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Excitation of the Ba and Ba+ resonance lines by electron impact on Ba atoms*
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The relative optical excitation functions and polarizations of the Ba resonance line (5535 A) and of the Ba+
resonance lines (4554 and 4934 A) have been measured, using crossed electron and barium-atom beams. The
Ba 6'P excitation function has been normalized to the Bethe theory in the high-energy limit, and the
excitation functions of the ionic lines have been measured relative to that of the atomic resonance line. Using
spontaneous-emission branching ratios for the Ba+(6'P) levels, we have also obtained normalized cross sections
for these ionizing excitation levels. From a few electron volts above threshold, the Ba+(6'P) ionizing-excitation
cross section has nearly the same energy dependence as has been reported for the total Ba+ ionization cross
section, but about 1/6 the magnitude. In particular, a broad maximum at —22 eV, attributed to core-excited
autoionizing levels, apparently contributes an equal fraction to both cross sections. This relationship holds also
for the ionizing excitations versus total ionization of Sr. The cross sections for exciting the resonance levels of
He, Mg, Ca, Sr, and Ba are also intercompared in reduced units and found to be strikingly similar at collision

energies above —3 times the threshold energies.

I. INTRODUCTION

The alkaline-earth elements are primarily two-
electron heliumlike elements, but with visible
resonance lines. Thus they provide an interesting
and convenient testing ground for many of the
questions raised by decades of e + He studies,
e.g. , threshold and high-energy polarization
limits, resonance structures, and convergence to
Born theory at high energy. The very core inter-
actions that cause differences from He can also
yield interesting features, such as core-excited
resonances. The systematic versus specific be-
havior ean also be seen by comparison of the Mg,
Ca, Sr, and Ba cases. We have now measured
the resonance-line excitation and ionizing exci-
tation cross sections of these elements, although
the ionizing excitation of Ca was omitted in the
first measurement. ' ' As this is the last of this
series of measurements, we summarize and com-
pare results here.

In this paper we present our measured optical
excitation functions and polarizations for the Ba
6'P-6'S resonance line (5535A) and for Ba'
6'P-6'S resonance lines (4554 and 4934A) excited
by electron impact on neutral barium atoms.
Previous measurements of these Ba and Ba' ex-
citation functions have been reported with +40%
uncertainty in their absolute-cross section scale.
Theoretical calculations of Ba 6 'P excitation
cross section have been performed, ' ' using
either the Bethe approximation' or close cou-
pling. ' ' Comparisons are made to these results.

We have used crossed low-density beams of
electrons and barium atoms, thereby minimizing
space-charge and optical-depth problems. The
measurements extend from threshold to 1497 eV,

so that we are able to normalize the 5535-A ex-
citation function at high energy using the Bethe-
approximation cross section and the known ex-
perimental optical oscillator strength for this re-
sonance transition. This procedure allows us to
obtain the absolute cross section for the Ba 6'P
level with about 5%uncertainty, limited primarily by
knowledge of cascading. We have normalized the
excitation functions of the ionic resonance lines to
that of the atomic line by comparing the observed
radiation intensities, thereby obtaining the ab-
solute excitation cross sections for the Ba'
6'P, y, and 6'P, ~, levels accurate to within about
11%.

II. MEASUREMENTS AND CORRECTIONS

The apparatus used in this experiment has been
described in detail in previous papers reported
from this laboratory. ' ' ' ' Briefly, a beam of
atoms from an oven intersects an electron beam
at right angles and the resonance radiation in a
cone along the third orthogonal axis is collected,
filtered by an interference filter, and detected by
a photomultiplier. A minicomputer is used to
handle and acquire data. The measurements, after
minor corrections described in Ref. 2, yield the
polarization components parallel and perpendi-
cular to the electron beam, I~~ and I~, of the radi-
ation intensity propagating at right angles to the
electron-beam axis. The polarization P is then
(I,~

—I,)/(I, ~
I~)+, and the relative line emission

cross section R~ is proportional to I}~+2I . The
barium-atom beam was optically thin (density
~ 2 x10' atoms/cm') and the possible effect of radi-
ation entrapment on polarization was found to be
negligible when the beam density was varied.
Using a retarding-potential analyzer, we have
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measured the electron-beam energy distribution;
the energy spread was about 0.22 eV full width at
half-maximum for energies below 13 eV and in-
creased slightly at higher energies. We have ad-
justed the energy scales by reference to the ex-
citation thresholds, an adjustment of less than
0.1 eV relative to the energy obtained with the re-
tarding-potential analyzer.

