of absolute metastable
excitation cross sections have been reported. On
the other hand, optical excitation functions and
cross sections have been measured quite exten-
sively, 3~5 recently with very good energy reso-
lution, ® which unmasked sharp structure. Since
Hg is of considerable interest in gaseous electron-
ics, it was attempted to study the excitation of -
this atom into metastable states with good energy
resolution.

The direct starting point for the present investi-
gation came from an investigation by Rostron’ in
which fast (around kiloelectron volts) excited Hg
atoms were produced by charge exchange of Hg*
ions in Hg vapor. As a result the following very
interesting features were observed: (1) There
was a large secondary electron emission produced
at a tungsten target by either fast or excited neu-
trals with yields as high as 0.4. (2) The appear-
ance of what were observed to be stable or at
least long-lived, negative ions of Hg. (3) An un-
expected lifetime for some of the assumed ex-
cited states, presumably metastable, with groups
of particles having lifetimes of the order of 1075
sec. The repetition of Rostron’s experiment by
the present author under improved conditions in-
dicated, first, that there were indeed large target
currents due to these fast neutrals. Second, there
was no clear evidence of the existence of negative
ions. Negative currents appeared in the target
chamber. These were then ascribed to the prob-
able emission of positive ions from the target by
surface ionization of excited states. This inter-
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pretation followed from Varney’s® discovery in
argon of surface ionization of excited atoms at a
metal target.

In view of the widespread scattering of the fast
neutrals on electrodes of the target assembly and
to eliminate kinetic-energy effects at the target,
it was felt that this type of study was not adequate,
accordingly measurements were undertaken with
slower particles of known excitation energies.
This was achieved by using the electron-impact
excitation of thermal Hg atoms at known energies.
With these, careful analysis of the appearance of
secondary emission from the target produced by
metastables and photons was carried out as a
function of electron beam energy, using the Re-
tarding Potential Difference (RPD) method com-
bined with a trapped-electron method. Care was
taken to avoid space charge effects, to ascertain
the source and nature of the observed target cur-
rent, and to calibrate the energy scale to 0.1eV
over the whole energy range. Having achieved
this, various phenomena were observed. These
indicated: (1) That the lowest energy metastables
capable of liberating electrons from the partly
contaminated W target were those in the 6°P,
state and neither the two resonance states nor the
6°P, metastable state were responsible. (2) It
was proven that the second group of emission was
caused by photons from the 7°P, state (8. 64 eV).
Very little, if any, contribution of the 3D,° meta-
stable state (9.06 eV) as reported by Lichten, °
could be clearly delineated. (3) Finally, a large
target current was observed near ionization
threshold. It is very likely that this current is to
be associated with the excited states observed by
Rostron. Moreover, in this region the presence
of positive ions in the collection space was as-
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certained. There were no direct means available
for ascertaining whether these positive ions came
from surface ionization of excited atoms or from
auto-ionization of long-lived excited particles.

II. APPARATUS

The experimental arrangement consisted basi-
cally of an electron gun, a collision chamber CC,
a metastable atom detector T, and detectors T,
T, for slow inelastically scattered electrons
[Fig. 1(A)].

The electron gun was operated in the RPD
mode, which has been described in detail.'® The
electron-beam difference current was about
4x10~% A with a half-width of 0.1 eV. The elec-
tron beam was collimated by an axial magnetic
field of about 100 G.

Metastable atoms produced in CC were able to
reach the cylindrical tungsten detector T, where
they ejected secondary electrons, provided their
excitation energy was greater than the work func-
tion of T.!! Secondary electrons were collected
by the positively biased end plates T,, and T,,
and grid G,. The total metastable excitation func-
tion was obtained by monitoring the secondary
electron current leaving T as a function of elec-
tron energy. In order to distinguish between
photoelectrons and secondary electrons, the de-
tector in a duplicate tube was divided into two
parts T and Ty, [Fig. 1(B)]. A quartz tubing in-
stalled in the space between G, and G, allowed
only photons (with wavelength longer than 1700 A)
to reach T,, whereas both metastable atoms and
photons could reach T,,,.

