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Population of the Three Major Exit Channels in the 3d Resonance Region of Atomic Gallium
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The exit channels in the region of the 34 —~ 4 p resonance of atomic gallium were de-
termined in a photoemission experiment. The population of the three major channels
involving 4p and 4s electrons was measured by the constant-ionic-state method for
twenty resonant states between 18.8 and 21.7 eV, and the angular distribution of the
emitted electrons was obtained. As a result, an autoionization case in which many
resonances and many continua are coupled has been characterized in the most compre-

hensive experiment to date.

PACS numbers: 32.80.Dz, 32.80.Fb

We report here on the comprehensive charac-
terization of a complex resonance, the 3d — 4p
resonance of atomic gallium, by identification of
the exit channels and determination of their popu-
lation and angular distribution parameter. Thus
our work will provide important criteria to be
met by theoretical calculations yet to be made for
this autoionization case of many resonances
coupled to many continuum exit channels. In addi-
tion, since the exit channels involve outer elec-
trons, 4s and 4p, the study of atomic gallium will
aid in the interpretation of resonance effects in
chemical and solid-state systems, where for ex-
ample the resonance in GaAs had previously been
associated with bulk or surface core excitons.

In this experiment, electron spectrometry was
combined with synchrotron radiation to study the
exit channels continuously in the region of the nu-
merous 34 - 4p resonance states recently seen by
Connerade® in photoabsorption. Except for a
study® of the simpler cases of Kr and Xe, other
related work, for example, on Ba* and Mn,’ was
limited in scope. A He1 spectrum of Ga was re-
ported by Dyke et al.®

We used our previously described apparatus’
at the Wisconsin Synchrotron Radiation Source.
Gallium was evaporated from a Ta oven at 1100 K
and a background pressure around 5%10™ ¢ Pa.

A Seya monochromator with a 1440-lines/mm Os-
coated grating provided a photon beam with a po-
larization of »~ 0.96 and a bandpass of 1.6 A as
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measured in an auxiliary photoelectron spectrome-
try for the analysis of x rays® experiment. Pho-
toelectron spectra (PES) were recorded at the
angles 0°, 55°, and 90° for several photon ener-
gies. A typical PES result is presented in Fig. 1,
showing the relative intensities of the three exit
channels associated with the resonance state at
20.33 eV. In the dipole approximation, these in-
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FIG. 1. Photoelectron spectrum of atomic gallium as
recorded. Bandpass 1.6 A, AE/E =0.010, ¢ =55°,
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tensities, I;, are related to the partial widths or
cross sections, I';, of the channel 7 by®

[ Ti[1 +18,(1 +3p cos29)], (1)

where p is the polarization of the photon beam
and ¢ the observation angle relative to p,. We
note that the relation (1) becomes independent of
the angular distribution parameter 8 for a given
pair of p and ¢ values. In this experiment, p
=0.96 and ¢ =55°.

The relative partial width of each of the chan-
nels, 4p 'S, 4s°P, and 4s'P,° was measured by
setting one analyzer to ¢=55° and synchronously
advancing the photon energy and the electron ac-
celeration energy in equal steps, but opposite
directions, to pass, at any photon energy, the
electron of a given channel through the analyzer.
This lock-in procedure, which we call the con-
stant-ionic-state (CIS) method, was an essential
feature of the experiment. It appears that this is
the first use of the CIS method in the study of
free atoms, although it has been used in one
molecular'® any many solid-state studies.!'’!?
According to Eq. (1), the parameter 8; can be
determined from measurements at two angles ¢.
Again as for I';, the CIS method was employed,
this time using two analyzers simultaneously, one
in the 0° and the other in the 90° position. All
CIS data were stored in a multiplexed multichan-
nel analyzer, while system control and data anal-
ysis were done by computer.

In Fig.2, the CIS-I"and CIS-8 spectra are shown
for the 4p S channel over the full extent of the 34
—~4p resonance. Each spectrum, composed of 160
25-meV steps, required 1 h recording time.
Spectra were corrected for background, 1 to 2
counts compared with about 1000 counts at 20.33
eV (peak 14). The CIS-I" spectra were normal-
ized to the photon flux and the grating efficiency
which was obtained from CIS-I" spectra of Xe
5p,,, and Ar 3p reference levels.? The labeling of
Fig. 2 corresponds to that of Ref. 2. The CIS-T’
spectra for the 4s °P and 45 'P channels are incor-
porated in a summary figure, Fig. 3, in which
the relative partial widths are normalized at
hv =20.33 eV (peak 14) to the relative intensities
obtained from the PES spectrum of Fig. 1. The
top spectrum in Fig. 3 represents the sum of the
individual spectra.

