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Excitation of the Mg and Mg+ resonance lines by electron impact on Mg atoms*

David Leep and Alan Gallagher

(Received 9 June 1975)

We have measured the optical excitation functions and polarizations of the Mg resonance line (2852 A) and of
the Mg resonance lines (2796 A, 2803 A, unresolved) arising from ionizing excitation of magnesium atoms,
for electron-impact energies from the excitation thresholds to 1400 eV. In our crossed-beam apparatus, the
electron-beam energy resolution was -0.25 eV for energies below 10 eV, and the atom beam was optically
thin. The excitation function of the ionic lines was normalized to that of the atomic line by relative intensity

measurements. The 2852-A excitation function, when normalized to Born theory in the high-energy hmit, has

a maximum cross section of 17.3 vr a 0~3'Fo at 18.5 eV. This excitation function is graphically compared with

the resonance-line excitation functions of Na, Ca„and Li previously measured in this laboratory. The 2852-A
polarization function is consistent with the theoretical threshold limit of +100%, and has a sharp feature near

5 eV which cannot be due to cascading.

I. INTRODUCTION

Electron-impact excitation functions of the sod-
ium, calcium, and lithium resonance lines have
been reported in previous papers from this labor-
atory, ' ~ and we are studying other excitation
functions of metal atoms by the same crossed-
beam apparatus. Here we report normalized op-
tical excitation functions and polarizations for
the Mg 3 'P-3 '3 resonance line (2852 A) and for
the unresolved Mg+ 3 'P-3 '8 resonance doublet
(2796, 2803 A) excited by electron impact on neu-
tral magnesium atoms.

Previous measurements of these two excitation
functions have been reported, "one measurement
without normalization, ' and the other an absolute
measurement with reported +35~/(; uncertainty in
the two absolute cross-section scales.' These
papers disagree about the shapes and relative mag-
nitudes of the two excitation functions and give no
information about the polarizations. Several theo-
retical calculations of the Mg 3 'P excitation cross
section have been performed, ' ' using either the
Born approximationv' or close coupling with a
(3 '8, 3 'P, 3 'P) basis set." Two of these cal-
culations yielded the polarization as well."

Our measurements covered the energy range
from the 3 'P thresholdto 1400eV. Weusedcrossed
low-density beams of electrons and magnesium
atoms, so that uncertainties arising from space-
eharge depression of the electron-beam energy
and entrapment of the Mg resonance radiation
were less than l%%uo. The 2852-A excitation function
nearly converged to the Born energy dependence
within the experimental energy range (up to 320
times the threshold energy); we have therefore
normalized the 2852-A excitation function to Born
theory in the high-energy limit, using the calcula-
tions of Ref. 8 supported by the accurately known

optical oscillator strength for the resonance trans-
ition." " We normalized the excitation function
of the ionic lines to that of the atomic line by com-
paring the radiation intensities at fixed impact
energies near the maxima of the excitation func-
tions. We estimate the uncertainty of the normal-
ized cross-section scales to be about +3%%uo for the
atomic line and +7%%uo for the ionic lines, the former
uncertainty being dominated by uncertainty of the
theoretical cross section.

Because the apparatus used for the present ex-
periment has been described in detail elsewhere
(its basic design and testing in Ref. l, modifica-
tions in Ref. 2), it is described only briefly in this
paper. In Sec. II we define the terms used to ex-
press our results, and summarize the observa-
tions and assumptions that yielded the results pre-
sented in Sec. III. Then we discuss the Born nor-
malization procedure, which yields an absolute

0
cross section for emission of the 2852-A line,
the cascade contributions at high impact energies
being estimated from theoretical and experimental
data in the literature. ' In Sec. V we compare
our normalized results with previous measure-
ments, and with theoretical calculations of Mg 3'P
excitation. The latter comparisons are incomplete;
because cross sections for the dominant cascade

0
contributions to the 2852-A line are currently avail-
able only from Born calculations, we do not attempt
to extract a 3 'P-level excitation cross section from
the present experimental data.

