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Sec. III, the procedure is five or six times faster
than standard (noniterative) methods now in use
to solve the same equations.'? If the S matrix is
desired as a function of energy, the Fredholm
method is even more advantageous. Most of the
time in the calculations reported here is spent
in computation of the matrix elements; since a
large proportion of these matrix elements do not
need to be recalculated as the scattering energy
is varied, the method becomes relatively more
efficient for each succeeding energy. Thus, in
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the case that scattering information is desired
over a range of energies—for example, near a
resonance or threshold — it seems safe to say that
the method is at least an order of magnitude faster
than other methods presently in use.
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The trapped-electron method is applied to the excitation by electron impact of the (2p2)3P
state, the lowest doubly excited state of helium which is stable against auto-ionization. The
energy of this state, 59.64 +0.08 eV, is in good agreement with theory. An estimate of the
slope of the total cross section for excitation of the (2p2)3P state at threshold gives a value of

4x107% cm?/eV.

INTRODUCTION

Certain of the doubly excited states of helium have
properties which make their observation difficult.

These states, such as the (2p%)°P, (2p3p)'P, and 3P
states, possess even parity but odd orbital angular
momentum. They cannot be detected by a photo-
absorption technique such as that used by Madden
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and Codling® because optical transitions from the
ground state are forbidden. Auto-ionization of these
doubly excited states, resulting in a positive ion and
a free electron, is also forbidden. The selection
rules for auto-ionization require both the parity and
the orbital angular momentum, in the LS coupling
scheme, to remain unchanged. Because the helium
ion is in the 2S state, the ejected electron must pos-
sess even parity but odd angular momentum, and
these conflicting requirements forbid the auto-ion-
ization transition. The states listed above, there-
fore, cannot be observed by energy analysis of the
ejected electron as used by Rudd. 2

Becker and Dahler® have calculated the angular
distribution of the scattered electrons resulting
from excitation by electron impact of the doubly ex-
cited non-auto-ionizing states. They found that the
outgoing electron emerges preferentially at right
angles to the incoming beam and that there is no
scattering in the forward direction. This property
of the “parity-unfavored” transitions has been dis-
cussed in more general terms by Fano.* Since pre-
vious studies of the excitation of doubly excited
states by electron impact have been done by obser-
vation of scattering in the forward direction, states
having even parity and odd angular momentum could
not be observed. °

In the present experiment the trapped-electron
method® is used to study the excitation of the lowest
non-auto-ionizing doubly excited state in helium, the
(2p%)°P state, near itsthreshold.

APPARATUS

The trapped-electron method provides a sensi-
tive technique for the complete collection of slow
electrons resulting from inelastic collisions. The
collection mechanism is independent of the scat-
tering angle, and thus the current of trapped elec-
trons is proportional to the total inelastic cross
section. Because of the high collection efficiency
of the trapped-electron method, it is suitable for
the study of excitation cross sections near their
thresholds.

Figure 1 shows a schematic diagram of the tube
and the variation of potential along the axis. An
electron beam, collimated by a magnetic field of
about 250 G, is accelerated into the collision cham-
ber with voltage V,. The collision chamber con-
sists of two end plates and a grid formed by ten
wires, 0.007-cm diam, strung longitudinally and
spaced equally around a circle. A cylindrical outer
collector, marked trapped-electron collector in Fig.
1, surrounds the collision chamber. Byapplying a
positive voltage to this collector with respect to the
collision chamber, an electrostatic well, having
depth WV, can be produced along the axis of the
tube.

