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A new apparatus using crossed-beam techniques with a cylindrical electrostatic electron
velocity selector for the study of ionization probability curves of gases is described. Results
for He+ and Ar+ in the first eV above the ionization threshold are given. New computer tech-
niques determine structure and near-threshold behavior. A simple power law yields a good
representation of the experimental results for each ion state, with a different power in each
case. For He a power law with power 1.16 is found. The results for Ar may be represented
by two power laws with powers 1,3 and 1.34, respectively, joining at the energy of the I'F2
level of Ar+.

INTRODUCTION

The study of ionization by electron impact near
the ionization threshold is of considerable interest
for the determination of electron-neutral interac-
tion laws, and has been the object of a consider-
able number of experimental and theoretical works.
The experimental work, however, has not yet al-
ways yielded the results hoped for, as witnessed
by the lack of agreement between the results from
different laboratories and by the lack of repro-
ducibility of results in general.

For instance, there has been considerable dif-
ficulty in the past in obtaining sufficiently large
currents of fairly monoenergetic electrons at
energies from 10 to 25 eV. Although the introduc-
tion of the retarding-potential-difference (RPD}
method' and of spherical' and cylindrical3 electro-
static electron velocity selectors has permitted
narrower energy spreads, the limited electron

energy resolution is still somewhat of a, problem.
Another difficulty4 is that in a I-cm' Nier-type

ionization chamber, at pressures as low as 10 '
Torr, if there is a monolayer of gas on the sur-
face, then there are 10 -10' times more mole-
cules on the walls than in the volume enclosed.
The ionization potential of molecules on the wall
may be slightly different from that for corre-
sponding free molecules, and thus change the shape
of ionization probability curves.

Recent measurements of surface phenomena' '
reveal another source of experimental errors.
They indicate, for instance, that it is quite diffi-
cult to obtain the field-free or at least constant
low-field region necessary for accurate measure-
ments of ionization cross sections; and a field in
this region, caused by such surface phenomena,
can greatly influence the ion collection efficiency
as well as broaden the electron energy spread.

Many other sources of systematic errors due to
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the apyaratus are described by Kieffer and Dunn, '
and are discussed at the end of this payer insofar
as they apply to our experiment.

ELECTRON SELECTOR

~ ~ ~ ~

I. APPARATUS

A. Ion Source

The ion source essentially consists of a molecu-
lar beam crossed at 90' by a beam of mono-ener-
getic electrons. The molecular beam is ribbon
shaped, and in the collision region has a full-in-
tensity width of 6 mm and a full-intensity thickness
of -1 mm, that is; +1' with respect to the hori-
zontal plane in Figs. 1 and 2. It is produced by a
0.6 0&0.02-cm nozzle followed by a 0.6 ~ 0.05-cm
collimator slit at a distance of 0.7 cm (Fig. l).
Differential pumping between the two sides of the
collimator slit is carried out by two water-baffled
oil-diffusion pumps having effective pumping speed
in the source region of 150 liter-sec ' for pump
No. 1 and 300 liter-sec ' for pump No. 2. Pres-
sure measurements indicate a gas flow from the
beam of 10&6 molecules-sec-x for Ar at 300'K,
which agrees well with calculated values, with a
nozzle pressure of 0.1 Torr. This pressure in a
nozzle slit of these dimensions allows a molecu-
lar flow.

The scattering of the beam in the high vacuum
region (evacuated by diffusion pump No. 2, Fig. l)
gives rise to a background pressure of -10 ' Torr
in our usual operating conditions, as compared to
-10 ' Torr without gas. The slit dimensions and
the gas flow producing this background allow the
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FIG. 1. Side view of the ion source; W: Electron
collector well; D: Diaphragm for well W; 0: Ion ex-
tracting grid.

calculation of a virtual pressure of -3&10 ' Torr
in the beam. It has been verified that the effusion
from the nozzle side of the collimator slit to the
ionization region is negligible with respect to the
background caused by the scattering of the beam.