II. MEASUREMENTS AND CORRECTIONS

The electric-dipole radiation emitted by an atom
after excitation by an electron beam may be re-
garded as due to three incoherent dipoles, one di-
pole parallel to the electron-beam direction and two
equal dipoles perpendicular to this direction and
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to each other. "'" We define Q~, and Q~ to be the
cross sections for emission (in all directions) of
radiation from the parallel dipole and from one of
the perpendicular dipoles, respectively. The po-
larization components I

~~
and I (in the notation

of Refs. 13 and 14) of the radiation intensity prop-
agating at right angles to the electron beam are,
of course, proportional to Q g and Q, . Then the
total cross section Qr for emission of a given line
or multiplet (i.e., the optical excitation function) is

Q r Qii+ 2——Q iccIii+ 2I~)

and the polarization P is

P-(Q
~~

—Q, )/(Q „+Q,)= (I
~

I,)/(I ~~~+—I,).

Having observed I~, and I~ for the given Mg lines,
we obtained P and Qr, not just the apparent excita-
tion function observed at right angles to the elec-
tron beam as in Refs. 4 and 5. The quantities Q~~

and Q ~, which are convenient for the discussion of
polarization in Sec. V, can be obtained by using
'Q

~~

= Q r(1+P)/(3-P) and Q ~= Qr(l —P)/(3 P). -
In the present experiment, a steady beam of mag-

nesium atoms from an oven was crossed at right
angles by a focused electron beam, and the impact
radiation was collected in a cone along the direc-
tion orthogonal to both beam axes. This light was
collimated and passed at normal incidence through
a dichroic-film polarization analyzer and an inter-
ference filter for either the atomic or the ionic
resonance lines. (These two filters had half-band-

0
widths of 23 A; minor consequences of incomplete
spectral isolation are discussed later. ) Light of
the selected wavelength was then focused onto one
end of a. light pipe and thereby conducted to a cool-
ed photomultiplier tube, the light being spread
across the entire photocathode. The detected photo-
electrons were counted into one of two channels
according to the orientation of the polarizer axis,
which was positioned alternately parallel and per-
pendicular to the electron-beam axis. Thus, we
measured I~j and I~, and the electron-beam cur-
rent, as a function of energy. The atom-beam den-
sity was not measured but was estimated to be typ-
ically -3x10' cm '. We evaluated the uncertainty
of the crossed beams' overlap and possible spatial
variations of the photodetector efficiency by the
methods of Ref. 1, and found these uncertainties
to be ~1% or less.

From these measurements, we determined the
polarizations and excitation functions given in
Table I and Figs. 1-5. We took into account the
finite electron-beam and photodeteetor solid
angles and the imperfect polarizer. The latter
correction was about 25% of P, but introduced
negligible uncertainty because we measured the
polarizer's principal transmittances for the wave-

lengths of the experiment. The instrumental pol-
arization was (0.0 + 0.1)%. Periodically we measured
the electron-beam energy distribution using a re-
tarding-potential analyzer. For energies below
32 eV, we corrected the energy scale by reference
to the 3 'P excitation threshold; the correction to
the energy value ascertained by retardation analy-
sis was usually less than 0.2 eV. Further details
of the data-handling procedure can be found in
Ref. 2; the apparatus description given there also
applies, except that we installed f/2. 6 quartz optics
and a different polarizer for the present experi-
ment.

The polarization of the Mg resonance line was
observed to decrease by about 1% of P when the
magnesium-beam density was doubled from its
typical operating value. We attributed this de-
polarization to entrapment of the radiation, and
corrected for it by extrapolating P linearly to
zero atom-beam density. (Similar effects are dis-
cussed in more detail in Refs. 1 and 3.)

