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Abstract

The spin-polarisation parameters for photoelectrons from lead atoms
(6576p*),_, were measured in the wavelength range between the second
threshold [Pb* (6s6p) 2Py,] and 100nm in an angle-resolving experiment
using circularly polarised vuv-radiation from the storage ring BESSY.
Beyond this threshold (4 = 135.3nm), the photoionisation cross section is
strongly perturbed by autoionisation resonances. Especially, a strong
enhancement of the generally weak Pb* (65s26p) 2P3/2 photoionisation cross
section occurs. Theoretical calculations by Radojevic [15] attribute these
resonances to the 6s6p*-configuration of lead. By use of the measured
spin-polarisation parameters A, ¢ and « which show pronounced variations
in the region investigated for both final ionic states 2P, and 2P, a detailed
discussion of the resonances is performed.

1. Introduction

In the last decade the investigation of the photoionisation
process with detection of the spin polarisation of the out-
going photoelectrons has become a suitable method for
analysing electronic structure [1]. In general, the experimental
determination of the spin-polarisation vector yields the three
independent spin-parameters A, ¢ and «, which allow a
deeper insight in the photoionisation dynamics [1]. Especially
in the atomic case, these data (4, ¢ and «) in connection
with the total cross section ¢ and the intensity-asymmetry
parameter f§ form a set for a complete quantum-mechanical
characterisation of the photoionisation process [2-6].

In this paper we present experimental results for the
spin-polarisation parameters 4, ¢ and a and the intensity-
asymmetry parameter § of lead in the wavelength region from
the second ionisation threshold *Py, (135.3nm) [10] up to
A = 100nm. The ground state of Pb(6s*6p*),_, represents a
typical case of a multiconfiguration state. Following jj-coupling
the ground state is given by [7-9]:

Y = [cl\P(6p%/2) + 62‘1'(6p§/2)],=0. ey

where ¢, and ¢, denote the mixing coefficients (with ¢ +
¢ = 1). Thus, the photoionisation of the 6p*-shell results in
two final ionic states Pb™ (6s°6p) *P,, and 2P;, with thresholds
of 167.2nm (7.42¢V) and 135.3nm (9.16eV), respectively
[10].

The mixing amplitude ¢} for the (6p;,)° configuration in
the ground state is about 7%, as shown by experiment [7, 9].
Therefore, the dominating channel in photoionisation of the
p*-shellis the final ionic state Pb* (6s*6p) *P,,. Recent obser-
vation of Krause et al. [11] shows, however, that in the region
above the second threshold strong autoionisation resonances
occur, which “enhance” the photoionisation cross section of
the other channel with ?P,,. These resonances were not
observed in absorption measurements [10, 12-14]. In the
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work of Krause et al. [11] the origin of these resonances is
attributed to the 6s6p*-configuration of lead. A Multicon-
figuration Dirac-Fock (MCDF) calculation of Radojevic {15]
for the energetic position of the 6s6p’-configuration states
supports the assumption of Krause et al. [11]. The assign-
ments given by Radojevic take into account that the lead
atoms are partly in an excited state: & W(65°6p*); o,
AE = 36000cm™' (same configuration as in the ground state
[see equation (1)], but different occupation: & ~ 93%). The
population of the excited states in an experiment is explained
by collisions (ion-atom) in the target region since the thermal
population is negligible at typical evaporation temperatures
of 1000-1100K [9, 11].

Up to now only photoelectron intensity measurements
were performed in this resonance region [11] and a detailed
discussion was not possible. By use of the measured values for
the spin-polarisation parameters A, £ and « a detailed insight
in the decay mechanism with respect to the two final ionic
states can be obtained.

2. Experimental

The experiment was carried out at the electron storage ring
BESSY with circularly polarised VUV off plane synchrotron
radiation using the 6.5 m normal incidence monochromator
(A4 = 0.5nm) [16]. The monochromatic light hits the atomic
beam of lead (purity = 99.96%, evaporation temperature
Ty, ~ 1100K) and the photoelectrons produced are
analysed with respect to their kinetic energy distribution
corresponding to the emission angle @ by a rotatable electron
spectrometer [17]. (The reaction plane is spanned by the
momenta of incoming photon and analysed photoelectron.)
After two electrostatic deflections the electron beam is
focused into a spatially fixed electron lens system, accelerated
to 100 keV and scattered on the gold foil of the Mott detector.
From the measured intensity asymmetries in the 4 backward
counters the two transverse spin-polarisation components
A(®) and P, (®) are simultaneously determined. Details of
the rotatable electron spectrometer system and the Mott
detector for spin-polarisation analysis are given elsewhere
[6, 17]. The analytical dependences of 4(®) (component in
the direction of the incident photon beam) and P, (®) (com-
ponent perpendicular to the reaction plane) in our geometry
are given by the following equations [18, 19]:

A — oP,cos (0)]
Y T = B12P;[cos @)
2¢ cos (@) sin (@)
1 — B/2P;[cos (©)]

A©) = (2a)

P ()

(2b)



Spin-Resolved Photoionisation of Lead Above the Pb* (65*6p) *Py, 39

with y = + 1 = helicity of light, P;[cos (®)] = second
Legendre polynominal, § = angular asymmetry parameter
of photoelectron intensity, 4, &, o = photoelectron spin-
polarisation parameters.