The electrons from a tungsten filament are se-
lected by a cylindrical electrostatic electron ve-
locity selector' having an energy resolution of the
order of 0.05 eV at electron currents of uy to 10 '
A. The selector is entirely made of stainless-
steel type 304, except for the entrance slit which
is made of soft iron to reduce the magnetic field
in the selector region due to the filament current.
The grids are made of 100 line per inch etched
stainless-steel mesh supplied by Buckbee-Mears
Co. The selector is enclosed in a soft-iron box
which can be demagnetized' to cancel the earth' s
magnetic field. It also prevents stray electrons
from the filament from reaching the ionization
region. The selector exit slit is followed by a
virtual electrostatic diaphragm L (Fig. 2) that
controls the electron current. The electrons are
then accelerated to the required energy, and pass
through a series of collimators (all at the acceler-
ation potential) that maintain the electron beam
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width smaller than 3 xthe full-intensity width of the
molecular beam. (The electron beam is also
ribbon shaped, and its height is parallel to the axis
of the molecular beam). The last collimating slit
is slightly wider than the preceding one. Its pur-
pose is to reduce the penetration in the ionization
region of any surface potential caused by electron
bombardment on the edges of the preceding, nar-
rower slit.

The ionization region has been designed to pro-
vide maximum ion-collection efficiency for ions
produced from molecules having velocities parallel
to the axis of the molecular beam; the ions pro-
duced from the background due to the scattering of
the beam cannot be mass-spectroscopically sepa-
rated from those of the beam, since they are of
the same nature. To reduce their number, as
large a pumping speed as possible is needed in
the ionization region for a given beam intensity;
the surfaces are thus made of mesh wherever
possible to allow efficient evacuation of the source.

All surfaces are made of stainless-steel type
304; in particular, those subject to charged parti-
cle bombardment are built as far as possible from
the beam in order to minimize surface effects
such as surface charges. '~' This is accomplished
in particular by collecting the electrons in a deep
well W in which a relatively strong electric field
(10 V/cm) is maintained between plates E and B
of Fig. 2 to prevent reflected electrons from es-
caping back into the ionization region, and to
collect ions produced in the well. The potential
penetration in the beam region due to this field
is kept below 10 mV by diaphragm D of Figs. 1
and 2 so that its perturbation of the electron en-
ergy distribution is negligible. The well itself is
insulated from the other walls of the ionization
region so that the total electron current L coming
through the electron slit can be measured.

The ion extracting field is applied by grid 6 of
Fig. 1 and is adjusted so that the electron energy
resolution is not disturbed by more than -10 mV.

The preferential collection for ions having ther-
mal velocities parallel to the molecular beam,
allows a beam-signal over background-signal ratio
of up to 30. This is determined by measuring the
ion current and the background pressure with the
gas coming from the beam, and then dividing by
the ion current obtained mith the same gas pres-
sure in the source when the gas is introduced by
another aperture. This may seem trivial since
the virtual pressure in the beam is -30 times the
background pressure. However, the distance trav-
elled by the electrons in the background (-1cm) is
much greater that that in the beam (- 1mm at center
of electron beam). The value of 30 obtained makes
it unnecessary to modulate the molecular beam.

The virtual diaphragm that is controlled by the elec-
trometer measuring the total electron current on dia-
phragm D, well W and electron collector plate E

(L in Fig. 2), is used to reduce slightelectroncur-
rent variations as a function. of electron energy
(-3/0/eV), and maintains this current constant
a &0.2%/eV at all energies between 10 and 26 eV.
The stability as a function of time is a function of
that of the zero of the electrometer which can be
reset to +2% of the electron current between each
curve. The controlling element L simply reduces
the penetration in the selector exit-slit region of
the field from the accelerating element of the lens,
thereby creating a "potential channel" with a width
dependent on the voltage applied to L. The elec-
trons not accepted are reflected backwards and
collected either by the selector exit slit or by L.
The slit dimensions and spacings are drawn to
scale on Fig. 2. The operatirig voltage of element
L is in the vicinity of 0 V with respect to the se-
lector exit slit.