In typical operation, the grids G,, G,, the
shields, detector T, and electron collector C
were kept at ground potential. A positive poten-
tial of +18 V was applied to G,, T,, and T,.

The penetration of the positive potential on G,
onto the axis of CC was about +0.1 V. Inelasti-
cally scattered electrons with energies smaller
than 0.1 eV could not pass the end plates of CC
and were thus trapped in CC. These electrons
could leave CC only by diffusion through G,
against the axial magnetic field, Essentially all
trapped electrons were collected at T,, T, because
of potential penetration from T,, T, into the space
between G, and G;. In distinction to the trapped-
electron method introduced by Schulz, ! slow in-
elastically scattered electrons are collected axi-
ally in the present case. Thereby the function of
the end plates T, T, is twofold. Besides collect-
ing trapped electrons, T,, T, also collected sec-
ondary electrons ejected from the metastable de-
tector T. The axial magnetic field prevented
most secondary electrons from reaching G,.

Secondary electron currents were several orders
of magnitude smaller than trapped electron cur-
rents. Thus excitation functions and trapped elec-
trons could be monitored simultaneously.

The positive potential on T, and T, resulted in
a higher sensitivity for measuring excitation func-
tions. The secondary electron current leaving T
increased by about a factor of 3 and saturated if
T,, T, were made a few volts positive. Under
this condition essentially all secondary electrons
left T. This was verified for He, where the cross
section for the production of the 235, metastable
state'? 1 and the secondary yield are known. !5

Neither positive ions nor electrons from CC
were able to reach T. Positive ions were repelled
by G,, T,, and T,. Electrons from CC were col-
lected at T, and T,.

Ultrahigh vacuum techniques employing a mer-

- cury diffusion pump, liquid-nitrogen cooled traps,

and bakeable valves were used. The background
pressure in the tube was about 1X10~° Torr. The
pressure calibration of an ionization gauge was
achieved by using the known vapor-pressure curve
in the case of Hg. For He, the ionization gauge
was calibrated against a McLeod gauge. The er-
ror in absolute pressure measurement was 10%
or less.

It was verified that target as well as trapped
electron currents were proportional to the gas
pressure in the tube. Therefore the measured
currents were solely due to single exciting col-
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FIG. 1. (A) Schematic of experimental tube. (B)
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FIG. 2. Detector currentasa
function of electron-beam energy.
(The term “difference current” re-
fers to the use of the RPD method. )
Structure A represents the excita-
tion function of the 63P2 metastable
stateupto8.5eV. Structure Bis
mainly produced by photoelectrons
from the 73P1 state. Structure C
with peaks at 10.65, 11.45, 12.15,
13.20, and 13.85 eV is due to posi-
tive ions from long-lived auto-
ionizing states and to a smaller ex-
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lisions between beam electrons and unexcited gas
atoms.
III. RESULTS

A. Detector Current

The detector current as a function of energy is
shown in Fig, 2. Pronounced structure occurs
around three regions of energy A,B, and C, of
which the significance is discussed below.

In order to ascertain the proper functioning of
the apparatus, the total metastable excitation of
He was measured. Complete agreement was
found with the curve obtained by Schulz and Fox. !4

B. Trapped Electrons

The trapped electron current as a function of
energy is shown in Fig. 3. Schulz!? first moni-
tored trapped electrons in Hg up to ionization
threshold. The gross features of both measure-
ments below ionization threshold are the same.
However the ratios of peak heights differ, prob-
ably because somewhat different well depths were
used. In the present case, it was found that the
ratio of peak heights in Fig. 3 depended on the

