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Photoelectron studies of the 4f and 6s subshells in atomic ytterbium
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The dynamic properties of the 4f subshell in atomic ytterbium were studied experimentally with

the aid of synchrotron radiation and theoretically in the relativistic random-phase approximation
(RRPA). Satisfactory agreement between experiment and theory was obtained for the P parameter,
the R (4f7q2/4fqqq) branching ratio and the relative partial cross sections between 17.5 and 100 eV.
This indicates that 4f photoionization is described well in the RRPA model. The properties of the
6s subshell were measured between 17.S and 50 eV. In the resonance region 5p ~5d the population
of the three main exit channels 6s, 4f7', and 4fq~2 were recorded in detail between 24 and 31 eV us-

ing the constant-ionic-state technique. For the approximately 15 resonance states similar popula-
tions of all channels were found. The Sp resonance structure was also calculated using a limited
number of interacting channels in the multichannel quantum-defect theory.

I. INTRODUCTION

Ytterbium offers a good opportunity to study the pho-
toionization dynamics of 4f electrons because due to its
closed-shell structure both the experimental and the
theoretical procedure can be handled conveniently. Com-
parison between theory and experiment has shown' 4 that
the random-phase approximation makes realistic predic-
tions for s, p, and d electrons in closed-shell atoms in
both its nonrelativistic form for light and medium atoms, '

or in its relativistic generalization (RRPA) unless the
two-electron processes that give rise to photoelectron sa-
tellite lines play a major role. ' Predictions for the f elec-
trons have not been widely tested so far, and a comparison
of theory and experiment for the 4f electrons of Yb is a
major goal of this paper. In the only previous experimen-
tal studys of the 4f subshell, the data on the angular dis-
tribution parameter P of the 4f electrons in atomic Hg
were seen to agree well with the RRPA predictions,
whereas the measured photoionization cross section tref
increased less sharply with energy than predicted by
theory. However, the Hg 4f cross sections at the higher
energies were based on an extrapolated sodium salicylate
response and are subject to a correction which would im-
prove the agreement with theory.

Earlier work on ytterbium has concentrated on the
two-electron transitions that occur in the region of the
5p —+5d resonance. Tracy measured the photoabsorption
spectrum of the Sp subshell in ytterbium vapor between
11 and 41 eV and observed strongly autoionizing Rydberg
series. Rosenberg et a/. ' reported electron spectra arising
from electron-impact excitation of the Sp electrons, and
Holland et al. " determined the ionic intensity ratio
I(Yb +)/I(Yb+) between 20 and 35 eV. The data were
interpreted in terms of autoionization and Auger decay
processes. Finally, Lee et a/. ' reported photoelectron
spectra of ytterbium at the energies of the Nel and Hel

resonance lines in the first electron emission experiment
on the atomic vapor.

In this paper, a study of the 4f subshell of atomic Yb
was made over a wide energy range. For the experiment,
synchrotron radiation was used to determine the impor-
tant dynamic properties, cr and P, for the spin-orbit com-
ponents 4f7&z and 4f&&2 between 17.5 and 100 eV. For
the theoretical predictions, the RRPA model was used to
calculate tr and P from threshold to 95 eV by including
the eight major channels.

In addition to the 4f subshell, the 6s subshell was stud-
ied between 17.5 and 50 eV. Measurements were made of
both the relative cross section and the P parameter.

The excitation of a 5p electron into the empty nd
( n =5,6,7, . . . ) and ns ( n =7, 8,9, . . . ) subshells gives
rise to series of autoionization resonances, which can be
observed in the available continuum channels, namely,
6s~el, 4f7&2~el, and 4fs&2~61. We have measured the
partial strength of these exit channels through the region
that contains mainly the 5p~5d resonances and deter-
mined the P parameter for the two 4f channels. In doing
so, we characterized the resonance structure in greater de-
tail than is possible in a photoabsorption study. The
RRPA model was also applied to the 5p~nd autoioniza-
tion resonances, and we report the variation in the total
cross section in the region from 32 to 37 eV. We note,
however, at this point that a detailed comparison of
theory and experiment in the resonance region will require
extension of the present theoretical and experimental
work.