The electron current ID on diaphragm D can
also be separately measured. Its value is ap-
proximately 3/o of the total electron current 1T,
and is virtually independent of electron energy
when diaphragm L is operated. We have veri-
fied that at all electron energies utilized, the
electronic current reflected from the mell to the
ionization region is less than 1% of the total col-
lected electron current IT. This has been ac-
complished by placing an electron collector im-
mediately below (& 1 mm) the ionization region
entrance slit. This collector covers the full
width of the ionization region, and is suitably
pierced so that the incident electron beam can-
not strike it.

B. Ion Analyzer and Detector

The ions are focused in the entrance (Fig. 1) of
a large aperture (2 cm diam), large field radius
(2 cm), 1.1-m-long quadrupole mass filter"
operated at 1 MHz. This instrument is capable
of accepting ions having 150-eV axial energy,
with up to 1-eV radial energy, and is capable of
100% transmission efficiency (indicated by square-
topped mass peaks" ")with a resolution of 1
amu at all masses between 1 and 50." The ions
are then focused on and collected by a specially
designed and built electron multiplier with - 90/0
ion detection efficiency. " Single-ion pulses are
counted so that the ion current measured is in-
dependent of the pulse amplitudes. This also
allows subsequent digital treatment of the results.
A Poisson-type single-ion pulse-height distri-
bution is obtained. This permits discrimination
of signal pulses from multiplier noise and con-
stant counting efficiency regardless of multiplier
noise fluctuations. " The pulse counting system
is fast enough so that & 1.5% coincidence is ob-
tained at the maximum counting rate for argon.
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H. EXPERIMENTAL PROCEDURE III. MATHEMATICAL TREATMENT OF RESULTS

A typical ionization probability (IP) curve con-
sists of 128 points taken at 10-mV intervals, and
lasts approximately 10 min. A run consists of
up to 20 such curves taken in succession and added
automatically on a multichannel analyzer used in
the multiscaling mode. Thus all curves are taken
into account, no arbitrary relative shifting of in-
dividual curves is possible, and no single curve
can be rejected. Background due to contaminants
of approximately the same e/m as that of the
gases being studied has been verified to be neg-
ligible.

Since the pressure above pump No. 2 is mostly due
to the scattering of the molecular beam, monitoring
the pressure would in fact be akin to monitoring
the beam intensity. However, ionization gauges
drift in time, and furthermore produce ions
that interfere with the experiments. The beam
intensity is thus not monitored, but the procedure
of adding curves to obtain a run cancels out ran-
dom variations in the curves such as those due
to beam variation. Only very slow drifts over
several hours could be troublesome. Background
pressure measurements at the beginning and at
the end of a run indicate that no such drift is
measurable.

Instead of comparing our data to 1.00,'7

1.12'7, or 1.5 power laws, we fit the summed
data for a sum of 15 to 20 curves of a given gas
by computer'4 with a simple power law of the
form

y. =d+a(c+E. )
b

2 z

where c is the energy above threshold of the first
experimental point used in the calculation, Ez is
the energy above c of the ith experimental point
used, and d is the count rate (background) below
threshold. The computer is asked to determine
a and b.

To standardize our results, the experimental
point to which the value i =1 is assigned is chosen
so that abest fit can be obtained with c in the
neighborhood of 0.05 eV, to avoid the effects of
electron energy distribution near threshold. The
best fit is obtained by adjusting the parameters
a, b, and c of Eq. (1) to minimize the weighted
least-squares expression

Electron Energy Distribution

No electron energy analyzer is used because
of the need for the electron collecting well.
Furthermore, theoretical calculations carried
out on our laboratory'4~" show that the absolute
energy distribution width cannot yet be accurate-
ly deduced from analyzer data for very narrow
energy spreads. An estimate of our energy dis-
tribution can however be obtained by double dif-
ferentiation of our IP curves. Morrison" has shown
that if the threshold ion current as a function of elec-
tron energy follows a simple power law with
power close to or equal to 1, as is generally be-
lieved, " " the full width at half maximum
(FWHM) of the peak in the second derivative of
the IP curve gives an upper limit to that of the
electron energy spread. In our case, this has
the further advantage of yielding the effective
energy spread, taking into account any drift be-
tween individual curves.