The atomic Mg spectrum" contains a number of
lines too close to the Mg' resonance lines to be
completely rejected by our filter for the ionic
lines. Figure 4 shows how we corrected the ion-
izing excitation function for leakage of these un-
wanted lines. Most of the leakage was found to
be due to the 2852-A line; at 12 eV, this line' s
contribution to the apparent cross section was 3%
of the maximum value of the ionizing excitation
function. Using our measured results for the

0
2852-A line, we removed its contribution to the
apparent excitation and polarization functions of
the ionic lines for all impact energies. The rest
of the leakage, observed in the energy range
7.4-12 eV, contributed an apparent cross section
about 1% as large as the maximum of the ionizing
excitation function, and was decreasing with en-
ergy above 9 eV. The only Mg lines that can ac-
count for this leakage arise from the triplet terms
marked in Fig. 4, whose spin-forbidden excita-
tion functions are expected to decrease faster
than the ionizing excitation function at high ener-
gy.""We removed the effects of this unknown

leakage from the data in the Mg' O'P threshold
region, by extrapolating from the observations
below 12 eV as shown in Fig. 4; we regarded this
leakage as inconsequential at higher energies. The
uncertainties due to all the leakages were taken in-
to account, but were smaller than the other uncer-
tainties except for the polarization data below 14 eV.
Below 12.5 eV the polarization of the ionic lines
could not be ascertained because of uncertainty of
the leakages and background counts.

Finally, we measured the filter transmissions of
the 2852-, 2796-, and 2803-A lines individually,
using auxiliary apparatus. The filter calibration
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Energy"
(eV)

4.eo(o) '
4.VS(1)
4.90(1)
S,O8(1)
5.4O(1)
S.VS(1)
6.1O(2)
e.eo(2)
V.SO(2)
8.9O(2)

1O.OO(3)

12,00 (3)
15.00(4)
18,5O(4)
24.00 (4)
3O.OO(5)

3V.9(2)
62.v(2)
98.l. (2)

148.4(2)
248.8(2)
399,2(3)
599.V(3)
8OO. 2(4)

1100.6 (6)
14O1.V(8)

Po lar ization
(%)

86.5 (12)
8O.S(l.O)

VV.8(9)
8O.O(8)
v2. 6(v)
ee.o(v)
64.9(e)
62.1(6)
sv.9(e)
52.4(S)
47.4 (5)
4O.1(4)
32.1(3)
25.2(3)
18.3(2)
13.V (2)
8.S(2)

-1.3 (2)
-9.3(2)

—1e.2(2)
-23.8(2)
-29.5(3)
—34.2 (3)
-3e.6{3)
-39.4(3)
-41.4(3)

2.10(6)
2.85(4)
3.86(4)
S.O3(S)
6.09 (6)
v.ev(8)
9 ~ 13(10)

10.69(l.2)
14.2O(15)
16.55 (18)
16.02 (17)
16.41(1v)

16.98 (17)
17 32(17)
17 13(17)
16.63(16)
1S.8V (16)
13.25(1O)
1o.e2(e)
8.264 (55)
5.799 (40)
4.oes(2v)
2.957 {20)
2.348 (16)
1.8O8 (1O)
1.48O(O)

TABLE I. Experimental. results for electron-impact
excitation of the Mg 2852-A resonance line, including
cascade contributions. Q& is the normalized optical ex-
citation function.

As we have stated in Figs. 4 and 5, the Mg+

3 'D -3 'P multiplet (2791, 2798 A} was not re-
jected by our filter for the Mg+ resonance dou-
blet. Although the filter's transmission was
different for each line, the effective transmis-
sion for the 3 'D-3 '& multiplet was about the
same as for the resonance doublet. In our ex-
periment the contributions from the unwanted
ionic lines could not be identified and subtracted
out as was done for the unwanted atomic lines
mentioned above. The presence of the 3 'D
-3 'P lines is thought to affect our observed ion-
izing excitation function by 10% or less, as
discussed in Sec. V, and was ignored when we
made the polarization correction mentioned in
the previous paragraph.

III. EXPERIMENTAL RESULTS

Here we present our results for the optical ex-
citation functions Qz, and polarizations P Althou. gh
the excitation functions are given in absolute units,

2—
tO

N

O

Qz is defined in Sec. II, and is normalized according
to Sec. IV, but only the experimental uncertainties of
Q& (relative to the 1400-eV value) are given here.

