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Electron-impact excitation of the Li 3S,' 4S, 3D, and 4D states have been measured from threshold to
1200-eV impact energy. The intensities of emission lines from these states have been measured relative to
the 2P-2S resonance line, and cross sections are obtained by norma1izing to the resonance-line cross section
and correcting for branching ratios. Cascade corrections to these total cross sections have been made at the
higher energies, using available Born cross sections. The resulting direct cross sections show a uniform
convergence at high energy to available Born cross sections and to E ' behavior. At lower energies the S-
and D-state cross sections have very different forms: the S states rise abruptly at threshold and drop rapidly
past a narrow peak, while the D states rise gradually to a very broad maximum. Comparisons are made to
available cross section calculations.

INTRODUCTION

The alkali-metal atoms offer particularly sim-
ple tests of electron collision processes; the wave
functions and coupling schemes are simple, there
are no degeneracies as in H, and their properties
vary smoothly with incr easing mass. Electron-
alkali-atom collisions are also important in a
variety of devices, such as metal vapor lamps and
magnetohydrodynamic generators. Although elec-
tron excitation of alkali atoms have been mea-
sured many times since as early as the 1920s,
there are many contradictions and gaps in the da-
ta. In recent years a very large number of these
cross sections have been measured by Zapesochn-
yi and collaborators, "while measurements in
our laboratory have obtained the resonance-line
cross sections. "

By carefully measuring the energy dependence of
the resonance-line excitation functions to high en-
ergy, where they can be reliably normalized to
the Born cross section, we believe that we have
been abl. e to obtain the resonance-line cross sec-
tions in previous measurements" with an accura-
cy of better than 5'. In the present measure-
ments we took advantage of this by normalizing
the higher-state excitations to the resonance-line
cross section. Thus we have measured the intens-
ity of the line emission from several excited states
of Li relative to the resonance-line intensity. The
intensity of lines from the higher states were much
weaker, of course, sothatitwas oftennecessary to

I

count photons for several minutes at a time and to
be careful of spurious light leakage, background-
gas signals, etc. The use of an efficient optical.
system helped considerably in this regard, as it
was possible to work with low Li-beam density and
electron-beam current and still have enough sig-
nal to check out possible sources of error.

There have been many calculations of alkali-

atom resonance- line excitation cross sections,
but relatively few for the higher-state cross sec-
tions. Born-approximation cross sections are
available for essentially all cases, "' providing in-
teresting comparisons to the high-energy behavior
reported here. Less approximate calculations
that include higher excited states are understand-
ably rare, and only two exist for the Li states
studied here. "'

EXPERIMENT

The apparatus used for these measurements has
been described in detail previously, "and we will
give only a brief outline here. A Li beam, typi-
cally of - 10"cm ' density, is crossed by an elec-
tron beam and the line emission in the third, or-
thogonal direction is detected. E lectron- beam
currents are maintained well below space-charge-
limited conditions, typically at -50 pA at 100 eV
and -0.5 pA at 4 eV, and considerable care is tak-
en to ensure that essentially all electrons tra-
verse the observed portion of the atom beam and
are collected. The oxide cathode yields an ener-
gy resolution of about 0.25 eV full width at half
maximum (FWHM). The line emission is collec-
ted with f:2 optics, filtered with interference fil-
ters, detected with a dry-ice-cooled GaAs-type
photomultiplier, and photon counted. Typical pho-
ton counting rates are 10' sec ' for the resonance
line and 10' sec ' for the other lines at 100 eV.
For these relatively weak emissions from the
higher states, considerable care and testing was
done to be certain that other Li lines or back-
ground-gas bands were not contributing to the ob-
served signals. Since these S-S and S-D excita-
tions fall off as E ' at high energy, while some
background-gas lines fall off less rapidly (E 'logE)
such leakage was particularly troublesome at
high energy, sometimes yielding as much as 30'%%up

of the total signals. (Typical background-gas
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The intensity ratios of the resonance versus
higher-state lines were measured at a variety of
Li-beam densities, background-gas densities, and
electron-impact energies to test for systematic
effects. Based on the results of these tests, we
believe that the ratios of the reported cross sec-
tions at low versus high energies (e.g. , 7 vs. 1000
eV) are accurate to -5% for the 3S and 3D states
and to -10% for the weaker 4S- and 4D stat-e
emissions. The absolute values of the reported
cross sections contain the additional uncertainty
in optical detection efficiency relative to that at
670.8 nm. This is estimated at 5% for the 3D
state (610.4 nm), and 10% for the 3S (812.6 nm),
4D (460.3 nm), and 5S (497.2 nm) states.