II. EXPERIMENTAL

The ESSR (electron spectrometry using synchrotron ra-
diation) measurements were performed at the Tantalus
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storage ring in Wisconsin with a spectrometer system that
has been described previously. ' ' Two electrostatic en-

ergy analyzers, maunted on a rotatable platform perpen-
dicular to the photon beam, are used to record photoelec-
tron spectra in suitably chosen directions. The photoelec-
tron intensity distribution from a level i at photon ener-

gies where the dipole approximation is valid is given by

I;(P) ~ „= 1+ [I+3p cos(2$)]

where P is the angle between the polarization vector af the
radiation and the momentum vector of the ejected pho-
toelectron; p is the polarization af the photons and P the
angular distribution asymmetry parameter. For a given
polarization p, a so-called magic angle P=P can be
chosen according to Eq. (1) such that I; ~ a;. To measure
the relative partial cross sections we set one of the electro-
static analyzers to P . To measure the angular distribu-
tion parameter P, the two analyzers are set to Pi ——0'(90')
and pit ——90'(180') along the directions of the major and
minor axes of the polarizatian ellipse. The P parameter is
then obtained from the relation

4(R —1)
(2)

3p(R +1)—(R —1)

where R =I(0')/I(90') ar R =I(180')/I(90'), and
I(P) is the electron intensity at the angles indicated.

Ta determine the relative partial cross sections correctly
it is necessary to know the direction of the electric vectar
component along the major axis E~~ in the source volume,
since the optical setup of the beamline in conjunction with
our experimental setup can tilt E~~ out of the plane with
regard to the plane of the electron beam path in the
storage ring. We measured the tilt angle by recording the
intensity in both analyzers and varying the angle in small
steps from —90' to 270' using a calibration photoline
such as Xe 5p3/Q (h v) or Ar 3p (hv). The tilt angle was
about —10' for the toroidal monochromator (TGM) used
during one period and close to 0' for the Seya monochro-
mator used during another period.

The intensities I(P) that enter the ratio R of Eq. (2) are
affected by the size of the electron source volume seen at
different angles P and the response of the analyzers. The
correction factors that needed to be applied to the ob-
served intensity ratio R ' were determined by recording the
intensities of electrons which are isotropically emitted.
Such electrons originate from subshells which at a given
photon energy have a P parameter that equals zero. The
degree of polarization was obtained from I(0') and
I(90') of He 1s photolines for which P=2, independent
of energy. The known P values for the outer subshells of
the rare gases at h v=21.2 and 40.8 eV served as an addi-
tional 'reference allowing one to determine both the degree
of polarization and the correction factors for the observed
ratio.

Generally, the P parameter was obtained from Eq. (2)
by determining R from the intensities measured simul-
taneously in two orthogonal directions with two analyzers
or from the intensities measured sequentially at 0' and

90 with one analyzer. In the first case variations in pho-
ton fiux and vapor pressure are eliminated, and in the
second case differences in the response of the two
analyzers are eliminated. As indicated above, the partial
cross sections o were obtained from data taken at the an-
gle P . However, the data obtained at /=0' were also
used, in conjunction with the corresponding p values, to
de1l.ve 0' values.

In the resonance region, data were obtained in the
constant-ionic-state (CIS) mode of operation. The CIS
mode previously applied to the resonances in Ga (Ref. 13)
allows the rapid scanning of the resonance structure in
fine steps by locking in on a photoline, which corresponds
to a selected ionic state, while advancing the monochro-
mator settings and, hence, the phaton energy. Both o and
P were recorded in the CIS mode.

The bandpass of the TGM was 5 A for one grating cov-
ering 17 & hv& 50 eV and 2 A for another grating cover-
ing 45 & h v & 100 eV. The polarization varied from 94%
at low energy to about 80% at 100 eV. The bandpass for
the Seya monochromator was 1.6 A and the polarization
was 96% over its range up to 36 eV.