8 9 10 n 12 13 14 15

Electron beam energy, eV

well depth. This is to be expected if the excita-
tion function has sharp structure within an energy
range above threshold given by the well depth. In
particular this is true for the 63P, resonant state.
This complication is not present for the 6P, meta-
stable state and the cross section can be easily ob-
tained from the height of the 63P, peak in Fig. 3.
Above ionization threshold, the structure in Fig.3
appears to be related to structure in the total de-
tector current (Fig. 2). The magnitude of the
trapped electron current is probably distorted in
this eénergy domain because of space charge neu-
tralization by Hg" ions. However, the energy
scale is undistorted and so is the position of
structure,

C. Energy Scale and Space Charge Effects

The absolute energy scale was calibrated by
means of beam retardation, trapped electrons,
and the onsets of Hg* ions and He metastable at-
oms. s Hg* ions were monitored at grid G, [Fig.
1(A)] which in this case was at — 2V. The ioniza-
tion function thus obtained is shown in Fig. 4 and
compared with measurements of Hickam'” and
Nottingham.'® The four methods of calibration
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FIG. 4. Ionization probability curve of Hg near
threshold. The three sets of data are normalized in
magnitude at the peak.

covering the energy range from 0 to 20 eV yielded
the same energy scale within 0.1 eV or better.

From this it follows that any space charge po-
tentials were smaller than 0.1 V within this en-
ergy range. For beam electrons and positive ions,
maximum space charge potentials of 0.01 and
0.04 V, respectively, were calculated. This is
consistent with the experimental values.

The calculated space charge potential due to
trapped electrons was too large by more than an
order of magnitude.!® For this calculation use
was made of the radial diffusion time for trapped
electrons in the presence of a magnetic field with
an assumed zero electric field.'? Clearly, trapped
electrons can only produce a space charge potential
smaller in magnitude than the well depth along the
axis of CC. Otherwise, slow electrons would be no
longer trapped. The actual space charge potential
was much smaller than the well depth because the
peaks in Fig. 3 are properly spaced. Further, the
ratio of peak heights for the 6°P, and 6'P, states
did not depend on beam current despite the quite
different peak heights for these states.

It is believed that potential gradients in CC,
particularly near grid G, [Fig. 1(A)] shortened
the diffusion time, thus reducing the space charge
potential to a negligible value.

IV. FURTHER RESULTS AND DISCUSSION
A. The 63P, Metastable State

Structure A in Fig. 2 represents the excitation
function of the 63P, metastable state (5. 46 eV) up
to 8.5 eV. Figure 5 shows this curve taken with
higher sensitivity, and a comparison with other
data. The initial rise of the excitation function
appears to be linear. The threshold energy ob-

tained by linear extrapolation is (5.45+0.10) eV
and agrees well with the 6°P, level. There was no
detectable photoelectron contribution from the
6°P, and 6'P, resonant states (see level diagram,
Fig. 6). This is evident in Fig. 2 and Fig. 5 and
was also verified with the quartz window [Fig.
1(B)] in a later measurement.

The absolute cross section was determined from
the trapped electron current at the 63P, peak in

Fig. 3. The peak current for an individual state
is given by
I=I,nQ(AE), , (1)

where I is the beam current, » the gas density,
Q(AE) the cross section at an energy AE above
threshold, I; the effective length of the collision
chamber for the production of trapped electrons.
The energy AE is equal in magnitude to the pen-
etrating potential from grid G, [Fig. 1(A)]. In
Eq. (1) a collection efficiency of 100% for trapped
electrons at the endplates T, and T, was assumed
because all trapped electrons had to diffuse
through grid G, and only a negligible number of
them reached the grids G, and G,.

If a linear threshold law is assumed, Eq. (1)
becomes

’

I =Ibn(dQ/dE)AElt , (2)

where dQ/dE = const near threshold. The effec-
tive length I; was taken as the length of grid G,. !¢
The slope dQ/dE for the 6°P, state was obtained
from (2), as all the other quantities were known.
The result is

(@Q/dE)(6°P,)=1.1%1075 cm?/eV . (3)

The rms and maximum errors to be assigned to
this value are 25 and 40%, respectively. The
error is due to uncertainties in AE,l;, and#, and
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FIG. 5. Excitation functions for the 63P2 metastable
state. The curves are normalized to the same maximum
height.
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to the fact that the well depth is of the same mag-
nitude as the width of the energy distribution.