The photoniultiplier counting rate S(i, X) for the
line A. from state i is related to the total excita-
tion cross section Q,. by

S(i, X) =K(X)&QD(X)T(X)B(i,A)(1 —SP ~) Q, (1)

2S
p I

. FIG. l. Energy-level diagram for Li. The wavelengths
of the detected lines are given, and the branching ratios
for these and the principal cascading lines are shown.

pressure was -10 ' Torr. ) To discriminate a-
gainst background gas, oven light, etc. , the dif-
ference in photon counting' rates with the Li-beam
stop open and shut was recorded. (No effect of
this beam stop on light levels was detectable with
the electron beam off. ) Possible leakage of the Li
resonance line through the other filters was
checked and found to be negligible.

The S- and D-state emission lines studied here
have wavelengths between 413.3 and 812.6 nm,
while the resonance line is at 670.8 nm (see Fig.
1). The interference-filter transmissions were
accurately measured by observing their attenua-
tion of the appropriate Li line, filtered from a Li
hollow-cathode lamp. The exper imental optics
utilized two quartz lenses and two achromatic
glass lenses. The quartz lenses have slightly dif-
ferent focal properties at the different wavelengths,
but tests of intensity ratios for various lens po-
sitions indicated that this caused less than 3% un-
certainty in relative sensitivity even for the most
extreme wavelengths. From manufacturers' spec-
ifications the photomuliplier quantum efficiency is
supposed to vary smoothly and by about a factor of
1.7 between 400 and 800 nm. It was assumed that
this represents the sensitivity variation of the en-
tire optical detection system; the fact that we have
not checked this with a direct calibration is the
major uncertainty in the magnitudes of the report-
ed cross sections.

Here K(X) is the transmission and AQ the solid
angle of the collection optics, D(X} is the photo-
multiplier quantum efficiency, T(X) is the inter-
ference-filter transmission, and B(g, X) is the
branching ratio for state i into line X. Since we
detect the emission at 90' to the electron beam,
the anisotropy correction 1 —3P,.~ is necessary,
where P,.~ is the polarization of the emission of
wavelength A. from state i. From Ref. 9, we have
used B(3S, 812.6 nm) = 1, B(3D, 610.4 nm) = 1, B
(4S, 497.2 nm) =0.574, B(4D, 460.3 nm) =O.V7, B
(5D, 413.3 nm) =0.76„and B(2P, 670.8 nm)=1.

We assume that K(X} and &0 are independent of
X and divide Eq. (1}for i = nS or nD by that for
i =2P to obtain

Q,(E) S(f, ~)
B(~, X)D(X)T(X)

x B(2P, 6708)D(6708)T(6V08)
S(2P, 6V08)

„Q (E)
1 —

3 670
(2)

Here P,», is the measured polarization of the
670.8-nm resonance line and Q, ~ the total cross
section, which we take from Ref. 3. Note that,
the presence of cascade contributions in the 670.8-
nm line is taken into account by this procedure
while the Q, (E) obtained from the data include
case adlngo

The S-state emission is unpolarized, so the
measurements yield Q,.(E) directly for this case.
The resulting S-state total cross sections are
labeled nS+CASC(Exp. Qr} in Figs. 2-5. (The
low-energy behavior of the cross section is given
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FIG. 3. Same as Fig. 2 for the 4S and 4D states.
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FIG. 2. Cross sections for excitation of the 3S and 3D
states. The Born cross sections labeled G and W are
from Greene and Williamson (Ref. 5), the K refer to
points calculated by Korf (Bef. 8), the M and R curves
are drawn through points calculated by McCavert and
Rudge (Ref. 7) and the W points are measurements of the
direct 3$ cross section by Williams et al. (Bef. 10)'. The
present experimental points are indicated as open cir-
cles, with an averaged line drawn through them. These
data have been reduced to obtain an estimate of the total
direct cross section, labeled "Estimated Experimental
Q ."' The estimated cascading is indicated for the 3D
case; it is the difference between (Exp. QT) and (Es .