By measuring at the magic-angle, ©,, = 54°44’, where
P,[cos (®)] =0, one obtains directly the spin-polarisation
parameters 4 and £, whereas the third spin-polarisation
parameter o and the intensity-asymmetry parameter f are
determined by fitting the angular dependence of A(®) [cf.
equation (2a)]. However the fitting procedure is less sensitive
with respect to the f§ parameter than direct angular resolved
photoemission intensity measurements (proportional to the
denominator in equation (2a)).

3. Results and discussion

The investigated photoionisation process of lead atoms
Pb(65?6p?) is described by the following reaction scheme:

ground state:
Pb(65°6p*),_, + hv(e*, 67)

autoionisation states:
[Pb*(656p°)], - (3a)
continuum states.
222, [Pb* (65%6p) 2Py + &5, edynlsa (3b)
220, [Pb* (6576p) Py + 512, 6dyy, edsp)y—red (30)

For 4 < 135.3nm the corresponding photoelectrons differ
by AE = 1.74¢V in kinetic energy due to the fine structure
splitting and are readily resolved by means of the electron
spectrometer.

Figure 1(a, b) show the photoelectron intensity measured
for Pb* (65°6p) *P,, and Pb* (65°6p) *P;;, between the second
ionisation threshold (dotted line) and A = 100nm. The
intensities were recorded at the magic angle ®,, = 54°44’ and
are normalised with respect to the actual electron current in
the storage ring and to the spectral transmission of the 6.5 m-
monochromator (1200 l/mm-grating) [16].

The comparison of the intensities demonstrates clearly
that the decay mechanism of these resonances differs strongly
in the final ionic states. Especially, the resonance at
A ~ 116.5m interacts mostly with the Pb* 2P, ionic
channel. Within the resonance at 4 ~ 108 nm a drop in
intensity for the 2P, ,-ionic channel occurs causing the shape
of the resonance to be strongly asymmetric, while in the Pb*
? Py ,-ionic channel a broad Lorentzian peak occurs.

The high value of the photoelectron intensity of the > P,
ionic channel at the *Ps, threshold is attributed to the influ-
ence of autoionising Rydberg series [12] converging to this
threshold and leading to a high photoionisation cross section.
The pronounced decrease of the intensity (*P,,-channel)
above threshold is stronger than usually observed (see for
example Ar(3p®) [20]). A possible reason could be a Cooper-
minimum [21] in the Pb* 2P, ,-channel.

Following the work of Radojevic [15] which locates a
state of the 6s6p®-configuration in the vicinity of the 2P;;,-
threshold the high intensities at threshold and the decrease
at shorter wavelengths for the 2P, ,-ionic channel and the
increase in intensity for the 2P;,-ionic channel [see Fig. 1
(a, b)] could be explained by a strong interchannel interaction

T

\ Pb™(65°6p)°P, 12

units)

Intensity (arb.

O- | _— | . i
130 120 110 nm 10
Wavelength

Fig. 1. (a, b) Photoelectron intensity for Pb* (6s°6p) *P,,, and ? Py, between
4 = 100nm and the second ionisation threshold (dotted line) (AL =
0.5nm). The intensities were recorded at the magic angle (@, = 54°44’) and
were normalized to the current of the storage ring and to the photon flux of
the 6.5 m-monochromator [16]. The solid lines represent a connection of the
data points to guide the eyes.

[22]. In general the measured intensities of Krause et al. [11]
are in agreement with our data, despite the fact that the
resonance at A ~ 116.5nm is more pronounced in the *P;,-
ionic channel in our work. In Fig. 2(a, b) and Fig. 3(a, b) the
experimental results of the spin-polarisation parameters
A, & o and of the intensity-asymmetry parameter f§ for
Pb* (65%6p) *P,, and *P,),, respectively, are shown in the
region between the threshold and 2 = 100 nm [in Fig. 3(a) in
comparison with the intensity].

In the following discussion the spin-polarisation parameters
and the intensity-asymmetry parameter f§ are labelled by
Ay, &1, 22 and By, for Pb* 2P1/2 and A, &3, 43 and By
for Pb* 2P;,. In the following we first discuss the results for
the Pb* 2P, ,-ionic channel. The data for the spin-polarisation
parameter A,, indicate an increase from negative values at
the second threshold up to 4,, ~ 0at A = 109 nm which is
followed by a strong decrease in the resonance at A =
108 nm. A similar decrease at 4 ~ 108 nm is observed for the
spin-polarisation parameters £, and a,, and the intensity-
asymmetry parameter f,,. The & ,-parameter changes sign
at this position; with increasing photon energy another
change of sign is observed.