Determination of Appearance Potentials

The ionization threshold energies are compared
with that of He, i. e. , 24.581 eV as determined
spectroscopically. A mixture of He and of the
gas being studied is introduced in the system so
that no drift can occur between the measurement
of the threshold position of both gases, and in
case the adsorption of different gases might cause
different surface potentials. '

where x are the experimental values, y~ are the
corresponding values calculated according to Eq.
(1), n is the number of experimental points used
for the calculation and Oz is the standard deviation
at each point xz, o'z is taken here to be x~'I'.

No smoothing is carried out either before or af-
ter carrying out these calculations when looking
for gas structure, as it is evident that smoothing
attenuates any sharp feature that may be present
in the physical process involved. Adding curves,
on the other hand, only attenuates noise.

As pointed out earlier, an upper limit to the
combined effects of the electron energy distribu-
tion and of the total drift between individual curves
is obtained by taking the second derivative of the
IP curves. This second derivative being noisy,
it must be smoothed a few times by taking for
instance —, (xf +xi+1). This is permissible in this
case, because it only increases the upper limit
somewhat, and because we are not looking for gas
structure in the second derivative. This upper
limit may often be well above the true energy dis-
tribution, because of the smoothing required. We
find, for instance, 0.10-eV FWHM after ten smooth-
ing operations. To determine the energy spread
more precisely, curve fitting of the unsmoothed
derivative of the IP curve has been attempted,
using the least-squares criterion of Eq. (2). The
best fitting curve is then differentiated, and the
FWHM of the peak thus obtained gives the FWHM
of the electron energy distribution plus the drift



180 THRESHOLD OF He AND Ar IONIZATION 127

from one curve to the other. Functions such as
erf(x), tan '(x), and orthogonal polynomials have
been used to fit the derivative and give similar
values, about 0.07 eV. It is worth noting that ten
smoothings of this peak bring its FWHM to 0.10
eV, the same value as that given by the smoothed
second derivative of the IP curve. Because of this
inaccurate knowledge of the electron energy dis-
tribution, no accurate deconvolution" "could be
made.

IV. RESULTS

breaks previously reported, '~" " and its deriva-
tive does not appear to have steps other than that
at threshold.

The method described above to determine the
effective energy resolution gives a value of 0.07 eV
for the Ar+ curve of Fig. 4, indicating that our
energy spread is narrow enough to resolve easily
the 'P,I, and 'P, i, states.

I5

Figures 3 and 4 are the observed IP curves of
He and Ar, respectively, with plots of the cor-
responding derivatives. Note that, on the IP
curves, the statistical error is smaller than the
size of the data points. As seen in Figs. 3(a) and

4(a), the IP curves of both He and Ar appear to be
smooth curves and show no major dissimilarity.
The Ar+ curve in particular shows none of the
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FIG. 3. (a). Ionization curve of He; corrected en-
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is the measurement time for one point of a single curve.
(b). Derivative x&+1-xz of the IP curve of He; the
error indicated is + (x&+1+x@) . Note the enlargement
of the vertical scale by a factor of 100 from Fig. 3(a).