This sum spectrum bears great resemblance to
the absorption spectrum.? This is not surprising
since radiative widths should be negligible and
widths of two-electron channels were found to be
small in extended-range PES spectra, namely
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FIG. 2. (a) B parameter and (b) relative cross section

or width for the Z5 1S, ¢l exit channel, measured con-
tinuously in the CIS mode of operation across the reso-
nance with use of a photon bandpass of about 45 meV.
Labels are those of Ref. 2.

about 5% of the total at zv =20.33 eV. Hence the
number of important exit channels is three'® in
terms of the 2°"1L €l notation, and the resonance
processes are well described by the scheme of
Fig. 4. The 4p and 4s electrons are ejected by
direct photoionization and by resonance ioniza-
tion. At resonance energies strong enhancement
occurs amounting to 100 times the interpolated
“background”’ cross section at #v=20.33 eV. As
seen from Fig. 3 and from Table I, which dis-
plays the numerical results of a graphic peak fit-
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FIG. 3. Partial widths of exit channels and total
width of 34 ~4p resonance of Ga. Estimated errors
are 5% for normalization of the CIS-T" spectra with the
aid of the PES spectrum of Fig. 1, and 15% for skewing
from end to end of each spectrum.

ting of the CIS-I" spectra, all three channels are
usually populated. While the 3d°4s%(4p3'D)%S, 2P,
2D states couple with all channels showing a
slight preference for 4s3P,€l, the 3d°4s%(4p?3P)%D
and, to some extent, the 3d°4s%(4p%3P)?P states
couple strongly with ZS%P,€l, and the 3d%°4s?(4p>-
1S)2D states couple strongly with 4p'S,€l. This
suggests that the coupling between the 45 mani-
fold and the final ionic state of the same sym-
metry is more important than the coupling to the
3d hole and the continuum electron.

Interference between direct and resonance tran-
sitions manifests itself in the “classical”’ Fano-
Beutler profiles™ of peaks 16 to 19; see Fig. 2(b).
However, “normal”’ peak shapes without pro-
nounced tails and dips are best suited to describe
the remaining structure. The absence of interfer-
ence shapes can be attributed to an overwhelming
strength of the resonance channel and/or the
coupling of many closely spaced strong resc-
nances with common continua, which according
to the autoionization theory by Mies'® will lead to
such normal peaks.

When resonances occur the variation of the 8
parameter is an important corollary to the change
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FIG. 4. Schematic representation of the photoioniza-
tion processes in the 3d — 4p resonance region of gal-
lium.

in I'. As Fig. 2 shows, enhancement of I' at a
resonance state is accompanied by a dip in the 8
value. The dip is most pronounced for the 4p23P
resonance states and relatively shallow for
4p%1S, Although we have no CIS-8 spectra for the
other two exit channels, PES data obtained at fif-
teen photon energies indicate a similar behavior
with a tendency toward generally lower 3 values.

At the temperature of 1100 K used in this ex-
periment the population of the %P, state of galli-
um is 0.41, while at 7' 1700 K used in the ab-
sorption experiment® the population is 0.50. As a
consequence, the resonance states originating
from the thermally occupied ground state *P,,,
are more intense in the spectrum of Ref. 3 than
in our spectrum (Fig. 3). This thermal effect,
which is especially noticeable for the peaks 1,
13, and 15, confirms the assignments of many
states.

In summary, this study yielded the highly dif-
ferentiated data needed for the description of a
complex autoionization resonance. These data
can provide a sensitive test for theoretical cal-
culations and should be useful for interpreting
resonance effects in gallium compounds and
solids.

We are grateful to J. W. Taylor for the use of
the Os grating, to J. A. Weaver for lending his
computer, and to the Synchrotron Radiation Cen-
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TABLE I. Population of (i) resonance states (column
3) and (ii) exit channels (columns 4 to 6) by photoioni-
zation of gallium between 18.8 and 21.7 eV. Each pop-

ulation is normalized to 100%.

Peak

Resonance

No. (a)  state(d) surP) 7p's W Ts'p
1 *3p)2p 0.2 20 80 --
2 3r% 0.5 10 0 -
3 *Coyb 2.3 12 81 7
3A (c) 1.8 4 68 28
4 *Cpdp 4.0 12 77 1

*
° (zp)zp} 4.6 14 64 22
6 (°P)°P
; *(?P)EP } 9.1 18 57 25
('p)%s
8A --- 7.3 32 62 6
9 ('0)2s 6.3 <5 8 >y
10 (o’ 7.5 16 51 33
1 ('p)%p 21 12 68 20
12 (o’ 3.7 37 44 19
13 *(p? 7.8 33 39 28
14 ('p)%p 20.2 o5(d)  39(d)  45(d)
15 *Io% 137 18 27 55
16 (1p)2p 5.7 37 27 36
17 920 1.3 69 15 16
18 *(15)% 0.3 75 25 -
19 ('s)%p 1.6 62 7 31

A1l Peaks 100.0  23(8) a0.5(¢) 36.5(e)

+1 +1.5 +1.5

aNotations of Ref. 3; asterisk indicates transitions
from thermal 2P, ,, ground state. Our energy values
agree with those of Ref. 2 within 20 meV.

> From the analysis of top spectrum of Fig. 3.

CStructure from 19.1 to 19.3 eV.

dReference values from PES spectra at 20.33 eV.

®Integrated from the respective CIS spectra before
partitioning.
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