The tantalum oven~'3"" that was used to evaporate yt-
terbium af 99.99% purity was heated resistively to ap-
proximately 500'C. This temperature corresponds to
about 10 Torr vapor pressure in the oven and produced
a vapor density of about 10 Torr inside the source cell.
During the experiment the residual gas pressure in the
chamber was kept in the 10 s Torr range by the use of a
turbomolecular pump and a cryopump.

III. RESULTS AND DISCUSSION

A. The photoelectron spectrum

In Fig. 1 the photoelectron spectrum (PES) of atomic
Yb recorded at the magic angle (P~ =55.15') is shown
displaying the relative intensities of the photolines corre-
sponding to the final states 4f ' 6s Si/i, 4f ' 6s F7/i and
4f ' 6s Fs/2 in Yb+. The PES spectrum in Fig. 1 also ex-
hibits satellite structure from 9.1 to 10.7 eV and around
12 eV. These satellites are due mainly to the excitation of
a 4f7/i or 4f5/i electron into the empty 5d subshell and
the simultaneous ionization of a 6s electron. All possible
transitions that give rise to a singly ionized state and sa-
tellite lines' are listed in Table I and identified according
to spectroscopic tables. ' Many of the transitions
4f7/i~5d, 6s~el give rise to satellite lines that are par-
tially hidden under the 4f5/i photopeak; however, we esti-
mate their contribution to the 4fs/z photopeak to be less
than 10%. Because the intensities of the satellites at
10.17 eU are low, the effects on o4f, and p4f should be
small. The same statement should apply to the 6s~nl
and 6s-+ep satellites which merge with the 4f7/2 line.
Extended PES spectra were recorded at two different pho-
ton energies. At hv=25 eV, additional satellite structure
was observed around 14 eV binding energy. These satel-
lites which have about half the intensity of the satellites
near 12 eV presumably occur also at other excitation ener-
gies. At he=33.3 eV, strong, sharp peaks appear at low
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FIG. 1. Photoelectron spectrum of atomic ytterbium as

recorded at the magic angle &I) =55.15' and a photon energy of
27.63 eV. The observed lines and the hidden satellite structure

are listed in Table I.

TABLE I. Ionic states of Yb associated with observed
single-electron photolines and satelhte lines up to 11 eV binding
energy. See Fig. 1 for comparison.

Line Ionic state'

4f 6$ Si/2

4f136 22F

4f136$2 2F

4f Sd D3/2

4f Sd Ds/2

4f '46p 2F„,
4f' 6p P3/2

f"('F7/2 )5d 6s 'D

f ( F7/2)Sd6$ D

f ( F5/2)Sd 6$ D

f ( F3/2)5d 6$ D

Eg (eV)'

6.25

8.91
10.17

9.10

9.27

9.61

10.02

9.57

to 10.70
9.57

to 10.70
9.57

to 10.70
9.57

to 10.70

Remarks

6s line

4f7/2 line

4f3/2 line

6s satellites

under 4fz/2 line

weak 6s satellites

4f7/2 satellites

under 4f5/2 line

4f7/2 satellites in

tail of 4f3/2 line

4f3/2 satellites

4f3/2 satellites

'According to Ref. 15. Satellite lines occurring around 12 eV
are also identified in Ref. 15.

kinetic energies. We interpret these peaks as Auger lines,
since the excitation energy exceeds the 5p3/2 ionization
limit. The likehhood of the occurrence of Auger-type
transitions has been noted before. 9'0

The five channels obtained from dipole excitations of the
5p subshell were neglected, because some of our prelimi-
nary results gave evidence that the intrashell correlations,
i.e., the correlations within the 4f shell, are dominant
[there are far more electrons in the 4f shell (14), than in
the Sp shell (6)], and since their inclusion will unnecessari-
ly increase the required computer time. The main conse-
quence of the omission of these channels resulted in a
somewhat increased discrepancy between the length and
velocity forms of the cross section. However, although
the 6s is a very small shell, the channels from its excita-
tions were included because the photoionization in the re-
gion close to the threshold is nearly always rather sensi-
tive to inclusion of various types of correlations.