TD'
t

Exp. Q ) for the 3S case. The difference between the
measured (Exp. Q/[1-P/3]) and (Est. Exp. QTD) for e

xp TD
the

3D case is primarily due to an estimated polarization
correction.

in Figs. 2 and 3, and ihe high-energy behavior in
Figs. 4 and 5). The D-state emission is polar-
ized, but we did not measure this polarization,
since this would have required long integrations
of these weak signals. Thus the experiment ob-
tains Q,./(l-~P, ~), including cas. cading, for the
D states. These are labeled nD+ CASC(Exp. Q/
[1—P/3]) or nD+ CASC(Exp) in Figs. 2-5. Based
on the behavior of Born cross sections in hydro-
gen and threshold-polarization arguments, with
some additional decrease of polarization due to
the resolved fine structure of Li, we expect the-

polarization of this nD-3P line to be about +40%
at threshold and to drop rapidly to about -30'%%uo for
all energies above -50 eV. Approximate total di-
rect cross sections QTn for the D states, based
on this polarization estimate and a minor cascade
correction (indicated in the figures} are indicated
as dashed lines labeled nD(Est. Exp. Q») in Figs.
2-5. This polarization correction is about + 10'%%uo

at high energy and -10% at threshold and its ac-

curacy is probably a few percent. The estimated
uncertainty in these corrected nD cross sections
due to the scatter in the data plus cascade and po-
larization corrections is indicated as error bars
in Figs. 2-5. The energy dependence of the 5D-
state emission (413.3-nm) was also measured from
15-1200 eV and found to be the same as that for
the 4D state; it is not shown in the figures.

%e have utilized the Born cross sections of Ref.
5 to obtain the estimates of cascade corrections
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FIG. 4. Comparison of the high-energy behavior of QE,
for the 3S and 3D states. The notation is the same as
in Fig. 2, except that the entire Born cross sections,
from Bef. 5, are used for the cascade contributions. The
Born (K and C) refers to Ref. 6.
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FIG. 5. Same as Fig. 4 for the 4$ and 4D states.

given in Figs. 2-5. The branching ratios for
these corrections are obtained from transition
probabilities in Ref. 9. We have used the entire
Born cross section for these cascade estimates
above 50 eV, but a decreasing fraction of the Born
cross sections for decreasing E below 50 eV.
This is a minor distinction for the 3D and 4D
states as the cascading is quite small. For the
4S states however, the uncertainty in this cascade-
estimate results in -10% uncertainty in QTn in the
8-30-eV region (Fig. 3). For the 3S state this un-
certainty becomes so large that we have not con-
tinued the estimated Q» below -12 eV (Fig. 2).
The resulting uncertainties in QTn, plus that in
the original data, , are indicated as error bars in
Figs. 2-5. These do not include the normaliza-
tion uncertainty described at the beginning of this
section.

COMPARISONS

There appear to be only two other measurements
of excitation cross sections of the S and D states
of Li. The first, by Aleksakhin and Zapesochnyi'
in 1S66, also obtained results for the resonance
transition. That result was not reproduced in a
later measurement by the same group, and they

. attribute2 the discrepancy to errors in the earli-
er experiments, primarily due to secondary elec-
trons. As this error would have been even more
serious for the S- and D-state excitations that de-
crease more rapidly with increasing impact ener-
gy, we have not made quantitative comparisons
with them here. However, their general behavior
is consistent with the general pattern observed
here; the S-state excitations have sharp peaks
near threshold while the D states have broad
peaks. The other measurement, by Williams
et a/. involved integration of the differential-en
ergy-loss cross section, so that it is free, of cas-
cade contributions but can lose accuracy in the

extrapolation to zero-degree scattering. Of the
states measured here only the 3$-state cross sec-
tion was reported by Williams et al. ; this is shown
in Fig. 2, where it can be seen to be in reason-
able agreement with our results except for the
60-eV point.