"The mean energy of the incident electrons, corrected
by reference to the 3 I' excitation threshold (4.345 eV).
The electron energy resolution was = 0.25 eV FTHM
for energies below 10 eV. Besides the uncertainty
given for each point (relative to the 4, 6-eV point), there
is an additive uncertainty of + 0.05 eV in the energy
scale, discussed in Sec. V.

'The number in parentheses gives the uncertainty in
the last places of the previous number. In columns 2
and 3, estimated systematic uncertainties have been
combined with roughly 20' statistical uncertainties.

enabled us to normalize the excitation function of
the ionic lines to that of the atomic line; for this
measurement we assumed the S-13 photomultipli-
er' s quantum efficiency to be constant over the 2%
wavelength change involved. Also, a correction to
the observed polarization of the Mg' doublet was
necessary because the filter' s transmission for
the 2803-A line was 32% smaller than for the
2798-A line. We applied a correction (about a 10%
reduction of the apparent polarization) using the
I.S-coupling results that the doublet intensity ra-
tio is 2:1 and that the 2803-4 line is unpolarized. "
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FIG. 1. Method of normalizing the relative cross
section for the 2852-A line. Born calculations by Robb
(Ref. 8) have been used for the 3 ~P level and for the
major cascade contributors 3 D, 4 S, and 4 H (see
Fig. 2). A small contribution from many higher levels,
based on the experimental data of Ref. 4, is also in-
cluded in the total cascade estimate. The present total
cross section Qz (dots) is normalized to the sum of the
Born 3 ~P plus estimated total cascade cross sections.
The present cross sections Q~~ and Q~, for the separate

0
polarization components of the 2852-A line, are shown

by curves (interpolated from the original data).
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our measurements have determined only the rel-
ative excitation functions and the ratio of their
magnitudes. Only the experimental uncertainties
of Q~ a,re given here; the Born normalization and
its uncertainty are discussed in the next section.

A. The Mg 3 'P-3 ' S line

ment correction; the uncertainties of the smaller
polarization values arise mainly from the count-
ing statistics and the uncertainty of the instrumen-
tal polarization.

The data were obtained at energy intervals of less
than 0.1 eV below 10 eV, at energy intervals of

The present results are given in Table I and in
Figs. 1-3. All of the instrumental corrections
and uncertainties mentioned in Sec. II have been
taken into account, although the data contain an
unknown but minor contribution from the Mg
multiplet at 2850 A, discussed in Sec. V. The
uncertainty of the relative excitation function is
mainly due to uncertainty of the crossed beams'
overlap. The dominant uncertainty for the larger
polarization values is that of the radiation-entrap-
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FIG. 2. Present experimental results (heavy solid
curve) for the 2852-A line compared with previous
measurements and Born theory. Absolute cross sec-
tions by Aleksakhin et al. (Ref. 4): dashed curve.
Relative cross sections by Karstensen and Easter (Ref.
5), shown normalized to present results at 80 eV:
dotted curve. All the experimental data include cascades,
as does the Born cross section to which the present data
are normalized. Born cross sections for individual cas-
cade contributions are also given as follows (these are
the 3 D, 4 8, 4 P excitation functions of Ref. 8 multi-
plied by the respective branching ratios 100%, 100 lo, 8.3%):
The 3 D and 4 P contributions are plotted, the 4'S
contribution was 0.1mao at 10 eV. Born polarizations,
calculated by Robb (Ref. 8) for direct 3~P excitation
only, are shown by plus symbols.