C. Experimental data for the 4f subshell
and comparison with theory

Outside the resonance region the properties of the 4f
electrons have been investigated with photons ranging
from 17.5 to 100 eV. The partial photoionization cross
section o4f and the angular distribution parameter p4f are
plotted in Fig. 2 together with the theoretical results. The
data are summarized numerically in Table II. Except for
the highest energies, the 4f spin-orbit components could
be separated. The resulting o component values are given
in Table II by way of the branching ratio, which is also
shown in Fig. 3, and the p component values are seen in
Fig. 2 and Table II.

Above 45 eV, the agreement between the RRPA results
and the experimental data for p is seen to be very good.
Experimentally, the p7/2 values are slightly higher than
the p5/2 values while theory predicts the same values.
However, this small difference may be due to satellite
lines of different kinds underlying the 4f lines. The p
values below 22 eV show a similar trend as theory, but
differ in magnitude. The discrepancy could be due to an
inaccuracy of theory near threshold —including a shift in
the threshold energies —and to a projection of the influ-
ence of the 5p resonance toward lower energies. In Hg,
where no resonances occur above the 4f threshold, good
accord between experiment and the RRPA calculation
was previously found.

Satisfactory agreement between theory and experiment
exists also for the o values above about 45 eV. However,
this agreement applies only to the energy dependence of
the cross section since in the absence of an absolute mea-
surement of the total photoabsorption cross section for yt-
terbium vapor, the experimental data needed to be nor-
rnalized to theory at one point, namely o.qf

——3.25 Mb at
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TABLE II. Photoionization cross section for the 4f subshell of ytterbium, the 4f branching ratio,
and the P parameters for the 4f7/2 and 4f5/2 components in the photon energy range 17.5+hv& 100
eV:

hv {eV)

17.5
20.0
22.5
25.0
40.0
42.5
45
50
55
60
65
70
75
80
85
90

100

o(4f) (Mb)'

2.6(5)
1.6(3)
2.8(3)
1.5{3)
3.3(3)
3.1(4)
4.2(4)
4.9(4)
4.7(6)
4.8(6)
5.3(5)
5.0(7)
4.6(8)
5.6(8)
5.0(9)
6.1(9)
4.5(1.1)

~ (4f7/2/4f 5/2)

1.9(5)
1.6(3)
2.2(3 }
1.65(30)
1.44(10)
1.55(17)
1 48(10)
1.41(48)
1.37{15)
1.35(12)
1.44(10)
1.34(15)
1.26(23)
1.20(15)

P(4f7/2)

0.44(30)
0.42(26)
1.05(9)

—0.5(2}
0.38{7)

0.59(8)
0.60(7)
0.62(13)
0.56(8)
0.60(9)
0.44(10)

0.32(10)

P(4f)

0.50(12)

0.49(13)
0.31(11)

P(4fs/2)

0.44{30)
0.35(45 }
0.94(8)

—0.0(2)
0.37(8)

0.58(9)
0.58(7)
0.40(14)
0.50(8)
0.41(12)
0.40(12)

0.26(14)

'The value at h v=40 eV is chosen to coincide with the theoretical value of 3.25 Mb.
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h v=40 eV. This point was chosen somewhat arbitrarily,
but it is in a regime where the theoretical length and velo-
city results coincide and lies outside any resonance region.
The experimental data tend to be lower than theory to-
ward the higher energies, indicating a slight overestimate
by theory of the centrifugal barrier acting on the f~eg
channel. Near threshold, experiment and theory agree
only qualitatively, as was noted for P.