The branching ratio for 6 'P -6 'S vs 6 'P- 5 'D

has been calculated" to be 600:1. The 6 'P-6'S
line emission cross section is thus effectively
identical to the 6 'P level excitation cross section,
including cascade contributions. The branching
ratio B for O'P, ~, -6'S versus O'P, ~, -5'D, and
for O'P, ~, -O'S versus O'P, /, -O'D of Ba' have
been measured" to be 2.85 + 0.3 and 2.77 + 0.3, re-
spectively. We have used these to obtain the level
excitation cross sections, given by (B+1)/B,
times the line emission cross sections. Finally,
we have measured the ratios of the ionic line ex-
citation functions to that of the atomic resonance
line excitation function. Using filter transmission
for each individual line, photomultiplier manu-
facturer's typical quantum efficiency curve (type
"8-20," and "S"tubes have been used as a check),
and the known branching ratios for each line, we
normalize the excitation functions of the ionic
levels to that of the atomic 6 'P level. The above
normalization procedure had about +10%%up un-

certainty, primarily from uncertainty in the rela-
tive filter transmissions and the wavelength de-
pendence of the photomultiplier's quantum ef-
ficiency.

III. NORMALIZATION AND CASCADE

To obtain the absolute excitation cross section
for the atomic resonance level, we normalize the
measured 5535-A relative line emission cross
section at high energy to the Bethe direct cross
section plus cascade contributions. According to
the Bethe approximation, the high-energy be-
havior of the total Ba 6 'P cross section Q~ (in-
cluding cascade contributions) can be expanded

2y 12

QrE (va', eV) =1705+P„"log„E+A+O(1/E),
&j=6 Pfj

Bethe approximation. Using the known oscillator
strengths"' " for some levels and the Coulomb ap-
proximation" to calculate those that are not given
in Refs. 13 or 14, we obtain

Oo

B=1705+P„'" = (0.731 + 0.036) x 1705
v=6 &pv

=1246 + 61,

where about 97% of B is due to the direct (v =6)
component (f =1.59 from Ref. 13 has been used for
the 6 'P state) and the remainder from the higher
'P-state cascades. The uncertainties in B are
mainly due to the uncertainties in the oscillator
strengths and branching ratios. We now have to
estimate A in Eq. (1) in order to obtain Qr. The
Bethe direct excitation cross section (Qs) for 6'P
calculated in Ref. 5, using f =1.59, is

QgE 1211 log]pE 23 1

which implies that A in Eq. (1) will be equal to the
sum of -231ma,'eV plus the cascade contributions
(Q'E). The cascade contributions n 'D levels
(n =6-9) are estimated by using the measured
emission cross section in Ref. 4 for spectral lines
terminating on the 6 'P level. They were extra-
polated as E ' above 30 eV, and indicated Q'E
= 56+22na'p eV. The data for cascade contribu-
tions from n'S levels are not available, so we have
roughly extrapolated the cascade data for Mg, Ca,
and Sr to estimate Q'E = 12+ 6wa'p eV for n'S cas-
cade contributions. The contribution to Q~ at
1497 eV from these 'S and 'D terms is -2%%up, so
that the uncertainty in these cascade terms does
not significantly affect the final accuracy of the
normalization. The only other contribution ex-
pected to be significant is the 5d''D direct exci-
tation followed by 5d' 'D -6 'P decay. We estimate
that contribution at no more than 2% of the 6'P
cross section and neglect it, except for an added
uncertainty. The contribution of higher 'P-state
cascades to the A term are expected to be less
than 1%, and therefore are ignored.