FIG. 3. Detailed low-energy experimental data (dots)
for the 2852-A line, compared with results of three-
state close-coupling calculations. Below 4.6 eV the
excitation and polarization functions are not given
directly by the data because of limited energy reso-
lution; see Sec. V for interpretation of the cross-
section data near the 3 P threshold. If one assumes
the polarization to behave as the indicated line from
100 1o at threshold to 86.5% at 4.6 eV, convolution with
the electron energy distribution {inset) weighted by the
excitation function shows the expected result of our ex-
periment to be the dashed line. Excitation thresholds
for higher singlet levels are marked by bars; the ex-
perimental data include cascades from these levels.
Theoretical results of Van Blerkom (+, Ref. 6) and of
Fabrikant (~, Ref. 9) are for direct 3~P excitation only.
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(2—5)% between 10 and 32 eV, and at ten energy
values between 37 and 1400 eV. Table I contains
all the data above 37 eV, and representative,
averaged values belom that. The original data be-
low 9 eV can be seen in Fig. 3. Because of the
smooth behavior of the high-energy Qr data shown
in Fig. l, we have represented our data as a con-
tinuous curve in subsequent plots.

B. The Mg'3 I'-3 S lines

Qur results for the ionic resonance doublet are
shown in Figs. 4 and 5. As explained in Sec. II and

Fig. 4, the results have been corrected for minor
spectral leakage of Mg lines. Contributions from
the Mg' 3 'D-3 'P lines, which overlap the res-
onance doublet, could not be removed and are
discussed in Sec. V.

The data were obtained at energy intervals of
about 1%%up between 12 and 32 eV, and at ten energy
values between 37 and 1400 eV (the latter ten be-
ing the same values listed in Table 1). To produce
our results shown in Fig. 5, we averaged the low-

CV
Oa I.2—

I I
I I I I I I I I

I
I I I I I

60

energy polarization data in groups, and plotted a
smooth curve through the Q~ data. The uncer-
tainty of the relative excitation function is about
+ 2% for energies below 32 eV and +3% above
32 eV, owing to the worsening statistical uncer-
tainties as the cross section diminished rapidly
with increasing energy. This uncertainty is ref-
flected by the scatter of the high-energy QrF-
data in Fig. 5. The energy scale was corrected
by reference to the Mg O'P threshold, not the
threshold for the ionic lines. Thus, the agree-
ment seen in Fig. 4 between the apparent threshold
and the known excitation energy of the Mg' 3'P
term is a check on the consistency of our energy
measurements. The uncertainty for energies be-
low 32 eV is +0.1 eV.

The measured ratio of the ionizing excitation
function at its maximum to the maximum value of
the 2852-A excitation function was 0.071, with
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FIG. 4. Normalized total cross section for ionizing
excitation of the Mg+ 3 P 3 2S resonance doublet
(2796, 2803 A) from the ground state of Mg. Spectral
leakages from nearby Mg lines contributed to the ap-
parent cross section as indicated: The leakage of the
2852-A line (short-dashed curve) and that of other Mg
lines near 2800 A (long-dashed curve, extrapolated
above 12 eV), was deduced from the raw data (dots) for
energies below the Mg+ 3 2P threshold (12.1 eV). Sub-
tracting these leakages from the smoothed data yields
the corrected cross section (solid curve with dashed ex-
trapolation to threshold). The resonance doublet was
unresolved and unseparated from the Mg+ 3 D 3 P
lines (2791, 2798 A), which therefore are included in
the corrected cross sections for energies above the
32Ei threshold (16.5 eV). Excitation thresholds of Mg
levels whose radiation could leak through the interfer-
ence filter are marked: 3 ~P (a), (3P2)3P'and 7 ~S (b),
&3P3d) D' (c). Thresholds of cascade-producing Mg+
levels are marked: 4 S (d), 3 D (e), 4 P (f).

IO 40 IOO 400 IOOO

ENERGY (eV)

FIG. 5. Normalized total cross section and polari-
zation for the Mg+ resonance doublet excited from the
Mg ground state. The present cross section (solid
curve) is compared with measurements by Aleksakhin
et ah. (dashed curve, Ref. 4) and by Karstensen and
Koster (curve of small dots, Ref. 5). We have ad-
justed the cross-section scales of Befs. 4 and. 5 to
agree with our data at 27eV. All the experimental
data include cascades; threshoMs for some cascade-
producing terms are indicated. The Mg+ 32D —32P
lines were not separated from the resonance lines in
the present work. The present results have been cor-
rected for spectral leakage of atomic Mg lines as in-
dicated in Fig. 4. The present cross section times
energy is plotted against the Qz E scale on the right;
only the measured points are given (large dots). The
present polarizations are given as dots; the error bars
represent 2a and are constant where omitted.
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+6% uncertainty, primarily from uncertainty of
the relative filter transmissions and optical de-
tection efficiencies.