The branching ratio 4f7/gl4f, /, plotted in Fig. 3
shows the same trend for theory and experiment. Howev-
er, the experimental data lie below the theoretical curve
above 40 eV and approach the statistical value of 1.33 at a
lower photon energy than does theory. As seen from Fig.
1 and discussed in Sec. III A, satellite lines overlap with
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FIG. 2. Photoelectron angular distribution parameter P
(upper panel) for the 4f electrons of Yb. Experimental data are
compared with the theoretical RRPA results. Partial photoioni-
zation cross section o of 4f electrons is compared in the lower
panel with the theoretical velocity (RRPA-V) and length
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the 4f photolines. Although the satellite contributions are
small, the branching ratio of the 4f lines is very sensitive
to even slightly unequal contributions. For example, if
the 4f7/z, 6s~Sd, el satellites under the 4f5/2 line were at
least as intense as the 6s,6s~nd, el satellites under the
4f7/2 line, a lower branching ratio would result.

D. The 6s subshe11

The 6s subshell could be studied only up to 50 eV be-
cause of its low cross section. Thus few values were ob-
tained outside the 5p resonance. The data are listed in
Table III. The 0 values decrease slowly as a function of
hv. The P values are high only at the lowest photon ener-

gy used, close to 2 at hv=17.5 eV, but are surprisingly
Iow at the higher energies. Unless a Cooper minimum
occurs near 50 eV, this behavior is at variance with previ-
ously observed trends that indicate high P values for s
electrons of heavier closed-shell elements at the higher
photon energies. '7

E. Theory of the 5p resonances

We also studied the 5p autoionization resonances in the
4f photoionization, within the framework of the RRPA.
For this purpose we applied the multichannel quantum-
defect theory' (MQDT) in its relativistic formulation, '

and used the RRPA to supply the eigenchannel dynamical
parameters for the MQDT analysis.

To study the resonances mentioned one needs to include
in the calculations the channels from excitations of both
the Sp and 4f shells. There are a total of 11 such chan-
nels. Since the 5p~ns lines are not observed, we restrict-
ed our calculations to include only channels leading to
Spend resonances, as well as the strong jr+I and
I~1+ 1 open (4f) channels, and neglected the other weak
ones. Thus, we took into account only five channels in
our RRPA calculations, namely,

4f7n~g9n ~

4f5/2~g7/2 ~

TABLE IH. Photoionization cross section and P parameter
for the 6s subshell of Yb. The 0(6s) values are normalized to
o'(4f) =3.25 Mb at h v=40 eV.

hv (eV)

17.5
20.0
22.5
25.0'
40
45
50

o'{6s) (Mb)

0.3(1)
0.4(1)
1.0(2}
0.13(3)
0.17(4)
0.13(3)

P(6s)

1.4(3)
1.7(3)
1.4(1}
1.6(2)
0.8(6)
0.6(6)

'%'ithin the 5p resonance region.

Sp3/2~ds/2~d3/2 ~

Sp 1 /2 ~d 3/2

Although the RRPA uses theoretical Dirac-Fock values
of thresholds, the MQDT analysis is performed by align-
ing the RRPA results with the experimental values of the
Sp thresholds. The results of our RRPA-MQDT calcula-
tions for the 5p3/2~nd autoionizing resonances in the en-

ergy region below the lower 5p threshold [E(Sp3/z)
=31.35 eV] are presented in Table IV. Our RRPA-
MQDT results for the Spi/z +nd au—toioinizing reso-
nances which are contained completely above the 5p3/2
threshold and converge to the upper (Spi/z) threshold at
37.52 eV are presented in Fig. 4. In the last column of
Table IV the predicted values of the product (n') f are
given, where n' is the effective quantum number of the
line according to the Rydberg formula e=E —I/2(n')
(a.u. ) and f=a~(Mb)he(a. u. )j4.03 is the predicted oscil-
lator strength of the line. If the lines converging to the
ionization limit or threshold [e.g., E(5p3/2)=31.35 eV]
and having the energy e are of hydrogenic nature, the
product (n') f is constant for all members of the series,
which is usually fulfilled for higher-series members.