Figure 5 gives the plot of the relative difference
(xf -yf )/x. between the experimental values for
He+ and the best fit obtainable with Eqs. (1) and
(2). The computed values for many runs of curves
taken months apart are b = 1.16, reproducible +3%.
Figure 5 shows that Eq. (1) is a very satisfactory
expression for the behavior of the ionization cross
section of He in the first eV above threshold. To
show how good the calculated fit is, Fig. 6 is a
plot of in(xf —d) versus ln(c+Ef). This is a straight
line (except for the first point) with slope 1.15.
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Many threshold laws have been predicted for
single ionization by electron impact" "; re-
viewed by Budge. 4' The power law we observe
differs only by 390 with the theoretical threshold
value 1.127 predicted by Wannier, "and with the
1.127 value recently measured by Brion et al."
and Kirge et al. , 4'although they have not shown that
this is the best-fitting power for their data. Pre-
vious experiments'~"~"~" ~" "find a linear la,w,
but the accuracy in the first eV above threshold
is generally poor, since the curves are done over
many eV. However, our results do not disagree
with the latter, since the power decreases with
electron energy. If we calculate the best-fitting
power law for a helium ionization curve extending
for 12 eV above threshold, we find a power of 1.02;
reproducible +2%. To pursue the matter further,
we calculated the best-fitting power law from
threshold to several energies E between 0.4 and
12 eV using in each calculation data points from
threshold to that same energy E. This is shown
in Fig. 7. This fit is naturally observed to get
worse and worse as the range is extended to
several eV, but remains a convenient way of de-
scribing the shape of the IP curves as a function of
energy. Extrapolation (insofar as it is valid) of
this curve toward the lower energies would yield
a likely threshold power law with power 1.17.

Argon

LOG (E~+c)

0

FIG. 6. Plot of in& (xz-d) versus ln~ (Ez+c) for the
He IP curve of Fig. 3. Above the arrow only every
second point is shown for the sake of clarity.

We have applied the same techniques to argon.
The calculated value of c [Eq. (1)] obtained from
the curve fitting allows extrapolation of the
threshold energy. This energy is arbitrarily taken
to be 24.581 eV for He and is used to calibrate the
energy scales in Figs. 3 and 4. The appearance
potential of Ar+, so determined, agrees within
0.03 eV with the spectroscopic value, so we assume
it coincides with the 'P,&, level of Ar+.
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FIG, 9. Comparison of the experimental values of
Ar+ starting 0.25 eV above threshold with the best-
fitting power law for these points, having power 5= 1.32
(shown directly as plotted by the computer).

On the other hand, Fig. 8 shows that the first
eV of the Ar IP curve cannot be represented by
a simple power law. The peak on Fig. 8 is at
approximately 0.2 eV above threshold, very near
the expected value for the onset of the 'P„, state,
and is consistently reproducible. Now if a best
fit of only the upper part of the IP curve is calcu-
lated (above 0.25 eV), a curve such as that of
Fig. 9 is obtained, showing that this part closely
agrees with a simple power law with power 1.34;
reproducible +4/p over many runs. If this func-
tion is then extrapolated toward the lower energies,
Fig. 10 is obtained.

A fit of the lower part can also be carried out,
although the accuracy is much lower because
there are only some ten points available. If a
simple power law is nonetheless fitted to this
part, extrapolated toward the higher energies and
compared to the experimental data, a curve such as
that of Fig. 11 is obtained. The power is 1.3; re-
producible + 15%. This procedure does not ex-
clude the possibility of unresolved autoionized
states and structure in this part of the curve.

Our results are compared in Fig. 12 with those
of Fox,"Marmet and Morrison" and Foner and
Nail. " Their results are typical and may be rep-
resented by linear laws with breaks; our curve
is almost smooth. We have nonetheless attempted
to fit straight lines to our data. For the points be-
tween 0.05 and 0.15 eV that should be on a straight
line if a linear law with breaks is valid, we calcu-
lated S from Eq. (2) for the best-fitting straight
line. We find S=320, whereas with our power law,
S is 10.5. Similarly, for the points between 0.25
and 0.35 eV, the best-fitting straight line gives
$=47, where our power law for these same points
yields S =26. We may thus conclude that our Ar+
data are best represented by two power laws join-
ing at -0.2 eV above the ionization threshold, where
the 'P», level should be. This being the case, we
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FIG. 12. Comparison of our Ip curve for Ar with

that of other experimenters: Marmet and Morrison
Foner and Wall and Fox. The experimental points
are not shown for the sake of clarity. The curves pre-
sented are the best-fitting curves given by the respec-
tive authors for their data. They have been normalized
with ours at the maximum energy given by these authors.
That of Marmet and Morrison, however, has been
normalized with the two others at its maximum energy,
that is 4 eV above threshold.
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have not attempted computer fitting of breaks and
straight line segments further. "