An electron making an inelastic collision just
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FIG. 1. Schematic diagram of the trapped-electron
tube and the potential distribution along the axis of the
tube. The accelerating voltage is given by V4 and the
depth of the well by W.

above the threshold for an inelastic process loses
most of its energy and is trapped in the well. It
spirals back and forth following the magnetic field
lines and eventually makes enough elastic collisions
to diffuse across the magnetic field to the trapped-
electron collector. At an energy W eV above the
threshold of an inelastic process, the electrons
have enough energy remaining to escape through
the potential barrier at the end of the collision
chamber, and the trapped-electron current van-
ishes. Therefore, as a function of accelerating
voltage, the trapped-electron current is zero be-
low an inelastic threshold and then grows to a peak
which is proportional to the magnitude of the cross
section at an energy W eV above the threshold.

The well depth is determined by applying a neg-
ative voltage to the trapped-electron collector rel-
ative to the collision chamber, thus creating a po-
tential barrier in the path of the electron beam. By
measuring the shift in the electron beam retarding
curve for different values of the applied voltage,
the size of the barrier is determined. This is the
well depth with reversed polarity.

The tube is constructed of Advance metal and mo-
lybdenum grid wires. All metal parts are gold
plated to avoid contact potential shifts. The elec-
tron gun consists of a thoria-coated iridium fil-
ament and three accelerating plates (not shown in
Fig. 1). The retarding potential difference method’
is used to produce an electron beam with 0. 1-0, 2~
eV width at half-maximum. The tube is mounted in
a stainless-steel envelope, and externally mounted
Helmholtz coils provide the collimating magnetic
field. The tube and vacuum system are baked at
400°C and reach a background pressure of 1x10-?
Torr. Reagent-grade gases from high-pressure
bottles supplied by the J. T. Baker Chemical Com-
pany are used. Continuous flow of the gas is main-
tained in order to minimize the buildup of impurity
gases in the collision chamber. The pressure in
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the collision chamber is typically 410" Torr.

In the present application, the electron impact
energy is considerably above the first ionization po-
tential of helium. The positive ions which are pro-
duced have thermal energies and cannot reach the
trapped-electron collector which is typically biased
several tenths of a volt positive with respect to the
collision chamber. The ions, therefore, are col-
lected at the end plates of the collision chamber or
leave through the entrance and exit holes. The pos-
itive space charge produced by the ions appears to
have little effect on the well depth in the collision
chamber. This point was checked by observing ex-
citation to the singly excited states of helium with
and without an argon ion background.

Operation above the first ionization potential pro-
duces a large background current of slow electrons
due to direct ionization. In helium this current is
approximately constant in the range of impact en-
ergies studies here and is largely suppressed.

The trapped-electron current is measured with
a vibrating-reed electrometer. The output of the
electrometer is stored and averaged in a multi-
channel analyzer.

RESULTS

Figure 2 shows the trapped-electron current in
helium as a function of electron impact energy in
the region near 60 eV. The well depth is 0.11 V.
Peaks due to the excitation of the four lowest dou-
bly excited states are shown. These are superposed
on the background current of slow electrons re-
sulting from direct ionization. Three of the four
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FIG. 2. The trapped-electron current in helium as a
function of electron impact energy near 60 eV. The well
depth is 0.11 V. The background current of slow electrons
resulting from direct ionization is suppressed. Calibration
of the energy scale is discussed in the text. In this fig-
ure, the energy scale is shifted so that the threshold for
excitation of the (2s2p)°P state appears at the maxium of
the corresponding peak in the trapped-electron current.

P. D. BURROW 2

peaks in Fig. 2 correspond to the three lowest dou-
bly excited states which are unstable with respect
to auto-ionization. In order of increasing energy,
these are the (25%)'S, (2s2p)°P, and the (2p?)'D
states. They have been previously studied by ener-
gy-loss measurements of forward-scattered elec-
trons® and by positive ion?® and electron® impact
followed by analysis of the ejected electron, and
their energies are well known. All three states
are optically forbidden from the ground state.