Energies and widths of the resonances are compared
with the experimental observation by Tracy in Tables IV

TABLE IV. Positions, half-height widths, and peak values of the Sp3/2~nd autoionizing lines in the
cross section of Yb predicted by the RRPA-MQDT (with five channels considered), and compared with
the experimental observations (Ref. 9). Numbers in parentheses indicate powers of 10; e.g.,
2.2(4) =2.2 &( 10 .

I.abel
(somewhat
arbitrary)

Energy (eV)
Theory Expt. Theory Expt.

O'peat

(Mb)
Theory

%idtb {eV)
Theory Expt. (n')'f

Sp3/2 —+Sd3/2
5p 3/2 +6d 3/2

5p3/2 ~7d3/2

5p3/2~8d3/2

27.72
29.85
30.51
30.81

27.63
29.99
30.56
30.84

1.94
3.01
4.03
S.04

1.913
3.16
4.15
5.14

2.2(4)
2.1(3)
1.6(3)
1.4(3)

3( —5)
3.5( —5)
1.5( —5)
8.4( —6)

0.28
0.09
0.06
0.04

0.04
0.02
0.01
0.01

5P3/2 ~Sd5/2

Sp3/2 ~ d5/2

Sp3/2 ~7d5/2
5p3/2~8d5/2

28.61
30.07
30.60
30.86

28.23
30.21
30.67
30.90

2.22
3.26
4.26
5.27

2.088
3.463
4.46
5.49

7.8(3)
4.7(3)
4.0(3)
3.6(3)

5.4( —3)
2.4( —3)
1.2( —3}
6( —3)

0.24
0.08
0.05
0.04

4.0
3.3
3.2
2.9
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FIG. 4. Autoionizing Sp]/2~nd resonance profiles in the to-
tal cross section of Yb between the 5p3/2 and 5p]/2 thresholds,
as calculated in the RRPA-MQDT model.

and V. There is reasonable agreement between the
theoretically predicted positions of the resonance peaks,
but the theoretical values of the profile widths are consid-
erably smaller than the experimental values. The possible
reasons for the discrepancy in linewidths could be either
one or more of the following: the finite spectral resolu-
tion of experimental measurements, the omission of
"weak" channels in our theoretical treatment, and the
complete neglect of the double-electron excitations and sa-
tellites, such as the 5p 4f'"5d nl (I =d, s) states, which
are very evident in the spectrum of Yh. However, the
RRPA cannot treat doubly excited states, and one would
expect that by inclusion of these states in a theoretical
treatment one would obtain better agreement with the ex-
periment.

In the present calculation only the total oscillator
strength was obtained; a breakdown of this total strength
into the partial strengths that are reported in the next sec-
tion would require an additional effort which would not
be justified until the limitations pointed out above would
have been removed.

Label

(somewhat

arbitrary)

Energy (eV)

Theory Expt.

Width (eV}

Expt.Theory

5P ]/2 ~5d 3/2

5P ]/2 ~6d 3/2

5p]/2 ~7d3/2
5P ]/2 ~8d3/2

34.47

36.15

36.73

37.00

33.29

36.14

36.73

37.02

0.36

0.09

0.02
0.16

& 0.1

TABLE V. Positions of peaks and widths (full width at half
maximum) of Sp]/2~nd autoionizing resonance profiles in the
cross section of Yb predicted by the RRPA + MQDT (with five
channels considered) (see also Fig. 4),and comparison with the
experimental observations (Ref. 9).
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FIG. 5. Population of the three major exit channels in the
5p~5d resonance region from 24 to 31 eV and the sum of the
individual contributions. The spectra were obtained in the CIS
mode and are displayed in the proper proportions to one anoth-
er. The peak identification is taken from Tracy's photoabsorp-
tion spectrum (Ref. 9) which is similar to the sum spectrum of
this work. Peaks are generally broader than given by the mono-
chromator bandpass of about 100 meV.