The value for dQ/dE in Eq. (3) calibrates the
cross sectional scale in Fig, 5. The cross sec-
tion at the maximum of 5.75 eV was determined
to be

Q. (6°P;)=3.2x107% cm? @

with an rms error of 25% and a maximum error
of 40% as above.

In another approach for obtaining the cross sec-
tion, the quantity AEl; in Eq. (2) was calibrated
by monitoring trapped electrons in He. As men-
tioned, the excitation function for the 23S, state
of He was measured near threshold. This to-
gether with the known cross section'® 4 of
5X107!% cm? for the first peak in the total meta-
stable excitation of He yielded the slope dQ/dE
for the 235, state. The quantity AEl; in Eq. (2)
was thus obtained. The cross section for the
6°P, state of Hg obtained in this way was

Qo5 (6°P2) =3.0X107% cm?. (5)

The error here is about 40% due to the uncertainty
in the 23S, cross section of He, '3

The cross sections in (4) and (5) agree well.
Agreement with a recently reported theoretical
maximum value of 3.0X107*® ¢cm? Ref. 19 at an
energy of about 6.4 eV is also good.

The excitation functions in Fig. 5 differ rather
seriously. In particular, the agreement in the
position of the maximum is poor. The maximum

in McDermott and Lichten’s curve may be shifted
towards higher energies, because an electron
beam with a width of about 1 eV was used. This,
however, may not account for the large shift in
their curve. Nottingham'® ascribed his curve to
photoelectrons from the 6°P, resonant state. His
curve is actually due to the 63P, state, because
structure occurring in the 63P,; excitation function
near threshold® is completely missing. Further,
Nottingham should have been able to detect a
major contribution from the 6°P, metastable state
if he was at all able to detect photoelectrons. Ac-
tually, a small shift of a few tenths electron volts
in his energy scale would yield reasonable agree-
ment, Kenty’s? curve is theoretical.

The secondary electron yield for the 6°P, state
was determined using the cross section in Eq. (4).
The yield depended on the surface condition of the
air and possibly mercury contaminated tungsten
detector T [Fig. 1(A)]. Such contamination re-
sulted from inability to outgas the large tungsten
detector. Theyieldwas5Xx107* at1 hafter bake
out and returned to a constant value of 2x10™4
several days after bake out. Data on the yield for
Hg metastable atoms are scarce. Sonkin?° ob-
tained an upper limit of 1X1072, He ascribed the
secondary electron production to the 63P, meta-
stable state (4. 67 eV) and did not discuss the con-
tribution from atoms in the 6°P, state. However,
he must have actually observed the latter, because
the yield for atoms in the 6°P, state is certainly
smaller and the cross section is also smaller.?

In the present experiment, there was no secondary
electron liberation by atoms in the 63P, state.
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B. Energy Region 8.5 to 10.0 eV