The sum Q~ of the Bethe 6'P cross section plus
the estimated total cascade terms thus has the
form

where Q~ is in units of wa„E is the impact energy
in eV, 4„and f„are, respectively, the excita-
tion energy in eV and the optical oscillator strength
from the ground state to the v'P state, P, =1,
P„ for v =7, 8, . . . is the fraction of atoms in state
v 'P which cascade into 6 'P (this occurs mainly
via 5d' 'D and 7'S), A i.s a constant, and O(1/E)
are higher-order terms that are neglected in the

Q~E = -163+1246 logypE,

at the high-energy limit. Our relative 5535 A line
emission cross section is normalized to this Q~E
at high energy, as shown in Fig. 1. Note that our
experimental data appear to converge uniformly
to this expected theoretical energy dependence at
high energy. We estimate that the uncertainty of
the normalized cross section scale is about ~5%,
due to the 3%%up uncertainty in the optical oscillator
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excitation of the Ba 5535-A resonance line including
c asc ade contributions.

3000— Energy '
(eV)

Polar ization
(%)

N 0
o 2000

Iooo—

0
I 2 IO loo

ENERGY (eV)
OOOO

FIG. 1. Normalized total cross section Qz for the
Ba 6 ~P level, including cascade contributions, times
electron energy E, plotted vs log, pE. This straight-line
fit to the high-energy data is Q z 8 = 163 + 1246 loggp&.
The Bethe direct excitation cross section is from Ref. 5.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

strength and therefore in the Bethe cross section,
plus about 4% uncertainty in cascade contributions.
As mentioned in Sec. II, the normalization of the
Ba' resonance levels relative to the Ba resonance
level was uncertain to+10%, combining the un-
certainties in quadrature yields +11/0 as the un-
certainty of the cross-section scale for the Ba'
levels.

2.30(1) c

2.40 (1)
2.50 (1)
2.70(1)
3.00 (1)
3.50(1)
4.00 (1)
5.00 (1)
6.00 (2)
7.00 {2)
7.50 (2)
8.00 (2)
8.35(2)
9.00 (3)

10.00(3)
11.00(3)
12.60(3)
1 5.34(5)
22.81 (6)
3V.6(2)
62.4(2)
98.3(2)

148.9(2)
24V.9(2)
399.5(3)
600.4(3)
89V.6(6)

1198.3(8)
1497.0 (10)

78 4(22) c

v5.4(1v)
70.9(13)
61.9(10)
51.1 (7)
37.3(6)
31.9(5)
26.5(3)
22.5(2)
18.9(2)
16.5(2)
16.V(2)
16.7 {2)
16.5(2)
16.2(2)
15.2(1)
13.3 (1)
10.6(1)
4.3(1)

-3.2(1)
—10.9(1)
—16.9(i )
—22.0(1)
—27.0(1)
—30.9 (2)
—33.9 (2)
-36.6(2)
-38.3(2)
—39.8(2)

2.«(v) ~

3 52(9)
5.03(1 i. )
8.68(16)

1 3.23(20)
2O.O5(30)
28.48 (34)
36.74(39)
41.06(43)
43.96(46)
44.39(47)
43.92 (46)
42.98(46)
44.57 (47)
45.45(49)
46.vs(4s)
56.92 (48}
46.71(32)
42.0 5(24)
35.34 (20)
27.50(16)
20.87(12)
15.85(9)
10.86(6)
7.512 (48)
5.415(35)
3.8 80 (26)
3.054(22)
2.534 (17)

A. Ba 6'P~6'S line

The present results are given in Table I and in

Figs. 1-3. As noted in Sec. II, the corrections
described in Ref. 2 have been taken into account.
The uncertainty in the cross sections quoted in

Table I includes uncertainties of the crossed
beams's overlap, in correction factors, and the
observed statistical uncertainty, but not the nor-
malization uncertainty. The uncertainties in the
polarization value are mainly from the counting
statistics and the uncertainty in the instrumental
polar ization.

The data were obtained at energy intervals of
less than 0.1 eV below 18 eV, and at 11 energy
values between 23 and 1497 eV. Table I contains
all of the data above 23 eV, and representative
averaged values below that. The original data be-
low 12 eV can be seen in Fig. 3. Because of the
smooth behavior of the high-energy Q„data shown
in Fig. 1, we have represented our data as a con-
tinuous curve in subsequent plots.