IV. NORMALIZATION AND CASCADES

Our measured 2852-A excitation function has
been normalized to Born theory as shown in Fig. 1.
The high-energy form of the Born cross section
Qe for a dipole-allowed excitation is determined
mainly by the optical oscillator strength f of the
tr ansition"":

@BE-4+1705(f/h) log»E

where Qe is in units of ma', , A is constant, E is
the impact energy in eV, and 6 is the excitation
energy in eV. The Born cross section calculated
by Bobb' for Mg O'8-O'P excitation has the form
Qs(3 'P)E = —262.0+ 711.8 log»E for Z &100, im-
plying f = 1.814. Because this agrees with the
experimental value, taken to be f= 1.82 +0.05
from Refs. 10-12, we have used Robb's values
for Qe(3 'P) without alteration. Born cross sec-
tions for excitation of the 3 'D, 4 '8, 4 'P levels,
also calculated by Robb, ' have the behavior
qs(3'D)Z-74. 5, q, (4 'S)Z= 1.7, Qs(4 'P)E=
8.2+ 59.6 log, P for Z &100. We have computed
branching ratios for these levels to decay via the
3 'P level, taking transition probabilities from
Refs. 10 and 18. These branching ratios and the
resulting Born cross sections for cascade contri-
butions to the 2852-A line are given in Fig. 2. The
ratios of these cross sections to Qe (3 'P) at 1400
eV are: (3 'D) 3.8%, (4 S) 0.1%, (4 P) 0.8%.
Cascade contributions from higher levels have
been estimated by using the emission cross sec-
tions of Ref. 4 for spectral lines terminating on
the 3 'P level, which were measured for E +30.
If these cross sections, arising mainly from di-
pole-forbidden excitations, are extrapolated as
& ' above 30 eV, they indicate that the cross sec-
tion Q for populating the 3 'P level via cascade
transitions from (n &4)'S and (n &3)'D levels is
Q'Z =8. This Q is 0.4% of Qe(3 'P) at 1400 eV,
so that great accuracy of the extrapolation is not
required for the present purpose. Possible contri-
butions not included above, e.g. , from (n&4)'P
excitation followed by decay via 3 'D or 4 'S, are
expected to be less than 1% of the 3 'P cross sec-
tion and have been neglected.

The sum Q of the Born 3'P cross section plus
the estimated total cascade cross section has the
form QE = —177 + 716.7 log»E for E & 100 eV.
Our relative 2852-A excitation function is normal-
ized so that it approaches this form in the h gh-
energy limit. The shape of the measured excita-
tion function appears to have nearly converged to

the theoretical energy dependence at 1400 eV
(see Fig. I), so that the uncertainty of the normal-
ization due to the lack of experimental data above
1400 eV appears to be less than 1/o. The cascade
contributions are either small enough or known
well enough that the dominant uncertainty of Q at
1400 eV is that of the Born 3 'P cross section.
Considering the accuracy with which the optical
oscillator strength is known, we ascribe an un-

certainty of +3% to our normalized cross-section
C

scale for the 2852-A line. Our measurement of
the excitation function of the Mg' lines relative
to that of the Mg resonance line was uncertain to
+6% (Sec. III B); adding the uncertainties in quad-
rature yields +7%%uo as the uncertainty of the cross-
section scale for the Mg' lines.