In the region from the second ionisation threshold to
A ~ 108 nm the «,,- and the f,,-parameter are increasing in
similar behaviour as the A4,,-parameter. In contrast to the
Ayp-, - and B,-parameters the &,,-parameter varies
strongly; especially from 4 = 120-115nm a decrease to zero
occurs which is followed by an increase with a weak variation
at A ~ 110nm. Furthermore, in the vicinity of the threshold
at 4 ~ 133 nm a change of sign is observed.

It is worthwhile to note that the pronounced variation of
the £, ,-parameter from 4 = 120-115nm occurs in the range
where a broad autoionisation resonance in the other 2P;,-
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Fig. 2. (a,b) Experimental results (full points with error bars) of the spin- polansatxon parameters A,p,, &, , and «,;, and the intensity-asymmmetry parameter
B, for photoionisation of Pb(65*6p%),_, with final ionic state Pb* (65°6p) *P,;,. The vertical dotted line indicates the 2 Py ,-photoionisation threshold.

ionic channel is observed. Since this resonance is hardly seen
in the corresponding photoelectron intensity, which is pro-
portional to the sum of the squares of the dipole-matrix
elements D (es,) and D(edy,) [see equation 3(b)], a strong
phase-shift variation [between D (es,;,) and D (edyp,)] is indi-
cated by the “phase-sensitive” £, ,-parameter [2, 3], possibly

6 — T T T
7 [ I
g e Pb+(6sz6p)2P3/2 f
:i: 2 o
g r i AA=05nm
E O. | i i
T T T
As/z [ PbY(6s°6p) Pysz 4%,
050 -
| . R
L .
00|——ovg ki
L . ‘. L] ’Y
3 0+‘
L toe,”
05— L + 1
53/2 ﬁ K T T T —
0.0}— * * 4
L i) 0!
0.+ ++ L1 T) ¢+.¢o.+
| *
_O'sp 1 | 1
130 120 110 nm 100
Wavelength

as a consequence of an interchannel interaction [22] between
the Pb* >P,,- and Pb* P,,-continuum states.

The structures of the parameters measured for the 2P ,-
ionic channel [see Fig. 3(a, b)} are more pronounced. The
values for the spin-polarisation parameter A4,, vary between
—0.4 to 0.7. The comparison of the data of the autoioni-
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Fig. 3. (a, b) Experimental results (full points with error bars) of the spin-polarisation parameters A, &, and a,, and the intensity-asymmetry parameter

B, for photoionisation of Pb(6s?6p?), ., with final ionic state Pb* (6s°6p) Py, . In addition, in (a) the measured photoelectron intensity is shown [see Fig.
1(b)]. The vertical dotted line is the 2Py, -photoionisation threshold.
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sation resonances shows that the positions of maxima of the
intensity do not correspond to the maxima for the A,;,-
parameter. The &;,-parameters show change in sign in the
vicinity of the threshold at A = 133 nm as is the case for the
¢ p-parameter. With increasing photon energy the &;,-
parameter passes through two minima with a variation from
—0.4 to 0. A similar structure is observed for the a;,- and
B-parameter. At the extrema for the £;,-parameter a strong
increase or decrease for these parameters is observed with
change of sign for the f,,-parameter. The values for the
Bs;-parameter vary between + 1.5 to —0.95, the asymmetric
error bars (also for f,,;) result from the fact that f§ is any case
limited to values between 2 and — 1. We would like to point
out that the observed structures of the parameters A, &3,
a3, and By, are much more pronounced than in the measured
intensity data.

The high polarisation values measured, up to 4, = 0.7
[see Fig. 3(a)], are not in agreement with the assumption by
Radojevic [15] of having collision processes in the target
region. If such a scattering mechanism is dominating one
would expect a strong decrease of the spin-polarisation of the
photoelectrons. Therefore the assignments for the auto-
ionisation resonances given by Radojevic [15] should be
modified.

Our further work will concentrate on the evaluation of
“experimental” dipole matrix elements and phase-shift dif-
ferences from the measured data which is expected to clarify
these open questions since electron interactions can be seen
here more directly [2-6].

Concluding, in the present investigation the three spin-
polarisation parameters 4, ¢ and o were measured for
photoelectrons emitted from the Pb(6p®) valence orbital in
the autoionisation region between the second ionisation
threshold Pb* ?P;,and A = 100 nm. They show pronounced
spectral variations for both final ionic states indicating a
strong interchannel interaction between channels belonging
to different final ionic states.
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