The second-lowest doubly excited state, desig-
nated (252p)°P, is used for calibration of the energy
scale. Rudd® has calibrated this state, within+ 0. 05
eV, against one of the optically allowed doubly ex-
cited states measured with great accuracy by Mad-
den and Codling.' Rudd’s value for the energy of
the (2s2p)3P state is also in good agreement with
the theoretical value calculated by Burke.!® Be-
cause of the short lifetime of an auto-ionizing state,
its energy measured experimentally may be uncer-
tain within an amount roughly equal to the spread
in energy introduced by the decay process. In gen-
eral, the lifetimes of the states in helium corre-
spond to widths in energy which are considerably
smaller than the half-width of the electron-beam
energy distribution. The error in the measured
energy due to the lifetime is usually negligible. A
notable exception is the lowest doubly excited (2s%)'S
state, which has a calculated width of 0.124 eV, *°
The increased width broadens the energy range over
which slow electrons are produced near threshold.
In data taken with higher-energy resolution, ' the
peak in the trapped-electron current due to excita-
tion of the (25%)'S state exhibits a width at half-max-
imum which is increased by 0. 08 eV over that for
excitation to the (2s2p)3P state. The latter state
has a calculated width'® of only 0. 009 eV and is bet-

ter suited for energy calibration.
For convenience of display, the energy scale in

Fig. 2 is positioned so that the threshold for ex-
citation of the (2s2p)°P appears at the maximum of
the corresponding peak in the trapped-electron cur-
rent. The actual threshold lies to the left of the
maximum by an amount approximately equal to the
well depth. * Because the energies of the other
states are measured relative to that of the (232p)3P
state, it is more accurate to refer to the positions
of the maxima. Using this calibration procedure,
the arrows at the top of Fig. 2 indicate the posi-
tions of the other auto-ionizing states as given by
Rudd. 28

The small peak at 59.64+ 0. 08 eV is attributed
to the (2p?)°P state, the lowest of the doubly ex-
cited non-auto-ionizing states. Wu'® has given a
strong argument that dipole radiation from this
state to the (1s2p)>P state could account for the vac-
wum ultraviolet line at 320. 392 A observed by
Compton and Boyce'* and by Kruger.'® The sum of
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TABLE I. Energies of the four lowest doubly excited states of helium, energy in eV.
Doubly Rudd?® Oda, Present Burke® Spectro- Holdien® Drake am}
excited Nishimura, work scopic? Dalgarno
state and Tahira®
(2s9H1s 57.82 57.9 57.89 57.84
(252p)3P 58.34 58.3 58.348 58.32
(2p)°P 59.64 59.659 59.682 59.671
(2pH1D 60.0" 59.9 59.95 59.91

dReference 16.
®Reference 17.
'Reference 18.

2Reference 2.
PReference 9.
°Reference 10.

the energies of the (1s2p)3P and the 320, 392-A
emission line yield an energy of 59. 659 eV for the
(2p%°%P state. '® This value is in very good agree-
ment with the energy measured here, namely, 59. 64
eV. Theoretical values for the energy of the (2p%)°P
state fall well within the range of error of the pres-
ent experiment. Calculations of Holgien'” and
Drake and Dalgarno'® yield energies of 59. 682 and

59. 671 eV, respectively.
A summary of the measured and calculated en-

ergies of the four lowest doubly excited states of
helium is given in Table I. The experimental error
in the present data is+ 0. 08 eV.

An estimate of the cross section for the excita-
tion of the (sz)SP state at 0.11 eV above its thresh-
old may be made from the trapped-electron data.
The height of the corresponding peak in the trapped-
electron current, measured above the continuum
background, is proportional to the desired cross
section. An absolute value is obtained by calibrat-
ing this peak height against that for excitation to the
(1525)3S metastable level in helium measured under
the same experimental conditions. The cross sec-
tion near threshold for this latter state is known
from several measurements.'® The calibration
procedure yields a total cross section of 4. 4x10"%
cm? for excitation of the (2p%)°P state at 0.11 eV
above threshold. Assuming a linear dependence on
energy, the cross section possesses a slope of
4x107% cm?/eV at threshold. Because the peak for
the (2p?)°P state is not well resolved from that for
the next higher state, the cross section is reliable
only within a factor of 2.