The threshold behavior of our cross section is
obscured by the energy spread of the electron

Mean energy of the incident electrons, corrected by
reference to the 6 P excitation threshold (2.238 eV).
The electron energy resolution was =0.22 eV full width
at half-maximum for energies below 13 eV. Besides the
uncertainty given for each point, there is an additional
uncertainty of +0.05 eV in the energy scale discussed in
Sec. IV.

"Q& is the normalized level excitation cross section
including cascade contributions. The uncertainties given
in columns do not include the uncertainty of + 5 lp to our
normalized-cross-sec tion sc ale.

Number in parentheses gives the uncertainty in the
last places of the previous number. ln columns 2 and 3,
the quoted uncertainties include the observed statistica1
uncertainties (roughly 20) and estimated systematic un-
certainties.

beam. To find the threshold energy we have as-
sumed the cross section has the form Q~~ (E -6)'~'
or Q~~ (E —~) in the first 0.2 eV above threshold
and is convoluted with the electron energy distri-
bution. Both forms yield satisfactory fits to our
data, while they reach zero cross section at dif-
ferent points about 0.05 eV apart along the energy
axis. We have adopted the average of these two
zero-cross-section points as the known excitation
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FIG. 2. Nox malized total excitation cross section for

the Ba 6 P 1evel and polarization of the 5535-A reso-
nance line (6 ~P —6 ~S) . 'The present cross section is
compared with previous measurements by A1eksakhin
et aE. +ef. 4) (A) and Bethe theory P,ef. 5). A11 experi-
mental data include cascade, while the Bethe theory
represents on1y the direct excitation cross section.

energy (& = 2.238 eV) of the 6 'P level and used it
to eorreet our energy scale. From this convolu-
tion procedure we assume that our enex'gy scale is
uncertain to + 0.05 eV, in addition to the uncer-
tainties given for individual energy points in Table
jt.

The normalized excitation function and polariza-
tion are shown in Figs. 2 and 3. In Fig. 2(a) the
present results a.re compared with earlier mea-
surements by Aleksakhin et al. Both results in-
clude cascade contributions. Aleksakhin et al.
used a cxossed-beam apparatus and spectrometex
to carry out their absolute measurements for the
excitation function and quoted+ 4(po for their ex-
perimental uncertainty. Both results show simi-
lar structure near 8 eV, which may be caused by
cascade contributions. However, their excitation
function was somewhat different in shape, a,s well
as in magnitude, from ours; we suspect that their
measurements might be, to a certain degree, af-
fected by Ba resonance radiation entrapment,
since they used a much larger atom-beam density
than that used in the present work (&500 times
larger).

In Fig. 2(a) the Bethe cross section for the direct
excitation of 6 'P state calculated by Kim and Ba,-
gus' also has been compared with our normalized
cross section (including cascade contributions).
The only Ba. excitation cross section calculation
other than the Bethe approximation was made by
Fabrikant. '*' The calculations in Ref. 6 are for
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FIG. 3. Detaoed low'-energy experimental data (dots)

for the 6~P level, compared with the results of the 6 ~S,
6~P, 6 3P close coupling (x, Hef. 6, Tables 7 and 19}and
of the 6~S, 6'P, 5~D close coup1ing g, Ref. 6, Table 10).
Experimental data include cascade contributions, while
the theoretical results are for dixect 6'P excitation only,
Excitation thresho1ds for some of the higher singlet and
triplet levels, which may have cascade contributions ox

affect the direct cross section, ax'e xnarked by bars.

6'S, O'P, O'P close coupling, and O'8, 6'P, O'D

close coupling. Both results are shown in Fig. 3(a)
for comparison. Note that the inclusion of O'D in
the calculation yields a much lower 6 'P cross sec-
tion as Damburg and Fabrikant have pointed out in
Hef. 7. The polarization function from Hef. 6 is
also compared in Fig. 3(b). This polarization func-
tion is for zexo nuclear spin, whereas our mea-
sured polarization function was expected to be af-
fected by resonance of the nonzero nuclear spin
isotope contained in the natuxal barium; this will
be discussed in more detail below.