24

The resonance extends over the range from 24 to 37.5
eV; however, we restricted our measurements to the lower
region, 24—31 eV. In Fig. 5 the relative partial strengths
of the continuum channels 6s Si&2,e1, 4f' 6s F7/2 'El,

and 4f ' 6s Fz&2, el are displayed together with the sum
of these three individual spectra. The spectra were mea-
sured in the CIS mode with one of the electron analyzers
set at the magic angle. In the CIS mode, data collection is
computerized. Settings of the monochromator and elec-
tron analyzers were changed in 37.5-meV steps and collec-
tion time per data point was typically 35 s. A background
of 3 counts per point was subtracted in each spectrum.
Normalization to the photon flux and grating efficiency
was done for each CIS spectrum. The labeling of Fig. 5
corresponds to the one given by Tracy. The analysis of
the spectra shown in Fig. 5 is summarized in Table VI
and it can be seen that all three exit channels are popu-
lated for every resonance state. We note, however, a pre-
ferred and surprisingly high population of the 6s Si&i
channel for the resonance states occurring at low energies
and a small population for the higher-energy resonances.
Correspondingly, the 4f ' 6s F channels show the reverse
trend. Interestingly, the two major resonances, essentially
peaks 7 and 11, populate the F7/2 channel much stronger
than the F5/2 channel, namely, in the ratios 2.6 and 1.6
while the statistical ratio would be 1.33. The rather uni-
form population of the exit channels regardless of the res-



1030 SVENSSON, KRAUSE, CARLSON, RAIMJEVIC, AND JOHNSON 33

TABLE VI. Population of the resonance states (column 3) and the three major exit channels
(columns 4—6) in atomic Yb as investigated by photoionization between 24 and 31 eV. Each population
is normalized to 100%.

Peak

No.'
Resonance

state' Sum 6s S)y2 4f136$2 2F 4f 136 22F

8

9

10

12

13

14

15

5p S(2p )b

5p 5(2p )b

5p 5(2p )b

5p 5(2p )b

5p 5(2p )b

5P '('P3n)b
Sp'( Pp/i)6s Sd[ i ]i'

5p'('p„, )'

5p (2p )b

5p'('p„, )'

Sp(' P3 /)i6sSd [ —,
' ]i'

5p ( P3/2)(6s5cf 2D)J=1

Sp ( P )(6s5d D)J=1

Sp5(~Pi/i)6s~6d[ ~ ]i
\

Sp'('P~n)6s'6d [ i ]i

1.2

2.5

53.5

36.3

1.6

1.7

3.2

45.0

43.4

31.3

38.9

12.6

25.2

35.7

39.4

49.8

37.9

44.6

49.9

48,3

19.4

17.1

18.9

23.3

44.3

37.5

26.5

All peaks 29.6
+1.5

43.7
k2

26.7
k2

Notations according to Tracy (Ref. 9). Our energy intervals agree with those of Tracy within 15 meV.
Unidentified weak lines assigned to low-lying Yb t; only the core of the configuration

Sp'('Pi/i 3/i)4f' Sd (nd+(n+1)s lJ =1 is given (see Ref. 9).
'States labeled in jj' notation.

onance state is in contrast to the observation in the
3d~4p resonance in Ga (Ref. 13) where strong prefer-
ences according to the I.S state of 4p manifold were not-
ed. This uniformity can be attributed to the fact that (a)
intermediate coupling prevails in Yb imposing less restric-
tions on the decay paths and (b) the many two-electron ex-
citations of the outer 6s electrons lead to a redistribution
of the transition strengths.

The sum spectrum of Fig. 5 does not correspond exact-
ly to the photoabsorption spectrum because the satelhte
exit channels described in Sec. IIIA mere not included.
The intensity of these additional channels amounts to
20—25% of the intensities of the single-electron channel
measured at the resonance peak 7. This intensity could
vary from state to state. However, according to the re-
sults given in Table VI for the main exit channels, only
minor variations might be expected, so that the overall
structure of the sum spectrum would be subject to only
minor changes.