The pronounced structure B in Fig. 2 has a
threshold energy of (8.65+0.10)eV. This agrees
only with the radiative 7°P, (8. 64 eV) level (Fig.
6). The 7°P, state can be excluded. It does not
radiate directly to the ground state and any cas-
cading transitions in the optical region including
the two resonance lines produce no detectable
amount of photoelectrons. Cascading to the
6°P, metastable state does not play a significant
role.'® The 7°P, state being a mixed state can
radiate directly to the ground state. The result-
ing photons have enough energy to eject electrons
from the detector with a high yield. The yield was
of the order of 0.01. This agrees with measure-
ments of the established general photoelectric
response for tungsten, >» 2 which shows a sharp
increase in yield above 8 eV. Although photons
with energies greater than 7.6 eV (1700 A) were
not transmitted by the quartz window [Fig. 1(B)],
it was established on the basis of threshold energy
that structure B up to 9.0 eV was caused by the
T3P, state. Even above 9.0 eV the 7P, dominates
and structure B represents part of the excitation
function for this state since it could be shown that
cascading transitions to the 7°P, state do not con-
tribute to structure B.!® Comparison with the ex-
citation function for the 6°P, resonant state, which
also exhibits two major peaks, ¢ is interesting.
There, . the first peak can be associated with a
resonance. % 2¢ For the second prominent peak,
no corresponding resonance has been found.?® A
similar situation may apply in the case of the 7°P,
state. The position of the peak at 9. 00 eV in Fig.
2 agrees with a pronounced resonance at 8. 99 eV,?s
whereas the second peak at 9. 60 eV does not cor-
respond to a known resonance. Originally it was
assumed that structure B was caused by the 3D,°
state (9. 06 eV), which Lichten® found to be meta-
stable. It is not clear what the shape of the ex-
citation function for this state is, as the two ex-
isting excitation functions do not agree. ¢ In the
present case, the 3D,° metastable state must
have played a minor role. This can be seen from
the trapped-electron data. In Fig. 3 the 7°P,
(and 7°P,) state did produce structure, whereas
a deep minimum occurred at the ®D,° level. The
cross section for the channel 7°P, - 6'S, was esti-
mated to be 1x107!7 ¢cm? at 9.00 eV with a possible
error of a factor of 2. In distinction to this, the
maximum cross section for the 3D,° metastable
state must be smaller than a few times 1078 cm?,

C. Energy Region Above 10.0 eV

The third distinct region of structure occurs at
energies close to and above ionization threshold.
There are many long-lived levels just below ion-
ization threshold which can produce secondary
electrons. Above ionization threshold, auto-ion-
ization appears to be the dominant process. It is

to be noted that only ions from the space between
grid G, and detector T and not from any other
region [Fig. 1 (A)] can reach T. Therefore the
auto-ionizing states must be long lived.

Various checks were performed to ascertain
the presence of positive ions and electrons from
auto-ionizing atoms in the space between G, and
T.!® One of these checks consisted in reversing
the potential on G, from the usual +18 to — 18 V.

" It was observed that the detector current remained

zero up to the ionization threshold and then became
negative, thereby showing a similar energy de-
pendence as the structure C in Fig. 2. This nega-
tive current was ascribed to electrons from auto-
ionizing states. In another check the spacing be-
tween G; and T was reduced. This resulted in a
smaller height of structure C, thus indicating a
lifetime of the auto-ionizing states of the order of
1075 to 107* sec.

Originally it was assumed that the negative
current observed under the conditions above was
due to positive surface ionization of metastable
atoms at the detector, in analogy to the observa-
tions of Varney® in argon. Analysis of the data
appeared to indicate that auto-ionization was domi-
nant in this arrangement. However, a small
contribution from surface ionization cannot be
excluded. The peaks in Fig. 2 above ionization
threshold do not correspond to known levels of
Hg. A comparison betwen Fig. 2 and Fig, 3
shows, that structure in detector and trapped
electron current are related. The energy levels
inserted in Fig. 3 above ionization threshold are
not associated with the structure observed in
Fig. 2, because they were reached by absorption
spectroscopy?® and thus represent short-lived
states. Hickam'” postulated the existence of un-
known optically forbidden states in order to ac-
count for details in the ionization probability
curve. Although structure C does not represent
an ionization probability curve, some of its de-
tails may contribute to this curve. This applies
in particular to the first peak of structure C which
may be related to the peak in the ionization prob-
ability curve (Fig. 4).

The presence of auto-ionization of long-lived
states also casts some light on the existence of
the apparent stable, or at least long-lived, Hg"
ion as observed by Rostron’ in a charge-exchanged
Hg beam. It appears likely from the present work
that some of these excited neutrals were producing
electrons by auto-ionization. These electrons
would account for the negative charges which Ros-
tron ascribed to the presence of Hg™ ions.
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