It would also seem, according to Figs. 10 and
11, that the ionization probability function of Ar+
rises less rapidly above the 'P, /, level than below,
and is thus not simply the sum of the cross sec-
tions of the 'P3/2 and 'P, /, ions. The cross sec-
tions of these two states would then be competi-
tive.

bility, day to day and month to month, even after
the source has been removed for cleaning. This is
certainly not the case with uncontrolled surface
phenomena in general. The lack of agreement be-
tween different experimenters, who observe dif-
ferent relative cross sections and break energies
(as reviewed by Winters et al.34) could be ex-
plained by such surface phenomena since they all
use conventional ion sources.

V. DISCUSSION OF RESULTS Systematic Errors

Reduction of Surface Effects

In the design of our apparatus, the following
points have been paid attention to:

(1) The surfaces subject to charged particle
bombardment have been either minimized or
removed far away from the ionization region.
Great care is taken to keep them clean from oil
contamination, so that the time needed to produce
surface phenomena large enough to influence the
ion collection efficiency and thus the shape of the
IP curves, is increased to several hundred hours,
so that work can be carried out even in a moderate
vacuum such as ours. Very slight surface charges
can, in fact, alter the ionization curves consider-
ably, since we are dealing with thermal ions hav-
ing -0.04 eV energy and since our collection de-
pends to a degree on this thermal velocity. Char-
ges of this order of magnitude varying with time
or with electron energy can and do alter the shape
of ionization curves considerably.

(2) The use of a molecular beam ensures three
times less intermolecular collisions, "fewer con-
tacts of atoms and ions with the surfaces, and a
lower background pressure.

The minimization of surfaces subject to electron
bombardment also minimizes the number of ions
produced or exchanged on the surfaces, by com-
parison with conventional apparatus.

We have verified that the shape (power) of the He+
curves and the structure observed in Ar+ are not
due to surface phenomena; when the source is clean
and has just been introduced into the vacuum sys-
tem, heating it to -100'C produces no change at
all, either in ion current or in curve shapes. The
structure in Ar+ remains unchanged, and there are
no measurable variations in the power of the He+
curves. On the other hand, after a few hundred
hours use, the ion current for given experimental
conditions decreases, the shape of the curves
changes, and heating the source to -100 C restores
the current and curve shapes to their previous value.
This fact we believe to be due to surface charges'
influencing the ion collection efficiency of the ion
optical system. If the structure we observe in Ar+
were due to these changes, it would then disappear
or at least change upon heating the source. '

Our results show a very satisfactory reproduci-

Vfe have also investigated the possible sources
of systematic errors in our apparatus: (1) Varia-
tion of overlap factor between the electron beam
and the molecular beam as a function of electron
energy; (2) variation of the collection efficiency
because of the momentum transfer from the elec-
trons to the thermal molecules near threshold;
(3) variation of the mass spectrometer efficiency
with electron energy due to different entrance
conditions.

(1) The design of the electron optics is intended
to minimize changes in the electron beam width.
After the virtual diaphragm L, the electrons are
immediately accelerated and are collimated by
slits in a field-free region. There are thus no
lens effects near the exit slit and the electron
trajectories are straight lines. Geometrically,
the electronbeam is at most 4 mm wide at the
intersection of the molecular beam, that is, —,

'
&&the

full intensity width of the latter. As a test, we
have disconnected diaphragm L from the electrome-
ter output, set it at a fixed potential, and carried
out some He+ IP curves. The electron current
varies, but is simultaneously recorded. The ion
current is then divided at each point by the cor-
responding electron current, and a best fit of the
resulting curve is calculated. In these conditions,
we have observed no deviation in the power law
greater than the +3% previously mentioned.