The presence of many two-electron excitations that cou-
ple with the 5@~5d resonances will make any calculation
of this 5p resonance region extremely complex and diK-
cult.

Tracy reported additional, broad resonance peaks be-
tween 32 and 38 eV. We made preliminary CIS measure-
ments of the three major exit channels in this region and
observed a sum spectrum quite similar to the absorption
spectrum but with much smaller intensity, relative to
peaks 7 and 11, than indicated by the photoabsorption
data. As the PES spectrum at hv=33. 3 eV reveals, the
"missing" intensity is transferred to Auger-type transi-
tions originating in the 5p3/2 level. Adding the integrated
intensity of the Auger channels to those of the three exit
channels shown in Fig. 5 will indeed yield an intensity
that compares well with the relative strength observed in
absorption.

The angular distribution parameter P was determined
over the resonance region for the spin-orbit components
4f7/2 and 4fs/2. The results are shown in Fig. 6 from
26.6 to 29.6 eV in the range that comprises the strongest
resonance peaks. Data were collected in the CIS mode
with one analyzer set to /=0' and the other to /=90'.
The ratios R =I(0 )/I(90') were normalized at 27.63 eV
to the ratio obtained from PES spectra. The two P curves
display a close resemblance throughout the resonance re-
gion except that the f7/2 values are about 0.3 units in P
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FIG. 6. Photoelectron angular distribution parameters P for
the 4f spin-orbit components as obtained in a CIS measurement
of the most intense part of the Sp ~5d resonance region.

lower than the f5' values. This behavior is the opposite
of that noted outside the resonance range where the f7/2
values are consistently, although only sightly, higher than
the f5&& values. No incisive changes in P occur close to
the positions of the resonance states; in fact, the P curves
are rather smooth near the strong peaks 7 and 11 (com-
pare Figs. 5 and 6). On the other hand, the P curves show
a pronounced dip at the same location (h v=28. 2 eV) as
the o. curves, and smaller dips at 29.1 and 29.5 eV. It ap-
pears that the weakness of the f~eg channel causes the
low P value in these off-resonance positions. ' Because
the eg channel becomes stronger with increasing h v, the P
values in the minimum should become greater with higher
energies, as is in fact seen in Fig. 6, until the values shown
in Fig. 2 outside the 5p resonances are attained.

periment for the partial cross sections and the P parame-
ters demonstrates that the RRPA calculations give reli-
able results for the dynamic parameters of the 4f elec-
trons outside the resonance regions. At this time, the con-
clusions drawn from the tT results are based on the energy
dependence of o and are, hence, not as definitive as if they
were based on absolute values of tr. Absolute experimen-
tal values of the total or partial photoionization cross sec-
tions still remain to be determined.

The strong Sp~5d autoionization resonance was also
investigated, both theoretically and experimentally.
Theoretical resonance energies were found to agree satis-
factorily with our experimental energy values and those
by Tracy, but the calculated widths were found to be nar-
rower than the experimental widths observed in photoab-
sorption measurements. An improvement could, in prin-
ciple, be achieved if more channels were included in the
calculation, but in practice this would lead to extremely
complex calculations. The exit channels for the autoioni-
zation resonance states were identified and the population
of the three major channels involving the 4f7&q, , 4f5&2,
and 6s electrons were measured. No drastic variation in
the population of the exit channels was observed for the
different resonance states. The P parameters for the 4f
spin-orbit components were found to display a similar
behavior across the strong resonance states. Interestingly,
no strong variation in the P values was observed at the po-
sitions of the strong resonances. In the resonance region
above the Sp&&2 threshold the occurrence of Auger decay
channels was verified, but a detailed study of this region is

yet to be undertaken.
After completion of the manuscript we learned of a

very recent RRPA calculation which considers 21 chan-
nels for the excitation of the 6s, 4f, 5p, 5s, and 4d sub-
shells. 2 These new results are similar to ours, but yield
cross-section values that are on the average 30% higher
than ours.
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