Becker and Dahler® have calculated the cross
section for excitation of the (2p%)°P state by several
methods. The most reliable of these is expected
to be the two-state strong-coupling approximation.
The calculation is most appropriate for the deter-
mination of the maximum value of the cross section
and its general dependence on energy rather than
the threshold behavior. Nevertheless, it provides
an estimate of the cross section to be expected on
theoretical grounds. Their calculation gives a

8Rudd’s value for the energy of the (2s2p)°P
state is used for calibration of the energy scale.
PReference 8.

slope at threshold of 5.6x10"%' cm?/eV. The ex-
perimental value measured here is larger by a fac-
tor of about 7. This discrepancy does not appear
excessive considering the experimental error and
the difficulty of calculating cross sections close to
their thresholds.

Becker and Dahler also calculated cross sections
for excitation to several non-auto-ionizing states
lying at higher energies. All of these cross sec-
tions were smaller than that of the (2p%°P state by
several orders of magnitude. No attempt was made
to observe these higher states experimentally.

Experimental cross sections for the three re-
maining states shown in Fig. 2 are not obtainable
from the present trapped-electron data. Because
these states are unstable with respect to auto-
ionization, they perturb the background continuum
of states in their vicinity, and the number of slow
electrons produced in direct ionization is changed.
The magnitudes of the peaks in the trapped-elec-
tron current, therefore, are not easily interpreted.
The characteristics of the line profiles of the auto-
ionizing states have been discussed by Fano?® and
Fano and Cooper.# In general, a line may have a
portion rising above the continuum background and
a portion dipping down into the continuum. For
auto-ionizing states having widths narrower than
the electron-beam energy distribution, the trapped-
electron current arises from excitation of an aver-
age over the line profile. Profiles which have equal
parts above and below the continuum background
may appear only weakly, if at all, in the trapped-
electron current. In a similar way, profiles con-
sisting predominantly of a dip into the background
may result in a dip in the trapped-electron current
rather than a peak. The profiles of the optically
forbidden levels discussed here were previously
observed® in electron scattering experiments, in
which these states appeared in the energy-loss
spectrum predominantly as peaks above the contin-
uum when averaged over a beam half-width of 0. 1
eV. This line shape is consistent with the peaks
observed in the present experiment.
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The charge-exchange reactions between Ar" or Kr* and several molecules have been studied
spectroscopically. Light emission is observed from the molecular ions, indicating near-

reasonant charge exchange.

Measurements on mixtures of gases provide relative cross sec-

tions for the formation of electronically excited ions. The cross sections are largest for the
smallest energy defect, in agreement with the theory of Rapp and Francis. The Franck-Condon
principle is not a dominant factor in determining the populations of different vibrational levels of
diatomic ions, but it may be important for triatomic ions.

INTRODUCTION

Charge exchange, the transfer of an electron
from one atom or molecule to another, may result
in an electronically excited product. If done in the
gas phase at low pressure, the excited molecule
will normally emit radiation before undergoing a
collision. Spectroscopic analysis of that radiation
can then provide direct information about the en-
ergy states of the products. This method has been
used to investigate the electronic, vibrational, and
rotational excitation of the newly formed ions. '~

When the charge transfer is resonant, for ex-
ample, between H' and H, the cross section may

be quite large. As the relative velocity of the two
particles increases, the cross section for charge
exchange decreases. For nonresonant collisions,
for example, between Ar* and Ne, the cross sec-
tion for charge exchange is small at low velocities,
but increases at higher velocities. At sufficiently
high velocities, the cross sections are similar to
those of resonant charge exchange. *’® Most of the
collisions in this work involve sufficiently high ve-
locities so that near-resonant collisions are involved.

The velocity v at which the nonresonant collision
attains a resonantlike cross section is given by the
Massey adiabatic criterion!?