(2) The momentum transfer from the electrons
deQects the helium ions at threshold by an average
angle of 16 with respect to the neutral beam. How-
ever, what is important for the shape of our IP
curves is the variation of this angle in a 1 eV in-
terval in the electron energy above threshold. The
worst imaginable case occurs when the incident
electron and the one ejected from the atom both
leave in the same direction, parallel or antiparal-
lel to the incident electron beam, having each half
of the excess energy, that is 0.5 eV each at 1 eV
above threshold. This would amount to a maximum
possible (but unlikely) angle variation of +6' with
respect to the trajectory at threshold. To verify
that the collection efficiency of our apparatus is
not appreciably angle sensitive, we decreased the
ion extracting potential on grid G by half, enough
to reduce the ion current by 25%. Reducing the
extraction potential should eliminate ions that
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make such an angle with the axis as to be at the
limit of collection. Once again, no variation in
the power law for the first eV of helium was found.

(3) The same kind of test was carried out to
show the independence of the power law on the en-
trance conditions of the mass filter. Unfocusing
the ion lenses to reduce the ion current by 30/q
produced no measurable change in the calculated
power.

To conclude, we estimate that the overall error
in the power law measured for helium is given by
the limits of our reproducibility, that is -+3%,
since reasonable variations in all pertinent parame-
ters produce no significant variations. For argon,
the essential facts are that there are apparently no
levels or discontinuities above the I'&12 level, al-
though there may be many unresolved ones below
it.
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The cross section for the electron-impact excitation of the hydrogen atom to the 2p radiative
state has been measured from the threshold (at 10.2 eV) to 50 eV. Primary interest is given
to the region between the threshold and the n= 4 level of the hydrogen atom, where several
resonances have been identified. An electron-beam resolution of 0.07 eV has been used to
study the resonances, while a resolution of 0.18 eV has been used to determine the general
behavior of the cross section. Below n= 3 the S resonances appear to agree with the theoret-
ical predictions, but in the case of the higher angular-momentum D resonance, the agree-
ment between present theory and experiment is poor. Balmer-0. excitation is discussed.

I. INTRODUCTION

Theoretical and experimental investigations of
the electron-impact excitation of the ground-state
hydrogen atom to its first radiative state, the
2p state, recently have been reviewed. ' For elec-
tron energies greater than 200 eV, the mea-
sured energy dependence of the experimental
cross section is best predicted by the Born ap-
proximation to the total wave equation, while
above about 60 eV, the three-state 1s-2s-2p
close- coupling approximation calculations seem
to fit the experimental results. There is no cal-
culation which agrees with the experimental val-
ues from about 60 eV down to the vicinity of the
threshold.

Within several volts of the threshold the three-
state close coupling approximation' 6 again pre-
dicts cross-section values approaching to within
40% the values observed experimentally. '-' The
effect of including higher states in the approxi-
mation, i.e. , bringing the 3s, 3p, and 3d states
into the 1s-2s-2p coupling, is generally to lower
the predicted values by about 20%%uo. The effect of
adding to the 1s-2s-2p approximation some 20 po-
tential-energy terms which describe electron-

electron correlation" is to generally reduce the
predicted values by another 10%%uo. However, as
discussed in this paper, over the first-few elec-
tron volts above the threshold, such predicted
values are still higher than measured values by
about 10%%uo. These discrepancies may well be ac-
counted for by including the full effect of the po-
larization of the excited states of the target
atom. "

In the close-coupling approximation, it has
been shown, for the n=2 and a=3 levels, that in-
cluding coupling to states of the given level re-
sults in resonance structure predictions both
above and below that level. Recent experimental
work'~" has confirmed the existence of such reso-
nances in the 2p channel just above the n = 2
threshold.

Recent calculations" of the 'D elastic-scatter-
ing resonance below n=2 show that for this l =2
or D state (and perhaps all angular- momentum
states l ~ 2), the position of the resonance as cal-
culated within the close-coupling approximation
depends critically upon the inclusion of higher-
lying states of the target atom.

In this paper, attention is given to the 2P exci-
tation threshold and the resonance above the n = 2