V. DISCUSSION OF RESULTS

A. The Mg 3'P-3'S line

Our experimental energy scale has been cor-
rected by using the known excitation energy 6
(=4.345 eV) of the 3 'P level. This procedure de-
pends on identifying the position of the threshold
with respect to the data shown in Fig. 3(a). The
behavior of the excitation and polarization functions
for energies E&4.6 eV was obscured by the energy
spread of the electron beam, as shown in Fig. 3(a).
We have made various plausible hypotheses about

the threshold behavior of the cross section Qr,
convoluted these with the electron energy dist»-
bution, attempted to fit the cross-section data, and

concluded the following: If the theoretical thresh-
old law" fr ~(Z-r)) ' ' holds for 0.155 eV above
threshold, then Qr

——1.69(8) ma', at Z=4. 5 eV, and

the energy scale we have adopted has an uncertainty
of +0.02 eV. If one assumes only that the excita-
tion function has nonzero slope at threshold and no

upward curvature for E&4.5 eV, then our energy
scale is uncertain to +0.05 eV, in addition to the
uncertainties given for individual energy points in
Table I. The form Qr = [(E-b)/0. 155eV]'/'(1. 69 ma2o)

for b&E+4.5 eV yielded the most satisfactory fit
to the data.

In Fig. 2 the present results are compared with
earlier measurements by Aleksakhim et a~. and

by Karstensen and Koster. ' Both groups used
crossed-beam apparatus and spectrometers; the
electron-beam energy resolution was given as
1 eV full width at half-maximum (FWHM) in Ref.
5, somewhat better in Ref. 4. No corrections for
anisotropy were applied to the radiation intensities
observed at right angles to the electron beam, but
the Mg resonance radiation may have been largely
depolarized by radiation diffusion since the atom-
beam intensities were much larger than used for
the present work. (Reference 4 states that the ra-
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because this isotope constitutes only 10% of natu-
ral magnesium, and because the hyperfine struc-
ture of "Mg 3 'P, is thought to be much smaller
than the natural level width. (We concluded the
latter from hfs data for the resonance levels of
barium" and calcium' and a reasonable extrap-
olation" to the Mg atom. ) In this approximation,
which was also used in Refs. 8 and 9, the expected
threshold polarization is 100%%uo, consistent with the
present data as shown in Fig. 3(b). The expected
high-energy behavior is Q~~E-Ao+B,' log, oE and
Q„E-A', +B,' log„E, where the primed constants
exceed the foregoing unprimed ones because of
cascade contributions. In partucular, Bp is non-
zero because of (n &3) 'P (~z, =+ 1) excitations
followed by (multi-step) decay via the 3 'P(Jifz, = 0)
state. We have calculated the 4 'P contribution to
Bp', using oscillator strengths from Ref. 10 and
branching ratios, obtaining BJB',=0.5/p, contri-
butions from (n &4) 'P levels are expected to be
negligible. (Thus the infinite-energy polarization

0
limit of the 2852-A line in Born theory is about
—99'%%up. ) The limiting slopes of the Q~~E and Qg
curves shown in Fig. 1 indicate that B',/Bo & 20.
The experimental uncertainties and incomplete
convergence to the Born energy dependence below
1400 eV prevent a stronger inference from the
data.

In Fig. 6 we have compared the electron-impact
excitation functions of the sodium, ' calcium, '
lithium, ' and magnesium resonance lines that
have been measured in our laboratory. (The en-
ergy resolution in all cases was 0.25-0.35 eV
over the range shown. ) The dissimilarity of the
excitation functions in the threshold region has
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FIG. 6. Comparison of emission cross sections for
the resonance lines of Na (Ref. 1), Ca (Ref. 2), Li
(Ref. 3), and Mg (present work). For each case we have
plotted Qz 6 /f, where Q& is the normalized optical
excitation function (emission cross section), 6 the ex-
citation threshold energy, and f the resonance-line
optical oscillator strength that was used for the Born
normalization of Qz . Thus, apart from minor differ-
ences of the cascades, all the curves merge in the Born
regime (E&1006, not shown).