Cascade contribution to the 6 'P level begins at
2.86 eV and may cause the structure discernible in
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the data of Fig. 3. Unfortunately, there is not suf-
ficient ' f ation about cascade available for fur-
ther discussion.

In the simple ease of 'So- 'I', excitation followed
b 'I' - 'S decay with zero nuclear spin theo

threshoM polarization predicted by Percival and

Seaton" is +100% and the high-energy limit is
-10(P. This predicted threshold behavior has0-

exelta-often been obscured by resonances in He excl
tions "but is clearly seen in Mg, Ca, and Sr ex-lons

~

citation. In the present experiment, the natural
barium used contains 18/0 of Ba an d Ba both

of which have a nuclear spin of ~. The hyperfine
separation o ef th "'Ba and '"Ba is much larger
than the natural level width, and therefore the
5535-A line radiation from "'Ba and ' 'Ba should

be largely depolarized. The expected threshold
polarization thus corresponds to ~V„- „,/& II I, ,
with I„=0.82+0.18/3 and I, —= 0.18/3, or about 87%.

Qur threshold polarization data in Fig. 3(b) are
consistent with the expected threshold limit, con-

d ring the electron energy spread and the large
statistical experimental uncertainty for the small
signals near threshold. At high energies, our

larization data are consistent with the expectedpo allza l
logarithmic convergence to about-7 +~. ~

B Ba'62P~ 6~S lines

Our results for the ionic resonance doublets are
shown in Figs. 4 and 5. The data were obtained
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FIG. 5. Normalized total cross section for the
Ba+ 62P and 62P ~ levels and polarization for the3/2

4554-A. (62P —62S ) line. The present cross sections3/2 i/2

(solid curves) are compared with measurements of
Aleksakhin et aE. (A). These level excitation cross sec-
tions are obtained by multiplying the 4554- and 4934-A
line excitation cross sections of both experiments by
1 35 and 1.36 respectively, due to branching ratios

dediscussed in Sec. II. All of the experimental data inelu e
cascades. The present result for 62P3/2 level has been
corrected for spectral leakage of atomic Ba lines as
indicated in Fig. 4.
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FIG. 4. Normalized total cross section for ionizing exci-
tationof the Ba+ 6 P and 6 P&p levels (including cascades)
from the ground state of Ba. Spectral leakages fromnear-
by Ba lines into the 6 2P3/2 —6 2S line cause the signals below
8 eV; this has been extrapolatedabove 8 eV (dashed line)
and subtracted from the raw data (solid curve), yielding the
corrected cross section (dashed curve). No leakage correc-
tion was necessary for the 6 P&/2 level, Thresholds for
some cascade-producing terms are indicated by bars.

at energy intervals of about 0.1 eV below 20 eV, at
energy intervals of about 0.15 eV between 20 and
30 eV, and at ten energy values between 38 and
1497 eV. To produce the results shown in Figs. 4
and 5, we have plotted smooth curves through the

Q data. The uncertainty of the relative excitation
function is about + 2-3'fp for all energies.

The atomic Ba spectrum contains a number of
l' s too close to the Ba' 4554-A resonance line
to be completely rejected by our filter. Figure 4
shows how we corrected the 4554-A excitation
function for assuxned leakage of these unwanted
lines. It appears that the Ba lines that can ac-
count for the leakage to the 4554-A ionic reso-
nance line arise from the triplet terms, i.e.,
6s "Ip('P) —6s 5d('D') marked "a"and 6p'('P')- 6s 6P('~) marked "b"in Fig. 4. These triplet-term
excitation functions are spin forbidden and therefore
are expected to decrease faster than the ionizing
excitation function at high energy. ~ " We have re-
moved the effects of these leakages from the data

th B 62P3/2 threshold region by e~rapolatlng
from the observations below 8 eV, as shown in
Fig. 4. We regarded this leakage as inconsequen-
tial at higher energies. For lack of sufficient in-
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formation about these leakages, their effect on our
observed ionic line polarization has been ignored.
No atomic-line leakage through the 4934-A line
was observed„as shown in Fig. 4.