There have been many calculations of the Li
2P-state excitation cross section, but relatively
few for the higher states. Two recent Born cal-
culations provide interesting comparisons at the
higher energies, ' ' and we are aware of two close-
coupling calculations for lower energies. "W' e
have compared our results to the Born calcula-
tions at high energies in Figs. 4 and 5. For the
3S, 4S, 3D, and 4D states our results agree, typ-
ically within 10%, with these calculations at the
highest energies. This supports the calculated
cross sections as well as our assumption that us-
ing the manufacturer's photomultiplier quantum
efficiency has introduced only (5-15)% experi-
mental uncertainties. On the other hand, the mag-
nitude of our 5D cross section (not shown) was on-
ly about 70% of the Born value, indicating that
this relatively short wavelength (413.3 nm) was
attenuated in the achromatic glass lenses of our
detection optics.

The convergence to the high-energy (Born)
limit, from above for the D states and from
below for the S states, is quite interesting.
There is an indication of this type of behavior in
high-energy He-excitation data, which are com-
pared to Born cross sections in Ref. 11. However,
many of those measured cross sections do not con-
verge to the Born values, or even to Q ~ E '.

It is rather surprising that the Born approxima-
tion is in fairly good agreement with the 3D cross
section at all energies (Fig. 2). This may be for-
tuitous since the same calculation overestimates
the peak of the 4D cross section by about a factor
of 2 (Fig. 3). The estimated cascade contribution
to the 3$ cross section is a fairly large fraction
of the observed QT.,~, so that the direct cross
section QTn is rather uncertain. Nonetheless, it
is apparent in Figs. 2 and 3 that the Born approx-
imation overestimates the 3$ and 4S cross sec-
tions in the 6-20-eV region by (30-50)% and it
gives no indication of the sharp peak near thres-
hold. We expect these lower-energy S- and D-
state excitations to be strongly influenced by
2S -2P -nS, nD coupling, whichis neglected inthe
Born approximation.

We are aware of only two calculations of the
low-energy behavior, aside from the Born calcu-
lation of Ref. 5, one by McCavert and Rudge' and
the other by Korf. ' Both utilize close coupling of
the 2$, 2P, 3S, and 3D states plus additional ap-
proximations, and both obtain reasonably good
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agreement with the measured 2P-state excitation.
cross section. Their results for the 3S and 3D
states are shown in Fig. 2.

CONCLUSIONS

The measurements reported here demonstrate
several interesting characteristics of the excita-
tion cross sections for optically forbidden transi-
tions. Some of these characteristics have also
been observed in He excitation measurements,
but they are much more clear and systematic in
these Li cross sections. Foremost is the extreme-
ly different shape of the S- vs D-state cross sec-
tions, accompanied by the very similar shapes of
the excitations to states differing in principal
quantum number only. The smooth convergence
to the Born cross sections at high energy is ex-
pected, but except for the resonance transitions
this is the first demonstration of it. That this is
so clear here, as oposed to the He case, is a re-
sult of the lower excitation energies in Li. As a
consequence, the Li excitation cross sections are
much larger, so that background and collisional
effects are easier to eliminate.

The close-coupling calculations of Korf are im-
pressively close to the experimental direct cross
sections (dashed lines in Fig. 2) for these total
excitation cross sections, in spite of his neglect
of electron exchange. Unfortunately this agree-

ment does not explain why the cross sections be-
have as they do or what to expect for other spe-
cies. Total scattering data of Johnston and Bur-
rows" indicate that resonances occur just below
the thresholds for exciting these states, and the
rapid rise of the S-state excitation cross sections
above threshold may be related to their presence.
The present experiment indicates that the cross
sections for states of different n are very similar
once changes in excitation energy and magnitude
are taken into account. Clearly, some simple
scaling principles must be operative, as well as
some differences between S and D states that do
not depend on n. %e do not yet have accurate data
for S-S and S-D excitations in many other ele-
ments, but we have a strong suspicion that these
characteristics are not specific to lithium and He.
Just as with the resonance-line excitations some
relatively universal behavior may be operative, so
that major simplifications in the theory could be
possible.
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