diation was assumed isotropic; Ref. 5 does not
mention the matter. ) The excitation function of
Ref. 4 has a very different shape, as well as mag-
nitude, from ours; its slower onset in the thresh-
old region cannot be explained merely by the lower
energy resolution. The relative excitation function
of Bef. 5 agrees with ours below 7 eV, but we did
not observe maxima at 8, 12, 16, and 21 eV as
listed in Ref. 5 nor the shoulder near 60 eV shown
in Bef. 4. The radiation of the Mg 5 'D-3 P
multiplet (2847, 2848, 2851.7 A) was unseparated
from the resonance line in the present experiment.
Karstensen and Koster did not separate the 2851.7-
0
A line from the resonance line, and suggested that
the former line might be responsible for the peak
they observed at 8 eV. ' Aleksakhin et al. mea-

0
sured the excitation function of the 2848-A line
and reported its peak value' to be 0.018ma'p at
8.6 eV; according to this, the cross section for
the whole multiplet would be insufficient to account
for the feature we observed at 9 eV.

Cascading into the 3 'P level begins above the
4 'S threshold (5.4 eV) and may cause the structure
discernible in the present data between 5.4 and
10 eV. According to Born calculations by Robb'
(discussed in Sec. IV), the dominant cascade con-
tributors are the 3 '8 and 4 'P .levels, whose ex-
citation functions are unmeasured at present.
Since considerable departures from the Born cross
sections may occur, reliable information about
the cascading at low energies is lacking. The
comparison in Fig. 3 of the present results for
2852-Aemission with theoretical results for 3 'P
excitation is therefore incomplete.

The sharp feature of the present data near 5 eV,
evident in Fig. 3, cannot be due to cascading but
may be related to opening of the 4 '8 scattering
channel at 5.1 eV,

Our polarization data are consistent with theo-
retical predictions for the threshold and high-
energy limits. " In the simple case of a'Sp Pj
excitation followed by 'P, -'S, decay with zero
nuclear spin, the cross sections Q~~, Q~ (defined
in Sec. II) for emission of the separate polariza-
tion components of the radiation are the same as
the cross sections Q(0), Q(+I) for excitation to
the M~=0,~~= +1 states of the 'P, level. As the
impact energy & approaches the excitation thresh-
old, Q(+1)/Q(0) -0, because angular momentum is
conserved, and P-100%. In the Born regime, the
dipole-forbidden Q(0) and dipole-allowed Q(+1) be-
have as Q(0)E-A, and Q(+1)E-A, +B, log„E Hence.
in Born theory Q(al)/Q(0) increases logarithmically
without limit as E -~, implying that P- -100% very
gradually. These simple predictions are modified
slightly for the present case. We make the approx-
imation of ignoring the nuclear spin (I = —,) of "Mg,
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important consequences for the corresponding
excitation rate coefficients if the atoms are ex-
cited by a thermal electron distributj. on having kT
less than the threshold energy, as in many stellar
atmospheres and plasmas.

B. The Mg'3 P-3 5 lines

The present excitation function is compared with
previous measurements in Fig. 5. In the previous
experiments, the doublet lines were resolved and
isolated, " and we have summed the corresponding
excitation functions. For the comparison in Fig. 5,
we adjusted the cross-section scales of Refs. 4 and
5 to agree with the present data at 27 eV. The ra-
tio of the peak value of the present ionizing excita-
tion function to that of the atomic resonance line
is seven times larger than reported in Ref. 4, but
four times smaller than in Ref. 5.

Karstensen and Koster also measured the exci-
tation functions of the Mg+ 3~D-3 'P lines, which
were unseparated from the ionic resonance lines

in the present work. Their measurements, at
four energies, were made relative to the ionic
resonance lines; these ratios may be more accu-
rate than their ratios involving the 2852-A line,
because the ionic lines do not suffer radiation en-
trapment. According to their results, the con-
tribution to the present excitation function due to
the unwanted 3 'D 3'P-lines is about 10% above
30 eV.

The present ionizing excitation function appears
to behave as E ' in the high-energy limit, as shown

by the QrZ plot in Fig. 5. Similar high-energy be-
havior has been reported for certain ionizing ex-
cjtatj.on functions pf argon.
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