It is also possible that both ionic resonance lines
have been affected by the leakages from the Ba'
7'S- 6'P doublets (4525 and 4900 A). In our ex-
periment the contributions from the unwanted
ionic lines could not be identified and subtracted
out, as we did for the unwanted atomic lines men-
tioned above. However, the contributions of the
7'S-6'-P lines to our observed ionic resonance
lines were estimated by comparing the measured
excitation functions4 and the relative filter trans-
mission curves for lines involved; it then accounts
for only 0.2% or less.

The present excitation functions are compared
with previous measurements by Aleksakhin et al. '
in Fig. 5. For this comparison, we have multi-
plied theirexcitationcross sections by the (I+B)/B
factors in Sec. II (1.35 and 1.36 for the 4554- and
4934-A lines, respectively) to yield level excita-
tion cross sections. The measured ratio of the
6 P3 / 2 to 6 'P», 1eve 1 excitation cross section is
1.91(5) in the present experiment and essentially
independent of collision energy, compared with
1.92 from the data. reported in Ref. 4 [times the
(I +B)/8 factors] at one energy where the cross
sections are maximum. LS coupling without va-
riations of radial wave functions predicts" a ratio
of 2:1. This is in contrast to the Sr' case, where
we measured a ratio of 1.56:1 for the equivalent
5 P3 to 5 'P, &, 1eve 1 ionizing excit ations .

V. COMPARISON TO SIMILAR ELEMENTS

A. Atomic resonance lines

In Fig. 6 we compare the electron-impact exci-
tation cross sections of the resonance levels of
helium" and the alkaline-earth elements, as
measured in this laboratory. ' ' These are similar
excitation processes, since the He transition is a
1s''S, - ls2P'P, transition, with f=-0.276, and
the alkaline earths are ns' 'S, - nsnP 'P, transitions
with f=1.5—2.0. According to the Born and Bethe
approximations, the quantity QrD'/f will become
.!universal function of E/& for dipole transitions
in the high-energy limit, so we have used these
units in Fig. 6. In addition to the Bethe' cross
sections shown in Fig. 6, Robb" has calculated
Born cross sections for Ca and Mg, which are
5-15% la.rger at -3 times the threshold energies
and essentially the same at high energy. The Born
and Bethe cross sections for He are the same at
E/ & == 1.5. As one can see in Fig. 6, the measured
cross sections in these reduced units (including
cascading, except for He estimated as typically

400
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C1
I-

(3
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I 2 3 4 5 6 7 8

ENERGY (THRESHOLD UNITS)

FIG. 6. Comparison of excitation cross sections for
the atomic resonance levels of helium (Ref. 20) and of
the alkaline-earth elements, Mg (Ref. 1), Ca (Ref. 2),
Sr (Ref. 3), and Ba (present work). For each case we
have plotted QT & /f vs E/4, where Q~ is the cross
section including cascades (except for He), 4 the excita-
tion threshold energy, and f the resonance-line optical
oscillator strength. The Bethe direct excitation cross
sections for Mg, Ca, and Ba are from the high-energy
analytic formula by Kim and Bagus (Ref. 5) and are not
considered to be reliable at low energy. The Bethe di-
rect excitation for the He resonance level is given by
Ref. 20. Apart from minor differences due to cascades
all of the curves merge at high energy.

5-15/o) converge within +15/q of a common result
by three threshold energies. On the other hand,
the Born and Bethe cross section are typically

100% too .high in this energy range and 15% con-
vergence to the actual cross sections occurs only
at about 20 threshold energies for Mg, Ca, , Sr,
and Ba (see Fig. 2 and Refs. 1-3) and 10 thres-
holds for He (Ref. 20). If the alkali-metal reso-
nance-line excitations of Refs. 8 and 9 (also with
cascades) are included in Fig. 6, they average
about 10% above the average of the cross sections
shown. Thus it appears that a fairly universal re-
sult for allowed dipole transitions is emerging
from these measurements. As it is not specific
to any species, a relatively simple universal the-
ory should explain it. While Glauber, close-coup-
ling, and other approximations do give reasonable
agreement with measurements for some cases,
these presumably depend strongly on the species
and atomic wave functions. Thus we are not aware
of any electron collision theory which has pro-
posed or implied such a universal result. The idea
of simple universal approximations for interme-
diate and low energies has been investigated in
Refs. 22-24. We hope these comparisons will
help stimulate a search for a simple universal
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Bethe cross section. For He the number 280 is
replaced by a different constant in the Bethe cross
section. In fact all of the cross sections in Fig. 6
can be quite accurately fitted using Eq. (2) with
different constants in place of the number 280.

We have plotted the polarizations of the Mg, Ca,
Sr, and Ba resonance lines versus threshold en-
ergies in Fig. 7 for comparison. For the alkaline-
earth elements, the resonance-line emission is
due to the 'S,- 'P, excitation followed by 'P, -Sp
decay. In the case of zero nuclear spin, Percival
and Seaton" predicted + 100% for threshold polari-
zation and —100% for the high-energy limit. Con-
sidering the possible influence by the nonzero-nu-
clear-spin isotopes contained in our experimental
samples, we thus expected the threshold polariza-
tions, observed at 90' to the electron beam, to be
+100'%%uo, +100%, +95%%uo, and+87% for Mg, Ca, Sr,
and Ba, respectively, and —100%, —100%, —91'%%uo,

and —77%, respectively, for the high-energy lim-
its. From Fig. 7, one can see that our polariza-
tion data are consistent with the expected thres-
hold limits and a logarithmic convergence to these
high-energy limits. (The convergence is logarith-
mic because the &m, =+1 excitations decrease as
E ' and the &m, = 0 as E '

logypE, as can be obtained
for example from Eq. (6.13) of Ref. 16). All of the
polarization functions appear to cross zero polar-
ization at about 12 times the threshold energy.
When the nuclear spin differences are allowed for,
the polarizations are very similar above -4 times
the threshold energy, further indicating the univer-
sal nature of the intermediate-energy cross sec-
tions.

B. Ionic resonance lines

The Q ~E vs log»E plots of the ionizing excitations
for Mg', Sr', and Ba' are compared in Fig. 8.
Note that the Mg' ionizing excitation cross section
appea. rs to behave as E ' in the high-energy limit,
as expected for a dipole-forbidden transition from
the ground state of Mg, while the ionizing excita-

Cion functions for Sr' and Ba' behave a,s E ' log»E.
One possible explanation" for this dipole- allowed
transition behavior for Sr' and Ba' is that their
ground- state wave functions are predominantly
ns' 'S but also contain a substantial admixture of
the nP' 'S configuration. Thus the ionization of one
of the np electrons in a dipole-allowed transition
leaves an excited nP 'P ion.

In Fig. 9, we compare our Mg+, Sr', and Ba'
ionizing excitation cross sections with measured
ionization cross sections. "" The data by Vainsh-
tein et al. and Okuno and co-workers2' ~ a,re
total-ionization cross sections, while others are
single-ionization cross sections. Only the data in
Refs. 26 and 27 were given in absolute values. The
data of Okudaira e1 al."for Mg' were normalized
by the authors to the absolute total-ionization
cross section of Mg in Ref. 27. To simplify com-
parisons we have normalized the other relative
measurements to the absolute total- ionization
cross sections in Ref. 26 at the energy where only
the single- ionization can occur.

Every ionization curve for Sr and Ba shows two
peaks in the low-energy region. The higher-en-
ergy peak is considered to be due to a number of
autoionizing levels arising from an excited inner-
shell P electron. " In particular, the p'ds' 'P auto-
ionizing level may make a major contribution.
Hansen" has pointed out that the atoms of the p'4s'
levels can autoionize to either a singly or doubly
ionized final state, while Hotop and Mahr'4 have
measured the 584.3-A (21.2 eV) photoelectron
spectrum of Ba and clea, rly detect substantial pop-
ulation in a number of excited Ba' levels. Fur-
thermore, theyhave foundthe ratio of 6'P, &, .6'P, »
to be 1.95(15), as we find for electron collisions
and as expected from statistical weights. A, simi-
lar inner-shell excitation autoionizing feature has
also been observed in the ionization of Sr' and Ba'
by Peart and co-workers"" at electron energies
consistent with that of the second peak in Fig. 9.
No experimental evidence for autoionization reso-
nances has been observed for Mg.
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